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A B S T R A C T

Introduction: Cortical bone thinning and a rarefaction of the trabecular architecture represent possible causes of
increased femoral neck (FN) fracture risk. Due to X-ray exposure limits, the bone microstructure is rarely
measurable in the FN of subjects but can be assessed at the tibia. Here, we studied whether changes of the tibial
cortical microstructure, which were previously reported to be associated with femur strength, are also associated
with structural deteriorations of the femoral neck.
Methods: The cortical and trabecular architectures in the FN of 19 humans were analyzed ex vivo on 3D mi-
crocomputed tomography images with 30.3 μm voxel size. Cortical thickness (Ct.Thtibia), porosity (Ct.Potibia) and
pore size distribution in the tibiae of the same subjects were measured using scanning acoustic microscopy
(12 μm pixel size). Femur strength during sideways falls was simulated with homogenized voxel finite element
models.
Results: Femur strength was associated with the total (vBMDtot; R2 = 0.23, p < 0.01) and trabecular (vBMDtrab;
R2 = 0.26, p < 0.01) volumetric bone mineral density (vBMD), with the cortical thickness (Ct.ThFN; R2 = 0.29,
p < 0.001) and with the trabecular bone volume fraction (Tb.BV/TVFN; R2 = 0.34, p < 0.001), separation
(Tb.SpFN; R2 = 0.25, p < 0.01) and number (Tb.NFN; R2 = 0.32, p < 0.001) of the femoral neck. Moreover,
smaller Ct.Thtibia was associated with smaller Ct.ThFN (R2 = 0.31, p < 0.05), lower Tb.BV/TVFN (R2 = 0.29,
p < 0.05), higher Tb.SpFN (R2 = 0.33, p < 0.05) and lower Tb.NFN (R2 = 0.42, p < 0.01). A higher pre-
valence of pores with diameter > 100 μm in tibial cortical bone (relCt.Po100μm-tibia) indicated higher Tb.SpFN
(R2 = 0.36, p < 0.01) and lower Tb.NFN (R2 = 0.45, p < 0.01).
Conclusion: Bone resorption and structural decline of the femoral neck may be identified in vivo by measuring
cortical bone thickness and large pores in the tibia.

1. Introduction

The hierarchical structure of bone fulfills the mechanical function
(i.e., a combined need for rigidity and strength while preserving
minimum weight) dictated by efficient locomotion in a gravity

environment [1]. In the human femoral neck (FN), the bone archi-
tecture is adapted to withstand the stress field generated by physiolo-
gical motor tasks [2,3]. Despite the heterogeneous strain distribution
encountered while performing everyday movements [4], this can be
generalized as a compression throughout the inferior aspect of the neck
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along with tension in the superior arcade [5]. By causing an inversion of
the habitual strains in the neck [6,7], sideways falls are associated with
the greatest fracture risk for the hip [8]. During this event, FN fractures
initiate in the superior aspect of the neck, where bone experiences a
peak in compressive strain [7,9].

The cortical bone in the superior, sub-capital region of the neck is
thinner in individuals who sustained an osteoporotic hip fracture with
respect to healthy controls, likely constituting a reason of neck fragility
[10–12]. Structural instability arising from a thin superior cortex might
be accompanied by a sparse and rarefied trabecular network [13]
providing insufficient structural redundancy [14]. Cumulative dete-
riorations of both cortical and trabecular compartments have been as-
sociated with reduced FN strength [15]. Despite evidence supporting
the particular role of the local femoral neck microarchitecture in de-
termining femur strength, current technology does not allow its as-
sessment in subjects in a non-invasive manner.

Microstructural measurements performed with High-Resolution
peripheral Quantitative Computed Tomography (HR-pQCT) at the tibia
can capture age related bone loss and remodeling [16,17] and might
represent an important surrogate of femur strength for the prediction of
the individual's fracture risk [18]. Ultrasound (US) waves interacting
with the cortical bone of the tibia also contain structural information
that can be employed in several ways. The combined estimation of
cortical thickness and porosity has been achieved by means of full-wave
dispersion analysis of guided waves in axial transmission measurements
[19]. Several refraction-corrected imaging approaches have been pro-
posed, which provide i) real-time image guidance during the mea-
surement and ii) local estimates of cortical thickness and sound velocity
[20,21]. The latter is commonly used as a surrogate measure of cortical
porosity [21,22]. Moreover, in-silico [23] and first experimental studies
[24] suggested that information about cortical porosity, pore size, and
pore density can be obtained from waves backscattered from cortical
pores. The most suitable cortical bone measurement site is the anterior-
medial part of the tibia midshaft, as it is easily accessible (using second-
generation HR-pQCT and quantitative bone ultrasound), load-bearing,
has a relatively high thickness and a low amount of soft tissue on the
sound propagation path.

In a previous ex vivo investigation on human cadaver bones, we
have reported significant associations between properties of the cortical
bone microstructure in the anteromedial tibia and femur strength [25].
Particularly, we observed strong correlations of femur strength with
tibial cortical thickness (r = 0.81) and cross-sectional geometry
(r = 0.48 to 0.73) of the same leg. Most importantly, cortical porosity
(Ct.Po) of the tibia was not associated with any of the femoral para-
meters, but the prevalence of large pores (pores with a diameter larger
than 100 μm) was associated with hip strength in both standing
(r = −0.63) and falling (r = −0.48) conditions [25].

In this work, we link microstructural changes of tibial cortical bone
with microstructural changes in the femoral neck and determine their
impacts on the reduction of femur strength. For this, we analyze the
local microarchitecture of cortical and trabecular bone in previously
measured HR-pQCT data [25] from the left and right femoral necks of
19 human donors together with the cortical microarchitecture on
acoustic microscopy images of the left tibiae from the same subjects. To
the best of the authors' knowledge, the association between the bone
microstructure in the tibia and in the femoral neck has not been in-
vestigated so far.

2. Materials and methods

2.1. Samples

The left and right femora and the left tibiae of nineteen human
donors (6 male, 13 female, age: 69–94 years, mean: 84 ± 8 years)
were obtained in accordance with the German law “Gesetz über das
Leichen-, Bestattungs- und Friedhofswesen des Landes Schleswig-

Holstein - Abschnitt II, §9 (Leichenöffnung, anatomisch)” from
04.02.2005.

2.2. High resolution peripheral quantitative computed tomography

HR-pQCT images of proximal femur samples were obtained in a
previous study [26]. Briefly, the bones were submerged in 1% PBS,
degassed and scanned inside a custom sealed chamber using a second-
generation HR-pQCT scanner (XtremeCT II, Scanco Medical AG, Brüt-
tisellen, Switzerland) setting X-ray tube voltage at 68 kVp, current at
1470 μA and applying 200 ms integration time. The projections (3000,
taken over 180°) were reconstructed as stacks of 4608 × 4608 images
with isotropic voxel size of 30.3 μm. Voxel Hounsfield Units (HU) were
converted to volumetric bone mineral density (vBMD) using the
scanner built-in calibration rule.

2.3. Simulations of proximal femur strength

The failure of the proximal femora under quasi-static sideways fall
load conditions was simulated using non-linear homogenized voxel fi-
nite element (hvFE) models that were derived from the HR-pQCT
images following a validated protocol [27]. Details of the development
and validation of these models were described in previous works
[25,28]. The HR-pQCT datasets were coarsened to 2.7 mm isotropic
voxels and converted to bone volume fraction. Elastic and yield prop-
erties depended on local damage [29] and were initially mapped on the
model using an empirical function of the bone volume fraction of single
voxels [27,30]. The FE models were generated with medtool 4.1 (Dr.
Pahr Ingenieurs e.U, Pfaffstätten, Austria) and solved in Abaqus 6.12
(Simulia, Dassault Systemes, Velizy, France). The maximum force re-
corded during the simulation was taken as the femoral strength.

2.4. Scanning acoustic microscopy

Scanning Acoustic Microscopy (SAM) images of a cross-section from
the midshaft region of each tibia (Fig. 1B) were obtained within a
previous study [25]. In short, sections were washed and prepared by
removing soft tissues and by grinding and polishing one surface on a
planar grinder (Phoenix 4000, Buehler Ltd., Illinois). Scanning was
performed with a custom-built acoustic microscope [31,32], main-
taining the sample at a fixed temperature of 25 °C in 1% degassed PBS
solution. The microscope was equipped with a KSI transducer (KSI 100/
60°, KSI, Herborn, Germany) with a central frequency of 100 MHz, and
a lateral resolution (diameter of the focused ultrasound beam in the
focal plane) of 19.8 μm [32]. Radio frequency signals were processed
and converted to acoustic impedance maps with a pixel size of 12 μm
(Fig. 1A) as described in previous works [32,33]. SAM images can be
downloaded from: doi:https://doi.org/10.5281/zenodo.2593855.

2.5. Image processing

2.5.1. Femoral neck
A 7-mm thick cross section of each FN was extracted for micro-

structural characterization from the HR-pQCT datasets perpendicular to
the neck anatomical axis [34] (Fig. 2B). Since the neck strength strongly
depends on location along its axis [35], the sections were centered
around the cross-section with minimum area [36]. The volume was
filtered with a Gaussian kernel (sigma = 1.06 voxels) to remove high
frequency noise, coarsened with factor 2 (yielding 60.6 μm voxel size)
and rotated to align the image Z-axis with the neck anatomical axis and
the inferior aspect of the neck towards the bottom of the image
(Fig. 2A). A binary mask of the cortical bone (green in Fig. 2A and C)
was obtained applying the automatic procedure proposed for tibia
images by Burghardt et al. [37], followed by a manual correction step
which was required by the much thinner cortical bone in the neck.
Trabecularized regions of the neck, where it was not possible to identify
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compact cortical bone tissue were manually marked on each slice of the
stack (Fig. 2C) using Amira (Zuse Institute Berlin, Germany). The neck
was then divided in twelve 30°-wide circumferential sectors (Fig. 2A) to
analyze local bone structure and vBMD. Binary masks of trabecular and
cortical tissue were segmented independently by computing thresholds
from the intensity histogram of the two bone regions separately [38].
Local trabecular number (Tb.NFN), thickness (Tb.ThFN) and separation
(Tb.SpFN) were measured in medtool 4.1 (Dr. Pahr Ingenieurs e.U,
Pfaffstätten, Austria). Cortical bone thickness (Ct.ThFN) was measured
as the mean of the distance distribution between periosteum and en-
dosteum contours [39], after removing areas of complete

trabecularization. Trabecular bone volume fraction (Tb.BV/TV) was
measured from the binary images of the bone tissue and of the trabe-
cular bone compartment. To obtain a value for each one of the quad-
rants (inferior, anterior, superior and posterior), measurements from 3
adjacent sectors (90° in total) were smoothed with a Gaussian kernel
(σ = 1.2). Measurements were also performed on the whole FN. Apart
from the exceptions reported in the text, image processing was con-
ducted in Matlab (R2018a, The Mathworks Inc., Natick, MA, USA).

2.5.2. Tibia
SAM images of the tibia (Fig. 1) were binarized applying a global

Fig. 1. 2D histomorphometric analysis of the tibia midshaft by SAM. A cross section of the tibia midshaft is scanned with SAM (A). Cortical and trabecular bone
compartments are separated (green) and cortical thickness, porosity and pore size measurements are performed on the anterior-medial portion of cortical bone below
the facies medialis of the tibia (white box in A and arrow in B). Pores with a diameter larger than 100 μm are highlighted in magenta in (C), where a detail of the
anteromedial region of (A) is shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. 3D histomorphometric analysis of
the femoral neck. (A) 7 mm of the neck
(magenta in B) were extracted perpendi-
cular to the neck axis for histomorpho-
metric and density measurements. The sec-
tion was rotated in a standard anatomical
reference plane (inferior-medial region
pointing towards the bottom of the image)
and divided into 12 circumferential sectors
with 30° width. (C) Detail of a trabecular-
ized region (superior-posterior) of the
cortex. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)
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adaptive threshold [40]. Structures with area> 0.144 mm2 and not
connected to the main bone tissue were removed and all single-pixel
voids were filled. The cortical bone was manually separated from the
trabecularized regions according to a set of rules described for SAM
images with the same resolution [41]. Ct.Thtibia, Ct.Potibia and single
pore diameters (Po.Dmtibia) were computed on the anteromedial por-
tion of the shaft (Fig. 1C; arrow in Fig. 1B) since this region represents
the target of in vivo measurements of cortical bone with quantitative
ultrasound. The contribution to the total Ct.Potibia of only pores with
diameter larger than 100 μm (magenta in Fig. 1C) was also quantified
(relCt.Po100μm-tibia). The software for reproduction of the analysis is
available at: https://doi.org/10.5281/zenodo.2605365.

2.6. Statistical analysis

Parameters were tested for normality using the Shapiro–Wilk test.
For each microstructural or vBMD measurement in the FN, the differ-
ence between inferior, anterior, superior and posterior quadrants was
tested by one-way ANOVA or Kruskal-Wallis test, depending on the
normality of the parameter distribution. If the test indicated significant
differences, pairs of quadrants were compared with a paired Student's t-
test or with a Wilcoxon signed-rank test, for normally or non-normally
distributed parameters, respectively. The R2 of the linear regression was
used to assess the degree of association between i) femur strength and
FN microstructure or vBMD, and ii) cortical microstructure of the tibia
and microstructure or vBMD of the FN. To control for the effect of body
size, linear regressions with femur strength were repeated after cor-
recting strength values for the total length of the femur or for the
average cross-sectional area of the femoral neck. When comparing
single quadrants within the FN, a Bonferroni correction was applied
with m = 4 and overall significance level α = 0.05. The significance
level of single linear regressions was therefore set at p = 0.05/
4 = 0.0125. The comparison between tibial and FN microstructures
was repeated considering only left, only right or the average between
left and right FN properties. All analyses were repeated excluding cir-
cumferential sectors of the FN in which trabecularized areas exceeded
50% of the external neck surface. This was done to verify that trabe-
cularized regions did not affect the calculation of femoral neck cortical
bone parameters.

3. Results

3.1. Associations between femoral neck microstructure or vBMD and femur
strength

The strength of the proximal femur was associated with the total

and trabecular femoral neck vBMD (R2 = 0.23 and R2 = 0.26 re-
spectively, both p < 0.01; Table 1), with Ct.ThFN (R2 = 0.29,
p < 0.001; Table 1) as well as with Tb.BV/TVFN, Tb.SpFN and Tb.NFN

(R2 = 0.34, R2 = 0.25 and R2 = 0.32 respectively, all p < 0.001;
Table 1). The same parameters of the femoral neck remained associated
with femur strength even after correcting the latter for total femur
length or for femoral neck cross-sectional area (Supplemental Table 3).

3.1.1. Analyses of single femoral neck quadrants
The distributions of vBMD and microstructural properties in the FN

(Fig. 3) showed a clear regional pattern. The inferior FN had a thicker
(Fig. 3D) and denser (Fig. 3B) cortical bone, as well as higher Tb.BV/TV
(Fig. 3E) and Tb.Th (Fig. 3F). Heavy or complete trabecularization of
the outer femoral neck perimeter was mostly observed in the posterior
aspect of the FN.

The associations between femur strength and vBMDtot (R2 = 0.33,
p < 0.001; Fig. 4A), and Ct.ThFN (R2 = 0.43, p < 0.001; Fig. 4D)
were particularly strong when these properties were assessed in the
superior quadrant of the FN (+10% and + 14% with respect to the R2

of whole FN properties, respectively). There was no association be-
tween femur strength and the local vBMDcort (Fig. 4B) of the femoral
neck. After excluding trabecularized regions of the cortical bone, femur
strength remained strongly associated with Ct.ThFN in the superior neck
quadrant (R2 = 0.30, p < 0.001; Supplemental Fig. 1). Properties of
the trabecular architecture showed similar or stronger associations with
femur strength when assessed over the entire FN (Fig. 4E to G).

3.2. Tibial cortical bone microstructure reflects bone architecture in the
femoral neck

The coefficients of determination reported in this paragraph refer to
the linear regression between left tibia properties and average quan-
tities from the left and right femoral necks. Significant associations
were confirmed by comparing the left tibia separately with the left or
with the right vBMD and microstructure of the FN (Supplemental
Table 1).

Ct.Thtibia was associated with Ct.ThFN (R2 = 0.31, p < 0.05;
Table 1 and Fig. 5A), Tb.BV/TVFN, (R2 = 0.29, p < 0.05; Table 1 and
Fig. 5B), Tb.SpFN (R2 = 0.33, p= 0.01; Table 1 and Fig. 5C) and Tb.NFN

(R2 = 0.42, all p < 0.01; Table 1 and Fig. 5D) of the whole FN.
Ct.Thtibia was strongly associated with Ct.ThFN in the superior-anterior
aspect of the FN (R2 > 0.33, p < 0.01; Fig. 5A) and with Tb.BV/TVFN

(R2 = 0.32, p < 0.01; Fig. 5B), Tb.SpFN (R2 = 0.39, p < 0.01;
Fig. 5C) and Tb.NFN (R2 = 0.59, all p < 0.001; Fig. 5D) in the inferior
FN. The association between Ct.Thtibia and Ct.ThFN was limited to the
anterior FN after excluding trabecularized regions of the cortex (panel B

Table 1
Femoral neck volumetric BMD, microstructure and their associations with hvFE simulated proximal femur strength (N = 38) and tibial cortical bone microstructure
(N = 19).

Femur Tibia

Strength Ct.Th Ct.Po Po.Dm relCt.Po100μm

Mean ± SD (min-max) CV [%] R2

vBMDtot [mgHA/cm3] 214 ± 49 (126–314) 23 0.23⁎

vBMDcort [mgHA/cm3] 801 ± 44 (688–885) 6 0.58⁎⁎ 0.48⁎⁎ 0.31
vBMDtrab [mgHA/cm3] 85 ± 38 (23–189) 45 0.26⁎⁎

Ct.Th [mm] 0.95 ± 0.19 (0.60–1.37) 20 0.29⁎⁎ 0.31
Tb.BV/TV [%] 15.8 ± 3.7 (10.7–24.2) 24 0.34⁎⁎ 0.29
Tb.Th [mm] 0.28 ± 0.02 (0.24–0.34) 9
Tb.Sp [mm] 1.46 ± 0.58 (0.92–3.37) 40 0.25⁎⁎ 0.33⁎ 0.36⁎

Tb.N [mm] 0.65 ± 0.13 (0.39–0.87) 20 0.32⁎⁎ 0.42⁎ 0.45⁎

SD = standard deviation; CV = coefficient of variation; hvFE = homogenized voxel finite element. Coefficients are reported only for p-values< 0.05.
⁎ p ≤ 0.01.
⁎⁎ p ≤ 0.001.
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Fig. 3. Local vBMD and microstructure in the quadrants of the femoral neck. Higher vBMDtot (A), vBMDcort (B) and vBMDtrab (C), larger Ct.ThFN (D), Tb.BV/TVFN (E)
and Tb.ThFN (F) were found in the inferior femoral neck. Posteriorly, trabeculae had larger separation (G) and lower number (H). The letters I, A, S and P on the
horizontal axes indicate inferior, anterior, superior and posterior quadrants, respectively. * indicates a Wilcoxon signed-rank test. Left and right measurements are
pooled. (N = 38).

Fig. 4. Structural determinants of femur strength. The ultimate force registered during a simulated sideways fall was associated with vBMDtot (A), vBMDtrab (C),
Ct.ThFN (D), Tb.BV/TVFN (E), Tb.SpFN (F) and Tb.NFN (G) of the femoral neck. Colored areas have p < 0.05. *p < 0.01. **p < 0.001. N=38. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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in Supplemental Fig. 2).
Ct.Potibia and Po.Dmtibia were both strongly associated with

vBMDcort of the whole FN (R2 = 0.58 and R2 = 0.48, respectively;
p ≤ 0.001; Table 1 and Fig. 5E, F), even after excluding trabecularized
cortical bone regions (panels D and F in Supplemental Fig. 2, respec-
tively). A greater prevalence of large pores in the cortical bone of the
tibia (relCt.Po100μm-tibia) reflected a lower FN vBMDcort (R2 = 0.31,
p = 0.014; Table 1) as well as larger Tb.SpFN (R2 = 0.36 p < 0.01;
Table 1 and Fig. 5G) and lower Tb.NFN (R2 = 0.45, p < 0.01; Table 1
and Fig. 5H).

4. Discussion

In a previous study, we found that variations of proximal femur
strength predicted by non-linear homogenized FE models were asso-
ciated with changes in the cortical bone microstructure of the tibia
[25]. Particularly, lower femur strength was strongly associated with a
thinner cortex and with the accumulation of large cortical bone pores in
the tibia. On the contrary, porosity and average pore size of tibial
cortical bone were not associated with femur strength [25]. Associa-
tions with femur strength were confirmed for both standing and falling
conditions and remained significant when the average strength from
left and right femora was considered [25]. One of the aims of this work
was to investigate the link between proximal femur strength and dis-
tinct features of deterioration of the bone architecture in the femoral
neck. During a fall to the side, femoral neck fractures originate in the
superior neck [9] as a result of peak compressive strains that can out-
weigh tensile ones by a factor of two [7]. Such compression leads to the
collapse of a bone region which is subject to tension during physiolo-
gical tasks [6]. The fractured femoral necks of subjects with osteo-
porosis have been consistently reported to present thinner cortical bone
in the superior sub-capital aspect [10,11,13,42]. Reduced Ct.Th in this

region is a probable cause of structural instability of the femoral neck
during a fall to the side, as captured by our simulations of proximal
femur failure (Fig. 4A and D).

Considering the trabecular bone of the femoral neck, our study
shows significant associations of trabecular density, separation and
number with an impairment of the femur strength (Fig. 4B–D). Un-
derstanding the relative role of trabecular bone in femoral neck fragility
is complicated by the fact that the proportion of trabecular tissue in the
femoral neck varies with femur strength [14] and subject age [43] as a
result of adaptation to loading [2]. Less dense and sparser trabeculae
were observed in fractured femoral necks of OP patients with respect to
osteoarthritic control [13]. For elderly subjects, mechanical tests have
suggested a marginal role of the spongiosa for femur strength [44], but
have considered only standing loads. When sideways fall loads were
implemented in numerical simulations (also on an elderly cohort), the
contribution to femur strength of the trabecular compartment was si-
milar [6] or even prominent [14] with respect to that of cortical bone.
Our results support a combined role of trabecular and cortical bone in
determining the stability of the femoral neck in the elderly.

The process underlying cortical bone loss is understood as the un-
coupling between resorption and formation phases within remodeling
bone multicellular units (BMUs) [11,45]. This leads to the progressive
enlargement and clustering of non-refilled pores [46–48], to the tra-
becularization of the endosteal cortical bone region and, subsequently,
to the thinning of the cortical wall. Interestingly, the same cellular
mechanism (i.e. reversal phase arrest between resorption and formation
in the bone remodeling unit) is responsible for trabecular bone loss in
post-menopausal osteoporosis [49,50], and has been observed at dif-
ferent skeletal sites such as iliac crest [47,49], proximal femur [45],
fibula [45,51] and femoral head [49]. The concept of a common mi-
crostructural pattern of bone loss throughout the skeleton, with shared
cellular mechanism between cortical and trabecular bone, supports the

Fig. 5. Correlation of cortical thickness, porosity, pore size and prevalence of large pores in the tibia with the microstructure of the femoral neck. A thinner cortical
bone in the anteromedial tibia as measured ex vivo on SAM images was associated with a thinner cortex of the femoral neck (A) as well as with lower Tb.BV/TVFN (B)
and Tb.NFN (D) and with higher Tb.SpFN (C). Cortical porosity (E) and pore size (F) in the tibia were associated with vBMDcort of the femoral neck. A higher
prevalence of large (diameter > 100 μm) pores in the tibia (relCt.Po100μm-tibia) was associated with higher Tb.SpFN (G) and lower Tb.NFN (H). Colored areas have
p < 0.05. *p < 0.01. **p < 0.001. N = 19. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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importance of resorption in both tissue types for bone fragility [15].
Our work demonstrates that the signs of bone resorption do not only

coexist in trabecular and cortical bone but are also reflected in a similar
way in the femoral neck and tibia. A thinner cortical bone in the
midshaft of the tibia was associated with a thinner cortex and a less
dense, sparser trabecular architecture of the femoral neck. Moreover, a
higher proportion of abnormally large cavities in the tibia indicated
sparser trabecular structures in the femoral neck. We draw form these
findings that local changes of the cortical microstructure in the tibia are
associated with a structural deterioration of the femoral neck causing
impaired femur strength. If accomplished in a clinical setting, the as-
sessment of the thickness and of large pores in the cortical bone of the
tibia might expose conditions of femur fragility in living subjects. To
test this hypothesis, databases of HR-pQCT images are already avail-
able, that allow studying both retrospectively and prospectively the
association between bone microstructure and fracture [52,53]. An ul-
timate validation of cortical bone microstructural biomarkers against
the probability of fracture is necessary, since bone strength examined in
a laboratory setting like this one may not translate directly to fracture
risk.

HR-pQCT analyses of the cortical bone architecture conducted so far
were often limited to the quantification of cortical thickness and por-
osity. However, HR-pQCT images can be processed to retrieve a dia-
meter and the topology (e.g. orientation and connectivity) of large
cortical pores [54,55], while the presence of unresolved cavities can be
estimated based on the local gray values [26,56]. Spatially registered
HR-pQCT and MRI images allow distinguishing fat-filled from vessel-
filled pores, which are expected to provide insights on the origin of
large cavities in type-II diabetic cortical bone [57]. The direct mea-
surement of the prevalence of large pores requires the quantification of
the size of single cavities and remains unfeasible with current tech-
nology. However, surrogate measurements of the spatial and size dis-
tribution of pores should be incorporated by future investigations on
living subjects. Since large pores are encountered mainly in the proxi-
mity of the endosteum, the analysis should focus particularly on this
deep layer of the tissue.

The portion of the tibia (midshaft) analyzed within this study differs
from the one reachable by first-generation HR-pQCT scanners (distal or
ultra-distal shaft). Compared to the distal shaft, the mid-diaphysis of the
tibia experiences high bending moments during gait [58,59], has a
cortical bone that is thicker and is mainly composed of cortical tissue
(Fig. 1), making it less affected by axial ROI positioning [60]. MRI,
quantitative bone ultrasound as well as second-generation HR-pQCT
can be applied to the whole tibia diaphysis. The anteromedial portion
was selected for analysis since this site can be easily reached by ultra-
sound waves that travel with little attenuation through the thin layer of
soft tissue covering the facies medialis [19,20].

We confirmed the advantage of this measurement site by repeating
the analysis on whole tibia cross-sections: despite being generally
weaker, associations with local microstructural features of the femoral
neck were confirmed also when taking properties from whole tibial
cross sections (Supplemental Table 2). Finally, we asked whether mi-
crostructural measurements from the left tibia can reflect changes of
femoral neck architecture independent of side: the association between
structural changes in the tibia and those in the neck were confirmed
independently for left and right femoral necks (Supplemental Table 1).

The current study presents several limitations. First, it does not
explain why cortical thinning and accumulation of large pores in the
midshaft of the tibia might reflect a thinning of the superior neck,
where gait generates tension strains. At the same time, a cortical
thinning of the tibia was not associated with a thinner cortex in the
inferior neck (the aspect subject to compression during gait) [5]. One
reason might be that, in analogy with the superior femoral neck, the
anterior aspect of the tibial diaphysis is adapted to resist the tensile
stress generated by bending moments in the sagittal plane [3,59]. In
addition, the distribution of bone tissue around the neck's axis is subject

to variability among individuals [2], representing a plausible explana-
tion for the lack of association with the inferior Ct.ThFN in our results.

A second limitation of this work consists in the use of structural
information from the cortical bone of the tibia obtained ex vivo by SAM
with 19.8 μm resolution. In the tibia of living humans, such detail of
microstructural characterization is unfeasible with current technology.
Imaging with second-generation HR-pQCT is not limited to distal ROIs
as when the parent, first-generation scanner is used. Newer scanners
can assess the tibial midshaft with resolution down to 95.2 μm [61].
This makes this modality particularly interesting, since large resorption
units can be directly imaged, while assessing Ct.Po based on vBMD
beyond the scanner resolution limit [56]. The analysis of the diffusivity
[23] and spectral response [21] of ultrasound waves scattered by cor-
tical pores has so far suggested that information on pore size can be
retrieved in vivo also with ultrasound.

Even though the shape of the tibia diaphysis can vary along the
bone axis [59], the cross-sections analyzed in this study were extracted
at varying distance from the upper extremity, thus representing a
possible cause of error. Finally, by pooling male and female data to-
gether, our work might overlook sex differences in microarchitecture
and bone loss at the tibia [62].

5. Conclusion

Despite these limitations, our work identifies associations between
architectural causes of femoral neck fragility and structural features
that can be observed in the cortical bone of the tibia. Our findings
support the use of microstructural measurements performed in the
cortical bone of the tibia for the prediction of hip fracture risk. Research
on living humans should target the assessment of the cortical thickness
and of large resorption units in the midshaft of the tibia as potential
biomarkers of a structural deterioration of the femoral neck.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2020.115446.
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