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ABSTRACT

Bone mineral density, bone texture, bone geometry and bone strength are all elements necessary for a proper osteoporo-
tic fragility fracture prediction assessment. Data regarding bone quantity (density) and, in part, bone quality (structure and
geometry) are obtained by the gold standard method of dual X-ray absorptiometry (DXA), while data about bone strength
are obtained by means of a new DXA index called the bone strain index (BSI). The BSI evaluates bone resistance by
means of average strain calculation, and it is based on finite element analysis applied to DXA spine and femoral scans.
The BSI includes local information on bone density distribution, bone geometry and, unlike variables of bone mineral
density and bone quality such as the trabecular bone score, it represents the status of the bone in a particular loading
condition. This review illustrates the methodology for calculating the BSI and discusses findings on its reproducibility and
data about its capability to predict fragility fractures and monitor pharmacological treatment for osteoporosis.
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Introduction

The dual X-ray absorptiometry (DXA) method is the gold
standard for assessing bone quantity (bone mineral density,
BMD), bone quality (trabecular bone score, TBS), and bone
geometry (hip structure analysis, HSA) [ Osteoporosis is di-
agnosed when BMD, expressed in standard deviations from a
healthy young population, is <-2.5 for postmenopausal women
and for men aged over 50 years, while osteopenia is defined
as a T-score =-1.0. In all the other cases, BMD is expressed as
standard deviations from the age- and sex-matched population
with the cutoff set at <-2.0 14,

Besides DXA, other methods for investigating bone sta-
tus are quantitative computed tomography ! and quantitative
ultrasound ', which have been applied for several years in
osteoporosis management, and recently a radiofrequency ech-
ographic technique based on the analysis of raw ultrasound sig-
nals ). However, DXA is still the gold standard method for
assessing bone status.

Skeletal sites affected by bone derangement in osteoporosis
are those with cortical bone, like the femoral neck and distal
radius, and with prevalently trabecular bone, like the lumbar
spine " with significantly lower BMD values related to
disease duration, regardless of treatment '%. Glucocorticoids
(GCs) are the main drugs showing a detrimental effect on bone
with an increased risk of fragility fracture documented in the
literature ["*. However, the occurrence of fragility fractures in
patients treated with GCs who have normal or slightly reduced
BMD, and in postmenopausal women with normal or slightly
reduced BMD, raises the question of whether bone factors oth-
er than density are relevant for a better comprehension of bone
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failure ¥, The TBS, an indirect DXA index of bone texture,
appears to be an index of bone quality that may explain fracture
events at higher BMD in patients receiving GCs >3, More-
over, the TBS has been shown to discriminate osteoporotic
patients and predict fragility fractures independently of BMD
(I, However, as a lumbar spine textural index, the TBS does
not provide all the data necessary to evaluate the resistance of
bone to compressive, torsional and flexural loads. Hip geom-
etry is another useful aspect that could help to shed light on
the reasons for bone failure. HSA is based on a DXA femoral
scan, and it provides parameters that can be useful for assess-
ing femoral bone resistance to flexural and torsional loads .
Notwithstanding this, there is still no clear evidence that HSA
is helpful in predicting fragility fractures 7.

BMD, TBS and HSA (particularly BMD) are undoubtedly
useful in assessing bone status, but they are unable to provide
complete information about bone resistance to load, when data
relating to strength are missing. A new DXA-derived index has
recently been developed. Named the bone strain index (BSI),
it is based on finite element analysis applied to a greyscale of
density distribution measured on spine and femoral scans. The
BSI includes local information on density distribution, bone
geometry and loading, and therefore differs from BMD and
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also from other variables of bone quality like the TBS, which
are based on the quantification of bone mass and distribution,
averaged over the scanned region. The BSI appears to be a new
frontier in bone assessment that could allow better understand-
ing of bone quality derangement in metabolic bone diseases.
This review looks at the methodology of BSI calculation, find-
ings regarding its reproducibility, and data on its capability to
predict fragility fractures and to monitor pharmacological treat-
ment for osteoporosis.

Beyond bone mineral density

Background

Bone can be considered a complex object, built with particu-
lar structural and geometrical characteristics to fulfil its natural
support function, that is to say, resistance to loads: compres-
sive, torsional and flexural.

In a structure subject to an external load, the magnitude and
distribution of internal stresses depend not only on the loading
configuration but also on the geometry of the structure and its
material properties. Stresses and strains have to remain below
a specific level, named the yield point, in order to avoid perma-
nent damage and fracture. Bone, too, is subject to these same
mechanical rules and its resistance is governed by its density,
geometry, internal trabecular structure, and cortical thickness,
all of which can be inferred from radiological images.

The quantification of these features can be based on 3D
data, for example, in the case of computed tomography, or 2D
data, where traditional radiography (X-ray) and DXA are the
most common technologies.

Image data coming from a radiological device can be ana-
lysed using different methods "*2%, ranging from classic beam
models, usually applied to long bones 182122 to the more recent
mathematical approach called the finite element model (FEM)
(231, The FEM method consists of dividing an object into simpler
elements, to which the laws of classical mechanics apply. Forc-
es and constraints that act on specific areas of the system gener-
ate internal stresses and strains depending on the amplitude and
directions of the forces themselves, on the system geometry,
and on the material properties assigned to each element.

Although many FEMs have been developed to investigate
bone status and fracture risk, they are not really used in routine
clinical practice. Indeed, the FEM programmes implemented
to date have not been completely automated, and nor are they
really adapted to clinical reporting. Furthermore, it is important
to apply this method to both the femoral and the lumbar ana-
tomical sites usually scanned using DXA. Nevertheless, recent
studies have demonstrated that FEMs are better experimental
vertebral strength predictors than areal BMD measured with
DXA 24,

A new FEM-based DXA parameter, the BSI, has been re-
cently introduced . The Authors demonstrated a good corre-
lation between calculated yield strain and experimental yield
measured on porcine vertebra samples. The same algorithm
was then applied to human vertebrae, with a model thickness
dependent on the average width of the vertebra, and an elastic
modulus assigned to each element according to experimental
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equations .

Due to its high accuracy, low cost and low radiation expo-
sure, as well as the widespread availability of bone densitome-
try, DXA is the gold standard method for assessing and moni-
toring bone status in clinical practice . The BMD measured is
an areal density (g/cm?) and, given the projective nature of the
DXA device, it is dependent on bone mineralisation (and thus
on volumetric BMD), and on the bone quantity exposed to the
X-ray, which in turn is related to bone thickness *?. BMD is
routinely used in clinical practice to classify patients into risk
classes depending on the epidemiological criterion of BMD
distribution in healthy subjects and patients affected by fragili-
ty fracture *). BMD is also used to evaluate patient response to
pharmacological treatment prescribed to reduce fracture risk.
However, BMD does not entirely explain fracture risk since
many fractures still occur in populations with normal or slight-
ly reduced bone mass .

From a construction point of view, many other factors of
the skeleton should be considered to explain bone strength 1
and to improve our ability to predict structural failure. BMD
provides a valuable measure of the material properties, but the
internal structure is equally important to investigate when seek-
ing to understand the capability of the construction to with-
stand an external load.

Trabecular bone score

The TBS is a densitometric index automatically provided for
lumbar DXA scan analysis. The TBS evaluates bone miner-
al variations in lumbar DXA images in order to describe the
bone’s internal structural distribution.

TBS calculation is based on the idea that brighter areas on
a DXA image indicate a dense bone matrix, whereas dark areas
describe a structure with low connectivity, low trabecular num-
ber, and large spaces between the trabeculae BY.

Being based on lumbar DXA planar images, the TBS can
explain spine porosity and density variation only in the frontal
plane (Fig. 1). On the other hand, unlike BMD, which measures
the average bone quantity in a given area, the TBS represents
the spatial variation of bone and can discriminate between pa-
tients with similar BMD, but different trabecular microarchi-
tecture.

So, while BMD measurement tells us the average bone
mineral content projected over a defined area, TBS calculation
depends on how the bone mineral content is distributed over
that same projection.

In the literature, the TBS has been shown to discriminate
fractured patients and predict fracture partially independently
of BMD B2, More recently, the literature has demonstrated that
the TBS is also helpful in monitoring pharmacological treat-
ment of osteoporosis 1. Recently, its behaviour has been in-
vestigated on DXA images other than of the lumbar spine 341,
giving promising results that further research might confirm.

Hip geometry

Geometry and size are parameters that govern the mechanical
resistance of bone ! In recent years, the HSA algorithm has
been proposed to provide a structural description of the prox-
imal femur, and further improve fracture prediction 2. This
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algorithm automatically extracts geometrical information from
proximal femur DXA images, providing mechanical param-
eters in three regions of interest: the so-called narrow neck,
inter-trochanteric, and femoral shaft regions. For each region,
mechanical properties are derived from femur geometry and
calculated distribution of bone mass (Fig. 2).

HSA parameters are: the cross-sectional area (CSA) of the
bone surface; the cross-sectional moment of inertia (CSMI),
which describes how the bone mass is distributed around the
femoral axis; and the section modulus (Z), which represents the
maximum bending stress.

HSA software works on the assumption that compression
load forces are uniformly distributed over the CSA. On the oth-
er hand, under bending conditions, the resistance of bone is
proportional to the square of the distance from the neutral axis.
Therefore, bone strength is affected much more by bone near
the outer surface than by bone near the femoral axis.

Since the main kinds of stress acting on the femoral site are
compression and bending 7, the higher the CSA and CSMI
are, the better bone resistance will be.

Among the parameters provided by HSA, the buckling ra-
tio, i.e., the ratio of the outer radius to the cortical thickness,
has also been shown to play an important role. If this ratio ex-
ceeds a factor of 10, rising local instability leads to a decrease
in strength in the cross-section 221,

Studies have shown that HSA results predict hip fracture
occurrence %1 However, its use in the management of pa-
tients is still limited by difficulties interpreting the structural
parameters and the lack of evidence from clinical practice set-
tings regarding fracture prediction 2.

The International Society for Clinical Densitometry (ISCD)
guidelines recommend that HSA parameters not be used to as-
sess hip fracture risk '),

DXA images can automatically obtain two other geomet-
ric parameters: the neck shaft angle (NSA) and hip axis length
(HAL), where the latter is defined as the distance from the in-
ner pelvic brim to the greater trochanter. Several studies have
found a positive association between a longer HAL and hip

Figure 1 DXA device and acquired scan. The image resulting from DXA
acquisition represents the projection of the bone in the frontal plane, and
is analysed to extract BMD and TBS values.

fracture. It thus seems that this geometric parameter can play
an important role in predicting hip fracture independently of
BMD ['"1. On the other hand, it is not yet clear whether the NSA
can be used in clinical practice as an additional fracture risk
parameter (7.

A New Index of Bone Strength: the Bone Strain Index
In recent years, many studies have focused on FEM analysis of
the proximal femur as a means of estimating femoral strength
and assessing hip fracture risk. However, only a few studies
have dealt with the lumbar anatomical site 4’1, Recently, a
new DXA bone parameter, the BSI, based on lumbar scan FEM
analysis, has been proposed to improve fracture risk prediction
considering all the features involved in bone strength >°#!1. The
FEM analysis is conducted automatically, starting from a tri-
angular mesh built upon the contour of the bone segmented by

Figure 2 Hip image from a Hologic DXA scanner showing analysis regions of the femur, namely the narrow neck (NN), intertrochanteric (IT) and shaft
(FS) regions.

Region CSA CsMl  Z Cort BR
(cm?)  (em?)?  (cm?) (cm)
NN 260 1.91 1.04 0.16 114

Neck Shaft Angle: 125°
Hip Axis Length: 110 mm

452
4.05

11.82
365

387
2.30

0.34 9.0
048 33

CSA = cross-sectional area

CSMI = cross-sectional moment of inertia
Z = section modulus

Cort = cortical thickness

BR = buckling ratio
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DXA software. Then a separate model for each vertebra is used
with the load applied to the upper plate and constraints to the
lower plate, according to the method used by Colombo et al. >

Material properties of each triangle of the model are as-
signed following the experimental relations provided by Mor-
gan et al. at the lumbar site *°!, whereas the force acting on the
upper plate of the vertebra is calculated using the patient-spe-
cific model described in the study by Han et al. **) where forces
and moments acting in the spine have been calculated for vari-
ous combination of body height and weight.

In the femoral region, BSI calculation is based on the hy-
pothesis of a sideways fall condition with constraints placed on
the head and the lower part of the shaft, and a subject-specific
impact force applied to the greater trochanteric area [+,

BMD, TBS and BSI analysis, describing different aspects
of the image, give the physician a full picture of the bone sta-
tus. To better understand the significance of each tool and the
information provided to the clinician, we have to consider the
bone in its natural context with all the structural implications
that this entails.

As shown in figure 3, BMD describes the material (e.g.,
vertebrae with different degrees of mineralisation), whereas
TBS shows the particular internal architecture of the bone. In
both representations, geometry and patient load do not influ-
ence the BMD and TBS results. As briefly explained in the in-
troduction, mechanical resistance to fracture should consider
all the above variables.

Since the BSI value is related to the capability to withstand

an applied load, it should be described as a bone strength value.
Figure 4 compares DXA, TBS and BSI images. The TBS

image shows the areas with low TBS values in red and those
with high TBS values in green. TBS value is based on the grey-
scale variations related to the trabecular structure, as previously
explained. The BSI heatmap, conversely, represents the strain
level inside the bone with a scale running from low (blue/
green) through medium (yellow) to high (red) levels, as shown
in figure 5.

No TBS-like evaluation has yet been developed for the

New DXA indexes of bone quality

proximal femur trabecular structure, since trabecular distri-
bution in the region is more complex and governed by com-
pression and tension lines. Conversely, BSI calculation for the
femoral region has to rely on the same method used for the
lumbar region, with material properties and boundary condi-
tions adjusted for that site.

Figure 3 Example of the levels of information provided by BMD, TBS and
BSl related to a man sitting on a vertebra. Figures a and b show material
differences as assessed by BMD DXA (i.e., different degrees of bone
mineralisation). Figures ¢ and d relate to internal structure and show
how the same TBS approach highlights the difference between a sparse
and a dense structure. Figures e and f show the stress-strain status of
two vertebrae with different densities, structure and geometry, with two
different people with different weight sitting on the top. The information
in e and f is provided by BSI.

Figure 4 Example of images provided by DXA: BMD L1L4 =0.77 g/cm? (left); TBS L1-L4=1.291 (center) and BSI L1L4 = 2.14 (right).

Int J Bone Frag. 2021; 1(3):120-127
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Figure 5 shows an example of left femur BSI analysis with
the representation of forces and constraints.

Recent clinical studies have investigated the usefulness of
BSI in identifying osteoporotic patient subgroups particularly
prone to fragility fractures !'” and in predicting further fragil-
ity fractures “54%1 (Tab. I). The Authors, using artificial neural
network analyses (ANNs), investigated 125 consecutive post-
menopausal women, assessing DXA parameters, biochemical
markers of bone turnover, and clinical data. A low fracture risk
appeared to be related to a low carboxy-terminal cross-linking
telopeptide of type I collagen level, whereas a positive Romb-
erg test, together with a compromised bone strength DXA (high
lumbar BSI), appeared to be closely connected with fragility
fractures, indicating the path that leads to fragility fracture in
a postmenopausal population 4. More recently, Messina et
al. demonstrated that lumbar BSI is an independent predictor
of a subsequent fragility re-fracture “\. The Authors investi-
gated 234 consecutive fractured patients with primary osteo-
porosis. They performed a spine X-ray for calculation of the
spine deformity index (SDI) and a DXA test for baseline and
follow-up BMD, TBS and lumbar BSI measurements. A sub-
sequent fracture was defined as one unit increase of SDI. For
each unit increase of the investigated indexes, the univariate
hazard ratio of re-fracture, 95% CI, p-value and proportion-
ality test p-value were: for age 1.040; 1.017-1.064; 0.0007;
0.2529, respectively, and for lumbar BSI 1.372; 1.038-1.813;
0.0261; 0.5179, respectively. Lumbar BSI remained in the final
multivariate model as a statistically independent predictor of
a subsequent re-fracture (1.332; 1.013-1.752; 0.0399) together
with age (1.039; 1.016-1.064; 0.0009). The multivariate model
proportionality test p-value was 0.4604.

It was recently shown that lumbar BSI appeared able to
characterise young patients affected by secondary osteoporosis
[44471 (Tab. I). In a cohort of patients affected by mastocyto-
sis [96 consecutive patients (46 women and 50 men) affected

by cutaneous or systemic mastocytosis], the Authors found a
correlation between lumbar BSI and severity of bone deteri-
oration. Tryptase was inversely correlated with lumbar BMD
(r=-0.232; p=0.022) and TBS (r=-0.280; p=0.005), and directly
with lumbar BSI (r= 0.276; p=0.006). Lumbar BSI remained
statistically significant (p= 0.006; adjusted R?>= 0.101) in the
multivariate regression model with tryptase as a dependent
variable, as lumbar BMD and TBS were not statistically sig-
nificant. Tryptase increased by about 22 units for each unit in-
crease of lumbar BSI. Moreover, lumbar BSI was statistically
significantly lower in women than in men, suggesting that men
have worse lumbar bone resistance to compressive loads, in
line with the more severe bone involvement in mastocytosis in
the male sex 471 (Tab. I).

Another aspect found to characterise DXA as the gold
standard method for diagnosing and monitoring osteoporosis
was its higher reproducibility and precision 8. Precision is
defined by the International Society for Clinical Densitometry
as the ratio between standard deviation and mean (CoV). Per
cent least significant change (LSC%) is calculated as 2.77 x
CoV, and reproducibility is calculated as the complement to
100% of LSC% '¥l. BMD reproducibility is usually the stand-
ard of reference for other DXA-based measurements and this
has been confirmed in a recent work °°°. BMD reproducibility
was around 99% in all the densitometric scan modalities, while
the reproducibility of BSI was lower than that of BMD, as its
CoV was between 0.6% and 1.4% and LSC about three times
higher than that of BMD.

Table I provides an overview of BMD and BSI in vitro and
in vivo precision. With regard to in vivo results, a comparison
between different BMI groups and different waist circumfer-
ences was reported in a study by Messina et al., in which the
difference between BMD and BSI reproducibility was almost
the same as that found in the previous phantom study °". More-
over, the reproducibility of all DXA parameters has been found

Figure 5 Examples of left femur BSI analysis with representation of forces and constraints. The heat map related to the strain distribution shows
a major strain concentration on the red area. The head of the femur is not represented because the coloured regions represent the same regions
identified by DXA analysis (neck, intertrochanteric and trochanteric).
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Table |
TOPIC AUTHOR YEAR N. PTS MAIN FINDINGS

BSI in hyperparathyroidism Tabacco et al. 2021 150 BSI was significantly higher at LS (2.20+0.58 vs 1.94+0.48, p=0.003),
FN (1.66+0.39 vs 1.40+0.36, p=0.003) and TH (1.46+0.3 vs 1.24 +0.25, p=0.001)
in PHPT. LS-BSI showed moderate accuracy for discriminating VFs (AUC 0.667; 95%
C10.513-0.820), LS-BSI > 2.2, and was a statistically significant independent predictor
of VFs.

Prediction of vertebral Ulivieri et al. 2021 172 ANN resulted in an accuracy of 79.36%, with a sensitivity of 75% and a specificity of

refracture (artificial 83.72%. The first bone variable directly related to the event (further fracture, no further

intelligence-based analysis) fracture) was found in LBSI, indicating that declining bone strength (LBSI high) is a
significant risk factor for further VF.

BSI hip reproducibility Messina et al. 2020 30 BSI precision was about three times higher than that of BMD, confirming previous
results of lumbar spine BSI. /n vivo reproducibility of total femur (CoV = 3.89%,
reproducibility = 89.22%) was better than that of the femoral neck (CoV = 4.17%,
reproducibility = 88.46%).

Prediction of vertebral Messina et al. 2020 234 BSI hazard ratio of incident re-fracture (95% CI) was 1.372 (1.038-1.813),

refracture (multicentric p value = 0.0261, proportionality test p value: 0.5179.

retrospective study)

Bone geometry and structural Ulivieri et al. 2020 96 Tryptase showed a statistically inverse correlation with lumbar spine BMD

indexes in mastocytosis (r=-0.2326; p = 0.0226) and with TBS (r = -0.2801; p = 0.0057) and a direct

(retrospective study) correlation with lumbar BSI (r = 0.2759; p = 0.0065). In the final multivariate
regression model, only the lumbar BSI in systemic mastocytosis (p = 0.0064) and
non-systemic mastocytosis (p = 0.0338) remained statistically significant.

Prediction of vertebral Ulivieri et al. 2020 143 The hazard ratios of refracture for each unit increase of BSI, BMD and TBS were 1.201,

refracture (retrospective 0.231 and 0.034, respectively. BSI proved to be the nearest to statistical significance

study) in predicting a refracture, with greater values associated with a higher refracture risk.

DXA parameters: response Messina et al. 2020 40 In the entire population, improvements after therapy were seen in BSI (-13.9%),

to teriparatide (retrospective TBS (5.08%), BMD (8.36%). Significant HSA variations were seen only at the femoral

study) shaft, but were very small (FS_BMD (0.23%), FS_CSA (-0.98%), FS_SEC_MOD
(-2.33%) and FS_BR (1.62%)).

In vivo reproducibility Messina et al. 2020 150 BSI best reproducibility value was observed in group with BMI between 25 and 30 kg/
m? (CoV 1.97%, reproducibility 94.5%), while the worst was in the group with BMI
> 30 kg/m? (CoV 3.96%, reproducibility 89.0%). BSI reproducibility progressively
worsened from lower BMI to higher BMI, but the amount of this reduction was never
statistically significant.

In vitro reproducibility and Messina et al. 2019 Phantom | The highest BSI reproducibility value was 98.3% (1-cm soft tissue thickness,

influence of soft tissue based | HD-mode), whereas the lowest was 96.1% (6-cm soft tissue thickness, HD-mode).

thickness study Variations between scans with superimposed 0-6-cm soft tissue thickness were
between 0.76% and 1.46% for BMD, and between 1.03% and 1.57% for BSI.

DXA-derived parameters Ulivieri et al. 2018 70 A reduced bone mass was present at the femoral neck in 55.7%, at the total femur

in haemophilic patients in 18.6%, and at the lumbar spine in 54.3% of patients. Lumbar spine BMD, TBS and

(retrospective study) BSI did not correlate with HJHS (Haemophilia Joint Health Score). HSA bone geometric
parameters correlated negatively with HJHS.

Clinical observational Ulivieri et al. 2018 125 Alow fracture risk seems to be related to a low carboxy-terminal cross-linking

retrospective study telopeptide of type | collagen level, whereas a positive Romberg test, together with
compromised DXA parameters, appeared to be closely connected with fragility
fractures. Compromised BSI together with positive Romberg test characterises the
pathway leading to fracture in postmenopausal women.

to worsen slightly in obese patients and in those with a greater
waist circumference. This pattern can be explained by the soft
tissue superimposed on the bone, which affects the X-ray image
by generating noise and reducing image quality and accuracy
(521, The ability of BSI to monitor the effect of anabolic treatment
for osteoporosis has been assessed in a recent clinical validation
study %! Forty osteoporotic patients with fractures were stud-
ied before and after two years of daily subcutaneous 20 mcg of
teriparatide. BMD, HSA, TBS and BSI were measured and ana-
lysed by means of classical statistical approach and ANNs were
used for the analysis. The Authors demonstrated significant im-
provements, after therapy, in BSI (-13.9%), TBS (5.08%), BMD
(8.36%). Dividing patients into responders and non-responders

Int J Bone Frag. 2021; 1(3):120-127

on the basis of BMD increase >10%, the first group presented
TBS and BSI improvements (11.87% and -25.46%, respective-
ly), while the second group showed improvement of BSI only
(-6.57%). This finding suggests that an increase in bone strength
may explain the known reduction in fracture risk not completely
justified by BMD increase.

The future of DXA

Osteoporosis is characterised not only by bone quantity but
also bone quality impairment. For a complete assessment of
bone status, in addition to the amount of bone, it is necessary
to have information on its spatial distribution, geometry and
strength, as these elements contribute to determining skeletal
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resistance to load and fatigue.

The TBS is a widely studied bone textural index that dis-
criminates fractured patients and predicts fracture both in pri-
mary and secondary osteoporosis where bone architecture is
damaged. Even though femur size and shape have been shown
to be critical for the mechanical strength of the hip under vari-
ous loading conditions and HAL shows good results in fracture
risk prediction in postmenopausal women, HSA needs further
evidence. Bone strength is the last area where there is still a
need for knowledge useful for understanding all the physical
implications of bone resistance to loads and fatigue, so as to
provide clinicians with all they need in order to better manage
osteoporotic patients.

BSI appears to be an index of bone strength that will provide
the missing information on the skeletal resistance to the loads.
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