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How many children 
get sick with MDR-TB every year?
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Childhood TB is different from adult TB

Extrapulmonary disease

Bacterial burden

Testable sputum



Accounting for under diagnosis with smear 
microscopy

Murray, Styblo, Rouillon. BIUATLD 1990

~50-
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Percentage of 
TB cases that 
are in children 

(70% of 
countries)

WHO smear 
positive notifications 

by age 
(for ~70% of 
countries)

Scaled up using 
Murray et al. 1990 

(smear positive 
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Data inputs and outputs



Can we 
estimate 
proportion of 
all cases that 
are in 
children?

Donald P. 
“Childhood  TB:  
Out  of  control?”
Curr Opinion 
Pulm Med 2002



Percentage of 
TB cases that 
are in children 
for all countries

Percentage of TB 
cases that are in 

children
+

WHO estimated 
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per 100,000

Fit regression curve 
as in Donald 2002

Data inputs and outputs



Logistic 
regression 
using our 
scaled-up 
TB incidence 
estimates 
shows 
exponential 
increase
consistent 
with 
Donald 2002

Jenkins et al. Lancet 2014



Number of 
incident active 
childhood TB 
cases in one 

year

WHO TB incidence per 100,000 estimates
* UN population numbers

* Percentage of TB cases in children

Data inputs and outputs

999,792 (95% CI: 937,877 – 1,055,414) child TB cases



Estimating the risk of MDR-TB in child TB 
cases
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Number of 
incident active 

childhood MDR-
TB cases in one 

year

Data inputs and outputs

31,948 (95% CI: 25,594 – 38,663) childhood 
MDR-TB cases

Relationship between 
MDR in children and 

MDR in adults

WHO estimated % 
of adult TB cases 

with MDR-TB

Our estimated childhood 
TB incidence

Percentage of childhood 
TB cases with MDR-TB



What does this mean?
• We now understand the magnitude of the discrepancy 

better and can better predict resources needed: 
o 3 x annual notified child TB of 349,000
o 2 x WHO recent global estimates of 540,000
o Slightly  higher  that  Dodd  et  al.  of  ≈  800,000  (global)
o reports of MDR-TB in the literature (across 40 

years)  ~2% of total burden (in one year!)
• Most of this morbidity (and mortality) is preventable
• We need more investment in diagnostics and treatment
• In the meantime we need to use tools available to us 
(eg.  contact  tracing,  preventive  treatment…)
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association between tuberculosis burden in adults and 
children by setting means these countries are likely to 
have a higher proportion of global paediatric tuberculosis, 
extrapolation of our approach would suggest a global 
burden that is up to 25% higher than our prediction for 
the 22 HBCs.

Our model has identifi ed large populations that could 
benefi t from preventive treatment, although not all 
children would be eligible. In view of the effi  cacy of 
isoniazid preventive therapy,21,22 children who progress to 
disease after household exposure should be thought to 
have developed preventable tuberculosis; screening of 
individuals sharing a household with an adult who has 
been diagnosed with tuberculosis and treatment of child 
contacts would probably substantially reduce the 
numbers of children who develop the disease. The large 
numbers predicted by our model also represent the 
present and accumulated result of a failure to identify 
and treat adults with tuberculosis eff ectively.

These estimates of child tuberculosis burden are 
somewhat higher than those in the 2012 WHO report,6 
similar to the notifi cation-based estimates of Nelson 
and colleagues (although these estimates are from more 
than 10 years ago),23 and lower than the value of 1 million 
cases suggested by some commentators24,25 and the 
estimates of Jenkins and colleagues.26 The comparison 
of notifi cations and model estimates suggests under-
reporting, most notably in children younger than 
5 years. However, some countries do have notifi cation 
rates similar to estimated incidence. Further 
investigation is necessary to improve understanding of 
the reasons for the diff erence between the number of 
estimated and notifi ed cases in every country. In our 
model, India had by far the highest burden of paediatric 
tuberculosis, which is probably a result of its large size, 
demographic composition, and moderate tuberculosis 
prevalence.

The proportion of tuberculosis burden occurring in 
children has frequently been used to estimate probable 
paediatric burden where direct measurements do not 
exist.6 Local estimates for the proportion of tuberculosis 
burden in children vary widely, with some investigators 
reporting up to 39% of the burden in children.27 Donald28 
pointed out that increased proportions would be expected 
in countries where overall burden is highest, because of 
the correlation with younger-skewed demographics. He 
also noted that a high force of infection leads to a younger 
average age at infection, when risks of progression are 
highest.28 Our model reproduces this expected trend, 
with proportions predicted in a similar range to estimates 
by Nelson and colleagues.23 However, the countries with 
the largest contribution from HIV to tuberculosis 
incidence (South Africa and Zimbabwe) do not follow 
this pattern, refl ecting the lower HIV prevalence in 
children than adults.

As with any model, our approach involved assumptions 
and has limitations. The limiting assumptions were 

Figure 3: Violin plot comparing model estimates of paediatric tuberculosis incidence in 2010, with numbers 
of cases in each age group reported to WHO by each country
Dots show the numbers of cases reported to WHO. The absence of a dot means paediatric notifi cations were not 
reported by that country in 2010. The violins give a visual representation of the range and distribution of model 
estimates for each country on the basis of the community model. DR=Democratic Republic.

Figure 4: Numbers of new paediatric tuberculosis cases in 2010, by country
Estimates were calculated with the community model. Error bars show IQRs. 
DR=Democratic Republic.

Zimbabwe
Vietnam
Tanzania

Uganda
Thailand

South Africa
Russia

Philippines
Pakistan

Nigeria
Burma

Mozambique
Kenya

Indonesia
India

Ethiopia
DR Congo

China
Cambodia

Brazil
Bangladesh

Afghanistan

1 100 10 000 1 000 000 1 100 10 000 1 000 000

Co
un

try

Number of new paediatric tuberculosis
cases per year (log scale)

Number of new paediatric tuberculosis
cases per year (log scale)

0–5 5–15
Age group (years)

Zimbabwe

Vietnam

Tanzania

Uganda

Thailand

South Africa

Russia

Philippines

Pakistan

Nigeria

Burma

Mozambique

Kenya

Indonesia

India

Ethiopia

DR Congo

China

Cambodia

Brazil

Bangladesh

Afghanistan

0 100 000 200 000

Co
un

try

Median number of new paediatric tuberculosis cases per year

Ln``^lml Z <=K h_ ,.� !BJK +,� & .-�"



I^m^ =h]]

Bgmkh]n\mbhg

: Fh]^e

Ho^kob^p

Bg_^\mbhg

Ikh`k^llbhg

?Z\mhkl

K^lneml

Ng]^k&k^ihkmbg`

Ho^kZee Gnf[^kl

;r \hngmkr

IZmm^kg [r bg\b]^g\^

<hg\enlbhg

*.

Ho^kZee Gnf[^kl

K^f^f[^k3 ]ZmZ _khf +)*)4 ^lmbfZm^l _hk ++ A;<l

''

jnZgmbmr f^]bZg EJ NJ
\haZ[bm p( M; \Zl^ *.%,))%))) *,%1))%))) *0%*))%)))
bg\b]^gm F'm[ bg_^\mbhgl 0%/))%))) .%1))%))) 2%20)%)))
ik^oZe^gm F'm[ bg_^\mbhgl .,%+))%))) -*%)))%))) /2%)))%)))
bg\b]^gm M; \Zl^l /.*%))) -+.%))) 21,%)))

MZ[e^3 ?hk \abe]k^g !<*. r^Zkl" ma^ ++ A;<l bg +)*)'

} eZk`^ ng\^kmZbgmr
} hma^k fh]^e oZkbZgml �



I^m^ =h]]

Bgmkh]n\mbhg

: Fh]^e

Ho^kob^p

Bg_^\mbhg

Ikh`k^llbhg

?Z\mhkl

K^lneml

Ng]^k&k^ihkmbg`

Ho^kZee Gnf[^kl

;r \hngmkr

IZmm^kg [r bg\b]^g\^

<hg\enlbhg

*/

;r \hngmkr

Articles

www.thelancet.com/lancetgh   Published online July 9, 2014   http://dx.doi.org/10.1016/S2214-109X(14)70245-1 5

association between tuberculosis burden in adults and 
children by setting means these countries are likely to 
have a higher proportion of global paediatric tuberculosis, 
extrapolation of our approach would suggest a global 
burden that is up to 25% higher than our prediction for 
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and colleagues (although these estimates are from more 
than 10 years ago),23 and lower than the value of 1 million 
cases suggested by some commentators24,25 and the 
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5 years. However, some countries do have notifi cation 
rates similar to estimated incidence. Further 
investigation is necessary to improve understanding of 
the reasons for the diff erence between the number of 
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tuberculosis, which is probably a result of its large size, 
demographic composition, and moderate tuberculosis 
prevalence.

The proportion of tuberculosis burden occurring in 
children has frequently been used to estimate probable 
paediatric burden where direct measurements do not 
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reporting up to 39% of the burden in children.27 Donald28 
pointed out that increased proportions would be expected 
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the correlation with younger-skewed demographics. He 
also noted that a high force of infection leads to a younger 
average age at infection, when risks of progression are 
highest.28 Our model reproduces this expected trend, 
with proportions predicted in a similar range to estimates 
by Nelson and colleagues.23 However, the countries with 
the largest contribution from HIV to tuberculosis 
incidence (South Africa and Zimbabwe) do not follow 
this pattern, refl ecting the lower HIV prevalence in 
children than adults.

As with any model, our approach involved assumptions 
and has limitations. The limiting assumptions were 

Figure 3: Violin plot comparing model estimates of paediatric tuberculosis incidence in 2010, with numbers 
of cases in each age group reported to WHO by each country
Dots show the numbers of cases reported to WHO. The absence of a dot means paediatric notifi cations were not 
reported by that country in 2010. The violins give a visual representation of the range and distribution of model 
estimates for each country on the basis of the community model. DR=Democratic Republic.

Figure 4: Numbers of new paediatric tuberculosis cases in 2010, by country
Estimates were calculated with the community model. Error bars show IQRs. 
DR=Democratic Republic.
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approximations in representation of HIV infection in 
children and uncertainties surrounding the nature, size, 
and variation of protection conferred by BCG vaccination. 

We did not have data for the age distribution of HIV 
infection in children, antiretroviral therapy coverage, or 
CD4 cell count in infected individuals; we treated HIV 
infection as one risk factor uniformly spread between 
children. Exposure to M tuberculosis and infection were 
not aff ected by HIV in our model, but, in reality, household 
clustering of HIV means that children with HIV infection 
could be expected to have more exposure to tuberculosis 
than do children without HIV infection. Although the 
crudeness of the approach to HIV means that our 
conclusions for countries with high HIV prevalences 
should be treated with caution, the estimate that HIV 
contributes to 5% of the total incidence means that this 
issue is likely have little eff ect on the overall estimate.

The effi  cacy of BCG vaccination and the causes of 
recorded variability remain controversial,18 and could be 
aff ected by the variation in vaccine strain used.29 In 
addition to incorporation of uncertain distributions that 
characterise the effi  cacy of BCG vaccination against 
pulmonary and extrapulmonary tuberculosis, we 
considered structural model variants with unvarying 
BCG effi  cacy by latitude. This approach might refl ect an 
interpretation that perceived variation of BCG vaccination 
effi  cacy is due to masking by heterologous immunity 
from non-tuberculous mycobacteria. Overall disease 
estimates were 27% lower under this assumption 
(infection estimates were unaff ected).

Neither our model nor the studies on which estimates 
of progression were based diff erentiated between 
M tuberculosis infection and a positive test of M tuberculosis 
sensitisation. Some children are anergic and can progress 
to tuberculosis without ever showing evidence of 
sensitisation. Risks of progression were based on reports 
from the early 20th century in white people and might not 
fully apply to populations that we assessed, which can 
diff er systematically in factors aff ecting risks of 
progression, such as host genetics, dominant 
M tuberculosis strain types, malnutrition, or vitamin D 
levels. We did not consider possible correlations between 
risk of exposure and infection, did not take account of any 
previous infection protecting against reinfection, and 
assumed that risks of progression were concentrated in 
the 1–2 years after infection. We did not consider 
subnational heterogeneity in transmission of tuberculosis, 
assuming that risks of infection were proportional to 
prevalence. Although some of this variation will average 
out for overall estimates, it could be important for specifi c 
countries and country-level estimates, which should 
therefore be viewed with caution.

All model variants started from WHO estimates of adult 
tuberculosis prevalence, and therefore inherited their 
limitations. The most recent underlying demographic 
data were for 2010, and so we used tuberculosis, HIV, and 
BCG vaccination estimates for that year. We did not 
consider transmission of M tuberculosis from children, 
diff erentiate between drug-resistant and drug-susceptible 
tuberculosis, or include preventive treatment.

Figure 5: Proportion of total tuberculosis burden that occurs in children and tuberculosis incidence in 2010 
for 22 high-burden countries
Proportions are based on mean model estimates from the community method. Incidences are based on WHO 
point estimates. DR=Democratic Republic.
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Panel: Research in context

Systematic review
We did a literature review of English language publications in PubMed, employing no 
date restrictions. Search terms included combinations of “mycobac*”, “tuberc*”, “tb”, 
“child*”, “ped*”, “paed*”, “burden”, “epidemiology”, “global”, “model”. We identifi ed no 
previous studies which had used a mechanistic model to estimate the burden of 
tuberculosis in children. In our model, we used offi  cial estimates from WHO, the UN, DHS 
data and UNAIDS, and combined them with several systematic reviews to inform 
transitions. The reviews by Bourdin Trunz and colleagues8 and Van Leth and colleagues9 
informed the association between tuberculosis prevalence and force of infection. The 
review by Fox and colleagues12 informed risk of infection after household exposure, and 
the review by Marais and colleagues15 informed the risk of progression to disease after 
infection. The eff ect of BCG vaccination was informed by several reviews and the eff ect 
of HIV was informed by the study from Hesseling and colleagues.20 

Interpretation
Our model predicts that about 650 000 children developed tuberculosis in 2010 in the 
22 countries with a high burden of the disorder. Because our estimates do not use 
paediatric notifi cations as a starting point, the estimates can be compared with reported 
cases in each country to identify shortfalls. Our model also identifi es vast numbers of 
children predicted to be exposed to tuberculosis every year and the even greater number 
of children who harbour latent tuberculosis infection.
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Impact of Global TB Estimates for 
Clinicians: Measuring the Chasm





Chasms

LTBI
• Not reportable
• 1/3 of global 

population (?)
• Few recent 

national-level 
data

• Data from 
certain cohorts 
not generalizable

MDR-TB
• Reporting 

obstacles if linked 
solely to 
microbiologic 
confirmation

• Few 
disaggregated 
pediatric data

• Diagnostic 
limitations in 
HBCs

Disease
• Reportable (but 

reporting gaps)
• 2012: 

disaggregated 
pediatric data

• #s  don’t  
correspond to 
population 
structure

• Few HIV/TB data 
in children



Clinical impact: how the #s help

• While we knew we were under-reporting 
disease in children, we had few prior 
estimates of infection

• Raises awareness of prevention opportunities
• Opportunity to benchmark

– Impossible  to  benchmark  what’s  not  currently  
measured

• Allows for estimates of resource allocation



Infection Prevalence

• Prior estimate: 1/3 of global population
– If accurate, should have many more cases of TB 

disease
• Not reportable in most settings
• U.S. estimates:

– Non-generalizable cohorts (e.g., military recruits, 
nurses)

– Recent immigrants
– Single-center studies



Infection Incidence

• Estimated that ½ of lifetime risk of progression 
to disease is within first 1-2 years of infection

• Better #s:
– Identify a cohort of children who would benefit 

most from preventive therapy
– Allow for potential risk-stratification in resource-

limited settings where IPT may not be able to be 
operationalized across the pediatric age spectrum



MDR-Infection

• No current estimates
• Few data on optimal treatment regimens

– Efficacy
– Tolerability

• Few children with MDR-TBI treated
– Heterogeneous regimens preclude comparison

• Could data from Jenkins & Dodd papers be 
used to model MDR-TBI? 
– Impetus for clinical trials?



Prevention Opportunities

• Many HBCs may be overwhelmed by disease, 
which is measurable

• TB infection seems invisible.. until it is not. 
• Most data on prevention come from low-

incidence nation, where lessons learned may 
seem to be difficult to generalize across the 
resource gradient 



How did high-incident countries become 
low-incident countries (pre-HIV)

• Societal 
infrastructure 
changes

• Active 
surveillance

• Emphasizing 
prevention



KHK Hsu Amer J Publ Health 
1963;53:1761 

Becerra et al. Lancet 2011;377:147



Disease Estimates

• ~ 1/3 reported
– Reporting barriers? 

• Even more underestimated in countries reliant 
upon smear microscopy 

• Better #s help quantify unmet needs for 
diagnosis & treatment
– Education for clinicians
– Augmented laboratory support:

• Sputum induction, gastric aspirates
• Molecular modalities

Symptomatic

Presentation

Diagnosed

Reported

Confirmed



TB/HIV in Children

• Even harder to measure than TB in 
immunocompetent children

• Historically has gone unmeasured
• With current IPT guidelines, most of these 

children represent preventable cases
• Better #s:

– Benchmark IPT
– Trials: minimizing adverse events; shorter-course 

regimens



MDR-TB Estimates

• Disparities in reporting:
– Underreporting if no cultures obtained (TB)
– Over-reporting if no culture obtained (NTM)

• No disaggregated pediatric data
• Better #s:

– Improved contact tracing
– Trials: duration of therapy, pharmacokinetic 

information, # of drugs needed
– Pediatric-friendly formulations



How to Operationalize?

• Add childhood contacts to TB case card
– Actually implement IPT for at-risk child contacts
– Allows for linkages to source case susceptibilities

• Integrate into existing maternal/child health 
services
– Venues where children already seeking care
– Decentralize from national tuberculosis programs



Conclusions

• The estimates may differ; however, they still 
serve as estimates for something which had been 
suboptimally measured previously

• Better numbers help us make the case for:
– Increasing programmatic resources

• Infection
• Disease

– Augmenting pediatric-friendly drug formulations
– Enabling countries to benchmark what they are 

currently doing and setting future goals 
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