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Abstract Osteoporosis leads to bone loss and structural

deterioration, which increase the risk of fractures. The aim

of this study was to characterize the three-dimensional

(3D) bone mass distributions of the distal tibia in normal,

osteopenic, and osteoporotic conditions. High-resolution

peripheral quantitative computed tomography (HR-pQCT)

of the 33 % of the distal tibia and local dual-energy X-ray

absorptiometry were applied to 53 intact, fresh-frozen

tibiae. The HR-pQCTs were graded to assign local T-scores

and merged into three equally sized average normal,

osteopenic, and osteoporotic surface models. Volumetric

bone mineral density (vBMD) was determined using cat-

egorized T-scores, volumetric visualization, and virtual

bore probes at the dia-, meta-, and epiphyseal sites (T-DIA,

T-META, and T-EPI). We observed a distinct 3D bone

mass distribution that was gradually uninfluenced by T-

score categories. T-DIA was characterized by the lowest

bone mass located in the medullary cavity and a wide

homogenous cortex containing the maximum vBMD. The

T-META showed decreased cortical thickness and maxi-

mal vBMD. At the T-EPI, the relatively low vBMD of the

mostly trabecular bone was similar to the maximal cortical

vBMD in this sub-region. Four trabecular regions of low

bone mass were identified in the recesses. The bone content

gradually decreased at all sites, whereas the pattern of bone

mass distribution remained essentially unchanged, with the

exception of disproportionate losses at T-DIA, T-META,

and T-EPI that consistently showed increased endocortical,

intracortical, and trabecular bone loss. Extra information

can be obtained from the specific pattern of bone mass

distribution, potential disproportionate bone losses, and

method used.
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Introduction

Osteoporosis leads to bone loss and structural decay [1]

and exerts a variety of other effects on the skeletal system.

Deleterious effects, such as increased endocortical resorp-

tion, increased cortical porosity, and greatly decreased

bone mineral density (BMD), cause fragility fractures in

elderly patients. These effects may be partially compen-

sated for by periosteal apposition with outward cortical

displacement [2]. Furthermore, skeletal site-specific varia-

tions may exist, but the current data remain unclear.

High-resolution peripheral quantitative computed

tomography (HR-pQCT) is a reliable imaging modality

that is widely used for the volumetric quantification of

bone structures and properties and has a voxel resolution of

82 lm [3–6]. It provides detailed spatial information of the

bone as volumetric BMD data. Standard clinical HR-pQCT

protocols include the scanning and analysis of a given

region of interest (ROI) (9.02 mm in the z-axis beginning

22.5 mm proximal to the distal tibial endplate), but do not

describe the entire skeletal site. However, the World Health
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Organization uses a densitometric definition of osteoporo-

sis based on areal BMD (aBMD) measured with dual-en-

ergy X-ray absorptiometry (DXA) [7], which remains the

gold standard for diagnosing osteoporosis.

In the appendicular skeleton, the metaphyseal sites of

long bones are predominantly affected by fragility frac-

tures. Even though fragility fractures of the distal tibia are

uncommon, they are particularly challenging injuries to

treat, and the number of such injuries is expected to

increase in proportion to the ageing of the world population

[8]. The distal tibia is an interesting site to study because it

is characterized by a substantial amount of cortical and

trabecular bone and its straight shape allows aBMD to be

assessed without being influenced by the exterior mor-

phology [9]. In addition, local aBMD values have been

reported [10], and the entire region and intact bone speci-

mens can be scanned using a custom HR-pQCT scanner

[11]. The distal tibia is a weight-bearing extremity that

supports a large portion of the person’s body weight.

Interestingly, because the epi- and metaphyses contain

primarily trabecular bone, they do not simply collapse as

an osteoporotic vertebra does, and fractures at the distal

tibia occur at the epi- or metaphyseal sites [12]. One cohort

study of postmenopausal women demonstrated the pre-

dictive value of low aBMD at the distal tibia for evaluating

the potential risk of fracture [13].

The amount of bone loss is highly variable between dif-

ferent individuals, and certain skeletal sites may exhibit

different bonemass distributions and bone loss patterns. This

makes demonstrating the characteristics of bone mass dis-

tribution and bone loss for an entire skeletal site challenging.

Detailed characterizations of the three-dimensional (3D)

bone structure for this skeletal site and the changes that

occur during bone loss have not yet been reported. Sub-

stantial differences in bone mass at different skeletal sites

and within sub-regions (i.e. at diaphyseal, metaphyseal,

and epiphyseal levels) may be expected. However, the

differences still need to be further analysed in normal,

osteopenic, and osteoporotic conditions. In addition to an

in vivo study performed by Boutroy et al. [3] on the tra-

becular bone microarchitecture, calculating the 3D anat-

omy of the entire distal tibia length and demonstrating the

distribution of its 3D bone mass in normal, osteopenic, and

osteoporotic conditions may be a useful approach for

describing the anatomical variations at these sites and how

they are associated with the risk of fracture allowing the

treatment of fragility fractures to be improved in the future.

The objective of the present study was to characterize

the 3D anatomy of the distal tibia and to map the bone

mass of the distal tibia in normal, osteopenic, and osteo-

porotic conditions.

Materials and Methods

Bone Specimens

Fifty-three intact, fresh-frozen post-mortem tibia speci-

mens were analysed. The bones were unpaired specimens

(47 left and six right) from 26 female and 27 male

donors aged 28–96 years (mean ± SD combined popu-

lation 75 ± 12.5 years; females 78.9 ± 9.2 years; and

males 71.3 ± 14.2 years). The bone specimens were

obtained defleshed and then frozen for unrelated biome-

chanical studies after internal approval by the Scientific

Review Board of the AO Research Institute Davos and

were made available for scanning for the purpose of this

project. An ethical waiver was provided by the local

ethical committee stating that this study did not require

an ethical approval. Donors who died from illnesses

other than bone diseases were included in this study.

Conventional plain X-rays were taken of all the tibiae

prior to processing to exclude tibiae showing alterations

that were not part of the patient’s history, such as

unidentified bone disease in the regions of interests. The

specimens were stored at -20 �C until use. All of the

samples were kept vacuum-packed in polyethylene dur-

ing the measurement.

HR-pQCT Scanning

After thawing the specimens to room temperature, the

distal 16 cm of the tibiae was scanned using HR-pQCT

(XtremeCTTM, Scanco Medical, Brüttisellen, Switzer-

land) with the X-ray tube set at a peak voltage of 60

kVp and 900 lA and an image matrix size of

1024 9 1024 at a nominal 82-lm isotropic voxel reso-

lution. A Scanco phantom standard was scanned daily for

quality control. The manufacturer’s software was used to

generate the raw image data in Hounsfield unit (HU).

The data were stored in Digital Imaging and Commu-

nications in Medicine (DICOM) format, transferred to a

standard desktop computer, and loaded into Amira soft-

ware (Amira� version 5.4.3, Visualization Science

Group, Merignac Cedex, France). Amira is a commercial

available and extendable software for scientific visual-

ization, for data analysis, and for the presentation of

medical imaging data. The software can be extended by

customized scripts and programming modules, if

required. Negative HU values were not assigned to the

bone tissue and were instead replaced with 0. The vol-

umetric BMD (vBMD) values are expressed as mg

hydroxyapatite (HA)/cm3 based on a linear transforma-

tion defined by the machine calibration.

L. Kamer et al.: Bone Mass Distribution of the Distal Tibia 589

123



DXA Measurements

aBMD was measured by DXA at the distal tibia. The scans

were performed by placing the vacuum-packed tibia

specimens in a basin filled with semolina to simulate the

soft tissue and scanned with a standard DXA device (Ho-

logic QDR 4500 ATM, Hologic, Bedford, MA, USA). The

spine phantom was also scanned daily for quality control.

The manufacturer’s software was used to define the ROI

using a standardized procedure, as previously described

[14]. The aBMD values are expressed in g/cm2. The T-

scores were calculated as the number of standard devia-

tions from the mean peak BMD of a reference population.

A population of 400 Caucasian women and men,

20–80 years of age, living in the area of Berne, served as a

reference [9]. Each specimen was evaluated twice by DXA,

and the average values were used.

Resampling and Grouping of the HR-pQCT Scans

by T-Scores

The HR-pQCT scans were resampled to a 0.164-mm iso-

tropic image resolution and grouped according to the T-

score into normal, osteopenic, and osteoporotic categories.

The group with normal T-scores consisted of 13 scans with

a mean ± SD T-score of -0.16 ± 0.49. T-scores indicat-

ing osteopenia were obtained from 25 scans

(-1.65 ± 0.41), and scores indicating osteoporosis were

observed for 15 samples (-3.24 ± 0.46).

Average vBMD Values for the Normal, Osteopenic,

and Osteoporotic Models

All of the HR-pQCT scans were distally cropped to stan-

dardize images measuring 33 % of the full tibial length.

Image data for the right tibiae were mirrored to produce

‘left’ sides. Standard threshold-based image segmentation

was performed to create 3D computer models of the bone

surfaces. Geomagic software (Geomagic Studio version 12,

Geomagic U.S. Corp., Research Triangle Park, NC, USA)

was used to smooth and process the surfaces to obtain

regular surfaces without holes or triangle intersections. In

Amira software, homologous anatomical surface points and

non-homologous segment point landmarks were manually

placed (Fig. 1). The interpolated equidistant homologous

segment points were then computed, and a representative

sample was selected as a reference. This sample was pro-

cessed to exhibit a specified number of surface points and

triangles. Based on the reference, a thin plate spline (TPS)

transformation [15] was applied to create homologous

surface points with identical numberings and locations on

the different models consisting of 5117 surface points and

10,190 triangles per distal tibia [16]. The homologous

surface points were aligned using an unscaled generalized

Procrustes fit alignment and averaged to generate a left

mean surface model of the distal tibia [17].

We computed a regularly spaced grid placed within the

mean surface model of the distal tibia with an isotropic

voxel edge length of 0.164 mm. This reference grid was

warped to match the samples by TPS transformation based

on the homologous surface points to obtain a homologous

voxel grid structure for all samples. Accordingly, the vol-

umetric data from all of the scans were reprocessed to

obtain identically numbered and located anatomically

homologous grid data. All of the data were elastically

transformed onto the mean surface model. This procedure

resulted in a volumetric dataset with 16,283,472 averaged

voxels located within the mean surface model of the distal

tibia. To obtain averaged vBMD models of the normal,

osteopenic, and osteoporotic HR-pQCT scan groups, this

algorithm was repeated with the data from each of the three

groups. These processes resulted in three distinct models of

identical size, shape, and volume that differed in bone mass

as described by the vBMD values.

Fig. 1 Curvature-graded colourmap models of the left distal tibia

showing the identification of anatomical landmarks and segments. A

set of distinct anatomical homologous landmarks (red dots) were

manually placed and connected by non-homologous segments points

(yellow dots). From the latter, equidistant homologous points were

computed that divided the distal tibiae into segments with identically

numbered and located anatomical and segment points
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Analysis

We mapped the vBMD data in 3D and displayed their

variations separately for the normal, osteopenic, and

osteoporotic models. Using a volume-rendering technique,

different vBMD threshold ranges were selected, and the

upper threshold was gradually increased while maintaining

the lower threshold at zero. For proper 3D visualization, we

inverted the sign of the vBMD values using a scale factor

of -1 (e.g. a vBMD value of 150 became -150). This

procedure prevented the trabecular bone from being

masked by the dense cortical shell.

To quantify the differences between the three groups in

the different sub-regions of the distal third of the distal tibia,

we measured the vBMD values along a 4-mm-diameter

virtual bore probe at three selected sites. We calculated the

averaged vBMD, cortical thicknesses (Ct.Ths), andmaximal

vBMD values at the T-DIA, T-META, and T-EPI sites based

on the position of the bore probes using imaging data with an

isotropic resolution of 82 lm. The bore probes were evalu-

ated at anatomically corresponding sites in the midline, in a

medial to lateral orientation, and at 114, 45, and 22 mm from

the caudal end (also see Fig. 2, right illustrations). The bore

probe radius was 0.5 mm. In the cortex, the maximal vBMD

values were found medially and laterally, and these values

corresponded to the two peak values of the bore probe. In the

trabecular bone, the vBMD was evaluated for a specified

sub-volume located in the middle of the bore probe that

corresponded to 40 % of the total bore probe volume. Ct.Th

was manually measured by the same observer at the opposite

cortices, as illustrated by Fig. 3. The measurements were

performed in anatomically corresponding HR-pQCT cross

sections as given by a reference line. The location and ori-

entation of theHR-pQCT cross sections were determined via

a computerized process. The average vBMD value for each

entire distal tibia was calculated and considered to be a

second bone quality measure similar to the T-score.

Statistical Analysis

Data are presented as mean ± SD. Descriptive statistics

were determined for the vBMD data, and correlation

coefficients were calculated between the averaged vBMD

values and the other variables. We examined the correla-

tions of several variables with the averaged vBMD to test

the hypothesis that the mechanism of bone loss varies

according to bone microstructure. Statistical comparisons

between the correlations for the dependent and overlapping

groups were calculated using one-tailed Meng’s tests [18]

to compare two overlapping [one variable in common

(mean vBMD)] and dependent (from the same sample)

correlations. P values\0.05 were considered statistically

significant.

Results

The mean length of the averaged tibial model was 122 mm,

corresponding to 33 % of the tibial length. The average

vBMD of the distal tibiae was 463 ± 56 mg HA/cm3 in

the normal group, 364 ± 53 mg HA/cm3 in the osteopenic

group, and 244 ± 50 mg HA/cm3 in the osteoporotic

group. The statistical analyses revealed that the sample

groups were normally distributed with equal variances. The

differences between the samples are visualized as box plots

in Fig. 4. Because the notches did not overlap, the medians

were significantly different (P\ 0.05).

Mapping the vBMD via Volume Rendering

The bone mass distributions of the normal, osteopenic, and

osteoporotic models were simultaneously visualized in 3D

using narrow, intermediate, and wide threshold settings

(Fig. 5). When a low and narrow threshold (0 to -2.5

vBMD) was selected, sites exclusively in the osteoporotic

model were labelled. The labelled sites matched the areas

located near to or within the medullary cavity. Upon

expanding the threshold to 0 to -11 vBMD, labelling was

observed in all three of the models. However, the extent of

the labelling was unequal, proving that the bone contents

were different among the three models. Further expansion

of the threshold level led to an expansion of the labelled

area first in the lateral, and then predominantly in the distal,

orientation. At a threshold of 0 to -52 vBMD, the labelling

reached the epiphysis in the osteoporotic model, but not in

the other two models. We later identified four epiphyseal

recesses in the osteoporotic model that had the lowest bone

mass. Among these recesses, the medial malleolus was the

first posterior spot to be labelled in the osteoporotic model

at a threshold of 0 to -20 vBMD. Between these four spots

of low bone mass and the medullary cavity, a higher bone

mass connecting the cortical bone of the diaphysis with the

subchondral bone was observed. Additional sites with

increased local bone mass were identified at the epiphyseal

plate and the subchondral bone. At a threshold of 0 to

-190 vBMD, the epiphyseal areas in all three bone models

were labelled. Although the four areas of low bone mass

cFig. 2 Virtual bore probing given in vBMD, evaluated at anatom-

ically corresponding sites in the midline, in a medial to lateral

orientation, and at 114, 45, and 22 mm from the caudal end. Mean

vBMD values at the T-DIA, T-META, T-EPI sites along the lateral

medial axis of the virtual bore probe categorized by normal bone

mineral density (black line), osteopenia (dark grey line), and

osteoporosis (light grey line) are shown. The data demonstrate

mainly parallel curve patterns. Differences in the cortical peak vBMD

values, cortical thicknesses, and trabecular vBMD values at the three

levels indicate endocortical, intracortical, and trabecular bone loss
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located in the recesses remained disconnected in the nor-

mal and osteopenic models, they were fused in the osteo-

porotic model. At a vBMD threshold of approximately 0 to

-300 vBMD, fusion was also observed in the normal

model.

When a threshold of 0 to -500 vBMD was selected,

only the cortical bone remained unlabelled (Fig. 6). This

threshold clearly revealed differences in the thickness of

the unlabelled cortical bone, which shrank from proximal

to distal in all of the models. Furthermore, the cortical

thickness decreased radially in the osteopenic and osteo-

porotic models compared to the normal model.

Mapping the vBMD via Virtual Bore Probing

The local bone masses available upon insertion of the

virtual bore probe at the T-DIA, T-META, and T-EPI sites

are given in vBMD, as illustrated in Fig. 2. Descriptive

statistics of the averaged probe volumes are shown in

Table 1. All mean values at a given site were statistically

different according to an unbalanced one-way analysis of

variance (ANOVA) comparing two or more means of

independent samples (P\ 0.001). All sample populations

were normally distributed (Lillifore’s test, P[ 0.09) and

had equal variance (Levene’s test, P[ 0.25). Based on the

statistics of the ANOVA, a multiple comparison test

(MATLAB’s multcompare function) was performed using

the Bonferroni method. This method uses critical values

from Student’s t-distribution after an adjustment to com-

pensate for multiple comparisons. All pairs of tested means

were significantly different (P\ 0.001). At the T-DIA site,

there was virtually no bone mass available in the central

bone. The maximal vBMD values were observed in the

cortex, and no major differences in bone mass were found

between the three groups at this location. In the normal

model, however, the maximal vBMD value was found at a

longer probe distance, which suggested a higher Ct.Th. At

the T-META site, the maximal vBMD was substantially

lower than that found at the T-DIA site, which also showed

large differences among the three models. The medial bone

had a higher vBMD than did the lateral bone, which is

relieved by the fibula. At the T-EPI site, the virtual bore

probes showed only a thin layer of the cortex and a low

maximal vBMD. The vBMD values of the trabecular bone

were unequally distributed throughout the probe lengths,

and the values indicated variability within the trabecular

bone.

To confirm that the observed differences in the mean

vBMD values between the sub-regions were statistically

significant, their correlations with Ct.Th, max vBMD, and

mean vBMD in the middle of the bore probe were com-

pared for each sub-region using Meng’s tests [18]. At the

primarily cortical bone-containing T-DIA site, the corre-

lations between the average vBMD and the lateral (0.89)

and medial (0.89) cortical thicknesses were significantly

greater (P\ 0.001) than those between the corresponding

average vBMD and lateral (0.477) and medial (0.597)

maximal vBMD.

At the T-META site, neither of the correlations men-

tioned above were significantly different. However, com-

parisons of the correlations between mean vBMD and

maximal vBMD at T-DIA (0.849) and at T-META (0.597)

revealed a significant difference at the medial site

(P\ 0.001) and a trend towards a difference laterally

(0.587 vs. 0.477, P = 0.174).

Fig. 3 Manual cortical thickness measurements (green lines with red

dots) based on an axial HR-pQCT cross section at an anatomically

corresponding region of the distal tibia. The labelling (below left)

indicates the given cross section, and the red line illustrates the

orientation of measurements within the cross section

Fig. 4 Data overview with box plots of the average vBMD values of

the distal tibiae in the osteoporotic (left), osteopenic (middle), and

normal (right) categories given as median values (i.e. 242, 355, and

468 mgHA/ccm). As the data are normally distributed, mean values

(i.e. 248, 262, and 464 mgHA/ccm) were also derived
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Fig. 5 Four thresholds were selected and visualized using volume-

rendering techniques to illustrate the different vBMD patterns in the

averaged normal (green), osteopenic (grey), and osteoporotic (red)

bone models a 0 to -2.5 inverted vBMD, b 0 to -11 inverted vBMD,

c 0 to -52 inverted vBMD, and d 0 to -190 inverted vBMD

Fig. 6 Visualization of the

cortical thicknesses over a wide

threshold (0 to -500 inverted

vBMD) in the averaged normal

(green), osteopenic (grey), and

osteoporotic (red) bone models
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At the T-EPI site, which contained the lowest absolute

vBMD levels and minimal differences between the cortical

and trabecular bone, no significant differences between the

correlations between overall mean vBMD and mean vBMD

in the centre of the T-EPI (0.643 vs. 0.624, P = 0.427) or

with the medial or lateral maximal vBMD (0.643 vs. 0.654,

P = 0.540) were observed.

Discussion

This anatomical study was performed to characterize the

bone mass and distribution in the distal tibia in normal,

osteopenic, and osteoporotic conditions.

We used aBMD and vBMD data and image processing

techniques to assess the bone mass and bone loss in 3D,

similar to the techniques used in a report by Kamer et al.

[11]. In the present study, we combined evidence from HR-

pQCT and DXA imaging. We used post-mortem bone

samples and extended the HR-pQCT protocol to image the

distal third of the tibia. The data derived from these scans

were grouped according to the T-scores and averaged to

obtain normal, osteopenic, and osteoporotic bone models.

This method involved computational techniques for creat-

ing bone models identical in shape, size, and volume, but

with variable bone density. This allowed us to analyse

corresponding anatomical sites, which is a key element of

statistical modelling [19–21].

Determining BMD with DXA or HR-pQCT is an

established and well-documented method. According to a

study by Wähnert et al. [22] on the influence of bone

temperature on the measured bone mineral density via a

DXA evaluation, we performed all the measurements in a

standardized and thawed condition.

We experienced computational and numerical difficul-

ties while processing the large datasets we collected using a

standard desktop computer. To solve this problem, we

downsized the HR-pQCT data to an image resolution of

0.164 mm after setting the values for the tissues other than

bone to 0. Normally, areas of high density are less trans-

parent than areas of low density. The volume-rendering

method, as given by Amira software, is not suitable for the

visualization of bony regions with low bone density

because such regions are masked by the dense cortical

shell. Therefore, we introduced a method for visualizing

low bone mass areas by selecting a scale factor of -1, thus

inverting the vBMD values. Then, we used a texture-based

volume rendering with specular shading effects and a

transparency constant-colour colourmap. Consequently, the

isosurface of the corresponding inner bone quality could be

visualized with a variable lower limit of this colourmap

without being masked by the high cortical values sur-

rounding the interior bone parts. Of course, other tech-

niques could be used to achieve similar rendering results.

Varying the lower thresholds allowed us to identify and

visualize the sites with low bone mass in 3D.

We identified a characteristic pattern in the trabecular

and cortical bone mass distribution, which varied across the

anatomical sites examined. In the presence of osteopenia

and osteoporosis, the bone mass was ubiquitously

decreased compared to the normal model, while the pattern

of bone mass distribution remained constant. We found no

sites with invariable bone mass. As expected, the loci with

the lowest vBMD values were close to the medullary

cavity.

In the epiphysis, the labelling process began at a higher

vBMD and did not originate from a single central spot, but

rather from four peripheral spots that were located in the

Table 1 Descriptive statistics

of the virtual bore probes
Mean vBMD (mg HA/cm3) SD Min Max

T-DIA

Normal aBMD 645 (100 %) 98 415 779

Osteopenic aBMD 493 (76 %) 108 389 701

Osteoporotic aBMD 313 (48 %) 90 184 548

T-META

Normal aBMD 259 (100 %) 41 157 320

Osteopenic aBMD 199 (77 %) 28 141 256

Osteoporotic aBMD 123 (47 %) 31 82 206

T-EPI

Normal aBMD 244 (100 %) 47 147 306

Osteopenic aBMD 181 (74 %) 34 104 239

Osteoporotic aBMD 111 (45 %) 31 75 200

Values were assessed at three locations (T-DIA, T-META, T-EPI) and calculated for the three groups as

sampled according to aBMD values. Values are shown with consistent percentages of vBMD compared

with normal vBMD
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four recesses of the epiphysis. Therefore, the recesses

appeared to be the epiphyseal sites with the lowest bone

masses, even though they exhibited higher vBMD values

than the central zone of the diaphysis. Among these sites,

the posterior medial malleolus had the lowest bone mass.

We identified sites with more bone between these four

spots and towards the medullary cavity. Although these

sites were linked horizontally, they primarily occurred as

vertical reinforcements that connected the cortical diaph-

ysis with the subchondral articular bone. Other zones that

showed higher bone mass were the epiphyseal plate and the

subchondral cortical bone.

The results revealed a distinct bone mass pattern that

varied across the anatomical sites examined. In the pres-

ence of osteopenia and osteoporosis, the bone mass was

ubiquitously decreased. However, the data suggest dis-

proportionate bone losses in the diaphysis, metaphysis, and

epiphysis. These losses may reflect the increased endo- and

intracortical, as well as trabecular, resorption. Our quali-

tative observations were confirmed using Meng’s tests and

were only detected in the anatomical regions with a rela-

tively thick and dense cortical bone, such as those usually

observed in the distal tibia. Further comparative analyses in

normal, osteopenic, and osteoporotic bones are needed to

confirm this observation. Other skeletal sites may be

analysed using the same approach demonstrated in this

study when DXA reference data are available.

We expected to see relatively thick cortical bone at the

diaphyseal sites and relatively thin cortical bone at the

epiphyseal sites in the normal, osteopenic, and osteoporotic

models. The Ct.Th measurements were interpreted with

regard to the manual approach and the image resolution of

the HR-pQCT data. However, it was not the subject of this

study to provide a more advanced measurement method.

The maximal values of both of these parameters (i.e. Ct.Th

and vBMD) were found in the proximal site, and both

values gradually decreased towards and within the epiph-

ysis. Accordingly, our models showed that the bone mass

had decreased in all sites, while the pattern of bone dis-

tribution remained unchanged.

We were not able to detect any increased or decreased

periosteal apposition as shown by alterations in the line

curves of the virtual bore probes in the region under study.

This result supports the observation made by Szulc et al.

that periosteal apposition does not increase after meno-

pause to compensate for bone loss. However, we were not

able to detect decreased periosteal apposition either [23].

When comparing the line curves of the virtual bore probes,

the vBMD values in the cortex of osteoporotic subjects

were lower compared to those in normal and osteopenic

ones, and likely a result of increased cortical porosity as

reported by Zebaze and Seeman [24]. However, direct

measurement of the cortical porosity is not possible at the

used resolution in this study. Cortical thickness was

assessed via the line curves of the virtual bore probes and

the manual measurements. We expected the cortical

thickness to be reduced at all the three sites within the same

categorized group and among the three categorized groups.

Direct measurement of the cortical thickness was a feasible

yet a difficult task in subjects and sites with thin cortical

thickness at the resolution used.

The two strengths of this study were the analysis of the

distal tibia as our study site and the demonstration of the

bone mass distribution and bone loss pattern in the presence

of normal aBMD, osteopenia, and osteoporosis. The key

limitation of the study was its cross-sectional character,

which limited our ability to draw conclusions concerning

bone loss. Despite this limitation, novel methods for creating

3D averaged models altered by bone loss and the analysis

techniques were demonstrated. Furthermore, the use of HR-

pQCT data made cortical thickness measurements at the

epiphysis difficult due to limited resolution, particularly in

osteoporotic conditions. In contrast to cortical thickness

measurements, we consider the cortical vBMD values to be

lowered by increased cortical porosity as reported by Zebaze

et al. [25]. However, the direct measurement of the cortical

porosity is not possible at the resolution used. The results

would have been more valuable if compared with the data

obtained with conventional microarchitectural indices.

However, it was not the aim of this study to evaluate con-

ventional microarchitectural indices.

The datamay also be used to predict the quality of the bone,

to calculate the fracture risk, or to optimize implant constructs

(e.g. when subjecting the models to numerical simulations,

datamining, ormachine learning). This study also suggests the

ability of combined evidence from DXA and HR-pQCT

imaging to compute 3D models to increase the knowledge

about normal, osteopenic, and osteoporotic conditions. The

approach is likely to improve future analysis, particularly with

regard to the underlying bone loss mechanisms, and to

enhance the understanding of local differences associatedwith

normal, osteopenic, and osteoporotic conditions.

In conclusion, we presented an approach for spatially

modelling the distal tibia and characterized the trabecular

and cortical bone under normal, osteopenic, and osteo-

porotic conditions. Extra information can be obtained from

the specific 3D pattern of bone mass distribution of the

distal tibia in normal, osteopenic, and osteoporotic condi-

tions, from potential disproportionate bone losses in the

diaphysis, metaphysis, and epiphysis, and from the new

technical approach modelling the entire distal length of the

tibia.
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