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SUMMARY

The goals of this article are: (i) to understand how individual characteristics affect the likelihood
of patients defaulting their pulmonary tuberculosis (PTB) treatment regimens; (ii) to quantify the
predictive capacity of these risk factors; and (iii) to quantify and map spatial variation in the risk
of defaulting. We used logistic regression models and generalized additive models with a spatial
component to determine the odds of default across continental Portugal. We focused on new
PTB cases, diagnosed between 2000 and 2013, and included some individual information (sex,
age, residence area, alcohol abuse, intravenous drug use, homelessness, HIV, imprisonment
status). We found that the global default rate was 4·88%, higher in individuals with well-known
risk profiles (males, immigrants, HIV positive, homeless, prisoners, alcohol and drug users). Of
specific epidemiological interest was that our geographical analysis found that Portugal’s main
urban areas (the two biggest cities) and one tourist region have higher default rates compared to
the rest of the country, after adjusting for the previously mentioneded risk factors. The challenge
of treatment defaulting, either due to other individual non-measured characteristics, healthcare
system failure or patient recalcitrance requires further analysis in the spatio-temporal domain.
Our findings suggest the presence of significant within-country variation in the risk of defaulting
that cannot be explained by these classical individual risk factors alone. The methods we
advocate are simple to implement and could easily be applied to other diseases.
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Incomplete or failure of tuberculosis (TB) treatment
increases the risk of antibiotic resistance, disease
transmission, morbidity and mortality [1]. This study
focuses on treatment default, which here we define

as being off drugs for more than 8 weeks after com-
pleting at least 1 month of treatment. Definitions of
possible outcomes and treatment regimens adopted
in Portugal are fully aligned with WHO Guidelines
[2]. Treatment default could be related to human
behaviour at the patient level and/or to the provision
of healthcare services. Since treatment default is
modifiable it is crucial to try to understand the reasons
these events occur. Transmission between individuals
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is mainly dependent on sputum-positive pulmonary
cases, therefore, in a public health perspective, studies
on this specific group (PTB) are necessary.

The main goals of this article are: (i) to understand
how individual characteristics affect the likelihood of
default to PTB treatment; (ii) to quantify the predict-
ive capacity of these risk factors; and (iii) to evaluate
if, having adjusted for the available individual factors,
there was still significant residual spatial variation in
default rates. We interpret the spatial effect as a pos-
sible warning for other individual factors not available
(e.g. educational level), and for factors relating to the
health service and thus identify regions in Portugal
where defaulting rates are higher than can be
explained by measured individual-level factors alone.

In this study we focus on new PTB cases, diagnosed
between 2000 and 2013 in continental Portugal. We
used data obtained from the national TB surveillance
database (SVIG-TB) and included as risk factors indi-
vidual information on sex (F/M), age, alcohol abuse
(yes/no), (illicit) intravenous drug use (yes/no), home-
lessness (yes/no), HIV positivity (yes/no) and past/pre-
sent imprisonment (yes/no). We modelled the spatial
variation at the freguesia (small area) level – there
are around 4000 such spatial units in Portugal. Our
study only considers cases who have either defaulted
from their treatment regimen or completed it; we do
not consider the success of treatment here and all
other possible outcomes were excluded (i.e. died,
failed, not evaluated).

After producing descriptive statistics, we used logis-
tic regression (LR) to model the impact of individual
covariates on the odds of default. We quantify the pre-
dictive capacity of these risk factors using area under
the receiver-operating characteristic (ROC) curve. We
then used a logistic Generalized Additive Model
(GAM) [3], which allowed us to incorporate individ-
ual covariates and a non-parametric spatial compo-
nent to account for spatial autocorrelation [including
latitude and longitude as a smoothed interaction
term, s(x,y)].

The spatial component is used to model the vari-
ation in the risk of defaulting that cannot be captured
through our measured individual-level covariates and
in the present article, we attribute these effects to other
individual risk factors or to contextual variables,
namely differences in healthcare provision at the
local level. For variable age we used four groups com-
monly used in the TB literature (0–14, 15–34, 35–64,
565 years). All analyses were conducted in R [4]
using the mgcv, gam and pROC libraries, based on

glm, gam and roc functions. Statistical significance
was defined at the 5% level. Models were compared
using Akaike’s Information Criterion (AIC; lower
values indicate better models) and we used backwards
selection to choose the most parsimonious model.
Ethics committee approval and informed consent
were not required as data were derived from an
Official National Surveillance System which had
been previously anonymized.

Our study included 27 894 PTB cases, including
1361 patients who defaulted and 26 533 who com-
pleted their treatment regimens. Results from our
regression models were based on 18 260 (65·46%) of
cases due to incomplete covariate information.

The overall default rate in our study group was 4·88%
andwefoundthistobehigher inmales (5·46%vs. 3·57%).
The highest failure rate (6·12%) was in the 15–34 years
age group, followed by the 35–64, 0–14, and565 years
age groups (4·65%, 4·61% and 2·44%, respectively).
Individuals with known risk factors had higher default
rates: homelessness (19·56% vs. 4·26%),HIVco-infection
(14·62% vs. 2·78%), drug abuse (14·42% vs. 3·16%),
imprisonment (9·52% vs. 4·44%), migration (8·85% vs.
4·37%) and alcohol abuse (8·39% vs. 3·67%). In single
explanatory bivariate analyses, all results were statistic-
ally significant (P< 0·001), partly due to the large size
of our study sample.

The results from our statistical models are presented
in Figure 1. Estimated crude odds ratios (OR) were
obtained by univariable logistic binary models. The
effect sizes were very high, with HIV, homelessness
and intravenous drug use having ORs >5; the direc-
tion of estimated effects was found to be in agreement
with the literature [5–9].

Following the backwards stepwise selection meth-
ods sex and imprisonment were not found to be stat-
istically significant. The final multiple LR model
yielded the following ORs: HIV positivity [OR 3·43,
95% confidence interval (CI) 2·85–4·13, yes vs. no],
migrant status (OR 2·07, 95% CI 1·70–2·50, migrant
vs. Portuguese), intravenous drug use (OR 2·76, 95%
CI 2·27–3·36, yes vs. no). These are all high ORs
and the direction of the effects are again in agreement
with the literature [3–7]. Alcohol abusers and home-
less individuals were also found to have high ORs
close to 2 (OR 1·93, 95% CI 1·61–2·30 and OR
1·91, 95% CI 1·37–2·63, respectively). Our results sug-
gest that older people have a greater chance of com-
pleting treatment (OR 1·03, 95% CI 0·44–2·07; OR
0·76, 95% CI 0·64–0·90, OR 0·71, 95% CI 0·50–0·99,
respectively, for age groups 0–14, 35–64, 565 years,
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with the reference group being the 15–34 years age
group).

Using the GAM (a multiple regression using a step-
wise selection methods) the ORs were very similar but
a smooth spatial term was also found to be statistic-
ally significant (P = 0·0472). This term was found to
improve the model – AIC from a value of 5308·4 for
the LR model to 5296·622 for the GAM.

The GAM had a reasonable diagnostic accuracy in
explaining the occurrence of treatment default (area
under ROC 0·76, 95% CI 0·75–0·79).

Figure 1 shows a map of the spatial effect. This plot
shows how the predicted odds of treatment default
varied according to spatial location from our GAM.

A few studies have reported an association between
treatment default and factors related to the social

characteristics of patients [3–7]. In this study we
found another component independent of these risk
factors – this spatial component was very well
defined. Three regions of Portugal were identified as
having higher default rates – the two major cities
(Lisbon and Oporto) and the south coast (Algarve).
Porto and Lisbon are the biggest urban areas in
Portugal, where more cases of TB are notified and
where preventable risk factors (such as intravenous
drug abuse, migration, homelessness) are more preva-
lent. These two cities are completely aligned with the
epidemiology of TB in big cities in Europe [10] and
are the only ones in Portugal with these characteris-
tics. The third area identified (south coast of
Portugal) is a tourist region receiving persons from
other parts of the country or other countries with a

Fig. 1. Associations between individual risk characteristics and default treatment from both multiple regression models:
Logistic regression (LR) and Generalized Additive Model (GAM). (a) Crude and adjusted odds ratios; (b) odds of failure
over our study region, having adjusted for the other risk factors (spatial component of the GAM).
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very specific seasonal pattern (other tourist areas in
Portugal do not have this seasonal characteristic)
and with a small number of cases notified.

After having adjusted for individual risk factors,
these areas were still clearly identifiable as having a
higher default rate. There are other reasons, beside
these individual risk factors, explaining the increased
default rate, namely the default problem can occur
unpredictably in unsuspected patients (with no clas-
sical non-compliant profiles) [11]. This observed spa-
tial pattern could potentially be explained by the
way our individual risk factors were measured or
coded (i.e. what if alcohol consumption was not
just ‘no/yes’?), other unmeasured individual risk fac-
tors (such as social class, educational achievement,
employment status, among others) or even organiza-
tion issues [12], e.g. difficulty in providing treatment
control or failure in the identification and follow-up
of non-adherent patients. Additionally the status of
Directly Observed Treatment-short course in TB
treatment compliance management in Portugal could
be relevant, but in our study we only know if it was
recommended (and not if it was actually used).

Our study has some limitations. Although notifica-
tion of TB in Portugal is mandatory, many subjects
had at least some missing covariate data. We do not
see this as a serious issue because: (1) comparisons
of default rates, sex, age between those with and with-
out missing data did not evidence different distribu-
tions; (2) between 2000 and 2013 there is a
decreasing trend in the proportion of missing rates,
suggesting global changes in practices of health
services.

We wish to highlight that the use of the GAM
methodological approach is very simple to implement
and although arguably more principled modelling
approaches are available, these often incur much
greater computational expense. We would advocate
the use of GAMs more widely at the exploratory
stage due to the speed and simplicity with which mod-
els can be fitted.

In conclusion, we found that urban and tourist
regions had higher default rates compared to the rest
of the country, even after adjusting for all other iden-
tified individual risk factors (classical non-adherent
patient profiles). The balance between the two differ-
ent perspectives of default is well known: is it a prob-
lem caused by recalcitrant patients? or is healthcare
system failing? [13]. The answer is not clear from
our research and further analyses should be conducted
that take into account both space and time as well as

cultural factors [14]. Urban TB is well documented in
Western Europe, but our study revealed another area
with a completely different profile: a tourist area.
Tourist areas have specific characteristics that mark
them as different from other areas: they witness strong
seasonal variations in population size and available
health services, a generally deprived local population
and also smaller numbers of cases. Our results are
concordant with the literature, but they also clearly
show that our scientific knowledge on treatment
default is still incomplete. New research must be stim-
ulated, with more comprehensive studies and new
tailored strategies in order to increase compliance.
The potential gain of using spatial or spatio-temporal
methods (in general), in epidemiological and infection
problems is illustrated here.
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