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Background. Tuberculosis (TB) recurrence remains a significant public health concern, even in regions with low incidence.
Recurrent TB may result from endogenous reactivation of a previous infection or from exogenous reinfection with a new strain.
Distinguishing between these mechanisms is crucial for understanding TB dynamics and optimizing control strategies. This
study aims to determine the frequency of TB recurrence in Aragoén, Spain, a region with low TB incidence, and to identify
factors associated with reactivation and reinfection over a 30-year period.

Methods. A retrospective, descriptive study including all genotyped Mycobacterium tuberculosis isolates from 1993 to 2022 was
conducted in Aragén. IS6110-RFLP was the method used to genotype strains. Recurrences were classified as reactivation or
reinfection based on molecular profiles. Clinical and epidemiological data were retrieved from medical records. Appropriate
statistical tests were applied to compare groups.

Results. Among 3510 genotyped TB cases, 81 (2.30%) were recurrent: 68 reactivations (1.93%) and 15 reinfections (0.42%).
Reinfection was significantly associated with change of residence, HIV infection, cancer diagnosis in the second episode, and
multimorbidity. Time to recurrence was significantly longer in reinfections (median 7.0 years) compared to reactivations (2.0 years).
Most isolates belonged to Lineage 4 , and reinfection strains were more often linked to clustered strains circulating in the community.

Conclusions. 1In this low-incidence setting, TB recurrence is rare and mainly the result of reactivation. Reinfections, though less
frequent, are linked to mobility, HIV co-infection, neoplasm, and compromised health status. These findings underscore the

importance of long-term molecular surveillance and targeted follow-up for high-risk patients.
Keywords. Mycobacterium tuberculosis; Relapse; Reinfection; Reactivation; multimorbidity.

Tuberculosis (TB) once again became the leading cause of
death from a single infectious agent globally, surpassing
COVID-19, after a 3-year interval [1]. The World Health
Organization (WHO) estimates that 10.8 million individuals
developed TB in 2023, with 1.25 million deaths worldwide.
Transmission occurs primarily through airborne inhalation
of droplets containing Mycobacterium tuberculosis bacilli.
Although many infections resolve spontaneously, approxi-
mately 5%-10% of individuals with latent TB will experience
reactivation and develop active disease [2].
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According to WHO definitions, TB recurrence or relapse re-
fers to patients who were previously treated for TB, declared
cured or treatment-completed at the end of their last treatment
cycle, and are diagnosed with a new episode of TB, either a re-
activation or an exogenous reinfection [3]. Prior TB is 1 of the
strongest predictors of future disease, with recurrence being up
to 14 times more likely than a new primary infection [4].
Despite the availability of effective anti-TB treatment, thera-
peutic success remains suboptimal, with global success rates be-
low 85% [5]. Recurrent TB is associated with worse outcomes,
including higher mortality [6, 7], increased community trans-
mission, and potential outbreak generation [8]. According to
WHO, recurrences of TB account for approximately 7% of in-
cident cases [5]. Recurrence rates vary geographically and are
typically higher in high-incidence regions compared to low-
incidence settings [9]. Identifying risk factors for recurrence
is essential to guide public health interventions. Known risk
factors include HIV infection, smoking, diabetes, residual pul-
monary cavitation, poor adherence to treatment, and the spe-
cific strain of M tuberculosis involved [10-14].
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Genotyping techniques are crucial for distinguishing be-
tween reactivation (suggesting treatment failure or latent per-
sistence) and reinfection with a new strain (suggesting
renewed exposure and transmission) [15], with critical impli-
cations for TB surveillance, outbreak control, and vaccine de-
sign. Recent conceptual advances have challenged the static
view of TB latency. In a landmark review, Behr et al. propose
a dynamic model of TB pathogenesis in which risk of progres-
sion and recurrence fluctuates over time, modulated by host,
pathogen, and environmental factors [16]. Importantly, this
model identifies the first 2 years after infection or treatment
as the highest risk period, with later recurrences more likely
reflecting reinfection. This nuanced framework underscores
the importance of temporal and mechanistic distinctions in
both clinical management and research. These insights are
particularly relevant for TB vaccine development.
Traditionally, some vaccine trials, such as the H56:IC31 trial
evaluated by Borges et al., used TB recurrence as a primary
endpoint to shorten follow-up and reduce sample sizes [17].
However, they highlight, recurrence-based endpoints are lim-
ited by low event rates and mechanistic heterogeneity, espe-
cially in low-incidence settings. There is now broad
consensus that prevention of disease should be the preferred
efficacy endpoint for future vaccine trials, particularly in
infection-naive populations. In this context, long-term sur-
veillance studies that precisely differentiate reactivation and
reinfection remain essential to inform trial design, risk strat-
ification, and postlicensure monitoring.

TB is a notifiable disease in Spain, where patients receive free
healthcare. Systematic genotyping of M tuberculosis isolates has
been performed since 2004 in Aragén. This study represents a
unique opportunity to analyze 3 decades of molecular and clin-
ical data, to quantify the incidence of reactivation and reinfec-
tion, identifying the associated risk factors in a representative
low-incidence population.

METHODS

Study Design and Setting

This retrospective study was conducted in Aragén, a demo-
graphically stable region in northeastern Spain, with a popula-
tion of 1.35 million inhabitants. In 2023, the TB notification
rate was 7.31 cases per 100 000 population [18], below the na-
tional average for that year (8.2 per 100 000). In Aragén, TB
care is organized within the public health system, with diagno-
sis, treatment, and follow-up coordinated through specialized
hospital services and primary care in collaboration with the re-
gional TB control program. Microbiological diagnosis is rou-
tinely performed using sputum or other clinical samples,
which are referred to the regional reference laboratory for my-
cobacteriology for culture confirmation and drug susceptibility
testing.

All genotyped M tuberculosis strains from TB cases diag-
nosed between 2004 and 2022 were included (2557 cases).
Given the mandatory notification of TB and the centralized or-
ganization of microbiological diagnosis, this study captured
nearly all culture-confirmed TB cases diagnosed in Aragén
during the study period. IS6110-RFLP was considered the
gold standard until the introduction of whole-genome se-
quencing (WGS), and remains a valid method for distinguish-
ing between reactivation and reinfection [15]. Historical
genotypes of previous population-based studies in Zaragoza
province (including 561 cases in 1993-1995 and 392 in 2001-
2004), were available [19]. This collection of genotypes, re-
ferred to as ARAMOL, is integrated into the Bionumerics
v7.6 software (Applied Maths, Kortrijk, Belgium), which en-
ables comparison of all strains and identified patterns over
time. Case definitions followed those established in the
European Union (EU) case definition protocol as published
in the Official Journal of the European Union (Commission
Implementing Decision [EU] 2018/945) [20] and in the
National Epidemiological Surveillance Network protocol
(Spain) [21].

We defined recurrent TB cases as those TB recurrence pa-
tients either a reactivation or an exogenous reinfection with
more than 1 positive culture for M tuberculosis, with a time in-
terval between cultures greater than 180 days. This threshold
aligns with the duration of a standard treatment regimen in
Spain for pulmonary TB cases without suspicion of drug resis-
tance: an initial 2-month intensive phase with 4 drugs (isonia-
zid, rifampicin, ethambutol, and pyrazinamide) followed by a
continuation phase of 4 months with 2 drugs (isoniazid and ri-
fampicin). Cases with multiple positive cultures within 180
days were excluded because they were considered part of
the same episode. Reactivation was defined as a recurrence in-
volving the same strain (identical IS6110-RFLP pattern, fol-
lowed by genome sequence if available DNA). Reinfection
was defined as recurrence with a different strain IS6110-RFLP
pattern. Genomes sequences are available in GenBank
(accession SAMN26037035-SAMN26037070; BioProject ID
PRJNA808219) [15].

Clinical records of all included cases were reviewed to extract
social class (Supplementary Table 1) [22], demographic and
clinical and behavioral variables: age, sex, country of birth, co-
morbidities, immunosuppressive status, chest X-ray findings,
treatment adherence, and outcome.

Statistical Analysis

Categorical variables were analyzed using the chi-squared or
Fisher exact test. For continuous variables, t-test and the
Wilcoxon-Mann-Whitney test was used otherwise. The
Shapiro-Wilk test was applied to assess the normality of nu-
meric variables. A P-value <.05 was considered statistically
significant.
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Figure 1.

Flow chart of tuberculosis cases included and excluded from the study. *Two mixed cases were excluded from the subsequent analysis.

RESULTS

In Aragén, totalling 3686 genotyped M tuberculosis isolates
from 3510 patients (Figure 1). Of these, 3365 cases were consid-
ered nonrecurrent. A total of 145 cases presented multiple iso-
lates; 64 were excluded because of short intervals (<180 days),
leaving 81 as recurrent TB. Among these, 15 showed exogenous
reinfections: 12 with a single reinfection, 1 presenting 2 reinfec-
tions, and finally, 2 in which both forms of recurrence were ob-
served. As for endogenous reactivations, 68 cases had at least 1
endogenous reactivation: 57 with a single reactivation, 9 with
multiple reactivations, and 2 cases in which both reinfection
and reactivation were detected (as mentioned previously).
The percentage of recurrence was 2.30%, 1.93% from reactiva-
tion and 0.42% from reinfection. Case c53 showed a reactiva-
tion 5 years after the first episode followed by reinfection 5
years later, whereas Case c64 presented reinfection 10 years af-
ter the initial episode and a subsequent reactivation 7 years lat-
er. To facilitate the comparative study of exogenous reinfection
versus endogenous reactivation, both cases were excluded from
the analysis. Finally, 79 cases were included: 13 reinfection cas-
es, 1 of them presented 2 reinfections, and 66 reactivation cases,
of these, 57 experienced a single reactivation; 6 had 2 reactiva-
tions; 2 had 3 reactivations; and 1 case presented 5 reactivations
during the study period.

Sociodemographic and Clinical Characteristics

Recurrent tuberculosis (n = 79) mostly affected males (79.7%),
with median ages at first and last episodes of 39 and 43 years
(Table 1). Most (65.0%) lived in Zaragoza City, 33.3% were
foreign-born, 56.9% came from families facing social challeng-
es, and 88.0% belonged to manual or unskilled workers (social
classes IV/V). Hospitalization for diagnosis or treatment oc-
curred in 88.6% of the cases. No significant sociodemographic
differences were noted between reactivation and reinfection,
except in residence change: 66.7% of reinfection cases moved,
versus 15.4% of reactivation (P =.002). At least 1 comorbidity
was present in 51.9% of total cases, rising to 84.6% in the rein-
fections (P =.010). HIV co-infection was higher in reinfection
cases (58.3% vs 20.3%; P=.011). No significant differences
were observed in the prevalence of diabetes mellitus, silicosis,
chronic renal failure, AIDS, or neoplasm. The occurrence of
neoplasm in reinfection cases after the first episode of TB was
significant (P =.016). To assess the potential impact of multi-
morbidity on recurrence, we calculated the total number of co-
morbidities per patient, considering diabetes, silicosis, chronic
renal failure, AIDS, neoplasm, and other causes of immunosup-
pression (either treatment-related or from other chronic condi-
tions). Patients with reinfection had a significantly higher
number of comorbidities than those with reactivation
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Table 1. Demographic, Socioeconomic, Clinical, and Behavioral Characteristics of Tuberculosis Recurrence Cases Enrolled in This Study

Overall Reactivation Reinfection
N N=79 N =66 N=13 P Value
Sex 79 4
Man 63/79 (79.7%) 54/66 (81.8%) 9/13 (69.2%)
Woman 16/79 (20.3%) 12/66 (18.2%) 4/13 (30.8%)
Age
First infection Median (Q1, Q3) 78 39.00 (31.00, 49.00) 39.00 (31.00, 50.00) 36.00 (34.00, 39.00) 5
Last infection Median (Q1, Q3) 77 43.00 (36.00, 52.00) 42.00 (35.00, 53.00) 46.50 (38.50, 49.00) 4
Foreign-born 78 26/78 (33.3%) 22/66 (33.3%) 4/12 (33.3%) >.9
Change of health district 74 16/74 (21.6%) 10/65 (15.4%) 6/9 (66.7 %) .002
Families facing social challenges 51 29/51 (56.9%) 22/41 (53.7%) 7/10 (70.0%) 5
Social class® 25 9
| 1/25 (4.0%) 1/22 (4.5%) 0/3 (0.0%)
Il 1/25 (4.0%) 1/22 (4.5%) 0/3 (0.0%)
11l 1/25 (4.0%) 1/22 (4.5%) 0/3 (0.0%)
\% 13/25 (52.0%) 12/22 (54.6%) 1/3 (33.3%)
\Y 9/25 (36.0%) 7/22 (31.8%) 2/3 (66.7%)
Hospital admission 79 70/79 (88.6%) 57/66 (86.4%) 13/13 (100.0%) s
Risk behaviours
Tobacco use 63 52/63 (82.5%) 43/51 (84.3%) 9/12 (75.0%) 4
Alcohol consumption 59 44/59 (74.6%) 35/48 (72.9%) 9/11 (81.8%) 7
Injecting drug users 63 9/63 (14.3%) 6/50 (12.0%) 3/13 (23.1%) 4
Comorbidities 79
Yes 41/79 (61.9%) 30/66 (45.5%) 11/13 (84.6%) .010
No 38/79 (48.1%) 36/66 (54.5%) 2/13 (15.4%)
Diabetes 73 8/73 (11.0%) 7/60 (11.7%) 1/13 (7.7 %) >.9
HIV 76 20/76 (26.3%) 13/64 (20.3%) 7/12 (68.3%) 011
AIDS 73 9/73 (12.3%) 7/60 (11.7%) 2/13 (15.4%) 7
Silicosis 73 1/73 (1.4%) 1/60 (1.7 %) 0/13 (0.0%) >.9
Chronic kidney disease 73 4/73 (5.5%) 2/60 (3.3%) 2/13 (15.4%) 14
Neoplasm 73 7173 (9.6%) 4/60 (6.7 %) 3/13 (23.1%) .10
Change of cancer condition 73 4/73 (5.5%) 1/60 (1.7 %) 3/13 (23.1%) .016
Total number of comorbidities® Median (Q1, Q3) 79 1.00 (0.00, 2.00) 0.00 (0.00, 1.00) 2.00 (1.00, 2.00) .004
Chest radiograph 59
Normal 3/59 (5.1%) 2/46 (4.3%) 113 (7.7%) 5
Pathological without cavitation 39/59 (66.1%) 30/46 (65.2%) 9/13 (69.2%) >.9
Pathological with cavitation 29/59 (49.2%) 25/46 (54.3%) 4/13 (30.8%) A3
Follow-up treatment
Lost to follow up 34/41 (82.9%) 30/36 (83.3%) 4/5 (80.0%) >.9
Treatment adherence 26/38 (68.4%) 21/33 (63.6%) 5/5 (100.0%) .
Death 11/53 (20.8%) 9/46 (19.6%) 2/7 (28.6%) .6
Cluster membership 79
First infection 51/79 (64.6%) 45/66 (68.2%) 6/13 (46.2%) 2
Last infection 55/79 (69.6%) 45/66 (68.2%) 10/13 (76.9%) 7
Change of cluster membership 6/79 (7.6%) 0/66 (0.0%) 6/13 (46.2%) <.001

2Social class according to the Spanish Society of Epidemiology Report (Supplementary Table 1).

Total number of comorbidities includes other chronic diseases such as chronic obstructive pulmonary disease, hepatitis, syphilis, chronic alcoholic pancreatitis, etc. Significant values are

marked in bold.

(P=.004); Specially, 54.5% of reactivation patients had none,
whereas only 15.4% of reinfection patients did. Pulmonary ra-
diology showed no differences. Most reactivation patients
(63.6%) completed treatment in at least 1 episode of disease,
versus 100% in reinfection, with slight differences in
lost-to-follow-up rates in any episode (83.3% in reactivation

vs 80.0% in reinfection). Mortality was 19.6% in reactivation
and 28.6% in reinfection. Isoniazid resistance was found in
8 reactivation patients in the first episode and 7 during
reactivation, with some resistance to rifampicin and streptomy-
cin developing later. All strains in reinfection remained suscep-
tible (Table 2). The median time to recurrence was 2.00 (1.00,
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Table 2. Antituberculous Drug Susceptibility Patterns in Recurrent Cases

Reactivations (n = 66)

Reinfections (n=13)

Antituberculous drug First episode

Subsequent episode First episode Subsequent episode

Rifampicin 65 susceptible
1 resistant

Isoniazid 58 susceptible
8 resistant

Ethambutol All susceptible

Streptomycin 61 susceptible
4 resistant

1 unknown

61 susceptible
4 resistant

All susceptible All susceptible
1 resistant

51 susceptible
7 resistant

1 susceptible
7 resistant

All susceptible
59 susceptible
2 resistant

1 susceptible
3 resistant

1 unknown

3.00) years for reactivation and 7.00 (3.00, 10.00) years for
reinfection (P <.001) (Figure 2).

Molecular Characteristics

Almost all M tuberculosis strains identified belonged to L4
(98.6%), with only 1 reinfection case caused by a strain identi-
fied as M africanum (L6). Regarding strain clustering, 46.2%
(6/13) of the strains responsible for the first episode of reinfec-
tion were part of a previously identified cluster, whereas this
proportion increased to 76.9% (10/13) during the second rein-
fection episode. In reactivation cases, 68.2% (45/66) of the
strains were linked to existing community clusters. However,
these differences were not statistically significant. Twenty-two
recurrent cases were grouped into 6 major clusters, each con-
taining more than 9 cases that had circulated previously.
These clusters are detailed in Figure 3. Of the 13 patients
with exogenous reinfection, 8 were native and 5 were foreign-
born (c3, ¢8, c12, cl4, and c37). A more detailed analysis
showed that ¢3, originally from the Democratic Republic of
the Congo, was initially infected with an orphan strain, whereas
the reinfecting strain belonged to a community cluster. Cases
c8 and c14, from Equatorial Guinea and Romania, respectively,
were infected by orphan strains in both episodes. In c14,
classification was initially unclear because of the similarity
in the RFLP patterns of both isolates and differences in spo-
ligotyping profiles and WGS confirmed the presence of 2 dis-
tinct strains, ruling out endogenous reactivation [15]. Case
cl12, from Equatorial Guinea, was considered the index
case of a new cluster based on the timeline of strain appear-
ance in the community. In its second episode, this patient
was infected with a previously unreported L6 strain. Case
c37 coming from Republic of Cabo Verde, was infected by
3 different strains, all of them belonging to active clusters
in the population.

DISCUSSION

This 30-year molecular epidemiology study in Aragén, Spain, a re-
gion with low TB incidence, demonstrates that TB recurrence is a
relatively infrequent phenomenon, affecting only 2.30% of pa-
tients with genotyped isolates. Endogenous reactivation accounted
for the vast majority of recurrent cases (1.93%), whereas exoge-
nous reinfection was less common (0.42%). These findings are
consistent with those from other low-incidence settings in
Europe and reinforce the notion that reactivation remains the pre-
dominant mechanism of recurrence where TB transmission is un-
der control [9]. According to WHO, recurrent TB constitutes
approximately 7% of incident cases [5]. Our findings, which reveal
a recurrence rate below that threshold, align with other Spanish
studies, 1 conducted over 13 years in Getafe (Madrid) and another
over 6 years in Gran Canaria, which reported recurrence rates of
1.24% and 2.32%, respectively [23, 24].

A systematic review by Vega et al. of more than 48 molecular
studies confirmed that endogenous reactivation dominates in
low-incidence countries [9]. Most studies had limitations like
short follow-ups, selective cohorts, or lacked population-based
design. In contrast, our study provides long-term, comprehen-
sive data from a stable population with universal healthcare.
Reported recurrence rates varied widely (0.40%-63.27%) be-
cause of heterogeneity and different goals, including treatment
comparisons or specific populations (eg, extensively drug-
resistant TB, HIV, cancer). Few studies showed higher reinfec-
tion rates, mainly in high-incidence areas like South Africa and
China [25, 26]. Vega et al. noted that increased TB incidence
correlates with higher reinfection, reducing reactivation domi-
nance and identified HIV as a moderate risk factor for reinfec-
tion [9, 27]. Our study highlights that mobility, HIV, cancer
status, and multimorbidity are key but often underrepresented
risk factors. A high number of the cases presented at least a co-
morbidity (84.8%), suggesting a poor health status.
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Figure 2. (A) Visualization of the time between recurrent infection episodes in the same patient. (B) Visualization of the distribution of time intervals between isolates. Blue

line: cases of reinfections. Red line: cases of reactivations.

The comparison between reactivation and reinfection found
that most of the cases were male (81.8% vs 69.2%) and had a
median age of 39.0 versus 36.0 years at the first episode and
42.0 versus 46.5 years at the last episode. Most were smokers
(84.3% vs 75.0%) and reported habitual alcohol use (79.2% vs
81.8%). These features reflect a typical profile and align with
known risk factors: male sex [28], age 30-59 years [11], smok-
ing [10], and alcohol use [29]. More than half of reinfection cas-
es (66.7%) changed primary healthcare areas, compared to
15.4% of reactivation cases, suggesting that residential instabil-
ity may be a risk factor for reinfection, likely linked to socioe-
conomic or immigrant status, frequent relocations, unstable

jobs, and poor housing, factors increasing exposure after treat-
ment. Interestingly, treatment adherence, often associated with
TB recurrence [12], did not differ significantly between groups
in our study. However, drug resistance, notably to isoniazid
and rifampicin, was observed exclusively among reactivation
cases, reinforcing its link with subclinical persistence and treat-
ment failure [30].

Classic risk factors for recurrence include diabetes mellitus,
HIV infection, and chronic pulmonary disease [10, 11, 31].
Diabetes mellitus and cavitary disease has been suggested as
an individual risk factor for reactivation [7, 32], whereas HIV
infection has been associated with reinfection [31, 33]. In our
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Figure 3. Recurrence cases aggregated into the largest clusters within our pop-
ulation. Cases: ¢34, ¢36, c37, and c44 represent isolates from the second episode of
reinfection cases. For reinfection ¢19, the initial isolate was identified in ARA 30,
whereas the subsequent isolate grouped with ARA 47.

study, HIV infection was significantly associated with reinfec-
tion. Additionally, individuals with reinfection had a higher av-
erage number of comorbidities compared to those with
reactivation, suggesting a poorer general health status and
greater clinical complexity in the reinfection group. These
host-related vulnerabilities also support the dynamic model
of TB pathogenesis proposed by Behr et al., which moves be-
yond binary definitions of latent versus active TB [16]. Their
work highlights that the first 2 years after infection or treatment
represent the highest risk period for reactivation. Our findings
confirm this: endogenous reactivations occurred mostly within
2 years, whereas reinfections appeared much later (median 7
years), likely reflecting new exposure. These temporal dynam-
ics underscore the importance of sustained clinical follow-up,
particularly during the early posttreatment period. This finding
supports the theory that reactivation risk decreases over time,
occurring primarily within the first year posttreatment, where-
as reinfections tend to occur later [16]. Therefore, studies with
shorter follow-up periods may underestimate reinfection rates.
Moreover, the most reinfections involved strains were already
circulating in the community, indicating persistent but low-
level transmission. Most TB cases were caused by M tuberculo-
sis L4; only 1 reinfection was attributed to L6 in a foreign-born
patient, likely imported from their country of origin. Although
the Beijing genotype (L2) has historically been associated with
recurrence, especially reactivation [13], it was not identified in
any of our recurrent TB cases. In contrast with findings in Gran
Canaria, where L2 was frequently isolated in recurrent cases
[24]. That all reinfections with orphan strains involved foreign-

born individuals, including 1 L6 case, is consistent with prior
findings linking migration and travel from high-incidence
countries to reinfection risk [34].

According to the hypothesis that reinfections increase with
rising TB incidence [9], one would expect reinfecting strains
to be more frequently found in transmission clusters, as pa-
tients are more likely to be reinfected with circulating strains.
Supporting this theory, 10 of the 13 reinfection cases in our
study belonged to clusters, indicating ongoing community
transmission. The 3 unclustered strains from foreign-born pa-
tients likely resulted from travel-related reinfection, explaining
the lack of local clustering. Some large clusters included both
reactivation and reinfection cases, suggesting persistent strains
capable of causing both. This raises the possibility that some re-
infections with genetically identical strains are misclassified as
reactivations, as IS6110-RFLP has limited resolution. Higher
resolution methods like WGS are needed for better discrimina-
tion. Our study with WGS confirmed genome similarity in re-
activation cases [15].

Our results also contribute to the debate on vaccine trial de-
sign. The phase 2b trial by Borges et al., which evaluated the
H56:1C31 vaccine in previously treated patients, demonstrated
modest efficacy in preventing recurrence [17]. However, it also
exposed the limitations of using recurrence as a vaccine end-
point in settings where such events are infrequent and mecha-
nistically heterogeneous. In our cohort, the rarity of recurrence
and the long latency of reinfections further limit the feasibility
of recurrence-based endpoints. These data support the global
shift, reflected in WHO’s Preferred Product Characteristics, to-
ward prevention of disease as the preferred primary endpoint
for TB vaccine trials.

Finally, the limitations of our study are inherent to its retro-
spective nature. First, we lost TB cases without a positive cul-
ture as our starting point was the genotyped M tuberculosis
strains. The lack of homogeneity in medical records over
time led to missing data in key variables. This issue may have
been worsened by patient transfers between health facilities,
potentially resulting in underestimation of recurrence.
Because of the lack of individual follow-up data, incidence rates
expressed in person-time could not be estimated. Additionally,
it was not possible to verify treatment adherence in all
patients, which is crucial for confirming that recurrent cases
were not due to incomplete treatment or loss to follow up.
Furthermore, some cases may have been excluded due to insuf-
ficient or poor-quality samples for genomic analysis, limiting
full coverage. Regarding the molecular technique used, RFLP,
despite its wide application, has limitations in differentiating
strains with similar genotypic patterns. However, most reacti-
vation cases were analyzed using WGS in a previous study by
our group [15], significantly reducing the risk of false positives
in reactivation classification and strengthening the validity of
our findings.
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Our findings highlight the importance of long-term molecu-
lar surveillance. Tuberculosis recurrence, though rare, mostly
results from reactivation within 2 years, emphasizing targeted
clinical monitoring then. Detection of late reinfections, espe-
cially in vulnerable or foreign-born individuals, underscores
the need to address social factors, improve care continuity,
and maintain genomic surveillance to spot transmission chang-
es. Our study supports current global vaccine and recurrence
prevention strategies, providing a benchmark for future inter-
ventions. Even in well-resourced settings, TB recurrence re-
mains a concern, particularly for patients with HIV,
neoplasm, comorbidities, or high mobility. Molecular epidemi-
ology is vital for understanding recurrence mechanisms and
transmission. Ongoing vigilance and targeted prevention are
essential to advancing TB control and preventing recurrence
in vulnerable groups.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader, the
posted materials are not copyedited and are the sole responsibility of the
authors, so questions or comments should be addressed to the correspond-
ing author.

Notes

Acknowledgments. The authors acknowledge the Public Health
Surveillance Service of the Gobern of Aragon interest on this job. They
also acknowledge Carmen Lafoz of “Servicio General de Apoyo a la
Investigacion-SAI” of the University of Zaragoza, Dr. Jesus Vinuelas,
Juan Sahagun, and Luis Torres for providing the clinical isolates.

Author Contributions. X.L., S.S, and M.J.I.: Conceptualization,
Methodology, Writing. S.S. and M.S.J.: Supervision and Funding acquisi-
tion. A.C.: Software, Formal Analysis, Data Curation. D.L: Investigation.
C.M.: Supervision.

Authors used Grammarly to assist with language refinement and text ed-
iting. Afterward, authors reviewed and edited the content as needed and
take full responsibility for the content of the publication.

Data Availability Statements. The data underlying this article will be
shared on reasonable request to the corresponding author.

Ethics Statement. This study was undertaken for health protection pur-
poses. Permission was granted to CEICA to obtain anonymized and dei-
dentified confidential patient data. The research ethics committee at the
CEICA Health Institute approved the overall project (C.I. PI25/089, Acta
no. 11/2025).

Financial support. This research was supported by CIBERES -
Consorcio Centro de Investigacion Biomédica en Red de Enfermedades
Respiratorias (CB06/06/0020), Instituto de Salud Carlos III, Ministerio
de Ciencia e Innovacion—European Regional Development Fund. The
sponsors had no role in study design, data collection and interpretation,
or the decision to submit the work for publication.

Potential conflicts of interest. The authors have no conflicts of interest to
declare for this study.

References

1. World Health Organization. Global tuberculosis report 2024. Geneva: World
Health Organization, 2024.

2. American Thoracic Society. Diagnostic standards and classification of tuberculo-
sis in adults and children. Am J Respir Crit Care Med 2000; 161:1376-95.

3. World Health Organization. Definitions and reporting framework for tuberculo-
sis—2013 revision: updated December 2014 and January 2020. Geneva: World
Health Organization, 2013.

20.

21.

22.

23.

. Millet JP, Orcau A, de Olalla PG, Casals M, Rius C, Cayla JA. Tuberculosis recur-

rence and its associated risk factors among successfully treated patients. J
Epidemiol Community Health 2009; 63:799-804.

. World Health Organization. Global tuberculosis report 2020. Geneva: World

Health Organization, 2020.

. Murray J, Sonnenberg P, Shearer SC, Godfrey-Faussett P. Human

immunodeficiency virus and the outcome of treatment for new and recurrent pul-
monary tuberculosis in African patients. Am J Respir Crit Care Med 1999; 159:
733-40.

. Romanowski K, Baumann B, Basham CA, Ahmad Khan F, Fox GJ, Johnston JC.

Long-term all-cause mortality in people treated for tuberculosis: a systematic re-
view and meta-analysis. Lancet Infect Dis 2019; 19:1129-37.

. Liu Q, Wei J, Li Y, et al. Mycobacterium tuberculosis clinical isolates carry

mutational signatures of host immune environments. Sci Adv 2020; 6:
eaba4901.

. Vega V, Rodriguez S, Van der Stuyft P, Seas C, Otero L. Recurrent TB: a system-

atic review and meta-analysis of the incidence rates and the proportions of relaps-
es and reinfections. Thorax 2021; 76:494-502.

. Panjabi R, Comstock GW, Golub JE. Recurrent tuberculosis and its risk factors:

adequately treated patients are still at high risk. Int ] Tuberc Lung Dis 2007; 11:
828-37.

. Shen X, Yang C, Wu J, et al. Recurrent tuberculosis in an urban area in China:

relapse or exogenous reinfection? Tuberculosis (Edinb) 2017; 103:97-104.

. Qin F, Barry P, Pascopella L. Factors associated with extended treatment among

tuberculosis patients at risk of relapse in California. Int J Tuberc Lung Dis 2016;
20:363-€9.

. Liu Q, Wang D, Martinez L, et al. Mycobacterium tuberculosis Beijing genotype

strains and unfavourable treatment outcomes: a systematic review and meta-
analysis. Clin Microbiol Infect 2020; 26:180-8.

. Alipanah N, Jarlsberg L, Miller C, et al. Adherence interventions and outcomes of

tuberculosis treatment: a systematic review and meta-analysis of trials and obser-
vational studies. PLoS Med 2018; 15:e1002595.

. Comin ], Cebollada A; Aragonese Working Group on Molecular Epidemiology of

Tuberculosis (EPIMOLA); Samper S. Estimation of the mutation rate of
Mycobacterium tuberculosis in cases with recurrent tuberculosis using whole ge-
nome sequencing. Sci Rep 2022; 12:16728.

. Behr MA, Edelstein PH, Ramakrishnan L. Rethinking the burden of latent tuber-

culosis to reprioritize research. Nat Microbiol 2024; 9:1157-8.

. Borges AH, Russell M, Tait D, et al. Immunogenicity, safety, and efficacy of the

vaccine H56:IC31 in reducing the rate of tuberculosis disease recurrence in
HIV-negative adults successfully treated for drug-susceptible pulmonary tubercu-
losis: a double-blind, randomised, placebo-controlled, phase 2b trial. Lancet
Infect Dis 2025; 25:751-63.

. Government of Aragon, Directorate-General of Public Health. Boletin

Epidemiolégico Semanal de Aragén [Weekly Epidemiological Bulletin of
Aragon]. Week 11/2024 (11-17 Mar 2024). 2024. Accessed 29 August 2025.
Available at: https://www.aragon.es/salud-publica/vigilancia-epidemiologica/boletin-
epidemiologico-de-aragon/-/document_library/zzdhportletld/view/135017178?
p_r_p_resetCur=false&amp;amp;com_liferay_document_library_web_portlet_
DLPortlet_INSTANCE_zzdhportletld_navigation=home&amp;amp;com_
liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletld_
orderByCol=modifiedDate&amp;amp;com_liferay_document_library_web_
portlet_DLPortlet INSTANCE_zzdhportletld_orderByType=desc&amp;com_
liferay_document_library_web_portlet_DLPortlet_ INSTANCE_zzdhportletld_
deltaEntry=20&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_
INSTANCE_zzdhportletld_curEntry=3

. Lopez-Calleja Al Lezcano MA, Vitoria MA, et al. Genotyping of Mycobacterium

tuberculosis over two periods: a changing scenario for tuberculosis transmission.
Int ] Tubercul Lung Dis 2007; 11:1080-6.

Commission Implementing Decision (EU) 2018/945 of 22 June 2018 on the com-
municable diseases and related special health issues to be covered by epidemiolog-
ical surveillance as well as relevant case definitions. Official Journal of the
European Union. 2018. Accessed 29 August 2025. Available at: https:/eur-lex.
europa.eu/legal-content/EN/TXT/?uri=CELEX:32018D0945

Centro Nacional de Epidemiologia, Instituto de Salud Carlos IIL. Protocol of the
National Network of Epidemiological Surveillance [in Spanish]. Madrid: Instituto
de Salud Carlos ITI; 2016.

Alvarez-Dardet C, Alonso J, Domingo-Salvany A, Regidor E. La medicién de la
clase social en ciencias de la salud. Informe de un Grupo de Trabajo de la
Sociedad Espafiola de Epidemiologia. Barcelona: SG Editores/Sociedad
Espafiola de Epidemiologia, 1995.

Cacho J, Pérez Meixeira A, Cano I, et al. Recurrent tuberculosis from 1992 to 2004
in a metropolitan area. Eur Respir ] 2007; 30:333-7.

8 « OFID « Lin et al

9202 Iudy gz uo Jesn ezobelez op pepISIaAlUN eo810dIg Aq G666818/6.0BEI0/E/E | /olo1E/PLO/W0d dNo olWspeoe)/:Sd]y Wolj paPEOjUMOQ


http://academic.oup.com/ofid/article-lookup/doi/10.1093/ofid/ofag079#supplementary-data
https://www.aragon.es/salud-publica/vigilancia-epidemiologica/boletin-epidemiologico-de-aragon/-/document_library/zzdhportletId/view/135017178?p_r_p_resetCur=false&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_navigation=home&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByCol=modifiedDate&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByType=desc&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_deltaEntry=20&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_curEntry=3
https://www.aragon.es/salud-publica/vigilancia-epidemiologica/boletin-epidemiologico-de-aragon/-/document_library/zzdhportletId/view/135017178?p_r_p_resetCur=false&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_navigation=home&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByCol=modifiedDate&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByType=desc&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_deltaEntry=20&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_curEntry=3
https://www.aragon.es/salud-publica/vigilancia-epidemiologica/boletin-epidemiologico-de-aragon/-/document_library/zzdhportletId/view/135017178?p_r_p_resetCur=false&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_navigation=home&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByCol=modifiedDate&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByType=desc&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_deltaEntry=20&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_curEntry=3
https://www.aragon.es/salud-publica/vigilancia-epidemiologica/boletin-epidemiologico-de-aragon/-/document_library/zzdhportletId/view/135017178?p_r_p_resetCur=false&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_navigation=home&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByCol=modifiedDate&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByType=desc&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_deltaEntry=20&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_curEntry=3
https://www.aragon.es/salud-publica/vigilancia-epidemiologica/boletin-epidemiologico-de-aragon/-/document_library/zzdhportletId/view/135017178?p_r_p_resetCur=false&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_navigation=home&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByCol=modifiedDate&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByType=desc&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_deltaEntry=20&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_curEntry=3
https://www.aragon.es/salud-publica/vigilancia-epidemiologica/boletin-epidemiologico-de-aragon/-/document_library/zzdhportletId/view/135017178?p_r_p_resetCur=false&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_navigation=home&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByCol=modifiedDate&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByType=desc&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_deltaEntry=20&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_curEntry=3
https://www.aragon.es/salud-publica/vigilancia-epidemiologica/boletin-epidemiologico-de-aragon/-/document_library/zzdhportletId/view/135017178?p_r_p_resetCur=false&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_navigation=home&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByCol=modifiedDate&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByType=desc&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_deltaEntry=20&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_curEntry=3
https://www.aragon.es/salud-publica/vigilancia-epidemiologica/boletin-epidemiologico-de-aragon/-/document_library/zzdhportletId/view/135017178?p_r_p_resetCur=false&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_navigation=home&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByCol=modifiedDate&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByType=desc&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_deltaEntry=20&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_curEntry=3
https://www.aragon.es/salud-publica/vigilancia-epidemiologica/boletin-epidemiologico-de-aragon/-/document_library/zzdhportletId/view/135017178?p_r_p_resetCur=false&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_navigation=home&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByCol=modifiedDate&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByType=desc&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_deltaEntry=20&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_curEntry=3
https://www.aragon.es/salud-publica/vigilancia-epidemiologica/boletin-epidemiologico-de-aragon/-/document_library/zzdhportletId/view/135017178?p_r_p_resetCur=false&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_navigation=home&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByCol=modifiedDate&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_orderByType=desc&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_deltaEntry=20&amp;amp;com_liferay_document_library_web_portlet_DLPortlet_INSTANCE_zzdhportletId_curEntry=3
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32018D0945
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32018D0945

24.

25.

26.

27.

28.

29.

Caminero JA, Pena MJ, Campos-Herrero MI, et al. Exogenous reinfection with
tuberculosis on a European island with a moderate incidence of disease. Am J
Respir Crit Care Med 2001; 163:717-20.

Charalambous S, Grant AD, Moloi V, et al. Contribution of reinfection to recur-
rent tuberculosis in South African gold miners. Int J Tuberc Lung Dis 2008; 12:
942-8.

Shen G, Xue Z, Shen X, et al. The study recurrent tuberculosis and exogenous re-
infection, Shanghai, China. Emerg Infect Dis 2006; 12:1776-8.

Vega V, Cabrera-Sanchez J, Rodriguez S, et al. Risk factors for pulmonary tuber-
culosis recurrence, relapse and reinfection: a systematic review and meta-analysis.
BM]J Open Respir Res 2024; 11:¢002281.

Velayutham B, Chadha VK, Singla N, et al. Recurrence of tuberculosis among
newly diagnosed sputum positive pulmonary tuberculosis patients treated under
the Revised National Tuberculosis Control Programme, India: a multi-centric
prospective study. PLoS One 2018; 13:€0200150.

Weiangkham D, Umnuaypornlert A, Saokaew S, Prommongkol S, Ponmark J.
Effect of alcohol consumption on relapse outcomes among tuberculosis patients:
a systematic review and meta-analysis. Front Public Health 2022; 10:962809.

30.

31

32.

33.

34.

Luzze H, Johnson DF, Dickman K, et al. Relapse more common than reinfection
in recurrent tuberculosis 1-2 years post treatment in urban Uganda. Int ] Tuberc
Lung Dis 2013; 17:361-7.

. Pettit AC, Kaltenbach LA, Maruri F, et al. Chronic lung disease and HIV infection

are risk factors for recurrent tuberculosis in a low-incidence setting. Int ] Tuberc
Lung Dis 2011; 15:906-11.

Jiménez-Corona ME, Cruz-Hervert LP, Garcia-Garcia L, et al. Association of di-
abetes and tuberculosis: impact on treatment and post-treatment outcomes.
Thorax 2013; 68:214-20.

Guerra-Assungdo JA, Houben RM, Crampin AC, et al. Recurrence due to
relapse or reinfection with Mycobacterium tuberculosis: a whole-genome
sequencing approach in a large, population-based cohort with a high
HIV infection prevalence and active follow-up. J Infect Dis 2015; 211:
1154-63.

Bandera A, Gori A, Catozzi L, et al. Molecular epidemiology study of exogenous
reinfection in an area with a low incidence of tuberculosis. ] Clin Microbiol 2001;
39:2213-8.

Factors Involved in Tuberculosis Recurrence in a Low-incidence Setting « OFID « 9

9202 Iudy gz uo Jesn ezobelez op pepISIaAlUN eo810dIg Aq G666818/6.0BEI0/E/E | /olo1E/PLO/W0d dNo olWspeoe)/:Sd]y Wolj paPEOjUMOQ



	Factors Involved in Tuberculosis Recurrence �in a Low-incidence Setting; Reactivation Predominates Over Reinfection in a 30-year Surveillance Study
	METHODS
	Study Design and Setting
	Statistical Analysis

	RESULTS
	Sociodemographic and Clinical Characteristics
	Molecular Characteristics

	DISCUSSION
	Supplementary Data
	Notes
	References


