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The problem of estimation of morbidity among the emergency
workers who, participated in the clean-up work on the Chernobyl
nuclear power station after the 1986 accident, is considered
taking into account the irregular participation of these work-
ers in the annual health examinations. The link with the prob-
lem of the unobserved morbidity process estimation on the base
of the diagnosis registration process is discussed. A methodol-
ogy for morbidity estimation, stable in respect to the random
fluctuations, is described.

The methodology has been used for of morbidity dynamics es-
timation among emergency workers during 1986-1993 period in 12
standard classes of diseases. Results show insignificant
changes during this period for the class “ Infectious and para-
sitic diseases” , a fourfold increase for class “ Mental disor-
ders” and an almost tenfold increase for “ Diseases of the
nervous system and sense organs” . The estimated increase is
less than the “ observed morbidity” increase because of the
“ accumulated morbidity” effect.

The work is devoted to the problem of For the morbidity estimation it is more
morbidity dynamics estimation among par- convenient to use not the transition
ticipants in the clean up operations rate but the probability to stay healthy
after the accident on the Chernobyl Nu- during a time interval [ t,, t,]underthe
clear power station. The morbidity esti- condition, that in time t , the person of
mates are based on the results of the age x,was healthy. Using notation for
annual health examinations of the co- the transition rate Hx,tr) one can
hort, registered in the Russian National write this probability as

Medical-Dosimetric Registry. The ap-
proach uses the mathematical methods for

iy
estimation of the stochastic processes
in the presence of uncertainty: irregu- S(Xa r tlt) 2 exp( fJ‘ HTE ¢ )0 nd T.
lar participation in the annual health t
examinations of the registered people,
observation not of the morbidity proc- For the small value of the exponent
ess, but the process of the disease reg- index this probability can be expressed
istration, lack of the prior information as
atr)lout the morbidity ?ynamics model.h d
These uncertainties force to use methods = ~
for estimation of unobserved processes P 1t d), 1&6x. 61X,
and methods for optimal model selection ty
on he base of the limited amount of em- ~ J‘ -t + _
pirical data. HT-t+x, 1)d T

7]

Theoretical background . .
9 The expressions above give the rela-

Theoretically morbidity is a rate of tionship between the transition rate and
a person transition from the health the probability to become sick for a
state to the sick state. This rate de- single person. In reality the morbidity
pends on the age of the person X, time estimation is made using the results of
t, vector of different risk factors r. health examinations of a group of peo-

ple, where every person has its own set
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of risk factors. In the result the esti-

mated morbidity reflects the averaged
morbidity for the given group of people,
which depends on each individual rate of
transition, and therefore it depends

upon the group composition. Further, the
morbidity is related not to the time
moment, but to the time interval. For
example, one can speak about the morbid-
ity in a given year or in a five year

interval. This means, that in the ex-
pression for the conditional probability

to become sick during a time interval

one should use the rate of transition,
averaged over the distribution of the

risk factors among healthy group members
in the time interval | t,, t,. The prob-
ability of the disease in the time in-

terval takes the form

plt,t) #t ,8), U, .

where 1, -the rate of transition, av-

eraged over the distribution of the risk

factors on the time interval | t, t)]
The last expression one can consider as

a definition for the morbidity on the

time interval [ t,, t,]inthe given

group.

The results of the annual health ex-
aminations of the emergency workers co-
hort are the diagnosed cases of the dis-
eases. In this article for any person
only the first diagnosed case is consid-
ered. This means that we are estimating
the incidence rate. The probability to
diagnose the disease in the given year
can be estimated by the ratio between
the number of diagnosed cases in this
year investigated during the year. This
estimate is not directly the estimate
for the probability to become sick dur-
ing the year. Different people, investi-
gated in a particular year, could become
sick during the year of and previous to
the last health examination, when the
person has been considered to be
healthy, and the next examination. This
means, that the probability of the dis-
ease diagnosis depends as on the morbid-
ity dynamics of the previous years, and
therefore upon the practice of partici-
pation in the annual health examina-
tions. The real number of the new cases
each year is unknown. So the problem of
the morbidity dynamics estimation on the
results of the annual health examina-
tions leads to the problem of the unob-
served process estimation - incidence
rate, using observations of the other
process - new cases of the disease reg-
istration during the annual health ex-
aminations.

Relationship between the probability of
the disease onset and the probability of
the disease detection

Consider the case, when a person has
been examined at time t , and the disease
has not been detected. After this the
person skipped the health examinations
at times £, kl1<j<k2 , and had the next

health examination in time t .- The prob-
ability to find the disease in time t
in this case is equal to the probability

to become sick in the time interval [ t
t ,] under the condition, that the person

has been healthy in time t .- This prob-
ability equals to

k2

k1?

k2

pP(tat ) = tE ) My

J& 1+1

The probability to find the disease
intime  t,, among N, people, which have
been healthy in the last health examina-

tionis
N1
plt) =Y~ tut), =
k ,Zl Nk2 ki “Jk2
1 N k2
:N—Z (tj—tj_)l.lj,
k2 =1 j*K I +1

where t, is the time of the last health
examination of the i -th person, when the
disease has not been found.

The probability to find the disease
intime  t, one can rewrite in form

k2-1

Z(t,' _t,‘—p' ijI]l =N,-P(? )’ @

J=1

where n, is the number of people among
N people, examined in time t,, which has
had the last health examination before
time t,, t, st during which the dis-
ease has not been found. For convenience
the starting point of the follow-up is
denoted as  t . Itis important to say,
that in the frame of the model it is
supposed, that at the very beginning of
the follow-up period t , all members of
the emergency workers cohort has been
healthy. To fit this supposition to the
reality one is to construct the morbid-
ity estimates only for those people,
which has no diseases detected at the
moment of the registration in the regis-
try. If a person had the first health
examination several years after time t
one can consider this as a case of skip-
ping all previous health examinations.
So, the approach described can be used
as in the case of the follow-up drops
out, so in the case of the follow-up
drops in.
Equation (1) for different times t
composes the system of linear equations.
The element of the system matrix, corre-
sponding to the i -th line and J -th col-
umn ( j<i )isthe number of people,
examined in the time t, and which could
became sick in the time interval [
t,]. The right part of the system is the
vector of the mathematical expectations
for the number of diagnosis, found in
different years. For the morbidity esti-
mation one has to use the numbers of
diagnosis instead of unknown mathemati-
cal expectations. The solution of the

N
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linear system is the vector of yearly
morbidities, which eliminates the influ-
ence of the irregular health examina-
tions participation on the morbidity
estimation.

It is interesting to compare the so-
lution of the system (1) with the “ ob-
served morbidity” - the ratio between
the number of the first diagnosed cases
of the disease in the year of examina-
tion and the number of examined in this
year people. The “ observed morbidity”
is the solution of the system (1) in a
case of diagonal matrix, which in tern
is the case of regular 100% participa-
tion in yearly health examinations. It
is easy to see, that in the case of ir-
regular participation in yearly health
examinations the “ observed morbidity”
is higher, than the system (1) solution.
This is a result of the “ morbidity ac-
cumulation” effect resulting from the
undiagnosed sick cases because of
skipped health examinations.

The other morbidity estimate - the
ratio between the number of the first
diagnosed cases of the disease in the
all period of the follow-up and the per-
son-years under the risk can be derived
from the system (1) as well. To do this
one can suppose, that the morbidity es-
timates for different years of health
examinations should be equal. The solu-
tion of the system then is the ratio of
the sum of the right part vector ele-
ments to the sum of the system matrix
elements. This estimate reflects the
averaged in the whole period of the fol-
low-up morbidity in contrast to the es-
timate, described in the article, which
obtains the dynamics of the morbidity.

The morbidity estimate stabilization

The morbidity estimate is the solu-
tion of the system of linear equations
(1) with the number of new diagnosed
cases in different years as a vector in
the right part of the system. The number
of diagnosed cases is effected by the
stochastic fluctuations, which causes
irregular changes in the system solu-
tion.

To diminish these changes in the so-
lution of the system - to stabilize the
estimate, one can use the regularization
technique [1] combined with the proce-
dure for the regularization parameter
value selection on the base of empirical
data of limited size. To do this one has
to apply a restriction on the vector-

solution | of the system (1) in form

W =By =pu B Ry,

Matrix  Bis selected in such a way,
that the stabilization functional
gets low values for not mush changing
functions and get large values for high
oscillating functions. If one takes the
value of increase in morbidity estimate
in subsequent years as a measure for the
estimate fluctuations, the matrix

@

Y(w

Bcan

be constructed as two diagonal matrix

with  m-1 lines and mcolumns
1 1 -
-1 1
B = ;
-1 1
L _1 1_

where m- the total number of the health
examinations. It is clear, that if the
morbidity estimates do not change for
different years, the value of the stabi-
lization functional is zero. In the case

of high fluctuations in the morbidity
estimate this functional gets large val-
ues. The restriction value ycontrols
the degree of fluctuations in the system
(1) solution. It is easy to rewrite the
problem of the system (1) solution under
the restriction (2) in the form of the
unconditional minimization problem

Iv-cuf’ +a|g) 0Q - min.  ©

where Y- vector in the right part of

the system (1), elements of matrix Care

calculated in correspondence with the
formula G =( -t )n,, value of parame-
ter a - the regularization parameter,
has to be in consistency with the value
of random disturbance in the right part
of the (1) and the smoothness property
of the solution.
In practice the techniques are used
for selection of the regularization pa-
rameter a value, which provide the sta-
ble solutions in the case of the infi-
nite small disturbances in the data [2].
In the case of finite disturbances in
the empirical data one can select the
value of the regularization parameter
using the principle of optimal model
selection [3]. To implement this princi-
ple consider the solution of the problem
(3) under the fixed value of the regu-
larization parameter a as a result of an

operator A, action on the random vector
of the system (1) right part. The opera-

tor A, is defined by the problem (3) and
can be written as the matrix operator

A, =(C'C+aB B’ C.

For a =0 this operator corresponds to
the least squares method.

The result of an operator
on the random vector of the system (1)
right part is the morbidity estimate and

the operator Aq can be considered as a
“ morbidity model” . The set of opera-

tors A, for different values of the pa-
rameter a forms the class of F. In this

terms the problem of the parameter a
selection can be considered as a problem

Ay action
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of a model selection, which is more ade-
guate to the empirical data, in the set
F.

To formalize the model selection pro-
cedure in the set Fone is to define the
model performance functional as the mean
value of the loss function

‘]a = M"Y_ CAI )”2

The averaging is made on the random vec-
tor Yof the system (1) right part dis-
tribution - distribution of he number of

the disease diagnoses. The functional

has a meaning of the mathematical expec-
tation of the error, which produces the
model for a fixed value of the parameter

a in the respect to the empirical data.
The distribution of the vector

known. In this case one has to use not
just the functional (4), but its esti-

mate, derived in [3] using the func-
tional of empirical losses. The last
functional is the performance of the
model, calculated on the same data,
which have been used for the morbidity
estimation. The specific feature of the
estimate, derived in [3], is that it is

a uniform estimate. In the other words
this estimate is valid with the given
probability for all models from the set

F at the same time. The last means, that
this estimate can be used to select the
model, which supplies in the model set
the “ guaranteed minimum” value for the
functional J4 The condition for selec-
tion of such a model is formulated in

[3] as minimization, in respect to pa-
rameter @, the criterion

J

ea

K = ,
® 1-2sp(CA)/ m

“

Yis un-

where J,, = ||Y -CA, Y"2 - the square re-
sidual value for the problem (3) solu-
tion under the fixed value of parameter
a. Minimization of the criterion

made for the values of the regulariza-
tion parameter, which satisfy the re-

striction 0<2sp(CA g)<m.

Ky is

Results of the morbidity dynamics
estimation among emergency workers

The approach, described in the previ-
ous part of the article, has been used

Ja

to analyze the morbidity dynamics for
different classes of diseases in the

period 1986-1993 among participants in
the clean up operations after the acci-
dent on the Chernobyl Nuclear power sta-
tion - emergency workers, living in Rus-
sia. The analysis has been conducted in
the frame of the collaborated research
methodological project “ Effects of Ra-
diation on Health - Risk and Projection
Models” , run by the Russian Academy of
Sciences, the Russian Academy of Medical
Sciences and the Heidelberg Academy for
the Humanities and Sciences (Germany)
[4]. The data represented a random sam-
ple of records about 11043 emergency
workers, registered in the Russian Na-
tional Medical-Dosimetric Registry [5].
This information includes the registra-
tion data, results of the annual health
examinations from 1986 till 1993, dis-
ability information. In the analysis

only results of the annual health exami-
nations and information about chronic
diseases at the time of registration

have been used. Dosimetric information,
time and duration of work in 30-km zone
and disability information have been
skipped from the analysis.

The morbidity dynamics estimation has
been produced for 12 classes of dis-
eases, listed in the Table 1.

In the Table 2 for the 12 classes of
diseases are given the numbers of per-
sons, examined in every year, which have
not had the disease before, the number
of the first diagnosed cases of the dis-
ease in the year, the “ observed morbid-
ity” per 100,000 population. It is to
be mentioned, that the table is con-
structed using the information only
about 11043 emergency workers, randomly
sampled from the Russian National Medi-
cal-Dosimetric Registry data base. This
is the reason, why the numbers in the
table does not reflect the state of the
whole Registry. They are provided for
the morbidity estimation better under-
standing.

The results of the morbidity dynamics
estimation for the mentioned above
classes of diseases per 100,000 popula-
tion are presented in Table 3.

Figures 1 - 12 show the “ observed
morbidity” (dashed curve) and the mor-
bidity estimate, for each of the 12
classes of diseases obtained using the
described approach, (solid curve).

10
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Table 1
Classes of diseases
N Class of diseases ICD-9 codes
1 Infectious and parasitic diseases 001 - 139
2 Neoplasms 140 - 239
3 Malignant neoplasms 140 - 208
4 Endocrine, nutritional and metabolic dis- 240 - 279
eases
5 Diseases of blood and blood-forming organs 280 - 289
6 Mental disorders 290 - 319
7 Diseases of the nervous system and sense or- 320 - 389
gans
8 Diseases of the circulatory system 390 - 459
9 Diseases of the respiratory system 460 - 519
10 Diseases of the digestive system 520 - 579
11 Diseases of the genitourinary system 580 - 629
12 Diseases of the skin and subcutaneous tissue 680 - 709
Table 2
Number of examined people without the disease before, number of the first diagnosed
cases, “ observed morbidity” per 100,000 population for each class
1986 1987 1988 1989 1990 1991 1992 1993
Class 1
# of people examined w/o disease before 549 2942 6319 6441 7043 6984 7424 7264
# of the first diagnosed cases 0 1 19 24 32 36 44 49
“ Observed morbidity” per 100,000/class 0 34 301 373 454 515 593 675
Class 2
# of people examined w/o disease before 552 2950 6336 6456 7069 7012 7438 7259
# of the first diagnosed cases 0 1 13 24 33 50 60 72
“ Observed morbidity” per 100,000/class 0 34 205 372 467 713 807 992
Class 3
# of people examined w/o disease before 554 2955 6343 6472 7100 7061 7512 7367
# of the first diagnosed cases 0 1 3 5 6 11 14 24
“ Observed morbidity” per 100,000/class 0 34 47 77 84 156 186 326
Class 4
# of people examined w/o disease before 547 2941 6314 6402 6952 6807 7104 6682
# of the first diagnosed cases 0 8 51 90 153 230 383 462
“ Observed morbidity” per 100,000/class 0 272 808 1410 2200 3380 5390 6910
Class 5
# of people examined w/o disease before 549 2946 6339 6465 7090 7037 7472 7316
# of the first diagnosed cases 0 0 9 9 18 27 27 24
“ Observed morbidity” per 100,000/class 0 0 142 139 254 384 361 328
Class 6
# of people examined w/o disease before 546 2912 6223 6260 6717 6470 6718 6181
# of the first diagnosed cases 3 39 118 199 323 342 474 503
“ Observed morbidity” per 100,000/class 549 1340 1900 3180 4810 5290 7060 8140
Class 7
# of people examined w/o disease before 517 2855 6096 6107 6540 6294 6468 5849
# of the first diagnosed cases 0 7 147 199 277 390 723 1008
“ Observed morbidity” per 100,000/class 0 245 2410 3260 4240 6200 11200 1720
Class 8
# of people examined w/o disease before 527 2885 6181 6252 6726 6569 6838 6449
# of the first diagnosed cases 0 12 78 163 198 260 381 452
“ Observed morbidity” per 100,000/class 0 416 1260 2610 2940 3960 5570 7010
Class 9
# of people examined w/o disease before 523 2838 6123 5997 6179 5750 5750 5272
# of the first diagnosed cases 0 23 293 511 550 645 683 657
“ Observed morbidity” per 100,000/class 0 810 4790 8520 8900 11200 11900 12500
Class 10
# of people examined w/o disease before 520 2825 6070 6153 6593 6377 6553 6167
# of the first diagnosed cases 0 6 64 186 249 328 496 627
“ Observed morbidity” per 100,000/class 0 212 1050 3020 3780 5140 7570 10200
Class 11
# of people examined w/o disease before 546 2941 6311 6430 7035 6966 7357 7141
# of the first diagnosed cases 0 2 19 26 51 75 116 167
“ Observed morbidity” per 100,000/class 0 68 301 404 725 1080 1580 2340
Class 12
# of people examined w/o disease before 546 2940 6312 6419 7009 6911 7323 7144
# of the first diagnosed cases 0 1 30 46 69 77 92 80
“ Observed morbidity” per 100,000/class 0 34 475 717 984 1110 1260 1120

11
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Table 3
The morbidity dynamics estimation for the Classes of diseases per 100,000 population
1986 1987 1988 1989 1990 1991 1992 1993
Class 1 36 96 197 276 325 360 388 414
Class 2 20 76 180 297 393 499 564 621
Class 3 13 24 40 62 85 119 150 184
Class 4 96 335 764 1340 2020 2850 3740 4300
Class 5 15 44 96 140 191 229 226 218
Class 6 621 9487 1580 2550 3380 3930 4540 4930
Class 7 232 790 1810 2880 4100 5850 8110 9890
Class 8 183 537 1150 1910 2450 3090 3770 4250
Class 9 645 1770 3730 5630 6390 6950 7010 7110
Class 10 82 487 1270 2350 3210 4200 5290 6100
Class 11 34 112 253 424 646 903 1180 1410
Class 12 46 160 365 556 686 747 756 726
Figure 1. ICD-9: 001-139. Figure 2. ICD-9: 140-239.
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Figure 3. ICD-9: 140-208. Figure 4. ICD-9: 240-279.
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Figure 5. ICD-9: 280-289. Figure 6. ICD-9: 290-3109.
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The exceeding of the “ observed mor-

bidity” over the morbidity estimate for

all classes of diseases demonstrate,

that the approach described in the arti-
cle adjusts the phenomena of the “ mor-
bidity accumulation” between the health
examinations, which is the result of the
skipping of some examinations by some

10000

people. The excess is as higher as
higher is the real morbidity.

Figure 13 shows morbidity estimates
for three classes of diseases: “ Infec-
tious and parasitic diseases” (the
lower curve), “ Mental disorders” (the
middle curve) and “ Diseases of the
nervous system and sense organs” (the
upper curve).
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Figure 13.
eases.

From the chart one can see, that the
morbidity in the class “ Infectious and
parasitic diseases” changes in time in-
significant, the morbidity in the class
“ Mental disorders” during 1986-1993
has grown up approximately 4 times, mor-
bidity in the class “ Diseases of the
nervous system and sense organs” for
the same period has grown up 10 time and
tends to grow in the future.

Conclusion

The consideration allows one to make
a conclusion about the effectiveness of
our approach, described in the article,
for estimation of the morbidity dynamics
on the results of the annual health ex-
aminations. It is demonstrated, that the
“ observed morbidity” exceeds the pro-
posed estimates. The combination of the
method for regularization of the esti-
mates and the method for regularization
of parameter selection on the limited
amount of empirical information gives
the morbidity estimates, which are sta-
ble in respect to the stochastic fluc-
tuation in empirical data.

Morbidity estimates for 12 classes of
diseases, calculated on the sample of
data from the Russian National Medical-
Dosimetric Registry in 1986-1993, show

89

90

14

91 92 93

Morbidity estimates among emergency workers for three classes of dis-

the different dynamics of morbidities in
this period. This can either be a result

of the different risk factors that are
present, or of improvements made in the
diagnostsis of the diseases.
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