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Objective assessment of the combined effect of exomass- related- 
and motion artefacts in cone beam CT

1Matheus Lima Oliveira, 1Amanda P Candemil, 1Deborah Q Freitas, 1Francisco Haiter- Neto, 
2Ann Wenzel and 2Rubens Spin- Neto

1Oral Radiology, Department of Oral Diagnosis, Piracicaba Dental School, University of Campinas (FOP/Unicamp), Piracicaba- 
SP, Brazil; 2Oral Radiology, Department of Dentistry and Oral Health, Aarhus University, Aarhus, Denmark

Objectives: To assess quantitatively the combined effect of exomass- related- and motion 
artefacts on voxel value parameters in cone beam CT (CBCT).
Methods: A cylindrical phantom was manufactured, containing 21 tubes filled with a radi-
opaque solution, allowing the inclusion of three titanium implants in the periphery to induce 
exomass- related artefacts. The phantom was mounted on a robot simulating 0.75-, 1.5-, and 
3 mm movements (nodding/lateral rotation/tremor). CBCT images with/without exomass and 
with/without movements were acquired in duplicate in three units: Cranex 3Dx, Orthophos 
SL- 3D, and X1 (with motion- artefact correction). A cylindrical volume of interest was defined 
in each tube and voxel value mean and standard deviation were assessed. For each CBCT 
volume, the 21 mean voxel values were averaged providing the overall mean voxel value (MVV), 
and the standard deviation (among the 21 values) was calculated providing overall voxel value 
inhomogeneity (VVI). The standard deviation from each of the 21 volumes- of- interest were 
averaged, providing overall image noise (IN). The effect of the diverse tested situations was 
inferred from a repeated- measures analysis of variance, followed by Sidak’s test (α = 0.05).
Results: Overall, images acquired with exomass showed significantly (p ≤ 0.05) lower MVV, 
and higher VVI and IN. Motion artefacts aggravated exomass- related alterations. MVV and 
VVI were mostly affected by 3 mm nodding movements. Motion- artefact correction eliminated 
the deleterious effect of movement.
Conclusions: CBCT voxel- value parameters are altered by exomass- related artefacts, and this 
finding is aggravated in the presence of motion artefacts. Motion- artefact correction effec-
tively eliminated the deleterious impact of movement.
Dentomaxillofacial Radiology (2021) 50, 20200255. doi: 10.1259/dmfr.20200255
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Introduction

Cone beam CT (CBCT) consolidated itself  as a clini-
cally relevant diagnostic method with increasing acces-
sibility worldwide.1 Despite the significant applicability 
in dentistry, CBCT images are highly susceptible to 
different levels of degradation caused by artefacts.2 The 
characteristics and magnitude of artefact- related image 

deterioration are closely related to the source of the 
artefacts.2

During a CBCT examination, multiple planar 
basis images are collected as the X- ray source and 
image receptor rotate around the patient’s head for 
further image reconstruction by a dedicated algo-
rithm. However, when examining with a small field of 
view (FOV), the surrounding structures lying in the 
same axial plane as the object under examination, also 
referred to as exomass, lead to inconsistencies in the 
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CBCT volume and, consequently, artefact formation. 
Recent studies have demonstrated that exomass- related 
artefacts arising from highly attenuating dental mate-
rials reduced the mean grey values and increased the 
noise of the resulting image,3 exacerbated the inhomo-
geneity of the inherent distribution of grey values,4 and 
were not appropriately corrected when metal artefact 
reduction algorithms are activated.5

Another typical source of CBCT image deterioration 
in the clinical routine is related to the inability of the 
patient to remain perfectly still during the entire exam-
ination as a result of heartbeat, breathing, and uninten-
tional movements.6 These movements are not taken into 
consideration when the volume is reconstructed, and 
the final image may present artefacts as a result of the 
geometric errors in the process.7 This leads to motion 
artefacts, often seen as double contours and overall loss 
of image sharpness.8 Recently, motion- artefact correc-
tion methods have been suggested, which track patient 
movement in real- time, or which estimate patient move-
ment from the basis images, leading to corrected recon-
structed volumes.8,9 These studies stated that motion 

artefact- correction systems significantly enhanced 
CBCT image quality and interpretability.8–10

The above- mentioned artefacts are commonly 
observed in the everyday clinic and are expected to occur 
in conjunction. However, to the present, these two enti-
ties have only been assessed separately. Thus, the aim 
of this study was to quantitatively assess the combined 
effect of CBCT exomass- related- and motion artefacts 
on voxel- value parameters.

Methods and materials

Imaging phantom
A tailored imaging phantom, consisting of 21 polypro-
pylene tubes filled with a radiopaque homogeneous solu-
tion of dipotassium phosphate (K2HPO4) was produced 
according to a formerly published methodology.3 
Diverse situations inducing CBCT exomass- related- and 
motion artefacts were simulated as described below.

Exomass-related artefact induction
To induce the formation of exomass- related artefacts, 
three titanium dental implants (Straumann, Basel, Swit-
zerland) were individually placed in a vertical position 
at the vertex of an imaginary isosceles triangle, at the 
same height as the polypropylene tubes and at a distance 
of 15 mm from the outermost tubes. This location was 
intended to keep the titanium implants in the exomass, 
i.e. out of the 50 × 50 mm FOV, but still between the 
X- ray tube and the detector.

Motion artefact induction
Motion artefacts were induced by mounting the phantom 
on a 6- axis robot arm (UR10, Universal Robots, 
Odense, Denmark) capable of controlling angular posi-
tion, velocity, and acceleration for translational and 
rotational movements,11 with precision of 20 µm and 
accuracy of approximately 0.1 mm, according to the 
manufacturer. The robot was adjusted to simulate three 
different head movement types frequently observed in a 
clinical routine – (1) nodding, (2) lateral rotation, and 
(3) tremor – at three movement distances – (1) 0.75 mm, 
(2) 1.50 mm, (3) 3.00 mm.

All movements were set to start when the most 
posteroanterior projection was being captured, to run at 
a speed of 5 mm/s, and to stop at the maximum excur-
sion of the robot for the selected movement. Lateral 
rotation and nodding movements were set to last 0.5 s, 
and tremorwas set to last 2 s.

CBCT examination setup
Two repeated CBCT acquisitions were performed for all 
imaging protocol with the phantom centred in a FOV 
of 50 × 50 mm, using three units: Cranex 3Dx (Soredex, 
Finland; CRA) adjusted to 90 kV, 8.0 mA, scanning 
time of 23 s, exposure time of 2.3 s, and a voxel size of 
0.2 mm; Orthophos SL- 3D (Sirona, Germany; ORT) 

Figure 1 Representative CBCT axial reconstructions of the imaging 
phantom with and without exomass subjected to three movement 
types – NOD, ROT, and TRM – at movement distances of 0.75, 1.50, 
and 3.00 mm in Cranex 3Dx. Controls represent CBCT volumes with 
no movement. NOD, nodding; ROT, lateral rotation; TRM, tremor
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adjusted to 85 kV, 7 mA,scanning time of 20 s, expo-
sure time of 4.4 s, and a voxel size of 0.16 mm; and X1 
(3Shape, Denmark) adjusted to 85 kV, 10mA, scanning 
time of 25 s, exposure time of 5.8 s, and a voxel size of 
0.2 mm. The exposure protocol for each CBCT unit 
followed the corresponding manufacturer’s classifica-
tion for adolescents or small- adults. X1 incorporates an 
automated motion- artefact correction system, based on 
a 3D tracking device, compulsory for image acquisition.8

This resulted in a total of 120 volumes [(2 repetitions 
× 3 CBCT units × 2 exomass situations with the imaging 
phantom static: with/without exomass) + (2 repetitions 
× 3 CBCT units × 2 exomass situations: with/without 
exomass ×3 movement types × 3 movement distances)] 
(Figures  1–3). The CBCT volumes acquired with no 
movement served as controls.

CBCT volume assessment
All CBCT volumes were imported into the software 
OsiriX MD DICOM viewer (Pixmeo SARL, Bernex, 
Switzerland) for objective quantitative analysis. A 

cylindrical volume of interest (VOI) of 50 mm3 was 
defined in the centre of each of the 21 homogeneous 
radiopaque areas (Figure  4), from which mean voxel 
values and standard deviation were assessed. For each 
CBCT volume, the 21 mean voxel values were averaged 
providing the overall mean voxel value (MVV), and the 
standard deviation was calculated (among the 21 values) 
providing the overall voxel value inhomogeneity (VVI). 
The standard deviation from each of the 21 volumes- of- 
interest were averaged, providing a parameter for overall 
image noise (IN). Finally, MVV, VVI, and IN were aver-
aged for the duplicate acquisitions.

Statistical analysis
After an exploratory analysis of the data, repeated- 
measures analysis of variance (ANOVA) followed 
by Sidak’s test was performed for each CBCT unit to 
compare different situations of exomass (with/without), 
movement type, and movement distance for MVV and 
IN. The level of significance was adjusted at 5% (α = 
0.05). The VVI was analysed descriptively, and bar 
graphs were plotted for each CBCT unit.

Figure 2 Representative CBCT axial reconstructions of the imaging 
phantom with and without exomass subjected to three movement 
types – NOD, ROT, and TRM – at movement distances of 0.75, 1.50, 
and 3.00 mm in Orthophos SL- 3D. Controls represent CBCT volumes 
with no movement. NOD, nodding; ROT, lateral rotation; TRM, 
tremor

Figure 3 Representative CBCT axial reconstructions of the imaging 
phantom with and without exomass subjected to three movement 
types – NOD, ROT, and TRM – at movement distances of 0.75, 1.50, 
and 3.00 mm in X1. Controls represent CBCT volumes with no move-
ment. NOD, nodding; ROT, lateral rotation; TRM, tremor
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Results

The difference between each of the duplicate acquisi-
tions for MVV, VVI, and IN was rather small (below 
5%), and the mean between the two acquisitions was 
definedto be representative of the sample.

Overall mean voxel value (MVV)
The presence of exomass significantly reduced MVV for 
most of the tested situations (p ≤ 0.05). When motion 
artefacts were induced, MVV decreased significantly at 
all movement distances in ORT and, in CRA, mostly 
at the distances of 1.5 and 3 mm (p ≤ 0.05); in X1, an 
overall significant increase of MVV was observed (p ≤ 
0.05). In most of the cases, the movement types lateral 
rotation and tremor, and the movement distance of 
3 mm presented more expressive effects on MVV with 
significantly lower values in CRA and ORT, and signifi-
cantly increased values in X1 in the absence of exomass 
(p ≤ 0.05) (Tables 1–3).

Overall voxel value inhomogeneity (VVI)
Overall, CRA and ORT revealed increased VVI in the 
presence of exomass and movement, with an upward 
trend for larger movement distances. X1 presented a 
relatively balanced distribution of VVI, with modest, 
but noticeable variation among the movement situa-
tions, and a visible distinction between the absence and 
presence of exomass (Figure 5).

Overall image noise (IN)
For most of the tested situations, IN significantly 
increased in the presence of exomass (p ≤ 0.05). When 
motion artefacts were induced, irrespective of the 
presence of exomass, in CRA and ORT, IN increased 
significantly mainly for nodding and at the distances 
of 1.5 mm and 3 mm (p ≤ 0.05). In CRA, the movement 

distance did not significantly affect IN for tremor. In 
X1, no significant differences were observed between the 
control and both the movement types and distances (p > 
0.05) (Tables 1–3).

Figure 4 CBCT volume rendering of the 21 polypropylene tubes filled with a radiopaque homogeneous solution (a), with emphasis on the cylin-
drical volume of interest (dashed shapes) in the centre of each tube, as illustrated atright angles (b) and slightly tilted (c). CBCT, cone beam CT

Table 1 Overall MVV and IN for different situations of exomass, 
movement type, and movement distance, in the Cranex 3Dx

Variable Exomass Type Distance
0.75 1.50 3.00

MVV Without Nodding 673 Ab 631 Bb# 333 Cb#

Rotation 686 Aa 675 Ba# 645 Ca#

Tremor 675 Ab# 658 Bb# 656 Ba#

Control 687

With Nodding 607 Aab* 516 Bc*# 321 Cc#

Rotation 610 Aa* 607 ABa* 590 Ba*#

Tremor 593 Ab*# 591 Ab*# 544 Bb*#

Control 615 *

IN Without Nodding 80 Ca# 144 Ba# 248 Aa#

Rotation 65 Cb 76 Bb# 102 Ab#

Tremor 71 Aab 82 Ab# 80 Ac#

Control 63

With Nodding 84 Cb 195 Ba*# 227 Aa#

Rotation 87 Bb* 91 Bc* 103 Ac

Tremor 104 Aa*# 106 Ab*# 120 Ab*#

Control 87 *

MVV, mean voxel value; IN, image noise
Values followed by different letters indicate significant difference: 
capital letters among movement distances (i.e. comparison within 
the same data row), and lowercase letters among movement types 
(i.e. comparison within the same data column, for the same situation 
of exomass).
adiffers significantly from “without exomass” within the same 
situations. # differs significantly from “control” (p ≤ 0.05).
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Discussion

Despite the benefits of CBCT in diagnostic processes in 
dentistry, this imaging modality may be severely affected 
by the occurrence of artefacts,7 which arise as a result 
of unit- related and/or patient- related factors.2,7 Among 
patient- related factors, two types of artefacts have 
gained researchers’ attention in recent years: exomass- 
related artefacts3–5 and patient motion artefacts.6 The 
way in which these artefacts are seen inthe CBCT images 
varies considerably, and goes from discrete stripe- like 
and ring- like patterns, to double contours, and overall 
lack of sharpness.2 However, artefacts might also inter-
fere with image quality in manners that are not visible 
to the human eye, when they lead to significant, yet not 
obvious, voxel value variation.7 Both CBCT exomass- 
related- and patient motion artefacts are a consequence 
of discrepancies involving the image acquisition setup, 
characteristics of the patient, and algorithm- limited 
mathematical attitude towards three- dimensional recon-
struction.2,6 The scientific literature has increasingly 
contributed to the understanding of the isolated effect 
of these specific artefacts;3–6,8,9,12 however, one can spec-
ulate that they also occur in conjunction, which requires 
a more complex approach. To the best of our knowl-
edge, this is the first study assessing the combined effect 
of exomass- related- and motion artefacts, based on an 
objective and quantitative methodology.

As for exomass- related artefacts, the structures 
located outside the FOV, but between the X- ray tube 
and the image receptor (i.e. the exomass), lead to the 
so- called “truncation effect” during volume reconstruc-
tion.13 This occurs because the reconstruction algorithm 
attempts to disregard the X- ray attenuation from the 
exomass to avoid, or at least minimise, the negative 
interference in the reconstructed image.13 However, 
recent studies have shown that exomass- related artefacts 
directly affect mean voxel values and noise of CBCT 
volumes.3,4 Furthermore, the literature adds that higher 
kVp reduces voxel value variability when exomass is 
observed,14 and metal artefact reduction algorithms do 
not suffice to correct exomass- related artefacts.5

When it comes to patient motion artefacts, most 
CBCT reconstruction algorithms do not consider the 
occurrence of patient movement during the examina-
tion, and no information on movement is integrated into 
the reconstruction algorithms.6 The literature suggests 
that the prevalence and severity of patient motion arte-
facts are related to the number, duration, complexity, 
and distance of the movement.6,11,15,16 The most recent 
studies add that image quality is hampered whenever 
movement is present, but when the movement distance 
isequal to or greater than 3 mm, there is a significantly 
increased risk that the resulting image was scored as “not 
interpretable”.8,15,16 At present, there are two systems in 
the market, which offer iterative motion- artefact correc-
tion algorithms, presenting promising results as for arte-
fact suppression and/or minimisation.9,10

Table 2 Overall MVV and IN for different situations of exomass, 
movement type, and movement distance in the Orthophos SL- 3D

Variable Exomass Type Distance
0.75 1.50 3.00

MVV Without Nodding 417 Aa# 330 Bc# 184 Cb#

Rotation 430 Aa# 420 Ba# 391 Ca#

Tremor 421 Aa# 405 Bb# 389 Ca#

Control 435

With Nodding 353 Ab*# 301 Bc*# 172 Cb#

Rotation 370 Aa*# 355 Bb*# 339 Ca*#

Tremor 363 Ab*# 363 Aa*# 338 Ba*#

Control 377*

IN Without Nodding 57 Ba# 144 Aa# 133 Aa#

Rotation 37 Cb# 48 Bc# 71 Ab#

Tremor 38 Bb 61 Ab# 66 Ab#

Control 34

With Nodding 83 Ba*# 132 Aa*# 131 Aa#

Rotation 61 Cc* 71 Bb*# 82 Ab*#

Tremor 67 Bb*# 67 Bb# 81 Ab*#

Control 59*

MVV, mean voxel value; IN, image noise
Values followed by different letters indicate significant difference: 
capital letters between movement distances (i.e. comparison within 
the same data row), and lowercase between movement types (i.e. 
comparison within the same data column, for the same situation of 
exomass).
adiffers significantly from “without exomass” within the same 
situations. # differs significantly from “control” (p ≤ 0.05).

Table 3 Overall MVV and IN for different situations of exomass, 
movement type, and movement distance in the X1

Variable Exomass Type Distance
0.75 1.50 3.00

MVV Without Nodding 821 Bab# 833 Aba# 840 Aa#

Rotation 825 Ba# 835 Aa# 823 ABa

Tremor 814 Bb 816 Bb 837 Aa#

Control 810

With Nodding 775 Aa* 776 Aa* 774 Aa*

Rotation 776 Aa* 773 Aa* 774 Aa*

Tremor 776 Aa* 772 Aa* 774 Aa*

Control 778*

IN Without Nodding 144 Aa 144 Aa 143 Aa

Rotation 144 Aa 143 Aa 143 Aa

Tremor 144 Aa 143 Aa 144 Aa

Control 144

With Nodding 154 Aa* 152 Aa* 153 Aa*

Rotation 154 Aa* 153 Aa* 152 Aa*

Tremor 154 Aa* 154 Aa* 152 Aa*

Control 154*

MVV, mean voxel value; IN, image noise
Values followed by different letters indicate significant difference: 
capital between movement distances (i.e. comparison within the same 
data row), and lowercase between movement types (i.e.comparison 
within the same data column, for the same situation of exomass).
adiffers significantly from “without exomass” within the same 
situations. # differs significantly from “control” (p ≤ 0.05).
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Regarding the quantitative outcome variables 
adopted in this study to objectively assess the impact 
of artefacts on the CBCT image, MVV measured the 
overall degree of image darkening/brightening, VVI 
measured the voxel value variability in the FOV, and IN 
measured the voxel value variability of a specific region. 
The results showed that exomass- related artefacts 
significantly altered CBCT voxel- value parameters; 
the presence of exomass led to an overall reduction of 
MVV and an increase of VVI and IN, which reveals that 
hypodense artefacts dominated over hyperdense arte-
facts and were heterogeneously distributed throughout 
the CBCT image. This is in agreement with previous 

studies using different CBCT units to assess the arte-
facts arising from metallic materials in the exomass.3–5

The deleterious effect of the exomass was aggravated 
in the presence of movement. Interestingly, motion arte-
facts lead to a reduction of the MVV, which is compat-
ible with the blurring of the tubes (radiopaque areas) 
observed subjectively in the CBCT image (Figures 1–3). 
Among the simulated head movements, nodding was the 
one impacting on the voxel values the most, in compar-
ison with absence of movement. This is in agreement 
with the literature, which cites movement complexity 
as one of the parameters defining the occurrence of 
motion artefacts.6,15 Nodding is defined to be a complex 

Figure 5 Bar graphs of the overall voxel value inhomogeneity in the absence and presence of exomass for the three CBCT units – Cranex3Dx 
(CRA), Orthophos SL- 3D (ORT), X1 – according to the movement types nodding, lateral rotation, and tremor, and movement distances 0.75, 
1.50, and 3.00 mm. CBCT, cone beam CT.
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movement (i.e. that affects the three spatial planes), 
allied to the fact that the vertical plane is perpendic-
ular to the X- ray projection plane in the CBCT units 
used herein, increasing its impact on image reconstruc-
tion. The impact of movement on the outcome param-
eters was more pronounced at the movement distance 
of 3 mm than that of 0.75 or 1.50 mm, which is also in 
agreement with the literature.15,16 Remarkably, a previous 
study assessing patient movement characteristics in chil-
dren and young adults and the impact on CBCT image 
quality16 suggested the existence of parameters that 
could influence the severity of patient motion artefacts 
and are located in the exomass. In that study, from a 
clinical perspective and particularly on the assessment 
of impacted upper canines, the authors subjectively 
observed image quality deterioration in relation to the 
tooth of interest when the FOV diameter did not encom-
pass both impacted upper canines.16 This possibly rein-
forces the negative impact of the contralateral canine, 
mostly the crown with its massive enamel cusp, over the 
area of study for being a source of exomass- related arte-
facts, corroborating the present quantitative study.

Also in agreement with the literature,8–10 motion- 
artefact correction effectively eliminated the deleterious 
impact of movement over the assessed parameters, and, 
as could be expected, the exomass- related artefacts were 
not affected. Moreover, despite some evidence on the 
effectiveness of currently available metal artefact reduc-
tion algorithms,17 these have shown to be ineffective 
when the artefacts arise from the exomasss,5 suggesting 
that metal artefacts and exomass- related artefacts are 
diverse entities interfering with image quality.

Emphasis should be given to the fact that our study 
did not aim to directly compare different CBCT units. 
This decision was taken based on the fact that artefact 
formation is multifactorial and may be influenced by 
inherent, sometimes not disclosed, parameters. In the 
present study, the exposure parameters were selected 
to mimic the same “real- life patient,” in each of the 
three units. Thus, instead of keeping the same kV, mA, 
scanning time, and exposure time, which are not always 
fully adjustable, we followed the units’ recommenda-
tion as for image acquisition in an “average” patient. 
Despite this, considering the scanning times used and 
the movement type with the longest duration (tremor, 
lasting for 2 s), on average 8 to 10% of the scanning 
would be affected by the movement irrespective of the 
CBCT unit. There are obviously other relevant param-
eters, which cannot be controlled for, and which could 
have influenced the present results. A good example is 
the companies’ confidentiality about the actual rotation 
arc for image acquisition. One could speculate that, for 
the selected image acquisition parameters and units, the 
rotation arc would be “approximately” 180 degrees plus 
half  of the cone beam angle;9 however, the exact values 

remain uncertain. Ideally, the companies should provide 
more details on image acquisition, allowing researchers 
(and users) to have a better insight on how these pieces 
of equipment work.

Should the impact of the current in vitro study be 
extrapolated into the clinic, it is relevant to consider 
that, whatever the artefact origin if  image quality loss 
is substantial, there might be a need for re- exposure, 
which would inevitably increase the radiation dose to 
the patient. Clinicians must be aware of the isolated 
characteristics of both exomass- related- and patient 
motion artefacts to judge whether a re- exposure should 
be considered (if  image quality is hampered mostly by 
motion artefacts) or not (if  image quality is diminished 
mostly by exomass- related artefacts). When efficient 
patient monitoring systems are available,6 these may 
aid in detecting patient motion during the examination. 
When patient movement is ruled out, or when patient 
motion artefacts are corrected for, a reduced image 
quality may be explained by exomass- related artefacts. 
When considering a re- exposure to avoid exomass- 
related artefacts, it could be tempting to use a “larger 
than necessary” FOV. However, as the FOV size is 
directly proportional to the radiation dose and inversely 
proportional to image sharpness, this clinical approach 
should be carefully reasoned before implemented in the 
clinic. We believe further studies, in which exomass- 
related- and motion artefacts are considered within a 
clinical setup, are needed to provide rationale on how 
to avoid (or at least minimise) these artefacts in CBCT 
images acquired for specific diagnostic tasks.

Conclusion

CBCT voxel- value parameters are altered by the pres-
ence of exomass- related artefacts, and this finding is 
aggravated in the presence of motion artefacts. Motion- 
artefact correction effectively eliminated the deleterious 
impact of movement.
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