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We recorded 3D coordinates for 28 mandibular landmarks from three-dimensional recon-
structions of CT axial slices using the image analysis program eTDIPS. The images were
acquired from a pediatric series of human mandibles (neonate to 13 years of age) from the
Bosma collection (Shapiro and Richtsmeier, 1997, Am. J. Phys. Anthropol. 103:415–416).
To test the accuracy of these coordinate data, we recorded the same 28 landmarks directly on
the Bosma mandibles using a Polhemus 3Space digitizer. The directly digitized landmarks
serve as a gold standard upon which to evaluate the eTDIPS data. Standard deviations of
landmark placement using eTDIPS show a greater degree of variation compared to the data
gathered using the digitizer, although this error is more heavily concentrated in certain types
of landmarks. All possible linear distances between unique pairs of landmarks were calcu-
lated, and like linear distances were compared between the two data collection methods. The
absolute difference for all like linear distances ranged from 0.001–3.9 mm (mean � 0.377
mm; SD � 1.136), with the eTDIPS data being consistently larger than the digitizer
coordinates. This study demonstrates that landmark coordinate data can be reliably collected
from digital CT images of the human mandible. We define a set of mandibular landmarks
useful in evaluating the effects of craniofacial disorders, growth and other biological pro-
cesses. Clin. Anat. 16:494–500, 2003. © 2003 Wiley-Liss, Inc.
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INTRODUCTION

As part of the craniofacial complex, the mandible
not only transmits force to the rest of the skull via
mastication, but also reflects general cranial growth
patterns influenced by suture ossification, dental mat-
uration, and splanchnocranium development. The
mandible also reflects abnormal growth of the skull
(Richtsmeier et al., 2000) and thus may be affected by,
or play a causative role in, a variety of craniofacial
disorders ranging from craniosynostosis to cleft palate
(Cohen and MacLean, 2000). One way to address the
relationship of these disorders to the mandible is to
use landmark coordinate data and geometric morpho-
metric methods. To do so, it is necessary to evaluate a
set of landmarks that can be accurately obtained and
precisely reproduced.

The protocol we define here utilizes computed
tomographic (CT) images. CT data and skeletal
reconstructions of the images have a wide range of
applications for clinical and basic scientific research.

CT data have been used to plan surgical procedures
(Vannier et al., 1984; Leboucq et al., 1991; Fern-
bach and Feinstein, 1992), for postoperative evalu-
ation (DeLeon et al., 2001), and to compare patho-
logic conditions to normal (Richtsmeier et al., 1998;
Zumpano et al., 1999). Analysis of CT images has
also played an important role in paleoanthropology
(Zollikofer et al., 1995; Seidler et al., 1997; Conroy
et al., 1998; Thompson and Illerhaus, 1998). The
efficacy of CT images in capturing the true form of
an object has been tested for the cranium (Hilde-
bold and Vannier, 1988; Richtsmeier et al., 1995).
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Validation of the accuracy of mandibular measure-
ments using CT images is difficult because, in con-
trast to the cranium, the mandible lacks a large
number of foramina and other readily identifiable
biological structures to use as landmarks.

We defined 28 landmarks and collected data di-
rectly from the mandibles and indirectly from CT
images of the mandibles. We studied the distribution
of error along all axes, both within and across tech-
niques, and specific to each landmark to identify prob-
lematic axes and landmarks. We also compared all
possible interlandmark distances obtained for each
data collection technique to evaluate whether the
same information (unique linear distances) is captured
using image analysis on the one hand and a 3D digi-
tizer on the other.

MATERIALS AND METHODS

We selected 22 mandibles from the Bosma collec-
tion (Shapiro and Richtsmeier, 1997), currently
housed in the Department of Anthropology at the
Pennsylvania State University. The Bosma collection
is an undocumented sample of juvenile skulls ranging
from perinatal ages to approximately 13 years. Each
mandible was affixed to a Polhemus 3Space tabletop
digitizer (Polhemus, Colchester, VT), subjected pre-
viously to accuracy (Hildebolt and Vannier, 1988) and
repeatability tests (Corner et al., 1992), using plas-
ticine to prohibit movement during and between
landmarking trials. Inhibiting movement during data
collection is absolutely necessary to acquire valid in-
formation about the relative location of landmarks.
Preventing movement between landmarking trials of
a single specimen avoids the necessity of translating
and rotating the object to account for differences in
orientation (Valeri et al., 1998; Lele and Richtsmeier,
2001). Landmark coordinate data were collected three
times from each specimen. The three trials were con-
ducted sequentially to create the most reliable esti-
mates for each landmark location.

The Bosma mandibles were scanned using a GE
CT9800 scanner at the Department of Neuroradiol-
ogy, The Johns Hopkins Hospital. The research pro-
tocol for these CT scans has been previously de-
scribed (Valeri et al., 1998). The x-, y-, and z-axes are
internal to each CT study and are generated at the
time the scans are acquired. Whole skulls were posi-
tioned in the CT scanner as a patient would be, with
occiput against the examining table. Consequently,
when viewing the image data, the x- and y-axes are the
pixel rows and columns within each axial slice. The
z-axis is determined by slice thickness and by the

interpolation function of the software used in recon-
struction.

We chose eTDIPS (Exploratory Two/Three Di-
mensional Image Processing System) to examine our
CT images, create reconstructions, and collect land-
mark data. There are currently a number of image
analysis programs available to researchers; we chose
eTDIPS because of the quality of its reconstructions and
its built-in landmarking tool (Mullick et al., 1999). This
image analysis program uses a Win 2000/NT/x9 interface
for visualizing and analyzing 3D images, and is available
at no cost from the NIH Clinical Imaging Processing
homepage (http://www.cc.nih.gov/cip/software/etdips/).
Reconstructions can be easily rotated in all directions
and viewed in their entirety, or partially, to enhance
visualization and analysis of all external and internal
surfaces and volumes.

CT slice images were stacked within eTDIPS by
specifying x-, y- (pixel size), and z- (slice thickness)
volume dimensions. A 3D surface reconstruction for
each specimen was created using a chosen density
threshold that corresponds to the Hounsfield unit
scale (Spoor et al., 2000). Surface extraction thresh-
olds, which need to be stipulated to produce a
reconstruction, were determined empirically and
typically consisted of 806 as the start threshold, and
3,155 as the end threshold. These thresholds were
chosen to show the maximum amount of bony tis-
sue with the least amount of distortion. The recon-
structions, in conjunction with the axial slice im-
ages, were used to identify landmark locations using
the eTDIPS landmarking tool interface. Landmark
locations on each mandible were recorded twice
using eTDIPS. The absence of a time interval be-
tween trials provided the most reliable estimate of
landmark location and minimized intra-specimen
error for this data collection technique.

Twenty-eight mandibular landmarks were se-
lected to capture the shape of the mental region,
body, and outer dimensions of the ramus. Because
of the difficulty in obtaining true anatomical land-
marks on the mandible, several of the landmarks we
chose are “fuzzy,” meaning that the definition of
the landmark is larger than a single point within the
observers’ range of view (Valeri et al., 1998). Other
landmarks are “constructed,” meaning that their
location is determined by constructing a line tan-
gent to another landmark or bony edge (Bookstein,
1991). To locate a constructed landmark an anatom-
ical feature, or “anchor,” must be identified. In our
data collection protocol, skulls were positioned in
the appropriate plane (e.g., Frankfurt horizontal for
landmarks on the sagittal plane) and constructed
landmarks were located by departing in the appro-
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priate directions from their anatomical anchors. We
expected to find more error in fuzzy and con-
structed landmarks than in “biological” landmarks
that are located on the basis of anatomy. We hy-
pothesized that biological landmarks will have less
error than constructed and fuzzy landmarks because
biological landmarks (i.e., foramina, bony processes,
and muscle insertions) are less subject to intra- and
interobserver interpretation of placement criteria.
Of the 16 landmarks listed in Table 1, seven are
fuzzy, four are constructed, and five are biological.
Figures 1a and 1b show the anatomical locations of
these landmarks.

To compare the error generated by the two tech-
niques of data collection, we first averaged the three
trials of the 3Space digitizer and the two trials of
eTDIPS for each of the 22 specimens to construct x-,
y-, z-mean coordinates per landmark location for each
of the techniques (x1, y1, z1 and x2, y2, z2).1 For each
specimen within each data collection technique, we
compared each trial’s coordinate to its average coordi-
nate by taking the sum of the square root of the
squared differences between each trial and its mean,

and dividing this sum by the number of trials,

���xi � x� i)2

n

where xi � each trial’s coordinate for a landmark along
each axis, x�i � the mean coordinate of each landmark
for each axis, and n � the number of trials (three for
the digitizer data and two for the eTDIPS data). This
procedure was done for all landmarks, for all three
axes and both techniques. The resulting 28 � 3 matrix
for each specimen is the average difference from the
mean difference along each axis. This approach elim-
inated differences due to coordinate systems within
the data and allowed for the comparison of error be-
tween the two data collection techniques. Standard
deviations of landmark placement were obtained for
each coordinate per landmark along each axis using all
individuals in the sample (n � 22; see Table 2).
Separate t-tests were conducted to determine whether
the distribution of error along a given axis was signif-
icantly different from other axes within each tech-
nique and from like axes between techniques.

Euclidean Distance Matrix Analysis (EDMA) was
used to calculate the difference between the linear
distances obtained using the 3Space digitizer and
those captured using eTDIPS (Lele and Richtsmeier,
2001). We then calculated the mean difference (n �
22 specimens) between the two techniques for all 378
linear distances. By comparing the absolute difference
between the two data collection techniques, we were

1Different numbers of trials for 3Space and eTDIPS does not lead
to an artificially lower standard deviation for the 3Space data. The
average standard deviation for all 3Space trials is 0.241 (mini-
mum � 0.000; maximum � 0.559). Removal of one of the 3Space
trials did not substantially affect the results. The larger number of
trials for 3Space was meant to provide a stringent gold standard test
for eTDIPS.

TABLE 1. Description of Mandibular Landmarks Examined

Landmark name
Abbreviation
(Number)b Description Type

Gnathion GNA (1) Most anteroinferior point on mental symphysis Fuzzy
Pogonion POG (2) Most anterior projection of bone on mental

symphysis
Fuzzy

Infradentale INFR (3) Most central point on mandibular alveolus Biological
Mental foramena MEN (4) Anteromedial edge Biological
Alveolar border of bodya ALV (5) Directly above mental foramen Constructed
Inferior border of bodya IBB (6) Directly below mental foramen Constructed
Goniona GON (7, 22) Junction of ramus and inferior border of body Constructed
Inferior posterior ramusa PGA (8, 21) Junction of gonial angle and posterior border of

ramus
Constructed

Lateral mandibular
condylea

LAT (9, 17) Most superolateral point on mandibular condyle Fuzzy

Posterior mandibular
condylea

PSC (10, 18) Most posterosuperior point on mandibular condyle Fuzzy

Medial mandibular
condylea

MC (11, 19) Most mediosuperior point on mandibular condyle Fuzzy

Coronoid processa COR (12) Superior aspect Biological
Superior anterior ramusa SA (13) Most anterior projection on anterior border of ramus Fuzzy
Inferior anterior ramusa AJUNC (14) Junction of anterior border of ramus and alveolus Fuzzy
Mandibular foramena MFO (15, 20) Most inferior aspect Biological
Superior mental spine MSPIN (16) Most superior aspect Biological

aIndicates both right and left sides were landmarked.
bThese are the numbers listed in Figures 1A, B. Landmarks with two numbers have both right and left sides depicted on Figures 1A, B.
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able to evaluate the validity of images for our image
analysis and data collection protocol.

RESULTS

Consistency of Landmark Placement

The magnitude of error local to each landmark
obtained using the 3Space digitizer is frequently sim-
ilar to that exhibited by landmarks obtained using
eTDIPS (Table 2), but t-tests between corresponding
axes of the two techniques show a significant statisti-
cal difference between the degree of error for each
digitizer axis and its eTDIPS counterpart (Table 3).
The SDs of landmark placement in eTDIPS are sig-
nificantly greater along each axis than those exhibited
by the 3Space digitizer data. The landmarks that are
responsible for the statistical differences between
each eTDIPS axis and its digitizer counterpart are
primarily constructed landmarks, such as gonion
(GON) and the alveolar border above the mental fo-
ramen (ALV), and fuzzy landmarks such as the super-

oanterior ramus (SA) and the junction of the alveolus
and ramus (AJUNC).

We carried out t-tests of the SDs of landmark place-
ment within each of the techniques to determine
whether a particular axis within the eTDIPS or
3Space trials exhibited more error than the other axes.
For the 3Space digitizer trials, error along the z-axis is
statistically greater than along the x- and y-axes (Table
4). The greater error along the z-axis occurs most
frequently for landmarks located on the ramus (the
z-axis is tracking the superoinferior axis of landmark
locations).

In eTDIPS, the y- and z-axes (anteroposterior and
superoinferior, respectively) contain more error than
does the x-axis (mediolateral). In fact, a relatively large
degree of error on the z-axis is often associated with a
concomitant large error on the y-axis for the same
landmarks. This arises from difficulties in locating
landmarks that are fuzzy, which could have a number
of possible locations differing only slightly in antero-
posterior or superoinferior positions (many of the

Fig. 1. A: Lateral view of the mandible showing the anatomical
position of the landmarks used in this study. Each landmark is repre-
sented by a number: 1, gnathion; 2, pogion; 3, infradentale; 4, mental
foramen; 5, alveolar border of body; 6, inferior border of body; 7,
gonion; 8, inferior posterior ramus; 9, lateral mandibular condyle; 10,
posterior mandibular condyle; 12, coronoid process; 13, superior an-
terior ramus; 14, inferior anterior ramus (see Table 1 for descriptions).
B: Lingual view of the mandible showing the anatomical position of
the landmarks used in this study. Each landmark is represented by a

number (see Table 1 for descriptions). Right and left sides of the same
landmark are given different numbers. The right-sided landmark num-
bers correspond to those illustrated in Figure 1A except for 11, medial
mandibular condyle, and 15, mandibular foramen; 16, superior mental
spine; 17, lateral mandibular condyle; 18, posterior mandibular con-
dyle; 19, medial mandibular condyle; 20, mandibular foramen; 21,
inferior posterior ramus; 22, gonion. The landmarks are labeled on
eTDIPS reconstructions, rather than photographs, to demonstrate the
quality of our images.
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fuzzy landmark categories in our study are on the
midline of the mandible such as the gnathion and
pogonion [Fig. 1a], or the midpoint of a bony projec-
tion such as the posterosuperior condyle [Fig. 1a,b];
these landmarks may be less prone to error in the
mediolateral plane). Additionally, the z-axis in
eTDIPS may have poorer resolution than the x- and
y-axes because of the necessary interpolation function
used in 3D reconstruction. This may account for some
of the generally greater standard deviations per land-
mark location along the z-axis compared to the x-axis
(Table 2; see Richtsmeier et al., 1995 for discussion).

Absolute Difference Between the Two Techniques

To assess the information contained within all
three axes simultaneously, and to determine whether
we obtained the same information using the two tech-
niques, we calculated all possible interlandmark dis-
tances for the 3Space digitizer and for the eTDIPS

data and obtained the absolute differences by sub-
tracting one from the other. The 378 linear distances
range in length from 4.882–82.741 mm. The correla-
tion between the length of the linear distance and the
mean absolute difference between the two data col-
lection techniques is poor (r2 � 0.104). The absolute
difference between the 3Space digitizer data and the
eTDIPS data, with respect to each linear distance,
ranges from 0.001–3.889 mm (mean � 0.377 mm;
SD � 1.136). Roughly one-third, or 33% of these
differences are �0.5 mm, 58% are �1.0 mm, 91% are
�2 mm, and 98% are �3 mm. The linear distances
with the highest difference between techniques in-
clude those measures involving constructed and fuzzy
landmarks (Table 1). Distances that have endpoints
noted to be difficult to locate using eTDIPS are also
associated with large absolute differences between

TABLE 3. Results of t-Tests Comparing Like Axes of the
Two Data Collection Techniques

Axes compared t-Test results

X (eTDIPS) and X (3Space) P � 0.003; eTDIPS � 3Space
Y (eTDIPS) and Y (3Space) P � 0.000; eTDIPS � 3Space
Z (eTDIPS) and Z (3Space) P � 0.000; eTDIPS � 3Space

TABLE 4. Results of t-Tests Comparing Each Axis to All
Others Within Each Data Collection Techniquea

Axes compared 3Space digitizer eTDIPS

X and Y NS P � 0.036; Y � X
Y and Z P � 0.007; Z � X NS
X and Z P � 0.004; Z � Y P � 0.002; Z � X

aNS, not significant; P�0.05.

TABLE 2. Standard Deviations of Landmark Coordinates Using the 3Space Digitizer and eTDIPSa

Landmark

3Space eTDIPS

x y z x y z

GNA 0.254 0.246 0.223 0.233 0.420 0.220
POG 0.131 0.157 0.219 0.190 0.245 0.462
INFR 0.078 0.145 0.188 0.178 0.323 0.373
R-MEN 0.118 0.128 0.179 0.222 0.313 0.354
R-ALV 0.268 0.188 0.314 0.508 0.500 0.672
R-IBB 0.241 0.422 0.297 0.403 0.397 0.238
L-MEN 0.124 0.119 0.127 0.266 0.482 0.394
L-ALV 0.331 0.424 0.151 0.275 0.449 0.253
L-IBB 0.228 0.269 0.392 0.521 0.499 0.188
R-GON 0.305 0.314 0.362 0.299 0.591 0.360
R-PGA 0.365 0.274 0.490 0.358 0.198 0.589
R-LAT 0.213 0.167 0.259 0.288 0.426 0.671
R-PSC 0.232 0.187 0.279 0.565 0.321 0.778
R-MC 0.156 0.181 0.255 0.385 0.370 0.451
R-COR 0.167 0.226 0.492 0.241 0.316 0.165
R-SA 0.236 0.181 0.299 0.898 1.352 0.783
R-AJUNC 0.433 0.539 0.559 0.301 0.396 0.644
L-GON 0.410 0.391 0.235 0.611 0.380 0.497
L-PGA 0.366 0.201 0.340 0.233 0.353 0.510
L-LAT 0.183 0.105 0.246 0.213 0.318 0.496
L-PSC 0.144 0.195 0.351 0.493 0.366 0.959
L-MC 0.199 0.177 0.445 0.285 0.313 0.371
L-COR 0.222 0.135 0.206 0.195 0.240 0.159
L-SA 0.326 0.178 0.401 0.312 0.182 0.695
L-AJUNC 0.310 0.163 0.302 0.373 0.649 0.964
R-MFO 0.333 0.353 0.338 0.358 0.420 0.764
L-MFO 0.256 0.193 0.296 0.279 0.530 0.390
MSPIN 0.134 0.201 0.217 0.319 0.284 0.684

aR, right side; L, left side. Abbreviations for landmarks are defined in Table 1. Values are SD in mm.
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the two techniques; for example, the medial mandib-
ular condyle (MC) is partially obscured from view by
the overlying mating surface of the glenoid fossa (Fig.
1b). The distance between two problematic land-
marks combined the error local to each, producing a
relatively large difference between the two tech-
niques (Table 2).

Our biological landmarks exhibit the smallest dif-
ference between the two data collection techniques.
These landmarks include the mandibular (MFO) and
mental (MEN) foramina, as well as bony projections
such as the coronoid process (COR); however,
eTDIPS linear distances involving the superior men-
tal spine (MSPIN) tend to differ more from their
3Space counterparts than do other distances that in-
corporate biological landmarks because muscle inser-
tions are generally more difficult to locate on axial
images than on the bones themselves.

The linear distances derived from eTDIPS land-
mark coordinate data tend to be larger than our 3Space
digitizer data. Nearly two-thirds (62%) of the 378
linear distances in eTDIPS are slightly larger (from
0.001–3.889 mm) than the same linear distances in the
3Space digitizer data. Those linear distances that are
larger in eTDIPS are predominantly associated with
constructed and fuzzy landmarks (e.g., junction of
alveolus and ramus [AJUNC], superior anterior ramus
[SA], and inferior border of body [IBB]) that are more
difficult to locate on CT reconstructions and axial
slices (where pixilation decreases gradually) than on
the mandibles themselves. The difficulty in locating
these landmarks may be due to the operator’s choice
of a threshold value in eTDIPS where the amount of
visible bony tissue can differ from the amount of real
bone present.

DISCUSSION

Our results suggest that the coordinate data col-
lected directly from the mandibles using the 3Space
digitizer are more precise than similar data collected
from images of the same mandibles using eTDIPS.
Our results are consistent with other studies compar-
ing anatomical and CT measurements (Corner et al.,
1992; Richtsmeier et al., 1995; Valeri et al., 1998;
Şenol et al., 2001). Valeri et al. (1998) reported lower
standard deviations for landmark placement (1.15 mm
for 30 trials and 0.75 mm for the last 10 trials alone)
with a digitizer compared to those obtained using an
image analysis program. Richtsmeier et al. (1995)
found the absolute difference between cranial land-
marks digitized using a 3Space digitizer and using CT
axial slices to be between 1.13 and 2.37 mm. Nearly
two-thirds of the absolute differences reported here

are smaller than the lower boundary of error (1.13 mm)
obtained by Richtsmeier et al. (1995). Our data may
have a lower absolute difference between 3Space and
image analysis data sets because we used both axial
slices and 3D reconstructions to locate landmarks.
Surface reconstructions, if used in conjunction with
axial slices, increase the accuracy of collecting 3D
coordinate data from images. Additionally, the use of
3D reconstructions increases the number of potential
landmarks available.

Our data demonstrate that constructed and fuzzy
landmarks generally exhibit relatively more error than
biological landmarks. An important exception may be
those biological landmarks that concern muscle inser-
tions, such as the superior mental spine (MSPIN).
The resolution necessary for muscle attachments to
appear on CT reconstructions and axial images is only
rarely available. Our linear distances that involve the
superior mental spine tend to have more error than
one would expect for biological landmarks.

The density threshold used in reconstructing an
image from a series of axial slices also plays a role in
the production of error. For example, 3D reconstruc-
tions can be a source of error when the landmark is
located on an area of bone that is less dense than
adjacent areas. Moreover, if landmarks are taken on a
reconstruction with low density and then a higher
density surface is reconstructed, the landmarks will be
partially obscured by the newly reconstructed image
because more pixels have taken on the density of
bone and the previous landmarks are buried under the
new surface. The user’s choice of a threshold for
surface reconstructions needs to be considered in any
study attempting to extract data from CT images.

CT images have wide application to problems in
craniofacial biology as they provide a nondestructive
means of examining internal structures on fossil and
bone. The landmarks acquired from such images can
be used to infer how biological structures like the
mandible respond to, and influence, craniofacial form.
Although certain landmark types are easier to capture
and reproduce than others, the landmarks examined
here all have acceptable measures of error and may
assist researchers investigating the effects of craniofa-
cial disorders on the mandible.
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