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Abstract

Although Paget’s disease of bone (PDB) is the second most common metabolic bone disease, there is only limited informa-
tion about the microarchitecture of affected bones. Therefore, the aim of this study was to determine cortical and trabecular
bone properties in clinically relevant locations by microcomputed tomography (UCT). Ten femora and ten tibiae affected by
Paget’s disease taken from the Natural History Museum Vienna were compared to 13 femora and 10 tibiae of non-affected
body donors. Digitization of the cortical and trabecular bone microarchitecture was performed with an X-ray-based pCT
scanner. Additionally, semi-quantitative gradings of trabecular and cortical architectural parameters of the femora and the
tibiae were generated. Microcomputed tomography images showed changes in the thickness of cortices, cortical porosity,
and trabecularization of cortical structures. Moreover, severe disorganization of trabecular structures, trabecular defects, and
thickening of (remaining) trabeculae were detected. Numerical cortical analyses showed lower total bone volume (BV) and
lower BV in the outer region (66—-100%) (— 36%, p=0.004, and —50%, p <0.001, respectively), lower total volume (TV) in
the outer region (66—-100%) (—42%, p <0.001), lower total bone volume fraction (BV/TV) and BV/TV in the outer region
(66-100%) (—23%, and — 12%, p <0.001, respectively), higher BV and TV in the middle region (33-66%) and higher BV/
TV in the inner region (0-33%) (123%, p=0.011, 147%, p=0.010, and 33%, p=0.025, respectively) in Pagetic compared
to non-affected bones. Trabecular analyses showed higher BV/TV (96%, p=0.008) and Tb.Th (43%, p=0.004) in Pagetic
compared to non-affected bones. There is a major and consistent structural alteration of PDB at cortical and trabecular sites
in weight-bearing long bones. Our findings are relevant for the differential diagnosis of PDB and for the pathogenesis of
associated complications, since the disorder produces abnormalities in the structure that might lead to bone fragility.
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Introduction

Paget’s disease of bone (PDB), also known as Osteitis
deformans, was originally described by Sir James Paget
in 1877. His report has become a classic in the medical
literature [1]. The disease is a chronic bone abnormal-
ity, which may affect a single, several, or many bones
but never involves the entire skeleton. The axial skeleton
is frequently involved, and the bones most commonly
affected include the pelvis (70%), femur (55%), lumbar
spine (53%), skull (42%), and tibia (32%) [2, 3]. Neverthe-
less, Pagetic bone lesions can occur at any site of the skel-
eton [4]. The diagnosis of PDB is rare before the age of
50. The disease affects both sexes [5], but males have been
reported to show a higher frequency. Moreover, a variation
in age and regional (geographical) distribution has been
observed: Schmorl [6] found a prevalence of 3% of PDB in
a series over 4600 autopsies of individuals above 40 years
of age. The prevalence of the disease is highest in West-
ern Europe (in particular in Britain), North America, and
Australia, whereas the disease is rare in Scandinavia, Asia,
and Africa [7]. Most patients are asymptomatic [8], while
others develop complications such as bone pain, osteoar-
thritis, fracture, deformity, deafness, and nerve compres-
sion syndromes [4].

Despite the fact that PDB is the second most common
metabolic bone disease [9], analyses of bone structure in
Paget’s disease on a quantitative level are rare, with the
exception of histomorphometric analyses of biopsies of
the iliac crest [4, 10] and the spine [11]. To date, there are
no histomorphometric studies based on long bones, except
one case report [12] of a femur fracture associated with
PDB in an Asian patient.

Over the past years—as an alternative to bone histomor-
phometry—non-invasive radiological imaging and quanti-
fication techniques for the study of bone microarchitecture
have been developed [13-15]. Microcomputed tomography
(UCT) produces high-resolution images of trabecular and
cortical structures. However, the increasing availability
of advanced imaging techniques of bone microstructure
could be of hallmark importance for a better understanding
of bone deformity and bone fragility in PDB. Up to now,
there are no studies using uCT to investigate the micro-
architecture of Pagetic long bones.

The goal of the present study was to examine the cor-
tical and trabecular bone microstructure in historic and
clinically untreated PDB cases stored at the Pathologi-
cal-Anatomical Collection housed at the Natural His-
tory Museum Vienna (PASiN-NHM) [16]. Some of its
specimens exhibit deformities caused by Paget’s disease
according to the bequeathed hand-written documentary
evidence. For comparative purposes, we also include a
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control group of femora and tibiae of non-affected body
donors provided by the Division of Anatomy, Medical
University of Vienna.

Although most pCT scanners are rather limited with
regard to sample size, a few scanners, like the one we used
at the Vienna Micro-CT Lab, allow the non-destructive
imaging of microstructures of large bones such as femora
and tibiae. This offers a unique and novel chance to extend
our knowledge and to make advances in identifying the
metabolism of Pagetic bone disease—even in a less pro-
gressed phase. To the best of our knowledge, this is the first
prospective systematic study based on high-resolution uCT
scans concomitantly analyzing the effects of the disease on
trabecular and cortical structure in long bones.

Materials and Methods
Acquisition of Pagetic and Control Bones

We selected dry preparations of ten femora and ten tibiae
affected by Paget’s disease from the Pathological-Anatomi-
cal Collection at the Natural History Museum Vienna (most
of them date to the first half of the twentieth century AD).
It is important to mention that all the selected bones were
macroscopically affected by the disease. We selected femora
and tibiae with the clinicopathologic diagnosis of PDB. This
diagnosis was macroscopically validated according to the
description of Ortner and Putschar [17]. If weight-bearing
long bones are concerned, the most characteristic diagnos-
tic feature is bowing and thickening, which is a representa-
tive criterion of the late phase of the disease (early stages
implied, e.g., by terminated areas of lytic resorption, are
non-diagnostic). This feature is interpreted as being the con-
sequence of “complete or incomplete transverse pathological
fractures” caused by the mechanical impairment of Paget
bone. On the cut surface of a dry bone, a thickening and
lamination of the cortical bone, a narrowing of the medul-
lary canal, and irregularly formed coarsened cancellous bone
become visible [17]. Because of the obvious macroscopic
alterations of the Pagetic bones, blinding of the observers
was not possible. Since this collection does not contain
healthy bones, we collected 13 femora and 10 tibiae from
the Division of Anatomy, Medical University of Vienna.
No abnormalities could be detected during the macroscopic
inspection of bones obtained from these body donors.

The contemporary control bones were prepared in a way
that resembled the conventional preparation technique used
in the nineteenth century, warm water maceration at 35 °C.
By this approach, possible preparation-related effects could
be avoided. Preparation of bones involved bone disarticula-
tion, soft tissue removal or bone cleaning, maceration, bone
bleaching, and labeling [18]. There are a variety of methods
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or techniques used in bone preparation [19]. This includes
maceration of dissected specimens through submersion in
water for a period of time, burying in soil, as well as boiling
in hot water [20].

MUCT Scanning

We performed scanning of the cortical and trabecular bone
microarchitecture with an X-ray based pCT scanner (Vis-
com X-8060-II, Vienna Micro-CT Lab, Department of
Anthropology, University of Vienna) using the following
scan parameters: transmission tube, digital detector, 110 kV,
380 pA, filter: 0.50 mm copper. The zoom factor was in the
range between X 3.0 and x 4.3 to achieve a spatial resolution
of 40 um. Since most of the compact bone is located at the
diaphysis of long bones, but the cancellous bone is located
in the metaphysis, we have selected the central region of
the shafts of femora and tibiae as cortical bone sites, and
the proximal metaphyses for analyzing the trabecular micro-
architecture of those same bones.

Our measurements, terminology, and units used for the
present analyses generally followed the recommendations
of the Nomenclature Committee of the American Society
of Bone and Mineral Research [21].

Semi-quantitative Grading

Semi-quantitative gradings of cortical bone (i.e., thickness
of cortices, porosity, and trabecularization) and trabecular
bone (i.e., trabecular defects, thickness of trabeculae, visual
perception of the amount of trabeculae, separation of tra-
beculae, and sclerosis) were performed. The scale consisted
of the following four grades:

0= within normal limits,

1/—1=slight alterations,

2/—2 =moderate alterations,

3/—3 =severe alterations.

Fig. 1 a Different regions
within the midshaft of the
femur (from inside to outside),
considering the 100% value the
outside part, and <33% value
the inner part of the midshaft.
b Performance of trabecular
measurements in the femurs for
the head and neck regions

Values refer either to an increase (+) or a decrease (—)
of the parameter relative to normal (0). An expert bone
researcher (EN) interpreted the qualitative grading of the
uCT images and, in case of doubt, a second expert bone
researcher (PP) was involved in the process.

Cortical and Trabecular Bone Microarchitecture

Since the incidence of the disease is higher in femora than
in the tibiae [22, 23], we have selected the femora for further
detailed investigation. Therefore, numerical analyses of bone
microarchitecture in Pagetic and control femora were per-
formed using (Fiji) [24], ImageJ [25], 1.51 h with the Bonel
[26] 1.3.11 plugin.

Since the exact spatial boundaries of cortical bone are
very difficult to determine, the bone was measured in differ-
ent density brackets to get comparable results. The following
procedure was performed using Definiens Developer XD
2.1 (Definiens AG, Munich, Germany). The original uCT
scans were available at an isotropic resolution of 40 pum.
These images were downscaled to 50% (80 um isovoxel).
The images were then thresholded and pores inside the seg-
mented bone were filled by dilating the bone [27] by three
voxels followed by erosion of three voxels. An approxi-
mately 34 mm large region in the center of the scan was
selected for measurement and adjusted for the orientation
of the femur. This region was selected to maximize the area
in the center of the femur while excluding artifacts present
at the edge of the scans. The bone was divided into three
subregions based on the local bone volume fraction (BV/
TV) which ranged from 0 to 33%, 33 to 66%, and 66 to 100%
(Fig. 1a). The local density was measured for each voxel as
the bone volume fraction of the surrounding volume up to
a distance of 800 um. The void volume between inside the
bone was assigned to density brackets using surface tension-
constrained region growing. The resulting subregions were
copied to the full resolution images (40 pum) and the bone
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was re-thresholded inside these subregions to measure the
BV/TV. The subregions were then exported as image stacks.
The original scans and subregions were imported into Fiji
(Fiji [24] + Image]) [25] and the thickness of the brackets
was measured using the thickness measurement imple-
mented in the BoneJ plugin [26]. Due to the large size of
the region of interest, the images were again downsized to
50% (80 um isovoxel) of their original resolution for these
thickness measurements.

Trabecular measurements in the femora were performed
separately for the head and neck regions (Fig. 1b). To avoid
subjectivity, the exact size and position of the region was
determined automatically according to the following proce-
dure which was performed using Definiens Developer XD
2.1 (Definiens AG, Munich, Germany). The uCT scans were
taken at an isotropic resolution of 40 um. These images were
initially downscaled to 12.5% (320 um isovoxel) of their
original size. At this resolution, a threshold was set isoin-
tense to bone and through erosion and dilation, and identi-
fying volume enclosed by bone, the void inside the femur
was filled to identify the position of the femur in the scan. A
multistep procedure was used to find the regions of interest.
As afirst step, the coordinates of the estimated center of the
femur head and center of the neck were determined manu-
ally. Next, using these coordinates, the radius of the head
was approximated as a percentile of the distance of voxels in
the femoral head to the estimated center. For this measure-
ment, only voxels which were located further from the neck
than the approximated center were considered. Then, based
on these initial measurements, the center of the head and
neck were repositioned. From these new coordinates, the
radius of the femoral head was measured and the final coor-
dinates determined. Using these coordinates and the meas-
ured radius, the final positions of head and neck were deter-
mined. The neck and head regions were limited by planes
perpendicular to the axis between head and neck center.
Based on initial observation of the samples, the following
dimensional parameters were selected to define the region
of interest. The head was defined along this axis as a region
from its most distal part to a plane 1.33 times the radius
distant. The neck reached a plane 2.33 times the length of
the radius. Segmentation between the cortical and trabecu-
lar compartments is challenging because there is rarely a
precise border between them [28]. Therefore, to exclude the
cortical bone, parts of the head and neck which were < 10%
of the diameter away from the outside of the femur were
excluded. Additionally, if cortical bone, defined as the outer
bone layer with at least a local bone volume fraction of 75%,
still reached into the measurement region in the center, it
was also excluded. Regions within the trabecular bone with a
local bone volume fraction of more than 75% were identified
and measured separately because the bone in these regions
revealed to lack a regular trabecular structure. The resulting
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regions of interest were copied to the full resolution images
(40 pm). The bone inside the different regions was thres-
holded and BV/TV was measured. The regions were then
exported as image stacks. The original scans and regions
of interest were imported into Fiji (Fiji [24]+ Image]) [25]
and trabecular number (Tb.N), trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), bone surface (BS), and con-
nectivity density (Conn.D) were measured using the BoneJ
plugin [26]. Due to the large size of the region of interest and
excessive amount of processing power required, the images
were downsized to 50% (80 pm isovoxel) of their original
resolution for these measurements.

Statistical Analysis

Results are presented as mean and standard deviation. A
Pearson Chi-square test was used for the semi-quantitative
analyses to find association between various parameters
with respect to PDB. Furthermore, a homogeneity test was
employed to determine equal or unequal variance. Differ-
ences between non-affected and Pagetic groups were ana-
lyzed using one-way analysis of variance (ANOVA). All
analyses were conducted using the Statistical Package for
Social Sciences (IBM-SPSS, version 24.0 for Windows;
SPSS Inc., Chicago, IL), and the level of statistical signifi-
cance was set at 0.05.

Results
Demographic Characteristics of Bone Samples

The demographic characteristics of our samples are pre-
sented in Table 1. For femoral samples: mean (SD) age was
78.5 (13.3) and 65.6 (6.5) years in non-affected and Pagetic,
respectively. In the non-affected group (n=13) there were
9 males (69.2%) and 4 females (30.8%), and in the Pagetic
group (n=10) 3 males (30.0%), 6 females (60.0%), and 1
was unknown (10%). For tibial samples, mean (SD) age was
76.9 (14.9) and 69.2 (9.5) years in non-affected and Pagetic,
respectively. The non-affected group (n=10) consisted of
6 males (60%),and 4 females (40%), and the Pagetic group
(n=10) consisted of 3 males (30%), 2 females (20%), and 5
were unknown (50%).

pCT Imaging Studies

Microcomputed tomography images at the midshaft of
the Pagetic femora showed cortical thickening, marked
cortical porosity, and trabecularization of cortical struc-
tures (Fig. 2a, ¢). Similar alterations were also present
in the affected tibiae (Fig. 2b, d). At the trabecular
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Table 1 Demographic characteristics of bone samples
Femora Non-affected (n=13) Pagetic (n=10)
Age (years) (mean, SD) 78.5 (13.3) 65.6 (6.5)
Sex (n, %) 9 male (69.2%) 3 male (30.0%)

4 female (30.8%) 6 female (60.0%)

1 unknown (10.0%)

Tibiae Non-affected (n=10) Pagetic (n=10)
Age (years) (mean, SD) 76.9 (14.9) 69.2 (9.5)
Sex (n, %) 6 male (60.0%) 3 male (30.0%)

4 female (40.0%) 2 female (20.0%)

5 unknown (50.0%)

compartments, severe structural disorganization and
trabecular defects were noted; the remaining trabeculae
appeared thickened (Fig. 3).

Semi-quantitative Grading

Semi-quantitative grading of cortical architectural param-
eters of the femoral midshaft showed higher thickness

puted tomography images of

of cortices (p=0.011), higher porosity (p <0.001), and
increased trabecularization (p =0.011) when comparing
Pagetic to non-affected bones (Fig. 4). Semi-quantitative
grading of cortical architectural parameters of the tibial
midshaft showed higher thickness of cortices (p=0.008),
porosity and trabecularization (both, p <0.001) when com-
paring Pagetic to non-affected bones (Fig. 5).

Fig.2 Representative com- Fe mur Ti b i a
¥ | Y

non-affected (a) and Pagetic

(¢) femur midshafts, and non-
affected (b) and Pagetic (d) tibia
midshafts

non-affected
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Semi-quantitative grading of trabecular architectural
parameters of the proximal femur showed higher thick-
ness of trabeculae (p <0.001) and separation of trabeculae
(p=0.037), but lower amount of trabeculae (p =0.023)

Fig.3 Representative com-
puted tomography images of
non-affected (a) and Pagetic (b)
human femoral heads

Semi-quantitative grading of
femoral cortical midshaft architecture

- ﬁi[}];ﬁ o

in the Pagetic compared to non-affected bones (Figs. 3,
4). Semi-quantitative grading of trabecular architectural
parameters of the tibial condyle showed higher trabecular
defects (p=0.015), thickness of trabeculae (p=0.019), and

Semi-quantitative grading of
trabecular architecture in the proximal femur

- .

<
g o g
. S 0 o @o @D aoo
-1 o® & I
. ) T
-3 -2
Non-Affected ~ Pagetic Non-Affected  Pagetic ~ Non-Affected  Pagetic 3 o
Thickness of Cortical porosity Trabecularization Non-Affected ~ Pagetic Non-Affected Pagetic ~Non-Affected Pagetic ~Non-Affected Pagetic ~Non-Affected  Pagetic
cortices (p<0.001) (p=0.011) Thickness of Separation of
(p=0.011) Trabecular defects trabeculae Amount of trabeculae trabeculae Sclerosis
(p =0.079) (p <0.001) (p=0.023) (p=0.037) (p =0.160)

Fig.4 a Semi-quantitative grading of femoral cortical midshaft archi-
tecture. b Semi-quantitative grading of trabecular architecture in the
proximal femur. Pearson Chi-square test. Semi-quantitative grading

Semi-quantitative grading of
tibial cortical midshaft architecture

Score
o

Score
o

P ha

scale: O=within normal limits, 1/—1=slight, 2/—2=moderate, and
3/—3 =severe alterations

Semi-quantitative grading of
trabecular architecture of the tibial condyle

m
: -

Non-Affected Pagetic Non-Affected  Pagetic ~ Non-Affected  Pagetic B
Thickness of Cortical porosity Trabecularization Non-Affected ~ Pagetic Non-Affected  Pagetic ~ Non-Affected ~ Pagetic ~ Non-Affected ~ Pagetic ~ Non-Affected  Pagetic
cortices (p <0.001) (p <0.001) Thickness of Separation of .
(p=0.008) Trabecular defects trabeculae Amount of trabeculae trabeculae Sclerosis
(p=0.015) (p=0.019) (p=0.012) (p<0.001) (p=0.305)

Fig.5 a Semi-quantitative grading of tibial cortical midshaft archi-
tecture. b Semi-quantitative grading of trabecular architecture of the
tibial condyle. Pearson Chi-square test. Semi-quantitative grading
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scale: O=within normal limits, 1/—1=slight, 2/—2=moderate, and
3/—3 =severe alterations
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separation of trabeculae (p <0.001), but a lower amount
of trabeculae (p=0.012) in the Pagetic compared to non-
affected bones (Fig. 5).

Cortical and Trabecular Bone Microarchitecture

Numerical analysis of the cortical bone of the femurs is
shown in Fig. 6. Analysis of the femoral cortical parameters
showed lower total bone volume (BV) and lower bone vol-
ume in the outer region (66—100%) (—36%, p=0.004, and
—50%, p<0.001, respectively), lower total volume (TV) in
the outer region (66—-100%) (—42%, p<0.001), and lower
total BV/TV and BV/TV in the outer region (66—100%)
(=23%, and — 12%, p <0.001, respectively) in Pagetic
compared to non-affected bones. However, both BV and
TV in the middle region (33-66%) and BV/TV in the inner
region (0-33%) were higher (123%, p=0.011 for BV, 147%,
p=0.010 for TV, and 33%, p=0.025 for BV/TV, respec-
tively) in Pagetic compared to non-affected bones.

16000
3 Non-affected 15000

Pagetic
12000 = <
10000

8000

BV (mm°®)
TV(mm3)

5000
4000

Numerical analysis of trabecular regions of the femo-
ral head and neck is presented in Table 2. Analyses of the
femoral trabecular parameters showed higher BV/TV (96%,
p=0.008) and Tb.Th (43%, p=0.004) in the femoral neck
in Pagetic compared to non-affected bones.

Discussion

Analysis of bone structure in Paget’s disease on a quantita-
tive (histomorphometric) level is surprisingly rare. A histo-
morphometric study [29], which was carried out in two his-
toric skeletons with PDB, found evidence of an increased
Tb.Th in the femoral shaft, the calcaneus, and in the sacrum,
respectively. Histomorphometric results from Seitz et al. [4]
showed a high bone turnover with a significant increase in
bone resorption and bone formation indices (Tb.N, osteoid
volume and osteoid surface, osteoblast number, and surface
of osteoclasts) and an increased BV in Pagetic iliac crests.

1.5
3 Non-affected

3 Non-affected
el Pagetic

EA Pagetic

BV/TV (1)

0-33% 33-66%

Fig.6 Cortical bone microarchitecture in Pagetic versus non-affected

femora. *p<0.05, **p<0.01, ***p<0.001. BV bone volume, TV

total volume, BV/TV bone volume fraction. Percentages mean the dif-

0-33% 33-66% 66 - 100%

ferent regions within the midshaft of the bone, considering the 100%
value the outside part, and <33% value the inner part of the midshaft

Table 2 Three-dimensional
outcomes for trabecular bone
microarchitecture in Pagetic

and neck

Trabecular parameters femoral head

Non-affected (n=13) Pagetic (n=38) % P

versus non-affected femoral Femoral head BV (mm?) 53068.6 (24316.4) 47053.5 (23411.5) —113  0.581
head and neck TV (mm?) 171137.3 (86790.9)  145076.1 (475774) —152  0.386
BV/TV (1) 0.33 (0.09) 0.35 (0.19) 6.1 0814

Tb.N (1/mm) 0.0068 (0.0012) 0.0056 (0.0018) —17.6  0.115

Tb.Th (mm) 0.32 (0.06) 0.37 (0.10) 156  0.285

Tb.Sp (mm) 0.73 (0.17) 1.00 (0.46) 370 0.069

Femoral neck BV (mm?) 19622.8 (13936.6) 28218.1 (9222.2) 438  0.106

TV (mm?) 89489.4 (45080.7) 66608.0 (24698.0) —25.6  0.150

BV/TV (1) 0.23 (0.12) 0.45 (0.17) 95.7  0.008

Tb.N (1/mm) 0.0055 (0.0011) 0.0067 (0.0030) 21.8  0.322

Tb.Th (mm) 0.30 (0.08) 0.43 (0.08) 433 0.004

Tb.Sp (mm) 1.02 (0.21) 1.03 (1.01) 1.0 0.967

Total BS (mm?) 22992.2 (15780.4) 23308.5 (14252.7) 14 0963

Conn.D (1/mm?) 2.6 (1.4) 1.9 (0.7) -269  0.161

Mean (standard deviation). BV bone volume, TV total volume, BV/TV bone volume fraction; Th.N trabecu-
lar number, 7h.Th trabecular thickness, 7b.Sp trabecular separation, BS bone surface, Conn.D connectivity
density.

“Percentage of difference between non-affected and Pagetic groups was computed as ((Pagetic —non-
affected)/Pagetic) X 100
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Likewise, Meunier et al. [10] reported an increased trabecu-
lar BV, excessive resorption surfaces, and elevated osteoid
surfaces in iliac bone biopsies of Pagetic patients. In agree-
ment with these data, our uCT-based imaging analysis of the
Pagetic trabecular architecture of both the femoral head and
the tibial condyle shows thickening of the trabeculae and
higher separation of trabeculae, but decreased amount of
trabeculae (Fig. 3). Furthermore, in the histomorphometric
study by Pestka et al. [11], affected vertebral body biopsies
revealed a significant increase both in trabecular BV as well
as osteoid parameters. In comparison to histomorphometric
data obtained from extra-spinal skeletal locations affected
by PDB (i.e., iliac crest), a similar bone microarchitecture
of the vertebral bodies was observed. They concluded that
vertebral body height and the spine BV together with bone
density might play an important role in the manifestation
of Pagetic bone alterations [11]. In another histopathology
study,[30] based on temporal bone of only eight subjects, no
quantitative results are presented.

In addition, Cherian et al. [31] observed that cortical and
trabecular bone density was increased in vertebrae affected
by PDB. Nevertheless, cortical quantitative CT values were
underestimated in PDB compared with physical measure-
ments of density [31]. In contrast to the above-mentioned
data on the lumbar spine, we have observed differences in
the thickness of cortices as well as an increased porosity, and
trabecularization of the compact bone in the midshaft of the
Pagetic femurs and tibias (Fig. 2a—d).

Consistent with the imaging findings, numerical analyses
in this study have shown that BV/TV was lower in Pagetic
femoral cortical midshafts than in the non-affected bones.
For additional analyses, the cortex of the midshaft was
subdivided (from inside to outside) into three subregions
(i.e., inner: 0-33%, middle: 33-66%, and outer: 66—100%)
(Fig. 1a) considering the 100% value in the outside part, and
<33% value in the inner part of the midshaft. Interestingly,
in Pagetic femora, the BV/TV of the outer—but not of the
inner cortex—was significantly decreased (Fig. 6). Moreo-
ver, we have also observed decreased BV and TV of the
outside part of the cortex. This could suggest a higher risk of
fractures since cortical porosity and trabecularization of cor-
tical structures have been associated with an increased frac-
ture risk [32, 33]. In this context, Van Staa et al. [34] evalu-
ated epidemiologic and clinical aspects of PDB in England
and Wales using the General Practice Research Database.
They described that patients with PDB had an increased risk
of fractures (relative risk: 1.2) when compared to matched
controls; remarkably, the risk of hip fractures was increased
by 44%. The structural alterations observed in long bones
with Paget’s disease—in particular, those seen at the corti-
ces—could thus be indicative of impaired bone strength. On
the other hand, regarding the trabecular compartment of the
Pagetic femurs, we have observed that Tb.Th of the femoral
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neck was increased [29]. In agreement with the studies by
Seitz et al. [4] and Meunier et al. [10] performed at the iliac
crests, and by Pestka et al. [11] in the spine, we have also
noticed increased trabecular BV/TV at the Pagetic femo-
ral neck (Table 2). When both trabecular regions (head and
neck) were combined, a trend toward diminished Conn.D in
Pagetic femurs was seen. Interestingly, osteoporotic patients
are characterized by reduced Conn.D at the femoral neck
[35]. In line with our data, and taking into account that corti-
cal porosity and severe trabecular defects were found to be
present in our series of specimens, we may assume that bone
strength could be diminished despite the increased Tb.Th
and BV/TV leading to an elevated fracture risk [36, 37].
However, the reliability of these opposed phenomena should
be further analyzed in biomechanical studies to confirm the
consequences. It is also well known that cortical porosity
increases with diabetes [38], and it may be the case that
these observed changes in our study are not specific of PDB
but might also coexist with type 2 diabetes mellitus. Since
genetic factors inducing type 2 diabetes are very complex,
even aDNA analyses of the bones would not give us suffi-
cient information to decide whether these individuals were
affected by both PDB and type 2 diabetes.

The structural differences between cortical and cancellous
bone are widely recognized [39]. However, less is known
about the complex changes concerning either architecture or
thickness of bone in patients suffering from skeleton-affect-
ing diseases. Deeper insight into the regular distribution and
architecture of cancellous bone within the human skeleton
seems to be essential to better understand both, the role of
bone cellular activity and also the diagnostic validity of BV
measurements [40]. There are striking differences between
peripheral and axial measurement sites and even between
local areas within these sites. Generally, in healthy subjects,
trabecular BV at the femoral neck (15.8%) is higher than at
the lumbar spine (8.3%) or the iliac crest (11.5%). Of note,
there is a systematic variation in trabecular microarchitec-
ture of the iliac crest, showing highest bone mass within
the anterior part and lower values for the medial and dorsal
part [40].

Several potential limitations of the present study should
be mentioned. There are differences in age-related varia-
tions of cortical and trabecular bone for both women and
men. Many studies have evaluated the age- and sex-related
changes in the cortical and trabecular bone microarchitec-
ture [41-44]. There is increasing clinical interest in assess-
ing bone microstructure, with the ultimate goal of improv-
ing the prediction of fracture risk [41]. It is well known
that cortical porosity as well as Tb.Sp increase with age,
and it might be the case that these observed changes in our
study are not specific of PDB. However, we have noticed
quite severe alterations in the specimens of this study
obtained from Pagetic subjects aged 66 + 6 years. The
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mean age and age variability of the non-affected subjects
was larger (average age: 79 + 13 years) than the Pagetic
ones. It is important to note that, according to the records
of the collection, in some Pagetic subjects, the age was not
known. Even considering the fact that cortical porosity and
Tb.Sp increase (and cortical thickness decreases) [43] with
age, the Pagetic bones are extensively overshooting the age
effect. Interestingly, in a longitudinal study, Shanbhogue
et al. [44] stated that both in women and men, parameters
of trabecular microarchitecture at the tibia did not change
with age. Thus, we may assume that the alterations seen in
the cancellous compartment are caused by the metabolic
bone disorder. Since the age at which the diagnosis of
PDB was established in our samples is not known, another
limitation is that some of the observed microarchitectural
changes may correlate with specific gene alterations which
increase or decrease the susceptibility to develop the dis-
ease [45].

High-resolution peripheral QCT (HR-pQCT) allows
acquisition of images which enable the characterization of
cortical and trabecular microarchitecture in unique detail
[44]. Moreover, this technology can provide novel and con-
temporary clinical information about the differential diag-
nosis of the disease. Several studies [41, 43, 44] have dem-
onstrated sexual dimorphisms in bone microstructure, and
particularly different patterns of bone loss associated with
increasing age which leads to weaker bones in postmeno-
pausal women [44]. There seems to be, however, agreement
on a dominance of cortical over trabecular bone loss in both
sexes. Given the small sample sizes in our study, sexes were
not balanced in the Pagetic and control group which lim-
its the conclusions with regard to sexual dimorphisms. The
magnitude of structural alterations in Pagetic bone samples
was nevertheless found to be similar in both sexes (Figs. 4,
5; Table 1).

According to the study by Smith et al. [46], which
divided the spectrum of the pathologic alterations of the
PDB into three stages: the lytic phase (incipient-active),
in which osteoclasts predominate; the mixed phase
(active), in which osteoblasts cause repair superimposed
on the resorption; and the blastic phase (late-inactive) in
which osteoblasts predominate and areas of sclerosis may
develop. Due to a lack of clinical data, it was not possible
to determine in which phase of the disease the affected
subjects were at the time of death. However, we could
assume that Pagetic subjects were in a mixed phase of the
disease, since sclerosis was infrequently observed. The
cause of death was unknown; nevertheless, we did not
observe Paget sarcoma in any of our specimens.

Beside the clinical and differential diagnostic relevance
of our study, PDB is also a matter of interest in paleo-
pathology: the earliest reference to PDB in archeological

human remains was reported by Pales [47], which included
a brief discussion of a femur from the Neolithic in France.
There was considerable anterior curvature of the diaphysis
with a marked expansion of the cortex. Moreover, five
cases of PDB in prehistoric skeletons from the United
States were published by Denninger [48]. In all cases,
the long bones had a thickened cortex. However, neither
X-ray inspection nor histology was used in any of these
studies, making the diagnosis likely but not certain [49].
Wells and Woodhouse [50] investigated a skeleton recov-
ered from a burial ground in England, which was char-
acterized by bowed long bones. The authors’ diagnosis
of PDB was based on the deformation of bones and the
features observed in the X-rays of the femora and vertebrae
in plain radiograms [49]. With regard to paleopathology,
our findings—obtained by a non-invasive technique—will
substantially aid to the differential diagnosis of PDB of
historic skeletal remains. In contemporary clinical prac-
tice, biopsies of long bones for suspected Paget’s disease
are performed only in rare cases; nevertheless, our uCT
findings also in this setting could contribute to establish
a diagnosis.

Finally, the current investigation could be useful and
support several studies related to the bone microstructure
analyses in experimental models (i.e., transgenic animal
models) of Paget’s disease [51, 52].

Conclusions

In conclusion, in weight-bearing long bones, PDB is
responsible for major structural alterations both at cortical
and trabecular sites. The main findings of this study were
(i) femurs and tibias affected by PDB showed marked cor-
tical porosity, and trabecularization of cortical structures.
(ii) PDB was also associated with severe disorganization
of trabecular structures, trabecular defects, and thickening
of (remaining) trabeculae. These findings are relevant for
the differential diagnosis of PDB and for the pathogenesis
of associated complications, since the disorder produces
abnormalities in the structure that might lead to bone fra-
gility, increasing bone fracture risk, enhanced by low bone
mass, and microarchitectural deterioration of bone tissue
[36, 53].
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