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ABSTRACT

Cortical bone and its microstructure are crucial for bone strength, especially at the long
bone diaphysis. However, it is still not well-defined how imaging procedures can be used
as predictive tools for mechanical bone properties. This study evaluated the capability
of several high-resolution imaging techniques to capture cortical bone morphology and
assessed the correlation with the bone's mechanical properties. The microstructural
properties (cortical thickness [Ct.Th], porosity [Ct.Po], area [Ct.Ar]) of 11 female tibial
diaphysis (40-90 years) were evaluated by dual-energy X-ray absorptiometry (DXA),
high-resolution peripheral-quantitative-computed-tomography (HR-pQCT), micro-CT
(nCT) and histomorphometry. Stiffness and maximal torque to failure were determined
by mechanical testing. T-Scores determined by DXA ranged from 0.6 to -5.6 and a
lower T-Score was associated with a decrease in Ct.Th (p < 0.001) while the Ct.Po
(p < 0.007) increased, and this relationship was independent of the imaging method.
With decreasing T-Score, histology showed an increase in Ct.Po from the endosteal to
the periosteal side (p = 0.001) and an exponential increase in the ratio of osteons at
rest to those after remodelling. However, compared to histomorphometry, HR-pQCT
and pCT underestimated Ct.Po and Ct.Th. A lower T-Score was also associated with sig-
nificantly reduced stiffness (p = 0.031) and maximal torque (p = 0.006). Improving the
accuracy of Ct.Po and Ct.Th did not improve prediction of the mechanical properties,
which was most closely related to geometry (Ct.Ar). The ex-vivo evaluation of mechani-
cal properties correlated with all imaging modalities, with Ct.Th and Ct.Po highly cor-
related with the T-Score of the tibial diaphysis. Cortical microstructural changes were
underestimated with the lower resolution of HR-pQCT and pCT compared to the histo-
logical ‘gold standard’. The increased accuracy did not result in an improved prediction
for local bone strength in this study, which however might be related to the limited

number of specimens and thus needs to be evaluated in a larger collective.
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1 | INTRODUCTION

The direct relationship between the mechanical properties of
specific skeletal regions and their intrinsic architecture has
been described by several reports (Hernandez et al., 2006;
Imamura et al., 2019; Liu et al.,, 2010; Ramchand & Seeman,
2018). In particular, cortical bone and its microstructural bone
remodelling, as well as the cortical porosity (Ct.Po) and the cor-
tical thickness (Ct.Th), have significant importance for osteo-
porotic bone loss and mechanical stability (Bala et al., 2014;
Imamura et al., 2019; Ohlsson et al., 2017; Zebaze et al., 2019).
Microstructural differences offer the opportunity to iden-
tify individuals in groups with comparable bone mineral den-
sity (BMD) who are at risk for a low-energy trauma fracture
(Nishiyama et al., 2012; Skedros et al., 2016; Vico et al., 2008).
Further studies have shown that changes in cortical microar-
chitecture can be independent of the areal BMD (aBMD) mea-
sured by dual-energy X-ray absorptiometry (DXA) in patients
with fragility fractures (Mussawy et al., 2017; Sornay-Rendu
et al.,, 2007). In addition, the cortical area (Ct.Ar) of the bone
was found to predict incidental fractures in older men whereas
the aBMD was not (Ohlsson et al., 2017).

Assessing the microstructural parameters of cortical bone has
recently become possible in living humans with radiological tech-
niques such as high-resolution peripheral-quantitative-computed-
tomography (HR-pQCT). Additionally, ex-vivo investigations such
as high resolution micro-computed tomography (uCT) and histol-
ogy, which is considered the “gold-standard”, are viable alterna-
tives. However, neither technique, is suitable for living patients, as
they are either destructive or only investigate small bone samples
(Palacio-Mancheno et al., 2014). Nevertheless, high-resolution im-
aging such as pCT and HR-pQCT have advantages over histology.
Beyond the determination of microarchitectural parameters, calibra-
tion allows the determination of bone mass (Bouxsein et al., 2010)
or the mineral weight per tissue volume. Furthermore, specimens
are evaluated non-destructively in 3D, making it easy to evaluate
larger regions without tedious embedding in polymethylmethacry-
late (PMMA). This process enables further investigation in terms of
biomechanical testing after microstructural analysis with high reso-
lution CT or clinical follow-up of patients after in-vivo analysis using
HR-pQCT.

Fully automatic image analysis algorithms have been suggested
based on a dual threshold that allows extraction of cortical and
trabecular compartments (Buie et al., 2007). In-vivo, adapted, au-
tomated methods have been validated for measurement of Ct.Po
(Nishiyama et al., 2010) and the reproducibility of quantitative
cortical bone indices based on automated segmentation from
HR-pQCT images has been extensively assessed (Burghardt et al.,
2010b). Imaging techniques with even higher resolution, such as
pCT, may further bridge the findings from HR-pQCT. However,
when comparing different imaging techniques, the accuracy of
Ct.Po parameters seems to be significantly dependent on the spa-

tial resolution defined by the size of the voxels. Recent studies
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suggested that a substantial number of cortical pores are unde-
tected as a lower resolution does not allow to capture pores with
a small diameter (Tjong et al., 2012). Studies comparing HR-pQCT
imaging versus uCT allowing a higher resolution in the detection
of Ct.Po are still rare. Moreover, it remains unclear how well X-ray
image-derived techniques from a predominately cortical bone
skeletal region translate into each other or into classical bone
histomorphometry.

Therefore, the aim of this study was first to determine the mi-
crostructural properties (cortical thickness [Ct.Th], porosity [Ct.Po],
area [Ct.Ar]) and evaluate whether they can be determined accu-
rately by HR-pQCT and pCT compared to the gold standard histo-
morphometry. Second, how well aBMD derived from local tibial DXA
measurements represents those parameters and third, whether the
underlying microstructural parameters translate equally into local

bone strength.

2 | METHODS

2.1 | Specimen baseline characteristics and
evaluation

Eleven left tibiae (defleshed and frozen at -20°C until prepara-
tion) from postmenopausal donors (n = 11) were collected from the
Department of Pathology, Kantonsspital Basel, Switzerland dur-
ing post mortem dissections with appropriate consent of the rela-
tives. The specimens had already been used and biomechanically
evaluated in a previous study (Popp et al., 2012), and were stored
in polyethylene bags at -20°C at the AO Research Institute, Davos,
Switzerland. All measurements were performed within 24 h after
thawing the specimens to room temperature and immediately refro-
zen upon completion. Conventional X-rays had been taken from all
tibiae prior to processing to exclude possibly unreported alterations
of the tibiae.

Evaluation of the tibial bone morphology was started 122.5 mm
proximal to the distal tibia endplate as (Figure 1a). The DXA mea-
surements were performed over a length of 40 mm, HR-pQCT over
9 mm, uCT over 6 mm and histomorphometry was performed from

three histological sections at 2, 4 and 6 mm (Figure 1).

2.2 | DXA and T-Score

The T-Score for the distal tibial diaphysis was obtained by DXA
(Figure 1a). Scans were obtained by placing the defrosted vacuum-
packed tibial preparations in a basin filled with semolina, to simu-
late soft tissue, using a standard DXA device (Hologic QDR 4500
A™, Hologic). The manufacturer's software was used according to
a previously described standardized procedure for analysing the
tibial diaphysis (Casez et al., 1994). Briefly, the region of interest
(ROI) for the tibial diaphysis started 130 mm from the distal tibia
endplate and included a total length of 40 mm of the long bone
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FIGURE 1 Tibial bone morphology was determined starting
130 mm from the distal tibia endplate running from proximal

to distal: (a) DXA was performed over a length of 40 mm (white
rectangle), HR-pQCT over a length of 9 mm (white dotted line) and
uCT over a length of 6 mm (black dotted line). (b) 3D reconstruction
of the pCT showing the level of the three histological sections (2,

4, 6 mm). (c) Histomorphometry was performed at the periosteal,
central and endosteal regions which were defined by dividing the
cortical thickness (Ct.Th) every 10 degrees in three regions

axis running from proximal to distal (Figure 1a; Popp et al., 2009).
The T-scores were calculated as the number of standard deviations
from the mean peak bone mass of a female reference population
of 400 healthy Caucasians living in the area of Bern, Switzerland.
Peak bone mass (mean value + SD) of this female reference popu-
lation is 1.278 + 0.116 g/cm? at the distal tibial diaphysis (Popp
et al., 2009).

2.3 | HR-pQCT

Cut diaphysis specimens were positioned in a carbon fibre shell
and subjected to HR-pQCT measurement (XtremeCT™, Scanco
Medical). The X-ray tube was set at 60 kVp and 900 pA. The
SCANCO phantom was scanned daily for quality control. The
isotropic voxel had a length of 82 pm. The scanned VOI was de-
fined on a scout view and represented the total length of the most
proximal 9 mm along the bone axis of diaphysis (Figure 1a). Each
VOI was semi-automatically segmented into cortical bone using a
threshold-based algorithm. The cortical bone was segmented with
ranges of 600-1500 mgHA/cm? (Laib & Ruegsegger, 1999; Popp
et al., 2009). Parameters of interest were Ct.Th, Ct.Po and Ct.Ar,
which were calculated using an automated image processing chain
(Burghardt, Buie et al., 2010; Burghardt, Kazakia et al., 2010).
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2.4 | uCT measurements

All specimens were subjected to pCT measurements (uCT 40,
Scanco Medical). The SCANCO phantom was scanned daily for qual-
ity control. The X-ray tube was set at 70 kVp and 114 pA, and the
isotropic voxel size was 36 um. The analysed volume in the diaphysis
was defined on a scout view, with a total length of 6 mm (Figure 1b)
and was located in the centre of the volume scanned by HR-pQCT.
Each volume was semi-automatically segmented into cortical bone
using the ranges of 512-1,500 mgHA/cm3 (Laib et al., 1997; Laib &
Ruegsegger, 1999). The threshold values were optimized in accord-
ance with the density histograms of the specimens. The cortical
bone volume was used to analyse the porosity of the cortex. The
parameters of interest were Ct.Th, Ct.Po and Ct.Ar.

2.5 | Biomechanical testing

All eleven tibiae had been tested biomechanically in a previous
study at the diaphysis for mechanical strength by Popp et al. (Popp
et al., 2012). Briefly, the specimens were embedded in PMMA on
both ends for torsional testing on a servo hydraulic material testing
machine (MTS 858 Mini-Bionix Il; MTS Systems Inc.). Torsional stiff-
ness was calculated as slope of the torque-angle curve. The maximal

torque was defined as torque at failure.

2.6 | Histological evaluation and histomorphometry

For histological preparation, all specimens were fixed in 70% ethanol
for 10 days. The bone was dehydrated in increasing concentrations
of ethanol (50%, 70%, 96% and 100%), defatted in Xylene and em-
bedded in PMMA. Of each sample, three sections at the 2-, 4- and
6-mm levels were taken using a saw-microtome (Leica SP 1600™,
Leica). The 200-um thick sections were ground and polished to a
final thickness of 100 + 20 um and then stained with Giemsa-Eosin.
All stained sections underwent a histological investigation and were
digitalized using an Axiovert200 m with a motorized stage (Zeiss)
equipped with an AxioCam HRc (Zeiss) using the Mosaix function
of the Axiovision software (version 4.8.3, Zeiss) with a pixel size of
3.77 um (10x objective).

In the histomorphometric analysis the intramedullary canal was
manually defined. Quantitative analysis was performed on a com-
puter workstation equipped with Zeiss KS400™ image analysis
software (Zeiss) in a semiautomatic segmentation process. The Ct.Th
was measured every 10 degree along a line from the centre of grav-
ity (Figure 1c). This segmentation was additionally used for defining
the endosteal, central and periosteal regions.

The outcome parameters (for the histomorphometry on the
cortical bone) were Ct.Th, Ct.Po and pore area, which was used
to calculate the equivalent/corresponding pore diameter. The os-
teonal remodelling ratio was calculated as the ratio between the

number of osteons at rest (defined as osteon with the inner pore
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diameter between 30-50 um) and the number of still modelling os-
teons (osteon with an inner pore diameter 100 and 200 um). The
two groups were defined according to (Pazzaglia et al., 2013) who
showed that more advanced remodelling was associated with a
smaller inner diameter of an osteon, where younger, just recently
created osteons that are not yet in a state of advanced remodelling
were represented by a larger inner diameter of the Haversian canal.

2.7 | Statistical analysis

Statistical analyses were conducted using SPSS software package
(version 22, IBM SPSS). Normality of data distribution was screened
and proved with the Shapiro-Wilk test. Correlations were performed
using 2-tailed Pearson Correlation test and the outcomes were re-
ported in terms of both r coefficient and p-value. Parameters of inter-
est (Ct.Th, Ct.Po, Ct.Ar) and regions (periosteal, cortical, endosteal)
generated by the different methods (HR-pQCT, uCT, histology) were
compared using a General Linear Model Repeated Measures test (re-
peated measures analysis of variance [ANOVA]). Bonferroni Post Hoc
test was applied to adjust for multiple comparisons. The significance

level was set at p = 0.05 for all statistical tests.

3 | RESULTS
3.1 | Characteristics and T-Score of the donor tibiae

The mean age of the 11 female donors was 74 + 14 years (mean + SD)
with a mean height of 162 + 9 cm and weight of 58 + 6 kg giving a
body-mass-index of 22 + 2 kg/m2. DXA revealed a mean T-Score of
-2.2 (Table 1).

The mean Ct.Th was 2.6 + 0.7 mm with HR-pQCT, 2.5 + 0.7 mm
with uCT and 4.1 + 0.9 with histomorphometry. Significant differences

for the Ct.Th results were observed with histomorphometry compared

TABLE 1 Donor characteristics

Donor no Age (years) Height (cm)
1 40 161
2 88 157
3 90 158
4 74 170
5 74 180
6 61 163
7 84 164
8 76 155
9 84 164
10 71 156
11 72 149

Mean + SD Range 74 + 14 (40-90) 162 + 9 (149-180)

(min-max)
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to values obtained with either CT technique (uCT p < 0.001; HR-pQCT
p < 0.001). The mean Ct.Po was 0.5 + 0.5% with HR-pQCT, 6.6 + 6.5%
with pCT and 17.1 + 10.3% with histomorphometry. Significant dif-
ferences for the Ct.Po results were observed with histomorphometry
compared to values obtained with either CT technique (uCT p = 0.001;
HR-pQCT p = 0.001). For both microstructural parameters (Ct.Th and
Ct.Po), histomorphometry revealed greater cortical thickness and po-
rosity compared to the imaging modalities (1«CT and HR-pQCT).

The mean Ct.Ar was of 196 + 52 mm? with HR-pQCT,
193 + 53 mm? with uCT and 215 + 38 mm? with histomorphometry.
The Ct.Ar results of the histomorphometry were significantly differ-
ent to those of the uCT (p = 0.031) while the results of the HR-pQCT
did not reach significance (p = 0.056).

3.2 | Histological evaluation and histomorphometry

Qualitative evaluation of the bone in histological sections did not show
pathological alteration and the vast majority of the osteocyte lacunas
contained cell nuclei, indicative for living bone. Distinct regional differ-
ences in cortical thickness, cortical porosity and the Haversian canals
were observed in sections of donors with different T-Scores (Figure 2a-c).

Quantitative histomorphometric analysis of cortical porosity in
the cross-sectional areas revealed a strong decrease from the end-
osteal towards the periosteal regions (Figure 3). Significant differ-
ences between the endosteal and the central regions (p = 0.002) as
well as between the endosteal and the periosteal region (p = 0.001)
were found using a ‘General Linear Model Repeated Measures’ with
Bonferroni correction. No significant difference was detected be-
tween the periosteal and central regions (p = 0.204; Figure 3). The
osteonal pore size was determined and used to calculate osteonal
remodelling as the ratio between the number of osteons at rest (pore
@ 30-50 pm) and the number of still modelling osteons (@ 100-
200 pm). In cases with an increase in Co.Pt the osteonal remodelling

ratio decreased extensively and this relationship is shown in Figure 4.

Weight (kg) BMI (kg/m?) T-score
52 20.1 -0.9
61 24.7 -1.7
54 21.6 -1.9

63 21.8 =il.3
63 19.4 0.6

66 24.8 -2.2
63 23.4 -5.3

51 21.2 -5.6
56 20.8 -4.2
63 25.9 -0.3
50 22.5 -0.9
58 + 6 (50-66) 22 +2(19.4-25.9) -2.2+1.9(-5.6

to 0.6)
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FIGURE 2 Three histological tibia cross-sections (Giemsa-Eosin) of representative specimens with decreasing BMD: (a/d) Donor
1/T-Score -0.9; (b/e) Donor 2/T-Score -1.7 and (c/f) Donor 8/T-Score -5.6. Cortical thickness (a: 4.6 + 1.4 mm, b: 4.6 + 1.6, c: 3.2 + 1.5)
decreases with a lower T-Score, while cortical porosity concurrently increases (a: 3.3%, b: 13.4%, c: 25.3%). The higher magnification images
(d-f) demonstrate that the increase in cortical porosity is more pronounced in the endosteal region than in the periosteal region. Cortical
regions (endosteal, cortical, periosteal) are separated with dashed lines (scalebar: a-c = 5 mm and d-f = 2 mm)
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FIGURE 3 Cortical porosity (Ct.Po) in the three cortical
regions (endosteal, cortical and periosteal) determined by
histomorphometry. Significant higher Ct.Po was measured in the
endosteal region compared to the central and periosteal region,
which was more pronounced with a lower T-Score. The Ct.Po of
all regions showed a high and significant correlation with the total
Ct.Po (r=0.78-0.98)

3.3 | Correlations with T-Score

The biomechanical testing of torsional stiffness (r = 0.77;
p = 0.006) and maximal torque (r = 0.65; p = 0.031) revealed a
significant positive correlation with the T-Score (Figure 5a,b).

Correlation between torsional stiffness and maximal torque also
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FIGURE 4 Osteonal pore size and cortical porosity derived from
histomorphometry (Giemsa-Eosin): a) Osteonal pore size was used
to calculate osteonal remodeling as the ratio between the number
of osteons at rest (pore @ 30 - 50 um, #) and the number of still
modelling osteons (@ 100 - 200 um, *). b) The osteonal remodelling
ratio highly decreased with increasing cortical porosity

revealed a significant positive correlation (r = 0.76; p = 0.007,
Figure 5c).

The Ct.Th showed a strong or very strong and significant positive
correlation with the T-Score, irrespective of the imaging modality
used (HR-pQCT, pCT and histomorphometry, Figure 5d).

Cortical porosity had significant negative correlations with the T-
Scores for all three imaging modalities used (Figure 5e). uCT (r = -0.76)
and histomorphometry (r = -0.80) had strong or very strong correlations,
whereas HR-pQCT (r= -0.57) only had a moderate correlation (Figure 5e).
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FIGURE 5 Biomechanical parameters([a]; [b]; [c]) and morphometric parameters ([d]; [e]) determined at the distal tibia. Correlations

in almost all parameters were strong (0.6 < r < 0.8) or very strong (0.8 < r < 1.0) with the tibial T-Score (DXA). Correlations among the
biomechanical parameters of (a) stiffness and (b) maximal torque were lower compared to the morphometric parameters of (d) cortical
thickness (Ct.Th) and (e) cortical porosity (Ct.Po) determined by histomorphology and pCT. Cortical porosity correlated with a higher degree
with a higher resolution imaging modality applied. Stiffness correlated well with the maximal torque (c)

Furthermore, the histomorphometry results for Ct.Po showed
a stronger correlation with the T-Score compared to uCT and HR-
pQCT (Figure 5).

3.4 | Correlation of the microstructural and
mechanical parameters

The Ct.Th, Ct.Po and Ct.Ar of the tibial diaphysis were correlated
with maximal torque and stiffness (Table 2). The strongest correla-
tions were found consistently for the Ct.Ar and maximal torque and
stiffness (r = 0.62-0.79), with histomorphometry demonstrating
stronger correlations compared with uCT and HR-pQCT. Similarly,
but at a lower level Ct.Th correlated with the maximal torque at

failure (r = 0.49-0.74), which reached statistical significance for

HR-pQCT (p = 0.009) and histomorphometry (p = 0.021) but not for
uCT (p = 0.123). A consistent trend for the negative correlations be-
tween Ct.Po and the maximal torque (r = -0.43 to -0.56) as well as
stiffness (r = -0.18 to -0.40) was found but did not reach statistical
significance (p = 0.076-0.59).

4 | DISCUSSION

This study evaluated the ability of different imaging modalities
to assess the microstructural architecture of the tibial cortex
and how these parameters translate into bone strength. The dis-
tal tibia was chosen because its cortical microstructural archi-
tecture can be evaluated with HR-pQCT in patients and allows

direct translation of the measured parameters into local bone
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TABLE 2 Correlation r and significance (p) between the parameters of the cortex and local bone strength at the tibial diaphysis

Cortical area (Ct.Ar)

Cortical porosity (Ct.Po)

Cortical thickness (Ct.Th)

Histology

pCT

HR-pQCT
0.74 (0.009)
0.78 (0.004)

Histology HR-pQCT nCT Histology

pCT

HR-pQCT
0.62 (0.041)
0.74 (0.009)

0.76 (0.007)
0.79 (0.004)

0.54(0.084) -0.18 (0.594) -0.40(0.223) -0.34(0.302) 0.62 (0.040)
-0.43(0.188) -0.56 (0.076) -0.55 (0.077) 0.74 (0.009)

0.68 (0.021)

0.57 (0.069)
0.49 (0.123)

Stiffness

Maximal torque

E/—H; Journal ofAnatOmy WILEYM

strength owing to its high share of cortical bone (Popp et al.,
2012).

The results demonstrate that Ct.Th, Ct.Po and Ct.Ar measured
by HR-pQCT and pCT were highly comparable, indicating that the
higher X-ray based resolution of the quantitative CT modality had a
very limited impact on the results. Similarly, the correlation of HR-
pQCT and uCT derived cortical parameters to maximal torque were
comparable. In contrast, the microstructural parameters obtained
from the histological sections revealed significant and systematic
differences compared to the X-ray based methods used with at the
resolution of 82 pm for HR-pQCT and 36 um pCT. All values for Ct.Th
and Ct.Po were numerically higher when assessed with histomor-
phometry, with Ct.Po being up to three times lower when measured
by HR-pQCT and pCT. However, it has to be mentioned that mean-
while micro-CT resolution of less than 5 um are available, which
might narrow the differences beetwen the measurement modalities.
Cooper et al. could demonstrate that a higher resolution of <10 um is
required to consistently detect all cortical pores (Cooper et al., 2004,
2007), while in this study resolutions of 82 pm for HR-pQCT and
36 um pCT were used.

The lower values obtained for Ct.Th and Ct.Po by the X-ray based
methods can be attributed to the partial volume effect (Figure 6),
which is inversely related to voxel size (Kamer et al., 2016; Palacio-
Mancheno et al., 2014; Tjong et al., 2012). It is thus not surprising
that the results derived from histological evaluation, often still con-
sidered the ‘gold standard’, are the least affected due to the very
high resolution and the very small volume from which the informa-
tion is derived (Kamer et al., 2016; Palacio-Mancheno et al., 2014).
Therefore, the highest differences can particularly be observed for
Ct.Po, which has a large heterogeneity in the pore size and thus can-
not be fully detected with a lower resolution. Parameters, such as
Ct.Th, which have relatively few voxels at the edge, are less severely
affected than Ct.Po, with a relatively large number of voxels at the
edges (Kamer et al., 2016). Thus, large pores tend to be underesti-
mated and smaller pores can even be missed despite the high reso-
lution of pCT (Schoenau et al., 2002). This results in underestimation
of total Ct.Po as previously described by Zebaze et al. (2010, 2019)
and demonstrated by Tjong et al. in a resolution based HR-pQCT
study (Tjong et al., 2012). Similarly, our and other results show that
HR-pQCT (Longo et al., 2017; Scharmga et al., 2016) and even uCT
underestimates microstructural parameters, especially Ct.Po, com-
pared to histomorphometry. Again, the increasing higher resolutions
of micro-CTs might influence these differences and lead to compa-
rable results.

In this study, the more accurate determination of the Ct.Po by
histology failed to produce better correlations with mechanical pa-
rameters such as the maximal torque or stiffness and did not reach
significance for all three methods. Similarly, Ct.Th revealed only a
moderate correlation with the mechanical parameters and reached
significance only for the values obtained by HR-pQCT. Correlating
the Ct.Th of the different measurement methods with the param-
eters of strength keeps some uncertainty and might be more likely

related to the sample size rather than significant differences among
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3.8 um lateral
5 pm vertical

FIGURE 6 Schematic drawing demonstrating the'partial volume effect’ with respect to the volume and resolution used. Clinical CT
ranging from 400 to 630 um resolution (dark and middle gray), high resolution pCT with 36 um and HR-pQCT with 82 um resolution (light
and dark blue) in comparison to the microscopic 3.8 um lateral/5 um vertical resolution of the histological Giemsa Eosin sections (red)

the techniques applied. Nevertheless, also differences in the seg-
mentation methods and determination of the so-called transitional
zone, corresponding to the trabecularized endosteal cortical bone,
might have influenced the results. The difficulty in identifying the
border of the cortical and trabecular compartments is challenging
(Sornay-Rendu et al., 2017; Zebaze et al., 2019) and might also ex-
plain differences between the methods applied but also between
different studies.

Standardized measurement of cortical microstructural parame-
ters, especially Ct.Po, remains challenging. Beyond the limitations of
imaging methods, such as resolution, the reason for this limitation is
its site-specificity. Especially the identification and segmentation of
the transitional zone is challenging and highly influences the Ct.Po
values (Sornay-Rendu et al., 2017), which also is visible in our histo-
logical sections (Figure 2).

Ct.Ar correlated highly and consistently with all the techniques
for measuring local bone strength. As any structural robustness is
basically dependent on the cross sectional area, especially for bend-
ing forces, the high correlation of Ct.Ar and local bone strength at
the tibial diaphysis is conclusive. The trabecularization of the cortex
describes the pathophysiological modus of action of initial cortical
bone loss, which may be to be quantified by Ct.Po and could be seen
in our analysis.

However, when assessing the perimeter of the long bones, i.e.
the distance to the neutral axis, the contribution of the available
bone mass and its distribution over a given cross section to struc-
tural robustness is more than the loss of bone mass alone. Ohlsson
et al. recently reported that the Ct.Ar, but not cortical porosity, pre-
dicted incident fractures independently of the aBMD in older men
(Ohlsson et al., 2017).

Although histomorphometry potentially provides higher reso-
lution with more accurate evaluation of microstructural parame-
ters (at the expense of a reduced field of view), we did not find an
improved prediction of bone strength, which however can also be
related to the limited number of specimens evaluated. Histological
sections remain important for understanding the osteoporotic

processes. The trabecularization of the cortex was a prominent

feature observed in osteoporotic bone when compared to normal
bone. A more detailed histological assessment of the periosteal,
central and the endosteal regions further enabled identification
of osteons at rest and those actively remodelling (Crane et al.,
2019; Imamura et al., 2019). In our study, the definition of the two
groups of osteons, those at rest and those actively remodelling,
was based on arbitrarily defined intervals for the inner osteon di-
ameter (Figure 4). The group of osteons at rest was more or less
the endpoint of inner osteon diameter filling. The underlying bi-
ological phenomenon was described in detail by (Pazzaglia et al.,
2013) who suggested a biological regulation of osteoclast activity
by the number of osteocytes and by their cumulative capability
to secrete matrix within the spatial limits of the cutting cone of
the osteon. Yet our choice of dimensional parameters was already
adapted to a future increase in CT scanner resolution, which would
allow identification of the more actively remodelling osteon group
in patients. This process is not yet feasible with current scanner
technology and determination of this parameter still requires
histomorphometry.

The present study had certain inherent limitations. All mea-
surements were done ex-vivo and do not necessarily translate into
the same findings in-vivo. Only the tibial diaphysis was considered,
and the findings may differ when applying a similar methodology
to other bones and regions. Bone strength was assessed by biome-
chanical testing and may not necessarily reflect the forces involved
in fragility fractures in patients. Besides, the radiological and histo-
logical measurements did not evaluate exactly the same region of
interest and were also affected by the destructive biomechanical
testing, limiting the comparability of our results. Due to the nature
of organ donation, the specimens used for this study were from an
elderly population and the donor age range was narrow, which might
have biased the results.

In conclusion, we demonstrated that the microstructural pa-
rameters of the tibial diaphysis in terms of Ct.Th and Ct.Po highly
correlated with the local T-Score, and these high correlations were
irrespective of the imaging measurement method used. Notably,

cortical parameters and especially Ct.Po were underestimated
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with high-resolution imaging CT (at the resolution used of 82 pm
[HR-pQCT] and 36 um [pCT]) compared to the ‘gold standard’ his-
tology which in turn also allowed evaluation of osteonal remod-
elling activity. The improved analysis of Ct.Po and Ct.Th did not
result in an improvement in bone strength prediction, which how-
ever needs to be evaluated in a larger collective. Cortical area still
translated better into local bone strength indicating size and shape
in a single parameter due to the simplicity of the geometry at this
skeletal site.
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