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a b s t r a c t

Objective: We aimed to identify areas of high tuberculosis (TB) diagnosis delay in mainland Portugal in
2017 and ecological factors associated with these areas.
Study design: This was an ecological study.
Methods: We considered all notified pulmonary TB cases from the Portuguese National Tuberculosis
Surveillance System in mainland Portugal. Diagnostic delays were calculated at the municipality level.
Demographic variables, proxies for TB awareness, health services capacity indicators, and socio-
economic variables were included and extracted from official databases, such as Statistics Portugal,
Ministeries, Foreigners and Border Services. We used spatial analysis to identify areas of high delay in
2017 and logistic generalised additive models to identify ecological factors associated with the identified
cluster.
Results: We identified an area of high delay in 2017 in the South region of the country. Overall, mu-
nicipalities with a smaller population density, smaller proportion of unemployed, fewer health centres
and higher old-age dependency ratio, proportion of men, TB incidence, proportion of immigrants and
high school dropout had a higher probability of belonging in a high delay area.
Conclusion: The role of primary health care in TB diagnosis should be further explored. Interventions
should address factors interplaying at the local and individual levels. Policies influencing social and
health conditions, leading to changes in individual behaviour, can lead to sustained improvements over
time.
© 2022 The Authors. Published by Elsevier Ltd on behalf of The Royal Society for Public Health. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Tuberculosis (TB) remains one of the most severe infectious
diseases and a serious public health threat worldwide.1 The World
Health Organisation estimated that in 2018 10.0 million people fell
ill with TB.2 Portugal has made significant improvements over the
past 15 years, reducing its incidence, per 100,000 inhabitants, from
28 in 2008 to 18 in 2019.3 However, Portugal is still among the
European countries with the highest TB incidence.4
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Delays in diagnosing threaten TB control because they increase
the likelihood of community transmission, untreated, undiagnosed
ormisdiagnosed individuals continue spreading to others. Delays in
diagnosismight also lead to highermorbidity andmortality because
the longer individuals remain untreated higher is the risk of chro-
nicity and death.2,5 Hence, reducing diagnostic delays, that is, the
time from symptoms onset to diagnosis, is mandatory to control TB.
Diagnostic delay can be further divided into patient and health
services delay, time since symptoms onset and first contact with
health services, and time since the first contact with health services
and diagnosis, respectively. Both delays should be addressed to
decrease diagnostic delay. Several studies identified factors associ-
ated with delays in TB diagnosis at the individual level, such as low
disease awareness,6,7 living in rural places,6,7 gender,6,7 number and
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type of health facilities visited,8 comorbidity with HIV,9 socio-
economic status10 and cultural barriers.11 Although individual-
level studies are critical to drawing healthcare and patient-level
interventions, understanding the spatial disease distribution and
factors associated with higher delays is crucial to propose local
prevention and control strategies. Yet, we are not aware of studies
regarding factors associated with delays at the local level. Thus, we
aimed to identify areas of high delays in mainland Portugal in 2017
and ecological factors associated with these areas.

Methods

Study design, population and study period

We conducted an ecological study, considering all notified TB
cases from the Portuguese National Tuberculosis Surveillance Sys-
tem in mainland Portugal between 1 January 2008 and 31
December 2017. We included pulmonary cases of TB who were
identified through passive case finding (presenting symptoms).
Diagnostic delay was defined as the time between symptoms onset
and TB diagnosis. Patients reported the month and year in which
they experienced symptoms.We imputed the first day of themonth
for each case, then calculated the diagnostic delay. Inconsistent
dates, such as the negative number of days, patients with missing
symptoms onset date, and diagnostic delay higher than 365 days or
negative time, were excluded. Themunicipality of residence of each
patient was also extracted. After selecting individuals, diagnostic
delays were calculated at the municipality level and by year.

Variables

We extracted information at the municipality level from official
databases, such as Statistics Portugal and Ministeries, Foreigners
and Border Services. Variables were selected based on the literature
and data availability. We included variables on several dimensions:
Table 1
Description of the ecological variables included in the analysis.

Variable Definition

Demographics
Population density Logarithm of the n

Portuguese munic
Old-age ratio to maintain consistency with the rest of the terms Number of residen

of residents betwe
Proportion of men Number of male r

inhabitants
Incidence
TB incidence Number of pulmon

100,000 inhabitan
HIV incidence Number of HIV ca

inhabitants
Health services capacity indicators
Doctors Number of registe
Health centres Number of public
Socio-economic factors
Immigrants Number of immig

inhabitants
Prison establishment Categorical variabl

in the municipalit
High school dropout Number of individ

without finishing
15 years old), per

Unemployment Number of individ
public employmen
years old), per 100

Social income Number of benefic
Mínimo Garantido
divided by the num

INE, Statistics Portugal; INSA, Doctor Ricardo Jorge National Health Institute; SEF, Foreign
METD, Institute for Employment and Professional Training/Ministry of Labour, Solidarity
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(1) demographic, including population density, old-age de-
pendency ratio and proportion of men per municipality; (2) TB and
HIV incidence; (3) health services capacity, using the number of
doctors and the number of public health care centres per munici-
pality; and (4) socio-economic, which considered the proportion of
immigrants, unemployed, the number of high school dropouts, the
existence of prison establishment in the municipality and the
incidence of social income beneficiaries. Table 1 displays informa-
tion on the variables selected.

Statistical analysis

Our analysis followed a two-step approach: (1) identification of
high delay areas and (2) analysis of ecological factors associated
with these areas.

High delay areas

We calculated the mean number of days between symptoms
onset and TB diagnosis for each municipality and year of diagnosis.
Areas of high delay were then identified using SaTScan 9.6, which
detects spatial, or space-time, clusters.12 Using data from 2017, we
conducted a spatial analysis to identify the most recent high delay
areas. As a sensitivity analysis, we conducted a spatiotemporal
analysis to understand whether the high delay areas identified in
2017 were similar to those identified over a decade between 2008
and 2017. The spatial unit used was the municipalities, considering
only mainland Portugal (n ¼ 278). We applied an elliptic spatial
window with medium compactness and a maximum of 25% of the
studied population. Each municipality will have a different number
of cases and consequently different variances. Thus, we considered
a normal distribution weighted by the number of cases in each
municipality.13 For the spatiotemporal analysis, the temporal unit
was the year (n ¼ 10); we considered a temporal window with 30%
of the studied population. The significance level was set at 0.05.
Source

umber of inhabitants per square kilometre in the
ipalities

INE, 2017

ts withmore than 64 years old divided by the number
en 15 and 64 years old, per 100 inhabitants

INE, 2017

esidents divided by the number of residents, per 100 INE, 2017

ary TB cases divided by the number of residents, per
ts

SVIG-TB, 2017

ses divided by the number of residents, per 100,000 INSA, 2017

red doctors per municipality per 1000 inhabitants INE, 2017
health care centres per 100,000 inhabitants INE, 2012

rants divided by the number of residents, per 100 SEF, 2017

e corresponding to the existence of at least one prison
y

DGRSP, 2017

uals between 10-15 years old who dropped out
high-school divided by the number of residents (10-
100 inhabitants

Census 2011 (INE)

uals registered as unemployed at the Portuguese
t service divided by the number of residents (15e64
inhabitants

IEFP/MTSSS-METD, 2017

iaries of social integration income (Rendimento
e Rendimento Social de Inserç~ao da Segurança Social)
ber of residents, per 100,000 inhabitants

II/MTSSS, 2017

ers and Borders Service; DGRSP, Directorate-General of Prison Services; IEFP/MTSSS-
and Social Security-Ministry of Economy and Digital Transition.
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Ecological factors

We used the clusters defined in the spatial analysis to identify
ecological factors associated with high delay areas (binary outcome
e a municipality in a high delay cluster or not). Ecological variables
were described using measures of central tendency and dispersion.
As all but one of the variables assessed were continuous, we used
generalised additive models (GAMs), which are more flexible than
generalised linear models (e.g. logistic regression) because the
relationship between dependent and independent variables can be
linear or non-linear.14 GAMs assume that the relationship between
the outcome and the variables follow smooth patterns, defining a
linear or non-linear shape. Thus, we fitted logistic GAMs with low-
rank isotropic smoothers, estimated via restricted maximum like-
lihood.15 We did not assume apriori distribution for any variables
and let the model choose the most appropriate shape. We started
by creating a baseline model, including population density, old-age
dependency ratio (old-age ratio), the proportion of men, and pul-
monary TB incidence. Then, we conducted a regression for each
variable of interest, adjusting for the baseline model. Because of the
possible non-linearity of the variables, there will not be a single
coefficient to interpret but multiple coefficients. To facilitate the
interpretation of smoother terms, we plotted the partial effects of
smooths, in the probability scale, with a 95% Bayesian credible in-
terval. Each partial effect plot can be interpreted as the probability
of the outcome if all other variables were at their average value. The
plots also give us an insight into the shape of the variable and its
complexity. The only variable included in the model without a
smooth term was prison, as it is a categorical variable, and we
estimated the odds ratio (OR) with a 95% confidence interval (CI).
Several diagnostics were performed for each model, such as eval-
uating the number of basis functions, residuals' distribution, and
concurvity. The analyses were performed using R 4.0.2.16
Fig. 1. Spatial distribution of the areas of high TB diagnosis delay in mainland Portugal.
The dark area corresponds to the cluster identified in the spatial analysis.
Results

High delay areas

The time between symptoms onset and TB diagnosis increased
in the past years in mainland Portugal. In 2008, the average diag-
nosis delay was 75.7 days (standard deviation [SD]: 59.1), and in
2017, 88.9 days (SD: 65.1). On the other hand, the number of TB
cases notified over a decade decreased from 1838 in 2008 to 1221 in
2017. Supplementary Table 1 provides more descriptive informa-
tion regarding the time between symptoms onset and TB diagnosis.

In 2017, one high delay cluster was identified in the South region
of the country, including 21 municipalities (Fig. 1 and
Supplementary Table 2). The weighted mean number of days be-
tween symptoms onset and TB diagnosis inside the high delay
cluster was 137.7 days and outside the cluster 84.5 days.

A similar high delay cluster was identified in the spatiotemporal
analysis. Between 2008 and 2017, the high delay cluster included 55
municipalities in the South region between 1 January 2016 and 31
December 2017. All the municipalities identified in 2017 were in
this spatiotemporal cluster. The weighted mean number of days
between symptoms onset and TB diagnosis inside the high delay
cluster was 108.6 days, and outside, 80.1 days (Supplementary Fig.1
and Supplementary Table 2).
Ecological factors

Descriptive statistics of the ecological factors by cluster are
described in Table 2, and its geographical distribution is in
Supplementary Figs. 2 and 3.
34
In 2017, each municipality had a median population density
(logarithm) of 4.2 inhabitants per kilometre,2 a median old-age
ratio of 58 and a median percentage of 47.5% men. Concerning
health indicators, the median number of doctors per municipality
was 1.85 per 1000 inhabitants and 6.8 health centres per 100,000
inhabitants. The median TB and HIV incidence rates were 6.9 and
4.2 per 100,000 inhabitants, respectively. Overall, mainland
Portugal had 34 prison establishments and a median percentage of
1.87% immigrants, 6% unemployed and 1.5% high school dropout
per municipality. In 2017, there was a median of 2208 social secu-
rity beneficiaries per 100,000 inhabitants.

Then, we used GAMs to identify ecological factors with high
delay areas. The baseline model included population density, EDI,
the proportion of men and TB incidence, and each variable of in-
terest was adjusted for the baseline model.

Fig. 2 presents the partial effects plot for the baseline model and
HIV incidence. All the variables included in the baseline model
were statistically significantly associated with belonging in a high



Table 2
Descriptive statistics of the ecological variables per municipality by cluster.

Non-cluster
N ¼ 257

Cluster
N ¼ 21

Mainland Portugal
N ¼ 278

Median (Q3; Q1) Median (Q3; Q1) Median (Q3; Q1)

Demographics
Population density (log) 4.2 (3.2, 5.1) 3.3 (2.5, 4.5) 4.2 (3.1, 5.1)
Old-age dependency ratio (old-age ratio) 58.2 (52.6, 65.6) 60.6 (56.0, 65.1) 58.2 (52.8, 65.6)
Proportion of men 47.5 (47.0, 48.0) 48.5 (47.6, 48.7) 47.5 (47.1, 48.1)
Incidence
TB incidence per 100,000 inhabitants 6.3 (0.0, 13.8) 14.5 (6.9, 26.7) 6.9 (0.0, 14.6)
HIV incidence per 100,000 inhabitants 4.1 (0.0, 11.0) 6.8 (0.0, 14.6) 4.2 (0.0, 11.8)
Health services capacity
Number of doctors per 1000 inhabitants 1.8 (1.3, 2.8) 2.1 (1.3, 2.6) 1.8 (1.3, 2.8)
Number of health centres per 100,000 inhabitants 6.7 (2.97, 14.5) 7.3 (2.9, 14.2) 6.8 (2.9, 14.4)
Socio-economic factors
Proportion of immigrants 1.6 (0.9, 3.1) 4.3 (3.1, 8.1) 1.8 (1.0, 3.3)
Prison establishment 30 (11.7%) 4 (19.0%) 34 (12.2%)
Proportion of high school dropout 1.5 (1.2, 2.0) 2.1 (1.6, 2.5) 1.5 (1.2, 2.0)
Number of beneficiaries of social insurance

per 100,000 inhabitants
2201 (1460, 3283) 2281 (2015, 2812) 2208 (1484, 3229)

Proportion of unemployed 6.0 (4.8, 7.8) 5.8 (4.9, 6.5) 6.0 (4.8, 7.7)

Q3, third quartile; Q1, first quartile.
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delay cluster. HIV incidence was non-significant and was the only
variable with a linear behaviour.

The logarithm of population density was statistically significant
and presented the most considerable effect on the probability of
belonging in a high delay cluster, with municipalities with a loga-
rithm population density of two presenting around 80% probability
of being in a high delay cluster. However, the effect is uncertain for
municipalities with high population density. Municipalities with a
higher proportion of men also seem to have a higher probability of
being in a high delay cluster. Nevertheless, the uncertainty is
extensive, ranging from 0 to almost 100%, mainly because of the
low number of observations with a higher proportion of men,
representing a rare event. Municipalities with a higher old-age
dependency ratio and higher TB incidence were also more likely
to belong in a high delay cluster.

Health centres, immigrants, high school dropouts and unem-
ployment were statistically significant (Fig. 3). Health centres
presented a linear effect, with municipalities with less than five
health centres per 100,000 inhabitants having a higher proba-
bility of being in a high delay cluster. The effect was smaller than
for immigrants and high school dropouts. Immigrants had a non-
linear effect, with more uncertainty for municipalities with a
higher proportion of immigrants. Although the shape of the var-
iable is unclear for a higher proportion of immigrants per mu-
nicipality, a linear term would be unable to model the complexity
of this variable. The probability of belonging in a high delay
cluster was approximately 30% in municipalities with around 10
immigrants per 100 inhabitants. Municipalities with 4e5% high
school dropout had approximately 20% probability of belonging in
a high delay cluster. The proportion of unemployed presented a
linear effect, with municipalities with less than 5% of unem-
ployment having a higher probability of being in a high delay
cluster.

In contrast, prison establishment, doctors and social income
were non-significant (Fig. 3). As prison was a categorical variable,
we estimated the OR and 95% CI. Municipalities with prison es-
tablishments had an odds of 1.17 belonging to a high delay cluster
(95% CI: �1.67 to 1.97) than municipalities without prison estab-
lishments. The number of doctors and social income beneficiaries
was non-linear, with high uncertainty regarding its effect's shape or
direction. The effect on the probability of being in a high delay
cluster for municipalities with more than 10 doctors per 1000 in-
habitants and more than 6000 beneficiaries of social income per
35
100,000 inhabitants is unclear because of the small number of
municipalities in these conditions.

Discussion

From 2008 until 2017, the time between symptoms onset and TB
diagnosis has increased inmainland Portugal. We identified an area
of high delay in 2017 in the South region of the country, with a
higher average delay diagnosis than the rest of the country. Overall,
municipalities with a smaller population density, smaller propor-
tion of unemployed, fewer health centres and higher old-age de-
pendency ratio, proportion of men, TB incidence, and proportion of
immigrants and high school dropout had a higher probability of
belonging in a high delay area.

Few studies have focused their analysis on the local level to the
best of our knowledge. Our results are consistent with findings at
the individual level. A study from the United Kingdom found a
higher delay in areas of low TB incidence.17 Although our study
found that municipalities with higher TB incidence were more
likely to belong in a high delay cluster, these regions had fewer
inhabitants and cases, translating into a high incidence. For
instance, Alcoutim and Aljustrel were two municipalities identified
in the high delay cluster with a TB incidence of 42 and 47 per
100,000 inhabitants, respectively. However, these municipalities
had respectively one and four cases of TB in 2017. We also found
that municipalities with 8e20 immigrants per 100 inhabitants
were more likely to belong in a high delay cluster. These results are
in agreement with previous studies at the individual level that
found that individuals whowere not born in the country or lived <6
years had longer delays than native individuals.18e20 Another Por-
tuguese study found that individuals who lived further from a
healthcare institution had longer healthcare delays.21 These find-
ings also agree with our results. Municipalities with fewer health
centres had a higher probability of belonging in a high delay cluster.
These findings combined with studies using individual data indi-
cate the importance of primary healthcare in TB control. A study in
Brasil found that patients diagnosed with TB in emergency facilities
were younger and more socially vulnerable. The authors also found
an association between TB diagnosis in emergency facilities and
low primary care coverage at the municipality level.22 Combined
with existing knowledge, these findings emphasise the importance
of primary healthcare in TB control. Existing recommendations
highlight the role of primary health care in TB primary



Fig. 2. Partial effects plot of the baseline model e population density, old-age dependency ratio, the proportion of men and TB incidence and HIV incidence. The label of the Y-axis
displays the effective degree of freedom (EDF) of each variable. An EDF of 1 is equivalent to a straight line (linear), whereas an EDF of 2 is equivalent to a quadratic curve. As EDF
increases, more complex is the term. The ‘rug’ underneath each figure corresponds to the location of each observation. The black line corresponds to the smooth term of the fitted
GAM, and the grey shade corresponds to its 95% confidence interval. Significant variables are identified with an asterisk after the name of the variable on the X-axis.
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prevention.23 Our study further suggests the importance of primary
health care for early diagnosis. In particular, attention should be
paid to the liaison between general and public health practitioners,
as well as community-based pulmonology clinics.

Our study found that municipalities with more than 48% men
had a higher probability of belonging in a high delay cluster. In
contrast, other studies found higher delays for women.17,24,25 A
previous imprisonment has also been associated with higher
delay.25 However, we did not find an association with municipal-
ities that had prison establishments. Increased age was also asso-
ciated with higher delays at the individual level.20,24,25 We also did
not find an association with the old-age dependency ratio, but the
variable demonstrated a non-linear behaviour, suggesting a more
complex relationship than previous studies have considered.
36
Delays in diagnosis result in increased infectivity in the com-
munity, facilitating transmission to other locals.26,27 Several studies
found an association between TB incidence and population density,
rurality, considered a proxy for healthcare access, and low inci-
dence migration.28e30 We also found an association between these
factors and high delay areas, which was also found in individual
studies.6,7,10,11 Thus, interventions aiming to address factors with
interrelationships are most likely to be effective. Policies influ-
encing social and health conditions, leading to changes in indi-
vidual behaviour, can yield sustained improvements over time.
Given the increase in TB diagnosis delay in the past years, it is
crucial to implement policies and programmes to improve areas of
concern in high delay areas, targeting factors that influence local
and individual. One of the Sustainable Development Goals targets is



Fig. 3. Partial effects plot of the smooth terms for health services capacity indicators e number of doctors per 1000 inhabitants and number of health centres per 100,000 in-
habitants, and socio-economic factors e proportion of immigrants, high school dropouts and unemployed, and number of social income beneficiaries per 100,000 inhabitants. The
label of the Y-axis displays the effective degree of freedom (EDF) of each variable. An EDF of 1 is equivalent to a straight line (linear). As EDF increases, more complex is the term. The
‘rug’ underneath each figure corresponds to the location of each observation. The black line corresponds to the smooth term of the fitted GAM, and the grey shade to its 95%
confidence interval. Significant variables are identified with an asterisk after the name of the variable, in the X-axis.
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to end TB epidemics by 2030. However, TB diagnosis delay is a
major threat to achieving this goal. Furthermore, the COVID-19
pandemic might have caused several setbacks in controlling TB. A
recent study in Portugal interviewed coordinators of Outpatient
Tuberculosis Centers; more than half of the interviewees
mentioned delays in diagnosing TB during the first lockdown and a
decrease in the use of health services.31 Thus, TB control pro-
grammes should focus on critical areas of incidence and delay and
target influencing factors. Improving access to health is vital, as
municipalities with fewer health centres and less population den-
sity were more likely to belong in a high delay cluster. Primary
health care has a major role in TB control. Thus, access and avail-
ability to those are of paramount importance.

Our study has some limitations. Our study was ecological and
did not use individual data. Thus, the association observed in our
37
study should not be interpreted as causal, and an association pre-
sent at the municipality level might not be observed at an indi-
vidual level e ecological fallacy. The percentage of missing data
increased over the years. Almost one-quarter of the notified cases
were unable to recall when the first symptoms appeared or regis-
tries had inconsistent dates, which led to the exclusion of these
cases. This might have influenced the results, although it is chal-
lenging to clarify in which direction. The day on which the patient
first experienced symptoms were also unavailable. We imputed the
missing day to the first day of each month, which might have
overestimated the delay in some cases. The use of ecological in-
formation was also dependent on availability. The proportion of
high school dropouts is from Census 2011 since data on education
at the municipality level for 2021 were not yet available. We expect
the proportion of high school dropouts to have decreased over the
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past decade. However, without geographical variation in this
decrease, the results will still be unbiased. Similarly, some in-
dicators are subject to recording patterns. For example, geograph-
ical variations in undocumented or illegal immigrants might lead to
different behaviours concerning the probability of being in a high
delay cluster. In addition, the number of doctors might not be the
best representation of the availability of health services and could
be influenced by the individual's mobility, as care could be sought
in other municipalities. Future studies should consider other
healthcare indicators, for instance, having a family doctor. It would
also be interesting to consider the proportion of rural areas in each
municipality and the role of overcrowding prisons.

Nevertheless, to the best of our knowledge, this is one of the first
studies to study delays at the local level. Although an ecologic study
in nature, which has limitations already discussed, our aim was to
understand factors at the municipality level and not at the indi-
vidual level. GAMs are commonly used in ecological studies32e34

and have been used lately in studies investigating air pollution
and TB.35,36 This methodology should be considered in clinical
studies interested to assess relationships with continuous variables.
Analysing non-linear variables as linear or categorising them may
lead to a loss of information and an inability to ascertain their true
effect. We found that several of the factors analysed had non-linear,
complex behaviours, which are usually not considered in the
literature. For example, even using the logarithm of population
density, the shape of the variable was complex. The probability of
being in a high delay cluster had a clear non-linear behaviour:
higher for municipalities with low population density, very low for
municipalities nearing the average value, and slightly higher for
municipalities with higher population density, although the un-
certainty was larger.

Studies at the individual level identified several factors associ-
ated with TB diagnosis delay, such as low disease awareness,6,7

living in rural places,6,7 gender,6,7 type of health facilities visited,8

and socio-economic status.10 Although these studies are crucial to
designing interventions at the patient level, addressing the spatial
distribution of the disease and the factors associated with high
delay areas might help identify areas to act at the local level,
improving individual and population health.
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