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ABSTRACT

Bone fractures attributable to osteoporosis are a significant problem. Though preventative treatment options are
available for individuals who are at risk of a fracture, a substantial number of these individuals are not identified
due to lack of adherence to bone screening recommendations. The issue is further complicated as standard
diagnosis of osteoporosis is based on bone mineral density (BMD) derived from dual energy x-ray absorptiometry
(DXA), which, while helpful in identifying many at risk, is limited in fully predicting risk of fracture. It is
reasonable to expect that bone screening would become more prevalent and efficacious if offered in coordination
with digital breast tomosynthesis (DBT) exams, provided that osteoporosis can be assessed using a DBT modality.
Therefore, the objective of the current study was to explore the feasibility of using digital tomosynthesis imaging
in a mammography setting. To this end, we measured density, cortical thickness and microstructural properties
of the wrist bone, correlated these to reference measurements from microcomputed tomography and DXA,
demonstrated the application in vivo in a small group of participants, and determined the repeatability of the
measurements.

We found that measurements from digital wrist tomosynthesis (DWT) imaging with a DBT scanner were highly
repeatable ex vivo (error = 0.05%-9.62%) and in vivo (error = 0.06%-10.2%). In ex vivo trials, DWT derived
BMDs were strongly correlated with reference measurements (R = 0.841-0.980), as were cortical thickness
measured at lateral and medial cortices (R = 0.991 and R = 0.959, respectively) and the majority of micro-
structural measures (R = 0.736-0.991). The measurements were quick and tolerated by human patients with no
discomfort, and appeared to be different between young and old participants in a preliminary comparison.

In conclusion, DWT is feasible in a mammography setting, and informative on bone mass, cortical thickness,
and microstructural qualities that are known to deteriorate in osteoporosis. To our knowledge, this study rep-
resents the first application of DBT for imaging bone. Future clinical studies are needed to further establish the
efficacy for diagnosing osteoporosis and predicting risk of fragility fracture using DWT.

1. Introduction

alone, though helpful in identifying many at risk, do not fully predict
bone strength or risk of fracture [5,6].

Osteoporosis (OP) is one of the most common diseases affecting
aging individuals, and a primary cause for fragility fractures [1].
Effective treatment options exist for individuals at risk of a fragility
fracture once they are identified. However, there are at least two major
barriers to the identification of at-risk individuals, and consequently,
prevention of fracture: 1) A considerable number of patients who are at
risk are not receiving bone tests, even after experiencing a fracture
[2-4], and 2) standard bone tests based on bone mineral density (BMD)

Despite recommendations from the U. S. Preventive Services Task
Force and other major professional and healthcare organizations that
women aged >65 years (as young as 50 years if they have a major risk
factor) should be screened for osteoporosis [7,8], only 8.7% - 38.2% of
patients worldwide undergo bone mineral density testing within 2 years
of an initial low energy fracture [2-4]. Indeed, the issue of at-risk pa-
tients not receiving bone tests has been highlighted as one of the major
gaps in the care of osteoporosis, according to a report by the
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International Osteoporosis Foundation [9]. In contrast, adherence to
mammography screening is considerably high (76% - 89.1%) in the
same age group [10,11]. It is therefore expected that adherence for
women’s OP screening would be higher if it could be offered during the
time of routine breast screening using the same image modality.

We posit that digital tomosynthesis imaging of the wrist at the time
of digital breast tomosynthesis (DBT) is well suited for OP screening in a
mammography setting. DBT is widely adopted in routine breast cancer
screening [12-14]. In fact, the position of the European Society of Breast
Imaging (EUSOBI) is that DBT is set to become “routine mammography”
in near future [15]. It is reasonable to expect that with increasing
adoption of DBT and continued high adherence to breast screening, bone
screening would become more prevalent if offered in coordination with
DBT breast exams, provided that osteoporosis can be assessed using a
DBT modality.

Due to the configuration of the current DBT systems, the forearm is
the most suitable site for bone assessment using a DBT system, as it will
simply require positioning of the arm in the scanner while standing at
the same height for the breast exam. BMD of the forearm, although
shown to be reduced in osteoporosis [16-18], has been considered of
limited value in predicting fractures of the hip and spine, monitoring
treatment efficacy and decision to treat until recently [19-21]. How-
ever, with the addition of microstructural and biomechanical informa-
tion through high-resolution peripheral imaging technologies, views on
the value of imaging this site have changed. There is now accumulated
evidence that cortical thickness and trabecular microstructural proper-
ties of the distal radius based on high resolution peripheral quantitative
computed tomography (HR-pQCT) or micro-MRI are different between
postmenopausal women with a major osteoporotic fracture and those
without [22-24]. Moreover, microstructure and finite element-
estimated failure load of the distal radius based on HR-pQCT imaging
have been shown to predict incident major osteoporotic fractures
independently from BMD and clinical risk factors in men and post-
menopausal women [25,26]. As such, assessment of the wrist using a
digital breast tomosynthesis scanner offers great value in the manage-
ment of osteoporosis and fracture risk.

Previous work demonstrated that digital tomosynthesis (DTS) has
sufficient resolution to extract useful textural information from bone
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images. For example, cancellous bone texture derived from whole body
DTS imaging provides variables that can be used to predict vertebral
cancellous bone stiffness [27,28] as well as vertebral and hip strength
[29,30], and discriminate between individuals with and without a
prevalent vertebral fracture [31]. DTS scanners used for breast imaging
have even higher resolution than whole body tomosynthesis scanners
(100 vs 150-300 pm). As such, we hypothesize that digital wrist
tomosynthesis (DWT) is capable of providing detailed information on
the quantity, cancellous microstructure, and cortical thickness of distal
radial bone. Therefore, the objective of this work was to examine the
feasibility of these measurements using ex vivo and in vivo DWT images
of human radii. In this work, we document the repeatability of each
measurement, determine preliminary correlations between DWT and
reference measurements, and observe patient experience to guide future
applications.

2. Methods
2.1. Ex vivo studies

Five fresh-frozen right cadaveric forearms (unknown sex and age,
deidentified) were acquired from local tissue banks and scanned in a
clinical DXA scanner (Hologic Horizon A) using a distal radius protocol
to establish a bone density reference. 1/3 distal, mid-distal and ultra-
distal radius BMD (DXA-BMD;,3, DXA-BMDp;q and DXA-BMDyyp,
respectively) were calculated within the DXA software (APEX v5.6.0.5)
using standard regions of interest (ROIs) [32] (Fig. 1). Each forearm was
then scanned in a clinical DBT scanner (GE Senographe Essential with
Senoclaire) 3 times with repositioning. Nine projection images were
acquired over a 25 degree sweep in the medial-lateral direction in a step-
and-shoot motion. Acquisitions were performed at 5.2 mAs (35 kV and
51 mA) using a rhodium filter and target. Images were reconstructed at
0.1 x 0.1 mm pixel size in the frontal plane with 1 mm plane thickness.

For calculation of DWT derived BMD analogs, the tomosynthesis
image stack was synthesized into a 2D image, similar to DXA (Fig. 1).
BMD analogs were calculated by summing intensity values in the 2D
image and dividing by the total area for ROIs defined identically to DXA
(DWT-BMD;,3, DWT-BMDy,;g and DWT-BMDyp, respectively).

b) DWT-2D

DXA-BMD; /5

DXA-BMDyp

o

Fig. 1. a) Standard regions of interest in the DXA distal forearm protocol from which DXA-BMDs are measured, and b) the corresponding ROIs in the 2D-synthesized

DWT image from which DWT-BMDs were measured.
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Alternatively, for the cancellous-rich ultradistal region, we calculated an
integral bone volume fraction (iBV/TV) that included both cancellous
and cortical bones of the ultradistal region. In calculation of iBV/TV,
DWT image volumes were first resampled to isotropic voxel size using
bicubic interpolation. Resampled images were then pre-processed using
a contrast limited adaptive histogram equalization (CLAHE) algorithm
to aid in segmentation (block size = 40, bins = 256, maximum slope = 3)
[33]. Briefly, the CLAHE algorithm enhances local contrast by adjusting
the gray value at a given voxel using an intensity transformation func-
tion based on adjacent voxel values. Total volume (TV) was calculated as
the sum of bone voxels after thresholding the 3D image (Otsu method)
and closing pores in the structure to delineate the cortical surface [34].
Integral (cancellous and cortical) bone volume (BV) was calculated as
the sum of bone voxels after a fixed global threshold was applied. iBV/
TV was thus the ratio of BV to TV.

For reference measurements of cortical thickness and microstruc-
ture, the radii were scanned using a custom pCT system [35,36] and
reconstructed at an isotropic voxel size of 63 pm. Regions for cortical
thickness analysis were identified at 50 mm proximal to the distal tip of
the radiocarpal joint articular surface (Fig. 2). A 5 mm cross-section was
cropped from the axial pCT images centered at the 50 mm plane. The
image volume was then binarized to separate bone from background
using the Otsu method. Local thickness was calculated within the bone
phase of the binarized analysis volume using a sphere fitting algorithm.
Cortical thickness (C.Th) was calculated for the lateral and medial
cortices contained within a 45 degree wedge volume with its apex at the
center of mass of the binarized image in FLJI [37]. For DWT images, the
50 mm analysis regions were identified similarly as described for pCT
images. A line profile averaged over 5 mm width drawn perpendicular to
the long axis of the radius at the 50 mm location at both medial and
lateral cortices was used to calculate cortical bone thickness. Briefly, the
periosteal surface was defined as the peak rate of change in gray values
along the line profile. The endosteal surface was determined as the last
maximum point in the line profile. Cortical thickness was calculated as
the difference in mm between the surfaces.

For microstructural analysis of cancellous bone, an analysis volume
was selected within the distal radius using the epiphyseal scar, and
lateral/medial cortices as corner landmarks (Fig. 2). Analysis volumes
were resampled to isotropic voxel size by scaling the depth direction
(anterior-posterior direction, 1 mm slices) to match the 100 pm in-plane
(lateral-medial) pixel size. Images were then pre-processed to enhance
local contrast using CLAHE. Finally, the analysis volumes were binarized
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either by applying a global threshold value determined by the Otsu
method, or alternatively, using the Niblack local thresholding method
[38] in FLJI (radius = 15, k = 0.2, C = 0). Briefly, the Niblack method
compares the value at a given voxel to its vicinity. If the voxel in
question has a value greater than the mean plus a constant k times the
standard deviation of adjacent voxels, that voxel is considered within
the bone phase. The two thresholding methods were chosen to extract
different aspects of the microstructure. Namely, global thresholding
emphasized large features (akin to a low-pass filter), and local thresh-
olding preserved fine detail in trabecular structure (akin to a high-pass
filter) (Fig. 3). Trabecular volume fraction (BV/TV), thickness (Tb.Th),
number (Tb.N), separation (Tb.Sp), connectivity (Conn.Dn)), anisotropy
(DA) and fractal dimension (3D FD) were calculated in CTan (Bruker,
Belgium) [39] for the 3D binarized volumes from DWT and pCT.

In addition to standard stereological parameters, average fractal (2D
FD, A and S;) parameters (Table 1) for cancellous bone were calculated
for the DWT volume using the FracLac plug-in of ImageJ (NIH, MD)
[37,40]. Orientation as measured by line fraction deviation (LFD) was
calculated as described previously for vertebral images from whole body
tomosynthesis [27,29]. Fractal dimension (FD) and lacunarity () are
common measures of complexity where simple morphometric measures
are not feasible or adequate for describing microstructure. Fractal
dimension defines roughness of texture and is strongly associated with
BV/TV in cancellous bone [41,42]. Lacunarity measures pore size dis-
tributions and thus A and scale-dependent lacunarity (S,) measure tissue
heterogeneity [43].

Precision error was characterized using the root mean square coef-
ficient of variation (%CVyys) of repeated measurements [44]. The DWT-
BMDs and iBV/TV from DWT were correlated to DXA measurements on
a regional basis. Cortical thickness and microstructural variables were
correlated to pCT measurements from the corresponding ROIs.

2.2. In vivo studies

In order to demonstrate the feasibility of assessing bone health using
a breast tomosynthesis scanner in live humans, 5 female patients (ages
19-76) were enrolled under institutional approval and informed con-
sent. Patients were instructed to align their nondominant hand (all right-
handed) on a generic hand template taped to the imaging platform, with
the elbow flexed and hand in the dorso-palmar view (Fig. 4). Tomo-
synthesis images were acquired three times with repositioning (radio-
graphic technique and analysis methods same as ex vivo studies).

Thickness

Fig. 2. a) pCT image of the distal forearm bones with the regions of interests for cortical thickness and microstructure measurements and b) the corresponding ROIs

in the DWT image.
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Input Image

Ex vivo

Global Threshold

Bone 144 (2021) 115804

Local Threshold

Fig. 3. DWT analysis regions (left column) from ex vivo (cadaveric wrist, top row) and in vivo (study participant, bottom row) images were pre-processed using
CLAHE and binarized using two thresholding methods: Otsu global thresholding (center column) and Niblack local thresholding method (right column). The global
thresholding method emphasized large microstructural features (examples encircled) while the local method extracted fine features (examples indicated

with arrows).

DWT-BMDs, iBV/TV, cortical thickness, microstructural variables,
and associated precision errors were characterized as described for the
ex vivo studies. Although not the primary interest with this small sam-
ple, differences between young and old participants (Young:19, 34, 34
yrs.; O1d:59, 76 yrs) were examined using t-tests to gain a preliminary
insight into which variables are potentially sensitive to age-related dif-
ferences as captured on DWT. The first set of measurements (one data
point per patient) were used for this purpose.

Dosimetry measurements were performed in preparation of the in
vivo studies by measuring the entrance skin exposure (ESE) using a solid
state dosimeter (Accu-Gold+, Radcal) positioned approximately at the
position of the entrance surface of a wrist (4.5 cm from the imaging
platform). The dosimeter reading was converted to effective dose using
conversion factor of 0.46 puSv/mGy [45].

3. Results
3.1. Ex vivo

The precision error was 0.05% to 9.62% for DWT measurements
(Table 1). DWT derived BMDs and iBV/TV were strongly correlated to
BMDs from DXA (Table 1, Fig. 5), and DWT derived C.Th was strongly
correlated to that from pCT (Table 1, Fig. 6). A majority of microstruc-
tural measures were strongly and positively correlated (R > 0.7) to the
HCT references, except for connectivity density which had a negative
correlation with pCT (Table 1, Fig. 7). For microstructural variables,
images processed using local thresholding demonstrated slightly stron-
ger correlations with pCT (R values up to 0.98, Table 1) than those
processed using global thresholding (R values up to 0.90).

3.2. Invivo

The resultant effective dose for each tomosynthesis acquisition was
8.9 pSv. Patients or technical staff had no difficulty with the imaging
protocol. The entire session was approximately 4 min from entering to
exiting the room, with image acquisition constituting approximately 9 s
for each of 3 trials. The precision error (%CVgys) from three trials with
repositioning was 0.06% to 10.2% for DWT derived measurements
(Table 2). We observed that iBV/TV and several microstructural vari-
ables might be associated with patient age (Young:19, 34, 34 yrs.;
0ld:59, 76 yrs) based on t-tests (Table 2). For microstructural variables,
images processed using global thresholding demonstrated potentially
stronger associations with patient age (p = 0.017-0.484, Table 2) than
those processed using local thresholding (p = 0.034-0.593).

4. Discussion

This study examined the feasibility of conducting bone health
screening in the clinical breast tomosynthesis setting. To that end, we
determined the ex vivo and in vivo repeatability of commonly recog-
nized metrics of bone quantity, cortical thickness and microstructure. In
addition, we determined preliminary correlations between tomosyn-
thesis derived metrics and reference measurements. The findings are
supportive of further development of this approach. To our knowledge,
this study represents the first use of a breast tomosynthesis scanner in
assessment of bone qualities.

The procedure was tolerated without discomfort for in vivo trials.
Effective radiation dose estimated from dosimetry measurements (8.9
uSv) was a fraction of the radiation exposure of a CT exam [46-48] with
exposure comparable to a standard radiographic examination [49-51].
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Table 1

Bone 144 (2021) 115804

Ex vivo repeatability (%CVrms) of DWT derived BMD, cortical thickness and cancellous bone microstructural metrics, and their correlation (R) with the corresponding
reference measurements. DWT data are reported from images processed using the local thresholding method.

Var. type DWT variable Variable name/interpretation %CVRrms R
BMD DWT-BMD; /3 1/3 radius BMD 0.85 0.841
DWT-BMDp,iq Mid radius BMD 0.78 0.970
DWT-BMDyp Ultradistal radius BMD 0.50 0.980
iBV/TV Ultradistal integral bone volume fraction 1.39 0.982%
Cancellous pStructure BV/TV Bone volume fraction 0.66 0.959
Tb.Th Trabecular thickness 0.53 0.394°
Tb.N Trabecular number 0.43 0.915
Tb.Sp Trabecular separation 0.91 0.983
Conn.Dn Connectivity density 4.50 —0.493
DA 3D Degree of anisotropy 1.80 0.915
LFD Line fraction deviation (Tr. Orientation) 3.53 N/A
3D FD Fractal dimension (Complexity) — 3D Binary 0.06 0.736
2D FD Fractal dimension (Complexity) — 2D 0.05 N/A
Gray Level
A Lacunarity (Heterogeneity) 0.90 N/A
Sy Lacunarity/Sizescale (Heterogeneity) 1.36 N/A
Cortical thickness C.Th.L Lateral cortical thickness 4.66 0.991
C.Th.M Medial cortical thickness 9.62 0.959

2 Correlation to DXA-BMDyp. b Correlation is 0.775 using the global (coarser) threshold technique. N/A: Not available for pCT; Note p < 0.05 for R > 0.878; p < 0.10

for R > 0.805.

Acquisition time (approximately 9 s) was short compared to peripheral
CT imaging, which can take several minutes [52,53]. Thus, DWT does
not increase concern with radiation exposure or image acquisition time
associated with bone screening.

Precision of bone mass measures derived from DWT ex vivo
(0.50-1.39%) and in vivo (0.29-3.14%) is comparable to the in vivo
values previously reported for distal and ultradistal BMID measures using
single- (0.7-1.6%) and dual-energy absorptiometry (DXA) (1.1-2.9%)
[54]. Precision of cortical thickness and microstructural parameters
derived from DWT ex vivo and in vivo is also well within the range of
that derived from HR-pQCT of the wrist ex vivo [55] and in vivo
[22,52,56], respectively. As such, DWT offers sufficient repeatability for
measuring bone properties.

DWT derived bone mass, cortical thickness, and microstructural
measures were strongly correlated to those measured from DXA and
UCT. The correlations of DWT-BMDy,;q DWT-BMDyp, iBV/TV and C.Th
with the corresponding reference measurements were high enough to
reach a level of p < 0.05 with the small sample. A majority of micro-
structural measures were strongly and positively correlated (R > 0.7) to
the pCT references, with BV/TV, Tb.N, Tb.Sp and DA reaching a statis-
tically demonstrable level. Failure to find the expected correlation with

reference measurements for connectivity might be attributable to the
strong 3D nature of this property and poor resolution of DWT in one
direction (dorso-palmar in the current protocol). However, anisotropic
resolution is typical of many clinical systems and is not a limitation
specific to DWT. Nevertheless, among the geometric and cancellous
microstructural variables measurable from the wrist, C.Th, BV/TV, Tb.
Th, Tb.N, Tb.Sp and fractal dimension have been shown to be associated
with major osteoporotic fractures [22,23,57]. Consistent with these re-
ports, iBV/TV, Tb.Th, Tb.N, Tb.Sp and fractal dimension present as
different between young and old women in our preliminary demon-
stration; an observation suggesting potential utility for these DWT
variables.

Segmentation of cancellous and binarization of the segmented image
is necessary for analysis of bone microstructure. In this work, we eval-
uated two common approaches for image binarization. It was noted that
global thresholding generally represented a qualitatively conservative
binarization approach and captured larger features of cancellous
microstructure (Fig. 3). Local thresholding facilitated a more aggressive
binarization, and extracted fine detail within regions of similar intensity
value. Not surprisingly, correlations between DWT and pCT were
stronger when binarized using local thresholding methods (Table 1,

Fig. 4. a) DWT imaging using a digital breast tomosynthesis scanner, and b) DWT image of the wrist from a 19 year old woman. Minute details of the cortical and

cancellous structure are clearly visible.
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Fig. 7) which, like pCT, retain fine detail. However, we observed that
microstructural variables might be more distinctly separated by age in
vivo when derived from globally thresholded images (Table 2). It is
possible that age-related changes in trabecular architecture may be more
accurately identified in gross features, however, this remains to be a
speculation until confirmed in a larger patient sample. Although this
work is a preliminary demonstration of an envisioned image processing
workflow, the current results emphasize the importance of careful
consideration of segmentation methods for successful assessment of
cancellous bone microstructure.

Central DXA is the most commonly used screening test, and BMD
from central DXA (i.e., that of hip and spine) is most commonly used in
treatment guidelines, although BMD of distal forearm is recognized to
have similar accuracy to that of central DXA [8]. As such, a testing
modality aiming to increase screening prevalence should ideally provide
BMD or a bone metric that is analogous to BMD, for easier interpretation
and translation of this modality. Therefore, in moving forward, cali-
brating the DWT-BMDs to DXA derived BMDs would be important. The
calculation of iBV/TV is different from that of DWT-BMDs in terms of
image reconstruction (3D vs 2D synthesis) and processing (binary vs
gray level). iBV/TV therefore offers an alternative calculation of bone
mass, should gray level calculations from 2D synthesized images prove
problematic in future. Correlations of HR-pQCT derived radial volu-
metric BMD and BV/TV with spine and hip BMDs [22] are similar to that
of DWT derived iBV/TV with DXA derived ultradistal BMD in the current
study. This suggests iBV/TV as a potentially useful BMD analog. It was
also more sensitive than DWT-BMDs to age difference in our small
cohort. Therefore, we consider iBV/TV in the category of BMD or
generally bone quantity variables to be explored further in relationship
with hip and spine DXA measurements. If the information obtained via
DWT is limited to the wrist, this may still be useful in assessing the risk of
wrist fracture [58]. A prior wrist fracture significantly increases the risk
of any subsequent fragility fracture independently from baseline BMD
and common osteoporotic risk factors [59-61]. Therefore, identification
of individuals at risk of a forearm fragility fracture based on DWT would
allow for a timely decision for intervention to prevent fragility fractures
at other sites.

Owing to the current role of DBT in breast screening, the DWT mo-
dality is expected to be widely available, accessible and visible. There-
fore, if the DWT derived BMD analogs presented here are equally
effective as DXA derived BMD based screening, as the results suggest, the
presented DWT approach is expected to be highly translational and
scalable. This is a significant advantage over screening efforts aiming to
use standalone imaging modalities, including the relatively less common
whole body DTS scanners for bone health assessment [30,31]. DWT
based bone assessment is also expected to benefit patients other than
those routinely screened for postmenopausal osteoporosis. For example,
treatment-related bone loss and bone maintenance in breast cancer
survivors are well-known issues in breast cancer [62,63]. Periodic post-
treatment surveillance via mammography is highly recommended by
major institutions including American Society of Clinical Oncology,
European Society of Medical Oncology and National Comprehensive
Cancer Network [64-66]. As such, DWT imaging that is readily available
at the time of surveillance may be efficient for monitoring changes in
bone health associated with cancer and bone therapy.

There are also challenges associated with imaging of hip or spine, or
using other modalities for obese patients due to physical constraints of
the imaging system and also due to inaccurate readings resulting from
excessive soft tissue [67-69]. The DWT approach would utilize a system
that images the wrist while the patient is standing outside of the imaging
modality. In turn, concerns about excessive soft tissue would be reduced,
potentially allowing for a screening process that can be standardized to
include obese patients.

The DWT based approach for bone screening in the mammography
setting is ideally suited for women. The technique may be less beneficial
for men in terms of screening prevalence, if DWT is only as effective as
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Fig. 7. The relationship between pCT and DWT for a) Trabecular bone volume fraction, b) trabecular number, c) trabecular separation, d) degree of anisotropy, and
e) trabecular thickness, as determined from images binarized using local thresholding.
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Table 2

In vivo repeatability (%CVgrms) of DWT derived BMD, cortical thickness and
cancellous bone microstructural metrics. DWT data are reported from images
processed using the global thresholding method.

Variable %CVRrms Descriptive p-value
Old; Young (av =+ sd)

DWT-BMD; /3 N/A N/A N/A
DWT-BMDpiq 0.29 3907.3 + 49.8, 3897.1 + 16.5 0.822
DWT-BMDyp 0.91 3583.2 + 285.9, 3553.4 + 86.7 0.908
iBV/TV 3.14 0.451 + 0.014, 0.545 + 0.033 0.025
BV/TV 1.32 50.2 + 2.0, 51.9 + 3.0 0.484
Tb.Th 2.52 0.781 + 0.032, 0.609 + 0.041 0.017
Tb.N 2.35 0.642 + 0.001, 0.855 + 0.054 0.021
Tb.Sp 1.76 0.740 + 0.010, 0.555 + 0.071 0.043
Conn.Dn 6.02 0.344 £ 0.061, 0.622 + 0.133 0.054
DA 1.57 5.93 + 0.16, 7.06 + 0.58 0.066
LFD 3.34 1.18 + 0.08, 0.66 + 0.08 0.012
3D FD 0.36 2.672 + 0.007, 2.733 + 0.010 0.005
2D FD 0.06 2.770 + 0.044, 2.787 + 0.011 0.691
A 3.36 0.072 + 0.003, 0.077 + 0.019 0.717
Sy 2.12 0.067 + 0.001, 0.072 + 0.001 0.008
C.Th.L 8.8 2.79 + 0.44, 3.29 + 0.23 0.328
C.Th.M 10.2 4.16 + 0.42, 3.17 + 0.57 0.118

N/A: Not available.

DXA-BMD. However, there is technically no difficulty in scanning men
using the DWT modality, and it can be offered as an alternative to men. If
the additional cortical thickness and microstructural metrics increase
the accuracy of fracture risk assessment over BMD alone, DWT could be
of direct benefit to men as well. For this reason, future studies should
consider inclusion of men.

Although the quantitative diagnostic standard has been based on
BMD, DXA images can be used to derive a textural measure called
trabecular bone score (TBS). TBS is a gray-level measure of micro-
structural heterogeneity in tissue organization and considered to
enhance prediction of fracture risk [70-72]. The ISCD’s official position
is that TBS can be used to adjust fracture probability in risk assessment
tools [20]. As such, in identifying microstructural variables that can
enhance fracture risk prediction over BMD alone, examining the extent
to which they fill the same niche as TBS should be considered in future
studies.

Recent peripheral scanning approaches focus on distal tibia in
addition to the forearm [22,23]. It is possible to scan distal tibia in a
DWT modality, however, this would require less comfortable posi-
tioning for the patient, and potential addition of a scan bed into the
exam environment which would affect logistics. If the superiority of
distal tibia over forearm for osteoporosis and fracture risk assessment
becomes well-established, this mode of imaging through a breast scan-
ner, or a modification to scanner geometry could be explored.

In addition to the limitations discussed above, a major limitation of
this study is the small sample. While the sample is considered adequate
for repeatability calculations [44] and demonstration of in vivo appli-
cability, the correlations between DWT and reference modalities,
though promising, must be considered as preliminary. Likewise, sepa-
ration of DWT variables by age must be considered a preliminary
screening of data for consistency with the literature. The p-values for age
comparisons are provided as a guideline in identifying variables of po-
tential utility. Nonetheless, the data are considered useful for descriptive
purposes, future designs and also for highlighting the potential impor-
tance of image processing approaches in the DWT outcomes. In addition,
patient age cannot be equated to osteoporosis status. As such, the next
steps of this research would involve designing an adequately powered
case-control study to establish the ability of DWT to discriminate oste-
oporotic patients from normal controls using DXA T-scores as the
reference.

In summary, this study presents methods for analysis of distal radius
bone using a breast tomosynthesis imaging system to derive parameters
that are interpretable in terms of established metrics for bone density,

Bone 144 (2021) 115804

cortical thickness, and cancellous bone microstructure. These methods
are repeatable and applicable to live humans without difficulty.
Although preliminary in nature due to small sample, the DWT derived
parameters had large correlations with those from reference modalities.
Collectively, these results demonstrate the feasibility of bone health
assessment using a breast tomosynthesis scanner, and support further
development of DWT based criteria that can be used in osteoporosis
screening and fracture risk assessment.
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