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SUMMARY

Although most foodborne infections are undiagnosed, the incidence of these infections is usually

calculated from reported cases. We present a novel population-based method to estimate the

incidence of non-typhoid Salmonella infections. From 154 patients with confirmed Salmonella

serotype Enteritidis infection, we determined the kinetics of the antibody response. The estimated

mean responses for the three classes of serum antibodies were combined such that the time from

infection could be estimated from antibody measurements. Next, serum samples collected in 1983,

1986, 1992, and 1999 from the general population were analysed for antibodies. We demonstrated

how these measurements can be translated into an estimate of the general incidence. Based on

serology markers there were 13 exposures leading to seroresponse of Salmonella Enteritidis/1000

person-years in 1983; the similar number in 1999 was 217. This trend confirms the increase in the

number of culture-confirmed cases reported to the national surveillance system.

INTRODUCTION

Infections with non-typhoid Salmonella enterica

continue to be an important cause of morbidity in

industrialized countries. In many countries, the

most common Salmonella type is Salmonella enterica

serotype Enteritidis [1]. In Denmark, the reported

incidence of this serotype increased from 220 labora-

tory-confirmed cases in 1983 (4.3/100 000 population)

to 3674 in 1997 (69.6/100 000). From 1997, the num-

bers started to decrease and this decrease has been

attributed to regulations and control programmes

imposed on the agriculture industry [2, 3].

The true incidence and disease burden of

Salmonella exposures as well as other foodborne

bacteria cannot be estimated from the numbers of

reported cases because of underreporting and under-

diagnosis. Previous attempts to determine the degree

of underreporting have been based on repeated cross-

sectional interviews [4, 5] or large-scale prospective

community-based studies [6, 7].

In the present study, we suggest that it is feasible to

estimate the incidence of Salmonella exposures by

analysing serological markers of infection measured

in blood samples from the general population. The

levels of the antibody isotypes can be used to classify a

person as infected or not within a given period prior
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to sampling time. In order to accomplish this, it was

essential to determine the expected levels of antibodies

after infection and the kinetics of antibody decay. We

determined antibody decay profiles in patients with

culture-confirmed S. Enteritidis infection and devel-

oped a mathematical model for predicting antibody

decay. The model accommodated a relatively rapid

increase in antibody levels in the period just after

infection. Following the acute phase of infection,

antibody levels slowly decreased until reaching a

steady-state level. The estimated curves enabled us to

determine the mean decay of each class of antibodies

(IgG, IgM and IgA) and thereby to estimate the time

since infection for an individual with measurements of

these antibodies [8–10].

This model was then used to analyse historical sera

collected as a part of population studies in 1983, 1986,

1992, and 1999. Based on this, we determined time

patterns in the incidence of S. Enteritidis infection

from the incidence rates of seroresponses. These fig-

ures were compared with the numbers of reported

cases from each of the four years in the national

laboratory-based surveillance system by calculating

the ratios between estimated numbers of infected in-

dividuals in the population and reported cases.

METHODS

Data material

An indirect ELISA was developed to determine

antibodies against Salmonella lipopolysaccharide

(LPS) in human sera. In connection with this a com-

mercially available LPS (Sigma-Aldrich, Copenhagen,

Denmark) from S. Enteritidis was used as the capture

antigen [11]. In a longitudinal study, 154 patients with

culture-confirmed S. Enteritidis were followed up and

repeated blood samples taken. Samples were taken up

to four times in the 18 months following infection.

The sampling times were irregularly distributed

throughout a period ranging from a few days after

onset (date of first symptom) of infection up to the

end of follow-up. At each sampling time the IgG, IgM

and IgA levels were measured and expressed as optical

density (OD) values (raw data are shown in ref. [11]).

The historical serum samples were obtained from

the biobank of the Research Centre for Prevention

and Health, Glostrup University Hospital, Denmark.

Sera were collected as part of four population-based

studies of age-stratified random samples of 30-, 40-,

50- and 60-year-olds from the general population of

the western part of Copenhagen, Denmark, and in-

cluded a random sample of the general population.

The studies were carried out in 1983 [12], 1986 [13],

1992 [14] and 1999 [15]. Sampling area and methods

were similar in all four surveys. From each of these

studies a sex- and age-stratified random sample of

about 150 persons from each stratum was drawn and

subsequently analysed for Salmonella antibodies

using the same methodology as in the longitudinal

study.

Model

The first part of the analysis was aimed to determine

the expected levels of antibodies in the period fol-

lowing infection. The three antibody classes were

analysed separately. Measurements in persons with

re-infection during the follow-up period would spoil

the estimate of the decay rate of antibody levels.

Hence we excluded measurements from persons who

had a re-infection, which we defined as an increase

in the antibody levels in one of the four samples to a

level higher than three times the antibody level in the

previous sample.

In response to infection, the antibody levels of each

immunoglobulin class were assumed to rise in the

acute phase. In the mathematical model, this was ex-

pressed as an increase in antibody production, driven

by high pathogen levels presented to the immune

system. The resulting high antibody levels then in-

activated the pathogens, which decreased to a negli-

gible state. Antibodies were assumed to be removed

by a first-order decline towards a steady state. These

interactions can be described by a set of differential

equations:

x 0(t)=ax(t)y(t)xb(x(t)xx*)

y 0(t)=xcx(t)y(t)

)
(1)

where x(t) is the antibody level and y(t) is the patho-

gen level, both at time t after infection time. The

parameters a and b respectively determine the rise in

antibody level immediately after infection and the

lengthy decline, x* is the antibody level in steady

state; x(t) will decrease to x* as t tends to infinity; c

determines the rate of pathogen inactivation per unit

of circulating antibody.

Model fitting

Measurement errors were assumed to be log-normally

distributed: the logarithm of measured antibody level
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(OD) at time t had a normal distribution with mean

log [x(t)] and variance s2
err.

A transformation of the parameters determining

antibody decay was then chosen as (a, c) !p
(a=c),

ffiffiffiffiffi
ac

p
½ �:=(u1, u2). This was done partly in order

to improve the stability of the estimates and partly to

impose restrictions on the parameters : it was assumed

that the initial values of antibody and pathogen levels

[x(0), y(0)] and the parameters b, x* and u2 could vary

between individuals as independent samples from

joint (log-normal) population distributions. The par-

ameter u1 was considered as a shared parameter, with

an identical value for any individual in the infected

population. With these assumptions individual re-

sponse curves may vary in both amplitude of re-

sponse, decay rate and steady-state level. However,

this hierarchical structure of the parameters ensured

that individual response curves could not deviate too

much from each other.

Since there was no information on antibody levels

prior to infection, it was impossible to evaluate the

initial rise in antibody levels during the acute phase of

infection. It was therefore assumed that the initial

antibody level immediately before infection was equal

to the steady-state level x(0)=x*. This left a set of

parameters that were shared between individuals

H1={u1, mb, s
2
b, mu2 , s

2
u2
, mx*, s

2
x*, my(0), s

2
y(0), s

2
err}

and a set describing all individually specified par-

ameters

H2={bi, u2i, xi*, y(0)i}i2{1::n}:

With the above assumptions, the posterior function

was a product of the likelihood function, which de-

pended on the distribution of the measurements, and

the prior function derived from the distribution of h2.

Since we did not have any prior knowledge about h1

the above Bayesian structure on the parameters gave

us the posterior function

L(H1,H2)=
YN
i=1

Yni
j=1

w[log (igi, j); log (x(ti, j;H1,H2)), s
2
err]

r
YN
i=1

[w(log (bi); mb, s
2
b)rw(log (u2, i); mu2 , s

2
u2

rw(log (xi*); mx*, s
2
x*)rw(log (y(0)i); my(0), s

2
y(0))],

(2)

where w(. ; m, s2) is the density of a normal distri-

bution with mean m and variance s2, igi, j and ti, j is

respectively the antibody level and time correspond-

ing to measurement j in subject i. N is the number

of subjects and ni is the number of samples from

subject i.

A Markov chain Monte Carlo [16] method was

then used to estimate the parameters. The chain was

allowed to run for 50 000 iterations. By comparing the

means of the posterior function between sections of

the series it was verified that the chain was stationary.

Estimates of the parameters were then obtained by

choosing the set of parameter values from the iter-

ation with highest value of the posterior function

[equation (2)]. This procedure was done separately for

each class of antibodies.

Estimated time since infection

The main objective of the present study was not only

to describe antibody decay in infected subjects, but

also to use this description of decay for translating an

individual set of measurements of class-specific anti-

bodies (IgG, IgM, and IgA) in the cross-sectional

study against S. Enteritidis to the time since last in-

fection. This was done in the following manner: a

mean curve for each of the three antibody classes was

obtained by using the estimated means (mb, mu2
, mx*,

my0
) and the estimate of the shared parameter u1.

For each sample time-point in an interval from 5 to

400 days following infection, the sum of squared dis-

tances from the (logarithm of ) the mean predicted

values at time t after infection to the (logarithm of)

the observed values of antibody levels was computed.

This produced a function dist(t) defined as

dist(t)=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
ig2{IgG, IgM, IgA}

wig(log (igmean(t))xlog (igobserved))
2

s
,

where (wIgG, wIgM, wIgA) are weights for each anti-

body class to adjust their contributions to the distance

function dist(t), in order to increase the influence of

antibodies that produce better predictions. The re-

striction wIgG+wIgM+wIgA=1 is applied.

The time-point where this function obtained its

minimum value can be interpreted as the time where

the observed values of antibody levels of all three

classes agree best with their expected values.

Therefore, we considered this time-point as an esti-

mate of the time elapsed since last infection. As the

period of rising antibody levels is very short we ig-

nored it and assumed that the estimated times since
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infection always exceeded the length of the increasing

phase of the antibody response.

Based on earlier plots of antibody decay [11] we

expected that the antibody levels would approach

steady state values around 2–3 months after onset of

illness. At this time, when antibody decay became

very slow or stationary, it would be difficult to esti-

mate the time since last infection with any degree of

precision.

As a first test of the procedure, the method was

applied to the same longitudinal data used for de-

termining antibody decay, as the onset of infection

was known in those subjects. All data were considered

independent, ignoring the fact that each person was

successively sampled up to four times. For a given

choice of weights we could then estimate whether or

not a subject would be predicted as having had an

infection within a certain period before sampling

time. Since the true number of days from infection to

sampling time was known, we were able to investigate

which set of weights (wIgG, wIgM, wIgA) and which time

window (period considered) produced the best com-

bination of specificity and sensitivity.

Using these ‘optimum’ weights we then proceeded

to the analysis of the historical cross-sectional data.

For each of the four population surveys the pro-

portion of individuals with a S. Enteritidis infection

within the last 60 days prior to sampling was esti-

mated.

The calculations of the incidence and confidence

limits were based on the following assumptions: the

false-positive rate is zero for individuals never infected

or infected more than 120 days ago. The false-positive

rate for individuals infected in the period 60–120 days

ago equals Qfalse. This rate could be estimated from

the false-positive rate found on measurements from

the longitudinal dataset restricted to measurements

taken in this time window. It was also assumed that

the incidence in the time-window 60–120 days ago

equals the incidence in the time window 0–60 days

ago. The true positive rate, Qtrue, was estimated from

the measurements taken in the first 60-day time win-

dow after infection onset. Therefore, the numbers of

subjects classified as positive are distributed as

x� binomial (n, pQtrue+p(1xp)Qfalse),

where n is number of persons in the cohort and p is the

probability of getting infected in a 60-day window.

Estimates of pwere obtained bymaximizing the cor-

responding likelihood function. Confidence limits are

calculated by using asymptotic likelihood theory [17].

The conversion to incidence (predicted number of

cases/1000 person-years) was done by using the

equation

l̂l=x(365=60)r1000rlog (1xp̂p):

Since the blood samples were not taken at the same

time each year, the calculated incidences were cor-

rected to reflect the incidence in January. This cor-

rection was done in the following manner : from the

national surveillance system of Denmark the relative

rates between months were calculated (Table 1). These

were smoothed by a 2-month backwards geometric

average which reflects the time window with an in-

creased antibody level. A weighted geometric mean

of the smoothed relative risk was then calculated for

each of the four years separately. The weights were

taken from the distribution of sampling times on

months for the specific year (Table 1). The serology-

based incidence for that year was then scaled so as to

reflect a January incidence.

RESULTS

During the follow-up time, 29 out of 154 persons had

an increase in antibody levels that satisfied our defi-

nition of a re-infection. After omitting the measure-

ments from these persons 396 observations remained,

distributed among 125 individuals.

A model check was performed in order to validate

the performance of equation (1). This showed no

Table 1. Relative risk (RR) of Salmonella Enteritidis

infection between months and the distribution of

collected serum samples for the study

Number of serum samples

Month RR 1983 1986 1992 1999

Jan. (ref.) 1.00 206 127 0 100
Feb. 0.90 220 51 129 9
Mar. 0.97 144 6 212 104
Apr. 1.12 213 5 200 211

May 1.45 109 0 212 242
June 1.93 32 0 165 170
July 2.68 0 0 73 19

Aug. 3.25 8 119 172 32
Sept. 2.71 28 227 33 40
Oct. 2.28 23 225 0 41

Nov. 1.56 74 262 0 142
Dec. 1.03 52 176 0 78

Total 1109 1198 1196 1188
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contradiction with the assumption of log-normally

distributed residuals, and further that the residuals

were independent of time since infection.

Table 2 summarizes some characteristics for the

estimated response curves for each of the three anti-

body classes. The time to peak response was about

14 days for IgG while it was 5 days for IgM and IgA.

Moreover, decay was considerably slower for IgG

than for IgM and IgA. The Figure shows the mean

curves determined from the estimates of H1 together

with the individual response curves for each antibody

class. The estimated time for the antibodies to de-

crease to baseline was notably higher for IgG than for

IgA and IgM.

It was found that the set of weights (wIgG=0.1,

wIgM=0.5, wIgA=0.4) produced the best combination

of sensitivity and specificity. With these chosen

weights we calculated predicted numbers of obser-

vations with infection within the last 60 days prior to

sampling (Table 3) and compared these predictions

with the known times from infection. The true-

positive rate (Qtrue) was 90.9% and the false-positive

rate was 9.5%. However, restricted to measurements

in the time window 60–120 days from infection date,

the false-positive rate (Qfalse) was 20%.

In the first sample of historical sera (from 1983), the

median OD for IgG was 0.11, for IgA 0.10, and for

IgM 0.08. These values increased over the years and

were 0.22, 0.25, and 0.11 in 1999. Table 4 presents the

results from the analyses of the historical sera. In a

total of 4692 individual persons, 79 (1.7%) were pre-

dicted to have been infected within a 60-day time

window. This proportion increased from 1983 (0.3%)

to 1999 (4.6%). Converted into incidence, this corre-

sponded to an increase in the incidence of sero-

responses from 13 to 217/1000 person-years.

There were some differences in the distribution of

season of blood collection between the four different

years (Table 1). These differences caused a change

between the predicted number of infected persons

and the incidence estimate following the adjustment

for seasons. The ratio between these incidence esti-

mates and the incidence estimates based on reported

numbers of cases in the national surveillance system

is also shown in Table 4. This ratio had a minimum

level of 159 in 1986 and increased to about 570 in

1999.

DISCUSSION

Surveillance for Salmonella in humans is usually done

by reporting episodes of culture-confirmed Salmonella

infections to national public health institutes.

Obviously, these figures will only represent a fraction

of the total cases in the community. The sensitivity of

laboratory-based Salmonella surveillance depends on

the health-care-seeking behaviour of patients with

gastroenteritis and the likelihood that the consulting

physician will request a stool culture. Furthermore,

ease of access to laboratories and the microbiological

methods in place are of importance, as is the com-

pleteness in reporting positive findings to the public

health authorities. Finally, public health jurisdictions

with a tradition of active case-finding as part of out-

break investigations or extensive testing of contacts to

known case-patients or food-handlers are likely to

report higher numbers of infections than settings with

only passive surveillance. Hence, the figures from the

official reporting systems do not measure the burden

of illness. Additionally, the sensitivity of the surveil-

lance systems differs between countries and possibly

also over time. The geographical variation in under-

reporting has been studied using Swedish travellers as

‘sentinels ’ [18], but little information is available on

the temporal sensitivity of Salmonella surveillance.

Community-based studies have applied question-

naire-based methods to determine ‘multiplier esti-

mates’, i.e. the number of symptomatic infections in

the community relative to each single case reported

in the national surveillance registry. For non-typhoid

Salmonella, a multiplier in the range of 3.8–38 has

been estimated [4–7], However, such community-

based studies are costly and difficult to conduct and

may be subject to several types of information bias

(e.g. recall) and selection bias. Moreover, such com-

munity-based studies do not account for asymp-

tomatic cases, which is one reason why the estimates

in the present study are much higher than in the

studies quoted [4–7].

Table 2. Characteristics of the expected antibody

levels in the period following an infection of

Salmonella Enteritidis

Characteristics IgG IgM IgA

Time to peak (days) 14.5 5.3 4.6
Time to almost steady

state* (days)

>400 158 151

Peak level (OD value) 2.6 1.9 2.6
Level of steady state (OD value) 1.5 1.17 1.17
serr
2 0.07 0.11 0.21

* Almost steady level is defined as steady level+10%.
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In veterinary medicine, surveillance based on rou-

tine testing of serological markers is a well-established

methodology. In Denmark, the backbone of the

Salmonella surveillance in poultry and pigs is a large-

scale ongoing testing scheme of eggs and meat juice,

respectively [3]. Whereas the test of a particular

animal may not be sensitive and specific for an indi-

vidual diagnosis, the analysis of grouped data is suf-

ficient to characterize the Salmonella status of a herd

of animals. The methods offer several advantages

since they can be applied on unbiased samples of

animals, can be automated, and are cost-effective

compared with culture-based methods.

The purpose of the present study was to explore a

similar use of serology to measure the incidence of

S. Enteritidis seroresponses in human populations.

To fulfil this objective, we had to develop a suitable

serological assay to determine the decay of antibodies

among infected patients, and to develop appropri-

ate mathematical methods for performing back-

calculations from cross-sectional serological data

to the incidence of infections in humans. The results

indicate that an increase in the reported incidence of

S. Enteritidis from 4.4/100 000 in 1983 to 38.9/100 000

population in 1999, may mirror a rise in the infection

rates in the community of 1300–21 700 per 100 000

population per year. During the late 1990s, large sec-

tions of Danish poultry were infected with Salmonella

[3]. The present study indicates that during 1999 as

many as one in five Danes may have been exposed to

a sufficient level to give rise to a measurable sero-

response. The trend in Salmonella surveillance that

we have witnessed over the past 20 years was re-

producible, but the number of exposures in the com-

munity – as measured by a seroresponse – may be

between 160 and 570 times higher than the reported

culture-confirmed cases.

Under the assumption that there may be between 4

and 40 symptomatic Salmonella infections for each

reported case [7], is it reasonable to assume that up to
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Fig. The individual response curves estimated from the model and the mean curves (determined from h1).

Table 3. Prediction of number of infected cases with

Salmonella Enteritidis infection in a 60-day period

when the true time since last infection is known

Infected

within 60 days

Predicted by model

Infected Not infected

Yes 110 (90.9%) 11 (9.1%)
No 26 (9.5%) 249 (90.5%)
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500 exposures resulting in a seroresponse takes place?

At present, we do not have the knowledge to answer

this question, but given the high prevalence of

Salmonella in many food products, the assumption

may not be unreasonable [19]. Chalker & Blaser [20]

estimated the incidence of Salmonella infections in the

United States by using information of carriage rates

and duration of excretion. They concluded that the

estimated incidence was 16/1000 population prior to

the S. Enteritidis pandemic. This is the same order of

magnitude as our 1980s estimates. However, it seems

important to explore how robust the estimates are to

the choice of antigen in the test, e.g. by using a mixture

of S. Enteritidis and S. Typhimurium as the capture

antigen, and by comparing these results with the over-

all incidence of non-typhoid Salmonella infections.

The present study is subject to other limitations.

First, the test was designed to determine the sero-

response to the most common Salmonella serotype,

S. Enteritidis. Cross-reactions from infections with

other serotypes may blur the picture, this is true

in particular for group D Salmonella. Therefore, the

multiplier estimates should be interpreted with a

great deal of caution and may indeed be over-

estimated. Moreover, it is important to underscore

that measurements based on serology encompass

asymtomatic and mildly symptomatic cases ; unlike

reporting physicians, our serological approach makes

no distinctions between these. Since the proportion

of individuals who experience a symptomatic infec-

tion is reflected in our multiplier estimate, it will be an

important issue to address in further studies. Finally,

there is potential to improve the methodology by in-

cluding age-dependent seroresponse and performing

estimations that better take into account the hetero-

geneity of antibody response.

The modelling of the antibody response was based

on information available from culture-confirmed cases

between ages 10 and 76 years [11]. We have worked

under the assumption that the antibody decay of all

infected individuals follows the same kinetics ; whether

this is a plausible assumption needs to be addressed in

future studies [9]. It may be natural to assume that

asymptomatic cases in general only have a minor in-

crease in antibody level, and the duration of that in-

crease may be shorter compared with symptomatic

cases. If this is true, this bias will lead to under-

estimation of the total number of cases.

Furthermore, the predicted antibody decay de-

pended on the definition of re-infection. For example,

if a person was considered as re-infected only if there

had been a fourfold increase in immunoglobin level

(IgG, IgM or IgA) from one measurement to the next,

then more persons would have had high values at

measurement long after infection, which would then

result in a slower modelled decay rate. In contrast,

a weaker re-infection criterion would result in a faster

decay rate. Subjectively the threefold factor used in

this study seems to be a good compromise.

In addition, the interaction between pathogen and

antibody may be much more complex than suggested

by equation (1). However, for the back-calculation,

which was the main purpose of the model, it was

important to have a sufficiently simple model that

was able to describe the behaviour of antibody re-

sponse in general.

As seen in the Figure, IgG remains at a high level

longer than IgM and IgA. Therefore, if a longer time

window was selected, a higher weight would have

been given to IgG. However, the choice of a time

window of 60 days together with the chosen weights

gave the highest sensitivity and specificity. It is well

known that IgA and IgM are associated with the

acute response, and it was therefore unsurprising that

the IgG value was relatively unimportant in a 60-day

window.

Table 4. Comparison between serology-based incidence estimates and the number of reported cases with

Salmonella Enteritidis infection in Denmark 1983 to 1999

Year
Total number
of samples

Predicted
as infected

Estimated

number of
cases/1000
person-years*

Cases reported

to the national
surveillance
system

Number of
reported cases/
1000 persons

Multiplier
estimate

1983 1109 3 13 (9–17) 220 0.04 304 (220, 388)

1986 1198 9 20 (15–26) 654 0.13 159 (115, 203)
1992 1197 12 53 (38–68) 1013 0.20 270 (195, 344)
1999 1188 55 217 (157–277) 2025 0.39 570 (411, 729)

* Serology-based incidence. The incidence estimates are adjusted for season of blood collection.
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In the present study the calculations of the con-

fidence limits were based only on the estimated sensi-

tivity and specificity. How much of the total

variability in the predicted sera responses is due to

uncertainty about the parameters in the model and

how much is due to individual differences was not

investigated. Further, we do not know how these

variance components influence the false-positive/

negative rates. Indeed, as some people who were not

recently infected can have a high antibody level, one

can argue that the inclusion of individual variation in

the model may give a lower incidence estimate. Future

studies will investigate these questions.

In summary, the present study was a first attempt

to explore a novel approach in the surveillance of

Salmonella and potentially measure its contribution

to foodborne infections in human populations.

Although the approach needs to be further validated

and most probably refined, it shows promise as a

potential tool to make unbiased comparisons between

different national surveillance systems, and to deter-

mine geographical and temporal variation in the de-

grees of underreporting of specific pathogens.
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