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Summary

Background/Objectives: To compare different imaging procedures [cone beam computed 

tomography (CBCT), computed tomography (CT), magnetic resonance imaging (MRI), 

orthopantomography (OPG), and lateral cephalometry (LC)] for assessing the mandibular height 

[ramus height (RH)] and condylar process (CondProc) length as they reflect mandibular growth.

Materials/Methods: The RH and CondProc of eight cadaver heads (each side separately) were 

measured using CBCT, CT, MRI, OPG, and LC. They were measured twice by two independent 

observers parallel to the posterior border of the mandibular ramus. An intraclass  correlation 

coefficient (ICC) was used to assess the inter- and intraobserver reliability. The coefficient of 

variation was used to elucidate precision. Bland–Altman (BA) plots were used to assess the 

agreement between the procedures and the intra- and interobserver measurements.

Results: All procedures, with the exception of LC, showed good intra- and interobserver agreement 

(maximum range of agreement: 5.3 mm) and excellent reliability (ICC > 0.9). The BA plot analysis for 

the CondProc and RH showed similar ranges of agreement between MRI, CT, and CBCT (maximum 

6.4 mm) but higher ranges for OPG and LC. The MRI and OPG values were generally smaller.

Conclusions/Implications: All 3D imaging procedures yielded nearly equal results when used to 

measure the CondProc and RH. MRI is recommended because it avoids ionizing radiation and 

has higher sensitivity in the detection of inflammation. A 2-year threshold for detecting growth 

in the follow-up period should be taken into account for all 3D imaging methods. Measuring the 

RH is recommended for the follow-up of condylar growth because reference values for annual 

increments are published.
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Introduction

The condylar cartilage is a major growth site of the mandible, which 

makes it a crucial factor for treatment success in young orthodontics 

patients. Changes in the lengths of the mandibular ramus and con-

dylar process (CondProc) either reflect mandibular growth (1–4) or 

pathological processes in the temporomandibular joint (TMJ) (5).

Juvenile idiopathic arthritis (JIA) is the most common rheumatic 

disease in childhood (6), with a prevalence of 1 in 1000 children 

worldwide (7). Thus, most orthodontic practices can expect to 

encounter a JIA patient every 3–4 years. JIA can severely damage all 

involved joints and can cause short- and long-term disabilities (8). 

All synovial joints, including the TMJ, can be affected (9–12, 5). The 

rate of TMJ involvement in patients with JIA varies from 17 to 87 

per cent depending on the examination method and the population 

being studied (10, 13, 14). Recent studies based on magnetic reso-

nance imaging (MRI) have shown TMJ involvement rates of 63–75 

per cent, and these results were usually found in patients without 

clinical symptoms (15, 16).

TMJ arthritis leads to both masticatory dysfunction and man-

dibular growth disturbances (17–21), resulting in craniofacial dys-

morphology and dental malocclusion (22–25), including posteriorly 

rotated retrognathic mandibles with overall small dimensions, usually 

in combination with a dental angle Class II/1 with increased overjet 

and an anterior open bite (21, 23, 26–28). Unilateral TMJ arthritis 

occurs at a rate of 40–50 per cent (9, 11) and can result in facial and 

dental asymmetries (11, 29) that increase with longer disease dura-

tions (11, 29–32). Because TMJ arthritis shows few or no clinical 

symptoms, orthodontists may be the first to detect JIA and subse-

quently take part in the interdisciplinary treatment of these patients.

Condylar growth is an important indicator for therapeutic suc-

cess. It has recently been shown that not only inflammatory pro-

cesses but also some treatment strategies, such as intra-articular 

corticosteroid injections, may potentially reduce or stop condylar 

growth (33). The CondProc and ramus heights (RHs) of JIA patients 

have been measured using different radiographic techniques (30, 33–

36), all of which expose patients to ionizing radiation. Computed 

tomography (CT) is considered to be the gold standard for bony 

measurements but involves the highest radiation exposure, which 

should be avoided in growing individuals due to the increased risk 

of developing cancer (37–42).

MRI, however, does not expose patients to ionizing radiation and 

is considered to be the gold standard for the early diagnosis of TMJ 

arthritis and deformation with high sensitivity compared to radiog-

raphy (16, 43, 44), making it an adequate tool for both the initial 

assessment and follow-up of children with JIA, especially because 

these patients show few or no clinical symptoms.

The aim of this study was to compare the following imaging 

procedures for measuring the lengths of the mandibular ramus and 

CondProc: cone beam computed tomography (CBCT), CT, MRI, 

orthopantomography (OPG), and lateral cephalometry (LC). Our 

hypothesis was that MRI is an adequate method to replace radio-

graphic procedures for RH and CondProc measurements.

Materials and methods

Materials

Eight intact cadaveric human heads (five women, three men; age 

range 65–95 years) were acquired through a voluntary body dona-

tion program of the local anatomical institute on the basis of 

informed consent in accordance with state and federal regulations, 

the Convention on Human Rights and Medicine (45), and the rec-

ommendation of the National Academy of Medical Science. Within 

4 days after death, perfusion of the cadaveric heads was performed 

with a fixation liquid consisting of two parts alcohol (70 per cent), 

one part glycerine, and 2 per cent almudor (containing 8.1 per cent 

formaldehyde, 10 per cent glyoxal, and 3.7 per cent glutaraldehyde).

Image data acquisition

For each cadaveric head, digital CBCT, CT, MRI, and OPG data 

sets were obtained, and an analogue lateral cephalogram was taken. 

If necessary, the procedure was repeated until good quality was 

achieved.

The CT data were obtained on a commercially available 

40-detector-row CT system (Brilliance CT 40, Philips Healthcare, 

Eindhoven, the Netherlands) with the following scan parameters, 

which were identical for all specimens and correspond to typical 

clinical settings: tube voltage, 120 kV; tube current time product, 70 

mAs; slice collimation, 20 × 0.625 mm; pitch, 0.68; reconstruction 

slice thickness, 0.67 mm; reconstruction increment, 0.33 mm; win-

dow level setting, 2000/500 HU; voxel size, 0.39 mm (x), 0.39 mm 

(y), and 0.67 mm (z); exposition time, 4.5 seconds; and the bone 

window device preset.

The CBCT data were acquired using a KaVo 3D eXam (KaVo 

Dental AG, Brugg, Switzerland) with the following scan param-

eters: tube current, 5 mA; tube voltage, 120 kV; field of view (FOV), 

100 mm, landscape mode; reconstruction slice thickness, 0.4 mm; 

reconstruction increment, 0.4 mm; isotropic voxel size, 0.4 mm (x, y, 

z); exposition time, 4 seconds; and the window settings were auto-

matically adjusted by the device. These settings are also routinely 

used and show a good balance between exposure to ionizing radia-

tion, image quality, and resolution for this field of view size.

Each TMJ MRIs was performed on a commercially available 1.5 

Tesla scanner (Signa HDx, General Electric, Milwaukee, Wisconsin, 

USA) with a commercially available TMJ surface coil. Sagittal oblique 

T1-weighted 3D fast-spoiled gradient echo sequences were acquired 

separately for each side (i.e. left and right) parallel to the respective 

mandibular ramus with the following imaging parameters: flip angle, 

20 degrees; repetition time, 11.6 ms; echo time, 4.1 ms; bandwidth, 

15.63 kHz; number of excitations, 3; FOV, 10 cm2; matrix, 256 × 192; 

slice thickness, 2 mm; spacing, 1 mm; and the window settings were 

automatically adjusted by the device.

The OPG was produced using Cranex 3+ (SOREDEX, Tuusula, 

Finland) with the following settings: tube current, 6 mA; tube volt-

age, 65 kV; exposition time, 20 seconds at 50 Hz; inherent filtration, 

1.8 mm Al; and total filtration, 2.7 mm Al.

The lateral cephalograms were taken on a custom-made X-ray 

unit (COMET, 3175 Flamatt, Switzerland) with the following set-

tings: tube current, 250 mA; tube voltage, 67 kV; tube current time 

product, 10 mAs; and exposition time, 0.04 seconds. The position 

of the head with the Frankfort plane parallel to the floor was fixed 

using ear rods and a nasal pointer. The focus–median plane distance 

was 200 cm, and the film–median plane distance was 15 cm (7.5 per 

cent enlargement).

Image data analysis

From the 3D data sets (CT, CBCT, and MRI), projection images of 

the mandibular ramus and condyle were reconstructed with commer-

cially available image processing software using maximum-intensity 

projection for the CT and CBCT data and minimum-intensity pro-

jection for the MRI data. The orientation of the projection images 

was standardized to intersect the centre of the CondProc, the 
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coronoid process, and the gonial angle (Figure 1). The slice thick-

ness was defined as the smallest thickness of the most cranial con-

dylar point, the most caudal gonial point, and the deepest point of 

the incisura mandibulae (Figure 1). The resulting projection images, 

as well as the unchanged 2D image of the OPG, were analysed on 

a high-resolution diagnostic workstation (dx IDS5, Sectra PACS, 

Linköping, Sweden).

The analogue lateral cephalograms were hand traced using a 

0.3 mm lead on a sheet of 0.10 mm matte acetate tracing paper.

An example of the right side of the same specimen in all imaging 

methods is shown in Figure 2.

Two observers traced the LCs and obtained and measured the 

projection images (CK and NL for MRI and CT; LM and GM for 

CBCT and LC). Each measurement was performed twice with an 

interval of at least 3 weeks to minimize the learning effect. The 

observers were blinded for all other first and second tracings, images, 

and measurements.

Measurements

For every image and every side, three points (Co, Go, and In) were 

defined, and two linear measurements were performed parallel to the 

tangent at the posterior border of the ramus (Figure 3):

Ramus height: Measured parallel to the tangent at the 

posterior border of the ramus between the most cranial 

point of the condyle (Co) and the intersection point with 

the lower border of the ramus mandibulae [the gonial 

point (Go)]. The intersection with the lower border of the 

ramus mandibulae was obtained using a line parallel to 

the tangent at the posterior border of the ramus that ran 

through the most cranial point of the condyle (Co).

Height of the CondProc: Measured parallel to the tangent 

at the posterior border of the ramus between the most 

cranial point of the condyle (Co) and the most caudal 

point of the incisura mandibulae (In).

The calibration, construction of reference lines, landmark definition, 

and distance measurements of all CBCT, CT, MRI, and OPG images 

were performed digitally.

The same construction lines and landmarks were defined on the 

LC tracings. The landmarks on LC were digitized using the tablet 

digitizer NumonicsAccuGrid (Numonics, Landsdale, Pennsylvania, 

USA) with a resolution of 1 mil. The distances were computed and 

corrected for enlargement using Excel 2010 (version 14.0.6112.5000, 

Microsoft, Redmond, Washington, USA).

Statistical analysis

The standard statistical software packages SPSS version 20.0.0 

(Chicago, Illinois, USA), STATA version 10.1 (College Station, Texas, 

USA), and MedCalc version 12.2.1.0 (64 bit; Mariakerke, Belgium) 

were used for statistical analysis. To assess and compare the preci-

sion of the measurements, the coefficient of variation was separately 

computed for the RH and CondProc. The formula of the CoeffVar 

was CoeffVar = SD/mean. The computation of the means and SD 

were based on the four linear measurement values (two measure-

ments by each of the two observers).

The descriptive statistics for the CoeffVar with respect to the RH 

and CondProc were computed separately. The CoeffVar estimates 

for each imaging method were visualized by means of box plots. The 

Shapiro–Wilk and Kolmogorov–Smirnov tests were used to check 

normality assumptions. Differences in the mean CoeffVar between 

imaging methods were assessed using one-way analysis of variance 

with Scheffé post hoc after log-transformation to ensure a normal 

distribution. Differences between the RH and CondProc were sepa-

rately evaluated using a two-sample t-test for each imaging method.

To quantify the agreement between the imaging methods and the 

intra- and interobserver measurements for each measurement type, 

Bland–Altman plots (BA plots) (46, 47) with 95 per cent limits of 

agreement extended by a 95 per cent confidence interval for differ-

ences between the means (paired t-test) were computed. Additionally, 

to facilitate interpretation, the ranges for the 95 per cent limits of agree-

ment (upper–lower) were provided. All values (two measurements from 

each observer) were used in the assessment of agreement between the 

imaging methods. This method resulted in 64 values (left and right sides 

together) per linear measurement (RH and CondProc separately) with 

the exception of the LC values. Because the left and right side could not 

be distinguished for LC, the mean of the left and right side values were 

taken, resulting in only 32 values per measurement type. Measurements 

on the left and right side were considered to be independent.

Figure 1. Example of a 3D computed tomography data set visualized using maximum-intensity projection and multiplanar reformatting with three orthogonal 

planes (a–c). The orientation of slice (c), used for the linear measurements, was standardized to intersect the centre of the coronoid process (1), the condylar 

process (2), and the gonial angle (3). The thickness (4) of the slice (c) was defined as the smallest thickness at which the most cranial condylar point (5), the most 

caudal gonial point (6), and the deepest point of the incisura mandibulae (7) were included.

G. Markic et al. 3
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The intra- and interobserver reliability were assessed using an 

intraclass correlation coefficient (ICC) based on the separate results 

of the procedure ‘xtreg’ in STATA for each imaging method.

Results of the statistical analysis with P-values less than 0.05 

were considered to be statistically significant.

Results

Measurement precision [judged in terms of CoeffVar for both meas-

urements (RH and CondProc)] showed the highest precision for 

OPG followed, in descending order, by CBCT, CT, MRI, and LC 

(Table 1 and Figure 4). For the RH, only LC was significantly less 

precise, and for the CondProc, both LC and MRI were significantly 

less precise (Table 1). LC was significantly less precise than MRI for 

the CondProc measurements.

The precision, judged in terms of the intra- and interobserver 

agreement (Table  1 and Supplementary Figures 1 and 2), showed 

significant differences in the mean for only the interobserver 

values of LC (RH: 1.2 mm and CondProc: 1.4 mm) and CT (RH 

only: 0.5 mm). The interobserver ranges of agreement were in gen-

eral larger than the intraobserver ranges of agreement. However, 

this was not always the case, and the differences were not large 

(≤1.2 mm), with the exception of the LC values for the RH (2.8 mm). 

The ranges of agreement were generally smaller (mean: −1.2 mm) 

for CondProc than for RH, with the exception of the interobserver 

MRI and LC. The intraobserver agreement for the RH for the 3D 

imaging methods showed similar ranges of agreement at 4.1 mm or 

less, with differences of 0.4 mm or less between the ranges. For the 

3D imaging methods, the interobserver agreement for the RH was 

below 5.3 mm, with differences of 0.5 mm between CT and MRI and 

1.5 mm between CBCT and CT.

The intra- and interobserver reliability (Table 1) showed excel-

lent agreement (ICC > 0.90) for all procedures with the exception 

of LC. The highest ICC values were computed for OPG, which was 

closely followed by CBCT, CT, and MRI. The ICC values for the 

CondProc and interobserver ICC were generally smaller. The LC 

Figure 2. Example of the right side of the same specimen for all imaging methods. CBCT, cone beam computed tomography; CT, computed tomography; LC, 

lateral cephalometry; MRI, magnetic resonance imaging; OPG, orthopantomography.

European Journal of Orthodontics, 20144
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values for the CondProc (intraobserver ICC: 0.79, interobserver 

ICC: 0.59) and interobserver ICC for the RH (0.82) were far below 

those of all other methods.

The agreement between imaging methods, judged in terms of a BA 

plot analysis (Table 2 and Supplementary Figure 3), showed similar 

ranges of agreement between MRI, CT, and CBCT for the CondProc 

and RH: MRI and CT RH (6.0 mm) and CondProc (2.3 mm), MRI 

and CBCT RH (5.9 mm) and CondProc (6.0 mm), and CT and CBCT 

RH (6.4 mm) and CondProc (5.2 mm). The MRI and OPG measure-

ments for the RH and CondProc were significantly smaller than the 

measurements obtained using all other imaging methods. The OPG 

measurements were significantly smaller than those obtained via MRI. 

The mean differences between the MRI and CT measurements (MRI 

minus CT) were −1.4 mm for the RH and −1.2 mm for the CondProc. 

The mean differences between the MRI and CBCT measurements 

(MRI minus CBCT) were −1.9 mm for the RH and −1.1 mm for the 

CondProc. OPG and LC showed the least agreement for measurements 

based on the 3D data sets and showed the widest limits of agreement.

Discussion

The aim of the study was to determine if MRI could adequately 

replace radiographic procedures for the assessment of mandibular 

growth. Our results show that measurements of the mandibular 

ramus and CondProc with MRI are comparable to those of CT and 

CBCT in terms of precision, intra- and interobserver reliability, and 

agreement. For JIA patients with TMJ arthritis, we therefore suggest 

using MRI to quantitatively follow condylar growth by measuring 

the RH and CondProc length, which are important indicators for 

long-term therapeutic success (2, 3, 13, 15, 48). Using only MRI 

for the follow-up of children with JIA could reduce costs and avoid 

exposure to ionizing radiation, which can potentially harm growing 

children (41, 42). Our results are in concordance with a recently 

published study observing equally and highly precise quantitative 

measurements via MRI, CT, and CBCT (49).

When following growth longitudinally, the measurement preci-

sion defines the threshold for growth detection. The gold standard 

would be to compare the measurements of the various imaging 

methods with the anatomical truth. The resulting limits of agree-

ment could be used to define the threshold for detecting growth in 

95 per cent (±1.96 SD) of the cases. However, the construction and 

measurement protocols are difficult to simulate on an anatomical 

specimen, thus complicating the acquisition of comparable meas-

urements. Additionally, specimen measurements also have limits of 

agreement. Therefore, when defining a threshold for the detection 

Table 1. Descriptive statistics (mean ± SD, 95% CI) of the CoeffVar for both linear measurements (RH and CondProc) and all imaging 

methods. CBCT, cone beam computed tomography; CI, confidence interval; CondProc, condylar process; CT, computed tomography; ICC, 

intraclass  correlation coefficient; LC, lateral cephalometry; MRI, magnetic resonance imaging; OPG, orthopantomography; RH, ramus 

height; SD, standard deviation 

CoeffVar Bland–Altman analysis ICC

Mean ± SD

95% CI

Intraobserver Interobserver Intraobserver InterobserverLower Upper

RH

 OPG 0.007a ± 0.005 0.004 0.010 0.2 (2.8: 1.6, −1.3) 0.1 (2.5: 1.3, 1.2) 0.99 0.99

 CBCT 0.009a ± 0.004 0.007 0.011 −0.1 (3.7: 1.8, −1.9) −0.1 (3.3: 1.6, −1.7) 0.99 0.99

 CT 0.011a,b ± 0.008 0.007 0.016 0.3 (3.7: 2.2, −1.5) 0.5* (4.8: 2.9, −1.9) 0.98 0.97

 MRI 0.012a,b ± 0.007 0.008 0.016 0.1 (4.1: 2.1, −2.0) 0.2 (5.3: 2.9, −2.4) 0.95 0.92

 LC 0.021b ± 0.014 0.014 0.028 −0.4 (6.1: 2.7, −3.4) 1.2* (8.9: 5.6, −3.3) 0.93 0.82

CondProc

 OPG 0.012a ± 0.005 0.009 0.014 0.0 (1.0: 0.5, −0.5) 0.1 (1.3: 0.7, −0.6) 0.99 0.99

 CBCT 0.017a ± 0.011 0.011 0.023 −0.1 (2.2: 1.0, −1.2) −0.1 (1.8: 0.8, −1.0) 0.98 0.98

 CT 0.019a,b ± 0.010 0.014 0.024 0.2 (1.9: 1.1, −0.8) 0.0 (2.5: 1.2, −1.3) 0.98 0.97

 MRI 0.033b,c ± 0.019 0.023 0.043 0.1 (4.1: 2.2, −1.9) 0.0 (4.0: 2.0, −2.0) 0.93 0.93

 LC 0.065c ± 0.039 0.044 0.086 0.0 (6.9: 3.5, −3.4) 1.4* (7.9: 5.3, −2.6) 0.79 0.59

Distinct letters (a, b, c) indicate significant differences of imaging methods according to Scheffé post hoc test. P-values from analysis of variance showed 

P < 0.001. Bland–Altman analysis shows mean differences (mm), range of 95% limits of agreement (mm), and 95% limits of agreement (mm) for intra- and inter-

observer agreement per imaging method. ICC shows intra- and interobserver reliability per measurement type and imaging procedure.

*Significant intra- and interobserver differences of mean according to paired t-test (P < 0.05).

Figure  3. The constructions and both linear measurements [ramus height 

(RH) and condylar process (CondProc)] were performed parallel to the tangent 

at the posterior border of the ramus: RH: Measured between the most cranial 

point of the condyle (Co) and the intersection point with the lower border of 

the ramus (Go). CondProc: Measured between the most cranial point of the 

condyle (Co) and the most caudal point of the incisura mandibulae (In).

G. Markic et al. 5
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of longitudinal changes, the precision judged in terms of intra- and 

interobserver limits of agreement is most accurate.

For all 3D imaging methods (CT, CBCT, and MRI), the intra- and 

interobserver range of agreement was similar, with a maximum range 

of agreement of 5.3 mm. In a growing individual, an uncertainty of 

5.5 mm corresponds to at least 2  years of growth when assuming 

a mean condylar growth of 2 –3 mm per year (1, 50). Therefore, a 

longitudinal follow-up of at least 2 years for all 3D imaging methods 

is necessary for conclusive information about condylar growth. In 

JIA cases, MRI has two main advantages over radiologic procedures. 

The first is that MRI does not expose patients to ionizing radiation; 

the second is that MRI shows high sensitivity for the detection of 

inflammation (16, 43, 44). When comparing the BA plots from dif-

ferent imaging methods, the range of agreement of all 3D imaging 

methods (CT, CBCT, and MRI) was similar, with a maximum range 

of agreement of 6.4 mm. This range is only insignificantly wider than 

the corresponding intra- and interobserver measurements. It should 

be noted that all four measurements (two measurements from each 

observer) have been included in the BA plot analysis. This approach 

enabled the inclusion of the entire variation, thus making the limits 

of agreement wider and depicting a more realistic situation in which 

measurements were performed by multiple raters.

Measurements made with MRI were generally smaller than those 

made with CT (RH: −1.4 mm; CondProc: −1.2 mm) or CBCT (RH: 

−1.9 mm; CondProc: −1.1 mm). This difference should be taken 

into consideration when MRI measurements are compared with 

data and reference values based on other imaging procedures (30, 

33–36). Therefore, these imaging methods (CT, CBCT, and MRI) 

are interchangeable but not directly comparable without correcting 

for length differences. Due to the different mode of operation and 

data acquisition, MRI depicts different structures than the 3D radio-

graphic methods (CT and CBCT) (51).

Bone remodelling should be taken into consideration when 

measuring the RH and CondProc. Bone remodelling occurs both at 

the gonial angle and the incisura mandibulae and affects both the 

RH and CondProc. The RH as an outcome parameter may mimic 

condylar growth due to appositional processes at the gonial angle. 

JIA patients with TMJ arthritis often show a growth pattern with 

posterior rotation, which is associated with bony apposition at the 

gonial angle and antegonial notching (27, 28, 52). Therefore, the 

differences in the RH should be interpreted with caution. Similarly, 

the measuring of the CondProc is influenced not only by condy-

lar growth but also by the physiological bony apposition at the 

incisura mandibulae (1, 52, 53). Nevertheless, annual increments 

Figure 4. CoeffVar box plots for both measurements (ramus height and condylar process) and all imaging methods. The bottom and top lines of the box indicate 

the first and third quartiles (25 and 75%), and the band inside the box indicates the second quartile (50%, the median). Therefore, the box height represents the 

interquartile range (IQR). The ends of the whiskers represent the lowest value within 1.5 IQR below the first quartile and the highest value within 1.5 IQR above 

the third quartile. The values between the 1.5 and 3 IQR (below the first and above the third quartile) are indicated by small circles, whereas the values outside 

of this range are defined as extreme outliers and are indicated by small asterisks. †Significant differences according to a two-sample t-test.

Table 2. Mean differences (upper value minus left value; mm), range of 95% limits of agreement (mm), and 95% limits of agreement (mm) 

for CondProc (upper right) and RH (lower left). CBCT, cone beam computed tomography; CondProc, condylar process; CT, computed to-

mography; LC, lateral cephalometry; MRI, magnetic resonance imaging; OPG, orthopantomography; RH, ramus height

CondProc

RH OPG CBCT CT MRI LC

OPG 3.1* (8.3: 

7.3, −1.0)

3.2* (5.9: 

6.2, 0.3)

2.1* (6.4: 

5.3, −1.1)

4.1* (7.6:  

7.9, 0.3)

CBCT −6.6* (7.5: 

−2.8, −10.3)

0.1 (5.2: 

2.7, −2.5)

−1.1* (6.0: 

1.9, −4.1)

1.0* (6.5:  

4.2, −2.3)

CT −6.1* (6.5: 

−2.8, −9.3)

0.5* (6.4: 

3.7, −2.7)

−1.2* (2.3: 

0.4, −2.7)

0.9* (6.3:  

4.0, −2.3)

MRI −4.3* (5.0: 

−1.8, −6.8)

1.9* (5.9: 

4.8, −1.1)

1.4* (6.0: 

4.4, −1.6)

2.0* (6.9:  

5.5, −1.4)

LC −6.6* (6.4: 

−3.4, −9.8)

0.0 (9.3: 

4.6, −4.7)

−0.5 (9.4: 

4.2, −5.2)

−2.5* (6.8: 

−0.9, −5.9)

*Significant mean differences between methods according to paired t-test.
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for the RH from 3 to 16 years have been published for girls (2) and 

boys (3) and clearly demonstrate that growth is measurable using 

the RH. To the knowledge of the authors, reference values for the 

CondProc have not yet been published in the literature.

Although OPG provides the best precision and most reliable data, it 

shows poor agreement with the 3D procedures (CT, CBCT, and MRI). 

The cause for this discrepancy is most likely due to the study protocol 

and demonstrates a limitation of our study. All 2D images and 3D data 

sets were generated only once, and all further processing was based on 

these data. Therefore, technically speaking, the measurement was per-

formed twice on the same image (and 2D and 3D data sets) and not on 

the same ramus or condyle. However, for the 3D imaging and lateral 

cephalometric images, the positioning of the specimen has very little 

effect. However, the OPG is highly sensitive to positioning issues that 

can lead to the magnification of errors and disproportional enlarge-

ment (54–59). Vertical measurements appear to be more accurate than 

horizontal or angular measurements. However, vertical measurements 

remain prone to misrepresenting the anatomical truth (60). In our 

study, the position of the specimen in the OPG machine was adjusted 

until images of good quality were produced. Therefore, constructions 

and landmark definitions unambiguously led to very high precision 

and reliability. Although this limitation due to positioning is a weak-

ness of this study, it shows that this portion of the protocol (measuring 

the same image or data set twice) can be performed with very high 

precision and reproducibility. However, when assessing the agreement 

between the OPG and 3D imaging measurements, the distortion/posi-

tioning issue became evident, and the agreement was poor (the widest 

limits of agreement). Moreover, all measurements were significantly 

smaller. Additionally, variation in the magnification between the OPG 

devices is also a known issue (60). The variation due to repeated posi-

tioning and picture recording could not be evaluated with our study 

protocol. Unfortunately, when the OPG data were evaluated, the speci-

mens had already been dissected for further investigations and were 

therefore no longer usable for a repeated OPG study.

The lateral cephalogram measurements showed the worst results 

for precision, and these results were statistically and clinically signifi-

cant. The intra- and interobserver reliability were far below those for 

all other imaging methods, especially for the CondProc. The limits 

of agreement showed a highly heterogeneous picture with frequently 

very wide limits of agreement with the 3D imaging methods. In con-

trast with the 3D imaging techniques, the lateral cephalogram is a 

classical 2D radiograph in which the 3D structures are projected onto 

a 2D plane. This method makes it difficult and often nearly impossi-

ble to distinguish between sides and complicates landmark definitions 

due to overprojecting structures. This problem is especially true for 

the condylar point and the deepest point of the incisura mandibulae.

A limitation of our study is the small sample size. Because the 

voluntary body donation programme of the local university has 

limited material and provides preparations for various teaching and 

research projects, no more than eight unmitigated cadaveric heads 

could be obtained for our study. However, although the power of 

the study may be reduced, the results provided are conclusive for the 

hypothesis tested.

Conclusions

1. All 3D imaging procedures were nearly equal in their ability to 

measure the CondProc and RH, with differences in agreement 

and precision below clinical relevance. MRI is recommended not 

only because it is a comparable alternative for CT and CBCT but 

also because it avoids ionizing radiation and has higher sensitiv-

ity in the detection of inflammation (16, 43, 44), which is espe-

cially important for JIA patients.

2. The maximum range of the limits of agreement for all 3D imag-

ing procedures for the RH and CondProc corresponds to approxi-

mately the length difference of the average condylar growth over 

a period of 2 years (1, 50, 53). Therefore, a 2-year threshold for 

detecting growth in the follow-up should be taken into considera-

tion for all 3D imaging methods.

3. Because reference values for annual increments are published for 

the RH (3, 2) but not for the CondProc, the RH is recommended 

for following up condylar growth.

4. The MRI measurements were generally smaller than those 

obtained via CT and CBCT, which makes them not directly com-

parable. This difference should be taken into consideration when 

comparing MRI to data based on other imaging procedures.

5. The susceptibility of OPG to head positioning leads to poor 

agreement with the 3D imaging procedures, and the overall poor 

results of LC make it impossible to accurately and reliably meas-

ure the RH and CondProc using this method.

Supplementary material

Supplementary material is available at European Journal of 

Orthodontics online.
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