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Strengths and limitations of this study

 ► Prediction models for tuberculosis treatment out-

comes have the potential to inform interventions or 

treatment management protocols to promote cure 

among patients with tuberculosis at the greatest 

risk of unsuccessful treatment outcomes, but the 

methods and clinical utility of existing models had 

not been formally evaluated.

 ► This was the �rst systematic review of prediction 

models for tuberculosis treatment outcomes.

 ► The review used a comprehensive search strat-

egy, conducted thorough bias assessment with 

the Prediction Model Risk of Bias Assessment Tool 

(PROBAST) tool, and offers recommendations for fu-

ture model development and validation studies for 

predicting tuberculosis treatment outcomes.

 ► Evidence synthesis and quality assessment were 

limited by incomplete reporting in primary studies, 

as well as heterogeneities in study populations, such 

as multidrug resistance and age.

 ► External validation studies or studies written in lan-

guages other than English, Spanish, Portuguese or 

French were excluded.

ABSTRACT
Objective To systematically review and critically evaluate 

prediction models developed to predict tuberculosis (TB) 

treatment outcomes among adults with pulmonary TB.

Design Systematic review.

Data sources PubMed, Embase, Web of Science and 

Google Scholar were searched for studies published from 

1 January 1995 to 9 January 2020.

Study selection and data extraction Studies that 

developed a model to predict pulmonary TB treatment 

outcomes were included. Study screening, data extraction 

and quality assessment were conducted independently 

by two reviewers. Study quality was evaluated using the 

Prediction model Risk Of Bias Assessment Tool. Data 

were synthesised with narrative review and in tables and 

�gures.

Results 14 739 articles were identi�ed, 536 underwent 

full- text review and 33 studies presenting 37 prediction 

models were included. Model outcomes included death 

(n=16, 43%), treatment failure (n=6, 16%), default 

(n=6, 16%) or a composite outcome (n=9, 25%). Most 

models (n=30, 81%) measured discrimination (median 

c- statistic=0.75; IQR: 0.68–0.84), and 17 (46%) reported 

calibration, often the Hosmer- Lemeshow test (n=13). 

Nineteen (51%) models were internally validated, and six 

(16%) were externally validated. Eighteen (54%) studies 

mentioned missing data, and of those, half (n=9) used 

complete case analysis. The most common predictors 

included age, sex, extrapulmonary TB, body mass index, 

chest X- ray results, previous TB and HIV. Risk of bias 

varied across studies, but all studies had high risk of bias 

in their analysis.

Conclusions TB outcome prediction models are 

heterogeneous with disparate outcome de�nitions, 

predictors and methodology. We do not recommend 

applying any in clinical settings without external validation, 

and encourage future researchers adhere to guidelines for 

developing and reporting of prediction models.

Trial registration The study was registered on the 

international prospective register of systematic reviews 

PROSPERO (CRD42020155782)

BACKGROUND

Tuberculosis (TB) is one of the top 10 causes 
of death worldwide and a leading cause of 
death from an infectious disease. In 2018, 
10 million people developed TB and 1.45 

million people died from it globally, despite 
widespread availability of curative treatment.1 
Global treatment success was 85% for all new 
and relapse patients with TB in 2018. For HIV- 
associated TB, it was 75%. These proportions 
are lower than the End TB Strategy target of 
≥90% treatment success.2

Heeding early recognition that Mycobacte-

rium tuberculosis develops resistance rapidly 
in response to single- drug therapy, TB has 
been treated with combination regimens 
for more than 50 years.3 Aside from weight- 
based dosing, the WHO and other TB guide-
lines authorities recommend a standardised 
approach for treatment of almost all patients 
with TB.4–6 The current recommendation 
for drug- susceptible TB includes 2 months 
of isoniazid, rifampin, pyrazinamide, and 
ethambutol, followed by 4 months of isoni-
azid and rifampin.

http://bmjopen.bmj.com/
http://orcid.org/0000-0001-5302-2033
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Table 1 WHO de�nition of treatment outcomes for patients with TB

Outcome Definition

Treatment completion Completion of treatment without evidence of failure, but without documentation of a negative sputum 

smear or culture in the last month of treatment and/or on at least one previous occasion, either 

because tests were not done or because results are unavailable

Cure Bacteriologic con�rmation of a negative smear or culture at the end of TB treatment and on at least 

one previous occasion

Treatment success Composite of cured and treatment completed

Treatment failure Sputum smear or culture is positive at month 5 or later during treatment

Death Patient with TB who dies for any reason before starting or during the course of treatment

Loss to follow- up Patient with TB who did not start treatment or whose treatment was interrupted for 2 consecutive 

months or more

Not evaluated (transfer 

out)

Patient with TB for whom no treatment outcome was assigned, which includes cases who ‘transferred 

out’ to another treatment unit as well as cases for whom the treatment outcome is unknown to the 

reporting unit

TB, tuberculosis.

Due to the long duration of TB treatment, it would be 
beneficial to understand early predictors of unsuccessful 
TB treatment outcomes to identify patients needing 
tailored treatment approaches, such as directly observed 
therapy (DOT) or extended treatment course. Research 
suggests that individual characteristics, such as HIV, age, 
undernutrition, diabetes, TB disease severity, extrapul-
monary TB, history of TB, adherence, alcohol use and 
adverse drug reactions, are associated with unsuccessful 
TB treatment outcomes, but results vary by setting and 
patient population.7–10

Prediction models, defined as any combination or 
equation of two or more predictors to estimate an indi-
vidualised probability of a specific endpoint within a 
defined period of time, are increasingly common in 
TB research.11 The large number of recent prediction 
models for TB outcomes highlights the common desire 
to identify patients with TB at greatest risk of an unsuc-
cessful treatment outcome. However, to date, there has 
not been a formal synthesis or quality assessment of 
existing prediction models for TB treatment outcomes, 
which is essential to determine whether they should be 
used to inform care and may help guide development of 
future models. Thus, we conducted a systematic review to 
identify, describe, compare and synthesise clinical predic-
tion models designed to predict TB treatment outcomes 
among persons with pulmonary TB.

METHODS AND ANALYSIS

All steps of the systematic review were carried out 
according to guidelines set by Cochrane Prognosis 
Methods Group (PMG) and PROGnosis RESearch 
Strategy (PROGRESS).12–14 Reporting adhered to the 
Preferred Reporting Items for Systematic Reviews and 
Meta- Analyses (PRISMA, online supplemental file 1). 
This study was preregistered on Open Science Frame-
work (OSF, https:// osf. io/ rz3wp) and the international 

prospective register of systematic reviews (PROSPERO: 
CRD42020155782).

Study eligibility criteria

The review question was defined according to the PICOTS 
(Population, Intervention, Comparator, Outcomes, 
Timing, Setting) framework (online supplemental file 2). 
In brief, the goal was to identify prognostic models devel-
oped to predict TB treatment outcomes among pulmo-
nary TB cases. The main endpoint was unsuccessful TB 
treatment outcome, defined by the WHO as the combina-
tion of death, treatment failure, loss to follow- up and/or 
not evaluated, as compared with successful TB treatment 
outcome, defined as the combination of cure or treat-
ment completion (table 1).15 Loss to follow- up was some-
times referred to as default or treatment abandonment.

Inclusion criteria were: (1) prognostic model studies 
with or without external validation16 ; (2) study popu-
lation included adult, drug- susceptible, pulmonary, 
TB cases; (3) written in English, Spanish, Portuguese 
and French; (4) published between 1 January 1995 and 
9 January 2020; (5) treatment outcome was one of the 
following: cure, treatment completion, death, treatment 
failure, loss to follow- up or not evaluated.

Exclusion criteria were: (1) predictive value of more than 
one variable was evaluated but not combined in a predic-
tion model; (2) study population was only multidrug- 
resistant (MDR) TB cases, only extrapulmonary TB cases 
or only children (<18 years old); (3) outcome was eval-
uated during treatment such as: 2- month smear/culture 
conversion, acquired resistance, adverse events, quality of 
life; (4) long- term outcomes, such as relapse, recurrence 
or post- treatment mortality.

The decision to include only articles in English, Spanish, 
Portuguese and French was based on study team capabil-
ities. The dates reflect modern TB treatment practice; 
first- line TB treatment regimens were not available until 
the early 1990s.17 18 Articles that included a combination 

https://dx.doi.org/10.1136/bmjopen-2020-044687
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of drug- susceptible and drug- resistant cases, or a combi-
nation of children and adults were included.

Search strategy and selection criteria

The following electronic databases were searched on 9 
January 2020: PubMed, Embase, Web of Science and the 
first 200 references from Google Scholar. This combina-
tion of databases achieved best overall recall for system-
atic reviews in a recent study.19  Clinicaltrials. gov and  
retractiondatabase. org were also searched for unpub-
lished research. Reference lists of retrieved articles were 
checked to identify eligible studies.

Search terms relating to the ‘prediction model’ compo-
nent of the search were adapted from a PubMed search 
strategy that captured prediction model studies with sensi-
tivity of 98%.20 That component was combined with terms 
relating to TB treatment outcomes. The search strategy, 
developed in PubMed, was adapted for all other data-
bases with assistance from a reference librarian (online 
supplemental file 3).

Article selection was conducted in three stages. The first 
stage was automatic deduplication and title screening, 
carried out using revtools in RStudio (V.1.2).21 Remaining 
articles were imported into Covidence, a web- based soft-
ware platform that streamlines systematic reviews, where 
abstracts (Stage 2) and full text (Stage 3) were manu-
ally screened.22 Stages 2 and 3 were carried out by two 
independent reviewers (LP and FR). Discordance was 
discussed between reviewers, and if consensus was not 
reached, a third party arbitrated (one of TS, VCR, PR, 
DL). In stage 3, reasons for exclusion were documented 
according to PRISMA.

Data analysis

Data from selected studies were recorded using a data-
base designed in REDCap (Vanderbilt University).23 24 
Data extraction was informed by the CHecklist for critical 
Appraisal and data extraction for systematic Reviews of 
prediction Modelling Studies (CHARMS) and the Predic-
tion Model Risk of Bias Assessment Tool (PROBAST).16 25 26 
CHARMS checklist and PROBAST are shown in online 
supplemental files 4 and 5, respectively.

Quality assessment and applicability of included studies 
was assessed using PROBAST by dual independent 
review.16 26 PROBAST was specifically designed to assess 
risk of bias of prediction model studies, which included 
identifying deficiencies in study design, conduct or 
analysis that led to inaccurate estimates of predictive 
performance. PROBAST has four domains: participants, 
predictors, outcome and analysis with 20 total signalling 
questions. Each question was answered on the scale: yes, 
probably yes, no, probably no, no information. Domains 
were scored as low, high and unclear risk of bias. PROBAST 
also guides assessment of applicability of participants, 
predictors, and outcomes from each included study to 
the review question.

Results were summarised narratively and in tables 
and figures. Meta- analysis was not possible due to lack 
of external validation and use of disparate predictors, 
outcome definitions and modelling methods. For studies 
that presented multiple models with the same set of 
predictors and outcomes, but different methods, the 
best- performing method was included in data synthesis. 
For studies presenting multiple models with different sets 
of predictors (ie, baseline data vs longitudinal data), the 
model developed using only baseline data was included. 
If studies developed multiple models for different 
outcomes or with different populations, all models were 
included. To further evaluate the impact of study popula-
tion heterogeneities on prediction model performance, 
we additionally examined results after stratifying studies 
by inclusion/exclusion of MDR and younger age groups.

Patient and public involvement

Neither patients nor the public were involved in the 
design, conduct, or reporting of the research, as it was 
not feasible or appropriate for this systematic review. 
The study protocol is publicly available at https:// osf. io/ 
rz3wp.

Role of the funding source

The funder of the study had no role in study design, data 
collection, data analysis, data interpretation or writing of 
the report. The corresponding author had full access to 
all the data in the study and had final responsibility for 
the decision to submit for publication.

RESULTS

Study selection

The search identified 14 739 unique studies. After 
excluding irrelevant titles, 6426 abstracts were screened, 
536 articles underwent full- text review, and 33 model 
development studies presenting 37 prediction models 
were included (figure 1).

Study characteristics

Of the 33 studies, most were retrospective cohorts (n=25, 
76%), three (9%) were prospective cohort studies, two 
(6%) were case–control studies and three (9%) were 
nested case–control studies. Data from nearly half of 
studies (n=16, 48%) were collected from surveillance 
systems; 11 (33%) studies used a data collection form 
developed specifically for their study and 6 (18%) studies 
extracted data from medical records. Median sample size 
was 803 (IQR: 291–4167). Full details on included studies 
are in table 2.

Thirteen (41%) studies took place in Asia, eight (25%) 
in Africa, six (19%) in Europe, four (12%) in North 
America and one (3%) included sites in Europe and 
Argentina. Fewer than half (n=14, 45%) took place in 
high- burden TB settings.1 One study did not report study 
location (tables 2 and 3).

https://dx.doi.org/10.1136/bmjopen-2020-044687
https://dx.doi.org/10.1136/bmjopen-2020-044687
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https://dx.doi.org/10.1136/bmjopen-2020-044687
https://osf.io/rz3wp
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Figure 1 PRISMA �ow chart of inclusion process. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta- 

Analyses

Reporting of population characteristics varied by study 
(table 4). Among 18 studies that reported a measure of 
central tendency (mean or median) for age, the median 
of those measures was 41 years (IQR: 37–49). Of 17 
studies that reported the minimum age of participants, 
seven (41%) had a minimum age of 15, one (6%) had 
a minimum age of 16, one (6%) had a minimum age 
of 17 and the remainder had minimum age of 18. Eigh-
teen studies reported including persons living with HIV 
(PLWH); 5 of these included only patients with TB/
HIV. Thirteen studies reported including persons with 
diabetes; one of which included only TB/DM. Eight 
studies reported including some participants with MDR, 
though prevalence of MDR was low in all studies. Ten 
studies included only hospitalised patients, and in 14 
studies, all participants were on directly observed therapy 
(DOT).

Model characteristics

Model outcomes included death (n=16, 43%), treatment 
failure (n=6, 16%), default (n=6, 16%) or a composite 
outcome (n=9, 25%, tables 2 and 5). The complete 
outcome definition for all included studies is in online 
supplemental file 6.

Most models were developed using clinical/epidemi-
ologic predictors (n=34, 92%), two (5%) used multiple 
biomarkers and one (3%) used adherence data. The 
most common candidate predictors were age, sex, 

extrapulmonary TB, smear result, body mass index (BMI), 
X- ray findings and previous TB. The most common 
predictors retained in the final models were age, sex, 
extrapulmonary TB, BMI, chest X- ray results, previous TB 
and HIV (figure 2).

Only three models (8%) used survival analysis; most 
models used logistic regression (n=29, 78%) and five 
(14%) used a machine- learning approach. More than half 
of studies (n=19, 51%) considered variables for inclusion 
in the multivariable model based on unadjusted associa-
tions with the outcome. Model building methods varied 
widely between models (table 5).

Only 19 (51%) models were internally validated, 
including 10 (53%) split- sample validation, 5 (26%) 
bootstrap resampling and 4 (21%) cross- validation. Six 
(16%) models were externally validated. Many models 
(n=30, 81%) reported discrimination with c- statistic 
(concordance statistic) or area under the receiver oper-
ating characteristic (AUROC), which are equivalent and 
quantify the ability of the model to distinguish between 
patients who do and do not develop an outcome. Only 
17 (46%) reported calibration, the agreement between 
observed and predicted outcomes. Most studies assessed 
calibration with Hosmer- Lemeshow tests (n=13, 77%); 
only two studies provided a calibration plot, the preferred 
reporting method for prediction model studies,16 27 28 and 
one reported the calibration slope (table 2). Models were 

https://dx.doi.org/10.1136/bmjopen-2020-044687
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Table 3 Characteristics of patient populations in the 33 included studies with prediction models for TB treatment outcomes

Characteristics

Studies reporting 

characteristic, n (%) Categories

N (%) or median 

(IQR)

Sample size 33 (11) – 803 (291–4167)

Study duration, years 32 (97) – 4 (2–7)

Study design 33 (100) Prospective cohort 3 (9)

  Retrospective cohort 25 (76)

  Nested case–control 3 (9)

  Non- nested case–control 2 (6)

Data source 33 (100) Medical record 6 (18)

  National registry or surveillance system 13 (39)

  Local registry or surveillance system 1 (3)

  Regional registry or surveillance system 2 (6)

  Data collect form for study purposes 11 (33)

Study region 32 (97) Africa 8 (25)

  Asia 13 (41)

  Europe 6 (19)

  North America 4 (12)

  South America 0 (0)

  Global 1 (3)

High burden TB setting* 31 (94) All 143 (42)

  Some 1 (3)

  None 17 (55)

Missing data 18 (54) Complete case analysis 9 (50)

  Missing indicator method 4 (22)

  Heckman’s method 1 (6)

  Simple imputation 2 (12)

  Sensitivity analysis with imputation 1 (6)

  Other 1 (5)

Number of models developed 33 (100) 1 25 (76)

  2 4 (12)

  3 1 (3)

  4 2 (6)

  7 1 (3)

Reasons for multiple models 

developed

8 (24) Different outcomes 1 (12)

  Different predictors considered 4 (50)

  Different methods 2 (25)

  Different outcomes 1 (12)

  Different populations and outcomes 1 (12)

*Determined based on study location and WHO list of 30 countries with high- burden TB in the 2019 Global Tuberculosis Report (1).

TB, tuberculosis.

presented a variety of ways, the most common of which 
was a weighted risk score (n=16, 43%); details on model 
presentation are in online supplemental file 7.

Quality assessment

Grading of PROBAST signalling questions is summarised 
in figure 3, and the summary risk of bias for the 

participants, predictors, outcome and analysis domains 
and assessment of applicability are shown in figure 4. 
More than half of the studies were at low risk of bias for 
the population and outcomes domains, but all studies 
were at high risk of bias in the analysis domain.

https://dx.doi.org/10.1136/bmjopen-2020-044687
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Table 4 Study population characteristics of 33 included studies

Characteristics

Included?

Median (IQR)*, nYes No Unknown

Age† – – 15 41 (37–49), n=18

HIV 18 7 8 23% (10–100), n=17

Diabetes 13 1 19 12% (5–21), n=11

MDR 8 7 18 1% (1–3), n=8

Other drug resistance 12 1 20 6% (4–12), n=10

Extrapulmonary TB‡ 22 4 7 11%(4–17), n=16

Previous TB 20 1 12 19% (9–30), n=17

DOT 14 0 19 100% (100–100), n=14

Hospitalised patients 13 1 19 100% (100–100), n=10

*Other than age (which is reported in years), this is the percentage of the population that has the characteristic among studies that include 

patients with the characteristic. For example, among the 18 studies that include persons with HIV, 17 report how many people had HIV and 

among those, the median percentage of the population with HIV is 23%.

†Based on the measure of central tendency reported in the study (mean: n=11; median: n=7).

‡Forms of extrapulmonary TB differ by study but included some of the following: miliary, meningeal, pleural, peritoneal, disseminated, blood/

bone, abdominal.

DOT, directly observed therapy; MDR, multidrug resistance; TB, tuberculosis.

Common sources of population bias included use of 
non- nested case–control design,29 30 nested case–control 
design without proper estimation of baseline risk,31 32 or 
inappropriate inclusion/exclusion criteria.33 34 Sources 
of predictor bias included lack of standardised assess-
ment of key predictors (ie, HIV, diabetes, chest X- ray 
scoring)9 29 31 34–36 or timing of data collection/availability 
that would limit the intended use of the model.9 29 37 
Within the outcomes domain, sources of bias included 
subjective35 or non- standard32 38 outcome measures and 
inconsistent outcome ascertainment.29

Bias in the analysis domain was widespread. More than 
half of the models included were likely overfit due to low 
events per variable ratios (table 5). Only six studies handled 
continuous and categorical variables appropriately (ie, did 
not dichotomise continuous variables, considered non- 
linearity of continuous variables).31 39–43 Most studies used 
complete case analysis or did not mention missing data; 
no study used multiple imputation in their main anal-
ysis. One study with low amounts of missing data (<5%) 
conducted sensitivity analysis with multiple imputation.44 
A different study excluded only two people out of a total 
sample size of 1007 with missing data, which would have 
little impact on model performance.45 Fewer than half 
(n=14) of studies avoided univariable predictor selection, 
and only three studies used survival analysis, appropriately 
accounting for censoring.36 45 46 Performance measures 
were appropriately reported (ie, calibration assessed with 
plot and discrimination assessed with c- statistic/AUROC) 
in three studies.41 44 47 Only two studies estimated opti-
mism (degree to which data are overfit) or accounted for 
potential overfitting with penalisation of model parame-
ters.35 41 Ten studies appropriately presented their model 
with model coefficients or nomograms, which prevents 

bias from rounding or transforming model coefficients to 
generate a risk score.30 33 35 37 38 45 47–55

About half of the models (n=19, 51%) were applicable 
to the review question in all domains. However, unclear 
reporting of target population or predictor and outcome 
definitions limited assessment of applicability for several 
studies.38 49 50 56 57 Additionally, studies that included only 
hospitalised patients with specific laboratory parameters 
may not be routinely available in the clinical setting.39 40 42 
Results from analyses stratified by inclusion of patients 
with MDR and minimum age <18 are presented in online 
supplemental file 8.

DISCUSSION

In this comprehensive, systematic review of predic-
tion models for pulmonary TB treatment outcomes, we 
identified 33 model development studies presenting 
37 prediction models. Although diagnostic prediction 
models for prevalent TB were previously systemati-
cally reviewed, this is the first review of TB treatment 
outcomes.58 The included prediction models were devel-
oped for predicting death, treatment failure, default or a 
composite unfavourable outcome during TB treatment. 
Most models reported good performance (c- statistic/
AUROC >0.7), but all were evaluated to have high risk 
of bias due to poor reporting, exclusion of missing data, 
weak methodologic approaches, lack of calibration assess-
ment and limited validation. Population heterogeneities, 
such as differences in inclusion/exclusion of individ-
uals with MDR and younger ages, and varying predictor 
and outcome definitions limited comparisons between 
models.

https://dx.doi.org/10.1136/bmjopen-2020-044687
https://dx.doi.org/10.1136/bmjopen-2020-044687
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Table 5 Methods reported for the 37 models of the 33 included studies with prediction models for TB treatment outcomes

Characteristics

Studies reporting 

characteristic, n (%) Categories

N (%) or median 

(IQR)

Type of outcome 37 (100) Single 29 (78)

  Composite 8 (22)

Outcome 37 (100) Death 16 (43)

  Treatment failure 6 (16)

  Default, loss to follow- up or 

treatment interruption

6 (16)

  Unfavourable outcome 6 (16)

  Treatment success 2 (6)

  Other* 1 (3)

Number—prevalence of outcome† 32 (87) – 94 (38–171)

15% (9–-26)

Events per candidate variable‡ 30 (81) – 6 (3–-11)

Events per variable (in �nal model) 29 (78) – 14 (9–26)

Predictor types 37 (100) Clinical/epidemiologic 34 (92)

  Adherence 1 (3)

  Biomarker 2 (5)

Analysis 37 (100) Logistic regression 29 (78)

  Survival analysis 3 (8)

  Machine learning 5 (14)

Method for considering predictors in 

multivariable models

36 (97) All candidate predictors 12 (32)

  Based on unadjusted 

association with outcome

19 (51)

  Based on clinical relevance 1 (3)

  Other§ 4 (14)

Selection of predictors during modelling 31 (84) Full model approach 2 (6)

  Forward selection 7 (23)

  Backwards elimination 5 (16)

  Stepwise selection 8 (26)

  Random Forest 1 (3)

  Hosmer- Lemeshow model 

building criteria

4 (13)

  Bayesian model averaging 3 (10)

  Pairwise selection 1 (3)

P value for consideration in model 17 (46) 0.01 2 (12)

  0.05 3 (18)

  0.11 1 (6)

  0.2 6 (35)

  0.25 5 (29)

P value for retention in MV model 20 (54) 0.05 9 (45)

  0.1 9 (45)

  0.15 1 (5)

  0.2 1 (5)

Internal validation 19 (51) Split- sample 10 (53)

  Bootstrap 5 (26)

Continued
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Characteristics

Studies reporting 

characteristic, n (%) Categories

N (%) or median 

(IQR)

  Cross- validation 4 (21)

External validation 6 (16) Temporal 1 (17)

  Geographic 1 (4)

  Setting 4 (67)

Calibration 17 (46) Calibration plot¶ 2 (12)

  Calibration slope¶ 1 (6)

  Hosmer- Lemeshow goodness 

of �t p value¶

13 (77)

0.51 (0.20–0.79)

  Calibration table¶ 2 (12)

  Mean absolute error¶ 1 (6)

Discrimination 30 (81) C- statistic (AUROC)¶ 30 (100)

0.75 (0.68–0.84)

  Log rank test¶ 2 (5)

Classi�cation 18 (49) Sensitivity** 14 (78)

70(54, 78)

  Speci�city** 13 (72)

75 (71–88)

  Accuracy 2 (11)

  Other†† 2 (11)

Model presentation 34 (92) Risk score 16 (43)

  Model coef�cient 8 (22)

  Nomogram 2 (6)

  ORs/relative scores 4 (12)

  Survey tool 1 (3)

*Outcome is a value from 1 to 5 (1=patient completed the treatment course in frame of DOTS, 2=cured, 3=quit treatment, 4=failed treatment 

and 5=death).

†Prevalence of outcome in the population used to develop the prediction model (ie, derivation/development subset if split- sample technique 

was used or full sample if the model was not validated or if bootstrap/cross- validation was used).

‡Only �ve studies report the exact number of predictors considered. Otherwise, the number of candidate predictors was estimated from the 

provided tables or lists of candidate predictors in the source paper.

§Other methods of determining which variables to consider for prediction model include: principal components analysis (n=1), screening for 

multicollinearity via correlation coef�cient (n=1), one study used a combination of a priori and selection via univariable association, and the 

other used machine- learning preprocessing (n=1).

¶Sums to more than 100%, because some studies report multiple measures of calibration or discrimination.

**Based on the following cut- off methods: Youden (n=4) concordance probability (n=1), estimated at nearest 0,1 for studies that present a 

range of sensitivity and speci�city in a table or �gure (n=4), or unknown (n=5).

††Other includes one study that reports false positive rate and one study that includes a graph of sensitivity versus speci�city.

AUROC, area under receiver operating characteristic; c- statistic, concordance statistic; TB, tuberculosis.

Table 5 Continued

More than half of the models included in the review 
were developed in low- burden TB settings, and none 
were developed specifically in South America. Predic-
tion of TB treatment outcome is especially important in 
high- burden TB settings, where resources may be limited, 
and risk assessment can guide resource allocation toward 
patients who need the most involved care.

Common risk factors included in the models were 
consistent with well- established risk factors for poor TB 
treatment outcomes, including age, sex, HIV, extrapul-
monary TB, baseline smear results and previous TB 

treatment. Among studies that included PLWH, only 
three considered factors related to management/severity 
of HIV, such as receipt of antiretroviral therapy, CD4 
cell count or viral load, which likely impacted TB treat-
ment outcomes.40 46 51 Laboratory values or metabolic 
biomarkers, such as haemoglobin, haemoglobin A1c or 
random blood glucose, may also be associated with treat-
ment outcome and worth considering as candidate predic-
tors. There is increasing evidence that diabetes impacts 
TB treatment outcomes, but caution is warranted about 
how to best define diabetes in the context of a prediction 
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Figure 2 Most common predictors considered and 

included. Considered: the predictor as evaluated as a 

candidate predictor prior to multivariable modelling. Included: 

the predictor was considered and subsequently included in 

the �nal multivariable model. BMI, body mass index; MDR, 

multidrug resistant; TB, tuberculosis.

Figure 3 Heatmap of signalling questions from risk of bias 

assessment with PROBAST. PROBAST questions (additional 

details in online supplemental �le 5) Participants 1: what 

study design was used and was it appropriate? Participants 

2: were all inclusion and exclusion criteria appropriate? 

Predictors 1: were predictors de�ned as assessed the 

same way for all participants? Predictors 2: were predictor 

assessments made without knowledge of data outcome? 

Predictors 3: are all predictors available at the time the model 

was intended to be used? Outcome 1: was the outcome 

determined appropriately? Outcome 2: was the outcome pre- 

speci�ed or standard? Outcome 3: were predictors excluded 

from outcome de�nition? Outcome 4: was the outcome 

de�ned and determined in a similar way for all participants? 

Outcome 5: was the outcome determined without predictor 

information? Outcome 6: was the time interval between 

predictor assessment and outcome determination 

appropriate? Analysis 1: were there a reasonable number of 

participants with the outcome? Analysis 2: were continuous 

and categorical variables handled appropriately? Analysis 

3: were all enroled participants included in the analysis? 

Analysis 4: were participants with missing data handled 

appropriately? Analysis 5: was selection of predictors 

based on univariable analysis avoided? Analysis 6: were 

complexities in data (censoring, competing risks, sampling 

of control participants) accounted for appropriately? 

Analysis 7: were relevant model performance measures 

evaluated appropriately? Analysis 8: were model over�tting, 

under�tting, and optimism in the model performance 

accounted for? Analysis 9: do predictors and their assigned 

weights in the �nal model correspond to the results from the 

reported multivariable analysis?.

model to ensure consistency and reproducibility across 
studies.59 Behavioural characteristics, such as tobacco use, 
alcohol use and drug use were rarely included in final 
prediction models and are difficult to collect objectively, 
suggesting their role in prediction models for TB treat-
ment outcomes may be limited.

Additionally, several studies excluded participants with 
HIV, diabetes, extrapulmonary TB or MDR TB, because 
these factors negatively influence treatment outcomes. 
However, careful consideration should be given to inclu-
sion/exclusion criteria in prediction model studies, 
given that information should be available at the time of 
intended model use, which may not always hold for these 
aforementioned factors.60 This is especially questionable 
for MDR, given that conventional drug- susceptibility 
testing results are not available for several weeks after TB 
diagnosis; though more recent advances in rapid molec-
ular methods such as GeneXpert or line- probe assays 
offer rapid screening.61

TB researchers should thoughtfully consider how to 
appropriately handle complexities of censoring and 
competing risks in TB outcomes research. Only three 
studies in this review used survival analysis, despite the 
long duration of TB treatment outcome assessment and 
relatively high rates of losses to follow- up across studies, 
and no studies considered competing risks, such as death 
due to other causes.62 Losses to follow- up were frequently 
excluded, which can lead to selection bias.

Though all included studies were at high risk of bias 
in the analysis domain, we want to highlight two studies 

with some exemplary characteristics.41 44 Pefura- Yone et 

al41 provide clear explanations of study design, inclusion/
exclusion criteria and data collection procedures; TB 
diagnosis and treatment outcome definitions were stan-
dard.63 Non- linearity of continuous variables was consid-
ered with restricted cubic splines, and no continuous 
variables were categorised or dichotomised; the final 

https://dx.doi.org/10.1136/bmjopen-2020-044687
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Figure 4 Summary of risk of bias and applicability 

assessment with PROBAST. PROBAST, Prediction Model 

Risk of Bias Assessment Tool.

model includes four predictors that are easy to collect 
and routinely assessed in most TB control programmes, 
especially those in high- burden settings. The perfor-
mance of the model was internally validated with boot-
strap validation, and the discrimination (c- statistic=0.808) 
was corrected for optimism. Model calibration was 
presented graphically with calibration plots. The final 
model was presented as a nomogram with instructions for 
use, which facilitates use in external validation studies. 
Gupta- Wright and colleagues developed and externally 
validated a clinical risk score to predict mortality in high- 
burden, low- resource settings.43 They used clinical trial 
data with very low amounts of missing data for model 
development, and externally validated the clinical risk 
score with data collected independently from two other 
studies (a clinical trial and a prospective cohort). Given 
high amounts (42%) of missing data in the validation 
cohort, they conducted sensitivity analysis using multiple 
imputation for missing data; the c- statistic differed slightly 
between complete case and multiple- imputation analyses 
in the validation cohort (0.68 vs 0.64). Candidate predic-
tors were based on a priori clinical knowledge, previous 
literature, and required variables were objective, repro-
ducible and available in low- resource settings, consistent 
with recommended approaches.26 60 64 Additionally, they 
reported model performance with the c- statistics and 
calibration plots for development and validation cohorts, 
and reported results according to TRIPOD (transparent 
reporting of a multivariable prediction model for indi-
vidual prognosis or diagnosis) guidance.27 28 Regardless, 
each of these models requires external validation prior to 
use in clinical practice.

There are several limitations of this study. Data 
extraction was subject to reporting in the primary study, 
which varied widely and was often incomplete, leading 
to challenges evaluating differences in model perfor-
mance due to heterogeneities in study populations. 
Additionally, though most studies reported discrim-
ination, few presented a calibration curve, arguably 
the most important measure of model performance, 
further inhibiting assessment and comparison of model 
performance.28 65 We did not include external validation 
studies, which is an essential step for translation to clin-
ical practice. However, several studies in the review did 
not include the full model equation, which impedes their 
ability to be externally validated. On searching for studies 
that externally validated prediction models in this review, 
we found three studies66–68 that evaluated the same model 
(TBscore).36 Briefly, these studies evaluated the ability of 
TBscore to monitor treatment response in a new setting,66 
refined the instrument (TBscoreII) using exploratory 
factor analysis,67 and then evaluated TBscoreII for use 
in patients with TB/HIV.68 To our knowledge, no other 
studies included in the review were externally validated 
by other sources. Finally, we excluded 10 studies that were 
not available in English, Spanish, Portuguese or French; 
all abstracts were available in English, and none reported 
model performance metrics, so they likely would have 
been excluded for different reasons regardless.

The findings of this review not only serve as a compre-
hensive overview of existing TB outcome prediction 
models but can act as a resource for future model devel-
opment and validation of prediction models for TB treat-
ment outcomes. We encourage researchers to focus future 
TB outcome prediction models on easily collected and 
readily available predictors that are widely generalisable. 
We highlight age, sex, extrapulmonary TB, BMI, chest 
X- ray results, previous TB and HIV as common predictors 
of TB treatment outcomes. Additionally, when building a 
new prediction model, it is recommended to first prune 
the set of considered predictors based on expert opinion 
and previous literature, rather than univariable analysis or 
variable selection processes26 60 64 Future model develop-
ment or validation studies should adhere to the TRIPOD 
guidelines, which provide a 22- item checklist and aims 
to improve the reporting of prediction model develop-
ment studies.27 28 We also encourage researchers consider 
PROBAST criteria to limit bias in design and conduct of 
prognostic studies.

Prediction models are an important tool in TB manage-
ment. They can lay the foundation for future impact 
studies by providing risk estimation to target novel treat-
ment approaches, resource allocation or intensive case 
management towards patients who are least likely to 
achieve cure and most likely to benefit from interven-
tion, especially in high- burden and low- resources areas. 
Use of prediction models can potentially help guide TB 
treatment practices to achieve the End TB Strategy goal 
of >90% treatment success, but methodologic rigour 
and detailed reporting must be improved. Though our 



16 Peetluk LS, et al. BMJ Open 2021;11:e044687. doi:10.1136/bmjopen-2020-044687

Open access 

findings suggest that none of the existing models are 
ready for clinical application without extensive external 
validation, we hope they direct future researchers to 
make use of guidelines for development and reporting of 
prediction models.

Twitter Lauren S. Peetluk @laurenspeetluk

Contributors LP conceptualised the research question, designed the protocol and 

drafted the manuscript. LP and FR screened studies. FR, PR, DL, VR and TS provided 

feedback on the research design, original protocol and revised successive drafts of 

the manuscript. All authors approved the �nal version of the manuscript.

Funding This work was supported by the National Centre for Advancing 

Translational Sciences [CTSA Award No. TL1TR000447 to L.S.P.] and the National 

Institutes of Allergy and Infectious Diseases [F31AI152614- 01A1 to L.S.P],. 

Its contents are solely the responsibility of the authors and do not necessarily 

represent the of�cial views the National Centre for Advancing Translational Sciences 

or the National Institutes of Health.

Competing interests None declared.

Patient consent for publication Not required.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement The study protocol is available online at https:// osf. 

io/ rz3wp. Most included studies are publicly available. Additional data and code are 

available upon request.

Supplemental material This content has been supplied by the author(s). It has 

not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 

peer- reviewed. Any opinions or recommendations discussed are solely those 

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 

responsibility arising from any reliance placed on the content. Where the content 

includes any translated material, BMJ does not warrant the accuracy and reliability 

of the translations (including but not limited to local regulations, clinical guidelines, 

terminology, drug names and drug dosages), and is not responsible for any error 

and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the 

Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 

permits others to distribute, remix, adapt, build upon this work non- commercially, 

and license their derivative works on different terms, provided the original work is 

properly cited, appropriate credit is given, any changes made indicated, and the use 

is non- commercial. See: http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

ORCID iD

Lauren S. Peetluk http:// orcid. org/ 0000- 0001- 5302- 2033

REFERENCES
 1 World Health Organization. Global tuberculosis report 2019. Geneva, 

2019.
 2 World Health Organization. The end TB strategy. Geneva, 2015.
 3 Kerantzas CA, Jacobs WR. Origins of combination therapy for 

tuberculosis: lessons for future antimicrobial development and 
application. mBio 2017;8:e01586–16.

 4 Nahid P, Dorman SE, Alipanah N, et al. Of�cial American thoracic 
Society/Centers for disease control and Prevention/Infectious 
diseases Society of America clinical practice guidelines: treatment of 
drug- susceptible tuberculosis. Clin Infect Dis 2016;63:e147–95.

 5 World Health Organization. Guildelines for treatment of drug- 
susceptible tuberculosis and patient care. Licence: CC BY- NC- SA 
3.0 IGO. Geneva: WHO/HTM/TB, 2017.

 6 World Health Organization. Who consolidated guidelines on drug- 
resistant tuberculosis treatment. Geneva, 2019.

 7 Vasankari T, Holmström P, Ollgren J, et al. Risk factors for poor 
tuberculosis treatment outcome in Finland: a cohort study. BMC 
Public Health 2007;7:1–9.

 8 Ramachandran G, Agibothu Kupparam HK, Vedhachalam C, et al. 
Factors in�uencing tuberculosis treatment outcome in adult patients 
treated with Thrice- Weekly regimens in India. Antimicrob Agents 
Chemother 2017;61:e02464–16.

 9 Abdelbary BE, Garcia- Viveros M, Ramirez- Oropesa H, et al. 
Predicting treatment failure, death and drug resistance using 

a computed risk score among newly diagnosed TB patients in 
Tamaulipas, Mexico. Epidemiol Infect 2017;145:3020–34.

 10 Chaves Torres NM, Quijano Rodríguez JJ, Porras Andrade PS, 
et al. Factors predictive of the success of tuberculosis treatment: a 
systematic review with meta- analysis. PLoS One 2019;14:e0226507.

 11 Steyerberg EW, Moons KGM, van der Windt DA, et al. Prognosis 
research strategy (progress) 3: prognostic model research. PLoS 
Med 2013;10:e1001381.

 12 Riley RD, Ridley G, Williams K, et al. Prognosis research: toward 
evidence- based results and a Cochrane methods group. J Clin 
Epidemiol 2007;60:863–5.

 13 Moons KG, Hooft L, Williams K, et al. Implementing systematic 
reviews of prognosis studies in Cochrane. Cochrane Database Syst 
Rev 2018;10:ED000129.

 14 Debray TPA, Damen JAAG, Snell KIE, et al. A guide to systematic 
review and meta- analysis of prediction model performance. BMJ 
2017;356:i6460.

 15 World Health Organization. De�nitions and reporting framework for 
tuberculosis - 2013 revision. In: Annex 2, TB case and treatment 
outcome de�nitions. Geneva, 2014.

 16 Wolff RF, Moons KGM, Riley RD, et al. PROBAST: a tool to assess 
the risk of bias and applicability of prediction model studies. Ann 
Intern Med 2019;170:51–8.

 17 Iseman MD. Tuberculosis therapy: past, present and future. Eur 
Respir J Suppl 2002;36:87S–94.

 18 Council STSMR. Clinical trial of six- month and four- month regimens 
of chemotherapy in the treatment of pulmonary tuberculosis: the 
results up to 30 months. Tubercle 1981;62:95–102.

 19 Bramer WM, Rethlefsen ML, Kleijnen J, et al. Optimal database 
combinations for literature searches in systematic reviews: a 
prospective exploratory study. Syst Rev 2017;6:1–12.

 20 Geersing G- J, Bouwmeester W, Zuithoff P, et al. Search �lters for 
�nding prognostic and diagnostic prediction studies in MEDLINE to 
enhance systematic reviews. PLoS One 2012;7:3–8.

 21 Westgate MJ. revtools: an R package to support article screening for 
evidence synthesis. Res Synth Methods 2019;10:606–14.

 22 Innovation VH, Melbourne A. Covidence systematic review sofware. 
Covidence 2016.

 23 Harris PA, Taylor R, Minor BL, et al. The REDCap Consortium: 
building an international community of software platform partners. J 
Biomed Inform 2019;95:103208.

 24 Harris PA, Taylor R, Thielke R, et al. Research electronic data capture 
(REDCap)--a metadata- driven methodology and work�ow process 
for providing translational research informatics support. J Biomed 
Inform 2009;42:377–81.

 25 Moons KGM, de Groot JAH, Bouwmeester W, et al. Critical appraisal 
and data extraction for systematic reviews of prediction modelling 
studies: the charms checklist. PLoS Med 2014;11:e1001744.

 26 Moons KGM, Wolff RF, Riley RD, et al. PROBAST: a tool to assess 
risk of bias and applicability of prediction model studies: explanation 
and elaboration. Ann Intern Med 2019;170:W1–33.

 27 Moons KGM, Altman DG, Reitsma JB, et al. Transparent reporting 
of a multivariable prediction model for individual prognosis or 
diagnosis (TRIPOD): explanation and elaboration. Ann Intern Med 
2015;162:W1–73.

 28 Collins GS, Reitsma JB, Altman DG, et al. Transparent reporting of a 
multivariable prediction model for individual prognosis or diagnosis 
(TRIPOD). Circulation 2015;131:211–9.

 29 Cherkaoui I, Sabouni R, Ghali I, et al. Treatment default amongst 
patients with tuberculosis in urban Morocco: predicting and 
explaining default and post- default sputum smear and drug 
susceptibility results. PLoS One 2014;9:e93574.

 30 Keane VP, de Klerk N, Krieng T, et al. Risk factors for the 
development of non- response to �rst- line treatment for tuberculosis 
in southern Vietnam. Int J Epidemiol 1997;26:1115–20.

 31 Chang KC, Leung CC, Tam CM. Risk factors for defaulting from anti- 
tuberculosis treatment under directly observed treatment in Hong 
Kong. Int J Tuberc Lung Dis 2004;8:1492–8.

 32 Chee CB, Boudville IC, Chan SP, et al. Patient and disease 
characteristics, and outcome of treatment defaulters from the 
Singapore TB control unit--a one- year retrospective survey. Int J 
Tuberc Lung Dis 2000;4:496–503.

 33 Luies L, Reenen Mvan, Ronacher K, et al. Predicting tuberculosis 
treatment outcome using metabolomics. Biomark Med 
2017;11:1057–67.

 34 Killian JA, Wilder B, Sharma A. Learning to prescribe interventions 
for tuberculosis patients using digital adherence data. Knowledge 
Discovery And Data Mining 2019:2430–8.

 35 Belilovsky EM, Borisov SE, Cook EF, et al. Treatment interruptions 
among patients with tuberculosis in Russian TB hospitals. Int J Infect 
Dis 2010;14:e698–703.

https://twitter.com/laurenspeetluk
https://osf.io/rz3wp
https://osf.io/rz3wp
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-5302-2033
http://dx.doi.org/10.1128/mBio.01586-16
http://dx.doi.org/10.1093/cid/ciw376
http://dx.doi.org/10.1186/1471-2458-7-291
http://dx.doi.org/10.1186/1471-2458-7-291
http://dx.doi.org/10.1128/AAC.02464-16
http://dx.doi.org/10.1128/AAC.02464-16
http://dx.doi.org/10.1017/S0950268817001911
http://dx.doi.org/10.1371/journal.pone.0226507
http://dx.doi.org/10.1371/journal.pmed.1001381
http://dx.doi.org/10.1371/journal.pmed.1001381
http://dx.doi.org/10.1016/j.jclinepi.2007.02.004
http://dx.doi.org/10.1016/j.jclinepi.2007.02.004
http://dx.doi.org/10.1002/14651858.ED000129
http://dx.doi.org/10.1002/14651858.ED000129
http://dx.doi.org/10.1136/bmj.i6460
http://dx.doi.org/10.7326/M18-1376
http://dx.doi.org/10.7326/M18-1376
http://dx.doi.org/10.1183/09031936.02.00309102
http://dx.doi.org/10.1183/09031936.02.00309102
http://dx.doi.org/10.1016/0041-3879(81)90016-7
http://dx.doi.org/10.1186/s13643-017-0644-y
http://dx.doi.org/10.1371/annotation/96bdb520-d704-45f0-a143-43a48552952e
http://dx.doi.org/10.1002/jrsm.1374
http://dx.doi.org/10.1016/j.jbi.2019.103208
http://dx.doi.org/10.1016/j.jbi.2019.103208
http://dx.doi.org/10.1016/j.jbi.2008.08.010
http://dx.doi.org/10.1016/j.jbi.2008.08.010
http://dx.doi.org/10.1371/journal.pmed.1001744
http://dx.doi.org/10.7326/M18-1377
http://dx.doi.org/10.7326/M14-0698
http://dx.doi.org/10.1161/CIRCULATIONAHA.114.014508
http://dx.doi.org/10.1371/journal.pone.0093574
http://dx.doi.org/10.1093/ije/26.5.1115
http://www.ncbi.nlm.nih.gov/pubmed/15636497
http://www.ncbi.nlm.nih.gov/pubmed/10864179
http://www.ncbi.nlm.nih.gov/pubmed/10864179
http://dx.doi.org/10.2217/bmm-2017-0133
http://dx.doi.org/10.1016/j.ijid.2010.03.001
http://dx.doi.org/10.1016/j.ijid.2010.03.001


17Peetluk LS, et al. BMJ Open 2021;11:e044687. doi:10.1136/bmjopen-2020-044687

Open access

 36 Wejse C, Gustafson P, Nielsen J, et al. TBscore: signs and symptoms 
from tuberculosis patients in a low- resource setting have predictive 
value and may be used to assess clinical course. Scand J Infect Dis 
2008;40:111–20.

 37 Nguyen DT, Graviss EA. Development and validation of a risk score 
to predict mortality during TB treatment in patients with TB- diabetes 
comorbidity. BMC Infect Dis 2019;19:10.

 38 Kalhori SRN, Zeng X. Fuzzy logic approach to predict the outcome 
of tuberculosis treatment course destination. Lecture Notes in 
Engineering and Computer Science 2009;2179:774–8.

 39 Horita N, Miyazawa N, Yoshiyama T, et al. Poor performance status 
is a strong predictor for death in patients with smear- positive 
pulmonary TB admitted to two Japanese hospitals. Trans R Soc Trop 
Med Hyg 2013;107:451–6.

 40 Koegelenberg CFN, Balkema CA, Jooste Y, et al. Validation of a 
severity- of- illness score in patients with tuberculosis requiring 
intensive care unit admission. S Afr Med J 2015;105:389–92.

 41 Pefura- Yone EW, Kuaban C, Assamba- Mpom SA, et al. Derivation, 
validation and comparative performance of a simpli�ed chest 
X- ray score for assessing the severity and outcome of pulmonary 
tuberculosis. Clin Respir J 2015;9:157–64.

 42 Valade S, Raskine L, Aout M, et al. Tuberculosis in the intensive care 
unit: a retrospective descriptive cohort study with determination of a 
predictive fatality score. Canadian Journal of Infectious Diseases and 
Medical Microbiology 2012;23:173–8.

 43 Wang Q, Han W, Niu J, et al. Prognostic value of serum macrophage 
migration inhibitory factor levels in pulmonary tuberculosis. Respir 
Res 2019;20:50.

 44 Gupta- Wright A, Corbett EL, Wilson D, et al. Risk score for predicting 
mortality including urine lipoarabinomannan detection in hospital 
inpatients with HIV- associated tuberculosis in sub- Saharan 
Africa: derivation and external validation cohort study. PLoS Med 
2019;16:e1002776.

 45 Zhang Z, Xu L, Pang X, et al. A clinical scoring model to predict 
mortality in HIV/TB co- infected patients at end stage of AIDS in 
China: an observational cohort study. Biosci Trends 2019;13:136–44.

 46 Podlekareva DN, Grint D, Post FA, et al. Health care index score and 
risk of death following tuberculosis diagnosis in HIV- positive patients. 
Int J Tuberc Lung Dis 2013;17:198–206.

 47 Baussano I, Pivetta E, Vizzini L. Predicting tuberculosis treatment 
outcome in a low- incidence area. International Journal of 
Tuberculosis and Lung Disease 2008;12:1441–8.

 48 Costa- Veiga A, Briz T, Nunes C. Unsuccessful treatment in 
pulmonary tuberculosis: factors and a consequent predictive model. 
Eur J Public Health 2018;28:352–8.

 49 Niakan Kalhori SR, Nasehi M, Zeng XJ. A logistic regression model 
to predict high risk patients to fail in tuberculosis treatment course 
completion. IAENG International Journal of Applied Mathematics 
2010;40:1–6.

 50 Kalhori SRN, Zeng X- J. PREDICTING THE OUTCOME OF 
TUBERCULOSIS TREATMENT COURSE IN FRAME OF DOTS - From 
Demographic Data to Logistic Regression Model. Proceedings of the 
International Conference on Health Informatics. SciTePress - Science 
and and Technology Publications, 2009:129–34.

 51 Madan C, Chopra KK, Satyanarayana S, et al. Developing a model 
to predict unfavourable treatment outcomes in patients with 
tuberculosis and human immunode�ciency virus co- infection in 
Delhi, India. PLoS One 2018;13:e0204982.

 52 Nguyen DT, Jenkins HE, Graviss EA. Prognostic score to predict 
mortality during TB treatment in TB/HIV co- infected patients. PLoS 
One 2018;13:e0196022–12.

 53 Nguyen DT, Graviss EA. Development and validation of a prognostic 
score to predict tuberculosis mortality. J Infect 2018;77:283–90.

 54 Pefura- Yone EW, Balkissou AD, Poka- Mayap V, et al. Development 
and validation of a prognostic score during tuberculosis treatment. 
BMC Infect Dis 2017;17:1–9.

 55 Rodrigo T, Caylà JA, Casals M, et al. A predictive scoring instrument 
for tuberculosis lost to follow- up outcome. Respir Res 2012;13:75.

 56 Hussain OA, Junejo KN. Predicting treatment outcome of drug- 
susceptible tuberculosis patients using machine- learning models. 
Inform Health Soc Care 2019;44:135–51.

 57 Sauer CM, Sasson D, Paik KE, et al. Feature selection and prediction 
of treatment failure in tuberculosis. PLoS One 2018;13:e0207491–14.

 58 Van Wyk SS, Lin HH, Claassens MM. A systematic review of 
prediction models for prevalent pulmonary tuberculosis in adults. Int 
J Tuberc Lung Dis 2017;21:405–11.

 59 Huangfu P, Ugarte- Gil C, Golub J, et al. The effects of diabetes on 
tuberculosis treatment outcomes: an updated systematic review and 
meta- analysis. Int J Tuberc Lung Dis 2019;23:783–96.

 60 Steyerberg EW, Models CP, York N. Clinical prediction models. New 
York: Springer, 2009.

 61 Sharma SK, Dheda K. What is new in the who consolidated 
guidelines on drug- resistant tuberculosis treatment? Indian J Med 
Res 2019;149:309–12.

 62 Wolbers M, Koller MT, Witteman JCM, et al. Prognostic models 
with competing risks: methods and application to coronary risk 
prediction. Epidemiology 2009;20:555–61.

 63 National Tuberculosis Control Program. Manual for health personnel. 
Yaounde, 2012.

 64 Royston P, Moons KGM, Altman DG, et al. Prognosis and prognostic 
research: developing a prognostic model. BMJ 2009;338:b604.

 65 Van Calster B, Nieboer D, Vergouwe Y, et al. A calibration hierarchy 
for risk models was de�ned: from utopia to empirical data. J Clin 
Epidemiol 2016;74:167–76.

 66 Janols H, Abate E, Idh J, et al. Early treatment response evaluated by 
a clinical scoring system correlates with the prognosis of pulmonary 
tuberculosis patients in Ethiopia: a prospective follow- up study. 
Scand J Infect Dis 2012;44:828–34.

 67 Rudolf F, Lemvik G, Abate E, et al. TBscore II: re�ning and 
validating a simple clinical score for treatment monitoring 
of patients with pulmonary tuberculosis. Scand J Infect Dis 
2013;45:825–36.

 68 Wejse C, Patsche CB, Kühle A, et al. Impact of HIV-1, HIV-2, and 
HIV-1+2 dual infection on the outcome of tuberculosis. Int J Infect 
Dis 2015;32:128–34.

 69 Aljohaney A. Mortality of patients hospitalized for active tuberculosis 
in King Abdulaziz university Hospital, Jeddah, Saudi Arabia. Saudi 
Med J 2018;39:267–72.

 70 Bastos HN, Osório NS, Castro AG, et al. A prediction rule to stratify 
mortality risk of patients with pulmonary tuberculosis. PLoS One 
2016;11:e0162797.

 71 Horita N, Miyazawa N, Yoshiyama T, et al. Development and 
validation of a tuberculosis prognostic score for smear- positive in- 
patients in Japan. Int J Tuberc Lung Dis 2013;17:54–60.

 72 Mburu JW, Kingwara L, Ester M, et al. Use of classi�cation and 
regression tree (CART), to identify hemoglobin A

1C
 (HbA

1C
) cut- off 

thresholds predictive of poor tuberculosis treatment outcomes 
and associated risk factors. J Clin Tuberc Other Mycobact Dis 
2018;11:10–16.

 73 Thompson EG, Du Y, Malherbe ST, et al. Host blood RNA signatures 
predict the outcome of tuberculosis treatment. Tuberculosis 
2017;107:48–58.

 74 Kalhori SRN, Zeng X- J. Fuzzy Logic Approach to Predict the 
Outcome of Tuberculosis Treatment Course Destination. In: Lecture 
notes in engineering and computer science, 2009: 774–8.

http://dx.doi.org/10.1080/00365540701558698
http://dx.doi.org/10.1186/s12879-018-3632-5
http://dx.doi.org/10.1093/trstmh/trt037
http://dx.doi.org/10.1093/trstmh/trt037
http://dx.doi.org/10.7196/SAMJ.9148
http://dx.doi.org/10.1111/crj.12112
http://dx.doi.org/10.1155/2012/361292
http://dx.doi.org/10.1155/2012/361292
http://dx.doi.org/10.1186/s12931-019-1004-3
http://dx.doi.org/10.1186/s12931-019-1004-3
http://dx.doi.org/10.1371/journal.pmed.1002776
http://dx.doi.org/10.5582/bst.2018.01309
http://dx.doi.org/10.5588/ijtld.12.0224
http://dx.doi.org/10.1093/eurpub/ckx136
http://dx.doi.org/10.1371/journal.pone.0204982
http://dx.doi.org/10.1371/journal.pone.0196022
http://dx.doi.org/10.1371/journal.pone.0196022
http://dx.doi.org/10.1016/j.jinf.2018.02.009
http://dx.doi.org/10.1186/s12879-017-2309-9
http://dx.doi.org/10.1186/1465-9921-13-75
http://dx.doi.org/10.1080/17538157.2018.1433676
http://dx.doi.org/10.1371/journal.pone.0207491
http://dx.doi.org/10.5588/ijtld.16.0059
http://dx.doi.org/10.5588/ijtld.16.0059
http://dx.doi.org/10.5588/ijtld.18.0433
http://dx.doi.org/10.4103/ijmr.IJMR_579_19
http://dx.doi.org/10.4103/ijmr.IJMR_579_19
http://dx.doi.org/10.1097/EDE.0b013e3181a39056
http://dx.doi.org/10.1136/bmj.b604
http://dx.doi.org/10.1016/j.jclinepi.2015.12.005
http://dx.doi.org/10.1016/j.jclinepi.2015.12.005
http://dx.doi.org/10.3109/00365548.2012.694468
http://dx.doi.org/10.3109/00365548.2013.826876
http://dx.doi.org/10.1016/j.ijid.2014.12.015
http://dx.doi.org/10.1016/j.ijid.2014.12.015
http://dx.doi.org/10.15537/smj.2018.3.22280
http://dx.doi.org/10.15537/smj.2018.3.22280
http://dx.doi.org/10.1371/journal.pone.0162797
http://dx.doi.org/10.5588/ijtld.12.0476
http://dx.doi.org/10.1016/j.jctube.2018.01.002
http://dx.doi.org/10.1016/j.tube.2017.08.004

	Systematic review of prediction models for pulmonary tuberculosis treatment outcomes in adults
	Abstract
	Background
	Methods and analysis
	Study eligibility criteria
	Search strategy and selection criteria
	Data analysis
	Patient and public involvement
	Role of the funding source

	Results
	Study selection
	Study characteristics
	Model characteristics
	Quality assessment

	Discussion
	References


