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Background. Dual-energy X-ray absorptiometry (DXA) is an effective method for bone mineral density (BMD) and
subcutaneous fat percentage estimation. The constant development of new densitometry techniques, the demographic
change and the higher potential of artificial intelligence in healthcare enhance requirements for the high-quality
measurements in DXA.

This study aimed to develop a quality control method for DXA scanners and compare four DXA systems with different
X-ray geometries and manufacturers when simulating fat-water environments.

Methods. We evaluated the accuracy (relative error (¢%) and precision (CV%)) of the bone mineral density (BMD)
measurements, performed by the four DXA scanners: 2 with narrow-angle fan beam (64- and 16-channel detectors
(DXA-1, DXA-2)); 1 with wide-angle fan beam (DXA-3); 1 with pencil beam (DXA-4). We used a PHK (PHantom Kalium)
designed to imitate spine. The PHK contained four vertebras filled with a K;HPO, solution in various concentrations
(50-200 mg/ml). The PHK also included paraffin patches (thickness 40 mm) to simulate the fat layer.

Results. DXA-1 and DXA-2 demonstrated the best CV% ranged from 0.56% to 1.05%. The least £¢% was observed when
scanning PHK with fat layer on DXA-1 and DXA-2 (1.74% and 0.85%) and DXA-4 (1.47%). DXA-3 produced significantly
lower BMD (¢ = -14.56%, p = 0.000). After removing the fat layer, we observed reduction (p = 0.000) of BMD for DXA- 1
and DXA-2 (¢ =-5.11% and -6.12% respectively) and weak deviation (p = 0.80) for DXA-4 (0.87%). For DXA-3, removal
of the fat layer also resulted in a significant reduction in BMD (¢ = -16.44%, p = 0.000). The subcutaneous fat modeling
showed that all these DXA systems automatically determine the percentage of fat in the scanned area with weak
underestimation: for DXA-1, DXA-2 and DXA-4 the ¢% were -5,9%, -6,3% and -2,3% respectively. CV% were 0.15%;
0.39%; 1.6%, respectively.

Conclusions. We proved a significant underestimation of the BMD measurements across the entire range of
simulated parameters for the DXA scanners when the model did not include the subcutaneous fat layer. All models
demonstrated high accuracy in measuring the fat layer, with the exception of the DXA-3 model, which was not assessed
in these studies.

Keywords: DXA, dual-energy X-ray absorptiometry, densitometry, bone mineral density, osteoporosis, precision,
relative error.
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AxmyansHocme. [IByXaHepreTHueckast peHTreHoBcKast abcopbuyometpus (IPA) — 910 9ddheKTUBHBI METOJ, OlleH-
KM MUMHepaIbHOM NI0THOCTU KOocTHOM TKaHu (MIIK) n mogkosxkHo-xkupoBoit kinetyatku (IDKK). [TocTosiHHOe pasBuTtue
HOBBIX METOJIOB AeHCUTOMEeTpUU, CTapeHMe HaceleHUs U BBICOKUI MOTeHIIMal MPUMeHEeHUS TeXHOIOT U UCKYCCTBEH-
HOTO MHTEJIJIEKTA B 3[[paBOOXPaHEHUY YCUIMBAIOT TOTPEOHOCTH B MOMyUEeHMM BICOKOKAUEeCTBEHHBIX M3MepeHunit MITK
B JIPA.

Lens uccnedosanus — paspaboTaThb CPEACTBA ¥ METOABI KOHTPOiS [IPA ckaHepOB M IIPOBECTU CpaBHEHME UeThIpex
JIeHCUTOMETPOB pa3HOii reoMeTpuu U GUPM-TIPOU3BOAUTENEN MPU MOIENMPOBAHUM PAIUYHOTO BOTHO-KUPOBOTO
OKpYKeHMUSI.

Mamepuan u memodst. B xome paGoThl PoBeieHa OIleHKa TOYHOCTM (OTHOCUTENbHOI MOTPemHOCTH (%) U BOC-
npoussogumoctu (CV%)) nsmepenunit MIIK yeTbipex peHTTr€HOBCKMX NEHCUTOMETPOB: IBA — C Y3KOBEEPHBIM ITy4-
KOM PEHTTeHOBCKOTO u3nyueHusi ¢ 64- u 16 psimamu getektopos (DXA-1, DXA-2), oai¥H — € LIMPOKOBEEPHBIM ITyYKOM
(DXA-3); onuH — ¢ myykom kapaHpamuoro tuna (DXA-4). [lns cpaBHeHust ucnonab3opancs dantom PHK (PHantom
Kalium), mogenupyiomuiuit MITK MossCHUYHO 06/71aCTH: YeThIpe MO MO3BOHKOB OT HOPMbI 10 OCTE0I0p0o3a, comep-
kamue TuapodocdaT Kanusl B pasnuaHoi KoHueHTpauun — 50-200 mr/miu. PHK Takske BkiIouan mapacdhuHOBbIe Ha-
knaaxku (TonmuHoi 40 Mm), umutupytomue IDKK.

Pesynomamot. DXA-1 u DXA-2 umetor Hawryutnyio CV%, onpeneneHHyio B auamnasone ot 0,56% no 1,05%. HaumeHs-
masi €% ormedeHa npu ckanupoBaHum PHK c TDKK pns DXA-1 u DXA-2 (1,74% u 0,85%) n DXA-4 (1,47%). Ilpu mckmio-
venun IDKK Habmomatorest cHmskene MITK gy DXA-1 v DXA-2 (e = -5,11% 1 -6,12% cOOTBETCTBEHHO) U HEGOJBIIIOE OT-
xinoHeHue (p = 0,80) gyist DXA-4 (¢ = 0,87%). DXA-3 1eMOHCTpUpPYeT CyLeCTBEHHO 3aHVDKeHHbIe aHHble M3MepeHHo MIIK
(e =-14,56%; p = 0,000) mpu ckanmpoBanuy PHK c IDKK. Ognako uckimouenne IDKK Takske MpUBOAUT K 3HAUUTETHHOMY
(p = 0,000) cumwkenuto MIIK (g = -16,44%; p = 0,000). [Ipy aHanM3e TOYHOCTU OIpeneNeHNUs KUPOBOTO caos ajst DXA-1,
DXA-2, DXA-4 otmevuasiach He3HAUMUTEIbHAS HEIOOLIEHKA 3aJaHHbIX ITOKasartesiei Ha -5,9%, -6,3% 1 -2,3% COOTBETCTBEHHO.
ITpu stom CV pesynbraTos cocraBmia 0,15%; 0,39%; 1,6%.

3axnouenue. Pe3ynbTaTbl UCCIeOBaHUSI MOATBEPAWINM 3HAUUTENbHYI0 HemooleHKy MIIK nmis Bcero gmamasoHa
BO3MOSKHBIX 3HaUeHM npu ckauupoBaumy PHK 6e3 TDKK. Mogeny pogeMOHCTPUPOBAIN BbICOKYIO TOUHOCTh M3MepEHMSI
SKMPOBOTO €104 3a uckiaodeHneMm DXA-3 ckaHepa, AJ151 KOTOPOTO 9TOT apaMeTp B UCCIeSOBAaHUM He OLleHUBAJICS.

KmioueBbie cioBa: [IPA, mByxoHepreTuueckas PeHTTeHOBCKasi abcopOIMOMeTpus, JeHCUTOMETPUSI, MUHepaIbHast
IUIOTHOCTb KOCTH, OCTEOII0PO3, BOCIIPOU3BOAMMOCTb, OTHOCUTEIbHAS MTOTPEUIHOCTD.
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INTRODUCTION

Dual-energy X-ray absorptiometry (DXA) is an
effective method for bone mineral density (BMD)
and subcutaneous fat percentage estimation. High-
accuracy measurement of BMD is considered an
important criterion to diagnose osteoporosis and to
monitor the treatment progress [1]. The International
Society for Clinical Densitometry (ISCD 2019) suggests
assessing the precision in volunteer studies by
calculating the least significant change (LSC) using the
ISCD calculator [2]. A similar approach (involving the
LSC calculation) was suggested for cross-calibration
of various scanner models. The suggestions also
addressed phantom studies, recommending to assess
the stability of the scanner performance in general
and when replacing scanners with similar models. Fat
layer measurements are relevant for body composition
estimation that is recommended for children, the
diagnosis of sarcopenia, and other diseases [3].

The comparison of DXA scanners about the
measurement accuracy and phantom studies
designed to assess various scanner models has been
conducted during the entire DXA history [2, 4, 5, 6].
However, recently, there has been growing interest
in precision assessment. Firstly, it is associated with
the constant development of new densitometry
techniques that requires providing comparisons
with previous methods [7]. Secondly, the population
becomes older, and with that, the distribution of this
technique and its application rise [8]. The suggested
resupply of the DXA equipment to meet the European
targets (1 scanner per 100 thous. people) would secure
population coverage with the screening measures
based on the risk factors and treatment monitoring
needs [9]. Thirdly, the higher potential of artificial
intelligence in healthcare requires receiving robust

medical data for using it in a decision support system,
to provide patient-oriented medicine [10, 11], and for
providing the population studies by osteoporosis.

Following the European Union initiative, the
Committee d’Actions Concertes — BioMedical
Engineering (COMAC-BME) developed a procedure
to improve cross-calibration and enhance the
BMD measurement standards that utilize semi-
anthropomorphic phantoms (ESP — European Spine
Phantom) [12, 13]. Some phantoms contain as well
as test objects for BMD modelling, a permanent fat
layer. For example, the standard ESP configuration is
designed to simulate a 9% fat layer [14], whereas Bona
Fide Phantom, BFP simulates a 26% fat layer [15].
However, the embedded fat layer of these phantoms
cannot be modified. Although this phantom was
presented in many studies, its construction doesn’t
allow adding or deleting a fat layer. The above makes it
reasonable to compare the measurement technique of
various DXA scanners to assess the impact produced
by the fat layer and to obtain data on CV precision and
accuracy when modelling fat-water environments.

Our study aimed to compare the accuracy and
precision parameters for BMD and fat percentage
measures acquired by four DXA scanners using a self-
developed phantom solving the describing above
limitations. During our study, the alternative phantom
was presented and the precision and accuracy
parameters of four DXA scanners were measured and
compared.

METHODS
PHK phantom

A detailed description of the PHK (Phantom
Kalium) is available in the previous paper [7]

(Fig. 1).

Fig. 1. PHK design:

1 — vertebrae section made of a cylinder that simulates
the vertebra body, and a parallelepiped imitating

a cortical layer;

2 — during the w/ fat scan the ‘vertebrae’ were placed
inside a cylinder with a diameter of 190 mm filled with
water;

3 — around the cylinder walls it was possible to place
40 mm thick paraffin patches to simulate the fat layer

Puc. 1. Koncrpykuus dantoma PHK:

1 — ceKuMSsI «<[1I03BOHKOB», COCTOSILIAS U3 UUINHADPA,
MMUTUPYIOLIEro Telo II03BOHKA, X NapaJlienenumesa,
MMUTUPYIOIIETr0 KOPTUKAIbHBIN CJ1071 KOCTH;

2 — «II03BOHKM» MTOMeIlleHbl B LMAMHAID C BOLO
IuameTpoM 190 MM NpyM CKaHMPOBAHUM B IeHCUTOMETpe
6e3 IMOIKOKHO-KMPOBOJi KI€TYATKM;

3 — BOKpYT UM/UIMHPA BO3MOXKHO pa3MelleHne
napadMHOBBIX HaK/IaJ0K, UMUTUPYIOMIMX ITOLKOXKHO-
SKMPOBYIO KJIEeTYaTKY, TONKHOM 40 MM

50 2022;28(2)

TPABMATONOIMNA U OPTONEANA POCCUN / TRAUMATOLOGY AND ORTHOPEDICS OF RUSSIA



TEOPETUYECKWME N SKCMEPUMEHTAJIbHbIE MCCNEOOBAHNSA / THEORETICAL AND EXPERIMENTAL STUDIES

The phantom is designed to simulate the lower back
region. Depending on the configuration, the phantom
body can be made of polypropylene or polymethyl
methacrylate (to results presented in this paper
were obtained using a polypropylene phantom. The
phantom is cylinder in shape with an internal diameter
of d = 190 mm and length 230 mm. Wall thickness —
5 mm. Using high-precision milling on ultra-high-
molecular-weight polyethylene fiber we made
4 vertebra models consisting of a cylinder (a vertebra
body) and a parallelepiped (a cortical layer).

The vertebrae sections are filled with a
dipotassium phosphate solution (K,HPO,) in various
concentrations. Table 1 contains set values of
volumetric BMD and projected areal density (cylinder +
cortical layer). The “vertebra” area of 17.5 cm? is

defined by the area of a parallelogram pertaining to
a denser cortical layer. According to the evaluation of
the expanded uncertainty for the set values the error
for the set volumetric BMD is * 0.21%; projected areal
density — +0.9%. The highest difference between the
volumetric and set BMD values for both L1 sections
is 0.26%. The accuracy of the set BMD values for this
phantom is as good as that for ESP phantoms. The
PHK phantom can be used both for DXA measurement
accuracy evaluation and for QCT. To simulate the fat
layer, we used 40 mm thick circular paraffin patches
that covered completely the phantom outer side (See
Fig. 1). During the imaging with fat condition, the fat
percentage was 32.14%; for scanning without fat, it
was 5%, due to consideration of the thickness of the
polypropylene wall in the fat percentage.

Table 1
The PHK features for set volumetric and projected BMD
. Set volumetric .
Set volumetric BMD . Set projected BMD, Set T-score
Vertebra (cylinder), mg/mL BMD (cortical layer), g/cm? for Lunar DXA, SD
mg/mL
L1 50.13 250.65 0.586 -5.08 (osteoporosis)
L2 100.19 350.79 0.886 -2.58 (osteoporosis)
L3 150.38 450.10 1.177 -0.16 (normal)
L4 200.49 551.21 1.475 2.33 (normal)
Scanning technique is described in previous studies [4, 16]. Each

The phantom study was performed using DXA
scanners with four different types of fan beam:

- two DXA scanners with narrow-angle beam
and a detector array: 64-channel detector Lunar
iDXA (hereinafter - DXA-1) (GE HealthCare, USA);
16-channel detector (DXA-2) (Lunar Prodigy,
GE HealthCare, USA);

— one DXA scanner with wide-angle beam (DXA-3)
(Discovery, Hologic Inc., USA);

- one DXA scanner with pencil beam (DXA-4)
(DEXXUM-3, OsteoSys Co., Ltd., Republic of Korea).

The imaging was performed using the standard
clinical protocol. The phantom scanning technique

phantom scan was repeated five times for each of
the two configurations: with (w/) and without (w/0)
fat layer.

During the image processing, the automated
segmentation was corrected manually (since there
was no high X-ray density layer, the automated
segmentation showed lower reliability) which
eliminated the possible bias [7]. The rectangular
configuration of the cortical block allowed to perform
the correction effectively (Fig. 2). In addition, as per
the DXA scanning procedures, we have been recording
the results of the fat percentage estimation in the
regions that imitated soft tissues.

Fig. 2. The images were obtained from

a PHK phantom w/o fat using the following
DXA scanners:

a— DXA-1;b—DXA-2;

¢ — DXA-3; d — DXA-4

Puc. 2. V306paskeHusl, TOTyYeHHbIE

B pe3yJsibTaTe cKaHupoBaHus gantoma PHK
6e3 MOIeNMPOBaHMs TTOAKOKHO-KMPOBOI
KJI€TYaTKM Ha JEHCUTOMETpPax:

a — DXA-1; b — DXA-2;

¢ — DXA-3;d — DXA-4
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Evaluation of accuracy

(precision and relative error)

When comparing the DXA scanners, we analyzed
the following results of the DXA study: the area, the
bone mineral composition (BMC), and the derived
areal BMD (calculated as the ratio between BMC and
the object area). The measurement was performed
for each vertebra section and the average scores for
L1-14.

Following the results of the five-fold scanning, we
calculated an average value (BMD,, ,) and a standard
deviation (SD,, ,) that were later used to access the
study accuracy scores: precision (CV%, formula 1)
and relative error (¢%, formula 2):

SD
CV= ——x100%, )
BMD,, ,
where:
SD,, ,— standard deviation,

BMD,, ,— average BMD values for L1-4;

_BMD, -BMD, )
=~ BMp, " @)

where:
BMD, — average BMD values for L1-4 set during
the making of the phantom;

BMD, | , — average BMD values for L1-4.

Considering that the measured BMD, BMC, and
the area values are linearly dependent from the set
values, to compare the measurements from different
DXA scanners we analyzed the corresponding linear
approximation parameters. The comparison was
performed using the generalized linear model (GLM)

BMD measurements
Narrow-angle fan beam densitometer, 64 rows (DXA-1)

Measored BMD fgfom2)

1
Set BD (g/em3)

BMD measurements,
Pancil beam densitomaeter (DXA-8)

©

Vaasared SO tefemz)

BMD measurements,
Narrow-angle fan beam densitometer, 16 rows (DXA-2)

method for w/ and w/o fat conditions. A significance
level was set to <0.05.

RESULTS

Figure 2 shows images, obtained from a PHK
phantom w/o fat. The borders that surround the BMD
measurement area were corrected manually.

Figure 3 shows graphs of BMD measured with
different DXA scanners using the PHK phantom in w/
and w/o fat configurations. It shows the mean values,
which are # 2 SD for each L1-4 vertebra model.

For the Lunar DXA scanners (DXA-1 and DXA-2), the
CV,% during the scanning w/ fat was 0.68% and 1.0%,
and 0.56% and 1.05% w/o fat, respectively. The mean
¢,% for the DXA-1 and DXA-2 w/ fat was 1.74% and
0.85% (Table 2). The measured BMD values were lower
wy/o fat and the average ¢ values were -5.11% and -6.12%
for the DXA-1 and DXA-2, respectively. The lower BMD
for the DXA-1 and DXA-2 were significant (p = 0.000 for
both models), as determined by the multiple regression
for w/ fat scans. This underestimation was caused by a
significant decrease in BMC measurements (p = 0.000
for both models), while no significant differences in the
area measurements were observed (p = 0.430 for the
DXA-1 and p = 0.360 for the DXA-2).

The Hologic DXA scanner (DXA-3) generated
reproducible data during w/o fat scans (CV = 0.91%)
and less precise data for w/ fat scans (CV = 2.60%)
(See Table 2). Assessment of the relative error for the
DXA-3 indicates a significantly lower BMD across the
entire range of values: the mean £% were (-16.44%)
wy/o fat and (-14.56%) w/ fat (See Fig. 3c). This model
showed a significantly lower BMD (p = 0.000) w/o
fat, due to a significant decrease in BMC (p = 0.000),
without a significant underestimation of the measured
area (p = 0.220).

BMD measurements,
Wide-angle fan beam densitometer (DXA-3)

Fig. 3. Bone mineral density BMD measured by DXA scanners of different types:
a — DXA-1; b — DXA-2; ¢ — DXA-3; d — DXA-4.

Average BMD values #* 2 SD are shown

Puc. 3. Pe3ysibTaTsl U3MepeHMi MMHEPAIbHON IIJIOTHOCTU KOCTU

Ha JEHCUTOMETPaX pPa3HbIX TUIIOB:

a— DXA-1; b — DXA-2; c — DXA-3; d — DXA-4.

OTmeueHbl cpegHme 3HaueHust MIIK + 2SD
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Table 2

Specified values, precision (coefficient of variation CV), accuracy (relative error €) of BMD, BMC,
and areas for various models of DXA scanners (mean values for L1-4), calculated using
the formulas 1, 2

Measured mean values Precision, CV% L1-4, Accuracy, relative error (g),
Set values sc?iﬁr?er (L1-4) % %
W/o fat W/ fat W/o fat W/ fat W/o fat W/ fat
DXA-1 0.978 1.049 0.56 0.68 -5.11 1.74
BMD, g/cm’ DXA-2 0.968 1.039 1.00 1.05 -6.12 0.85
1.051 DXA-3 0.861 0.881 0.91 2.60 -16.44 -14.56
DXA-4 1.038 1.040 2.10 1.47 0.71 0.87
DXA-1 67.73 72.86 0.34 0.85 -6.16 0.95
BMC, g DXA-2 66.11 71.47 0.47 0.87 -8.40 -0.97
72.17 DXA-3 58.21 60.91 1.33 1.31 -19.35 -15.6
DXA-4 67.64 67.88 0.86 0.57 -6.29 -5.95
DXA-1 69.18 69.45 0.44 0.97 -1.16 -0.78
Area, cm? DXA-2 68.51 68.74 0.70 0.67 -1.01 -1.78
70 DXA-3 67.57 69.17 1.26 2.90 -2.5 -1.18
DXA-4 65.18 65.29 2.37 1.40 -6.90 -6.73
DISCUSSION

The OsteoSys DXA scanner (DXA-4) produced
fairly low-reproducible results. The CV was 2.10% for
wy/o fat, and 1.47% for w/ fat condition. At the same
time, the measured BMD values closely corresponded
with the set values (See Fig. 2d) for L1-L4: the
relative error (¢%) was 0.71% and 0.87% w/o fat and
w/ fat, respectively. It should be noted that these
scanning modes showed no significant differences in
BMD measurements (p = 0.800). Also, no differences
were observed in BMC values (p = 0.48), and in the
vertebrae area (p = 0.870).

At the same time, both the measured area (on
average) and BMC values (6.8%) were underestimated
for both scanning options (see Table 1), while the
calculated BMD value was close to the set one.

The accuracy of the fat percentage estimation
was compared for three devices. The subcutaneous
fat modeling showed that all these DXA systems
automatically determine the percentage of fat in the
scanned area quite well: 30.24 +0.05% for the DXA-1;
30.53+0.12% for the DXA-2 and 31.4 + 0.54% for the
DXA-4 (CV% were 0.15%; 0.39%; 1.6%, respectively)
for a given 32.14% fat environment, including the
paraffin patches and the polypropylene casing. We
obtained identical results by scanning the phantom
without the patches for all three DXA scanners: 4%
with a relative error of 20%.

Analysis of the precision (CV%) showed that
the lowest CV values (the best reproducibility) were
observed for both Lunar DXA scanners: from 0.56%
(for the DXA-1 w/o fat) to 1.05% (the DXA-2 w/ fat).
The presence of the fat layer simulant contributed to
lower precision for the DXA-1 and the DXA-2, an even
more significant decrease for the DXA-3 DXA scanner,
and a decrease for the DXA-4 DXA scanner (Table 2).
Previously we obtained comparable results. Scanning
an ESP phantom with similar DXA scanners produced:
0.78% for the DXA-3 (80 measurements, 10 DXA
scanners); 2.46% for the DXA-4 (50 measurements,
10 DXA scanners) [4].

According to other data, when scanning the
ESP phantom with the DXA-1 and the DXA-2, we
obtained the coefficients of variation of 0.42% and
0.50%, respectively [15], which also matches well
with our data. In-vivo measurements (30 patients) by
Krueger D. et al. produced slightly larger coefficients
of variation for these DXA scanner models: 1.81% for
the DXA-1 and 1.41% for the DXA-2 [5].

Scanning of the PHK phantom using various DXA
scanners showed that the BMD parameters correspond
the most with the set values when measured using the
DXA-1 and the DXA-2 in the w/ fat mode. According
to the scientific papers, scanning of the ESP phantom
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produced overestimated BMD values in comparison
to the set values for the Lunar DXA scanners, so
according to different authors, the BMD value was
11.75% [4], 4.08% [17] in the L1- L3 section. We noted
a slight relative overestimation of the measured
BMD values (by 0.85% w/o fat and 1.01% w/fat) for
the measurements using the DXA-1 DXA scanner
compared to the DXA-2 DXA scanner. A similar
overestimation by 1.5% was observed for the DXA-1
compared to the DXA-2 in the study in phantoms and
in patients earlier [3].

The DXA-3 DXA scanner also showed a significant
underestimation of the BMD measurements
compared to the set values, both when scanning
with and without subcutaneous fat (See Fig. 3c).
Without subcutaneous fat, the measured BMD values
were slightly lower (-1.9%) compared to the Lunar
DXA scanners. According to the scientific papers,
the average relative error for the ESP phantom was
-3.91% in the L1-L3 section [4].

We obtained relatively elevated (13.71%) BMD
measurements for the DXA-2 DXA scanner in
comparison to the DXA-3 DXA scanner in the L1-14
sections. This is in good agreement with the 15.66%
difference [4] in the results for similar DXA scanners.

The difference in relative errors for the DXA-1,
the DXA-2 and the DXA-3 may be caused by different
technologies for bone structure contouring [4].
According to our data, this discrepancy is largely
caused by different methods for BMC measurements
(See Table 2): the MSC values for the Hologic DXA
scanner are lower by 10.9% (without subcutaneous
fat) and 14.6% (with subcutaneous fat) compared to
the Lunar DXA scanners, although the difference in
the determined area is insignificant.

According to our data, the Osteosys DXA scanners
ensure the most accurate BMD measurements,
regardless of whether the fat simulant was there.
However, this was achieved by a systematic decrease
both of the area and the BMC values by about 6%
with manual adjustments (Table 2). Without an
automated adjustment of the area measurements, the
ESP scanning with this DXA scanner model produced
lower BMC values (by 7%) for the L1-L3 section [2].
This can be explained by an increased area of objects
with automatic segmentation and lower BMC values.

A study of 102 patients showed a relative
underestimation of the BMD values measured using
the DXA-4 DXA scanner compared to the DXA-2 DXA
scanner (the same models) [18].

Elevated measured BMD values with an increased
fat environment were recorded for DXA scanners
when scanning the phantoms [19]. We observed
a significant decrease in BMD in patients after
different types of weight reduction surgeries [20].
A true decrease in BMD, which may cause fractures as
a complication from the obesity treatment, must be

differentiated from an artifact decrease in BMD when
measuring the volume of fat tissue [21]. Therefore,
it is important to determine the relative error when
modeling the fat environment.

The study showed that all DXA scanners determine
the percentage of fat in the scanned area quite well.
When scanning with subcutaneous fat, the volume
of adipose tissue is slightly lower by -5.9%, -6.3%,
and -2.3% when using the DXA-1, the DXA-2 and the
DXA-3 DXA scanners, respectively. When scanning
without subcutaneous fat the results were the same
across all the devices and studies, therefore the
underestimation is 20%. These studies are relevant
for estimating the human body composition accuracy
(fat, muscles, bones) using modern DXA scanners [14].
This technology is used in paediatrics [22, 23], and the
diagnosis of sarcopenia [24]. Cross-calibration of DXA
scanners when determining the composition of the
human body [25] may be feasible when using a special
phantom that simulates the shape of the human body.

The results of this study are perspective also
for providing ex-vivo samples experiments based
on DXA [26]. On the other hand, the high-accuracy
measurements of BMD and fat percentage are seemed
tobe applied in the decision-making systems including
systems based on the artificial intelligence. Robust
data develop the prognosis accuracy that is actually in
the situation of the life duration increasement.

The developed PHK phantom is limited by its
inability to correctly outline the edges of vertebra
modelsinanautomatic mode when using the phantom,
which calls for manual adjustment. A promising idea is
adding high- density boundary inserts to the cortical
block models. The study is also limited to four devices.
Different devices of these models are required for a
more comprehensive understanding of the observed
differences.

CONCLUSIONS

The study showed the effectiveness of the
developed PHK phantom based on vertebra models
using potassium hydrogen phosphate and modeled
subcutaneous fat for determining the accuracy of the
densitometry studies.

The impact of the fat environment on the DXA
studies was evaluated for four DXA scanners (various
models and manufacturers). We proved a significant
underestimation of the BMD measurements across
the entire range of simulated parameters for the
iDXA, Prodigy (Lunar GE), and Discovery (Hologic)
DXA scanners when the model did not include the
subcutaneous fat layer. The Discovery model (Hologic)
underestimates BMD compared to the iDXA and
Prodigy (Lunar GE) models, which is consistent with
the results of other studies. The BMD values obtained
using the Dexxum 3 DXA scanner (Osteosys) showed
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they were close to the standard, while the BMC and
the area were systematically underestimated.

All models demonstrated high accuracy in
measuring the fat layer, with the exception of the
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