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Abstract
Purpose To assess the comparability of linear measure-
ments of dental implant sites recorded from multidetec-
tor computed tomography (MDCT) images obtained using
standard-dose filtered backprojection (FBP) technique with
those from various ultralow doses combined with FBP,
adaptive statistical iterative reconstruction (ASIR), and
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model-based iterative reconstruction (MBIR) techniques.
The results of the study may contribute to MDCT dose opti-
mization for dental implant site imaging.
Methods MDCT scans of two cadavers were acquired using
a standard reference protocol and four ultralow-dose test
protocols (TP). The volume CT dose index of the different
dose protocols ranged from amaximumof 30.48–36.71mGy
to a minimum of 0.44–0.53 mGy. All scans were recon-
structed using FBP, ASIR-50, ASIR-100, and MBIR, and
either a bone or standard reconstruction kernel. Linear mea-
surements were recorded from standardized images of the
jaws by two examiners. Intra- and inter-examiner reliability
of the measurements were analyzed using Cronbach’s alpha
and inter-item correlation. Agreement between the measure-
ments obtained with the reference-dose/FBP protocol and
each of the test protocolswas determinedwithBland–Altman
plots and linear regression. Statistical significance was set at
a P-value of 0.05.
Results No systematic variation was found between the
linear measurements obtained with the reference proto-
col and the other imaging protocols. The only exceptions
were TP3/ASIR-50 (bone kernel) and TP4/ASIR-100 (bone
and standard kernels). The mean measurement differences
between these three protocols and the referenceprotocolwere
within ±0.1 mm, with the 95% confidence interval limits
being within the range of ±1.15mm.
Conclusions A nearly 97.5% reduction in dose did not
significantly affect the height and width measurements of
edentulous jaws regardless of the reconstruction algorithm
used.

Keywords Algorithms · Dental implants · Image
processing · Computer-assisted · Multidetector computed
tomography · Radiation dosage · Reproducibility of results
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Introduction

The widespread use of multidetector computed tomogra-
phy (MDCT) in the analysis of prospective dental implant
sites, although diagnostically beneficial, may contribute to
the increasing collective dose of ionizing radiation to popu-
lations [1]. Depending on the imaging protocols used, wide
variability exists in the radiation doses imparted by MDCT.
Effective dose for a MDCT examination of the jaws has
reportedly ranged between 453 and 1410 µSv, depending
on the area irradiated and scan protocols [2–4]. Therefore,
dose sparing protocols should be used whenever possible,
provided the dose reductions do not affect image quality and
diagnostic accuracy [5,6]. In addition, low-dose images for
dental implant site evaluation and application of computer-
assisted surgery must achieve linear measurements with an
accuracy at least equal to that of standard MDCT expo-
sure protocols. Linear measurements of ridge dimensions
obtained with standard MDCT protocols for dental implant
site imaging have demonstrated mean absolute error values
(compared to direct bone measurements) of 0.65 mm, with
21% of the errors being larger than 1 mm [7].

Considerable reductions in radiation dose compared to
standard MDCT examinations have been shown to provide
adequate contrast resolution for subjective identification of
bone margins [4,8–10]. Also, implant site measurements
and identification of cortical boundaries of the jaws and the
inferior alveolar canal have been shown to be comparable
when standard MDCT examinations were compared with
such low-dose protocols [8,10,11]. The limiting factor for
more aggressive dose reductions in MDCT, however, is the
increasing image noise which reduces the contrast-to-noise
ratio (CNR). So, further reductions in MDCT doses must be
accompanied by measures to reduce image noise.

Potential improvements in image quality with reduced
radiation doses may be achieved with the iterative recon-
struction techniques (IRTs) of adaptive statistical iterative
reconstruction (ASIR) and model-based iterative reconstruc-
tion (MBIR) techniques. However, the reduced noise levels
produced with IRTs compared to the standard filtered back-
projection (FBP) reconstruction may reportedly present as
an “oversmoothing” of the image, of which the effect on
diagnostic accuracy must be considered [12,13]. Therefore,
the IRT used must be carefully considered before its imple-
mentation for a particular diagnostic task in order to achieve
the optimal balance between acceptable image quality and
radiation dose.

The use of IRTs in MDCT imaging of the temporal bone
and paranasal sinuses has been shown to have the poten-
tial to lower the radiation dose up to 50% compared with
FBP, while maintaining the noise levels seen with FBP [14–
16]. Furthermore, the use of ASIR and MBIR reportedly
allows significant improvements in subjective image quality

of high-resolution images of the craniofacial bone with 76
and 91% dose reductions compared with the recommended
volume CT dose index (CTDIvol) of sinusitis [17]. Also,
compared to a standard cranial emergency imaging proto-
col, diagnosis of orbital and midfacial fractures was found
to be sufficient when ASIR and MBIR were used with dose
reductions of 97 and 93% for dislocated and non-dislocated
fractures, respectively [13]. However, to our knowledge,
there is no information in the published literature regard-
ing the use of MBIR or ASIR in dental implant site imaging.
The use of such techniques has the potential to allow further
dose reductions compared to previously reported low-dose
MDCT imaging of the jaws. Prior to clinical implementation
of such techniques in implant site imaging, however, dose
optimization is needed to determine the minimum radiation
dose that will yield a diagnostic image [18]. Interpretation of
images produced by various combinations of scanning and
reconstruction techniques has been advocated as the refer-
ence standard for establishing the target image quality and
required minimum radiation dose [18].

Therefore, the present study aims to assess the compara-
bility of linearmeasurements of edentulous ridge dimensions
recorded fromMDCT images obtained using a standard-dose
FBP technique with those from different combinations of
ultralow doses and reconstruction techniques (FBP, ASIR,
andMBIR). The results of the studymay contribute toMDCT
dose optimization for dental implant site imaging by demon-
strating the lowest dose combination that may yield linear
measurements comparable to a reference-dose/FBPprotocol.

Materials and methods

Cadaver selection

Complete cadaver heads with edentulous and partially eden-
tulous jaws and with intact soft tissues were selected. The
bodies were donated by people who had given their informed
consent for their use for scientific and educational purposes
prior to death [19,20]. All cadavers were preserved using an
arterial injection of an alcohol–glycerin solution and immer-
sion in phenolic acid in water for one to three months [21].

Imaging of the cadavers

The cadaver heads including the mandible were scanned
using a 64-multislice CT scanner (Discovery CT750 HD,
GE Healthcare, Vienna, Austria). The scan range included
the entire skull and mandible. Each cadaver was exposed to
a high-resolution reference protocol and 4 low-dose test pro-
tocols (LD) (Table 1). All MDCT datasets for both cadavers
were acquired with a 0.625mm slice thickness, and the voxel
size was 0.625 × 0.391 × 0.391mm. There was no move-
ment of the cadavers during and between the five different
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Table 1 List of exposure parameters and reconstruction techniques used to produce the various combinations of MDCT image datasets

Exposure protocol Reconstruction
technique

kV mAs Pitch CTDIvol (mGy) DLP (mG∗ cm) Effective dose
(mSv)c

Reference-dose protocol FBP 120 100 0.5 36.71a 931.3a 4.0a

ASIR-50 30.48b 856.72b 3.8b

ASIR-100

MBIR

Low-dose protocol 1 FBP 100 35 0.5 4.19a 106.22a 0.5a

ASIR-50 3.48b 97.84b 0.4b

ASIR-100

MBIR

Low-dose protocol 2 FBP 80 40 0.5 2.64a 66.91a 0.3

ASIR-50 2.19b 61.6b

ASIR-100

MBIR

Low-dose protocol 3 FBP 80 15 0.5 0.99a 25.11a 0.1

ASIR-50 0.82b 23.08b

ASIR-100

MBIR

Low-dose protocol 4 FBP 80 10 0.5 0.53a 13.38a 0.1

ASIR-50 0.44b 12.29b

ASIR-100

MBIR

a Cadaver 1
b Cadaver 2
c Calculated by CTEXPO software

exposures. In addition to the FBP standard reconstruction, all
images were reconstructed using the following IRTs: ASIR-
50, ASIR-100, and MBIR. The ASIR percentage could be
selected in a spectrum of 0–100%, where ASIR-50 meant
50% FBP and 50% ASIR, and ASIR-100 meant 100%
ASIR. Bone convolution kernel was used in the images of
cadaver 1 (except MBIR for which only standard convolu-
tion kernel was available). A standard reconstruction kernel
was used in all the images of cadaver 2. The CTDIvol and
dose length product (DLP) were obtained from the digital
imaging and communication in medicine (DICOM) tags. In
addition, effective doses were calculated using CT-Expo ver-
sion 2.1 (Medical University Hannover, Germany), an MS
Excel application for assessing the radiation doses delivered
to patients undergoing CT examinations based on the scan
parameters of the used scanner type. The tissue weighting
factors used were those from the International Commission
on Radiologic Protection Document ICRP 103 [22]. A pro-
tocol summary is shown in Table 1.

Processing and viewing of 3D datasets

Each of the 40MDCT datasets was converted to DICOM for-
mat and uploaded onto a shared Google Drive. The DICOM

datasets were then imported into a 3D image reformat-
ting software (OnDemand Software, version 1.0, Cybermed
Inc., Seoul, South Korea). The images were viewed on a
22′′ flat panel LCD color monitor in landscape mode (Dell
P2210,RoundRock,Texas,USA). Specifications of themon-
itor were as follows: aspect ratio: 16:10; screen resolution
1680× 1050 (highest, recommended) (calculated pixel size:
0.282 mm); color resolution: 32 bit; luminance 250 Cd/m2;
contrast ratio (static): 1000:1. The window width/level of
the MDCT images was set to 3000/650, and the images were
viewed and measurements recorded in a dimly lit room.

Sample selection

The maxillary and mandibular edentulous ridges of both the
imaged cadavers provided the study sample sites. The sample
site inclusion criteria were all edentulous spaces within the
jaws of the cadavers, at 5-mm intervals. The exclusion criteria
for the edentulous spaces were the following: the presence of
foreign objects or artificial defects at the residual ridge, and
areas of residual ridges with bucco-lingual or occluso-apical
dimensions of less than 2mm.

Based on the inclusion criteria, the posterior regions of
the jaws of cadaver 1 and the entire jaws of cadaver 2 were
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Table 2 Distribution of sample
sites

Cadaver Maxillary sites Mandibular sites

Premolar Molar Premolar Molar Total

1 (bone convolution kernel) 4 7 5 13 29

2 (standard convolution kernel) 0 0 0 19 19

Total 4 7 5 32 48

considered for inclusion in the study. The entire maxilla of
cadaver 2 and the two posterior-most sites from the left max-
illa of cadaver 1 were excluded because the bucco-lingual
or occluso-apical dimensions were less than 2mm. And the
anterior mandible of cadaver 2 was excluded because of the
presence of foreign objects or artificial defects.

A total of 48 sample sites were obtained, and two mea-
surements, the ridge height and width, were obtained from
each site, yielding 96 sample measurements from each pro-
tocol. Table 2 displays the distribution of the sample sites.
Each of the 48 sample sites was examined in all the MDCT
protocols (1 reference and 19 test protocols) for a total of 960
sites examined, and 1920 measurements.

Reformatting of sample sites

Oneoral andmaxillofacial radiologist (A.A.)with 10 years of
experience in CT image processing and analysis performed
the reformatting of all the datasets to obtain transverse cross-
sectional images of the sample sites. The 3D module of the
OnDemand software was used to produce each cross sec-
tion individually. The text overlay information was turned
off in order to mask the mA and kVp. Since the cadaver
heads were not moved between theMDCT examinations, the
default position and orientation of the orthogonal sectional
planes relative to the jaws were consistent in all the MDCT
datasets of each cadaver. Thus, standardization of the site and
orientation of the reformatted sample sites was achievable
through measured shift and angulation of the orthogonal sec-
tional planes. Tables 3 and 4 show sample sites obtained with
each of the 20 combinations of exposure protocols and recon-
struction techniques using a bone kernel and standard kernel,
respectively. Each reformatted site was saved as a bookmark
on the master database of the reformatting software (on the
hard drive of the computer) such that the examiners can
access the reformatted sites using the OnDemand software.

Recording the test measurements

The examiners, two oral and maxillofacial radiologists (R.A.
and R.S.) with 14 and 8 years of experience, respectively, in
CT image processing and analysis, recorded the testmeasure-
ments using the Ruler tool of the software. The examiners

were blinded to all exposure parameters and reconstruction
protocols.

The height measurement of the ridge was recorded on the
sample site along the line representing the oblique sagittal
plane, and the width measurement along the line represent-
ing the axial plane (Fig. 1). The limits of the height and width
measurements were the outer cortical boundaries of the bone
(Fig. 2). The linear measurements were recorded to the near-
est 0.1 mm. The examiners were calibrated in identification
of the outer margin of the bony ridges and were permitted to
adjust magnification of the images for optimum clarity, but
not the window width and level.

One examiner (R.S.) recorded all the measurements once
(1920 measurements from 960 sites). Then 100 sample
sites were selected for testing intra- and inter-examiner
reliability. The sites were equally distributed among the
imaging protocols. Five samples were selected from each
imaging protocol: Three samples were randomly selected
from cadaver 1 and two samples were randomly selected
from cadaver 2. Random selection was performed using
an online random number generator (http://stattrek.com/
statistics/random-number-generator.aspx). Each examiner,
independently, recorded the height and width measurements
from the 100 sites. Thus, 200 measurements were obtained
to calculate the intra- and inter-examiner reliability.

Statistical analysis

The recorded measurements were analyzed with the statis-
tical program SPSS, version 22 (IBM, Armonk, New York,
USA). The intra- and inter-examiner reliability were both
calculated by two statistical tests (for confirmation of the
results): Cronbach’s alpha and inter-item Correlation.

Descriptive statistics were used to analyze the differences
in the linear measurements between the reference protocol
(reference dose with FBP) and each of the other imaging
protocols. Agreement between the linear measurements was
determined with Bland–Altman plots (produced with SPSS,
version 22). Linear regression was used to test for propor-
tional bias; if a significant variance of differences was found
across the range of mean values, a logarithmic transforma-
tion of the differences was applied and the statistical analysis
repeated [23]. Statistical significance was set at a P- value
of 0.05.
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Table 3 Images of a sample site
obtained with the various
combinations of exposure
protocols and reconstruction
techniques using a bone
convolution kernel (except
MBIR which used a standard
convolution kernel)

Filtered 
Backprojection ASIR 50 ASIR 100 MBIR

Reference 
dose 
protocol

Low dose 
protocol 1

Low dose 
protocol 2

Low dose
protocol 3

Low dose
protocol 4

Vertical and horizontal lines within the images demonstrate the standardized position and orientation of the
measurement lines

Results

Both the intra- and inter-examiner reliability scores for
the linear ridge dimensions demonstrated very high reli-

ability. The Cronbach’s alpha and inter-item correlation
scores for the intra-examiner reliability were both 0.999
and, for the inter-examiner reliability, were 0.996 and 0.992,
respectively.
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Table 4 Images of a sample site obtained with the various combinations of exposure protocols and reconstruction techniques using a standard
convolution kernel

Filtered Backprojection ASIR 50 ASIR 100 MBIR

Reference 
dose 
protocol

Low dose 
protocol 
1

Low dose
protocol 
2

Low dose
protocol 
3

Low dose
protocol 
4

Vertical and horizontal lines within the images demonstrate the standardized position and orientation of the measurement lines

Using abonekernel, images becamegrainierwith progres-
sive dose reduction, with the graininess more marked with
FBP, followed by ASIR-50 and then ASIR-100 (Table 3).
With a standard kernel, no visible graininess was detected
with the naked eye (Table 4). Despite the variable image
quality, Bland–Altman plots (Online Resources 1 and 2) with
linear regression showed no systematic variation between the
linear measurements obtained with the reference protocol
and the other imaging protocols (Table 5). The only excep-
tions were LD 3/ASIR-50 (bone kernel) and LD 4/ASIR-100
(bone and standard kernels). The mean measurement dif-

ferences between these three protocols and the reference
protocol were within ±0.1mm, with the 95% confidence
interval limits being within the range of ±1.15mm.

Discussion

The present study attempts to contribute to the dose opti-
mization for MDCT in dental implant site imaging through
investigating the validity of linear measurements of ridge
dimensions using 19 different test combinations of dose
protocols and reconstruction techniques. The linear mea-
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Fig. 1 Sample site from the posterior maxilla (obtained using the
reference-dose protocol and filtered backprojection) showing position
and orientation of linear measurements: the height measurement along
the line representing the oblique sagittal plane (arrow) and the width
measurement along the line representing the axial plane (arrowhead)

Fig. 2 Sample site from the posterior maxilla (obtained using the
reference-dose protocol and filtered backprojection) showing the limits
of the height and width measurements at the outer cortical boundaries
of the ridge (arrows)

surements obtained with most of the test protocols were
comparable to those from the reference protocol. For those
protocols which demonstrated statistically significant differ-
ences in linear measurements, the differences were small,
being similar to the differences reported between reference-
dose FBP protocols and the gold standard of direct bone

measurements [7]. However, in order to determine which
dose/reconstruction technique yields the highest accuracy,
comparison of the measurements obtained with the ultralow-
dose protocols with direct bone measurements is needed.

The high intra- and inter-examiner reliability measures
obtained in thepresent study are in agreementwith other stud-
ies which recorded ridge dimensions from MDCT images
of the jaws [8,24]. Watanabe et al. [24] obtained correla-
tion values for intra-observer variability and inter-observer
agreement of 0.99 and 0.97, respectively, and Suomalainen
et al. [8] reported that the intra-class correlations between
the intra- and inter-observer readings obtained in their study
showed almost perfect matches.

The comparable linear measurements were obtained
despite variable degrees of graininess seen in the images
obtained with the different imaging protocols. The variable
degrees of graininess seen in the present study with the dif-
ferent imaging protocols are compatible with the findings
of Widmann et al. [13], who have reported that MBIR has
proven to be the most powerful method for noise reduction
and allowed 93% noise reduction as compared with 30%
using ASIR-50 and 56% using ASIR-100, and with the find-
ings of another study by the authors (under review) which
found a significant difference in objective noise measure-
ments between the reconstruction techniques when a bone
kernel was used. The variable degrees of graininess seen in
the present study are also compatible with the results ofWid-
mannet al. (2016)who foundvariable contrast-to-noise ratios
with dose/reconstruction technique combinations similar to
those used in the present study [25]. Thus, the types of IRT
tested in the present study and the percentage of statistical
iterations in ASIR, although yielding images with different
levels of graininess, had no significant impact on the recorded
linear measurements when compared to FBP.

The comparable measurements obtained in the present
study with the reference-dose and low-dose FBP protocols
are in agreement with the findings of Hara et al. [26], who
found that ASIR was comparable with FBP, in terms of spa-
tial resolution, when comparing high-contrast objects. The
findings are also comparable to those of Widmann et al. [27]
who found that the use of low-dose MDCT protocols with
similar scan parameters and FBP had no influence on target
registration errors in computer-assisted surgery, and are also
compatible with the findings of Suomalainen et al. [4] who
found that an approximately 80% reduction in dosewith FBP
did not alter the modulation transfer function of two MDCT
devices, despite markedly reduced CNR.

The high-contrast nature of the diagnostic task being
investigated in the present study is one of the factors which
may have aided in adequate identification of the bony mar-
gins, even at very low doses with FBP. For recording the
linear dimensions of edentulous ridges requires identifica-
tion of the bone–soft tissue interface which is a task that may
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tolerate the level of noise seen in low-doseFBPexaminations.
The low pitch used in the present study is another possible
reason for the comparable results between the low-dose and
standard-dose protocols. Maintaining a low pitch factor may
have allowed faithful reproduction of the bony margins, with
no loss of information through interpolation (which occurs at
unacceptably high pitch factors) [28]. As such, at the doses
tested andwith the high-contrast diagnostic task tested,ASIR
and MBIR did not provide an advantage over FBP.

The reference protocol used in the present study is sim-
ilar to the standard protocols used for implant site imaging
[29]. The test protocols in the present study utilized progres-
sively decreasing mAs settings with variable kV, with the
effective dose imparted by the lowest dose protocols esti-
mated at being 2.5% of the reference dose. The estimated
effective doses achieved in the present study are markedly
less than those reported by Suomalainen et al. [4], despite
the fact that the present study’s CT examinations included
wider scan lengths including the entire skull and mandible.
It should be noted, however, that the wide scan length used in
the present study is not usually used when imaging the jaws
for implant site assessment. The wide scan length was used
because the images were also utilized for other studies which
were not limited to the jaws. Thus, if the present study’s test
protocols are used for limited imaging of one or both jaws,
they are expected to impart markedly lower effective doses
than those estimated for the present study.

When comparing the dose reductions achieved by various
studies, it may bemisleading to compare their reported effec-
tive doses only, since the effective dose is directly influenced
by the scan length, which may be variable between studies.
The CTDIvol may be a better parameter for comparison of
dose reductions between MDCT devices and protocols since
it measures the amount of radiation delivered to a particular
scan volume for a standardized phantom taking into account
scan pitch [30]. When the lowest CTDIvol achieved in the
present study was compared to the lowest CTDIvol reported
by three studies which demonstrated acceptable linear mea-
surement accuracy of dental implant sites, the present study’s
CTDIvol was found to be 78% lower [8,10,11]. Although
the present study utilized a lower pitch value than that used
by Loubele et al. [10], a lower CTDIvol was achieved in
the present study because the mAs was lower. Our results,
therefore, support considerably reducing the mAs for dose
reduction.

It must be noted, however, that cone beamCT (CBCT) has
become a very popular technique for dental implant site eval-
uation and has been advocated as imparting lower doses than
MDCT. As such, comparison of the radiation doses imparted
by ultralow-dose MDCT protocols and CBCT is warranted.
However, CBCT shows a wide range in doses, overlapping
with those fromMDCT and panoramic radiography, depend-
ing on field of view, imaging parameters and manufacturer

[31–33]. Kyriakou et al. [34] calculated the CTDIw of four
different CBCT scanners, which ranged between 2.3 and
3.1 mGy. The lowest dose levels of the MDCT protocols
tested in the present study were well below these values.
In addition, the calculated effective doses imparted by the
ultralow-dose MDCT protocols in the present study are also
lower than those reported formanydentomaxillofacialCBCT
devices [32]. Furthermore, as mentioned above, the use of
shorter MDCT scan lengths than those used in the present
study is expected to impart even lower MDCT doses with
the ultralow-dose protocols.

One of the limitations of the present study, however, is that
most of the sample sites were at themandibular molar region.
The thick corticationof the bone in this regionmayhavemade
it easier to detect the bone–soft tissue boundaries compared
to the boundaries at other areas of the jaws (maxilla and
anterior regions of both jaws). The bone–soft tissue interface
at the posterior mandible is also easier to identify than the
roof of the inferior alveolar canal (IAC), which requires both
higher contrast and spatial resolution. Another limitation is
that the test measurements were not compared to a true gold
standard. For measurement accuracy is best assessed when
compared to physical measurements recorded directly from
the bone.

Therefore, further studies are recommended to investigate
the effect of more aggressive dose reductions in combina-
tion with ASIR and MBIR through raising the pitch factor
coupled with the lowest possible mAs. The use of bone con-
volution kernelswithMBIR to possibly overcome smoothing
effects may also be investigated. Dose optimization using
IRTs may also be tested for the increasingly popular use
of computer-aided implant surgery. Studying the accuracy
of measurements recorded from ultralow-dose protocols as
compared to direct physical measurements from cadavers is
also recommended, with such studies including sample sites
from all areas of the jaws, as well as accuracy of detection
of the roof of the IAC [35]. And future studies may also be
limited to one or both jaws in order to allowmoremeaningful
estimates of effective doses.

Conclusions

A nearly 97.5% reduction in dose did not significantly
affect the height and width measurements of edentulous
jaws regardless of the reconstruction algorithm used, which
may benefit high accuracy-dependent tasks such as active
computer-aided implant surgery.More aggressivedose reduc-
tions and additional diagnostic tasks should be investigated
using ASIR and MBIR.
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