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Abstract

Recently, it was shown that fracture risk assessment in patients with femoral bone metasta-

ses using Finite Element (FE) modeling can be performed using a calibration phantom or

air-fat-muscle calibration and that non-patient-specific calibration was less favorable. The

purpose of this study was to investigate if phantomless calibration can be used instead of

phantom calibration when different CT protocols are used. Differences in effect of CT proto-

cols on Hounsfield units (HU), calculated bone mineral density (BMD) and FE failure loads

between phantom and two methods of phantomless calibrations were studied. Five human

cadaver lower limbs were scanned atop a calibration phantom according to a standard scan-

ning protocol and seven additional commonly deviating protocols including current, peak

kilovoltage (kVp), slice thickness, rotation time, field of view, reconstruction kernel, and

reconstruction algorithm. The HUs of the scans were calibrated to BMD (in mg/cm3) using

the calibration phantom as well as using air-fat-muscle and non-patient-specific calibration,

resulting in three models for each scan. FE models were created, and failure loads were cal-

culated by simulating an axial load on the femur. HU, calculated BMD and failure load of all

protocols were compared between the three calibration methods. The different protocols

showed little variation in HU, BMD and failure load. However, compared to phantom calibra-

tion, changing the kVp resulted in a relatively large decrease of approximately 10% in mean

HU and BMD of the trabecular and cortical region of interest (ROI), resulting in a 13.8% and

13.4% lower failure load when air-fat-muscle and non-patient-specific calibrations were

used, respectively. In conclusion, while we observed significant correlations between air-fat-

muscle calibration and phantom calibration as well as between non-patient-specific calibra-

tion and phantom calibration, our sample size was too small to prove that either of these cali-

bration approaches was superior. Further studies are necessary to test whether air-fat-

muscle or non-patient-specific calibration could replace phantom calibration in case of differ-

ent scanning protocols.
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Introduction

Bone metastases occur in a large number of breast, prostate, thyroid, lung and kidney cancer

patients [1]. These metastases can be painful and can increase the risk of pathological fractures.

Such fractures cause mobility problems resulting in the inability to perform activities of daily

living, leading to a reduced quality of life and an increased mortality risk [2].

It is of great importance to accurately determine the fracture risk of these patients, so the

appropriate treatment can be chosen. In current clinical practice, assessment of fracture risk is

done using computed tomography (CT) scans or conventional radiography, however the

assessment of the risk has been shown to be quite complex [3]. Mirels’ scoring system is a com-

monly used method which calculates fracture risk based on the site and location of the lesion,

as well as the appearance and severity of pain [4,5]. However, several studies showed that the

Mirels’ score lacked specificity [3,6–8]. Van der Linden et al. introduced a 30 mm axial cortical

involvement as a simple criterion assisting clinicians to select the appropriate treatment [6],

which was recently validated [7]. Using axial cortical involvement, specificity increased com-

pared to Mirels’ score whereas sensitivity was comparable [9,10]. Since such assessments are

mainly relying on the clinician’s ability to interpret a radiographic image, patients might be

either overtreated, involving unnecessary and cost-ineffective interventions, or might be

undertreated, causing fractures and decreased quality of life because of further complications

[3,11].

Patient-specific finite element (FE) modeling can predict fracture risk with higher accuracy

compared to the methods currently used by clinicians [11–14]. Input to the FE models can be

CT scans [11,13,14] as well as MR images [15]. CT scans need to be calibrated to convert the

Hounsfield units (HU) to bone mineral density (BMD) to calculate the mechanical properties

of the bone. For this purpose, usually a calibration phantom [13,14,16–18] is scanned along

with the patient. However, these phantoms are expensive and impractical. Furthermore, since

they have to be scanned together with the patient, it is not possible to generate FE models of

scans performed without a calibration phantom. In some studies, phantomless calibration

methods are used to obtain patient-specific calibration functions, for example based on HU of

intrinsic patient tissue such as fat, muscle, air or blood [19–24]. Such phantomless calibration

methods appear to result in similar bone mineral densities compared to calibration with phan-

toms [16–22,25]. However, there is limited information about how these methods affect failure

load assessment using FE modeling. A few previous studies showed that their proposed meth-

ods of phantomless calibration, by using internal tissues to calculate a calibration function spe-

cific for each patient [20,26] or by applying the same general calibration function for all

patients, i.e. non-patient-specific calibration [27], was applicable to FE studies on retrospective

cohorts lacking a calibration phantom [20,26,27].

Recently, Eggermont et al. developed a novel method that calibrates the CT scan based on

the HU of air, fat, and muscle tissue and studied the influence of this air-fat-muscle calibration

on femoral FE failure load assessment [19]. They found a very high correlation (R2 = 0.94)

between phantom calibration and air-fat-muscle method, and accordingly, no significant dif-

ference in FE failure loads between the phantom calibration and the air-fat-muscle calibration.

They also applied a non-patient-specific calibration. Although the non-patient-specific calibra-

tion was less favorable than the air-fat-muscle calibration, it also highly correlated to phantom

calibration (R2 = 0.94) [19]. This suggests that air-fat-muscle and non-patient-specific calibra-

tion might be good alternatives for phantom calibration, which could allow fracture risk

assessment based on FE modeling without the effort of scanning a calibration phantom along

with the patient. Additionally, these methods have the potential to enable the use of
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phantomless CT scans retrospectively in order to validate the FE models developed for fracture

risk assessment.

However, the study by Eggermont et al. only tested the air-fat-muscle and non-patient-spe-

cific calibration methods on well-protocolized CT scans [19]. It is known that changes in scan

protocol can result in different HU, BMD and FE failure loads [28–34]. Depending on certain

patient properties such as size, age or body part(s) that are to be scanned, deviations in scan-

ning protocols are frequently made, e.g., to alter the radiation dose. It is known that deviations

in scanning protocols can affect the HU, potentially resulting in different BMD and calculated

failure loads [28–39]. For example, differences in reconstruction kernel can significantly influ-

ence BMD measurements and failure load calculated by FE models using phantom calibration

[28,29,31].

For air-fat-muscle calibration and non-patient-specific calibration, the influence of differ-

ences in scan protocol has not been studied yet. Evaluation of the influence of commonly

changed CT protocols on FE models when using phantomless calibration instead of phantom

calibration is necessary to find out if these calibrations are equally feasible to use as phantom

calibration. Therefore, the aim of this study is to investigate if air-fat-muscle calibration or

non-patient-specific calibration can be used instead of phantom calibration when different CT

protocols are used. Differences in effect of CT protocols on HU, BMD and FE failure loads

between phantom and the two phantomless calibration methods were studied.

Methods

CT scanning

Five fresh frozen human lower limbs (3 female, 2 male; mean age 70.4, range 63–77; 2 left, 3

right) were obtained from the Anatomy Department of the Radboud university medical center

(Radboudumc, https://www.radboudumc.nl/en/research/departments/anatomy) according to

the Dutch Body Donation Program for Science and Education [40].

All lower limbs were scanned on a Philips Brilliance Big Bore (Philips Medical Systems,

Eindhoven, The Netherlands) in supine human orientation (patella facing up, proximal end

first) on top of a solid calibration phantom (Image analysis, Columbia, KY). This calibration

phantom contained four rods with known calciumhydroxyapatite (CaHA) concentrations (0,

50, 100, and 200 mg/cm3) and can be used to calibrate the HU of the scan to CaHA density as

a measure of BMD (in mg/cm3) [11,12,19,29,41–43]. All limbs were scanned using the stan-

dard protocol that we use for FE modeling [11,12,19] and with seven additional commonly

Table 1. Overview of the different scan protocols and the corresponding CT settings. Standard protocol covers the

CT settings that are standard for scans made at the Radiotherapy department of the Radboudumc. All other protocols

deviate one setting from the standard protocol.

Value in standard protocol Value in deviating protocol

Current (mAs) 220 163

kVp 120 140�

Slice thickness (mm) 3 1

Rotation time (s) 1 0.75

FOV (mm) 480 600

Reconstruction kernel B (for bone imaging) C (for sharper images)

Reconstruction algorithm standard iDose4

�For the 140 kVp scan, the scanner software did not allow the standard tube current of 220 mAs. Hence, we used the

highest value possible, which was 218 mAs.

https://doi.org/10.1371/journal.pone.0265524.t001
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used protocols with variations on this standard protocol which were selected based on the lit-

erature [31,34,35,37–39,44], as well as our observance in our previous patient studies [12,29]

(Table 1). Eight different scans per leg and 40 scans in total were made. For all protocols, the

pitch was set at 0.813.

FE modeling

Subject-specific FE models were created for each femur based on the CT scan made with the

standard protocol, as described before [11,12,42]. Subject-specific femoral geometry was

obtained from the CT scan made with the standard protocol by selecting the voxels containing

femoral tissue (Mimics 14.0, Materialise, Leuven, Belgium). Femoral geometries were modeled

to a solid mesh consisting of tetrahedral elements (Patran 2011, MSC Software Corporation,

Santa Ana, CA, USA). The femoral geometry was registered to all other CT scans (elastix

[45,46]), followed by an accuracy check. The HU of each element was calibrated to BMD (in

mg/cm3) using the air-fat-muscle, non-patient-specific, and phantom calibration [19]. All the

mentions of BMD in the study indicate “calculated BMD”. For phantom calibration, nine

diaphyseal slices were selected. The HU within the rods of the phantom in these slices were lin-

early correlated to the known CaHA concentrations to obtain the phantom calibration func-

tion. For air-fat-muscle calibration, a square region of interest was defined around the leg,

including approximately 1 cm of air on each side of the leg, on the same nine diaphyseal slices

that were used for the phantom calibration (Fig 1 left). The peaks of air, fat, and muscle tissue

were extracted from a combined histogram of all HUs in the region of interest (Fig 1 right).

Subsequently, to obtain the air-fat-muscle calibration function, the extracted HU peaks were

linearly fitted to the reference BMD values (-838 mg/cm3 for air, -86 mg/cm3 for fat and 35

mg/cm3 for muscle respectively) for each subject [19]. For the non-patient-specific calibration

we used the same function as determined previously (BMD = 0.82 x HU−4.2 [19]), which was

determined by averaging calibration functions of 26 patients. This calibration function was

then applied to each of the 5 subjects.

Fig 1. An example of the selected region of interest (left) and the histogram of the Hounsfield units within the region of interest with the peaks for air, fat, and

muscle (right).

https://doi.org/10.1371/journal.pone.0265524.g001
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The BMD values (in mg/cm3) were eventually converted to ash densities (ρash = 0.000887 x

BMD + 0.0633) which were converted to non-linear isotropic material properties [47]. Some

material properties were different between trabecular and cortical bone (threshold BMD = 250

mg/ cm3), using elastic modulus (MPa) = 14900 x ρash
1.86; ultimate stress (MPa) = 102 x

ρash
1.80; plastic strain (mm/mm) at initial plastic phase = 0.00189 + 0.0241 x ρash for

BMD� 250 mg/cm3 and 0.0184 − 0.0100 x ρash for BMD > 250 mg/cm3; plastic modulus

(MPa) of strain softening phase = −2080 x ρash
1.45 for BMD� 250 mg/cm3 and − 1000 for

BMD> 250 mg/cm3; and stress (MPa) at the indefinite perfectly plastic phase = 43.1 x ρash
1.81.

The model was distally fixated by two bundles of high-stiffness springs. A cup representing the

acetabulum was simulated on top of the femoral head and applied a displacement-driven load

in the axial direction with increments of 0.1 mm (Fig 2). FE simulations were carried out using

MSC.MARC (v2013.1, MSC Software Corporation, Santa Ana, CA, USA). Force-displacement

(FD) curves were generated based on the displacement of the cup and the contact forces in the

axial direction. It was assumed that a fracture occurred when the maximum total reaction

force at the interface of the cup and femoral head was reached in the non-linear part of the

load-displacement curve, which was defined as the failure load. For every femur, only BMD

and subsequent mechanical properties varied between protocols, whereas all other model

properties were left unchanged.

Outcome measures

To analyze HU and BMD, a cortical and a trabecular region of interest (ROI) were selected by

selecting elements along the cortex of the femoral shaft and center of the femoral head, respec-

tively (Fig 3). For each ROI, HUs were obtained, which were subsequently calibrated to BMDs

using the phantom calibration [11,12,19,29], air-fat-muscle calibration [19], and non-patient-

specific calibration [19].

Additionally, we calculated FE failure loads based on phantom, air-fat-muscle, and non-

patient-specific calibration. For every protocol and calibration method, the HU and BMD

within the cortical and trabecular ROIs, as well as the failure loads, were analyzed and com-

pared. Basic statistics, i.e. averages and correlations were calculated.

Results

Hounsfield unit

Mean HU in trabecular and cortical ROI decreased with 10% and 9.2% when changing the

kVp from 120 to 140, respectively. All other protocol variations had little effect, i.e. on average

less than 2%, on the HU (Fig 4).

Bone mineral density

Generally, BMDs were 3.3% and 3.9% higher after air-fat-muscle and non-patient-specific cali-

brations compared to phantom calibration, respectively. Considering the standard protocol,

the average absolute BMDs of cortical bone were 867 mg/cm3 (range 666 to 1084 mg/cm3) for

phantom calibration, 895 mg/cm3 (range 743 to 1089 mg/cm3) for air-fat-muscle calibration,

and 912 mg/cm3 (range 701 to 1126 mg/cm3) for non-patient-specific calibration. For trabecu-

lar bone, these values were 246 mg/cm3 (range 214 to 269 mg/cm3), 254 mg/cm3 (range 208 to

281 mg/cm3) and 267 mg/cm3 (range 231 to 296 mg/cm3), respectively. When phantom cali-

bration was used, the relative BMD showed very little variation between the different protocols

(Fig 5). For both air-fat-muscle and non-patient-specifc calibration, the BMD after changing

kVp from 120 to 140 was relatively lower: for trabecular bone, the differences with the standard
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protocol were 9.8% and 10.1%, respectively, and for cortical bone, the differences with the

standard protocol were 8.9% and 9.3% respectively (Fig 5).

Failure load

The failure load of the separate femurs obtained from FE analysis showed strong correlation

between calibration methods (Fig 6). Only femur 5 showed a remarkable overestimation in

Fig 2. Boundary conditions of the finite element model. The model was distally fixated by two high stiffness springs,

and the load was applied through a cup located on the head of the femur. The figure is with permission adapted from

Eggermont et al., Bone, 2020 [11].

https://doi.org/10.1371/journal.pone.0265524.g002
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failure load after air-fat-muscle calibration compared to phantom calibration. Higher correla-

tions between phantom and air-fat-muscle calibration were obtained when excluding femur 5

(S1 Fig).

The average failure load for the standard protocol was 6632 N (range 3967 to 10218 N) after

phantom calibration, 7110 N (range 3759 to 11297 N) after air-fat-muscle calibration and

7505N (range 4749N to 11136 N) after non-patient-specific calibration. The difference in fail-

ure load relative to the standard protocol varied between femurs (Fig 7). Maximum mean fail-

ure load variations from the standard protocol were 4.7% for phantom calibration, 13.8% for

air-fat-muscle calibration, and 13.4% for non-patient-specific calibration. Most noticable were

the relatively large decreases in failure load with 13.8% and 13.4% when changing kVp from

120 to 140 after air-fat-muscle and non-patient-specific calibration, respectively.

Discussion

The aim of this study was to investigate the differences in effect of common variations in CT

scan protocols on HU, BMD and FE failure loads between phantom and air-fat-muscle

Fig 3. An example of the trabecular (upper) and cortical (lower) regions of interest including axial views.

https://doi.org/10.1371/journal.pone.0265524.g003
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Fig 4. HU of the trabecular (upper figure) and cortical (lower figure) ROIs. For each femur, the HUs are displayed

relative to the standard protocol. The red dashed line indicates 100%.

https://doi.org/10.1371/journal.pone.0265524.g004
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calibration and phantom and non-patient-specific calibration, to determine whether air-fat-

muscle and non-patient-specific calibration perform similar to phantom calibration. Most of

the protocols had little effect on HU. Only the mean HU in trabecular and cortical ROI

decreased when changing the kVp from 120 to 140. Absolute BMDs were higher after air-fat-

muscle calibration compared to phantom calibration and were even higher after non-patient-

specific calibration. The relative BMD showed very little variation for phantom calibration.

The difference in failure load between the standard protocols for phantom and air-fat-muscle

as well as non-patient-specific calibration was very small and both phantomless methods

showed a strong correlation with phantom calibration. Per femur, the effect of the deviating

protocols on the failure load varied considerably. On average, changing kVp from 120 to 140

resulted in a relatively large decrease in failure load for the air-fat-muscle as well as the non-

patient-specific calibration methods in comparison to the phantom calibration. The other vari-

ations did not noticeably deviate in failure load in comparison to the standard protocol.

The strong correlation between phantom and air-fat-muscle calibration methods allows

their use to be interchangeable in case the air, fat, and muscle peaks are clearly detectable in

the HU histogram. Also phantom and non-patient-specific calibration were strongly corre-

lated. Hence non-patient-specific calibration is also useable, although in a previous study

including 67 femurs using the standard protocol, a small and significant difference in failure

load between phantom and non-patient-specific calibration was present [19].

One must be critical about the implications that minor differences can have on the eventual

failure risk assessment in patients. The treatment that a patient receives is partially based on a

certain fracture risk threshold: a risk below the threshold requires conservative radiotherapy

and a risk above the threshold requires stabilizing surgery [11]. When the fracture risk is close

to the threshold, a minor failure load difference between calibration methods can influence the

Fig 5. BMD of the trabecular (upper half) and cortical bone (lower half) for phantom (left), air-fat-muscle (middle), and non-patient-specific (right)

calibration per protocol. For each femur, the BMD values are displayed relative to the standard protocol. The red dashed line indicates 100%.

https://doi.org/10.1371/journal.pone.0265524.g005
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treatment plan. However, besides the calculated fracture risk, clinicians take other patient fac-

tors such as pain level, clinical condition, and life expectancy into consideration as well to

come to a thoughtful treatment plan. As for the fracture risk assessment based on retrospective

CT scans and comparing this with actual fracture occurrence, air-fat-muscle as well as non-

patient-specific calibration seem to be a reliable alternatives, not only for metastatic femurs,

but probably also for CT scans of patients with osteoporosis.

An exception to the strong correlation between the phantom and air-fat-muscle calibration

methods was femur 5, which showed a much higher failure load after air-fat-muscle calibration

(Fig 8). Upon inspection of the scans of this femur, accumulation of fat in muscle tissue was

Fig 6. Correlation between failure loads after phantom and air-fat-muscle calibration and phantom and non-patient-specific calibration. Solid lines show

the best-fit lines for each protocol.

https://doi.org/10.1371/journal.pone.0265524.g006
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observed, causing a downgrade of muscle quality and density (Fig 8). Therefore, one should

check whether the fat and muscle peaks are clearly detectable prior to using air-fat-muscle

calibration.

The influence of the different scan protocols on the failure load with respect to the standard

protocol varied per femur. Maximum mean failure load differences were 4.7% for phantom

calibration, 13.8% for air-fat-muscle calibration and 13.4% for non-patient-specific calibration,

implying that phantom calibration after scanning with deviating protocols returns more

robust results than air-fat-muscle or non-patien-specific calibration.

Changing kVp showed the highest relative difference in failure load after air-fat-muscle and

non-patient-specific calibration compared to the standard protocol. Giambini et al. investi-

gated the influence of varying kVp values on the HU of bone [31]. They showed that increasing

kVp caused a drop in HU. On the other hand, they found little variation in cortical BMD

between the two kVp values. These findings concur with the results of the phantom calibrated

scans found in the present study: the HU of the calibration phantom rods were relatively lower

for the kVp protocol compared to the standard protocol (S1 Table), but the BMD barely dif-

fered between protocols. Subsequently, no remarkable differences in failure load were

observed. Apparently, in contrast with the air-fat-muscle and non-patient-specific calibration,

the phantom calibration method is able to correct for any changes in kVp, thus nullifying the

influence of the decreased HU on the calibration. For the air-fat-muscle calibration, this can

be explained by the fact that HU are less influenced by kVp differences when the electron den-

sity of the tissues gets below the electron density of water [48], and thus the effect of kVp devia-

tions might be limited in fat and muscle tissue [49]. Hence, the calibration curve of air-fat-

muscle is practically similar to the standard protocol, even though the HU of bone will be

lower because of the higher kVp. On the contrary, as the densities of the rods in the calibration

phantom are higher than water, the effect of kVp deviations is more noticeable, resulting in a

different calibration curve that is able to correct for the change in kVp in bone HU. Addition-

ally, it is evident that non-patient-specific calibration cannot correct for any differences caused

by changes in kVp. Hence, it is advised to use the same kVp for the scans that are calibrated

with air-fat-muscle or non-patient-specific methods.

Additionally, one should notice that reconstruction methods differ between different types

of CT scanners. Following a standard protocol for one scanner might therefore not yield the

same BMD on another scanner, potentially resulting in a different failure risk calculation

[28,32]. Eggermont et al. found significant differences in HU (average 7±2%) and BMD (max

6±1%) between four different scanners using phantom calibration, whereas failure load did

Fig 7. Failure load per protocol, per calibration method. For each femur, the failure loads are displayed relative to the standard protocol. The red dashed line

indicates 100%.

https://doi.org/10.1371/journal.pone.0265524.g007
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only significantly differ in one scan as opposed to the other three (max 17±5%) [29]. Birnbaum

et al. support this finding and observed a significant 9–10 HU difference between scanners in

renal cyst tissue [36]. Non-patient-specific calibration will not be able to correct for any differ-

ences between CT scanners. Future research should point out how different scanners affect

air-fat-muscle calibration and resulting failure load.

Additionally, in our FE simulation only one axial loading condition was applied. However,

our FE model with the relatively simple axial loading condition showed an improvement of

fracture risk assessments compared to methods used in clinical guidelines in several previous

studies [11,12]. Although multiple loading conditions may lead to more information about the

fracture risk, using one loading condition was very useful for clinical implementation of the

FE model [50].

We acknowledge some limitations in this study. First of all, a relatively small number of

cadaveric legs was used in the present study. Due to the small sample size we were not able to

conduct any reliable statistical analysis. However, the correlation between failure load after

Fig 8. Slices of the same diaphyseal region from the CT scans of femur 4 (left) and femur 5 (right) with the corresponding HU histograms. Femur 5 shows

accumulation of fat in the muscle tissue.

https://doi.org/10.1371/journal.pone.0265524.g008
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phantom calibration and failure load after air-fat-muscle calibration was comparable with the

data from a study by Eggermont et al. (S2 Fig) in which 67 femurs were included [19]. There-

fore, we think it is plausible that kVp significantly affects the HU, BMD, and failure load com-

pared to the other protocol variations. Remarkably, the femurs calibrated with non-patient-

specific calibration seemed to deviate more from the data of Eggermont et al. [19]. This might

be explained by the fact that the femurs in the current study were scanned as single legs,

whereas the femurs of Eggermont et al. were actual patients. When scanning a single leg, the

HU will be higher because of less absorption of other tissue (due to a missing contralateral

leg). As a result the calculated failure loads will be too high, for which non-patient-specific cali-

bration apparently cannot correct, whereas air-fat-muscle calibration seems to be able to do

this better. A second limitation relates to the effect of cryopreservation on subjects. It is known

that freezing and subsequent thawing can influence the HU of tissue because of differences in

water content [51,52], which might have affected the subjects in this study. However, as we

compare three calibration methods and use the same material for all methods, the effect of

freezing and thawing on the conclusions of this study are expected to be negligible. Moreover,

conducting a similar study with living subjects would be unethical due to the high radiation

doses. A third limitation was the lack of data on how the subjects passed away and if any dis-

eases played a role. These factors could have had an influence on the tissues of the subjects,

and subsequently on the BMD and failure load after air-fat-muscle calibration. Femur 5 is

such an example. Finally, we only tested a few protocol variations. Since we could not investi-

gate the effect of all possible variations in CT scan protocols and we are aiming at increasing

the clinical implementation of femoral fracture risk assessment, we selected the protocols

based on the literature, as well as protocol violations that we came across doing our clinical

patient study. These protocol variations were subsequently examined in this study. We only

tested the protocols on one CT scanner. In the future, it should be investigated whether the

air-fat-muscle calibration varies compared to phantom calibration when using different CT

scanners.

In conclusion, while we observed significant correlations between air-fat-muscle calibration

and phantom calibration as well as between non-patient-specific calibration and phantom cali-

bration, our sample size was too small to prove that either of these calibration approaches was

superior. In addition, our approaches for air-fat-muscle and non-patient-specific calibration

should not be used for variations in kVp. These should be corrected for. The influence of tissue

abnormalities on air-fat-muscle calibration compared to phantom calibration should be stud-

ied explicitly to prevent discrepancies in fracture risk assessment. Further studies are necessary

to test whether air-fat-muscle or non-patient-specific calibration could replace phantom cali-

bration in case of different scanning protocols and different CT scanners.

Supporting information

S1 Fig. Correlation between failure loads after phantom and air-fat-muscle calibration.

Solid lines show the best-fit lines for each protocol in which femur 5 was excluded due to the

accumulation of fat.

(TIF)

S2 Fig. Correlation between the failure load of the femurs of the previous study (Egger-

mont et al., PLOS ONE, 2019; blue line, n = 67) compared to the correlation of the current

study, left for air-fat-muscle and right for non-patient-specific calibration. This figure

shows that in case of air-fat-muscle calibration four of the five femurs are within the range of

the patients studied by Eggermont et al. (red line, n = 4). Only the femur with the deviating fat

and muscle balance is deviating. Additionally, it can be seen that the correlations between
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phantom and air-fat-muscle calibration are comparable when excluding the deviating femur.

The femurs calibrated with non-patient-specific calibration seem to deviate more from the

femurs of the previous study. This might be explained by the fact that the femurs in the current

study are scanned as single legs, whereas the femurs of the previous study were actual patients.

When scanning a single leg, the HU will be higher because of less absorption of other tissue

(due to a missing contralateral leg). As a result, the failure loads will be too high, for which

non-patient-specific calibration apparently cannot correct, whereas air-fat-muscle calibration

seems to be able to do this better.

(TIF)

S1 Table. Mean HUs per protocol for each calibration phantom rod.

(DOCX)

S1 Data.

(ZIP)
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