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Objective: Direct in vivo MRI of dental hard tissues by applying ultrashort echo time (UTE)
MRI techniques has recently been reported. The objective of the presented study is to
clinically evaluate the applicability of UTE MRI for the identification of caries lesions.
Methods: 40 randomly selected patients (mean age 41 * 15 years) were enrolled in this study.
39 patients underwent a conventional clinical assessment, dental bitewing X-ray and a dental
MRI investigation comprising a conventional turbo-spin echo (TSE) and a dedicated UTE
scan. One patient had to be excluded owing to claustrophobia. In four patients, the clinical
treatment of the lesions was documented by intraoral pictures, and the resulting volume of the
cavity after excavation was documented by dental imprints and compared with the MRI
findings.

Results: In total, 161 lesions were identified. 157 (97%) were visible in the UTE images, 27
(17%) in the conventional TSE images and 137 (85%) in the X-ray images. In total, 14 teeth
could not be analysed by MR owing to artefacts caused by dental fillings. All lesions appear
significantly larger in the UTE images as compared with the X-ray and TSE images. In situ
measurements confirm the accuracy of the lesion dimensions as observed in the UTE images.

Conclusion:

The presented data provide evidence that UTE MR imaging can be applied for

the identification of caries lesions. Although the current data suggest an even higher
sensitivity of UTE MRI, some limitations must be expected from dental fillings.
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Introduction

MRI has proven excellent performance in assessing soft
tissues and has become a mainstay imaging modality in
medical diagnosis. However, its limited capability in
assessing mineralized tissues and rising artefacts caused
by dental fillings have so far restricted its wide appli-
cation in dentistry.’
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The potential of dental MRI was first discussed in
1981, but until now dental MRI has been applied only
to typical radiological applications such as the identifi-
cation of extracranial tumours, observation of the
temporomandibular joint, implant planning, assessment
of dental and periapical anatomy and pathology and for
the localization of impacted teeth.>”!”

The inability to visualize hard tissue structures has
prevented conventional MRI techniques from depicting
the highly mineralized components of the tooth like
dentine (which comprises up to 70% mineral hydroxyl-
apatite, about 20% organic material and only 10% water)
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and enamel (with a mineral content of up to 96%). The
high mineral content of these structures causes a low
concentration of free protons, resulting in only weak
magnetization and a random dephasing at the suscepti-
bility interfaces, causing rapid 7> relaxation below 1 ms
for dentine and below 250 s for enamel.'s"?

Several in vitro studies on the visualization of mineral
structures of the teeth were published using stray field
imaging (STRAFI), single and multinuclear solid state
techniques, single-point imaging (SPI) and ultra-short
echo time techniques like sweep imaging with Fourier
transformation (SWIFT), zero echo time imaging and
Ultrashort Echo time (UTE) imaging. For acquisition
time constraints, most of the techniques cannot directly
be translated to in vivo applications. First results of an
in vivo depiction of the mineral structures of the teeth
were shown by Gatehouse et al*® and Boujraf et al*’ by
applying a modified UTE technique.?* %’

The mineral structures (primarily enamel) pass
through an alternate cycle of mineral loss and gain in the
hydroxylapatite crystal. Dental caries represents a sugar-
dependent infectious disease that damages the structures
of teeth. Acid-producing bacteria lead to a de-
stabilization of the constant state of back-and-forth de-
mineralization and remineralization of the tooth and
demineralization proceeds faster than remineralization,
thus causing demineralization of the teeth and later on
caries lesions. During the progression of lesion forma-
tion, initially a local increase in liquid content with only
moderate breakdown of the mineral structures occurs.
The increase is caused by the local production of acid by
the related bacterial inflammation and by saliva pene-
trating into the lesion through the porous demineralized
enamel layer. Advanced progression leads to an increasing
decay of the mineral structures, finally causing a sub-
stantial breakdown with related cavity formation.”

From an MRI point of view, both processes likely
cause an increase of the local MRI signal by (a) increasing
the local proton concentration and (b) increasing 7, re-
laxation rates owing to the mineral decomposition, which
causes a local reduction of the susceptibility interfaces.”

MRI for the detection of caries lesions has been
shown for in vitro and in vivo applications using an in-
direct or direct visualization approach. For indirect vi-
sualization, the teeth were embedded in a dedicated
signal-providing material, whereas in the direct ap-
proach, the mineralized structures of the teeth were
assessed.?>2%-3032

Indirect imaging of caries lesions with conventional
spin echo techniques was published by Tymofiyeva
et al.>* Contrast between the teeth and the surrounding
tissue was achieved by adding a contrast agent in the
oral cavity. The observed signal enhancement in regions
of degeneration of the tooth was attributed to the pen-
etration of the contrast medium into the demineralized
tooth substance.

The application of UTE imaging to detect early
mineralization and caries lesions was recently presented
in a feasibility study.?” In this study, 12 patients were
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enrolled for initial assessment of the potential of UTE
for identification of caries lesions. In direct comparison
with intraoral bitewing X-ray, the UTE technique
showed a 100% sensitivity, whereas in the conventional
turbo-spin echo (TSE) technique, only 19% of the
lesions could be identified. Several lesions were solely
identified by UTE MRI. These lesions were attributed
to early caries processes causing a local increase of
unbound water molecules but no or only very limited
breakdown of the mineral structure. This conclusion
was supported by 75 and dimension quantification of
the different lesion types. Although indicating a clear
potential for the identification of early demineralization
and caries lesions, the clinical applicability of the
technique could not be evaluated fully, since the
enrolled patients had only a limited number of metal
fillings and crowns, prone to cause severe image
degradation in MRI. Furthermore, only a single lesion
mainly visible by UTE could be further investigated
clinically.

It is the objective of this study to validate the clinical
applicability and to proof the sensitivity of the three-
dimensional (3D) UTE MRI technique for early identi-
fication of demineralization and caries lesions in humans.
For that purpose, 28 additional patients have been en-
rolled to form a patient cohort of 40 patients in total. In
all patients, the proposed UTE technique is evaluated
and compared with conventional spin echo MRI and
intraoral bitewing X-ray; limitations rising from metal
artefacts are assessed and the appearance of the lesions in
3D UTE is validated by imprints in three more patients.

Materials and methods

Patients

40 randomly selected patients (16 female, 24 male, mean
age 41 = 15 years) with suspected caries lesions were
enrolled in this clinical study. The image protocol was
approved by the local ethics committee (no. 08/19) and
written informed consent was obtained from all patients
prior to the dental MRI examination.

In total, the patients had gold (r = 3), cement (n = 24),
amalgam (n = 104) and composite (n = 267) fillings and
gold (n =70) and ceramic (n = 6) crowns. Patients with
brackets or retainers were excluded from this study ow-
ing to the expected artefacts in the MR images as a result
of the high nickel and cobalt contents in the alloys.

Study protocol
Prior to the MR examination all patients underwent
a clinical investigation, including optical assessment
and an intraoral bitewing X-ray of the suspicious
areas. All bitewing images were acquired according
to a standardized protocol in parallel imaging technique
as described by Whaites.**

The MR examination was accomplished within 14
days after the initial investigation, prior to any dental
treatment of the lesions.



All MR imaging was performed on a clinical 3 Tesla
whole-body MRI system (Achieva; Philips Healthcare,
Best, Netherlands) and the data were acquired with a
single element (65 X 50mm) of a 2 X2 channel pro-
totype carotid coil (Philips Research Europe, Hamburg,
Germany; Figurela). The coil was placed at the re-
spective side of the jaw and then affixed with a Vac-Lok
neck cushion (CIVCO Medical Solutions, Kalona, TA).
Sandbags were placed on the left and right side of the
head to avoid patient motion during the examination.

Each patient underwent the same MR imaging pro-
tocol, including two orthogonal surveys, a coil-sensitivity
reference scan and two diagnostic scans: a multislice
turbo-spin echo (MS TSE) and a 3D ultrashort echo time
(3D UTE) sequence for caries lesion assessment.

The surveys were planned along the jaw in parasagittal
and transversal direction to assess the optimal position of
the coil. If necessary, the coil was repositioned and the
scan was repeated. The coil sensitivity reference scan was
used later on to homogenize the signal intensity of the
images acquired by the prototype surface coil.

Two-dimensional MS TSE acquisitions with an in-
plane resolution of 0.4 X 0.4 mm and a slice thickness of
1 mm and a 3D UTE sequence with an isotropic reso-
lution of 0.8 mm® were applied (for detailed acquisition
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parameters, please refer to Table 1). The MS TSE se-
quence was included in the imaging protocol for verifi-
cation of the performance of the conventional MR
techniques in detection of caries lesions and early de-
mineralization. The MS TSE scan was planned in para-
sagittal direction along the jaw (Figure 1b). The central
point of the spherical field of view of the 3D UTE se-
quence was placed between the molars and premolars in
transversal direction (Figure 1c¢) and between the lower
and the upper jaw in sagittal direction (Figure 1d).

After the MR examination all patients underwent
standard clinical dental treatment. Four patients were
randomly selected for in situ documentation. Intra- and
extraoral pictures were taken prior to the treatment and
after fissure sealant or filling removal, excavation and
filling. The excavation was controlled by caries detector
fluid (1% acid red) plus frequent manual exploration of
the hardness of the dentine. For documentation of the
lesion extend, a bitewing X-ray of the post-excavation
impression was acquired, which was used for qualitative
validation of the lesion size.

Data analysis
For analysis, all data were transferred to a medical
workstation (ViewForum; Philips Healthcare). The

Figure 1 (a) Position of the prototype coil at one side of the jaw and planning of the (b) turbo-spin echo sequence along the jaw and the ultrashort

echo time sequence in (c) parasagittal and (d) transverse direction
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Table 1 MRI sequence parameter

Parameter HR-TSE 3D UTE
Technique Turbo-spin echo  Spoiled FID
Excitation Slice selective Non-slice selective
Flip angle (°) 90 10

RF pulse duration (ms) 4.2 0.05

Echo time (ms) 8.1 0.05

Repetition time (ms) 625 5

Number of echoes 16 1

Acquired resolution (mm?®) 0.4 X 0.4 X 1 0.8x0.8x0.8
Field of view (mm?) 230 X 230 X 8 120 X 120 X 120

Scan time 5:32 7:49

3D UTE, three-dimensional ultrashort echo time; HR TSE, high
spatial resolution turbo-spin echo; FID, free induction decay; RF,
radiofrequency.

3D UTE scan was reconstructed at a resolution of 0.5 X
0.5 X 0.5mm? and reformatted along the jaw in similar
scan orientation as the MS TSE images.

Owing to the local demineralization and concomitant
accumulation of acids and saliva in the caries lesion, the
proton density and the local T5/T; are supposed to in-
crease, causing a local signal enhancement.”” Regions
inside a tooth were defined as a caries lesion if they
showed a signal brighter than the mean value plus two
times the standard deviation of the surrounding tooth
that did not belong to the pulp.

In all image modalities, height 4, width w and the area
A of identified lesions as well as the minimal distance
between the lesion and the pulp dp,u, were measured. In
the 3D UTE MR images, additional measurement of the
lesion depth d was performed. Since a standardized par-
allel imaging technique was used for the intraoral bite-
wing X-rays, no correction for the projection geometry
was performed.

For each identified lesion, the signal-to-noise ratio
(SNR) and the contrast-to-noise ratio (CNR) were de-
termined. For the estimation of the noise, the standard
deviation of dentine of the affected tooth was used.
Since the dentine shows very low signal, the related
noise is very close to the background noise in air as used
in conventional SNR/CNR measurements and only
a little affected by the fast varying sensitivity pattern of
the coil. The SNR was measured as the mean intensity
and the respective standard deviation of the dentine.
The CNR was determined by the difference between the
mean intensity of the lesion and the dentine divided by
the respective standard deviation of the dentine.

The lesion size in the X-ray image of the impression
was qualitatively compared with the results of the
in vivo MR and X-ray images.

All data were evaluated by an experienced dentist in
consensus with an experienced MR scientist for providing
expertise in the special contrast and artefact behaviour of
the UTE sequence.

Statistical analyses

For statistical analysis, the lesions were divided into
three different classes (CI, CII and CIII). Lesions of
class CI are clearly visible in all three image types
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(X-ray, 3D UTE and MS TSE). CII lesions are clearly
visible in the X-ray and 3D UTE images but not visible
in the MS TSE images, and CIII lesions are solely vis-
ible in 3D UTE.

The lesion extensions in two dimensions (width and
height) and the area of the lesion as well as the distance
between the lesion and the pulp were compared between
the X-ray, 3D UTE and MS TSE images.

To assess the statistical significance of the resulting
differences between the investigated techniques, a two
tailed paired f-test with a two-sample equal (homosce-
dastic) variance was used. Differences were considered
significant for p < 0.05.

Results

The imaging protocol could be completed in 39 patients.
One patient had to be excluded owing to claustropho-
bia. Including the repositioning of the coil between the
left and the right jaw as well as the planning of the MR
scans, the dental examination could be completed in less
than 45 min. The measurement procedure and the scan
times were well tolerated by the patients. Two patients
had to be excluded owing to severe image degradation
caused by 2 osteosynthesis plates, 12 gold crowns and
10 amalgam fillings. All other artefacts caused by dental
filling materials were restricted to local distortions,
which were limited to a single tooth (z = 9) or at max-
imum to adjacent teeth (n = 2). In total, 14 teeth could
not be evaluated by either MRI approaches owing to
the severe image degradation caused by dental filling
materials.

Figure 2 exemplarily shows the appearance of a CII
lesion in a molar in 3D UTE, reformatted in three or-
thogonal orientations, and the respective measurements
of the lesion dimensions.

Owing to the strong decay of the coil sensitivity
profile, the image quality was strongly depending on the
distance between the coil and the teeth. All MR scans
showed a distinguishable delineation between the pulp
and the mineralized structures (dentine/enamel) of the
teeth. A clear delineation between dentine and enamel
layers could not be achieved in all patients. Especially in
cases where the distance between the coil and the centre
of the molars exceeded 2.5 cm, the resulting poor SNR
limited the visibility of the dentine.

In total, 157 lesions were identified by 3D UTE, 137
lesions by X-ray, and 27 lesions were visible in the MS
TSE images. In 4 out of the 14 teeth not accessible by
MRI, a caries lesion was identified on the respective X-
ray images. 24 lesions were solely identified by 3D
UTE. These were either secondary lesions (n = 6), in
which the dental filling material obstructed the lesion,
occlusal lesions (n = 3), or very small, likely initial,
caries lesions (n = 15). Assuming a total of 161 (157
identified by 3D UTE plus 4 additional lesions identi-
fied by X-ray only) caries lesions yielded a sensitivity of
97% for 3D UTE, 85% for X-ray and 17% for MS TSE.
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Figure 2 Transversal, parasagittal and coronal perspective of the teeth at the right side of the jaw

The lesions were categorized as CI lesions (n = 25), CII
lesions (n = 108) and CIII lesions (n = 24), respectively.
Compared with the X-ray (CI and CII lesions) and
MS TSE (CI lesions) images, all lesions appeared larger
in the 3D UTE images. Lesions in MS TSE appeared
much smaller than the X-ray findings. The distance
between the lesion and the pulp varied because of the
different lesion sizes between the three imaging
approaches. Many lesions, which appeared in safe dis-
tance to the dental pulp in the X-ray image, almost
reached its direct proximity in the 3D UTE images.

The in vivo SNR measurements resulted in a mean
SNR value of 20 = 10.6 for all lesions. For the CNR
measurements, the mean value resulted in 16.2 = 10.0.
No significant differences between the lesion classes
CI-CIII were observed for the SNR as well as for the
CNR measurements.

The quantitative measurements and respective sta-
tistical significance for all three imaging approaches
and lesion categories are summarised in Figures 3
and 4.

The extension of the CI lesions in the MS TSE images
showed significant lower values (p <0.01 for width,
height and area) compared with the X-ray and 3D UTE
findings. The results of the measurements in the 3D UTE
images showed significantly higher values for the width
(p <0.05), height (»p<0.01) and area (p <0.01) com-
pared with the lesion extensions in the X-ray images.
When compared with the other modalities, the minimal
distance between the lesion and the pulp (dyup) showed
significantly smaller values in the 3D UTE than the re-
spective MS TSE (p <0.01) and X-ray (p <0.01)
images but no significant differences between MS TSE
and X-ray (p = 0.22) images.

For CII lesions, the differences of the lesion exten-
sions between 3D UTE and X-ray images showed sig-
nificant values for width, height, area and distance
(dpuip) (p <0.01 for all geometrical properties).

For interclass comparison, the distance (dpyp) and the
lesion extension in all three directions (width, depth and

height) as well as the area of all visible lesions in the 3D
UTE images were compared (Figure 4). Differences
between CI and CIII as well as between CII and CIII of
the lesion size in all three directions were significant.
CIII lesions showed smaller lesion extensions than with
CI as well as with CII lesions. Comparing the lesion size
of CI and CII lesions, only the lesion width showed no
significant lower values for the CII lesions (p = 0.1). In
the UTE images, the distance between the lesion and the
pulp showed significant higher values for CIII lesions
than with CI (p <0.01) and CII (p < 0.05) lesions but
showed only a trend to lower values for CI than for CII
(p = 0.09) lesions.

The in situ documentation includes examples for each
category (CI, CII and CIII). Respective intraoral pic-
tures prior to and after dental treatment, MR and X-ray
images are shown in Figures 5-7. All lesions are labelled
with a white arrow in the MR images and a black arrow
in the X-ray images.

Figure 5a shows an approximal CI (lesion 1) and
lingual CI (lesion 2, Figure 5b) smooth surface caries.
Both lesions are clearly visible in the intraoral pictures
as well as in the X-ray (Figure Sh), MR (3D UTE:
Figure Se,f) and MS TSE (Figure 5g) images. As
expected the lesion sizes in the MS TSE images appear
much smaller than in the 3D UTE images.

A hidden caries of category CII is presented in
Figure 6. The intraoral picture shows only a conspicu-
ous area before dental treatment (Figure 6a). The lesion
shows a bright signal in the 3D UTE (Figure 6d) image
ranging into the proximity of the pulp, but this is not
visible in the TSE (Figure 6e). In the X-ray image
(Figure 6f), an almost negligible lesion with safe dis-
tance to the pulp is identified. Excavation revealed
a large caries lesion (Figure 6¢), which confirms the
lesion size apparent in the 3D UTE image.

A CIII secondary caries lesion is shown in Figure 7.
Owing to the superimposed filling material along the
unresolved dimension, the lesion is not clearly visible in
the X-ray image (Figure 7f). However, the lesion can be
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Figure 3 Two-dimensional lesion extend and area of all three imaging techniques and significance of the differences for lesions of categories CI (a,
b) and CII (c, d). CI, class 1; CII, class 2; dp, minimal distance between lesion and pulp; SE, spin echo; UTE, ultrashort echo time; XR, X-ray

clearly assessed by 3D UTE (Figure 7d). Again, exca-
vation revealed a large caries lesion (Figure 7c), in-
dicating the correct assessment of the lesion dimensions
by 3D UTE.

The qualitative comparison between the X-ray image
of the impression and the in vivo MR and X-ray images
is shown in Figure 8. The lesion shape after excavation
was estimated from the radiograph of the impression
and transferred to the in vivo images. The lesion
extensions from the impressions of the in situ measure-
ments confirm the lesion size in the 3D UTE images and
the respective underestimation of the caries lesions in
the X-ray images.

Discussion

This clinical study confirms the applicability of 3D
UTE MRI for the identification of caries lesions. The
direct comparison to the clinical standard radiograph
and to conventional spin-echo imaging reveals at least
a similar sensitivity of 3D UTE MRI to X-rays and
clearly shows the limitations of conventional spin-echo
techniques, especially for the identification of small
lesions. Limitations of 3D UTE owing to metal arte-
facts caused by dental fillings were less severe than
expected. In 39 randomly enrolled patients, only 14
teeth could not be sufficiently assessed, although the
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Figure 4 (a) Geometrical properties of the lesions in the different categories obtained by the three-dimensional ultrashort echo time (3D UTE)
technique. Figure 1b shows the significance of the differences. The standard deviation (*=14.2 mm) for the CI area is omitted in the visualization.

CI, class 1; CII, class 2; CIII, class 3; dpup,
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Figure 5 Smooth surface caries (CI): intraoral images (a, occlusal; b, bucal) prior to the dental treatment and the images (c, bucal; d, occlusal)
after excavation of the lesions and the respective (e) transversal and (f) parasagittal three-dimensional ultrashort echo time (g) multislice
turbo spin-echo and (h) X-ray images of the tooth. The white arrows in the MR images and the black arrows in the X-ray image indicate the

lesions

patients presented with gold (n = 3), cement (n = 24),
amalgam (n = 104) and composite (n = 267) fillings and
gold (n = 70) and ceramic (n = 6) crowns. In total, four
lesions visible using X-rays were missed by 3D UTE
owing to the superimposed metal artefacts. Inter-
estingly, 24 lesions were identified solely by 3D UTE.
This can partly be attributed to the three-dimensional
nature of the 3D UTE technique, which appears espe-
cially advantageous in cases where the X-ray is limited
by structures superimposed along the unresolved di-
mension. However, the differences in the lesion di-
mension and the superior visibility of approximal/
hidden lesions with 3D UTE are more likely caused
by the pathogenesis of caries.

The limited performance of conventional MRI for im-
aging of mineralized components is caused by the lack of
protons and the very short spin—spin relaxation rates due
to the susceptibility interfaces in the mineral structures.
Formation of a sensible MRI signal from the dentine and
enamel layers requires an increase of unbound water and
a reduction of the random dephasing of the spins.

The pathogenesis of caries involves local acid accu-
mulation due to the bacterial inflammation, followed
by a demineralization and finally breakdown of the
mineral structure. In the early stage of lesion forma-
tion, the dominant effect results in a local proton
density increase due to acid formation and by possible
penetration of saliva into the lesions through the in-
creasingly demineralized porous structures in the enamel.
At a later stage, the steadily increasing demineralization
causes substantial breakdown of the microscopic mineral

structures, which results in fluid pools within the sur-
rounding almost intact mineral structures.

The observed signal behaviour in MRI is well sup-
ported by the pathogenesis. The initial local increase in
acids and saliva results in a local increase of the proton
concentration and hence yields a stronger local mag-
netization. The concomitant initial decay of the local
mineralization simultaneously causes a slight decrease
of the local random dephasing, and consequently a slight
but significant increase of the local 77 relaxation time
(T3 geontine = 324 = 94, T} \ion= 649 =399 ps).”> This
increase of T, and T in the early stage of carious lesion
formation is probably not large enough to be assessed by
conventional imaging techniques. With increasing de-
mineralization, however, the local magnetization as well
as the 7, relaxation time further increases, yielding a
sensible MR signal even with conventional spin-echo
MR imaging techniques.

Thus the different identified classes likely indicate car-
ies lesions at different stages. Lesions not visible using
X-rays but visible by 3D UTE (CIII—Iesions) indicate
very early lesions/demineralization with no substantial
breakdown of the microscopic mineral structure. Since
the lesion visibility with X-rays is governed by its mineral
content, the slight demineralization does not ensure suf-
ficient contrast in the projective X-ray images. This hy-
pothesis is supported by the significantly smaller extent of
CIII lesions than CI/CII lesions, which indicates early
stage lesions. With increasing demineralization and re-
spective breakdown of the mineral structure, the lesion
size increases (CII/CI) as well as the visibility of the lesion
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Figure 6 Occlusal (hidden) caries (CII): intraoral pictures of dental treatment (a) prior to the treatment, (b) after fissure sealant removal and (c)
after excavation, and the respective three-dimensional ultrashort echo time (d) multislice turbo spin-echo (¢) and X-ray (f) images. The white
arrows in the MR images and the black arrow in the X-ray image indicate the lesion

with X-ray imaging (CII) and, finally, even in conven-
tional spin-echo MRI (CI).

From clinical routine, it is well known that the lesion
extent is often underestimated by X-ray imaging, in-
dicating only a limited performance using X-rays for the
identification of the accurate border of the bacterial
inflammation and related caries lesion. From the quali-
tative assessment after excavation, the MRI-derived spa-
tial extent of the lesion appears to match more accurately
the diseased area than the respective X-ray-derived val-
ues. These results indicate that MRI may be able to
provide a more accurate assessment of the real lesion
extent and a better estimation of its distance to the pulp.

In direct comparison, the MR images contain more
detailed information of the lesion size and especially the
distance between the lesion and the pulp than the X-ray
images. Since depending on the progress of the lesion
and on the extent of dental destruction, different treat-
ment options need to be chosen; the application of MRI
may facilitate a more tailored treatment of caries
lesions. Especially for early demineralization and initial
lesions, the possibility of repeated imaging for therapy
monitoring appears to be attractive.’® Parts of the ob-
served inferior performance of X-ray may be attributed
to the averaging done along the unresolved dimension,
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which might be addressed by tomographic X-ray-based
imaging approaches. But even though cone beam
computed tomography may provide the required to-
mographic information because of the related high X-
ray dose and strong artefacts caused by metals, its ap-
plication in caries detection and diagnosis is not
indicated.*”*°

In the previous work published by Tymofiyeva et al,**
a conventional MS TSE imaging technique with high
spatial resolution of 0.3 X 0.3 X 0.35mm® and a rather
long echo time of 12 ms has been applied. For ensuring
sufficient image contrast, the oral cavity was partly filled
with contrast medium doped agarose gel. In this study, it
has been shown that the lesion size in the non-contrast-
enhanced MS TSE images (TE = 8.1 ms) underestimates
the real lesion size and a signal can likely only be ob-
served in cases where the mineral structure of the tooth is
already destroyed. Therefore, the bright signal in the MS
TSE scans must most likely be attributed to contrast
media leaking into the caries lesion instead of its direct
visualization. The high resolution used in the study of
Tymofiyeva might not be necessary. In the present study
no caries lesion was missed even though a three-fold
lower resolution has been used. Tymeofiyeva et al** mo-
tivated the usage of a spin-echo technique by its high
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Figure 7 Secondary caries (CIII): intraoral pictures of dental treatment (a) prior to the treatment, (b) after filling removal and (c) after
excavation, and the respective three-dimensional ultrashort echo time (d) multislice turbo spin-echo (e) and X-ray (f) images. Lesion position is

marked by an arrow

robustness towards artefacts caused by dental fillings and
related susceptibility interfaces. Our study shows that the
MS TSE and the 3D UTE techniques show a similar
artefact level from dental filling materials. None of the 14
teeth that had to be excluded showed superior image
quality in MS TSE, as indicated previously.*’

Although this study proved the potential of 3D UTE
for imaging of caries lesions, several obstacles have to
be considered before a wide clinical application appears
possible. In X-ray images a clear delineation between
the different mineral structures of the tooth is possible.
In conventional caries, diagnostic lesions are catego-
rized in four classes depending on the extensions of the
lesion inside the different structures. According to this
classification, different steps of dental treatment have to
be chosen. Since these classifications cannot directly be
transferred to dental MRI, new classification systems
have to be established in future clinical studies. A fur-
ther major limiting factor is the intrinsically poor SNR
of MRI. All data presented in this study have been
acquired on a high-field (3 T) whole-body clinical MR
system. The related high imaging costs and rather long
acquisition times will likely restrict the application of
MRI to clinical research. Prior to translation into clin-
ical routine, dedicated dental systems enabling lower

imaging costs, easier installation and maintenance and
more rapid data acquisition are required. Whether these
systems will meet the required SNR constraints remains
to be proven. The likely drop in SNR may be addressed
by usage of an intraoral coil as published earlier.*!
Further limitations may rise from dental filling materials.
In the case of conductive materials, eddy currents may
cause local field distortions causing image blur in the
3D UTE technique. Ferromagnetic materials, such as
nickel and cobalt, which are used especially in older
alloys, dental prostheses, retainers and brackets, may
cause severe image degradation. In contrast to the long-
ranging banding and streaking artefacts well known
from cone beam CT, the nature of artefacts rising in
MRI is a local image degradation, which often does not
even impact neighbouring teeth. Several correction
approaches for MS TSE sequences have already been
published, some of them even applicable for gradient
echo sequences or non-selective sequences like 3D UTE.
Since in the investigated cohort only a small fraction of
the investigated teeth could not be analysed, the limi-
tations appear less severe than expected. This may be
attributed to the UTE used.**”*’

In summary, the identification of caries lesions by
means of UTE MRI appears feasible. In comparison

Dentomaxillofac Radiol, 42, 20120321
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(b)

Figure 8 In situ measurements: comparison between (1) X-ray of the impression, the appearance of the respective lesion in (2) ultrashort echo time
and (3) intraoral X-ray of (a) a smooth surface caries, (b) a hidden caries and (c) a secondary caries lesion

with the clinical standard, 3D UTE MRI has shown
a similar sensitivity to intermediated and progressed
lesions and clearly outperforms X-ray as well as con-
ventional spin-echo MRI techniques for early stage
lesion. Its high sensitivity may enable new applica-
tions, such as monitoring of remineralization therapy,
and provide a more accurate assessment of the lesion
dimension as available from X-ray imaging. Whether
its limited spatial resolution, the prolonged acquisition
time and the likely higher costs of imaging will avoid
wide clinical application of the suggested technique is
still unclear.
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