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1.1 Assessing completeness of ascertainment in epidemiology  
Epidemiology is the study of how often diseases occur in different groups of people and 
why.1 This includes knowledge about classification errors, i.e. the absence of true cases 
and the presence of false-positive cases in registrations. Observing and monitoring health 
and behaviour trends requires a surveillance system that captures useful data on those 
persons correctly identified with the characteristic under study. This information can be 
used to identify priorities and evaluate interventions. To determine the usefulness of a 
surveillance system there is the need to assess the quality of the data and completeness of 
ascertainment.2 The number of individuals with a certain condition (i.e. cases) or events in 
a population can be ascertained directly, by counting every single person or event as 
attempted in a census, or indirectly, by obtaining sufficient information to estimate 
prevalence (i.e. the number of cases at a specific point in time) or incidence (i.e. the 
number of new cases during a specific period of time), as attempted in a survey (active 
case-finding) or by notification (passive case-finding). Other examples of indirect 
ascertainment of the number of cases in a population are pharmaco-epidemiolocal studies 
and record-linkage, i.e. comparing patient data across multiple registers. It is difficult to 
establish whether these counts are complete or biased to under-ascertainment and only 
on a few occasions it is attempted to estimate or adjust for missing cases.3,4 An indirect 
technique that estimates completeness of ascertainment of surveys and registers used in 
epidemiological studies is capture-recapture analysis.5,6  

 

1.2 Brief introduction to capture-recapture analysis 
A more extensive overview of the historical development of capture-recapture analysis is 
given elsewhere.5 Briefly, the first use of capture-recapture analysis can be traced back to 
Graunt who used a similar method for estimating the population of England as early as 
16627 and Laplace, who attempted to estimate the population size in France in 1782,8 but 
usually it is mentioned that capture-recapture analysis was first applied by Petersen in 
1894 for the study of fish populations. He used the so-called two-sample method, the 
simplest capture-recapture model, to estimate the unknown size of a population of plaice 
in the Limfjord in Denmark.9 The first sample provides the animals for marking or 
tagging and is returned to the population, while the second sample provides the 
recaptures, i.e. the numbers of animals caught in both samples. Using the number of 
recaptures and the number of animals caught in the first and the second sample, it is 
possible, under certain assumptions, to estimate the number not caught in either sample, 
thus providing an estimate of the total population size. Two-sample capture-recapture 
analysis was extended to multiple-sample capture-recapture analysis by Schnabel in 
1938.10 Unmarked animals in each sample are given individual (i.e. numbered) marks 
before being returned to the population, resulting in a known capture history of each 
marked animal. The theory of capture-recapture models was developed more fully in the 
1950's, for example by Chapman,11 who suggested an adjustment of the capture-recapture 
estimate to reduce small sample bias, known as the “Nearly Unbiased Estimator”, and 
Darroch,12 who founded the mathematical framework. To tackle the problem of violation 
of the underlying assumptions, within animal population biology a range of different 
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models was introduced in the 1970's, associated with the names of Anderson, Burnham, 
Otis, White and others.13  

For human conditions two-source capture-recapture analysis was first applied to 
census data. By taking another data source in addition to the census the undercount can 
be estimated.14 The first use of capture-recapture analysis to human health was Sekar and 
Deming’s estimation of completeness of birth and death registers in 1949,15  translating 
being captured in wildlife samples into being observed in two incomplete data sources or 
registers. Personal identifiers such as identification numbers and/or names are used as 
marks or tags. The use of capture-recapture analysis within epidemiology came relatively 
late and was introduced by Wittes and colleagues in 1968 and generalised to three 
registers,16 four registers,17 and five registers,18 benefiting from advanced capture-
recapture knowledge and improved (computerised) statistical methods. In 1972 Fienberg 
approached the problem of violation of some underlying assumptions through the use of 
a log-linear model, as it had emerged from the analysis of multidimensional contingency 
tables,19,20 and since then other models have been added.21,22 A detailed description of the 
methodology and mathematical framework of capture-recapture analysis and its 
application in epidemiological studies is given in chapter 2. 

In various disciplines, for example ecology, demography or epidemiology, 
capture-recapture analysis is known under different names, such as the Petersen 
estimator, mark-recapture and multiple-recapture method, dual-record system and 
multiple-record system method, or Bernoulli census estimates and ascertainment 
corrected rates. 

 

1.3 Application of capture-recapture methods in tuberculosis 
surveillance 

Tuberculosis under-notification 

Already in 1952 Rene Dubos wrote, based on medical and social arguments, that “for all 
these reasons, it is impossible to obtain accurate data concerning the prevalence of 
tuberculous infection even during recent times”.23 In 1981 Styblo and Rouillon said that 
“for Africa, Asia and Latin America the reported tuberculosis incidence figures were, with 
a few exceptions, totally unreliable and incomplete, and should not be extrapolated to 
areas with no notification of tuberculosis and, most important, should not be taken into 
consideration to assess the trend of the incidence of tuberculosis in the world”.24 A 
conventional surveillance system for tuberculosis is (mandatory) notification but 
tuberculosis under-notification is suspected universally, not only in high tuberculosis-
burden countries, although the level can differ considerably.25,26 In various low 
tuberculosis-burden countries under-notification of tuberculosis has been reported, 
estimated through other methods than capture-recapture analysis. In the USA under-
notification of tuberculosis was estimated at 37% in 197727 but more recent studies in 
several states found under-notification in the range of 7% to 0.5%.28-30 In Europe, failure 
to notify tuberculosis patients has best been demonstrated in the United Kingdom, 
varying in different settings from 7% to 70% of the patients,31-39 and as high as 68% to 
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94% among AIDS patients with tuberculosis.40,41 In France, local studies suggested under-
notification of tuberculosis in the range of 30% to 63%.42-44 The under-notification of 
tuberculosis in Italy has been estimated by the World Health Organization at 12%, but 
may reach between 30% and 54% in some areas of the country.45-49 In Spain under-
notification of tuberculosis has been estimated at 50%.50,51 In the Netherlands 
tuberculosis under-notification was estimated at 8% between 1994 and 1998 whilst 
according to the World Health Organization 100% of the cases were notified in 2002.26,52  

Under-notification obscures the true burden of tuberculosis, it frustrates proper 
planning of the human and financial resources needed for adequate tuberculosis control, 
it hinders meaningful interpretation of figures and trends for surveillance and identifying 
priorities, it will compromise early signs of location and magnitude of outbreaks and it 
will also fail to reliably evaluate the effect of interventions. Compared to non-
communicable diseases, for tuberculosis under-notification has an important additional 
consequence. The most serious public health aspect of tuberculosis under-notification, 
especially for culture-confirmed pulmonary tuberculosis patients, is that it prevents 
possibly indicated contact investigations around potentially infectious patients.  

Methods of estimating tuberculosis incidence or prevalence 

Apart from (mandatory) notification different methods can be used to estimate the 
burden of disease of tuberculosis. As for other diseases a whole population can be 
examined, but often this is not feasible, expensive and only representative for the area 
explored,53 or the ascertainment of the number of tuberculosis patients can be achieved 
through exhaustive surveys.54-58 A specific surrogate marker for the incidence of 
pulmonary tuberculosis is the annual rate of tuberculin skin test conversion. This method 
assumes that a one percent annual risk of infection with Mycobacterium tuberculosis 
corresponds to an incidence of approximately 50 smear-positive cases of pulmonary 
tuberculosis per 100 000 population.59,60 However, these risks were originally drawn from 
developed nations and, because of variations in the quality of intervention and varying 
risks of progression from latent tuberculosis infection to the active disease, it is unclear 
whether these figures can be reliably projected elsewhere.61 Specific pharmaco-
epidemiological studies on anti-tuberculous drug use, especially daily defined doses of 
pyrazinamide, have been used to estimate tuberculosis incidence.51,52,62 One of the 
limitations of using drug prescriptions as a marker for tuberculosis incidence is the 
difficulty to distinguish between chemoprophylaxis and chemotherapy.35 The general 
indirect estimation technique of record-linkage has also been applied to tuberculosis. 
Through record-linkage it is possible to assess the case-ascertainment and come closer to 
the true number of cases than by using one source only.37,45,46,48,63 For tuberculosis and 
other infectious diseases most often microbiology laboratory records or hospital episode 
registers are used to supplement notification data. However, proportions of miscoded 
(false-positive) tuberculosis patients in hospital episode registers of up to 62% and 27% 
have been reported in the USA and the United Kingdom respectively.64-66 Pathology 
records compatible with tuberculosis have been mentioned as an alternative 
source.32,33,36,67 Other options are pharmacy data, such as prescriptions,30,35,38,67-69 death 
certificates,28,30,33,34 AIDS registries30,70  and billing records.64  
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Capture-recapture studies estimating tuberculosis incidence or prevalence 

In addition to record-linkage of two or more tuberculosis registers, capture-recapture 
studies have been performed in the field of tuberculosis surveillance.65,71-83 An overview 
of these studies is presented in Table1.1. Nine of the first 11 reports, published prior to 
the work in this thesis, used simple two-source capture-recapture models and only two 
studies (Liverpool, United Kingdom and Cayenne, French Guyana) applied three-source 
capture-recapture models. Seven studies originated from Spain. Five studies estimated the 
number of patients with pulmonary or respiratory tuberculosis, four studies estimated the 
number of patients with all forms of tuberculosis and one study estimated the number of 
patients with tuberculous meningitis. One study did not aim to estimate the total number 
of tuberculosis patients but the number of tuberculosis patients attributable to recent 
transmission.78 Ten studies were performed at the local or regional level and one study 
was done at the national level. Nearly all studies used mandatory notification data, 
microbiology laboratory records or hospital episode statistics as data sources. Interviews 
with local residents and a national reference centre mycobacterial drug resistance survey 
were used as alternative data sources, apart from the study estimating the number of 
patients attributable to recent transmission which used an epidemiological recent 
transmission database and a microbiology DNA fingerprinting database. Two studies 
included less than 100 patients after record-linkage, eight studies between 100 and 500 
patients and one study involved 1248 patients. Three studies describe a sequential analysis 
over multiple years. Estimated under-notification varied between 7.4% and 65%. 

Limitations of capture-recapture studies estimating tuberculosis incidence or 
prevalence 

The limitations to capture-recapture studies estimating tuberculosis incidence or 
prevalence depend, like in any capture-recapture study, on the violation of the underlying 
assumptions. These assumptions and methodological aspects of their violation will be 
discussed in detail in section 2.1.2. Briefly, for tuberculosis, as well as other diseases, 
violation of the perfect record-linkage assumption (i.e. no misclassification of records) is 
depending on the availability of a unique identifier in all registers, or sufficient proxy-
identifiers. When, as most often, notification, laboratory and hospital registers are used, 
violation of the closed population assumption (i.e. no immigration or emigration in the 
time period studied) is presumably limited in countries with a well-organised tuberculosis 
control system, as the opportunities for notification, culture-confirmation or 
hospitalisation are largely determined within a short period of time. More likely is the 
violation of the assumption of independence between the different tuberculosis registers 
(i.e. the probability of being observed in one register is not affected by being –positive 
dependence– [or not being –negative dependence–] observed in another) as tuberculosis 
services are often organised around close collaboration (e.g. laboratory pre-notification, 
clinical isolation, contact-investigations and referrals) between clinicians, microbiologists 
and public health professionals such as tuberculosis physicians and tuberculosis nurses. 
Another more likely violation is that of the homogeneity assumption (i.e. the absence of 
subgroups in the population with markedly different probabilities of being observed and 
re-observed), e.g. age, location of disease and infectiousness can cause different 
probabilities of being observed in a tuberculosis-related register. A problem more specific 
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for tuberculosis than for some other (infectious) diseases is the uniform case-definition in 
all registers. For laboratory registers the gold standard is a positive culture of a species 
belonging to the M. tuberculosis complex. For the other registers there is a risk of less than 
perfect positive predictive value, i.e. the registers can include false-positive records, for 
example due to laboratory-contamination results, infection with Mycobacteria Other 
Than Tuberculosis or a final diagnosis other than tuberculosis, which are not officially de-
notified or adjusted in the hospital discharge codes. As outlined in section 1.3, in case of 
tuberculosis, studies have shown that the positive predictive value of hospital registers 
should be judged critically. 

 

1.4 Aim of the thesis and research questions  
The aim of this thesis is to investigate the feasibility and validity of capture-recapture 
methods in surveillance of tuberculosis and other infectious diseases. The specific 
research questions are:  

1. How do the characteristics of various infectious diseases and their registers in the 
Netherlands influence the feasibility and validity of capture-recapture analysis? 

2. How do the characteristics of tuberculosis surveillance systems in different countries 
influence the feasibility and validity of capture-recapture analysis? 

3. What is the feasibility and validity of truncated population estimation models in 
infectious disease surveillance? 

 

1.5 Outline of the thesis 
This thesis begins with three chapters that introduce different aspects of capture-
recapture analysis. After a brief general introduction to capture-recapture analysis 
Chapter 1 addresses under-notification of tuberculosis and the application of capture-
recapture methods in tuberculosis surveillance, with an overview of previous capture-
recapture studies performed in this field. In Chapter 2 we discuss the methodology and 
mathematical framework of capture-recapture analysis, especially for epidemiological 
studies. Further to an earlier overview of capture-recapture studies on infectious diseases 
until 1997, in Chapter 3 we present a synopsis of capture-recapture studies on infectious 
diseases published between 1997 and 2006.  

To address the first research question of this thesis in Chapter 4 we estimate 
malaria incidence and completeness of notification by clinicians and reporting by 
laboratories in the Netherlands, to assess the effect of the change from clinician-based 
notification to laboratory-based reporting of malaria in the new Dutch Infectious 
Diseases Act. We describe an uncomplicated conventional log-linear capture-recapture 
analysis of three incomplete, partially overlapping registers of malaria cases, resulting in a 
parsimonious log-linear model, reducing bias due to interdependence between registers. 
In Chapter 5 we estimate the incidence and completeness of notification of Legionnaires’ 
disease in the Netherlands. We describe a less conventional and more complicated three-
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source capture-recapture analysis, resulting in a covariate log-linear model in order to 
reduce bias due to expected and observed geographical heterogeneity among the 
Legionnaires’ disease patients. In Chapter 6 we estimate the completeness of notification 
of incident tuberculosis cases in the Netherlands. We describe a systematic process of 
record-linkage of three tuberculosis registers, cross-validation with four other 
tuberculosis-related registers, case-ascertainment and conventional capture-recapture 
analysis, initially resulting in a saturated log-linear model, and demonstrate the effect of 
possible violation of the perfect record-linkage and perfect positive predictive value of 
registers assumptions.  

To address the second research question of this thesis, we show in Chapter 6 
how a well-organised system of tuberculosis control in the Netherlands allows us to 
correct an implausible high number of tuberculosis patients estimated by a saturated log-
linear model in a capture-recapture study at the national level for one year. We introduce 
the application of a truncated Poisson model, related to capture-recapture analysis, to 
cross-validate the conventional capture-recapture estimates. In Chapter 7 we describe a 
relatively uncomplicated conventional three-source capture-recapture study to estimate 
tuberculosis incidence and completeness of the tuberculosis registration systems at the 
regional level in the Piedmont Region in Italy for one year, resulting in a parsimonious 
log-linear model. We show how the regional scale of the study, a limited number of 
patients and favourable privacy regulations made inspection of all clinical files possible 
and allowed for identification of a considerable number of false-positive cases in the 
hospital register. In Chapter 8 we show the advantage of two routinely linked 
tuberculosis registers, as part of Enhanced Tuberculosis Surveillance in England, in a 
three-source capture-recapture study at the national level for four years. Due to the scale 
of this study as a disadvantage sophisticated record-linkage software was needed to link 
the hospital records as a third data source and a population mixture model had to be 
specified to estimate the proportion of false-positive cases among the unlinked hospital-
derived tuberculosis records. The final tuberculosis incidence estimates of the saturated 
capture-recapture models are cross-validated with a structural source model, a truncated 
Poisson model and a truncated Poisson mixture model. 

To address the third research question of this thesis in Chapter 9 we estimate 
the coverage of a mobile targeted digital X-ray tuberculosis screening programme for 
illicit drug users and homeless persons in Rotterdam with Chao’s truncated heterogeneity 
model and Zelterman’s truncated Poisson mixture model. We show how truncated 
population estimation models can be used relatively easily when only one data source is 
available. In Chapter 10 we re-examine 19 published and current international three-
source log-linear capture-recapture datasets on estimating tuberculosis and other 
infectious disease incidence and completeness of registration, with various truncated 
population estimation models and discuss the performance of these alternative models.  

The General Discussion (Chapter 11) provides answers to the research 
questions of this thesis and discusses aspects of the feasibility and validity of three-source 
log-linear capture-recapture analysis and related truncated population estimators for 
estimating the incidence of tuberculosis and other infectious diseases, and lists the 
conclusions and recommendations. 
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2.1 Methodology of capture-recapture analysis 
 

2.1.1  Introduction 

For epidemiologists, prevalence and incidence rates are fundamental components of their 
discipline but these data often are inaccurate due to classification errors, i.e. under-
ascertainment of the true number of persons or events and the presence of false-positive 
cases. Standardised means to evaluate and to adjust prevalence and incidence rates for the 
degree of under-ascertainment enable a more accurate and meaningful presentation of 
figures, comparison of data from different settings and analysis of trends.1 Wittes and 
colleagues transferred capture-recapture methods used by ecologists to adjust wildlife 
population estimates to epidemiology to estimate prevalence or incidence. The use of simple 
two-source capture-recapture models for epidemiological data is often limited by violation of 
the underlying capture-recapture assumptions, resulting in biased estimates, and log-linear 
models were developed for epidemiological applications that partly address this problem.2-6 
An overview of the application of capture-recapture analysis to human epidemiology is 
given elsewhere.7,8  

2.1.2 Assumptions underlying capture-recapture analysis 

For a capture-recapture estimate to be valid in human epidemiology a number of 
assumptions should be respected: perfect record-linkage (i.e. no misclassification of 
records), a closed population (i.e. no immigration or emigration in the time period 
studied), a homogeneous population (i.e. no subgroups with markedly different 
probabilities of being observed and re-observed) and independent registers (i.e. the 
probability of being observed in one register is not affected by being –positive 
dependence- [or not being –negative dependence-] observed in another).8 In two-source 
capture-recapture analysis the last assumption is crucial because it is impossible to check 
independence mathematically and it relies on the users to make the plausibility judgement. 
Dependencies can cause under-estimation (in case of positive dependence) or over-
estimation (in case of negative dependence).1 Heterogeneity of the population and 
violation of the perfect record-linkage and closed population assumptions can also cause 
bias in both directions. In human conditions violation to some degree of most of these 
assumptions, especially that registers are independent and the population is 
homogeneous, is unavoidable and limitations of capture-recapture analysis are 
described.1,7,9,10-14  

In addition to the assumptions mentioned, it is important that the various 
registers only contain individuals with the condition under study, i.e. the registers should 
not include false-positive records. In other words, the specificity and positive predictive 
value of the registers should ideally be 100%. A low positive predictive value results in 
overestimation of the true population size. Finally, the individuals under study should be 
captured within the time and space defined by the investigation.  

Various efforts can reduce violation of the assumptions underlying capture-
recapture studies on human epidemiology. Complete and good quality information on the 
personal identifiers of individuals in the different registers will limit violation of the 
perfect record-linkage assumption. Collection of data within a short period of time will 
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minimise violation of the closed population assumption. Violation of the homogeneity 
assumption can be handled by stratification of the population into more homogeneous 
strata, perform capture-recapture analysis for each of the distinct subgroups and 
subsequently add the results for the total estimate An alternative is to include covariates 
with a strong relationship to the probability of capture in a log-linear covariate capture-
recapture model.15,16 A third approach, if possible, is to model the heterogeneity, e.g. with 
logistic regression.17,18 Violation of the independency assumption can be partially 
identified and controlled when more than two sources are linked, allowing for sources to 
be examined pair-wise, i.e. two at a time.5 In the absence of source dependence the 
possible pair-wise capture-recapture estimates of the total number of cases should be 
reasonably similar. Positive dependence between two of the lists can be suspected when a 
pair-wise estimate is considerably lower than the other pair-wise estimates. In the three-
source capture-recapture approach according to Fienberg, pair-wise dependencies can be 
incorporated in the log-linear model as interactions. In case of three sources, three-way 
interaction, i.e. dependence between all three registers, is assumed to be zero, or, in case 
of multiple sources, highest-order interaction, i.e. dependence between all sources, is 
assumed to be zero. When interactions are incorporated in the log-linear model, especially 
when all interactions are incorporated in a so-called ‘saturated’ model, with no degrees of 
freedom –df’s– left, three-way interaction cannot be excluded and the assumption that 
this interaction is zero has been called an “act of faith”.10,12 The positive predictive value 
can be increased through an adequate and unambiguous case-definition, uniform for all 
sources, cross-validation through record-linkage with other related data sources and 
identification and exclusion of false-positive cases. Examination of a period of time before 
and after the study episode can correct for late registration 

2.1.3  The two-source capture-recapture model 

A two-source capture-recapture problem with registers A and B can be graphically 
presented as in table 2.1.  

 

Table 2.1 The two-source capture-recapture problem 

 Register B  

Register A Not observed Observed Total register A 

Not observed 00n̂  n01  

Observed n10 n11 NA  

Total register B  NB  

 

The numbers of cases only on register A, only on register B, on both registers and on 
neither register, can be expressed as n10, n01, n11 and 00n̂  respectively. The number of 
cases on register A, NA, is n10 + n11 and the number of cases on register B, NB, is n01 + n11. 
The total observed population on at least one register, the case-ascertainment, equals n10 + 
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n01 + n11. The aim is to estimate the number of cases not observed in both registers, 00n̂ . 
The estimated total number of cases, N̂ , is the observed number of cases plus the 
estimated unobserved number of cases. When the basic assumptions outlined in section 
2.1.2  hold 00n̂  can be expressed as  
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Equation (2.2) is known as the Petersen estimator. Approximately unbiased estimates of 

N̂  are expected when the registers are large. The correction for bias caused by small 
registers, the Nearly Unbiased Estimator proposed by Chapman, can be expressed as 
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The confidence interval is calculated as N̂ ± 1.96 times the standard error. The 
mathematical framework of the two-source capture-recapture model is explained in more 
detail elsewhere.8 The underlying assumptions and the effect of violation of these 
assumptions are discussed in section 2.1.2. In epidemiology, due to the possible presence 
of uncontrolled dependence between the sources and heterogeneity of the population 
resulting in biased estimates, two-source capture-recapture analysis is regarded as rarely 
appropriate by some.8 Others consider this method useful under certain circumstances, 
e.g. when the likely direction of the bias caused by violation of the underlying 
assumptions can be predicted and plausible lower and upper boundaries of the prevalence 
or incidence of a disease can be estimated.7,21,22 A variation of the two-source method, 
using a single sample has been described.23 

2.1.4  The log-linear capture-recapture model 

In the context of multiple registers another capture-recapture approach called log-linear 
modelling allows for controlling specific forms of dependence and heterogeneity, making 
these multiple-source log-linear capture-recapture models more powerful.7 The 
mathematical framework of the multiple-source log-linear capture-recapture model is 
explained in detail elsewhere.8 The underlying assumptions and the effect of violation of 
these assumptions are discussed in section 2.1.2. Basically, the log-linear model 
transforms the two-source capture-recapture model in a model for the logarithms of the 
observed counts which is linear in a set of parameters. Possible interaction between 
registers A and B will change the log-linear model and this modification can be 
incorporated in the model as an interaction parameter λAB. This type of log-linear model 
has become the standard form of analysis for contingency tables and was proposed and 
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developed for capture-recapture analysis by Fienberg.3 With three registers there are eight 
possible combinations of these registers in which cases do or do not appear. The general 
model uses eight parameters, the common parameter (the logarithm of the number 
expected to be in all lists), three ‘main effects’ parameters (the log odds ratios against 
appearing in each list for cases who appear in the others), three ‘two-way interactions’ or 
second order effect parameters (the log odds ratios between pairs of lists for cases who 
appear in the other), and a ‘three-way’ interaction parameter. For three registers, A with i 
levels, B with j levels, C with k levels, the natural logarithm (ln or loge) of expected 
frequency Fijk for cell ijk, ln Fijk, can be denoted as 

         (2.4) 

 

whereθ  is the common parameter , λA, λB, and λC are the main effect parameters, λAB, 
λAC and λBC are the second order effect (two-way interaction) parameters and λABC is the 
highest order effect (three-way interaction) parameter. The value of this last three-way 
interaction parameter can not be tested from the study data and is assumed to be zero. 
Assumptions about the other parameters can be tested, although these tests may not be 
very powerful for small samples.  

Three types of log-linear models can be recognised. Firstly, the ‘independent 
model’ which assumes that all registers are independent. Secondly, models that are 
equivalent to two independent registers or two independent subsets of registers. Finally, a 
‘saturated’ model that incorporates all possible interactions, including possible three-way 
interaction. To assess how the various log-linear models fit the data (model fitting) the log 
likelihood-ratio test, also known as G2 or deviance, is used, denoted as  

 G2 = -2∑Obsj ln[Obsj /Expji]    (2.5) 

where Obsj is the observed number of individuals in each cell j, and Expji is the expected 
number of individuals in each cell j under model i. The lower the value of G2 the better is 
the fit of the model. In the log-linear estimation procedure after model fitting follows 
model selection, i.e. to identify the models that are clearly wrong and select from a 
number of acceptable models the most appropriate. For model selection, apart from 
previous knowledge and expectations about dependencies between registers and 
heterogeneity of the population, formal procedures based upon likelihood-ratio tests, 
known as information criteria, can be used. One of these procedures is Akaike’s 
Information Criterion (AIC)24 which can be expressed as 

  AIC = G2 – 2 [df]      (2.6) 

The first term, G2, is a measure of how well the model fits the data and the second term, 
2 [df], is a penalty for the addition of parameters (and hence model complexity). Another 
information criterion is the Bayesian Information Criterion (BIC)25 which can be 
expressed as  

        BIC = G2 – [ln Nobs] [df]      (2.7) 

where Nobs is the total number of observed individuals. Relative to the AIC, the BIC 
penalises complex models more heavily. In general, in the log-linear capture-recapture 
estimation procedure the least complex, i.e. the least saturated (in other words the most 
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parsimonious) model, whose fit appears adequate, is preferred.11 Since the G2 of the 
saturated model is zero and has no degrees of freedom left, the AIC and BIC are also 
zero and models with a negative AIC and BIC are preferred although this does not 
necessarily mean that the estimate is correct. When the saturated model is selected by any 
criterion the investigator should be particularly cautious about using the associated 
outcome.7,26 However, when external considerations do not justify the presumption of 
plausible interactions of sources in the simpler models, some advocate the saturated 
model.27 The confidence interval around log-linear estimates can be constructed based on 
likelihood-ratio statistics.28,29 However, any confidence interval only adjusts for sampling 
fluctuation but it does not adjust for any uncertainty as to whether the underlying 
assumptions are violated.27 With an increasing number of registers, the number of 
possible capture-recapture models rapidly increases. Programs for the analysis of log-
linear models exist in most large statistical computer packages, such as S+, SAS and SPSS, 
and some have been specially developed for capture-recapture analysis, e.g. GLIM,30 
MARK31 and CARE.32  

2.1.5 Truncated models 

As an alternative to the more conventional two-source and log-linear multiple-source 
capture-recapture analysis, so-called truncated models have been employed, assuming a 
specific distribution of the observed data, e.g. Poisson, binomial or a mixture of different 
distributions.7 Truncated models, such as Zelterman’s truncated Poisson mixture model 
and Chao’s heterogeneity and bias-corrected homogeneity models33-35 can be applied to 
frequency counts of observations of cases in a single register or multiple registers, with 
the aim to estimate the number of unobserved persons in the (truncated) zero-frequency 
class, based upon information of the lower frequency classes. These models have been 
used in genetic epidemiology36 and social sciences, e.g. to estimate the size of hidden 
populations of illicit drug users and homeless persons.37-40 The simple estimators do not 
need statistical packages, Zelterman’s model supposedly allows for greater flexibility and 
applicability on real life data and the Zelterman and Chao models are arguably more 
robust to violation of the homogeneity assumption because they are partly based upon 
the lower frequency classes, assumed to have more resemblance to the zero frequency 
class. Despite obvious violation of other underlying assumptions, especially the 
independent registers assumption in case of multiple sources or the constant individual 
probability of re-observation assumption in case of a single source39,40, truncated models 
have performed well when compared to log-linear capture-recapture estimates.41 An 
overview of a range of truncated models is given elsewhere.42 
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2.2 Application and limitations of capture-recapture analysis for  
epidemiological studies 

 
2.2.1 Introduction 

Several steps are important in planning, applying, presenting and evaluating capture-
recapture techniques in epidemiological studies:43,44  

1. The purpose of the study and the required accuracy of the data should be described. 
2. Appropriate sources for capturing cases should be selected.  
3. Possible relationships between the selected sources should be investigated and described 

as well as their influence on the capture-recapture results. 
4. An unambiguous and uniform case-definition for the various sources should be used.  
5. The accuracy of diagnosis and disease classification in each of the sources should be 

examined. 
6. The accuracy of record-linkage should be described.  
7. The case-ascertainment, the distribution of the cases over the various registers, the 

selected capture-recapture model and the estimate of the number of missing cases, and 
thus the total number of cases, should be given, from which prevalence or incidence 
rates can be calculated. 

8. The limitations of the capture-recapture methodology in epidemiology should be 
addressed.  

Preferably preparatory fieldwork and explorative research should be performed, if 
possible including a small scale pilot capture-recapture study investigating feasibility, 
limitations and costs, ideally with the possibility of validation of the estimates against known 
data from a census or survey.59 This preparation is still required while planning a capture-
recapture study on a particular disease when such a study was performed successfully in the 
past or elsewhere, using similar data sources and resulting in a fitting capture-recapture model 
that produced a credible estimate. In the past and abroad, the characteristics of disease 
registers, legislation or guidelines and organisation of disease diagnosis and surveillance may 
be different. Consultation of a statistician, either a bio-statistician or social scientist, with 
experience in capture-recapture analysis should be part of the planning of a capture-recapture 
study. In case of investigating large data sources collaboration with a data manager with 
experience in sophisticated computerised record-linkage is required. 

2.2.2 Purpose and required accuracy of the study 

The aim of the study and the intended use of the reported estimates should be described, 
including the likely consequences for utilisation of under-estimates or over-estimates. 
Some objectives need accurate estimates while others accept under-estimates or over-
estimates serving as the upper or lower bound of the true population size.7 

2.2.3 Source-selection and number of sources 

Selection of suitable data sources from the available information sources is needed in 
order to obtain valid capture-recapture estimates.45,46 Potential data sources can be 
identified from the literature or the experience from other researchers. All cases should 
have a chance to be recorded in each one of the selected data sources. All selected data 
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sources should contain sufficient identifiers of the cases for reliable record-linkage. The 
data sources should be able to provide overlap information among the sources, as this is 
the key component of capture-recapture analysis, and therefore complementary or 
mutually exclusive data sources should not be used.45 As later outlined in section 2.2.6 
ideally the positive predictive value of each of the data sources should be 100%. 
However, in epidemiological capture-recapture studies often existing data sources, not 
designed for capture-recapture analysis, are used, possibly containing poor quality data, 
leading to poor capture-recapture outcomes.10  

The number of available data sources may be limited, restricting the opportunity 
of choice in source selection. The use of only two data sources prevents mathematical 
assessment of possible interdependence, potentially causing under-estimation or over-
estimation.45 The use of at least three data sources allows log-linear models to incorporate 
specific forms of source interdependence. It is neither practical to have as many data 
sources as possible, e.g. for budgetary constraints as additional sources cost money and 
time, nor beneficial, e.g. an increasing number of sources causes decreasing overlap, 
resulting in increasing variation of the estimates and cells in the multi-way contingency 
table may even contain zero cases. To reduce the number of data sources, one can 
collapse multiple sources into for example three logical sources, although this is at the 
expense of overlap information. In general, the use of three to five data sources is 
recommended,7,32,44,45,47 although some argue that the use of more than three data sources 
does not substantially alter the absolute value of or confidence in the obtained capture-
recapture estimate.46  

2.2.4 Relationships between the selected sources  

Possible relationships between the selected sources should be explored because for 
reliable capture-recapture estimates absence of specific forms of dependence between the 
data sources is one of the crucial underlying assumptions. As outlined in section 2.1.2 
possible positive or negative dependence between the data sources results in under-
estimation and over-estimation respectively. If data sources are likely to be dependent 
three choices can be made: to discard the sources, to combine them or to use log-linear 
modelling.  

2.2.5 Case-definition 

A clear standardised case-definition, which cannot be changed throughout the 
investigation period, is needed and should be uniform and consistent among each of the 
sources selected, such as laboratory-based sources and clinician-based sources.45,48 
Different specificity of the case-definition results in different rates for false-positive cases 
between data sources, causing invalid estimates of the total number of cases.9,49,50 Also the 
target population, the geographical area and the time interval from which the selected 
sources capture their cases, should be identical.  

2.2.6 Accuracy of diagnosis and disease classification 

Ideally the positive predictive value of each of the data sources should be 100% but in 
epidemiology not many sources will meet this condition.11 Apart from under-
ascertainment of cases, routine systems of disease surveillance, such as morbidity and 
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mortality statistics, are prone to errors in disease diagnosis or disease classification and 
coding, resulting in registration of individuals with diseases other than the disease of 
interest (or none) by one or several sources of case-ascertainment (false-positive diagnosis 
or misclassification). False-positive cases as a result of misdiagnosis or misclassification 
lead to over-estimation of cases by capture-recapture analysis.51 One approach to 
minimise bias caused by misclassification is to combine diagnoses between which 
misclassification is common (e.g. colon and rectum cancer or cervical and endometrium 
cancer). Another approach is to identify and exclude false-positive cases through record-
linkage with other related sources. Alternatively, the positive predictive value reported in 
previous validation studies, e.g. post-mortem examinations, can be used to correct for the 
expected over-estimation.  

2.2.7 Record-linkage 

The record-linkage procedure should be reliable because it performs one of the most 
important steps in the capture-recapture application, i.e. accurate determination of the 
number of overlap cases, and is one of the underlying capture-recapture assumptions as 
outlined in section 2.1.2. Inaccurate record-linkage can substantially alter the size of the 
observed and unobserved fractions.13  

Imperfect record-linkage can cause incorrect linking of different individuals 
(false-positive links, also called homonym errors or “mis-link”) or failure to identify the 
same individual in different sources (false-negative links, also called synonym errors, or 
“missed link”). False-positive links will lead to under-estimation of the case counts and 
false-negative links will lead to over-estimation of the case counts.52,53 When both linkage 
errors are present, the antagonistic effects of false-positive and false-negative links on 
estimated case counts may partly or fully cancel out.54 Imperfect record-linkage can result 
from incomplete registration of personal identifiers in different data sources, imperfect 
registration (e.g. due to clerical errors such as typing mistakes) or due to changes in the 
variables used for record-linkage, such as family name or address. Imperfect record-
linkage is of particular concern in situations in which restrictive confidentiality and 
privacy rules allow only very limited registration of personal identifiers.11,54 Record-linkage 
may even be impossible for ethical or legal reasons.9 As outlined in section 2.2.3 sufficient 
information for reliable record-linkage should be a source selection criterion.  

Like a numbered bird ring in animal population studies, in human conditions, 
ideally a unique identifier should be used such as a social security number that appears on 
all records of an individual. In the absence of such a ‘mark’, variables such as the name of 
a person, date of birth, age, sex or (part of the) postal code can be used to perform 
record-linkage. Considered individually these are proxy identifiers and record-linkage 
often depends on their use in combination. It has been suggested that the combination of 
first name, family name and date of birth is sufficient for adequate linkage.46 The use of 
names for adequate record-linkage is only possible in countries or areas where the literacy 
rate is very high and record-keeping is reliable. But even in these countries, when a 
disease, such as malaria or tuberculosis, is common among persons with a foreign or 
ethnic background, variation in spelling of unfamiliar and complicated names, e.g. double-
barrelled names, can cause imperfect linkage. A problem will also arise when one source 
registers married women under the husband’s name and another source under the maiden 
name. Sophisticated cryptographic computer software has been developed for the 
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refinement of record-linkage techniques. These programmes ‘translate’ family names in a 
phonetic expression or code, a procedure called name or phonetic compression, 
increasing the probability of linking all possible variants of names.55 Also to meet privacy 
restrictions names can be reduced into a fixed format code, e.g. by eliminating vowels, 
regarding certain consonants as silent and regarding others as equivalent. Examples are 
the Soundex code, the Dolby code, the New York State Information and Intelligence 
code and the Oxford name compression algorithm. In the absence of names adequate 
record-linkage often can be done using the other variables mentioned earlier.56  

There are several record-linkage techniques: deterministic or exact record 
linkage, relaxing exact record-linkage, probabilistic record-linkage, and a combination of 
these. Exact record-linkage only links individuals from different data sources with exactly 
the same field values (‘all-or-none’) while relaxing record-linkage allows a minimal degree 
of discrepancy. Purely exact record-linkage is not recommended, because even for 
‘perfect’ data sources inaccuracies in recording, transcription and keying, such as coding 
mistakes or typing errors, occur during data collection, resulting in false-negative record-
linkage. The approach of probabilistic record-linkage is to assign different probabilities or 
weights to the variables as some provide more information and are more reliable than 
others. The perceived discriminating power of the various personal identifiers results in 
differential weighting of the amount of agreement or disagreement.56-58 Computer 
software has been developed for exact and probabilistic record-linkage.  

2.2.8 Case-ascertainment and capture-recapture analysis 

After record-linkage the case-ascertainment (i.e. the number of cases known to at least 
one of the registers) should be presented, including the distribution of the cases over the 
different sources, in total and possibly stratified by important covariates. The estimates 
and associated confidence intervals of each of the eight log-linear capture-recapture 
models between independent and saturated model should be presented with degrees of 
freedom, goodness-of-fit criterion and information criteria. Coherence of the estimates 
with previous knowledge, e.g. census data, surveys or other capture-recapture study 
estimates, should be discussed and the selection of the preferred model explained. In case 
of three-source capture-recapture analysis the internal consistency of the log-linear 
capture-recapture estimate should be examined through comparison of all two-source 
estimates and those of each source versus all others pooled.12 The outcome of the capture-
recapture analysis should be discussed in the context of the aim of the study.  

2.2.9 Limitations of capture-recapture analysis in epidemiology 

Most of the limitations of capture-recapture analysis pertain to the possibility, almost the 
certainty, of violation of the underlying assumptions.7 In contrast to animal population 
studies the assumptions as outlined in section 2.1.2 are unlikely to be satisfied in 
epidemiological applications.12,14 In epidemiology capture-recapture analysis often uses 
existing administrative registers, not designed for capture-recapture analysis, instead of 
random surveys of the population according to a common protocol.10 The accuracy of 
the registers used, such as correct diagnosis and coding and sufficient information for 
appropriate record-linkage, is important. In capture-recapture analysis, errors are highly 
likely to have a more than additive effect on estimates. Registers containing poor quality 
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data lead to poor capture-recapture outcomes.7,10 Dependence of sources is often a 
problem in epidemiological capture-recapture applications. Such dependence can result 
from co-operation between the agencies that keep the different registrations, exchange of 
information or a more or less predictable flow of patients along various institutions due 
to referral. The probability of ascertainment by any particular source should be equal but 
in epidemiological settings often it is not, due to the intrinsic nature of human variation, 
e.g. socioeconomic differences or variation of severity of disease. Also human 
populations are rarely closed. 

It has been argued that estimates from capture-recapture studies in epidemiology 
are wholly unreliable unless supported by a wide variety of sensitivity analyses, and by 
careful medical and social discussion of variability between individuals, and the reasons 
why a particular individual may fail to be recorded in a particular register. Matching of 
only two registers has even been called “mostly an exercise in self-deception, an 
unscientific, uncritical act of faith in the absolute truth of untested and implausible 
assumptions”.10 Also for the application of multiple-source log-linear estimators for any 
particular observed data on real populations some claim that “in no sense there is any 
proof or re-assurance that this results in a valid estimate, or even necessarily produces an 
estimate closer to the true value than some alternative approach”.7 Although many 
apparently successful capture-recapture studies have been published, only few have been 
reported to have failed and confidence in the validity of capture-recapture results may 
reflect publication bias in favour of successful capture-recapture studies rather than the 
inherent strength of this methodology.47  
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3.1 Application of capture-recapture analysis in studies on 
human diseases 

An overview of the applications of capture-recapture methods in human diseases before 
1997 is given elsewhere.1,2 Apart from injury-related capture-recapture studies, these 
reports were categorised into four different disease groups, often diseases with a chronic 
character. Apparently the characteristics of most of these diseases, their patients and their 
registers fulfil criteria for feasibility as well as for agreement with the assumptions 
underlying capture-recapture analysis best. In a first group more than 30 capture-
recapture studies were performed for monitoring the incidence of insulin-dependent 
diabetes mellitus and in this field capture-recapture analysis has become a standard 
method to correct case-ascertainment. A second group consists of capture-recapture 
studies on the frequency of birth defects, such as congenital rubella, cleft lip and cleft 
palate, spina bifida, Down’s syndrome and other congenital anomalies. A third group of 
capture-recapture studies focussed on cancer, e.g. to estimate the completeness of cancer 
registries or to estimate breast cancer screening sensitivity. Apart from these three disease 
categories, capture-recapture methods were used to estimate the incidence or prevalence 
of various diseases such as haemophilia, myocardial infarctions, Huntington’s disease, 
mental disease, Rett’s syndrome, and vaccine-associated poliomyelitis. A brief discussion 
of these early capture-recapture studies published before 1997 can be found at the 
website http://www.pitt.edu/~yuc2/iddm.html, http://www.pitt.edu/~yuc2/birth.html, 
http://www.pitt.edu/~yuc2/cancer.html and http://www.pitt.edu/~yuc2/other.html for 
diabetes, birth defects, cancer and other diseases respectively (accessed 1 May 2007).  

 After 1997 more than 100 capture-recapture studies on human diseases other 
than infectious diseases or tuberculosis have been published in peer-reviewed journals. 
Most of the diseases studied are again chronic conditions and largely follow the same 
categories as described above. Approximately half the studies are related to diabetes 
mellitus. Birth defects such as neural tube defects, Down’s syndrome, congenital ocular 
anomalies, tuberous sclerosis, brain arteriovenous malformations, heart malformations 
and other congenital disorders were studied and several reports were related to estimating 
cancer incidence or completeness of cancer registries. New groups of diseases are 
neurological diseases with a number of studies reporting on Parkinson’s disease, multiple 
sclerosis, epilepsy, amyotrophic lateral sclerosis, myasthenia gravis, hemiplegic migraine 
and stroke, and rheumatological disorders, such as rheumatoid arthritis, systemic sclerosis, 
polyarteritis nodosa, dermatomyositis and systemic lupus erythematodes.  

Apparently the characteristics of most of these chronic diseases, their patients 
and their registers fulfil criteria for feasibility as well as for agreement with the 
assumptions underlying capture-recapture analysis best. Perhaps with the exemption of 
some neurological and rheumatological conditions, the case-definition is likely 
unambiguous and uniform over the various registers. Arguably, for these categories of 
diseases sufficient registers are available and possible relationships between these 
registers, e.g. clinical registers, laboratory registers, health insurance registers or patient 
support and advocacy group registers, violating the independence assumption, are limited 
and perhaps avoidable by source selection. The permanent character of most of these 
conditions may reduce violation of the closed population assumption. 
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3.2 Application of capture-recapture analysis in studies on 
infectious diseases 

An increasing number of capture-recapture studies have infectious diseases as their 
subject. Before 1997 studies using capture-recapture analyses in the context of infectious 
disease epidemiology were performed predominantly for HIV/AIDS.3-12 Other infectious 
diseases studied were cryptococcosis,13 measles,14,15 meningococcal infection,16,17 
pertussis,18 sexually transmitted diseases other than HIV/AIDS19 and tetanus.20 The 
majority of these studies were two-source capture-recapture studies. An overview of these 
studies can be found at http://www.pitt.edu/~yuc2/infec.html  (accessed 1 May 2007). A 
synopsis of capture-recapture studies performed after 1997 is given in Table 3.1 Capture-
recapture studies on tuberculosis have been discussed separately in section 1.2. The 
capture-recapture studies involved 19 different infectious diseases or groups of infectious 
diseases. The four infectious diseases mostly studied with capture-recapture analysis over 
the past ten years are HIV/AIDS, malaria, meningitis and pertussis. The capture-
recapture studies on infectious diseases were performed all over the world but mostly in 
Europe or the USA. Again, the majority are two-source capture-recapture studies. Half 
were national studies and half were regional or local studies. The aims varied from 
estimating the completeness of registers, the completeness of ascertainment of linked 
registers, under-notification, the number of patients or disease incidence, the number of 
fatal cases or mortality rates, to estimating the number of outbreaks of an infectious 
disease. Registers used for capture-recapture estimates were notification, surveillance, 
hospital episode, laboratory, death and school registers. Sometimes one data source was 
created by performing a survey and incidentally self-reports were used as a second source. 
Reported completeness of registration or case-ascertainment could be as high as 99.9 % 
or as low as 9%. 
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Abstract 
The aim of this study was to estimate the completeness of notification of malaria by 
physicians and laboratories in the Netherlands in 1996. We used a capture-recapture 
analysis of three incomplete, partially overlapping registers of malaria cases: a laboratory 
survey, the Notification Office and the hospital admission registration. The response of 
the laboratories was 83.2%. In 1996 the laboratories microscopically identified 535 cases 
of malaria, 330 patients with malaria were admitted to hospital and physicians notified 
311 malaria cases. 667 malaria cases were recorded in at least one register. Capture-
recapture analysis estimated the total number of malaria cases at 774 (95%CI 740-821). 
This implies a completeness of notification of 40.2% for physicians and 69.1% for the 
laboratories. It can be concluded that laboratory-based notification can considerably 
increase the number of officially reported malaria cases as compared to notification by 
physicians. However, possibly one-third of the cases may still go unreported. 
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Introduction  
Malaria is one of the most frequently imported diseases in the Netherlands. The number 
of notified malaria cases increased over 25 years from 19 patients in 1972 to 311 in 1996. 
This increase was mainly the result of a rise in the number of reported cases of 
Plasmodium falciparum malaria, a potentially fatal disease. A similar trend has recently 
been described in 23 European countries, Australia, Canada, New Zealand and the United 
States.1 

Under previous legislation regarding infectious diseases in the Netherlands, 
malaria was placed in category B. This group of infectious diseases had to be notified 
nominally (that is with the name and other particulars of the patient) within 24 h to the 
Municipal Health Service by the diagnosing physician. The Municipal Health Service 
forwarded this information to the Register of Notifiable Infectious Diseases (RNID) at 
the Office of the Chief Medical Officer where national data were aggregated for analysis, 
monitoring, public health intervention or policy making. Meaningful surveillance of 
imported malaria, such as trends in number of patients or type of plasmodium, 
identification of groups at risk (e.g. immigrants from malaria endemic countries or last-
minute tourists with tropical destinations), evaluation of chemoprophylaxis advice, and 
implementation of adequate interventions, should preferably be based on data without 
bias due to incompleteness or underreporting. However, substantial underreporting of 
malaria was suspected.2 After comparing hospital admission and notification data this was 
estimated at 59% over the years 1988-1992.3 To reduce underreporting, laboratory-based 
notification was recommended because of the laboratory’s crucial role in the diagnosis of 
malaria. On 1 April 1999 a new Contagious Diseases Act came into force in the 
Netherlands. Under this law malaria and nine other infectious diseases (brucellosis, yellow 
fever, leptospirosis, anthrax, ornithosis/psittacosis, Q fever, rubella, E. coli-infection and 
trichinosis) are placed into category C, which introduces mandatory notification by the 
head of the diagnosing laboratory instead of the physician. 

The concept of underreporting (i.e. incomplete coverage) is often mentioned in 
the literature but seems to be based upon different definitions and correspondingly 
involves different calculations. Instead of quantifying underreporting in one register 
relative to other registers a more accurate picture is portrayed by assessing the 
completeness of the different registrations relative to an estimated total number of cases 
(i.e. the number of registered cases plus an approximated number of unobserved cases). 
The unobserved cases can be estimated with a statistical technique known as ‘capture-
recapture analysis’. Capture-recapture analysis has been used to assess the completeness 
of registration of various infectious diseases,4-14 including malaria.15,16 We have performed 
a capture-recapture analysis using three malaria registrations and estimated the 
completeness of notification by physicians and laboratories, followed by separate analyses 
for each type of plasmodium, because of a special interest in the underreporting of the 
most severe form, falciparum malaria.  
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Methods 
Nearly all Dutch laboratories involved in parasitology participate in the national quality 
assessment for parasitological diagnosis. In January 1996 these laboratories (n = 107) 
were asked to report to us all microscopically confirmed cases of malaria found in that 
year through standardised questionnaires, with specific identifiers for patient (date of 
birth, sex and postal code) and parasite (Plasmodium species). Checks were carried out to 
exclude the possibility that a number of malaria cases would be diagnosed outside the 
laboratories in the survey, but notified to the RNID. Information from the Centres for 
Asylum-seekers, the Central Military Hospital, the Medical Service for Merchant Sailors 
and the Occupational Health Service of Amsterdam Airport and KLM Royal Dutch 
Airlines assured us that all these institutions perform malaria diagnosis through the 
regular laboratories. 

Using the individual identifiers, the laboratory survey data were matched to two 
other national registers for malaria in the Netherlands: the RNID and the hospital 
admission data (ICD-9 code for malaria) from the National Morbidity Registration, after 
elimination of duplicate reports within each of the registrations. Two authors matched the 
data files by hand and in case of doubt consensus was sought. 

The total number of individuals present in one or more registrations does not 
necessarily reflect a reliable approximation of the true number of cases. The purpose of 
capture-recapture analysis is to assess, on the basis of the available information, the 
number of cases that are not registered. In an article published in 1972, Stephen Fienberg 
demonstrated how this number of unobserved cases could be estimated, using log-linear 
analysis.17 For capture-recapture analysis according to Fienberg the availability of data 
from at least three different, possibly incomplete, partially overlapping and preferably, but 
not necessarily, independent sources is needed.6,17-20 The data can be put in a 2 × 2 × 2 
contingency table, indicating the absence or presence of a case in each of the registers. 
This table has one empty cell, corresponding to the number of cases never registered. 
Capture-recapture analysis aims at obtaining an estimate of the unregistered number of 
patients in the empty cell from the available data in the other cells. This estimate can be 
found under the best fitting and most parsimonious log-linear model. Finally, the total 
number of individuals is the number of registered cases plus the estimated number of 
non-registered patients.  

Starting from a saturated model non-significant interaction terms were 
eliminated one after the other until the best fitting, most parsimonious, log-linear model 
was obtained by stepwise analysis as implemented in SPSS® (version 8.0. for Windows), 
with the procedure for hierarchical log-linear analysis. The coefficients and thus the final 
estimates were calculated with the SPSS® procedure for generalized log-linear analysis. 
The 95% confidence interval around the estimated number of malaria cases was 
calculated assuming a Poisson distribution. Four assumptions must be met for the three-
sample capture-recapture model to be valid. We will return to these assumptions in the 
discussion. After estimating the total number of malaria cases we performed a stratified 
capture-recapture analysis by type of plasmodium to find out if the four malaria types 
have different capture-recapture probabilities. This was done to assess whether 
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underreporting occurred to a lesser or greater extent in relationship with the dangerous 
falciparum malaria or the more benign types. 

 

Results 
The response rate of the laboratories in the survey in 1996 was 83.2%. Some of the 
participating laboratories reported not performing microscopic diagnosis of malaria 
(4.7%) or did not identify any malaria case (5.6%), resulting in 72.9% of the laboratories 
reporting at least one case of malaria. In the laboratory survey P. falciparum accounted for 
57.0% of the malaria cases. The distribution of the different malaria parasites in the 
laboratory survey is shown in Table 4.1 In the RNID 60% P. falciparum could be found 
against 69% among the hospital admissions. In the participating laboratories 535 cases of 
malaria were microscopically identified in 1996, while physicians officially notified 311 
malaria cases and 330 malaria patients were admitted to a hospital. To increase the validity 
of the capture-recapture analysis, the matched data file was corrected for 12 cases notified 
to the RNID in 1997 but found to be diagnosed in the laboratories in 1996 and 15 cases 
notified in 1996 but actually diagnosed in the laboratories in 1995. After this correction 
for late notification a total of 667 malaria patients were known in at least one of the 
registers (Table 4.2). For two cases in the laboratory survey insufficient identifiers for 
perfect matching were available and these patients were excluded from the capture-
recapture analysis. Figure 4.1 shows the distribution of the 665 malaria patients over the 
different malaria registrations and the overlap between these lists, as used in the capture-
recapture analysis. A substantial number of malaria patients are only known to the RNID 
or the hospital admission register and do not appear in the laboratory survey. 

 

Table 4.1 Distribution of diagnosed malaria parasites (Plasmodium species) and their 
percentage of the total number of malaria cases identified in the Netherlands in 1996. 

Plasmodium species Malaria patients (%) 

P. falciparum 305  (57.0 %)  

P. vivax 165 (30.8 %)  

P. ovale 43 (8.0 %)  

P. malariae   7 (1.3 %)  

Parasite unknown 15 (2.8 %)  
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Table 4.2 The number of malaria patients identified in each of the three malaria 
registrations and the number of malaria patients registered in at least one of malaria 
registers in 1996. 

Notified to the RNID* 311 

Hospital admissions* 330 

Diagnosed in the laboratories* 535 

Registered in at least one of the registers* † 667 

* After correction for duplicate reports 
† After correction for late notification 
 

 

 

Figure 4.1 Distribution of malaria cases in the Netherlands over three registers in 1996. 
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A log-linear model with two 2-way interactions, N*H, L*H (L = laboratory 
survey, N = Notification Office and H = hospital admissions) was obtained. These 
interactions represent pair-wise dependencies between the different registers [N and H] 
and [L and H]. The small likelihood ratio, G2, compared to the number of degrees of 
freedom (df), shows that this model fitted the data well (G2 = 0.741; df = 1; P = 0.785) 
and gave an estimate of 774 (95%CI 740 – 821) malaria cases. The completeness of 
notification in 1996 can now be estimated at 40.2% for physicians (311/774 cases) and 
69.1% for the laboratories (535/774 cases).  

The case-ascertainment (the number of malaria patients known in at least one of 
the three malaria registers) for 1996 can be estimated at 86.2% (95%CI 81.2-90.1%). The 
stratified capture-recapture analysis by type of plasmodium (Table 4.3) resulted in a 
slightly higher total number of estimated malaria cases of 788 patients (within 95%CI of 
original estimate). The detection rates of patients with different plasmodia do not show 
very much variation. 

 

Discussion 
This study confirms that more malaria cases occur in the Netherlands than are reflected 
by the numbers officially notified by physicians in the past. Furthermore it is 
demonstrated that the three different malaria registers are all substantially incomplete. Of 
particular interest is the observation that a considerable number of patients could only be 
found in the records of the RNID and/or the hospital admission register. They were 
unknown to the laboratories, although malaria diagnosis by thick or thin smear is often 
considered as the gold standard, especially at the time of this study when antigen tests 
were only used for research purposes. These cases could partly be explained by non and 
incomplete reporting of laboratories and cases could also have occurred in the (few) 
laboratories not participating in the national quality assessment of parasitological  

 

Table 4.3 Stratified capture-recapture analysis of malaria cases in the Netherlands in 
1996, according to the type of plasmodium. The detection rate is calculated as 
obs(N)/est(N). 

Plasmodium species Cases observed* Cases estimated Detection rate 

P. falciparum 383 438 0.87 

P. vivax 195 222 0.88 

P. ovale 50 56 0.89 

P. malariae 8 8 1.00 

Parasite unknown 29 64 0.45 

Total malaria cases 665 788 0.84 

* after exclusion of 2 laboratory cases with insufficient identifiers for perfect matching 
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diagnosis. Other patients might have been diagnosed abroad and started with anti-
malarials before their arrival in the Netherlands, clearing the parasites from the peripheral 
blood and subsequently reported to us as negative by the Dutch laboratories. A number 
of patients may have been notified or admitted solely on clinical grounds, without 
laboratory verification. Although unlikely, some physicians (for example former tropical 
doctors) could still prepare and microscopically examine the blood films themselves. 

The number of malaria notifications in the Netherlands showed an increasing 
trend until 1996 (Figure 4.2). According to Wetsteyn and De Geus,21 the incidence of 
imported malaria is determined by the level of endemicity in the malarious areas visited, 
the exposure to infected Anopheles mosquitoes (in turn, related to duration of stay, way of 
travelling and practising anti-mosquito methods) and the success of chemoprophylaxis 
(determined by compliance and prophylactic drug resistance). The increase of imported 
malaria in the Netherlands in the second half of the 1970s could be explained by growing 
tourism to tropical Africa and a further rise during the 1980s is expected to be the result 
of the spread of resistance against chloroquine and other commonly used anti-malarial 
drugs. Apart from that, malaria transmission itself seems to have increased in certain  

 

Figure 4.2 The total number of notified malaria cases and the number of malaria cases 
caused by P. falciparum in the Netherlands between 1972 and 1996. 
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areas, such as West-Africa.22 Participation in peace-keeping operations or elections,23,24 
the number and nationalities of immigrants and asylum-seekers24-26 or the extent of 
certain marginalised groups25,27 can also alter the incidence of imported malaria cases over 
a certain period of time, as well as influence the proportion of the different malaria 
parasites. In the Netherlands an increase could be observed in the proportion of malaria 
caused by P. falciparum. Around 1980 falciparum malaria was responsible for 
approximately 40% of all notified malaria cases but 10 years later this had increased to 
almost 70%.21 In the 1990s the proportion of falciparum malaria stabilised around 60%. 

Estimates of underreporting are frequently derived from different settings. They 
can be based upon surveys performed at the national level28 or among small groups.25,29 
The background of the data that are compared with the official notification register may 
be different, and can vary between hospital admission data,3 laboratory-based 
information,25,28 physicians consulting a Reference Laboratory29 or travellers.30 The 
different registers were sometimes matched at the individual level,25 at times in a stratified 
manner3 or in another way.28 In this study we used a well-described and replicable 
method and estimated the completeness of notification of three different malaria registers 
through capture-recapture analysis.  

For the three-sample capture-recapture technique to be valid, four assumptions 
must hold.17-20 First, overlap between registers must be established without erroneously 
misclassifying people as observed in only one, two or all three registers. This can be 
achieved when cases can be uniquely identified. We used individual identifiers for each of 
the patients and only two patients could not be identified beyond doubt due to (partially) 
missing identifiers. It is important that only true cases are counted. Ideally both the 
positive predictive value and the negative predictive value of the registrations should be 
100%. None of our registrations will meet this condition, although in the case of malaria 
specifically, we assume that the positive predictive value will be high. The large overlap of 
the hospital records and the notification data with one or two of the other registrations 
also supports this view. When the positive predictive value of registrations is low capture-
recapture analysis will result in overestimating the number of cases.  

Second, the registers should preferably, but not necessarily, be ‘independent’, 
meaning that the probability of being recorded in one register is not affected by being (or 
not being) registered in another. Such dependence can result from co-operation between 
the agencies that keep the different registrations, exchange of information or a more or 
less predictable flow of patients along various institutions due to referral. In two-sample 
capture-recapture methods this assumption is crucial and dependencies can cause under- 
or overestimation. In the three-sample capture-recapture approach pair-wise 
dependencies between registers can be handled analytically. In the log-linear model they 
can be identified as interactions in the model. Since we could not rule out pair-wise 
dependencies, we decided not to rely on the two-sample capture-recapture analysis but 
instead to use Fienberg’s method.  

Third, the population should be “homogeneous” meaning that the population 
under consideration should not be composed of segments that have markedly different 
capture-recapture probabilities. One way of handling the homogeneity assumption is to 
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stratify the population into more homogeneous strata and then to carry out capture-
recapture analyses for each of the distinct subgroups. We performed a stratified capture-
recapture analysis by type of plasmodium. This resulted in a slightly, but not significantly, 
higher total number of estimated malaria cases of 788 patients. The detection rates of 
patients with different plasmodia do not show considerable variation. This may indicate 
the absence of a violation of the homogeneity assumption. However, we cannot exclude 
the possible presence of other (but unmeasured) sources of heterogeneity. 

Finally, the population should be ‘closed’ such that the true population size is 
neither affected by people entering the population (e.g. through in-migration of cases and 
disease onset) nor by people leaving the population (e.g. through out-migration, recovery 
or mortality). The closed population assumption should be given critical attention because 
the aim of this study was to obtain an estimate of the incidence of imported malaria cases 
and violation might have resulted in overestimation (because incident cases may be late 
entries who have, therefore, a smaller probability of being captured more than once). 
When an open population is assumed, this could be handled in two different ways. One 
method is to perform the analysis of the different registrations within a short period of 
time and therefore the population could be considered as ‘closed’ during this interval. For 
imported malaria, a relatively rare disease with a short course, this approach does not 
seem feasible. An alternative is to use more complicated models, allowing for migration, 
birth and death to take place, such as the Jolly-Seber model.31 The design of capture-
recapture studies, the data requirements, the validity of the outcome of the different 
analyses and the selection of the most appropriate model to estimate the incidence of 
imported malaria and other infectious diseases should be given thought in further studies. 
In the context of these considerations our results suggest that laboratory-based 
notification can considerably increase the number of reported malaria cases as compared 
to notification by physicians. Since we actively approached the laboratories their level of 
underreporting found in this study cannot necessarily be extrapolated to the level of 
underreporting for laboratory notification. However, malaria was notified 571 times in 
2001. Assuming a similar number of cases of imported malaria, this figure lies well within 
the range of our laboratory results for 1996. But possibly one-third of the malaria cases 
may still go unreported.  
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Abstract 
To estimate incidence and completeness of notification of Legionnaires’ disease in the 
Netherlands in 2000 and 2001, we performed a capture-recapture analysis using three 
registers: Notifications, Laboratory results and Hospital admissions. After record-linkage, 
of the 780 Legionnaires’ disease patients identified 373 were notified. Ascertained under-
notification was 52.2%. Because of expected and observed regional differences in the 
incidence rate of Legionnaires’ disease, alternatively to conventional log-linear capture-
recapture models, a covariate (region) capture-recapture model, not previously used for 
estimating infectious disease incidence, was specified and estimated 886 Legionnaires’ 
disease patients (95% confidence interval (CI) 827-1022). Estimated under-notification 
was 57.9%. Notified, ascertained and estimated average annual incidence rates of 
Legionnaires’ disease were 1.15, 2.42 and 2.77 per 100 000 inhabitants respectively, with 
the highest incidence in the southern region of the Netherlands. Covariate capture-
recapture analysis acknowledging regional differences of Legionnaires’ disease incidence 
appears to reduce bias in the estimated national incidence rate.  
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Introduction  
Any surveillance system is concerned with the quality of the data collected, including the 
degree of ascertainment of affected individuals.1 A conventional surveillance system is 
notification, possibly containing false-positive cases and often incomplete for true-
positive cases, as described for Legionnaires’ disease.2,3  

Legionnaires’ disease is a serious, possibly fatal, pneumonia caused by Legionella 
species, occurring in sporadic cases and outbreaks.4,5 Under the present legislation 
regarding infectious diseases in the Netherlands, Legionnaires’ disease is placed in 
category B. This group of infectious diseases has to be notified within 24 h to the 
Municipal Public Health Service by the diagnosing physician. The Municipal Public 
Health Service forwards this information to the Register of Notifiable Infectious Diseases 
at the Office of the Health Care Inspectorate where national data are aggregated for 
analysis, monitoring, public health intervention or policy making. Since 1999 on average 
230 Legionnaires’ disease patients were notified in the Netherlands annually. The average 
national annual incidence rate was 1.4 Legionnaires’ disease patients per 100 000 
inhabitants, almost three times higher than the average annual incidence rate in the 
United States and the United Kingdom.6,7 However, the incidence rate based on 
notifications varies considerably per province.8 Under-diagnosis and under-notification 
are likely. This can obscure the true burden of Legionnaires’ disease, hamper the 
detection of clusters of Legionnaires’ disease patients and hinder good investigations into 
the possible source of legionella infections. The Dutch Health Council estimated an 
annual number of 800 Legionnaires’ disease patients. This number is based on the annual 
number of cases of pneumonia in the Netherlands (110 000) of whom 15% needs 
hospital admission (16 000) of which 5% is caused by Legionella species (800).9  

Record-linkage is important for assessing the quality and completeness of 
infectious disease registers, i.e. comparing patient data across multiple registers.10 
Completeness of notification can be assessed by comparison with the case-ascertainment, 
i.e. the total number of patients observed in at least one register, or the estimated total 
number of patients through capture-recapture analysis. The total number of individuals 
present in one or more registrations does not necessarily reflect a reliable approximation 
of the true number of cases. The purpose of capture-recapture analysis is to assess the 
number of cases that are not registered. In an article published in 1972, Stephen Fienberg 
demonstrated how this number of unobserved cases could be estimated, using log-linear 
analysis.11 For capture-recapture analysis, according to Fienberg, the availability of data 
from at least three different, possibly incomplete, partially overlapping and preferably, but 
not necessarily, independent sources is needed.12-16 The data can be put in a 2 × 2 × 2 
contingency table, indicating the absence or presence of a case in each of the registers. 
This table has one empty cell, corresponding to the number of cases never registered. 
Based on certain assumptions, which will be discussed later, capture-recapture analysis 
aims at obtaining an estimate of the unregistered number of patients in the empty cell 
from the available data in the other cells. This estimate can be found under the best fitting 
and most parsimonious log-linear model, as explained later. Finally, the total number of 
individuals is the number of registered cases plus the estimated number of non-registered 
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patients. Capture-recapture methods have been used to estimate the total number of 
patients with Legionnaires’ disease and other infectious diseases.2,3,13  

The validity of capture-recapture analysis depends on possible violation of the 
underlying assumptions and one focus is to establish which method is most appropriate 
for specific datasets.15 Usually, log-linear modelling of data from at least three linked 
registers is the preferred capture-recapture method because it can reduce bias due to 
interdependencies between two registers.13,17 Stratified capture-recapture analysis according 
to categorical covariates associated with the probability of capture in a register can further 
reduce bias.11,12,14,16 An alternative is to include these covariates, e.g. demographic, 
diagnostic or prognostic variables, in a log-linear covariate capture-recapture model but 
these models have rarely been used to estimate human disease incidence.18,19  

This study aims to estimate incidence and completeness of notification of 
Legionnaires’ disease in the Netherlands in 2000 and 2001 through record-linkage of 
three data sources and capture-recapture analysis. 

 

Methods 
Data sources and patient identifiers 

Three Legionnaires’ disease data sources were used: 

1. Notification. Patients notified by their physician to the Health Care Inspectorate. A 
uniform questionnaire collected additional information from local Public Health Services 
processing the notifications. 

2. Laboratory. Patients with a specified positive laboratory test result reported by the clinical 
microbiologists in a survey among all clinical microbiology laboratories after obtaining 
permission for this survey from the Dutch Society for Microbiology and supported 
by the Inspector-General for Infectious Diseases of the Health Care Inspectorate. 
Positive laboratory test results were classified as either confirmed (culture, urine antigen 
test or a fourfold rise in antibody titre [≥128 IU] against Legionella species in paired acute 
and convalescent serum samples) or probable (PCR, a high titre [≥256 IU] against 
Legionella species in one serum sample, or direct fluorescent antibody staining), according 
to the European Working Group for Legionella Infections (EWGLI) definitions. 
Patients with Legionnaires’ disease only known to the Hospital register were classified 
as cases with unknown laboratory verification.  

3. Hospital. Hospitalised patients recorded in the National Morbidity Registration by 
Prismant, covering all hospitals in the Netherlands with: 
a. an International Code for Diseases (ICD-9 code) for all forms of pneumonia 

(ICD-9 codes 480.0–487.0) for individuals known to Notification and/or 
Laboratory  

b. ICD-9 code 482.8 for individuals only known to Hospital. 

ICD-9 has no specific code for Legionnaires’ disease and, as reported from other countries, 
in the Netherlands ICD-9 code 482.8 (pneumonia due to other specified bacteria) is used 
for Legionnaires’ disease patients.20 Hospital records coded as 482.8 can therefore include 



Underreporting of Legionnaires’ disease in the Netherlands 

 67 

false-positive cases, mainly patients with Escherichia coli pneumonia, a rare nosocomial 
disease, predominantly occurring among intensive care patients. Data on the annual 
number of E. coli pneumonia patients in the Netherlands are not available. Based upon an 
estimated annual number of 60 000 intensive care admissions and an estimated E. coli 
pneumonia incidence of 1 per 1000 intensive care admissions (derived from a random 
survey among intensive care consultants in the Netherlands), the estimated annual 
number of E. coli pneumonia patients is 60. This number is used to correct the number of 
patients only known to Hospital. Because proxy code 482.8 is used, for cross-validation 
and collection of additional information, uniform questionnaires requested all chest 
physicians to report hospitalised Legionnaires’ disease patients in 2000 and 2001.  

For all patients in each register it was attempted to collect date of birth, postal 
code digits or town of residence, sex and date of notification (and first day of illness), first 
laboratory sample or hospital admission as personal identifiers to be used in all record-
linkage procedures. Duplicate entries in each register were deleted. 

Case-definition and study period 

Legionnaires’ disease patients are defined as all ascertained (notified, laboratory-reported 
or hospitalised) and un-ascertained Legionnaires’ disease patients. Notified Legionnaires’ 
disease patients with a first day of illness in 2000 and 2001 were included in the study. For 
inclusion of patients known to Laboratory and/or Hospital the laboratory sample date, 
hospital admission date or first known of both dates were used as proxy for first day of 
illness. Through examining the registers one month before and after the study period, all 
registers were corrected for late notification or laboratory results, as described previously.17 

Record-linkage and stratification 

Record-linkage was performed manually using the patient identifiers, proximity of dates and 
geographical information found in the three registers. In case of doubt consensus was sought 
between two investigators. Because of expected geographical differences in incidence of 
Legionnaires’ disease, after record-linkage, on the basis of the provinces of the Netherlands, 
ascertained Legionnaires’ disease patients were stratified into four regions: North (1 671 534 
inhabitants), East (4 467 527 inhabitants), West (5 955 299 inhabitants) and South (3 892 715 
inhabitants) (Figure 1) Correction for the estimated number of E. coli pneumonia patients 
in the different regions was proportional to the regional division of the total number of 
patients only ascertained in Hospital. 

Coverage rates and capture-recapture analysis  

The ascertained register-specific coverage rate is defined as the number of Legionnaires’ 
disease patients in each register divided by the case-ascertainment, expressed as 
percentage. The total number of un-ascertained Legionnaires’ disease patients was 
estimated on the basis of the distribution of the ascertained cases over the three registers. 
For internal validity analysis we used two-source capture-recapture analysis, as explained 
elsewhere.21 Briefly, by two-source capture-recapture analysis the estimated total number 
of cases, Nest, equals the number of cases on register A, NA, times the number of cases on 
register B, NB, divided by the overlap of the two registers, Nboth (Nest = NA x NB/Nboth, 
also known as the Petersen estimator equation). Approximately unbiased estimates of Nest  
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Figure 5.1 Four regions of the Netherlands 

 

 

Region North: provinces Groningen, Friesland and Drenthe; Region East: provinces 
Gelderland, Utrecht, Overijssel and Flevoland; Region West: provinces North-Holland 
and South-Holland; Region South: provinces Zeeland, North-Brabant and Limburg 
 

are expected when the registers are large. To correct for bias caused by small registers 
Chapman proposed the Nearly Unbiased Estimator, which can be expressed as Nest = 
[(NA + 1) x (NB +1)/(Nboth +1)] -1.13,22,23 

The independence of registers and other assumptions underlying capture-
recapture analysis were described previously.17 Specific interdependencies between the 
three registers, causing bias in two-source capture-recapture estimates, are probable. 
Using SPSS statistical software (version 13.0; SPSS Inc, Chicago, IL), conventional total 
and stratified three-source log-linear capture-recapture analysis was employed taking 
possible interdependencies and heterogeneity into account, as previously described.17 

            Region West 

      Region North 

    Region South 

             Region East 
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Alternatively to capture-recapture analysis stratified by region, a log-linear covariate 
capture-recapture model with one covariate, region, was specified.18,19,24 Other covariates 
considered will be discussed later. The best-fitting models were identified using the 
likelihood ratio test (G2). The null hypothesis in the likelihood-ratio goodness-of-fit test is 
that the specified model holds and the alternative is that it does not hold. If the null 
hypothesis does not need to be rejected (e.g. P > 0.05) this means that there is no 
evidence that the specified model is in disagreement with the data. The lower the value of 
G2 the better is the fit of the model. In the log-linear estimation procedure model 
selection follows model fitting, i.e. to identify the models that are clearly wrong and select 
from a number of acceptable models the most appropriate. For model selection we used 
Akaike’s Information Criterion (AIC) which can be expressed as AIC = G2 – 2[degrees of 
freedom (df)].25 The first term, G2, is a measure of how well the model fits the data and 
the second term, 2[df], is a penalty for the addition of parameters (and hence model 
complexity). A second information criterion used was the Bayesian Information Criterion 
(BIC) which can be expressed as BIC = G2 – [ln Nobs][df], where Nobs is the total number 
of observed individuals.26 Relative to the AIC, the BIC penalises complex models more 
heavily. In general, in the log-linear capture-recapture estimation procedure the least 
complex, i.e. the least saturated (in other words the most parsimonious) model, whose fit 
appears adequate, is preferred.13 Since the G2 of the saturated model is zero and has no 
degrees of freedom left, the AIC and BIC are also zero and models with a negative AIC 
and BIC are preferred, although this does not necessarily mean that the estimate is 
correct. The estimated register-specific coverage rate is defined as the number of 
Legionnaires’ disease patients in each register divided by the estimated total number of 
Legionnaires’ disease patients, expressed as percentage. 

 

Results 
Notification system 

In the notification register from the Health Care Inspectorate 358 Legionnaires’ disease 
patients were recorded. An additional 15 patients were reported through the 
questionnaires from local Public Health Services processing the notifications, giving a total 
of 373 notified Legionnaires’ disease patients. 

Laboratory survey 

Questionnaires were received from 36 out of the 48 laboratories (response rate 75%). 
Based on population estimates the co-operating laboratories served 81.2% of the Dutch 
population. A total of 261 patients with a positive test for Legionella species were reported. 
Of these patients 186 (71.3%) were notified. Additional information on laboratory 
diagnosis was available for another 127 patients through Public Health Service or chest 
physician questionnaires, bringing the total number of patients with known laboratory 
results to 388 
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Hospital records  

From 385 chest physicians in the Netherlands 179 replies were received (response rate 
46%), the majority indicating that the requested information could not be retrieved or no 
Legionnaires’ disease patients were admitted. Chest physicians reported 44 Legionnaires’ 
disease patients, all of them also known to Notification and/or Laboratory.  

Out of 448 Legionnaires’ disease patients in Notification and/or Laboratory, 331 
(73.9%) could be linked to the National Morbidity Registration pneumonia records. Of 
the linked Legionnaires’ disease patients 79 (23.9%) were classified as either ‘pneumonia 
not specified’ (ICD-9 code 486; 63 cases), ‘pneumonia due to other specified organism’ 
(ICD-9 code 483; 9 cases) or ‘pneumococcal pneumonia’ (ICD-9 code 481; 7 cases). The 
remaining 252 linked patients (76.1%) had ICD-9 code 482.8, the assigned code for 
Legionnaires’ disease. Another 452 patients, unknown to Notification and/or Laboratory, 
were identified in Hospital with ICD-9 code 482.8. This number was adjusted to 332 
Legionnaires’ disease patients after deduction of an estimated number of 120 E. coli 
pneumonia patients in the two years studied, also recorded under ICD-9 code 482.8. 

Epidemiological results  

Table 5.1 shows the epidemiological characteristics of 447 Legionnaires’ disease patients 
in Notification and/or Laboratory (one patient had insufficient data). The mean age was 
54 years (standard deviation 14 years). The recorded case-fatality rate was 5.6%. The 
mean duration between onset of disease and microbiological diagnosis was 12 days 
(median 6 days). The mean duration of hospital admission was 19 days (median 13 days). 

Table 5.2 shows the number and proportion per region of the different 
laboratory tests for Legionella species. There are differences between the four Dutch 
regions in laboratory diagnostic approach. In region North no culture results were 
reported. In region West a low proportion of fourfold rise in antibody titre and PCR 
results were reported and more patients had unknown test results, probably the result of 
non-participation of some larger laboratories. In region South a high proportion of 
fourfold rise in antibody titre and PCR results were reported, probably the result of a 
major reference laboratory in that region. 

Case-ascertainment 

Table 5.3 shows the distribution of the 780 ascertained Legionnaires’ disease patients over 
the three registrations after record-linkage, in total and stratified by region The 
ascertained register-specific coverage rate of Notification, Laboratory and Hospital was 
47.8% (373/780), 33.5% (261/780) and 85.0% (663/780) respectively. The ascertained 
under-notification was 52.2%. Table 5.4 shows the number of notified and ascertained 
Legionnaires’ disease patients, the average annual incidence rate by notification and by 
case-ascertainment and the proportion of the ascertained patients notified, in total and 
stratified per region. The average national annual incidence rate by notification was 
1.15/100 000 and by case-ascertainment 2.42/100 000. The regional annual incidence 
rates differ, with a 100% difference between the highest and lowest regional incidence 
rate based on notification, reducing to 50% difference after record-linkage. Based upon 
the notification data the low incidence rate in region North partly results from under-
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notification but the notified and ascertained incidence rates in region South were higher 
than in the rest of the Netherlands (P < 0.0001). 

Capture-recapture analysis 

Internal validity analysis by two-source capture-recapture analysis on Notification and 
Hospital and on Laboratory and Hospital both estimate 865 Legionnaires’ disease patients 
through Chapman’s Nearly Unbiased Estimator. The considerable lower capture-
recapture estimate obtained with Notification and Laboratory (523 Legionnaires’ disease 
patients) indicates a larger positive association between this pair than between the other 
pairs, resulting in an estimate more biased downwards.  

The best-fitting three-source log-linear capture-recapture model was the 
saturated model, i.e. the model including all two-variable associations and assuming 
absent three-way interaction, which yielded an estimate of 1253 Legionnaires’ disease 
patients (95% confidence interval (CI) 1019-1715). Estimated under-notification was 
70.2%. To acknowledge the geographical differences capture-recapture analysis stratified 
by region was performed. For all regions apart from region East a more parsimonious 
model, containing only one two-way interaction (between Notification and Laboratory), 
was selected as best-fitting model, with totals of 78, 327 and 277 Legionnaires’ disease 
patients and incidence rates of 2.33, 2.75 and 3.56 per 100 000 inhabitants for region 
North, West and South respectively. For region East a saturated model was selected that 
estimated an unexpectedly high number of 650 Legionnaires’ disease patients with a wide 
95%CI of 283-2382 patients.  

As an alternative to the stratified capture-recapture analysis we specified a log-
linear covariate (region) capture-recapture model. The covariate model that served as a 
starting point contained, apart from the main effects for Region and the three registers, 
the Region-Notification, Region-Laboratory, Region-Hospital, Notification-Laboratory, 
Notification-Hospital, Laboratory-Hospital two-variable terms. In this model we allow for 
regional differences in the number of cases in the three registers, but not for interaction 
with other effects per stratum, as the association between the registers is assumed equal 
across regions. This model fits the data reasonably well (G2 = 22.1; df = 9; P = 0.009) and 
estimates 932 Legionnaires’ disease patients with a narrower CI of 851-1106, reducing 
statistical uncertainty. Inspection of the misfit for individual cells showed a large adjusted 
residual for Legionnaires’ disease patients only known to Laboratory in region East. After 
including a separate parameter for this single cell we obtain a good fitting model (G2 = 
5.7; df = 8; P = 0.686). The estimated number of Legionnaires’ disease patients was 886 
(95%CI 827-1022), similar to the two internal validity estimates with least assumed 
interdependence. 

The estimated register-specific coverage rate of Notification, Laboratory and 
Hospital was 42.1% (373/886), 29.5% (261/886) and 74.9% (663/886) respectively. The 
estimated under-notification was 57.9%. The estimated average annual incidence rate of 
Legionnaires’ disease was 2.77/100 000. 
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Table 5.1  Epidemiological characteristics of 447 Legionnaires’ disease patients* 

 Male (N = 319) Female (N = 128) Total (N = 447) 
Age category 

0-19 years   0.3%      (1/318)   4.7%      (6/128)   1.6%       (7/446) 
20-39 years 11.9%    (38/318) 18.0%    (23/128) 13.7%     (61/446) 
40-59 years 55.3%  (176/318) 43.8%    (56/128) 52.0%   (232/446) 
60-79 years 28.9%    (92/318) 30.5%    (39/128) 29.4%   (131/446) 
> 80 years   3.5%    (11/318)   3.1%      (4/128)   3.4%     (15/446) 
Seasonal pattern:  month of disease onset  
Jan-Feb   7.8%     (25/319) 10.2%    (13/128)   8.5%    (38/447) 
Mar-Apr 11.0%     (35/319)  10.9%    (14/128) 11.0%    (49/447) 
May-Jun 19.4%     (62/319) 14.1%    (18/128) 17.9%    (80/447) 
Jul-Aug 26.6%     (85/319) 25.0%    (32/128) 26.2%  (117/447) 
Sep-Oct 21.9%     (70/319)  31.3%    (40/128)   24.6%  (110/447) 
Nov-Dec 13.2%     (42/319)    8.6%    (11/128)   11.9%    (53/447) 
Travel abroad during incubation period† 
Travel abroad: yes 53%      (169/319) 50%       (64/128) 52%     (233/447) 
Countries involved:    
      Turkey 20%       (33) 30%       (19) 22%      (52) 
      France 23%       (39) 8%           (5) 19%      (44) 
      Spain 12%       (21) 13%         (8) 12%      (29) 
      Italy 8%         (14) 11%         (7) 9%        (21) 
     Germany 7%         (12) 9%           (6) 8%        (18) 
      Portugal 2%           (4) 2%           (1) 2%          (5) 
     Greece 2%           (4) 2%           (1) 2%          (5) 
      Belgium 3%           (5) 0% 2%          (5) 
      Rest Europe 11%       (18) 13%         (8) 11%      (26) 
      America's 5%           (9) 6%           (4) 6%        (13) 
      Asia 3%           (5)  2%          (1) 3%          (6) 
      Africa 0%  3%           (2) 1%         (2) 
      Unknown 3%           (5) 3%           (2) 3%         (7) 
Legionella species    
L. pneumophila serogroup 1  61.2%    (170/278) 54.5%      (60/110) 59.3%   (230/388) 
L. pneumophila serogroups 2-12    2.5%        (7/278)   1.8%        (2/110)   2.7%       (9/388) 
L. non-pneumophila    3.2%        (9/278)   0.9%        (1/110)   2.6%     (10/388) 
unknown  31.7%      (88/278) 42.7%      (47/110)  34.8%   (135/388) 
Laboratory confirmation‡ 
At least two confirming tests 22.0%       (61/277) 17.3%      (19/110) 20.7%     (80/387) 
One confirming test 56.0%     (155/277) 56.4%      (62/110) 56.1%   (217/387) 
Only probable test 22.0%       (61/277) 26.4%      (29/110) 23.3%     (90/387) 

* From 448 patients sufficient data was available for analysis; sometimes one or two variables are missing; † Rest 
of Europe: Austria, Croatia, Cyprus, England, Hungary, Ireland, Luxemburg, Moldavia, Poland, Slovakia, 
Switzerland, Czech Republic, Yugoslavia; America's: Netherlands Antilles, Brazil, Canada, Dominican Republic, 
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Mexico, Peru, USA, Venezuela; Asia: China, Indonesia, Japan, Kazakhstan, Malaysia. Africa: Morocco and Tunis; 
‡ confirmed laboratory diagnosis: positive culture, positive urine antigen test or a fourfold rise in antibody titre 
against Legionella species in paired acute and convalescent serum samples, ≥128 IU; probable laboratory 
diagnosis: positive PCR, a high titre in one serum sample against Legionella species, ≥256 IU, or direct 
fluorescent antibody staining of the organism. 
 

A sensitivity analysis, assuming double or half the number of false-positive cases 
due to E. coli pneumonia only known to Hospital, estimated the number of Legionnaires’ 
disease patients to range between 727 (95%CI 689-813) and 966 (95%CI 896-1126). 

 

Discussion 
After record-linkage and log-linear covariate capture-recapture analysis of three registers 
of Legionnaires’ disease in 2000 and 2001 in the Netherlands we found a notified, 
ascertained and estimated annual incidence rate of 1.15, 2.42 and 2.77 cases per 100 000 
inhabitants respectively. Ascertained and estimated under-notification was 52.2% and 
57.9% respectively. This indicates the need for more consistent notification, e.g. through 
treatment of Legionnaires’ disease by a limited group of clinicians, familiar with 
notification. The southern part of the Netherlands had a higher notified, ascertained and 
estimated incidence rate of Legionnaires’ disease. 

Legionella pneumonia might be responsible for 0%-14% of all nosocomial 
pneumonia’s and for 2%-16% of all community-acquired pneumonias.27 In the 
Netherlands legionella pneumonia is reportedly responsible for 7% of all nosocomial 
pneumonias and 2%-8% of all community-acquired pneumonias in hospitalised 
patients.28-30 Under-notification of Legionnaires’ disease is estimated at 67% in France, 
90% in England and 95% in the United States.3,31-33 At 57.9% we estimated lower under-
notification in the Netherlands, possibly influenced by increased awareness after a major 
outbreak or increased use of the urine antigen test (although this use is proportionally still 
low compared to the average EWGLI data for Europe).4,31 Among patients in the 
laboratory survey with positive legionella results under-notification was 28.7%, much 
lower than reported in France.2 Parallel to mandatory notification by clinicians, many 
Dutch laboratories report positive results voluntarily to the Public Health Services, which 
reduces under-notification of Legionnaires’ disease and other infectious diseases. The 
ascertained and estimated register-specific coverage rates for the laboratories would be 
higher with a better response. Record-linkage improved completeness of information in 
the linked dataset but, unlike laboratories, clinicians are not a useful source of additional 
information. 

Several assumptions must be met for valid results of three-source log-linear 
capture-recapture models and limitations of capture-recapture analysis are 
described.13,16,34-39 Violation of the closed population assumption is assumed limited for 
Legionnaires’ disease as opportunities for notification, laboratory-verification or hospitali-
sation are largely determined within a short period of time, but could result in 
overestimation of the number of patients. Due to lack of a unique patient identification 
number used in all registrations and incomplete information on personal identifiers in
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Table 5.4 Number of notified and ascertained Legionnaires’ disease patients, the average 
annual Legionnaires’ disease incidence (N/100 000) and the proportion of the ascertained 
Legionnaires’ disease patients notified, in the Netherlands and stratified per region 

 Notification  
(passive surveillance) 

Record-linkage 
 (case-ascertainment) 

 Number of 
notified 

Legionnaires’ 
disease 

patients* 

Average 
annual 

incidence  
(N/100 000) 

Number of 
ascertained 

Legionnaires’ 
disease 
patients 

Average 
annual 

incidence 
(N/100 000) 

Proportion 
 notified 

All Legionnaires’ 
disease patients 
(1 598 7075 inhab†)  

373 1.15 780 2.42 47.8% 

Region North  
(1 671 534 inhab) 

24 0.72 69 2.06 34.8% 

Region East  
(4 467 527 inhab)   

103 1.15 185 2.07 55.7% 

Region West  
(5 955 299 inhab) 

131 1.10 286 2.40 46.0% 

Region South  
(3 892 715 inhab) 

111 1.43 234 3.01 47.4% 

* the information on region was missing for 4 Legionnaires’ disease patients; † inhab: inhabitants  
 

some records, imperfect record-linkage cannot be excluded but balanced misclassification 
can still result in unbiased numbers in each category. Limitations of capture-recapture 
studies due to lack of a uniform and unambiguous case-definition and variable specificity 
of registers are described by others.36,40 The notification criteria in the Netherlands 
requires a clinical diagnosis of pneumonia and a confirmed or probable laboratory 
diagnosis. However, for 187 notified patients (50.1%) and 463 hospitalised patients 
(69.8%) no laboratory-verification was found, although part of these patients could be 
microbiologically diagnosed in a non-participating laboratory or abroad or, due to 
imperfect record-linkage, could not be linked to Laboratory. Likewise Laboratory may 
contain cases without pneumonia and cases diagnosed on a single high antibody titre, a 
test with a low positive predictive value.3,29 The 79 linked patients in Hospital with 
another pneumonia ICD-9 code than 482.8 are likely miscoded but some could be false-
positive cases. Violation of the perfect positive predictive value of the hospital episode 
registers is always a reason for concern in capture-recapture studies on infectious diseases 
and should be addressed critically, even when specific disease codes are used, e.g. for 
tuberculosis in ICD-9.41-44 We have corrected for imperfect positive predictive value of 
Hospital. Possible bias as a result of correction for other hospitalised patients with ICD-9 
code 482.8 is reflected in the confidence intervals of the sensitivity-analysis. Conventional 
log-linear capture-recapture analysis for the Netherlands and region East selected the 
saturated model, with an unexpectedly high estimate in region East. When saturated 
capture-recapture models are selected by any criterion investigators should be particularly 
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cautious about the associated outcomes.16,44-46 We selected the three-source covariate 
capture-recapture model with equal two-way interactions across the regions as the best-
fitting model. Internal validity analysis and analyses stratified by region indicate 
dependence between Notification and Laboratory as the dominant interaction. Positive 
three-way interaction across sources, causing underestimation of the number of 
Legionnaires’ disease patients, cannot be incorporated in the selected model but is 
arguably limited. Regional heterogeneity in probability of being captured in the different 
registers was expected and observed.3,8 Covariate capture-recapture models have been 
used only rarely to estimate disease incidence but appear to reduce bias due to 
heterogeneity and result in plausible estimates of the total number of cases, e.g. in 
simulations.18,19 Inclusion of other covariates than region in the model, such as age or 
method of laboratory diagnosis, could have further reduced bias. In France, apart from 
region, method of diagnosis was identified as a variable with heterogeneity of capture.3 
However, proportional correction for E. coli pneumonia patients in Hospital, as 
performed for the regional stratification, was not feasible. Bias due to exclusion of these 
and unobserved possibly relevant covariates from the model can not be excluded. 

Different characteristics of diseases, the patients and their registers can 
introduce various degrees of register interdependence and population heterogeneity into 
capture-recapture analysis, influencing model preference. This study shows that in the 
Netherlands for Legionnaires’ disease there is considerable interdependence between 
Notification and Laboratory and confirms geographical heterogeneity. Log-linear 
covariate capture-recapture analysis with region as covariate appears to reduce bias in the 
estimated number of Legionnaires’ disease patients. To our knowledge this is the first 
covariate capture-recapture study performed for infectious disease surveillance. Further 
research is needed into the causes of the geographical differences of Legionnaires’ disease 
incidence rates. 
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Abstract 
The aim of this study was to describe a systematic process of record-linkage, cross-
validation, case-ascertainment and capture-recapture analysis to assess the quality of 
tuberculosis registers and to estimate the completeness of notification of incident 
tuberculosis cases in the Netherlands in 1998. After record-linkage and cross-validation 
1499 tuberculosis patients were identified, of whom 1298 were notified, resulting in an 
observed under-notification of 13.4%. After adjustment for possible imperfect record-
linkage and remaining false-positive hospital cases observed under-notification was 7.3%. 
Log-linear capture-recapture analysis initially estimated a total number of 2053 (95%CI 
1871-2443) tuberculosis cases, resulting in an estimated under-notification of 36.8%. 
After adjustment for possible imperfect record-linkage and remaining false-positive 
hospital cases various capture-recapture models estimated under-notification at 13.6%. 
One of the reasons for the higher than expected estimated under-notification in a country 
with a well-organised system of tuberculosis control might be that some tuberculosis 
cases, e.g. extrapulmonary tuberculosis, are managed by clinicians less familiar with 
notification of infectious diseases. This study demonstrates the possible impact of 
violation of assumptions underlying capture-recapture analysis, especially the perfect 
record-linkage, perfect positive predictive value and absent three-way interaction 
assumptions.  
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Introduction  
Surveillance of infectious diseases, including tuberculosis, is vital for public health. 
Mandatory notification is one of the mechanisms to carry out such surveillance but can be 
contaminated by false-positive cases while true-positive cases may be missed.1,2 For 
correct interpretation of tuberculosis figures and the longitudinal trends therein the 
quality of tuberculosis registers and the completeness of notification should be assessed.3 

Important in this assessment is record-linkage, i.e. comparing patient data across 
registers. Record-linkage not only improves completeness of registration but cross-
validation with other registers also improves the quality of the data.3,4 In the Netherlands 
multiple tuberculosis registers are available. Completeness of notification and other 
registers can then be assessed relative to the case-ascertainment, i.e. the total number of 
patients observed in at least one register, or relative to an estimated number of patients 
through capture-recapture analysis. Based on certain assumptions capture-recapture 
methods use information on the overlap between registers to estimate the number of 
cases unknown to all registers and thus the estimated total number of cases.5 The 
preferred capture-recapture method entails log-linear modelling of at least three linked 
registers, less compromised by possible violation of the underlying assumptions 
compared to capture-recapture analysis based on two linked registers.6-9 Capture-
recapture analysis has been used to assess the completeness of notification and other 
registers of various infectious diseases,10 including tuberculosis.11-15 

The primary objective of this study is to describe a systematic process of record-
linkage of different tuberculosis registers, cross-validation, case-ascertainment and 
capture-recapture estimation of incident tuberculosis cases in the Netherlands in 1998. 
The secondary objective is to assess the completeness of tuberculosis notification. Under-
notification was expected to be low in a country with a well-organised system of 
tuberculosis control and with a previous estimate of 8% between 1995 and 1998.16 

 

Methods 
Permission for this study was obtained from the Medical Ethics Committee of the 
Erasmus Medical Centre in Rotterdam and the data protection committees of the 
tuberculosis registrations.  

Data sources and patient identifiers 

Three registers of tuberculosis cases in the Netherlands in 1998 were examined: 

1. Patients notified by tuberculosis physicians to the Register of Notifiable Infectious 
Diseases of the Health Care Inspectorate (Notification). 

2. Patients with a positive culture for Mycobacterium tuberculosis complex known to the 
Mycobacteria Reference Unit at the National Institute for Public Health and the 
Environment (Laboratory). 
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3. Hospitalised patients recorded by the National Morbidity Registration with an 
International Code for Diseases (ICD-9) for active tuberculosis (ICD-9 codes 010–
018) (Hospital).  

Duplicate entries in each register and laboratory contamination records were deleted. 
Three other tuberculosis-related registers used for cross-validation (exclusion of false-
positive tuberculosis cases or verification of assumed true-positive tuberculosis patients 
among non-culture-confirmed tuberculosis cases) or acquisition of additional patient 
variables, will be discussed later. For each patient date of birth, postal code, sex, and date 
of notification, first culture sample or hospital admission were collected as personal 
identifiers to be used in all record-linkage procedures.  

Study year 

The reference year chosen was 1998 as of 1 April 1999 only the year of birth is recorded 
among the mandatory notification data, effectively ruling out reliable record-linkage 
between the Notification and other registers.17 Patients with a date of notification, 
hospital admission or culture-sampling (in order of primacy) between 1 January 1998 and 
1 January 1999 were included. To correct for misclassification due to late notification or 
positive bacteriological results, all three registers were examined between 1 July 1997 and 
1 July 1999.  

Case-definition 

Tuberculosis cases are defined as all observed (by notification, culture-confirmation or 
hospital admission) and unobserved cases of active tuberculosis (excluding Mycobacterium 
bovis BCG infection). Culture-confirmed patients are assumed true-positive tuberculosis 
patients. 

Record-linkage 

Record-linkage was performed manually using the patient identifiers and proximity of 
date of notification, first culture sample or hospital admission. First the Notification and 
Laboratory registers were linked. For perfect linkage all patient identifiers should be 
identical and date of notification and first culture sample should differ by < 1 month. To 
avoid misclassification of near links with a minor discrepancy in one of the identifiers, e.g. 
due to clerical errors such as typing mistakes, near-links and cases with a date difference 
of > 1 month were checked using the surname of the patient. Since the researchers did 
not know the patients’ names due to privacy regulations, a “trusted third party” 
ascertained match or mismatch. Finally, the Hospital register was linked to the two other 
registers, using human judgement and consensus in case of near-links. 

Cross-validation of cases and collection of additional variables 

To improve the positive predictive value of the linked tuberculosis registers, non-culture-
confirmed cases were examined through record-linkage with three tuberculosis-related 
datasets in the Netherlands. Cross-validation was conducted in fours steps. First, cases 
with disease actually caused by non-tuberculous mycobacteria (NTM) were identified and 
excluded through record-linkage with the national register for NTM cultures at the 
Mycobacteria Reference Unit, after a representative check in a large regional laboratory 
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demonstrated that 80% (143/179) of the local NTM isolates could be found in the 
national NTM register. Second, patients later diagnosed with disease other than 
tuberculosis or NTM were identified and excluded through record-linkage with a dataset 
of such patients secondary to the Netherlands Tuberculosis Register (NTR), an extensive 
system of voluntary reporting by tuberculosis physicians.18 Third, non-culture-confirmed 
patients possibly diagnosed by histopathology examination were verified through the 
Pathological Anatomy Laboratory Computerised Archive (PALGA), the nation-wide 
network and registry of histopathology and cytopathology results in the Netherlands. 
Excerpts of the histopathology reports of linked patients were reviewed by a pathologist 
and cases with inconsistent results discarded. Finally, the total set of linked tuberculosis 
registers was linked to the NTR for verification of the remaining non-culture-confirmed 
tuberculosis patients and collection of additional variables for cases in any of the linked 
registers: nationality (Dutch, non-Dutch), location of tuberculosis (pulmonary, 
extrapulmonary) and infectiousness (sputum smear-positive, sputum smear-negative). 
Although more complete in data the NTR was expected to have a complete overlap with 
the notification register (both registers are maintained by the same tuberculosis physicians) 
and was deliberately used for the purpose of validation of the conventional notification, 
laboratory and hospital tuberculosis registers.3 

Case-ascertainment, capture-recapture analysis and observed and estimated 
register-specific coverage rates 

The total and stratified observed register-specific coverage rates are defined as the 
number of tuberculosis patients in each register divided by the total or stratified case-
ascertainment, expressed as percentage.  

The total number of unobserved tuberculosis cases was estimated on the basis of 
the cross-validated distribution of the observed cases over the Notification, Laboratory 
and Hospital registers. The independence of registers and other assumptions underlying 
capture-recapture analysis have been described previously.10 Interdependencies between 
the three tuberculosis registers are probable, causing possible bias in two-source capture-
recapture estimates. Three-source log-linear capture-recapture analysis was employed to 
take possible interdependencies into account.12,15 Estimated register-specific coverage 
rates are defined as the number of tuberculosis patients in each register divided by the 
estimated total number of tuberculosis patients by capture-recapture analysis. 

 

Results 
Table 6.1 shows the initial number of cases, the number of cases excluded from the study 
before and after record-linkage and the final number of cases in the three tuberculosis 
registers in the Netherlands in 1998. The hospital admission of 12 cases in 1997 and 8 
cases in 1999, all notified in 1998, was included in the data. 

Among the 295 near-links between the Notification and Laboratory registers, 
the “trusted third party” confirmed 267 candidate-pairs as true links. Among the 
confirmed links, 133 candidate-pairs had administrative discrepancies, predominantly 
(63.8%) in the postal code.  
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Record-linkage of all 537 non-culture-confirmed cases to the NTM register and 
the subset of the NTR revealed that despite NTM infection or any other diagnosis than 
tuberculosis 26 out of 426 non-culture-confirmed cases on the Notification register 
(6.1%) were not de-notified and 25 out of 217 non-culture-confirmed cases on the 
Hospital register (11.5%) were still recorded with an ICD-9 tuberculosis code. Figure 6.1 
shows the distribution of the final number of 1499 cases over the different tuberculosis 
registers. Of the 1006 culture-confirmed tuberculosis patients 108 patients (10.7%) could 
not be found in the Notification register. 

Verification through PALGA of the remaining 493 non-culture-confirmed cases 
in the linked registers identified 117 patients (23.7%) with a histopathology report 
consistent with active tuberculosis. Verification through the NTR identified 385 patients 
(78.1%). Both exercises combined verified 407 patients (82.6%). Figure 6.2 shows the 
distribution of the PALGA and NTR verified non-culture-confirmed cases over the three 
linked tuberculosis registers. In total 94.3% (1413/1499) of all patients were culture-
confirmed or verified but only 37.6% (35/93) of the unlinked hospital patients. 

Record-linkage of patients observed in any of the three linked tuberculosis 
registers with the NTR resulted in a coverage of 91.1%, 84.7% and 78.9% of the 
Notification, Laboratory and Hospital registers respectively. Of the 108 culture-confirmed 
tuberculosis patients not found in the Notification register 38 (35%) were voluntarily 
reported to the NTR. 

The total and stratified observed number of tuberculosis patients and register-
specific coverage rates of the three tuberculosis registers are shown in Table 6.2. 
Observed completeness of notification, culture-confirmation and hospitalisation is 86.6%, 
67.1% and 40.7% respectively. The completeness of the Notification register is consistent 
over the strata, with non-culture-confirmed patients least likely to be notified. The 
Laboratory and Hospital registers have higher proportions of sputum smear-positive 
patients and both registers show a trend of culture-confirmation and hospitalisation 
increasing with age. If only culture-confirmed or otherwise verified cases were included 
the verified observed completeness of the Notification register would be 89.9%. The 
observed and verified observed under-notification is 13.4% and 10.1% respectively. When 
all 58 non-verified unlinked hospital cases are considered false-positive and the 38 
culture-confirmed patients reported to the NTR considered notified, the adjusted 
observed under-notification is 7.3% (105/1441). 

Based on the Akaike Information Criterion the log-linear capture-recapture 
procedure initially selected the saturated model (see Discussion) as the best-fitting model 
which estimated 554 unobserved tuberculosis cases, resulting in an estimated total 
number of 2053 (95% confidence interval (CI) 1871-2443) tuberculosis cases. This 
translates into an estimated completeness of case-ascertainment of 73.0% (1499/2053) 
and estimated register-specific coverage rates of 63.2%, 49.0% and 29.7% for the 
Notification, Laboratory and Hospital registers respectively. The estimated under-
notification is 36.8% (95%CI 30.6-46.9%).  
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Table 6.1 The initial number of cases, the number of cases excluded from the study 
before and after record-linkage and the final number of cases in the three tuberculosis 
registers in the Netherlands in 1998. 

 Tuberculosis registers 

 Notification Laboratory Hospital 

Patients initially found in the different tuberculosis registers 
in the Netherlands 

1334 1074 658 

Patients excluded from the analysis    

Patients lost during matching process       3       0     0 

Duplicate entry laboratory register       0       1     0 

Duplicate entry notification register       1       0     0 

Laboratory contamination       6     19     2 

Culture of Mycobacterium bovis BCG        0     14     1 

Subtotal before record linkage 1324 1040 655 

Patients with a laboratory sample date in 1998 but notified in 
1997 

      0      3     2 

Patients with a laboratory sample date in 1998 but notified in 
1999 

      0    29     6 

Patients only known to the hospital in 1998 but notified in 
1997  

      0      0   10 

Patients only known to the hospital in 1998 but notified in 
1999 

      0      0     2 

Patients not notified with a laboratory sample date in 1998 
but admitted to the hospital in 1999 

      0      2     0 

Patients with initial tuberculosis notification in 1998 but 
diagnosis later withdrawn because of non-tuberculous 
mycobacteria (n = 35; 7 patients appear in both registers) 

    19      0   23 

Patients with initial tuberculosis notification in 1998 but 
diagnosis later withdrawn because of other reasons than non-
tuberculous mycobacteria 

      7      0    2 

Patients included in the capture recapture analysis 1298 1006 610 

 

 

 



Chapter 6 

86 

Figure 6.1 Schematic view of the distribution of observed number of tuberculosis 
patients in the Netherlands in 1998, after record-linkage of three tuberculosis registers 
(total number of observed cases is 1499).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After adjustment for the 58 possibly false-positive unlinked hospital cases and 
the 38 possibly misclassified laboratory patients (Figure 6.3) the selected, most 
parsimonious, log-linear capture-recapture model was the model with two two-way 
interactions between Notification and Laboratory and between Notification and Hospital. 
The small likelihood ratio, G2, compared with the number of degrees of freedom (df), 
shows that this model fits the data well (G2 = 0.053; df = 2; P = 0.974; Akaike 
Information Criterion = –3.95) and estimates 1547 (95%CI 1513-1600) tuberculosis 
patients. The completeness of case-ascertainment after the adjustment is 93.1% 
(1441/1547) and the estimated register-specific coverage rates are 86.4%, 65.0% and 
35.7% for the Notification, Laboratory and Hospital registers respectively. Adjusted 
estimated under-notification is 13.6% (95%CI 11.7-16.5%). 
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Figure 6.2 Schematic view of the distribution of observed number of tuberculosis 
patients in the Netherlands in 1998, after record-linkage of three tuberculosis registers 
(light grey = culture-positive), and the number of validated tuberculosis patients among 
the culture-negative cases (dark grey = Netherlands Tuberculosis Register; white = 
Pathological Anatomy Laboratory Computerised Archive). 

 

 
 
Discussion 
Main findings 

This study shows that, even in a country with a well-organised system of tuberculosis 
control, record-linkage and cross-validation improve the data quality of tuberculosis 
registration and case-ascertainment. These findings underscore the need for scrutiny of all 
tuberculosis registers, especially with regard to hospital-based data. Total and verified 
observed under-notification of tuberculosis in the Netherlands in 1998 was 13.4% and 
10.1% respectively. The latter was slightly higher than a previously reported under- 
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Table 6.2 Total and stratified number of tuberculosis cases identified by three 
tuberculosis registers and observed register-specific fractions. 

Notification Laboratory Hospital  Observed 
cases 

N (%) 
Frequency Fraction Frequency Fraction Frequency Fraction 

Total 1499 1298 86.6% 1006 67.1% 610 40.7% 

Male* 849   (57.2) 747 88.0% 580 68.3% 357 42.0% 

Female* 635   (42.8) 541 85.2% 411 64.7% 251 39.5% 

Dutch† 389  ( 32.0) 372 95.6% 250 64.3% 157 40.4% 

Non-Dutch† 826   (68.0) 790 95.6% 588 71.2% 316 38.3% 

Pulmonary tuberculosis‡ 770   (62.2) 734 95.3% 545 70.8% 296 38.4% 

Extra-pulmonary 
tuberculosis‡ 

467   (37.8) 448 95.9% 307 65.8% 185 39.6% 

Sputum smear-positive§ 276   (42.3) 265  96.0% 243 88.0% 149 54.0% 

Sputum smear-negative§ 376   (57.7) 358 95.2% 237 63.0% 105 28.0% 

< 15yrs 101     (6.7) 89 88.1% 40 39.6% 37 36.6% 

≥15yrs and <65yrs 1150 (76.7) 1000 90.0% 790 68.7% 450 39.1% 

≥65yrs 248   (16.5) 209 84.3% 176 84.3% 123 49.6% 

Culture-confirmed cases 1006 (67.1) 896 89.0% 1006 100% 418 41.6% 

Non-Culture-confirmed 
cases 

493   (32.9) 402 81.1% 0 0% 192 38.9% 

Metropolitan 477   (31.8) 418 87.6% 333 69.8% 182 38.2% 

Non-Metropolitan 1022 (68.2) 880 86.1% 673 65.9% 428 41.9% 

* for 15 cases no information was available 
† for 284 cases no information was available 
‡ for 262 cases no information was available 
§ for 847 cases no information was available or were non-pulmonary tuberculosis. 
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Figure 6.3 Schematic view of the distribution of observed number of tuberculosis patients 
in the Netherlands in 1998, after record-linkage of three tuberculosis registers, and 
correction for possible misclassification of culture-positive patients and remaining false-
positive unlinked hospital cases (total number of observed cases is 1441).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

notification of 8%. After correction for possibly misclassified laboratory patients and 
remaining false-positive hospital cases the adjusted observed under-notification of 7.3% is 
similar to this previous estimate. The 36.8% under-notification estimated by a log-linear 
capture-recapture model before adjustments were made is highly inconsistent with the 
prior report. Adjustment for possible misclassification of laboratory patients and 
remaining false-positive hospital cases had a considerable impact on the log-linear 
capture-recapture estimate. 

Possible causes of poor data quality 

The quality of the tuberculosis registers is mainly determined by the proportion of 
administrative discrepancies causing possible record-linkage misclassification (8.6% 
between Notification and Laboratory) and the proportion of false-positive cases (8.2% 
among non-culture-confirmed cases in this study after previous elimination of laboratory 
contamination records and exclusion of M. bovis BCG isolates). The majority of 
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administrative discrepancies were found in the postal code. Apart from clerical errors, this 
could be due for example to frequent transfers of asylum seekers, notification of home 
address of prisoners versus laboratory postcode of prison region or assigning a random 
local postal code to records with missing data in some registers. Patients with a culture of 
M. bovis BCG were excluded because of an expected low positive predictive value for 
systemic disease as all were either infants (with likely a post-BCG vaccination abscess) or 
older males (with probable urological M. bovis BCG instillation).  

Despite maximum efforts to eliminate administrative discrepancies and false-
positive records, our results still indicate imperfect record-linkage as, assuming a 
negligible number of lost reports, only 91.1% of all tuberculosis cases in the Notification 
register could be linked to the NTR. Since tuberculosis physicians report to both registers 
the expected overlap is 100%. A proportion of the tuberculosis cases in the final dataset 
not present in the Notification register could be explained by imperfect record-linkage 
because, remarkably, 38 culture-confirmed but not notified patients were voluntarily 
reported to the NTR, suggesting notification as well. After adjustment the number of 
patients in the Notification register (1336) is almost similar as the number reported by the 
NTR in 1998 (1341). Still 70 culture-confirmed patients may not have been notified, 
reflecting the most serious public health aspect of under-notification, i.e. preventing 
possibly indicated contact investigations around potentially infectious patients. 

In almost one-quarter of the non-culture-confirmed patients histopathology 
examination contributed to the diagnosis tuberculosis. The majority of these patients were 
found in the Hospital register which is plausible because histopathology examination is 
more likely to be performed as part of a diagnostic work-up in patients with 
extrapulmonary tuberculosis requiring hospital admission. In the Netherlands, the 
contribution of PALGA to case-verification in addition to the NTR was limited.  

Despite the availability of additional tuberculosis-related registers, the majority 
(62.4%) of unlinked hospital cases could not be verified, compared to 7.6% of the 
unlinked notified cases. Although often used as a third data source in capture-recapture 
studies on human disease incidence, in the case of tuberculosis the data quality of hospital 
registers should be judged critically. A local capture-recapture study in the United 
Kingdom found 27% of all tuberculosis cases in the hospital register to be false-positive 
and in a regional capture-recapture study in Italy this was even 80% among unlinked 
hospital tuberculosis cases.12,15 

Limitations 

The findings have to be placed in the context of the limitations of this study. The 
estimated coverage of the tuberculosis registers was based on three-source log-linear 
capture-recapture models. These models are only valid in the absence of violation of their 
underlying assumptions: perfect record-linkage (i.e. no misclassification of records), a 
closed population (i.e. no immigration or emigration in the time period studied) and a 
homogeneous population (i.e. no subgroups with markedly different probabilities to be 
observed and re-observed). In two-source capture-recapture methods one must also 
assume independence between registers (i.e. the probability of being observed in one 
register is not affected by being (or not being) observed in another). In the three-source 
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capture-recapture approach dependencies between two registers can be identified and 
incorporated in the log-linear model.5 The three-way interaction however, i.e. dependency 
between all three registers, cannot be incorporated in the model and its absence must be 
assumed. Nevertheless, violation of this assumption may occur, rendering capture-
recapture analysis outcomes less valid. This and other limitations of capture-recapture 
analysis are described elsewhere in more detail.8,19-25 

In this study, the possible remaining false-positive cases and violation of the 
perfect record-linkage assumption have already been discussed. Violation of the closed 
population assumption is presumably limited as with tuberculosis the opportunities for 
notification, culture-confirmation or hospitalisation are largely determined within a short 
period of time but could result in overestimation of the number of patients. More likely is 
violation of the absent three-way interaction assumption. Tuberculosis services in the 
Netherlands are organized around close collaboration between clinicians, microbiologists 
and public health professionals such as tuberculosis physicians and tuberculosis nurses. 
Examples of this collaboration are laboratory pre-notification, clinical isolation, contact-
investigations and referrals, explaining the two two-way interactions identified in the final 
log-linear capture-recapture model. The initial log-linear capture-recapture model with the 
best goodness-of-fit was the saturated model, i.e. including all two-way interactions. 
Violation of the absent three-way interaction assumption, which biased our estimates of 
the true population size, cannot be ruled out.8,21,23,26 Also more likely is violation of the 
homogeneity assumption: age, location of disease and infectiousness, among others, can 
account for different probabilities of being seen in a tuberculosis register. Although at 
least as vulnerable as log-linear models to violation of underlying assumptions, to 
investigate possible bias as a result of violation of the homogeneity assumption, we have 
examined the data again with alternative estimators, as described in the capture-recapture 
analysis literature.8,27 These estimators reportedly perform well when compared to log-
linear capture-recapture estimates,28 are arguably more robust to violation of the 
homogeneity assumption29 and have been used in social sciences to estimate the size of 
hidden populations such as illicit drug users and homeless persons.29-32 We applied Chao’s 
heterogeneity and bias-corrected homogeneity models on the adjusted observed 
distribution of tuberculosis patients.33-35 Both models estimate a total of 1545 tuberculosis 
patients (95%CI 1519-1580), very similar to the log-linear model, with an estimated case-
ascertainment of 93.3% (1441/1545) and an estimated under-notification of 13.5% 
(95%CI 12.0-15.4). The CI of the adjusted log-linear and alternative estimates does not 
contain the expected value of 8%.  

Improving tuberculosis surveillance systems 

Some ways of improving the performance of tuberculosis (and other infectious disease) 
surveillance systems could be: 

- As an alternative to log-linear three-source capture-recapture analysis to estimate 
tuberculosis incidence, record-linkage, preferably web-based, between the two most 
relevant sources for tuberculosis surveillance, namely the Notification and Laboratory 
registers, both having a high positive predictive value, will improve timeliness of 
reporting, completeness of demographic, microbiological and epidemiological variables of 
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the patients, and completeness of the number of patients and hence observed 
tuberculosis incidence. 

- Treatment of all tuberculosis patients, including extrapulmonary cases, by a limited 
group of experienced specialist physicians, such as tuberculosis physicians, chest-
physicians or infectiologists, familiar with notification procedures, will improve 
completeness of notification. 

- The introduction of pre-notification of positive laboratory test results for tuberculosis to 
the public health physicians responsible for processing the notifications from the local 
clinicians to the Health Care Inspectorate at the national level, with subsequent follow-up 
of unreported cases, as implemented in some regions of the Netherlands, will also 
improve completeness of notification. 

Conclusion 

Tuberculosis under-notification in the Netherlands in 1998 is probably around 8% and 
possibly around 13.6%. This study demonstrates the need for assessment of tuberculosis 
registers for quality of the data and completeness, and the importance of record-linkage.22 
It underscores that ‘as for the results of all epidemiological investigations, the credibility 
of any capture-recapture estimate will be enhanced to the extent that the investigator may 
be able and confirm the accuracy of all information used, such as diagnosis, location of 
the case within the space-time interval analysed, and appropriate case matching, as with 
capture-recapture methods, errors are highly likely to have a more than additive effect on 
estimates’.8, 36 
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Abstract 
Setting: Under-ascertainment and underreporting of tuberculosis hampers surveillance and 
control. Case detection is improved by record-linkage of case registers and under-
reporting can be estimated by capture-recapture analysis.  

Objectives: To assess the completeness of the tuberculosis registration systems and 
estimation of tuberculosis incidence and underreporting in the Piedmont Region of Italy 
in 2001.  

Methods: Record-linkage of the ‘physician notification system’, the tuberculosis laboratory 
register and the hospital records register, and subsequent three-sample capture-recapture 
analysis. 

Results: Record-linkage identified 657 tuberculosis cases; capture-recapture analysis 
estimated 47 (95%CI 31-71) unrecorded cases. Underreporting of the ‘physician 
notification system’ was estimated at 21% (95%CI 20-23%). The overall estimated 
tuberculosis incidence rate was 16.7 cases per 100 000 population (95%CI 16.3-17.3), 
varying according to subset investigated: 12.7 for individuals from low tuberculosis 
prevalence countries and 214.1 for immigrants from high tuberculosis prevalence 
countries; 13.1 and 25.8 for persons < and ≥ 60 years respectively; and 32.1 in Turin, the 
regional capital versus 10.8 in the rest of the region.  

Conclusions: When multiple recording systems are available, record-linkage and capture-
recapture analysis can be used to assess tuberculosis incidence and the completeness of 
different registers, contributing to a more accurate surveillance of local tuberculosis 
epidemiology. 
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Introduction  
Meaningful quantification and description of the distribution of tuberculosis within a 
community is an essential part of any tuberculosis control programme.1,2 Underreporting 
by local surveillance systems in countries with high and low endemicity for tuberculosis 
leads to underestimation of the tuberculosis burden and makes descriptions and 
interpretation of spatial and temporal variations unreliable.3,4 In 2003, the World Health 
Organization (WHO) estimated that underreporting of tuberculosis in Italy was 12%5 but 
according to other reports it reached 37-54% in some areas of the country.6,7  

Case detection can be improved by record-linkage, i.e. comparing patient data 
across multiple registers,6 and underreporting can be estimated by capture-recapture 
analysis. The latter uses information after record-linkage of various datasets, evidenced by 
the observed overlap of the registers, to estimate the number of cases unknown to all 
sources.8 Capture-recapture analysis was first used in studies of animal population biology 
and, more recently, in epidemiology.8-10 It is now increasingly used to estimate the burden 
of both non-communicable11,12 and communicable diseases,13,14 including tuber-
culosis.4,15,16 We undertook record-linkage of multiple information systems and 
subsequently conducted a capture-recapture analysis to estimate the tuberculosis 
incidence in the Piedmont Region of Italy in 2001 and to assess the performance of the 
surveillance system. 

 

Study population and methods 
Study population and case-definition 

We focused the study on residents of the Piedmont Region, Italy, during 2001. According 
to the fourteenth national census in 2001, the total resident population of the Piedmont 
Region was 4 214 677, of whom 2 034 161 (48%) were men, 3 027 034 (72%) were age   
< 60 years, 865 263 (20%) lived in Turin, the capital, and 84 070 (2%) were immigrants 
from high tuberculosis burden countries (HTBCs), i.e. countries with an annual incidence 
> 80 cases per 100 000 population. About one third of the immigrants were from North 
Africa, one third from Eastern Europe or the former Soviet Union, and the remainder 
came from Asia, sub-Saharan Africa and Latin America.17 

We included in the study all new cases of pulmonary tuberculosis and non-
pulmonary tuberculosis, diagnosed in the Piedmont Region in 2001 and known to at least 
one of three tuberculosis registers. Tuberculosis cases were defined according to the 
guidelines of WHO and the European Region of the International Union Against 
Tuberculosis and Lung Disease Working Group for Uniform Reporting on Tuberculosis 
Cases.1,18 Cases were classified as follows: confirmed (culture-confirmed or smear-
positive) or probable cases (clinically, radiologically or empirically diagnosed); pulmonary 
tuberculosis or non-pulmonary tuberculosis; patients < or ≥ 60 years; resident in the 
Turin metropolitan area or in the remaining parts of Piedmont; and born in HTBCs or in 
low tuberculosis burden countries (LTBCs), i.e. countries with an annual incidence < 80 
cases/100 000 population. Cases caused by environmental mycobacteria (21 records) 
were excluded to improve the specificity and the positive predictive value of each register. 
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The research was conducted on mandatory regional registries set up following 
regional and national law; therefore, according to national legislation, no informed 
consent is required to obtain and store the information for public health and research 
purposes. The authors of the paper were authorised by the regional public health 
authorities to keep and analyse the data and to produce reports. 

Sources of cases and record-linkage 

Three sources were used to identify tuberculosis cases between 2000 and the first half of 
2002. The first was the ‘physician notification system’, including both notification and 
treatment outcome monitoring registers. The second source was the laboratory 
tuberculosis register, which collects reports of microscopic and culture identification of 
mycobacteria from the regional reference microbiology laboratories. The local public 
health service periodically checks these records for false-positive reports due to 
environmental mycobacteria and laboratory cross-contamination. Data from the 
‘physician notification system’ and laboratory sources are not routinely merged and, 
according to national legislation, only the notification register contributes to the official 
national tuberculosis statistics. The third source of cases was the hospital discharge 
records register. Hospital discharge records including any form of tuberculosis 
(International Classification of Diseases-9 codes 0.10-0.18 and 647.3) were selected.  

After correction for duplicate entries in each of the three registers, the records 
of tuberculosis cases were matched by a deterministic linkage procedure using the 
identifiers full name, date of birth and sex. Apparent matches were reviewed to avoid 
homonymous and synonymous errors. Prevalent cases diagnosed in 2000 were identified 
and were excluded from the study, whereas cases incident in 2001 were corrected for late 
reporting in the first half of 2002. A case-verification procedure was performed by 
inspecting the hospital charts of patients identified uniquely in this source to improve the 
positive predictive value of this register. A similar procedure was not performed for cases 
identified in the other sources, as case-verification is regularly performed by the public 
health care services.  We defined observed source-specific sensitivities as the number of 
tuberculosis patients in each register divided by the total number of tuberculosis patients 
observed after record-linkage. As local tuberculosis surveillance and control guidelines 
advise to investigate the human immunodeficiency virus (HIV) status of adults with 
tuberculosis after obtaining consent, information on HIV status was also collected. 

Capture-recapture analysis 

To use log-linear models for capture-recapture analysis, data from at least three different, 
partially overlapping and preferably independent sources are necessary.8,19 The annual 
incidence and the estimated source-specific sensitivity (i.e. the number of observed 
tuberculosis patients in each of the investigated sources divided by the estimated total 
number of tuberculosis patients by capture-recapture analysis) of the regional tuberculosis 
surveillance system were estimated by a three-sample capture-recapture analysis.19 Pair-
wise dependency between sources was incorporated into the log-linear models and 
possible capture heterogeneity was tested. Capture-recapture analysis was conducted on 
the full set of data and repeated for subsets defined according to geographical origin, 
location of tuberculosis, age group, bacteriological status and site of residence, as 
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previously specified. For bacteriological status, due to the availability of only two sources 
for culture-negative tuberculosis patients, a separate calculation was made for 
microbiologically confirmed and unconfirmed tuberculosis cases. 

Statistical analyses were conducted using the STATA version 8 software package 
(Stata Corp, College Station, TX, USA) and the S-PLUS 2000 software package (Mathsoft 
Inc, Seattle, WA, USA) with the CARE library.20 Model selection was based on three 
statistical criteria: deviance, the Akaike information criterion and the Bayesian 
information criterion, to limit the risk of selecting unstable or over-complex models. 
Point estimates and relative 95% confidence intervals (CIs) for the number of unrecorded 
cases were obtained using the method of Chao et al.20  

 

Results 
Overall, we identified 657 incident cases of tuberculosis in the Piedmont Region in 2001, 
with 557 cases from the surveillance system, 406 from hospital discharge records and 285 
from laboratory records (69 microscopically identified and 216 confirmed by culture). 
Figure 7.1 shows the distribution of all identified cases by source and their overlap, 
whereas Figure 7.2 shows the distribution of microbiologically confirmed cases. A  

 

Figure 7.1 Distribution of all cases of tuberculosis found in the investigated sources.  
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Figure 7.2 Distribution of microbiologically confirmed cases of tuberculosis found in the 
investigated sources.  

 
 
 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

verification procedure carried out for the 322 cases identified uniquely from hospital 
discharge records confirmed 64 cases, an overall positive predictive value of 63%. Table 
7.1 shows the total and subset distribution of the tuberculosis cases identified. The sexes 
were equally represented in the different geographic areas: 286 males were from LTBCs 
(59% of all individuals from LTBCs) and 91 from HTBCs (54% of all individuals from 
HTBCs). The age distribution was bimodal, with a difference of > 30 years in average age 
at diagnosis between immigrants from HTBCs (median age 32 years; range 1-78) and 
those born in LTBCs (median age 63 years; range 1-101).  

There was no difference in age distribution between males (median, 54 years; 
range, 1-101) and females (median 53 years; range 2-96). HIV status was known to be 
positive in 32 tuberculosis patients (5%), 23 (72%) of whom were from industrialised 
countries (data not shown).  

Observed source-specific sensitivity 

The overall proportion of cases detected in the ‘physician notification system’, was 84.1% 
(71.1% for probable cases; 89.9% for confirmed cases) (Table 7.1). This system was more 
sensitive for identifying persons from HTBCs than for those from LTBCs (91.2% vs.  
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82.5%), for pulmonary tuberculosis than for non-pulmonary tuberculosis (89.2% vs. 
74.9%), for tuberculosis patients aged < 60 than for older patients (87.7% vs. 80.9%) and 
for persons from the Turin metropolitan area than from the rest of the Piedmont Region 
(94.5% vs. 83.4%). The sensitivity of hospital discharge records was 61.8%, ranging from 
50.9% for persons from HTBCs to more than 90% for non-pulmonary cases. The 
laboratory source had the lowest overall sensitivity (43.3%) and the highest sensitivity 
levels for this source were for confirmed (59.7%) and pulmonary tuberculosis cases 
(57.6%).  

Capture-recapture models 

The estimates for each log-linear model are shown in Table 7.2. The selected model 
allowed for capture dependency between the surveillance and laboratory sources, and did 
not take into account heterogeneity (deviance 27.6; standard error (SE) 10). Three models 
with appealing goodness-of-fit criteria were rejected because their estimates were 
unstable, as reflected by the high standard error. The selected model estimated 47 (95%CI 
31-71) tuberculosis patients unknown to all three sources, resulting in an estimated total 
of 704 (95%CI 688-728) incident cases of tuberculosis in the Piedmont Region in 2001. 
We then estimated the number of tuberculosis cases in various subsets (Table 7.3), using 
the same log-linear model for all grouping variables. The total number of 
microbiologically confirmed cases was estimated, using three sources, at 500 (95%CI 
490–517). The number of probable tuberculosis cases, which by case-definition cannot be 
captured by the laboratory source, was estimated, using two sources, at 237 (95%CI 214-
273). The 95%CI of the total number of tuberculosis cases estimated by geographic 
origin, location of tuberculosis, age group, and bacteriological status overlapped with the 
95%CI of the non-stratified estimate.  

Estimated source-specific sensitivity and incidence  

The overall estimated ascertainment of tuberculosis cases (i.e. cases recorded in at least 
one of the registers examined) was 93.3%. Although notification of diagnosis and 
treatment of tuberculosis is mandatory, the estimated sensitivity of the ‘physician 
notification system’ system was 79.1% (95%CI 76.5-80.1%) (Table 7.3). The system 
performed better in the Turin metropolitan area (sensitivity 92.1%). The analysis showed 
that persons aged ≥ 60 years (sensitivity 74.8%) and non-pulmonary cases (sensitivity, 
74.2%) are relatively underreported or underdetected. The system was more likely to 
capture cases in persons from HTBCs (sensitivity 86.1%) than in those from LTBCs 
(sensitivity 76.8%).  

The estimated overall annual tuberculosis incidence rate was 16.7/100 000, with 
11.9 cases per 100 000 population microbiologically confirmed. The incidence estimates 
varied widely according to the population subset being investigated. The estimated annual 
incidence rate was 12.6/100 000 among persons from LTBCs and 214.1/100 000 among 
immigrants from HTBCs. The estimated annual tuberculosis rate in the Turin 
metropolitan area (32.1/100 000) was nearly three times higher than in the rest of the 
Piedmont Region (11/100 000). The estimated annual incidence of pulmonary 
tuberculosis (10.8/100 000) was twice that of non-pulmonary (5.0/100 000), as was that
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Table 7.3 Capture-recapture estimates: cases estimated (95% confidence intervals [CIs]); 
estimated sensitivities of ‘physician notification system’ and estimated crude annual 
tuberculosis incidence 

 
Estimated 

unknown cases 
(95% CI) 

Estimated total 
cases (95% CI) 

Estimated sensitivity of 
‘physician notification system’ 

(95% CI) 

Estimated 
tuberculosis 

incidence in 2001* 
(95% CI) 

Total 47  (31–71) 704 (688–728) 79.1% (76.5–80.1)  16.7 (16.3–17.3) 

Low tuberculosis 
prevalence countries 

36  (22–57) 522 (508–543) 76.8% (73.8–78.9)  12.6 (12.3–13.1) 

High tuberculosis 
prevalence countries 

 9     (3–22) 180 (174–193) 86.1% (80.8–89.6) 214.1 (207.0–229.6) 

Pulmonary 
tuberculosis 

19  (10–35) 453 (444–469) 85.4% (82.5–85.4)  10.7 (10.5–11.1) 

Extra-pulmonary 
tuberculosis 

 2      (1–9) 213 (212–220) 74.2% (71.6–74.5)   5.0     (5.0–5.2) 

< 60 years 24 (14–34) 398 (388–417) 82.4% (78.6–84.5)  13.1 (12.8–13.8) 

≥ 60years 23 (13–41) 306 (296–324) 74.8% (70.7–77.4)  25.8 (24.9–27.3) 

Turin   7   (3–18) 278 (274–289) 92.1% (88.5–93.4)  32.1 (31.7–33.4) 

Piedmont excluding 
Turin 

29 (17–49) 360 (348–380) 76.7% (72.6–79.3)  10.8 (10.4–11.3) 

* cases per 100 000 population 

 

of cases in persons aged ≥ 60 years (25.8/100 000) when compared with younger persons 
(13.1/100 000).  

 

Discussion  
The main findings of this study are that in Piedmont the reported tuberculosis incidence 
rates are largely underestimated. Although Piedmont remains a low-prevalence area, the 
burden of tuberculosis is higher than was previously thought. Record-linkage considerably 
improved the estimated case-ascertainment to 93.3%. The capture-recapture estimate of 
underreporting of 21% is almost twice that of the WHO for Italy as a whole.5 The 
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estimated crude annual incidence of tuberculosis (16.7/100 000) was about twice that of 
all Italy (8/100 000) and was also higher than reported for the Piedmont region (12/100 
000).5,7,21 Record-linkage with additional capture-recapture analysis is a valuable means for 
quantifying underreporting and can provide relatively accurate estimates of the annual 
incidence of tuberculosis in areas where multiple recording systems are available.22  

The incidence estimates found are representative of low tuberculosis prevalence 
areas. The overall crude annual incidence rate is similar to those of neighbouring 
countries such as Austria, France and Switzerland, which range from 11 to 16/100 000.7  

Inaccurate estimates of the annual incidence of tuberculosis, particularly among 
high-risk subsets of the population such as immigrants from HTBCs and urban dwellers, 
vitiate the implementation of appropriate prevention and control measures. Our analyses 
for different subsets of the population in this study confirmed that persons from HTBCs 
have a much higher risk of developing tuberculosis than the local population. A similar 
phenomenon has been reported among immigrants and asylum seekers elsewhere.23 The 
estimated annual tuberculosis rate in the Turin urban area is 32.1/100 000, which is three 
times higher than the rate in the rest of the Piedmont Region. A comparable trend has 
been reported in other metropolitan areas of Europe, such as Amsterdam, London and 
Rotterdam.23,24 These rates reflect larger risk groups for tuberculosis in the population of 
large cities, such as certain ethnic groups, illegal immigrants, homeless persons and drug 
addicts.25 The high rate among the elderly (97% of whom originated from LTBCs) is 
typical of tuberculosis epidemiology in low-incidence countries. Few young people are 
infected and develop active disease, while older persons can experience endogenous 
reactivation of latent tuberculosis infection or of a previous episode of tuberculosis in the 
era before effective chemotherapy. Although HIV infection is a well-known predisposing 
factor for active tuberculosis,26 it makes a minor contribution to the burden of 
tuberculosis in Piedmont, as 5% of all cases were found to be HIV-seropositive. This 
proportion is consistent with the estimates of TB-HIV in the WHO European Region.27  

Our finding of a sensitivity of around 85% for the ‘physician notification 
system’, currently implemented in the Piedmont Region, for detecting tuberculosis in 
immigrants from HTBCs, pulmonary tuberculosis and confirmed cases (the most 
important groups in terms of tuberculosis transmission control) is encouraging. This 
might reflect heightened awareness among both clinicians and public health authorities 
about the notification and surveillance of potentially infectious tuberculosis. Our 
observation confirms that tuberculosis patients aged ≥ 60 years are at risk of under-
detection (25% for ‘physician notification system’).28,29 The sensitivity of hospital 
discharge records, ranging from 50.9% for persons from HTBCs to more than 90% for 
extrapulmonary tuberculosis cases, is presumably affected by a different need for 
hospitalisation of the two groups, the former preferably being managed as out-patients 
and the latter usually being admitted to hospital for diagnostic workup.  

We have described how assessment of tuberculosis incidence and case detection 
of tuberculosis in areas where multiple recording systems are available, such as the 
Piedmont Region in Italy, can be improved considerably by record-linkage of different 
data sources, such as the ‘physician notification system’ and laboratories. Implementation 
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of routine independent reporting from laboratories should be enforced to reduce under-
ascertainment and improve the quality of information on diagnostic practices and criteria. 
Subsequent capture-recapture analysis, despite its inherent methodological limitations,30 
can be used to estimate total tuberculosis incidence and the completeness of registration, 
thus contributing to more accurate surveillance of local tuberculosis epidemiology. A 
detailed subset analysis can further identify gaps in the surveillance system and indicate 
adequate corrective interventions, such as improving the education of health care 
providers about reporting requirements or modifying reporting procedures.  

 
Acknowledgments 
The authors would like to thank Prof B Terracini, Prof A Biggeri, Prof N Pearce and Dr 
C Sacerdote for helpful comments and support in the research. The study was supported 
by ‘Ricerca Finalizzata’ Regione Piemonte/CIPE. The capture-recapture methods were 
developed within the framework of the Special Project ‘Oncology’, Compagnia San Paolo 
FIRMS, and of a grant from the Italian Association for Cancer Research 

 
References 
1. Rieder HL, Watson JM, Raviglione MC, Forssbohm M, Migliori GB, Schwoebel V, Leitch AG, Zellweger 

JP. Surveillance of tuberculosis in Europe. Working Group of the World Health Organization (WHO) and 
the European Region of the International Union Against Tuberculosis and Lung Disease (IUATLD) for 
uniform reporting on tuberculosis cases. Eur Respir J 1996; 9: 1097-104. 

2. Migliori GB, Spanevello A, Ballardini L, Neri M, Gambarini C, Moro ML, Trnka L, Raviglione MC. 
Validation of the surveillance system for new cases of tuberculosis in a province of northern Italy. Varese 
Tuberculosis Study Group. Eur Respir J 1995; 8: 1252-8. 

3. Pillaye J, Clarke A. An evaluation of completeness of tuberculosis notification in the United Kingdom. 
BMC Public Health 2003; 3: 31. 

4. Tocque K, Bellis MA, Beeching NJ, Davies PD. Capture-recapture as a method of determining the 
completeness of tuberculosis notifications. Commun Dis Public Health 2001; 4: 141-3. 

5. World Health Organization. Global Tuberculosis Control: Surveillance, Planning, Financing. WHO Report 2003. 
Geneva: WHO, 2003. 

6. Moro ML, Malfait P, Salamina G, D'Amato S. [Tuberculosis in Italy: available data and open questions]. 
Epidemiol Prev 1999; 23: 27-36. 

7. Buiatti E, Acciai S, Ragni P, Tortoli E, Barbieri A, Cravedi B, Santini MG. [The quantification of 
tuberculous disease in an Italian area and the estimation of underreporting by means of record-linkage]. 
Epidemiol Prev 1998; 22: 237-41. 

8. Hook EB, Regal RR. Capture-recapture methods in epidemiology: methods and limitations. Epidemiol Rev 
1995; 17: 243-64. 

9. International Working Group for Disease Monitoring and Forecasting. Capture-recapture and multiple-
record systems estimation I: History and theoretical development. International Working Group for 
Disease Monitoring and Forecasting. Am J Epidemiol 1995; 142: 1047-58. 

10. International Working Group for Disease Monitoring and Forecasting. Capture-recapture and multiple-
record systems estimation II: Applications in human diseases. International Working Group for Disease 
Monitoring and Forecasting. Am J Epidemiol 1995; 142: 1059-68. 

11. Bruno G, LaPorte RE, Merletti F, Biggeri A, McCarty D, Pagano G. National diabetes programs. 
Application of capture-recapture to count diabetes? Diabetes Care 1994; 17: 548-56. 

12. Tilling K, Sterne JA, Wolfe CD. Estimation of the incidence of stroke using a capture-recapture model 
including covariates. Int J Epidemiol 2001; 30: 1351-9. 

13. Pezzotti P, Piovesan C, Michieletto F, Zanella F, Rezza G, Gallo G. Estimating the cumulative number of 
human immunodeficiency virus diagnoses by cross-linking from four different sources. Int J Epidemiol 
2003; 32: 778-83. 

14. Van Hest NA, Smit F, Verhave JP. Underreporting of malaria incidence in the Netherlands: results from a 
capture-recapture study. Epidemiol Infect 2002; 129: 371-7. 



Underreporting of tuberculosis in the Piedmont Region, Italy  

 

 107 

15. Iglesias Gozalo MJ, Rabanaque Hernandez MJ, Gomez Lopez LI. [Tuberculosis in the Zaragoza province. 
Estimation by means of the capture-recapture method]. Rev Clin Esp 2002; 202: 249-54. 

16. Mayoral Cortes JM, Garcia Fernandez M, Varela Santos MC, Fernandez Merino JC, Garcia Leon J, 
Herrera Guibert D, Martinez Navarro F. Incidence of pulmonary tuberculosis and HIV coinfection in the 
province of Seville, Spain, 1998. Eur J Epidemiol 2001; 17: 737-42. 

17. Decreto Del Presidente Del Consiglio Dei Ministri. "Popolazione legale della Repubblica in base al 
censimento del 21 ottobre 2001". Gazzetta Ufficiale Serie Generale 2003; N. 81(Suppl. Ordinario n.54). 

18. EuroTB (InVS/KNCV) and the national coordinators for tuberculosis surveillance in the WHO European 
Region. Surveillance of tuberculosis in Europe. Report on tuberculosis cases notified in 2001. Paris: EuroTB, 2003. 

19. Fienberg S. The multiple-recapture census for closed populations and the 2k incomplete contingency table. 
Biometrika 1972; 59: 591-603. 

20. Chao A, Tsay PK, Lin SH, Shau WY, Chao DY. The applications of capture-recapture models to 
epidemiological data. Stat Med 2001; 20: 3123-57. 

21. Ministero della Salute. Bollettino Epidemiologico-Dati Definitivi. Rome: Ministero della Salute, 2001. 
22. Ismail AA, Beeching NJ, Gill GV, Bellis MA. How many data sources are needed to determine diabetes 

prevalence by capture-recapture? Int J Epidemiol 2000; 29: 536-41. 
23. KNVC Tuberculosis Foundation. Index Tuberculosis 2001-2002. The Hague: KNVC Tuberculosis 

Foundation, 2005. 
24. Tuberculosis Section. Communicable Disease Surveillance Centre, Health Protection Agency. Annual report 

on tuberculosis cases reported in 2001 in England, Wales and Northern Ireland. London: Health Protection Agency, 
2004 

25. Felton CP Ford JG. Tuberculosis in the inner city. In: Reichman L, Hershfield E, eds. Tuberculosis - A 
comprehensive international approach. New York: M Dekker, 1993: pp. 483-98. 

26. Zumla A, Malon P, Henderson J, Grange JM. Impact of HIV infection on tuberculosis. Postgrad Med J 
2000; 76: 259-68. 

27. Corbett EL, Watt CJ, Walker N, Maher D, Williams BG, Raviglione MC, Dye C. The growing burden of 
tuberculosis: global trends and interactions with the HIV epidemic. Arch Intern Med 2003; 163: 1009-21. 

28. Baussano I, Cazzadori A, Scardigli A, Concia E. Clinical and demographic aspects of extrathoracic 
tuberculosis: experience of an Italian university hospital. Int J Tuberc Lung Dis 2004; 8: 486-92. 

29. Centers for Disease Control and Prevention. Prevention and control of tuberculosis in facilities providing 
long-term care to the elderly. Recommendations of the Advisory Committee for Elimination of 
Tuberculosis. MMWR Recomm Rep 1990; 39(RR-10): 7-13. 

30. Papoz L, Balkau B, Lellouch J. Case counting in epidemiology: limitations of methods based on multiple 
data sources. Int J Epidemiol 1996; 25: 474-8. 



 

  

 



 

 

 
8

Record-linkage and capture-recapture analysis 
to estimate the incidence and completeness of

reporting of tuberculosis in England 1999 – 2002
 

 

 

 

 

 

 

 

 

N.A.H. VAN HEST1,2, A. STORY3, A.D. GRANT4, D. ANTOINE3, J.P. CROFTS3 and 
J.M. WATSON3

1 Department of Tuberculosis Control, Municipal Public Health Service Rotterdam Area, Rotterdam
2 Department of Public Health, Erasmus MC, University Medical Centre Rotterdam

 the Netherlands
3 Respiratory Diseases Department, Centre for Infections, Health Protection Agency, London

4 Statistics, Modelling and Bioinformatics Department, Centre for Infections, Health Protection Agency, London
United Kingdom

5 Department of Tuberculosis, Legionellosis and Imported Diseases, Institut de Veille Sanitaire, Saint-Maurice, 
France

Submitted 



Chapter 8 

 110 

Abstract 
In 1999 the Enhanced Tuberculosis Surveillance system was introduced in the United 
Kingdom to strengthen surveillance of tuberculosis. The aim of this study was to assess 
the use of record-linkage and capture-recapture methodology for estimating the 
completeness of tuberculosis reporting in England between 1999 and 2002. Due to the 
size of the tuberculosis data sources sophisticated record-linkage software was required 
and the proportion of false-positive cases among unlinked hospital-derived tuberculosis 
records was estimated through a population mixture model. This study shows that record-
linkage of tuberculosis data sources and cross-validation with additional tuberculosis-
related datasets improves data quality as well as case-ascertainment. Since the introduction 
of Enhanced Tuberculosis Surveillance observed completeness of notification in England 
has increased and the results are consistent with expected levels of under-notification. 
Completeness of notification estimated by a log-linear capture-recapture model is highly 
inconsistent with prior estimates and the validity of this methodology was further 
examined. 
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Introduction  
Since 1987, a rise in notifications of tuberculosis has been observed in England.1 This 
increase is believed to be real, reflecting an increase in diagnoses of tuberculosis, rather 
than an artefact due to improved reporting.2 Nevertheless, between 7% and 27% of cases 
of tuberculosis have been estimated not to be notified in the United Kingdom (UK).3 In 
1999, a revised national routine surveillance system for tuberculosis, Enhanced Tuber-
culosis Surveillance, was introduced to improve the completeness of reporting as well as 
the information on reported cases.4 The aim of this study was to estimate the annual 
incidence of tuberculosis in England and assess the completeness of reporting between 
1999 and 2002 using record-linkage and capture-recapture methodology.  

The accuracy and completeness of surveillance data can be increased through 
record-linkage between datasets of cases reported from different sources.5-8 This is carried 
out routinely for cases reported in Enhanced Tuberculosis Surveillance by linking 
notifications with reports of Mycobacterium tuberculosis isolates from the reference 
laboratories in the UK Mycobacterial Network (MycobNet). The number of cases missed 
can then be estimated using the overlap between the two data sources through capture-
recapture analysis.9 The preferred capture-recapture method entails log-linear modelling of 
at least three linked data sources.10-13 The completeness of the different data sources can 
be assessed by comparison with the case-ascertainment, i.e. the total number of patients 
observed in at least one data source, or the estimated total number of cases. Capture-
recapture analysis has been used to evaluate surveillance systems of various infectious 
diseases in the UK.14-16 The same methodology has been applied to tuberculosis 
surveillance in studies in both the UK and elsewhere.17-20 

 

Methods 
Case definition and data sources 

For the purpose of estimating the number of unobserved tuberculosis cases we defined as 
eligible for inclusion those active tuberculosis cases first reported to one or more of three 
data sources in the four years, 1 January 1999 to 31 December 2002. The three data 
sources were: 

1. Tuberculosis cases notified through Enhanced Tuberculosis Surveillance 
(Notification). 

2. Cases with Mycobacterium tuberculosis complex isolates reported to MycobNet 
(Laboratory).  

3. Cases admitted to National Health Service hospitals with a first or secondary hospital 
discharge code of tuberculosis (International Classification of Disease (ICD-10) code 
A15-A19) provided from Hospital Episode Statistics (Hospital). 

Two other data sources used for cross-validation will be mentioned later. An interval 
of more than one year between entries in each of the data sources was considered as a 
separate episode of disease. To correct for delays in case reporting and myco-
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bacteriological confirmation, records three months before and after the study period were 
also examined. 

Record-linkage 

Duplicate entries within each of the three data sources were excluded. Hospital records 
were linked to the previously linked Notification and Laboratory records. Record-linkage 
software developed by the Centre for Infections establishes a likelihood of association 
between two records based on a core set of identifiers (date of birth, age, full postcode 
and sex of the patient and proximity of date of notification, initial mycobacterial isolate or 
hospital admission). It allows for visual inspection of available additional information on 
geographical location, site of disease, ethnicity and smear, culture or histopathology 
results (when performed). All cases with incomplete or missing information on both the 
date of birth and age were labelled as “insufficient identifiers” and excluded. 

The software allocates an a priori determined maximum number of points to 
each core identifier for complete agreement, reflecting the perceived relative importance 
of that identifier. Record-pairs with full agreement of all core identifiers are automatically 
assigned as true links. Points are deducted proportionally to the presumed loss of 
information for increasing deviation from perfect linkage of each identifier to generate an 
aggregate score, reflecting the likelihood of association between two patient records. All 
categories of candidate-links other than automatically assigned links were visually 
inspected and either accepted or rejected. Linked cases were allocated to the year of first 
known date of notification, culture-confirmation or hospital admission. 

False-positive records and correction 

All laboratory-confirmed cases reported through MycobNet were assumed true 
tuberculosis cases, as previously found in a local capture-recapture study in England.17 
Notification and Hospital records not linked with Laboratory could potentially include 
three groups of false-positive records:  

1. Cases ultimately diagnosed with an infection with Mycobacteria Other Than 
Tuberculosis (MOTT) 

2. Cases with a final diagnosis other than tuberculosis or MOTT infection. 

3. Cases misclassified or miscoded. 

The proportion of unlinked Hospital cases attributable to MOTT infection was 
estimated by linking Hospital data from 2003 with a MOTT database which began in that 
same year and used to correct the number of unlinked Hospital cases in all years under 
study using a formula explained below, assuming the annual proportion is similar. 

In order to estimate the proportion of cases with a final diagnosis other than 
tuberculosis or MOTT infection Notification cases not known to Laboratory were linked 
with Treatment Outcome Monitoring data, containing data on Notification cases with a 
final diagnosis other than tuberculosis. At the time of this study Treatment Outcome 
Monitoring data were only available for 2001. The proportion of false-positive 
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Notification cases found was used to correct all years under study assuming the annual 
proportion is similar.  

Previous capture-recapture studies on tuberculosis identified a considerable 
proportion of remaining false-positives among unlinked Hospital cases after examining 
individual patients’ medical files.17,19 That was not feasible due to the scale of this study. 
We estimated the proportion of these remaining false-positive cases through a population 
mixture model. Briefly, we used 40 covariates (number of admission days, number of 
admissions during the tuberculosis episode, rank number of tuberculosis diagnosis (14 
possible positions) and 37 different ICD-10 tuberculosis diagnosis codes) and the 
incidence of Hospital records linked with Notification and/or Laboratory to estimate the 
number of true tuberculosis cases among unlinked records, under the assumption that all 
linked Hospital cases are true tuberculosis cases and unlinked Hospital cases are a mixture 
of true and false-positive tuberculosis cases. The best-fitting logistic regression model 
calculates for every Hospital case the predicted Bernoulli parameter p (reflecting the 
probability of being a true tuberculosis patient) from the covariates. Linked and unlinked 
Hospital cases have characteristic frequency distributions of values p as “signatures”. 
After standardisation we used these signature curves to separate the mixture of unlinked 
Hospital cases, assuming the subpopulation of true tuberculosis cases has a similar 
signature curve to linked Hospital cases and the false-positive tuberculosis cases have a 
different signature curve (population mixture model available from the authors). The 
corrected annual number of true tuberculosis cases only known to Hospital was 
calculated using the formula: 

Nfinal = (Proptrue x Noriginal) x (1 - PropMOTT), 

where Noriginal and Nfinal denote the number of unlinked Hospital cases before and after 
deducting the projected annual proportion of MOTT infection cases and the estimated 
annual proportion of remaining false-positive tuberculosis cases by logistic regression 
respectively, Proptrue the estimated annual proportion of true tuberculosis cases by logistic 
regression and PropMOTT the projected annual proportion of MOTT infection cases. 

Observed source-specific coverage rates were defined as the number of 
tuberculosis cases in each data source divided by the case-ascertainment, expressed as a 
percentage. 

Capture-recapture analysis  

The annual and total number of unobserved tuberculosis cases was estimated on the basis 
of the final distribution of observed cases over the three data sources. The independence 
of data sources and other assumptions underlying capture-recapture analysis have been 
described previously.21 Interdependencies between the three tuberculosis data sources are 
probable, causing possible bias in two-source capture-recapture estimates. Three-source 
log-linear capture-recapture analysis was employed to take possible interdependencies into 
account.17,19 Estimated source-specific coverage rates were defined as the number of 
tuberculosis cases in each data source divided by the estimated number of tuberculosis 
cases by capture-recapture analysis, expressed as a percentage. 
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Results 
Table 8.1 shows the initial annual number of cases in each of the tuberculosis data 
sources before record-linkage and the proportion of records excluded from the study 
because of “insufficient identifiers”. The proportion of excluded records is small for all 
three tuberculosis data sources and consistent over the years examined.  

 

Table 8.1 Initial annual number of cases in each of the tuberculosis data sources before 
record-linkage and the proportion of records excluded from the study because of 
“insufficient identifiers” (incomplete or missing date of birth or age).  

Year/Data source Notification (% excluded) Laboratory (% excluded) Hospital (% excluded) 

1999 5784   (2.2%) 3936   (3.9%) 4361   (6.4%) 

2000 6101   (2.1%) 3940   (6.7%) 4247   (8.0%) 

2001 6571   (1.6%) 4113   (3.7%) 4268   (5.1%) 

2002 6615   (1.2%) 4336   (4.3%) 4618   (8.3%) 

 

The record-linkage process designated 10 539 of the 16 272 (64.8%) Hospital cases as 
links while 5733 cases (35.2%) remained unlinked. After visual inspection of the 
identifiers, 94.9% of all records allocated 3000 points or more by the record-linkage 
software (from a maximum of 4000 points) were accepted as true links. 

Table 8.2 shows the number, proportion and distribution of tuberculosis cases 
over the data sources after record-linkage, the corrections for estimated and projected 
proportions of false-positive cases and the final distribution. Record-linkage between the 
Treatment Outcome Monitoring and Notification data sources for the year 2001 
identified 4.1% of cases only known to Notification and 4.1% of cases known to 
Notification and Hospital with a final diagnosis of not tuberculosis or MOTT infection. 
Record-linkage between Hospital records and the MOTT database for the year 2003 
identified 3.8% of Hospital cases as having MOTT infection. The population mixture 
model gave a range of the proportion of true tuberculosis cases only known to Hospital 
of 0-38%, with an upper 95% confidence limit of 50%. The value 28% (Uncertainty 
Interval:19%-50%) was chosen because of good support by the model and prior 
expectation based on national and international reports. The total estimated and projected 
percentage of false-positive cases among all Hospital cases was 26.7% (4352/16 272). 
Since 2000 the proportion of cases only known to Notification or Laboratory was 
reducing and the number of Notification cases linked to Laboratory or Laboratory and 
Hospital was increasing. Of all 28 678 tuberculosis cases included in this study, 2990 
(10.4%) were identified in the Laboratory data source with a positive culture for M. 
tuberculosis but not notified.  

Table 8.3 shows the annual and overall observed number of tuberculosis cases 
after record-linkage and correction for false-positive records. The overall observed  
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source-specific coverage rates of notified, culture-confirmed and hospitalised tuberculosis 
cases were 84.1%, 54.3% and 41.6% respectively. Overall observed under-notification was 
15.9%. The annual observed Notification-specific coverage rate increased from 81.8% to 
86.7% between 1999 and 2002. The annual observed Laboratory and Hospital source-
specific coverage rates were relatively stable over the study period. 

Table 8.4 shows the annual and overall estimated number of unobserved and 
total tuberculosis cases after capture-recapture analysis. For all estimates the saturated log-
linear model was preferred based on the Akaike Information Criterion.9,12 The overall 
estimated completeness of case-ascertainment was 66.7% (28 678/42 969). The overall 
estimated source-specific coverage rates of notified, culture-confirmed and hospitalised 
tuberculosis cases were 56.2%, 36.2% and 27.7% respectively. Overall estimated under-
notification was 43.8%. The number of unobserved tuberculosis cases reduced every year. 
The annual estimated Notification-specific coverage rates between 1999 and 2002 were 
48.1%, 51.1%, 59.0% and 66.5% respectively. None of the approximated confidence 
intervals include expected values of under-notification. We assessed that the interval 
between the administrative reporting dates used in this study instead of the date of actual 
disease onset could result in a capture-recapture over-estimate of the number of 
unobserved cases of 1.5% (model available from the authors). 

 

Discussion 
Main findings 

This study shows that record-linkage of tuberculosis data sources and cross-validation 
with additional tuberculosis-related datasets improves data accuracy as well as case-
ascertainment. For large tuberculosis data sources sophisticated record-linkage software is 
required and a population mixture model to estimate the proportion of false-positive 
tuberculosis cases among unlinked hospital cases. Since the introduction of Enhanced 
Tuberculosis Surveillance the annual observed completeness of notification has increased. 
Still 10.4% of the observed tuberculosis cases in this study were laboratory-confirmed but 
not notified. The overall observed under-notification of 15.9% is consistent with prior 
reports. The 43.8% overall under-notification estimated by a saturated log-linear capture-
recapture model is highly inconsistent with prior reports and the validity needs further 
examination.3,17  

Under-notification 

Increasing completeness of Notification could be influenced by improved data accuracy 
and record-linkage over the years. An overall observed under-notification of 15.9% 
suggests that in England approximately 1100 tuberculosis patients may not be not 
notified annually of which the majority (2990/4534) is culture-confirmed, representing 
10.4% of all tuberculosis cases. This reflects the most serious public health aspect of 
under-notification as culture-confirmed tuberculosis cases are assumed true cases and are 
potentially infectious. Failure to notify laboratory-confirmed cases jeopardises control 
measures, including contact-tracing. Capture-recapture studies in Italy and the 
Netherlands show proportions of not notified culture-confirmed tuberculosis cases of
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5.5% and 4.9% respectively.19,20 The proportion of not notified culture-confirmed 
tuberculosis cases in England could be an overestimate resulting from possible imperfect 
record-linkage or, despite our assumption, remaining false-positive records in the 
Laboratory data source.  

Limitations due to imperfect record-linkage and false-positive records 

Imperfect record-linkage causes misclassification and results in observed and estimated 
numbers of tuberculosis cases being too low or too high. Our data show that 94.9% of 
the linked cases have a high likelihood of association score of 3000 points or more, and 
only 5.1% with such a score were not linked. This indicates that in only a minority of 
candidate-links an error of classification could have occurred. This fulfils our purpose of 
record-linkage resulting in unbiased numbers in each category, with possibly some 
balanced misclassification. The relatively stable annual proportional distribution of 
tuberculosis cases and the decreasing annual proportion of unlinked Notification and 
Laboratory cases give further confidence in the record-linkage software and procedure.  

 A low positive predictive value of tuberculosis data sources results in observed 
and estimated numbers of tuberculosis cases being too high. Lack of specificity of data 
sources used in capture-recapture studies as a limitation to the validity of this method is 
previously described.22.23 Not all tuberculosis cases are defined by gold standard 
laboratory-confirmation and diagnosis can be based on a clinical intention to treat. The 
three data sources used employ different case-definitions, with consequent variations in 
specificity. We demonstrated by cross-validation with additional datasets that failure to 
de-notify or re-classify patients with a final diagnosis of not tuberculosis occurs which will 
also reduce positive predictive value. 

The population mixture model estimates a proportion of 72% remaining false-
positive cases among unlinked Hospital cases, contributing to 26.7% false-positive cases 
among all Hospital cases, and resulting in a final average proportion of true unlinked 
Hospital cases of 5.4%. These results are in good agreement with comparable record-
linkage studies of tuberculosis incidence in the UK and elsewhere, indicating a plausible 
logistic regression model but expressing concern about the contribution of unscrutinised 
Hospital data sources to accurate estimates of tuberculosis incidence.8,17,19,20  

Limitations due to violation of the underlying capture-recapture assumptions. 

The capture-recapture findings have to be placed in the context of the 
limitations of this study. The assessment of the coverage of the tuberculosis data sources 
was based on three-source log-linear capture-recapture models, only valid in the absence 
of violation of their underlying assumptions: perfect record-linkage (i.e. no 
misclassification of records), a closed population (i.e. no immigration or emigration in the 
time period studied) and a homogeneous population (i.e. no subgroups with markedly 
different probabilities to be observed and re-observed). In two-source capture-recapture 
methods one must also assume independence between data sources (i.e. the probability of 
being observed in one data source is not affected by being (or not being) observed in 
another).9 In the three-source capture-recapture approach dependencies between two data 
sources can be identified and incorporated in the log-linear model. The three-way 
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interaction however, i.e. dependency between all three data sources, cannot be 
incorporated in the model and its absence must be assumed. This and other limitations of 
capture-recapture analysis are described elsewhere in more detail.12,22,24-29  

Violation of the perfect record-linkage assumption and the problem of possible 
false-positive cases have already been discussed. Violation of the closed population 
assumption is presumed to be limited for tuberculosis as the opportunities for 
notification, culture-confirmation or hospitalisation are largely determined within a short 
period of time. However, this violation could result in overestimation of the number of 
patients.   

Tuberculosis services in England are organised around close collaboration 
between clinicians, microbiologists and public health professionals such as communicable 
disease control consultants and tuberculosis nurses. The log-linear capture-recapture 
models with the best goodness-of-fit were saturated models, i.e. including all two-way 
interactions. Violation of the absent (positive) three-way-interaction assumption, biasing 
the estimates of the true population size downwards, cannot be ruled out.12,26,27,30  

Also likely is violation of the homogeneity assumption: age, location of disease 
and infectiousness, among others, can cause different probabilities of being observed in a 
tuberculosis data source. One way of handling possible heterogeneity is to stratify the 
population into more homogeneous subpopulations and then to carry out capture-
recapture analyses for each of the distinct groups. However, our corrections for the 
projected and estimated proportion of Notification and especially Hospital records being 
false-positive and incomplete availability of identifiers in all data sources prevented 
meaningful stratification. To investigate possible bias in the log-linear capture-recapture 
estimates as a result of violation of the homogeneity assumption, we have examined the 
data again with alternative models, as described in the capture-recapture literature.12,30,31 
These models reportedly perform well when compared to log-linear capture-recapture 
estimates and are arguably more robust to violation of the homogeneity assumption.30,32,33 

1. We first applied a structural source model.30 This method models potential 
heterogeneity of the population, partly based on prior knowledge, and estimates the 
probabilities of conditions that produce the relationships between the data sources. 
More specifically, in this instance, the proportion of patients with pulmonary or 
extrapulmonary tuberculosis in the population. The annual and overall estimated 
number of unobserved and total tuberculosis cases is shown in Table 8.5 but the 
structural source model did not fit well. The number of unobserved tuberculosis 
cases is very high in 1999 but then reduces considerably every year to lower estimates 
compared to the saturated log-linear model, although each year the confidence 
intervals of both estimates overlap. The estimated annual Notification-specific 
coverage rate improves every year. The approximate confidence interval of the 2002 
estimate includes expected values of under-notification.  

The structural source model estimates a large majority of the unobserved 
tuberculosis cases to have extrapulmonary tuberculosis. Local under-notification of 
non-respiratory tuberculosis of 47% has been reported in the UK.8 This possibly 
reflects health service organisation in the UK where extrapulmonary cases are less 
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likely to be managed by clinicians familiar with notification of infectious diseases. 
Apart from under-estimating the burden of tuberculosis, the implications for public 
health are limited as extrapulmonary tuberculosis patients are rarely infectious.  

2. We tested our data using Zelterman’s truncated Poisson mixture model, which is also 
vulnerable to possible violation of underlying assumptions.34 This estimator and 
similar ones have been used in social sciences to estimate the size of hidden 
populations such as illicit drug users and homeless persons.33,35-37 A recent 
publication compares three-source capture-recapture model estimates with the 
estimates of truncated models, including Zelterman’s model, for 19 datasets of 
infectious disease incidence and discusses the conditions where these estimates are 
similar or dissimilar.38 The results of this study suggest that for estimating infectious 
disease incidence and completeness of notification independent (i.e. without pair-wise 
interdependencies between the data sources) and parsimonious (i.e. incorporating 
one or two pair-wise interdependencies between the data sources) three-source log-
linear capture-recapture models are preferable. However, when saturated models are 
selected as best fitting model and the estimates are unexpectedly high and seem 
implausible the data should be re-examined with truncated models as a heuristic tool, 
in the absence of a gold standard, to identify possible failure in the saturated log-
linear model. When the truncated models produce a lower and more plausible 
estimated number of infectious disease patients arguments are given that the 
estimates of the truncated models could be preferable. Table 8.5 shows the annual 
and overall estimated numbers of unobserved and total tuberculosis cases. The 
estimated numbers of unobserved tuberculosis cases were low compared to the 
structural source model, especially in 1999. From 2000 onwards the estimates reduce 
every year. According to Zelterman’s model estimated completeness of Notification 
was 68.5%, 63.8%, 73.6% and 76.4% for the years 1999-2002 respectively. The 
confidence intervals do not overlap with the other models but include expected 
values of under-notification in 2001 and 2002.  

Hook and Regal state that “In no sense is there any proof or re-assurance that 
application of multiple-source log-linear estimators for any particular observed data on 
real populations results in a valid estimate, nor even necessarily produce an estimate 
closer to the true value than some alternative approach” and “if the saturated log-linear 
model is selected by any criterion the investigator should be particularly cautious about 
using the associated outcome”.12  Confidence in the validity of capture-recapture results 
may reflect publication bias in favour of successful capture-recapture studies rather than 
the inherent strength of this methodology.39 

Conclusion 

Record-linkage, as performed in Enhanced Tuberculosis Surveillance, improves accuracy 
of surveillance data as well as completeness of case-ascertainment of tuberculosis. 
Hospital-derived data added a limited number of possible true tuberculosis patients. Since 
the introduction of Enhanced Tuberculosis Surveillance the annual observed 
completeness of notification has increased. This is most likely due to improvements in 
case-reporting combined with improved data collection and record-linkage. This study 
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shows that observed under-notification of tuberculosis cases in England might be as high 
as 10.4% as these cases were laboratory-confirmed but not notified. The overall observed 
under-notification was 15.9% which is consistent with prior reports. Overall under-
notification estimated by a saturated log-linear capture-recapture model is highly 
inconsistent with prior reports and could be an over-estimate due to violation of the 
underlying assumptions, especially the homogeneity assumption as suggested by the 
alternative models. Instead of capture-recapture analysis including hospital episode 
registers, record-linkage and case-ascertainment using the two most relevant sources for 
infectious disease surveillance, namely notification and laboratory, both with an expected 
high specificity and hence positive predictive value, as performed in Enhanced 
Tuberculosis Surveillance, will often already considerably improve the knowledge of the 
number of patients and infectious disease incidence rates, as well as the completeness of 
information on specific demographic, diagnostic or epidemiological variables. All 
unlinked laboratory cases in addition to the notifications are by definition tuberculosis 
cases. According to Zelterman’s truncated model, in England and Wales the estimated 
completeness of the notification and laboratory records combined was 78.2%, 74.1%, 
81.0% and 83.8% for the years 1999 - 2002 respectively, all within the expected range of 
under-notification and consistent with the results of parsimonious capture-recapture 
model estimates in some other European countries.9,20 Approaching and encouraging the 
clinicians treating the culture-positive tuberculosis cases not linked to Notification to 
notify these patients, considering the unlinked MycobNet cases as “pre-notifications”, 
would increase the completeness of the notifications register.   
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Abstract 
Truncated models are indirect methods to estimate the size of a hidden population which, 
in contrast to the capture-recapture method, can be used on a single information source. 
We estimated the coverage of a tuberculosis screening programme among illicit drug 
users and homeless persons with a mobile digital X-ray unit between 1 January 2003 and 
31 December 2005 in Rotterdam, the Netherlands, using truncated models. The screening 
programme reached approximately two-third of the estimated target population at least 
once yearly. The intended coverage (at least two chest X-rays per person per year) was 
approximately 23%. We conclude that simple truncated models can be used relatively 
easily on available single source routine data to estimate the size of a population of illicit 
drug users and homeless persons. We assume the most likely overall bias in this study to 
be overestimation and therefore the coverage of the targeted mobile tuberculosis 
screening programme would be higher. 
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Introduction  
The epidemiological pattern of tuberculosis in low incidence countries is changing, with 
an increasing number of tuberculosis patients living in urban areas.1-3 This is due to 
overrepresentation of immigrants from countries with a high incidence of tuberculosis in 
large cities and to urban risk groups for tuberculosis such as illicit drug users and 
homeless persons.4-6 Conventional tuberculosis control methods such as contact-tracing 
and preventive treatment are inadequate among marginalised care-avoiders.5,7,8 As an 
alternative radiological screening programmes for illicit drug users and homeless persons 
have been recommended in European cities.9-12 

Tuberculosis re-emerged among illicit drug users and homeless persons in 
Rotterdam (population approximately 600 000) in 2001, after periodic radiological 
screening was discontinued in 1996. In response, a periodic radiological screening 
programme was re-introduced in May 2002, using a mobile digital X-ray unit (MDXU) 
and visiting day and night shelters and hostels for homeless persons, methadone 
dispensing centres and safe drug consumption rooms for opiate users, as well as the street 
prostitution zone in Rotterdam. The programme aimed to screen clients of these facilities 
and services bi-annual.5,13 

For priority setting, service planning and resource allocation it is necessary to 
know the number of persons in a targeted group. This number can also be used to assess 
the coverage of an intervention.14 Often direct (enumeration) techniques are not feasible 
to estimate the size of hidden populations and indirect techniques have to be used. One 
such indirect technique, capture-recapture analysis,15-17 has been used to estimate the size 
of hidden populations, including illicit drug users18,19 and homeless persons.20,21 However, 
capture-recapture analysis preferably needs at least three linked data sources, which are 
not always available for hidden populations. As an alternative, truncated models are 
described in the literature.17,22,23 Contrary to conventional capture-recapture analysis, 
truncated models use frequency data from a single source of information. These models 
have been applied to estimate the size of hidden populations such as criminals,24,25 illegal 
residents,26 and illicit drug users and homeless persons.14,27-30  

The objective of this study is to estimate the coverage of a mobile tuberculosis 
screening programme among illicit drug users and homeless persons in Rotterdam, using 
simple truncated models. 

 

Methods 
Ethics committee approval was not required for this study. 

Study design, participants and study years 

Participants in this descriptive study are individuals using the services of shelters and 
hostels for homeless persons, methadone dispensing centres or safe drug consumption 
rooms for opiate users, or working in the street prostitution zone in Rotterdam, with at 
least one chest X-ray taken in the MDXU of the mobile tuberculosis screening 
programme between 1 January 2003 and 31 December 2005. Because 2002 was an 
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incomplete year of screening and not all facilities were visited twice by the MDXU these 
data were excluded. A proportion of individuals in the target group use multiple facilities 
and their chest X-ray can be taken at different locations, sometimes more than twice 
yearly. Chest X-rays were read by public health tuberculosis physicians on location or 
within a few working days at the Public Health Service.  

Data collection and validation 

Data on participants of the MDXU screening programme, such as name, date of birth, 
sex, date of chest X-ray and chest X-ray result, are routinely entered into the electronic 
Client Information System of the Tuberculosis Control Section of the Municipal Public 
Health Service Rotterdam-Rijnmond, using a unique personal identification number. To 
avoid misclassification of individuals due to clerical errors such as misspelling of names or 
typing errors, all names and dates of birth of the participants were double-checked in the 
Client Information System during data entry. Since 2005 the Universal Mobile 
Telecommunications System (UMTS) provides wireless connection between the MDXU 
and the Client Information System facilitating checking personal data of participants on 
location. The number of individuals participating in the tuberculosis screening 
programme and the frequency of their visits per year and for the total study period were 
extracted from the Client Information System.  

Truncated models 

The number of illicit drug users and homeless persons in the target group for the mobile 
tuberculosis screening programme, and hence the coverage of the programme, was 
estimated through simple truncated models. Although their results are expected to be 
similar as two examples we used Zelterman’s truncated Poisson mixture model and 
Chao’s truncated heterogeneity model, which can be applied to frequency counts of 
observations of individuals in a single register.31-33 They aim to estimate the number of 
unobserved persons in the (truncated) zero-frequency class based upon information of 
the lower observed frequency classes, assuming a specific truncated distribution of the 
observed data, e.g. Poisson, binomial or a mixture.17,31-34 Observed frequency 
distributions may not be strictly Poisson and to relax this assumption Zelterman and 
Chao based their models on a Poisson mixture distribution. This allows greater flexibility 
and applicability on real life data because the models explicitly cater for departures from 
the strict Poisson assumption. Zelterman’s Poisson mixture model of the estimated total 
population size, est(N), is given by 

est(N) = obs(N)/[1 – exp(-2f2/f1)] 

 and Chao’s heterogeneity model by 

est(N) = obs(N) + (f1)2/2f2  

where f1  denotes the number of persons falling in the first frequency class, f2  denotes the 
number of persons falling in the second frequency class, obs(N) denotes the number of 
all observed individuals and exp is the exponential.  

The simple truncated models do not need statistical packages and have 
performed well when compared to log-linear capture-recapture analysis.35 They 
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supposedly perform well even when data are sparse. Frequency data are less sensitive to 
privacy regulations. The truncated models of Zelterman and Chao were previously used 
to estimate the number of problematic illicit drug users in Rotterdam and detailed 
conceptual aspects of these models have been described.14,28,30 An overview of a range of 
truncated models given elsewhere.22 The underlying assumptions and limitations of 
truncated models will be discussed later. 

Coverage 

The coverage is defined as the number of individuals screened at least once per year 
(obs(N) or the annual case-ascertainment) divided by the estimated annual number of 
illicit drug users and homeless persons in the target group for periodic tuberculosis 
screening (est(N)), expressed as a percentage (obs(N)/(est(N))x100). This definition is 
different from the use of the word coverage by Chao in her heterogeneity model article,31 
which is related to the proportion of times that the confidence interval includes the true 
number of cases in a simulation study, or another well-known publication of Chao, in 
which it is related to a measure to quantify the source overlap information.36 

 
Results 
Between 1 January 2003 and 31 December 2005 a total of 7075 chest X-rays were made 
of 3034 individuals. Table 9.1 shows the total number of screened individuals per 
frequency class and number of chest X-rays taken. Nearly half of the individuals screened 
(45.6%) entered the programme only once.  

Table 9.2 shows the annual number of screened individuals, people not 
previously screened and number of X-rays taken, per frequency class and in total. The 
annual number of individuals screened gradually decreased over the years. The annual 
number of people not previously screened strongly decreased but in 2004 and 2005 still a 
considerable number of these persons enter the programme.  

 

Table 9.1 Total number of screened individuals per frequency class and number of chest 
X-rays taken in the mobile radiological tuberculosis screening programme among illicit 
drug users and homeless persons in 2003 - 2005 in Rotterdam. 

Frequency class Number of individuals Percentage Number of chest X-rays 

1x 1384 45.6% 1384 

2x 585 19.3% 1170 

3x 397 13.1% 1191 

4x 267 8.8% 1068 

5x 218 7.2% 1090 

> 6x 183 6.0% 1172 

Total 3034 100% 7075 
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The annual number of individuals in the first frequency class (seen once), second 
frequency class (seen twice) and total number of individuals screened respectively 
represent f1, f2 and obs(N) in the formula of the truncated models. 

Table 9.3 shows the annual observed and estimated number of illicit drug users 
and homeless persons in the target group for periodic tuberculosis screening for the two 
truncated models, as well as the estimated coverage of the mobile tuberculosis screening 
programme. The estimates of Chao’s model are slightly higher but in the same range as 
Zelterman’s model. The radiological mobile targeted tuberculosis screening programme 
reaches approximately 63% of the estimated target population at least once per year. The 
intended coverage of the screening programme (at least two chest X-rays per person per 
year) is approximately 22%, 25% and 21% in 2003, 2004 and 2005 respectively.  

 

Discussion 
Main findings 

This study demonstrates that truncated models can be used relatively easily on available 
single source routine data to estimate the size of a hidden population of illicit drug users 
and homeless persons. Our results show that a radiological mobile targeted tuberculosis 
screening programme among illicit drug users and homeless persons in Rotterdam 
reaches approximately two-third of the estimated target population at least once per year. 
Between 21% and 25% of the estimated target population meets the objective of the 
programme and has two or more chest X-rays taken per year.  

Limitations  

As with capture-recapture analysis, the validity of the estimates of truncated models 
depends on the possible violation of the underlying assumptions. These assumptions are 
perfect identification (i.e. no misclassification of the number of visits of one client), a 
closed population (i.e. no in-migration or out-migration in the time period studied), 
ideally but not necessarily a homogeneous population (i.e. no subgroups with markedly 
different probabilities to be observed and re-observed) and a constant probability of 
being observed (i.e. there should be no individual behavioural response and the 
probability of being re-observed should not be influenced by the experience of a previous 
visit) and, as explained earlier in the Methods, a specific truncated distribution of the 
observed data.14,30  

Perfect identification assumption  
In this programme individuals were assigned unique identification numbers in the Client 
Information System and personal identifiers were double-checked upon data entry to 
avoid misclassification. The staff of the facilities visited assisted the programme by 
providing a list of names and dates of birth of clients eligible for screening. Most clients 
had personal identification cards which were checked at screening. Social workers from 
the services furthermore assisted on the day of screening which also reduced the 
possibility to misclassify individuals. Violation of the perfect record-linkage assumption is 
therefore considered minimal.  



Chapter 9 

 132 

Closed population assumption 
To reduce bias as a result of violation of the closed population assumption we divided the 
study in one-year periods. The MDXU visits each location for one day twice a year. This 
limits the opportunity for passers-by and short-term clients to be observed. Table 9.1 and 
Table 9.2 however show that every year a substantial number of people not previously 
screened enter the programme. These can be individuals belonging to the target group 
but not yet captured by the screening programme, individuals not belonging to the target 
group or individuals that recently joined the target group. Influx of the last two categories 
will result in annual estimates of the target population of long-term illicit drug users and 
homeless persons being too high and hence the estimate of the screening programme 
coverage being too low.  

Homogeneity assumption 
Some problematic illicit drug users and homeless persons, such as cocaine users or 
persistent rough sleepers, will never be reached. Their probability to attend the 
tuberculosis screening programme is zero because they never utilise the facilities and 
services. This group is not included in the truncated model estimate.28  

We cannot exclude individuals entering the screening programme, e.g. among 
individuals entering the programme only once, that do not belong to the group of long-
term illicit drug user and homeless persons. In a previous conventional log-linear capture-
recapture estimation of the number of clients of a methadone maintenance programme it 
was demonstrated that differences in capture-probabilities of the population of interest, 
problematic drug users, and the sampled population, also including non-problematic drug 
users, could considerably overestimate the size of the population of interest.19  

We cannot exclude heterogeneity among individuals belonging to the target 
group entering the screening programme but the opportunities to participate in the 
screening (opting-out strategy) or not to participate (not attending the facility or service 
on the day of screening) are assumed to be largely similar for the majority. The truncated 
models are arguably more robust to violation of the homogeneity assumption because 
they are partly based upon the lower frequency classes, assumed to have more 
resemblance to the zero frequency class. The relative insensitivity to violation of the 
homogeneity assumption of Zelterman’s and Chao’s model is also supported 
mathematically and through simulation studies.14,22,32 However, in the presence of 
heterogeneity they can underestimate the population.  

An alternative approach to estimate a heterogeneous population would be to use 
a population mixture model. Such a model (for the data in Table 9.1) regards the eligible 
population for each visit as a mixture of "local clients at the facilities", having six 
opportunities to be observed and "roaming clients" from other facilities, visiting more 
places than their own facility and can be captured at other facilities by the MDXU as well. 
They have possibly more than a total of six opportunities to be observed. For each visit 
the capture of the local clients could be modelled as Binomial (6, p1) and the capture of 
roaming clients as Poisson (lambda), where lambda is probably less than 6 times p1. 
However, in our population of homeless persons and illicit drug users a clear distinction 
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between local and roaming clients is arbitrary as many clients use multiple services, e.g. 
methadone dispensing centres due to their addiction and day en night care facilities due to 
their homelessness, and their need for specific services may change over time.  
Furthermore, we have not considered such a population mixture model or E-M algorithm 
because, although more accurate, their complexity disagrees with the appealing ease of use 
of the simple truncated models. For the purpose of our study more exact but complex to 
calculate estimates were subsidiary to the simplicity of a method which should be close 
enough. As described for capture-recapture analysis simple truncated models are useful 
under certain circumstances, e.g. when the likely direction of the bias caused by violation 
of the underlying assumptions can be predicted and plausible lower and upper boundaries 
of the prevalence or incidence of a disease or the coverage of a community health care 
intervention can be estimated.17,37,38 

Constant (re)observation probability assumption 
For the majority of the individuals in the target group of the mobile tuberculosis 
screening programme the facilities and services where screening took place are providing 
important needs, namely methadone and shelter. These needs are probably constant over 
time and create a considerable probability of attending the services. Frequent users have 
the highest risk of tuberculosis but are also most likely to be screened. Although 
incentives, such as chocolate bars and soft drinks, were given to participants at some 
locations, it is unlikely that this creates an important positive behavioural response to 
participate again. This also applies to clients with radiographic abnormalities inconsistent 
with tuberculosis as they are referred to a chest-physician in one of the general hospitals 
in Rotterdam where further analysis and follow-up is performed. The opting-out strategy 
and (strong) persuasion by the staff of the social and medical services to participate 
prevents a negative behavioural response. The pressure particular institutions put on their 
clients to participate in the screening programme is considered relatively constant on each 
screening day. The coverage of the screening programme will never be perfect as each 
year a proportion of the target group will temporarily have a low or zero probability to 
attend, e.g. due to admission in a rehabilitation clinic or prison sentence. Finally, 
elsewhere is has been explained that the probability of being observed does not have to 
be constant as long as a capture or non-capture does not influence a possible change in 
probability.26 

Poisson distribution of the observed data assumption 
Zelterman and Chao based their model on a Poisson mixture distribution, catering for 
departures from the strict Poisson assumption. We have examined whether the Zelterman 
model used tolerates the departures from the Poisson distribution observed in our 
data. We have performed negative Binomial regression, with number of times screened as 
the covariate and number of individuals as the outcome, on the Table 9.1 data (counting 
> 6 as 6). The variance of the data is larger than that of a Poisson distribution. This 
overdispersion is statistically significant (P = 0.11), but small (alpha = 0.024), and so does 
not invalidate the use of Zelterman's estimator.32 Therefore it seems reasonable to use 
this simple model in the context of our study as explained earlier.  
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A further limitation is that persons in the target group could have indicated on 
the day of screening that recently a chest X-ray was taken in the MDXU, a general 
hospital, upon detention in prison or at the Tuberculosis Control Section upon referral, 
exempting them from the screening exercise. This information, together with improved 
experience, better co-ordination and UMTS access over the years, would prevent some 
clients from being recorded twice or more than twice yearly in the screening programme, 
as is reflected in Table 9.2,  leading to overestimation, but we assume this effect to be 
limited. 

Cross-validation of the estimates of the target group 

The number of problematic illicit drug users in Rotterdam, already including many 
homeless persons, was most recently estimated in 2003 with two-source capture-recapture 
analysis, using a similar case-definition, which observed and estimated 1910 and 2856 
clients respectively.39 These numbers are similar to our results in 2003.  

Alternative simple truncated models 

Although we used truncated Poisson mixture models, an alternative is to use a truncated 
binomial model such as est(N) = obs(N) + (f1)2/4f2. This model, close to Chao’s model, 
estimates a lower number of 2432, 2181 and 2015 illicit drug users and homeless persons 
in 2003, 2004 and 2005 respectively, resulting in a slightly higher estimated coverage of 
the screening programme. 

Conclusion 

Although the limitations of the single-source truncated models should be appreciated and 
bias cannot be excluded, alternative methods for estimating the number of illicit drug 
users and homeless persons have their own restrictions. Conventional two-source and 
three-source capture-recapture analysis have similar underlying assumptions and hence 
limitations, and for hidden populations sufficient adequate registers for record-linkage 
may not be available. Compared to alternative estimators the ease of use of the truncated 
models is appealing. We could extract, check and prepare the required data from an 
existing routine dataset in two days and calculate the point estimates on a pocket 
calculator. We assume the most likely overall bias in this study to be overestimation and 
therefore the coverage of the targeted mobile tuberculosis screening programme among 
problematic illicit drug users and homeless persons in Rotterdam would be higher than 
the 63% one chest X-ray per year and 21-25% for at least two chest X-rays per year, 
especially among those with the highest risk. 
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Abstract 
Capture-recapture analysis has been used to evaluate infectious disease surveillance. 
Violation of the underlying assumptions can jeopardize the validity of the capture-
recapture estimates and a tool is needed for cross-validation. We re-examined nineteen 
datasets of log-linear model capture-recapture studies on infectious disease incidence 
using three truncated models for incomplete count data as alternative population 
estimators. The truncated models yield comparable estimates to independent log-linear 
capture-recapture models and to parsimonious log-linear models when the number of 
patients is limited or the ratio between patients registered once and twice is between 0.5 
and 1.5. Compared to saturated log-linear models the truncated models produce 
considerably lower and often more plausible estimates. We conclude that for estimating 
infectious disease incidence independent and parsimonious three-source log-linear 
capture–recapture models are preferable but truncated models can be used as a heuristic 
tool to identify possible failure in log-linear models, especially when saturated log-linear 
models are selected. 
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Introduction  
Surveillance of infectious diseases is an essential part of public health. Mandatory 
notification is one of the mechanisms to carry out such surveillance but under-
notification has been widely reported. For meaningful interpretation of the number of 
patients with infectious diseases the completeness of notification should be estimated. 
This can be done through a statistical technique called capture-recapture analysis. Based 
on certain assumptions, capture-recapture methods use information on the overlap of 
linked disease registers to estimate the number of patients unknown to all registers and 
thus the estimated total number of patients.1 Completeness of notification can then be 
assessed relative to the estimated total number of patients. In biomedical sciences 
capture-recapture analysis is frequently used for estimating the number of accidents and 
injuries2 and patients with mostly chronic diseases such as congenital deformities,3 
insulin-dependent diabetes mellitus,4 cancer,5 neurological conditions6 or rheumatological 
diseases.7 Less frequently it has been applied for evaluating infectious disease surveillance, 
especially when record-linkage is based on more than two registers.  

The validity of capture-recapture estimates depends on possible violations of the 
underlying assumptions: cases can be uniquely identified (i.e. registers have a perfect 
positive predictive value), perfect record-linkage (i.e. no misclassification of records), a 
closed population (i.e. no immigration or emigration in the time period studied) and a 
homogeneous population (i.e. no subgroups with markedly different (re)capture 
probabilities). In two-source capture-recapture methods one must also assume 
independence between registers (i.e. the probability of being observed in one register is 
not affected by being (or not being) observed in the other registers). In the three-source 
capture-recapture approach pair-wise dependencies, i.e. dependencies between two 
registers, can be identified and accounted for in a log-linear model.1,8-11 The three-way 
(highest-order) interaction however, i.e. dependency between all three registers, cannot be 
incorporated in the model and its absence must be assumed.  

In epidemiological studies violation to some degree of most of the underlying 
capture-recapture assumptions is unavoidable. This and other limitations of capture-
recapture analysis are described elsewhere in more detail.10,12-19 Infectious diseases carry an 
elevated risk that some capture-recapture analysis assumptions are violated. Especially 
absence of dependence between the available registers, including three-way interaction, 
and heterogeneity among the patients cannot be excluded and should be expected. 
Consequently, the validity of two-source and three-source capture-recapture studies 
requires critical scrutiny.  

Sometimes it becomes evident that a capture-recapture model breaks down and 
produces erratic results. While performing three-source log-linear model capture-
recapture studies on the completeness of notification of tuberculosis in the Netherlands20 
and England we were confronted with unexpected and unrealistic estimates of 
tuberculosis incidence, despite using well-described procedures for finding the best log-
linear model.21 In this context, solely relying on three-source capture-recapture analysis 
without any cross-validation seems to be inappropriate. We suggest that three-source 
capture-recapture analyses should be complemented by alternative methods to arrive at, 
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and cross-validate, estimates of population size. Alternative models related to capture-
recapture analysis have been described and offer the opportunity to cross-validate 
outcomes. The aim of this study is to re-examine the data of published and current three-
source log-linear model capture-recapture studies on infectious disease incidence with 
various truncated models for incomplete count data and describe the apparent agreement 
or discrepancy of the estimates.  

 

Methods 
Data sources 

Data sources used were 19 datasets in 16 published or current three-source log-linear 
model capture-recapture studies on infectious disease incidence known to us.  

Truncated population estimators 

The data sources were re-examined with three alternative population estimators: a 
truncated binomial model, a truncated Poisson mixture model (Zelterman)22 and a 
truncated Poisson heterogeneity model (Chao).23,24 Out of the many possible methods we 
have chosen this combination of truncated models because they have been described as 
an alternative to capture-recapture methods,10,25 can be used on the same data that is 
needed for the three-source log-linear model and are easy to apply.26,27  

In epidemiology, truncated estimators are usually applied to frequency counts of 
observations of individuals in a single data source.28 They aim to estimate the number of 
unobserved persons (falling in the zero-frequency class) based upon information on the 
number of times a person has been observed. Technically, one assumes a specific 
truncated distribution of the observed data, e.g. Poisson or binomial, and then 
extrapolates from the observed series to the unobserved number of people never seen.10 
Observed frequency distributions may not be strictly Poisson and to relax this assumption 
Zelterman based his model on a Poisson mixture distribution, allegedly allowing greater 
flexibility and applicability on real-life data.28 Conceptual aspects of the Zelterman and 
Chao models have been discussed in some detail elsewhere.27,29-31 The simple truncated 
estimators do not need statistical packages. In the social sciences truncated models have 
been employed to estimate the size of hidden populations such as criminals,26,32 illegal 
residents33 and illicit drug users and homeless persons.27-29,34 To our knowledge, truncated 
estimators have not been used before to estimate the number of infectious disease 
patients. 

 As with capture-recapture analysis, the validity of the estimates of truncated 
models depends on the possible violation of the underlying assumptions. These 
assumptions are similar to the capture-recapture assumptions described earlier but in 
addition equiprobability (i.e. equal ascertainment probabilities of all registers) should be 
assumed when using multiple sources.10 Some truncated models are arguably more robust 
to population heterogeneity because they are partly based upon the lower frequency 
classes, and the people rarely seen are assumed to have a greater resemblance with the 
people never seen. This relative insensitivity to violation of the homogeneity assumption 
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of some truncated estimators is supported mathematically and through simulation studies 
but they can occasionally underestimate the true population size in the presence of 
heterogeneity.22,29  

Frequency counts 

It is possible to extract frequency counts for the truncated models from multiple-source 
capture-recapture data, allowing us to use the reported data from the log-linear studies for 
the truncated models. The ratio between the number of patients registered once (f1) and 
registered twice (f2) plays an important role in the truncated models. When “1” represents 
being known to a register and “0” represents being unknown to a register, and three 
linked registers are used, frequency count f1 is the sum of the cells 100, 010 and 001 in the 
2 x 2 x 2 contingency table and frequency count f2 corresponds to the sum of the cells 
110, 101 and 011. Similarly, patients observed in all three registers, f3, are denoted as 111. 
For all 19 datasets the number of patients in these seven cells are shown later. We use the 
f1/f2 ratio to examine a possible relationship between this ratio and the performance of 
truncated models vis-à-vis the log-linear models. 

Results 
Table 10.1 shows the various three-source log-linear model capture-recapture studies of 
infectious disease incidence and completeness of notification with the number of patients 
observed and their frequency counts, the objective of the study, the data sources used and 
the selected log-linear model. The studies involved eight infectious diseases and were 
performed at the local, regional or national level. One study collected data over a 4- 
months period, the other studies over 1- to 5-year periods. The observed number of 
patients varied from 33 to 28 678 persons. Notification, laboratory and hospital registers 
were the most conventional data sources used. The distribution of the patients over three 
linked registers in the various three-source capture-recapture studies of infectious diseases 
is shown in Table 10.2. 

The log-linear and truncated model estimates with their respective confidence 
and prediction intervals are shown in Table 10.3, as well as the f1/f2 ratio among the 
observed patients and the coefficient of variation of the data source probabilities (see 
Discussion). The capture-recapture studies varied in estimated number of patients from 
46 to 42 969. A second truncated Poisson estimator, Chao’s bias-corrected homogeneity 
model, est(N) = obs(N) + [(f12-f1)/(2(f2-1))], gave similar estimates as Chao’s heterogeneity 
model.35 A second truncated binomial estimator, est(N) = obs(N)/[1–(1/(1+f2 /f1))3], gave 
similar estimates as the truncated binomial model used (data not shown). 

f1/f2 ratio 

On the basis of the f1/f2 ratio the studies can be divided in four categories:  

a. f1/f2 < 0.5 (dataset 7). In this study all estimates were similar but the number of 
observed patients was small. 

b. 0.5 < f1/f2 < 1.5 (datasets 1, 2, 6, 8-10, 13a, 13b, 14, 16a, 16b). In these studies the 
truncated binomial model and Zelterman’s model gave similar results as the  
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independent (without interactions) or parsimonious log-linear model while Chao’s 
model estimates were slightly higher. When a saturated log-linear model (with all two-
way interactions) was selected the truncated estimates were considerably lower than 
the log-linear model estimates. 

c. 1.5 < f1/f2 < 3.5 (datasets 5, 11, 12, 15). In the first study the results of all truncated 
models were similar to the parsimonious log-linear model estimate but the number of 
observed patients was small. In the second study the estimates of Zelterman’s and 
Chao’s truncated models were lower but within the 95% confidence interval (CI) of 
the parsimonious log-linear model estimate while the truncated binomial model 
estimate was considerably lower. In the third study all truncated model estimates 
were considerably lower than the saturated log-linear model estimate, the truncated 
binomial estimate again being lowest. In the fourth study all truncated model 
estimates were lower than the saturated log-linear model estimate but fell within the 
broad 95% CI, the truncated binomial model estimates again lowest.  

d. f1/f2 > 3.5: datasets (3a, 3b, 4). In all studies the truncated model estimates were 
considerably higher than the parsimonious log-linear model estimates, especially the 
Zelterman and Chao models. 

Selected log-linear model 

On the basis of the selected log-linear model the studies can be divided in three 
categories: 

a. Independent log-linear model (datasets 1, 2). In these studies the truncated models 
produce similar estimates as the log-linear model. 

b. Parsimonious log-linear model (datasets 3-11). In the 11 studies with a parsimonious 
log-linear model selected three observations can be made:  
- In the three studies with f1 >> f2 (datasets 3, 4) the truncated binomial model 
estimates a higher number of patients than the log-linear model while the truncated 
Poisson and Poisson mixture models estimate a considerably higher number of 
patients. 
- In the three studies (datasets 5-7) with a small number of observed patients the 
estimates of the log-linear model and truncated Poisson, Poisson mixture and 
binomial models are comparable. 
- In the studies with the f1/f2 ratio between 0.5 and 1.5 (datasets 8-10, 13b) the 
truncated model estimates are similar to the log-linear model but the Chao models 
can be relatively higher and in one study the truncated Poisson mixture estimate was 
relatively low. 

c. Saturated log-linear model (datasets 12-16, apart from 13b). In all but one of the 
studies with a saturated model selected (datasets 12, 13a, 14, 16) the truncated models 
gave considerable lower and mutually comparable estimates. 
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Discussion 
Main findings 

In three-source log-linear model capture-recapture studies of infectious disease incidence 
with an independent log-linear model selected, truncated models yield comparable 
estimates. The truncated models also give similar results when parsimonious log-linear 
models are selected and the number of patients is limited or the f1/f2 ratio is between 0.5 
and 1.5. When f1>>f2 truncated models give considerable higher estimates than 
parsimonious log-linear models. Compared to saturated log-linear models the truncated 
models produce considerably lower and often more plausible estimates.  

Capture-recapture analysis and chronic diseases 

For human diseases capture-recapture analysis has predominantly been applied to 
estimate the prevalence, incidence or completeness of registers of specific groups of 
diseases, often diseases with a chronic character as mentioned earlier. Apparently the 
characteristics of most of these diseases, their patients and their registers best fulfil criteria 
for feasibility of capture-recapture studies as well as validity of the underlying 
assumptions. Perhaps with the exemption of some neurological and rheumatological 
conditions, the case-definition is probably unambiguous and uniform over the various 
registers. Arguably, for these categories of diseases sufficient registers are available and 
possible relationships between these registers, e.g. clinical registers, laboratory registers, 
health insurance registers or patient support and advocacy group registers, be they 
positive or negative, could be avoided by source selection or source merging or accounted 
for in a log-linear model, thus limiting violation of the independent registers assumption. 
The permanent character of most of these conditions can reduce violation of the closed 
population assumption.  

Capture-recapture analysis and infectious diseases  

For infectious diseases the number of available registers for record-linkage, usually 
notification-, laboratory- or hospital-based registers, is often limited and (strong) positive 
interaction between these registers should be expected as a result of the characteristics of 
infectious disease diagnosis and treatment and public health regulations. Infectious 
disease control and surveillance is often organized around close collaboration between 
clinicians, microbiologists and public health professionals, such as infectious disease and 
tuberculosis physicians and nurses. Only two of the 19 datasets studied selected the 
independent log-linear model and 11 datasets selected parsimonious log-linear models 
incorporating one or two pair-wise dependencies. However, six datasets selected the 
saturated log-linear model, i.e. including all two-way interactions and assuming absence of 
the three-way interaction.16,36 Our studies of tuberculosis incidence in England and, 
before correction for suggested imperfect record-linkage and remaining false-positive 
hospital cases, in the Netherlands both selected a saturated model, resulting in 
unexpectedly and unrealistically high estimates of the number of tuberculosis patients. 
The two previous three-source log-linear model capture-recapture studies of tuberculosis 
incidence resulted in a parsimonious model and both produced plausible estimates within 
the range of prior expectations.37,38 According to Hook and Regal, if the saturated model 
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is selected by any criterion the investigator should be particularly cautious about using the 
associated outcome.10 At the time of our studies on tuberculosis incidence all but one of 
the published three-source log-linear capture-recapture studies of infectious incidence 
used independent or parsimonious log-linear models (studies 1–11). The one published 
study selecting a saturated log-linear model (study 12) gave a much higher estimate         
(n = 1314) of the number of hepatitis A patients in an outbreak in Taiwan than later 
established by serology results (n = 545).19 Recently a three-source log-linear model 
capture-recapture study of meningococcal disease incidence also selected a saturated log-
linear model and resulted in relatively high estimates (study 16).39 Perhaps confidence in 
the validity of capture-recapture results may reflect publication bias in favour of 
apparently successful capture-recapture studies.40 The unexpectedly high estimates of the 
saturated log-linear model capture-recapture studies do not result from violation of the 
“absent three-way interaction” assumption. In the case of infectious disease registers, 
existing three-way interaction is almost certainly positive, causing a capture-recapture 
estimate biased downwards.39 The reason for the high estimates must, therefore, be 
violation of (a combination of) the other underlying assumptions. After correction for 
possible false-positive records and possible imperfect record-linkage the capture-
recapture studies on tuberculosis and meningococcal disease in the Netherlands (studies 
13 and 16) produced much lower and lower estimates respectively. Compared to an initial 
saturated log-linear model, a covariate log-linear capture-recapture model, reducing 
violation of the homogeneity assumption, also resulted in a much lower estimate of 886 
(95%CI 827-1022) Legionnaires' disease patients in the Netherlands (study 15).  

Truncated estimators and infectious diseases  

Infectious disease studies where an independent log-linear model was selected produce 
estimates very similar with the truncated models, which can be partly explained by the 
independent register assumption underlying the truncated models when applied to three 
registers. That truncated estimators perform well when data are sparse is demonstrated in 
studies 5, 6 and 7 as the estimates of the log-linear and the various truncated models are 
similar. The truncated models also give similar results as the log-linear models when 0.5 < 
f1/f2 < 1.5 but give considerably higher estimates when f1 >> f2. In the case of saturated 
log-linear models (studies 12-16), with unexpectedly high estimates of infectious disease 
incidence, the lower truncated model estimates are more plausible but are they also 
preferable? We have two arguments to support the view they might be: 

1. In study 12 the saturated log-linear model estimated 1314 patients with hepatitis A 
infection in an outbreak in Taiwan while the truncated models estimate between 500 
and 600 patients. The National Quarantine Service of Taiwan, on the basis of 
serology tests, later concluded that the true number of infected persons was about 
545, making this one of the few capture-recapture datasets where later a true number 
of patients was established.19  

2. A saturated log-linear model in dataset 13a gave an implausible estimate of 2053 
(95%CI 1871-2443) tuberculosis patients in the Netherlands in 1998, while truncated 
models estimated between 1600 and 1675 patients. The implausible estimate caused 
the investigators to have a critical look at the data again and make further corrections 
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for probable imperfect record-linkage and possible remaining false-positive records 
in the hospital register. The parsimonious log-linear model of dataset 13b fitted the 
adjusted data well and gave an estimate of 1547 (95%CI 1513-1600) tuberculosis 
patients and corresponding truncated model estimates. The initial truncated model 
estimates came relatively close to the final log-linear model estimate. 

The equiprobability and number of data sources assumptions  

The truncated binomial model assumes that all sources have the same probability of 
capturing a case. In addition the truncated Poisson model assumes an infinite number of 
sources, although in our data the number of sources was limited to three. On this 
argument the truncated binomial model for three data sources is a more realistic 
alternative estimator. However, any departure from equiprobability results in an 
estimation error, which analytically is overestimation (see Appendix). Realistic estimates 
of this error can be obtained from the data. In Table 3 the last column shows the 
coefficients of variation, a measure of variability in the coverages of the three data sources 
for each study. This is calculated as the standard deviation divided by the mean from the 
three quantities N1 (number of cases known on source 1), N2 (number of cases known on 
source 2) and N3 (number of cases known on source 3). We demonstrate the possible 
effect of violation of the equiprobability assumption by studies 4 and 11. For study 4, 
which has a high coefficient of variation (0.86), if the sources were truly independent, the 
number of unobserved cases would be 702, calculated by fitting the log-linear model with 
main effects only. Our truncated binomial estimator gives 1325 cases, nearly twice as 
large. For study 11, with a low coefficient of variation (0.06), independence implies that 
there are 155 unobserved cases, while the truncated binomial estimate is 212, an 
overestimation by about 30%. Studies 3 and 4 indicate that the high f1/f2 ratios result from 
violation of the equiprobability assumption, producing overestimates by the truncated 
models. 

Two-source validation 

Any three-source study can be used to test two-source estimation by treating one source 
as though it were a complete list of cases and extract a complete 2 x 2 table. We 
demonstrate this for two studies, numbers 4 and 11, which we chose above for their 
coefficients of variation and took register 3 as the complete set. Validation was by 
comparing the Petersen estimator (N10 N01/N11) [1] and the truncated binomial estimator, 
which for two lists is (f1)2/4f2, on the 2 x 2 table with the known “unlisted” number. For 
study 4 there were 451 “unlisted” cases, i.e. on neither of registers 1 and 2.  The Petersen 
estimator is 37 and the truncated binomial estimator 42. The two estimators are similar 
because registers 1 and 2 have approximately equal coverage but both are far short of the 
true figure (Zelterman and Chao models estimates are 79 and 84 respectively). For study 
11 there were 161 “unlisted” cases and the two estimators were 57 and 64. Again the 
estimators agree but are short of the true figure. Now the Zelterman and Chao model 
estimates are 107 and 130, respectively, and perform slightly better. However, we had 
some hesitation in extracting 2 x 2 tables from three-source capture-recapture data, more 
specifically from capture-recapture studies on infectious disease incidence. As explained 
earlier, (positive) interdependencies between the three conventional registers used for 
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such studies should be expected. Extracting 2 x 2 tables ignores possible conditional 
dependence confounding the results thus obtained. For studies 4 and 11 the log-linear 
models included one respectively two interaction terms for pair-wise dependencies, which 
may explain the underestimation in the Petersen and truncated estimators. We therefore 
also validated the two studies with independent log-linear models (studies 1 and 2). We 
took register 2 as the complete set for study 1 and register 3 as the complete set for study 
2. For study 1 there were 73 “unlisted” cases.  The Petersen estimator, 43, is a little low, 
but the truncated binomial estimator, at 201, is too high (Zelterman and Chao models 
estimates are 397 and 401, respectively). The discrepant (over)estimate by the truncated 
models can be explained by the different coverages of registers 1 and 3, i.e. violation of 
the equiprobability assumption. In study 2 the coefficient of variation was low and the 
coverage of registers 1 and 2 similar. For study 2 there were 22 “unlisted” cases. The 
Petersen estimator and the truncated binomial estimator are both 25 and similar to the 
known “unlisted” number, explained by almost absent violation of both the independent 
sources and equiprobability assumptions. The Zelterman and Chao models estimates are 
43 and 51 respectively and the discrepancy with the truncated binomial model estimate 
can be explained by violation of the “infinite number of sources” assumption. 

Alternative models 

As an alternative to log-linear capture-recapture models a structural source model has 
been proposed.36 Whereas log-linear models only partly identify and incorporate 
dependencies between registers, the structural source model models potential 
interdependencies of the registers and heterogeneity of the population, partly based on 
prior knowledge, and estimates the probabilities of conditions that produce these 
interactions between the registers. However, the published data of the capture-recapture 
studies were insufficient to re-examine these studies with a structural source model.  

Conclusion 

We have indicated conditions where estimates of infectious disease incidence from log-
linear models are similar or dissimilar to alternative truncated models for incomplete 
count data. Our results suggest that for estimating infectious disease incidence and 
completeness of notification independent and parsimonious three-source log-linear 
capture–recapture models are preferable. When saturated models are selected as best- 
fitting model and the estimates are unexpectedly high and seem implausible, first, the data 
should be re-examined with truncated models as a heuristic tool, in the absence of a gold 
standard, to identify possible failure in the saturated log-linear model when the truncated 
models produce a lower estimated number of infectious disease patients. Second, in case 
of such discrepancy between the log-linear and the truncated model estimates, the data 
should be re-examined for possible violation of the underlying capture-recapture 
assumptions, such as imperfect record-linkage, false-positive records or heterogeneity, 
corrected and the capture-recapture analysis repeated on the corrected data. When after 
repeated capture-recapture analysis the discrepancy between the log-linear and the 
truncated model estimates remains or no violation of the underlying assumptions can be 
identified, the investigator should be cautious about using the associated outcome.10 
Using truncated model estimates as an early alert could prevent flawed capture-recapture 
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estimates finding their way into the scientific literature. The role of the f1/f2 ratio in the 
agreement or disagreement between three-source log-linear capture-recapture and 
truncated model estimates for the number of infectious disease patients, especially when a 
parsimonious log-linear model is selected, should be subject of further mathematical or 
statistical studies. 

 

Appendix 
Equations for the truncated population estimators 

  Truncated binomial model:  est(N) = obs(N) + (f1)2/3f2  

Truncated Poisson mixture model: est(N) = obs(N)/[1–exp(-2f2 /f1)]  

Truncated Poisson heterogeneity model: est(N) = obs(N) + (f1)2/2f2  

Equiprobability 

If the truncated binomial model is true, i.e. if the sources are independent and 
equiprobable with probability of capturing any case = p, our estimator (f1)2/3f2 is correct 
in the sense that the expected number of unlisted cases is given by 
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so that we overestimate, at least for small h.  The same happens if we consider an 
asymmetrical departure, (p − h, p, p).  In that case, 
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and there is again an overestimate. 
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The aim of this thesis is to investigate the feasibility and validity of capture-recapture 
methods in surveillance of tuberculosis and other infectious diseases. This chapter 
provides answers to the three research questions of this thesis (section 11.1), briefly 
discusses some findings of this thesis in the context of surveillance of tuberculosis and 
other infectious diseases (section 11.2) and lists the conclusions and recommendations 
(section 11.3). 

 

11.1 Answering the research questions 
 

Question 1 

How do the characteristics of various infectious diseases and their registers in the 
Netherlands influence the feasibility and validity of capture-recapture analysis? 

Different characteristics of disease, patients and registrations can influence the feasibility 
and validity of capture-recapture analysis as a method to estimate infectious disease 
incidence and completeness of registration. In this thesis we performed three three-source 
log-linear capture-recapture studies on infectious diseases in the Netherlands: malaria, 
Legionnaires’ disease and tuberculosis. First the feasibility of these studies will be 
discussed. After that the validity of the results of these studies will be addressed by 
discussing possible violation of the underlying capture-recapture assumptions; the closed 
population assumption, the perfect record-linkage assumption, the perfect positive 
predictive value assumption, the absence of specific interdependencies assumption and 
the homogeneous population assumption.  

Feasibility 
The capture-recapture study on tuberculosis incidence had the best feasibility. The 
Netherlands is a country with a well-organised system of tuberculosis control and seven 
existing tuberculosis or tuberculosis-related national registers or datasets were available 
for record-linkage or cross-validation. For the study on malaria incidence insufficient data 
sources were available for three-source log-linear capture-recapture analysis and, in the 
absence of a national malaria reference laboratory (as exists for tuberculosis), a survey 
among microbiology laboratories was necessary to create the third dataset. The capture-
recapture study on Legionnaires’ disease incidence even needed three surveys. Similar to 
the malaria study, in the absence of a national Legionella reference laboratory, an 
additional (third) dataset had to be created through a laboratory survey. Due to 
insufficient identifiers for reliable record-linkage in the notification register and the 
absence of a specific International Code for Diseases (ICD-9 code) in the hospital episode 
statistics, two further surveys were performed: one collecting additional data, such as date 
of birth, of notified Legionnaires’ disease patients from the Public Health Services and a 
second one requesting chest-physicians to voluntarily report hospitalised Legionnaires’ 
disease patients. Additional surveys cost time and money. They risk poor response (the 
survey among the chest-physicians yielded no additional Legionnaires’ disease patients 
indicating that unlike laboratories, with good response rates in the two surveys 
mentioned, clinicians may not be a useful source of information for capture-recapture 
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studies). Obtaining additional data sources through surveys contravenes one of the 
alleged advantages of capture-recapture analysis for (infectious) disease surveillance, 
namely of being cheap, quick and simple by using existing data sources.1 

Absence of a specific code for Legionnaires’ disease in ICD-9 had another 
negative influence on the feasibility of this study. The hospital episode statistics used a 
proxy-code for Legionnaires’ disease, ICD-9 code 482.8, inviting the presence of an 
unknown number of false-positive patients without Legionnaires’ disease.  

These experiences underpin the need for thorough examination of availability, 
quality and specificity of infectious disease registrations as part of the preparation of 
possible capture-recapture studies. 

Validity 
Closed population assumption 

Violation of the closed population assumption is intuitively highest for malaria as malaria 
infection occurs almost by definition abroad while Legionnaires’ disease and tuberculosis 
are both partly endemic diseases. However, for all three infectious diseases, translated into 
the capture-recapture probabilities for an individual patient, violation of the closed 
population assumption is presumably limited as the opportunities for notification, 
laboratory-confirmation or hospitalisation are determined within a relatively short period 
of time. All three diseases were category B disease at the time of the study, i.e. to be 
notified by the diagnosing physician within 24 hours. For malaria both thick and thin 
smear microscopy and serological antigen tests are processed fast. For Legionnaires’ 
disease, with the increased use of the urinary antigen test, laboratory results are also 
rapidly available.2 For tuberculosis sputum collection or bronchoscopy can be done 
quickly and smear-microscopy results are readily available. The culture can take weeks to 
become positive but this does not influence the capture-probability in the laboratory 
register. Laboratory pre-notification of positive test results to public health physicians 
contributes to rapid notification. Laboratory pre-notification of positive tuberculosis and 
Legionnaires’ disease results to the Public Health Services is arguably more likely than for 
malaria because tuberculosis is transmitted from human to human and Legionnaires’ 
disease can be caused by local contaminated water sources and urgent preventive 
interventions may be necessary. When Legionnaires’ disease, a disease with a relatively 
high case-fatality rate, is suspected on clinical and/or epidemiological grounds, patients 
are likely to be immediately hospitalised, as suggested by the highest ascertained register-
specific coverage for the hospital register (85%) of the three infectious diseases studied. 
For malaria the ascertained hospitalisation rate is lower (49.3%), indicating that mild 
presentations of benign forms of malaria are treated on an out-patient basis, but 
Plasmodium falciparum malaria patients are likely to be immediately hospitalised. The 
probability for hospitalisation for tuberculosis (40.7%) is less compared to Legionnaires’ 
disease and malaria because in the Netherlands non-infectious tuberculosis patients are 
predominantly treated as out-patients and even infectious cases are preferably isolated at 
home. But for most tuberculosis patients the decision on hospitalisation will be taken 
rapidly. Limited violation of the closed population assumption could result in some 
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overestimation of the number of malaria, Legionnaires’ disease and tuberculosis patients 
in the Netherlands. 

Perfect record-linkage assumption 

For all three infectious diseases studied, unique identification numbers, such as a social 
security number, used in all registers, allowing optimal record-linkage, did not exist. In all 
studies record-linkage was manual, through almost similar procedures described in 
chapters 4 to 6, using patients’ identifiers such as date of birth and postcode. The malaria 
and tuberculosis studies were performed before 1999 when in the Netherlands a new 
Infectious Diseases Act came into force,3 recording only year of birth instead of date of 
birth, effectively ruling out reliable record-linkage between the notification and other 
registers. Therefore still sufficient demographical, geographical and microbiological 
identifiers could be collected at source for adequate record-linkage. In addition, for 
tuberculosis record-linkage was relaxed and near-links were double-checked. Despite 
these efforts still indications for imperfect record-linkage exist. First, the notification 
register and the Netherlands Tuberculosis Register (NTR) should overlap completely but 
we found only 91.1% overlap after record-linkage. Second, some culture-positive 
tuberculosis patients could not be found in the notification register but were linked to the 
NTR. Although before cross-validation misclassification of tuberculosis patients was 
considered to be minimal, this study demonstrated that imperfect record-linkage can 
exceed expectations, with considerable impact on the capture-recapture estimates. Initially 
unidentified indications for misclassification could not be investigated for malaria and 
Legionnaires’ disease.  

The capture-recapture study on the incidence of Legionnaires’ disease was 
performed after the new Infectious Diseases Act came into force. Therefore information 
on the date of birth of the patients could no longer be collected from the national 
notification register at source but had to be obtained from the local Public Health 
Services processing the notifications, creating more opportunities for clerical errors and 
remaining incomplete information on personal identifiers in some records, jeopardising 
reliable record-linkage. This may have caused more misclassification of patients over the 
registers compared to the malaria and tuberculosis capture-recapture studies. 

The impact of changes in the infectious disease legislation in the Netherlands on 
the validity of capture-recapture estimates was demonstrated in a follow-up capture-
recapture study on malaria incidence in the Netherlands between 1995 and 2003.4 After 
1999 the malaria incidence estimates more than doubled, almost certainly reflecting 
overestimation as a result of imperfect record-linkage. Inaccurate record-linkage, i.e. 
incorrectly establishing the recapture, can substantially alter the observed and unobserved 
fractions.5 

Depending on the number of missed links and mislinks, violation of the perfect 
record-linkage assumption can result in overestimation or underestimation of the number 
of malaria, Legionnaires’ disease and tuberculosis patients in the Netherlands. 
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Perfect positive predictive value assumption 

The positive predictive value of the notification and laboratory registers for malaria is 
considered to be high. Malaria is a specific disease, often requiring a history of recent 
travelling in tropical areas, and unlikely to be diagnosed without confirmation or strong 
suspicion. The laboratory plays a crucial role in the diagnosis through thick and thin 
smear microscopy and serological antigen tests, all with a high specificity. Malaria has a 
specific ICD-9 code and although a number of patients could have been admitted to 
hospital for observation after developing fever following a tropical journey without a final 
diagnosis of malaria, compared to Legionnaires’ disease and tuberculosis, the positive 
predictive value of the malaria hospital episode register is also expected to be high. 

 For the notification of Legionnaires’ disease the criteria require a clinical picture 
compatible with pneumonia and a confirmed or probable microbiology laboratory 
diagnosis, according to the European Working Group for Legionella Infections (EWGLI) 
definition. We demonstrate after record-linkage that these criteria apparently are not 
applied uniformly over all registers. More than malaria, the registers could use different, 
less specific, case-definitions, resulting in a proportion of false-positive cases in these 
registers, e.g. as the result of the absence of pneumonia, the low positive predictive value 
of the single Legionella antibody titre test or the absence of a specific Legionnaires’ 
disease code in ICD-9.6,7 

 For tuberculosis the number of false-positive cases is assumed to be zero in the 
reference laboratory register and limited in the notification register. The latter is due to a 
good organisation of tuberculosis surveillance in the Netherlands and identification of 
false-positive cases with an infection caused by non-tuberculous mycobacteria or another 
diagnosis than non-tuberculous mycobacteriosis or tuberculosis through our cross-
validation. However, foreign reports indicate considerable contamination of tuberculosis 
hospital registers with false-positive cases.8,9 The results of our study support these 
observations as 62.4% of the unlinked hospital cases could not be verified through cross-
validation, compared to 7.6% of the unlinked notified cases. These possibly remaining 
false-positive cases likely contribute to considerable bias in the capture-recapture estimate. 
Cross-validation and identification of assumed false-positive cases could not be 
performed for malaria and Legionnaires’ disease. Violation of the perfect positive 
predictive value assumption results in overestimation of the number of malaria, 
Legionnaires’ disease and tuberculosis patients in the Netherlands. 

Absence of specific interdependencies assumption 

For all three infectious diseases studied, co-operation between the conventional registers 
used (notification, laboratory and hospital) is expected, resulting in positive dependence 
and underestimation of the number of cases in two-source capture-recapture models. 
Therefore three-source log-linear capture-recapture analysis, incorporating possible pair-
wise dependencies, was selected in the study design to reduce bias.  

For malaria, significant interaction between the laboratory and notification registers is not 
identified and could indicate absent pre-notification of laboratory results to the Public 
Health Services at the time of this study. The explicable interactions of notification by 
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clinicians to the Public Health Services and laboratories likely to actively approach 
clinicians in case of falciparum malaria, a potentially short-term fatal illness requiring 
immediate treatment, are identified in the data and incorporated in a relatively 
parsimonious log-linear capture-recapture model. In this model the absence of three-way 
interaction, i.e. interaction between all three registers, has to be assumed but, when 
present, three-way interaction bias is arguably less than in a saturated capture-recapture 
model, incorporating all two-way interactions. 

For Legionnaires’ disease internal validity analysis and stratified capture-
recapture analysis indicated a significant interaction between the notification and the 
laboratory registers. This interaction is expected as the notification criteria specifically 
include laboratory diagnosis and at the time of this study many laboratories probably pre-
notified positive Legionella test results to public health physicians. Log-linear capture-
recapture analysis for Legionnaires’ disease incidence initially selected the saturated model 
as the best-fitting model. However, capture-recapture models with a better fit do not 
necessarily produce a more reliable estimate.10 Three-way interaction cannot be 
incorporated in the saturated model and, when present, could render the estimates less 
valid. However, violation of the absent three-way interaction assumption does not seem 
to explain possible bias in the capture-recapture estimate for Legionnaires’ disease 
incidence. This estimate is considered to be high while dependence between the registers 
is expected to be positive, resulting in underestimation, and the unbiased estimate would 
be even higher.11-13 

The most significant (positive) interactions between the registers are expected 
for tuberculosis, not only because tuberculosis is an infectious disease with human to 
human transmission but also as a result of the well-organised system of tuberculosis 
control and surveillance in the Netherlands. Initially a saturated log-linear capture-
recapture model, with the best goodness-of-fit, was selected but the estimate seemed 
implausibly high. For similar reasons as described for Legionnaires’ disease, violation of 
the absent three-way interaction assumption cannot explain bias in this estimate. After 
corrections for possible violations of the perfect record-linkage and perfect positive 
predictive value assumptions, a relatively parsimonious log-linear capture-recapture model 
fitted the data best and gave a considerably lower and more plausible estimate. The two 
significant two-way interactions in this model are between the notification and laboratory 
registers and between the notification and hospital registers. The first interaction can be 
partially explained by laboratory pre-notification and partially by tuberculosis control 
physicians, who are processing the notifications, diagnosing approximately one-third of all 
tuberculosis patients in the Netherlands, almost exclusively patients with pulmonary 
tuberculosis and a high bacteriological confirmation rate. The fact that in the Netherlands 
two-third of all tuberculosis cases are treated by a limited group of hospital-based 
clinicians, often familiar with the notification procedures, and referral of patients by 
tuberculosis control physicians for further clinical evaluation or isolation could explain 
the interaction between the notification and hospital registers. Perhaps the fact that most 
cases of extrapulmonary tuberculosis, less often culture-confirmed, are diagnosed in a 
hospital explains why in our capture-recapture model the interaction between the 
laboratory and hospital registers is not significant. 
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Homogeneous population assumption 

Possible heterogeneity of the patient population, i.e. the presence of categorical covariates 
associated with the probability of capture in a register, causing bias in the capture-
recapture estimate, cannot be excluded in the three infectious diseases studies and was 
examined in three different ways. For the malaria study we performed a stratified capture-
recapture analysis by Plasmodium species which showed limited variety in capture-recapture 
probabilities. However, we cannot exclude the possible presence of other (but 
unmeasured) sources of heterogeneity,  

For the tuberculosis data, after conventional log-linear capture-recapture 
analysis, we applied alternative truncated population estimation models, arguably more 
robust in the presence of heterogeneity, and these models gave identical results. 

Because regional differences in the incidence rate of Legionnaires’ disease were 
described in the Netherlands and abroad,6,14 and observed in our data after record-
linkage, alternative to conventional log-linear capture-recapture analysis a log-linear 
covariate capture-recapture model was specified, with region as covariate, to reduce bias 
due to geographical heterogeneity. The better goodness-of-fit and narrow confidence 
interval suggest a more valid estimate with less statistical uncertainty compared to the 
outcome of the conventional saturated model. Unfortunately, the data-quality of the 
hospital episode register prevented meaningful inclusion of other covariates in the model, 
possibly causing bias, such as the method of laboratory diagnosis, described as a relevant 
covariate elsewhere.6 At the time of the malaria and tuberculosis studies we were not 
familiar with covariate capture-recapture techniques and did not explore this 
methodology to investigate the impact of possible heterogeneity. 

 

Question 2 

How do the characteristics of tuberculosis surveillance systems in different 
countries influence the feasibility and validity of capture-recapture analysis? 

Different characteristics of tuberculosis surveillance systems can influence the feasibility 
and validity of capture-recapture analysis. In this thesis we describe three three-source 
log-linear capture-recapture studies on tuberculosis incidence and completeness of 
notification in three different European countries, the Netherlands, the Piedmont region 
of Italy and England, at a different scale, both administrative and regarding the number of 
patients involved, and with different tuberculosis surveillance systems. The feasibility and 
validity of these studies will be discussed by country, after a short introduction to 
tuberculosis surveillance in each country, followed by a comparison of the results of the 
three tuberculosis capture-recapture studies. 

The Netherlands  

In the Netherlands the annual national tuberculosis incidence has been decreasing during 
the last decade. This can be partially explained by the nation-wide system of Public Health 
Tuberculosis Clinics, with public health tuberculosis physicians and nurses, performing 
diagnostic, curative, preventive and screening activities, parallel to and in good co-
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operation with the chest physicians in the hospitals. Furthermore, there is a strong non-
governmental tuberculosis control advocacy organisation, the KNCV Tuberculosis 
Foundation. A comprehensive and reliable system of tuberculosis surveillance was 
assumed and the level of under-notification of tuberculosis was previously estimated at 
8%.15 This influenced the feasibility of the capture-recapture study as at least seven 
existing tuberculosis or tuberculosis-related data sources were available at the national 
level for record-linkage and cross-validation of the three conventional capture-recapture 
sources (notification, laboratory and hospital). None of these data sources were routinely 
linked. The size of the study still allowed for manual record-linkage and double-checking 
of data but this was a time-consuming process.  

The validity of the final estimate is considered high as many aspects of possible 
violation of the assumptions underlying capture-recapture analysis could be investigated 
in detail and, when identified, corrected, as explained in the answer to research question 1.   

The Piedmont region of Italy  

Tuberculosis incidence in Italy remained relatively stable over the past decade. Although 
Italy operates a system of Public Health Tuberculosis Clinics the overall level of 
organisation of tuberculosis control and surveillance is assumed to be less compared to 
the Netherlands, e.g. due to the size of the country, probable regional differences and the 
absence of a strong non-governmental national tuberculosis control advocacy 
organisation. Overall under-notification of tuberculosis in Italy was previously estimated 
at 12% but could be as high as 37%-54% in some areas.16-18 The feasibility of the capture-
recapture study is positively influenced by the regional level and absence of major legal 
obstructions. Four, later three, existing tuberculosis data sources were available. Because 
of the overlap of the notification and treatment outcome monitoring registers these two 
registers were merged into one ‘physician notification system’. None of the registers were 
routinely linked. Legal and privacy regulations in Italy made it possible to collect 
information on the (known) HIV status of tuberculosis patients. Despite the smaller scale 
of the study record-linkage was not performed completely manually but feasibility was 
promoted by initial computerised deterministic record-linkage followed by manual review 
of the near-links. The regional set-up also promoted the feasibility of investigating 
hospital charts for false-positive cases by hand.  

The validity of the final estimate is considered to be high as violation of the 
assumptions underlying capture-recapture analysis is assumed to be limited. For similar 
reasons as in the Netherlands, explained in the answer to research question 1, violation of 
the closed population assumption is considered minor for tuberculosis. Computerised 
deterministic record-linkage followed by manual review of near-links limits violation of 
the perfect record-linkage assumption. Laboratory data in Piedmont are routinely checked 
for false-positive records and manual examination of hospital charts could exclude a 
considerable number of false-positive cases in this register, both exercises limiting 
violation of the perfect positive predictive value assumption. A parsimonious log-linear 
model was selected, incorporating one two-way interaction, reducing violation of the 
independent registers assumption. Possible relevant population heterogeneity was 
examined during log-linear modelling (Table 7.2) and excluded on the basis of statistical 
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arguments. In addition, stratified capture-recapture analysis was performed, mostly giving 
similar estimates of the total number of tuberculosis patients compared to the unstratified 
capture-recapture estimate. However, Table 7.3 reflects some possible heterogeneity and 
violation of the homogeneity assumption cannot be completely excluded.  

England 

Since 1987 a rise in notifications of tuberculosis has been observed in England and Wales, 
reflecting an increase in diagnoses of tuberculosis rather than an artefact due to improved 
reporting.19 The quality of tuberculosis control and surveillance in the United Kingdom 
has been questioned.20 The United Kingdom has no Public Health Tuberculosis Clinics 
and responsibilities for diagnosis, treatment, prevention and surveillance are divided 
between chest physicians in the hospitals, consultants in communicable disease control in 
the Primary Care Trusts and tuberculosis nurses and social workers. There is no strong 
non-governmental national tuberculosis control advocacy organisation. Tuberculosis 
under-notification in the United Kingdom is estimated between 7% and 27%.21 In 1999, a 
revised national routine surveillance system for tuberculosis, Enhanced Tuberculosis 
Surveillance (ETS), was introduced to improve the completeness of notification as well as 
the information on notified cases. Three data sources were available for record-linkage 
and two tuberculosis-related datasets for cross-validation although these two did not 
cover the study period and deductions had to be made. Notifications through ETS are 
routinely linked to Mycobacterium tuberculosis isolate records from the reference laboratories 
in the United Kingdom Mycobacterial Network (MycobNet), an advantage for the 
feasibility of the capture-recapture study. A further advantage in terms of feasibility was 
that appropriate deterministic-probabilistic record-linkage software was already developed 
by the Centre for Infections and could, with some modifications, be used for record-
linkage of the hospital episode records. On average 7000 tuberculosis patients were 
annually ascertained in England during the four years studied which had a 
disadvantageous impact on the feasibility of the capture-recapture study compared to the 
much smaller scale of the studies performed in the Netherlands and the Piedmont region 
of Italy.  

The validity of the unexpectedly high and apparently implausible final estimate is 
debatable, as a result of possible violation of the assumptions underlying capture-
recapture analysis. For similar reasons as explained for the Netherlands and the Piedmont 
region of Italy, violation of the closed population assumption is considered limited for 
tuberculosis. Despite the large number of tuberculosis patients involved, preventing 
detailed manual review of the outcomes of the computerised record-linkage procedure, 
violation of the perfect record-linkage procedure may be limited. We found that 94.9% of 
the linked hospital tuberculosis cases had a likelihood of association score of 3000 points 
or more and only 5.1% with such a score were not linked to the ETS registers, suggesting 
a reliable cut-off point in the record-linkage procedure, with possibly balanced 
misclassification. However, the study in the Netherlands shows that even limited violation 
of the perfect record-linkage assumption can have a considerable impact on the capture-
recapture estimates. Also vulnerable to violation is the perfect positive predictive value 
assumption as the proportion of false-positive records among the unlinked hospitalised 
cases had to be estimated with a logistic regression population mixture model. Estimation 
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of the proportion of false-positive records through complex mathematical procedures for 
infectious disease capture-recapture analysis has been described previously.22 The 
estimated proportions of false-positive records in the hospital register or among unlinked 
hospitalised cases were similar to those found in a previous local capture-recapture study 
in England8 and in the studies in the Netherlands and the Piedmont region of Italy. The 
cross-validation of non-culture-confirmed cases also limited violation of the perfect 
positive predictive value assumption but it cannot be excluded. The log-linear capture-
recapture model with the best goodness-of-fit was the saturated model. As discussed in 
the answer to research question 1, violation of the absent (positive) three-way interaction 
assumption is unlikely to explain the implausible high estimate.22 According to Hook and 
Regal, if the saturated model is selected by any criterion the investigator should be 
particularly cautious about using the associated outcome.11 In the Netherlands the initial 
saturated capture-recapture model also gave unexpected and implausible high estimates of 
the number of unobserved tuberculosis patients. All three-source log-linear capture-
recapture studies on tuberculosis and other infectious diseases incidence presented in 
Table 1.1 and 3.1 used independent or parsimonious log-linear models, apart from the 
capture-recapture study on meningitis incidence in the Netherlands by De Greeff et al. 
The only other published capture-recapture study using a saturated model was Chao’s 
study on hepatitis A in Taiwan, discussed in chapter 10. Perhaps the validity of capture-
recapture results reflects publication bias in favour of successful capture-recapture studies 
rather than the inherent strength of the methodology.23 Stratification by relevant 
covariates associated with the probability of capture, to identify possible violation of the 
homogeneous population assumption, was not feasible. A truncated Poisson mixture 
model, arguably more robust in the presence of heterogeneity, estimated a considerably 
lower annual and total number of tuberculosis patients, with a smaller confidence interval. 
We can neither prove nor exclude that the estimates of the alternative truncated model 
portray a more accurate estimate of the true number of tuberculosis patients in England. 

Comparison of the results of the three tuberculosis capture-recapture studies  

Table 11.1 shows the completeness of three tuberculosis registers in the Netherlands, the 
Piedmont region in Italy and England, ascertained after record-linkage and estimated after 
capture-recapture analysis. To calculate the capture-recapture estimates in the 
Netherlands SPSS statistical software was used, in Italy S-PLUS software with the CARE 
library24 and in England Stata software, but these different tools should produce similar 
results. 

Notification: 
After record-linkage initially the ascertained completeness of the notification registers is 
similar it but becomes higher in the Netherlands after the correction for possibly 
imperfect record-linkage and possibly imperfect positive predictive value of the hospital 
register, probably reflecting the good organisation of tuberculosis surveillance.  

After capture-recapture analysis, the estimated completeness of the notification 
register is highest in the Netherlands and slightly lower in Italy. The estimated 
completeness of the notification register in England is highly inconsistent with the two 
other estimates. 
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Table 11.1 Completeness of thee tuberculosis registers in the Netherlands, Italy and 
England, ascertained after record-linkage and estimated after capture-recapture analysis 

 Notification (%) Laboratory (%) Hospital (%) 

The Netherlands 86.6* 67.1 40.7 

Piedmont region, 
Italy 

84.1 43.3 61.8 

Ascertained 
completeness 

England 84.1 54.3 41.6 

     

The Netherlands 86.4 65.0 35.7 

Piedmont region, 
Italy 

79.1 40.5 57.7 

Estimated 
completeness 

England 56.2 36.2 27.7 

* 89.9% for culture-confirmed and verified tuberculosis patients and 92.7% after correction for possibly 
imperfect record-linkage and possibly imperfect positive predictive value of the hospital register 

 
Laboratory: 
The ascertained completeness of the laboratory register in the Netherlands is high 
compared to the two other studies, indicating efforts to establish bacteriological 
confirmation of the diagnosis. The lowest proportion of bacteriologically confirmed 
tuberculosis patients is found in Italy, suggesting that fewer attempts are made to confirm 
the diagnosis and more patients are treated on empirical grounds. 
 After capture-recapture analysis, the estimated completeness of the laboratory 
register in the Netherlands and Italy do not change much but it strongly decreases in 
England due to the high estimated total number of tuberculosis patients. 

Hospital: 
In the Netherlands and England, the ascertained completeness of the hospital register is 
low, likely reflecting common policies of preferably treating tuberculosis patients as out-
patients, including isolation at home for infectious patients. The high proportion of 
hospitalised tuberculosis patients in Italy suggests a policy of (initial) clinical analysis, 
diagnosis, treatment or isolation. 

After capture-recapture analysis, the estimated completeness of the hospital 
register in the Netherlands and Italy slightly decrease but this effect is most profound in 
England due to the high estimated total number of tuberculosis patients. 
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Question 3: 

What is the feasibility and validity of truncated population estimation models in 
infectious disease surveillance? 

For priority setting, service planning and resource allocation it is necessary to know the 
number of persons in a targeted group. This number can also be used to assess the 
coverage of an intervention. Often direct (enumeration) techniques are not feasible to 
estimate the size of hidden populations. Instead, indirect techniques such as capture-
recapture analysis have to be used. Paradoxically, for hidden populations often the 
preferred three linked registers, allowing for log-linear capture-recapture analysis in order 
to reduce bias in the estimates, are not available. As an alternative, truncated models, 
related to capture-recapture analysis, and applicable to frequency counts of observations 
of individuals in a single source of information, are described in the literature. Two such 
truncated models are Zelterman’s Poisson mixture model and Chao’s heterogeneity 
model.24-26 These models aim to estimate the number of unobserved persons in the 
(truncated) zero-frequency class based upon information from the lower observed 
frequency classes, assuming a specific truncated distribution of the observed data, e.g. 
Poisson in Chao’s model. Observed frequency distributions may not be strictly Poisson 
and to relax this assumption Zelterman based his model on a Poisson mixture 
distribution, allegedly allowing greater flexibility and applicability on real life data. The 
validity of truncated model estimates depends on the possible violation of the underlying 
assumptions, similar to capture-recapture analysis as described earlier, although the 
independent registers assumption is replaced by the constant (re)observation probability 
assumption when using a single data source. In addition, equiprobability (i.e. equal 
ascertainment probabilities of all registers) should be assumed when using multiple 
sources. This violation could be as much, possibly even more, as for capture-recapture 
analysis.11  

We estimated the coverage of a tuberculosis control intervention, a targeted 
mobile tuberculosis screening programme among illicit drug users and homeless persons 
in Rotterdam. Application of truncated models was feasible because this screening 
programme uses a single register. Although capture-recapture techniques for estimating 
the size of a population from a single register have been described occasionally,27-29 for 
feasibility one prefers the simplest technique with almost similar assumptions. We could 
extract, check and prepare the required data from the existing routine dataset in two days 
and calculate the point estimates on a pocket calculator. Violation of the perfect record-
linkage assumption is considered minimal because of good computerised and visual 
identification of the clients in the screening programme. However, the closed population 
assumption is violated because every year a substantial number of people not previously 
screened enter the programme, resulting in under-estimation of the coverage. We cannot 
exclude heterogeneity among individuals belonging to the target group of the screening 
programme but this could cause limited bias in the model estimates. Truncated models 
are arguably more robust to violation of the homogeneity assumption since they are partly 
based upon the lower frequency classes, assumed to have more resemblance to the zero 
frequency class. The constant (re)observation probability assumption will be violated as 
well to some extent but this effect could be limited due to the nature and organisation of 
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the screening programme. Often cross-validation of the population estimates from 
truncated models is not possible. However, we could compare our estimates with an 
independent assessment of the number of problematic illicit drug users in Rotterdam in 
2003 established through two-source capture-recapture analysis that used a similar case-
definition of the target group. These capture-recapture estimates were comparable to 
those of the truncated models. In the context of its advantages and limitations, we 
conclude that the use of truncated population estimation models is a feasible and valid 
method for estimating the coverage of a public health intervention programme among 
hidden populations.  

 A more detailed study of the validity of truncated population estimation models 
in infectious disease surveillance compared the performance of some truncated 
population estimation models with three-source log-linear capture-recapture analysis 
using data from published and current capture-recapture studies on infectious disease 
incidence (chapter 10). This comparative research was triggered by the results of the 
studies described in chapter 6 and chapter 8, indicating that conventional three-source 
log-linear capture-recapture models sometimes break down and produce unexpected and 
implausible results. Solely relying on three-source capture-recapture analysis seemed 
inappropriate and we perceived that a tool is needed to cross-validate capture-recapture 
estimates for infectious disease incidence. Ideally, this would be a model robust to 
violation of all capture-recapture assumptions but such models do not exist. We used 
truncated models because they performed well when compared to log-linear capture-
recapture analysis earlier.30 The comparative research was feasible as truncated models are 
easy to apply and can be used on the data of three-source capture-recapture studies (but 
not vice-versa). A limitation of our approach is that the number of possible frequency 
classes is restricted to three, violating the “infinite number of sources” assumption for 
truncated Poisson models. The truncated models are at least as vulnerable to violation of 
the perfect positive predictive value, perfect record-linkage, closed population and 
independent registers assumptions as capture-recapture models. It has been argued that 
truncated models are more robust to heterogeneity among the patients than capture-
recapture studies.25,31 In contrast, the equiprobability assumption of the truncated models 
is almost certainly violated when using multiple-source data from capture-recapture 
studies. Therefore we introduced the coefficient of variation, a measure of variability in 
the coverages of the three data sources for capture-recapture studies, to estimate the error 
from the data. We conclude that, in the context of validity, for estimating infectious 
disease incidence and completeness of notification independent and parsimonious three-
source log-linear capture-recapture models are preferable compared to the truncated 
models examined. When saturated models are selected as best-fitting model and the 
estimates are unexpectedly high and seem implausible, the data should be re-examined 
with truncated models as a heuristic tool, in the absence of a gold standard. Possible 
failure in the saturated log-linear model or unidentified violation of the underlying 
assumptions should be suspected when the truncated models produce a (considerably) 
lower estimated number of infectious disease patients.  
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11.2 Some findings of this thesis in the context of surveillance of 
tuberculosis and other infectious diseases  

 

Hospital episode statistics often are not a reliable source for record-linkage or capture-
recapture analysis for infectious disease surveillance for several reasons. Firstly, it may be 
difficult to examine the hospital episode statistics dataset for multiple entries of one 
patient, reflecting transfers between wards counted as separate disease episodes during 
one uninterrupted stay in the hospital, and cleaning is time-consuming. It is also possible 
that day-care visits or out-patient visits erroneously appear as admissions in the hospital 
episode statistics. Secondly, the disease codes assigned to hospital episode statistics 
records can reflect the differential diagnoses upon admission, e.g. an observation for a 
presumed malaria episode or a diagnostic procedure for a specific disease, such as a 
bronchoscopy because of radiological abnormalities compatible with tuberculosis among 
other lung diseases, without subsequent confirmation of the diagnosis. Finally, the 
specificity can be reduced when the absence of specific disease codes causes a proportion 
of false-positive records, as reflected in chapter 5. For example, in the Netherlands still 
the ICD-9 codes are used for hospital episode statistics instead of the more recent, 
comprehensive and internationally used ICD-10 codes. But even in the presence of 
detailed and specific disease codes, as exist for tuberculosis, the proportion of false-
positive records can be high, from 27% among all patients in a local tuberculosis hospital 
register in Liverpool, United Kingdom,8 to possibly 62% among the unlinked patients in a 
national tuberculosis hospital register in the Netherlands (chapter 6) and certainly 80% 
among the unlinked patients in a regional tuberculosis hospital register in the Piedmont 
region, Italy (chapter 7). The logistic regression population mixture model described in 
chapter 8 estimated the proportion of false-positive records among the unlinked patients 
in a national tuberculosis hospital register in England to be 72%. Possible false-positive 
cases in hospital episode registers could explain why most of the published capture-
recapture studies on tuberculosis are local or regional, involving a relatively small number 
of patients, as shown in Table 1.1. This allows for the hospital charts to be scrutinised for 
false-positive cases manually, although this is time-consuming and comes closer to 
counting than estimating patients. Only when the number of patients was too small for a 
local study, e.g. tuberculous meningitis patients, capture-recapture analysis was performed 
at the national level.32  

The capture-recapture studies for malaria and tuberculosis in chapters 4, 6, 7 and 
8 show that in addition to the linked notification and laboratory registers a limited 
number of patients were identified through the hospital register, possibly including a 
substantial number of false-positive cases. Only the capture-recapture study on the 
incidence of Legionnaires’ disease described in chapter 5 found the majority of the cases 
through the hospital register. These five chapters of this thesis have shown that capture-
recapture analysis, as a method to estimate infectious disease incidence and completeness 
of registration, is not the cheap, quick, simple and reliable method as once advocated. 
Instead of capture-recapture analysis including hospital episode registers, record-linkage 
and case-ascertainment using the two most relevant sources for infectious disease 
surveillance, namely notification and laboratory, both with an expected high specificity 



General discussion 

 171 

and hence positive predictive value, will often already considerably improve the 
knowledge of the number of patients and infectious disease incidence rates, as well as the 
completeness of information on specific demographic, diagnostic or epidemiological 
variables. An example of an infectious disease surveillance system that routinely links 
notification data with laboratory data is the ETS in England and Wales. This type of 
record-linkage should ideally be web-based for a timely reflection of trends. An example 
of a web-based notification system is OSIRIS in the Netherlands but this system is not 
linked to laboratory reports.13 For improving quality, completeness and timeliness of 
infectious disease surveillance, a web-based infectious disease surveillance system that 
routinely links notification data with laboratory data could essentially fulfil the qualities 
once attributed to capture-recapture analysis. 

 

11.3 Conclusions and recommendations 
 

Conclusions 

• Infectious disease incidence capture-recapture analysis requires adequate knowledge 
of disease, patients and registrations.  

• In capture-recapture analysis small variations in the quality of data and record-linkage 
can lead to highly variable outcomes. Therefore previous successful infectious disease 
capture-recapture studies cannot be repeated uncritically. 

• Hospital episode statistics often contain many false-positive records, which, when not 
identified, lead to biased capture-recapture estimates.  

• When categorical covariates associated with the probability of capture in an infectious 
disease register are present, covariate capture-recapture analysis can reduce bias as a 
result of heterogeneity. 

• In the absence of a gold standard, truncated models can be used as a heuristic tool to 
identify possible failure in log-linear models, especially when saturated models are 
selected. 

 

Recommendations 

• Infectious diseases capture-recapture studies should be performed with a multi-
disciplinary team including public health physicians, clinicians, statisticians and data 
managers.  

• For more reliable record-linkage of notifiable infectious disease registers the Dutch 
Infectious Disease Act 1999 should be amended and provide recording the date of 
birth of the patients instead of the year of birth.  
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• To improve timeliness and completeness of infectious disease surveillance, web-
based record-linkage between notifications and positive laboratory results should be 
implemented.  

• The value of truncated models as an alternative to or for cross-validation of capture-
recapture analysis for estimating infectious disease incidence should be further 
explored. 
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Summary 
 

Surveillance is an essential part of infectious disease control. A concern of any 
surveillance system is the quality of the data collected, including the degree of 
ascertainment of affected individuals. A conventional surveillance system is notification, 
but it may contain false-positive cases and is often incomplete for true-positive cases. 
Important for the assessment of the quality and completeness of infectious disease 
registers is record-linkage, i.e. comparing patient data across multiple registers. 
Completeness of notification can then be assessed through capture-recapture analysis, a 
technique originally developed for studies of animal abundance.  

After a brief introduction to capture-recapture analysis Chapter 1 describes 
aspects of tuberculosis under-notification, methods of estimating tuberculosis incidence 
and the application and limitations of capture-recapture methods in tuberculosis 
surveillance, followed by a summary of published capture-recapture studies in this field. 
This chapter then presents the research questions in this thesis: 1) How do the 
characteristics of various infectious diseases and their registers in the Netherlands 
influence the feasibility and validity of capture-recapture analysis; 2) How do the 
characteristics of tuberculosis surveillance systems in different countries influence the 
feasibility and validity of capture-recapture analysis and 3) What is the feasibility and 
validity of truncated population estimation models in infectious disease surveillance? 
Chapter 2 describes the methodology of capture-recapture analysis, addresses the 
underlying assumptions and gives the mathematical framework. Alternative truncated 
population estimation models, related to capture-recapture analysis, are briefly mentioned. 
The chapter continues to describe the application and limitations of capture-recapture 
analysis in epidemiological studies and gives a stepwise overview of relevant issues to be 
addressed while planning, applying, presenting and evaluating capture-recapture 
techniques. In addition to a previous overview of published capture-recapture studies 
until 1997, Chapter 3 presents a synopsis of capture-recapture studies on infectious 
diseases published between 1997 and 2006.  

 In the context of the first research question of this thesis Chapter 4 describes a 
capture-recapture analysis after record-linkage of three malaria registrations to estimate 
the completeness of notification of malaria by physicians and laboratories in 1996. As for 
all studies estimating completeness of notification in this thesis, three conventional 
infectious disease registers were used: Notifications, Laboratory results and Hospital 
admissions. A parsimonious capture-recapture model, reducing bias due to 
interdependence between registers, estimated the total number of malaria patients at 774 
(95% confidence interval (CI) 740-821) and the completeness of notification at 69.1% 
and 40.2% for the laboratories and physicians respectively. We conclude that laboratory-
based notification can considerably increase the number of officially reported malaria 
cases in the Netherlands. In order to estimate the incidence and completeness of 
notification of Legionnaires’ disease in 2000 and 2001, Chapter 5 describes record-
linkage and capture-recapture analysis of the three conventional registers. A saturated log-
linear capture-recapture model estimated 1253 Legionnaires’ disease patients (95%CI 
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1019-1715). To reduce possible bias due to heterogeneity among the patients, a covariate 
capture-recapture model was specified, i.e. a capture-recapture model including 
categorical covariates associated with the probability of capture in a register, because we 
expected and observed regional differences in the incidence rate of Legionnaires’ disease. 
The covariate model including “region” as covariate estimated 886 Legionnaires’ disease 
patients (95%CI 827-1022), resulting in an estimated completeness of notification of 
42.1%. The notified, ascertained and estimated average annual incidence rates of 
Legionnaires’ disease were 1.2, 2.4 and 2.8 per 100 000 inhabitants respectively but higher 
in the southern region of the Netherlands. We conclude that covariate capture-recapture 
analysis, acknowledging regional differences of Legionnaires’ disease incidence, appears to 
reduce bias in the estimated national incidence rate in the Netherlands. In Chapter 6 we 
describe a systematic process of record-linkage, cross-validation, case-ascertainment and 
capture-recapture analysis to assess the quality of tuberculosis registers and to estimate 
the completeness of notification of incident tuberculosis cases in 1998. A saturated log-
linear capture-recapture model initially estimated an unexpectedly high number of 2053 
(95%CI 1871-2443) tuberculosis cases, resulting in an estimated completeness of 
notification of 63.2%. After adjustment for possible imperfect record-linkage and 
remaining false-positive hospital cases a more parsimonious and better fitting capture-
recapture model estimated 1547 (95%CI 1513-1600) tuberculosis cases, resulting in a 
completeness of notification of 86.4%. Truncated population estimators gave similar 
results. In this chapter we demonstrate the possible impact of violation of the perfect 
record-linkage and perfect positive predictive value assumptions on capture-recapture 
estimates. 

In the context of the second research question of this thesis, after chapter 6 
describing capture-recapture analysis to estimate completeness of notification of 
tuberculosis during one year at the national level in the Netherlands, in Chapter 7 we 
estimate tuberculosis incidence and completeness of tuberculosis registration systems 
during one year at the regional level in the Piedmont Region of Italy. A parsimonious 
capture-recapture model estimated 704 (95%CI 688-728) tuberculosis patients, resulting 
in an estimated completeness of notification of 79.1%. The overall estimated tuberculosis 
incidence rate in the Piedmont Region is 16.7 cases per 100 000 population but varies 
between different subsets of the population. We conclude that when multiple recording 
systems are available, record-linkage can improve case-detection and capture-recapture 
analysis can be used to assess tuberculosis incidence and the completeness of notification, 
contributing to a more accurate surveillance of local tuberculosis epidemiology. In 
Chapter 8 we estimated the completeness of tuberculosis notification in England at the 
national level for four years to assess the performance of the Enhanced Tuberculosis 
Surveillance (ETS) system, introduced in 1999. Due to the scale of this study (28 678 
observed patients), for record-linkage of the hospitalised tuberculosis cases sophisticated 
record-linkage computer software was required and the proportion of false-positive cases 
among the unlinked hospital-derived tuberculosis records was estimated through a logistic 
regression population mixture model. According to a saturated capture-recapture model 
the estimated completeness of notification is 56.2%, highly inconsistent with prior 
estimates. A truncated population estimator, Zelterman’s truncated Poisson-mixture 
model, estimated the completeness of notification at 79.5%. We conclude that record-
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linkage of notification and laboratory registers, as performed in ETS, improves the 
accuracy of surveillance data as well as the completeness of case-ascertainment of 
tuberculosis. The validity of capture-recapture analysis, especially when the saturated 
model is selected, and truncated population estimation models, in the context of 
infectious disease surveillance, should be further examined.  

 In the context of the third research question of this thesis in Chapter 9 we 
estimate the coverage of a periodic radiological mobile tuberculosis screening programme 
among illicit drug users and homeless persons in Rotterdam, using truncated population 
estimation models. We extracted the total and annual number and frequency counts of 
chest X-rays taken in this screening programme from a single data source. According to 
the two truncated models used, the tuberculosis screening programme reached 
approximately two-third of the estimated target population at least once per year and the 
coverage of the intended aim, at least two chest X-rays per person per year, was estimated 
at approximately 23%. We conclude that truncated models can be used relatively easily on 
available single source routine data to estimate the coverage of tuberculosis screening 
among illicit drug users and homeless persons. In Chapter 10 we re-examine nineteen 
datasets of published and current three-source log-linear model capture-recapture studies 
on infectious disease incidence with three truncated models for incomplete count data: a 
binomial model, a Poisson mixture model and a Poisson heterogeneity model. Specific 
attention was given to the ratio between the number of clients registered once (f1) and 
twice (f2) and the kind of log-linear model selected. We discuss the (dis)agreement 
between the various estimates and possible violation of the underlying assumptions, 
especially the equiprobability assumption. We conclude that for estimating infectious 
disease incidence independent and parsimonious three-source log-linear capture-recapture 
models are preferable but truncated models can be used as a heuristic tool to identify 
possible failure in the log-linear model, especially when saturated models produce 
unexpectedly high and implausible estimates.  

The General Discussion in Chapter 11 reviews the research questions and the 
results of the studies in this thesis. It discusses aspects of the feasibility and validity of 
three-source log-linear capture-recapture analysis and related truncated models for 
estimating the incidence of tuberculosis and other infectious diseases. The conclusions 
and recommendations that follow from the research in this thesis are formulated and are 
described below. 

 

Conclusions 

• Infectious disease incidence capture-recapture analysis requires adequate knowledge 
of disease, patients and registrations.  

• In capture-recapture analysis small variations in the quality of data and record-linkage 
can lead to highly variable outcomes. 

• Hospital episode statistics often contain many false-positive records, leading to 
biased capture-recapture estimates.  
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• When categorical covariates associated with the probability of capture in an infectious 
disease register are present, covariate capture-recapture analysis can reduce bias as a 
result of heterogeneity. 

• Truncated models can be used as a heuristic tool to identify possible failure in log-
linear models, especially when saturated models are selected. 

Recommendations 

• Infectious diseases capture-recapture studies should be performed with a multi-
disciplinary team.  

• For more reliable record-linkage of notifiable infectious disease registers the Dutch 
Infectious Disease Act 1999 should be amended and provide recording the date of 
birth of the patients.  

• To improve infectious disease surveillance, web-based record-linkage between 
notifications and positive laboratory results should be implemented.  

• The value of truncated models for cross-validation of capture-recapture analysis for 
estimating infectious disease incidence should be further explored. 
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Samenvatting 
 

Surveillance is een essentieel onderdeel van infectieziektebestrijding. Voor iedere vorm 
van surveillance is de kwaliteit van de verzamelde gegevens, waaronder de volledigheid 
van de rapportage van patiënten, van belang. Een gangbare vorm van surveillance zijn de 
aangiften maar dit systeem kan foutpositieve meldingen bevatten terwijl vaak niet alle 
patiënten die de aandoening wél hebben worden gerapporteerd. Het koppelen van 
verschillende bestanden, dat wil zeggen het vergelijken van de patiëntengegevens binnen 
verschillende registers die betrekking hebben op een bepaalde infectieziekte, is een 
belangrijke methode om inzicht te krijgen in de kwaliteit en de volledigheid van 
infectieziekteregistraties. De volledigheid van het aantal aangiften kan dan worden geschat 
met behulp van de vangst-hervangst methode, een techniek die oorspronkelijk werd 
ontwikkeld voor het schatten van de omvang van dierenpopulaties.  

Na een korte inleiding over vangst-hervangst analyse bespreekt Hoofdstuk 1 
aspecten van de onderrapportage van tuberculose, verschillende methoden om de 
incidentie van tuberculose te schatten en de toepassing en de beperkingen van de vangst-
hervangst methode op het gebied van tuberculose surveillance, gevolgd door een 
overzicht en samenvatting van gepubliceerde vangst-hervangst onderzoeken op dit 
gebied. Dit hoofdstuk noemt vervolgens de onderzoeksvragen die in dit proefschrift 
worden behandeld: 1) Hoe beïnvloeden de kenmerken van verschillende infectieziekten 
en hun registraties in Nederland de uitvoerbaarheid en betrouwbaarheid van de vangst-
hervangst analyse; 2) Hoe beïnvloeden de kenmerken van verschillende surveillance 
systemen voor tuberculose in verschillende landen de uitvoerbaarheid en 
betrouwbaarheid van de vangst-hervangst analyse en 3) Hoe is de uitvoerbaarheid en 
betrouwbaarheid van “truncated” modellen voor populatieschattingen voor 
infectieziekten surveillance? Hoofdstuk 2 bespreekt de methodologie van vangst-
hervangst analyse, beschrijft de onderliggende aannames en geeft de wiskundige structuur. 
Alternatieve “truncated” modellen voor populatieschattingen, verwant aan de vangst-
hervangst methode, worden kort benoemd. Het hoofdstuk bespreekt vervolgens de 
toepassing en de beperkingen van vangst-hervangst analyse voor epidemiologisch 
onderzoek en geeft een gestructureerd overzicht van relevante aandachtspunten bij het 
voorbereiden, toepassen, presenteren en evalueren van vangst-hervangst onderzoeken. In 
aanvulling op een eerder overzicht van vangst-hervangst onderzoeken gepubliceerd voor 
1997 geeft Hoofdstuk 3 een overzicht en samenvatting van de vangst-hervangst studies 
op het gebied van infectieziekten, gepubliceerd tussen 1997 en 2006.  

In het kader van de eerste onderzoeksvraag van dit proefschrift beschrijft 
Hoofdstuk 4 een vangst-hervangst analyse na koppeling van drie malaria registers om de 
volledigheid van het aantal aangiften door artsen en laboratoria in 1996 te schatten. Zoals 
voor alle onderzoeken in dit proefschrift die de volledigheid van het aantal aangiften 
schatten werd gebruikt gemaakt van drie gangbare infectieziekteregistraties, namelijk het 
aangifteregister, een laboratoriumuitslagenregister en het ziekenhuisopnameregister. Een 
spaarzaam vangst-hervangst model, dat verstoring van de uitkomst door onderlinge 
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afhankelijkheid van registers vermindert, schatte het totale aantal malaria patiënten op 774 
(95% betrouwbaarheidsinterval (BI) 740-821) en de volledigheid van het aantal aangiften 
op 69.1% en 40.2% voor respectievelijk de laboratoria en de artsen. Wij concluderen dat 
het aantal officieel aangegeven malariapatiënten in Nederland aanzienlijk kan toenemen 
na invoering van melding door het laboratorium. Om de incidentie en de volledigheid van 
het aantal aangiften van Legionella pneumonie (veteranenziekte) in 2000 en 2001 te 
schatten, beschrijft Hoofdstuk 5 de koppeling en de vangst-hervangst analyse van de 
gebruikelijke drie registers. Een verzadigd log-lineair vangst-hervangst model schatte 1253 
(95%BI 1019-1715) patiënten met de veteranenziekte. Het vermoeden bestond dat deze 
schatting verstoord werd door verwachte en geïdentificeerde regionale verschillen in de 
incidentie ratio van de veteranenziekte. Om deze verstoring te beperken werd tevens een 
covariaat vangst-hervangst model gespecificeerd, dat wil zeggen een vangst-hervangst model 
dat één of meerdere categorische covariaten bevat die invloed hebben op de kans om in een 
bepaald bestand geregistreerd te worden, in dit geval de covariaat “regio”. Het resultaat was 
een schatting van 886 (95%BI 827-1022) patiënten met de veteranenziekte, ofwel een 
geschatte volledigheid van het aantal aangiften van 42.1%. De incidentie ratio’s op grond 
van het aantal aangegeven, het aantal geïdentificeerde en het aantal geschatte patiënten 
met de veteranenziekte bedragen respectievelijk 1.2, 2.4 and 2.8 per 100 000 inwoners, 
maar zijn hoger in de zuidelijke regio van Nederland. Wij concluderen dat covariate 
vangst-hervangst analyse, rekening houdend met de regionale verschillen in incidentie van 
de veteranenziekte, de verstoring in de schatting van de landelijke incidentie ratio in 
Nederland lijkt te beperken. In Hoofdstuk 6 beschrijven we een systematisch proces van 
koppeling van bestanden, kruisvalidatie, identificatie van patiënten en vangst-hervangst 
analyse om inzicht te krijgen in de kwaliteit van tuberculoseregisters en om de 
volledigheid van het aantal aangiften van tuberculose in 1998 te schatten. Een verzadigd 
log-lineair vangst-hervangst model schatte aanvankelijk het totaal aantal tuberculose-
patiënten onverwacht hoog op 2053 (95%BI 1871-2443), ofwel een geschatte volledigheid 
van het aantal aangiften van 63.2%. Na de correctie voor een mogelijk niet helemaal juiste 
koppeling van de bestanden en het mogelijk nog aanwezig zijn van enkele foutpositieve 
dossiers in het ziekenhuisbestand, werd een meer spaarzaam en beter passend vangst-
hervangst model geselecteerd, dat het aantal tuberculosepatiënten op 1547 (95%BI 1513-
1600) schatte, ofwel een geschatte volledigheid van het aantal aangiften van 86.4%. 
“Truncated” modellen voor populatieschattingen gaven vergelijkbare resultaten. In dit 
hoofdstuk laten we de mogelijke invloed zien van schending van de aannames van 
perfecte koppeling en perfecte positief voorspellende waarde van registers op de 
uitkomsten van vangst-hervangst analyse.  

Nadat hoofdstuk 6 een vangst-hervangst analyse heeft beschreven om de 
volledigheid van het aantal aangiften van tuberculose te schatten op landelijk niveau 
gedurende één jaar in Nederland, schatten wij in Hoofdstuk 7, in het kader van de 
tweede onderzoeksvraag van dit proefschrift, de incidentie van tuberculose en de 
volledigheid van het aantal aangiften op regionaal niveau gedurende één jaar in de regio 
Piemonte in Italië. Een spaarzaam vangst-hervangst model schatte 704 (95%BI 688-728) 
tuberculosepatiënten, resulterend in een geschatte volledigheid van het aantal aangiften 
van 79.1%. De totale geschatte regionale tuberculose incidentie ratio in Piemonte is 16.7 
patiënten per 100 000 inwoners (95% BI 16.3-17.3) maar deze varieert voor verschillende 
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subgroepen binnen de bevolking. Wij concluderen dat wanneer meerdere 
tuberculoseregistraties beschikbaar zijn, het koppelen van deze bestanden het aantal 
vastgestelde patiënten met tuberculose kan verhogen en dat de vangst-hervangst analyse 
gebruikt kan worden om de incidentie van tuberculose en de volledigheid van het aantal 
aangiften te schatten, hetgeen bijdraagt aan een meer nauwkeurige surveillance van de 
locale epidemiologie van tuberculose. In Hoofdstuk 8 hebben we de volledigheid van het 
aantal aangiften van tuberculose geschat in Engeland op landelijk niveau gedurende vier 
jaar om de resultaten van het Enhanced Tuberculosis Surveillance (ETS) systeem te 
beoordelen dat in 1999 werd ingevoerd. Vanwege de omvang van dit onderzoek, 28 678 
vastgestelde patiënten, moest gebruik gemaakt worden van hoogwaardige computer 
software om de tuberculosepatiënten uit het ziekenhuisopnameregister te koppelen aan de 
andere bestanden en het percentage foutpositieve dossiers onder de niet gekoppelde 
meldingen in het ziekenhuisopnameregister moest geschat worden met behulp van een 
logistisch regressie mengpopulatie model. Een verzadigd log-lineair vangst-hervangst 
model schatte de volledigheid van het aantal aangiften op 56.2%, hetgeen in sterke 
tegenspraak is met eerdere schattingen. Een “truncated” model voor populatie-
schattingen, Zelterman’s truncated Poisson-mixture model, schatte de volledigheid van 
het aantal aangiften op 79.5%. Wij concluderen dat de koppeling van de aangifte en 
laboratoriumregisters, zoals verricht in het ETS systeem, de nauwkeurigheid van de 
surveillance gegevens en de volledigheid van het aantal vastgestelde tuberculosegevallen 
verbetert. De betrouwbaarheid van de vangst-hervangst analyse, zeker als het verzadigde 
model wordt geselecteerd, alsmede de “truncated” modellen voor populatieschattingen, in 
de context van infectieziekten surveillance, dient verder onderzocht dient te worden.  

In het kader van de derde onderzoeksvraag van dit proefschrift, hebben we in 
Hoofdstuk 9 de dekkingsgraad geschat van een mobiel periodiek röntgenologisch 
screeningsprogramma voor tuberculose onder harddrugsverslaafden en dak- en thuislozen 
in Rotterdam, met behulp van “truncated” modellen voor populatieschattingen. Wij 
extraheerden het totale en jaarlijkse aantal thoraxröntgenfoto’s gemaakt in dit 
screeningsprogramma, evenals de frequentieverdeling, uit één gegevensbestand. Volgens 
de twee gebruikte “truncated” modellen bereikte het screeningsprogramma voor 
tuberculose ongeveer tweederde van de geschatte doelgroep tenminste één maal per jaar 
en werd de dekkingsgraad van het beoogde doel, tenminste twee thoraxröntgenfoto’s per 
persoon per jaar, geschat op circa 23%. We concluderen dat “truncated” modellen relatief 
eenvoudig kunnen worden toegepast op routinematig verzamelde gegevens in een enkele 
informatiebron voor het schatten van de dekkingsgraad van een mobiel screenings-
programma voor tuberculose onder harddrugsverslaafden en dak- en thuislozen. In 
Hoofdstuk 10 onderzoeken we 19 gegevensbestanden van gepubliceerde en lopende 
driebrons log-lineaire vangst-hervangst studies op het gebied van infectieziekte-incidentie 
opnieuw met drie “truncated” modellen die kunnen worden toegepast op onvolledige 
tellingen: een binomiaal model, een Poisson-mixture model en een Poisson-heterogeneity 
model. Specifieke aandacht werd gegeven aan de verhouding tussen het aantal cliënten dat 
één keer was geobserveerd (f1) en het aantal cliënten dat twee keer was geobserveerd (f2) 
en aan het soort log-lineaire model dat werd geselecteerd. We concluderen dat voor het 
schatten van infectieziekte-incidentie de voorkeur uitgaat naar onafhankelijke en 
spaarzame driebrons log-lineaire vangst-hervangst modellen maar dat “truncated” 
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modellen gebruikt kunnen worden als heuristisch instrument om het mogelijke falen van 
een log-lineaire model te onderkennen, in het bijzonder wanneer verzadigde modellen 
onverwachte en onwaarschijnlijk hoge schattingen geven.  

De Discussie in Hoofdstuk 11 bespreekt de onderzoeksvragen en de 
bevindingen van de onderzoeken opgenomen in dit proefschrift. Zij bediscussieert 
verschillende aspecten van de uitvoerbaarheid en de betrouwbaarheid van driebrons log-
lineaire vangst-hervangst analyse en gerelateerde “truncated” modellen voor het schatten 
van de incidentie van tuberculose en andere infectieziekten. Tenslotte worden de 
conclusies en aanbevelingen van dit proefschrift geformuleerd, zoals hieronder nogmaals 
beschreven. 

 

Conclusies 

• Vangst-hervangst analyse van infectieziekte-incidentie vereist geëigende kennis van 
ziekte, patiënten en registraties. 

• Bij vangst-hervangst analyse kunnen kleine variaties in de kwaliteit van de gegevens 
en de koppeling van de gegevensbestanden leiden tot grote verschillen in de 
omvangschattingen.  

• Ziekenhuisopnameregisters bevatten vaak veel foutpositieve data die de 
betrouwbaarheid van een vangst-hervangst schatting verstoren. 

• Wanneer categorische co-variabelen aanwezig zijn die de kans kunnen beïnvloeden op 
het wel of niet bekend zijn in een infectieziekteregister, lijkt covariate vangst-hervangst 
analyse de verstoring van de resultaten ten gevolge van heterogeniciteit te beperken. 

•  “Truncated” modellen kunnen dienen als heuristisch instrument om het mogelijke falen 
van een log-lineair model te onderkennen, in het bijzonder wanneer verzadigde modellen 
zijn geselecteerd.  

 

Aanbevelingen 

• Vangst-hervangst studies op het gebied van infectieziekten dienen te worden uitgevoerd 
door een multidisciplinaire groep onderzoekers.  

• Voor een meer betrouwbare koppeling van infectieziekteregisters dient de 
Infectieziektewet uit 1999 te worden aangepast en het registreren van de volledige 
geboortedatum weer verplicht gesteld. 

• Om de kwaliteit van infectieziekten surveillance te verbeteren dient het koppelen van de 
aangiften en positieve laboratoriumgegevens via Internet te worden gerealiseerd. 

• De waarde van zogenaamde “truncated” modellen voor de validatie van vangst-
hervangst schattingen betreffende de incidentie van infectieziekten dient verder 
onderzocht te worden.  



Acknowledgements 

 183 

Acknowledgements 
 

 When I returned to the Netherlands after working in Ghana for five years and 
studying in London, United Kingdom, for one year I realised that I was one of the few 
hard core members of the Nijmegen Medical School soul band The Booze Brothers who 
was not having or completing a PhD. As one of the front men this was intolerable of 
course and I gradually started contemplating on an opportunity.   

I thank my supervisor professor Dik Habbema for giving me the opportunity to 
obtain a PhD and his, often one-line, advices that ultimately changed the structure of the 
thesis, and my supervisor Jan Hendrik Richardus for coaching me through the final years, 
especially at moments when my battery was low and needed recharging. 

I thank the professors Gouke Bonsel, Martien Borgdorff and Bert Hofman and 
professors Arno Hoes and Henk Hoogsteden for their willingness to be a member of the 
small and large doctoral degree committee respectively. 

 When in statistics an outcome can be caused by coincidence it means that it is 
not significant. However, this thesis demonstrates that coincidence can be very relevant. 
It started when, by coincidence, I was asked by Jan Peter Verhave of the Department of 
Parasitology of the University Medical Centre in Nijmegen to complete a study on under-
notification of malaria in the Netherlands. I thank Jan Peter for his enthusiasm during this 
study that resulted in my first publication and substantiated the plan to write a full PhD 
thesis on capture-recapture analysis. Due to initial methodological problems in the malaria 
study, by coincidence, a member of an Internet malaria discussion group suggested I 
should try capture-recapture analysis, a technique completely unknown to me. Again by 
coincidence I was referred to Filip Smit at the Trimbos Institute in Utrecht who had 
experience in performing capture-recapture studies in the field of social sciences and he 
altruistically offered to help me. This was the start of an on-off co-operation over five 
years, that resulted in four chapters in this thesis, for which I am deeply grateful. In the 
mean time I had met Christian Hoebe during our training in Public Health and we got 
involved in our mutual PhD plans. I thank him for all his support, especially while 
performing the capture-recapture study on Legionnaires’ disease incidence in the 
Netherlands. At a tuberculosis course in Liverpool, United Kingdom, by coincidence I 
met Iacopo Baussano from the University of Turin in Italy. Iacopo needed a subject for 
an MSc thesis and in Liverpool the idea was born for a capture-recapture study on 
tuberculosis incidence in the Piedmont Region in Italy. I thank Iacopo for all the work he 
and his Italian colleagues performed in Turin and for a long-term friendship that resulted 
from this research. A few months later, and again by coincidence, on the World 
Tuberculosis Conference in Paris, France, I met Alistair Story from the Tuberculosis 
Section of the Respiratory Diseases Department at the Centre for Infections of the 
Health Protection Agency in London. It must have been some kind of fine ale 
pheromones that identified the two of us as tuberculosis control mavericks. It was the 
start of an intense co-operation that resulted in the realisation of the targeted mobile 
digital X-ray tuberculosis screening project for homeless persons, illicit drug users and 



Acknowledgements 

 184 

prisoners in London, a huge capture-recapture study on tuberculosis incidence in 
England, an editorial in the BMJ, a few “quick ones“ and last orders and numerous of the 
weirdest moments of my life. I would like to thank Alistair and Melissa for all the roasted 
potatoes, carrots, parsnips, Brussels sprouts and other un-Continental foodstuff from the 
traditional English cuisine, the regular Indian and Thai lamb curries and the many weeks 
of hospitality in Berkhamsted over the past five years.   

I thank Gerard de Vries and Hennie Baars, colleague tuberculosis control 
physicians in the Tuberculosis Control Section of the Municipal Public Health Service 
Rotterdam-Rijnmond, for their help in preparing some of the studies in this thesis and 
other international and national publications. 

I thank Dick van Soolingen, Petra de Haas, Kristin Kreemer, Tridia van der 
Laan, Anne-Marie van der Brandt and Mimount Enaimie from the National Mycobacteria 
Reference Unit at the National Institute of Public Health and the Environment in 
Bilthoven for their hospitality and assistance when performing the record-linkage and 
cross-validation of the Dutch tuberculosis registers and the always pleasant atmosphere. 

  I thank John Watson, Delphine Antoine, David Quinn, Charlotte Anderson, 
Clare French and Jonathan Crofts from the Tuberculosis Section at the Centre for 
Infections of the Health Protection Agency in London for their assistance, advice and 
hospitality while performing the capture-recapture study on tuberculosis incidence in 
England and various good discussions in the Holly Bush public house. A special thanks 
goes to Andrew Grant from the Statistics, Modelling and Bioinformatics Department at 
the Centre for Infections for his indispensable statistical support and interest in the 
capture-recapture methodology which has also initiated ideas for other papers. 

I thank Nico Kalisvaart of the KNCV Tuberculosis Foundation in the Hague 
for performing the record-linkage with the Netherlands Tuberculosis Register for me, 
essential to the solution of the Dutch tuberculosis capture-recapture problem. 

I thank professor Nico Nagelkerke of the United Arab Emirates University and 
professor Jeroen Vermunt of the University of Tilburg for providing me with the solution 
to the capture-recapture problems in the studies on tuberculosis and Legionnaires’ disease 
incidence in the Netherlands respectively. 

I thank all the other co-authors of the chapters in this thesis for their 
contribution and I hope it may lead to further collaboration in the future. 

I thank Len Munnik for making the beautiful and fitting drawing on the cover 
and Selma Nieukoop and Diane Seinstra for helping with the lay-out. 

I thank the Department of Infectious Disease Control of the Municipal Public 
Health Service Rotterdam-Rijnmond for granting me some time and funds to perform the 
work for this PhD thesis. I would like to thank all my colleagues in the Tuberculosis 
Control Section for their patience with me in times when my mood obviously reflected 
the progress of some of the studies. 

Finally I thank Gerard de Vries and Bert Mulder for their willingness to be my 
ushers and their help in preparing all the ceremonial and unceremonious activities.  



 185 

Curriculum vitae 
 
Rob van Hest was born on October 17, 1958 in Tilburg, the Netherlands. After passing 
the Atheneum B exam at the Cobbenhagen College in Tilburg in 1977 he studied 
psychology for one year at the University of Tilburg. In 1978 he started his medical 
studies at the University of Nijmegen. During the junior house officer rotations he spent 
5 months as a student doctor at St. Anthony’s Hospital in Dzodze, Volta Region, Ghana, 
for the elective “Medical care in developing countries”. After obtaining his medical degree 
in 1987 he initially worked for the Ambulance Service West-Betuwe in Tiel. From 1988 
until 1991, in the context of the tropical doctor training, he was a senior house officer in 
the St Anna Hospital in Oss (Internal Medicine and Surgery) and the IJsselland Hospital 
in Rotterdam (Obstetrics and Gynaecology). Afterwards he completed the Course in 
Tropical Medicine for Doctors at the Royal Tropical Institute in Amsterdam. Between 
1991 and 1996 he worked as medical officer in-charge at the Mary-Theresa Hospital in 
Dodi Papase, Volta-Region, Ghana. In 1997 he obtained the Master of Science degree in 
Control of Infectious Diseases at the London School of Hygiene and Tropical Medicine, 
London, United Kingdom. In 1998 he began his training as a public health physician 
(tuberculosis control) at the Netherlands School of Public Health and his work as a 
tuberculosis control physician at the Tuberculosis Control Section of the Municipal 
Public Health Service Rotterdam-Rijnmond and later also at the Tuberculosis Control 
Section of the Municipal Health Service Zuid-Holland Zuid in Dordrecht. In 2000 he 
obtained the Master of Science degree in Epidemiology and registration as 
epidemiologist-A from the Dutch Society for Epidemiology. After completing his training 
in public health medicine in December 2000, he was registered as a public health 
physician. He continued to work as a tuberculosis control physician at the Municipal 
Public Health Service Rotterdam-Rijnmond where, in 2002, he officially started this PhD 
part-time (0.1 FTE) in collaboration with the Department of Public Health of the 
Erasmus MC, University Medical Centre Rotterdam, in Rotterdam. Since 2002 he is also a 
visiting tuberculosis control physician with the mobile digital tuberculosis screening 
project among homeless persons, problematic drug users, alcoholics and prisoners in 
London, where he is registered as a specialist in Public Health Medicine as well. Apart 
from this thesis he has published various peer-reviewed articles on different aspects of 
tuberculosis and tuberculosis control in international and Dutch journals. 

 

 



 186 

Curriculum vitae 

Rob van Hest werd geboren op 17 oktober 1958 te Tilburg waar hij het diploma 
Atheneum B behaalde aan het Cobbenhagen College. Hij studeerde een jaar psychologie 
aan de Universiteit van Tilburg alvorens te starten met de studie Geneeskunde aan de 
Universiteit van Nijmegen. Tijdens deze studie verbleef hij 5 maanden in het St. 
Anthony’s Hospital te Dzodze, Volta Region, Ghana, in het kader van het keuze co-
assistentschap “Medical care in developing countries”. Na het artsexamen in 1987 werkte 
hij eerst bij de Ambulancedienst West-Betuwe in Tiel. Tussen 1988 en 1991 was hij arts-
assistent Interne Geneeskunde en Chirurgie in het St. Anna Ziekenhuis te Oss en arts-
assistent Verloskunde en Gynaecologie in het IJsselland Ziekenhuis in Rotterdam in het 
kader van de opleiding tot tropenarts. Vervolgens voltooide hij de Nationale 
Tropencursus voor Artsen en behaalde het Diploma Tropische Gezondheidszorg aan het 
Koninklijk Instituut voor de Tropen in Amsterdam. Tussen 1991 en 1996 werkte hij als 
medical officer in-charge in het Mary-Theresa Hospital in Dodi Papase, Volta-Region, 
Ghana. In 1997 behaalde hij de Master of Science graad in Control of Infectious Diseases 
aan de London School of Hygiene and Tropical Medicine te Londen, Verenigd 
Koninkrijk. In 1998 begon hij zijn opleiding Sociale Geneeskunde (bijzondere tak 
tuberculosebestrijding) aan de Netherlands School of Public Health en zijn 
werkzaamheden als tuberculosearts op de afdeling Tuberculosebestrijding van de 
Gemeentelijke Gezondheidsdienst (GGD) Rotterdam-Rijnmond, en later ook op de 
afdeling Tuberculosebestrijding van de GGD Zuid-Holland Zuid in Dordrecht. In 2000 
behaalde hij de Master of Science graad in de Epidemiologie en werd hij ingeschreven als 
epidemioloog-A bij de Vereniging voor Epidemiologie. Eind 2000 werd hij geregistreerd 
als sociaal-geneeskundige en bleef als tuberculosearts werken bij de GGD Rotterdam-
Rijnmond. Daar begon hij in 2002 officieel aan dit proefschrift, parttime (0.1 FTE), in 
samenwerking met de afdeling Maatschappelijke Gezondheidszorg van het Erasmus 
Universitair Medisch Centrum in Rotterdam. Sinds 2002 is hij ook bezoekend 
tuberculosearts bij het mobiele digitale screeningsprogramma op tuberculose onder dak- 
en thuislozen, problematische drugsgebruikers, alcoholisten en gedetineerden in Londen, 
waar hij eveneens geregistreerd is als sociaal-geneeskundige. Naast dit proefschrift 
publiceerde hij diverse artikelen over verschillende aspecten van tuberculose en 
tuberculosebestrijding in internationale en Nederlandse tijdschriften. 

 

 

 

 

 

 

 



 187 

Publications 

This thesis 

Van Hest NA, Smit F, Verhave JP. Improving malaria notification in the Netherlands: 
results from a capture-recapture study. Epidemiol Infect 2002; 129: 371-7. 

Baussano I, Bugiani M, Gregori D, Van Hest R, Borracino A, Raso R, Merletti F. 
Undetected burden of tuberculosis in a low-prevalence area. Int J Tuberc Lung Dis 2006; 
10: 415-21. 

Van Hest NA, Smit F, Baars HW, De Vries G, De Haas P, Westenend PJ, Nagelkerke 
N, Richardus JH. Completeness of registration of tuberculosis in the Netherlands: how 
reliable is record-linkage and capture-recapture analysis? Epidemiol Infect 2006; Published 
on-line: 7 December 2006; doi:10.1017/S0950268806007540. 

Van Hest NA, Grant D, Smit F, Story A, Richardus JH. Estimating infectious diseases 
incidence: validity of capture-recapture analysis and truncated models for incomplete 
count data. Epidemiol Infect 2007; Published on-line: 11 March 2007; doi:10.1017/ 
S0950268807008254.  

Van Hest NA, Hoebe CJ, Den Boer JW, Vermunt JK, IJzerman EP, Boersma WG, 
Richardus JH. Incidence and completeness of notification of Legionnaires' disease in the 
Netherlands: covariate capture-recapture analysis acknowledging geographical differences. 
Epidemiol Infect 2007 (in press) 

Van Hest NA, De Vries G, Smit F, Grant AG, Richardus JH. Estimating the coverage of 
tuberculosis screening among drug users and homeless persons with truncated models. 
Epidemiol Infect 2007 (in press) 

Other peer-reviewed indexed publications 

Van Hest NA, Smit F, Verhave JP. [Considerable underreporting of malaria in the 
Netherlands; a capture-recapture analysis]. Ned Tijdschr Geneeskd 2001; 145: 175-9. 

Van Hest NA, De Vries G, Van Gerven PJ, Baars HW. [Delay in the diagnosis of 
tuberculosis]. Ned Tijdschr Geneeskd 2003; 147: 1825-9. 

Van Hest R, Baars H, Kik S, van Gerven P, Trompenaars M-C, Kalisvaart N, Keizer S, 
Borgdorff M, Mensen M, Cobelens F. Hepatotoxicity of Rifampin-Pyrazinamide and 
Isoniazid preventive therapy and tuberculosis treatment. Clin Infect Dis 2004; 39: 488-96. 

Van Hest R, De Vries G, Morbano G, Pijnenburg M, Hartwig N, Baars H. Cavitating 
tuberculosis in an infant: case report and literature review. Pediatr Infect Dis J 2004; 23: 
667-70. 

Van Hest R, Van der Zanden A, Boeree M, Kremer K, Dessens M, Westenend P, 
Maraha B, Van Uffelen R, Schütte R, De Lange W. Mycobacterium heckeshornense infection in 
an immunocompetent patient and identification by 16S rDNA sequencing of culture and 
histopathology tissue specimen. J Clin Microbiol 2004; 42: 4386-9. 



 188 

De Vries G, Van Altena R, Van Soolingen D, Broekmans JF, Van Hest NA. [An 
outbreak of multiresistant tuberculosis from Eastern Europe in the Netherlands]. Ned 
Tijdschr Geneeskd 2005; 35: 1921-4. 

De Vries G, Van Hest R. From contact investigation to tuberculosis screening of drug 
addicts and homeless persons in Rotterdam. Eur J Public Health 2006; 16: 133-6.  

Story A, Van Hest R, Hayward A. Tuberculosis and social exclusion. BMJ 2006; 333: 57-
8. 

De Vries G, Van Hest RA, Richardus JH. Impact of mobile radiographic screening on 
tuberculosis among drug users and homeless persons. Am J Respir Crit Care Med 2007; 
Published on-line 5 April 2007; doi:10.1164/rccm.200612-1877OC 

Other non-indexed publications: 

De Vries G, Van Hest NAH, Van Bergen JEAM, eds. Partnership in International Health. 
90th Anniversary Jubilee Book Dutch Society for Tropical Medicine. Het Spinhuis, 
Amsterdam, 1998, 181 pp. 

Verhave JP, Van Hest NAH. [Laboratory diagnosis of malaria in the tropics: ideal and 
reality]. Analyse 2000; 52: 261-5. 

Verhave JP, Van Hest NAH. [Import and registration of malaria in the Netherlands]. 
Pharmaceutisch Weekblad 2000; 135: 138-41. 

Van Hest NAH. [A treacherous travel companion]. Medisch Contact 2001; 56: 468-70. 

Van Hest NAH, Van den Kerkhof JHTC. [Quantitative aspects of malaria notification 
in the Netherlands]. Infectieziekten Bulletin 2001; 12: 122-4. 

Verhave JP, Van Hest NAH. [General practitioner and malaria]. Huisarts en Wetenschap 
2002; 45: 22-6. 

Van Hest NAH, Bosman H. [Radiology pearls I]. Tegen de Tuberculose 2002; 98: 24-5. 

Van Hest NAH, Sonneveld J, De Lange W. [An atypical story]. Tegen de Tuberculose 2002; 
98: 53-6. 

Van Hest NAH. [Radiology pearls II]. Tegen de Tuberculose 2002; 98: 85. 

De Vries G, Van Hest NAH, Šebek MMGG. [Tuberculosis among illicit drug users and 
homeless persons in Rotterdam]. Infectieziekten Bulletin 2003; 14: 362-5. 

Van Hest R, Van Altena R, Arend SM, Baars H, Van Loenhout J, Hartwig N. [The 
diagnosis and treatment of latent tuberculosis infection in children]. Tijdschr Kindergeneeskd 
2006; 74: 21-9. 

Van Hest NAH. [Radiology pearls III]. Tegen de Tuberculose 2006; 102: 10-11. 
 




	Contents
	1Introduction
	2Methodology of capture-recapture analysis andapplication for epidemiological studies
	3Synopsis of capture-recapture studieson infectious diseases, 1997 - 2006
	4Underreporting of malaria incidencein the Netherlands: results from acapture-recapture study
	5Incidence and completeness of notification ofLegionnaires' disease in the Netherlands:covariate capture-recapture analysisacknowledging geographical differences
	6Completeness of notification of tuberculosis inthe Netherlands: how reliable is record-linkageand capture-recapture analysis?
	7Undetected burden of tuberculosisin a low-prevalence area
	8Record-linkage and capture-recapture analysisto estimate the incidence and completeness ofreporting of tuberculosis in England 1999 – 2002
	9Estimating the coverage of tuberculosisscreening among drug users and homelesspersons with truncated models
	10Estimating infectious diseases incidence:validity of capture-recapture analysis andtruncated models for incomplete count data
	11General discussion
	Summary
	Samenvatting
	Acknowledgements
	Curriculum vitae (English)
	Curriculum vitae (Dutch)
	Publications


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PalatinoLTStd-Black
    /PalatinoLTStd-Bold
    /PalatinoLTStd-BoldItalic
    /PalatinoLTStd-Italic
    /PalatinoLTStd-Roman
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


