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Abstract

Background: Tuberculosis (TB) preventive therapy is recommended for all people living with HIV (PLHIV). Despite
the elevated risk of TB amongst PLHIV, most of those eligible for preventive therapy would never develop TB. Tests
which can identify individuals at greatest risk of disease would allow more efficient targeting of preventive therapy.

Methods: We used mathematical modelling to estimate the potential impact of using a blood transcriptomic
biomarker (RISK11) to target preventive therapy amongst PLHIV. We compared universal treatment to RISK11
targeted treatment and explored the effect of repeat screening of the population with RISK11.

Results: Annual RISK11 screening, with preventive therapy provided to those testing positive, could avert 26% (95%
CI 13–34) more cases over 10 years compared to one round of universal treatment. For the cost per case averted to
be lower than universal treatment, the maximum cost of the RISK11 test was approximately 10% of the cost of
preventive therapy. The benefit of RISK11 screening may be greatest amongst PLHIV on ART (compared to ART
naïve individuals) due to the increased specificity of the test in this group.

Conclusions: Biomarker targeted preventive therapy may be more effective than universal treatment amongst
PLHIV in high incidence settings but would require repeat screening.

Keywords: Tuberculosis, HIV, Preventive therapy, Biomarker, Modelling

Background
Preventive therapy is a key part of tuberculosis (TB)
control that has been shown to significantly reduce the
individual level risk of incident TB [1, 2]. WHO guide-
lines [3] recommend preventive therapy for all adults
and adolescents living with human immunodeficiency
virus (HIV) irrespective of their degree of immunosup-
pression or antiretroviral therapy (ART) status. Despite

these strong recommendations, uptake of preventive
therapy amongst PLHIV remains limited [4].
While there is evidence that PLHIV with prior expos-

ure to Mycobacterium tuberculosis (M.tb), as measured
by tuberculin skin test (TST) or interferon gamma re-
lease assays (IGRA), may gain most benefit from pre-
ventive therapy [2], these tests have poor positive
predictive value for predicting incident TB [5] and may
give false negative results in immunocompromised pa-
tients. Due to this limited predictive performance and
operational barriers to implementing TST and IGRA,
World Health Organization (WHO) recommendations
state that testing for M.tb infection is not required to
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start preventive treatment, especially in high TB inci-
dence settings [3].
However, despite the elevated risk of TB amongst

PLHIV, most of those eligible for preventive therapy
would never develop TB. There is also evidence that in
high TB incidence settings, the duration of protection
from preventive therapy is limited [6–8]. As a result,
universal short-course preventive therapy in PLHIV may
not be the most effective approach to prevent TB. Strat-
egies that could target preventive treatment to individ-
uals at highest risk of developing TB, at the time of
highest risk, may reduce TB incidence and make better
use of resources.
The WHO and the Foundation for Innovative New

Diagnostics (FIND) have developed a target product pro-
file (TPP) for prognostic tests that could predict incident
TB (with minimum and optimum sensitivity and specifi-
city defined as 75% and 90% respectively) [9]. Several
blood transcriptional signatures have been identified as
potential predictors of development of incident disease
[8, 10–13]. The performance of RISK11, an 11-gene
transcriptomic host-response blood signature was re-
cently evaluated in PLHIV in the CORTIS-HR study
[14]. Amongst HIV-positive adults in South Africa,
RISK11 was able to predict progression to TB in those
without prevalent TB at baseline, with sensitivity of 88.6
(43.5–98.7) and specificity of 68.9 (65.3–72.3) over 15
months following screening, approaching the TPP mini-
mum benchmarks. Because preventive therapy for
PLHIV is standard of care in South Africa the trial was
not able to evaluate the benefit of using RISK11 to target
preventive therapy. Mathematical modelling can be used

to estimate the potential effects of RISK11 targeted pre-
ventive therapy, to compare different strategies and to
explore longer time horizons than are possible in clinical
trials.
In this paper, we use a mathematical model, informed

by data from the Correlate of Risk Targeted Intervention
Study in High Risk Populations (CORTIS-HR) [14, 15],
to simulate different strategies for transcriptomic tar-
geted preventive therapy amongst PLHIV. Specifically,
we explore whether repeat transcriptomic screening
followed by short-course preventive therapy may reduce
incidence of TB amongst PLHIV compared to universal
provision of preventive therapy in PLHIV as recommend
by WHO.

Methods
Model description
The model, illustrated in Fig. 1, simulates a cohort of
10,000 PLHIV over T years with no prior history of pre-
ventive therapy. The population is split into susceptible
(S), remote infection (L), N recently infected states (LN,
…L1), which track individuals by time until they develop
disease, and those with active TB disease (I). This struc-
ture is used to allow us to incorporate the time horizon
(15 months) of RISK11 performance.
When infected (with probability λ) susceptible individ-

uals are assigned to one of the Li (i = 1,..,N) states or L.
The proportion entering each state (fi, i = 1,…,N) is
based on observations of the cumulative proportion of
individuals who experience disease by time since infec-
tion [16]—details of the calculation of these values are
given in Additional file 1. Each of the Li states is of equal

Fig. 1 Model structure. Solid lines represent transitions between disease states; dashed lines represent transitions on and off preventive therapy. S
= susceptible, L = “remote” infection, Li (i = 1,…,N) = recently infected states (by time to disease), I = active TB disease, Sp = on PT (previously
uninfected), Lp = on PT (previously infected), P = post PT, PT = preventive therapy, λ = risk of infection, fi (i = 1,…,N) = proportion entering infect
state Li following infection, p = relative risk of infection if previously infected, k = risk of progression from remote infection
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duration, D (equal to the time step of the model), after
which individuals progress to the subsequent state (LN

to LN-1 etc.) until they reach the disease state I. Individ-
uals in the L state can progress to the LN state (with
probability k) or be re-infected at a reduced probability,
pλ to represent the protective effect of prior infection
[17]) and move to one of the N recent infection states in
the same proportions as following initial infection. The
cumulative proportion experiencing disease by time
since infection is taken from data in HIV-uninfected
populations and is multiplied by RRHIV to represent the
increased risk of TB amongst PLHIV. Details of the
model parameter values and uncertainty distributions
are given in Table 1.
A proportion (C) of the population is offered prevent-

ive therapy (C will depend on the strategy being consid-
ered (see below)). A proportion, U, of those offered
treatment initiate treatment and amongst those treat-
ment is effective in a proportion E. Those who are ef-
fectively treated move to on treatment states (SP and LP
for those who were susceptible or infected respectively).
While on treatment (for a duration Dp), individuals are
protected from infection or progression to disease. After
treatment susceptible people return to the S state.
People who were previously infected enter a post-

treatment state P. These individuals are not at risk of
progressing to disease but can be re-infected (at a rate
pλ, i.e. they retain the same protection as latently in-
fected individuals).
In our main analysis, we simulated a cohort represen-

tative of the CORTIS-HR study population, where the
prevalence of IGRA positivity (PIGRA) was approximately
45%. We used the prevalence of IGRA positivity together
with the estimated sensitivity (se) [18] and specificity
(sp) [19] of IGRA for M.tb infection to estimate the true
prevalence of infection (PL) using the following
expression:

PL ¼ PIGRA−1þ sp
se−1þ sp

We then used this estimate of the true prevalence of
infection and the average age of the cohort to calculate
the annual risk of infection (ARI, λ) (assuming a con-
stant life-time risk of infection). The estimated preva-
lence of infection and ARI were then used to define the
initial state of the cohort.
The relative risk of TB disease in PLHIV (RRHIV) was

estimated by fitting the model to the observed incidence
of TB (confirmed by positive Xpert MTB/RIF, Ultra,

Table 1 Parameter ranges used in model. 3HP, weekly isoniazid and rifapentine for 12 weeks. IPT, isoniazid preventive therapy; ART,
antiretroviral therapy status

Parameter Median (95%
range)

Source

Sensitivity of IGRA for infection, se 61 (47–75) [18]

Specificity of IGRA for infection, sp 96 (94–98) [19]

RR of infection if previously infected, p 0.21 (0.14–0.30) [17]

Duration of preventive therapy, Dp 3 months Based on duration of 3HP

Number of recent infection states, N 20 Gives total duration or recent infection of 5 years

Duration of recent infection states, D 3 months

Progression from remote infection, k 1.5e−4 See Additional file 1

Sensitivity for incident TB (over 15months from testing)

RISK11 (whole cohort) 88.6 (43.5–98.7) [14, 15] No incident TB cases amongst RISK11-negative participants not receiving
IPT

RISK11 (on ART and not receiving IPT) 100

RISK11 (ART naïve and not receiving
IPT)

100

Optimum TPP 90 [9]

Minimum TPP 75

Specificity for incident TB (over 15months from testing)

RISK11 (whole cohort) 68.9 (65.3–72.3) [14]

RISK11 (on ART and not receiving IPT) 70.2 (64.0–75.7)

RISK11 (ART naïve and not receiving
IPT)

45.9 (34.9–57.4)

Optimum TPP 90 [9]

Minimum TPP 75
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and/or MGIT culture on at least two separate sputum
samples) over 15 months in the CORTIS-HR study: 0.9
(0.3–1.6) per 100 person years. Full details of the model
fitting are given in Additional file 1. In summary,
100,000 parameter sets were sampled from the distribu-
tions given in Table 1. For each parameter set, the
model was run (with no preventive therapy) to simulate
the incidence of TB over 15 months, and the likelihood
was calculated for each parameter set. One thousand
parameter sets were then resampled with replacement
from the 100,000 samples using the likelihood as weight-
ing for the probability of selecting a given sample.

Preventive therapy strategies
We compare a no treatment scenario to a universal pre-
ventive therapy scenario (a single round of preventive
therapy offered to everyone in the cohort at t = 0) and
to blood transcriptomic targeted therapy. In each case,
we assume treatment is with isoniazid and rifapentine
for 12 weeks (3HP). For the transcriptomic targeted
strategies, we considered three tests: one with character-
istics of the RISK11 assay (from the CORTIS-HR study)
and tests that meet the minimum and optimum criteria
for tests for incipient TB set out in the WHO TPP [9].
The performance characteristics of the tests are given in
Table 1. For each test, we simulated a single round of
screening (at t = 0) or repeat screening with an interval
between screening of 1, 2, or 3 years. Those testing posi-
tive are offered preventive therapy. We assumed that in-
dividuals would only be offered preventive therapy once
(i.e. those testing positive are not retested again irre-
spective of whether they initiate treatment).
We ran the model for 10 years and calculated the

number of people screened, the number given preventive
therapy and the number of TB cases at 5 and 10 years
for each scenario. The incremental impact of test tar-
geted preventive therapy is defined as the ratio of cases
averted by test targeted preventive therapy to cases
averted by universal treatment. Values greater than 1 in-
dicate scenarios where test targeted preventive therapy
averts more cases than universal treatment.
Because the likely programmatic costs of tests for in-

cipient TB are not known we calculated the maximum
cost of a test, as a proportion of the cost of a course of
preventive therapy, such that (a) the total cost of the
strategy with testing does not exceed the cost of the uni-
versal treatment strategy and (b) the cost per case
averted of the strategy with testing does not exceed the
cost per case averted of the universal treatment strategy.
The total costs (T) of the universal (subscript u) and

testing strategies (subscript t) are:

Tu ¼ PuC

Tt ¼ PtC þ StgC

where P = number given preventive therapy; S = number
tested; C = cost of preventive therapy; and g.C = cost of
test (defined relative to the cost of preventive therapy,
C). Then, for the strategy with a test to cost less than
universal preventive therapy:

g <
Pu−Pt

St

The costs per case averted (H) of the universal and
testing strategies are:

Hu ¼ PuC
Au

Ht ¼ PtC þ StgC
At

where A = number of cases averted.
Then, for the strategy with a test to be more “cost ef-

fective” than universal preventive therapy, we need:

g <
1
St

PuAt

Au
−Pt

� �

Sensitivity analysis
Uncertainty in the model parameters was explored by
simulating each preventive therapy strategy for each of
the 1000 parameter sets generated via the fitting process
(see above). For each parameter sample, values for the
RISK11 test performance were sampled from the distri-
butions in Table 1. To identify the parameters that con-
tribute to uncertainty in the model outputs, we
calculated partial rank correlation coefficients (PRCCs)
for the sampled parameters considering the ratio of
cases averted and the maximum cost of the test (per case
averted) as outputs.
In the CORTIS-HR study, the performance of RISK11

in PLHIV was found to vary by ART status and whether
or not individuals received IPT during the study. To as-
sess the impact of these differences on the model predic-
tions, we carried out additional model simulations using
sensitivity and specificity estimates for RISK11 based on
analysis of participants who did not receive IPT during
the study, stratified by ART status at enrolment in the
study (see Table 1). For these sub-group analyses, RRHIV

was re-estimated by fitting the model to the observed in-
cidence amongst either those on ART at enrolment (0.3
per 100 person-years; 95% CI 0.0–1.0) or amongst the
ART naïve population (4 per 100 person-years; 95% CI
0.1–7.7). As many of those who were ART naive at en-
rolment initiated ART during the trial (~ 75%), reducing
their risk of TB and potentially changing the perform-
ance of future RISK11 screening, we also explored a
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scenario in which the sensitivity and specificity of
RISK11 and value of RRHIV were varied in the model
from the ART naïve cohort values to those of the ART
cohort after 1 year.
In the main analysis, we assumed that uptake (U) was

100% and did not depend on whether testing was carried
out. We also assumed that the efficacy of treatment was
the same in those testing positive or negative in screen-
ing. Because we consider all outputs relative to universal
treatment, they do not depend on the absolute value of
treatment efficacy (E). Similarly, the incremental impact
of test targeted treatment does not depend on uptake
but the costs are proportional to the uptake.
Results from the CORTIS study [8], which evaluated

the diagnostic and prognostic performance of RISK11,
and the efficacy of 3HP for preventing TB in RISK11-
positive, HIV-uninfected adults found that 3HP did not
reduce the incidence of TB amongst RISK11-positive in-
dividuals. No data is available on the efficacy of 3HP in
RISK11-positive PLHIV. To explore the possible effects
of reduced efficacy of 3HP in RISK11-positive PLHIV,
we carried out simulations, varying the relative efficacy
of 3HP in true positive, RISK11-positive PLHIV (com-
pared to RISK11 negative) from 0 to 100%. This reduced
efficacy was also applied in the universal treatment sce-
nario to the subset of individuals who would have been
RISK11 positive.
To further explore how the results depend on the TB

disease burden we re-ran the model for combinations of
the prevalence of infection (0–100%) and ARI (0–5% per
year).

Results
Figure 2 shows the results for our main analysis of the
CORTIS-HR cohort, assuming uptake of preventive
therapy of 100% and equal efficacy in RISK11-positive
and RISK11-negative individuals. Based on the preva-
lence of IGRA positivity in the trial cohort, the estimated
prevalence of infection was 71% (95% CI 59–93) and the
ARI was 3.6% (95% CI 2.4–7.5).
Test targeted treatment would avert at least as many

cases as universal treatment with an annual screening
interval (over a 5-year time horizon) or with a screening
interval of 2 years or less (over a 10-year horizon). An-
nual RISK11 screening could avert 22% (95% CI 6–31)
more cases over 5 years and 26% (95% CI 13–34) over
10 years compared to universal treatment.
With annual RISK11 screening, the test would have to

cost less than 6% (95% CI 5–7) of the cost of preventive
therapy (5-year horizon) or less than 1% (95% CI 0.6–
1.3) of the cost of preventive therapy (10-year horizon)
for the total cost of the intervention to be less than uni-
versal treatment. However, when accounting for the add-
itional cases averted with annual RISK11 screening, the

possible cost of the test is increased. The RISK11 test
could cost up to 14% (95% CI 8–17) of the cost of pre-
ventive therapy (5-year horizon) or 9% (95% CI 5–12) of
the cost of preventive therapy (10-year horizon) for the
cost per case averted to be less than universal treatment.
Calculation of partial rank correlation coefficients
(PRCCs) shows that with a single round of screening,
the results are most sensitive to the sensitivity and speci-
ficity of RISK11. As expected, a more sensitive and less
specific test would avert more cases while a more sensi-
tive and more specific test would result in a higher po-
tential cost for the test. With repeat screening, the
relative protective effect of prior infection is increasingly
important, indicating that the risk of TB after preventive
therapy is important in determining the effect of a
screening based strategies. PRCCs are shown in figure
Additional file 1 L: Fig S3.
Annual screening with a test satisfying the minimum

TPP characteristics (75% sensitivity and specificity) pre-
vents fewer cases than RISK11 (due to the lower sensi-
tivity) but uses less preventive therapy (due to the higher
specificity). The median cost of such a test is lower than
RISK11; however, the confidence intervals overlap. A
test satisfying the optimum TPP (90% sensitivity and
specificity) could cost approximately 25% of the cost of
preventive therapy (5-year horizon) or 16% of the cost of
preventive therapy (10-year horizon) for the cost per
case averted to be less than universal treatment.
As these results are calculated relative to universal

treatment, they do not depend on the value of treatment
efficacy (E) used assuming efficacy is the same by
RISK11 status. If the efficacy of treatment is lower
amongst RISK11 positives, the incremental benefit of
RISK11 screening compared to universal treatment is
lower and the test would have to cost less. Figure 3
shows how the ratio of cases averted (compared to uni-
versal treatment) and the cost of testing for annual
RISK11 screening vary with the relative efficacy of 3HP
in RISK11-positive PLHIV. For RISK11 targeted treat-
ment to avert more cases over a 10-year horizon, the
relative efficacy must be greater than 47%. The cost re-
sults also depend on the assumed uptake of preventive
therapy. With lower uptake the number of courses of
preventive therapy saved by RISK11 screening is greater
and so the maximum relative cost of the test is lower;
this relationship is linear, i.e. for an uptake of 75%, the
cost per case averted would be 75% of that with 100%
uptake.
Figure 4 shows the results for the sub-group analysis

of those who did not receive IPT during the CORTIS-
HR study stratified by ART status at enrolment. Annual
RISK11 screening is more effective than universal treat-
ment in all sub-groups. However, the incremental bene-
fit of annual RISK11 screening (compared to universal
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treatment) is greater in those on ART than in ART naïve
individuals and uses less preventive therapy (due to the
higher specificity of RISK11 in people on ART). As a re-
sult, the test could cost more (relative to the cost of pre-
ventive therapy) when used in individuals on ART (12%
(95% CI 10–14)).

Figure 5 shows the ratio of cases averted by annual
RISK11 targeted preventive therapy compared to univer-
sal treatment, for different values of prevalence of infec-
tion and ARI. Figure 6 shows the maximum cost of the
RISK11 test (per case averted). The lower the prevalence
of infection the greater the incremental benefit of

Fig. 2 Results by test type and testing interval. Points show median model output; bars show 95% range of model outputs. Colours indicate
different tests (see key). Top row: ratio of cases averted (compared to universal treatment). Second row: cumulative number screened. Third row:
cumulative number given 3HP. Fourth row: maximum cost of test (relative to 3HP) such that total cost does not exceed cost of universal
treatment. Fifth row: maximum cost of test (relative to 3HP) such that cost per case averted does not exceed cost per case averted of universal
treatment. Left panel: after 5 years; right panel: after 10 years
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RISK11 targeted preventive therapy and the more the
test can cost. This is because, at a low prevalence, there
are fewer infected individuals who benefit from universal
preventive therapy. Conversely, the higher the ARI the
more additional cases are averted by RISK11 targeted
screening and the more the test can cost. This is be-
cause, at a higher ARI, more individuals would be in-
fected after universal treatment and there is greater
benefit from using RISK11 to target treatment at a later
time.

Discussion
Our results suggest that targeting short-course prevent-
ive therapy in PLHIV based on repeat transcriptomic
screening could prevent more incident TB cases than a
single round of universal treatment as recommended by
WHO. Current WHO guidelines recommend that all
PLHIV should be offered preventive therapy and that
testing for M.tb infection is not a pre-requisite for initi-
ating treatment. National guidelines vary, but in South
Africa, the location of the CORTIS-HR study, the rec-
ommendation is also that all PLHIV are eligible for
treatment with the duration of therapy dependent on
TST status. In a high TB incidence setting, such as

South Africa, screening would need to be conducted at
least biennially to be more effective than universal treat-
ment over 10 years. The use of transcriptomic testing
would also require fewer people to be treated with pre-
ventive therapy—the total number treated only ap-
proaches the total population with annual screening
over a 10-year time horizon. Given the extra cases
averted and reduction in the number treated, the cost of
testing could be approximately 10% of the cost of pre-
ventive therapy for annual screening to be more cost-
effective (cost per case averted) compared to universal
treatment. Assuming a full cost of 3HP of approximately
70 USD in South Africa [20], the cost of testing could be
on the order of 7 USD. For comparison, the cost of a
prognostic test defined in the TPP (minimal characteris-
tics) was 10–100 USD [9].
Our results do not depend on the absolute level of effi-

cacy of preventive therapy assuming treatment is equally
efficacious in RISK11-positive and RISK11-negative indi-
viduals. However, if treatment is less effective in
RISK11-positive individuals, the benefit of targeted pre-
ventive therapy is reduced; with a relative efficacy of
below 47%, annual RISK11 screening becomes less ef-
fective than universal treatment. The CORTIS study [8],

Fig. 3 Results by relative efficacy of preventive therapy in RISK11-positive individuals. Solid lines show median model output; shaded regions
show 95% range of model outputs. Colours indicate different time horizons (see key). Left panel: ratio of cases averted (compared to universal
treatment). Right panel: maximum cost of test (relative to 3HP) such that cost per case averted does not exceed cost per case averted of
universal treatment
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which evaluated the diagnostic and prognostic perform-
ance of RISK11 in HIV-uninfected adults, found that
RISK11 targeted preventive therapy with 3HP did not re-
duce the risk of incident TB through 15months follow
up; however, there were no incident TB cases through 9
months in adherent RISK11-positive participants who
completed at least 11 out of 12 observed doses of once-
weekly isoniazid-rifapentine within 16 weeks suggesting
a short term benefit of 3HP in this population. No data
is available on the efficacy of treatment in RISK11-
positive, HIV-infected populations.
In our analysis, we have assumed that uptake and

completion of preventive therapy does not depend on
testing. It is possible that uptake and completion may
be influenced by testing. For example, data from the
US suggests that individuals tested with IGRA had in-
creased rates of preventive therapy completion

compared to those tested with TST [21]. However, it
is also possible that testing may reduce uptake if
there is a delay between testing and availability of test
results.
We found that the additional benefit of RISK11 tar-

geted treatment and the potential cost of the test depend
on the prevalence of infection and the annual risk of in-
fection. The model suggests that for an ARI above 1%,
annual screening with RISK11 would avert more cases of
TB than universal treatment for any prevalence of infec-
tion. The maximum relative cost for a test, across the
range of ARI and prevalence considered, was 27% of the
cost of a course of preventive therapy, providing a po-
tential upper bound on the costs.
Previous studies have compared the cost-

effectiveness of TST or IGRA targeted preventive
therapy to untargeted treatment in PLHIV [22–24]

Fig. 4 Results by ART status amongst individuals not receiving IPT during the CORTIS-HR study. Points show median model output, bars show
95% range of model outputs. Colours indicate ART status (see key). Top row: ratio of cases averted (compared to universal treatment). Second
row: cumulative number screened. Third row: cumulative number given 3HP. Fourth row: maximum cost of test (relative to 3HP) such that total
cost does not exceed cost of universal treatment. Fifth row: maximum cost of test (relative to 3HP) such that cost per case averted does not
exceed cost per case averted of universal treatment. Left panel: after 5 years; right panel: after 10 years
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but have not considered longer term dynamics or re-
peat screening. Data from Hong Kong showed limited
benefit of repeat testing for infection amongst PLHIV
[25] potentially due to the declining risk of TB over
time associated with ART driven immune-recovery.
We have assumed the risk of developing TB remained
constant over time which may overestimate the

benefit of repeat RISK11 screening. However, this
study was also conducted in a low-incidence commu-
nity setting where the risk of infection after initial
testing is low. This would also limit any benefit of re-
peat testing, consistent with our result that the add-
itional benefit of annual RISK11 screening would be
lower at lower ARIs.

Fig. 5 Ratio of cases averted by annual RISK11 targeted preventive therapy compared to universal treatment by prevalence of infection (x-axis)
and annual risk of infection (y-axis). Left panel: after 5 years; right panel: after 10 years. Black lines show the contour where the ratio = 1. Black
dots indicate the median prevalence and ARI assumed in the CORTIS-HR cohort (Fig. 2)

Fig. 6 Maximum cost of RISK11 test (relative to 3HP) such that the cost per case averted does not exceed the cost per case averted of universal
treatment by prevalence of infection (x-axis) and annual risk of infection (y-axis). Left panel: after 5 years; right panel: after 10 years. Black dots
indicate the median prevalence and ARI assumed in the CORTIS-HR cohort (Fig. 2)
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We assumed that individuals would only receive a sin-
gle course of preventive therapy as there is limited data
on the effect of repeated courses of preventive treat-
ment. A trial in South Africa, Ethiopia, and Mozambique
found no additional benefit of universal annual 3HP
(compared to a single course of treatment) amongst
PLHIV on ART [26]. However, targeted annual prevent-
ive therapy to those at highest risk of progression to TB
disease (ART naïve, low CD4) has not been explored.
We have only considered the direct effects of prevent-

ive therapy and not the indirect benefit of reductions in
TB incidence on onward transmission. We only consid-
ered the costs saved from reduced use of preventive
therapy when calculating the maximum relative costs of
testing. However, there are potential additional cost sav-
ings of annual RISK11 screening due to the increased
number of TB cases averted and the resulting reduction
in costs of treating active TB. Finally, we do not consider
the potential benefit of identifying undiagnosed preva-
lent TB during RISK11 screening. Guidelines recom-
mend the use of symptom screening to exclude
prevalent disease before initiation of preventive therapy
[3]; however, data from the CORTIS-HR study found
that symptom screening missed approximately 70% of
prevalent cases while RISK11 had sensitivity of 87.5
(58.3–100) for undiagnosed prevalent disease.

Conclusion
Biomarker targeted preventive therapy may be more ef-
fective than one-off of universal treatment amongst
PLHIV in high incidence settings but would require re-
peat screening. Assuming annual screening, testing
would have to cost on the order of one tenth the cost of
the preventive therapy regimen to be more cost-effective
than one-off universal treatment.

Abbreviations
TB: Tuberculosis; HIV: Human immunodeficiency virus; ART: Antiretroviral
therapy; PLHIV: Human immunodeficiency virus; M.tb: Mycobacterium
tuberculosis; TST: Tuberculin skin test; IGRA: Interferon gamma release assay;
WHO: World Health Organization; FIND: Foundation for Innovative New
Diagnostics; TPP: Target product profile; CORTIS-HR: Correlate of Risk
Targeted Intervention Study in High Risk Populations; ARI: Annual risk of
infection; PRCCs: Partial rank correlation co-efficient; 3HP: Weekly isoniazid
and rifapentine for 12 weeks

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12916-021-02127-w.

Additional file 1. Additional details of model, results of model fitting
and results of parameter sensitivity analysis. Figure S1. Model structure.
Figure S2. Cumulative incidence of TB by time since infection used to
calculate the model parameters. Table S1. Parameters used to distribute
new infections to recent latent states. Table S2. Prior parameter
distributions used in model fitting. Table S3. Observed and fitted TB
incidence (per 100 person years). Table S4. Posterior parameter ranges

by sub-group. Figure S3. Partial rank correlation coefficients for the
model parameters.

Acknowledgements
We acknowledge all members of the CORTIS-HR study team.

Authors’ contributions
TS, TJS, MH, and RGW conceived the study. TS and SCM analysed data. TS
wrote the first draft of the manuscript. All authors had full access to the data,
and reviewed, revised, and approved the manuscript before submission.

Funding
The work was supported by the Bill and Melinda Gates Foundation (BMGF;
OPP1151915). TS is funded by the Wellcome Trust Institutional Strategic
Support Fund (204928/Z/16/Z). SCM is a recipient of PhD funding from the
Fogarty International Center of the National Institutes of Health (NIH) under
Award Number D43 TW010559, the Harry Crossley Clinical Research
Fellowship, and the South African Medical Research Council (SAMRC)
through its Division of Research Capacity Development under the SAMRC
Clinician Researcher Programme. The content is solely the responsibility of
the authors and does not necessarily represent the official views of the NIH,
the Harry Crossley Foundation, or the SAMRC.

Availability of data and materials
All code used in the study is available at: https://github.com/tomsumner/
CORTIS_HR_CE

Declarations

Ethics approval and consent to participate
This study uses results from the CORTIS-HR study. The CORTIS-HR study was
sponsored by the University of Cape Town and the study protocol was ap-
proved by the Institutional Human Ethics Committees of each participating
site. All participants provided written informed consent in their language of
choice.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details
1TB Modelling Group, TB Centre, Centre for Mathematical Modelling of
Infectious Diseases, Department of Infectious Disease Epidemiology, London
School of Hygiene & Tropical Medicine, London, UK. 2South African
Tuberculosis Vaccine Initiative, Institute of Infectious Disease and Molecular
Medicine, Division of Immunology, Department of Pathology, University of
Cape Town, Cape Town, South Africa.

Received: 24 May 2021 Accepted: 14 September 2021

References
1. Smieja MJ, Marchetti CA, Cook DJ, Smaill FM. Isoniazid for preventing

tuberculosis in non-HIV infected persons (Review). Cochrane Libr. 2005;2.
2. Akolo C, Adetifa I, Shepperd S, Volmink J. Treatment of latent tuberculosis

infection in HIV infected persons (Review). Cochrane Database Syst Rev.
2010;2010(1):CD000171.

3. World Health Organisation. Latent tuberculosis infection: updated and
consolidated guidelines for programmatic management. Geneva; 2018.

4. World Health Organisation. Global Tuberculosis Report Geneva 2019
[Available from: https://www.who.int/tb/publications/global_report/en/.

5. Rangaka MX, Wilkinson KA, Glynn JR, Ling D, Menzies D, Mwansa-
Kambafwile J, et al. Predictive value of interferon-gamma release assays for
incident active tuberculosis: a systematic review and meta-analysis. Lancet
Infect Dis. 2012;12(1):45–55. https://doi.org/10.1016/S1473-3099(11)70210-9.

6. Samandari T, Agizew T, Nyirenda S, Tedla Z, Sibanda T, Shang N, et al. 6-
month versus 36-month isoniazid preventive treatment for tuberculosis in
adults with HIV infection in Botswana: a randomised, double-blind, placebo-

Sumner et al. BMC Medicine          (2021) 19:252 Page 10 of 11

https://doi.org/10.1186/s12916-021-02127-w
https://doi.org/10.1186/s12916-021-02127-w
https://github.com/tomsumner/CORTIS_HR_CE
https://github.com/tomsumner/CORTIS_HR_CE
https://www.who.int/tb/publications/global_report/en/
https://doi.org/10.1016/S1473-3099(11)70210-9


controlled trial. Lancet. 2011;377(9777):1588–98. https://doi.org/10.1016/S014
0-6736(11)60204-3.

7. Churchyard GJ, Fielding KL, Lewis JJ, Coetzee L, Corbett EL, Chir B, et al. A
trial of mass isoniazid preventive therpay for tuberculosis control. NEJM.
2014;370(4):301-10.

8. Scriba TJ, Fiore-Gartland A, Penn-Nicholson A, Mulenga H, Kimbung Mbandi
S, Borate B, et al. Biomarker-guided tuberculosis preventive therapy
(CORTIS): a randomised controlled trial. Lancet Infect Dis. 2021;21(3):354–65.
https://doi.org/10.1016/S1473-3099(20)30914-2.

9. World Health Organisation. Consensus meeting report: development of a
Target Product Profile (TPP) and a framework for evaluation for a test for
predicting progression from tuberculosis infection to active disease. Geneva;
2017.

10. Zak DE, Penn-Nicholson A, Scriba TJ, Thompson E, Suliman S, Amon LM,
et al. A blood RNA signature for tuberculosis disease risk: a prospective
cohort study. Lancet. 2016;387(10035):2312–22. https://doi.org/10.1016/S014
0-6736(15)01316-1.

11. Suliman S, Thompson E, Sutherland J, Weiner Rd J, MOC O, Shankar S, et al.
Four-gene Pan-African blood signature predicts progression to tuberculosis.
Am J Respir Crit Care Med. 2018;197(9):1198-208.

12. Gupta RK, Turner CT, Venturini C, Esmail H, Rangaka MX, Copas A, et al.
Concise whole blood transcriptional signatures for incipient tuberculosis: a
systematic review and patient-level pooled meta-analysis. Lancet Respir
Med. 2020;8(4):395–406. https://doi.org/10.1016/S2213-2600(19)30282-6.

13. Mulenga H, Zauchenberger CZ, Bunyasi EW, Mbandi SK, Mendelsohn SC,
Kagina B, et al. Performance of diagnostic and predictive host blood
transcriptomic signatures for Tuberculosis disease: a systematic review and
meta-analysis. PLoS One. 2020;15(8):e0237574. https://doi.org/10.1371/journa
l.pone.0237574.

14. Mendelsohn SC, Fiore-Gartland A, Penn-Nicholson A, Mulenga H, Mbandi
SK, Borate B, et al. Validation of a host blood transcriptomic biomarker for
pulmonary tuberculosis in people living with HIV: a prospective diagnostic
and prognostic accuracy study. Lancet Glob Health. 2021;9(6):e841–53.
https://doi.org/10.1016/S2214-109X(21)00045-0.

15. Mendelsohn SC, Fiore-Gartland A, Penn-Nicholson A, Mulenga H, Kimbung
S, Borate B, et al. Validation of correlates of risk of TB disease in high risk
populations (CORTIS-HR) study: public, subject-level RISK11 signature scores
and metadata. https://doiorg/1025375/uct14176484v1. 2021.

16. Sutherland I. The ten-year incidence of clinical tuberculosis following
“conversion” in 2550 individuals aged 14 to 19 years The Hague. The
Netherlands: KNCV; 1968.

17. Andrews JR, Noubary F, Walensky RP, Cerda R, Losina E, Horsburgh CR. Risk
of progression to active tuberculosis following reinfection with
Mycobacterium tuberculosis. Clin Infect Dis. 2012;54(6):784–91. https://doi.
org/10.1093/cid/cir951.

18. Cattamanchi A, Smith R, Steingart KR, Metcalfe JZ, Date A, Coleman C, et al.
Interferon-gamma release assays for the diagnosis of latent tuberculosis
infection in HIV-infected individuals: a systematic review and meta-analysis.
J Acquir Immune Defic Syndr. 2011;56(3):230–8. https://doi.org/10.1097/QAI.
0b013e31820b07ab.

19. Pai M, Zwerling A, Menzies D. Systematic review: T-cell-based assays for the
diagnosis of latent tuberculosis infection: an update. Ann Intern Med. 2008;
149(3):177-84.

20. Jo Y, Gomes I, Flack J, Salazar-Austin N, Churchyard G, Chaisson RE, et al.
Cost-effectiveness of scaling up short course preventive therapy for
tuberculosis among children across 12 countries. EClinicalMedicine. 2021;31:
100707. https://doi.org/10.1016/j.eclinm.2020.100707.

21. Stockbridge EL, Loethen AD, Annan E, Miller TL. Interferon gamma release
assay tests are associated with persistence and completion of latent
tuberculosis infection treatment in the United States: evidence from
commercial insurance data. PLoS One. 2020;15(12):e0243102. https://doi.
org/10.1371/journal.pone.0243102.

22. Kim HY, Hanrahan CF, Martinson N, Golub JE, Dowdy DW. Cost-effectiveness
of universal isoniazid preventive therapy among HIV-infected pregnant
women in South Africa. Int J Tuberc Lung Dis. 2018;22(12):1435–42. https://
doi.org/10.5588/ijtld.18.0370.

23. Kapoor S, Gupta A, Shah M. Cost-effectiveness of isoniazid preventive
therapy for HIV-infected pregnant women in India. Int J Tuberc Lung Dis.
2016;20(1):85–92. https://doi.org/10.5588/ijtld.15.0391.

24. Pho MT, Swaminathan S, Kumarasamy N, Losina E, Ponnuraja C, Uhler LM,
et al. The cost-effectiveness of tuberculosis preventive therapy for HIV-

infected individuals in southern India: a trial-based analysis. PLoS One. 2012;
7(4):e36001. https://doi.org/10.1371/journal.pone.0036001.

25. Wong NS, Leung CC, Chan KCW, Chan WK, Lin AWC, Lee SS. A longitudinal
study on latent TB infection screening and its association with TB incidence
in HIV patients. Sci Rep. 2019;9(1):10093. https://doi.org/10.1038/s41598-01
9-46570-5.

26. Churchyard G, Cardenas V, Chihota V, Mngadi K, Sebe M, Brumskine W, et al.
Annual tuberculosis preventive therapy for persons with HIV infection. Ann
Intern Med. 2021. Online ahead of print. https://doi.org/10.7326/M20-7577.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Sumner et al. BMC Medicine          (2021) 19:252 Page 11 of 11

https://doi.org/10.1016/S0140-6736(11)60204-3
https://doi.org/10.1016/S0140-6736(11)60204-3
https://doi.org/10.1016/S1473-3099(20)30914-2
https://doi.org/10.1016/S0140-6736(15)01316-1
https://doi.org/10.1016/S0140-6736(15)01316-1
https://doi.org/10.1016/S2213-2600(19)30282-6
https://doi.org/10.1371/journal.pone.0237574
https://doi.org/10.1371/journal.pone.0237574
https://doi.org/10.1016/S2214-109X(21)00045-0
https://doi.org/10.1093/cid/cir951
https://doi.org/10.1093/cid/cir951
https://doi.org/10.1097/QAI.0b013e31820b07ab
https://doi.org/10.1097/QAI.0b013e31820b07ab
https://doi.org/10.1016/j.eclinm.2020.100707
https://doi.org/10.1371/journal.pone.0243102
https://doi.org/10.1371/journal.pone.0243102
https://doi.org/10.5588/ijtld.18.0370
https://doi.org/10.5588/ijtld.18.0370
https://doi.org/10.5588/ijtld.15.0391
https://doi.org/10.1371/journal.pone.0036001
https://doi.org/10.1038/s41598-019-46570-5
https://doi.org/10.1038/s41598-019-46570-5
https://doi.org/10.7326/M20-7577

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Model description
	Preventive therapy strategies
	Sensitivity analysis

	Results
	Discussion
	Conclusion
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

