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A natural question one may ask is that if we could observe
the caries process in action and conduct live clinical trials,
what could a simulated clinical trial tell us? The answer is
that we can observe neither the caries process nor a clinical
trial very precisely. This is so because all clinical data are
obtained through the effort and instrumentation of an
examiner. Furthermore, the caries process, as a dynamic
process, follows Heisenberg’s principle of uncertainty.
During the course of a clinical trial, not only the caries
process changes, but the examiner changes also, and they
influence each other. Unfortunately, a perfect examiner
does not exist. However, through time and experience he
may become more experienced, although not necessarily
better. What we obtained as data was actually a blurred
version of the true process through the lens of instru-
mental limitations and certain human errors. In view of the
above uncertainties, a simulated trial where a “true” and a
blurred set can be created at will, according to acceptable
principles and distributions, will give us a tool to look into
the nature of the process and probable solutions to some of
the very gnawing problems. There are many interesting
aspects; however, due to the constraints of time and space,
we will concentrate on the following three problems:

(1) Measurement. 1s thére a more appropriate measure
for caries experience than DMFS?

(2) The effects of professional intervention. What
happens to the caries experience of a population if there
is professional intervention? The benefits notwithstanding,
from the clinical trial point of view, such intervention
produces some fillings, not because the surfaces were
carious, but because of the restorative procedures. To what
degree does this loss of innocent surfaces further blur the
measure of caries experience? .

(3) The effects of diagnostic errors. What happens to the
caries experience of a population if the examination is
subject to, say, x-percent of error? The question is innocent
enough. The answers, however, are quite complex, because
they depend on the kind of error that has been committed.
Was it unbiased error, ie., the error could go either way?
Was it biased error, i.e., the error is deliberately committed
for some purpose? The consequences of these errors could
be quite different.

A brief description of the simulation of a caries
process and clinical trial. ’

Simulation has proved to be quite a humbling task.
According to some beliefs, the world was created in six
days, and on the seventh day the Creator rested. However,
if we view.the record of man’s own millions of years of
evolution, there is ample evidence suggesting that trial and
error were at play. What we see today is what was left. But
nature does not always bury its mistakes: The evolutionary
process is succinctly, but honestly, recapitulated through
various stages of embryonic development. By the same
token, in order to simulate the current caries process, it is
imperative that we simulate the target population from
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infancy to adulthood and specify the underlying distribu-
tions that govern all the changes and turns of this phenome-
non, however big or small. In the passages to follow, we
shall give a brief description of this procedure.

The procedure of simulation. —

(1) The selection of an underlying distribution which
governs the survival time of dental surfaces. What we are
seeking is a mathematical representation of the distribution
of survival time with respect to length of exposure and
caries lesions. To put it more explicitly, we are particularly
interested in parametric changes associated with the follow-
ing situations:

(a) the values of parameters which render the survival
time independent of length of exposure, and

(b) the values of parameters which make the survival
time a function of length of exposure such that a surface
that has been exposed to the cariogenic environment longer
has less chance of surviving a caries attack than one which
has been exposed for a shorter period. Since, from past
experience, the survival time could be described very well
by the exponential distribution (Carlos and Gittelsohn,
1965), it seems reasonable to use a more general distribu-
tion which contfains the exponential as a special case. We
know that the gamma distribution has this property, and
this is the reason for adopting the gamma distribution as a
descriptive model of survival time.

The Gamma Distribution. — If random variable x is
gamma-distributed with probability density function,

f(x, a,1) =(I—E—D—!(aXJ r—le—ax <y,

=( otherwise
where 1 is a finite positive integer. Then

(6))] if{r=>tl - o o
PX_.i+tnIX_i =P x>t +1t |X___~ =
Pr-{thn} } { ] n j}

@) f2<r, >4
P{x-—>—ti +1i, | X..>.ti}'<Pr {thn}

(i) if t;, tj, tn > 0,2 <r<oo, t; >t;, then
P{thi +in | thi} >P{X12tj +1i, ] thj}

We observe that, for r = 1, the gamma distribution reduces
to the exponential distribution with probability density
function

f(x, a, 1) =ae—3,

According to property (i), the survival time is independent
of exposure times t; and t; (t; ¥ t;), because it is identically
equal to that of new surface, P {xJ?tn} .

If r 2 2, according to property (ii),

P {XZti +i, | thi} < P(in}

The surface which has been exposed for a period of t; is
always less likely to survive a caries attack than a new
surface,
Furthermore, according to property (iii), we know that
P {X Zt; 1, | thi} >P {thj +ig | thj}
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It suggests that, as long as the survival time follows a non-
exponential gamma distribution, the surface with a longer
exposure:is less likely to survive caries attack than one with
a shorter exposure. We have thus arrived at a theoretical
interpretation of the difference in survival time behavior,
ie., there has been a change in the value of r=1 to 1222, It
would be of heuristical importance to locate those factors
responsible for such a change. :

It can be shown that the associated distribution of caries
lesions is the negative binomial distribution.

(2) The distribution of eruptions and exfoliation of the
deciduous dentition. The times of eruption and exfoliation
of each of the deciduous teeth were assumed to be normally
distributed with various means and S.D. (Logan, et al,
1933).

(3) The time lapse between deciduous exfoliation and
permanent eruption. The time lapses between deciduous
exfoliation and permanent eruption are assumed to be
normally distributed, with means = four months and S.D.
= six months.

(4) The distribution which determines the sequence and
time of eruption for the permanent dentition,

(5) The onset of caries attack rates specified according
to vulnerability of tooth surfaces from existing experi-
mental data. The caries process stress was applied to the
dentition at two years of age.

(6) The changing nature of survival time due to changes
in the immediate neighborhood. It was assumed that a
qualitative change in a surface would also affect the survival
time of the adjacent surface of a neighboring tooth. These
changes were brought about as follows: When a surface is
restored by filling, its neighbor’s survival time gains the
advantage of being multiplied by a factor with distribution
N (2, 1.5); and if a surface is absent from the neighbor-
hood, its neighbor’s survival gets an advantage factor with
distribution N (4, 1.5). On the other hand, if a surface ac-
quired a new neighbor by eruption, its survival time re-
verted immediately to its natural expectancy.

From a data sample gathered from 1109 adults, we
classified the surfaces according to the respective decay
risks as shown in Table la. (For convenience, it is con-
verted to categories as in Table 1b.) By manipulating the
parameters a and 1, we were able to assign the “observed”
risks as follows:

DECIDUOUS
RISK VH H M L VL
R 2.000 2.000 3.000 2.000 4.000
ALPHA  1.500 1.000 1.000 0.500 0.800
PERMANENT
RISK VH H M L - VL
R 3.000 3.000 3.000 5.000 5.000

ALPHA  1.000 0.500 0.200 0.200 0.100

where VH = very high, H = high, M = medium, L =low, and
VL = very low.

(7) The distribution of examiner’s error. We reiterate
that the perfect examiner does not exist. All examiners are
subject to a certain error percentage We are assuming that
we have a reasonable examiner whose error rate is no more
than 10%. The examiner is unbiased in that his errors can
go in either direction. Note, however, that in the state SI
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TABLE 1A :
RISKS OF DECAY OF DENTAL SURFACES IN
ADULT POPULATION (N=1109)

Anterior
M, Inc. Can.

Posterior
By B, My

i
|

Upper 055 064 088  0.83
Occlusal ;' er 033 060 081 084

|
1

. Upper 005 007 051 027 013 006
Lingual — roer 002 007 024 019 001 001
Buccgl | UPPET 006 005 019 025 006 007
Lower 008 010 0.52 037 001 001
Mesag  Upper 025 049 066 043 030 020
Lower 0.10 030 060 053 004 005
Distal Upper 0.52 059 052 025 029 0.24
Lower 030 056 059 028 005 007
TABLE 1B
PROBABILISTIC WEIGHTING — VERSION I
M, M; B, B C I
Upper VH VH H H - -
Occlusal i wer VH VH H M - -
. Upper M H VL VL VL L
Lingual ;0o L M VL VL VL VL
Upper M L VL VL VL VL
Buccal Lower M  H L VL VL VL
. Upper M H M M M M
Mesial Lower H H M L VL VL
: Upper M H H H M M
Distal Lower M H H M VL VL
TABLE 1C
DIAGNOSTIC ERROR MATRIX OF OUR EXAMINER
States
True State S 13 I Dy D,
$=0 0.9000, 0.1000, 0.0000, 0.0000, 0.0000
I 0.0500, 0.9000, 0.0500, 0.0000, 0.0000
I, 0.0000, 0.0500, 0.9000, 0.0500, 0.0000
D; 0.0000, 0.0000, 0.0500, 0.9000, 0.0500
D, 0.0000, 0.0000, 0.0000, 0.1000, 0.9000

*11 and I, are successive stages of incipiency; D and D are suc-
cessive stages of actual decay. These were subsequently collapsed in
the model to I and D, respectively.

(sound surface developing an incipient lesion), the error can
go only in one direction. .Similarly, D, — D; can also go
only in one direction. But there are many more S surfaces
than D,’s; therefore, the error rates may be equal, but there
will be more S = I errors than D, - D; errors. The follow-
ing is the diagnostic error matrix of our examiner: The
effects of a biased examiner will be dealt with later.

(8) The specification of professional intervention. There
are four aspects we need to determine:

(a) The distribution of the time lag between decayed and
filled. The initiation of restoration -is always based on
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“clinical” judgment and is assumed to be normally dis-
tributed, with mean = 12 months, variance = six months.

(b) The equations of protection: (i) the protection
offered by professional intervention, e.g., the surface life
of a filling for this time is assumed to be permanent, i.e.,
safe until age 30; and (ii) protection by a preventive pro-
gram is assumed in the linear form y = A + Bx, where y =
the enhanced survival time, x = the true survival time at
time t, A=a constant, and B = the coefficient of protection.
In our simulation, the equations are as follows:

A B
Control 0 1
Treatment 1 1.5

(c) The distribution of sound surfaces lost due to re-
storative procedures.

By consulting life records in our files, the surface in-
volvements by filling are assumed as follows:

Probability of Type of Restoration

0 MO MD MOD
Occlusal 0.40 0.24 0.24 0.12
Decay
M,D ML,DL MB,DB MLB,DLB
Mesial & 0.10 0.36 0.36 0.18
Distal Decay

L4

(9) The transition distributions between states are
assumed to be normal, with mean and S.D. as listed below:

Mean S.D.

(yr) (yr)-
SI; *
L1, 0.50 0.50
I, D; 0.60 0.60
D; D, 0.75 0.50
D,M 2.00 0.50
D, F 1.00 0.50

*Incipience appearance controlled by gamma distribution,
as listed earlier.

The Harris 300 computer was used to keep track of all
surface development at all ages, between infancy and thirty
years. In compliance with the above specifications, two
populations were created. All subjects were identified and
raised from infancy, their deciduous teeth erupted and ex-
foliated, and their permanent teeth erupted according to
the distribution as specified. In order to simulate a clinical
trial, two samples of 400 subjects each were selected at
random. Each sample consisted of five age -groups (8, 9,
10, 11, and 12), each having 80 subjects. To one sample
was assigned a preventive program, and the other was used
as a control. The trial was run uritil all subjects were thirty
years old. However, for our purposes, we shall look only at
the first three years of this experiment. Because the search
for an appropriate measure of the caries experience has a
direct bearing on how we analyze the data, we now need
to examine the rationale before we examine the simulation
resulis.

The rationale of an appropriate measure. — As a rule, all
cariostatic agents tested in clinical trials are preventive
rather than restorative. Once a DMF has occurred, the
agent in question has very little effect on it. On the other
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hand, if an agent were to be effective, it must work in 3
manner that ejther prevents the sound surface from de.
veloping a lesion or prolongs the time from incipience to
frank caries. Logically, the measure of caries experience
should record the change from sound to incipience plug
that from incipience to frank caries. Since we examine the
subjects only at fixed time intervals, it is possible that a
surface might move from incipience to frank caries or
filled lesion within the interval; a similar development could
occur from sound as well. The measure to be formulated,
therefore, must consider these situations. Furthermore,
there are intrinsic differences in resistance to caries attack
among various types of surfaces on different teeth. This
factor should also be incorporated into the simulation
process. In the next section, these concepts will be treated
with more heuristic rigor.

The construction of a new measure of caries experience, ~
Heuristically speaking, the systematic search for a new
measure of caries experience requires a careful, detailed
examination of the transitional behavior of the caries
process over time, say, between points in time, t; and
ti+x, where i=0,12,..01—1; K = 1,2,..1~1, and i+k<r and
r = the total number of time periods the subjects were
examined.

For the sake of clarity, it is obvious that, at any time,
t, a surface can be in only one of the following five states:

(1) The sound state (S): A surface is said to be in the .
sound state if it -has no observable signs of any caries
activity;

(2) The incipient state (I): A surface is said to be in the
incipient state if it has signs of caries activity but with no
observable cavitation; )

(3) The decayed state (D): A surface is said to bein the
decayed state if it has an observable cavitation;

(4) The filled state (F): A surface is said to be in a filled
state if it has a filling involvement;

(5) The missing state (M): A surface is said to bein the
missing state if, after eruption, it has become absent from
the oral cavity.

LetI=I; +I,and U=D+ F+ M.

We may succinctly say that a surface at any time t
must be in one of the three states, namely, S, I, or U.

Since the purpose of clinical trials is to detect the dif-
ferences in the changes of states of the groups, the most
serious defect of the current DMFS measure is that it only
measures the end results, but pays no attention to the
transition. We shall now delineate all possible transitions
that could take place in a time interval.

Consider two consecutive times — say, t; and tjy. It is
also obvious, for any time interval (t;, tj4x), that a surface
at tiy can be in only one of the following nine fransition
states:

Transition Description and remarks of transition states
1. 88 The surface remains sound for the interval;
its condition did not become worse — a
favorable holding transition.
2. 11 A surface remains in incipiency for the
interval; also a favorable holding transition.
3.U0U Surface remains a DMF for the interval. Its

condition could not become worse, from the
preventive point of view. A moot holding
transition.
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4. S1 Surface changed from sound to incipiency; its
condition took a turn for the worse — a
natural deteriorative transition.

Surface changed from incipiency to DMF;
condition took a turn for the worse — a
natural deteriorative transition.

Surface changed from sound directly to
DMF, a drastic change for the worse. Most
transitions of this kind, however, were due
to the involvement of innocent surfaces by
restorative procedures. Only in rampant
caries would an SU occur naturally. An
artificial deteriorative transition.

5. 10

7. 18 An incipient surface observed as sound —a
diagnostic reversal.

A DMF was observed as an incipiency — a
diagnostic reversal.

A DMF was observed as sound — an unlikely
diagnostic reversal.

8. Ul

9. US

The geneological flow of the states and transactions is
sketched in Fig. 1.

From Fig. 1 it is apparent that the DMFS at any time t
comprises IU + SU + UU. Since the cariostatic agent in
question cannot act upon the UU, its inclusion in the mea-
sure serves no useful purpose.

The transition UU is mostly past history and has little
bearing on the current new caries increment. Since SU is
from sound to DMFS, it consists mostly of innocent surfaces
lost due to restorative procedures. The only part pertain-
ing to caries activities in DMFS is IU. The usefulness of
DMFS as a measure of caries activity is obviously very
inadequate. It appears that SI and IU are the only two
transitions dealing with current caries activities; the others
end up in U, but they got there due to some other irrelevant
circumstances. We shall now examine the simulated data
and see how all these transitions fared in the course of the
clinical trials.

Findings from the simulation results.

A. Test of transition means. — (1) The transition means
of the treatment and the control groups were compared by
t tests, and the results are summarized in Tables 2a and 2b.
We see that the resulis in general point in a similar direction
and magnitude, indicating that, although our examiner is
subject to 10% diagnostic error, his records nonetheless
have shown the same tendencies with respect to the true
condition. On the other hand, if he has biased diagnostic

—s ss N ss S $S N g

1 U NI I I 1 [ —
1 suU 1u SU 1u su

— U uy ] Yy Sy uy Ny —
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errors, the result will be quite different, which will be
dealt with later. We observe that the favorable holding
state transitions did not come into significant agreement
until the third year. This is quite disappointing, mainly
because the variances of these two transitions are quite
lazge.

(2) The two natural deteriorative transitions, SI and IU,
came into significant difference after one year. The artifi-
cial deteriorative transition, SU, and the existing holding
state, UU, also came into significance in the second year.

(3) There were significantly more reversals, IS, in the
treatment group than in the control group, as expected.

TABLE 2A
COMPARISONS OF TRANSITION MEANS BETWEEN
TREATMENT GROUPS BY DIAGNOSTIC STATUS AND YEARS

True Treatment Control t Values

SS 63.76 61.96 1.20

1I 1.37 0.68 9.99

Year 1 uu 3.32 3.36 -0.17
SI 0.00 1.59 ~26.14

U 0.46 1.10 -9.97

SuU 0.82 0.93 -1.07

SS 78.80 75.68 1.73

u 0.82 0.87 -0.78

Year 2 uu 4.59 5.38 . -2.62
S 1.04 1.79 -8.50

U 0.55 142 -12.40

SuU 0.87 1.35 -4.13

SS 92.19 87.29 3.03

1! 1.41 0.99 5.35

Year 3 uu 6.00 8.15 -6.18
SI 1.18 2.14 -9.75

U 0.45 1.68 ~17.24

Su 0.68 1.50 -7.64

TABLE 2B

COMPARISONS OF TRANSITION MEANS BETWEEN
TREATMENT GROUPS BY DIAGNOSTIC STATUS AND YEARS

Diagnosed Treatment Control t Values

SS 57.32 56.13 0.84

I 1.45 0.89 7.61

uu 3.27 3.34 -0.28

Year 1 SI 3.14 4.31 -9.33
U 0.53 1.15 -9.33

SU 0.80 091 -1.07

18 3.18 2.87 2.16

Ss 71.14 68.51 1.60

1T 1.02 1.12 -1.37

uu 4.60 5.38 -2.58

Year 2 SI 4.67 5.18 ~2.89
U 0.63 1.43 -11.04

SU 0.81 1.33 ~5.08

1S 3.80 3.52 1.82

Ss 83.28 78.98 291

1 1.56 1.29 3.04

uu ) 6.01 8.12 -6.08

Year 3 SI 5.47 6.02 -2.80
iU . 0.50 1.76 -16.80

sU 0.65 1.50 -8.03

18 ) 4.25 4.09 2.12

t>1.65 sig. P<0.05 for one-tailed test.
1>2.00 sig. P<0.01 for two-tailed test.
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TABLE 3.
THE ¢ TESTS OF DIFFERENCES BETWEEN TREATMENT AND
CONTROL MEANS OF THE THREE MEASURES (DMFS, TCI,
AND NCI) BY DIAGNOSTIC STATES AND BY YEAR

True Treatment Control t Values

DMFS U+SU+UU) 439 5.38 -2.62

Year 1 TCI (SI+IU+SU) 1.27 3.61 -17.57
NCI (SI+IU) 0.46 2.50 ~50.90

DMFS 6.00 8.15 -6.18

Year 2 TCI 245 4.55 -13.72
NCI 1.58 3.20 -14.38

DMFS 7.13 11.34 -10.92

Year 3 TCI 2.30 533 -17.71
NCI 1.62 3.83 -20.21
Diagnosis Treatment Control t Values

DMFS 4.59 5.38 -2.62

Year1 TCI 447 6.37 -9.31
NCI 3.66 541 -10.63

DMFS 6.03 8.14 —-6.07

Year 2 TCI 6.10 7.95 -8.06
NCI 5.29 6.61 -6.07

DMFS 7.16 11.37 ~10.89

Year3 TCI 6.61 9.27 -10.57
NCI 5.97 7.78 -8.36

“TABLE 4A

MEANS OF DMFS, TCI, AND NCI AND THEIR RESPECTIVE
COMPONENTS ACCORDING TO TREATMENT GROUPS,
DIAGNOSTIC STATUS, AND YEARS

T
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B. Analytical comparisons of the three measures. —

(1) The DMFS =1IU + SU + UU.

(2) The total caries increment (TCI).

© TCI=SI+1IU+ SU.

(3) The net caries increment (NCI). NCI = SI + IU.

1. The tests of significance between the treatment and
control means of the measurements — namely, DMFS,
total caries increment, and net caries increment. The
detailed ¢ test resulis are given in Table 3. It is quite evident
that all three measures are significantly different in their
means and {reatment of the control groups. However,
significant differences in this case are not enough: We
need to know how the significance comes about. More
precisely, how much of the variation in each of the mea-
sures came from pertinent componenis? — namely, from
transitions SI and I1U.

IL. Analysis of the partition of the means.

(a) Partition analysis gives the component contribution
toward the mean of each measure. The observed values of
DMF, TCI, and NCI are tabulated in Tables 3, 4a, and 4b,
and 5a and 5b, with respect to their component contribu-
tions. We note that the formation of the group means of
DMFS, although it contains the IU transition, can only
account for as low as 6% and at most 38% of its magnitude.
Had we used the DMFS as a measure of caries activity, and
supposing that we did obtain a significant difference, we
cannot be sure from our results that the significant dif-
ference was indeed due to the transition IU. The total
caries increment (TCI) fared much better; however, its
component SU was mostly reflecting conversions of sound
surfaces into fillings. It does not quite measure the incre-

TABLE 4B
MEANS OF DMF, TCI, AND NCI BY THEIR RESPECTIVE
COMPONENTS BY TREATMENT GROUPS AND YEARS

Control True Status True Treatment Group

St U SU uu SI U SU uu
Year 1 Year 1
DMFS - 1.10 0.92 3.36 5.38 DMFS - 0.45 0.82 3.32 4.59
TCI 1.59 1.10 0.92 - 361 TCI 0.00 045 0.82 - 1.27
NCI 1.59 1.10 - - 2.69 NCI 0.00 0.45 - - 045
Year 2 Year 2
DMFS - 142 1.35 538 8.15 DMFS - 0.54 0.87 4.59 6.00
TCI 1.79 142 1.35 - 4.56 TCI 1.04 0.54 0.87 - 245
NCI 1.79 142 - - 3.21 NCI 1.04 0.54 — - 1.58
Year 3 Year 3
DMFS - 1.69 1.50 8.15 11.34 DMFS - 0.44 0.68 6.00 712
TCI 2.14 1.69 1.50 - 5.33 TCI 1.18 0.44 0.68 - 230
NCI 2.14 1.69 - - 3.83 NCI 1.18 0.44 - - - 1.62
Control Diagnosed Status Diagnosed Treatment Group

SI U SU Uu- SI iU SU uu
Year 1 Year 1
DMEFS - 1.14 0.91 3.34 5.39 DMFS - 0.53 0.80 3.27 4.60
TCI 4.32 1.14 0.91 - 6.37 TCI 3.14 0.53 0.80 - 446
NCI 4.32 1.14 - - 546 NCI 3.14 0.53 — - 3.60
Year 2 Year 2
DMFS - 1.43 1.33 538 - 8.14 DMFS - 0.63 0.80 4.60 6.03
TCI 5.19 1.43 1.33 - 7.95 TCI 467 0.63 0.80 - 6.10
NCI 5.19 143 - - 6.62 NCI 4.67 0.63 - - 5.30
Year 3 Year 3
DMFS - 1.76 1.50 8.12 11.37 DMFS - 0.50 0.65 6.01 7.16
TCI 6.02 1.76 1.50. - 9.27 TCI 5417 0.50 0.65 - 661
NCI 6.02 1.76 - - 7.78 NCI 547 0.50 - - 597
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