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Objectives: Intraoral dental tomosynthesis and closely related tuned-aperture CT (TACT)
are low-dose three-dimensional (3D) imaging modalities that have shown improved detection
of multiple dental diseases. Clinical interest in implementing these technologies waned owing
to their time-consuming nature. Recently developed carbon nanotube (CNT) X-ray sources
allow rapid multi-image acquisition without mechanical motion, making tomosynthesis
a clinically viable technique. The objective of this investigation was to evaluate the feasibility
of and produce high-quality images from a digital tomosynthesis system employing CNT
X-ray technology.
Methods: A test-bed stationary intraoral tomosynthesis unit was constructed using a CNT
X-ray source array and a digital intraoral sensor. The source-to-image distance was modified
to make the system comparable in image resolution to current two-dimensional intraoral
radiography imaging systems. Anthropomorphic phantoms containing teeth with simulated
and real caries lesions were imaged using a dose comparable to D-speed film dose with
a rectangular collimation. Images were reconstructed and analysed.
Results: Tomosynthesis images of the phantom and teeth specimen demonstrated perceived
image quality equivalent or superior to standard digital images with the added benefit of 3D
information. The ability to “scroll” through slices in a buccal–lingual direction significantly
improved visualization of anatomical details. In addition, the subjective visibility of dental
caries was increased.
Conclusions: Feasibility of the stationary intraoral tomosynthesis is demonstrated. The
results show clinical promise and suitability for more robust observer and clinical studies.
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Introduction

Since Wilhelm Rontgen first discovered X-rays in 1895,
dental radiology has experienced several milestones.

These include the development of panoramic radiogra-
phy, dental tomography, dental tomosynthesis, more
efficient image detectors, digital radiography and, most
recently, CBCT.1–3 CBCT has found wide acceptance in
the dental community because of its ability to provide
a three-dimensional (3D) representation of the hard tis-
sues of the oral and maxillofacial region.3 While CBCT
has demonstrated its value for many applications, it has
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not been conclusively shown to improve caries
detection.3–6 In part, this is as a result of beam-hardening
artefacts that occur in teeth and its relatively low-spatial
resolution. These artefacts may obscure existing caries
lesions or may result in false-positive diagnoses. Even
a high-resolution CBCT system with a small field of view
has not shown improvement in the detection of proximal
caries lesions.6 The increased financial cost, patient dose
and practitioner time associated with using CBCT to di-
agnose caries are additional disadvantages when com-
pared with conventional two-dimensional (2D) modalities.
The need to reliably detect proximal and occlusal

caries using a low-dose, low-cost and time-efficient im-
aging modality remains a high oral health priority.7

Caries affects millions of Americans and, when un-
detected, could evolve into more serious conditions that
may require large restorations, endodontic treatment or
extractions. Radiology has always played a vital role in
caries diagnosis, particularly in areas of the teeth where
diagnostic efficacy of the clinical examination is limited.
Currently, the most widely used imaging modality for
the detection of proximal caries lesions is bitewing ra-
diography.8 Unfortunately, the diagnostic accuracy of
bitewing radiographs for the detection of dental caries is
quite low. A systematic review of the literature by Bader
et al8 showed median sensitivity and specificity values
for radiographic occlusal caries detection of 27% and
95%, respectively. For proximal caries, the median
values were 49% and 88%. The main challenge in oc-
clusal and proximal caries lesions is the need to detect
small levels of mineral loss in otherwise highly miner-
alized tissues of enamel and dentin.9 The superimposi-
tion of these tissues limits subject contrast, as the
radiographic appearance of lesions is highly dependent
on the projection geometry.7 Furthermore, incorrect
image geometry resulting in “closed contacts” can sig-
nificantly compromise the visualization of lesions.
In the late 1990s, several studies explored the poten-

tial use of dental tomosynthesis for caries detection and
a variety of dental conditions. Both conventional digital
tomosynthesis and tuned-aperture CT (TACT) were
investigated. Conventional digital tomosynthesis moves
a single X-ray source in a limited angular path, ac-
quiring images at different locations. Digital sensors,
either intraoral or extraoral, are mechanically con-
nected to the rotating tube, fixing the acquisition
geometry.10–13 TACT uses a small number of angular
projections as in tomosynthesis, but images are acquired
using a single fiduciary marker associated with the ir-
radiated object. The projection of the fiduciary marker
allows the projection geometry to be determined post-
acquisition without knowing the exact aperture.14 Sev-
eral studies have shown the efficacy of TACT for
a number of diagnostic tasks, including root fracture
detection, the detection and quantification of peri-
odontal bone loss, implant site assessment and the
evaluation of impacted third molars.7,15–22 In addition,
some studies have shown that tomosynthesis improved
proximal and occlusal caries detection.7,11,20–22 One

observer study11 showed a sensitivity of 71% and di-
agnostic accuracy of 81.8%, which are higher than in
conventional 2D intraoral radiography. These techni-
ques, both tomosynthesis and TACT for dental appli-
cations, have not been implemented clinically, largely
owing to the slow procedure needed to change the posi-
tion of the X-ray source to acquire projection images,
slow detector acquisition speed and relatively long re-
construction times at the time of study. With current
improvements of digital sensors, computer speed and
development of carbon nanotube (CNT) field emission
X-ray source arrays, the technique shows more promise
for clinical implementation. Currently, tomosynthesis
is used for chest,23–25 abdominal,26 musculoskeletal27,28

and breast imaging applications.23,24,29

Most recently, researchers at the University of North
Carolina, Department of Physics and Astronomy de-
veloped a CNT-based field emission X-ray source array
technology.30,31 This innovation addresses many of the
shortcomings of previous dental tomosynthesis and TACT
imaging techniques. Multiple individually controllable
X-ray sources are spatially distributed in a single X-ray
tube to eliminate the need to position the X-ray source at
different locations during image acquisition. This tech-
nology enables stationary tomography, which has been
demonstrated in digital breast tomosynthesis,32–34 digital
chest tomosynthesis,35,36 tomosynthesis-guided radiation
therapy37 and stationary CT for homeland security.38 The
purpose of this study was to investigate the feasibility of
using a CNT X-ray source array for stationary intraoral
tomosynthesis (s-IOT).

Methods and materials

System description
A test-bed stationary tomosynthesis system, as shown
in Figure 1a, was modified to investigate the feasibility
of s-IOT. The system included a CNT source array
(model 2008-08-L75-002; XinRay Systems Inc., Re-
search Triangle Park, NC), an intraoral digital sensor
(SuniRay2; Suni Medical Imaging Inc., San Jose, CA)
and control electronics. The source array was operated
at 70 kVp, which is commonly used for intraoral ra-
diography applications.10,39 The SuniRay2 intraoral
sensor is a standard size #2 sensor with a field of view
of 35.23 25.2 mm and a pixel size of 333 33 mm. The
detector begins integration right after exposure to
X-rays and reads out images when the X-ray source is
turned off. Customized software was developed to
automate the continuous projection image acquisition.
The X-ray output was controlled by a multipixel
switching electronics from XinRay Systems. As illus-
trated in the timing diagram in Figure 2, the CNT
source array was fired following a trigger sequence
initiated by the operator, the X-ray pulse triggered the
digital sensor and the projection image was acquired
and saved.
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Distributed carbon nanotube X-ray source array
The CNT source array used for this study was not
designed specifically for dental image applications. It
had 75 linearly distributed X-ray focal spots with a
4-mm pitch. Each individual source inside the source
array consisted of a CNT cathode, gate and focusing
electrodes and a shared elongated tungsten anode. The
picture of CNT X-ray source is shown in Figure 1b. A
2-mm aluminium window served as both the vacuum
barrel and the inherent filtration, resulting in a half-
value layer of 2 mm aluminium, which complies with
the Food and Drug Administration regulations that
apply to X-ray beam quality for dental applications.40

The CNT cathode emits electrons using the field emis-
sion effect.31,41 The emission current is solely controlled

by the electric field applied between the CNT cathode
and gate electrode. The maximum output current as in
conventional X-ray sources is limited by thermal man-
agement of the anode and is determined by many fac-
tors such as focal spot size, anode voltage and X-ray
pulse width.42 The average focal spot size was measured
as 2.53 0.5 mm (full width at half maximum) with the
elongated direction along the source array.36 The tube
was operated at 5-mA tube current comparable to
conventional intraoral X-ray sources.10,11,39 A subset of
the 75 sources was used for this study.

System parameters and imaging protocol
One of the aims of this study was to investigate the
feasibility of acquiring bitewing tomosynthesis images
with the accumulated radiation dose comparable to
a conventional 2D intraoral bitewing image. The stan-
dard bitewing technique used at the University of North
Carolina School of Dentistry’s radiology clinic was used
as a reference. The technique used a photostimulable
phosphor intraoral receptor with a Focus� Instru-
mentarium intraoral source (Instrumentarium Dental,
Tuusula, Finland) operating at 70 kVp, 7 mA, 0.32 s,
40 cm source-to-image distance (SID) and a standard
30-cm rectangular collimation.

The focal spot size of this CNT source array is sig-
nificantly larger than those used in conventional in-
traoral X-ray systems. In order to compensate for the
loss in resolution owing to focal spot size, the source
was positioned at 840 mm from the detector. This dis-
tance was determined by simulating the modulation
transfer function (MTF) that characterizes the spatial
resolution of the projection images, adapted from
a method described by Marshall and Bosmans.43 At this

Figure 1 (a) Illustration of the stationary intraoral tomosynthesis system set-up. The system consists of a carbon nanotube (CNT) X-ray source
array and intraoral sensor. Projection images are acquired by electronically switching individual focal spot inside the source array. (b) Photo of the
source array. CNT X-ray sources are linearly distributed in the linear source array.

Figure 2 Timing diagram of the stationary intraoral tomosynthesis
system. The source array was triggered by an external trigger signal.
Individual X-ray sources were fired in a sequence set by the operator.
The sensor was triggered by X-ray pulses to collect and save a set of
projection images.
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distance, the image spatial resolution was equivalent to
the resolution commonly used in conventional intraoral
radiography.
To match the radiation dose of the s-IOT to the

clinical 2D intraoral radiography, the X-ray output was
measured using a calibrated Unfors Mult-O-Meter
470L solid-state dosimeter (Unfors Instruments AB,
Billdal, Sweden). The dosimeter probe was aligned to the
X-ray source array and placed at a distance of 100 cm
from the focal spot. The incident air kerma was mea-
sured at 70 kVp and various mAs values from 0.3mAs
(5mA3 60ms) to 0.8mAs (5mA3 160ms). Multiple
dose measurements were performed at each tube output.
The tube output (measured in mAs) per projection image
was calculated based on measured dose of the source
array and clinical 2D intraoral radiography technique
scaled by SID.

Reconstruction
Projection images were reconstructed using the adaptive
fan-beam volume reconstruction algorithm with a simul-
taneous algebraic reconstruction technique (SART).44

Reconstruction of the 3D data set was broken down
into a series of 2D slice reconstructions. This approach
was taken to increase reconstruction speed and reduce
memory usage. Raw images were preprocessed so that
the X-ray source array was perfectly aligned with the
detector row and were scaled so that the same system
matrix could be applied to every reconstructed 2D
slice. For each 2D reconstruction, total variation (TV)
regularization was applied to reduce artefacts and
improve overall image quality. The unknown param-
eter Nesterov algorithm was used to minimize the TV
without enforcing the strong convexity property.45 All
images were reconstructed on a customized worksta-
tion with one Intel® Core� i7-5930K processor (six
cores, 3.5 GHz; Intel Corporation, Santa Clara, CA).

Phantom and specimen images
An anthropomorphic dental quality assurance phantom
(RMI model 501A; Radiation Measurements Inc.,
Middleton, WI) was imaged by the s-IOT system. The
phantom is designed to simulate common clinical
intraoral imaging tasks. A portion of maxillary alveolar
bone and teeth with simulated caries lesions and me-
tallic restorations are embedded in the phantom. For
direct comparison, the phantom was also imaged with
a 2D intraoral system (Focus� X-ray; Instrumentarium
Dental) at the University of North Carolina (UNC)
School of Dentistry. The SuniRay2 intraoral digital
sensor was used to acquire images for both the s-IOT
system and the 2D radiography system. Both modalities
used a tube voltage of 70 kVp. The same imaging dose
was used for the 2D intraoral image sets and tomo-
synthesis data sets. The phantom was placed on the
detector housing in order to better represent an intrao-
ral design. In addition, a phantom constructed using
three extracted teeth specimen with real caries lesions
obtained from the UNC School of Dentistry teaching

materials was also imaged. The teeth were mounted on
cadaver material and covered with approximately 1 cm
of wax to simulate the effects of soft-tissue attenuation.
The phantom was imaged with both the s-IOT system
and the 2D radiography systems for comparison. Caries
ground truth status was established by micro-CT
(mCT).46,47 The mCT scans were acquired with
a Scanco Medical mCT 40 scanner (Scanco Medical
AG, Bruttisellen, Switzerland) operating at 70 kVp,
0.115 mA, 200 s scan time, with 0.5 mm aluminium fil-
tration. Scans were reconstructed with a 20-mm voxel
size using Scanco v. 1.2a software (Scanco Medical
AG). mCT scans were reviewed by a trained dental ra-
diologist (LG) to confirm caries lesion status.

Results

System characterizations
Figure 3 plots the relationship between the incident air
kerma and the tube output in phototimed mAs at
100 cm from the focal spots at 70 kVp. The incident air
kerma per mAs was 63.69 mGymAs21. A larger SID
was used in the imaging set-up to remedy the loss of
image resolution owing to the large focal spot size. At the
adjusted 840-mm SID, the MTFs of the system that
characterize the image resolution are simulated and
plotted in Figure 4. The MTF curve of the s-IOT (blue
curve; for colour image see online) using adjusted im-
aging parameters (840-mm SID) is compared with the
standard 2D intraoral system (1.1-mm focal spot size,
370-mm SID). 10% of MTF yields a spatial resolution
of 10.05 cycles mm21 for the s-IOT system, which is
similar to the 10.47 cycles mm21 of the aforementioned
2D intraoral system at the UNC School of Dentistry.

Figure 3 Relationship between incident air kerma at 100 cm from
focal spot and the X-ray tube output (mAs). The air kerma is linear to
the anode output. The incident air kerma per mAs at 100 cm was
63.69mGymAs21. SID, source-to-image distance.
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The spatial resolution of s-IOT was also comparable to
the image resolution of 7–20 cycles mm21 of commercial
intraoral radiography systems reported in literatures.48,49

Based on the system characterizations and the reference
2D intraoral radiography technique, the tube output per
projection was calculated.

Figure 5 shows the waveforms of anode current
captured by an oscilloscope for all the sources in the
source array. All sources using 5-mA anode current
show a consistent output from source to source with
very fast switching (on/off speed).

Phantom imaging
Projection images of the anthropomorphic phantoms
were acquired and reconstructed for quality assessment.
The 2D X-ray image and the selected reconstructed
tomosynthesis slices of the RMI phantom are shown in
Figure 6. The tomosynthesis image sets were recon-
structed using 15 projections acquired over a 12.7° an-
gular span at a SID of 840mm. The number of
projections and angular coverage are comparable to the
imaging parameters used in previous dental tomosyn-
thesis studies.10,11 The mAs per projection image
was 1.05mAs (5mA3 210ms) for a total exposure of
15.75mAs. This accumulated radiation dose for the entire
tomosynthesis scan is approximately equal to the dose of
a single 2D intraoral image using D-speed film with
rectangular collimation. This dose is at the same level of
intraoral imaging systems used in dental clinics today.50

Images were reconstructed using the SART. Recon-
structed images were examined by experienced dental
radiologists, and it was determined that reconstruction
with 20 iterations was most preferred. This provided
details and overall smoothness with low noise level and

good sharpness. Dental tomosynthesis reconstruction
using SART was completed in 8 s. The application of TV
regularization resulted in a reconstruction time of 90 s.

Figure 6a shows a photograph of the RMI dental
phantom of a partial jaw with teeth with simulated
lesions and metal fillings. Figure 6b shows the standard
2D intraoral image of the phantom. Figure 6c–f shows
the selected tomosynthesis slices focused at the buccal
molar roots, palatal molar root, simulated caries defects
and tooth fractures, respectively. Compared with con-
ventional 2D intraoral image, the tomosynthesis image
of the RMI phantom shows increased visualization of
dental anatomy, simulated lesions and tooth fractures.
Based on the images of metal restorations in the RMI
phantom, the reconstructed images also demonstrate
subjectively minor beam-hardening and streak artefacts.

Figure 7 shows the comparison between the 2D
intraoral image and the tomosynthesis slices for
a phantom constructed using extracted teeth, with mCT
images of the teeth as ground truth to validate the
lesion. Figure 7a shows the standard 2D intraoral ra-
diograph, while Figure 7b–d shows the selected tomo-
synthesis slices focusing at different depth. The mCT
images of the three teeth are shown in Figure 7e–g as
ground truth to validate the lesions. The reconstructed
images of the extracted teeth demonstrate subjectively
better lesion contrast and definition than standard 2D
intraoral images. The tomosynthesis slices also provide
better localization of the lesion in the buccal–lingual
direction.

Discussions

In this study, a proof-of-concept s-IOT was demon-
strated. The reconstructed tomosynthesis slices of an
anthropomorphic phantom and extracted teeth have

Figure 4 Simulated modulation transfer function (MTF) of the
stationary intraoral tomosynthesis (s-IOT) system. The blue curve
simulates the MTF of s-IOT at the adjusted source-to-image distance
(SID), while the green curve is the simulated MTF of the standard 2D
intraoral system [1.1-mm focal spot size (FSS), 33-mm detector pixel
size and 370-mm SID]. The spatial resolution of the s-IOT was 10.05
cyclesmm21 with the adjusted system parameters, which is com-
parable to commercial 2D intraoral radiography systems. CNT,
carbon nanotube. For colour images see online.

Figure 5 The anode current waveform for 5 mA and 40-ms pulse
width from all 15 sources. The waveform shows consistent current
output from source to source. The overshoot signal at the beginning of
each pulse was the step response of the switching electronics, which
was not a real anode current overshoot.
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shown improved subjective visibility and detection of
dental pathology such as caries, root fractures and al-
veolar defects compared with 2D intraoral radiography.
Tomosynthesis slices are reconstructed using low-dose
projection images acquired at various positions, avoid-
ing image angulation errors that cause “closed contacts”
in standard 2D intraoral radiography. Tomosynthesis
images also revealed high-detail 3D information of
dental and alveolar anatomy using a dose equal to
conventional intraoral images and with less metal streak
artefacts than CBCT. The efficacy of this modality will
be further examined with observer and clinical studies.
A reader study evaluating the detection of caries using
extracted teeth has been approved by the institutional
review board at UNC and is currently under way. The
results will be reported in the near future.
Compared with previous studies, this study addressed

some of the issues associated with conventional dental
tomosynthesis and TACT, which may enable clinical

implementation of the technology in future. The s-IOT
acquires projection images by electronically firing each
individual X-ray source inside the source array without
mechanically moving it. The reconstruction time is as
short as 8 s using the SART algorithm without graphics
processing unit acceleration.

The main parameters affecting tomosynthesis image
quality are tomosynthesis angular coverage and the
number of projections. An angular coverage of 12.7°
was used in the s-IOT systems, which is comparable to
previous studies.10,11 Larger angular coverage leads to
better in-depth resolution.34,51,52 However, owing to the
size limit of intraoral digital sensors, a larger tomo-
synthesis angular coverage will result in a smaller field
of view limiting the clinical usefulness of the technology.
The flexibility of the CNT source array also allows
a non-linear-shaped source array that may improve the
image quality.53 The optimized source array design and
imaging configurations are currently being investigated.

Figure 6 Comparison between two-dimensional (2D) intraoral radiography and stationary intraoral tomosynthesis (s-IOT). (a) The photograph
of the RMI dental phantom (RMI model 501A; Radiation Measurements Inc., Middleton, WI). (b) A standard 2D radiograph. (c–f) The selected
tomosynthesis slices focus at different planes. (c) The details in buccal molar roots. (d) The palatal molar root. (e) The simulated buccal defects.
(f) The tooth fractures.
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Image blur caused by patient and X-ray tube motion
are common in tomosynthesis imaging owing to the
relatively longer scan time than in 2D radiography. With
the stationary X-ray source array, X-ray projections are
acquired without any mechanical movement of the
source. This reduces the time needed to move the source,
as well as eliminating the source motion blur caused by
translation of the X-ray tube. The acquisition time of
a tomosynthesis using s-IOT is simply calculated as,

ttotal5N3
�
texp 1 treadout

�
5

D
Itube

1N3 treadout

where N is the total number of projections, texp is the
exposure time needed per projection, D is the total mAs
of the tomosynthesis and treadout is the image read-out
time for each image. The first term D/Itube gives the
same total exposure time as 2D intraoral radiography
since the same mAs and tube current are used, while the
second term N treadout is the extra time that s-IOT is
needed for images to be extracted from the detector. At
a given N, the acquisition time is mainly determined by
the detector read-out speed. In this study, the SuniRay
sensor was operated continuously at a speed of one
frame per 5 s using a customized acquisition pro-
gramme. The whole tomosynthesis acquisition took 75 s,
which is too long for clinical applications. However,

intraoral sensors capable of one frame per second are
now technically feasible,54 which will significantly re-
duce the total imaging time. The imaging time can be
further shortened with faster sensors and smaller num-
ber of projections.

In this study, tomosynthesis images were acquired
using the same dose as current 2D bitewing systems.
Decreasing of the radiation dose may result in in-
creased image noise. However, the TV regularization
applied in the reconstruction reduces the image noises
and artefacts, suggesting the potential for further re-
duction of the imaging dose, which will also shorten
the imaging time.

The source array used in this s-IOT prototype was
designed for other purposes with specifications different
from those needed for dental imaging. To match the
system resolution of current clinical intraoral devices,
the system SID was increased. A CNT X-ray source
array with smaller and isotropic focal spots has been
fabricated.33 This particular source array was operated
at 5 mA tube current, comparable to the 7 mA tube
current commonly used in intraoral imaging. The tube
current of an X-ray tube, including the CNT source
array, is mainly limited by the heat management of the
anode.42 For a focal spot size of 0.63 0.6 mm full width
at half maximum, our prior thermal simulation shows
that the anode can withstand 1.1 kW power, which

Figure 7 Comparison between the standard two-dimensional (2D) radiograph (a) and stationary intraoral tomosynthesis (s-IOT) slices (b–d) of
the extracted teeth with axial micro-CT ground truth images (e–g). Arrows on the 2D and s-IOT images indicate visible caries lesions. Arrows on
the micro-CT indicate confirmed lesions. The tomosynthesis slices demonstrate increased lesion visibility, contrast and definition.
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means that at 70 kVp, the source array can be operated
at 15 mA tube current.

Conclusions

A proof-of-concept s-IOT system using a distributed
CNT X-ray source array was constructed and evaluated.
The system generated high-detail 3D information of the
dental and alveolar anatomy with patient dose compa-
rable to a standard 2D intraoral radiography. Phantom
and extracted teeth phantom images show improved
visibility and detection of dental pathologies such as
caries, fractures and defects. The preliminary results
obtained so far suggest that s-IOT using a CNT source
array is a feasible technique that can potentially improve
the diagnosis of caries detection, root fractures and
other dental pathologies. The system has the potential to

operate at a very low cost, low dose and in a time-efficient
manner. The diagnostic efficacy of this modality will
continue to be evaluated in more robust observer trials.
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