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Abstract 
Volumetric bone mineral density (vBMD) is commonly assessed using QCT. Although standard vBMD calculation methods require phantom 
rods that may not be available, internal-reference phantomless (IPL) and direct measurements of Hounsfield units (HU) can be used to calculate 
vBMD in their absence. Yet, neither approach has been systemically assessed across skeletal sites, and HU need further validation as a vBMD 
proxy. This study evaluated the accuracy of phantomless methods, including IPL and regression-based phantomless (RPL) calibration using HU 
to calculate vBMD, compared to phantom-based (PB) methods. vBMD from QCT scans of 100 male post-mortem human subjects (PMHS) 
was calculated using site-specific PB calibration at multiple skeletal sites throughout the body. A development sample of 50/100 PMHS was 
used to determine site-specific reference material density for IPL calibration and RPL equations. Reference densities and equations from the 
development sample were used to calculate IPL and RPL vBMD on the remaining 50/100 PMHS for method validation. PB and IPL/RPL vBMD 
were not significantly different (p > .05). Univariate regressions between PB and IPL/RPL vBMD were universally significant (p < 0.05), except 
for IPL Rad-30 (p = 0.078), with a percent difference across all sites of 6.97% ± 5.95% and 5.22% ± 4.59% between PB and IPL/RPL vBMD, 
respectively. As vBMD increased, there were weaker relationships and larger differences between PB vBMD and IPL/RPL vBMD. IPL and RPL 
vBMD had strong relationships with PB vBMD across sites (R2 = 97.99, R2 = 99.17%, respectively), but larger residual differences were found 
for IPL vBMD. As the accuracy of IPL/RPL vBMD varied between sites, phantomless methods should be site-specific to provide values more 
comparable to PB vBMD. Overall, this study suggests that RPL calibration may better represent PB vBMD compared to IPL calibration, increases 
the utility of opportunistic QCT, and provides insight into bone quality and fracture risk. 

Keywords: vBMD, phantomless calibration, QCT, bone quality, internal reference calibration, regression-based calibration 

Lay Summary 
Quantitative computed tomography (QCT) provides assessments of bone quality using measurements of volumetric bone mineral density 
(vBMD). Specialized accessories to calculate vBMD (ie, phantom rods) are not always available, so phantomless methods using reference 
materials within the scan are often utilized. The current study calculated vBMD from 100 males across multiple bones in the body using 2 
different methods that do not rely on phantom rods. A development sample of 50 males was used to create internal-reference phantomless 
(IPL) and regression-based phantomless (RPL) calibration methods, and the remaining 50 were used to validate each method. Both IPL and RPL 
calibration performed well in comparison to the standard phantom-based approach, but differences in IPL vBMD were larger. These findings 
indicate that site-specific phantomless methods are trustworthy, but RPL methods may provide better estimates of BMD than IPL methods, 
especially at denser skeletal sites.
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Graphical Abstract 

Introduction 
Osteoporosis is a global health concern that imparts a 
heavy societal and economic burden.1,2 Mortality rates of 
osteoporotic-related fractures in the pelvis, hip, spine, thorax, 
and humerus have been reported at 27.3% after 36 mo.3 

Additionally, patients with osteoporotic-related fractures have 
increased rates of fracture recurrence in the years following 
their initial injury.3,4 As these may further increase patient 
mortality, efforts to standardize alternative methods that 
identify declining bone quality may drastically reduce the 
overall impact of osteoporosis5 and improve the health-
related quality of life for patients. 

Current clinical assessments of bone quality and fracture 
risk are primarily conducted using DXA to assess areal bone 
mineral density (aBMD) at standard locations in the lumbar 
spine, hip, and distal radius.6 Despite being the clinical stan-
dard, the 2D assessment of aBMD is subject to errors from 
superimposed hyperdense tissue, which can misrepresent frac-
ture risk.7-9 Alternatively, QCT can capture volumetric BMD 
(vBMD)10,11 and may more accurately represent bone quality 
than aBMD.12,13 QCT has been used to identify complex 

inter- and intra-element variation12,14-16 and allows for dis-
crimination between cortical and trabecular envelopes.17 The 
standard method to calculate vBMD involves the calibration 
of Hounsfield units (HU) to reference materials of known 
density, or phantom rods, included in the scan.18 However, 
phantom rods are not always available in clinical CT scans, 
given that the original indication is not often fracture risk 
assessment. As CT utilization in the medical field increases by 
almost 8% annually,19 methods that quantify vBMD without 
the need for phantom rods may provide additional value to 
clinical assessments of bone quality. 

Methods to calculate vBMD without phantom rods often 
employ internal-reference phantomless (IPL) calibration 
utilizing reference values such as air, fat, muscle, and aortic 
blood. Although these methods can facilitate retrospective 
analyses of vBMD, they have been explored primarily in the 
lumbar spine,20-22 pelvis,23 and femur.22,24 Unfortunately, 
inconsistencies in specific reference materials and their 
equivalent densities (EqDen) for IPL calibration have been 
reported across studies.21,23-25 Regardless of the relationship 
between HU and material radiodensity within a scan,26
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using different internal reference materials has been shown 
to alter the accuracy of IPL compared to phantom-based 
(PB) vBMD.27 Furthermore, incorporating reference materials 
outside of the body (ie, air) with in vivo reference materials 
(ie, fat, aortic blood, or muscle) has demonstrated less error 
compared to IPL calibrations that only used in vivo reference 
materials.24,27,28 However, this has only been explored within 
the lumbar spine27 and does not account for the influence 
of differential relative X-ray attenuation29,30 or significant 
differences in EqDen values throughout the body.31 As these 
influences may introduce error in phantomless calibration 
curves to quantify vBMD and resulting assumptions of 
fracture risk, additional research is required to determine 
the accuracy of IPL HU calibration across skeletal sites. 

In contrast to IPL methods, opportunistic CT32 is another 
retrospective phantomless (PL) methodology that utilizes 
skeletal HU values as a metric of bone quality.33 Previous 
research has investigated the use of skeletal HU as a proxy for 
DXA-derived BMD.33-35 However, BMD measured between 
DXA and QCT may not be comparable12,36 and may not be 
appropriate for the development of PL methods. In addition, 
HU measured from QCT are subject to the influence of 
CT acquisition parameters such as kVp,37 different scanner 
manufacturers,38 and relative tissue thickness39 that varies 
throughout the body. Although prior research has used HU 
(eg, air, bone, muscle, fat, blood) in a multiple regression 
technique to calculate vBMD,20,40 further research is needed 
to explore the appropriateness of using primarily skeletal HU 
as a proxy measure of QCT vBMD across multiple skeletal 
sites and tissue types. 

Quantitative assessments of vBMD using QCT demonstrate 
promising practical and clinical utility that may improve the 
accuracy and sensitivity of identifying populations at risk of 
fracture. However, vBMD varies throughout the body and 
by tissue type (ie, trabecular and cortical bone),12 suggesting 
these methods likely require site-specific approaches.41 His-
torically, PL methods used to calculate vBMD have primarily 
been limited to the lumbar spine, pelvis, and femur, and using 
HU as a direct measure of BMD has also not been explored 
within the context of QCT across the skeleton. Therefore, 
the purpose of this study was to evaluate the accuracy of 
PL vBMD calculation methods, including site-specific IPL 
and regression-based phantomless (RPL) calibration methods, 
against PB methods at varying skeletal sites and tissue types. 

Materials and methods 
Sample and data collection 
One-hundred male post-mortem human subjects (PMHS) 
ranging in age from 24 to 102 yr and without skeletal 
pathology were utilized for this study (Table 1). The sample 
was randomly divided into a method development (n = 50) 
and method validation (n = 50) sample while maintaining 
similar age distributions (2 sample t-test, p>.05). Whole 
body QCT scans of each PMHS were conducted shortly 
after death on either a 384-slice Siemens Somatom Force 
with a spatial resolution of 0.24 mm or a 128-slice Siemens 
Somatom Definition Edge with a spatial resolution of 0.3 mm 
(CV:1.92%, LSC: 5.32%). Acquisition parameters of 120 
kVp (tin filter) and a 250-reference mA were used with an 
abdomen protocol and a collection diameter of 500 mm onto 
a 512 × 512 matrix. Each scan included INTable phantom 
rods of known densities (0–150 mg/cm3) that were used to  
generate site-specific HU to vBMD calibration curves. 

Volumes of interest (VOIs) were obtained using blunt seg-
mentation in OsiriX MD imaging software (v.12.0.02) from 
multiple skeletal locations throughout the body, including the 
left humerus, radius, femoral neck, midshaft femur, tibia, and 
calcaneus, as well as the second to fourth lumbar vertebrae 
(Figure 1). Each VOI included 5 axial slices (0.6 mm slice 
thickness for an in-plane volume of 3 mm of bone) except for 
those obtained from the femoral neck, which was segmented 
into 3 coronal slices (1.3 mm slice thickness for an in-plane 
volume of 3.9 mm of bone) for accurate visualization of 
the anatomy. Multiple sites along the diaphysis of the radius 
and tibia were analyzed to account for varying skeletal com-
position and soft tissue thickness (Figure 1). Consistent HU 
thresholds were applied to each VOI to analyze only bone 
voxels for separate measures of trabecular (Tb) (150–660 
HU), cortical (Ct) (661–3000 HU), and total vBMD (150– 
3000 HU) (Table 2).30,42,43 

To determine the necessity of site-specific PB calibration 
when calculating vBMD, an initial investigation was per-
formed on n = 50 PMHS, which were randomly selected from 
the whole sample. Two approaches were used: (1) site-specific 
PB calibration and (2) general PB calibration where HU from 
the phantom rods were obtained from the location of the L3 
VOI and used to calculate vBMD for a subset of VOIs (Hum-
50, Rad-50, L2 and L4, all Fem-N VOIs, and Tib-50). These 
sites were selected to include extremities that may represent 
regions of differential X-ray attenuation (Hum, Rad, and Tib-
50) as well as VOIs where skeletal HU was obtained from 
the coronal plane (Fem-N). It was hypothesized that differ-
ences between vBMD calculated from site-specific phantom 
calibration curves (SS-Cal) and general phantom calibration 
curves (Gen-Cal) would be larger the farther the anatomical 
VOI was from the location of L3. Paired t-tests were used to 
assess differences in mean vBMD between SS-Cal and Gen-
Cal methods and demonstrated significant differences at sites 
farther away from the location of L3 (p<0.05) (Table SS1). 
As expected, VOIs in the same region as L3 used for the 
Gen-Cal (Rad, L2, L4) yielded similar vBMD (p>0.39). This 
exploration suggested that X-ray attenuation from the indi-
vidual differentially affected vBMD calculations supporting 
the necessity of site-specific calibration curves to reduce error 
in vBMD calculations. Therefore, PB vBMD from the whole 
sample for this study utilized site-specific calibration curves to 
calculate vBMD at each VOI. Additionally, the concept of site-
specificity was applied for both PL vBMD calibration methods 
tested here. 

PL calibration and statistical analyses 
Calculations of site-specific vBMD were conducted using a 
custom MATLAB (MathWorks v.9.11.0) code. All statisti-
cal analyses were performed in MiniTab statistical software 
(v.21.3.1) with an a priori alpha level of p<0.05. Prior to anal-
yses, phantom rod HU values, when scanned independently, 
were compared to assess any baseline differences between the 
two scanners used in this study. Two sample t-tests between 
each phantom rod demonstrated that the Somatom Force 
scanner had significantly higher HU values than the Somatom 
Definition Edge (p<0.001). As a result, scanner type was 
accounted for in all analyses. 

The IPL calibration method was performed on the develop-
ment sample. Reference HU values from air, fat, and muscle 
were obtained from regions surrounding each skeletal site 
using typical HU thresholds for fat (−190 to −30 HU) and 
muscle (−29 to 149 HU).30,44 Generating a PL calibration

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae106#supplementary-data
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Table 1. Sample demographics and CT scanner frequency. 

Variable Whole sample 
Mean ± SD 
n = 100 

Development sample 
Mean ± SD 
n = 50  

Validation sample 
Mean ± SD 
n = 50  

Age (yr) 62.57 ± 13.04 62.12 ± 12.92 63.02 ± 13.27 
Height (cm) 176.60 ± 6.75 175.48 ± 6.93 177.72 ± 6.44 
Weight (kg) 74.04 ± 10.64 73.95 ± 10.19 74.13 ± 11.18 
Somatom Force (n) 76 40 36 
Somatom Definition Edge (n) 24 10 14 

Figure 1. Locations of skeletal VOI collection and exemplar cross-sections of ROIs from each skeletal site of interest. 

Table 2. Skeletal volumes of interest and tissue types. 

Skeletal element Site(s)a Abbreviation(s) Skeletal tissue type(s) 

Humerus 50% Hum-50 Ct 
Radius 4% Rad-4 Tb, Total 
Radius 30%, 50% Rad-30, Rad-50 Ct 
2nd-4th Lumbar Spine Mid L2, L3, L4 Tb, Total 
Femoral Neck Mid Fem-N Tb, Total, Ct (Inf, Sup) 
Femur 50% Fem-50 Ct 
Tibia 4% Tib-4 Tb, Total 
Tibia 38%, 50%, 66% Tib-38, Tib-50, Tib-66 Ct 
Calcaneus Mid Calc Tb, Total 

aSites obtained within the axial plane are defined as either a percentage of total length relative to the distal end or from the axial midpoint (mid) (50%) 
of the skeletal element. The femoral neck site was defined at the coronal midpoint (mid) (50%) of the skeletal element. Abbreviations: Ct, cortical bone; 
Tb, trabecular bone; Inf, inferior cortex; Sup, superior cortex. 

curve from these internal references requires known EqDen of 
each respective reference medium. As there are no consistently 
reported ground-truth densities of air, fat, or muscle, HU from 
respective reference VOIs of the method development sample 
at each skeletal site were converted to an equivalent vBMD 
using PB calibration curves. The site-specific equivalent den-
sity (EqDen) of air, fat, and muscle was averaged across the 
development sample of 50 PMHS specific to each scanner 
( Table 3). Using an approach similar to PB calibration, the 
HU values of air, fat, and muscle were plotted against their 
calculated EqDen to create a PL calibration equation for 

each PMHS at every skeletal site (Figure 2). The resulting 
regression equations were used to calculate vBMD from the 
mean HU of each skeletal VOI in the validation sample. 

RPL calibration method was performed on the develop-
ment sample and used a backwards-elimination stepwise mul-
tiple regression approach. In each regression, site-specific HU 
was included with additional variables of PMHS weight (kg), 
height (cm), and age (yr), which were used to refine the model 
at each iteration. To account for variability in the quality of the 
CT X-ray tube, scanner type (Somatom Force or Definition 
Edge) was included as a categorical variable. At each step, the
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Figure 2. Exemplar phantom-based (PB) and internal-reference phantomless (IPL) HU calibration curves from L2 VOI. 

non-significant variable (p>0.05) with the least contribution 
to the model was removed. This process was repeated until 
all non-significant variables were either removed or if skeletal 
HU and scanner type were the only predictors remaining. HU 
data for site-specific regressions are independent of HU from 
other skeletal sites. The resulting RPL regression equations 
from the development sample were used to calculate vBMD in 
the validation sample to evaluate the accuracy of this method 
across multiple skeletal sites and tissue types. 

Kruskal–Wallis (KW) tests evaluated differences in EqDen 
values of air, fat, and muscle between scanners in the devel-
opment sample to isolate their potential influences on calcu-
lations of IPL vBMD. To assess the ability of IPL and RPL 
methods to predict PB vBMD at each skeletal site (with respect 
to tissue type), univariate regressions were used to compare PL 
and PB vBMD in the validation sample. Additionally, paired 
t-tests were used to assess differences in mean vBMD values 
between PL and PB. To evaluate the accuracy of these methods 
across the HU scale (low to high HU), IPL and RPL methods 
were compared to PB vBMD at all sites using univariate 
regressions. To assess differences between the spread of IPL 
and RPL vBMD, method-specific residuals were evaluated 
using Bonett tests of two variances. 

Results 
Development vs validation sub-samples 
All skeletal HU data were normally distributed (Kolmogorov– 
Smirnov, p>0.05). No significant differences were observed 
for PB vBMD at any site between the development and 
validation samples (two sample t-test, p>0.05). 

IPL calibration 
Site- and scanner-specific EqDen values from the method 
development sample (Table 3) were used for IPL vBMD 

calculations of the method validation sample. When assessing 
EqDen values of air, fat, and muscle between the two scanners, 
significant differences were observed across all reference 
materials (p<0.05) but not across all skeletal sites. As a result, 
site- and scanner-specific EqDens were used for all reference 
materials in the IPL calibration curve. 

Using site- and scanner-specific EqDen values, IPL vBMD 
was calculated for each skeletal VOI in the validation sample 
and compared to PB vBMD. No significant differences were 
observed between IPL and PB vBMD at any skeletal site 
(paired t-test, p>0.05) (Table 4) (Figure SS1). Similarly, IPL 
vBMD significantly predicted PB vBMD at all sites (linear 
regression, p<0.05), except for Rad-30 (p=0.078), with the 
strongest and weakest relationships observed at the Calc Total 
(R2 = 67.90%) and Tib-38 (R2 = 8.59%) sites, respectively 
(Table 4) (Figure SS1). Overall, IPL vBMD had an average per-
cent difference of 6.97 ± 5.95% and an absolute magnitude 
difference of 38.84 ± 43.96 (mg/cm3) from PB vBMD.  

RPL calibration 
RPL phantomless regressions generated for each skeletal site 
by tissue type in the development sample are reported in 
Table 5. All final RPL regression models significantly pre-
dicted PB vBMD (p<0.05). For some sites in the extremities 
(ie, tibia and calcaneus), following the process of backwards-
elimination, final regression equations included only HU and 
scanner type to predict PB vBMD. In contrast, sites closer to 
the trunk of the body incorporated HU, weight, height (except 
for Hum-50), and scanner type as significant predictors in 
the model. None of the final regression equations included 
age as a significant predictor in the model. Generally, higher 
R2 values were observed in models specific to Tb and Total 
compared to Ct bone tissue-types. Overall, the development 
of RPL calibration equations revealed the strongest prediction 
of PB vBMD in the Fem-N Tb site (R2 

Adj = 85.12%), while the

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae106#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae106#supplementary-data
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weakest prediction was observed at Tib-50 (R2 
Adj = 26.00%) 

( Table 5). Supplemental RPL regressions were conducted and 
included only skeletal HU and scanner type (Table SS2). These 
analyses demonstrate similar but slightly weaker relationships 
than the regressions in Table 5 and represent the isolated 
relationship between HU and vBMD for sites (Table 5). 

The RPL regression equations established from the devel-
opment sample were used to calculate RPL vBMD for each 
VOI and tissue type in the validation sample (n = 50). When 
comparing RPL and PB vBMD, no significant differences were 
observed between the two methods (p>0.05). RPL vBMD had 
an average percent and an absolute magnitude difference of 
5.22 ± 4.59% and 27.67 ± 30.46 (mg/cm3), respectively. All 
relationships between RPL vBMD and PB vBMD were sta-
tistically significant (linear regression, p<0.05). The strongest 
relationship between RPL and PB methods was observed in 
Fem-N Total vBMD (R2 = 81.47%), while the weakest was 
Tib-38 (R2 = 12.14%) (Figure SS2). Similar to the develop-
ment sample, higher R2 values were generally observed for 
Tb and Total bone compared to Ct bone (Table 6). 

PL vs PB method comparisons 
Within the validation sample, site-specific vBMD of all 
VOIs from both IPL and RPL methods were compared 
to PB vBMD to discern overall differences between each 
PL method across all skeletal tissue types. Both IPL and 
RPL vBMD demonstrated a strong significant relationship 
with PB vBMD (R2 = 97.99%, p<0.001 and R2 = 99.17%, 
p<0.001, respectively) (Figure 3). Bonnet tests demonstrated 
significantly different variances of residuals in the IPL and 
the RPL vBMD (p<0.001) with the distribution of these 
residuals being greater in the IPL method. Bland Altman 
plots demonstrated that 7.00% and 6.17% of the PL and 
PB comparisons were beyond the levels of agreement for 
IPL and RPL vBMD, respectively (Figure 4). The distribution 
of residual differences increased with increasing densities of 
vBMD (ie, cortical bone) and demonstrated no consistent 
over/under prediction of PB vBMD (Figure 4). 

Discussion 
To evaluate the universal applicability of PL methods, this 
study utilized multiple skeletal sites and methodologies (IPL 
and RPL) for calculating vBMD. Site-specific IPL vBMD 
calibration within this study included both air and in vivo 
reference materials (ie, fat and muscle) to minimize potential 
differential influences across the body. Similarly, site-specific 
RPL vBMD calibration was also conducted to improve the 
application of this method across the body and between indi-
viduals by utilizing subject-specific factors that may account 
for differential X-ray attenuation. As previous methods of PL 
vBMD calibration have not explored these approaches across 
multiple skeletal sites and tissue types, this study offers a 
unique perspective for more standardized and applicable PL 
assessments of vBMD. 

Results from this study demonstrated that both IPL and 
RPL vBMD calibration produced measurements of trabecular, 
total, and cortical vBMD that were strongly related to PB 
vBMD. Previous research using IPL calibration techniques 
found strong relationships between PB and IPL vBMD in 
the lumbar spine,20-22 pelvis,23 and the femur22,24 but did 
not investigate RPL methods on the same samples for direct 
comparison of the performance of PL methods. In this study,

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae106#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae106#supplementary-data
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Table 4. Internal-reference phantomless assessment (validation sample). 

Skeletal sites Paired t-test Univariate regression 

PB vBMD (mg/cm3) 
Mean ± SD 

IPL vBMD (mg/cm3) 
Mean ± SD 

Percent 
difference (%) 

p-value R2 (%) p-value 

Hum-50 1142.52 ± 89.82 1130.64 ± 86.35 6.01 ± 4.67 0.340 26.05 <0.001 
Rad-50 1112.09 ± 87.43 1128.12 ± 99.85 7.76 ± 6.33 0.315 8.63 0.038 
Rad-30 1105.06 ± 63.93 1106.00 ± 88.80 6.37 ± 5.79 0.945 6.31 0.078 
Rad-4 Tb 240.98 ± 37.68 237.72 ± 41.59 8.05 ± 7.52 0.397 59.89 <0.001 
Rad-4 Total 305.04 ± 38.32 301.53 ± 45.41 7.34 ± 7.14 0.438 52.54 <0.001 
L2 Tb 220.91 ± 34.59 220.09 ± 35.57 9.07 ± 6.99 0.820 54.33 <0.001 
L2 Total 296.36 ± 38.33 294.15 ± 42.88 7.96 ± 6.15 0.614 51.38 <0.001 
L3 Tb 221.47 ± 30.13 226.11 ± 26.55 8.77 ± 6.30 0.097 48.00 <0.001 
L3 Total 303.27 ± 35.60 308.37 ± 36.82 7.66 ± 5.23 0.473 48.22 <0.001 
L4 Tb 233.43 ± 30.80 234.53 ± 27.53 9.60 ± 7.52 0.585 24.58 <0.001 
L4 Total 320.29 ± 36.33 322.50 ± 37.29 8.49 ± 7.37 0.879 24.21 <0.001 
Fem-N Tb 295.09 ± 45.60 292.54 ± 43.44 8.33 ± 6.43 0.581 54.13 <0.001 
Fem-N Total 421.67 ± 61.89 418.18 ± 65.22 7.22 ± 6.22 0.553 62.46 <0.001 
Fem-N Sup 853.45 ± 83.53 844.47 ± 81.01 6.53 ± 5.72 0.401 34.19 <0.001 
Fem-N Inf 1011.87 ± 85.29 1002.28 ± 102.26 6.42 ± 5.64 0.456 30.12 <0.001 
Fem-50 1197.74 ± 67.74 1211.68 ± 71.99 4.83 ± 4.20 0.204 16.13 0.004 
Tib-66 1154.28 ± 69.12 1162.26 ± 77.50 4.84 ± 4.04 0.453 23.87 <0.001 
Tib-50 1195.23 ± 60.83 1207.33 ± 85.10 5.15 ± 3.76 0.268 24.23 <0.001 
Tib-38 1215.48 ± 61.11 1201.35 ± 80.30 5.17 ± 4.61 0.248 8.59 0.039 
Tib-4 Tb 247.43 ± 35.88 247.71 ± 35.72 6.33 ± 5.02 0.927 66.39 <0.001 
Tib-4 Total 294.33 ± 39.72 294.46 ± 40.01 5.85 ± 4.86 0.970 67.39 <0.001 
Calc Tb 226.78 ± 30.61 227.76 ± 35.36 6.96 ± 5.69 0.738 66.36 <0.001 
Calc Total 367.75 ± 43.21 369.43 ± 48.16 5.51 ± 4.75 0.669 67.90 <0.001 

Abbreviations: PB, phantom-based; IPL, internal-reference phantomless; vBMD, volumetric bone mineral density. Bold = Statistical significance p<0.05. 

Table 5. Regression-based phantomless regression results (development sample). 

Skeletal VOIs Equation coefficients R2 
Adj (%) p-value 

Constant Hounsfield units Weight Height Scannera 

Hum-50 77.50 0.79 2.77 −89.75 55.50 <0.001 
Rad-50 514.25 0.84 2.44 −2.72 −104.17 56.20 <0.001 
Rad-30 507.45 0.80 2.86 −2.69 −79.24 66.42 <0.001 
Rad-4 Tb 123.20 0.97 1.14 −0.95 −31.67 70.70 <0.001 
Rad-4 Total 161.75 0.96 1.25 −1.16 −38.58 72.53 <0.001 
L2 Tb 149.46 0.84 1.09 −0.94 −29.58 74.88 <0.001 
L2 Total 124.02 0.97 1.36 −1.03 −38.18 82.44 <0.001 
L3 Tb 157.58 0.84 1.20 −1.03 −31.20 75.62 <0.001 
L3 Total 135.04 0.99 1.52 −1.20 −38.68 80.11 <0.001 
L4 Tb 156.25 0.87 1.22 −1.08 −27.04 69.17 <0.001 
L4 Total 161.74 0.94 1.51 −1.28 −36.01 74.07 <0.001 
Fem-N Tb 185.02 0.89 1.27 −1.23 −33.22 85.12 <0.001 
Fem-N Total 231.62 0.90 1.59 −1.58 −38.35 80.40 <0.001 
Fem-N Sup 582.94 0.73 2.78 −3.04 −61.64 66.98 <0.001 
Fem-N Inf 584.41 0.79 2.94 −3.16 −73.00 58.75 <0.001 
Fem-50 747.37 0.60 3.65 −3.14 −72.94 37.06 <0.001 
Tib-66 791.51 0.53 1.56 −2.34 −65.12 38.28 <0.001 
Tib-50 568.90 0.54 −56.17 26.00 <0.001 
Tib-38 666.93 0.42 −65.16 36.57 <0.001 
Tib-4 Tb 67.80 0.72 −22.47 72.08 <0.001 
Tib-4 Total 66.45 0.76 −27.32 74.17 <0.001 
Calc Tb 67.48 0.74 −23.62 63.83 <0.001 
Calc Total 54.87 0.87 −41.75 70.28 <0.001 

Abbreviations: PB, phantom-based; RPL, regression-based phantomless; vBMD, volumetric bone mineral density; VOI, volumes of interest. Bold = Statistical 
significance p<0.05 aScanner coefficients were calculated for the Somatom force when the definition edge was held at zero. 

the strength of the relationship between IPL/RPL vBMD and 
PB vBMD varied between skeletal sites. For instance, skeletal 
VOIs from the humerus and distal radius demonstrated 
smaller absolute differences to PB vBMD when using IPL 
calibration, while all other skeletal VOIs showed smaller 
differences when using RPL calibration. These findings are 
congruent with previous results from Bartenschlager and 

colleagues 40 who reported smaller differences between PB 
and PL vBMD in the lumbar spine when using a multiple 
regression approach (RPL) compared to using EqDen of ref-
erence materials (IPL). Although results from the current study 
demonstrated strong linear relationships between PB and IPL 
vBMD in the lumbar spine, works from Weaver et al. and 
Prado et al. found stronger relationships at this anatomical site
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Table 6. Regression-based phantomless assessment (validation sample). 

Skeletal sites Paired t-test Univariate regression 

PB vBMD (mg/cm3) 
Mean ± SD 

RPL vBMD (mg/cm3) 
Mean ± SD 

Percent 
difference (%) 

p-value R2 (%) p-value 

Hum-50 1142.52 ± 89.82 1141.83 ± 62.10 4.50 ± 4.20 0.947 35.20 <0.001 
Rad-50 1112.09 ± 87.43 1110.07 ± 62.57 4.14 ± 3.55 0.829 43.73 <0.001 
Rad-30 1105.06 ± 63.93 1101.87 ± 55.18 3.64 ± 2.74 0.664 40.06 <0.001 
Rad-4 Tb 240.98 ± 37.68 241.81 ± 40.55 6.76 ± 5.75 0.808 66.07 <0.001 
Rad-4 Total 305.04 ± 38.32 306.42 ± 41.24 6.06 ± 5.24 0.710 61.84 <0.001 
L2 Tb 220.91 ± 34.59 219.97 ± 32.70 6.82 ± 5.64 0.739 68.33 <0.001 
L2 Total 296.36 ± 38.33 296.24 ± 40.81 5.83 ± 5.10 0.971 66.99 <0.001 
L3 Tb 221.47 ± 30.13 223.55 ± 26.85 6.87 ± 5.80 0.464 57.80 <0.001 
L3 Total 303.27 ± 35.60 305.81 ± 40.72 5.83 ± 4.73 0.436 68.69 <0.001 
L4 Tb 233.43 ± 30.80 233.35 ± 24.18 6.97 ± 5.51 0.978 48.91 <0.001 
L4 Total 320.29 ± 36.33 321.07 ± 33.74 5.98 ± 4.38 0.826 55.42 <0.001 
Fem-N Tb 295.09 ± 45.60 292.84 ± 37.99 6.07 ± 4.65 0.494 74.52 <0.001 
Fem-N Total 421.67 ± 61.89 417.83 ± 60.44 5.11 ± 3.85 0.321 81.47 <0.001 
Fem-N Sup 853.45 ± 83.53 843.63 ± 70.28 4.26 ± 3.18 0.134 70.28 <0.001 
Fem-N Inf 1011.87 ± 85.29 1004.03 ± 70.74 4.09 ± 3.03 0.303 61.23 <0.001 
Fem-50 1197.74 ± 67.74 1207.65 ± 51.87 4.00 ± 3.25 0.257 25.34 <0.001 
Tib-66 1154.28 ± 69.12 1145.76 ± 43.84 4.12 ± 3.69 0.377 12.38 0.012 
Tib-50 1195.23 ± 60.83 1202.35 ± 36.26 3.30 ± 2.73 0.333 28.79 <0.001 
Tib-38 1215.48 ± 61.11 1205.23 ± 35.85 3.44 ± 3.21 0.226 12.14 0.013 
Tib-4 Tb 247.43 ± 35.88 247.05 ± 28.27 6.03 ± 5.30 0.899 65.20 <0.001 
Tib-4 Total 294.33 ± 39.72 294.29 ± 35.29 5.58 ± 4.93 0.990 66.75 <0.001 
Calc Tb 226.78 ± 30.61 228.35 ± 27.22 5.60 ± 5.09 0.527 67.98 <0.001 
Calc Total 367.75 ± 43.21 372.51 ± 44.72 5.01 ± 4.98 0.202 68.07 <0.001 

Abbreviations: PB, phantom-based; RPL, regression-based phantomless; vBMD, volumetric bone mineral density; VOI, volumes of interest. Bold = Statistical 
significance p<0.05. 

Figure 3. Univariate regressions of IPL vBMD (left) and RPL vBMD (right) compared to PB vBMD including all skeletal tissue types and sites. 

between PB and IPL methods (R2 = 87% 21 and R2 = 99.3%,20 

respectively). However, these studies did not include a separate 
validation sample to determine the utility of their approach for 
individuals not included in the method development and lack 
HU thresholds to isolate bone tissue within the VOI, which 
may artificially lower vBMD values. Quantifying vBMD with-
out the use of thresholds will lower measured HU and calcu-
lated density of the VOI through the inclusion of lower density 
marrow voxels, which may artificially strengthen the relation-
ship between IPL and PB vBMD calibration. Furthermore, 
results from previous work27 and the current study suggest 
that the accuracy of IPL calibration decreases when applying 
it to denser skeletal tissues. Direct analyses of this observation 
have not been performed but may provide critical insights into 
sources of variability that affect PL calibration methods. 

When comparing both IPL and RPL calibration, results 
from the current study imply that both methods decrease 
in accuracy at skeletal VOIs of increased density (Figure 4). 
Larger differences in IPL compared to RPL calibration are 
likely associated with extrapolation from reference materials 
that have a lower density than all skeletal tissue types reported 
in this study (Table 3). Compared to previous research, the 
equivalent density of air from a comparable site (Table 3: 
Fem-50) from the Somatom Force scanner was relatively 
similar to reported values [Eggermont et al.: −840 (mg/cm3) 
vs. Fem-50: 835.10 (mg/cm3)], while fat and muscle EqDen 
varied [Eggermont et al. −80 and 30 (mg/cm3) vs,  Fem-
50: −54.08 and 67.15 (mg/cm3), respectively] (Table 3).24 

Likewise, Weaver et al. reported fat [−69 (mg/cm3)]21 

and muscle densities [77 (mg/cm3)21 and 85 (mg/cm3)23]
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Figure 4. Bland–Altman plot of IPL (red squares, dotted lines) and RPL (gray circles, dashed lines) vBMD compared to PB vBMD. Upper and lower levels 
of agreement (ULA and LLA) are ±1.96 standard deviations (95% CI) from the mean PL-PB vBMD difference. 

from the lumbar spine region that were outside of the 
range of values in the current study from L2 to L4 sites 
( Table 3). Error from calibration curve extrapolation may 
also be present in PB calibration methods if the densities of 
phantom rods are lower than that of the skeletal VOI. As 
IPL calibration techniques reported in this study and previous 
studies21,23,24 utilize phantoms with known densities from 
0 mg/cm3 to 150 or 200 mg/cm3, comparisons between 
vBMD derived from this alternative method may include 
inherent error at higher densities. As this error can potentially 
originate from both differential EqDen of reference materials 
and low-density reference phantoms, additional research is 
necessary to explore how changes to these parameters impact 
calculatedvBMD. 

The exact influence of extrapolation errors from IPL and 
low-reference-density PB calibration was not quantified here 
and requires further investigation. However, as RPL calibra-
tion incorporates actual HU from the skeletal site of interest, 
this method may reduce extrapolation errors in calculating 
vBMD. As a result, it is unknown if the error between RPL 
and PB vBMD calibration is from the RPL method itself or 
from comparing RPL vBMD calibration to a PB calibration 
that utilizes low-reference-density phantoms, which could 
introduce extrapolative errors in PB calculations. Determin-
ing the source of these errors, especially for cortical bone 
sites, requires RPL and IPL vBMD calibration methods to 
be compared to PB calibration that includes low and high-
density reference phantoms. For instance, the use of IPL 
calibration may be more severely impacted by error due 
to extrapolation, which can be observed in the substan-
tially weaker relationships between IPL and PB vBMD at 
some of the cortical sites compared to RPL vs PB vBMD 
(Tables 4 and 6: Rad-30/50 and Fem-N Sup/Inf). These results 
suggest that vBMD at denser sites is best predicted when 

using methods that incorporate HU or reference densities 
that are similar to that of the  tissue type of interest.  Not  
only does this imply that RPL methods may be a better 
option for future research in PL vBMD calibration but also 
emphasizes the need for site specificity in development of PL 
methodologies. 

In addition to using skeletal HU for RPL vBMD calibration, 
some sites included weight and height as significant predictors 
of PB vBMD. As relative tissue thickness influences measured 
density,29 it was unsurprising to observe that weight may be a 
proxy measure for differential X-ray attenuation at sites of 
increased amounts of relative tissue thickness (ie, humerus, 
radius, lumbar spine, femoral neck, and femur) (Table 5). In 
contrast, sites with decreased relative tissue density (ie, tibia 
and calcaneus) only incorporated skeletal HU as a significant 
predictor of PB vBMD. Thus, methods for calculating vBMD 
in regions of increased tissue thickness/density may partially 
account for these variations in X-ray attenuation by including 
weight as a proxy measure. 

The implementation of RPL and IPL vBMD calibration 
methods may allow for improved retrospective analyses of 
vBMD. Additionally, applying these methods to assess bone 
quality may also inform investigations of injury using finite 
element modeling. For example, recent research has reported 
similar thresholds of vertebral bone strength and fracture 
risk when using PB and PL vBMD calibration.45 Likewise, 
finite element models of the femur constructed from both PB 
and PL vBMD resulted in failure loads that were not signif-
icantly different.24 Although previous research has explored 
the utility of PL methods of vBMD calibration to fracture 
risk at specific skeletal sites, it has not been widely applied 
across multiple skeletal sites or tissue types despite evidence 
that vBMD values vary across the body12 and should not be 
treated as homogenous.
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In this study, both IPL and RPL methods demonstrated 
similar trends between PL and PB vBMD, where denser sites 
had weaker relationships with PB vBMD compared to less 
dense sites, which may be a result of extrapolative errors in 
calibration. However, an overall smaller magnitude and per-
cent difference was found between RPL vBMD and PB vBMD 
compared to IPL vBMD. When evaluating each method over-
all, compared to PB vBMD, both IPL and RPL vBMD demon-
strated a very strong and direct relationship with PB vBMD 
(R2 = 97.99 and R2 = 99.17%, respectively) (Figure 3), and the 
strength of these relationships was similar to previous stud-
ies conducting PL vBMD calibration in the lumbar spine,21 

pelvis,20 and femur.24 Furthermore, results from RPL cal-
ibration in this study support the use of site-specific HU 
regressions to calculate vBMD, which conceptually aligns 
with opportunistic methods of bone quality assessment that 
have been explored in other studies.32,33,46,47 However, PL 
approaches may benefit from proxy measures for X-ray atten-
uation such as weight, which was used in the current study, 
or other variables such as tissue perimeter20 that improve 
the accuracy of site-specific RPL vBMD calibration. Overall, 
IPL and RPL vBMD calibration both demonstrated a strong 
relationship to PB vBMD in males in this study, but RPL 
calibration had significantly smaller residual differences to PB 
vBMD (Figure 4). Thus, as IPL methods may have increased 
error from calibration extrapolation, site-specific RPL calibra-
tion may provide more accurate estimations of PB vBMD and 
improve the clinical and pre-clinical utility of PL methods for 
assessments of bone quality. 

Study limitations 
This study had multiple limitations that should be considered. 
Both the method development and validation sample only 
consisted of males, which may influence the results of PL 
reference tissue HU as tissue densities vary between sexes.48 

Furthermore, individuals in the sample were similar to the 
50th percentile in height and weight; thus, the sample does 
not fully evaluate the effects of large differences in body size 
(ie, amount and distribution of tissue) even within males. 
Not only should future work investigate RPL calibration 
using height and weight with a wider range of body sizes, 
but the isolated relationship between demographic variables 
and vBMD should also be investigated with respect to each 
skeletal site. 

This study was retrospective in nature, resulting in variabil-
ity in some technical factors of CT acquisition parameters, 
such as reconstruction diameter and the use of multiple CT 
scanners. However, these fluctuations are likely more rep-
resentative of discrepancies in real-world clinical data that 
may be accounted for within the present study. The spatial 
resolution of each scanner may not be sufficient to segment 
cortical bone in regions like the lumbar spine, calcaneus, 
and the distal tibia/radius due to partial volume effects. As 
a result, segmentation of cortical bone within a site was 
only conducted at the femoral neck due to the high con-
trast between the inferior/superior cortices and the trabecular 
compartment. For all sites, but especially cortical-only sites 
(midshaft humerus, radius, femur, and tibia), manual segmen-
tation of the periosteal border was performed to avoid partial 
volume effects that could influence measured HU; however, 
this approach does not eliminate the issue entirely. As this 
sample is specifically intended to be more representative of CT 

scans within a clinical setting, the inclusion of more realistic 
variation may inform the utility of these methods in a real-
world environment. 

Both PL methods utilized within this study demonstrate 
a strong relationship to PB vBMD but should be further 
explored to confirm their potential applicability in clinical set-
tings. In the IPL method, differences in some reference mate-
rial EqDen were observed between both scanners. Although 
these differences were accounted for using site and scanner-
specific IPL calibration, future work should explore the effects 
of additional manufacturers, makes, and models on EqDen 
values in a sample that has data collected from the same 
individual across multiple scanners. Both PL methods in this 
study demonstrated decreased accuracy at denser sites with 
some exceptions using RPL calibration. As these methods 
are compared against PB vBMD calculated using low-density 
phantom rods, additional studies that use phantom rods of 
similar density to cortical bone are recommended to isolate the 
effects of extrapolation to higher densities from low-reference-
density phantoms. 

Conclusions 
PL methods to calculate vBMD provide a unique and retro-
spective approach to bone quality assessment. Results from 
this study indicate that site-specific approaches to calculating 
PL vBMD are necessary as the relationship between IPL/RPL 
vBMD and PB vBMD varied between skeletal sites and by 
skeletal tissue types. The differences in reference HU from 
which IPL and RPL calibration are developed likely affect the 
resulting extrapolative error within each method. Since RPL 
calibration is developed using HU associated with the specific 
skeletal site of interest and was more accurate, it may provide 
an advantage over IPL calibration methods. Overall, using 
PL methods to calculate vBMD across multiple skeletal sites 
increases the utility of bone quality assessments from QCT but 
should be conducted in a site-specific manner with respect to 
skeletal tissue type. 
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