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Abstract

In contrast to “classical” forms of Osteogenesis imperfecta (OI) types I to IV, caused by a 

mutation in COL1A1/A2, OI type V is due to a gain-of-function mutation in the IFITM5 gene, 

encoding the interferon-induced transmembrane protein 5, or bone-restricted ifitm-like protein 

(BRIL). Its phenotype distinctly differs from OI types I to IV by absence of blue sclerae and 

dentinogenesis imperfecta, by the occurrence of ossification disorders like hyperplastic callus and 

forearm interosseous membrane ossification. Little is known about the impact of the mutation on 

bone tissue/material level in untreated and bisphosphonate treated patients.

Therefore investigations of transiliac bone biopsy samples from a cohort of OI type V children 

(n=15, 8.7±4 years old) untreated at baseline and a subset (n=8) after pamidronate treatment (2.6 

years in average) were performed. Quantitative backscattered electron imaging (qBEI) was used to 

determine bone mineralization density distribution (BMDD) as well as osteocyte lacunar density. 

The BMDD of type V OI bone was distinctly shifted towards higher degree of mineralization. The 

most frequently occurring calcium concentration (CaPeak) in cortical (Ct) and cancellous (Cn) 

bone was markedly increased (+11.5%, +10.4%, respectively, P<0.0001) compared to healthy 

reference values. Treatment with pamidronate resulted in only a slight enhancement of 

mineralization. The osteocyte lacunar density derived from sectioned bone area was elevated in OI 

type V Ct and Cn bone (+171%, P<0.0001 and +183.3%, P<0.01, respectively) versus controls. 

The high osteocyte density was associated with an overall immature primary bone structure 

(”mesh-like”) as visualized by polarized light microscopy.

In summary the bone material from OI type V patients is hypermineralized, similarly to other 

forms of OI. The elevated osteocyte lacunar density in connection with lack of regular bone 
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lamellation points to an exuberant primary bone formation and an alteration of the bone 

remodeling process in OI type V.
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INTRODUCTION

Osteogenesis imperfecta (OI) is a heritable connective tissue disorder whose primary 

features are bone fragility, frequently resulting in bone deformities, and growth 

deficiency (1,2). The “classical” OI types I to IV are caused by autosomal dominant 

inheritance of mutations in COL1A1 or COL1A2, the genes encoding type I procollagen α-

chains, and differing mainly by the severity of their clinical phenotype (2). During the last 

decade, a large number of defects in non-collagenous genes have been associated with 

mostly autosomal recessive forms of OI (3).

OI type V was the first type of OI in which no mutation in a collagen type I encoding gene 

could be found (4). The most conspicuous clinical characteristics of OI type V are the 

susceptibility to hyperplastic callus formation after fracture or surgery, new bone formation 

along the interosseous membrane of the forearm, leading to radial head dislocation, and a 

subphyseal radiodense line (4,5). Blue sclera and dentinogenesis imperfecta, typical features 

in OI types I to IV, are absent in OI type V. On the level of bone histology, the most 

consistent feature of OI type V is an altered lamellation pattern that results in a ”mesh-like” 

appearance of the bone tissue under polarized light (4–7). A broad range of disease severity 

has been observed in the approximately 100 individuals with OI type V who have been 

reported in the literature (5,8–13). Iliac bone histomorphometry in OI type V has revealed low 

trabecular bone volume and a low bone formation rate, which is in contrast to OI caused by 

collagen type I mutations, where bone formation rate is typically elevated (4,14).

In 2012 two groups independently identified a de novo heterozygous mutation in IFITM5, 
the gene encoding the interferon-induced transmembrane protein 5, also called bone-

restricted ifitm-like protein (BRIL) (9,11). BRIL is expressed in osteoblasts and may play a 

role in early mineralization stages (15,16). A recurrent point mutation (IFITM5 c.–14C>T) 

was identified in the 5′-untranslated region (5′UTR) of the IFITM5 gene and was later 

confirmed in other OI type V patient cohorts (5,10,12,13,17,18). The mutation results in the 

addition of 5 amino acid residues (MALEP) at the N terminus of BRIL and to an apparent 

gain of function (13). It has to be noted that a non-classical IFITM5 mutation (c.119C> T; 

p.S40L) has been recently described as causing very severe OI phenotype with prenatal 

onset and showing an OI type VI rather than OI type V bone phenotype (19–21). This novel 

mutation was not in the scope of the present work.

The bone fragility in human OI and in mouse models of the disease is at least in part caused 

by low bone volume and alterations in bone material (22–25). Indeed, OI bone is more brittle 

due to higher mineral content, altered collagen properties and impaired bone 
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nanostructure (23,25–29). We and other reported that mineral content on the material level is 

abnormally high in “classical” OI (types I, III and IV), independent of whether the 

underlying mutation affects collagen structure or causes haploinsufficiency. (26,30,31). 

Furthermore, elevated matrix mineralization was found also in patients with a loss-of-

function of PEDF (OI type VI), CRTAP (OI type VII), prolyl 3-hydroxylase 1 (OI type 

VIII) (32) or mutations in procollagen C-propeptide cleavage site or BMP1 (33–36).

While clinical and radiological abnormalities in OI type V are well characterized, it is not 

yet clear whether the mutation affects bone matrix mineralization. At the cellular level, 

primary osteoblast cultures from OI type V patients show increased mineralization 

concomitantly with increased osteoblast differentiation markers but decreased type I 

collagen expression and altered fibrils appearance (13). Jones et al, investigated five bone 

biopsy samples by backscattered electron imaging and noted increased mineralization of the 

bone matrix (37). Apart this descriptive study, the mineralization of the “mesh-like” bone 

matrix in these patients has not been explored.

In the present study we used transiliac bone biopsy samples obtained from 15 individuals 

with OI type V and performed bone mineralization density distribution (BMDD) 

measurements by quantitative Backscattered Electron Imaging (qBEI). In a subset of 

patients treated with a bisphosphonate, we evaluated the mineral content of the bone matrix 

before and after pamidronate therapy (paired biopsy samples). Furthermore, we took 

advantage of the backscattered electron imaging method to quantify also the osteocyte 

lacunar density and size in cancellous and cortical bone.

MATERIAL AND METHODS

Patient cohort

The study cohort consisted of 15 treatment-naïve patients (male n=8, female n=7) with OI 

type V who are followed either at the Shriners Hospital for Children in Montreal, Canada 

(n=12) or at NIH, Bethesda, MD, USA (n=3) and who underwent a transiliac biopsy. The 

age of the patients at biopsy ranged from 1.8 to 14.8 years (8.7±4 y). None of the children 

have received pharmacological treatment prior the first iliac crest bone biopsy. All the 

patients had characteristic radiological, clinical and histology findings as already 

described (4,6,13) and were all carriers of the heterozygous IFITM5 c.-14C>T mutation. None 

of our patients had the non-classical IFITM5 mutation (c.119C> T; p.S40L).

Additionally, 8 of these patients were treated with cyclic intravenous pamidronate and 

underwent a post-treatment biopsy.

Informed consent from the subject and/or a legal guardian was obtained in each case. The 

study protocol was approved by the Ethics Committee of the Shriners Hospital and 

NICHD/NIH IRB.

Sample preparation

We used residual polymethylmethacrylate embedded sample blocks prepared for bone 

histomorphometry and reported previously (4,6). Blocks were trimmed using a low speed 
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diamond saw (Isomet-R, Buehler Ltd. Lake Buff, IL, USA). Sectioned bone surfaces were 

sequentially ground with sand paper with increasing grid number followed by polishing with 

diamond grains (size down to 1 microns) on hard polishing clothes by a PM5 Logitech 

instrument (Glasgow, Scotland). Finally the sample surface was carbon coated by vacuum 

evaporation (Agar SEM Carbon Coater, Stansted, UK).

Quantitative Backscattered Electron Imaging (qBEI)

The details and validation of the qBEI method have been published elsewhere (38). Briefly, 

qBEI is based on the fact that the intensity of electrons backscattered from the surface-layer 

of a sectioned bone area is proportional to the concentration of mineral (hydroxyapatite) and 

thus calcium in bone. A digital scanning electron microscope (DSM 962, Zeiss, 

Oberkochen, Germany) was employed with an accelerating voltage of 20 kV, a working 

distance of 15 mm and a probe current of 110 ± 4 pA. Backscattered electrons (BE) were 

measured by a four-quadrant semiconductor backscattered electron detector. Tissue areas 

were recorded with a pixel depth of 256 gray levels using a scan speed of 100 seconds per 

frame. For Bone Mineral Density Distribution (BMDD) analyses, a 50x nominal 

magnification (corresponding to a spatial resolution of 3.5 μm per pixel) was used whereas 

for osteocyte lacunar analyses, the scans were made with 200x magnification (corresponding 

to a spatial resolution of 0.9 μm per pixel).

Bone Mineral Density Distribution (BMDD)

From the digital images obtained by qBEI, gray level histograms were converted into 

calcium concentration values (weight % Ca) as reported previously (38,39). In this method, 

one grey level step represents 0.17 weight % Ca. Such calcium content frequency histograms 

are called Bone Mineral Density Distribution.

BMDD was determined separately in cancellous bone and as the arithmetical mean of the 2 

cortices in cortical bone of the transiliac biopsy samples. For comparison the BMDD is 

described by 5 parameters: the mean calcium concentration (CaMean; weighted mean 

calcium content), the most frequently occurring calcium concentration (CaPeak; the peak 

position of the BMDD) in the sample, the width of the BMDD distribution (CaWidth; full 

width at half maximum) reflecting the heterogeneity in matrix mineralization; the percentage 

of lowly mineralized bone, CaLow, is defined as the area below 17.68 weight% calcium. 

This cut-off corresponds to the 5th percentile of the reference BMDD in human adults (40). In 

a similar manner, the percentage of highly mineralized bone, CaHigh, is defined as the area 

above the 95th percentile of the reference BMDD in human adults (25.30 weight% calcium).

Osteocyte lacunae section analyses

To characterize the osteocyte lacunae, 2D image analyses were performed. Basically, an 

Osteocyte Lacunae (OL) is defined as a 3D cavity within the mineralized bone matrix 

occupied by an osteocyte. After sample preparation, bone surfaces with Osteocyte Lacuna 

Sections (OLS) i.e. 2D sectioned area of OL are obtained.

qBEI images with pixel resolution of 0.88 μm/pixel were used to perform the 2D analyses of 

osteocyte lacunae sections using a custom-made macro in ImageJ software (1.50f)(41). We 
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set a minimal bone area of 0.5 mm2 to be appropriate for OLS analyses. A grey level 

threshold to discriminate between mineralized bone matrix and OLS area was set at a fixed 

grey level of 55 (Ca wt % 5.2). A size threshold to discriminate OLS from either 

surrounding mineralized bone matrix or from the osteonal channels was set between 5μm2 

and 80 μm2.

Five parameters were characterized: (1) OLS-density, the number of OLS per mineralized 

bone matrix area; (2) OLS-porosity, OLS total area / (mineralized bone matrix area+ OLS 

total area); (3) OLS-area, mean value of the OLS areas per sample; (4) OLS-perimeter, mean 

value of the OLS perimeters per sample; (5) OLS-AR, mean value of the OLS aspect ratio 

(AR) per sample. AR is a measure of elongation to describe the particle’s fitted ellipse: 

(Major Axis)/(Minor Axis). A value of 1 indicates a perfect circle and increasing values 

indicate increasingly elongated shape. Values > 10 were excluded.

References

The qBEI results were compared with data obtained in a young reference cohort (age range 

from 1.5 to 23 years) described elsewhere (42).

For osteocyte lacunae comparison, we analyzed transiliac biopsies of 6 healthy control 

children of similar age (range from 2 to 9.4 years; mean 6.6±3.5y) who are a subcohort from 

a previous study (42). All samples were intact consisting of 2 cortices and trabecular bone.

Statistical analyses

The data are presented as median with interquartile range [25th; 75th percentiles]. Statistical 

analyses were carried out with the Graphpad Prism 6.01 program (GraphPad Software, Inc., 

La Jolla, CA, USA). Non-parametrical tests were used due to the low sample number or the 

non-Gaussian distribution of the values. qBEI and OL data from the patients were compared 

to the reference group using Mann-Whitney test. Data before and after treatment were 

compared by Wilcoxon matched-pair rank test. Differences were considered statistically 

significant at p<0.05.

RESULTS

BMDD in OI type V

Figure 1 shows typical BMDD curves (solid lines) from cancellous and cortical regions of a 

transiliac biopsy sample obtained from a 4-year-old child with OI type V. BMDD from both 

regions was clearly shifted towards higher matrix mineralization compared to the young 

reference cohort (42). Consistently in our study cohort, the BMDD parameters CaMean, 

CaPeak, CaHigh were significantly increased in both cancellous and cortical bone, as shown 

in Figure 2 and Table 1.

BMDD changes after bisphosphonate treatment

Figure 1 also shows an example of BMDD curves from cancellous and cortical bone 

obtained after 2.6 years bisphosphonate treatment (dotted lines). It can be seen that the 

curves were only slightly shifted towards higher mineralization compared to pre-treatment. 
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A pairwise comparison before and after treatment (n=8) (Figure 3) revealed an increase of 

CaMean in cancellous (+3%, P<0.05) and cortical (+2.8%, P<0.05) regions but CaPeak was 

not significantly changed. Moreover CaHigh (+60%, P<0.05) appeared significantly higher 

only in cancellous bone, whereas CaLow was lower in cancellous (−25%, P<0.05) and 

cortical (−31%, P<0.05) bone. The heterogeneity of bone matrix mineralization (CaWidth) 

was similar before and after treatment.

Characteristics of osteocyte lacunae

Figure 4 shows typical backscattered images of cortical and trabecular bone in transiliac 

biopsy samples from control (A and B, respectively) and OI type V (C and D, respectively). 

A higher number of OLS is obvious in both cortical and cancellous bone from OI type V 

compared to the control sample.

Consistently the OLS analyses in cortical bone (Table 1) from all OI type V samples (n=15) 

revealed an increase of OLS-porosity (+295%, P<0.0001), of OLS-density (+171%, 

P<0.0001), of the size parameters OLS-area (+26 %, P<0.001) and OLS-perimeter (+23%, 

P<0.0001), and of the shape parameter OLS-AR (+22%, P<0.01) compared to reference 

samples (n=6).

The findings in cancellous bone (n=5) (Table 1) were similar, with an increase of OLS-

porosity (+215%, P<0.01), OLS-density (+183%, P<0.01) and OLS-perimeter (+7 %, 

P<0.01) compared to the reference. The increase of OLS-area (+5%) and OLS-AR (+6%) 

did not reach significance.

In the cortices of some control samples we observed regions with primary periosteal bone 

formation. As previously reported (42), these areas appeared to be more highly mineralized 

and to contain more osteocyte lacunae than the adjacent osteonal bone (see arrows in Figure 

4A). These similarities to the OI type V samples prompted us to perform polarized light 

microscopy images from cortical bone sections of the transiliac biopsy samples. We 

observed disorganized collagen fibril orientation in type V OI bone throughout the whole 

bone area (cortex and cancellous bone). This pattern appeared very similar to the region with 

primary periosteal bone apposition in control samples (Fig. 5).

DISCUSSION

The present study demonstrates that bone matrix mineralization is shifted towards higher 

values in children with OI type V compared to a young healthy reference cohort, comparable 

to the hypermineralization found in bone with classical OI. Treatment with bisphosphonate 

results in a further slight elevation of the mineralization. The 2D analysis of sectioned 

osteocyte lacunar areas shows an increase in number and size of osteocyte lacunae compared 

to healthy control bone.

The qBEI analyses revealed hypermineralization of bone matrix in OI type V compared to 

healthy children, as reflected by the significant increase of CaMean, CaPeak and, most 

remarkably, CaHigh in both cancellous and cortical bone. Hypermineralization seems to be a 

characteristic feature of OI in humans as well as in mouse models (26,30,31,33,34,43). 
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Structural changes in the procollagen chains are probably not the direct cause of this 

hypermineralization, since it is also observed in OI caused by COL1A1 haploinsufficiency 

mutations (30) and in mutations affecting genes whose products interact post-translationally 

with type I collagen and alter its modification, as in types VII and VIII OI (folding, 

processing, modification, chaperoning…) (33–35).

Interestingly, bisphosphonate treatment increased bone mineral content only marginally. In 

high bone turnover osteoporosis, antiresorptive treatments leads to higher mineral content, 

which is explained by the fact that lower bone turnover allows for more time to 

mineralize (44). In “classical” OI or in OI mouse models, bisphosphonates do not seem to 

have an additional effect on bone mineralization (31,43). In OI type V, while CaPeak 

remained unchanged, higher CaMean was associated with lower CaLow, which is in line 

with the strongly reduced bone remodeling, as already reported (6). The modest increase of 

CaMean is most likely due to the already high mineral content. Hence, the treatment effect is 

the increase in bone mineral density measured by dual-energy X-ray absorptiometry mainly 

linked to the elevation of bone volume and mineralized cartilage, as previously observed in 

these OI type V patients (6) and in other OI types (22,45).

At first glance the hypermineralization of bone in OI type V is somewhat surprising, 

considering that BRIL has no direct collagen-related function. However the gain-of-function 

BRIL mutation leads to a decrease of osteoblast collagen production (13). Moreover our 

results are consistent with the in vitro findings of dose-dependent effect of Ifitm5 levels on 

mineralization in a rat osteosarcoma cell line (16) and increase of mineralization in human 

osteoblasts in culture (13).

The most characteristic features of OI type V bone at the tissue level are the “mesh-like” 

appearance of the bone matrix and the lack of regular bone lamellation (Figure 5C) (4), the 

tremendous increase of osteocyte lacunar density and size, as well as bone matrix 

hypermineralization. Collectively, this could indicate an osteoblast dysfunction consistent 

with the faulty intracellular activity of mutant MALEP-BRIL (46). It still remains unclear 

how the heterozygous BRIL mutation results in the OI type V phenotype. It has to be noted 

that such bone characteristics were also partly described in other forms of OI (37,45,47,48). 

Remarkably, we observe that the hypermineralization associated with high osteocyte lacunar 

number and disturbed lamellation are also characteristic for the primary bone formed in the 

periosteal bone apposition during normal skeletal development (42,49). Therefore the striking 

similarities of OI type V bone to primary bone lead us to hypothesize that BRIL might be 

essential in primary bone formation by osteoblasts. This would be in line with BRIL 

expression in early steps of bone formation in calvaria and the bone collar surrounding the 

developing long-bones in mice and rats (16). Consequently, the gain-of-function mutation 

might lead to an overproduction of periosteal primary bone and / or to impaired formation of 

ordered lamellar bone in the phase of secondary bone formation during bone remodeling. 

Indeed, haversian canals and bone packets delineated by cement lines were also viewed in 

OI type V bone consistent with resorption indices within normal range as revealed by bone 

histomorphometry. However, scanning electron and light microscopy did not reveal 

noticeable differences in the bone matrix structure between periosteal primary and osteonal / 
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secondary bone in OI type V (Figure 4C). This would suggest that the remarkable mesh-like 

collagen lamellation is a kind of primary bone, even if formed during bone remodeling.

Our hypothesis is also consistent with the overall clinical picture of OI type V which 

suggests enhanced primary bone formation processes. Exuberant callus formation, a 

hallmark for OI type V, develops often after fractures and sometime without any fracture 

history (7). This hyperplastic callus is histologically heterogeneous and contains 

hypercellular woven bone (50,51). The so-called ‘calcification of the forearm interosseous 

membrane’, another type V OI hallmark, has been described not as an ectopic calcification 

but rather caused by dysregulated periosteal proliferation (5). Consistently, the heterotopic 

ossifications in the muscles and tendons attached to the pelvic bone and femur described by 

Kim et al. (52) also strengthens the hypothesis of a profound disturbance in the process of 

bone formation.

The main limitation of our study is the relative low sample number due to the rarity of OI 

type V. Moreover, the scarcity of cancellous bone in some biopsy samples restricted the 

number specimen available for trabecular BMDD measurements and osteocyte lacunar 

analysis. Nevertheless we observed highly significant differences in degree of mineralization 

and in characteristics of osteocyte lacunae between the patients and the reference values.

In summary, the bone material from OI type V patients is highly mineralized. On the one 

hand, this finding is similar to the other forms of OI, although type V OI does not alter 

collagen structure or modification. In addition, the lack of regular bone lamellation 

associated with elevated osteocyte lacunar density supports the idea of an exuberant primary 

bone formation, associated with an alteration of the bone remodeling process as underlying 

the unique features of type V OI bone formation.
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Figure 1. 
Example of cancellous and cortical BMDD measurements of transiliac bone biopsy samples 

(overview images by backscatter electron imaging) from a 4 years old girl with OI type V 

before bisphosphonate treatment (preBP - solid line) and after 2.6 years (postBP - dotted 

line); Ref= reference data base of healthy children (42).
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Figure 2. 
Statistical comparison of BMDD parameter values between reference data base (white bars) 

of healthy children bone and OI-V bone (grey bars) for the cancellous (Cn) and cortical (Ct) 

bone compartments before treatment. Mann Whitney test: **p<0.01, ***p<0.0001; bars: 

median; error bars: interquartile range; Sample size: Cn: n=12; Ct : n=15
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Figure 3. 
Paired comparison of BMDD parameter values obtained before and after bisphosphonate 

treatment in OI type V patients for cancellous (Cn) and cortical bone (Ct); *p<0.05; sample 

size: Cn: n=6, Ct: n=8
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Figure 4. 
qBEI images of cortical (A, C) and trabecular (B, D) bone area obtained on biopsy samples 

from control (A &B) and OI type V (C & D) affected children. Note the increased osteocyte 

lacunar density in the area of periosteal primary bone (delimitated by white arrows) in the 

cortical compartment of the control biopsy (white arrows in A). Osteocyte lacunar density 

seems lower within the adjacent secondary, remodeled bone and in the trabeculae. In 

contrast, in OI type V bone a high density of osteocyte lacunae can be observed in both 

cortical and trabecular area.
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Figure 5. 
Histological images of cortical bone from transiliac biopsy samples (A and B: control, C: OI 

type V). The sections were stained by Goldner trichrome and observed in polarized light. 

(A) Ordered lamellar collagen organization in a healthy control (2 year-old child), (B) 

periosteal primary bone apposition in the same child viewed as disorganized collagen fibrils 

pattern abutting to the secondary remodeled bone with lamellar pattern, (C) collagen 

organization in a 6.8 year-old child with OI type V suggesting short range and randomly 

organized fibril throughout the cortex similarly to the periosteal primary bone apposition 

observed in B.
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Table 1

Results of backscattered images analyses in cancellous (Cn) and cortical (Ct) bone compartments from OI 

type V patients before treatment compared to reference data base

Cn Ct

OI type Va Referenceb OI type Va Referenceb

BMDD variables

CaMean [wt% Ca] 22.57**** [22.11;23.06] 21.00 [20.53; 21.40] 22.18**** [21.99; 22.42] 20.45 [19.68; 21.04]

CaPeak [wt% Ca] 23. 92**** [23.61; 24.18] 21.66 [21.32; 22.01] 23.57**** [23.14; 23.83] 21.14 [20.62; 21.75]

CaWidth [Δwt% Ca] 3.29 [2.99; 3.29] 3.47 [3.12; 3.64] 3.64** [3.21; 3.73] 3.81 [3.38; 4.38]

CaLow [% B.Ar] 8.31** [7.4; 9.22] 6.14 [4.92; 7.99] 7.63 [6.82; 9.37] 9.06 [6.22; 15.00]

CaHigh [% B.Ar] 16.13**** [10.48; 22.01] 0.89 [0.43; 1.47] 11.85**** [8.9; 14.28] 0.46 [0.28; 1.22]

OLS variables

OLS-porosity [%] 1.48** [1.22; 1.75] 0.47 [0.43; 0.56] 2.29**** [1.73; 2.44] 0.58 [0.56;0.66]

OLS-density [Nb OLS/mm2] 646.4** [501; 800.8] 228.2 [200.7; 250] 816.5**** [756.3; 922.5] 301.5 [262.9; 326.5]

OLS-area [μm2] 22.9 [20.7; 26.8] 21.9 [20.3; 22.6] 25.4*** [22.3; 27.7] 20.21 [18.71; 21.75]

OLS-perimeter [μm] 20.9** [20.4; 21.8] 19.5 [19.2; 19.9] 22.6**** [21.3; 23.2] 18.4 [17.7; 19.6]

OLS-AR 2.83 [2.54; 3.12] 2.68 [2.44; 2.76] 2.92** [2.75; 3.29] 2.39 [2.31; 2.6]

Data shown are median with IQ range [25%; 75%]. OI type V vs Reference (Mann Whitney):

**
p<0.01;

***
p<0.001;

****
p<0.0001.

a
For qBEI measurement, 15 biopsy samples were evaluated (cortical n=15; cancellous n=12). For OLS analysis, the minimal bone area was 

achieved in 15 samples (cortical n=15; cancellous n=5).

b(38). The reference OLS data for Cn and Ct were obtained from 6 control children.
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