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Pattern analysis in the study of infantile
diarrhoea and other epidemiological problems *

B. G. MANSOURIAN1 & B. McA. SAYERS2

The patterns imposed on records of epidemiological variables by spatial,
temporal, and other factors demand a special approach for their identification,
characterization, and interpretation. Over the last 10 years, a methodology based on
pattern analysis has been developed and put to the test in elucidating selected
epidemiological problems. The aim of this approach is to link the pattern or its
detailed features to factors likely to be important in understanding the origins of the
disease and the mechanisms underlying its occurrence; such knowledge may in turn
suggest methods that can be used to control the disease. Pattern analysis provides a
battery of techniques that can greatly enhance the cost-effectiveness of epidemiologi-
cal investigations. To exemplify these techniques, the applications ofpattern analysis
in the study of the infantile diarrhoeal complex and in elucidating the epidemic
spread of wildlife rabies are described. Some other examples are mentioned briefly
and comments are made on the more important techniques available.

The purpose of this article is to describe and explain some applications of pattern
analysis in the study of epidemiological problems. The methods involved have been
progressively developed and tested in selected epidemiological investigations over the
last 10 years. In view of the effectiveness of this approach, it appears likely that these
methods may be of more general application for a better understanding of the
distribution and determinants of health in collectivities.

THE NATURE AND ROLE OF PATTERN ANALYSIS

Epidemiological variables are commonly subject to some systematically varying
influences, longitudinal or spatio-temporal. Such effects impose patterns on a record and
records that bear significant patterns cannot be satisfactorily or safely treated by
statistical methods that disregard the presence of the patterns. Hence the need for a
special approach that accepts, clarifies, and aims to interpret any pattern that may be
present. A pattern can be described, loosely but usefully, as a recognizably organized
interrelation of features; in other words, it is an ensemble of values expressed as a
function of an independent variable (which might be time, space, or a sequential order).
A pattern might be unidimensional (as in the systematic changes of growth rate with age,
or in biomedical signals like the ECG or EEG), or multidimensional, such as the spatio-

* A French translation of this article will appear in a later issue of the Bulletin.
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temporal pattern of disease incidence, or the position-dependent variations of image
brightness (as in radiography, ultrasonography, or microscopy). The strategy of pattern
analysis is to establish the existence and character of any pattern in the epidemiological
record, and to link the pattern or its detailed features to concomitant or other factors
likely to be important in understanding the origins of the disease and the mechanisms
underlying its occurrence, and perhaps the intervention measures suitable for its control.

The relevance of this matter to public health and epidemiology warrants some
preliminary comments. Public health, in its task of maintaining healthy communities in a
healthy environment, spans a wide spectrum of sciences and techniques, related to
geopolitical and socioeconomic as well as biomedical domains. The human population
concerned can thus be viewed as a constellation of micro- and macrosystems interacting
with each other in their respective environments, so that thorough regulation of health
status would necessitate an accurate interpretation of their dynamic behaviour.

Scientific observation of such behaviour gives the necessary insight for understanding
those systems and many disciplines are required in this endeavour. Epidemiology
contributes one of the best approaches available for this purpose, its fundamental
concern being to study all the determinants of health (for example, natural history of a
condition, its distribution in the population, and cause-effect relationships).

However, to be rewarding, the epidemiological approach must be cost-effective in
terms of time and other resources expended for acquiring, processing, and interpreting
population-based data. For example, the choice of specific variables for longitudinal (i.e.,
sequential) observation of a given condition ought to be decided not only as a function of
existing knowledge about the pathology, but also in the light of available technology for
data collection (including biological measurements, organic function tests, and other
diagnostic techniques) and for extracting information from data that are often incomplete
and subject to great inherent variability. Pattern analysis provides a battery of suitable
techniques for use in such situations, enabling the epidemiologist to discover new facts
and uncover new approaches to the problems considered.

Two classes of problem often occur in epidemiology. The first deals with the spread of
disease and thus calls for a quantitative analysis of its spatio-temporal features. The
situation is that of a spatial distribution of individuals (infected, susceptible, or immune)
that is time-dependent. Their distribution in space is usually uneven and their contact
pattern may be very complex; the spread of disease can be, for example, generally
progressive (perhaps with seasonal periodicities superimposed on the underlying
process), or it may be intermittent or even sporadic, but certainly subject to statistical
variability. The second class deals with diseases that occur widely in the community but
that are incompletely understood. These tend to require either or both of two
approaches: one seeks to understand the longitudinal pathological picture in terms of
etiology as well as the severity and dynamics of the symptomatology; the other approach
attempts to link incidence or progressive development of the condition to some
concomitant factors. For example, associations might be sought between pathological
occurrences and certain environmental variables.

Typical questions that are posed in these two classes of problem would be directed to
elucidating, say, the spatial pattern of an epidemic, or the dynamic behaviour of selected
variables in a longitudinal epidemiological record. Examples of such questions are:
- Where, when, and by what functional mechanism does an epidemic spread? Is there

any functional relationship between propagation and environmental factors (e.g.,
features of the terrain) ?
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- How should the temporal evolution of disease (with or without intervention) in a
population be characterized?

- Are there any natural groupings of the individuals in the population in respect of
disease ?

- Can forecasts be made about the future course of a stochastic-like pathological
variable ?
The examples selected below will be seen to answer such questions; two specific

epidemiological problems are used, namely: weanling diarrhoeal disease, and a rabies
epizootic within a defined study area. The first problem is treated by analysing an
ensemble of longitudinal patterns, whereas the second is treated in spatio-temporal
terms. These examples illustrate the use of some of the techniques of pattern
analysis-others are explained in a separate section at the end of this article.

PATTERN ANALYSIS APPLIED TO THE INFANTILE DIARRHOEAL DISEASE
COMPLEX

The objectives of this kind of approach, in the specific example of weanling
diarrhoeal disease presented here, are threefold: (a) to achieve a quantitative characteri-
zation of the disease complex in terms of the physiological or physical variables measured
in a group of subjects at risk; (b) to detect and characterize the various normal features
of the population of records from the data itself, using an objective procedure without
a priori assumptions; (c) thence to identify episodes that occur in the particular infant
that must be treated as abnormal-with the consequent prospect of investigating possible
precursors (nutritional or pathogenic, for example).

The example demonstrates what can be expected from this kind of approach, and is
based on a study of infants investigated in the first two years of life in the city of Cali,
Colombia, by a team under K. W. Newell (who made available the data for this study).
Two physical variables were measured over a two-year period for each infant-the daily
defaecation count, and the weekly weight; the results of microbiological examinations
carried out monthly on specimens of excreta were also recorded, together with
socioeconomic data about each household.

Thus, two sets of longitudinal observations-daily defaecation count (or diarrhoeal
signal, DS) and weekly weight-are available for a group of approximately 150 infants;
more details are provided in papers by Mansourian et al.a and Sayers & Mansourian.b
The study attempts to answer certain basic questions: can the records be classified; can a
baseline description of all of the records be obtained; if so, what emerges from a
consideration of each record in relation to the baseline for all the infants?

The DS variable

The raw data for defaecation counts (DS) are highly variable and show no obvious
similarities (Fig. 1). However, their gross features can be classified by studying
histograms of their magnitudes. But histograms of the raw data are not informative. This

aMANsouRuAN, B. G. ET AL. A pattern analysis study of weanling diarrhoeal disease of infants. International journal of
epidemiology, 4: 173-188 (1975).

bSAYERS, B. McA. & MANsouRIAN, B. G. Pattern analysis of epidemiological variables applied in the study of weanling
diarrhoeal disease. Medical informatics, 2: 68-69 (1977).
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Fig. 1. Diarrhoeal signal (DS) records (daily defaecation counts) for four infants (i-iv) for the first
512 days after birth (compressed displays of the original tracings).
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Fig. 2. Histograms of smoothed DS records in two infants, illustrating the classifications A (left) and B
(right) on the basis of modal values (below 1.8 for class A, otherwise class B). Smoothing was achieved
by low-pass filtering the raw 512-point daily data at the 90th harmonic of 1 cycle per 512 days; thus
components with periods less than 512/90=5.7 days were removed.

is partly because of the discrete-number nature of the data (0, 1, 2, ... 9 per day) and
partly because individual values may deviate from the mean value as a result of random
disturbance rather than any systematic mechanism. Consequently, it is desirable to
consider each magnitude in the light of neighbouring magnitudes; this can be achieved by
smoothing the raw signal c before the histograms are formed. In this way, both problems

c This is achieved by low-pass filtering, a process conducted by digital computer techniques. See also p. 883.
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are solved and the records for individual children are found to fall into two distinct classes
(Fig. 2). Some of the histograms show modal values above 2.0 in the daily count; the
remainder show modal values distinctly below. Accordingly, the records are classified A
or B, and these types reflect the long-term mean levels around which the records finally
settle. The dichotomy can be identified in the first month of life; it is therefore possible to
forecast the ultimate class from behaviour during this period.

Establishing the baseline pattern

It is desirable to establish a baseline DS pattern against which individual records can
be compared; it can be created by forming an average profile, reflecting the typical
behaviour of the DS record as a function of age. The average profile is derived from the
average pattern (coherent average-see pages 883-884) of all of the records interpreted
in relation to the standard error of this average at each date. Such an average profile
displays one or two main features: a rise immediately or soon after birth, followed by a
fall after a month or so, with a subsequent return to the long-term level.
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Fig. 3. Average profiles of the DS variable for the records categorized by class and by group. The
statistically significant features are the initial transient rise in the DS (starting immediately at day 1 and
completed within 50 days in Group l; delayed by 30 days or so in Group 11), the postneonatal rise (better
defined in Group I because the latency of this feature is less variable), and the long-term level (below 2
for class A, above 2 for class B). Reproduced with permission from Sayers, B. McA. & Mansourian, B. G.
Medical informatics, 2: 69-89 (1977).
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It is then necessary to establish whether all the individual records are related to the
same average profile; this can be done by calculating the correlation coefficients between
the average profile and each individual DS record. This procedure shows that the
correlation coefficients (which are largely determined by the early part of each record)
fall into two distinct groups. Consequently two separate average profiles can be formed
(group I and group II), the former showing an immediate neonatal rise in the DS lasting
for a month or so, the other showing a similar transient DS rise that starts after a delay of a
month or more. The individual records can then be categorized by group and by class; the
category is determinable after about 30-60 days in all the records so far studied (Fig. 3).

Once these baseline average profiles have been recognized, some of the apparently
incoherent variations between records become interpretable. The features common to
the majority of the records in each category can be identified and, consequently,
individual episodes that are not a normal feature of records for that category can be
recognized and located. Considerable differences in latency are shown by the major
postneonatal rise in various records; accordingly, this feature is not well represented in
the coherent-average form of the average profile. However, the dominant features can be
recognized by the approach described. Accordingly, the records in Fig. 1 (i-iv) can now
be seen to correspond to classes IIB, IB, IB and IA, respectively.
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Fig. 4. Three DS signal patterns (P1, P2, and P4) obtained by visual selection and coherent averaging of
all the available records. Reproduced with permission from Sayers, B. McA. & Mansourian, B. G.
Medical informatics, 2: 69-89 (1977).
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The residual signal

The availability of DS baseline patterns makes possible the comparison of individual
records with the appropriate baseline. The easiest approach is to subtract the average
profile for the class from the individual record and investigate the residual signal. Several
short-term patterns have been identified in these residual records. These patterns occur
repeatedly in all records and have been classified as P1, P2, and P4 (Fig. 4). The first (P1)
is a transient diarrhoeal episode that is complete within 7-8 days. The second pattern
(P2) rises equally rapidly but is sustained for a much longer period, returning to near
normal levels only after 45 days or so. The third (P4) is a compensatory type of pattern,
an abrupt fall to a negative value being followed by a slow return to normal.

The patterns can be identified visually and described more objectively by a process of
coherent averaging. Once first estimates of the various patterns have been obtained in
this way, they can be employed in a technique known as matched-filtering to locate the
occurrence of a pattern precisely in any individual record. An objective description of the
patterns can thus be obtained by coherent averaging of the correctly located examples;
the statistics of their magnitudes and time occurrences can then be determined.

Analysis of the relative latencies of the three types of pattern has shown that the
sustained and the compensating patterns (P2 and P4) always occur in conjunction with a
short-duration episode (Pl); this is interpreted as indicating that transient diarrhoeal
episodes have a significant probability of initiating a period of sustained diarrhoea, or
perhaps a compensatory type response. The transient episodes are very random in
occurrence and magnitude, but whenever a sustained diarrhoeal pattern (P2) is initiated,
this has a characteristic amplitude in the individual child. There is a probability of about
0.4 that a transient episode will trigger a sustained diarrhoeal response.

The weekly weight variable d

Weekly weight data are available over a period of 60-100 weeks for most of the
infants. The weight signal is a slowly incrementing variable that is subject to fluctuations
in growth rate; it is difficult to clarify the main features of such a slowly changing signal
and for this reason an incremental variable is preferred. If a simple week-to-week
difference is calculated (DWT), the resulting record is found to be subject to
considerable random variability (noise degradation) and needs enhancement (Fig. 5,
bottom curve).
A different approach is to form an incremental weight estimate (IWE) after reducing

the noise by smoothing one of the two measurements entering into each difference. Each
value of the smoothed variable is obtained by adding together earlier observations
decreasingly weighted in an exponential manner. This smoothed value is used as a
predictor of the subsequent observation, and the incremental estimate is calculated as the
difference between the predicted value and the actual data point (Fig. 5, middle curve).
This serves as a useful noise-suppressing procedure which enhances the underlying
pattern of change of the weight variable. To reduce the effect of occasional missing data
points, it is desirable to use an interpolation procedure.)

d For a more detailed account of this variable, see SAYERS, B. McA. ET AL. Objective specification of the incremental weight
variable in weanling diarrhoeal disease of infants. Medical informatics, 3: 87-104 (1978).
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Fig. 5. Concurrent signals of the DS vari-
able, weekly incremental weight estimate
(IWE), and weekly difference in weight
(DWT), in one infant during 512 days after
birth. Reproduced with permission from
Sayers, B. McA. et al. Medical informatics,
3: 87-104 (1978).
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A baseline average profile of the IWE can be formed from the coherent average, but
this procedure masks many of the important features of the IWE because they occur after
different time intervals in different individuals. For example, in broad terms, the IWE
rises to a maximum after some 20 weeks, decreases to a much smaller value at about
50 weeks, and then rises transiently over the next 20 weeks or so. But the time at which
the function reaches its peak is very variable between individual records and the coherent
average accordingly smooths out the maximum; the detailed features of the pattern as

the IWE reaches and passes its peak are lost. For this reason a different approach has
been adopted to determine the average profile of the IWE records, based on an analysis
of certain features of the IWE signal.
A statistical trend-detecting system has been employed to define the points at which

the signal departs significantly from (or arrives at) a steady level, reaches a maximum or

minimum, or changes sign. The times of each of the features so identified, and the signal
magnitudes at these times, can be formed into pairs of individual-feature statistical
histograms using all the records; median or mean values can then be abstracted. The
mean signal magnitudes at the various mean feature times are thus available; when these
points are linked to form a continuous curve, a stylized but informative average profile
(AVP) is obtained that shows the main features of this record in great detail. In
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particular, it draws attention to the existence and importance of a late rise in incremental
weight (after 50 weeks or so). Fig. 6 illustrates how the AVP reflects these and other
features in a typical individual IWE record.

An integrated view of DS and IWE

Comparisons of individual IWE and DS records show several linked features:
(a) the postneonatal rise in the DS to a plateau level, after a delay of 100-200 days,

coincides with the maximum of the IWE variable (see Fig. 5);
(b) significant weight loss can be attributed to changes in DS pattern only in respect of

sustained diarrhoeal episodes of the P2 type;
(c) significant weight loss is not associated even with P2 episodes when they occur

before the infant is about 40 weeks of age; most P2 episodes at later ages are associated
with immediate weight loss;

(d) infants who reach 2 years of age with a weight below 2 standard deviations lower
than the average weight for age uniquely exhibit many later P2 episodes, or a prolongation
of the very early neonatal DS rise, or a failure to exhibit the late increase in IWE.

In this way it is possible to describe the infants in this study in terms of both IWE and
DS. Randomly occurring, transient Pl events may initiate sustained diarrhoeal episodes
of the P2 type; these produce significant weight loss, or reduction of growth rate, only in
infants of 40 weeks of age or more. Alternatively, compensatory-pattern episodes (P4)
may occur. These variations are superimposed on a baseline DS pattern having a
definable form, which is subject to some intersubject differences that specify a natural
categorization of the DS records according to two criteria: the long-term mean level
exhibited and the timing of the early DS rise. The incremental variable, IWE, exhibits a
progressive increase, reaching a maximum at the age of 3-6 months or so; this coincides
with the rise to a sustained postneonatal DS level, suggesting that some metabolic or
nutrition-related change occurs at that age. The IWE also exhibits a later increase,
starting at about one year of age, which often contributes appreciably to the weight
achieved by the end of the second year of life.

An account of normal behaviour can be assembled in this way. Individual infants can
be categorized early, so the patterns of expected normal behaviour can be forecast. Once
normal behaviour has been objectively defined in this way abnormal episodes may be
detected without prior assumptions and precursor events or related factors may be
sought.
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Weeks - Medical informatics, 3: 87-104(1978).
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PATLERN ANALYSIS APPLIED TO A COMMUNICABLE DISEASEe

An interesting epidemiological problem to which pattern analysis has been applied is
the spatio-temporal distribution of new cases in the wildlife rabies epizootic in central
Europe. Fig. 7 illustrates the way an epizootic spread through an area (133 X 133 km)
studied in Bavaria, Federal Republic of Germany, in 1963-70. The questions to be
answered concern the functional features of propagation, with special reference to the
influence of the terrain and seasonal factors, with a view to control measures.

The particular complicating factor in this kind of problem is the somewhat random
character of the occurrence of cases in space and time-the point events. If it were
possible to obtain two successive monthly records of the occurrence of cases in a given
region, all other factors remaining constant, it would be expected that, for statistical
sampling reasons, the detailed locations of case occurrences would differ appreciably.
Consequently, the first step in this study is to estimate the spatial pattern of case density
underlying the generation of new cases; the strategy is then to study how the spatial
pattern alters with time (defining wavefronts, velocities, and intensities) and to link this
to features of the terrain.

Estimating case-occurrence densities

Statistical sampling variability applies in both time and space. Aggregating the
number of new cases over, say, 3-monthly periods enhances the data as regards time, but
spatial smoothing is required to reduce the sampling variability in respect of case
location, and careful design of the spatial profile of the smoothing process is needed.
Furthermore, field measurements are likely to be incomplete because of missed cases;
fortunately some correction for this can be combined with the spatial smoothing
operation in a single process. The technique is to form, from prior data, an estimate of the
average spatial distribution of neighbouring cases around each observed case (in fact, the
spatial point-event autocorrelation); this function can be used as the spatial smoothing
profile for the purpose of estimating, from the raw data, the underlying spatial pattern of
case density. Fig. 8 shows the actual occurrence of new cases, and contours representing
the estimated underlying pattern of case density for two successive 3-monthly periods,
obtained in this way.

Estimating propagation

One convenient procedure for investigating the underlying character of case
propagation is to determine the quantitative function that, when applied to the record of
new cases in one month (or epoch), would best predict the cases recorded in the following
epoch. There are various ways of doing this; the process can be modelled mathemati-
cally, or analysed empirically using a 2-dimensional Fourier method. Either way the
result is the formation of a 2-dimensional spatial-spread function representing the
probability that, given a case at a particular location in one epoch, another case will occur
in the following epoch at various locations relative to that of the "originating" case. In

'For a more detailed account of this study, see SAYERs, B. McA. ET AL. A pattern analysis study of a wildlife rabies
epizootic. Medical informatics, 2: 11-34 (1977).
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Fig. 8. Individual case occurrences (+), and contours of estimated case occurrence density in the study
area for two successive 3-monthly epochs (1967 A, above, and 1967 B, on facing page).

developing this approach the procedure is to repeat the calculation for successive pairs of
epochs and search for common spatial-spread patterns that indicate consistency of
propagation, or for systematic changes.

Diffusion-like processes (representing a simple evolution of cases, without transla-
tion) are indicated by a centrally positioned focus in the spread function (foci at displaced
positions indicate translation of the epidemic). However, if the epidemic is multifocal, a

change in the relative numbers of cases between the different foci from one period to
another, will also be seen in the spatial-spread function as a secondary displaced focus.
(In the present example, foci of evolving case occurrences can be tracked over many
years: Fig. 9 shows one spatial-spread function presented in isometric form).

These findings suggest the possibility of a focal basis for propagation of rabies cases.

Two possible approaches thus exist: a global approach that considers the advancing
wavefront of cases or a focal approach that considers the movements of detectable foci.

N

w

S

1967 A

876

E



PAITERN ANALYSIS IN EPIDEMIOLOGY

The global technique makes use of the estimates of case densities underlying observed
data in each period as a basis for locating the boundary of case occurrences related to a

particular case density level. This boundary can be estimated for sequential periods to
give a global picture of the movement of the epidemic. It is convenient to use the contour
level that defines where the estimated case-occurrence density has fallen to say 50-60%
of the maximum for that period. Progressive single-level contours are shown in Fig. 10;
in these data there is a gradual change in orientation of the wavefront during periods
12 to 14, followed by a more or less unidirectional advance.

Using a focal description on the other hand, it is possible to clarify the reasons for this
change by tracing the sequential positions (or trajectories) of the various foci that can be
identified in the case densities. In this way, attention is directed to the areas of highest
case density, which are interpreted as being a focus of infection; the movements of the
foci follow definable paths, or trajectories. Fig. 11 illustrates the development of several
trajectories in Bavaria and these trajectories can be interpreted in the light of certain
features of the terrain. For example, several of the trajectories (e.g., I and II) progress
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Fig. 9. Isometric plot of a spatial-spread function relating case occurrence in one 3-monthly epoch to
that in the subsequent epoch. The axes are W-E and N-S relative location (± 67 km in each direction);
the amplitude of the surface at any point indicates relative probability of a case in the subsequent
epoch at the indicated position relative to that of cases in the earlier epoch.

toward but terminate near the north bank of the River Danube (D). Two other
trajectories (III and IV) cross the river and then proceed southward. An examination of
the high-level contours shows the behaviour of the epizootic when it crosses the river.
Before crossing, the contours associated with the individual foci have a substantial
circumference corresponding to a broad spread of cases. But immediately after crossing
the river, at a definable point, the focus appears as a very circumscribed set of cases
(small circumference contours), which subsequently translates and enlarges (see trajec-
tories III and IV in Fig. 11).

It is instructive to superimpose these major trajectories on the contours of the raw
data for new cases for the whole period; from Fig. 12 it-can be seen that this view of the
propagation is fully consistent with the real data. It would appear that as cases develop
along the trajectories defined, additional cases spread out from the trajectory at each
particular time. Indeed, since the foci can be located during each period, it is possible to
demonstrate the time evolution of cases with respect to the relevant focus in each epoch
and to study how this changes with the passage of time, in relation either to season or to
the change of terrain from one epoch to another, or both.

Forecasting

One of the interesting results of this kind of study is the prospect it offers of
forecasting the progress of such an epidemic. If a focal pathway approach is used, then it
is necessary to understand the role of the terrain (rivers, roadways, motorways, towns,

878
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Fig. 10. Progressive single-level contours of estimated case density (at 55% of the maximum for each
epoch) for successive 3-monthly epochs. Reproduced with permission from Sayers, B. McA. et al.
Medical informatics, 2: 11-34 (1977).

valleys, and uplands) in order that successful forecasting be accomplished. On the other
hand, a signal approach is potentially available and may sometimes be suitable for
forecasting purposes.

This approach depends on studying each individual spatial cell in the region
concerned, on a month-by-month basis. Before the epidemic reaches the particular
region, no cases are reported in a given cell; as the epidemic enters the local region a
sporadic increase in cases occurs in the cell and, using a statistical trend-detection
function, it is possible to detect when the number of new cases has increased significantly
above zero. The trend function itself can thus be employed to forecast the behaviour in
any individual cell during the subsequent epoch. It should be noted that this technique
takes no account of terrain features.

879



880 B.G. MANSOURIAN & B. McA. SAYERS

N

6

5

75562
229

8 3~~~~~~~~~

10~~~~~~~1

10 11~~~ 9~2

21 ~~~~~~21

s 22~~~3

Fig. 11. Trajectories of inferred sequential locations of the main individual foci of case density, with
single-level case density contours for a critical series of epochs. The points show the positions of
separate foci and the serial numbers beside them identify the epochs at which they were located. The
solid lines joining them are thus the trajectories, the direction of movement being indicated by arrows.
The major trajectories are identified by Roman numerals. Case-density contours are shown as dotted
or dashed lines. D=River Danube. Adapted from Sayers, B. McA. et al. Medical informatics, 2: 11-34
(1977).

SOME OTHER EXAMPLES

The occurrence of cases of noncommunicable disease can also be studied as a spatio-
temporal problem in order to suggest or identify, in broad terms, factors that are
associated with the origins of the disease, or even possibly causal. One example is
anencephaly, which has been studied using this approach in a region in northern England
(the Fylde Peninsula) where the incidence of anencephalic stillbirths is three times the
national average.
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Fig. 12. Contours of smoothed aggregate case occurrences showing their relationship with the main
focal trajectories. Reproduced with permission from Sayers, B. McA. et al. Medical informatics, 2: 11-
34 (1977).

The approach is to investigate the temporal pattern of new cases disaggregated as
regards geographical position, considering the data in annual, or longitudinal, form. The
former measure indicates a yearly pattern of new cases that exhibits a broad maximum
towards the autumn for cases occurring in the North Fylde, or during spring in the South
Fylde (and in the one other region elsewhere in England also studied). Statistical testing
indicates that the North and South Fylde regions can be distinguished on this pattern
basis at the 5% significance level.

In terms of the full 15-year sequence of cases in the original data studied, the simplest
appropriate measure of the case-occurrence pattern is a histogram of the inter-event
intervals. For the whole region, the histogram is adequately modelled by a negative
exponential distribution produced by a Poisson process that generates independent
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events. But when disaggregated, the data generate non-exponential histograms. In the
south, there is an excess of short intervals and a deficit of intermediate intervals in
relation to a negative exponential histogram; but the process can be modelled as a
Poisson mechanism, rate-modulated according to the annual pattern mentioned above.
In the north, however, the interval histogram is modal, and cannot be described by a
Poisson process, rate-modulated or not, unless perhaps some case occurrences are
randomly deleted by some other mechanism.

Both approaches support the differences in case occurrences between the North and
South Fylde regions in respect of case-occurrences that can be seen in a two-way
histogram of normal and anencephalic births, but draw attention to the annual pattern
aspect of the difference and indicate possible models. In this way, at least some progress
is made in developing new hypotheses that are available for further testing.

Two further examples should be mentioned. The spatio-temporal approach can also
be applied to the study of influenza in the community. The first aim would be to
determine as early as possible whether a full-scale epidemic is developing, as distinct
from a continuing baseline of cases that may be affected by local climatic conditions. The
two situations might be differentiable by the evolution of their spatio-temporal patterns
(on a 2-3 week time scale), potentially systematic in one case, more likely sporadic in the
other. Such a study might be followed up by examining the patterns of development in
previous outbreaks for consistencies of behaviour.

The other study concerns neonatal deaths, for which longitudinal pattern analysis or
perhaps an ensemble-type approach is required, if the daily data can be sensibly
assembled into yearly records. The records of daily death figures for England and Wales
over the past few years exhibit substantial recurrent peaks, spaced at about 10 days, but
not periodic. Analysis is focused on the patterns of the recurrent rises and falls in
numbers of deaths with a view to interpreting the records and the possible origins of the
effect.

THE METHODOLOGY OF PATTERN ANALYSIS

Generalizing from and beyond the few examples discussed above, it is possible to
recognize the kinds of question to which the pattern analysis approach can reasonably be
addressed. Clearly, different questions are relevant in different circumstances but the aim
would certainly be to find out one or more of the following:

- how to recognize the disease or symptom-complex from an objectively assembled
set of the features it exhibits, what its origin and generating mechanisms are, how it
develops in the individual (based on available data);

- whether the disease propagates by geographical movement or by evolutionary
spread, what factors are involved in its progression, and what control or prevention
measures might be possible;

- what linkages with other diseases can be identified.
Above all, the most important objective is to seek new approaches to the problems of

concern. To this end, as well as with the objective of clarifying important specific
phenomena about certain diseases in the community, a variety of techniques have been
assembled; some of these have been developed specially for the purpose, but all are now
of demonstrable value. In addition to the battery of traditional methods of pattern
analysis, the methods outlined below are commonly used.
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Smoothing and other forms of digital filtering

The effect and purpose of smoothing-a special form of running average
operation-is to improve statistical estimates of a randomly fluctuating variable. It can
be used with longitudinal patterns as well as discrete sets of data, and also with point-
event records like the occurrence of new cases. Other forms of selective filtering are
needed to remove slow trends and to emphasize or perhaps remove seasonal fluctuations
in longitudinal data. Each type of operation is directly applicable to 2-dimensional data
for which the spatial smoothing profile may be selected so as to minimize the effects of
incompleteness of the data. Results can be analysed using contour map displays, or by
studying epoch-epoch shifts in indicated foci or changes in the median contour-level
boundary. A special case of digital filtering is the matched filter, which uses a correlation
method to detect objectively and locate any occurrences of a predetermined (short-
duration) pattern in the presence of background variability of the record.

Trend analysis

A trend is any monotonic change in a variable, even though it may be obscured by
background fluctuations. Trend analysis uses statistical functions to detect the beginning
or end of a trend (by establishing when the trend reaches, or falls below, a statistically
significant slope). Its use is particularly important in feature analysis (see below) of
longitudinal records since objective decisions can thereby be taken about the occurrence
and location of individual features in each of an ensemble of records.

Feature analysis

A complete pattern can be regarded as an ensemble of features that can be separately
studied; this is a useful approach with epidemiological signals. Simple features (trend,
maximum, plateau) or more complex features (subpatterns like the P1, P2, P4 features in
the diarrhoeal signal records) can be objectively detected, located, and quantified once
the feature is defined. Statistical trend detection and matched filtering have been used in
the one-dimensional examples already discussed, but techniques are also available for
2-dimensional features like case-density, front-line boundaries, case-density foci, and the
spatial area of a focal region containing a defined percentage of the relevant new cases.
The aim of feature analysis is to clarify and help interpret signal patterns; the tactics are
to construct a complete picture of the patterns exhibited in a given problem through the
medium of a detailed and objective account of their more elementary features, so that
these can be more closely related to causal or associated factors.

Coherent averaging and the average profile

Provided that records in a given ensemble have a common point of reference (e.g., an
intervention, or a reference time, such as the birth date or the start of any relevant year)
it may be useful to calculate the mean (and also the standard deviation) of the ensemble
for each sample point from first to last. The signal traced out by the ensemble mean is the

883



B.G. MANSOURIAN & B. McA. SAYERS

so-called coherent average, and like any statistical mean it needs to be interpreted by
reference to the corresponding ensemble standard deviation; it constitutes an average
pattern for the ensemble. One complicating factor important in epidemiological records
is variable latency; each member of the ensemble may exhibit the same main features but
at different times. Coherent averaging of each signal will unavoidably smooth out these
common features and thus suppress, rather than enhance, them. Therefore a feature
analysis approach should be used instead. The locations and magnitudes of specific
features are determined, and their mean values calculated. These mean values of location
and magnitude for the successive individual features define critical points on a curve,
which can be linked to form an average profile curve. Either curve, the coherent average
or the average profile, defines a general baseline pattern against which to compare
individual members of the ensemble-it can be used, for example, to identify differences
in any individual signal that would indicate abnormal or pathological behaviour.

Similarity and variability in an ensemble

The members of an ensemble of records may produce a consistent coherent average;
but a subset of the ensemble may behave differently. It is then desirable to test how
similar each individual record is to the coherent average and to separate the records into
groups (using 2 or 3 at most) according to the results. The groups would then be treated
separately. A correlation coefficient (CC) method is the simplest: the CC of each
individual record with the coherent average is calculated; possible groupings then
emerge from an examination of histograms of CC values or by rank-ordering.

If the different records in the ensemble do not appear to exhibit a common form, an
analysis of the inter-record variability offers an alternative basis for recognizing whether
more than one group exists. The statistical sampling variability of signal power (or
variance) expected in an ensemble of signals of the kind exhibited in the ensemble can be
calculated from the ensemble-average serial correlation structure of the records, and
compared with the actuality. Excess variability justifies the inference of heterogeneity of
likely biological origin and separation would again be based on power measurements.

Pattern variability

It is sometimes necessary to test whether the pattern exhibited by one ensemble of
records can be distinguished statistically from that of another ensemble. An example is
the seasonal pattern of new cases and its alteration with geographical region, as in the
anencephalic stillbirth study mentioned above. The technique is based on the relative
timing of the different components that can be used, summated, to represent the signal;
formally stated, the method evaluates the phases of the Fourier components of the signal,
because these parameters dictate the pattern. From a knowledge of the typical phase
variability of signals of the type involved, it can be decided whether two ensembles can be
statistically distinguished on a pattern basis. The method can sometimes justifiably be
used also in conjunction with a mathematical simulation, producing many simulated
examples of the signal by computer to allow estimation of the likely phase variability;
thence it may be decided if the pattern shown by an individual real record is consistent
with the assumed mechanism.
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CONCLUDING NOTE

Many epidemiological problems involve the systematically varying influences that
impose patterns; there is therefore certainly a place for pattern analysis in epidemiology,
both to gain potentially important information and to protect traditional methods of
analysis against interference from the pattern features. Perhaps the most potent evidence
for the significance of this methodology lies in the clarification that has been brought, and
the new approaches that have been generated by the pattern analysis approach, and in
the many new problems that seem to warrant study in this way. Accordingly, further new
techniques are being developed and validated.
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