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Abstract
Background
In Brazil, both the Civil Registry (CR) and Ministry of Health (MoH) Mortality Information System (SIM) are sources of routine mortality data, but neither is 100% complete. Deaths from these two sources can be linked to facilitate estimation of completeness of mortality reporting and measurement of adjusted mortality indicators using generalized linear modeling (GLM).

Methods
The 2015 and 2016 CR and SIM data were linked using deterministic methods. GLM with covariates of the deceased’s sex, age, state of residence, cause of death and place of death, and municipality-level education decile and population density decile, was used to estimate total deaths and completeness nationally, subnationally and by population sub-group, and to identify the characteristics of unreported deaths. The empirical completeness method and Global Burden of Disease (GBD) 2017 estimates were comparators at the national and state level.

Results
Completeness was 98% for SIM and 95% for CR. The vast majority of deaths in Brazil were captured by either system and 94% were reported by both sources. For each source, completeness was lowest in the north. SIM completeness was consistently high across all sub-groups while CR completeness was lowest for deaths at younger ages, outside facilities, and in the lowest deciles of municipality education and population density. There was no clear municipality-level relationship in SIM and CR completeness, suggesting minimal dependence between sources. The empirical completeness method model 1 and GBD completeness estimates were each, on average, less than three percentage points different from GLM estimates at the state level. Life expectancy was lowest in the northeast and 7.5 years higher in females than males.

Conclusions
GLM using socio-economic and demographic covariates is a valuable tool to accurately estimate completeness from linked data sources. Close scrutiny of the quality of variables used to link deaths, targeted identification of unreported deaths in poorer, northern states, and closer coordination of the two systems will help Brazil achieve 100% death reporting completeness. The results also confirm the validity of the empirical completeness method.
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Introduction
Routine, accurate, and timely data on deaths are an essential source of evidence for national and subnational governments to monitor population health and develop programs to reduce disease and injury burden [1]. In Brazil, the fifth most populous country in the world, such information is especially important given its significant socio-economic and population health inequalities [2–4]. Such evidence is best served by a complete civil registration and vital statistics (CRVS) system [1].
However, there is no one reporting system that captures all deaths in Brazil. Two parallel death reporting systems exist: (1) the Civil Registry (CR), created by Law in 1874 under the control of the National Justice Council at the national level and justice courts at state level, for which the Brazilian Institute of Geography and Statistics (IBGE) has had responsibility for collating statistics since 1973, and (2) the Mortality Information System (SIM), created in 1975 and which is the responsibility of Ministry of Health (MoH). The two systems have different objectives: to provide inputs for the calculation of vital and epidemiological statistics (in the case of SIM), and, as required by the Public Records Act, the production of official information for the legal rights of each dying individual (in the case of the CR). Both sources commonly capture the majority of deaths in Brazil, but some events are recorded exclusively by only one of these sources [5].
The process for the recording of deaths differs by the place of occurrence and the availability of health professionals. For each death, the death declaration (DO) should be issued, which can only be signed by doctors. In rare places where there are no doctors, the presence of two witnesses and one civil registrar is required. The DO is a document prepared and developed by the MoH, which contains the International Form of Medical Certificate of Cause of Death, as well as variables of identification, socio demographic, such as age, gender, race, occupation, among others. The DO collects mortality information for statistical purposes and is also a legal document required by CR offices, as a Medical Certificate of Cause of Death, to comply with the Public Records Act. For deaths that occur in health facilities (72% of SIM deaths), facility staff report the deaths to the SIM system and provide a DO copy for the family to take to the CR office and obtain a death certificate to enable burial and take all legal measures regarding the death [6]. For home deaths that are attended by a health professional, the death is reported to local health authorities (usually the Municipality Health Department) and a DO is issued by a doctor. Thereafter, the process is the same as for facility deaths. If a health professional does not attend a home death nor know of the death (especially in more remote areas), the family may report it to the CR office with two witnesses and receive a death certificate. For each type of death, the death will not be registered if the family does not provide the DO nor report the death to the CR office.
Given that the CR and SIM operate parallel data collection systems, since 2006 the two sources have been able to be linked by a DO number and other variables. This record linkage has enabled application of direct or capture-recapture techniques to estimate the completeness of reporting of CR and of SIM; that is, the percentage of all actual deaths in Brazil reported by each source. An analysis of the linked dataset using generalized linear modeling (GLM) estimated that, for 2015, completeness of SIM reporting was 97% and completeness of CR reporting was 94% [7, 8].
Other estimates of the completeness of SIM have used the demographic technique death distribution methods, which measures completeness by assessing the consistency of the age pattern of the population and reported deaths and making specific assumptions about the dynamics of the population [9, 10]. One such study found completeness of SIM for the period 2000–2010 to exceed 90% for just over half of states, being lowest in northern states [11]. However, death distribution methods have a number of limitations, particularly that they are not very timely because they are most reliable when they estimate completeness of deaths occurring between two censuses, and also that they assume that populations only have limited migration, which means that their estimates for subnational areas are subject to considerable uncertainty [12, 13].
The linked CR and SIM datasets contain extensive information on the characteristics of the deceased and the death, which can be linked with census data of municipality-level characteristics. This study aims to use this linked data to measure completeness of SIM and CR reporting at the national and subnational level in Brazil. The above description of the SIM and CR systems implies that there is some dependence between the two sources. A considerable advantage of having a linked dataset is that GLM can be used with individual and area-level covariates to estimate death reporting completeness by minimizing bias from dependence between the two sources. This study also aims to use the GLM results to show evidence of which population sub-groups are least likely to have their deaths reported and so enable targeting of efforts to help find unreported deaths and improve the coverage and operation of these systems across Brazil. The GLM estimates of completeness are also compared with other methods to estimate completeness: the Chandrasekar-Deming method, the recently developed empirical completeness method and completeness estimated from the Global Burden of Disease study [12, 14, 15]. The study also uses the GLM results to estimate national and subnational mortality indciators.
Methods
Data sources and record linkage
The study assessed deaths occurring in 2015 and 2016 and reported by the CR and SIM [6, 16, 17]. Each source contained variables with information about the death and the deceased: sex, age, place of death (i.e., hospital, household, public), if the cause of death was unnatural (i.e., injuries) or natural (i.e., all other deaths), and the deceased’s municipality of residence. Municipality-level variables of the percentage of the population aged 25–39 years that had completed high school and population density were calculated using the 2010 Census 1[18]. The CR and SIM data were linked by deterministic methods [5]. In 2016, 94% of reported deaths were found in both databases, with 2% in the CR only and 4% in the SIM only. More details of the record linkage are shown in Additional file 1 (with results in Supplementary Table 1, Additional file 1).
Capture-recapture methods
Capture-recapture methods estimate completeness of each of two linked data sources. The most commonly used capture-recapture method is that developed by Chandrasekar and Deming (C-D). The C-D method uses two linked data sources to estimate the total number of events in a population, assuming the two sources are independent (that is, likelihood of a death being captured in one source is influenced by the likelihood of it being captured in the other source), there is equal probability of all deaths being captured in each data source, the population is closed, and there is accurate reporting of information about the death and accurate linkage of the databases [14]. Further details of the C-D method are described in Additional file 2.
GLM estimates completeness of linked datasets using a regression approach. The GLM method, developed by Huggins, models the probability of capture by either source according to observable covariates [19, 20]. GLM has prevously been used to estimate birth registration completeness in Brazil, as well as to estimate completeness of the linked SIM and CR data in Brazil but without including any covariates of characteristics of the death or deceased [7, 19–21].
This study used the GLM method. Consider the following model equation: [20, 21]
[image: $$ \mathit{\ln}\left(\frac{p_{ib}}{1-{p}_{ib}}\right)={\beta}_0+\sum \limits_{j=1}^k{\beta}_j{x}_j $$]




where
pib is the probability of individual i being in each database b (CR and SIM)
β0 is the intercept
βj is the parameter for the jth variable, j = 1,2,..,k
xj is the jth variable, j = 1,2,..,k
i = 1,2,3,…,N which is the number of death records
b = 1,2 which is the number of sources
k is the number of covariates in the model
To estimate the number of deaths, we use the estimated probability of being captured calculated by the model above using the following steps:
[image: $$ 1\Big)\ \alpha ={\hat{\beta}}_0+\sum \limits_{j=1}^k{\hat{\beta}}_j{x}_j $$]



[image: $$ 2\Big)\ {p}_{ib}^{\ast }=\frac{e^{\alpha }}{e^{\alpha }+1} $$]



[image: $$ 3\Big)\ {\hat{p}}_i=1-\prod \limits_{i=1}^N\left(1-{p}_{ib}^{\ast}\right) $$]



[image: $$ 4\Big)\ \hat{N}=\sum \limits_{i=1}^N\frac{1}{{\hat{p}}_i} $$]




where
[image: $$ {\hat{\beta}}_0 $$] and [image: $$ {\hat{\beta}}_j $$]are the parameter estimates resulted from the model above
[image: $$ {p}_{ib}^{\ast } $$] is the estimated probability of individual i being captured in source b
[image: $$ {\hat{p}}_i $$] is the probability of individual i being captured at least once by either source
[image: $$ \hat{N} $$] is the estimated number of deaths. For each individual death, it is the estimated number of deaths per reported death—if there is a low probability of a reported death being captured in either source, then there will be a higher number of estimated deaths per that individual reported death. From this figure, the completeness of each source can be calculated. The Akaike Information Criteria (AIC) was used to choose the most appropriate model according to the covariates included, while multicollinearity of the covariates was also assessed [22].
GLM minimizes the bias of the C-D method when the linked data sources are dependent and have heterogeneous capture probabilities. It does this by estimating the number of deaths (and therefore completeness) for each combination of covariates in the model; that is, deaths with homogenous characteristics (e.g., age, sex, place of death) and for which dependency and heterogeneity of capture probabilities between SIM and CR would be lower than for all deaths in the population. This is equivalent to Chandrasekar and Deming’s recommendation to estimate total events separately for homogenous groups to reduce dependency bias [14]. By estimating completeness for different combinations of variables, we can also better understand the operation of each system and identify which population sub-groups account for the highest percentage of deaths missed by both systems, to inform further efforts to capture these deaths.
The estimated completeness of each source according to the GLM method is presented at the national and state level, as well as for other selected characteristics. The national estimate of completeness of each source is also compared to the C-D method. The number of deaths unreported by either source is estimated according to different covariates; such information can help target efforts to attain 100% completeness. To assess if the sources are independent, we compare the completeness estimates for CR and SIM for the 5570 municipalities in Brazil level using a scatterplot and measuring the r2 of their relationship; close correlation between completeness estimates would indicate source dependence. Key mortality indicators (life expectancy at birth and adult mortality per 1000 or 45q15) based on total estimated deaths and population estimates are presented nationally and for each state [23].
Empirical completeness method
The empirical completeness method estimates completeness of death reporting using data inputs that capture the expected relationships among the principal determinants of mortality levels in a population [12]. The method was developed based on 2451 country-years in 110 countries between 1970 and 2015 in the GBD database. The method predicts the logit of completeness with data inputs of the registered crude death rate (registered deaths per 1000 population), registered crude death rate squared, the natural log of under-five mortality (5q0), the percentage of the populations aged 65 years and above, completeness of under-five death registration and country-level random effects. Two versions of the method have been developed: model 1 which includes all these variables, and model 2 which excludes under-five completeness for populations where this is not representative of completeness across all ages. The method overcomes the limitations of existing completeness methods (especially death distribution methods), including reliance on often unrealistic assumptions about population dynamics and lack of timeliness. The accuracy of the 5q0, particularly at the subnational level, is important; we use the GBD’s estimate of state- and national-level 5q0 for Brazil [15].
Global Burden of Disease
The GBD estimates total deaths for Brazil and each of its states [15]. The GBD methods are described in detail elsewhere; mortality rates and hence estimated total deaths are estimated by a model life table that uses 5q0 and 45q15 estimates as inputs [24]. Time trends in under-five mortality are modeled using estimates from various surveys (e.g., National Household Sample Health Survey, National Demographic and Health Survey of Children and Women), censuses (e.g., 2000, 2010), and registered under-five deaths, while time trends in adult mortality are modeled primarily using completeness-adjusted registered deaths. The GBD and empirical method models 1 and 2 are compared with GLM estimates using the root mean squared difference.
Results
Completeness of death reporting in Brazil is estimated to be very high for each system. According to the GLM, in 2016 completeness of SIM data was 98% and CR data was 96% (Fig. 1). The GBD’s completeness estimates were highest (almost 100% for SIM) and the empirical method’s estimates were lowest. An increase in completeness from 2015 to 2016 was observed for each system, which demonstrates the improvement of data collection. The concordance of the estimates across the methods results in a quite narrow range of estimates of total deaths in Brazil (in 2016 ranging from 1,312,303 for the GBD method to 1,374,660 for the empirical method model 2 applied to the SIM data) (Supplementary Table 2, Additional file 3).
[image: ../images/12963_2020_223_Fig1_HTML.png]
Fig. 1Completeness of death reporting (%) by source and method, Brazil, 2015 and 2016


Notably, the GLM estimates only 1929 deaths in Brazil in 2016 were not reported by either system or only 0.1% of estimated total deaths according to this method. A high 94% of all deaths in the country were captured by both sources (1,253,284/1,332,398) according to the GLM. The model results are shown in Supplementary Tables 3 and 4, Additional file 3. The strongest model according to the AIC was that which included all the available variables. No multicollinearity was found in this strongest model.
The GLM estimates show that completeness of SIM death reporting was high in each state, but CR completeness is relatively low in specific states. In 2016, the same four states had the lowest completeness of CR and SIM death reporting: Maranhão (72% CR, 94% SIM), Amapá (76% CR, 93% SIM), Pará (81% CR, 96% SIM), and Roraima (87% CR, 95% SIM). Completeness reached 99.5% for CR in Sao Paulo and Distrito Federal and 99.9% for SIM in Sao Paulo. All states’ completeness can be seen in Table 1 (2016) and Supplementary Table 5, Additional file 3 (2015). Municipality-level completeness showed that, for each system, completeness was lowest in the north of Brazil (Fig. 2).
Table 1Completeness of death reporting (%) by source and method, Brazil and each state, 2016


	State
	CR
	SIM

	GLM
	Empirical model 1
	Empirical model 2
	GBD
	GLM
	Empirical model 1
	Empirical model 2
	GBD

	Brazil
	95.6
	95.0
	94.6
	97.1
	98.3
	96.4
	95.3
	99.8

	Rondônia
	98.4
	97.3
	94.9
	96.7
	97.7
	97.4
	95.0
	96.1

	Acre
	95.4
	90.2
	87.5
	98.9
	97.5
	90.2
	88.3
	101.1

	Amazonas
	89.1
	92.1
	90.0
	91.6
	96.9
	96.1
	92.0
	99.6

	Roraima
	86.7
	89.5
	86.0
	88.0
	95.0
	94.4
	88.8
	96.5

	Pará
	81.3
	88.1
	88.0
	82.8
	95.6
	96.2
	92.5
	97.3

	Amapá
	75.9
	82.8
	83.6
	81.2
	92.6
	95.0
	88.9
	99.0

	Tocantins
	90.8
	90.5
	89.5
	89.4
	97.0
	92.9
	91.4
	95.6

	Maranhão
	71.5
	72.7
	78.8
	70.6
	93.7
	90.7
	88.8
	92.6

	Piauí
	87.8
	84.4
	88.4
	87.9
	98.3
	94.2
	92.0
	98.3

	Ceará
	92.6
	90.6
	91.8
	94.7
	96.4
	93.3
	93.0
	98.6

	Rio Grande do Norte
	89.1
	94.9
	94.8
	94.8
	95.8
	97.5
	96.0
	101.9

	Paraíba
	96.0
	96.7
	96.2
	100.6
	96.2
	97.3
	96.5
	100.9

	Pernambuco
	95.8
	94.7
	95.3
	96.9
	98.4
	96.6
	96.2
	99.5

	Alagoas
	91.6
	95.7
	95.5
	95.2
	95.8
	97.4
	96.2
	99.6

	Sergipe
	92.1
	92.4
	93.0
	92.7
	98.5
	95.8
	94.6
	99.2

	Bahia
	91.6
	91.4
	91.2
	89.9
	95.8
	94.6
	92.5
	94.1

	Minas Gerais
	98.3
	95.3
	94.5
	99.9
	98.5
	95.8
	94.9
	100.2

	Espírito Santo
	99.3
	95.6
	94.4
	101.4
	98.9
	96.0
	94.6
	101.1

	Rio de Janeiro
	98.3
	98.2
	97.2
	100.5
	99.5
	98.3
	97.5
	101.7

	São Paulo
	99.5
	97.3
	96.3
	100.8
	99.9
	97.4
	96.5
	101.3

	Paraná
	98.8
	96.7
	95.8
	99.9
	99.5
	96.9
	96.1
	100.5

	Santa Catarina
	97.5
	90.8
	92.6
	99.6
	98.4
	91.7
	93.2
	100.5

	Rio Grande do Sul
	99.4
	98.5
	98.3
	101.3
	99.3
	98.5
	98.4
	101.2

	Mato Grosso do Sul
	97.3
	98.1
	94.2
	101.5
	98.3
	98.4
	94.7
	102.6

	Mato Grosso
	90.5
	95.5
	92.4
	93.3
	98.0
	97.8
	94.2
	101.0

	Goiás
	96.2
	95.4
	94.9
	97.1
	98.8
	96.4
	95.5
	99.7

	Distrito Federal
	99.5
	93.2
	90.0
	99.2
	99.4
	93.2
	90.4
	99.1

	Root mean squared difference with GLM
	-
	2.8
	3.2
	2.1
	-
	2.4
	3.8
	2.3



[image: ../images/12963_2020_223_Fig2_HTML.png]
Fig. 2Estimate of completeness using GLM by municipality, SIM and CR, Brazil, 2016


Nationally, for each source, the empirical method model 1 and GBD completeness estimates were each within two percentage points of the GLM estimates (Table 1). Across the states, the root mean squared difference (RMSD) of CR completeness for empirical method model 1 and GBD compared with the GLM estimates was low for each method in 2016, with the GBD being slightly lower (2.1 percentage points for GBD, 2.8 for empirical method model 1, 3.2 for empirical method model 2). However, in 2015, the empirical method model 1 RMSD was slightly lower for SIM completeness while the GBD RMSD was marginally lower for CR completeness (Supplementary Table 5, Additional file 3). A notable finding was that GBD estimated completeness of SIM reporting exceeded 100% for 12 states in 2016.
The GLM allows estimation of completeness for other population sub-groups (Fig. 3). The completeness of SIM death reporting was consistently high across all sub-groups, varying little by sex, cause of death and age. It was lowest for deaths in households, municipalities in the lowest two education deciles, and municipalities in the lowest population density decile, where it still was above 93% in 2016. In contrast, completeness of CR death reporting was particularly low for deaths at younger ages, being less than 90% at ages less than 5 years, deaths outside facilities, and the lowest deciles of municipality education and population density. Completeness estimates were made for every population sub-group included in the GLM (Supplementary Table 6, Additional file 3).
[image: ../images/12963_2020_223_Fig3_HTML.png]
Fig. 3Completeness of death reporting (%) by source using GLM, by selected population sub-groups, 2016


The consistently high completeness of SIM death reporting is demonstrated by 93% of municipalities with completeness of SIM death reporting of over 90%, compared with 78% of municipalities for completeness of CR death reporting (Fig. 4). SIM completeness was at least 99% in 48% of municipalities and CR completeness at least 99% in 36% of municipalities. Completeness of less than 80% was rare for each data source, particularly for SIM where it was found in only 2% of municipalities compared with 10% for CR.
[image: ../images/12963_2020_223_Fig4_HTML.png]
Fig. 4Percentage distribution of municipalities by completeness of death reporting (%) and source using GLM, 2016 here


A valuable application of the GLM method is to estimate the characteristics of the deaths not reported by either system. Of those deaths estimated to be unreported, about two-thirds were in the states of Pará, Maranhão, and Bahia, about half were in municipalities in the two lowest population density deciles and about two-thirds were in municipalities in the two lowest education deciles (Table 2). The percentage of missing and reported deaths that are in each category are presented (Supplementary Table 7, Additional file 3).
Table 2Estimated deaths not captured using GLM, by selected population sub-groups, Brazil, 2015 and 2016


	Category
	2015
	2016

	Estimated deaths
	%
	Estimated deaths
	%

	Total deaths not captured by either system
	2705
	100
	1929
	100

	State—Pará
	413
	15.3
	304
	15.8

	State—Maranhão
	694
	25.7
	530
	27.5

	State—Bahia
	385
	14.2
	304
	15.9

	Age—85+
	606
	22.4
	445
	23.1

	Place of death—hospital
	896
	33.1
	622
	32.2

	Place of death–household
	1336
	49.4
	984
	51.0

	Cause of death—natural death
	2384
	88.1
	1702
	88.2

	Municipality—1st decile of population density
	870
	32.2
	644
	33.4

	Municipality—2nd decile of population density
	573
	21.2
	411
	21.3

	Municipality—1st decile of education level
	1032
	38.2
	767
	39.8

	Municipality—2nd decile of education level
	746
	27.6
	518
	26.9




As mentioned, the design of the two systems suggest they may have some dependence. However, evidence from the GLM suggests this is not the case. The GLM estimates of completeness were only within 0.1% of the C-D estimates (which assumes complete independence), therefore the latter is not significantly biased and hence suggests very little dependence between the CR and SIM databases. Figure 5 shows completeness of the two sources does not show a clear relationship in either year; the r2 was only 0.13 in 2015 and 0.09 in 2016. If there was strong dependence between sources—i.e., the likelihood of a death being in one source was influenced by the likelihood of it being in another source—then a much closer municipality-level relationship in completeness would be expected.
[image: ../images/12963_2020_223_Fig5_HTML.png]
Fig. 5Municipality completeness of death reporting (%) using GLM, CR by SIM, Brazil, 2015 and 2016


The deaths estimated by the GLM method were used to calculate key mortality indicators (Table 3). Life expectancy of females (79.4 years) was 7.5 years higher than for males (71.9), while female adult mortality (91) was less than half that of males (190). Life expectancy at birth was lowest and male adult mortality highest in the northeast states of Alagoas, Pernambuco, and Sergipe, while female adult mortality was also high in Rio de Janeiro (Supplementary Table 8, Additional file 3).
Table 3Mortality indicators calculated using GLM, by sex, Brazil, 2016


	Mortality indicators
	Both
	Males
	Females

	Life expectancy at birth
	75.7
	71.9
	79.4

	Adult mortality rate (45q15), per 1000
	141
	190
	91




Discussion
Application of GLM to linked SIM and CR death records in Brazil confirm a high and increasing level of death reporting completeness for each system. The completeness of the SIM reporting system in 2016 was 98% and CR was 96%; combined, the two sources account for all but 2000 of the estimated 1.33 million annual deaths in Brazil. Although there is some dependence between the systems, as demonstrated by their design and that 94% of estimated deaths are captured by both systems, the similarity in estimated total deaths between the C-D method and GLM, as well as the lack of correlation between municipal estimates of completeness of CR and SIM, shows that any bias from dependency is minimal. The estimated deaths according to GLM shows that, in 2016, female life expectancy (79.4 years) was substantially higher than for males (71.9 years), and male adult mortality (190 per 1000) was double that of females (91 per 1000).
The GLM results concord quite closely with those of the empirical method and the GBD. State-level completeness estimates of the empirical method and GBD were each within 2–3 percentage points of the GLM, although the GBD estimates exceeded 100% for some states. For the empirical completeness method, which relies on relatively few data inputs, the results confirm its validity and demonstrate that it can be used with confidence across a range of settings. The state-based estimates provided are an improvement on past estimates that have relied on death distribution methods which, among other limitations, assume little migration between subnational areas and only measure completeness for intercensal periods, which the most recent for Brazil is 2000 to 2010.
The strength of the SIM reporting system is that it has high completeness across almost all population sub-groups, whether by age group, state, or municipality-level education or population density. The only relatively low completeness for SIM (i.e., less than 95%) is found for deaths at home and in lower education and population density municipalities, which is to be expected given these deaths are least likely to be attended by a doctor. The CR reporting system is least likely to register deaths of infants and children, those occurring outside facilities, and in occurring the lowest education and more remote municipalities. Low reporting of younger deaths may be because the births were not registered or because there is no imperative to register these deaths for the purposes of inheritance or life insurance. The poorer completeness in more remote municipalities may reflect the greater distance from registration offices in those locations and possibly lower awareness of the requirement to register deaths. The states where CR is estimated to have the lowest completeness—Maranhao, Piaui, Amapa—are located in the north of the country. In other states comprising more remote riverside populations, such as Amazonas, completeness is not substantially lower than the national level; Fig. 2 does show that some municipalities in Amazonas have low completeness, but such remote populations are a relatively small proportion of the state’s total population.
The findings are particularly useful in that they allow targeting of the missing deaths within population sub-groups, with the majority occurring in the states of Pará, Maranhão, and Bahia, and municipalities with the lowest education levels and those that have low population density. Such a targeted approach can help Brazil attain 100% completeness. In the past, proactive search of deaths from various sources such as community health agents, registry offices, official and non-official cemeteries, and funeral homes has been conducted in municipalities where completeness is particularly low; a 2008 study found that 28% of non-reported deaths were found in sources such as non-official cemeteries [25].
The GLM approach has many advantages over other methods to estimate completeness, such as providing a reliable estimate of completeness because it controls for factors that contribute to dependency between sources, a potential issue when estimating completeness using capture-recapture methods. It also allows for estimation of completeness and the number of missing deaths according to the categories of the covariates in the model. This information is vital to understanding the operation of the system according to socio-economic, geographic, and system (e.g., place and cause of death) factors, as well as to inform targeting of strategies to report missing deaths and to attain full completeness. Various Latin American countries that have multiple incomplete routine sources of mortality data, including Peru, Paraguay, and Honduras, could use the GLM approach to estimate completeness and total deaths. For example, in Peru, death reporting from Ministry of Health and the National Registry of Identification and Civil Status (RENIEC), as well as other mortality sources (e.g., army hospitals), could be linked to facilitate an analysis similar to that presented here. This would be an valuable interim measure while the National Death Information System (SINADEF), which is integrating Ministry of Health and RENIEC data, only covers a portion of the county.
A potential limitation of the GLM used in this study is that data of other factors that are expected to predict completeness and contribute to source dependency were not included, such as individual socio-economic factors (e.g., education and income) and more detailed causes of death, and so completeness estimates could be biased. However, although the design of the two systems does suggest a degree of dependency, the significant lack of correlation in municipal estimates of completeness of SIM and CR is such that more granular information about decedents, much of which is already measured at the municipality level, is unlikely to reduce bias more than a small amount. Another limitation is that the estimated completeness for each category of the reported covariates does not provide direct information on why these deaths are not being reported (e.g., are families not reporting the death to civil registry office or is there “leakage” of deaths during reporting from the local to national level).
Furthermore, additional examination of the results revealed that, in some of the more remote and lower socio-economic municipalities, where a high proportion of missing deaths occur, estimated total deaths from the GLM was significantly lower (and hence completeness is higher) than that estimated by the C-D method. This could be due to the education decile of the municipality being an inferior measure of socio-economic status than individual or household education or income, which means that there are potentially more missing deaths than estimated. However, it could be that in such municipalities, there are data quality issues, especially related to DO number, age, or place of residence, which result in less deaths being linked than there should be and so the C-D method underestimates completeness. In these municipalities, the data quality of records to link the two systems should be closely investigated to identify if a less restrictive linkage criteria could be used and to improve estimates of the number of unreported deaths.
Conclusions
This study has demonstrated the significant utility of applying a GLM approach to estimate completeness of death records linked from two systems to provide evidence of the performance of each system and to identify the number of unreported deaths. Both IBGE and MoH are aiming to achieve 100% completeness, and both institutions are united in discussing how best to advance this goal through harmonization of the two systems. The methods used here can be applied to birth statistics, extending previous work [21]. An important use is the estimation of statistical correction factors generated by each of the institutions (MoH and IBGE), in order to present convergent values of the indicators calculated by both institutions. More generally, the GLM approach can be employed where there are two linked reporting systems, especially where there are a number of covariates. The study also shows that the empirical completeness method, which relies on relatively limited data inputs and is less complex to implement than the GBD methods, is accurate compared when its results are with the GLM estimates and so provides confidence in its application across a wide range of settings.
Supplementary information
Supplementary information accompanies this paper at https://​doi.​org/​10.​1186/​s12963-020-00223-2.
Acknowledgements
The authors thank Adauto Soares Martins Filho of the Ministry of Health for his assistance and suggestions.

Authors’ contributions
LFLC and MdMSM contributed to the study design, conducted the data analysis and validation, drafted the manuscript, and contributed to the final version of the manuscript. DdLR contributed to the study design, edited the manuscript, and contributed to the final version of the manuscript. TA contributed to the analytical framework, drafted the manuscript, and contributed to the final version of the manuscript. ATRdO and JEdOT conduced the record linkage. MdFM contributed to the study design, edited the manuscript, and contributed to the final version of the manuscript. All authors approved the final manuscript.

Funding
This study was funded under an award from Bloomberg Philanthropies to the University of Melbourne to support the Data for Health Initiative. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Availability of data and materials
The number of deaths by residence state of deceased reported in CR, SIM, or both sources is shown in Additional file 4. More detailed data on linked individual deaths cannot be provided because of confidentiality policies of Ministry of Health, Brazil, and the Brazil Institute of Geography and Statistics.

Ethics approval and consent to participate
All data used were routine mortality data collected by the Ministry of Health, Brazil, and the Brazil Institute of Geography and Statistics. Data were linked and analyzed only by employees of Ministry of Health, Brazil, and the Brazil Institute of Geography and Statistics.

Consent for publication
Not applicable.

Competing interests
The authors declare they have no competing interests.


References
	1.
AbouZahr C, de Savigny D, Mikkelsen L, Setel PW, Lozano R, Nichols E, Notzon F, Lopez AD. Civil registration and vital statistics: progress in the data revolution for counting and accountability. Lancet. 2015;386:1373–85.Crossref

	2.
de Azevedo Barros MB, Lima MG, Medina LP, Szwarcwald CL, Malta DC. Social inequalities in health behaviors among Brazilian adults: National Health Survey, 2013. Int J Equity Health. 2016;15:148.Crossref

	3.
Malta DC, Bernal RT, de Souza MF, Szwarcwald CL, Lima MG, Barros MB. Social inequalities in the prevalence of self-reported chronic non-communicable diseases in Brazil: national health survey 2013. Int J Equity Health. 2016;15:153.Crossref

	4.
Szwarcwald CL, Souza Junior PR, Marques AP, Almeida WD, Montilla DE. Inequalities in healthy life expectancy by Brazilian geographic regions: findings from the National Health Survey, 2013. Int J Equity Health. 2016;15:141.Crossref

	5.
Costa LL, Trindade JD, Oliveira AR. Pareamento de dados das Estatísticas do Registro Civil e das Estatísticas Vitais (Sistema de Informações sobre Nascidos Vivos e Mortalidade). In: Sistemas de estatísticas vitais no Brasil : avanços, perspectivas e desafios; 2018.

	6.
Ministry of Health Brazil: Estatísticas Vitais, Informações de Saúde (TABNET). (Brazil MoH ed. Brasilia: Ministry of Health Brazil; 2017.

	7.
Trindade JD, Costa LL, Oliveira AR. Aplicação do Método Captura Recaptura aos dados de Estatísticas Vitais: estudo empírico. In: Sistemas de estatísticas vitais no Brasil : avanços, perspectivas e desafios; 2018.

	8.
Baillargeon S, Rivest LP. Rcapture: Loglinear models for capture-recapture in R. J Stat Softw. 2007;19.

	9.
Gonzaga MR, Schmertmann CP. Estimating age- and sex-specific mortality rates for small areas with TOPALS regression: an application to Brazil in 2010. Rev Bras Estud Popul. 2016:33.

	10.
Schmertmann CP, Gonzaga MR. Bayesian estimation of age-specific mortality and life expectancy for small areas with defective vital records. Demography. 2018;55:1363–88.Crossref

	11.
Queiroz BFF, Gonzaga M, Lima E. Completeness of death-count coverage and adult mortality (45q15) for Brazilian states from 1980 to 2010. Revista Brasileira de Epidemiologia (Brazilian J Epidemiol). 2017;20(Suppl. 1):21–33.Crossref

	12.
Adair T, Lopez AD. Estimating the completeness of death registration: an empirical method. PLoS One. 2018;13:e0197047.Crossref

	13.
Murray CJ, Rajaratnam JK, Marcus J, Laakso T, Lopez AD. What can we conclude from death registration? Improved methods for evaluating completeness. PLoS Med. 2010;7:e1000262.Crossref

	14.
Chandrasekar C, Deming W. On a method of estimating birth and death rates and the extent of registration. J Am Stat Assoc. 1949;44:101–15.Crossref

	15.
Global Burden of Disease Collaborative Network: Global Burden of Disease Study 2017 (GBD 2017) Results. Seattle; 2018.

	16.
Brazilian Institute of Geography and Statistics (IBGE). In: IBGE, editor. Estatísticas do Registro Civil 2015. Rio de Janeiro: IBGE; 2016.

	17.
Brazilian Institute of Geography and Statistics (IBGE). In: IBGE, editor. Estatísticas do Registro Civil, 2016. Rio de Janeiro: IBGE; 2017.

	18.
Brazilian Institute of Geography and Statistics (IBGE). In: IBGE, editor. Censo Demográfico 2010. Rio de Janeiro: IBGE; 2011.

	19.
Huggins RM. On the statistical-analysis of capture experiments. Biometrika. 1989;76:133–40.Crossref

	20.
Huggins RM. Some practical aspects of a conditional likelihood approach to capture experiments. Biometrics. 1991;47:725–32.Crossref

	21.
Schmid B, da Silva NN. Estimation of live birth underreporting with a capture-recapture method, Sergipe, Northeastern Brazil. Revista De Saude Publica. 2011;45.

	22.
Akaike H. A new look at the statistical model identification. IEEE Trans Autom Control. 1974:716–23.

	23.
Brazilian Institute of Geography and Statistics (IBGE): Projeções da população : Brasil e unidades da federação : revisão 2018. Coordenação de População e Indicadores Sociais, IBGE; 2018.

	24.
GBD. Mortality Collaborators: Global, regional, and national age-sex-specific mortality and life expectancy, 1950–2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet. 2017;2018(392):1684–735.

	25.
Szwarcwald CL, de Frias PG, Junior PR, da Silva de Almeida W, Neto OL. Correction of vital statistics based on a proactive search of deaths and live births: evidence from a study of the North and Northeast regions of Brazil. Popul Health Metrics. 2014;12:16.Crossref



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Footnotes
1The SIM data also included characteristics of the individual, such as race, education level, and occupation, as well as the underlying cause of death according to the International Classification of Diseases Version 10 (ICD-10), but these were not available in the CR data and so could not be used. Where there were linked deaths with inconsistent data for the variables, the information reported in the SIM was used because it had less cases of “ignored” answers in each variable.
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