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Objectives:  This report aims to describe the development of age-specific phantoms for use 
in paediatric dentomaxillofacial radiology research. These phantoms are denoted DIMITRA 
paediatric skull phantoms as these have been primarily developed and validated for the 
DIMITRA European research project (Dentomaxillofacial paediatric imaging: an investigation 
towards low-dose radiation induced risks).
Methods:  To create the DIMITRA paediatric phantoms, six human paediatric skulls 
with estimated ages ranging between 4 and 10 years- old were selected, protected with non- 
radiopaque tape and immersed in melted Mix-D soft tissue equivalent material, by means 
of a careful procedure (layer-by-layer). Mandibles were immersed separately and a Mix-D 
tongue model was also created. For validation purposes, the resulting paediatric phantoms 
were scanned using a cone-beam CT unit with different exposure parameter settings.
Results:  Preliminary images deriving from all scans were evaluated by two dentomaxillofa-
cial radiologists, to check for air bubbles, artefacts and inhomogeneities of the Mix-D and 
a potential effect on the visualization of the jaw bone. Only skulls presenting perfect align-
ment of Mix-D surrounding the bone surfaces with adequate and realistic soft tissue thickness 
density were accepted.
Conclusions:  The DIMITRA anthropomorphic phantoms can yield clinically equivalent images 
for optimization studies in dentomaxillofacial research. In addition, the layer-by-layer technique 
proved to be practical and reproducible, as long as recommendations are carefully followed.
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Introduction

It is well known that for each specific cone-beam CT 
(CBCT) scan, the exposure protocol should ideally 
consider both patient-specific features and indica-
tion-oriented requirements in order to obtain dose 
reduction at a satisfactory image quality level based 
on ALADA (as low as diagnostically acceptable)1 and 
ALADAIP (as low as diagnostically acceptable being 
indication-oriented and patient-specific).2 Considering 
the large variety of technical parameters available on 
each CBCT device, suitable protocols should become 
more specific and controlled, and not only restricted to 
the manufacturer’s default settings. For this purpose, 
optimization studies are needed combining patient 
factors, image quality and related acceptable dose levels 
in controlled settings. This is a true challenge requiring 
well-defined anthropomorphic phantoms, surely when it 
comes to paediatric protocol optimization.

A potential anthropomorphic phantom should 
contain materials that scatter and absorb ionizing radia-
tion in a similar way to human tissues. Furthermore, the 
material should not only accurately mimic soft tissues 
without artefacts, yet also be universally available and 
reproducible.3 Commercially available phantoms made 
with tissue equivalent materials have been used as 
patient substitute during in vitro studies.4 In addition, 
distinct materials such as water, wax, resin, paraffin and 
polyethylene have been proposed,5–8 yet those materials 
have not been validated and/or compared when it comes 
to CBCT image quality studies. Among them, wax and 
water were most often used in research with CBCT.9–12

Human soft tissues, water and Mix-D (a mixture 
of paraffin wax and other chemicals) are able to yield 
similar X-ray transmission data, considering the very 
similar effective atomic number (i.e. soft tissues: 7.33, 
water: 7.42, Mix-D: 7.47).7 However, the volume of water 
surrounding the anatomic sample is difficult to control 
and model following a natural soft tissue contour, espe-
cially when different sizes of mandibles or skulls are 
scanned. This fact can bias the experiment, producing 
unrealistic images that do not represent the quality of 
clinical scans owing to differences in attenuation, scatter 
and beam hardening. Moreover, some factors (e.g. noise 
pattern, grey scale) can change according the amount of 

tissue inside and outside the field of view in CBCT.13,14 
In addition, anthropomorphic phantoms dedicated to 
radiographic training of dental students do not produce 
satisfactory CBCT scans for image quality assessment, 
and currently, only adult phantoms are available.

It can be stated that there is a true lack of standard-
ization of the material covering the human skulls, not 
all materials are truly soft tissue equivalent, and some 
may even produce scatter artefacts along the skull. 
Even more important with regard to paediatric dose 
optimization, is the fact that age-specific paediatric 
skull phantoms are not commercially available. Thus, 
the aim of the present report was to develop age- 
specific paediatric anthropomorphic head phantoms for 
image quality and optimization studies, using Mix-D 
soft tissue equivalent material. The subobjective was the 
validation of those resulting paediatric phantoms for 
image quality assessment and optimization in the Euro-
pean DIMITRA project (Dentomaxillofacial paediatric 
imaging: an investigation towards low dose radiation 
induced risks).

Methods and materials

Natural skulls’ features
Six paediatric skulls were obtained with ethical approval 
from the anatomical collection of Hasselt University 
(Hasselt, Belgium). The skulls were carefully selected 
based on age and particular pathological characteristics. 
To that end, skulls were visually and radiographically 
(panoramic radiographs) examined in order to estimate 
their ages according to the dental development. Table 1 
recaps the age estimation (from 4 to 10 years old) as well 
as particular clinical and radiographic findings, allowing 
studies on diagnostic image quality.

All skulls were satisfactory preserved with regard 
to bone and dental tissues. Dental fractures and cavi-
ties were observed by means of visual inspection, and 
then confirmed by radiographic examinations. No 
large metallic restorations, dental posts or implants 
were present. Several dental germs (normal or malposi-
tioned), some missing teeth and a mesiodens were also 

Table 1   Age estimation of the skulls and the remarkable radiographic findings

Phantom Age estimation  Radiographic findings

1 4–5 years old Dental fractures, dental germs in malposition

2 5 years old Dental fractures, dental germs in malposition

3 6 years old Dental fractures

4 7–8 years old Dental fractures, missing teeth

5 8–9 years old Dental cracks, malposition of dental germs, mesiodens

6 9–10 years old Dental cracks, dental follicle enlargement, dental decay, root resorption (external and internal)
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detected. Furthermore, one skull also presented internal 
and external dental resorptions in the upper right central 
incisor and upper left lateral incisor (Figure 1).

Soft tissue equivalent Mix-D preparation
The Mix-D preparation was adapted from the study 
of Brand et al7 that described a phantom for radiation 
dosimetry, using the original recipe introduced by Jones 
and Raine in 1949.15 For the present project, 500 g of 
Mix-D was prepared in fractioned portions of 304  g 
of paraffin wax, 152 g of polyethylene, 32 g of magne-
sium oxide and 12 g of titanium dioxide. First, the wax, 
magnesium oxide and titanium dioxide were weighted, 
mixed and melted together (105 °C) in a glass round flask 
with a sufficient diameter to immerse the largest skull. 
When the preparation was fully melted and mixed, poly-
ethylene was added and the mixture heated for another 
20 min. The Mix-D manipulation procedure—prepara-
tion and skull covering—was carried out in a fume hood 
to assure chemical safety.

Skull covering
Before the immersion process, skulls were protected with 
crepe tape (paper with adhesive resin–rubber-based, 24 
mm width; 3  M, Maplewood, MN), especially in the 
areas of foraminae (mandibular, mental, skull bases), 
large cavities (orbital, foramen magnum) and teeth 
(Figure 2a,b). This procedure avoids excessive infiltra-
tion of the melted material inside the cranial cavities as 
well as through the interdental spaces.

For craniofacial covering, the skulls were held by the 
cranial bones and immersed in the melted preparation 
up to the superior orbital arch (Figure  2c). When the 
Mix-D presented the typical loss of gloss indicating a 
predrying of the external surface, the skull was reim-
mersed. This procedure was repeated several times until 
the achievement of a consistent and uniform layer of 
Mix-D surrounding the skull. After 24 h, skulls were 
immersed in an inverted position, holding them in the 
zygomatic arches areas. The mandibles were covered 
separately holding the condyles and wrapped up to 
the cervical limit of the teeth (Figure 2d). The inverted 
immersion was also performed after 24 h, in order to 
cover condyles, ramus and coronoid processes. Finishing 
and refinement procedures were conducted with heated 

carving tools in order to remove excess of Mix-D 
that have infiltrated in interdental spaces or appeared 
attached to the dental surfaces. Finally, to include X-ray 
attenuation generated by soft tissue of the tongue, a 
model of the tongue was shape in Mix-D from a silicon 
cast (Figure 2e).

CBCT scanning
For validation purposes, the six resulting paediatric 
phantoms were scanned using two CBCT units with 
different exposure parameter settings (CS9300, Care-
stream, Rochester, NY and NewTom Giano, NewTom, 
Verona, Italy). This allowed checking for artefact-free 
alignment of the Mix-D onto the bony surface, with 
adequate thickness and homogeneous layering, thus 
mimicking human soft tissues, as made visible on CBCT. 
Preliminary images deriving from all scans were evalu-
ated by two dentomaxillofacial radiologists, to check for 
air bubbles, artefacts and inhomogeneity’s of the Mix-D 
and a potential effect on the jaw bone. Only skulls 
presenting perfect alignment of Mix-D surrounding 
the bone surfaces with adequate and realistic soft tissue 
thickness density were accepted.

Results

Six DIMITRA paediatric phantoms (4-  to  10-year-old 
skulls) with Mix-D soft tissue equivalent material have 
been prepared (Figure 3); Figure 4 allows a detailed view 
of phantom number 3. Figure  5 shows a set of CBCT 
images obtained from the DIMITRA phantoms on the 
CS9300 unit with large fields of view (17 × 11 cm in a–c; 
10 × 10 cm in d–f). It is possible to note the perfect align-
ment of the Mix-D surrounding the bone surfaces as well 
as the material thickness and density compatible with the 
soft tissue aspect observed through in vivo CBCT exams. 

Figure 1   Panoramic reconstruction of skull 6. The white arrow indi-
cates an internal resorption of the root of the right central incisor and 
the black arrow points out an external root resorption (apical third) of 
the left lateral incisor, possibly triggered by the deviation of the canine 
eruption pathway.

Figure 2   The skulls were first covered with paper crepe–tape, mainly 
in the teeth and cavities, in order to avoid overflowing of Mix-D  
(a, b). (c, d) show the “layer after layer” immersion procedure for 
skulls and mandibles embedding, that took place in a round glass 
recipient, under continuous low heating. A Mix-D tongue was also 
made (e-III) through a silicone model (e-I) and an impression (e-II) 
that was filled up with melted Mix-D.
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There was a slight entry of melted Mix-D inside large bone 
cavities, mainly orbits, maxillary sinus and nasal cavity. 
However, there were no gaps between Mix-D and bone 
structures and resulting images were found mimicking 
clinical conditions.

Figure 6 allows a comparison between CBCT scans 
obtained from a DIMITRA phantom under different 
exposure and reconstruction parameters (a–c) and 
from a child that presented a clinical indication for a 
three-dimensional exam. The general similarity and 
close grey levels of the Mix-D images (a–c) and the soft 
tissue aspect (d) can be noted. Other highlights include 

the subjective visual differences related to noise and 
contrast patterns produced by different CBCT units and 
technical parameters. Nevertheless, the perfect fit of the 
Mix-D to the bone surfaces, following the outline and 
bone shape, seems to create favourable conditions for 
image quality assessment.

Discussion

The presently introduced paediatric skull phantom 
collection has shown to be useful for age-specific 
CBCT image quality assessment and optimization. In 
addition, the DIMITRA paediatric phantoms showed 
some pathological conditions that might be useful for a 
number of imaging studies, not only involving optimiza-
tion, but also testing other experimental issues involving 
two- and three-dimensional diagnostic imaging. The 
Mix-D preparation and embedding technique described 
in the present report appears to be practical and repro-
ducible, as long as the right chemical proportion, 

Figure 3   The six DIMITRA age-specific paediatric phantoms.

Figure 4   Phantom number 3, representing a child of 6 years old with 
the upper incisors in the eruptive stage showing the first third of the 
crowns clinically.

Figure 5   CBCT images obtained on the CS9300 unit, from phan-
toms 1 (a–c; field of view 17 × 11 cm, 90 kV, 4 mA, voxel size 0.3 mm, 
12 s) and 6 (d, e; a–c; field of view 10 × 10 cm, 90 kV, 4 mA, voxel size 
0.18 mm, 8 s). The images show a perfect fit of the Mix-D over the 
bone surfaces and the smooth and continuous outline following the 
contour of the craniofacial structures. A slight overflow of Mix-D can 
be detected inside the cranium (a–c), maxillary sinus (b, e), sphenoid 
sinus (f), nasal cavity (b, c, e, f) and orbits (b, e). Axial (a, d) coronal 
(b, e) and sagittal views (c, f). CBCT, cone-beam CT.
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melting sequence and immersion technique is used. On 
the other hand, a drawback of the current technique is 
the difficulty to strictly control the thickness of Mix-D 
during the layer-by-layer immersion. As the melted 
material gets dry and solid, it is difficult to introduce 
some measurement tool through the surface owing to 
the risk of cracking. This feature also becomes apparent 
when drilling slots for dosemeters insertion.7 However, 
for image quality studies in which conventional dose-
meters are not necessary, the present phantoms are 
perfectly applicable. For instance, in the DIMITRA 
project, paediatric dosimetry studies were performed 
using Monte Carlo simulation involving voxel phan-
toms; thus, there was no need to construct slots for 
dosimeters.

Some infiltration of  the Mix-D could be detected, 
especially in large cavities like orbits and paranasal 
cavities. However, this material infiltration can be 
controlled and minimized by means of  protection 
with non-radiopaque tape. Furthermore, the specific 
Mix-D infiltration in paranasal cavities may mimic 
some clinical pathological conditions like thickening 
of  the sinus membrane in allergic or inflammatory 
processes.

It is worth mentioning that, at this moment, we did 
not include natural cervical vertebrae and soft tissues 
of the neck in the acquisitions, since matching paedi-
atric vertebrae were not available from the University 
of Hasselt's anatomical collection. Therefore, it can be 
expected that the CBCT scans show a slight overestima-
tion of the corresponding clinical image quality owing 
to a reduced X-ray attenuation from A–P and P–A 

projection angles as well as a reduced amount of X-ray 
scatter, resulting in an increased signal-to-noise ratio at 
the level of the detector. However, the use of the phan-
toms in (ongoing) follow-up studies involved the use of a 
posterior support serving as a replacement for the neck, 
allowing for an evaluation of effects on image quality in 
the presence and absence of neck tissue simulation.

Despite the aforementioned limitations with regard 
to development of age-specific paediatric phantoms 
with soft tissue equivalent material, one should be aware 
that studies more closely approaching clinical reality are 
ethically not tolerated. In vivo studies conducted with 
variations of protocols and exposure factors are obvi-
ously not acceptable, especially for paediatric patients 
considering their higher susceptibility to stochastic 
effects from radiation exposures.16 So, as described 
above, the present phantoms are not a limitation-free 
model, but they represent a starting point. Moreover, 
the soft tissue simulation method  described here can be 
reproduced and optimized from this first insight.

The phantoms are primarily intended for the eval-
uation of clinical image quality. To date, no technical 
image quality parameters were measured for CBCT 
images of the DIMITRA phantoms images such as 
contrast-to-noise ratio, modulation transfer function or 
CT number accuracy. More studies involving objective 
measurements in the DIMITRA phantoms are neces-
sary in order to reinforce the preliminary subjective 
image quality results obtained up till now.

The rapidly changing field of CBCT technology 
urges the need for continuous monitoring of the 
resulting image quality and related radiation doses. For 
this reason, further research is continuously needed to 
allow optimization studies for clinical purposes. This 
may be of particular interest when it comes to paedi-
atric imaging.

In conclusion, the DIMITRA anthropomorphic 
phantoms developed by means the covering of six 
paediatric skulls with Mix-D have shown appropriate 
images for dentomaxillofacial research involving CBCT. 
Moreover, the layer-by-layer technique described here 
showed to be feasible to perform, as long as all care and 
recommendations are follow strictly.
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Figure 6   CBCT images of the DIMITRA phantom number 6, 
9–10-year-old (a–c) and a 13-year-old boy (d) illustrating the simi-
larity (soft tissue aspect) in different conditions (different CBCT units 
and technical parameters). (a) Acquired from a CS9300 unit, FOV  
5 × 5 cm, 90 kVp, 5 mA, voxel size 0.09 mm, 20 s. (b) Acquired from a 
CS9300 unit, FOV 8 × 8 cm, 90 kVp, 5 mA, voxel size 0.18 mm, 8 s. (c) 
Acquired from a NewTom Giano unit, FOV 11 × 5 cm, 90 kVp, 3 mA, 
voxel size 0.15 mm, 9 s. (d) Performed with a ProMax 3D Max unit 
(Planmeca, Helsinki, Finland), FOV 5 × 5 cm, 96 kVp, 11 mA, voxel 
size 0.2 mm, 12 s [obtained from the clinical data collection of the 
authors’ institution (Paris Descartes University) ]. CBCT, cone-beam 
CT; FOV, field of view.
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