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Introduction: Cortical bone is affected by metabolic diseases. Some studies have shown that lower cortical bone
mineral density (BMD) is related to increases in fracture risk which could be diagnosed by quantitative computed
tomography (QCT). Nowadays, hybrid iterative reconstruction-based (HIR) computed tomography (CT) could be
helpful to quantify the peripheral bone tissue. A key focus of this paper is to evaluate liquid calibration phantoms
for BMD quantification in the tibia and under hybrid iterative reconstruction-based-CT with the different hydrogen
dipotassium phosphate (K2HPO4) concentrations phantoms. Methodology: Four ranges of concentrations of
K2HPO4 were made and tested with 2 exposure settings. Accuracy of the phantoms with ash gravimetry and inter-
mediate K2HPO4 concentration as hypothetical patients were evaluated. The correlations and mean differences
between measured equivalent QCT BMD and ash density as a gold standard were calculated. Relative percentage
error (RPE) in CT numbers of each concentration over a 6-mo period was reported. Results: The correlation values
(R2 was close to 1.0), suggested that the precision of QCT-BMD measurements using standard and ultra-low dose
settings were similar for all phantoms. The mean differences between QCT-BMD and the ash density for low con-
centrations (about 93 mg/cm3) were lower than high concentration phantoms with 135 and 234 mg/cm3 biases. In
regard to accuracy test for hypothetical patient, RPE was up to 16.1% for the low concentration (LC) phantom for
the case of high mineral content. However, the lowest RPE (0.4 to 1.8%) was obtained for the high concentration
(HC) phantom, particularly for the high mineral content case. In addition, over 6 months, the K2HPO4 concentra-
tions increased 25% for 50 mg/cm3 solution and 0.7 % for 1300 mg/cm3 solution in phantoms. Conclusion: The
excellent linear correlations between the QCT equivalent density and the ash density gold standard indicate that
QCT can be used with submilisivert radiation dose.We conclude that using liquid calibration phantoms with a range
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of mineral content similar to that being measured will minimize bias. Finally, we suggest performing BMDmeasure-
ments with ultra-low dose scan concurrent with iterative-based reconstruction to reduce radiation exposure.
Key Words: cortical bone; hybrid iterative reco
nstruction; quantitative computed tomography; tibia;
ultra-low dose.
Introduction Methods and Materials
Cortical bone is affected by conditions such as
chronic kidney disease (CKD), parathyroid hormone
treatment, and decrease of weight-bearing activities
(1). Some studies have shown that lower cortical bone
mineral density (BMD) and thickness are both related
to increases in fracture risk secondary to diseases like
CKD, renal transplantation and hyperparathyroidism,
which could be diagnosed by quantitative computed
tomography (QCT) (2). Although the tibia is not a
common osteoporotic fracture site, it reflects bone
strength better than other weight-bearing sites (3). In
general, both trabecular and cortical bone reflect skel-
etal metabolism, in the sense that 80% of the skeleton
is cortical (4) with lower metabolism whilst 20% is tra-
becular with a higher turnover (4). Although, the
WHO has not stated any definition of osteoporosis in
terms of the tibia, investigation of the tibia might be
helpful for fracture risk estimation and diagnosis of
the diseases that affect cortical bone in adults and
children.

Today peripheral QCT (pQCT) is particularly
designed for extremity bone quantification, however, it is
not widespread around the world. Therefore, paying par-
ticular attention to the relatively accessible imaging
modality, Multidetector computed tomography (MDCT)
could be helpful to quantify the extremity bone tissues.
Moreover, whole-body MDCT scanners enable scanning
in seconds, as opposed to the typical time for pQCT in
the range of 1 min (5) that makes pQCT prone to motion
artifact, particularly for pediatric imaging. Recently, with
the advent of hybrid iterative reconstruction-based
(HIR) computed tomography (CT), it is possible to
achieve low dose imaging with high image quality, which
addresses a major concern for using QCT (6).

Our main goal in this study is to evaluate liquid cali-
bration phantoms for BMD quantification in the tibia
under HIR MDCT. In addition, assessing different ranges
of hydrogen dipotassium phosphate (K2HPO4) concen-
trations in the same phantoms is our next goal. The ratio-
nale behind using different ranges of concentrations for
the calibration phantoms is that for the cortical bone,
interpolation among high concentrations of K2HPO4

should be more accurate than extrapolation far beyond
their lower concentrations (0�200 mg/cm3) (7). We
hypothesized that combining low mAs (tube current in
milliamperes£ scan time in seconds) with iDose
decreases the radiation dose while maintaining precise
bone quantification.
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Image Reconstruction

All images were acquired by Philips Brilliance CT
scanner and reconstructed by HIR algorithm (iDose4;
Philips Healthcare) set at its highest level (Level 7), cor-
responding to maximal noise reduction. HIR takes advan-
tage of 2 denoising components: (1) an iterative
maximum likelihood type Sinogram restoration method
(Poisson noise distribution), and (2) a local structure
model fitting on image data that iteratively decreases the
uncorrelated noise (8,9). The range of exposure in Bril-
liance CT scan is from 20 to 400 mA with 6 rotation times
for sequential scanning and 6 reconstruction algorithms
with 3 available kVp settings: 90, 120, and 140 kVp (11).

Dose length product (DLP) was calculated by multi-
plying CT dose index (CTDIvol) with their scan length.
An estimation of the effective dose was calculated by
multiplying the DLP by a conversion coefficient of
0.0019 mSv mGy�1 cm�1 for the tibia. One must note
that there is no specific conversion coefficient for the
extremity organs, hence in this study conversion coeffi-
cient of the head was selected to compute the effective
dose (10).
Calibration Phantoms

Liquid calibration phantoms based on core material of
K2HPO4 were designed to generate conversion equations
for mapping Hounsfield Unit (HU) to BMD. K2HPO4 is
similar to hydroxyapatite (HA) in the effective atomic
number and X-ray attenuation at 80 keV which are 15.58
(15.86 for HA) and 2.152 cm¡1 (2.201 cm¡1 for HA),
respectively (11).

Four different ranges of K2HPO4 (7758-11-4 [Merk])
concentrations were selected to make our different calibra-
tion phantoms: (1) low concentration (LC) calibration
phantom based on Mindways spine calibration phantom
with 0, 50, 100, 200 mg/cm3 concentration (12), (2) zero
excluded low concentration (ZELC) calibration phantom,
which is the, same as the previous one but excluding the
zero density (distilled water), (3) mid concentration (MC)
calibration phantom with 150, 400 and 1300 mg/cm3

, and
(4) high concentration (HC) calibration phantom with 400,
1000 and 1300 mg/cm3. The MC and HC phantoms mea-
sured 200 mm £ 120 mm £ 25 mm and contained 18 mm
diameter chambers containing K2HPO4 solutions (fabri-
cated in-house phantom which was made based QRM-
BDC [QRM GmbH, M€ohrendorf, Germany] calibration
phantom).
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For each of the exposure settings, the mean HU for
each phantom chamber was regressed against the known
K2HPO4 concentrations to obtain a calibration
equation (Eq. 1):

CT Number HUð Þ ¼ a � concentration K2HPO4
mg

cm3

� �
þ b

ð1Þ
where a and b are the slope and intercept values associat-
ing K2HPO4 concentrations to HU.

The calibration phantom solutions were prepared in
sterile situation in terms of having a known concentration
of solute in solvent deionized water (15 mV). It should be
noted that preparation of K2HPO4 in densities higher
than 1000 mg/cc was challenging since the solubility of
K2HPO4 is about 1600 mg/cc (13). In the literature,
1000 mg/cc K2HPO4 is the highest concentration used to
design liquid calibration phantoms (11).

Accuracy Test Based on Gravimetry

Evaluation of cortical bone density quantification
using both standard and HIR reconstruction methods was
performed based on the ash gravimetry technique, and
explained in the following steps (see Fig. 1):

Specimen Preparation
Twelve bovine specimens were extracted from tibiae of

4 cows bought from a local butcher. They were similarly
sized cubes of bovine cortical bone (average dimensions;
6.6£ 15£ 24 mm3). The following 3 steps were iterated
for each cut: (1) immersing the specimen in ultrasonic
bath for 5 min (to help loosen the residual soft tissue), (2)
hand grinding the specimen with silicon carbide paper,
and (3) cleaning the surface with an air compressor (14)
(Fig. 1a).

Specimen Decalcification
In order to prepare different BMD ranges, decalcifica-

tion of the specimens were carried out using 14% w/v eth-
ylene diaminetetra acetic acid (EDTA) as disodium salt
for the solution at pH 7.4 at 37˚C. To obtain bone samples
with wide ranges of mineral contents, the specimens were
soaked in EDTA for 0, 4, 8 and 12 d (11,15), when
the solution was refreshed every 48 hours. To increasing
the rate of demineralization (after taking radiogram to
show resulting contrast ranges), all specimens were simul-
taneously immersed in 260 cc Nitricacide with microwave
radiation for one day to increase speed of reaction
(Fig. 1b to d).

Specimen Setup
To mimic shape of tibia for the QCT test, the speci-

mens were placed in tubes filled with water (4 Tubes,
each containing 3 samples) when the tubes were
immersed in tap water in a cylindrical container (14 cm
Journal of Clinical Densitometry: Assessment & Management of Mus
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diameter, 15 cm long), fabricated in-house from poly-
methyl methacrylate (Acrylic, Year Long, Tainan,
Taiwan). The tap-water was used to compensate for the
soft tissue around the bone, which helps prevent streaking
artifact (16). For each scan of this specimen phantom, a
separate scan of each of the calibration phantoms
(LC, ZELC, MC, and HC) was performed at the same
setting (Fig. 1e and f).
QCTMeasurement
The specimens and calibration phantoms were scanned

simultaneously with 2 exposure settings: (1) Ultra-Low-
Dose (ULD), with mAs equal to 55, and (2) Standard
(STD), with auto mAs up to 227 mAs. Fixed 90 kVp was
used in both exposure settings, and allows an appropriate
auto beam hardening correction and a relatively mono-
energy spectrum, which in turn reduces beam hardening.
Moreover, all other CT parameters were kept unaltered
(collimation 16£ 0.75 mm, pitch 0.8, section thickness
3 mm, sharp kernel filter [YC] and field of view 250 mm).
Therefore, each specimen’s BMD was calculated using
8 different settings, i.e., 4 different calibration phantoms
(LC, ZELC, MC, and HC) with 2 different exposure
modes (STD and ULD). In addition, the specimens were
contoured manually with 2 researchers and then the CT
numbers were averaged individually, to minimize user-
dependent errors. A circular region of interest (ROI)
with at least 100 pixels was placed at the center of each
calibration phantom chamber. For this purpose, ImageJ
which is an open-source Java-based image processing pro-
gram was used (Fig. 1g to i).
Gravimetry Measurement
To measure the ash density (rAsh¼

mAsh

v ) as a gold stan-
dard, the following 2 steps were accomplished: Firstly, the
specimens’ dimensions were measured (3 times) by
Vernier caliper. Secondly, the specimens’ ash weight pro-
duced by burning the specimens in a muffle furnace
(650˚C), were measured at room temperature (23˚C) on
the same calibrated digital scale (P214, Denver Instru-
ment, Arvada, CO) (see Fig. 1j and k).

Direction and strength of the correlation between
measured QCT equivalent density (rEQ) and ash density
(rASH) were described by Pearson correlation coefficient.
Also to find the best phantom to quantify the cortical
BMD under HIR-MDCT, overlapping correlation tests
were performed (17) (see (18) for comparison of the
regression equations applying the cocor package of R sta-
tistical software (R 3.4.1, R Foundation for Statistical
Computing, Vienna, Austria) with Zou’s confidence
interval (CI) method (approximately normal distribution
of the dataset (p value >0.03)). We tested the null
hypothesis, that the correlation coefficients between rEQ
and rASH for all 4 phantoms (under the ULD exposure
setting) were equal. Furthermore, in order to show the
agreement between rEQ and rASH, Bland-Altman
culoskeletal Health Volume 00, 2019
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Fig. 1. A flow diagram for the validation of cortical BMD based on Gravimetry technique; (a) specimen preparation,
(b) decalcification, (c) decalcified specimens, (d) radiograph of decalcified specimens, (e) specimen setting in MC & HC
phantoms, (f) specimen setting in LC & ZELC phantoms, (g) QCT measurement with LC & ZELC phantoms, (h) QCT
measurement with HC phantom, (i) QCT measurement with MC phantom, (j) Gravimetry test, (k) calculating ash den-
sity, and (l) statistical analysis.
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method was employed for all phantoms with the ULD
exposure setting.
Accuracy Test Based on Intermediate
Concentration (Hypothetical Patient)

As stated above, we used accuracy test in order to eval-
uate the liquid phantoms in the BMD quantification pro-
cess. Since there is some bias error in the Ash Gravimetry
method suggested in 2.4., here we propose an intermedi-
ate concentration method as hypothetical patient (HP)
based on K2HPO4 concentrations that are intermediate
to those in the phantom chambers. Because the tibia tra-
becular and cortical BMDs fall in the range of about 250
to 1200 mg/cm3 (13), HP-BMDs were selected to be 1400,
1200, 800, and 250 mg/cm3. To reduce human error associ-
ated with the construction of the target densities in the
HP-BMDs, we made 3 different phantoms for each con-
centration value, total of 12 phantoms, to discard the
ones shown to be possible outlier(s) from the CT experi-
ment. Moreover, relative percentage error (RPE) based
on the difference between real K2HPO4 and rEQ for the
HPs were calculated (Eq. 2).

PRE ¼ True Concentration�QCT equivalent density rEQð Þ
True Concentration

� 100

ð2Þ

Interscan Variability Test

Interscan variability was assessed for each calibration
phantom and exposure setting by measuring the HU’s in
each chamber of each calibration phantom 3 times in 1 d,
Fig. 2. Regression analysis results for equivalent density fr
density for (a) LC, (b) ZELC, (c) MC and (d) HC phantoms w
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at 2 time points 6 mo apart, and calculating the mean,
standard deviation and percentage of the coefficient of
variation (%CV) of the HU’s. RPE was calculated based
on Eq. (3).

RPE ¼ Mean HUs of first measurement � Mean HUs after 6 monthsð Þ
Mean HUs of first measurement

� 100

ð3Þ

Results

For all phantoms under the 2 exposure settings (ULD
and STD), excellent correlations between rASH as the
gold-standard, and rEQ were seen (R2»1.0) (Fig. 2),
where there was no significant difference between them
(based on overlapping correlation; p <0.1).

In Fig. 3, the agreement between rEQ and rASH were
evaluated by employing Bland-Altman analysis, where the
difference between the 2 methods (rEQ � rASH) was plot-
ted against the mean density of them ((rEQ +rASH)/2).
The mean differences were 93, 92, 135 and 234 mg/cm3 for
a) LC, b) ZELC, c) MC and d) HC, respectively.

RPE for, HP are depicted in Fig. 4, showing that PRE
was up to 16.1% for the LC phantom for the case of high
concentration-HP (1400 mg/cm3 K2HPO4). However, the
lowest PRE (in the range of 0.4 to ¡1.8%) was obtained
for the HC phantom, particularly for the high concentra-
tion-HP (1400 and 1200 mg/cm3 K2HPO4).

Moreover, the RPEs for interscan variability (over 6
mo) in the ULD exposure setting were illustrated in
Table 1. In addition, %CVs for different phantoms under
both exposure settings were highest, 278.8%, for the
water chamber (0 mg/cm3 K2HPO4).
om 12 bovine tibia specimens compared to gravimetric ash
ith 2 different exposure settings.
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Fig. 3. Bland-Altman analysis through the difference between the 2 methods (rEQ � rASH) against the average den-
sity from the 2 methods ((rEQ + rASH)/2) based on (a) LC, (b) ZELC, (c) MC and (d) HC phantoms. §2 SD (dashed
lines) in each graph, indicating the 95% limits of agreement between the methods.

Fig. 4. The relative percentage errors (RPEs) for the intermediate concentrations with different calibration phan-
toms (HC, MC, LC and ZELC).
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Discussion

This study was developed to test the idea that
MDCT-based iterative reconstruction (iDose) can be
helpful for extremity BMD quantification. Thorough
BMD quantification via bovine specimen ash as well
as K2HPO4 (as HP-BMDs) for liquid phantoms (under
the ULD exposure setting) were accomplished. The
results show that the variation of the tube current lev-
els (STD up to 227 and ULD equal to 55 mAs) did
not cause any important changes in the attenuation in
HIR-MDCT (p = 0.05). Another important finding
from measuring K2HPO4 in the HP was that, the HC
and MC phantoms quantified the high density HP with
much lower RPE than did the low concentration phan-
toms (ZELC and LC).

There are excellent correlation values (R2 »1) between
rEQ and rASH for 2 exposure settings (ULD and STD)
(Fig. 2), the slopes of rEQ versus rASH for phantoms
(0.79�0.86) indicate overestimation for all BMDs; how-
ever, in all of the prior studies reviewed (19�21) in Table 2
(utilizing a K2HPO4 liquid phantom), the slopes are higher
than 1.0, E.g. rash (g/cm3) = 1.6 *rK2HPO4

) + 0.0389 by
Keyak et al (22) and rEQ; have pointed out similarly to
Les et al rash = 1.22 rK2HPO4

+ 0.0526 (g/cm3) by Les et al
(23), leading to underestimation of the BMDs. Our find-
ings may be different because we employed lower kVp
which consequence to the higher photoelectric effect. Our
BMD overestimation is comparable to that of the study by
Kaneko et al (24), where they use HA-solid phantom, pos-
sibly because both scenarios use relatively similar kVp’s.
Since due to in low kVp, the increase of the photoelectric
absorption cause contrast to noise ratio increases for the
bone (calcium) (25).

It should be noted that water in the liquid phantom
absorbs more X-ray than bone collagen tissue (linear
attenuation coefficients of the collagen tissue and water
are 0.179 and 0.192 cm¡1, respectively). Therefore, the
liquid phantoms overestimate the true BMD of bone, as
demonstrated by the gravimetric test.

We used the Bland-Altman method to calculate the
confidence intervals for the difference between rASH and
rEQ for each of the 4 phantom scenarios (see Fig. 3), with
the measured bias of (93, 92, 135 and 234 mg/cm3 for LC,
ZEL, MC and HC, respectively), indicating acceptable
results for the ZELC and LC phantoms (p = 0.05). This
analysis was necessary because the correlation analysis
only shows their relationship between values but does not
estimate bias (27). The estimated agreement calculated in
this study is comparable to that from a similar study of
bovine cortical tibial bone using micro-CT which
reported a bias of 185 mg/cm3 and postulated that the
bias in QCT studies is due to the intrinsic physical differ-
ence between K2HPO4 and bone matrix (11). The rela-
tionship between rASH and rEQ depends on kVp (25),
scanner type, reconstruction algorithms, and automatic
beam hardening correction (28).
culoskeletal Health Volume 00, 2019
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Table 2
Equation Between Ash and Equivalent QCT (g/cm3) in Different Studies

Author Phantom Site Scanner Equation Scan parameters Ref.

This study (K2HPO4) —
LC-STD rash = 0.0091 rQCT + 0.0898 90 kVp, 227 mAs
LC-ULD rash = 0.0086 rQCT + 0.0383 90 kVp, 55 mAs
ZELC-STD rash = 0.0089 rQCT + 0.0891 90 kVp, 227 mAs
ZELC-ULD Tibia Philips rash = 0.0086 rQCT + 0.0382 90 kVp, 55 mAs
MC-STD rash = 0.0081 rQCT + 0.0489 90 kVp, 170 mAs
MC-ULD rash = 0.0085 rQCT + 0.0551 90 kVp, 55 mAs
HC-STD rash = 0.0073 rQCT + 0.1009 90 kVp, 159 mAs
HC-ULD rash = 0.0079 rQCT � 0.0067 90 kVp, 55 mAs

Keyak et al (K2HPO4) Femur GE rash = 0.00106 (rQCT *1000) +0.0389 140 kVp, 210 mAs (26)
Eberle et al (K2HPO4) Femur — rash = 1.15 rQCT �0.0073 120 kVp, 90 mAs (21)
Les et al (K2HPO4) Femur GE rash = 1.22 rQCT +0.0523 120 kVp, 160 mAs (23)
Cong et al
Dragomir et al (K2HPO4) Femur Siemens Dual

Source CT
rash = rQCT =¡ 0.009 + 0.0007 HU 120 kVp, 219 mAs (19, 20)

Nazarian et al HA (Solid) Tibia Scanco mCT40 rash = 1.48 rQCT +0.8 70 kVp , 0.114 mA (11)
Kaneko et al HA (Solid) Femur GE rash = 0.792 rQCT + 79.8 80 kVp, 280 mAs (24)

Abbr: HC, high concentration; LC, low concentration; MC, mid concentration; QCT, quantitative computed tomography; STD,
Standard; ULD, Ultra-Low-Dose; ZELC, zero excluded low concentration.
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In regard to the accuracy test for the hypothetical patient,
one must note that low concentration phantoms (LC and
ZELC) provide more accurate measurements for the low
density HP-BMD (250 mg/cm3) (see Fig. 4) and high con-
centration phantoms (HC and MC) are recommended for
high density mineral content (e.g. tibia cortical bone and
might be stratus bone in micro-CT (1400 mg/cm3).

In terms of interscan variability, the highest %CV was
related to the more dilute phantoms (LC > ZELC > MC
> HC), with the highest %CV for the low concentration
chambers (with maximum 3.0 and 2.0 % with ULD and
STD settings, respectively). As the %CV is expressed as
a percentage of the mean CT value, it is reasonable that
the chamber with the lowest mean CT number would
have the highest %CV such as 0 mg/cc K2HPO4. This
study demonstrated that stability of the K2HPO4 calibra-
tion phantom over this 6-mo study was poor, with a RPE
of 25.5% for the 50 mg/cm3 chamber. Moreover, ZELC
and LC phantoms showed greater RPEs than the high
concentration phantoms (MC and HC). Therefore, refill-
ing these phantoms must be carried out every 3 mo, as
also recommended in other studies (11,12).

The results of this work recommend important direc-
tion for future studies; applying peripheral bone densi-
tometry in submillisievert effective dose with HIR-
MDCT. Since, by employing iDose (level 7), DLP was
reduced from about 90 to 30 mGy*cm, the effective dose
was reduced to 0.057 mSv, which is comparable to daily
background radiation (29).

There are several limitations in this study. Firstly, the
results were obtained in only one CT scan system, so
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scanner-dependency must be addressed in the future. Sec-
ondly, we did not perform technical parametric tests for
the ULD scan to quantify the contribution of each inde-
pendent source of error (e.g. slice thickness, pixel size,
kernels, distance from iso-center, etc.). Thirdly, the
reader should bear in mind that the study is based on
bovine tibia, whereas some differences may also exist
compared with bone material from other sites. Therefore,
future studies on this topic for other iterative-based
reconstruction algorithms in vivo are recommended.

In conclusion, using HIR-MDCT, 4 calibration phan-
toms with different concentrations provided excellent lin-
ear correlation between the QCT equivalent density and
the ash gold standard. The intrinsic difference between
solutions of K2HPO4 in water and bone matrix causes
bias in QCT quantification. We conclude that using liquid
calibration phantoms with a range of mineral content sim-
ilar to that being measured will minimize bias. A cross-
calibration study to quantify the relationship between
solid and liquid phantoms with HIR is recommended.
Finally, we suggest performing BMD measurement with
ULD scan concurrent with iterative-based reconstruction
to reduce radiation exposure based on the principle of
“as low as reasonably achievable (ALARA)”.
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