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Rationale and Objectives: Bone non-union is a serious complication of distal radius fractures (DRF) that can result in functional
limitations and persistent pain. However, no accepted method has been established to identify patients at risk of developing bone non-
union yet. This study aimed to compare various CT-derived metrics for bone mineral density (BMD) assessment to identify predictive
values for the development of bone non-union.

Materials and Methods: CT images of 192 patients with DRFs who underwent unenhanced dual-energy CT (DECT) of the distal radius
between 03/2016 and 12/2020 were retrospectively identified. Available follow-up imaging and medical health records were evaluated to
determine the occurrence of bone non-union. DECT-based BMD, trabecular Hounsfield unit (HU), cortical HU and cortical thickness ratio
were measured in normalized non-fractured segments of the distal radius.

Results: Patients who developed bone non-union were significantly older (median age 72 years vs. 54 years) and had a significantly
lower DECT-based BMD (median 68.1 mg/cm?® vs. 94.6 mg/cm®, p < 0.001). Other metrics (cortical thickness ratio, cortical HU,
trabecular HU) showed no significant differences. ROC and PR curve analyses confirmed the highest diagnostic accuracy for DECT-
based BMD with an area under the curve (AUC) of 0.83 for the ROC curve and an AUC of 0.46 for the PR curve. In logistic regression
models, DECT-based BMD was the sole metric significantly associated with bone non-union.

Conclusion: DECT-derived metrics can accurately predict bone non-union in patients who sustained DRF. The diagnostic performance

of DECT-based BMD is superior to that of HU-based metrics and cortical thickness ratio.
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INTRODUCTION

istal radius fractures (DRF) are amongst the most
commonly observed fractures, accounting for up to

18% in elderly patients (1). In ageing western
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populations, the rate of DRFs is expected to continue to rise.
DREFs cause substantial healthcare costs. A major risk factor
for complicated DR Fs is osteoporosis (2,3). Bone non-union
is a rare but serious complication of DRF that can lead to
pain and limitations in range of motion, grip strength, and
dexterity. Thus, this medical condition often results in a
considerable personal burden for the patient (4).
Multiplanar CT is the gold standard for preoperative planning
as it adds valuable information about the degree of displacement,
fragmentation and associated intra-articular involvement. By vi-
sualizing the displaced fracture in three dimensions, surgeons tend
to have a better understanding of the fracture geometry and
therefore might optimize the surgical approach (5).
Quantitative CT (QCT) is a precise method for evaluating
the volumetric bone mineral density (BMD) of trabecular
bone. However, it is typically not feasible to apply QCT
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retrospectively because it necessitates an accurately placed in-
scan calibration phantom below the patient. A calibration
phantom is a standardized object mimicking bone compo-
sition which enables to convert HU measurements into ac-
curate BMD measurements (6). To address this constraint,
alternative opportunistic BMD assessment methods, such as
trabecular HU, cortical HU and cortical thickness ratio have
been proposed (7-9). These methods provide only indirect
indications of bone quality without assessing the physical
bone density. As a consequence, HU-based assessments suffer
from several limitations such as overlying tissue distortion,
changes in body composition, scan setting variability and CT
model differences (10,11). Inadequate scan resolution, for
example, can cause a partial volume effect, resulting in un-
derestimation of bone density (12). Variations in the cortical
thickness ratio may complicate the interpretation of the re-
sults. The cortical thickness ratio can be affected by factors
like gender, and exercise (13,14).

The dual-energy CT (DECT) uses a range of X-ray spectra
allowing material differentiation retrospectively. A DECT-based
postprocessing algorithm assesses volumetric BMD BMD via
material decompensation. In comparison to QCT, the utilization
of a phantom during the examination is no longer needed. The
algorithm's feasibility was demonstrated when applied to routine
examinations (15-18). Recent studies have shown that it pro-
vides superior diagnostic accuracy for identifying osteoporosis
compared to HU-based assessment methods (19). In spite of that,
DECT scanners are not widely available due to high acquisition
costs (20). Our goal was to evaluate if opportunistic BMD as-
sessments are reliable alternatives to predict bone non-union.

We hypothesized that the diagnostic accuracy of DECT-
based BMD assessment in predicting bone non-union in
DREF patients is higher than than that of opportunistic BMD
assessments.

MATERIALS AND METHODS

The institutional review board approved this retrospective
study and waived the requirement to obtain written in-
formed consent.

Patient Selection

DECT examinations of radius fractures were retrospectively ac-
quired between 03/2016 and 12/2020 through the internal
picture archiving and communication system (PACS) at the
XXX. The inclusion criteria consisted of DRF patients aged 18
years or older who had undergone a non-contrast DECT of the
radius. The exclusion criteria were severe destruction of the distal
radius, suspected or known malignancy, metallic implants, os-
teomalacia, and the unavailability of patient health records. The
final study population consisted of 192 patients in total (Fig 1).

Image Protocol

To conduct CT examinations of the radius, a third-genera-
tion dual-source CT device (SOMATOM Force; Siemens

Healthineers) was employed in dual-energy mode. The X-
ray tubes were operated at different kilovolt (kV) settings
(tube 1: 90 kVp, 180 mAs, tube 2: Sn150 kVp 8 [0.64 mm
tin filter], 180 mAs). Image series were acquired in a cra-
niocaudal direction. Patients were lying face down with their
arm extended over the head. The forearm and wrist were
kept in a natural position. No contrast agent was adminis-
tered during the examinations. The system utilized automatic
tube current modulation (CARE dose 4D; Siemens

Healthineers).

Image Reconstruction

During each CT examination, three sets of images were
acquired: one at 90 kVp, another at Sn150 kVp, and a
weighted average set with a ratio of 0.5:0.5. Axial, coronal,
and sagittal image series were reconstructed with a specia-
lized dual-energy bone kernel (Br69f), following institutional
guidelines. The thickness of the image slices was 1 mm with
an increment of 0.75mm. Subsequently, all image series
were transferred to the PACS (General Electric Company).

Image Interpretation

Two radiologists with 14 and six years of experience in
musculoskeletal imaging independently carried out HU-
based bone density assessments and cortical thickness ratio
using preoperative CT images of the DRF. Furthermore,
they independently assessed all obtained CT images using the
AO Foundation's and Orthopaedic Trauma Association's
(AO/OTA) classification system for radius fractures (21).
Both radiologists were blinded to clinical symptoms and
injury mechanisms. In cases where there were divergent
assessments, a third radiologist with 10 years of experience in
musculoskeletal imaging was consulted. The majority deci-
sion was reported. Surgical reports, electronic patient files
and patient radiographs were evaluated for the occurrence of
bone non-union. Bone non-union was defined as the pre-
sence of a fracture persisting for at least nine months without
signs of healing for three months, as observed in CT scans.

Phantomless BMD Assessment

Volumetric BMD assessment was carried out manually by a
single board-certified radiologist with seven years of ex-
perience in musculoskeletal imaging. The delineation of the
three-dimensional region of interest (ROI) of the non-
fractured segments of the DRF was performed as previously
reported (22). Both DECT 1mage series were used as input
for phantomless volumetric BMD evaluation with dedicated
software (BMD Analysis, Fraunhofer IGD, Germany). This
software uses a material decomposition algorithm which can
differentiate the five components of the trabecular bone—
water, calcium hydroxyapatite, collagen matrix, red marrow,
and adipose tissue for each voxel which has been introduced
by Nickoloff et al. (16,19).
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Inclusion Criteria:
Patients age > 18 who had a
non-contrast 3rd Gen DECT of
the radius from March 2016 to
September 2020
n =205

Exclusion Criterion 1:
»( Severe destruction of the
distal radius

Exclusion Criterion 2:
» Suspected or known
malignancy

Exclusion Criterion 3:
Metallic implants

Exclusion Criterion 4:
Osteomalacia

Exclusion Criterion 5:
Unavailable health records

Final Study Population:

n=192

Figure 1. Flow Chart of patient inclusion and exclusion criteria, standards of reporting. 205 patients included, 13 patients excluded, final
study population n=192.
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Cortical HU, Trabecular HU and Cortical Thickness
Ratio

The trabecular HU measurement was based on a HU mea-
surement using the same ROI as for the BMD assessment.
The cortical HU was assessed by measuring the HU between
the periosteal cortical borders. The cortical thickness ratio
was performed as proposed by Rausch et al. (8).

Statistical Analysis

Statistical Analysis was performed with MedCalc (Windows
Version 20.1, MedCalc) and R (Windows Version 4.2.2, The R
Foundation). To test for normal distribution, the Kolmogorov—
Smimov test was used. Differences in baseline characteristics
were evaluated using unpaired t-tests and Mann—Whitney test for
continuous variables and Fisher’s exact test for categorical values.
Data were presented as median with interquartile range in par-
entheses for age, biological sex, BMD, trabecular HU, cortical
HU, cortical thickness ratio. A comparative analysis of the per-
formance of the different metrics in predicting bone-union was
performed by ROC curves and PR curves. Pairwise comparison
of ROC curves was performed using the DelLong method.
Regression analysis was performed using a logistic regression
model adjusted for age and female sex to obtain the association of
each bone density measurement method (BMD, cortical HU,
trabecular HU and cortical thickness ratio) with bone non-
union. A p-value < 0.05 was regarded as statistically significant.

RESULTS
Patient Characteristics

A total of 205 patients were considered for study inclusion. 13
patients were excluded due to severe destruction of the distal
radius, suspected or known malignancy, metallic implants, os-
teomalacia, and the unavailability of patient health records. Thus,
the study population comprised 192 patients (median age 55
years [IQR 43—67 years]; 108 females, 84 males) (Fig 1). Of the
192 DREF patients in our study 20 developed bone non-union.
The control group consisted of 172 DRF patients with bone

union. Patients who developed bone non-union were sig-
nificantly older (median age 72 years [IQR 51-74 years]) than
those in the control group (median age 54 years [IQR 40-64
years]) (Table 1, Fig 2). There was no significant difference in
fracture severity between the bone non-union patient group and
the control group (p =0.9). C fracture was the most common
fracture type for the bone non-union group (75% of all fractures
in this group) and for the bone union group (74% of all fractures
in this group) (Table 1). DECT-based BMD was significantly
lower for patients who developed bone non-union (median
BMD 68.1 mg/cm’ [IQR 62.1-79.5 mg/cm’]) than for those
who did not (median BMD 94.6mg/cm’ [IQR,
79.2-110.1 mg/cm’)), p < 0.001. In addition, trabecular HU
and cortical HU were not significantly lower for the bone non-
union patient group (median trabecular HU, 19.1 HU [IQR
—35.5-53.4 HU]J; median cortical HU, 15825 HU [IQR
1278.8-1769.3 HU)) than in the control group (median trabe-
cular HU 36.5 HU [IQR —18-89 HUJ; cortical HU 1710 HU
[IQR 1573.5-1842 HU]), p > 0.05. The cortical thickness ratio
was slightly lower for patients who sustained bone non-union
(median cortical thickness ratio 1.33 [IQR 1.28-1.42]) than for
those in the control group (1.37 [IQR 1.29-1.45]), p > 0.05
(Table 1, Fig 3).

Logistic Regression Analysis

After adjusting for age and sex, increased DECT-based BMD
was significantly associated with lower odds of bone non-
union (odds ratio BMD, 0.93 [95% CI: 0.89-0.96],
p < 0.001). Logistic regression models did not yield sig-
nificant results for any of the other bone density assessment
methods (odds ratio for trabecular HU, 0.99 [95% CI:
0.99-1.01] p = 0.12, odds ratio for cortical HU, 0.99 [95%
CI: 0.99-1] p=0.37; odds ratio for cortical thickness ratio,
0.2 [95% CI: 0.001-9.67] p = 0.46) (Table 2).

Comparative Analysis of Measurement Methods via
ROC Curves and PR Curves

An optimal DECT-based BMD cut-off value (Youden Index) of
78.1 mg/cm’ yielded the highest sensitivity (75%) and specificity

TABLE 1. Patient Characteristics Stratified by the Presence or Absence of Bone Union After DRF

Variables Total DRF (n=192) Bone Union (n=172) Bone Non-union (n = 20) P-Value
Age (years) 55 (43, 67) 54 (40, 64) 72 (51, 74) < 0.001
Male (n) 75 (39%) 69 (40%) 6 (30%)

Female (n) 117 (61%) 103 (60%) 14 (70%) 0.53
BMD (mg/cm®) 91.15 (77.975 -108.2) 94.6 (79.2, - 110.1) 68.1 (62.1 - 79.48) < 0.001
Trabecular HU 31 (-19.5 - 84.75) 36.5 (-18 - 89) 19.1 (-35.5 - 53.25) 0.14
Cortical HU 1688 (1531.5 - 1837) 1710 (1573.5 - 1842) 1582.5 (1278.75 - 1769.25) 0.06
Cortical thickness ratio 1.36 (1.29 - 1.45) 1.37 (1.29 - 1.45) 1.33 (1.29 - 1.45) 0.41
A Fracture (n) 24 24 2 0.9
B Fracture (n) 28 27 3

C Fracture (n) 146 127 15

Note: Bone density assessments are expressed as median with interquartile range in parenthesis. BMD, bone mineral density; DRF, distal

radius fracture; HU, Hounsfield Unit; n, number.
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Figure 2. Scatter plot showing volumetric bone mineral density values with and without bone union plotted by age in years of the total study
population (n =192). Dark gray area marks 95% confidence interval. BMD, bone mineral density.

(78%) for detecting bone non-union. All other metrics had lower
sensitivity and specificity (trabecular HU: cut-off value of 26
HU, sensitivity of 70% and specificity of 54%; cortical HU: cut-
off value of 1473 HU, sensitivity of 45%, specificity of 84%,
cortical thickness cut-off value of 1.32, sensitivity of 50% and
specificity of 64% (Fig 4).

A pairwise analysis of the ROC curves revealed that the AUC
of DECT-based BMD was significantly higher than the AUC of
the other metrics (AUC of DECT-based BMD, 0.83 [95% CI:
73.5-93.1]; AUC of trabecular HU, 0.6 [95% CI 0.48-0.73];
AUC of cortical HU, 0.63 [95% CI 0.49-0.77]; AUC of cortical
thickness ratio, 0.56 [95% CI 0.42-0.69] (Fig. 4-5).

PR analysis confirmed a higher AUC of DECT-based BMD
analysis compared to the other metrics (AUC of DECT-based
BMD: 0.46, AUC of cortical HU: 0.16, AUC of trabecular HU:
0.14, AUC of cortical thickness ratio: 0.12) (Fig 6).

DISCUSSION

Low BMD is a major risk factor for surgical complications in
patients with DRF such as the development of bone non-union
(23). The predictive value of DECT-based volumetric BMD

assessment for bone non-union in DRF patients has already been
demonstrated (22). However, dual-energy CT scanners are not
widely available. Therefore, only specialized clinics currently
have access to this technique (20). In this retrospective analysis,
we compared DECT-based volumetric BMD assessment
to various CT-derived metrics obtainable from standard CT
devices for their value in predicting bone non-union in patients
with DRFs. Our findings show that DECT-based BMD analysis
outperforms HU-based metrics and cortical thickness ratio in
predicting bone non-union. Unlike the other measurement
techniques, only DECT-based BMD assessment yielded a sta-
tistically significant prediction model for bone non-union
(p < 0.05). We adjusted the logistic regression model for age and
sex. After adjustment for these covariables increased DECT-
based BMD was the sole significant prediction model.

There are several explanations for these findings. Cortical
thickness ratio is subject to variability between individuals
due to anatomical variations and differences in bone re-
modeling (24). Furthermore, cortical thickness ratio relies on
a simplified, two-dimensional measurement for three-di-
mensional bone structures. Prior studies have demonstrated
that a high proportion of bone marrow and alterations in
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Figure 3. Box plots showing the distribution of values of the different bone density measurement methods with and without bone union.
BMD, bone mineral density, HU, Hounsfield Unit.

TABLE 2. Logistic Regression Analysis for the Occurrence of Bone Non-union in DRF

Parameter Coefficient (p) Odds Ratio P-value n
BMD -0.077 0.926 < 0001 192
Age 50-64 -0.061 0.94 0.049 66
Age 65-79 -0.159 0.853 0.003 40
Age >80 -0.099 0.906 0.676 13
Female -0.074 0.929 0.003 117
Cortical HU -0.001 0.999 0.11 192
Age 50-64 -0.003 0.997 0.029 66
Age 65-79 0 1 0.692 40
Age >80 0.001 1.001 0.803 13
Female -0.001 0.999 0.062 117
Trabecular HU -0.006 0.994 0.118 192
Age 50-64 -0.002 0.998 0.772 66
Age 65-79 -0.003 0.997 0.547 40
Age >80 0.001 1.001 0.939 13
Female -0.005 0.995 0.329 117
Cortical thickness ratio -1.569 0.208 0.456 192
Age 50-64 1.315 3.726 0.706 66
Age 65-79 -4.422 0.012 0.251 40
Age >80 1.969 7.164 0.856 13
Female -3.356 0.035 0.211 117

BMD, bone mineral density; HU, Hounsfield Unit.
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Figure 4. Comparative analysis of the performance of the different bone density measurements in predicting bone-union performed by

ROC curves. BMD, bone mineral density; HU, Hounsfield Unit.

body composition are potential sources of inaccuracies for
HU-based bone measurement methods. A partial volume
effect occurs when bone and the surrounding tissues are
included in one voxel which leads to underestimation of
BMD (11,25-27).

While the conventional CT does not allow material dif-
ferentiation, DECT has overcome this limitation. The
DECT-based post-processing algorithm enables a three-di-
mensional material decompensation which adds value in
tissue analysis. This algorithm can distinguish compartments
of fat, lean, and bone mass accurately with 3D acquisition
and analysis (16). Prior research has demonstrated that ma-
terial decomposition enhances the calculated volumetric
BMD in vertebrae by eliminating fat errors (11).

Since the scans in our study were acquired immediately fol-
lowing trauma and prior to treatment initiation the derived
BMD data could be integrated into clinical decision-making.
DECT examinations contain a high prognostic value for bone

non-union risk stratification. The determination of an optimal
DECT-based BMD cut-off value of 78.1 mg/cm’ with corre-
sponding sensitivity of 75% and specificity of 78% adds practical
clinical relevance. This cut-off value can guide clinicians in
identifying patients at risk for bone non-union.

Given that lower rates of bone union have been reported
following internal fixation conservative management could
be avoided for patients at risk for bone non-union (28).
Furthermore, identifying patients at risk of bone non-union
could lead to closer monitoring of fracture healing and close-
meshed follow-up controls. Bone non-union often necessi-
tates complex surgical management like bone grafting (29).

Despite these promising findings, several limitations have
to be considered. First, approximately 12% of the patients
were excluded according to the exclusion criteria, which
might introduce a selection bias. Second, all patients
were treated at a single hospital, which may limit the
generalizability of the findings. Third, a third-generation
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dual-source CT device might not be available in all health-
care settings limiting the immediate applicability of the
study's findings. Fourth, the algorithm used in this work
might not be accessible across different hospital systems.
Fifth, different acquisition protocols may lead to variations in
BMD measurements potentially impacting the accuracy of
bone non-union predictions (30). In our study, we used a
fixed DECT acquisition protocol to ensure reliable and
consistent BMD measurements and thereby improving the
accuracy of bone non-union predictions. Sixth, we ac-
knowledge that the AUC values of the PR curve analysis
were lower than the AUC values of the ROC curve analysis
which might be explained by the imbalanced dataset in our
study. However, PR analysis confirmed a higher AUC of
DECT-based BMD analysis compared to the other metrics.

As DXA is the current standard method for assessing
BMD, future research should compare its performance with
that of DECT-based BMD assessment in predicting non-
union for DRF (31).

In conclusion, DECT-based BMD showed significantly
better diagnostic performance in predicting bone non-union
than HU-based metrics and cortical thickness ratio. DECT-
based BMD could provide a valuable tool for risk stratifi-
cation for the occurrence of bone non-union in DRF pa-
tients.
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