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Abstract

Purpose of Review—\We reviewed advances over the past three years in assessment of fracture
risk based on CT scans, considering methods that use finite element models, machine learning, or
a combination of both.

Recent Findings—Several studies have demonstrated that CT-based assessment of fracture risk,
using finite element modeling or biomarkers derived from machine learning, to be equivalent to
currently used clinical tools. Phantomless calibration of CT scans for bone mineral density enables
accurate measurements from routinely taken scans. This opportunistic use of CT scans for fracture
risk assessment is facilitated by high quality automated segmentation with deep learning, enabling
workflows that do not require user intervention. Modeling of more realistic and diverse loading
conditions, as well as improved modeling of fracture mechanisms, has shown promise to enhance
our understanding of fracture processes and improve the assessment of fracture risk beyond the
performance of current clinical tools.

Summary—CT-based screening for fracture risk is effective and, by analyzing scans that were
taken for other indications, could be used to expand the pool of people screened, therefore
improving fracture prevention. Finite element modeling and machine learning both provide
valuable tools for fracture risk assessment. Future approaches should focus on including more
loading-related aspects of fracture risk.

Keywords
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Introduction

Osteoporosis is a strong risk factor for fragility fractures, however fewer than 50% of people
with fragility fractures are classified as having osteoporosis (1,2), highlighting the need for
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improved strategies for assessing fracture risk. Individuals with osteoporosis are identified as
having an areal bone mineral density (aBMD), measured with dual energy X-ray absorption
(DXA), that is at least 2.5 standard deviations lower than the average aBMD of young
women (3). Alternative clinical tools for the assessment of fracture risk are composite scores
like the fracture risk assessment tool (FRAX), which performs similar to aBBMD in assessing
future fracture risk (4).

Finite element (FE) models based on computed tomography (CT) scans offer the possibility
to improve risk assessments, by simulating clinically relevant loading of the bone and
estimating the force that is required to initiate fracture. Compared to aBMD, FE models
based on CT scans have been shown to be more accurate at predicting bone strength ex vivo
(5,6). On clinical cohort data, FE-derived bone strength has performed better than aBBMD

at identifying individuals who will suffer a vertebral fracture and at least equivalent at
identifying those will suffer a hip fracture (7,8). However, clinical adoption of the FE-based
approaches has been slow. Potential reasons are the higher radiation exposure of CT scans
compared to DXA scans, more time-consuming model generation, and the lack of regulatory
procedures for approval of such technologies. This review discusses the recent progress that
has been made towards overcoming these challenges.

Studies aiming to expand our mechanistic understanding of fragility fractures are now
combining bone strength with subject-specific estimates of loading severity, which
encompasses the magnitude, spatial distribution, duration, and frequency of the applied
loads (9-11). Such knowledge might improve the fidelity of ex vivo laboratory models and
computational models and help us to better understand why such a large percentage of
fragility fractures in the elderly occur in individuals who do not have low aBMD.

In contrast to CT-based FE models, machine learning (ML) methods aim to identify and
exploit patterns in data to predict variables of interest without the need for a mechanistic
description of which features in the data are predictive or how they are related to

these variables. Medical image processing is an area that has rapidly evolved since the
development of deep learning, a type of ML that allows the user to use images directly as
input, rather than requiring the user to first extract features from the images (12). Recent
developments in the amount of available data and the frameworks for deep learning have
provided powerful tools to process the spatial information encoded in CT scans for high
quality image segmentation and biomarker extraction. This review discusses current ML
tools to extract biomarkers and predict fracture risk, some of which are being implemented
into web services and clinical tools with approval for medical reimbursement.

The purpose of this review is to give an overview of advances in fracture risk assessment
based on CT scans that were made in the last 3 years, focusing on approaches that use finite
element models, machine learning, or a combination of both. This review highlights key
studies and concepts and is not intended as a systematic review.
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Clinical use of FE-based assessment of fracture risk

The use of CT-based computational modeling for the diagnosis of osteoporosis and
screening for fracture risk has gained increased traction due to the idea of opportunistic
use of CT scans, which proposes the use of CT scans performed for other indications, such
as colon cancer screening or urolithiasis (13). Because already existing scans are used, no
additional radiation exposure is required for the assessment of fracture risk, making these
scans an ethical and cost-effective alternative that can be used complementary to FRAX
scores and aBMD.

Studies on clinical cohorts have shown promising results regarding the use of FE-derived
femoral strength and volumetric bone mineral density (vBMD), both obtained from CT
scans. A study that used opportunistic abdominal CT-scans (FOCUS cohort, n =3938) found
that Hip fracture risk assessment with vBMD and FE-derived femoral strength was at least
equivalent to DXA-derived aBMD (8). CT-based predictors also remained predictive of
fracture risk even when controlling for aBBMD. These finding are consistent with a study
(AGES-RS study cohort, n = 601) that found FE-derived femoral strength to be more
predictive of hip fracture than was QCT-derived aBMD (14). In this study, models with

a non-linear material implementation were more predictive than linear models. Contrary

to previous studies (15,16) predictions of fracture risk did not improve when considering
multiple loading scenarios. Overall, these studies show that fracture risk assessment with
FE-derived femoral strength is effective at predicting hip fracture risk with an accuracy that
is at least comparable to that provided by aBMD (Table 1).

Similarly, vertebral CT scans have been demonstrated to be useful for the assessment of
vertebral fracture risk (7). A study using a case-control cohort (AGES-RS cohort, 401
subjects) demonstrated that vBMD and FE-derived vertebral strength from the thoracic and
lumbar spine can both be used effectively for fracture risk prediction (17). This allows for
the extension of the pool of CT scans that can be used for opportunistic assessment of
fracture risk. Recent findings in smaller cohorts further support the usefulness of vBMD
and FE-derived vertebral strength for the assessment of vertebral fracture risk (18,19).
These findings were limited to CT scans without contrast agents, which are frequently
administered to increase the contrast of soft tissues in the image. To allow for the use of scan
with and without contrast agents, a separate analysis is required to investigate the usefulness
of scans with contrast agents.

The first guidelines for reporting of computational modeling studies were released by

the FDA in 2016 (20) followed by a standard for verification, validation, and credibility
assessment of computational models for the application to medical devices (21). The first in
sificotools (E.g. VirtuOst, O.N. Diagnostics, Berkeley, USA) for the assessment of fracture
risk based on CT scans have now been approved by the FDA and are eligible for medical
reimbursement. These tools provide BMD measurements and bone strength assessment
based on pre-existing CT scans. Challenges for the cost effectiveness and applicability of
these tools are the generation of high-quality segmentation masks and the need for BMD
calibration, given that clinical scans often don’t include a calibration phantom. Advances in
these areas will be discussed in the following two sections.
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Automatic segmentation

Recent advances using deep learning for image segmentation have demonstrated promise for
fully automated segmentation of tissues from medical imaging. Deep learning frameworks
learn segmentation models from medical images without the need for the separate
development of methods to extract features and subsequently use these models to predict
segmentation masks (12). Deep learning architectures for image segmentation rely on
ground truth data during training to provide feedback to the model. Therefore, pre-labelled
data are required to train the model for the desired task. Datasets that contain the variability
of data that is encountered in clinical practices are essential for training. Further, some of the
pre-labelled data should be reserved as a test set, to evaluate the performance of the trained
model.

In the last couple of years, deep learning frameworks for high quality, fully automated
segmentation have been made publicly available (22,23). A fully convolutional neural
network structure has been used to segment, to label vertebrae, and to judge if the complete
vertebra is visible in the scan with the same ML framework. The study used data from four
different CT and MRI datasets that were non-uniform with respect to the vertebral levels
and number of vertebrae included in the field of view. A dice coefficient, a measure of

the number of pixels that both segmentations have in common compared to the average
number of pixels in individual segmentations, of 0.931-0.965 was achieved, outperforming
previous automated segmentation methods. The top performers in a 2020 competition
among approaches for automatic segmentation of vertebrae from CT scans (24) achieved
an average dice coefficient of 0.888, a clear improvement over the winning models from
the competition just one year prior (dice coefficient of 0.789). The public availability of
the training and test data of this challenge (https://github.com/anjany/verse) provides a
means for further development of vertebral segmentation algorithms and continue the rapid
development that has been achieved in this area.

Fully automated segmentation of proximal femur has received less attention, which is likely
because its less complex shape is easier to extract from CT scans. Automated methods have
been published using a combination of thresholding and watershed algorithm (25) or by
multiple thresholding and morphing of a template shape (26). These methods resulted in
highly accurate segmentation (dice coefficients of 0.97 and 0.93); however, both methods
were only tested on a small number of femora. Segmentation models based on deep learning
for the bones in the pelvic region (27) and femoral head (28) used larger datasets of 200

CT scan (20 test scans) and 136 CT scans (27 test scans) and performed similar to other
automated methods with respect to dice coefficient. A recent study performed training on
60 femora and tested the model on 200 femur achieving dice coefficients ranging from
0.96-0.99 (29). The quality of automated segmentation algorithms has reached comparable
levels to inter-operator differences between manual segmentations (30) providing a solid
foundation for the use of these algorithms. Further work should involve testing on larger
datasets, including data acquired with different scanners, as well as for different fields of
view, reconstruction kernels and scanner parameters.
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https://github.com/anjany/verse

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fleps and Morgan

Page 5

Phantomless calibration

Calibration of CT scans for the calculation of BMD based on the image greyscale values
is required for generation of subject-specific FE models and for extraction of imaging
biomarkers of fracture risk, such as bone mineral density, cortical bone mass and cortical
thickness. In research, this calibration is typically done with an in-line phantom that contains
volumes of known mineral density that are used to extract a linear relationship between
image grey scale values and BMD. Alternative calibration methods are asynchronous
calibration, which uses a single scan of a calibration phantom to calibrate all scans taken
with a scanner within a predetermined time frame, and internal material calibration, also
called phantomless calibration, which uses the grey scale values of tissues within the scan
to derive a calibration equation without the need for a phantom. Phantomless calibration
allows for opportunistic assessment of BMD and the generation of FE models from CT
scans regardless of the presence of a calibration phantom.

Several procedures for phantomless calibration have been proposed (31-33) using different
anatomical regions. Reference density values for different tissues can be extracted by
calculating them from calibrated CT scans (32) or by using standardized reference values
from the National Institute for Standards and Technology (31,33,34). Excellent agreement
for BMD and bone strength predicted using phantomless vs. in-line phantom calibration
has been achieved for the vertebra (coefficients of determination (R?) between 0.94-0.99)
(32,34,35). These studies used air as one of the reference volumes and a second reference
volume with a large difference in the mean HU value, such as aortic blood, adipose

tissue, muscle, or bone. For the calibration of femoral BMD and FE-computed strength
predictions, coefficients of determination ranged from 0.86-0.99 (32,34) showing a large
spread. Potential sources for error for phantomess calibrations are fluctuation in the scanner
performance and natural inter-subject variation in the tissue compaosition. A study on 121
CT scans of the lumbar spine region of elderly subjects found the theoretical error due

to inter-subject tissue composition differences to be <10% (33). They reported promising
results for combinations of air with aortic blood or muscle tissue. However, the ideal choice
of tissue combination might be dependent on the population of interest or the individual’s
pathologies. According to this study, fatty muscle infiltration, which is common in the
elderly, could lead to BMD errors > 30% due to differences in muscle composition. Careful
evaluation of phantomless calibration procedures for subjects with such biases is therefore
required.

Reference volumes used in studies that investigated phantomless calibration were segmented
manually or in semi-automated fashion, which could lead to loss of repeatability of the
predictions. However, inter-operator reanalysis precision has been found to be excellent

by three different studies (31,32,34), using 2—3 operators per study, suggesting that
phantomless calibration can be reliably implemented for clinical workflows. Automation

of the segmentation of the tissues of interest will allow for a comparison of in-line and
phantomless calibration on large clinical cohorts to develop robust algorithms.
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Advances in the prediction of fracture mechanisms with finite element

modeling

Although bone strength is typically the primary outcome of FE modeling of the vertebra

and femur, other outcomes, such as fracture location and progression, if predicted with high
accuracy, might provide additional information regarding fracture prevention and treatment.
While the prediction of fracture locations in the femur during stance can be estimated with
high accuracy (36,37), prediction under sideways fall loading conditions is more challenging
(38,39). The extended finite element method (XFEM) (40), and a combination of FE method
and phase field method (41), allow for improved modeling of discontinuities that appear
during fracture processes and enable tracking of fracture paths (42,43), which might lead to
more accurate prediction of fracture locations.

XFEM uses local enrichment functions to describe discontinuities that arise due to crack
growth. As such, local damage can be considered, and crack paths can be tracked

without the need of local mesh refinement between solution steps, which greatly increases
computational efficiency. First implementations into image-based FE models of the vertebra
(44) and the femur (43) used strain-based criteria for crack initiation, because the yield

strain of bone is not very sensitive to differences in BMD. Both studies provided a proof-of-
concept implementation into a small number of specimens. Applications to larger data set
and other clinically relevant loading scenarios will be needed to further evaluate the potential
of XFEM for improved prediction of fracture locations.

The combination of phase-field method and FE method originated from crystallography
simulations but has recently been applied to micromechanical simulations of bone (45) and
macroscopical structures of brittle biomaterials, such as artificial femora (46). This method
uses a diffusive phase field in combination with the constitutive material model of the FE
simulation. Cracks are modelled by the value of the phase field, which reduces the stiffness
of the elements in similar manner to a damage parameter in continuum damage theory.
However, the diffusive zone of the phase field provides a smooth transition from fully
cracked to intact material. A study on image-based humerus models considered the fracture
energy to be a function of the Young’s modulus, indirectly linking the fracture energy

to BMD (42). The methodology was applied to a single specimen that had been tested
experimentally, showing good agreement regarding the fracture location. Recently published
open-source implementations of element formulations for combined FE and phase-field
modeling in Abaqus (47,48) may simplify the adoption of this method into validation studies
for fracture predictions to evaluate its potential to produce more accurate predictions of
fracture initiation and propagation.

Variations in cortical thickness are another aspect related to bone fragility that is challenging
to assess based on clinical CT scans, because the thickness of thin cortices is frequently
smaller than the image resolution. Methods for cortical thickness measurement from clinical
CT scans have been developed (49,50), but the integration of these measurements into

FE models is not trivial. A recent study developed a framework that combined statistical
shape modeling with a ML model to estimate cortical thickness for the generation of FE
models of the femur with an accurate representation of the cortical shell (51). The study
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analyzed the robustness of the framework based on a dataset of 72 femora, demonstrating
that a high-quality finite element discretization can be achieved while providing comparable
accuracy for cortical thickness estimates to state of the art methods.

Improvements regarding the fidelity of laboratory loading conditions

Models that consider the subject-specific loading environment of a bone in combination with
FE-computed values of bone strength in this environment aim to better understand fracture
processes and improve fracture risk assessment.

Most hip fractures in the elderly are the result of a falls from standing height with impact

to the lateral aspect of the proximal thigh. Laboratory experiment of such impacts with
volunteers are limited to low loading severity due to the risk of injury. Ex vivo experiments
offer an alternative which allows simulation of impacts that can lead to injury. Modeling

11 subject-specific sideways fall impacts with cadaveric tissue of bones, cartilage and
ligaments of the pelvic region embedded in a surrogate material for the soft tissues in the
hip region, resulted in impacts with femoral fracture, pelvic fracture and no fractures (9,52).
These experiments in combination with complimentary FE models (53,54) demonstrated
that low severity impact underestimated the stiffness of the pelvic region by a factor of

3-5 compared to an impact due to a fall from standing. The experimentally observed
clinically relevant fractures allowed for the validation of FE models for the differentiation
of fracture outcomes. This modeling approach was used to investigate its potential for the
assessment of fracture risk using a cohort of 254 female subjects and found its performance
to be comparable to CT-derived aBMD (55). However, when the cohort was limited to
self-reported fallers (122 subjects), a larger and statistically significant improvement in the
AUC was found for the fall models compared to aBMD, indicating that reliable information
for the risk of falling might be required as additional input for estimates of the load applied
to the femur and femoral strength. Due to the detailed description of the fracture event, such
models could also offer an Jin silico framework for subject-specific assessment of preventive
treatments such as hip protectors (56), pharmaceutical treatment or surgical augmentation
(57), but extensive validation for this type of assessment is still required. In a study on

a case-control cohort of 98 CT-scans of postmenopausal women taken post fracture, a
complex multi-scale model resulted in an improvement in hip fracture risk assessment when
compared to FE-derived femoral strength alone (AUC = 0.85 and 0.82, respectively) (58).
The model considered different fall scenarios, body anthropometrics, and assessments of
femoral strength specific to the loading alignment. Further validation of these models on
larger prospective cohorts could establish the predictive ability of such models.

In contrast to hip fracture, the loading conditions leading to vertebral fractures are less well
known. Vertebral fractures can be the result of overloading but have also been reported

to slowly progress over time with often unknown initiation. To investigate the potential

for vertebral overloading, strength estimates based on CT scans have been combined

with subject-specific multi-body dynamics simulations of the vertebral column that were
informed by lateral scout views and CT scans, allowing for the calculation of load-to-
strength ratios across 250 individual and 109 static postures of daily living (11). Highest
load-to-strength ratios were most often found in the lower thoracic and lumbar spine and
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task involving loading with a flexed spine, but varied subject-specifically with respect to the
posture and vertebral level. A limitation of the study was that load was directly compared

to BMD-based vertebral strength estimates without considering activity and (intervertebral
disc) 1D specific loading patterns.

Modeling the vertebral loading through the adjacent 1\VDs could result in more realistic
loading of the vertebral endplate, which might improve predictions of bone strength (59) and
failure locations (60). Including the 1VD in image-based FE model improved the prediction
of fracture forces compared to a model that assumed uniform endplate displacements in

a study on ten embalmed lumbar vertebral column segments that included two 1VVDs and
three vertebrae without posterior elements (59). These results are in line with a study which
compared experimentally measured vertebral deformations with FE models for lumbar spine
segments, including three vertebrae and two IVDs, in axial compression and concluded that
inaccuracies in the assumed vertebral loading conditions limit the accuracy of vertebral FE
models regarding the prediction of vertebral deformation (60).

Recent studies have made important steps towards more realistic load application and load
estimates that will help to improve our understanding of bone fragility. Further development
of these models could lead to more sophisticated methods for fracture risk assessment

and targeted selection of available preventive treatments —such as hip protectors, muscle
strengthening, and posture— based on subject-specific considerations of loading and bone
strength.

Machine learning approaches for vertebral fracture detection

Vertebral fractures have been shown to be predictive of future osteoporotic fractures but

are currently underreported in clinical practice (61). Clinically, identification of vertebral
compression fractures relies on vertebral fracture assessment (VFA) based on DXA scans

or radiological assessment on CT scan according to the Genant grade (62), which classifies
fractures based on a reduced anterior, medial, or posterior vertebral body height into four
categories. Automated vertebral fracture detection, such as by ML, on medical images would
allow for a more widespread analysis of images to identify fractures that currently go
unnoticed.

An algorithm based on neural networks detected vertebral fracture from CT scans with

an accuracy of 89.2%, a sensitivity of 85.2%, and a specificity of 95.8%, which was
comparable to the performance of the original medical records of the study when compared
to the evaluation by a radiological expert (63). The study used central sagittal slices of 1432
CT scans, split into 80% training data, 10% validation data, and 10% test data. The images
had already been labelled for “compression deformity” or “compression fracture” in the
database. A study that used a previously trained commercial ML tool (Zebra Medical vision)
on a dataset of 1696 lumbar CT scans of patient older than 50 reported a sensitivity for
identifying vertebral fractures of 54% and a specificity of 92% when considering vertebral
fractures for all Genant grades (64). Limiting the analysis to the identification of fractures
with a Genant grade of 2-3 increased the sensitivity to 65% while keeping the specificity

at 92%. 64% more vertebral fractures were identified in the dataset than were originally
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documented in the medical records, demonstrating the usefulness of the tool for automated
clinical identification of vertebral fractures.

Although the sensitivity of ML methods for vertebral fracture detection can likely be
improved, its performance is comparable to current manual vertebral fracture detection.
Consequently, the use of these automated algorithms could reduce manual effort in clinical
practice and allow for a more widespread analysis of CT scans for vertebral fractures.

Machine learning approaches for bone mineral density assessment and

bone strength

ML methods have been developed that can predict DXA-equivalent BMD from CT scans
through automated segmentation processes and processing of grey scale values, thus
eliminating operator variability and increasing throughput. A combination of ML-based
segmentation of the lumbar vertebrae in combination with a trained linear regression model
predicted T-score equivalent to those derived from DXA-based aBMD from CT scans with
a correlation coefficient of 0.85 (65). The study used 1693 pairs of CT and DXA scans for
the development and assessment of the model and concluded that the CT-based assessment
would have been 82% accurate in the identification of individuals with osteoporosis. These
results are in agreement with a study that trained a convolutional neural network for the
prediction of DXA-equivalent BMD from CT scans and found them to be well correlated
(66). The study used 183 paired CT and DXA scans to train the network and evaluated

its performance in a test set of 45 subjects from the same medical center (r=0.852) and in

a test set of 50 patient from a second medical center that did not contribute data to the
training (r=0.840). A limitation of this approach is the use of aBBMD based on DXA as a
gold standard instead of experimental BMD metrics such as ash density, which is a measure
of bone mineral mass divided by the bone volume.

Predictions of bone strength based on ML could reduce the effort during pre-processing
and result in even faster predictions. General regression neural networks and support vector
regression models have been recently explored for the prediction of vertebral strength (67).
Bone strength predicted by CT-derived FE models of 80 vertebral bodies were used to train
models based on regional grey scale related parameters of the vertebral body extracted from
CT scans. 54 of the vertebrae were used for training and 26 were used to test the trained
models. Both ML techniques were able to predict vertebral strength with high accuracy
(mean absolute error < 8%), providing computationally efficient estimates of bone strength.
Although these results provide a promising new direction for the prediction of vertebral
strength, this study used manual preprocessing steps for the generation of input features for
the ML models.

Machine learning approaches for fracture risk assessment

Current ML approaches using CT scans focus on the extraction of biomarkers, which
provide a classification or regression target for training. Consequently, fracture risk
assessment using ML tools has been focused on combining ML-based biomarkers for
fracture risk assessment, rather than training algorithms directly for fracture outcome, which

Curr Osteoporos Rep. Author manuscript; available in PMC 2024 March 15.
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includes a stronger probabilistic component. Using commercial ML tools (Zebra Medical
vision) a recent study derived aBMD equivalent BMD, vBMD, and prevalent vertebral
fractures from CT scans of 48,277 individuals that had undergone abdominal or chest

CT scans (68). The follow-up period was five years. The ML tools were developed in
separate studies on different data sets and were applied to the data of the study without
additional training. The use of these CT-based biomarkers resulted in equivalent AUC
values for hip fracture risk assessment compared to FRAX scores without aBMD (AUC of
0.76 and 0.751, respectively) and slightly higher AUC values for the prediction of major
osteoporotic fracture (AUC of 0.709 and 0.69, respectively). A combination of FRAX scores
with CT-based biomarkers resulted in an increase in the AUC, demonstrating that automated
opportunistic screening based on CT scans can be effective at identifying individuals at high
risk of fracture and can be combined with FRAX scores. A limitation of the methodology

is that only 83.6% of CT datasets could be processed successfully. These findings are

in agreement with a study that analyzed lumbar vertebral attenuation, muscle attenuation,
and visceral-to-subcutaneous fat ratio extracted with ML from CT-scans and compared

their ability to identify individual that will suffer major osteoporotic fractures to fracture
risk assessment with FRAX (69). CT-based biomarkers for 9223 scans were extracted

with a deep learning tool for automatic segmentation in combination with an automated
feature extraction algorithm, both of which had been developed and validated in previous
studies on separate cohorts. Biomarkers from CT for trabecular bone attenuation and muscle
attenuation performed comparable to FRAX without BMD (AUC 0.71-0.72 compared to
0.72) for predicting individuals with major osteoporotic fractures. Interestingly, including
BMD into FRAX reduced its ability to identify individuals that will suffer fragility fractures.
For the assessment of hip fracture risk, CT-based muscle attenuation performed better than
FRAX (AUC 0.75 and 0.71, respectively). The automated CT analysis in this study was
highly robust, failing for less than 1.4% of scans.

Although current CT-based biomarkers perform only comparably to FRAX regarding
fracture risk assessment, both studies highlight that fracture risk screening with biomarkers
from CT can be used to complement FRAX scores and DXA-based aBMD to increase the
overall screening coverage and enable improved prevention of fractures (Table 1).

Summary and future directions

CT-based fracture risk assessment using FE models and ML has been found to offer
comparable or slightly improved performance to currently used tools, making them a valid
option for opportunistic fracture risk screening (Table 1). The high level of automation
enabled by ML makes ML methods attractive for clinical use and for the analysis of large
datasets for research purposes. A small number of such tools has now been approved
clinically, allowing their integration into clinical workflows.

Despite these exciting developments for the application of CT-based biomarkers for the
assessment of fracture risk, improvements regarding the sensitivity and specificity have been
small. A reason might be the focus of clinical studies on risk factors that purely relate

to BMD or bone strength. Interestingly, CT attenuation of muscle on lumbar CT scans in
Pickardt et al (69) was as good as CT attenuation of bone at predicting individuals at risk

Curr Osteoporos Rep. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fleps and Morgan

Page 11

of fracture. Combining information of bone strength with parameters of physical fitness,
lifestyle, mechanical loading, and risk of falling, might therefore enable improved fracture
risk assessment. A challenge related to the development of such models is the availability of
data in clinical cohorts, which rarely contain comprehensive data related to physical activity,
motion analysis, and falls risk. New clinical cohorts that include this type of information will
be needed to develop mechanistic and data-driven methods for fracture risk assessment.

CT-based biomarkers extracted with ML are currently developed by comparing them to
other image-based biomarkers such as aBMD or FE-derived bone strength. This approach
limits their ability to predict future fractures to the predictive ability of the used gold
standard. ML approaches that aim to overcome this limitation should be trained against
experimentally measured bone strength or for fracture outcome directly. However, the
generation of a large enough experimental dataset is time consuming and costly, but likely
necessary step forward.

Phantomless calibration and automatic segmentation based on deep learning will likely
become standard in processing of CT scans. Future approaches could combine both
methods to automatically extract the tissue volumes for phantomless calibration. Diverse
and unbiased datasets are essential for the development of such methods. Data collections
such as the VerSe 2020 dataset for the spine (70) would be a great asset for other
anatomical regions to develop and compare algorithms for segmentation, scan calibration,
and biomarker extraction. Extending these methods with ML algorithms for automatic
identification of pathological tissues and biases due to contrast agents could further improve
the robustness of phantomless calibration.

The development of more “/n vivo like” laboratory experiments and computational models
will lead to a better understanding of fracture risk and fracture mechanisms. For the
development of these models, comprehensive validation of the prediction of fracture forces
and fracture location is needed. The use of vertebral column models that include the adjacent
IVVDs and posterior elements could allow for more realistic loading of the vertebra and
consequently might result in more clinically relevant estimates of vertebral fracture risk and
failure behavior. Current modeling approaches for multiple vertebrae and adjacent IVDs
consider simplified material descriptions for the nucleus pulposus and annulus fibrosus, that
neither consider the biphasic nature of the material nor material property changes due to disc
degeneration (71). Combining such IVD models with vertebral bone models so simulate the
behavior of the spine under immediate and creep loading might provide further insights into
fracture mechanisms. Explicit modeling of the endplate tissue might result in more accurate
prediction of vertebral bone loading and fracture initiation (72). Full field methods, such as
digital volume correlation, allow for measurements of 3D deformation fields of the vertebra
which can be used for the validation of the prediction of vertebral mechanisms with FE
models (73,74). A combination of FE models with models for spinal kinematics and loading
could then provide a comprehensive understanding of the fracture mechanics of the spine
across tasks of daily living and subject-specific spine anatomies. Ultimately, ML models that
are trained based on FE models or other mechanical models could be used to predict bone
loading and bone strength, providing fast assessment of fracture risk across a large number
of loading conditions.

Curr Osteoporos Rep. Author manuscript; available in PMC 2024 March 15.
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Laboratory models, and the resulting fracture risk assessment tool, currently neglect the
probabilistic nature of fracture events. Combining ex vivo models and FE models with real-
life observational data regarding loading conditions and their frequency (75) could improve
our understanding of individuals with high fracture risk. ML algorithms for automatic
posture detection and tracking could help manage the large amounts of data that would be
required to extract such information from video data. FE models could be used to replicate
loading events that were recorded on video to test the ability of models to predict real-life
fracture events. Moreover, the analysis of video data and wearable sensors will improve
our understanding of the frequency of loading events, which could be used to combine
mechanical models with probabilistic considerations for improved fracture risk assessment.

Conclusion

Robust and effective methods using finite element and machine learning are available for
clinical assessment of fracture risk from CT scans. These methods have a comparable
accuracy to tools currently used in clinical settings to identify individuals at elevated risk of
fracture. The high degree of automation in these methods and the possibility to use scans
that were taken for other indications will enable an increase in the number of people that
undergo screening for fracture risk and consequently improve fracture prevention. Promising
new research approaches for improved fracture risk assessment investigate the interaction
between subject-specific bone loading and bone strength to develop mechanistic and data-
based approaches that go beyond the assessment of bone fragility to better understand
fracture mechanisms and fracture risk.
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