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Accuracy of cone-beam computed tomography
at different resolutions assessed on the bony
covering of the mandibular anterior teeth

Raphael Patcas,a Lukas M€uller,a Oliver Ullrich,b and Timo Peltom€akic

Zurich, Switzerland, and Tampere, Finland

Introduction: The aim of this study was to determine the accuracy of cone-beam computed tomography (CBCT)
with different voxel resolutions. Measurements were made of the bony covering of the mandibular anterior teeth
because this region is crucial in orthodontic treatment planning.Methods:CBCTdataat 2 resolutions (0.125-mm
and 0.4-mmvoxels) were collected from8 intact cadaver heads. The vertical position of themucogingival junction
was clinically assessed. After removal of the gingiva, vertical and horizontal bonymeasurementswere taken, and
the buccal alveolar bone margin was determined. Anatomic bony measures were compared with the CBCT
measures, and the correlation of the mucogingival junction measures to the buccal alveolar bone margin
measureswas evaluated.Results: Bony measures obtained with CBCTwere accurate and differed only slightly
from the physical findings. The mean differences, ranging from �0.13 to10.13 mm, were statistically not signif-
icant, but the limits of agreement showed discrepancies in the measurements as large as 2.10 mm, depending
on measurement and resolution. Buccal alveolar bone margin measurements correlated with the mucogingival
junction measurements (P\0.001). On average, the mucogingival junction was 1.67 mm more apical than the
buccal alveolar bonemargin (CI 95%, 1.35-1.98 mm).Conclusions:CBCT renders anatomic measures reliably
and is an appropriate tool for linear measurements. Presence of soft tissue as well as different voxel size affect
the precision of the data. A customized resolution protocol must be chosen according to the accuracy needed.
However, even the 0.125-mm voxel protocol does not depict the thin buccal alveolar bone covering reliably, and
there is a risk of overestimating fenestrations and dehiscences. The mucogingival junction appears to follow the
buccal alveolar bone margin in a parallel line. (Am J Orthod Dentofacial Orthop 2012;141:41-50)

Cone-beam computed tomography (CBCT) has
been used in the craniofacial region since
1998,1 and scientific contributions in orthodon-

tics have been published since 2003.2 This new technol-
ogy is attractive because of its high performance, low
cost, and reduced radiation dose compared with conven-
tional computed tomography. These advantages have
led to a clearer definition of clinical applications of

CBCT in implantology, oral and maxillofacial surgery,
and orthodontics. However, as with every new develop-
ment, CBCT data should be validated for their accuracy.
Although the need to ascertain CBCT accuracy is not
controversial, its accuracy has not been satisfactorily
verified.

The first studies of CBCT accuracy in the oral and
maxillofacial region appeared in 2004,3,4 and since then
various attempts have been made to analyze the
accuracy of these data based on the comparative
measurements of physical objects.5-22 Every study made
to ascertain the accuracy encounters the problem of
what model to use to depict the anatomic truth reliably.
Physical models, dry skulls, and mandibles immersed in
solutions are common approaches to overcome this
problem. These methodologies, however, do not
accurately reflect clinical applications. The lack of soft
tissues has been acknowledged to be a serious limitation
in these studies,13,23 particularly since absence of soft
tissues would likely facilitate the detection of bone
surfaces.15 Use of cadaver heads would partly overcome
this methodologic shortcoming.13
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An additional factor that could influence accuracy is
the resolution of the obtained data volume. CBCT image
data are acquired in digital format from a single 360�

rotational scan. Image reconstruction from these projec-
tions is made by using an algorithm for volumetric
tomography that renders the information into
3-dimensional images consisting of voxel elements.24

The size of each voxel is determined by its height, width,
and thickness. Therefore, a study evaluating the accu-
racy should preferably also contain a comparison of
different voxel settings, since the results depend not
only on the examined object, but also on the inherent
qualities of the acquired data. This way, the influence
of both aspects can be juxtaposed.

The mandibular anterior incisors play an essential
role in orthodontic treatment planning because of their
restricted anatomic leeway in the symphysis. Hence, the
assessment of the bony covering is pivotal when plan-
ning any tooth movement of the mandibular incisors,
since it has been demonstrated that excessive sagittal
movements or tipping can result in significant recession
of the gingival margin and in bony dehiscences.25–31

Although some investigators found no association
between orthodontic tooth movement and gingival
recessions,32–35 it is commonly agreed that an
especially narrow symphysis is an etiologic factor in
the development of fenestrations and dehiscences.35,36

It is therefore important to investigate the possible
limitations of CBCT data beyond the actual voxel sizes
and to evaluate the clinical relevance of the obtained
information about the bony covering.

The aims of this study were threefold: (1) to validate
the accuracy of linear measurements of CBCT on intact
cadaver heads, (2) to compare different voxel size set-
tings and their impacts on the achieved accuracy, and
(3) to examine the clinical relevance of the acquired data.

To validate the accuracy of the radiologic measures,
the following statistical hypothesis was tested: there is
no difference between the clinical and radiologic
measurements.

MATERIAL AND METHODS

Eight intact human cadaver heads (5 women, 3 men;
age range, 65-95 years) with complete canine-to-
canine dentitions in the mandibular front were
supplied by the Anatomical Institute of the University
of Zurich in accordance with state and federal regula-
tions (voluntary body donation program on the basis
of informed consent), the Convention on Human Rights
and Medicine,37 and the recommendation of the Swiss
Academy of Medical Science.38 Perfusion was carried
out within 4 days after death with a fixation liquid
consisting of the following formula: 2 parts alcohol

(70%), 1 part glycerine, and 2% almudor (containing
8.10% formaldehyde, 10% glyoxal, and 3.70% glutaral-
dehyde). No specimen had an inflammation or reces-
sions in the mandibular front.

Two CBCT scans (KaVo 3D eXam, KaVo Dental AG,
Brugg, Switzerland) with different settings were per-
formed on each head: high resolution (0.125-mm voxel)
and low resolution (0.4-mm voxel) at 120 kV and 5mA.
The radiologic measurements were made with a postpro-
cessing software tool for DICOM data (eXam Vision soft-
ware, Imaging Sciences International, Hatfield, Pa). All
images were reconstructed by using multiplanar refor-
matting perpendicular to the curvature of the dentition,
thereby enabling the depiction of every tooth in its
buccolingual profile (Fig 1, A and B).

The radiologic measures were analogous to the clin-
ical examination of the vertical (incisal edge-buccal alve-
olar bone margin) and horizontal bony measures, as
shown in Figure 1, C. All measurements were taken twice
by the same observer (R.P.), at least a week apart.

The clinical examination consisted of 3 measure-
ments (Fig 1, C).

1. Soft-tissuemeasurement (incisal edge-mucogingival
junction; IE-MGJ): the width of the attached gingiva
was determined for all mandibular front teeth. The
most basal point of the undulated mucogingival
junction was used to evaluate the distance to the in-
cisal edge (canine to canine, n 5 48). The attached
gingiva was stained with Schiller solution as de-
scribed by Fasske and Morgenroth39 (iodide pure:
potassium-iodide: distilled water 5 10:20:300) to
facilitate locating the junction.

2. Vertical bony measurement (incisal edge-buccal al-
veolar bone margin; IE-ABM): after the gingiva was
removed, the distance from the buccal alveolar bone
margin to the incisal edge was determined for every
tooth (canine to canine, n 5 48). Since the bone
margin is not a horizontal line but lunar shaped,
the most apical point was chosen.

3. Horizontal bony measurement (H): a thin slat of the
alveolar bone was removed with a scalpel. The thick-
ness of the alveolar bone covering was measured at
a distance of 15 mm (n 5 48) from the incisal edge
(incisal edge-horizontal). Occasionally, a second site
was chosen at 18 mm (n5 13) from the incisal edge
to increase the total measurements taken (n 5 61).

Two electronic digital calipers were used for the
clinical measures (accuracy of 0.01 mm): a customary
caliper for measuring the length and the other especially
designed for depth measurement. All clinical measures
were repeated on different occasions and the mean value
was used.

42 Patcas et al

January 2012 � Vol 141 � Issue 1 American Journal of Orthodontics and Dentofacial Orthopedics



Statistical analysis

Two standard statistical software packages (version
17; SPSS, Chicago, Ill; and version 11.4.1.0; MedCalc,
Mariakerke, Belgium) were used for data analysis. To
determine intraobserver reliability, the intraclass correla-
tion coefficient for absolute agreement based on
a 1-way random-effects analysis of variance (ANOVA)
was calculated for the repeated radiologic measurements
from the same observer for all 4 protocols (low and high
resolutions, vertical and horizontal measures).

Descriptive statistics for the clinical measurements
and for the differences between the radiologic and
clinical measures for each category were computed sep-
arately. In addition, the 95% CI was calculated, and the
absolute measurement error (AME) was determined
according to the following equation:

AME 5 j radiological measurement - clinical measurement j
To disclose deterministic differences between both

methods of measurement, a 1-sample Student t test

was applied to the differences. Moreover, the Bland-
Altman method40–43 was applied, and the limits of
agreement were identified. The Levene test was used to
detect an increase of variability of the differences with
the increase of the magnitude of the measurements.
The Pearson correlation coefficient was computed to
evaluate the association of soft-tissue measures to
bony measures. In addition, the regression plot between
soft-tissue measures to bony measures together with the
95% prediction interval was provided. The assumption of
normality for the differences of soft to bony tissues was
investigated by the Kolmogorov-Smirnov test. The re-
sults of the statistical analysis with P values smaller
than 5% were considered to be statistically significant.

RESULTS

The intraclass correlation coefficient showed good
repeatability of the radiologic measures. The values for
all 4 protocols ranged between 0.90 and 0.99 as illus-
trated in Table I. The results of the descriptive statistics
for the clinical measurements are provided in Table II.

The accuracy of the scans proved to be acceptable for
both the high-resolution and low-resolution protocols.
The absolute measurement errors for all 4 protocols are
given in Table III. The descriptive statistics for the differ-
ences of the measurements and the 1-sample Student
t test are shown in Table IV. Themean difference between

Fig 1. A, Axial rendering of the data showing the perpendicular curve of the reformatted slices along
the thin green middle line (blue arrow points to the slice depicted in B; bold green lines, outer bound-
aries of the curve; orange lines, thickness of slice depicted in B. B, Representative reformatted image
from which the radiologic measurements were taken (light blue line, incisal edge-buccal alveolar bone
margin; IE-ABM). C, Graphic illustration of measurements taken: IE, Incisal edge; ABM, alveolar bone
margin; MGJ, mucogingival junction; H, horizontal measurement. The measurements IE-ABM and H
were taken clinically and radiologically, and the IE-MGJ measurement was taken only clinically.

Table I. Intraclass correlation coefficients (ICC) for all
4 protocols for intraobserver repeatability

ICC Low resolution High resolution
Vertical measurements 0.96 0.99
Horizontal measurements 0.90 0.95

Patcas et al 43
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the clinical and radiologicmeasures were for all protocols
close to 0 and ranged between �0.13 and 10.13 mm;
0 was within the 95% CI bounds, confirming no system-
atic bias in all 4 radiologic readings. The 1-sample t test
showed no significant differences between the physical
and the radiologicmeasures; consequently, the statistical
hypothesis could not be rejected.

To validate the different measurements, the
differences between the radiologic and clinical mea-
surements were plotted against the average as recom-
mended by Bland and Altman40 (Fig 2). The limits of
agreement were defined as 61.96*SD, and the 95%
CI values for the limits of agreement were identified
and are marked in the figures. The Levene test con-
firmed for the horizontal measurements an increase of
the variability of the differences as the magnitude of
the measurements increased (P 5 0.001) (Fig 2, C
and D). This indicates that for small horizontal mea-
surements the differences were smaller than for large
horizontal measurements.

The Pearson correlation coefficient (0.756,
P\0.001) between 2 distances (incisal edge-buccal al-
veolar bone margin and incisal edge-mucogingival junc-
tion; n 5 48) proved to be moderate, but highly
significant. The regression plot between both distances
together with the 95% prediction interval is given in

Figure 3. The distance from the alveolar bone margin
to the mucogingival junction seemed to follow a nearly
ideal normal distribution (P 5 0.194) around the mean
value of 1.67 mm (SD, 1.08; 95% CI, 1.35-1.98) (Fig 4).

DISCUSSION

The rationales behind this investigation were to over-
come the deficiencies in the designs of previous studies
and to revisit the poorly understood point of anatomic
interest of the bony covering in the mandibular front.
Yet when comparing our data with those of earlier stud-
ies, we were faced with another problem: most previous
studies suffer from unsuitable statistical evaluations.
Either the authors confined their results to mere descrip-
tive statistics, or the data were assessed by means of
correlation analysis. But comparing 2 methods of mea-
surement is “a common abuse of correlation,”40,44 since
the quest is not to analyze the agreement but, rather,
the dissimilarity of the 2 measurement methods, and
ultimately assess whether the disagreement is small
enough to deem the 2 methods interchangeable. Also,
the often-assumed approach that considers the physical
measures as the “gold standard” might be erroneous.13

The Bland-Altman method was used to overcome these
problems. By applying this method, we were able to

Table II. Descriptive statistics of clinical measurements

Clinical measurements Mean (mm) Median (mm) SD (mm) 95% CI (mm)
Vertical (n 5 48) 12.13 11.93 1.58 (11.67-12.58)
Horizontal (n 5 61) 1.02 0.82 0.77 (0.82-1.22)
Distance ABM-MGJ (n 5 48) 1.67 1.78 1.08 (1.36-1.98)

ABM-MGJ, Alveolar bone margin to mucogingival junction.

Table III. Absolute measurement error for all 4 protocols

Absolute errors Mean (mm) Median (mm) SD (mm) 99% CI (mm)
Vertical, low resolution (n 5 48) 0.70 0.53 0.84 (0.37-1.02)
Vertical, high resolution (n 5 48) 0.34 0.21 0.50 (0.14-0.54)
Horizontal, low resolution (n 5 61) 0.54 0.42 0.46 (0.38-0.69)
Horizontal, high resolution (n 5 61) 0.37 0.25 0.43 (0.22-0.52)

Table IV. Descriptive statistics, 1-sample t test, and 95% CI values for differences and limits of agreement (positive
numbers represent overestimations, and negative numbers represent underestimations of measurements with CBCT
with respect to clinical measurements [Clin])

Differences CBCT-Clin P value
Mean

difference (mm) SD (mm) Range (mm) 95% CI (mm)
Limits of

agreement (mm)
Vertical, low resolution (n 5 48) 0.79 0.04 1.09 8.48 (�0.27-0.35) (�2.1-2.2)
Vertical, high resolution (n 5 48) 0.15 �0.13 0.59 3.91 (�0.30-0.05) (�1.3-1.0)
Horizontal, low resolution (n 5 61) 0.63 0.04 0.71 4.18 (�0.14-0.23) (�1.4-1.4)
Horizontal, high resolution (n 5 61) 0.08 0.13 0.55 3.62 (�0.02-0.28) (�1.0-1.2)
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show the obtained agreement for both vertical and
horizontal measurements in the low-resolution and the
high-resolution protocols. In the low-resolution proto-
col, the horizontal measures were somewhat more accu-
rate. The obvious reason is that small absolute
measurements were taken when measuring alveolar
bone thickness. Taking measurements close to 0 causes
the differences of the measurements to be smaller and
creates a bias in the limits of agreement. Both the visual
interpretation of the plots in Figure 2, C and D, and the
Levene test show that the distribution of the differences
is wider as the absolute measurements become larger.
This crucial observation and the fact that the limits of
agreement are greater than the average thickness of the
alveolar bone indicate that both resolution protocols

are not accurate enough to measure such delicate struc-
tures as the width of the alveolar bone covering.

Our results show that linear measurements of several
millimeters made with CBCT of 0.4-mm and 0.125-mm
voxel resolutions are accurate. Moreover, our results
agree with those of Sun et al,23 who reported improved
accuracy when decreasing the voxel size. Yet, Damstra
et al15 evaluated the accuracy of CBCT on an identical
KaVo 3D eXam apparatus at 2 resolutions (0.25-mm
and 0.4-mm voxels). Their results showed mean absolute
measurement errors of 0.05 mm (60.04 mm) for the
0.25-mm voxel group and 0.07 mm (60.05 mm) for
the 0.4-mm voxel group. Since there was no tangible dif-
ference in accuracy, the authors concluded that the 0.4-
mm voxel resolution was adequate for measurements of

Fig 2. Bland-Altman plots: difference against the mean (thick solid middle blue line) of the clinical and
radiologic measurements. The limits of agreement (dashed brown lines) and the 95% CI of the limits of
agreement (thin solid blue lines) are shown. Vertical measurements ofA, low resolution andB, high res-
olution; horizontal measurements of C, low resolution and D, high resolution. Circles, Measurement
of the low-resolution protocol; diamonds, measurement of the high-resolution protocol; dotted brown
line, 0.
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craniofacial structures. Although there was a difference
in methodology in our study (Damstra et al evaluated
surface-rendered 3-dimensional models), ours seems to
indicate similarly a resemblance in accuracy level for
both resolutions in regard to the mean difference. Yet,
in light of our findings, the mean difference is not the
only aspect that must be evaluated. In the low-
resolution protocol, the broader limits of agreement,
the greater absolute measurement error, and the wider
span of the measurement differences indicate that, al-
though both resolutions are similarly accurate, the
low-resolution protocol is less reliably so. In clinical
practice, the question should therefore be reformulated;
ie, the issue is not primarily how accurate the data should
be, but howmuch inaccuracy is still tolerable in the worst
case. Hence, in practice, the decision regarding which
voxel size to use should be based on the limits of agree-
ment rather than on the mean value. The finding that
a difference between the clinical and radiologic mea-
surements can be as large as 2 mm shows that the aver-
age alveolar bone thickness of 1 mm might be missed
completely. The limits of agreement in our study give
strong evidence to the results of Sun et al,23 who
reported that bone height loss can be overestimated by
1.5 to 2 mm in a 0.4-mm resolution protocol. The estab-
lished limits of agreement also indicate that, with the
voxel resolutions currently available, CBCT cannot be
used to determine the bony limits of tooth movement
accurately.

Finally, our radiologic measurements are less in
accordance with the physical findings than those of
Damstra et al,15 as well as most studies on dry specimens

reporting submillimeter accuracy, suggesting that soft
tissues do affect the accuracy of bony measures.

Our study also has some noticeable limitations con-
cerning the assessment of accuracy. First, even though
intact cadaver heads are probably the closest means to
obtain clinical truth, it is still unquestionably an approx-
imation. The lack of noise created normally on radiologic
data by the patient’s movements probably improved the
results, and the alcohol fixation of the specimens might
also have had a slight impact on the data. The fixation so-
lution contained low concentrations of glutaraldehyde
and formaldehyde, which are known to modify certain
tissue properties—eg, a slight muscle expansion and fatty
tissue shrinkage45 by extensive cross-linking46,47—and
are known to alter periodontal fiber architecture.48 The
second constraint is obvious: using 1 CBCT apparatus
does not necessarily reflect the accuracy of other devices.
Yet, in 2 patients who had a gingiva flap Herzog et al49

investigated the accuracy of CBCT measurements of al-
veolar bone covering with another CBCT device (3D Ac-
cuitomo, 0.125-mm voxel size). The similar results (mean
difference, 0.092 mm; SD, 0.307 mm) obtained in their
study corroborates the assumption that the aforemen-
tioned limitation of the use of cadaver heads is clinically
negligible. Also, when using identical voxel sizes, the
accuracy level of different CBCT devices appears hardly
distinguishable.

Another limitation was that only 1 observer measured
the data. The bias of only 1 investigator could probably
give greater consistency in radiologic landmark identifi-
cation than the varied interpretations of landmarks by
several investigators. According to a meta-analysis on
identification and reproducibility of radiologic (cephalo-
metric) landmarks, however, the number of observers
does not play a significant role in landmark identifica-
tion and does not influence the magnitude of the
measurement error.50 On the other hand, one might
argue that landmark identification in volumetric data
could probably not be compared, since it is unquestion-
ably a more demanding task with a greater likelihood of
bias. But in a recent study, de Oliveira et al51 demon-
strated excellent interobserver reliability in CBCT land-
mark reproducibility in all 3 planes of space.

The alveolar bone covering can be thin. In our speci-
mens, the thinnest bone covering measured was
0.14 mm, but neither did we find relevant dehiscences
nor any fenestrations. However, in the radiologic data,
there were some sites with absolutely no covering
detectable (Fig 5, B). Although a thickness difference of
0.14 mm might not be statistically relevant, clinically,
the absence or the evidence of bony covering is highly
relevant. This important finding also has some ramifica-
tions on how to interpret CBCT scans. Previously, Sarikaya

Fig 3. Regression plot for the 2 distances—incisal edge-
mucogingival junction and incisal edge-buccal alveolar
bone margin—with the 95% prediction interval (blue line,
Regression line; bold black lines, 95% prediction interval;
circles, clincal measurements).
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et al27 examined the alveolar bone thickness on computed
tomography scans. Based on their results, they postulated
that dehiscences and fenestrations could be identified on
computed tomography scans that would be otherwise
undetected by cephalograms or clinical examinations.

Our study, however, indicates that there is a genuine
risk of assuming fenestrations and dehiscences on CBCT
radiographs that do not exist clinically. This finding
agreeswith the observation of Leung et al,20who similarly
reported that fenestrations are seen 3 times as often on

Fig 4. A, Graphic illustration of the distance between the alveolar bone margin and the mucogingival
junction; B, distribution of the distance between the alveolar bone margin and the mucogingival
junction. Mean value, 1.67 mm (black curve, Normal distribution).

Fig 5. Radiologic data vs clinical findings: mandibular left first incisor as seen on the CBCT scan:A, re-
formatted orthopantomogram view;B1-B3, 3 slices in the sagittal view;C, clinical views after removing
the gingiva; andD, after removing the alveolar bone covering. The blue arrows inA,C, andD point to the
tooth depicted in B1-B3. Note that no bone covering is shown in the sagittal scans (B1-B3).
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CBCT scans compared with direct skull examinations.
However, they used dry skulls and measured on surface-
rendered volumetric 3-dimensional reconstructions. Our
study shows that false-positive detections of fenestra-
tions also occur when soft tissue is present. In addition,
we demonstrated that a considerably more reliable image
display to evaluate CBCT data—sagittal views inmultipla-
nar reformatted images—does not improve the ability to
assess fenestrations reliably.

The findings of our study suggest that the undulated
course of the mucogingival junction follows the alveo-
lar bone margin in a parallel line. It is reasonable to as-
sume that there is a topographic association between
the mucogingival junction and the upper limit of the al-
veolar bone, since the attached gingiva is connected to
the alveolar bone margin through periosteogingival fi-
ber bundles.52 Yet, this information has probably not
been sufficiently appreciated. Most earlier studies that
investigated the relationship between the attached gin-
giva and its bony support focused on the thickness of
the keratinized soft tissue rather than on its
height.28,32,53 The height of the attached gingiva is
difficult to interpret. Dorfman29 noticed that the kerati-
nized gingiva can vary in its apicocoronal length, and
Ainamo and Talari54 observed an increase in length re-
lated to age. In addition, Wennstr€om53 wrote that
a more lingual position of the tooth results in increased
gingival height, but he agreed with the finding of Ai-
namo and Talari that the mucogingival line is a stable
anatomic landmark. It has been recognized that the
height of the attached gingiva is influenced by various
parameters such as gingival inflammation, dental tip-
ping, and age, whereas the mucogingival junction re-
mains unaffected. We concluded that the vertical
position of the alveolar bone is therefore not connected
to the height of the attached gingiva, but our results
seem to imply that the mucogingival junction reflects
somehow the location of the alveolar bone margin.
This finding is probably limited to subjects with
a healthy periodontium. An inflammation or a severe re-
cession inevitably causes derangement of the fiber bun-
dles and affects the described equilibrium between the
attached gingiva and the alveolar bone. Yet, it appears
that in healthy patients the mucogingival junction
might be an additional aid to locate the alveolar bone
margin appropriately.

CONCLUSIONS

1. Both CBCT resolutions provided accurate data and
depicted the anatomic truth reliably. CBCT is there-
fore an appropriate tool for linear intraoral mea-
surements.

2. Voxel size affects the precision of the measure-
ments. The limits of agreement of the different res-
olution protocols should be considered when
choosing the voxel size.

3. There is a genuine risk of overestimating fenestra-
tions and dehiscences on CBCT radiographs, in both
the high-resolution and low-resolution protocols.
The limits of agreement indicate that an alveolar
bone thickness of 1 mmmight be missed completely,
even with a high-resolution protocol.

4. The presence of soft tissue seems to have a curtailing
effect on the accuracy of the CBCT data when deter-
mining bony landmarks.

5. The mucogingival junction might be helpful in
localizing the alveolar bone margin.

We thank Dr Gordian Rutz for his assistance in
designing Figures 1 and 3.
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Accuracy of linear intraoral measurements using cone beam CT

and multidetector CT: a tale of two CTs
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Objectives: The aim was to compare the accuracy of linear bone measurements of cone
beam CT (CBCT) with multidetector CT (MDCT) and validate intraoral soft-tissue
measurements in CBCT.
Methods: Comparable views of CBCT and MDCT were obtained from eight intact
cadaveric heads. The anatomical positions of the gingival margin and the buccal alveolar
bone ridge were determined. Image measurements (CBCT/MDCT) were performed upon
multiplanar reformatted data sets and compared with the anatomical measurements; the
number of non-assessable sites (NASs) was evaluated.
Results: Radiological measurements were accurate with a mean difference from anatomical
measurements of 0.14mm (CBCT) and 0.23mm (MDCT). These differences were statistically
not significant, but the limits of agreement for bone measurements were broader in MDCT
(21.35mm; 1.82mm) than in CBCT (20.93mm; 1.21mm). The limits of agreement for soft-
tissue measurements in CBCT were smaller (20.77mm; 1.07mm), indicating a slightly higher
accuracy. More NASs occurred in MDCT (14.5%) than in CBCT (8.3%).
Conclusions: CBCT is slightly more reliable for linear measurements than MDCT and less
affected by metal artefacts. CBCT accuracy of linear intraoral soft-tissue measurements is
similar to the accuracy of bone measurements.
Dentomaxillofacial Radiology (2012) 41, 637–644. doi: 10.1259/dmfr/21152480

Keywords: computed tomography; CBCT; image quality; accuracy; soft tissue

Introduction

Cone beam CT (CBCT) was originally developed at the
Mayo Clinic in 1982 for angiography procedures.1 Since
its introduction into craniofacial imaging, CBCT has
proved to be a valuable diagnostic tool, primarily because
of its lower radiation exposure than multidetector CT
(MDCT),2–6 but also for the short acquisition time, small
physical size and moderate costs.7–9 Today clinicians
frequently request linear measurements performed upon
cross-sectional image data. The question has therefore
been raised whether CBCT may be capable of replacing
MDCT for these needs in dentomaxillofacial imaging. So
far, various efforts have been made to compare accuracy
and image quality of CBCT and MDCT. However, an

adequate understanding of the inherent differences in the
properties of both types of image data is necessary to
draw an appropriate comparison.

One particular advantage of CBCT data volume is its
composition of isotropic voxels providing the same
spatial resolution when reconstructed in multiplanar
image reformations (MPRs).9 In contrast to this,
conventional MDCT data are composed of anisotropic
voxels, as the coronal dimension (i.e. along the z-axis) is
determined by several factors such as slice collimation
and pitch (i.e. table travel per rotation divided by the
collimation of the X-ray beam).10 The spatial resolution
in the z-axis of current MDCT scanners is limited to
0.4–0.6mm, and therefore decreases when reconstructed
from the original raw data. A further advantage is the
comparably shorter acquisition time, which may help
reduce motion artefacts due to patient movement. Most
CBCT devices are capable of providing a minimal voxel
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resolution between 0.07mm and 0.25mm, exceeding
most commercially available high-resolution MDCT
scanners.9

On the other hand, CBCT imaging presents a few
drawbacks. The displayed greyscale values in CBCT are
arbitrary, do not correspond to the Hounsfield unit
(HU) scale used in MDCT, and reportedly differ from
device to device.11 Yet the ability to derive HUs from
grey levels would open new opportunities for qualitative
appraisals and comparative research. Mah et al11

attempted to convert greyscale in CBCT into a ‘‘rescaled
HU’’ with a proposed coefficient. However, Bryant and
colleagues12,13 argued that the greyscale value of CBCT
varies linearly with the total mass in the slice. The
greyscale value will therefore not only depend on the
attenuation coefficient measurement, as described by the
Hounsfield equation, but also on the total mass of the
object. A further limitation of CBCT imaging is that
structures outside the limited field of view (FOV) may
produce density variability in the scanned volume and
cause a decrease of image contrast.14–16 Lastly, com-
pared with MDCT, CBCT images are associated with
increased noise and scatter radiation,17 which result in
less soft-tissue contrast resolution.2,7,18 Therefore, it has
been argued that CBCT is solely suitable for evaluating
calcified structures such as bone or teeth, as CBCT
provides images of highly contrasting structures well.2,7,9

Since 2004,19,20 numerous attempts have been made to
ascertain CBCT accuracy. The methods routinely app-
lied are (1) the use of geometrical hardware phantoms;
(2) the use of anthropomorphic phantoms; or (3) a
comparison of a new imaging modality with an extant
established imaging modality.21 But validating a new
method through comparison lacks a standardized re-
ference, and phantom studies do not render clinical
application. Furthermore, the lack of soft tissue in pre-
vious studies presents another limitation. Besides failing
to reproduce clinical truth appropriately, absence of soft
tissue means simply forfeiting the opportunity to mea-
sure it. Thus, our study aims to offer a fourth approach:
the use of intact cadaveric heads, which may facilitate the
depiction of the clinical truth authentically and may
enable us to establish a reference value by performing
direct soft-tissue measurements.

The aim of this study was (a) to compare the image
quality and accuracy of CBCT and MDCT compared
with anatomical reference standard measurements, and
(b) to compare intraoral soft-tissue measurements with
bone measurements upon CBCT data. To overcome the
limitations of previous comparative studies, we sought to
evaluate similar scan protocols for CBCT and MDCT
and optimally approximate a clinical situation using
intact cadaveric heads.

Materials and methods

Specimen
The sample consisted of eight unmitigated cadaveric
heads (five females, three males; age range 65–95 years;

mean age 81 years). Each specimen had a complete
canine-to-canine dentition in the mandible. The speci-
mens were obtained from a voluntary body donation
programme and were supplied by the Anatomical
Institute of the local university in accordance with
State and Federal regulations (voluntary body donation
programme on the basis of informed consent), the
Convention on Human Rights and Medicine22 and the
recommendation of the National Academy of Medical
Science.23 The perfusion was carried out within 4 days
after death with a fixation liquid consisting of 2 parts
alcohol (70%), 1 part glycerine and 2% AlmudorH
(Isspest Control, Dietikon, Switzerland; containing 8.1%
formaldehyde, 10% glyoxal and 3.7% glutaraldehyde).

Image acquisition
All MDCT and CBCT examinations were carried out
prior to the removal of the gingiva. The MDCT scans
were performed on a commercially available 40-detector
row CT system (Brilliance CT 40, Philips Healthcare,
Eindhoven, Netherlands) with the following scan para-
meters kept identical for all specimens: tube voltage,
120 kV; tube current–time product, 70mAs; slice colli-
mation, 2060.625mm; pitch, 0.68; reconstruction slice
thickness, 0.67mm; reconstruction increment, 0.33mm;
window level setting, 2000/500HU; voxel size, 0.39mm
(x), 0.39mm (y) and 0.67mm (z).

All CBCT scans were performed on a commercially
available CBCT scanner with an Amorphous Silicon
Flat Panel (KaVo 3D eXamH; KaVo Dental GmbH,
Bismarckring, Germany). The following scan para-
meters were kept identical during all CBCT examina-
tions: tube voltage, 120 kV; tube current–time product,
37.07mAs; reconstruction thickness, 0.4mm; recon-
struction increment, 0.4mm; voxel size, 0.4mm (x),
0.4mm (y) and 0.4mm (z).

Anatomical measurements (Figure 1a)
An electronic digital calliper was used for all anatomical
measurements (accuracy 0.01mm, DIN 862). All clinical
measurements were repeated after 2 weeks and the mean
values were used for further statistical analysis.

Soft tissue measurement: The distance between the
incisal edge (IE) and the gingival margin (GM) of all
lower front teeth (canine to canine, n5 48).

Bone measurement: The distance between the incisal
edge and the alveolar bone ridge (ABR) of all lower
front teeth (after gentle removal of the gingiva; canine
to canine, n5 48).

The most apical point of the lunar-shaped devolution
of the bone ridge was selected.

Image analysis/radiological measurements
The radiological measurements were performed using
a dedicated, commercially available post-processing soft-
ware tool for digital imaging and communications in
medicine (DICOM) data review (Synedra View Personal,
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v. 1.0.12.1). All images were reconstructed using multi-
planar reformatting perpendicular to the curvature of the
dentition, making it possible to depict every tooth in its
buccolingual profile (Figure 2). MDCT image data were
derived from axial-source raw data. All images were
magnified on the monitor to the field of interest, and an
electronic calliper tool was used to measure the two
distances corresponding to the anatomical measurements
mentioned above (Figure 1b). The bone measurements
(IE–ABR) were evaluated on the CBCT and MDCT
scans, and the soft-tissue measurements (IE–GM) only on
the CBCT scans. All radiological measurements were
taken twice, at least 1 week apart, by the same observer.
The monitor used to view the images and measure the
distances was set at the highest resolution setting
(168061050, pixel pitch 0.258mm).

Owing to metal-induced beam hardening artefacts, a
total of seven sites were not assessable on MDCT and/
or CBCT images. These sites were excluded from
further data analyses. From the 41 remaining CBCT
data sets, the gingiva could not be distinguished on 10
data sets owing to very tight lip contact, and these sites
needed to be excluded from the soft-tissue measure-
ments (IE–GM), and thus only clearly depicted gingiva
were assessed (n5 31).

Statistical analysis
Two commercially available software packages (SPSSH
v. 17; SPSS Inc., Chicago, IL, and MedCalc v. 11.4.1.0;
MedCalc Software, Mariakerke, Belgium) were used for
all statistical analyses. To determine intraobserver
reliability, the intraclass correlation coefficient (ICC)
for absolute agreement based on a one-way random
effects analysis of variance was calculated for the
radiological measurements. Descriptive statistics for
the differences between radiological and anatomical
measurements for each category (i.e. MDCT bone
measurements, CBCT bone measurements, CBCT soft-
tissue measurements) were computed separately. In
order to disclose deterministic differences between both
methods of measurement, a one-sample Student’s t-test
was applied to the differences. Furthermore, the Bland–
Altman method24,25 was performed and the limits of
agreement were identified. p-values less than 0.05 were
considered as statistically significant.

Results

The ICC revealed a very good repeatability of the
radiological measurements [r5 0.92; 95% confidence

Figure 2 Orientation of the multiplanar image reformations
perpendicular to the dentition, enabling one to view every assessed
tooth in its buccolingual profile

a b

Figure 1 (a) Measurements taken. IE, incisal edge; GM, gingival margin; ABR, alveolar bone ridge. (b) Representative multidetector CT scan,
specimen 949
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intervals (CI) 0.86mm; 0.96mm)]. This high intraob-
server reliability is considered a prerequisite for further
comparisons of measurements.

The accuracy of the measurements proved to be
acceptable for all protocols (MDCT bone, CBCT bone
and soft tissue). The results of the descriptive statistics
and the one-sample t-test are given in Table 1. There
were more non-assessable sites (NASs) with MDCT
(14.5%) than with CBCT (8.3%). The mean difference
for all readings was very close to 0mm, with 0.23mm for
MDCT and 0.14mm for CBCT (bone and soft tissue,
respectively). The one-sample t-test revealed no signifi-
cant differences between the radiological and clinical
measurements, and 0mm was always within the 95% CI
bound. The mean differences between the radiological
and anatomical measurements are plotted in Figure 3.

To validate the various measurements, the difference
between the measurements was plotted against the
mean as recommended by Bland and Altman
(Figure 4a–c). The mean value, limits of agreement
and the 95% CI for the limits of agreement are marked
in the figures. These figures show that, although the
mean differences were all close to 0mm, the limits of
agreement for bone measurements were broader in
MDCT (21.35mm; 1.82mm) than in CBCT
(20.93mm; 1.21mm). These results suggests that
MDCT is to some extent less accurate. The limits of
agreement for soft-tissue measurements in CBCT,
however, were smaller (–0.77mm; 1.07mm), indicating
a slightly higher accuracy for soft-tissue measurements.

Discussion

Over the last decade, CBCT has gained increased
influence in the field of diagnostic maxillofacial imaging,
being referred to as the ‘‘modality of choice’’.26

However, the absolute value of CBCT and its role as a
standard of reference remains questionable until it has
been carefully and adequately compared with the
existing standard of reference, which is MDCT.

Multiple investigations have been conducted to
compare CBCT and MDCT using either a dry mand-
ible,27–29 a maxilla,3,30,31 both,32,33 or an anthropo-
morphic phantom.3,33–36 To the best of our knowledge,
only three studies26,36,37 have been published so far using
intact human heads to compare the performance of
CBCT and MDCT in the dentomaxillofacial area.
However, the focus has been laid predominantly on
image quality, and not on accuracy of measurements.
Hence, in all three studies the obtained measurements
were not compared with anatomical measurements.
Moreover, it is obvious that measurements taken from
images obtained from lower-resolution protocols are
prone to giving inferior results.38 However, many
previous studies compared high-resolution CBCT
protocols with standard MDCT protocols,27–32,35 i.e.
comparing voxel sizes of 0.12560.12560.125mm
(CBCT) with voxel sizes of 0.37560.37560.4mm
(MDCT).21 We believe that using scan protocols with a
substantial difference in voxel volume [1.9561023mm3

(CBCT) vs. 39.0961023mm3 (MDCT)] renders a com-
parison inappropriate.

Mindful of the limitations of the above studies, we
attempted to perform a comparative study applying a
low-resolution CBCT protocol and comparing the
obtained measurements with the anatomical truth.

Reduced image quality due to metallic artefacts
presents a challenge and serious limitation in dento-
maxillofacial imaging.39 Implants, dental reconstruc-
tions and orthodontic appliances may cause beam
hardening and streaking artefacts, thus decreasing
image quality.40 To determine image quality in our
study, we have evaluated the number of NASs due to
metallic dental reconstructions. The results show that,
compared with the CBCT scans, MDCT scans showed
more NASs because of the close proximity of the
measured area to the metal reconstructions. Moreover,
the MDCT data were sometimes compromised in
remote areas as well, owing to pronounced streaking
or starburst artefacts (Figure 5). By quantifying the
NASs (14.5% for MDCT vs 8.3% for CBCT) our study

Table 1 Descriptive statistics, one sample t-test, 95% confidence interval (CI) for differences and limits of agreement: positive numbers represent
overestimation and negative numbers underestimation of the radiological measurement (Rx) with respect to anatomical measurement (Anat)

Differences Rx–
Anat n NASs (%) p-value Mean (mm) SD (mm) Range (mm) 95% CI (mm) Limits of agreement (mm)

MDCT bone 41 14.5 0.0667 0.23 0.81 4.42 20.02; 0.48 21.35; 1.82
CBCT bone 41 8.3 0.0956 0.14 0.55 2.07 20.02; 0.31 20.93; 1.21
CBCT soft tissue 31 – 0.0874 0.14 0.47 1.78 20.02; 0.32 20.77; 1.07

CBCT, cone beam CT; MDCT, multidetector CT; NASs, non-assessable sites; SD, standard deviation.

Figure 3 Box and whisker plot of the differences (Diff) between the
radiological (Rx) and anatomical (Anat) measurements. CBCT, cone
beam CT; MDCT, multidetector CT
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shows a highly relevant finding for clinical practice.
However, this is not in accordance with Draenert et
al,41 who found stronger beam hardening artefacts in
CBCT than in MDCT. A comparison of the two studies
is difficult, however, because Draenert et al examined
one dental implant (one metal alloy) in a dry skull. The
present study, alternatively, aims to approximate
clinical practice with greater accuracy using intact
cadaveric heads: most of the specimens contained a
multitude of metallic reconstructions in various loca-
tions. This is important because both variables,
composition and orientation of metals, affect the
data.38 In general, CBCT produced smoother images
with reduced image contrast. Although this hinders the
qualitative assessment of tissues, it proved beneficial for
the quantitative appraisal of linear measurements.

The broader limits of agreement in MDCT indicate
that linear measurements are slightly more accurate

when performed upon CBCT rather than MDCT data
and confirm the results of previously published
studies.19,27,32 Moreover, our data are in accordance
with studies reporting a generally better image quality
of CBCT for hard-tissue assessments.3,28,31,42

Literature on the accuracy of CBCT-based soft-tissue
measurements is scarce. Januário et al43 measured
gingival tissue by means of CBCT, and Barriviera
et al44 proposed that the palatal masticatory mucosa
may be measured on CBCT data. However, both failed
to validate their obtained measurements against anato-
mical reference measurements. In two further studies,
Fourie et al45,46 described the accuracy of facial (i.e.
extraoral) soft-tissue measurements. However, these
results may not be applied to intraoral measurements,
because Fourie deemed only mean absolute errors of
more than 1.5mm as clinically significant, which will not
hold true for intraoral clinical queries. Furthermore, the

Figure 4 Bland–Altman plots for (a) multidetector CT (bone), (b) cone beam CT (CBCT) (bone) and (c) CBCT (soft tissue). Mean value (solid
thick middle line), limits of agreement (broken lines) and 95% confidence intervals of the limits of agreement (solid thin lines) are shown. Anat,
anatomical; Diff, difference; SD, standard deviation
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CBCT-basedmeasurements were taken from a generated
three-dimensional soft-tissue surface model and not
from multiplanar reconstructions. Finally, the evalua-
tion of the scanned data on a laptop screen might have
been a curtailing factor on the accuracy.

To the best of our knowledge, the present study is the
first to describe the accuracy of intraoral soft-tissue
measurements on CBCT compared with bone measure-
ments. Interestingly, soft-tissue measurements are
slightly more accurate than bone measurements. The
reason might simply be because no other tissue is in
contact with the gingival surface, making the gingival
surface easier to identify.

In clinical practice, ascertaining the thickness of the
gingiva or mucosa would be highly advantageous. The

success of surgical procedures in periodontology often
depends on the thickness of the soft tissue present,47 as
well as the thickness of the donor site when grafting
connective tissues.48 Furthermore, the width of the free
gingival margin is directly related to more frequent and
more severe recessions,49 and gingival problems occur
generally more often in individuals with a thin gingival
biotype.50 Additionally, considerable intra- as well as
interindividual variations in thickness of the masticatory
mucosa exist.51 As a result, a non-invasive method to
assess the thickness of the gingiva has long been sought.
Müller et al47 introduced an ultrasonic measuring
method, but were forced to admit that it was not reliable
enough. More recently, Januário et al43 published an
innovative approach to expose the buccal gingiva during
the scan by means of a lip retractor (Figure 6). However,
their radiological measurements were not verified. The
findings of our study validated the accuracy of intraoral
soft-tissue measurements and legitimate radiological
measures of the gingiva and the masticatory mucosa.
Hence, the use of a lip retractor seems highly commend-
able to expose the buccal gingiva.

Limitations
One limitation is the possible bias of a single observer,
probably yielding greater consistency in radiological
landmark identification than the varied interpretations
of a landmark by several observers. A meta-analysis
on identification and reproducibility of radiological
(cephalometric) landmarks, however, indicates that the
number of observers does not play a significant role in
landmark identification,52 and in a more recent study

Figure 6 Lip retractor commonly used in orthodontics. This tool
might be useful in cone beam CT image acquisition for gingival
measurements

a b

Figure 5 Representative scan of the identical specimen (same region and same multiplanar reformatting) with typically constrained data from
metal reconstruction. (a) Multidetector CT, (b) cone beam CT. Note the obvious difference in image quality
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de Oliveira et al53 demonstrated a likewise excellent
interobserver reliability in CBCT landmark reproduci-
bility in all three planes of space.

A second constraint may be that unmitigated cada-
veric heads render only an approximation of clinical
truth. Specifically, the alcohol fixation of the specimens
contained low concentrations of glutaraldehyde and
formaldehyde, which are known to modify certain tissue
properties, e.g. slight muscle expansion and fatty tissue
shrinkage,54 and are known to alter periodontal fibre
architecture.55 Yet a comparison of soft-tissue and bone
measurements must presuppose that fixation does not
modify tissue properties. There is evidence supporting
glyoxal-based fixation as a suitable fixative for structural
evaluation of soft tissue.56 In addition, no significant
differences have been reported in bone mineral density
and the initial Young’s modulus between alcohol
fixation and fresh-frozen specimens.57

Lastly, some concern may be raised as to whether
multiple measurements on the same head could be
interpreted as independent samples, as this probably
violates the assumption of independence required for
parametric statistical testing. This problem is discussed

in periodontal research58 and is common for all
cadaveric studies. In radiology this limitation is
possibly less acute than in periodontology (where each
site is clearly dependent of the ubiquitous oral habitat
and host factors), as the correlation between measure-
ments at different radiological sites is weaker owing to
the impact of orientation and distance to metal
affecting the imaging.

In conclusion, CBCT image data is inherently different
from MDCT image data, generating smoother images
with lower image contrast. This serious limitation in
regard to qualitative appraisal of soft tissue and bone
proved beneficial for the quantitative assessment of linear
measurements. Compared with MDCT, CBCT appears
to be less susceptible to metal artefacts and slightly more
reliable for linear measurements. Therefore, in practice,
the clinician’s choice over which CT device to use should
depend on the intended diagnostic purpose of each scan
to be performed. A further finding is that CBCT accuracy
of linear soft-tissue measurements is similar to the
accuracy of linear bone measurements. The use of a lip
retractor is recommended to enable the exposure of the
buccal gingiva.
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Abstract
Objective To determine the best suited sagittal MRI se-
quence out of a standard temporo-mandibular joint (TMJ)
imaging protocol for the assessment of the cortical bone of
the mandibular condyles of cadaveric specimens using
micro-CT as the standard of reference.
Methods Sixteen TMJs in 8 human cadaveric heads (mean
age, 81 years) were examined by MRI. Upon all sagittal
sequences, two observers measured the cortical bone thick-
ness (CBT) of the anterior, superior and posterior portions of

the mandibular condyles (i.e. objective analysis), and
assessed for the presence of cortical bone thinning, erosions
or surface irregularities as well as subcortical bone cysts and
anterior osteophytes (i.e. subjective analysis). Micro-CT of
the condyles was performed to serve as the standard of
reference for statistical analysis.
Results Inter-observer agreements for objective (r00.83-
0.99, P<0.01) and subjective (κ00.67-0.88) analyses were
very good. Mean CBT measurements were most accurate,
and cortical bone thinning, erosions, surface irregularities
and subcortical bone cysts were best depicted on the 3D fast
spoiled gradient echo recalled sequence (3D FSPGR).
Conclusion The most reliable MRI sequence to assess the
cortical bone of the mandibular condyles on sagittal imaging
planes is the 3D FSPGR sequence.
Key Points
• MRI may be used to assess the cortical bone of the TMJ.
• Depiction of cortical bone is best on 3D FSPGR sequences.
• MRI can assess treatment response in patients with TMJ
abnormalities.

Keywords Mandibular condyle . MRI .Micro-CT. TMJ .

JIA

Introduction

Magnetic resonance imaging (MRI) of the temporo-
mandibular joint (TMJ) is considered the diagnostic imag-
ing technique of choice for the initial workup and follow-up
of patients with TMJ abnormalities. These include internal
derangements (i.e. deformation or displacement of the
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articular disc), inflammatory conditions (i.e. TMJ arthritis)
and degenerative changes (i.e. TMJ arthrosis) [1, 2].

The main strengths of MRI are the detailed illustration of
soft tissue abnormalities as well as the reliable depiction of
bone marrow oedema, undoubtedly an important biomarker
for disease progression and treatment response especially in
patients suffering from TMJ arthritis [3–8]. As opposed to
bone marrow oedema representing an indicator for early
bone involvement, flattening of the condylar head, osseous
erosions, subchondral bone cysts and anterior osteophytes
represent frequent findings in patients with advanced TMJ
disease [2].

Although MRI has the ability to illustrate these findings,
their true (i.e. in vivo) extent may be uncertain [9]. Based on
the close observation of the cortical bone structures of
paediatric TMJs in more than 100 MRI examinations per-
formed at our institution per year, the hypothesis arose that
the cortical bone structure of the mandibular condyle may
present itself differently when different sagittal MRI sequen-
ces are used. The reasons for these different appearances are
probably chemical shift and susceptibility artefacts occur-
ring at the bordering regions between cortical bone and the
adjacent soft tissue. These artefacts usually manifest as a
loss of signal at bone–tissue interfaces owing to a de-
phasing of signals. They usually produce an expanding
low signal just beyond the periphery of cortical bone
[10–12].

Therefore the purpose of this study was to determine the
most suitable sagittal MRI sequence out of our standard
TMJ protocol for the evaluation of the cortical bone of the
mandibular condyles.

Materials and methods

Subjects

Eight intact human cadaveric heads (5 female, 3 male; mean
age, 81 years; age range, 65–95 years) were supplied by the
Anatomical Institute of the local university in accordance with
state and federal regulations (voluntary body donation
programme on the basis of informed consent), the Convention
on Human Rights andMedicine [13] and the recommendation
of the National Academy of Medical Science [14]. Perfusion
was carried out within 4 days of decease with a fixation
solution consisting of two parts alcohol (70%), one part glyc-
erine and 2% almudor (i.e. containing: 8.1% formaldehyde,
10% glyoxal and 3.7% glutaraldehyde).

Image data acquisition

All MRI examinations of all heads (n08) were carried out
on a commercially available 1.5-T MRI unit (Signa HDx,

General Electric, Milwaukee, WI, USA) using a commer-
cially available, two-channel phased array surface coil ded-
icated to TMJ imaging (DUALTMJ coil). All examinations
were performed in closed mouth position. All sagittal
sequences were planned to be acquired parallel to the man-
dibular rami, separately for each side (i.e. left and right). The
MRI protocol included the following sagittal sequences: a
T1-weighted 2D fast spoiled gradient recalled echo se-
quence (T1-2D-FSPGR), an intermediate-weighted proton
density fast spin echo sequence (PD-FSE), a T2-weighted
fast spin echo sequence (T2-FSE), a T1-weighted 3D fast
spoiled gradient recalled echo sequence (T1-3D-FSPGR)
and a T1-weighted fast spin echo sequence (T1-FSE). For
the complete MRI protocol, please refer to Table 1. The
mean total examination time was 40 min per head.

In preparation for the micro-CT (μCT) examinations, a
member of the Anatomical Institute resected and cleaned all
mandibles. Subsequently the mandibular condyles and ar-
ticular discs were separated from the rami at the level of the
mandibular notch (i.e. at the incisura mandibulae). Care was
taken not to injure the mandibular condyle during resection.

All μCT examinations of the condyles (n016) were per-
formed using a commercially available μCT unit (Specimen
microCT μCT 40, Scanco Medical, Brüttisellen, Switzer-
land) with all imaging parameters kept identical during all
examinations (tube voltage, 70 kV, tube current 114 μA;
isotropic resolution, 18 μm).

One radiologist not involved in further data analysis
prepared all μCT data by reconstructing multi-planar refor-
matted (MPR) images in sagittal imaging planes aligned
parallel to the mandibular ramus (i.e. corresponding to the
alignment of the imaging planes of the sagittal MRI sequen-
ces) at a reconstruction slice thickness of 1 mm and a
reconstruction increment of 0.6 mm. Subsequently all
reconstructed DICOM data were archived into the hospital’s
PACS (picture archive and communication system) for stor-
age and further image analysis.

Cortical bone thickness measurements

The thickness of the cortical bone (CBT) of the anterior,
superior and posterior portions of the mandibular condyles
was measured on all sagittal MRI sequences at the level of
the centre of the mandibular condyle in a blinded fashion by
two radiologists experienced in musculoskeletal radiology.
All measurements were carried out using a calibrated mea-
surement tool that was part of the hospital’s PACS and
allowed for sub-millimetre measurements. A third radiolo-
gist who was not involved in MRI measurements performed
the corresponding CBT measurements on the sagittal MPR
images of the μCT data, which served as the standard of
reference for statistical analysis.
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Subjective evaluation of the cortical bone

In a separate analysis session, the same radiologists also
assessed the anterior, superior and posterior portions of the
mandibular condyles (n016) on the sagittal MRI sequences
for cortical bone thinning, cortical bone erosions, irregular-
ities of the cortical bone surface, subcortical bone cysts and
the presence of an anterior osteophyte in a blinded fashion.
The third radiologist not involved in MRI analysis assessed
the μCT data sets for the same findings to define the stan-
dard of reference for statistical analysis. See Fig. 1 for
micro-CT imaging examples.

Statistical analysis

All quantitative variables are described as mean ± standard
deviation. The data were descriptively reviewed and statis-
tically analysed using Kolmogorov-Smirnov’s test for nor-
mality. P values <0.05 were considered statistically
significant. All statistical analyses were performed using
commercially available software (SPSS, release 17.0, Chi-
cago, IL, USA).

Interobserver agreements regarding the presence of cor-
tical bone thinning, cortical bone erosions, irregularities of
the cortical bone surface, subcortical bone cysts and the
presence of an anterior osteophyte were analysed using
Cohen’s kappa (κ) statistics and interpreted as follows: A
κ-value greater than 0.81 corresponded to excellent agree-
ment, 0.61–0.80 to very good interobserver agreement,
0.41–0.60 to good interobserver agreement and 0.21–0.40
to moderate interobserver agreement. Interobserver agree-
ments concerning all continuous variables (i.e. measure-
ments of cortical bone thickness) were calculated using
interclass correlation coefficients (ICC).

Diagnostic accuracy, sensitivity, specificity, positive pre-
dictive value and negative predictive value regarding the
assessment of cortical bone thinning, cortical bone erosions,
cortical bone surface irregularities and subcortical bone
cysts were assessed separately by both observers from chi-
squared tests of contingency, and the 95% confidence inter-
vals were calculated. The Wilcoxon signed ranks test was
performed to test for statistically significant differences in
cortical bone thickness measurements between the sagittal
MRI sequence and the μCT-based measurements, which
served as the standard of reference.

Table 1 MRI protocol used for imaging of the temporo-mandibular joints

Axial
T2-FRFSE

Coronal
T2-FRFSE

Sagittal
T1-2D-FSPGR

Sagittal
PD-FSE

Sagittal
T2-FSE

Sagittal
T1-3D-FSPGR

Sagittal
T1-FSE

Coronal
T1-SE

Time to repetition (TR, ms) 3,000 3,000 370 3,200 6,820 11.6 640 500

Time to echo (TE, ms) 102 102 4.2 24 85 4.1 10.7 11

Flip angle (°) 90 90 80 90 90 20 90 90

Matrix (frequency × phase, pixels) 384×320 384×320 384×224 256×224 256×224 256×192 256×192 256×192

Slice thickness (mm) 3 3 2 2 2 2 2 2

Spacing (mm) 11.6 4.1 2 2 2 1 2 2

Field of view (FOV, cm2) 22 22 12 12 12 10 12 16

Band width (Hertz) 41.67 41.67 31.25 17.86 20.83 15.63 20.83 19.23

NEX (number of excitations) 4 4 3 3 4 3 3 3

Echo train length 21 21 – 8 16 – 3 –

FRFSE fast relaxation fast spin echo, FSPGR fast spoiled gradient recalled echo, FSE fast spin echo, SE spin echo

Fig. 1 Micro-CT imaging examples illustrating a cortical bone thin-
ning of the superior portion of the mandibular condyle, b cortical
erosion of the superior portion, c cortical surface irregularities of the

anterior portion, d a large subcortical bone cyst and e an anterior
osteophyte

Eur Radiol (2012) 22:1579–1585 1581



T
ab

le
2

C
or
tic
al

bo
ne

th
ic
kn
es
s
of

th
e
an
te
ri
or
,
su
pe
ri
or

an
d
po
st
er
io
r
po
rt
io
ns

of
th
e
m
an
di
bu
la
r
co
nd
yl
es

as
m
ea
su
re
d
on

al
l
sa
gi
tta
l
M
R
I
se
qu
en
ce
s
(m

ea
n
of

bo
th

re
ad
er
s,
in

m
m
)
an
d
on

th
e

m
ic
ro
-C
T
im

ag
es

S
pe
ci
m
en

T
1-
2D

-F
S
P
G
R

P
D
-F
S
E

T
2-
F
S
E

T
1-
3D

-F
S
P
G
R

T
1-
F
S
E

M
ic
ro

C
T

A
N
T

S
U
P

P
O
S
T

A
N
T

S
U
P

P
O
S
T

A
N
T

S
U
P

P
O
S
T

A
N
T

S
U
P

P
O
S
T

A
N
T

S
U
P

P
O
S
T

A
N
T

S
U
P

P
O
S
T

1
0.
74

0.
52

0.
33

0.
94

0.
66

0.
35

0.
66

0.
66

0.
66

0.
70

0.
39

0.
45

0.
66

0.
67

0.
64

0.
78

0.
51

0.
50

2
0.
74

0.
52

0.
34

0.
94

0.
47

0.
67

0.
66

0.
68

0.
66

0.
70

0.
38

0.
66

0.
66

0.
49

0.
47

0.
68

0.
32

0.
56

3
0.
75

0.
33

0.
48

0.
66

0.
66

0.
48

0.
94

0.
94

0.
48

0.
82

0.
54

0.
48

0.
94

0.
66

0.
55

0.
89

0.
44

0.
42

4
0.
66

0.
33

0.
33

0.
94

0.
66

0.
66

0.
94

0.
64

0.
66

0.
70

0.
44

0.
29

0.
94

0.
66

0.
67

0.
70

0.
35

0.
40

5
0.
70

0.
58

0.
52

0.
95

0.
57

0.
66

0.
66

0.
70

0.
66

1.
02

0.
61

0.
39

0.
96

0.
70

0.
66

0.
92

0.
59

0.
37

6
0.
70

0.
52

0.
33

0.
94

0.
49

0.
47

0.
68

0.
66

0.
66

0.
78

0.
39

0.
36

0.
94

0.
50

0.
68

0.
71

0.
31

0.
24

7
0.
66

0.
52

0.
33

0.
68

0.
56

0.
50

0.
68

0.
66

0.
66

0.
70

0.
42

0.
28

0.
94

0.
66

0.
66

0.
64

0.
49

0.
24

8
0.
54

0.
35

0.
33

0.
66

0.
60

0.
47

0.
66

0.
60

0.
66

0.
70

0.
47

0.
28

0.
66

0.
56

0.
49

0.
66

0.
48

0.
25

9
0.
66

0.
99

0.
34

0.
94

1.
05

0.
66

0.
94

0.
93

0.
66

1.
03

1.
24

0.
53

0.
94

1.
07

0.
66

0.
94

0.
96

0.
47

10
0.
86

0.
85

0.
52

1.
06

0.
94

0.
94

0.
94

1.
05

0.
66

0.
98

1.
15

0.
55

1.
05

0.
95

0.
66

0.
91

0.
90

0.
48

11
0.
97

0.
52

0.
47

0.
94

0.
66

0.
66

1.
05

0.
66

0.
67

1.
19

0.
44

0.
56

1.
03

0.
66

0.
45

0.
96

0.
46

0.
36

12
0.
70

0.
52

0.
47

0.
94

0.
66

0.
67

0.
94

0.
65

0.
66

0.
81

0.
30

0.
62

0.
94

0.
66

0.
66

0.
85

0.
33

0.
47

13
0.
74

0.
50

0.
33

0.
66

0.
47

0.
42

0.
66

0.
66

0.
66

0.
88

0.
83

0.
28

0.
53

0.
67

0.
47

0.
80

0.
72

0.
26

14
0.
97

0.
52

0.
50

1.
06

0.
66

0.
47

1.
06

0.
66

0.
66

0.
87

0.
28

0.
20

1.
05

0.
66

0.
45

0.
86

0.
29

0.
17

15
0.
66

0.
52

0.
52

0.
94

0.
94

1.
06

0.
66

1.
05

1.
05

0.
81

0.
70

0.
73

0.
66

0.
66

1.
05

0.
73

0.
63

0.
63

16
0.
52

0.
52

0.
52

0.
66

0.
94

0.
66

0.
66

0.
94

0.
66

0.
62

0.
44

0.
44

0.
66

0.
66

0.
66

0.
49

0.
45

0.
42

M
ea
n

0.
72

0.
54

0.
42

0.
87

0.
69

0.
61

0.
80

0.
76

0.
67

0.
83

0.
56

0.
44

0.
85

0.
68

0.
62

0.
78

0.
51

0.
39

A
N
T
an
te
ri
or
,
SU

P
su
pe
ri
or
,
P
O
ST

po
st
er
io
r

1582 Eur Radiol (2012) 22:1579–1585



Results

Imaging findings

The cortical bone of a total of 16 mandibular condyles
divided into anterior, superior and posterior portions was
investigated (total number of sites048). Imaging findings
included cortical thinning (n016), cortical erosions (n06),
cortical surface irregularities (n024), subcortical bone cysts
(n03) and an anterior osteophyte (n04).

Inter-observer agreements

Inter-observer agreements for performing all cortical bone
thickness measurements were excellent (r00.83–0.99, P<
0.01). Thus the mean of both observers’ measurements was
calculated and used for further statistical analyses.

Inter-observer agreements for the detection of cortical
bone thinning, cortical bone erosions, cortical bone surface
irregularities and subcortical bone cysts ranged from very
good to excellent for all locations (i.e. anterior, superior and
posterior; κ00.67–0.85) and all MRI sequences (i.e. T1-2D-
FSPGR, T2-FSE, T1-3D-FSPGR, PD-FS and T1-FSE: κ0
0.74–0.88). Inter-observer agreement for the detection of an
anterior osteophyte was excellent for all MRI sequences
(κ01.0).

Objective analysis

All descriptive results for cortical bone thickness measure-
ments are summarised in Table 2. Compared with the μCT-
based measurements, statistically significant differences
were found for all cortical bone thickness measurements
performed upon the T2-FSE, the PD-FSE and the T1-2D-
FSPGR sequences (i.e. anterior, superior and posterior

portions) as well as the anterior and posterior cortical bone
thickness measurements performed upon the T1-FSE (each
P<0.05). No statistically significant differences were found
for all T1-3D-FSPGR-based measurements (i.e. anterior
[P00.14], superior [P00.60] and posterior [P00.22]) and
for the superior T1-FSE-based measurements (P00.16)
when compared with the μCT-based measurements.

Subjective analysis

Accuracy, sensitivity, specificity, and positive and negative
predictive values for the depiction of cortical thinning, cor-
tical erosions, cortical surface irregularities and subcortical
bone cysts are illustrated in Table 3. When compared with
the μCT-based evaluation, the T1-3D-FSPGR sequence was
the most reliable in the assessment of cortical thinning,
cortical erosions, cortical surface irregularities and subcor-
tical bone cysts for both readers. The depiction of an ante-
rior osteophyte was perfect upon all sequences for both
readers. For imaging examples please refer to Figs. 2 and 3.

Discussion

It was the purpose of this study to determine the most
suitable sagittal MRI sequence for the evaluation of the
cortical bone of the mandibular condyles. Our results
strongly support the T1-weighted 3D fast spoiled gradient
recalled echo sequence (i.e. T1-3D-FSPGR) to be the best
suited MRI sequence for this task. This sequence may be
added to any MRI protocol of the TMJ increasing the total
examination time by approximately 6 min.

We discovered significant differences among the evalu-
ated MRI sequences regarding objective and subjective cor-
tical bone assessments. These differences could be attributed

Table 3 Results from subjective analysis (mean of both readers)

Cortical bone thinning Cortical bone surface irregularities

T1-2D-FSPGR T2 FSE T1-3D-FSPGR PD FSE T1 FSE T1-2D-FSPGR T2 FSE T1-3D-FSPGR PD FSE T1 FSE

Accuracy 0.73 0.69 0.79 0.65 0.73 0.51 0.54 0.88 0.58 0.56

Sensitivity 0.28 0.21 0.78 0.50 0.50 0.17 0.08 0.83 0.25 0.38

Specificity 0.91 0.88 0.79 0.71 0.82 0.94 0.96 0.92 0.92 0.75

PPV 0.57 0.42 0.61 0.41 0.54 0.80 0.67 0.91 0.75 0.60

NPV 0.76 0.73 0.90 0.77 0.80 0.46 0.52 0.85 0.55 0.55

Cortical bone erosions Subcortical bone cysts

T1-2D-FSPGR T2 FSE T1-3D-FSPGR PD FSE T1 FSE T1-2D-FSPGR T2 FSE T1-3D-FSPGR PD FSE T1 FSE

Accuracy 0.90 0.92 0.88 0.69 0.79 0.94 0.94 1.00 0.94 0.94

Sensitivity 0.33 0.33 0.83 0.50 0.33 0.33 0.33 1.00 0.33 0.33

Specificity 0.98 0.99 0.88 0.71 0.86 0.98 0.98 1.00 0.98 0.98

PPV 0.67 0.67 0.50 0.20 0.25 0.50 0.50 1.00 0.50 0.50

NPV 0.91 0.93 0.97 0.91 0.90 0.96 0.96 1.00 0.96 0.96
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to previously described and well-known chemical shift and
susceptibility artefacts occurring at the bordering regions
between cortical bone and cartilage, fluid or soft-tissue
structures of the TMJ [10–12, 15–19]. The resulting over-
or underestimation, however, may lead to misinterpretation
of the cortical bone surface and structure. Therefore, TMJ
imaging protocols should be designed carefully to avoid
such errors.

Over the last few years, the demand for cortical bone
imaging using MRI has increased. As opposed to com-
puted tomography (CT), which has been considered the
imaging technique of choice for the depiction of osseous
pathological features so far, MRI operates without apply-
ing ionising radiation to the patients. Continuous advan-
ces in technology (i.e. higher magnetic field strengths,
more efficient software) and the ongoing effort of the
musculoskeletal research community have elevated MRI
to become the new imaging method of choice for the
assessment of cortical bone, especially for serial follow-
up studies in young patients. Various study groups have
contributed to cortical bone imaging recently [20–22].
Louis et al. have demonstrated the power of high-
resolution T1-weighted 3.0-T MRI in quantifying the
cortical bone cross-sectional area at the level of the tibia
in a comparison with quantitative CT [20]. Stehling et al.
reported the delineation of the cortical bone of the

mandibular condyle to be significantly better on images
derived from a 3.0-T MRI system rather than a 1.5-T
MRI system [22].

When performingMRI of the TMJ it is essential to evaluate
the structure, thickness and shape of the cortical bone of the
mandibular condyle. In patients with TMJ arthritis, especially
in young patients and children suffering from juvenile idio-
pathic arthritis (JIA), the assessment of these cortical bone
structures becomes even more important because cortical
bone thinning, flattening of the mandibular condyle, the de-
velopment of subchondral cysts and the presence of anterior
osteophytes are regarded as biomarkers for MRI monitoring
of the activity and possible progression of JIA [5, 7, 8].

Abramowicz et al. reported various pathological findings
of the mandibular condyle such as erosions, articular surface
flattening, subchondral sclerosis and osteophytes [4]. In
particular the assessment of subchondral sclerosis may be
challenged in this content because false-positive results may
be acquired due to chemical shift artefacts. However, Abra-
mowicz et al. evaluated the mandibular condyles upon T1-
weighted and intermediate proton-density-weighted MR
sequences. We were able to show significant differences in
cortical bone thickness of the mandibular condyle between
those two sequences, thus yielding a potential source of
error for the assessment of subchondral sclerosis and corti-
cal bone structure.

Fig. 2 a 2D fast spoiled gradient recalled echo (2D FSPGR), b
intermediate-weighted proton density fast spin echo (PD-FSE), c T2-
weighted fast spin echo (T2-FSE), d T1-weighted 3D fast spoiled
gradient recalled echo (T1-3D-FSPGR) and e T1-weighted fast spin

echo sequences (T1-FSE). The cortical surface irregularities of the
superior portion confirmed by f micro CT are depicted by the T1-3D-
FSPGR sequence only and seem to be absent on all other sequences

Fig. 3 Imaging example illustrating the ability of the T1-3D-FSPGR
sequence to depict a subcortical bone cysts, b osseous erosions, c

cortical bone surface irregularities and d the presence of an anterior
osteophyte and cortical bone thinning of the superior portion
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In a very recent publication on dynamic contrast-
enhanced MRI of the TMJ, Tasali et al. described condylar
sclerosis as one of their MRI findings [15]. However, no
further details were provided on the definition of sclerosis
and how it was assessed during image analysis. Because of
the variable presentation of cortical bone on different sagit-
tal MRI sequences, false-positive findings may become
difficult to avoid.

Our study has some limitations. First, the number of
evaluated specimens is low (n016). However, for the cho-
sen approach relying on cadaveric material this was the
maximum number of specimens that could be obtained.
Second, we limited our evaluation to the sagittal imaging
plane. For the declared objective of our study, we consid-
ered the restriction appropriate as the sagittal imaging planes
are the most important imaging planes in the MRI assess-
ment of the TMJ.

In conclusion, our study showed that the T1-weighted 3D
FSPGR sequence was the most suitable MRI method for the
objective and subjective assessments of the cortical bone of
the mandibular condyle.
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Illusions of fusions: Assessing cervical vertebral
fusion on lateral cephalograms, multidetector
computed tomographs, and cone-beam
computed tomographs

Raphael Patcas,a Dominika Tausch,b Nikolaos Pandis,c Mirjana Manestar,d Oliver Ullrich,e Christoph A. Karlo,f

Timo Peltom€aki,g and Christian J. Kellenbergerh

Zurich and Bern, Switzerland, Corfu, Greece, and Tampere, Finland

Introduction: The aims of this study were to compare lateral cephalograms with other radiologic methods for di-
agnosing suspected fusions of the cervical spine and to validate the assessment of congenital fusions and
osteoarthritic changesagainst theanatomic truth.Methods:Four cadaver headswere selectedwith fusion of ver-
tebrae C2 and C3 seen on a lateral cephalogram. Multidetector computed tomography (MDCT) and cone-beam
computed tomography (CBCT) were performed and assessed by 5 general radiologists and 5 oral radiologists,
respectively. Vertebrae C2 and C3 were examined for osseous fusions, and the left and right facet joints were
diagnosed for osteoarthritis. Subsequently, the C2 and C3 were macerated and appraised by a pathologist.
Descriptive analysis was performed, and interrater agreements between and within the groups were
computed.Results: All macerated specimens showed osteoarthritic findings of varying degrees, but no congen-
ital bony fusion. All observers agreed that no fusion was found on MDCT or CBCT. They disagreed on the prev-
alence of osteoarthritic deformities (general radiologists/MDCT, 100%; oral radiologists/CBCT, 93.3%) and joint
space assessment in the facet joints (kappa 5 0.452). The agreement within the rater groups differed consider-
ably (general radiologists/MDCT, kappa5 0.612; oral radiologists/CBCT, kappa5 0.240).Conclusions: Lateral
cephalograms do not provide dependable data to assess the cervical spine for fusions and cause false-positive
detections. Both MDCT interpreted by general radiologists and CBCT interpreted by oral radiologists are reliable
methods to exclude potential fusions. Degenerative osteoarthritic changes are diagnosed more accurately and
consistently by general radiologists evaluating MDCT. (Am J Orthod Dentofacial Orthop 2013;143:213-20)

In recent years, orthodontists have expressed increas-
ing interest in assessing the cervical spine on a lateral
cephalogram. One clinical purpose is the deter-

mination of skeletal age based on the association
between age-related morphologic changes of the upper
cervical vertebrae and the somatic growth curve.1,2

A further intent is the evaluation of the craniocervical
angulation to characterize head posture, which has
been linked to nasorespiratory function3 and craniofacial
morphology.4 Moreover, the use of lateral cephalograms
has also been recommended to study congenital anoma-
lies of the cervical vertebrae, because cervical vertebral
anomalies, particularly fusions, could be related to
certain craniofacial syndromes and other dentoskeletal
malformations.5-16 Awareness that the spine is of
clinical interest has led to the recommendation to use
cephalometric radiographs to routinely screen the
cervical vertebrae for anomalies and even to develop
a tracing technique of this region.17
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Fusions are most common between the facet joints of
the second and third vertebrae (C2 and C3; Fig 1). Like all
other cervical vertebral anomalies, osseous fusions are
usually asymptomatic18 and considered to be coinciden-
tal findings with no clinical relevance.19 However, in
a few patients, cervical vertebral anomalies cause
compression of neurologic structures or biomechanical
instability, leading to chronic pain.18 Associations
between cervical vertebral anomalies, notably fusion
of C2 and C3, and congenital disorders or dentoskeletal
malocclusions have been studied extensively. They
include syndromic and nonsyndromic anomalies
such as fetal alcohol syndrome5 and cleft lip and pal-
ate.6-9 In recent research examining cervical vertebral
anomalies on lateral cephalograms, a high prevalence of
cervical vertebral anomalies, particularly fusions of C2
and C3, was reported in orthodontic surgical patients
with severe skeletal malocclusions. The described
associations between cephalometric measurements and
fusions include skeletal Class III and mandibular
overjet10 with 61.4% fusions, skeletal deepbite11 with
41.5% fusions, skeletal open bite12 with 42.1% fusions,
and skeletal Class II and maxillary overjet13,14 with 28%
and 52.9% fusions, respectively. A similarly high
prevalence of fusions has been documented in subjects
with condylar hypoplasia15 with 72.7% fusions (45%
in C2 and C3) and in patients with obstructive sleep ap-
nea16 (46%).

These findings have been challenged by some
who argued that it was difficult to reliably determine
cervical vertebral anomalies on 1 lateral cephalogram.20-22

Considerably lower prevalence numbers (\0.9%)
have been reported in other studies with normal
populations6-8,20,21,23,24; this could be because patients

with severe malocclusions are significantly different
from a normal population, but this dissonance in
prevalence certainly raises the question as to whether
lateral cephalograms are a reliable tool to assess cervical
vertebral anomalies. Koletsis and Halazonetis21 stated
that no study investigating the reliability of cephalometric
radiography in the cervical region has been published
to date. To validate the assessment of the spine on lateral
cephalograms, 3-dimensional radiological data6,20,22,25-29

and direct observation (on autopsy material) have been
suggested.24,30 A cadaver study would allow for direct
comparisons of different assessment methods and
validate each diagnostic approach against the anatomic
truth.

In addition, a cadaver study would serve another
purpose: diagnostic thinking efficacy evaluates whether
the information retrieved from radiologic images leads
to a change in the clinician's diagnostic thinking.31

This efficacy has been evaluated for cone-beam com-
puted tomography (CBCT) in relation to impacted third
molars, impacted canines, root resorption of adjacent
teeth, and the temporomandibular joint, but it has
not been appraised for the cervical spine.32 Since the
cervical spine is a region of interest for the orthodon-
tist, it would be beneficial to assess the diagnostic
efficacy of oral radiologists examining CBCT data and
to compare it with that of general radiologists analyz-
ing multidetector computed tomography (MDCT)
data, and to verify the results against the anatomic
findings.

The objectives of this cadaver study were therefore (1)
to ascertain whether fusions of C2 and C3 suspected on
lateral cephalograms would also be diagnosed by gen-
eral radiologists on MDCT or oral radiologists on
CBCT, and (2) to validate MDCT and CBCT assessments
of congenital fusions and osteoarthritic changes against
the anatomic truth.

MATERIAL AND METHODS

From a larger collection of perfused cadaver heads,
8 specimens were selected for which analog, postmortem
lateral cephalograms were available (tube voltage, 67;
tube current, 250 mA; exposure time, 0.04 second;
tube current time product, 10 mAs; focus to coronal
plane distance, 200 cm). The cadaver heads were sup-
plied by the Institute of Anatomy at the University of
Zurich in Switzerland in accordance with state and fed-
eral regulations (ie, voluntary body donation program on
the basis of informed consent), the Convention on
Human Rights and Medicine,33 and the recommenda-
tion of the National Academy of Medical Science.34

The perfusion was carried out within 4 days after death
with a fixation liquid consisting of 2 parts alcohol (70%),

Fig 1. Congenital fusion of the right facet joint C2-C3.
This specimen is from the collection of the Institute of
Anatomy at the University of Zurich and is not part of
the assessed specimens.
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1 part glycerine, and 2% almudor (containing 8.1%
formaldehyde, 10% glyoxal, and 3.7% glutaraldehyde).

The lateral cephalograms were screened and assessed
for potential fusions of cervical vertebrae by an author
(D.B.) following the method prescribed in the literature:
fusions were identified as an osseous continuity between
C2 and C3 without complete separation at the articular
facets or intervertebral disc space (see Fig 2 for an
excluded specimen with a continuous radiolucent
area).7,20,21,35,36 Four specimens (3 female, 1 male; age
range, 65-87 years; mean age, 78 years) fulfilled the
inclusion criterion of a suspected cervical spine fusion
at the level of C2 and C3 and were used for the study.

MDCT was performed on a 40-detector row com-
puted tomography system (Brilliance CT 40; Philips
Healthcare, Eindhoven, The Netherlands) with the fol-
lowing scan parameters kept identical for all specimens:
tube voltage, 120 kV; tube current time product, 70mAs;
slice collimation, 20 3 0.625 mm; pitch, 0.68; recon-
struction slice thickness, 0.67 mm; reconstruction
increment, 0.33 mm; window level setting, 2000/500
Hounsfield units; voxel sizes, 0.39 mm (x-axis), 0.39
mm (y-axis), and 0.67 mm (z-axis). Sagittal and coronal
reformatted images (slice thickness, 1 mm; increment,
0.5 mm) were viewed on a high-resolution diagnostic
workstation (dx IDS5; Sectra PACS, Link€oping, Sweden).

The CBCT scans were made on a scanner with an
amorphous silicon flat panel (KaVo 3D exam; KaVo
Dental, Bismarckring, Germany). The following scan pa-
rameters were kept identical during all CBCT examina-
tions: tube voltage, 120 kV; tube current time product,
37.07 mAs; reconstruction thickness, 0.25 mm; recon-
struction increment, 0.25 mm; voxel size, 0.25 mm
(x-axis), 0.25 mm (y-axis), and 0.25 mm (z-axis). Digital

imaging and communications in medicine (DICOM) files
were reformatted in multiplanar reconstructions by us-
ing open-source postprocessing software (Workstation
version 2.0 SP1; ClearCanvas, Toronto, Ontario, Canada).

Five general radiologists were asked to evaluate the
MDCT data, and 5 dentists with special postgraduate
training in oral radiology were asked to evaluate the
CBCT data.

Three areas were assessed for a potential congenital
fusion: facet joint (C2-C3) of the left and right articular
processes and the intervertebral disc space between the
2 bodies, C2 and C3.

Additionally, the raters were requested to perform
their radiological appraisals for the left and right facet
joints in the following manner: (1) normal joint or (2)
osteoarthritis (joint space entirely preserved, partially
preserved, or not visible).

All radiologists assessed the images independently, in
blinded fashion, and without knowledge of the anatomic
findings.

After image acquisition, the cervical spines were
isolated en bloc from the cadaver heads. Lipids were
dissolved in a Supralan UF solution (Bauer Handels, Feh-
raltorf, Switzerland) with sodium chloride. Enzymatic
maceration was performed with papain (Bauer Handels)
at pH 6 to 7 in Supralan UF and a solution containing
sodium chloride for up to 14 days.

The macerated spines were subsequently analyzed
for fusions and osteoarthritis by a board-certified
pathologist.

Statistical analysis

A standard statistical software package (version
11.4.1.0; MedCalc Software, Mariakerke, Belgium) was
used for the descriptive data analysis. An unweighted
Cohen kappa test was computed to evaluate the agree-
ment between the CBCT and MDCT methods.37 To de-
termine interobserver agreement between the 5 CBCT
radiologists and the 5 MDCT radiologists, a Fleiss kappa
test38 for multiple raters was calculated with StatTools.39

RESULTS

After the enzymatic maceration, the vertebral bodies
C2 and C3 could be completely mobilized, proving the
absence of congenital bony fusions in these vertebral seg-
ments (Figs 3-5). All facet joints showed degenerative
osteoarthritic changes including osteophytes, peripheral
eburnation, and gross irregularities of the subchondral
joint surfaces of varying degrees. The facets of 2
specimens were more severely affected, exhibiting
extensive osteophytes and ragged bony joint surfaces
(Fig 5).

Fig 2. Lateral cephalogram of a specimen with continu-
ous radiolucent areas between the articular facets of C2
and C3 (purple arrow) and the intervertebral disc space
(green arrow). This specimen was excluded from the
study.

Patcas et al 215

American Journal of Orthodontics and Dentofacial Orthopedics February 2013 � Vol 143 � Issue 2



All raters agreed that no congenital fusion was found
by MDCT or CBCT, but there was disagreement concern-
ing the prevalence of the osteoarthritic deformities.
General radiologists assessing the MDCT recognized
osteoarthritic changes in 100% (40/40) of the joint

assessments, and oral radiologists evaluating the CBCT
found osteoarthritic changes in 93.3% (38/40). More-
over, when evaluating the narrowing of the joint space
in the affected osteoarthritic joints, the 2 rater groups
differed substantially (Table I). The concordance

Fig 4. Specimens 1 (top) and 2 (bottom): the left side shows the lateral cephalogram of the intact ca-
daver head, and the right side shows the macerated vertebral bodies of C2 and C3.The purple arrows
point to the suspected fusion.

Fig 3. Explanatory illustration of how the specimens are depicted in Figures 4 and 5: A, C2 is rotated
180� to enable B, a direct view of all facets of the joints of the left and right articular processes and the
intervertebral disc space.
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between the 2 rater groups was rather modest (70%) with
a kappa value of 0.452 (SE, 0.132; 95% confidence inter-
val [CI], 0.193-0.711), indicating moderate agreement.40

In addition, there was a considerable difference re-
garding the agreement within each rater group when
evaluating the narrowing of the joint space. The general
radiologists assessing the MDCT data agreed more con-
sistently with each other (kappa 5 0.612) than did the

oral radiologists assessing the CBCT data (kappa 5
0.240; Table II). According to Landis and Koch,40 the
kappa value of 0.240 for the CBCT/oral radiologists cor-
responds to fair agreement, and the kappa value of
0.612 for the MDCT/general radiologists denotes sub-
stantial agreement.

DISCUSSION

The evaluation of congenital vertebral fusions on
lateral cephalograms has been studied extensively in
the orthodontic literature, associating fusions with di-
verse anomalies and malocclusions. The use of lateral

Fig 5. Specimens 3 (top) and 4 (bottom): the left side shows the lateral cephalogram of the intact ca-
daver head, and the right side shows the macerated vertebral bodies of C2 and C3. The purple arrows
point to the suspected fusion.

Table I. Assessment of the osteoarthritic joints: evalu-
ation of the joint space narrowing in joints affected
with osteoarthritis

Osteoarthritic joint assessment

General
radiologists/

MDCT

Oral
radiologists/

CBCT
Osteoarthritic joint, joint space
entirely preserved

80.0% 51.8%

Osteoarthritic joint, joint space
partially preserved

20.0% 48.2%

Osteoarthritic joint, joint space
not visible

0% 0%

Table II. Fleiss kappa for multiple raters: agreement
(within each group) of the 5 general radiologists as-
sessing MDCT and the 5 oral radiologists assessing
CBCT

Kappa SE 95% CI
MDCT/general radiologists 0.612 0.0679 0.479-0.745
CBCT/oral radiologists 0.240 0.078 0.088-0.392
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cephalograms, however, has been challenged by those
who argue that 2-dimensional radiographs can yield de-
ceptive impressions of “pseudo-fusions” in the C2-C3
facet joint because of their oblique orientation.22 This
study corroborates this concern by demonstrating that
cephalograms do not provide reliable data to assess
vertebral fusions in the cervical spine. All 4 specimens as-
sessed positively for fusions on lateral cephalograms
proved to be false positives. None had a fusion. Hence,
the absence of a continuous radiolucent area between
the articular processes (on cephalograms) as the sole
radiologic criterion might not be a valid method to
identify fusions on 1 lateral cephalogram.

All evaluated joints had osteoarthritic changes, some
with gross irregularities and narrowed joint spaces.
Based on our findings, a further reason for the erroneous
assessment of fusions might be the misinterpretation of
osteoarthritic changes as fusions. It is evident that
a continuous radiolucent area might fade away because
of irregularities, as shown in Figures 5 and 6 (see
specimen 3).

The results demonstrate the limitations of lateral
cephalograms as a diagnostic tool to assess the spine
and raise doubts about the necessity of exposing the cer-
vical vertebrae to radiation and, with it, the thyroid.
Hence, the clinical recommendation to apply a neck

Fig 6. Coronal (left) and sagittal (right) reformatted MDCT images (top) and CBCT images (bottom) of
specimen 3. The purple arrows point to the irregularly narrowed facet joints C2-C3 with subchondral
sclerosis and spondylophytes, but no bony fusion. The images were rotated and cropped to facilitate
a direct comparison. Note the close proximity to the edge of the volume in CBCT, seen on the coronal
slide.
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shield consistently on lateral cephalograms ought to be
reinforced. Recent studies demonstrate that, if skeletal
age estimation is needed, radiation exposure can be
minimized by applying a neck shield and performing
an additional hand-wrist radiograph.41

In this study, we also compared the different assess-
ment outcomes between the general radiologists
evaluating MDCT and the oral radiologists appraising
CBCT of the cervical spine (Fig 6). The results demon-
strate 2 important findings: (1) both rater groups
performed equally well regarding the exclusion of possi-
ble fusions; and (2) concerning the appraisal of osteoar-
thritic deformities, the general radiologists assessing
MDCT performed uncontestably better. They diagnosed
osteoarthritic changes correctly in 100% of the cases
and did so with considerable consistency in regard to
their assessment of the joint spaces. Conversely, oral
radiologists evaluating CBCT diagnosed only 93.3% of
the osteoarthritic cases correctly and did so with more
disagreement among themselves in their assessments of
the joint spaces.

Two possible assumptions might explain why oral
radiologists evaluating CBCT data do not perform as
well as general radiologists with MDCT data. On one
hand, oral radiologists are not used to assessing joints.
The only joint in the maxillofacial region is the temporo-
mandibular joint, which differs remarkably from other
joints. Hence, it could be argued that general radiolo-
gists probably perform better because of their broader
experience in assessment of articulo-osseous patholo-
gies. On the other hand, there is an inherent problem
with CBCT data. The image quality in the midplane is
superior to more peripheral regions because the data
acquired in a circular cone-beam scan are only sufficient
for accurate image reconstructions in the middle of the
volume. It is a well-known fact that image recon-
struction at the periphery of the volume suffer from
cone-beam artifacts.42 Thus, the location of the cervical
spine, because it is much off the center of the volume,
could have caused the inferior results.

As with every cadaver study, our research had some
limitations. One possible constraint is whether the mac-
eration might have influenced the bone properties that
would falsify the anatomic reference. Enzymatic macer-
ation, in contrast to commonmaceration with aggressive
solutions, is an established method for removal of soft
tissues while maintaining the structural integrity of com-
pact bone43,44 and produces excellent results when
applied to ethanol-fixed material.45 Therefore, it seems
safe to presume that the assessment of osseous anoma-
lies in enzymatic macerated specimens is admissible.

The low number of specimens might also be consid-
ered a limitation, since it precludes the possibility of

carrying out more comprehensive statistical testing.
Engaging more radiologists to assess the sample would
certainly generate sufficient data to account for statisti-
cal inferences in hypothesis testing and would addition-
ally reduce the uncertainty (ie, the standard error) in the
descriptive analysis. It has been shown that as the num-
ber of raters increases, the required number of subjects
decreases. But the savings in sample size obtained by
increasing the number of raters reportedly diminishes
rapidly after the accrual of 5 raters.46 Mindful of this
constraint, we designed this study to produce no more
than a descriptive analysis. Nonetheless, our results
convey clear answers to the objectives of this study,
making further statistical testing or more specimens
unnecessary: lateral cephalograms can evidently cause
false-positive findings of fusions, and the reported stan-
dard errors show that the descriptive values are accurate
enough to draw clear conclusions about the MDCT and
CBCT evaluations.

CONCLUSIONS

1. Because only a few specimens were evaluated, no
general conclusions can be drawn about the preva-
lence. Yet, lateral cephalograms have been proven
to cause false-positive detection of fusions. Lateral
cephalograms are therefore a questionable means to
assess cervical spine anomalies, and previous studies
evaluating fusions in cervical spines, based on 1 lat-
eral cephalogram, seem to be highly problematic.

2. Both MDCT data viewed by general radiologists and
CBCT data screened by oral radiologists are reliable
methods to exclude fusions.

3. General radiologists appraising MDCT data per-
formed better in the assessment of osteoarthritic
changes of the joints than did oral radiologists
with CBCT data, but further studies with more spec-
imens would be welcomed to confirm this finding.

We thank Philippe Halioua for the outstanding
photographs and Sabrina Beutler and Axel Lang for
macerating the specimens.
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