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Are we underestimating the annual risk of infection with
Mycobacterium tuberculosis in high-burden settings?

David W Dowdy, Marcel A Behr

The annual risk of infection with Mycobacterium tuberculosis determines a population’s exposure level and thus the
fraction of incident tuberculosis resulting from recent infection (often considered as having occurred within the past
2 years). Contemporary annual risk of infection estimates centre around 1% in most high-burden countries. We
present three arguments why these estimates—primarily derived from cross-sectional tuberculin surveys in young
school children (aged 5-12 years)—might underrepresent the true annual risk of infection. First, young children are
expected to have lower risk of infection than older adolescents and adults (ie, those aged 15 years and older). Second,
exposure might not lead to a positive test result in some individuals. Third, cross-sectional surveys might overlook
transient immune responses. Accounting for these biases, the true annual risk of infection among adults in high-
burden settings is probably closer to 5-10%. Consequently, most tuberculosis in those settings should reflect infection
within the past 2 years rather than remote infection occurring many years ago. Under this reframing, major reductions
in tuberculosis incidence could be achievable by focusing on the minority of people who have been recently infected.

Background

An estimated 10 million people develop tuberculosis every
year; 85-90% of these people live in one of 30 high-burden
countries.! To develop an appropriate response to
tuberculosis epidemics in high-burden settings, a key
question is: what fraction of incident tuberculosis
represents early progression from recent infection (ie,
often considered as having occurred within the past
2 years), versus late progression from infection many
years ago? If most cases represent recent transmission,
then interventions to interrupt transmission (eg, case-
finding and contact investigation) should be prioritised—
and rapid progress might be achievable. If most cases
represent late progression, then meaningful progress in
reducing tuberculosis burden requires neutralising long-
standing infections>—a more daunting task given global
estimates that nearly a quarter of all people have been
infected with Mycobacterium tuberculosis.*

Prevailing wisdom is that about two-thirds of incident
tuberculosis in high-burden countries reflects late
progression.* This thinking is based on two fundamental
axioms. First, the annual risk of infection with
M tuberculosis is assumed to be relatively low—
between 0-5% and 2% in most high-burden countries.**”
Second, M tuberculosis infection is generally conceptualised
as a lifelong state of elevated tuberculosis risk (called
latent tuberculosis infection).® Under this thinking,
one might assume the following for a typical high-burden
country with tuberculosis incidence of 200 per 100000:
(1) 1% annual risk of infection, (2) 5% rapid pro-
gression from infection to tuberculosis disease,
(3) 30% latent tuberculosis infection prevalence," and (4)
0-05% annual late progression rate (ie, approximately
5% risk over 100 years).” Under these assumptions, recent
infection would account for only a quarter of all incident
cases: 1%x5%=50 cases per 100000 population per year
versus 30%x0-05%=150 per 100000 population per year
from remote infection. This fraction would be even lower
after accounting for treatment failures and relapses.
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Both historical and emerging evidence”™ challenge
the second axiom and suggest that late progression
(assumption four) occurs at a much lower rate.” If
the annual risk of infection (assumption one)
were correspondingly higher, our understanding of
tuberculosis in high-burden countries would be recast
as a disease primarily reflecting recent, rather than
remote, transmission.

Contemporary annual risk of infection estimates
Current annual risk of infection estimates are primarily
derived from cross-sectional tuberculin skin test (TST) or
interferon-gamma release assay (IGRA) surveys—often
among children of primary school age (ie, those aged
5-12 years), though sometimes in older populations.’
Classically, the annual risk of infection is estimated as
(TST/IGRA positivity)/(age).*® Thus, for example,
6% TST or IGRA positivity in 6-year-olds would equal 1%
estimated annual risk of infection (assuming constant
annual risk of infection for 6 years). This classical
formula has been updated® to account for exponential
decline in TST/IGRA negativity over time: annual risk
of infection=1—(1-TST/IGRA positivity)l/™= =, This
updated formula has been used for the majority of recent
population-based annual risk of infection estimates
(appendix pp 2-5) and gives very similar results to the
prevailing formula when TST or IGRA positivity in the
study population is less than 20%. More nuanced
estimation methods exist®* but require additional
assumptions and are not widely used.

Such surveys in most high-burden countries have
generally yielded annual risk of infection estimates
between 0-5% and 2%**—consistent with an estimated
25% prevalence of M tuberculosis infection.” For example,
figure 1 illustrates the population structure” and
projected tuberculosis status by age in India under
prevailing annual risk of infection estimates (ie, 1-5%
in 2002 and 1-0% in 2010) based on cross-sectional TST
surveys.” In this scenario, 75% of incident tuberculosis
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Figure 1: Prevailing conceptualisation of Mycobacterium tuberculosis infection and tuberculosis

(A) Depicts the population structure of India in 2016,* according to tuberculosis infection status, assuming a 1-5% annual risk of infection with M tuberculosis until
2005, falling to 1-0% thereafter.”” (B) Shows the corresponding cumulative percentages of the population (left) and ensuing hazard of incident tuberculosis (right),
assuming a 4% risk of disease in each of the first 2 years following infection (similar to the estimated 3-8% risk in the first year following infection currently in the
USA)* and the remainder of disease occurring among those remotely infected to achieve the estimated incidence of tuberculosis in India (211 per 100 000 population
peryear).” The estimation presented in this figure required an assumption of 0-6% annual risk of progression among individuals with remote (ie, >2 years ago)
infection—approximately six times the risk seen among long-term immigrants in Australia.* The fraction infected in the last 2 years is less than 2% (1% x 2 years)

as the calculation assumes 77% protection from reinfection following initial infection,* following Houben and Dodd.?

reflects late progression, consistent with the previously
mentioned assumptions.

Are we underestimating the annual risk of
infection among adults in high-burden
countries?

There are at least three ways in which the estimated
annual risk of infection (ie, from TST or IGRA positivity
in young children) can underestimate the true annual
risk of infection—defined here as the average annual
rate at which previously uninfected adolescents and
adults in a population experience sufficient exposure
to M tuberculosis to evoke a systemic T-cell-mediated
response. First, children might experience a much lower
risk of infection than older adolescents and adults (ie,
those aged 15 years and older). Second, some people will
not convert TST or IGRA responses despite intense
exposure (ie, resistant immune phenotype). Third, cross-
sectional surveys will overlook transient immune
responses to infection. When combined, these biases can
cause underestimation of the true annual risk of infection
by a factor of five to ten (figure 2).

Young children have lower exposure than adolescents
and adults

Annual risk of infection estimates from TST or IGRA
surveys in children are often extrapolated to the full
population.** However, tuberculosis is less common and
less highly infectious (eg, smear-positive pulmonary
tuberculosis) in children.”* Thus, school-aged child-
ren—who have fewer respiratory contacts than adults
and whose contacts are often other children”*—should
experience a lower risk of M tuberculosis infection than
adolescents and adults. This concept is shown in

population-wide TST or IGRA surveys. For example,
figure 3 shows TST positivity in a single (ie, 1972-73)
birth cohort across serial surveys in South Korea
(between 1975 and 1995).* The estimated annual risk of
infection in this cohort was 2-0% for ages 2-5-7-5 years,
5-1% for ages 7-5-12-5 years, and 11-8% for ages
12.5-17-5 years—when nationwide incidence was
declining. Thus, if TST positivity in 5-year-olds were
used to estimate population-wide annual risk of
infection, the true annual risk of infection in 15-year-olds
would be underestimated by a factor of six. Cross-
sectional data from the Philippines® and South Africa®
corroborate this trend. Indeed, we are unaware of any
data suggesting a lower annual risk of infection among
adolescents or young adults than among young children.
The preponderance of data, therefore, suggests that, in
most high-burden settings, the annual risk of infection
for young children underestimates the annual risk of
infection for adolescents and adults by a factor of
two to six.

Some people are resistant to TST or IGRA conversion

Data published in 2019 suggest that perhaps 20% of
people have a resistant immune phenotype, meaning
they do not convert TST or IGRA results despite intense
exposure to M tuberculosis.®* This phenotype often
appears as a ceiling effect in which TST or IGRA
positivity plateaus around 80% (figure 3). Ignoring these
individuals can generate substantial bias in annual risk
of infection estimates that is greater than just a factor of
1-2. For example, consider adolescents ages 12-5 and
17-5 years in figure 3, of whom 64% start as TST-negative.
If 20% have a resistant phenotype, then only 44% are
truly susceptible to conversion. This bias causes the
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annual risk of infection to be underestimated by nearly
half using standard calculations (eg, 9% vs 13%), and by
more (12% vs 21%) using (exponential) calculations that
account for continued depletion of susceptible
individuals over the 5-year period.

Some immune responses are transient

A study in South African adolescents® estimated that
13% of positive IGRA results revert to negative each year.
At this rate, a cross-sectional survey in 7-year-old children
could misclassify over one-third of all children
experiencing IGRA conversion (ie, average infection at
3-5 years) as IGRA-negative—and underestimate the
annual risk of infection to the same degree. TST
reversions have been documented at similar rates histor-
ically.* In low-burden settings, transient conversions will
often represent false-positives.” But in settings of
ongoing transmission, these conversions could reflect
true infections that are subsequently cleared”***—a
hypothesis supported by substantially higher conversion
rates among health-care workers in high-burden
countries than in low-burden countries.® In South
Africa,” adolescents whose IGRA result reverted were at
increased risk of tuberculosis (ie, compared to those who
remained persistently negative), and annual risk of
infection estimates as high as 14% were considered
consistent with IGRA data. Similarly, in rural China,” the
annual risk of infection was estimated at 1-5% using
traditional calculations, but IGRA conversion occurred at
2-5% per year (and TST conversion at 8-15% per year);
conversion rates also increased with age. These findings
suggest that, by missing transient immune responses,
cross-sectional TST or IGRA studies could underestimate
the risk of infection by one-third or more.

Three biases combined
Taken together, these three biases can cause prevailing
annual risk of infection estimates to underestimate the
true annual risk of infection by a factor of 5-10 (figure 2).
This heuristic estimate can be replicated in figure 3, in
which the estimated annual risk of infection among
children 2-5-7-5 years old was 2-0%. Between ages
12-5 and 17-5 years, TST positivity increased from 36%
to 64-5%—a 28-5 percentage point increase. Since
64% of the population was TST-negative at age 12-5, 45%
of the eligible population (ie, 0-285/0-64x100) converted
their TST over 5 years, equivalent to an 11-8% annual
risk of infection. But if 20% of the population had a
resistant phenotype, then 65% of the susceptible
population (ie, 0-285/[0-64—-0-2]x100) would have
converted over 5 years—equivalent to a 21-1% annual
risk of infection, more than 10-fold higher than the
originally estimated 2-0%. Accounting for transient
immune responses would increase the annual risk of
infection in adolescents even further.

In summary, if one considers that (1) exposure in
adolescents and adults is probably at least two to
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Figure 2: Sources of potential bias in estimating the annual risk of infection
with Mycobacterium tuberculosis

Each box represents a 1% true annual risk of infection among adults (ie, those
15 years and older) in a high-burden setting. On the left panel, assuming a

5% true annual risk of infection and a two-fold higher level of exposure among
adults than among children (ie, those 12 years and younger), one-fifth of
infections in adults would occur in individuals with an immune-resistant
phenotype (black box). Of the remaining four infections among adults,

two would not be experienced by children (owing to their 50% exposure level,
grey boxes). Of the remaining two infections among adults, one might result in
transient conversion of a tuberculin skin test or interferon-gamma release assay
and would therefore be missed in a cross-sectional tuberculin skin test or
interferon-gamma release assay survey of school-aged children (dotted boxes).
Thus, a 5% true annual risk of infection in adults would be consistent with a

1% estimated annual risk of infection in such a survey. The right-hand panel
illustrates how a 10% true annual risk of infection in adults could similarly be
consistent with a 1% estimated annual risk of infection in a cross-sectional
survey of schoolchildren under the assumption of three-fold higher exposure
among adults than children. Notably, these estimates assume that all

three sources of bias function independently; any overlap (for example,
changing prevalence of immune-resistant phenotype with age) could increase
or decrease the level of bias.

three times more intense than in young children,
(2) 20% of individuals are resistant to TST or IGRA
conversion under most modern levels of exposure, and
(3) more than one-third of all TST or IGRA conversions
could revert to negative in under 4 years—then an
estimated 1% annual risk of infection from cross-
sectional TST or IGRA surveys in young children is
consistent with a true 5-10% (or higher) annual risk of
infection in adolescents and adults.

Further evidence of a high annual risk of
infection
Data used to estimate the annual risk of infection among
young children could underrepresent the true annual
risk of infection among adolescents and adults. But do
other data suggest a true annual risk of infection that is
higher than 1%? At least three pieces of evidence point in
this direction.

First, the annual risk of TST conversion among adult
residents of low-burden countries who travel to high-
burden countries has been estimated at 4%.” Travellers
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Figure 3: How the estimated annual risk of infection with Mycobacterium tuberculosis in children can
underrepresent the annual risk of infection in adolescents
Shown in blue and red are TST positivity levels among individuals born in 1970-74, across serial TST surveys in
South Korea conducted from 1975 to 1995.° The midpoint between males (in blue) and females (in red) is shown
at the top of the graph. The table illustrates how the estimated annual risk of infection would be calculated in each
of three age groups—from 25 to 7-5 years, from 7:5 to 12-5 years, and from 125 to 17-5 years—under the
assumption of no immune resistant phenotype versus an assumption that 20% of the population (denoted by the
horizontal dotted line) have such a phenotype and will not convert aTST response, even following sufficient
exposure to generate infection in others. This figure illustrates how an apparently linear increase in TST positivity
can mask substantial underestimation of the annual risk of infection among older age groups owing to depletion
of the denominator of individuals susceptible to conversion and how the estimated annual risk of infection in
young children (assuming no resistant phenotype) can therefore underrepresent the estimated annual risk of
infection in adolescents by a factor of 10. TST=tuberculin skin test.

having a higher risk of M tuberculosis infection than
residents themselves seems unlikely.

Second, tuberculosis incidence among people with
HIV after taking tuberculosis preventive treatment is
often similar to, or higher than, the estimated annual
risk of infection. In the pre-antiretroviral therapy (ART)
era in Zambia, tuberculosis incidence after completing a
course of isoniazid was 6% per year.* In Botswana, the
corresponding risk was most likely over 3% per year.*
Other studies in the post-ART era—for example, in
South Africa (1-4%)* and Coéte d’Ivoire (1-19%)*—have
documented higher than 1% annual incidence of
tuberculosis after tuberculosis preventive treatment
completion, despite the strong effect of ART.” In each of
these settings, the best published estimate of country-

level annual risk of infection was 1-2%.?
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Third, studies of household tuberculosis contacts
suggest a higher annual risk of infection in the
community than in the home (figure 4). Specifically, TST
or IGRA positivity in household contacts is generally

estimated to be 25 percentage points higher (ie, in
absolute terms) than the latent tuberculosis infection
prevalence in the surrounding population®—suggesting
that at least 10-20% of household contacts have been
infected by either the index case or a common source
case. But molecular fingerprinting studies®* suggest
that only a minority (approximately 25%) of adult
household contacts with co-prevalent tuberculosis have a
fingerprint matching the index case. Since remote
infection cannot account for this discrepancy (figure 4),
the risk of recent infection in the community must be
similar to the risk of infection by the index case (or a
common source)—ie, 10-20% over 2 years or an annual
risk of infection of 5-10%. These estimates are also
consistent with a meta-analysis of household and
community transmission among young children.*

Where did the concept of a low annual risk of
infection originate?

Available data suggest that the annual risk of infection
among adults in high-burden settings is closer to 5-10%
than to 1%. So why have lower estimates been so widely
accepted? One possibility is that this reflects thinking
from low-burden countries—where recent infection is
likely rare, and latent tuberculosis infection is often
conceptualised as a persistent state of elevated tuber-
culosis risk. This concept is then often reinforced by
misinterpretation of positive TST or IGRA results as
indicating current infection rather than previous
exposure.

The idea that latent tuberculosis infection represents a
persistent high-risk state arguably gained momentum
with trials of isoniazid preventive therapy, which noted a
lasting effect of isoniazid for up to 19 years.”* However,
the greatest effect of isoniazid (ie, a 14-year risk of
tuberculosis; 1-8% vs 4-6% with placebo) was seen
among participants with inactive and untreated
tuberculosis on chest x-rays at baseline. Among people
with a positive TST but no radiographical evidence of
tuberculosis, the 14-year progression risk was low
(ie, 0-5-0-8%) and similar between groups—suggesting
that infection with M tuberculosis does not confer a
persistently high risk of progression for many years.

Two seminal articles among people with HIV in the
USA helped solidify the concept of latent tuberculosis
infection as a persistent state. Selwyn and colleagues®
followed 49 people who were both HIV-positive and TST-
positive in a methadone treatment programme during
the pre-ART era and estimated a tuberculosis incidence
of 7-9 per 100 person-years, versus 0-3 if TST-negative.
Moss and colleagues® similarly followed 40 people who
were both HIV-positive and TST-positive and expe-
riencing homelessness in San Francisco, CA, USA
and estimated a corresponding tuberculosis incidence
of 4-5 per 100 person-years, versus 0-48 if TST-negative.
These findings led to a general consensus that the risk of
tuberculosis in a person with latent tuberculosis infection
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and untreated HIV is 5-10%
5-10% lifetime if HIV-negative.”*”

These studies, however, both occurred during ongoing
tuberculosis outbreaks.®* Thus, cases attributed to late
progression could have resulted from recent transmission.
Selwyn and colleagues™ reported that 12% of participants
converted their TST result over a median of 16 months,
irrespective of HIV status—similar to the observed
incidence of tuberculosis (ie, 7-9 per 100 person-years) in
the TST-positive population. Lower tuberculosis incidence
among initially TST-negative participants than among
participants with a positive TST can be explained by
routine provision of isoniazid to participants whose TST
converted during the study.* Even more striking, Moss
and colleagues® performed routine genotyping and found
that five of the six HIV-positive and TST-positive cases
were (non-index) members of documented genotypic
clusters—and therefore explicitly linked to recent
transmission, not late reactivation. Thus, in both studies,
the high tuberculosis incidence among HIV-positive
individuals with a positive TST is readily explained as
resulting from recent transmission.

Most incident tuberculosis among people with HIV in
high-burden settings, therefore, plausibly also reflects
recent transmission, rather than late reactivation.®
Similarly the greatest effect of tuberculosis preventive
treatment might be to prevent progression among people
who were recently (rather than remotely) infected. Thus,
the historical data underpinning of the concept of latent
tuberculosis infection as a state of persistently high
progression risk do not, in fact, support this framing. As
such, the most parsimonious explanation for tuberculosis
incidence of more than 150 per 100000 population per year
in many high-burden settings' is that the true population
annual risk of infection is closer to 5-10%, and that late
progression is less common than traditionally estimated.

per year, Vversus

Implications of a higher annual risk of infection
than originally estimated
A higher annual risk of infection would reframe how we
understand the burden of tuberculosis infection and
disease. For example, if the annual risk of infection among
adolescent and adults in India was 5% (figure 5), one might
estimate that 46% of the population was ever-infected with
M tuberculosis, 20% had a resistant immune phenotype,
and only 34% was never-infected—rather than citing a
29% overall prevalence of M tuberculosis infection. Even
more notable, more than 70% of incident tuberculosis
would arise not from the large pool of people who were
ever infected with M tuberculosis, but rather from the less
than 5% of people who were infected in the past 2 years.
A higher true annual risk of infection would therefore
also have implications for tuberculosis data collection,
monitoring, estimation, and public health efforts. For
example, estimating and monitoring the incidence of
new infections (including data collection in representative
cohorts) should be prioritised as an indicator of progress.
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Figure 4: Low levels of genomic concordance among household contacts are consistent with a high annual

risk of infection

For every 100 adult household contacts in high-burden countries (represented by squares), 50 are expected to be
TST or IGRA positive, of whom approximately 20 are expected to be infected by either the index case or the same
source as the index case (yellow squares; see section entitled, Further evidence of a high annual risk of infection for an
explanation). Of the remaining 30, black squares represent those recently infected, and green squares represent
those remotely infected. Three contacts (squares with red outlines) are expected to have co-prevalent

tuberculosis. The left panel shows how these data would be explained under prevailing thought, namely an

assumption of 2% true annual risk of infection (assuming that household members are exposed to an annual risk
of infection at the high end of the 0-5-2% range) and long-lasting latent tuberculosis infection. The right panel

shows how these data would be explained under a higher 10% true annual risk of

infection, as well as a

20% population with a resistant phenotype and frequent reversions of TST or IGRA responses. In the left panel,
the vast majority of tuberculosis risk is seen in those exposed to the index case (or the same source as the index)—
as people with recent community infection (ie, infection with the past 2 years; black squares) are rare, and those
with remote latent tuberculosis infection (green squares) have a risk of progression of 1in 10 or less. As such,

the majority of household contacts with co-prevalent tuberculosis are expected to have similar genotypes to the

index case. In the right panel, by contrast, household infection constitutes a smal

ler fraction of total risk of

tuberculosis, and the majority of household contacts with co-prevalent tuberculosis are expected to have different
genotypes than the index case—as is seen in observed data.**** TST=tuberculin skin test. IGRA=interferon-gamma

release assay.

Quantifying the population prevalence of the immune
resistant phenotype would also aid more accurate
estimates of the annual risk of infection from TST or
IGRA surveys. Given the importance of recent infection,
contact investigation—for both children and adults—
should assume a higher epidemiological priority than is
currently the case. Finally, recognition of a higher true
annual risk of infection could engender renewed
optimism, as substantial reductions in infection can be
rapidly achieved (eg, from 25% to <0-1% over 20 years in
the Yukon Delta, AK, USA).*

In making the previous arguments, certain caveats
merit mention. First, this discussion pertains primarily
to high-burden settings; in low-burden settings, where
the annual risk of infection is already exceedingly small
(<0-01%),** treatment of people infected at any point in
their lives likely remains the only viable path toward
tuberculosis elimination—though in these settings,
recent infection among travelers” could be an
underappreciated source of incident tuberculosis.
Second, given the increased risk of tuberculosis in
individuals with certain risk factors (eg, HIV),*®
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Figure 5: Revised conceptualisation of Mycobacterium tuberculosis infection and tuberculosis

(A) Depicts the population structure of India in 2016,* according to tuberculosis infection status, assuming a 2% annual risk of infection with M tuberculosis for the
first 5 years of life, increasing to 5% in older age groups. (B) Shows the corresponding cumulative percentages of the population (left) and ensuing hazard of incident
tuberculosis (right), assuming a 4% risk of disease in each of the first 2 years following infection (similar to the estimated 3-8% risk in the first year following infection
currently in the USA)® and the remainder of disease occurring among those remotely infected to achieve the estimated incidence of tuberculosis in India (211 per
100000 population per year).? The estimation presented in this figure required an assumption of 0-15% annual risk of progression among individuals with remote
infection (ie, occurring >2 years ago)—similar to the risk seen 5-20 years after migration among long-term immigrants in Australia.** The fraction of those recently
infected is less than 10% (5% x 2 years) as this fraction conservatively only includes individuals infected for the first time in the past 2 years (ie, that people who do not

progress rapidly after an initial infection will also not progress after reinfection). To the extent that this assumption is incorrect, recent infections will account for

more than 73% of all incident tuberculosis.

tuberculosis preventive treatment should remain a
priority for those populations. Third, our arguments
implicitly assume a homogeneously mixing population,
but some settings (eg, prisons)® might engender higher
risks of M tuberculosis infection than in the general
population. Fourth, a substantial fraction of incident
tuberculosis (14-5% in a recent cohort)” represents
treatment failure or recurrence (primarily relapse)®
rather than recent or remote infection per se;
individuals with previously treated tuberculosis also
represent a high-priority group for intervention.”

Conclusion

In summary, the preponderance of available evidence
suggests that estimates of a 0-5-2% annual risk of
infection with M tuberculosis in high-burden settings
might underestimate the true annual risk of infection
in adolescents and adults by a factor of five to ten. In
high-burden countries, the majority of individuals most
likely will be infected with M tuberculosis at some point
in their lives—but more than 70% of incident
tuberculosis occurs in less than 5% of the population
(ie, adults infected in the past 2 years). Under this
conceptualisation of tuberculosis epidemiology, key
priorities should include: (1) developing assays to
reliably identify individuals who have been recently
infected; (2) providing people who have been recently
infected with appropriate treatment; (3) implementing
public health measures most likely to engage people
who have been recently infected (eg, contact inves-
tigation) or interrupt recent transmission (eg,
community-based case finding and prevention of
infection vaccines); and (4) developing population-based

data systems to monitor trends in recent infection
over time.
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