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Objective: This study was conducted to assess the clinical usability of the zero- echo time 
(ZTE) technique of MRI for evaluating bone changes of the temporomandibular joint (TMJ) 
in comparison with CBCT.
Methods: Twenty patients with TMJ disorder who underwent both CBCT and MRI were 
randomly selected. CBCT images were obtained with an Alphard 3030 device (Asahi Roentgen 
Ind., Co. Ltd, Kyoto, Japan). MRIs were obtained using a 3.0 T scanner (Pioneer; GE Health-
care, Waukesha, WI, USA) and a 21- channel head coil. An isotropic three- dimensional 
proton- density- weighted ZTE sequence was acquired. Two radiologists evaluated 40 joints of 
20 patients for the presence of the following osseous changes: flattening, erosion, osteophyte 
and sclerosis of the condyle; and flattening, erosion and sclerosis of the articular fossa. CBCT 
and ZTE- MRI assessments were performed at a 2- month interval. The prevalence- adjusted 
and bias- adjusted κ statistic was used to analyse interexaminer and intraexaminer agreement 
and the agreement between ZTE- MRI and CBCT.
Results: Intraexaminer and interexaminer agreement analyses of ZTE- MRI showed high 
reproducibility (κ>0.80), which was comparable to that of CBCT. Flattening, osteophyte and 
sclerosis of the condyle and all types of bone changes in the mandibular fossa showed nearly 
perfect agreement between CBCT and ZTE- MRI (κ = 0.80–0.90). Erosion of the condyle 
showed substantial agreement between both sets of images (κ = 0.65–0.70).
conclusions: It is suggested that ZTE- MRI provides clinically reliable images for bone assess-
ment in TMJ disorder. MRI may become a beneficial diagnostic tool for patients with both 
TMJ disc and bone pathology, with advantages involving medical costs and radiation dose.
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introduction

Magnetic resonance imaging (MRI) is a technique using 
non- ionizing radiation that generates images with high 
tissue contrast and resolution. Nonetheless, it is not 
actively applicable to dentomaxillofacial bone evalu-
ation due to its relatively low imaging resolution with 

conventional sequences compared to computed tomog-
raphy (CT). MRI depicts tissue structures, as it reflects 
the proton density of tissues. However, hard tissue struc-
tures contain relatively low proton density and those 
protons are attached to the tissue, making it difficult 
to obtain a signal from those structures using conven-
tional MRI techniques.1 Nevertheless, techniques have 
been continually refined and advanced in response to an 
increasing clinical demand for the ability to use MRI to 
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obtain bone structures. Techniques for capturing signals 
from protons in a very fast time frame, before they 
diminish, have been introduced; these are referred to as 
ultra- short echo time (UTE) and zero- echo time (ZTE) 
sequences. These techniques have shown the potential to 
enable useful MRI- based bone imaging.2

Conventional MRI has limitations in obtaining 
optimal bone images since the echo time (TE) for the 
spin- echo and gradient- echo pulse sequences is too 
slow (≈ 1–10 ms) to detect meaningful bone signals.1 
With technological progression, the ZTE sequence has 
achieved a nearly zero TE for image acquisition by 
using radial k- space filling strategies, extrapolation of 
oversampling and algebraic reconstruction.3–5 This tech-
nique, with a TE close to zero, obtains sufficient data 
very rapidly, even for rapidly decaying bone signals. It 
provides high- resolution isotropic bone images with fast 
and silent scanning.6

To date, bone MRI using ZTE sequences has been 
most actively studied for positron emission tomography 
MRI. Attempts have also been made to utilize ZTE- 
MRI for conditions where both MRI and CT must be 
acquired for diagnosis, such as in cases of head trauma. 
Cho et al compared CT images and ZTE- MRI images 
of skull fractures due to head trauma and find the prac-
ticability of replacing CT with MRI.7 ZTE- MRI also 
has been applied to osseous imaging of the shoulder and 
spine, and its feasibility for replacing CT images has also 
been suggested. Those previous studies presented strong 
agreement between ZTE- MRI and CT images.6,8

MRI is the standard tool for diagnostic imaging for 
patients suffering from temporomandibular joint (TMJ) 
disorder and those in whom disc displacement or defor-
mity is suspected.9 Disc evaluation has been attempted 
using other imaging modalities, such as ultrasonog-
raphy, but MRI has long been accepted as an accurate 
diagnostic tool with high sensitivity and specificity.10 
A pathological change of the disc is the initial sign 
of TMJ osteoarthritis, followed by or simultaneously 
with degenerative bony changes of the condyle and 
articular eminence, which progress and present as flat-
tening, cortical bone erosion, sclerosis and osteophyte 
formation in the bone compartment.11 If  it is possible 
to use ZTE- MRI to accurately detect bone changes in 
the TMJ, to the same standard as CT or cone- beam 
computed tomography (CBCT), the diagnosis of TMJ 
disorder with both bone and disc pathologies would 
become possible with MRI alone. However, ZTE- MRI 
has not been studied for clinical purposes in dentomax-
illofacial bone pathology. This study aimed to assess the 
clinical usability of ZTE- MRI with CBCT for evalu-
ating bone changes in TMJ.

Methods and materials

Subjects
Twenty patients who underwent both CBCT and MRI 
examinations at Yonsei University Dental Hospital 

due to TMJ disorder within 2 months were selected (13 
females and seven males; mean age = 37.05 years). This 
study was approved by the Institutional Review Board 
of Yonsei University Dental Hospital.

CBCT image analysis
CBCT images were obtained with an Alphard 3030 
device (Asahi Roentgen Ind., Co. Ltd, Kyoto, Japan) 
using the following parameters: tube voltage, 90 kVp; 
tube current, 8 mA; exposure time, 17 s; FOV, 15×15 cm. 
Image reconstruction was performed to obtain a true 
sagittal and coronal TMJ view with a slice thickness of 
1.0 mm according to the long axis of the condylar head 
by a skilled radiographer using OnDemand 3D software 
(Cybermed, Seoul, Korea).

The imaging criteria defined by Alexiou et al and 
Hintze et al were utilized.11,12 All 40 joints were sepa-
rately evaluated by two experienced radiologists. The 
observer evaluated each joint referring to both lateral 
and frontal cross- sectional view images. Each indi-
vidual parameter was scored as absent or present. The 
evaluation procedure was performed once more after 2 
months. The parameters were as follows:

(1) Osseous changes of the condyles (Figure 1A–D)

1. Osteophyte: marginal bony deposition and bone 
outgrowth

2. Erosion: loss and irregular surface of cortical bone
3. Flattening: bony contour becomes flattened on the 

articular surface
4. Sclerosis: increased cortical bone area extending into 

the bone marrow

(2) Osseous changes of the mandibular fossa 
(Figure 1E–G)

1. Erosion
2. Flattening
3. Sclerosis

MR image analysis
MRI examinations of the TMJ were acquired using 
a clinical 3.0 T scanner (Pioneer; GE Healthcare, 
Waukesha, WI, USA) with a 21- channel head coil. 
Isotropic three- dimensional proton- density weighted 
ZTE scans were acquired with the following parameters: 
TE/TR, 0/785 ms; flip angle, 4°; receiver bandwidth, 
31.25 kHz; NEX, 2; FOV, 180 × 180 mm; acquisi-
tion matrix, 260 × 260, slice thickness, 1.0 mm; scan 
time,~5 min (Figure 2A). True sagittal and true coronal 
section views with a slice thickness of 1.0 mm, the 
same as on CBCT, were obtained as well (Figure 2B). 
The ZTE image settings were inverted to grayscale to 
follow CT- like contrast patterns (Figure 2C). This post- 
processing was performed using the AW server (GE 
Healthcare, Waukesha, WI, USA).
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The ZTE image evaluation procedure was also 
performed by two radiologists, and the order of the 
given image set was random. The ZTE image evaluation 
was conducted 1 month after the CBCT image evalua-
tion. The evaluation criteria were same as those used in 
the CBCT image analysis. Two observers scored each 
joint individually, and the evaluation was performed 
twice at a 2- month interval.

Statistical analysis
The prevalence- adjusted and bias- adjusted κ (PABAK) 
statistic was used to analyse interexaminer and intraex-
aminer agreement for CBCT and ZTE- MRI, respec-
tively. Weighted- kappa values using PABAK statistics 
were also used to assess agreement between ZTE- MRI 
and CBCT regarding bony changes of the condyle and 
mandibular fossa in the TMJ. Kappa values were inter-
preted as follows: 0, no agreement; 0–0.19, poor agree-
ment; 0.20–0.39, fair agreement; 0.40–0.59, moderate 
agreement; 0.60–0.79, substantial agreement; and 0.80–
1.00, nearly perfect agreement.13

Results

The weighted- kappa values obtained from an analysis 
of intraexaminer and interexaminer agreement at a 
2- month time interval showed a high level of measure-
ment reproducibility for both CBCT and ZTE- MRI (κ 
> 0.80; Table  1). Both the intraexaminer and interex-
aminer agreement values of CBCT were slightly higher 
than those of ZTE- MRI.

ZTE- MRI for all 40 joints presented clearly identifi-
able TMJ bone structure in image, similar to the CBCT 
images (Figure  3). Flattening, osteophyte and scle-
rosis of the condyle and all types of osseous changes 
in the mandibular fossa showed nearly perfect agree-
ment between CBCT and ZTE- MRI (κ = 0.80–0.90). 
Erosion of the condyle showed substantial agreement 
between the two imaging modalities (κ = 0.65–0.70). 
The weighted κ values for each bone change parameter 
are presented in Table 2. Erosion was the most common 
bone change pattern recorded by both observers in both 
image modalities (Figure 4).

Discussion

To the best of the authors’ knowledge, this is the first 
study to evaluate degenerative bone changes of the 
TMJ through ZTE- MRI sequences in comparison 
with CBCT. Substantial agreement was found between 
ZTE- MRI and the current clinical standard modality, 
CBCT, for assessing degenerative changes in TMJ bone 
structure.

Degenerative arthritis, or osteoarthritis, is the most 
common pathological condition of the TMJ. The initial 
stage is known to present as disc displacement. This 
condition then progresses into the late stage, showing 
osseous changes of the joint component, which is 
known as degenerative joint disease.14 Degenerative 
bone changes of the TMJ are closely related to occlusion 
and may frequently require periodic follow- up imaging 
evaluations.15 For such patients, the potential harmful 

Figure 1 Schematic imaging features of osseous changes in the mandibular condyle (A- D) and fossa (E- G) for evaluation. Osteophyte (A): 
marginal bony deposition and bone outgrowth on the condyle are marked with an asterisk. Erosion: loss and irregular surface of cortical bone of 
the condyle (B) and fossa (E) are marked with arrows. Flattening: the bony contour becomes flattened on the articular surface of condyle (C) and 
fossa (F), as marked with arrows. Sclerosis: the increased cortical bone area extending into the bone marrow of the condyle (D) and fossa (G) is 
marked with an asterisk.
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effect of ionizing radiation cannot be ignored. There-
fore, the ability to assess bone changes with MRI would 
be hugely beneficial for patients with TMJ disorder.

Until recently, MRI could not provide optimal bone 
images. The conventional TE is too long to detect 
signals from hydrogen atoms in cortical bone. The 
hydrogen atoms of cortical bone are excited and return 
back to their original status very quickly. Conventional 
MRI techniques cannot provide a short enough TE to 
capture the hydrogen atom signal of bone.1 Thus, in 

Figure 2 Work flow of the image reconstruction and post- processing procedures of ZTE- MRI. (A) The original isotropic three- dimensional 
proton- density weighted ZTE image. (B) Image reconstruction according to the long axis of the condylar head to obtain true coronal and true 
sagittal views of the TMJ slice on the AW server (GE Healthcare, Waukesha, WI, USA). (C) Grayscale inversion was performed to obtain CT- like 
contrast patterns.

table 1 Interobserver and intraobserver agreement for each imaging 
modality

ZTE- MRI CBCT

Interobserver agreement
(κ value)

0.83
(0.65 ~ 1.00)

0.84
(0.65 ~ 0.95)

Intraobserver agreement
(κ value)

0.90
(0.75 ~ 1.00)

0.92
(0.75 ~ 1.00)

CBCT, cone- beam computed tomography;ZTE, zero- echo time.
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conventional MRI sequences (T1- weighted, T2- weighted 
and proton- density images), bone structure is mostly 
shown as black, which means that no signal has been 
detected for these structures.

Despite those limitations of conventional MRI 
for bone imaging, continuous demand for TMJ bone 
assessment through MRI has existed. In previous 
research, attempts have been made to detect abnormal-
ities of TMJ cortical bone using conventional MRI, T2- 
weighted and proton- density sequences, with the results 

compared to CBCT images.16 However, the sensitivity of 
MRI for detecting bone changes of the TMJ was rela-
tively low.

Technical advances have made it feasible to use UTE 
and ZTE sequences to produce relatively optimal bone 
MRIs. Both UTE and ZTE pulse sequences begin data 
acquisition as soon as the radiofrequency (RF) pulse 
is completed. The difference is that UTE turns on the 
readout gradient soon after RF, while ZTE turns on 
the readout gradient prior to the RF pulse.17 Thus, 

Figure 3 ZTE- MRI and CBCT images of the TMJ with (A) normal cortical bone, (B) osteophyte formation (arrow) and flattening (asterisk) of 
condyle, (C) erosion (asterisk) of condyle, (D) subchondral sclerosis (asterisk) of condyle and (E) erosion (arrow) of mandibular fossa.

table 2 Agreement between CBCT and ZTE- MRI in evaluating TMJ osseous changes

Condyle Fossa

Flattening Erosion Osteophyte Sclerosis Flattening Erosion Sclerosis

Observer 1
(κ value)

0.80 0.70 0.85 0.85 0.90 0.85 0.85

Observer 2
(κ value)

0.85 0.65 0.90 0.90 0.90 0.95 0.90

CBCT, cone- beam computed tomography; TMJ, temporomandibular joint; ZTE, zero- echo time.
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there is a moment between the RF pulse and the signal 
readout in UTE sequences (although it is an ultra- 
short time), while there is no delay in signal acqui-
sition in ZTE. The ZTE technique is known to yield 
images with a higher signal- to- noise ratio, and it is 
less sensitive to gradient fidelity than UTE sequences, 
while providing isotropic high- resolution images with 
multiplanar reconstruction.7,17,18

TMJ disorder frequently progress into degener-
ative bone changes of  the condyle and the articular 
eminence of  the mandibular fossa composing the 
TMJ, commonly manifesting as flattening, erosion, 
osteophyte, subchondral bone sclerosis and pseudo-
cyst.11,12,19 The correct diagnosis of  such bone changes 
is fundamental for identifying the stage of  disease 
and planning appropriate treatment.19 CT and CBCT 
have been the standard imaging modality of  choice 
for assessing degenerative bone changes of  the TMJ.8 
However, the ionizing radiation exposure from CT or 
CBCT constrains the degree to which serial imaging 
studies can be used to evaluate disease progression.

MRI is currently considered to be the reference 
imaging method for soft tissue pathology surrounding 
the TMJ, such as disc displacement or deformity or 
joint effusion.9 Currently, patients who require an 
evaluation of  both the soft and hard tissue struc-
tures of  the TMJ must undergo both CBCT (or CT) 
and MRI. Therefore, it is meaningful that ZTE- MRI 
yielded comparable results to those of  CBCT for TMJ 
bone assessment in terms of  both medical costs and 
the radiation dose.

In the current study, ZTE- MRI showed slightly 
lower intraobserver and interobserver agreement 
than CBCT. A previous study noted that a reason 

for discrepancies between the scores of  CT and ZTE 
images is that observers are not familiar with eval-
uating bone using ZTE images, as ZTE- MRI is not 
currently a routine pulse sequence.8 Therefore, it is 
expected that TMJ evaluations based on ZTE images 
may improve, as radiologists become more acquainted 
with this sequence.

The agreement between CBCT and ZTE was the 
lowest for both evaluators in cases of  erosive changes 
of  the TMJ, which are assessed by detecting minute 
bone changes. It can be inferred that the ZTE- MRI 
sequence may not yet depict hard tissue in sufficient 
detail. In particular, considering the small size and 
complexity of  the hard tissue of  the dentomaxillofa-
cial area, further technical development of  the ZTE 
sequence is necessary.

This study has some limitations. A time interval 
existed between the CBCT and ZTE- MRI scans. 
However, this interval was less than 2 months, which 
is considered to be a relatively short time for bone 
changes to occur. Another limitation is that joints 
showing degenerative bone changes were outnum-
bered by those in a normal condition. In particular, 
there were too few cases of  TMJ with sclerosis both on 
the condyle and the articular eminence of  the mandib-
ular fossa. Further research should investigate a larger 
number of  joints showing bone changes, ranging from 
slight to severe.

conclusions

The present study suggests that ZTE- MRI can provide 
clinically adequate images for the evaluation of 

Figure 4 Frequency of bone change patterns evaluated by individual observers in ZTE- MRI and CBCT in condyle (A) and mandibular fossa 
(B). Note that erosion of the condyle was the most frequent feature among all joints evaluated.
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degenerative bone changes of the TMJ. When the ZTE 
sequence is combined with conventional MRI sequences 
for the TMJ, MRI could become a valuable diagnostic 
tool for TMJ disorder patients with both disc and bone 
pathology, with advantages in both medical costs and 
the radiation dose.
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