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Pretendemos com esta tese compreender o papel dos modelos de variáveis latentes 

para desenvolver e melhorar instrumentos de medição em saúde. Neste contexto, 

foram desenhados 3 estudos principais: 

 

 

I. Severo M, Gaio R, Lucas R, Barros H. Assessment of the general public's 

knowledge about rheumatic diseases: evidence from a Portuguese population-

based survey. BMC Musculoskelet Disord. 2010;11(1):211. 

 

Este estudo teve como objetivo identificar as crenças e os conhecimentos sobre 

doenças reumáticas numa amostra da população geral e identificar grupos alvo para 

educação para a saúde, através da aplicação de modelos de variáveis latentes 

 

Participantes foram selecionados durante o seguimento de uma coorte representativa 

da população adulta do Porto, Portugal; 1626 participantes completaram um 

questionário que incluíam itens sobre conhecimentos gerais de doenças reumáticas. 

Modelos de variáveis latentes discretas e contínuas foram usadas para identificar 

falhas nos conhecimentos e grupos alvo. 

 

O modelo de variáveis latentes contínuas identificou 2 dimensões: um relacionado com 

crenças (latente 1) e outro relacionado com características, tratamento e impacto das 

doenças reumáticas (latente 2). O modelo de variáveis latentes com 3 classes refinou 

estes resultados: A primeira classe apresentava baixa probabilidade de acertar aos 

itens associados com a primeira latente (média de 39%), a segunda classe apresentou 

baixa probabilidade de acertar aos itens da segunda dimensão (média de 62%). A 

terceira classe apresentou uma probabilidade alta de acertar todos os itens (média de 

79%). 

 

II. Severo M, Gaio R, Lourenco P, Alvelos M, Bettencour t P, Azevedo A. Indirect 

calibration between clinical observers - application to the New York Heart 

Association functional classification system. BMC Res Notes. 2011;4:276. 

 

Este estudo teve por objetivo calibrar o sistema de classificação NYHA entre diferentes 

observadores, aspirando aumentar a sua fiabilidade. 
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Os 265 indivíduos, de um total de 1136 adultos residentes no Porto, Portugal, com 

idade ≥ 45 anos, que reportaram falta de ar responderam a um questionário com 4 

itens para caracterizar a gravidade dos sintomas. O questionário foi aplicado por 7 

médicos, que também classificaram a capacidade funcional do indivíduo de acordo 

com a NYHA. Cada sujeito foi avaliado por um médico. A classificação NYHA pelo foi 

calibrada com o método concorrente, usando um modelo de traço latente de 1-

parâmetro. Discrepâncias entre os observadores foram avaliadas por diferenças nos 

pontos de corte entre as classes NYHA I-II e II-III no nível da variável de traço latente. 

A variável de traço latente estimada pelo modelo foi utilizada para prever a 

classificação NYHA para cada observador. 

 

O nível da variável de traço latente para o primeiro e segundo ponto de corte variou 

para cada observador de -1,92 a 0,46 e 1,42-2,30, respetivamente. A concordância 

entre a variável de traço latente estimada e classificação dos observadores NYHA foi 

de 88% (kappa = 0,61). 

 

 

a. Severo M, Gaio AR, Azevedo A. Calibration: effect on the misclassification 

of NYHA. (Submetido) 

 

Este estudo tem como objetivo mostrar que a calibração do sistema de classificação 

da NYHA entre diferentes observadores aumenta a sua validade, reduzindo a má 

classificação. 

 

Os 265 indivíduos, de um total de 1136 adultos residentes no Porto, Portugal, com 

idade ≥ 45 anos, que reportaram falta de ar responderam a um questionário com 4 

itens para caracterizar a gravidade dos sintomas. O questionário foi aplicado por 7 

médicos, que também classificaram a capacidade funcional do indivíduo de acordo 

com a NYHA. Cada sujeito foi avaliado por um médico. A classificação NYHA foi 

calibrada com o método concorrente, usando um modelo de traço latente de 1-

parâmetro. 

Comparamos a área sob a curva ROC (AUC) e o valor preditivo da versão calibrada 

com a versão não calibrada do NYHA para prever a presença de uma série de 

medidas objetivas do ecocardiograma da função cardíaca.  

 

A AUC mostrou um aumento da capacidade preditiva do NYHA após a calibração, em 

grande medida pelo aumento da razão de verosimilhança do NYHA I. 
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III.  Severo M, Gaio AR, Lourenço P,  Alvelos M, Gonçalve s A, Lunet N, 

Bettencourt P, Azevedo A. Diagnostic value of patterns of symptoms and signs of 

heart failure: application of latent class analysis with concomitant variables.  

(Submetido). 

 

O propósito dos autores foi identificar padrões de sintomas e sinais baseado em dados 

recolhidos na prática clinica de rotina, e avaliar o seu valor de diagnóstico, tendo em 

conta a probabilidade a priori de IC. 

 

Baseados num estudo transversal foram avaliados mil e cento e quinze participantes 

da comunidade com idade≥45 do Porto, Portugal, em 2006-2008. Foram identificados 

padrões utilizando a análise de classes latentes, usando variáveis concomitantes para 

prever a classe a que cada participante pertence. Os padrões usaram 11 sintomas e 

sinais, abrangendo sobrecarga de volume e hipoperfusão. Sexo, idade, educação, 

obesidade, diabetes e história de enfarte do miocárdio ou IC foram incluídos como 

variáveis concomitantes. 

 

A solução com 3 padrões foi suportada pelo critério de informação Bayesiano: 10,1% 

dos participantes apresentavam um padrão com sintomas de falta de ar e sobrecarga 

de volume (padrão 1), 27,8% apresentavam um padrão caracterizado principalmente 

por sobrecarga de volume (padrão 2) e 62,1% eram essencialmente assintomáticos 

(padrão 3); o melhor ajuste do modelo verificou-se quando incluímos as variáveis 

concomitantes. A razão de verosimilhanças para os padrões 1, 2 e 3 para a disfunção 

sistólica do ventrículo esquerdo foi 3,4, 1,1 e 0,6, e para a disfunção diastólica do 

ventrículo esquerdo foi 3,5, 1,4 e 0,5, respetivamente.  

 

a. Severo M, Pereira M, Bettencourt P, Gaio R, Azevedo  A. B-Type 

Natriuretic Peptide Measured in Serum – Calibration Using Plasma Samples 

for Research Purposes. Clinical Laboratory. 2011;11 

 

Este estudo teve como objetivo avaliar a precisão das medições de BNP em soro 

usando um ensaio imunofluorométrico para prever as concentrações de BNP em 

plasma e classificar os indivíduos de acordo com os pontos de corte habituais. 

 

Foram incluídos 27 indivíduos com idade mínima de 45 anos, participantes de um 

estudo de coorte Português. Amostras de sangue foram recolhidas em tubos de 
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plástico de sangue total, contendo um ácido etilenodiaminotetracético para obter 

plasma ou ativador de coágulo para obter soro. O logaritmo natural de soro BNP foi 

calibrado com o logaritmo natural de plasma BNP usando uma equação de regressão 

linear. 

 

Os parâmetros de regressão estimados foram 0,58 (IC 95%: 0,23-0,93) para β0 e 1,01 

(IC 95%: 0,90-1,11) para β1. A concordância absoluta entre o plasma BNP e que 

previstos pela equação de acordo com os pontos de corte 30 e 100 pg/mL foram 

96,3% (kappa = 0,92) e 96,3% (kappa = 0,91), respetivamente. 

 

 
b. Severo M, Lopes C, Lucas R, Barros H. Development of a tool for the 

assessment of calcium and vitamin D intakes in clinical settings. Osteoporos 

Int. 2009;20(2):231-7. 

 

Este estudo teve como objetivo o desenvolvimento de uma ferramenta para medir 

o consumo alimentar de cálcio e de vitamina D em Portugal, e aferir a utilidade de 

variáveis não alimentares. 

 

Entrevistadores treinados recolheram informação de 2414 adultos da cidade do 

Porto, Portugal, através de um questionário de frequência alimentar (QFA) 

semiestruturado. Foram selecionados para ferramenta os alimentos com maior 

contribuição para o consumo e as variáveis não alimentares (sexo, idade, e índice 

de massa corporal (IMC)). Diferentes aproximações estatísticas foram usadas para 

prever o consumo. O gráfico de Bland-Altman foi usado para comparar as 

previsões da ferramenta com os resultados do QFA. 

 

Os itens selecionados para prever o consumo de cálcio foram o leite (38%), o 

queijo (12%), o iogurte (10%) e o sexo; para a vitamina D, o peixe gordo (39%), 

enlatado (9%) e magro (7%), os ovos (5%), a carne vermelha (5%), a idade e o 

IMC. O gráfico de Bland–Altman mostrou que a média das diferenças foi de 0,0 

(limites de concordância= [-220.67; 220.77]) mg/dia e 0,0 (limites de concordância 

= [-1.03; 1.05])µg/dia, respetivamente para o cálcio e vitamina D. 

 

c. Severo M, Gaio AR . A simple tool to match a concomitant variable latent 

class model classification (submetido) 
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O propósito deste estudo é replicar a classificação obtida pela análise de classes 

latentes (LCA) com variáveis concomitantes usando ferramentas simples de 

estatística. 

 

Baseados num estudo transversal foram avaliados mil e cento e quinze participantes 

da comunidade com idade≥45 do Porto, Portugal, em2006-2008. Foram identificados 

padrões utilizando a análise de classes latentes, usando variáveis concomitantes para 

prever a classe a que cada participante pertence. Os padrões usaram 11 sintomas e 

sinais, abrangendo sobrecarga de volume e hipoperfusão. Sexo, idade, educação, 

obesidade, diabetes e história de enfarte do miocárdio ou insuficiência cardíaca (IC) 

foram incluídos como variáveis concomitantes. Análise de classes latentes identificou 

3 classes com diferentes perfis clínicos, que chama-mos “padrão de IC sintomático”, 

“padrão de sobrecarga de volume” e “padrão assintomático”. 

 

Definimos pontuação total como o número de sintomas e sinais observados, e a 

pontuação concomitante como o número esperado de sintomas e sinais previstos 

através de uma regressão binomial negativa realizada sobre pontuação total e usando 

as variáveis concomitantes. Cada pontuação concomitante foi estimada através do 

sistema de pontos ou uma régua circular baseada na informação das variáveis 

concomitantes. 

 

A árvore de classificação com a pontuação total e concomitante foi usada para prever 

classificação dos indivíduos previstos pela análise de classes latentes. A concordância 

absoluta entre as classes previstas e originais foi de 89,7% (intervalo de confiança de 

bootstrap 95% (B95%CI) =(88,0; 91,6)) e o respetivo Kappa foi de 0,802 (B95% CI = 

(0,781; 0,850)). 
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As principais conclusões da investigação são as seguintes: 

 

1. O uso de modelos latentes aplicados a estas escalas específicas permitiu a 

identificação de diferentes dimensões e de grupos-alvo relevantes na 

população geral. 

 

2. Os pontos de corte da classificação da NYHA entre observadores foram 

bastantes discrepantes e a calibração concorrente através dos modelos de 

traço latente pode ser usada para calibrar o grande número de observadores 

na mesma escala, contribuindo para minimizar o problema de fiabilidade da 

classificação da NYHA. Este tipo de aproximação pode ser útil para minimizar a 

variabilidade em outras classificações baseadas nas perceções de doentes 

e/ou médicos. 

 
a. A metodologia de calibração pode ser útil para melhorar a validade da 

classificação do NYHA na prática clínica e em contexto de investigação, 

contribuindo para minimizar a má classificação nesta escala. 

 

 
3. O uso de variáveis concomitantes pode melhorar o valor de diagnóstico dos 

padrões de sintomas e sinais e, consequentemente, aumentar a utilidade dos 

sintomas e sinais tanto para o diagnóstico como em medidas de resposta. 

 

a. As amostras de soro não podem ser usadas para estimar os valores 

absolutos de concentração de plasma, mas os valores de BNP medidos 

em soro e calibrados podem ser usados para classificar de forma 

correta os indivíduos tendo em conta os pontos de corte habituais. 

 

b. As equações estimadas pelo melhor modelo de previsão de consumo 

alimentar de cálcio e de vitamina D permitiram desenvolver um software 

e uma régua circular útil no contexto clínico. 

 

c. Uma ferramenta simples para o diagnóstico de insuficiência cardíaca foi 

desenvolvida que permitirá a utilização no contexto clínico dos cuidados 

primários onde em geral não existem disponíveis de imediato medidas 

objetivas de função e de estrutura cardíaca.  
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This thesis aimed to understand the role of latent models in the improvement and 

development of health outcomes measurement. In this context, three main research 

questions were addressed: 

 

 

I. Severo M, Gaio R, Lucas R, Barros H. Assessment of the general public's 

knowledge about rheumatic diseases: evidence from a Portuguese population-

based survey. BMC Musculoskelet Disord. 2010;11(1):211. 

 

This study aimed to identify the incorrect beliefs and common knowledge about 

rheumatic diseases in a sample of the general population and to identify target groups 

for health education – application of latent models. 

 

Participants were selected during the follow-up of a representative cohort of adult 

population of Porto, Portugal; 1626 participants completed a questionnaire that 

included general knowledge items about rheumatic diseases. 

Discrete and continuous latent variable models were used to identify knowledge flaws 

and the target groups. 

 

A continuous latent variable model identified two dimensions: one related to general 

beliefs (latent 1) and another concerning characteristics, treatment and impact of 

rheumatic diseases (latent 2). A 3-class latent variable model refined these results: the 

first class presented the lowest probabilities of correct answer for items associated with 

the first latent (mean of 39%), and the second class presented the lowest probabilities 

of correct answer for items with the second latent (mean of 62%). The third class 

showed the highest probability of a correct answer for almost all the items (mean of 

79%).  

 

 

II. Severo M, Gaio R, Lourenco P, Alvelos M, Bettencour t P, Azevedo A. Indirect 

calibration between clinical observers - application to the New York Heart 

Association functional classification system. BMC Res Notes. 2011;4:276. 

 

This study aimed to calibrate the NYHA classification system between different 

observers, aspiring to increase its reliability. 
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Among 1136 community-dwellers in Porto, Portugal, aged ≥45 years, 265 reporting 

breathlessness answered a 4-item questionnaire to characterize symptom severity. 

The questionnaire was administered by 7 physicians who also classified the subject’s 

functional capacity according to NYHA. Each subject was assessed by one physician. 

We calibrated NYHA classifications by the concurrent method, using 1-parameter latent 

trait model. Discrepancies between observers were assessed by differences in ability 

thresholds between NYHA classes I-II and II-III. The ability (standard normal variable) 

estimated by the model was used to predict the NYHA classification for each observer. 

 

Estimates of the first and second thresholds for each observer ranged from -1.92 to 

0.46 and from 1.42 to 2.30 standard deviations of ability, respectively. The agreement 

between estimated ability and the observers’ NYHA classification was 88% 

(kappa=0.61). 

 

a. Severo M, Gaio AR Azevedo A. Calibration: effect on the misclassification 

of NYHA. (Submitted) 

 

Previous studies showed an inter-observer agreement for the NYHA classification of 

approximately 55%. Thus, the calibration of the NYHA classification system between 

different observers is expected to increase its validity, reducing misclassification. 

 

At the standardized clinical interview subjects who reported to have breathlessness 

(n=265) were presented to a 4-item questionnaire on functional capacity to 

characterize the severity of symptoms. The questionnaire was administered by 7 

physicians who also classified the subject’s functional capacity according to NYHA. 

Each subject was assessed by one physician. Calibration of NYHA classification 

across each set of individuals assessed by each physician was performed by the 

concurrent method using the four patient items as anchor items. We estimated the area 

under the ROC curve (AUC) and likelihood ratio using the calibrated and non-calibrated 

NYHA class I versus II-III to predict the presence of a series of objective structural of 

functional cardiac abnormalities as assessed by echocardiography at rest.  

 

The area under the ROC curve (AUC) for NYHA class to predict the outcomes 

considered showed an overall improvement in discrimination of NYHA class after its 

calibration, largely at the expense of the likelihood ratio of NYHA I. 
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III. Severo M, Gaio AR, Lourenço P,  Alvelos M, Gonçalve s A, Lunet N, 

Bettencourt P, Azevedo A. Diagnostic value of patterns of symptoms and signs of 

heart failure: application of latent class analysis with concomitant variables. 

Submitted. 

 

The authors aimed to identify patterns of symptoms and signs, based on findings 

routinely collected in current clinical practice, and to evaluate their diagnostic value, 

taking into account the a priori likelihood of HF. 

  

Based on the cross-sectional evaluation of 1115 community participants aged ≥45 

years from Porto, Portugal, in 2006-2008, patterns were identified by latent class 

analysis, using concomitant variables to predict class membership. Patterns used 

eleven symptoms/signs, covering dimensions of congestion and hypoperfusion. Sex, 

age, education, obesity, diabetes and history of myocardial infarction or HF were 

included as concomitants.  

 

Bayesian information criteria supported a solution with three patterns: 10.1% of 

participants followed a pattern with symptoms of troubled breathing and signs of 

congestion (pattern 1), 27.8% a pattern characterized mainly by signs of congestion 

(pattern 2) and 62.1% were essentially asymptomatic (pattern 3); model fit was best 

when including concomitant variables. The likelihood ratio of patterns 1, 2 and 3 for left 

ventricular systolic dysfunction was 3.4, 1.1 and 0.6, and for left ventricular diastolic 

dysfunction 3.5, 1.4 and 0.5, respectively. 

 

a. Severo M, Pereira M, Bettencourt P, Gaio R, Azevedo  A. B-Type 

Natriuretic Peptide Measured in Serum – Calibration Using Plasma Samples 

for Research Purposes. Clinical Laboratory. 2011;11 

 

This study aimed to evaluate the accuracy of BNP measurements in serum 

samples using this commercially available immunofluorometric assay to predict 

the BNP plasma concentration and to classify the individuals using the usual 

cut-off points. 

 

We enrolled 27 subjects aged at least 45 years, participating in a Portuguese 

cohort study. Blood samples were collected in plastic whole blood tubes, 

containing either ethylenediaminetetraacetic acid to obtain plasma or clot 
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activator to obtain serum. The natural logarithm of serum BNP was calibrated 

with the natural logarithm of plasma BNP using a linear equation. 

 

The estimated regression parameters were 0.58 (95 % CI: 0.23 - 0.93) for β0 

and 1.01 (95 % CI: 0.90 - 1.11) for β1. The absolute agreement between 

plasma BNP and that predicted by the equation according to the cut-off points 

30 and 100 pg/mL were 96.3% (kappa = 0.92) and 96.3% (kappa = 0.91), 

respectively. 

 

b. Severo M, Lopes C, Lucas R, Barros H. Development of a tool for the 

assessment of calcium and vitamin D intakes in clinical settings. Osteoporos 

Int. 2009;20(2):231-7. 

 

The study aim was to develop a tool to assess the dietary calcium and vitamin 

D intakes in Portugal, and evaluate the usefulness of non-dietary variables as 

predictors. 

 

Trained interviewers collected information of 2,414 adults of Porto, Portugal, 

using a structured questionnaire and a validated semi-quantitative food 

frequency questionnaire (FFQ). Food items with the highest contribution to the 

total intake and non-dietary predictors (gender, age and body mass index 

(BMI)) were selected for the tool. Different statistical approaches were used to 

predict the intake. A Bland–Altman plot compared the predictions from the tool 

and the full FFQ. 

 

The items selected to predict intake were milk (38%), cheese (12%), yogurt 

(10%) and gender for calcium and oily fish (39%), canned fish (9%), white fish 

(7%), eggs (5%), red meat (5%), age and BMI for vitamin D. The Bland–Altman 

plot showed that the mean differences were 0.0 (limits of agreement = [-220.67; 

220.77]) mg/day and 0.0 (limits of agreement = [-1.03; 1.05]) µg/day, 

respectively for calcium and vitamin D. 

 

c. Severo M, Gaio AR . A simple tool to match a concomitant variable latent 

class model classification (submitted) 

 
The purpose of this study is to mimic the classification obtained from LCA with 

concomitant variables using a chain of simpler statistical tools. 
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Data were obtained from a cross-sectional evaluation of 1115 community 

participants aged≥45 years-old from Porto, Portugal, in 2006-2008. Input variables 

consisted of eleven symptoms and signs of HF, covering congestion and 

hypoperfusion. Sex, age, education, diabetes, history of myocardial infarction or 

heart failure, and obesity were included as concomitant variables. Concomitant 

variable LCA identified 3 classes with different clinical profiles, which we named 

"symptomatic heart failure pattern", "congestion pattern" and "no symptoms and 

signs pattern". 

We define the total score to be the number of observed symptoms and signs, and 

the concomitant score to be the expected number of symptoms and signs predicted 

by a negative binomial regression performed on the total score and using the 

concomitant variables. Each concomitant score was then estimated using a point 

score system or circular ruler based on information of the concomitant variables 

readily obtained by the practitioner in the office. 

 

A classification tree with total and correspondent concomitant scores as predictors 

was used to predict membership of subjects in the LCA classes. The absolute 

agreement between the predicted and the original classes was 89.7% (bootstrap 

95% confidence interval (B95%CI) = (88.0, 91.6)) and the respective Kappa was 

0.802 (B95% CI = (0.781, 0.850)).    
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The main conclusions of the present investigation were the following: 

 

1. The use of latent models applied to these specific scales, were able to provide 

evidence for identification of different dimensions and to identify relevant target 

groups in the general population. 

 

2. The thresholds of the NYHA classification between observers were very 

discrepant and that concurrent calibration through latent trait models can be 

used to calibrate a large number of observers on the same scale. It provides a 

way to minimize the reliability problem of NYHA classification. This type of 

approach can be useful to minimize the inter-observer variability in other 

classifications based on patient’s and/or physicians’s perception. 

 
a. The calibration methodology can be useful to improve the validity of 

NYHA classification in clinical practice and research settings, by 

increasing the inter-observer reproducibility, and can be used to 

calibrate a large number of observers on the same scale. It provides a 

way to minimize the misclassification of NYHA classification. 

 

3. The use concomitant variables can improve the diagnostic value of the 

symptoms and signs patterns and, consequently, improve the usefulness of the 

symptoms and signs for diagnosis and as an outcome measures. 

 

a. Serum samples cannot be used to estimate absolute plasma 

concentrations, but serum BNP values and the calibration equation can 

be used to classify correctly the individuals with the usual cut-offs. 

 

b. The equations estimated by the best statistical model to predict the 

calcium and vitamin D intake allowed for the design of a software and a 

circular ruler useful in clinical settings. 

 

c. A simple diagnostic tool for general practitioners and internists was 

developed. It will enable them to diagnosis heart failure in primary care, 

where in general objective measures of cardiac structure and function 

are not available. 
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Every year, new health outcome measures arise in accordance with the most recent 

scientific developments. Researchers hope the obtained tools will be more reliable, 

valid, sensitive, and comprehensive than the existent ones, and that therefore will 

result in minimal response burden. In turn, this raises the need for more 

comprehensive and accurate evaluation of the psychometric properties of the existing 

health outcome measures.  

A new generation of health outcome tools is being developed based on the principles 

of latent modeling (1). Latent models express the association between input variables 

and underlying latent variables (2). Input variables are commonly denoted by items, as 

the items of a questionnaire, survey, examination test… latent variables are 

unobservable variables, not directly measurable, subjacent to the set of observable 

items.  

Latent models can be divided into two frameworks: latent trait models (LTM), which 

assume that the latent variables are metrical, and latent class models (LCM) which 

consider latent variables as categorical (3). Here, metrical means that the variable has 

realized values in the set of real numbers and may be discrete or continuous. 

Categorical variables assign individuals to one of a set of categories; they may be 

unordered or ordered.  

In the first situation, the latent variables are often called “abilities” or “traits” while in the 

second situation the categories of the variables are denoted by “classes”. 

In the past decades, the application of latent trait models in health research has 

increased considerably (4, 5). Examples of this type of analysis can be found in studies 

of cognitive ability (6), fatigue (7), feelings scale (8), physical functioning (9) or quality 

of life (1), for example.  

In general, LTM assume that a set of J traits is sufficient to “explain”, or account for, 

both individual performances on the set of items and the interrelationship within all 

pairs of items. If the set of traits does not exist, it means that the items are all 
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independent. Whenever J equals 1, i.e., the latent trait is 1-dimensional, the analysis is 

referred to as item response theory. The more general situation corresponding to J 

greater than 1 is referred to as multidimensional.  

An assumption of LTM is local independence of the items, that is, once the values of 

the traits are known, the items must be independent. Moreover, if the fitting of the 

model is good, then item parameters can be estimated independently of the particular 

sample of individuals that answered the questionnaire (within a linear transformation) 

(10). This property is known as item parameter invariance. In addition, an individual’s 

estimated trait is not dependent upon the particular sample of items chosen from the 

battery (10). This other property is known as ability parameter invariance. 

The above features show already that LTM offer more comprehensive and accurate 

evaluation of the psychometric properties of a given questionnaire over classical 

measurement techniques [7]. They also allow for an optimal shortening of the 

questionnaire, when necessary, and for the evaluation of the performance of the 

reduced measurement. Further, LTM provide an estimate of the reliability of a scale 

along the whole trait (information function) (11), instead of a single estimate of reliability 

as we have with Cronbach’s alpha, for instance, in the classical measurement theory. 

The information function provides a graphical representation of the precision of the 

measurement at each trait value for either an individual test item (item information 

function, IIF) or the entire test (test information function, TIF). The greater the 

information present at a given trait value, the more precise and/or reliable the 

measurement will be at that value (12). 

The information function is especially appealing with health outcomes, where it is 

important to maximize the reliability of a scale at the cut-score, and is very useful in 

constructing short forms or tailored assessments, ensuring that the selected subset of 

items provides an adequate reliability. 

Another important feature of LTM is that they have a ‘‘built-in’’ linking mechanism (8). 

Linking is a general term that can be used to refer to both equating and calibration. 
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LTM define a scale for the underlying latent variable and the items are calibrated with 

respect to that scale. The linking property of LTM means that, once the items are 

calibrated for a population (i.e., item parameters are known), comparable scores on a 

given construct may be calculated for respondents from that population who answered 

only a subset of the items, without intermediate equating steps. In applications where 

item parameters are a priori not known, the linking of two or more scales is still fairly 

straightforward provided both forms measure the same construct and there are some 

overlapping items on the forms. This means that LTM can be used to equate and 

calibrate a large number of items of different questionnaires; by doing so, we are able 

to better understand the structure and order of the domain-specific items to each other, 

as well as the interrelations among items across the ability continuum and to design 

computer based questionnaires (13) . 

Latent class models, also known as analysis of finite mixture models, assume that the 

latent variable is categorical. This framework brings several statistical advantages over 

standard classification approaches. Firstly, it allows problems such as the choice of the 

number of classes and of the classification method to be recast as statistical model 

choice problems. Secondly, LCM can be potentially improved through the use of 

concomitant variables, i.e., variables that influence the prevalence of classes, thus 

permitting the identification of more precise categories. Finally, for given values of the 

response and concomitant variables, posterior class membership probabilities for each 

individual are produced (14). Examples of health frameworks where latent class 

analysis was used include drug abuse/dependence (15), alcohol use (16), maternal 

depression (17) and dietary patterns (18). 

There is no obvious choice between LTM and LCM. In the context of disease diagnosis 

the view that dominates is the categorical one, because it meets clinical needs and 

allows reporting for health-care planners, while in LTM it is difficult to find natural cut 

points or thresholds for the traits, reducing its usefulness to provide a classification. 
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However, LCM ignore possible within-class heterogeneity such as individual 

differences in severity. 

In the following sections we are going to mathematically describe the latent models 

used in this thesis as well as its applications to health outcomes measurement. 

 

 

Latent Models 

 

Latent trait models 

 

Latent trait models are a class of latent models for which the latent variables are 

metrical. In applications to health, they are frequently used in questionnaires, scales, 

tests,… that have dichotomous or ordinal items.  

The most commonly used 1-dimensional LTM for these types of items are presented in 

table 1. Within this research project, only the 2-parameter logistic model and the 

graded response model will be used in applications. Therefore, we briefly describe 

these two methods throughout.  

 

Table 1. Description of several commonly used 1-dimensional LTM 

Model Item response  
types 

Model characteristics  

1-parameter logistic model Dichotomous Discrimination power constrained to be equal 
across items. Thresholds vary across items 

2-parameter logistic model Dichotomous Discrimination and thresholds vary across 
items 

3-parameter logistic model Dichotomous Includes pseudo-guessing parameter, 
besides unconstrained discrimination and 
threshold parameters 

Graded model Ordinal Discrimination and thresholds vary across 
items 

Nominal model Polytomous Discrimination and thresholds vary across 
items 

Partial credit model Polytomous Discrimination power constrained to be equal 
across items. Thresholds vary across items. 

Rating scale model Polytomous Discrimination power and item threshold 
steps constrained to be equal across items 
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Two-parameter logistic model 

 

Two-parameter logistic models for dichotomous responses, y, assume that the 1-

dimensional latent variable, z, is metrical and (standard) normally distributed, the 

distribution of each item conditional on the latent variable is binomial B(1, πj(z)), and the 

relationships between z and y can be described by an ogive-shaped function called an 

item characteristic curve (ICC),   
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where πj(z) = P(yj=1|z), i.e.,  the probability of correctly answering item j given the value 

of z, and βj0 and βj1 are the parameters of the model to be estimated. This model is 

similar to a logistic regression; here, however, independent variables are not 

observable. 

For item j, the parameter βj0 represents the ability value at which the probability of 

correctly answering the item is 0.5, and is called difficulty parameter. This parameter is 

expressed on the same scale as the trait. The parameter β1j is called discrimination 

parameter and represents the slope of ICC near the respective difficulty parameter, 

thus indicating how well an item discriminates individuals with trait value near the 

difficulty parameter; the higher the value of the discrimination parameter, the higher is 

its discrimination. 

The ICC can also be described by the following parameterization, which has the 

advantage to immediately allow for the extension of the model to more than one latent 

variable, 
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The interpretation of the discrimination parameter remains the same but the (new) 

difficulty parameter, '

0 j
β ,  has a different interpretation from above; it now represents 

the logit value of an individual at mean value of the trait. 

The absolute value of the discrimination parameter describes the relation strength 

between the correspondent item and the trait. An exact equivalence has been 

demonstrated between the discrimination parameters of the LTM model and the 

standardized factor loadings, i.e., correlation coefficient between the latent variable z 

and the items underlying the continuous variable (3). 
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Graded response model 

 

The graded response models (GRM) are an extension of binary response models 

appropriate to use when item responses are of ordinal type (19). These models 

assume that the performance of an individual on the items is explained by only one 

(standard normal) variable, denote by z as above. In the graded response models, 

each item is described by a set of curves, called item operation characteristic curves 

(IOCC). The item operation characteristic curve for category k of item j represents the 

probability of endorsing categories higher than k conditional on the value of the 

subject’s trait. It is given by the equation 

 

)( )(011

1
)(

kjj zj
e

kyP ββ −−+
=>

     (3)
 

where yj denotes the response to item j.  

Item operation characteristic curves of an item with K categories are characterized by K 

parameters: the slope (discrimination), j1
β , which is the same for all categories of the 
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item, and the thresholds (difficulty), 
)(0 kj

β , which are as many as the number of 

categories minus one. The threshold parameter between two categories represents the 

ability value at which the probability of indicating the highest of these two or higher is 

50%. So, the threshold parameters are expressed in the same scale as the ability. The 

slope parameter indicates how well an item is able to discriminate individuals with 

ability values near the respective threshold. The slope parameter may also be 

interpreted as describing how an item may be related to the ability. The steeper the 

slope the higher is the item discrimination. 

 

Latent class models  

 

For a fixed number, K, of classes, the model assumes that the population density f is 

expressed as a weighted finite sum of K component densities, f1,…, fk, with parameters 

θ1,.., θk, respectively, and each density is identified with a class. For the individual i, let 

yi denote the response vector of observations on J variables. In our application, these 

input variables, also denoted by items or manifest variables, will be either dichotomous 

or ordinal. The general model is 
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where ηk is the probability of class k membership, and xi is a vector of concomitant 

variables that influences the prevalence of the classes through the parameters α. The 

vector ψ=(α, θ1,…, θK) is the set of model parameters that are to be estimated. The 

model assumes that ∑
=

=
K

k
k

1

1η . 

Assuming independence of the coordinate response vectors yij within each 

class k, and that the multivariate density fk is the same across classes, say f=(f1,…,fJ), 

the model writes 
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The (sub)model that takes account of the input variables distribution within each class 

is denoted by component specific model, and the (sub)model that studies the influence 

of the concomitant variables on the classes prevalence is called concomitant variable 

model. The latter model will generally be a multinomial logit model with parameters α. 

Individuals are assigned a class according to the standard modal allocation from 

posterior class memberships.  

In this research project, LCM will be considered in two situations: for binary items only, 

and for items of mixed-mode type. The densities fk are considered accordingly to the 

items’ type. 

 

Challenges for the application of latent models in health outcomes 

measurements 

 

The epidemiological transition from infectious to chronic diseases, even in low- and 

middle income countries, is already well established and is of major relevance to health 

planning. Musculoskeletal diseases, ischemic heart disease and cerebrovascular 

disease were amongst the leading causes of morbidity in the world in 2001 (20). 

Musculoskeletal diseases constitute indeed a major public health challenge for our 

aging societies (21). Providing the general population and patients with good quality 

information is an important strategy for the management of chronic diseases. 

Knowledge leads to changes in attitudes and behaviours, and directly influences health 

status (22), and adequate information can promote self-management skills necessary 

for coping with the disease increasing adherence to therapy (23). A recent review (24, 

25) identified significant limitations and constraints in measuring osteoporosis 
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knowledge as a single domain, as it should include multi-dimensional aspects like 

causes or risk factors, prevention, consequences and treatment. 

 

Heart failure is a complex clinical syndrome resulting from a variety of structural or 

functional cardiac disorders. The diagnosis of heart failure (HF) requires a compatible 

clinical syndrome and demonstration of cardiac dysfunction by imaging or functional 

tests (26, 27). A clinical examination is always the first step in a diagnostic approach to 

possible HF and further investigation is conditional on initial clinical judgment. 

However, individual symptoms (such as dyspnoea and fatigue) and signs (e.g. third 

heart sound and evidence of congestion) are generally unreliable and have limited 

value for diagnosing heart failure (28, 29). Several multidimensional criteria based on 

symptoms and signs have been developed over decades in an attempt to standardize 

the clinical assessment of heart failure (30-37). When patients initially labeled as 

having heart failure are investigated using objective assessment criteria, only around 

one third are considered to truly have heart failure (38, 39). Obesity, unrecognized 

myocardial ischaemia or pulmonary disease commonly lead to false positive heart 

failure diagnoses (38). Additionally, it may be difficult to distinguish pathologic 

conditions from mere physical deconditioning associated with ageing. Moreover, the 

varying subjective importance attributed to symptoms justifies a systematic association 

between reported symptoms and female gender and psychosocial characteristics, both 

among the healthy and those with cardiac dysfunction. Gender, age, education and 

obesity are major determinants of symptoms and signs suggestive of heart failure (40), 

beyond their role as risk factors for heart failure, and may account for false positive and 

negative classification. Furthermore, the clinical judgment is modified based on the a 

priori likelihood of HF (41), depending mainly on  history of HF or myocardial infarction, 

and on strong risk factors for such conditions.  
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The New York Heart Association (NYHA) functional classification is one of the steps 

needed to obtain a good clinical examination of HF. The NYHA classification was 

designed for clinical assessment of patients by physicians in 4 classes (I, II, III or IV) on 

the basis of the patient’s limitations in physical activities caused by cardiac symptoms 

(42). The NYHA classification is derived largely by inference from history and/or 

observation of the patient in certain physical activities, and occasionally by direct or 

indirect measurement of cardiac function in response to standardized exercises. The 

class a clinician decides to assign a patient to depends on the clinician´s interpretation 

of what is “ordinary” physical activity, “slight” and “marked” limitations. This results in a 

high inter-observer variability. Previous studies showed an inter-observer agreement 

for the NYHA classification of approximately 55% (43, 44). Consequently the use of 

NYHA classification as an outcome measure in clinical research is rather poor. 

 

 

Traditionally, LTM and LCM are used separately in the development of questionnaires 

and scales. As referred above, there are different advantages in using LTM and LCM to 

develop health outcomes measurements, thus the combination of both models and 

consequently the combination of their best features could refine existing instruments; 

for example, using both models we could obtain simultaneous within class 

heterogeneity and natural cut points to provide a classification. 

 

Latent models can be useful in the standardization of clinical assessments. Even with 

training, it may be unrealistic to expect that clinicians will necessarily obtain equivalent 

clinical examinations, to the extent that inter-observer variability is a negligible issue. 

LTM have been extensively used for questionnaire and scale standardization but not 

for clinical examinations; their application in this field could contribute to improve its 

standardization. 
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Finally, as referred above, LCM can be potentially improved through the use of 

concomitant variables. Concomitant variable LCM could account for known 

determinants of the relevant clinical findings and the a priori probability of the condition.  

These models could help mimicking the reasoning in clinical diagnosis, which departs 

from an a priori probability that influences the final clinical conclusion. 
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This thesis aimed to understand the role of latent models in the improvement 

and development of health outcomes measurement. The  specific aims were: 

 

 

1. To identify the incorrect beliefs and common knowledge about rheumatic 

diseases, from a sample of the general population, and to identify target groups 

for health education using latent models; 

 

2. To calibrate the NYHA classification system between different observers, 

aspiring to increase its reliability; 

 
a. To assess if the calibration of the NYHA classification system between 

different observers increase its validity, thus reducing misclassification; 

 

3. To identify patterns of symptoms and signs for HF, based on findings routinely 

collected in current clinical practice, and to evaluate their diagnostic value, 

taking into account the a priori likelihood of this syndrome; 

 
a. To evaluate the accuracy of BNP measurements in serum samples 

using the commercially available immunofluorometric assay to predict 

the BNP plasma concentration and to classify the individuals using the 

usual cut-off points; 

b. To develop a tool for the assessment of dietary calcium and vitamin D 

intakes in Portugal, and to evaluate the usefulness of non-dietary 

variables as predictors. 

c. To develop a tool that is able to match the classification obtained from 

concomitant variable LCM using a chain of simpler statistical methods. 

 

 

  



 

_______________________________________________________________________ 

_______________________________________________________________________ 

29 

 

 

 

 

 

 

 

 

 

 

 

 

Chapters 

 



 

_______________________________________________________________________ 

_______________________________________________________________________ 

30 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1 

 Assessment of the general public's knowledge about  
rheumatic diseases: evidence from a Portuguese 

population-based survey 



Chapter 1 

_______________________________________________________________________ 

_______________________________________________________________________ 

31 



Chapter 1 

_______________________________________________________________________ 

_______________________________________________________________________ 

32 



Chapter 1 

_______________________________________________________________________ 

_______________________________________________________________________ 

33 



Chapter 1 

_______________________________________________________________________ 

_______________________________________________________________________ 

34 



Chapter 1 

_______________________________________________________________________ 

_______________________________________________________________________ 

35 



Chapter 1 

_______________________________________________________________________ 

_______________________________________________________________________ 

36 



Chapter 1 

_______________________________________________________________________ 

_______________________________________________________________________ 

37 

 

 



 

_______________________________________________________________________ 

_______________________________________________________________________ 

38 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 

 Indirect calibration between clinical observers -
application to the New York Heart Association 

functional classification system 



Chapter 2 

_______________________________________________________________________ 

 

_______________________________________________________________________ 

39 



Chapter 2 

_______________________________________________________________________ 

_______________________________________________________________________ 

40 



Chapter 2 

_______________________________________________________________________ 

_______________________________________________________________________ 

41 



Chapter 2 

_______________________________________________________________________ 

_______________________________________________________________________ 

42 



Chapter 2 

_______________________________________________________________________ 

_______________________________________________________________________ 

43 



Chapter 2 

_______________________________________________________________________ 

_______________________________________________________________________ 

44 



Chapter 2 

_______________________________________________________________________ 

_______________________________________________________________________ 

45 



Chapter 2 

_______________________________________________________________________ 

_______________________________________________________________________ 

46 

 

 



 

_______________________________________________________________________ 

_______________________________________________________________________ 

47 

 

 

 

 

 

 

 

 

 

 

 

 

Subchapter 2.1 

Calibration: effect on the misclassification of NYH A  



Subchapter 2.1 

_______________________________________________________________________ 

_______________________________________________________________________ 

48 



Subchapter 2.1 

_______________________________________________________________________ 

_______________________________________________________________________ 

49 



Subchapter 2.1 

_______________________________________________________________________ 

_______________________________________________________________________ 

50 



Subchapter 2.1 

_______________________________________________________________________ 

_______________________________________________________________________ 

51 



Subchapter 2.1 

_______________________________________________________________________ 

_______________________________________________________________________ 

52 



Subchapter 2.1 

_______________________________________________________________________ 

_______________________________________________________________________ 

53 



Subchapter 2.1 

_______________________________________________________________________ 

_______________________________________________________________________ 

54 



Subchapter 2.1 

_______________________________________________________________________ 

_______________________________________________________________________ 

55 

 
 

 



 

_______________________________________________________________________ 

_______________________________________________________________________ 

56 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 

Diagnostic value of patterns of symptoms and signs of 
heart failure: application of latent class analysis  with 

concomitant variables. 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

57 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

58 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

59 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

60 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

61 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

62 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

63 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

64 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

65 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

66 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

67 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

68 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

69 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

70 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

71 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

72 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

73 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

74 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

75 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

76 



Chapter 3 

_______________________________________________________________________ 

_______________________________________________________________________ 

77 

 
 



 

_______________________________________________________________________ 

_______________________________________________________________________ 

78 

 

 

 

 

 

 

 

 

 

 

 

 

Subchapter 3.1 

B-Type Natriuretic Peptide Measured in Serum – 
Calibration Using Plasma Samples for Research 

Purposes. 
 



Subchapter 3.1 

___________________________________________________________________________ 

_______________________________________________________________________ 

79 



Subchapter 3.1 

___________________________________________________________________________ 

_______________________________________________________________________ 

80 



Subchapter 3.1 

___________________________________________________________________________ 

_______________________________________________________________________ 

81 



Subchapter 3.1 

___________________________________________________________________________ 

_______________________________________________________________________ 

82 



Subchapter 3.1 

___________________________________________________________________________ 

_______________________________________________________________________ 

83 

  

 

 

 

 



 

_______________________________________________________________________ 

_______________________________________________________________________ 

84 

 

 

 

 

 

 

 

 

 

 

 

 

Subchapter 3.2 

Development of a tool for the assessment of calcium  
and vitamin D intakes in clinical settings.  

 



Subchapter 3.2 

_______________________________________________________________________ 

_______________________________________________________________________ 

85 



Subchapter 3.2 

_______________________________________________________________________ 

_______________________________________________________________________ 

86 



Subchapter 3.2 

_______________________________________________________________________ 

_______________________________________________________________________ 

87 



Subchapter 3.2 

_______________________________________________________________________ 

_______________________________________________________________________ 

88 



Subchapter 3.2 

_______________________________________________________________________ 

_______________________________________________________________________ 

89 



Subchapter 3.2 

_______________________________________________________________________ 

_______________________________________________________________________ 

90 



Subchapter 3.2 

_______________________________________________________________________ 

_______________________________________________________________________ 

91 



 

___________________________________________________________________________ 

_______________________________________________________________________ 

92 

 

 

 

 

 

 

 

 

 

 

 

 

Subchapter 3.3 

A simple tool to match a concomitant variable laten t class 
model classification  



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

93 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

94 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

95 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

96 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

97 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

98 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

99 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

100 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

101 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

102 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

103 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

104 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

105 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

106 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

107 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

108 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

109 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

110 

 



Subchapter 3.3 

___________________________________________________________________________ 

_______________________________________________________________________ 

111 
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This thesis aimed to understand the role of latent models in the improvement and 

development of health outcomes measurement. In this context, three main research 

questions were addressed: 

 

1. The refinement of a knowledge questionnaire about rheumatic diseases directed 

towards the general population, the identification of beliefs and knowledge about 

these diseases, and the detection of target groups for health education. 

 

2. The calibration of the NYHA classification system between different observers, 

aspiring to increase its reliability and validity. 

 
3. The role of concomitant variable latent class models in the diagnosis of HF, and 

how to translate the resulting classification to the clinical practice.  

 

 

Latent models, both trait and class, provided the evidence base for the identification of 

knowledge domains in the general population regarding rheumatic diseases. Additionally, 

this method was instrumental to identify relevant target groups for educational programmes. 

The first identified latent trait was associated with the following statements, which probably 

represent wrong general beliefs: “rheumatic diseases are more frequent in older women”, 

“rheumatoid arthritis is caused by poor diet”, “cold and damp weather”, “rheumatic patients 

should rest and move as little as possible” and “rheumatic diseases cannot be cured”, and 

“all rheumatic patients end up in wheelchairs”. Items about aetiology, treatment and impact of 

rheumatic diseases were related with the second indentified latent trait, which was therefore 

denoted specific knowledge. 

The latent 3-class model showed that 25.7% of the individuals agreed with the false general 

beliefs but did have specific knowledge about the diseases, 30.8% did not agree with the 

general beliefs and did not have specific knowledge, and 43.5% did not agree with general 

beliefs and had specific knowledge.  
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Overall this meant that almost 60% of the individuals had some gaps in the overall 

knowledge about rheumatic diseases. There were difficulties regarding the identification of 

whether diseases where rheumatic (ankylosing spondylitis and fibromyalgia) or not 

(glandular fever and multiple sclerosis), and more than fifty percent believed that people with 

rheumatic diseases cannot be cured and cannot die from those illnesses. The latter finding is 

similar to that reported by others: a study with women aged 65-90 years in Canada (24) 

showed that only 36% agreed that health problems caused by osteoporosis can be life-

threatening and another study carried out in US adults (45) found that only 63% correctly 

respond “false” to the statement “no medications can treat osteoporosis”.  

This study confirmed that it is important that educational programs about rheumatic diseases 

should be centred in the eldest and low educated individuals, in order to counteract wrong 

general beliefs together with the obvious improvement of the identification of the different 

rheumatic diseases. Specific education programs for health professionals could also improve 

the communication of the specific knowledge to patients and their relatives. 

 

The application of LTM to the NYHA classification has objectively indicated the main reason 

why several studies have reported low inter-observer reliability and consequent limited 

usefulness of that classification as an outcome measure. The main point was the existence 

of discrepant thresholds between observers in the definition of NYHA class I, II and III. 

Although the observers in the study were experienced physicians with training in the 

management of heart failure, there were still discrepancies between their (subjective) 

evaluations.  

Intra-observer reliability is very important to interpret changes in NYHA class in the individual 

patient who is assessed repeatedly by the same physician. Nevertheless inter-observer 

variability should be of special concern when patients are assessed by different physicians. 

This is particularly important, in practice, in unscheduled visits to the clinic or the emergency 

department, where patients are not assessed by their usual attendant. These unscheduled 

visits are usually due to worsening symptoms and an increase in the NYHA class, in 
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comparison with the previous clinical state, is used as a criterion for clinical decisions such 

as hospital admission and intensity of therapy adjustment such as the use of intravenous 

medication. 

Therefore, in each setting the NYHA classification was to be used, it would be useful to 

identify the differences between the observers’ assessments and to calibrate their 

classifications.  

The absolute agreement between the predictions of the NYHA classification across 

observers was 65%. The same statistic was improved to 88% after comparison of the trait 

predictions with the observer classification, for each observer. This showed how the 

subjectivity of the thresholds affected the reliability of the NYHA classification. At the same 

time this improvement confirmed the quality of the obtained calibration.  

Calibration methodology can be useful to improve the reliability between observers in clinical 

practice and research settings. In clinical practice, it is possible to use the relation between 

anchor items and ability to standardize the classification among observers, and to give 

guidelines to improve the inter-observers reliability. In the research setting, the scale defined 

by the anchor items and the operators classification can be used as a standardized NYHA 

classification that minimizes the subjectivity of each observer classification.  

In order to evaluate the validity of the NYHA calibration, we assessed its predictive value with 

respect to a series of objective structural of functional cardiac abnormalities as assessed by 

echocardiography at rest.  

The discrimination power of the calibrated NYHA was shown to be better than its 

correspondent non-calibrated scale, largely at the expense of the likelihood ratio of NYHA I. 

The major limitation of this calibration study is its small size. Whereas it was slightly larger 

than the minimum number required to properly fit a 1-PL latent trait model, it was not large 

enough to allow for the application of a 2-PL model (11);  indeed we obtained unstable item 

parameters and large standard errors.  

Each individual was assessed by one observer only, opposed to the ideal situation where 

that individual should be assessed by all observers.  
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We do not think of this as a limitation. First, there were no statistically significant differences 

among the groups evaluated by each observer regarding sex, clinical history, systolic blood 

pressure, education and left ventricular systolic dysfunction; only age, body mass index and 

diastolic blood pressure showed significant small differences. On the other hand, the anchor 

items were related to each observer’s NYHA classification; so even if there were an observer 

group that was discrepant from the others, the anchor items would guarantee a good 

calibration. Therefore we are confident that this apparent limitation did not have a major 

impact on the results. 

  

The study addressing the last research topic succeeded in identifying three patterns of 

syndromic aggregation of symptoms and signs for HF. Based on findings routinely collected 

in current clinical practice, we applied concomitant variable LCM to account for known 

determinants of the relevant clinical findings and the a priori probability of the condition. 

These models were shown to be useful to standardize and quantify the probabilistic 

reasoning in clinical diagnosis, upon which decisions of further investigation and even 

treatment need to be made. 

Most of the obtained likelihood ratios were small, showing that the patterns generated 

relatively small changes from pre- to post-test probability of cardiac abnormalities. On one 

hand, this was expected, considering that many of these abnormalities are known to be 

asymptomatic in a large proportion of patients for a long time, and the symptoms are 

unspecific. On the other hand, it is compatible with previous quantifications of the diagnostic 

value of symptoms and signs (46).  

The concentration level of B-type natriuretic peptide is an established biomarker for the 

diagnosis of HF.  The obtained patterns showed a good diagnostic performance for exclusion 

of high BNP values.  However these concentrations were not measured according to the 

manufacturer’s recommendations. The manufacturer’s recommends the use of whole blood 

or plasma specimens to measure BNP and we have measured it in serum. Nevertheless, in a 
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pilot study we established a calibration equation to allow for the use of serum BNP and for 

the classification of the community individuals with the usual cut-offs. 

For the first time, to our knowledge, the obtained HF classification integrated factors that 

have a large impact on the prevalence of symptoms and signs suggestive of HF. The novelty 

in our application, with respect to previous HF classifications, is that class probabilities are 

adjusted for concomitant variables. Specifically, the model estimates the increase or 

decrease in class probabilities for individuals conditional on the respective concomitant 

variables values, contributing to an increase in the discrimination and to a decrease in the 

number of false negatives and false positives. The inclusion of these variables improved the 

fitting of the model.  

The discrimination power of the concomitant variable LCM was shown to be better than that 

of its correspondent LCM, largely at the expense of the likelihood ratio of pattern 3 (no 

symptoms and signs) to exclude cardiac abnormalities. These results objectively indicate that 

the use of concomitant variables can improve the diagnostic value of the symptoms and 

signs patterns and, consequently, improve the usefulness of the symptoms and signs for 

diagnosis and as an outcome measure. The potential for application in other settings of 

complex diagnoses is very high. 

The patterns identified by this methodological approach depend on the type of population 

being studied. In this study, in a sample of the general population, three patterns were 

identified: “symptomatic HF”, “symptoms and signs of congestion” and “no symptoms and 

signs”. In a previous study, using a similar approach in subjects discharged after myocardial 

infarction or acute heart failure, the authors were able to distinguish different patterns (non-

cases, heart failure and advanced heart failure) (37). The patterns identified in the current 

study are appropriate for diagnosis in the general population only.  

The low prevalence of advanced and severe HF cases is a limitation of this study and could 

have underestimated the discriminative capacity of this set of items. Also, the prevalence of 

more specific symptoms and signs such as a third heart sound (47) was too low in this 

sample to be able to take them into account. The proposed patterns are likely to be more 
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sensitive but less specific than previously available scores such as the Framingham criteria, 

supporting their usefulness as potential screening tools or initial clinical investigation that do 

not aim to replace full investigation in the clinical setting.  

Clinical practitioners who are not research scientists may have difficulties in the 

implementation of complex statistical models in their practice routine, such as concomitant 

variable latent class analysis.  The present study aims at translating the validated patterns 

into a classification score, using an approach for making complex statistical models useful to 

practitioners and researchers, such as a circular ruler (48) or points system (49), which was 

used for example to develop the widely used Framingham risk scores. The use of this tool 

will allow the identification of high-risk candidates for heart failure who are likely to have a 

substantial yield of positive findings when tested for objective measures of cardiac 

dysfunction in clinical practice. In addition, it will confidently exclude heart failure in others, 

thus orienting the clinical investigation towards alternative directions. Such a tool could also 

increase the discrimination and decrease the number of false negatives and false positives in 

epidemiological studies on HF.  

The study succeeded in deriving a tool that will enable general practitioners and internists to 

diagnose heart failure in primary care, where in general objective measures of cardiac 

structure and function are not available. The followed approach was similar to that of a 

previous one, where we designed a tool to estimate the calcium and vitamin D intakes, from 

a simplification of a complex statistical model. The circular ruler main advantage is that it can 

be used when no computer is available or among people without special computer skills. 

In the HF context, the tool integrated a circular ruler and a table on the back. There was a 

small trade-off between model simplicity (circular ruler and table) and predictive accuracy 

(latent class analysis with concomitant variables). The quality of the agreement was 

excellent. Nevertheless, this agreement can be overestimated once the tool was applied to 

only one sample of individuals.  
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Moreover, the estimated regression coefficients and tree thresholds can vary across different 

subpopulations. We have used bootstrapping to circumvent this question; results showed a 

small bias for the estimates. 
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The application of latent trait and latent class methodologies provided the evidence base for 

the identification of knowledge domains in the general population regarding rheumatic 

diseases. The method was instrumental to identify relevant target groups for educational 

programmes. It was shown that there were several knowledge flaws about rheumatic 

diseases. One out of four individuals considered false general beliefs as true, and 

approximately 30% did not have detailed knowledge on rheumatic diseases. Higher 

education and the presence of disease contributed positively to the overall knowledge. 

Latent models can also be useful in the standardization of clinical assessments, namely in 

the identification of different thresholds for different observers. In the NYHA classification, 

those cut-offs tend to be discrepant as there is some subjectivity inherent to the 

classification. Concurrent calibration through latent trait models can be used to link a large 

number of observers to the same scale. It provides a way to maximize the reliability and to 

minimize the misclassification of a classification. 

Classical latent class analysis can be adapted to include effects on the prevalence of the 

different patterns, in a methodology called concomitant variable latent class analysis.  These 

models can be useful to standardize and quantify the probabilistic reasoning in clinical 

diagnosis, upon which decisions of further investigation and even treatment need to be 

made.  

In the heart failure framework, concomitant variables not directly related to clinical findings 

were used to account for a priori probabilities of the condition. We succeeded in identifying 

three patterns of syndromic aggregation of symptoms and signs for heart failure, based on 

findings routinely collected in current clinical practice. Relatively to the classical approach, 

validity was improved. 

A simple diagnostic tool for general practitioners and internists was developed. It will enable 

them to diagnosis heart failure in primary care, where in general objective measures of 

cardiac structure and function are not available. 
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