The stability of anatomical and
centroid reference points in
cephalometric analysis

By Michael J. Trenouth, BDS, MDS, PhD
S tandard cephalometric analysis generally

depends upon superimposition of succes-
sive x-rays or tracings. Because certain
geometric and conceptual constraints are in-
volved, the use of such methods has been called
into question recently by some authors includ-
ing Moyers and Bookstein' and Moss et al2*
The ultimate biological correctness of any de-
scription of growth will depend on the stability
of the reference points chosen. If growth is de-
scribed by the changes of all other structures
relative to a given set of reference points then
arbitrary selection of another set of reference
points will lead to still another description of
growth. The question arises, is it possible to
determine mathematically whether any one of
these several alternate descriptions is more near-
ly correct than the others. Standard cephalo-
metric analysis has depended on the concept of
privileged point locations which are assumed to
be fixed.
Johnson®” approached the fixed point prob-
lem using the centers of gravity. Every particle

is attracted towards the center of the earth by
the force of gravity and the center of gravity or
centroid of a body is the point where the result-
ant force of attraction acts. The centroid is that
point around which a body hangs freely in equi-
librium when it is suspended in a gravitational
field. The center of gravity of a two-dimensional
image is a center of area, not mass.

The centroid of an image is influenced by an
infinite number of points around the perimeter
of the shape and the distribution of area within
the shape. Because all the single elements in the
shape contribute to the centroid position, the
centroid has the properties of a mathematical
‘mean.’ The centroid represents the ‘mean’ point
of a shape about which it varies and, like other
means, is subject to the least amount of varia-
tion in relation to (non-mean) anatomical points?

Evidence that centroid points are less variable
than anatomical points has been derived by quan-
tifying and comparing the variation of angles
and distances between every combination of
pairs of defined lines and points (both anatomi-
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cal and centroid). The mean variance can then
be calculated for each of the angles and points
measured. Centroid angles and points come out
with the least variance in such studies$?

The objective of centroid analysis is not
to provide a mathematical formula to describe
growth, which is a very complex and variable
process, but rather to produce a statistical
approach to growth representation which is
less dependent upon individual variation. In a
purely morphological context growth may be
considered as a change in size and shape with
time. Craniofacial morphology depends on the
interaction of many single genes and multiple
environmental factors. These multifactorial ef-
fects result in biological variation approximat-
ing to a normal distribution. Thus, craniofacial
morphology along with many other biological
characteristics approximates to the laws of sta-
tistics and probability.

Variation can be measured by recording the
statistical spread of a series of outlines that are
superimposed on one another. One method of
doing this is by the use of analytical histomor-
phograms .1 The location of a series of outlines
on the coordinate grid using the fixed relations
between three anatomical points enables the
measurement of variation of the outlines in the
form of analytic histomorphograms. By record-
ing the mean, one standard deviation and two
standard deviation outlines, biological variation
can be measured. By recording a sufficiently
large number of cases such variation approxi-
mates to a ‘normal’ or Gaussian distribution.
This was performed for fetal skull outlines
using both anatomical and centroid points for
superimposition!-13

The purpose of the present study was to com-
pare the variation in outlines of tracings using
either centroid or anatomical points for super-
imposition in order to see if there was any sta-
tistically significant difference.

The results of the study have important appli-
cations in clinical practice for determining the
stability of cephalometric datum points, the
choice of which is important when comparing
records of different patients or the same patient
at different times?

Materials and methocdls

Sixty fetuses ranging from 49 millimeters
to 212 millimeters, crown-rump length (2.5 to
5.5 lunar months gestation) were studied. They
were derived from both spontaneous and thera-
peutic abortions and were preserved in formalin.

The standard analytic morphograph*1¢ was
modified to take fetal material by the use of
smaller ear pieces. In the lateral view the thick
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arms of the main cephalostat obscured more of
the fetal head than was acceptable. To over-
come this problem an auxiliary cephalostat was
designed which fit into the body of the main
cephalostat?

The coordinate reference system was built
into the photographic and radiographic record-
ing system so that only the fetus needed to
be adjusted before directly comparable records
could be produced. The same ear-ear-left orbi-
tale convention was used as for the postnatal
method.*¢In this convention the midpoint be-
tween the tips of the two ear pieces within the
external acoustic meatus was placed at the origin
of the rectangular coordinate reference grid to
produce two-element symmetry. A third ele-
ment was defined by marking the left orbitale.
This was constrained to lie on a reference plane
fixed within the recording apparatus so as to
produce three-element planar freedom.

Records were produced in the form of photo-
graphs and radiographs taken in the frontal,
lateral and basal positions. The records were
traced with pen and ink on cellulose acetate
sheets. The tracings were processed on the Uni-
versity of Manchester Computer Graphics Unit,
The image outlines were digitized in segments
so that by adding them in various combinations
different components of the image could be ana-
lyzed. A program was written to enlarge the
image outlines of the skull component to a stand-
ard area of 30,000 square millimeters, to elimi-
nate the effect of size at various ages.

The sized outlines (for each of the X, Y and Z
views) were combined for all 60 fetuses to pro-
duce histomorphograms. Using computer pro-
grams, outlines were derived for the mean, for
one standard deviation, and two standard devia-
tions. It was not appropriate for the current
study to produce such histomorphograms of all
60 fetuses without adjusting the size because of
the high growth rate during the fetal period and
the consequent large differences in size of the
image outlines in relation to the size of the sam-
ple studied. The operation was performed ini-
tially for the adjusted image outlines using the
midpoint between the earpieces within the ex-
ternal auditory meati and the left orbitale for
orientation, Figures 1a to 6a. The centroid was
then calculated for the whole skull outline to-
gether with the cranium and face components.
All three centroids form a straight line, the cra-
niofacial centroid plane. The centroids for the
60 fetuses were plotted on the reference grid
and their mean position determined. The opera-
tion was repeated on the same data but adjusted
to the mean skull centroid and orientated on the
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mean craniofacial centroid line, Figures 1b to
6b. Measurements of the spread of the histo-
morphograms between the two standard devia-
tion lines (£25.D.) were taken at regular inter-
vals along the outlines, Table 1. The spread of
the outlines related to the reference grid by ana-
tomical points was compared statistically to that
using centroid points. As the data were matched
a paired (-test was performed, Table 2.
Systematic errors which bias measurement
by a constant factor were minimized by accu-

rate calibration of the analytic morphograph.
Such errors would show up on the records be-
cause the ear-ear-left obitale orientation points
would not relate to the rectangular coordinate
reference grid correctly.

Random errors were assessed by repeating
measurements on 10 cases and finding the vari-
ation during digitizing, tracing and radiographic
recording. For each stage the difference between
the first and second operation was found and
the mean difference for the group was calcu-
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Figure 1
Histomorphograms of
lateral view radiographs.
a. Anatomical points.
b. Centroid points.

Figure 2
Histomorphograms of
lateral view photo-
graphs.

a. Anatomical points.
b. Centroid points.
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Figure 3
Histomorphograms of
frontal view radiographs.
a. Anatomical points.
b. Centroid points.

Figure 4
Histomorphograms of
frontal view photo-
graphs.

a. Anatomical points.
b. Centroid points.
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Figure 3a
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lated. The error was derived by dividing the
mean difference by the mean value and express-
ing it as a percentage. The greatest error, 1.5
percent, was in tracing the radiographs. Taking
a second record only involved an error of 1.4
percent, less than the tracing error. Hence, the
analytic morphograph is an extremely accurate
recording apparatus.

The error in redigitizing was orly 0.17 per-
cent, considerably less than tracing and record-
ing the radiograph, reflecting the high degree of
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accuracy achieved by the electronic computer.

Results

For hard and soft tissue outlines in frontal,
lateral and basal views there was a large
and obvious reduction in spread when centroid
points were used instead of anatomical points.

By comparing Figures 1a through 6a with
Figures 1b through 6b it was clear that the
spread of the one standard deviation and two
standard deviation outlines was considerably
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reduced in all cases when centroid points were
used for superimposition and that the mean
outlines were virtually unaffected. Also, there
was a slight increase in the spread for the soft
tissue outline of the eye especially on the left
side, because the left orbitale was used in the
orientation of the forms for imaging.

As the mean and standard deviation lines had
been derived from a sample of fetuses of vary-
ing ages, both cross-sectional and longitudinal
variation was represented. It is important to

note that the variation was increased in regions
where marked growth changes occurred.

The spread of the two standard deviation out-
lines was measured at intervals around each of
the tracings Figures 1a and 1b—é6a and 6b and
recorded in Table 1. A t-test was performed to
see if there was a statistically significant differ-
ence in the spread produced by superimposing
on anatomical and centroid points Table 2. For
each of the views recorded there was a highly
significant reduction in spread when centroid
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Figure 5
Histomorphograms of
basal view radiographs.
a. Anatomical points.
b. Centroid points.

Figure 6
Histomorphograms of
basal view photographs.
a. Anatomical points.
b. Centroid points.
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Table 1

Distances (mm) between +2SD and -2SD taken at intervals
along the outlines of Figs. 1-6a & b.

1a 1b 2a Z2b 3a 3b 4a 4b ba 5b 6a 6b

220 120 250 240 105 80 190 220 170 1.0 205 16.0
240 10 250 210 105 90 180 200 160 1.0 185 150
250 16.0 240 190 120 90 160 170 155 1.0 190 145
260 160 220 160 135 105 150 145 160 10 180 150
260 160 220 160 155 120 155 140 170 M0 190 150
270 145 225 140 175 125 170 150 185 M0 190 150
260 130 240 135 190 125 190 145 200 100 200 145
240 125 245 135 190 125 200 145 215 9.0 200 150
230 120 250 140 190 120 200 145 245 9.0 230 165
210 130 260 140 185 100 200 140 300 90 250 170
200 130 250 140 175 100 190 130 320 90 255 180
210 140 250 145 180 70 190 120 330 100 200 210
220 130 240 170 190 80 190 125 330 M5 330 250
220 120 250 205 185 90 180 150 330 M5 325 280
220 120 240 25 190 100 180 150 330 15 310 300
230 M0 240 25 195 120 180 180 330 100 300 280
235 105 230 220 200 135 190 200 320 9.0 310 230
210 120 230 215 195 135 200 220 300 85 310 200
215 110 220 210 190 130 220 230 250 80 320 190
215 15 220 200 200 130 220 230 210 75 300 180
210 120 220 190 195 120 225 230 205 80 300 165
240 105 210 170 190 105 225 220 200 75 260 150
240 10 230 160 180 85 225 220 190 80 240 150
240 130 250 150 175 90 220 200 165 90 230 140
240 140 280 150 175 85 220 190 150 100 215 145
240 140 300 140 190 90 210 175 145 105 205 140
225 135 310 135 200 115 190 170 145 120 175 140
220 130 320 135 200 115 180 160 145 125 150 140
205 MO0 320 140 190 M5 190 150 150 130 150 145
190 105 300 135 180 1.0 180 140 165 125 1556 150
190 100 290 140 160 M5 165 140 190 125 170 160
245 10 295 140 160 M5 165 140 230 MO0 170 160
240 15 300 140 155 120 160 125 260 9.0 180 160
285 130 285 140 150 120 155 115 290 70 19.0 16.0
255 150 270 130 140 120 1550 15 330 9.0 200 150
165 120 245 130 140 120 140 130 350 130 225 150
195 135 230 125 140 M0 145 150 355 140 250 140
200 160 220 M5 140 80 180 180 330 145 300 150
250 210 235 MO0 145 90 200 190 320 140 340 180
210 160 245 105 150 90 215 200 330 140 350 200
215 190 280 150 16.0 90 220 205 340 135 360 200
210 170 310 190 170 100 240 155 340 130 350 200
210 150 315 180 200 10 235 180 340 120 350 200
245 170 260 200 210 100 230 1756 330 120 350 195
140 120 300 220 100 MO0 240 170 300 M5 360 190
140 MO0 200 150 125 100 245 175 280 100 370 190
140 MO 205 155 120 100 240 170 260 105 370 200
135 105 215 155 120 100 230 170 250 15 370 190
170 150 245 165 110 90 230 175 235 120 390 190
190 130 320 200 110 90 230 175 220 130 370 180
190 120 320 285 110 90 230 175 190 125 350 180
190 120 320 325 1.0 90 240 175 170 125 310 180
165 100 175 170 175 MO0 240 175 190 170 300 18.0
185 150 210 190 180 160 235 175 180 190 295 180
170 M0 120 160 180 170 210 175 210 190 285 180
15.0 60 130 170 170 165 210 180 190 200 255 180
14.0 85 220 170 150 150 210 180 190 200 230 175
140 100 175 160 180 170 210 180 180 180 210 165
150 100 185 160 190 170 200 200 210 190 200 150
220 170 190 150 200 200 190 190 215 180 200 155

MEAN 209 129 247 168 165 112 199 171 241 N9 263 176
SD 37 25 45 4.1 3.1 26 28 3.0 7.0 33 7. 35
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points were employed confirming the graphic
changes seen in Figures 1a and 1b—6a and 6b.

Discussion

When any method of superimposition and
registration of successive tracings is used, the
description of growth will vary depending on
the reference points and line segments chosen
for superimposition. Determining whether any
one of these several alternate descriptions is
more nearly correct than the others will depend
on the stability of the reference points chosen.

When comparing two samples in standard
numerical statistics the mean is the statistic of
choice because it shows less variation than indi-
vidual values and more accurately reflects the
population from which the samples are drawn.
The distribution of the means of samples of a
population shows less variation than the distri-
bution of the individual values; the standard
error is always less than the standard deviation.

Similarly, when comparing two shapes the
centroid is the point of choice for superimposi-
tion because it shows less variation relative to
other anatomical points than any of the ana-
tomical points do to each other. The centroid is
a measure of central tendency and possesses
many of the qualities of a mathematical mean. It
is in this sense, the least variable and the most
stable point. Thus, it is least affected by fluctua-
tions in sampling. Should an individual subject
present an abnormality in the architecture of a
skull, the abnormality will tend to be absorbed
and the center will deviate only slightly. This
is clearly shown by the marked reduction in
the spread of the one standard deviation and
two standard deviation outlines when centroid
points were used for superimposition rather
than anatomical points. This was demonstrated
for both photograms and radiograms in the
frontal, lateral and basal views and was statisti-
cally significant.

Centroid analysis in common with all other
coordinate methods involving superimposition
of tracings is dependent on the concept of privi-
leged point locations which are assumed to be
‘fixed’ (least variable). However, in the case of
the centroid points there is strong statistical
justification to support the concept that even if
they are not fixed they are least variable. The
present study supports the mathematical evi-
dence derived by Johnson®? that centroid points
and angles show the least variance when mea-
sured statistically.

There are situations where information is
produced independently of the constraints of
privileged point locations. For example, the ten-
sors of finite element analysis cannot be readily

Table 2
T-test for the difference in spread of
histomorphograms (+ 2SD) using
anatomical (Figs. 1a-6a) and centroid
(Figs. 1b-6b) points for
superimposition.

Figure T-Value Probability
1a-1b -18.63 0.0001
2a-2b -10.69 0.0001
3a-3b -12.54 0.0001
4a-4b - 8.09 0.0001
5a-5b -11.69 0.0001
6a-6b -12.13 0.0001

visualized when being expressed as a set of

numbers# While the tensors of finite element
analysis may also be graphically depicted? the
reference system changes along with the form.
In all reference frame dependent methods,
changes in form are plotted relative to a refer-
ence system which is independent of changes in
the form. Where successive tracings or radio-
graphs are superimposed there has to be a ref-
erence system common to all records for valid
comparisons to be made. As a consequence of
their reduced variance and greater stability,
centroid points have an important role to play in
the location of any chosen reference system.

Conclusions
Photographs and radiographs of the cranio-

facial region were taken on 60 fetuses in the

frontal, lateral and basal views. The tracings

of the records were combined in a coordinate

reference grid to measure the variation in

spread of their outlines. This was performed

using both anatomical and centroid points for

superimposition.

® The spread of the outlines observed graphi-
cally was considerably reduced in all cases
when centroid points were used for super-
imposition.

® A t-test showed a highly significant (p<
0.0001) reduction in the spread when cen-
troid points were used.

® The centroid is a measure of central tendency
and possesses many of the qualities of amathe-
matical mean and as a consequence is the
least variable and most stable point.
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® Centroid points have an important place in
the location of successive tracings on a com-
mon reference system in order to make valid
comparisons between records.
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