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INTRODUCTION

A continuing challenge to deatistry has been the
difficulty of measuring orthodontic tooth movement. Part
of the difficulty results from the fact that this tooth
movement isf?aking place in growing patients, Thus, tooth
movement change from growth may be greater than the tooth
movement achieved by the orthodontic treatment, particu-
larly given the minute increments in which the latter
occurs., In fact, the movement achieved by orthodontic
treatment might be even smaller than the errors made in
measurement of this movement!

In using standard radiographic technique, the great-
est source of measurement error results from the difficulty

1,2

of precisely locating landmarks. A major step in

overcoming; this problem was Bjork'st3 development of the use



of metallic implants., ‘These provide well-defined fixed
» landmarks, congiderably reducing measurement €rTOT.

A remaining source‘of measurement'error is the
problem of representing the three-dimensional subject on
a two-dimensional film. ihus, the two dimensioﬁs recorded
on Tilm are distorted by the unmeasured third dimension.

The limitations of two-dimensional representa-
tion have also made it impossible to superimpose implants
perfectly in sugsequent films whgn there is any variabili-
ty ih repositioning thg patient during subsequent exXpo=
sures, And variabllity of repqsitioning almos®t always
occurs, due to the lack of any head-~-holding device which
permits precise repositioning when the periods of time
between films are of any length. This is particularly
true when growth is occurring in the patient between expo-
sures.,

The repositioning problem has been partially over-

L !
come by Bjork&, by simply using a cephalostat with a built-



in image-intensifler that permits televislion monitoring
of the implants before exposing vhe {lims. However, this
requires equipment not readily available in most dental
schools,

The problem of representing landmarks in a

three~dimensional system has also been largely resovlved

by Sohwartz5, Savaraé, and Dehan7; Schwartz and Savara
using Broadbent cephalometers, and Dehan using three x-ray
machines. These technlques have proven reliable in cross-
seotional research. Nixon and Cruikshank8 subsequently
devised a potentisl system utilizing only one film and.two
concurrent exposures.

Believing that the Nixon-lrulkshank one-film
technique possessed certvaln advantages over its predeces-
sors, we determined to develop it into a useful clinical
tool for longltudlinal reseaﬁch. ‘We have now established

a system which, with readily available equlpment, provides

a solutior. to the repositioning problem, and permits



representation qf orthodontic treatment changes in a valid
three-codrdinate‘system, all while maintalning a high
degree of reliability.

Thié paper will attempt to evaluate the relia-

bility of this systen.



REVIEW OF THZE LITERATURSE

The longitudinal étudy of cephalometric data
has nade very evident the significance of reliablility.
In longitudinal studies, errors in measurement are dou-
bleé, since/éfror affects the measurement both of the
starting point and Qf the point marking the amount of
change. As Hixon9 pointed out, if the measurement error
is only + half a mm énd, in fact, a one mm change has
occurred, the apparent chahge may range from no change at
all to a change of two mm.

With ﬁhis problem in mind, we investigated the
literature in an attempt tp ascertain which technigues

might reduce measurement error, and whet standards the

developed “echnique would be measured against.,



In using the standard ?adiographio technlique, it
has been demonstrated the standard-error of measurement nay
be limited to + 0.4 mm using two independent measurers.
However, this study, by Pottef and Meredithlo, atteﬁpted

to measure only biparietal and bigonial'diameters, both
exceptionally easy laﬁdmarks.to.ideﬁtify. Bjorkl on the
other hand, found that other landmarks were not nearly so
reliably located., He, by a process of double determina-
tion, carried out by two independent investigators, marked

29 different landmarks, and determinéd the'aocuracy-of

73 different linear measurements and 55 different anguiar
measurements. This investigation showed considerable dif-
ference in the reliability with which various landmarks

could be iocated on the films., The errors in linear measure-
ments varied from 0.3 to 2.84 mm, and the errors of the
angular measurements variedhfrom 0.3 to 2.4,

Hixonll with nine different people independently

tracing three headplates found that the ranze of inter-



incisal angle for the three patients was 12-133°. rhe
maximum difference of lower incigor-to-mandibular plane
for the three patients was 5.5 - 7,59, obviously not
reliable landmarks.

Baumrindz has further demonstrated thét-fhere
is not only considerable difference in the varlances of
location of the commonly dsed landmarks, but that the
distribution of the wvariance is not random, but affected
by the nature of the landmark beipg located. He graphi-
éally represented the distribution of landmark location,
using autoﬁatic ooordinate-loca;izing equipment and a
specially-designed computer program, and found that the
standard deviatlon of landmarks ranged from .53 mm (for
porion) to 5.21 mm (for gonion).

" Hatton and Grangerlz found that independent in-
vestigators using independent films takeﬁ on the same day
had more errorvbetneen films than they had from tracing and

measuring technique. They measurec. the distance between



thfee sets of landmarks. They ﬁere: bolton point and
nasion; distal margin of the first molar crypt to meslal
border of cuspid crypt; and lower border of tThe mandible
to a point midway between the two highest cusp tips of the
first molar, The films were of fifteen three-year old
children. The variance due to tracing and measurement
technique was (0.500)2 mm, (0.126)2 mm, and (0.249)2 mm,

while the v;riance for between-film measurements was
(0.539)2 mm, (0.243)% om, and (0.279)% mm.

Bjork2 has suggested that metallic implants would
solve the problem of locating landmarks, and states that,
as a result of using implants, he can measure growth changeé
within limits Qf 4+ 0.5 mm,

McDonaldl3 de;cribed a technigue for studylng tooth
movement using an obligue x-ray beam angulated 250, which

was considered a reasonable approximation of half the pos-

terior arch divergence. Thus, measurements made on the



head film would coincide more closely to the same meas-
urements made on the same side of the Jjaws than would be
possible with an ordinary head film in which the nid-

sagital plane was parallel to the film. He used implants
as reference points to superimpose subsequentbfilms. He
found that the standard error of the measure
- SEMeas = 2d4- Wasv.Zl mm,

Oné problem in using implants as reference points
to superimpose subseguent films 1s that any change in
head position between films would slter the relative posi-

14

tion of the implants on the films; Stacklerl” demonstrated
that a change in angulation of only 50 would result in
considerable vériation in apparent landmark change ranging
from none to as much as L,5 mm depending on the positiqn of
the‘landmark and direction of the movement,

Kaaber15 used impiants and a modified Evald ceph-

aloStat, in an attempt to overcome the repositioning prob-

~lem. The position of the head was controlled by adjusta-
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ble stabilized nose and neck rests., Rotation was pre-
vented by strengthening the vertical arms, using indivi-
dual acrylic ear plugs, adjustable chin rest, and an

individual acrylic base plate between the Jaws. All of the

adjustable elements had millimeter scales in 6rder to re-
produce the position of the rests., Exposures were made
8 - 14 days apart. He indioated the errors in the method
to range from 0.106 mm - 0,334 mm. Although Kaaber dem-
onstrated that ﬁe could quite re;iably reposition the head
of his patients, i1t must be remembered that they were re-
positioned by the same man, andrwithin two weeks. Nor did
he have to contend with growth of his pétients' heads., With
a growing patient, long time periods between films and dif-
ferent operators between films would greatly decrease the
reliability of head positioning.

bBjork's solution4 to the repositlioning problem
has been the incorporation in the cephalostat of an image

intensifier so that he may monitor the position of the im-
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plants before exposing the film.
A third method for contending with implant super-

imposition is to guantify the position of the implants in

5

space. Schuwartz described a method by which he estab-

lished a Cartesian coordinate systei using the intersec-
tion of the central rays pf the two xX-ray heads of the

Broadbent and Bolton cephalostat as the reference point,
116

Miller, Savara, Sing , and Savara, Tracy, and

-

Miller17 analyzsd the reliability of such a system by
analysis of variance technique. fhe variability was di-
vided into four factors: between, and within locators; and
between, and within measurers. 'They found that between
measurers, the variance was (.08)2 mm and (.06)2 mm respec-
tively, and within measurers, it was (.123)2 mm and (.09)2 M.
Landmark location error was five times as large as measure-
ment error,

7

Diehan also developed a three-dimensional tech-

nigue utilizing three xX-ray machines, each perpendicular to
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the others, He used a phantom with small steel balls
evenly spaced at 6 mm imbedded in the mandible. IThe vari-
ance of the distance between the balls on any one film is

about (.48)2 mm and the varliance of the three films com-

bined was reduced to approximately (.25)2 mm.

8

Nixon and Cruikshank® developed a technigue in
which two X-ray machines were used, angulatéd only about
30° from each other, allowing them to have both images on
one film, in an effort to minimize the neasurenent error
still further. They found that between independent in-
vestigators the SEMeas was .09 mm and that they could cal-

culate the distance between implants between films with an

average variance of (.160)2 mm,



MATERTALS AND METHOD

A cephalometer was constructed similar to the
one described by Nixon and Cruikshank:; two heads set egui-
distant from ﬁhe plane of the film and horizomntal in re-
lation to each other., One machine was set so that the
central ray was perpendioular to the film and so that ik e
passed through the center of the earposts of the head po-
sitioner. 1Its distance from the film was 241.65 cm. The
second machine was set 180 cm from the first machine, in
such a mannner that its central ray intersected thé central
ray of the first machine at an angle of approximately 320,
80.75 mm from the film plane which approximately coincides

with the center of the subject’s head. 7This resulted in

producing two separate images on one x-ray film. (Figure 1.)
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A phantom was then usgd with three metallic im-
plants (A, B, and C) spaced approximately as they would be
in a subject., Two other iﬁplants were pladed in the phan-
tom. One (i) within the triangle that would be formed by
constructing lines joining the three implants (A; B, and
C), and in the same plane as A, B, and C, A fifth implant
(I), in seven of the films, was placed outside the area of
the triangle ‘and not within the plane of the three inm-
plants (A, B, aad C).

Ten films were exposed, and developed, each with the
phantom placed in differing positions and attitudes to repre-
sent variation in head positlioning within the head-holder.
Using a millimeter rule marked at 0.5 mm intervals, and a
ten diopter (2% magnification) magnifying glass, two inde-
pendent lnvestigzators measured directly on the film the dis-

tance between the image of each implant and the image of the

constructed grid. These measurements were estimated to the
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nearest .05 mm. The measurements were next averaged. Iy
simple‘geometry, they were phen reduced for each point to
X; Y, and Z coordinates, with X{ representing the horizontal
on the plane of the film, Y the vertical on the plane cf
the film, and Z the perpendicular to the plane of the film.

The X, ¥, and Z coordinates on nine of the ten
films were then by geometric methods transposed to the co-
ordinate system of the remaining film.

This tTransformation was ﬁade with these congidera-
tions: that A, B, and C represented implants in a common bons
in the mandible or the maxilla, and are stable in relation
to each other; that implants 1 and I represented landmarks
which were expected to move in relation to implants A, B, am
C; that the implénts A, B, and C on the two films would not
fit perfectly because of measurement error; that the trans-

formation of the coordinates of the second film would be

transposed specificallyvto the coordinate system of the first
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film, not to an average coordinate system of the two films,

The transformation was accomplished by geometricali
ly superimposing the geometric center of the second triangle
(represented by the implants A, B, and C at the apices) to
the geometric center of the first; then by requiging one
pdint (A) of the second"film to 1lie on thé line that passes
thfough the common geometric centers and point A of the first
film; and finally by rotating the second triangle sco that it
occuples the plane of the first t;iangle.

In order for this techniaue to produce the best fit,
instead of merely a figood fit
the chosen apex which is to lie on the 1ihe through the
common centers must be the apex furthest fromthe geometric
center of the triangle.

As. a result of the geometric transformation, all of
the coordinates of the implapts could be directly compared.
Because there‘was no movement in the position of landmarks

i and I, any variation in thelr coordinates between the filris
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represents the error inherent in the method.



The findings are summarized in Tables One through
18

Five, It was found that the SEleas = Yg 42

2n

resulting from two independent measurements by different
investigators was + .06 mm. ‘This figure represents

only measurement error. 3ecause the centers of the ilmplants
were marked with a pinprick by one orithe other of the in-
vestigators, landmark location error is not represented.

It was felt that establishment of the amount of error in
landmark identification would not be useful because of the
large size of the round steel balls used for implants 1in
the phantom, compared to the significantly smaller size of

the implants used in subjecté.
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An evaluation of the error introduced by the
various manipulations of the averaged measurements was then
calculated. It was found that the errors in the X, Y, and
Z axes were not symmetrical (i.e. did nSt correspond). Table
Three indicates that the varlance on the X axis was approxi-
mately (.O??)2 mm, the Y axis‘(.084)2 mm, and the Z axis
(.156)° mn.

.

Table Four reveals that the variances of the X,

~

Y, and Z axes for the points A, B, and C were homogeneous,

and that the X and Z axes of 1 and I were homogeneous with
respect to each other and to A,‘B, and ¢, However, the ¥

axis vériance of both 1 and I demonstrated significantly

more variance than the Y axis of the points A, B, and C,

but were homogeneous with each other. Table Four also reveals

that the largest error introduced for the situations tested was:

X = (.0730)2 mm
Y = (.1504)% mm
Z = (.1714)% mm.



DISCUSSICN

The unusual variaﬁce ixs the'Y coordinaterwould‘
make one suspicious thaf unique features exist in the meas-
uring of Y which contribute to the increased measurement
error., In calculating the X, Y, and Z coordinates of each
point in one film, four measurements were used. (Figure 2.}
They are indicated as @, g ¥, and J. a and # were
directly measured on the film. }’was the calculated dif-
ference between those two. d’was also measured directly on
the film, but Wes measured to the X axis, not to the Y axis
as were the others. Further, it was noted thaﬁ there were
at all times two images of each point which were horizontal.
This meant that when the ¢ end £ measurements were made,

the ruler was aligned on the two images and would then nec-

S Y T T R
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essarily be perpendicular to the ¥ grid. However, when ther
measurements for & were made, no such mechanism was avalla-
ble to insure that the measurement»was made at right angles
to the»X grid. It was done by visual slignment. It also
became apparent that the angulation of the phantbm may in
some films introduce an~optioalrillus10n effect which would
affect the measurer,

In an effort to establish the wvalidity of this
seemingly reasonable explanation for the increased variance
of Y for i‘and I, the SEleas of all i measurements was cal-
culated, and found to be = + .06 mm. Failing to demon-
strate this to be a source of increased variance, the i
measurements ﬁere re-done, after marking the point of inter-
section of the perpendicular from the landmark. The SHleas
of the new measurements were compared with the original

measurements: SElfleas = .055 mm. Then assuming the error

might have been systematic as a result of optical illusion,
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the means of the original group of measurements was compared
with the improved measurement technique group. It was found
that the means were 10.48 for the original group and 10.51

for the improved technique group.

F ratio was 1,002

T Y§1—§2+Uh1-,m2) e
g & o
. n
with df. = (n-1) + (n' - 1) = 18,

The probability of the méans being the same is
greater than 90+ %. Therefore, we were not able to‘identify
the source of the increased variance of Y for 1 and I as
variation in measurement reliability.

The variance of Y for implants A, B,»and C was
much smaller than was expected. It would be expected to
at least approximate the SHNeas + .06 mm. Therefore, an
F Max test between the variance of ¥ foxr A, B, and C, and

SEMeas + .06 mm was conducted. At @ .05, the null hypo-
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thesis was rejected. (Table Four.) It was further noted
that the average variance of Y was (.84)2 mm which corre-
sponded quite weli to the Sklleas. Therefore, it was hypo-

thesized that the source of the large variance of ¥ in i

and I ﬁust have been contalined in thé ﬁransformation of the
coordinate.systems., Itxwas thep recognized that the trans-
forming of the two triangles to the same plane would be
accomplished without regard to measurement error because
only three poilnts were used, and three points define a plane.
The»measurement error was still there, but not expressed
until the fourth point (i or I) was calculated. To overf
come this problem, one need only use four reference points
instead of three.

This delayed-expression of measurement error would
increase the gpparent measurement error of X, ¥, and Z to
varying degrees, depending oﬁ the attitude of the plane of

the implants A, B, and C. The only way 1t could be recog-
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nized in this situation was by slgnificant reduction of the
variance in X, ¥, or Z or A, B, and C, In this situation,

the significant reduction apparently occurred in the ¥ co-

ordinate.




SUMMARY AND CONCLUSION

A ngeful clinieal tonl for longitudlnal research
was developed by utilizing a three-dimensional radio-

graphic technique projecting two images on one film, in

-

conjunction with an implanted subject. Three of the sub-
ject!s implants were in a flxed relationship to each other,

to act as a point of reference from which 1t would be pos-

(=

sibie to state the position in space of a fourth implant

or other landmark. The landmark's position was stated in
reference to the three fixed implants so that it would be
possible to directly compare the position of the landmark
at subsequent times with that position recorded at the time

of the firet filn.

By eliminating the need for accurate repositioning
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of the subject for subsequent x-rays, and by eliminating
the distortion caused by representing a three-dimensional
subject in two dimensions{ it was expected that this.
method woﬁld make possible a significant reduction of
.measurement error.

It was found that measurément error compared

advantageouély with that presented in the orthodontic

literature, in thatvchanges in landmark position between
subsequent films which are greatef than:

«2 mm in the X axix

+

.4 mm in the Y axis

I+

.5 mm in the Z axis

i+

would represenﬁ real change, with & = .01 level of confi-

dence. (Table Five.)
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FIGURE 1.

Photograph of the two x-ray heads
and their relation to the subject and film holder.




Image 1.

FIGURE 2,

Schematic Drawing of Developed Film
Of the Phantom With Implants
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Table 1 .

(See FIG. 2) (Measurements made on the films by two investigators.)

INVEST-  MEASURE-

IGATOR  MENT A
FIIM 1:
1: ( 176.60
2: & ( 176.40
1: b ( 48.60
2: ( 48.40
1: N ( Li7.40
2s ( =7.35
PILM 2:
1: g t 177.20
2: L TP a0
1: ( 49.30
22 L ( 49.20
1: d (  6.40
2: ( 6.40
FIIM 3
1: ( 170.00
2: & ( 170.05
1 F ( 46 . 90
2: 2 ( 46.90
1: e O 3.25
2: ( 3.15
FIIM 4
1: ( 181.10
23 & ( 181.00
l: b g 47.80
2: 47,60
l:ﬂ d ( 16.60
2: ( 16.70

205,90
205.80

43.70
43.60

+O.6S
+0.60

204,70
204.75

42,60
42 .50

12.60

208,65
208.75

o P
51.25

2,40
2.30

196,40
196.45

30.00
. 29.95

15.25
15.30

234435
234.30

92,10
92.05

-11.60
"ll L] 45

234,60
234,50

92,40
92,25

14,40
14.35

225.25
225,30

92,65
92.60

-6.20
-6,00

181.00
181.10

47. 60

47.80

16.70
16. 60

204.80

204.90

61.15
61415

-6.30
“6.30

204.90
204.80

61.15
61.20

10.80
10,80

200,40
200,40

63420

0.00
.00

205.10
205.15

54.50
54.45

17.10
17.05

234,60
234,75

83,80

- 83,90

=535
‘5040

233,60
233.55

82.70
82.75

17.75
17.80

229,40
229.35

87.10
87,00

-2.05
-2,00

234,10
234,25

73,60
73455

2185
21,90



INVEST- MEASURE-

%

Table 1. (Continued)

IGATOR =~ MENT A
FIIM 5: »
1: . g 170.05
2: 170,00
1: b ( 46.05
2: ( 45.95
1: = ( ‘10,30
2: ( 10.45
FIIM 6
1: g 192,00
2: 8 (192,05
1: b, (60440 ‘
2: ( 60.45
2: ( 19.70
FIIM 7
1: o ( 168.40
e ( 168,45
1: b % 28,10
2: 38,20
1: ( -0.10
2: L {-lpi05
FIIM 8:
1: ( 178.00
2: ( 178.00
1: % g 48090
2 49,00
1: 3 { 12.35
23 ( '12.30

208,90
209,00

50.70
50.60

. 1050

10.50

215.60
215,60

49,90

49.90

25435
25.40

197.05
197.10

31.95
31.90

2.25
2445

206,70
206.80

43.80
43.75

2,60
- 2s55

226,40
226,45

92.70
92.55

8.80
8.90

250,70
250,60

102.30
102.45

23,60

224,10

224,10

79.25
79.20

'14015
-14.25

236,10
236.25

92.85
92,90

13.10
13,20

- 218.80

218.80

70.65
70,60

22.75
22.75

195.90
195.75

49.50
49.40

"'4. 10
-4.,00

206.25
206.35

61,60
61.60

9.20
9.20

229,85
229.90

86.70
86,70

11.75
11.90

248,60
248,60

92.00
92,00

27.65
27,65

22540
225.05

T1.35
71.30

-8.55
-8.55

161,85
161,90

37.20
37.20

14.25
14.35



INVEST- MEASURE-

IGATOR  MENT A

FILM 9:

2 ( 178.05
1: b & 48.80
2: ( 48.95
1: 4 ( 12.30
2: ( 12.40
FILM 10:

1: . 185.70
23 ( 185.75
1: b ( 56.20
23 ( 56.20
1: a § 1e.90
2: ( 12.80

B

Table 1. (Continued)

206,65
206,75

43%.80
45.70

2,75
2:75

209.90
209.95

46,20
46.20

15,60
15.55

lo

236,10
236,20

92.85
92.90

13.10
13,20

243.95
244,00

98.20
98.15

18,75
18.75

206,35

206.40

 61.60

61,70

9.30
9.40

212,65
212,70

66,70
66.75

19.55
15.65

161,90
162,00

37,15
37.25

14.35
14.50

169,60
169,75

45.20
45.10

13.40
13,50
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Standard

Deviation Variance
I: X  +0730 .0053
¥ . 1504 .0226
z L1714 | . 029k
1: X .0528 .0028 e
¥ 1106 .0122
z 1681 .0282
At x L0732 ©,005k4
y 0157 .0002
z .1138 .0130
B: x .1081 0117
y  .0226 .0005
z .1509 0228
c: x . 0662 . 004k
y 0140 .0002
z 41689 ©,0285
I .0738 .0055
1 0998 0096
At .0668 0045
B A -0571‘[’ l0033
oF .0927 L0046

TABLE THRED

Standard Deviation and variances

in Celculated Positions of A, B, ¢, I, i,
in Both XYZ Coordinates and in Linear Distance.



& TP =

F.MAX CRITICAL vaLust® .95
for & B C: X 2.66 5434
¥ 2,50 534
Z 2.19 5.3”’
for 1 ABC: £ 3.77 s 3L
y 61, * 6.31
% Zel? 6.31
for T ABC:x 2.21 6.31
y 103, * 6.31
z 2:26 6.3

F TEST

fTor i I X lo
y 1.
z l.

F _MAX

SEMeas y of A B C

CRITICAL VALUE

CRITICAL VALUELY? @.05
66 3.37
85 337
o4 337

18,9 6.31

TABLE FOUR

Various F Tests

and I Max Tests
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s 2.576.5 = ,01 level of
; confidence
ir x .0557
v Bkl
Z .1681
TABLE FIVE

Larger Standard Deviation
Of XYZ Coordinates of I and 1
At .01 Level of Confidence





