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Abstract

Background—Case fatality ratios among children with tuberculosis disease are poorly
understood, particularly among HIV-infected cases and those not receiving tuberculosis treatment.

Methods—\We carried out a systematic review of the published literature to identify studies of
population-representative samples of pediatric (<15 years old) tuberculosis cases. We used random
effects meta-analysis to produce pooled estimates of case fatality ratios. We stratified our analyses
by whether or not children received tuberculosis treatment, age (0-4 years, 5-14 years), and HI\V
status.
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Findings—We identified 31 papers comprising 35 datasets representing 82,436 children with
tuberculosis disease, of whom 9,273 died. Among children with tuberculosis from the
pretreatment era, the pooled case fatality ratio was 21.9% (95% confidence interval [CI]: 18.1%,
26.4%). The pooled case fatality ratio was significantly higher among children aged 0-4 years
(43.6%; 95% CI: 36.8%, 50.6%) than among children aged 5-14 years (14.9%; 95% CI: 11.5%,
19.1%). In recent studies where the majority of children had tuberculosis treatment, the pooled
case fatality ratio was 0.9% (95% CI: 0.5%, 1.6%). USA surveillance data suggest a substantially
higher case fatality ratio among HIV-infected children receiving TB treatment, compared with
HIV-uninfected children, especially without antiretroviral treatment.

Interpretation—Without adequate treatment, children with tuberculosis disease, especially those
under five years of age, are at high risk of death. HIV-infected children have an increased mortality
risk, even when receiving tuberculosis treatment.

Funding—US National Institutes of Health, Janssen Global Public Health

Introduction

With recent increased attention to the long-neglected global epidemic of childhood
tuberculosis, there is a growing consensus that there are far more children with tuberculosis
globally than previously thought, with the majority undiagnosed and untreated.1=3 Current
estimates suggest that around 1 million children develop tuberculosis annually,® of whom
only 36% are notified.3 The greatest case detection failure occurs in children under five
years old, who likely account for around half of all pediatric cases.? The under-five mortality
associated with these more than 500,000 new cases of tuberculosis disease each year is
largely preventable and may contribute more to global under-five mortality than previously
thought.

Given that so many children with tuberculosis are never diagnosed, estimating childhood
tuberculosis mortality presents unique challenges. Cohort studies from the past three
decades include very few children who did not receive tuberculosis treatment. Current
mortality estimates (including the World Health Organization [WHO] global estimate of
136,000 annual tuberculosis deaths among children3) often rely on vital registration data,3
but posthumously attributing deaths to undiagnosed tuberculosis disease is hampered by
autopsy cost and the unreliability of vital records and verbal autopsy.* Since tuberculosis
symptoms in children are so non-specific, many deaths caused by tuberculosis may be
erroneously attributed to more common diseases.? An alternative source of information on
children who did not receive tuberculosis treatment is the scientific literature published
before the discovery of antituberculosis chemotherapy.

Quantifying the mortality impact of the global failure to diagnose and treat childhood
tuberculosis requires a better understanding of the mortality risks associated with
tuberculosis disease in relevant age groups, with and without access to appropriate
treatment. Therefore, we conducted a systematic review and meta-analysis to estimate case
fatality ratios — i.e. the proportion of children with tuberculosis who die — stratified by
treatment, age group, and HIV infection.
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Methods

Search strategy for systematic review

We first searched the literature for systematic reviews on tuberculosis mortality or outcomes
in children with all forms of tuberculosis disease. We found only systematic reviews of
outcomes among children with tuberculous meningitis® and children with multidrug-
resistant tuberculosis (i.e. strains of tuberculosis that are resistant to the drugs isoniazid and
rifampicin);’ both reviews examined only cohorts receiving treatment. We then searched the
literature for studies reporting deaths among child tuberculosis cases, including all cases
classed by the authors as active tuberculosis or tuberculosis disease. We aimed to identify
publications in which the child tuberculosis cases were representative of a general
population of children with tuberculosis in the study setting; our rationale was that including
publications reporting on children who were more or less likely to die than the “average”
pediatric tuberculosis case would overestimate or underestimate the mortality risk.

We searched the PubMed and EMBASE electronic databases for reports published before 12
August 2016, that included terms related to tuberculosis (e.g., the MeSH term “tuberculosis”
or the text string “tuberculosis”), children (e.g., the MeSH term “child” or the text string
“child*"), mortality (e.g., the MeSH term “mortality” or the text string “death”), and
population representativeness (e.g., the MeSH term “population” or the text string
“surveillance™). See Appendix for a complete list of search terms.

In addition, we reviewed the reference lists of primary studies and review articles for
additional references as well as the authors’ personal libraries. We focused this additional
search on papers from the pre-treatment era, since untreated children were rare in studies
conducted since the discovery of antituberculosis drugs.

Review of studies

After excluding duplicate citations found through the database search, two reviewers (two of
HEJ, CMY, CAR, MMM) independently screened each title and abstract and resolved
discrepancies by consensus. Cohort studies reporting deaths among children with
tuberculosis disease and cross-sectional studies reporting child tuberculosis cases and child
tuberculosis deaths in a given year were eligible for inclusion. We excluded cohort studies
where 210% of children had unknown outcomes. We excluded reviews, editorials,
publications restricted to non-representative samples of patients, and publications in a
language other than English, Spanish, French, or Portuguese.

We excluded the following as non-representative: case reports/series; publications on
specific forms of tuberculosis, other than pulmonary, extrapulmonary, or bacteriologically
confirmed; studies restricted to specific types of tuberculosis-associated deaths; and facility-
based studies, as these could represent biased samples of the tuberculosis patient population.
However, we did not exclude publications that only excluded drug-resistant TB patients or
retreatment patients as these are a minority of pediatric tuberculosis cases. Neither did we
exclude publications restricted to HIV-infected or HIV-uninfected patients, as we planned to
analyze these groups separately. We obtained full texts of citations selected for review, and
two reviewers (two of HEJ, CMY, CAR, RRN) independently assessed each publication for
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inclusion, resolving discrepancies by consensus. We subjected publications found through
manual searching of references and in authors’ personal libraries to the same inclusion and
exclusion criteria.

We contacted authors for additional information if the report was published after 31
December 2009, and either (a) included children and reported the desired type of mortality
data, but did not disaggregate these data by age, or (b) were already included but had
information on HIV status that was not disaggregated by age.

Data extraction

The same pairs of reviewers extracted all study data independently, resolving discrepancies
by consensus. Data were double-entered into a Microsoft Access database. For each
included study, we extracted the number of children (aged under 15 years) with tuberculosis
disease, and the number of children with tuberculosis that died. For cohort studies, we
extracted tuberculosis-associated deaths if available or all-cause deaths otherwise. For
studies where the follow-up period exceeded one year, we attempted to extract data on
deaths in the year after diagnosis or treatment. If information was available, we extracted
data stratified by HIV status and age subgroup (e.g., 0-4, 5-14). Additional data extracted
included location, enrollment year(s), follow-up time (after diagnosis), and whether or not
patients received antituberculosis chemotherapy or antiretroviral treatment.

Meta-analysis

We used meta-analyses to estimate the percentage of children with tuberculosis disease that
died from tuberculosis within one year of disease diagnosis (“case fatality ratio” [CFR]).
Because tuberculosis treatment has a substantial effect on risk of death,® we stratified studies
into three eras:

1. “Pre-treatment era” studies were conducted before 1946. We assumed children in
these studies were untreated because streptomycin, the first antituberculosis
drug, was not yet available.

2. “Middle-era” studies were conducted from 1946-1980, possibly also including
children diagnosed before 1946. We assumed that some children could have
received effective treatment, although universal treatment was unlikely.

3. “Recent-era” studies included children with tuberculosis disease after 1980. Even
if not explicitly stated, we assumed the majority of children described in these
studies had received tuberculosis treatment, as the Directly Observed Therapy
Short-course model of TB control was adopted by many countries beginning in
the 1980s.

We excluded from the meta-analysis any data that could have included subjects already
contained in another included dataset. Due to substantial variability in study design, we used
a random effects meta-analysis to account for this heterogeneity, and the CFR was logit-
transformed to account for any violation of the assumption of normality in this variable. We
assessed heterogeneity and bias using the 12 statistic and examination of funnel plots. The
meta-analyses and resulting figures were produced using R version 3.0.2.9 CFRs in HIV-
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infected and HIV-uninfected children within individual studies were compared with Fisher’s
exact test.

Role of the funding source

The funders had no role in study design, data collection or analysis, writing the report or the
decision to publish. The corresponding author had access to all the data in the study and
final responsibility for decision to submit the manuscript.

Results

Systematic review

Of the 1,087 unique citations found through the database search, 253 studies were eligible
for full-text review, from which 22 studies were included in the analysis (Figure 1). Three of
these papers were only included following the receipt of additional information from the
authors. We also reviewed 89 papers identified in the reference lists of reviewed papers or
obtained from the authors’ personal libraries; of these 89, we included nine.

The 31 included papers!®-40 comprised 35 datasets (one paper contained five separate
datasets??), representing 82,436 children diagnosed with tuberculosis, of whom 9,273 died
(Table 1). Six studies were from the pre-treatment era, seven from the middle era, and 18
from the recent era; studies were from multiple geographic regions (Figure 2). Three studies
stratified data by HIV status. The majority of studies, including the largest ones, included all
forms of tuberculosis (including clinical diagnoses); a few studies included only pulmonary
and/or culture-confirmed cases (Table 1).

Case fatality ratios in the pre-treatment era

Ten datasets reported on children diagnosed with tuberculosis disease during the pre-
treatment era, all from North America or Western Europe (Figure 3). We assumed included
children were HIV-uninfected. For seven of these datasets, we assumed children were not
BCG-vaccinated based on the vaccination policies in their countries during the study
period;19:23.31 the other three studies specified which children were not BCG-vaccinated,
and we included only unvaccinated children in our meta-analysis. Therefore our meta-
analysis estimated the CFR for children who were untreated, not BCG-vaccinated, and not
HIV-infected. Within this group, the pooled CFR was 21.9% (95% confidence interval (CI):
18.1%, 26.4%) for children aged 0-14 years (Table 2). The CFR among children aged 0-4
years was 43.6% (95% ClI: 36.8%, 50.6%), which was significantly higher than among
children aged 5-14 years (14.9%; 95% CI: 11.5%, 19.1%; p<0.001). Heterogeneity among
the studies was high (12>0.94, Table 2). Funnel plots gave no indication of a systematic bias
since studies were evenly spread either side of the central dashed line (Appendix Figure Al).

Case fatality ratios in the middle era

Seven middle-era studies were conducted in Tanzania, Kenya, the USA, the UK, India, and
East Germany (pre-unification). Because two of the larger studies from this era were from
East Africa after the point at which HIV is hypothesized to have crossed into the human
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population,?! we did not assume that all middle-era children were HIV-uninfected, although
the HIV prevalence among children was likely low. Therefore, our meta-analysis reflects
mortality risk in a population of treated and untreated children, and possibly both HIV/-
infected and uninfected individuals. We estimated CFRs of 13.6% (95% ClI: 6.7%, 25.4%)
for children aged 0-14 years, 16.5% (95% CI: 11.6%, 23.0%) for children aged 0—4 years,
and 8.3% (95% ClI: 5.6%, 12.3%) for children aged 5-14 years (p-value for the difference
between 04 years and 5-14 years = 0.009) (Appendix Figure A2). Heterogeneity was
variable (Table 2) but funnel plots gave no indication of a systematic bias (Appendix Figure
A3).

Case fatality ratios in the recent era

Eighteen recent-era studies were from Canada, China, Cuba, Ethiopia, Mozambique, the
Netherlands, Poland, the USA, the UK, and Uzbekistan. In all 11 studies that discussed
treatment, more than 96% of children initiated treatment; the remaining studies were carried
out in settings where policies and resources suggest that the vast majority of children
described received tuberculosis treatment. All the countries represented by these
publications had adult HIV prevalences <2% in 2015 except for Mozambique, which had a
10.5% adult HIV prevalence*2. We therefore excluded the Mozambique study3? from the
meta-analysis because the HIV prevalence among child TB patients was likely substantially
higher than in the other studies. Also, not all studies were incorporated into each meta-
analysis due to overlapping populations (Table 1). Among children 0-14 years old in low-
HIV-prevalence countries, we estimated a CFR of 0.9% (95% CI: 0.5%, 1.6%). The CFR
was higher for children 0—4 years old (1.9%; 95% CI: 0.5%, 7.1%) than children 5-14 years
old (0.8%; 95% CI: 0.3%, 2.1%), but this difference was not statistically significant (p=0.29)
(Appendix Figure A4). Despite significant heterogeneity (Table 2), funnel plots provided no
evidence of systematic bias (Appendix Figure A5).

Only three studies provided HIV status information.12:15.25 |n the USA surveillance dataset,
which provided the vast majority of the HIV-stratified data, CFRs were higher for HIV-
infected children than HIV-uninfected children (Table 3). We were unable to extract data
about HIV-infected children’s immune status or whether they were receiving antiretroviral
therapy, but stratifying the USA surveillance data into time periods before and after the
widespread availability of highly active antiretroviral therapy suggests a protective effectl®
(Table 3). Of HIV-infected children receiving tuberculosis treatment before widespread
access to antiretroviral therapy, 14.3% (95% CI: 7.4%, 24.1%) died. However, even among
children who received tuberculosis treatment and had access to antiretroviral therapy, the
CFR was significantly higher (3.4%, 95% CI: 0.7%, 9.6%) than that of HIV-uninfected
children treated for tuberculosis (0.4%, 95% CI: 0.3%, 0.7%) in the same time period
(p<0.001). In the cohort from Mozambique, the only study identified in our review from a
high-HIV-prevalence country, 10.7% of children died; although we do not know the HIV
prevalence among this pediatric subgroup, the overall HIV prevalence among TB patients in
the cohort was 72%.
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Discussion

This is the first comprehensive analysis of CFRs among children with tuberculosis. We
found that children receiving adequate treatment had a low mortality risk. In contrast,
children managed before the widespread availability of antituberculosis chemotherapy and
BCG vaccination had far worse outcomes, with around one in five dying; more than 40% in
those under 5 years of age. CFRs among younger children were consistently higher than
among older children. Finally, CFRs among children with HIV infection were markedly
higher than among children without HIV infection, even when antituberculosis treatment
was delivered. The difference was greatly reduced but persisted after the availability of
antiretroviral therapy.

The striking difference in CFRs between younger (0—4 years) and older (5-14 years)
children is consistent with the natural history of tuberculosis in children.#344 Given the
difficulty in obtaining a diagnosis of tuberculosis in young children,*® our finding that nearly
half of these younger children died before the availability of antituberculosis treatment and
BCG vaccination suggests a worrisome unrecognized global burden of childhood mortality
due to undiagnosed tuberculosis. Our estimated CFR for young children in the pre-treatment
era (44%) is virtually identical to the 43% tuberculosis CFR among untreated, HIV-
uninfected persons of all ages estimated by the WHO.3

Risk of death among HIV co-infected children appears higher than among HIV-uninfected
children, but our results are insufficient to produce reliable CFR estimates for HIV co-
infected children given the small number of studies that met our selection criteria. However,
hospital-based studies from sub-Saharan Africa have reported CFRs of 14%—41% in HIV-
infected children receiving tuberculosis treatment.#6-49 Therefore, the mortality risks of 14%
and 3% from the USA prior to and after the availability of combination antiretroviral therapy
respectively, likely represent the “best case scenario”; CFRs in low-resource settings where
treatment access and supportive care are greatly limited are likely to be higher. The WHO
estimates a CFR of 78% among HIV-infected persons of all ages in the absence of both
tuberculosis treatment and antiretroviral therapy.3 The TB/HIV combination is likely to be
even more lethal in young children who have high HIV viral loads following vertical HIV
infection, and who often experience rapid tuberculosis disease progression, even in the
absence of immune compromise. Our results highlight the importance of HIV testing in
children with tuberculosis exposure or infection, to assist active HIV case-finding and
improve access to both early antiretroviral treatment initiation and tuberculosis preventive
therapy.>0

Our study was subject to limitations in the data we were able to collect. First, we did not
have data on the form or severity of tuberculosis disease in child patients, or (for the
majority of studies) on BCG vaccination status; we were therefore unable to separate the
effect of these factors from those of treatment availability and HIV infection. For example,
HIV infection increases the risk of disseminated disease,® and both tuberculous meningitis
and miliary tuberculosis are associated with high mortality risks,® while BCG vaccination
reduces risk of both disseminated disease and death.52:53 Furthermore, tuberculosis patients
with limited access to health care are more likely to be diagnosed at an advanced stage of
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disease with associated high mortality risk, but we were unable to control for this. Data
limitations also prevented more informative age stratification, in particular to assess CFRs in
children less than 2 years of age who are most vulnerable according to studies of the natural
history of tuberculosis in children.#* Only one study (pre-treatment era) reported narrower
age bands,3! confirming a higher risk in very young children (CFR=70% in infants under
one and 36% in children aged 1-4).

Another limitation is the generalizability of our results. The recent-era datasets identified
may not be representative of settings where the majority of tuberculosis cases occur, as a
third of them were from high-resource settings with low tuberculosis incidence. CFRs in
high-tuberculosis-burden settings are likely to be higher than our estimates due to delayed
diagnosis and comorbidities such as malnutrition.®® In addition, while the TB/HIV CFRs
from the USA may not be representative of settings where the majority of TB/HIV cases
occur, the observed trend of higher CFRs among HIV-infected children than HIV-uninfected
children is consistent with the findings of the aforementioned facility-based studies from
sub-Saharan Africa.47-49

Pre-treatment era studies were conducted in North America and Europe, which may limit the
generalizability of these studies to untreated populations today, given geographic and
temporal differences in socioeconomic conditions, nutrition, burden of disease, and other
factors. However, many of the societal conditions that characterized the pre-treatment era
cohorts — high-density households, malnutrition, lack of access to medical care, poor air
quality, and high background tuberculosis incidence rates — share commonalities with high-
tuberculosis-burden settings today.>® Nevertheless, socioeconomic improvements and
increases in health system capacity could have contributed to the decrease in CFRs observed
between the pre-treatment and recent eras; thus further studies such as tuberculosis
prevalence surveys and population-based autopsy studies are required to estimate the true
burden of mortality from undiagnosed tuberculosis. Additional limitations to the pre-
treatment studies were the preponderance of cross-sectional rather than cohort data and a
lack of uniformity in tuberculosis diagnostic criteria and follow-up periods among the cohort
studies.

Several sources of error in reported CFRs could also have affected our estimates. Given the
number of children likely diagnosed clinically and the difficulties in posthumously
ascertaining tuberculosis as a cause of death, both the numerators and denominators of
reported CFRs could have been affected by misclassification error. We also conservatively
assumed children with unknown outcomes (e.g., “lost to follow-up”) to have survived, which
would underestimate CFRs. In addition, many cases in the included studies were studied and
cared for by childhood tuberculosis experts, and therefore the resulting mortality might be
lower than in many settings where fewer specialists are available.

Finally, it is possible that some useful papers could have been excluded due to our selection
of search terms (Appendix) and our inclusion of reports in only four languages. These
limitations are difficult to avoid in systematic reviews, in which the potential for increased
yield from a wider search must be weighed against the increased feasibility of a tighter
search.
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While more work is needed to quantify the burden of tuberculosis-associated mortality
among children, immediate steps can be taken to mitigate it. These include targeted active
case-finding to diagnose children early, promoting clinical diagnoses and empiric treatment
when required, and providing preventive therapy to young children with recent tuberculosis
exposure or tuberculosis infection.>% Active case-finding strategies that could improve early
detection of childhood tuberculosis include contact investigation, and integrating
tuberculosis screening into other child health services such as HIV, nutrition, and Integrated
Management of Childhood Illness screening programs.®’ Preventive therapy is widely
recognized as crucial to reduce unnecessary tuberculosis deaths in young children8 and is
now increasingly an area of focus in global policy discourse,>8:59 but it is poorly
implemented in tuberculosis-endemic areas. Preventive therapy could also limit the
probability of chronic tuberculosis suffered by some childhood survivors of tuberculosis
(estimated to occur in 8.7% of child tuberculosis survivors8%), as well as future re-activation
disease, phenomena outside the scope of our current review.

Additionally, we urgently need diagnostics that are accurate and feasible in young children,
since traditional sputum smear microscopy and culture methods have poor sensitivity in
children.81.62 Sputum-based diagnostic methods are inadequate in young children, who
cannot expectorate. Development must thus be accelerated for non-sputum-based
diagnostics, such as technologies that analyze peripheral blood, stool, urine, or volatile
organic compounds in breath.53

In sum, this systematic review and meta-analysis suggests that the risk of death in children
with tuberculosis disease is particularly high for children also infected with HIV and
children who do not receive tuberculosis treatment, demonstrating the urgent need to extend
tuberculosis treatment to young children in tuberculosis endemic areas. Our findings point to
a large and invisible burden of preventable child deaths related to tuberculosis, particularly
in areas with uncontrolled tuberculosis transmission where children have poor access to
appropriate care. In the absence of sensitive diagnostic tools, the most important strategies
that programs can deploy are empiric treatment of young children with clinical suspicion of
tuberculosis disease and extensive use of preventive therapy in vulnerable children in close
contact with an infectious tuberculosis case.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Time periods and geographic regions covered by the included studies. Studies are grouped

by location and the time period of enrollment or surveillance is shown by the shaded areas.
Red indicates pre-treatment era studies, blue indicates middle-era studies, and green
indicates recent-era studies. Numbers in round brackets indicate references in the reference
list
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Forest plots for the case fatality ratios from studies in the pre-treatment era. Results are
shown for (a) children aged 0-14 years, (b) children aged <5 years old, (c) children aged 5-
14 years old. Horizontal lines represent the confidence intervals around the point estimates
for each study and the grey shaded areas are proportional to the weight given to each study.
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