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Tuberculosis (TB) remains a significant, yet under-recognized cause of death in the
pediatric population, with a WHO estimate of 1 million new cases of childhood TB in
2016 resulting in 250,000 deaths. Diagnosis is notoriously difficult; manifestations are
protean due to the high proportion of cases of extra-pulmonary TB in children, and
logistical problems exist in obtaining suitable specimens. These issues are compounded
by the paucibacillary nature of disease with the result that an estimated 96% of pediatric
TB-associated mortality occurs prior to commencing anti-tuberculous treatment. Further
development of sensitive, rapid diagnostic tests and their incorporation into diagnostic
algorithms is vital in this population, and central to the WHO End-TB strategy. Initial gains
were made with the expansion of nucleic acid amplification technology, particularly the
introduction of the GeneXpert fully-automated PCR Xpert MTB/Rif assay in 2010, and
more recently, the Xpert MTB/Rif Ultra (Ultra) assay in 2017. Ultra provides increased
analytical sensitivity when compared with the initial Xpert assay in vitro; a finding now
also supported by six clinical studies to date, two of which included pediatric samples.
Here, we review the published evidence for the performance of Ultra in TB diagnosis in
children, as well as studies in adults with paucibacillary disease providing results relevant
to the pediatric population. Following on from this, we speculate upon future directions
for Ultra, with focus on its potential use with alternative diagnostic specimens, which may
be of particular utility in children.
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BACKGROUND
Tuberculosis (TB) is currently the leading cause of mortality worldwide from a single infectious
agent, being responsible for an estimated 1.7 million deaths in 2016 (1). In childhood, more
than 96% of TB-related deaths are estimated to occur in children not receiving anti-tuberculous
treatment, highlighting significant challenges in diagnosis.
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including pediatric (10) and HIV-positive populations (12), due
to the paucibacillary nature of disease.

The often non-specific nature of TB presentation in children
has led to the development of a multitude of “scoring systems”
based on clinical assessment and basic investigations, with
most aimed at the diagnosis of pulmonary TB (2). However,
weaknesses exist within these diagnostic algorithms. Many rely
on the use of tuberculin skin testing, despite well-documented
limitations, particularly in endemic areas. In addition, chest
radiography is often recommended, but is difficult to interpret
in children, who often do not demonstrate “classic” radiological
findings indicative of TB (3). Due to the poor specificity
of diagnostic algorithms, estimates have shown that TB may
be both over-diagnosed and over-treated in some settings
(4); yet underdiagnosed in other settings. Mycobacteriological
diagnostics used in adults remain the “gold standard” but
demonstrate a lower sensitivity in children (5), both from
the paucibacillary nature of TB in children and the problem
obtaining adequate respiratory or non-respiratory specimens for
bacteriological confirmation (as young children are frequently
unable to voluntarily expectorate sputum) (6).
The development of rapid diagnostic TB tests is recognized
as a vital part of the WHO End TB Strategy (7), so as to allow
appropriate early initiation of TB treatment and thus reduce
mortality. Nucleic acid amplification tests have been available
since the 1990s, and offer increased speed of detection when
compared to mycobacterial culture, and increased sensitivity
when compared to sputum smear. However, early iterations
were costly and required a certain level of technical expertise
to operate, limiting their generalizability in less economically
developed settings.

Xpert Ultra
In March 2017, following a multi-center non-inferiority study
at 10 sites in eight low- and middle-income countries (13),
Cepheid (with WHO approval) launched the second-generation
GeneXpert R MTB/Rif Ultra (Ultra) assay (14, 15), with the
aim of further increasing sensitivity. Two significant changes
were made along with other technical optimizations. First, each
cartridge included a larger chamber for DNA amplification, thus
accommodating a larger-volume of sample proceeding forward
into the actual PCR reaction. Second, two additional molecular
targets for Mycobacterium tuberculosis were introduced, resulting
in a decrease in the limit of detection from ∼131 bacilli per ml
of sputum for Xpert to ∼16 for Ultra (15). Modifications were
made only within the cartridge, allowing Ultra cartridges to be
used with the pre-existing Xpert platform. The purchase price per
Ultra cartridge remains the same ($9.98) as the original Xpert for
countries eligible for concessional pricing.
We aimed to perform a mini-review and narrative of the
evidence to date for the performance of Ultra in TB diagnosis
in children, as well as studies in adults with paucibacillary disease
providing results relevant to the pediatric population, followed
by a commentary of future directions for Ultra.

MATERIALS AND METHODS
An electronic search was conducted with the aim of identifying all
papers evaluating the accuracy of Ultra on any clinical specimen
from adults or children with suspected tuberculosis. We searched
the PubMed and Cochrane Library electronic databases for
original studies and review articles published up to July 30, 2018,
using the search terms: Xpert AND Ultra AND (tubercul∗ OR tb).
We excluded articles with title and abstract in any language other
than English (0), and those for which we were unable to locate
the full text (0).
We reviewed 15 full texts (all PubMed) and included 6 for
discussion (13, 15–19) based on relevance of content to the
review question (Table 1). Of the included texts, two evaluated
the accuracy of Ultra for the diagnosis of pulmonary TB in the
pediatric population (16, 17). Four additional studies evaluated
Ultra in adult populations; (13, 15, 18, 19) with all including an
assessment of participants with paucibacillary disease, providing
further data relevant to a pediatric population.

GeneXpert® MTB/Rif
Introduction of the first-generation cartridge-based NAAT
GeneXpert R MTB/Rif (Xpert) assay in 2010 heralded the start
of a revolution in TB diagnostics in low-resource settings.
This fully-automated system has the advantage that it may
be performed on-demand by personnel with minimal training
with a run time of approximately 2 hours. In 2011, the WHO
issued a strong recommendation for the use of Xpert assay
as the initial diagnostic test for sputum samples from patients
suspected of having pulmonary TB, to be used in preference
to conventional microscopy and culture (8), followed in 2013
by a recommendation for use with cerebrospinal fluid (CSF)
specimens from patients suspected of having TB meningitis (9),
as well as lymph nodes and other tissues.
Multiple studies have added to the early evidence for the
diagnostic accuracy of Xpert in pulmonary TB and rifampicin
resistance in children (10) and adults (11). A recent meta-analysis
of 15 studies (10), including 3,640 children, demonstrated a
sensitivity of Xpert for TB detection of 62% using expectorated
or induced sputum, and a sensitivity of 66% using samples
from gastric lavage. Although this represented a 36–44% higher
sensitivity when compared to smear microscopy, sensitivity
remains poor when compared to an adult population [for which
a recent Cochrane meta-analysis reported a pooled sensitivity of
89% for sputum Xpert (12)]. Indeed, one of the major recognized
limitations of Xpert is a reduced sensitivity amongst key groups,
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EVIDENCE FOR USE OF ULTRA IN
CHILDREN
The WHO endorse the use of Xpert as the initial diagnostic test
in all children suspected of having TB, both for expectorated
sputum and samples obtained via gastric lavage (9).
Two accuracy studies of Ultra exist in a pediatric population.
The first was conducted by Nicol et al. (16), who retrospectively
analyzed banked induced sputum from 367 children under the
age of 15 years. The median age was ∼3 years (interquartile range,
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1.25 to 6 years). Of 76 microbiologically-confirmed TB cases
using a composite reference standard of positive sputum Xpert,
Ultra, or culture, sensitivity of Xpert was 63% (48/76, 95%CI
51–74), and sensitivity of Ultra was 74% (56/76, 95%CI, 62–83),
representing an incremental benefit of 11%. Sensitivity of culture
was 83% compared to the composite reference standard.
Specificity of Ultra was 97% (225/233, 95%CI 93–99);
however, this rose to 100% when culture unconfirmed TB was
included. The authors therefore argue that the lower specificity
may represent misclassification of cases; indeed, the lower rate
of prior TB infection in children (8.5% of this population had
previously been treated for TB) likely decreases the number of
false positive results caused by residual M.tb DNA from prior
treated infection. Specificity of Ultra was lower in those who had
been previously treated for pulmonary TB (96%, 23/34, 95%CI
79–100) when compared to those who were treatment-naïve
(97%, 249/256, 95%CI 94–99), although not significantly so.
More recently, Sabi et al. (17) published the results of a
multicenter diagnostic accuracy study, which examined frozen
samples from 215 children across two sites in Tanzania, with a
median age of 5.4 years (interquartile range, 1.5 to 9.9 years),
and a higher HIV prevalence of 52%. 28 (13%) had cultureconfirmed tuberculosis; in these patients sensitivity of Ultra was
64% (18/28, 95%CI 44–81) and sensitivity of Xpert was 54%
(15/28, 95%CI 34–73) representing an 11% sensitivity increase
similar to that of Nicol et al. Of note, both the above studies were
retrospective, using cryopreserved sputum samples. Of the four
studies conducted in adults, two also used cryopreserved samples
(15, 19) whereas two were prospective (13, 18).

of geographical settings. Using a reference standard of sputum
culture, they demonstrated a sensitivity of Ultra for TB detection
of 79% (95%CI 70–86) compared with 66% (95%CI 56–75) for
Xpert in the smear-negative population.
Dorman et al. (13) also conducted a subgroup analysis using
137 smear-negative specimens, as part of a multicenter study in
which sputum from a large cohort of adults (25% HIV-positive)
with symptoms of pulmonary tuberculosis were evaluated using
smear, mycobacterial culture, Xpert, and Ultra. Sensitivity in the
smear-negative specimens was 63% (86/137, 95%CI 54–71) for
Ultra compared with 46% (63/137, 95%CI 37–55) for Xpert,
representing an increase of 17%. In comparison, across the whole
study population, sensitivity of Ultra was 5% superior to Xpert
(88 and 83% respectively) with both performing better than the
70% sputum smear sensitivity.
Dorman et al. also performed the most in-depth evaluation of
the specificity of Ultra to date. Across all patients, specificity was
lower for Ultra (96%; 934/977, 95%CI 94–97 compared to 98%;
960/977, 95%CI 97–99 in Xpert), an observation which may be
largely attributable to detection of residual DNA or non-viable
(non-culturable) M. tuberculosis bacilli from previously treated
antecedent TB infection. This is consistent with the observation
that specificity increased with increasing time since completion
of treatment. The group also reported semi-quantitative Ultra
results (including high, medium, low, very low, and a new “trace”
category not available with Xpert). 44% of participants with a
positive Ultra result had a “trace” result. Experts currently suggest
that in persons with prior TB, trace results require confirmation
by an alternative method.

HIV Co-infection Sub-group Analysis

Extra-Pulmonary TB

Xpert or Ultra are currently recommended as the first-line
investigation in all HIV-positive individuals, both adults and
children. Nicol et al. included a sub-group analysis of HIVpositive children (N = 71) and reported a non-significant
difference in Ultra sensitivity in the HIV-positive (67%) and
HIV-negative (68%) populations. Sabi et al. also included a subgroup analysis, albeit with a smaller cohort of nine HIV-positive
children, and reported a non-significant improvement (36%) in
Ultra sensitivity in this population, when compared to HIVnegative children. When compared to the 19% improvement
in Xpert sensitivity, these results suggest a greater additional
diagnostic benefit for Ultra in the HIV-positive population, a
result mirrored in the adult population (13).

The use of Ultra is also supported for specimens from certain
patients suspected of having extrapulmonary TB, including
CSF, lymph node aspirates, and other tissue specimens (9).
For patients suspected of having TB meningitis, Ultra is
recommended as the initial diagnostic test (9, 18). Limited
evidence exists for use of Ultra and Xpert on other paucibacillary specimens.
Bahr et al. evaluated 129 HIV-positive adults in Uganda with
suspected meningitis and assessed the performance of Xpert and
Ultra against a composite reference standard based on positive
CSF culture, Xpert, or Ultra (18). Amongst 22 patients with a
microbiological TB meningitis diagnosis, sensitivity of Ultra was
95% (21/22, 95%CI 77–99) compared with 45% (10/22, 95%CI
24–68) sensitivity for Xpert or for culture. Although Ultra has
a similar limit of detection in vitro as culture, Ultra has the
added advantage of being able to detect non-viable M.tb bacilli
in patients who have been initiated on anti-TB treatment in
the days prior to sample collection (15). In high TB burden
settings there can at times be a delay for several days, or even
weeks, in performing lumbar puncture and TB treatment may be
started whilst waiting for LP. In such cases molecular tests may
be positive whilst culture remains negative. Unlike in sputum
samples, false positivity of Ultra from residual M.tb DNA from
prior treated TB is unlikely to be an issue in CSF, a sterile bodily
fluid with high turnover, and TB meningitis usually only ever
strikes once in a lifetime.

EVIDENCE FOR USE OF ULTRA IN ADULTS
WITH PAUCIBACILLARY DISEASE
Further support for the utility of Ultra in children may be gleaned
from studies of other pauci-bacillary populations, including
smear-negative samples (13, 15, 19), as well as extra-pulmonary
specimens (18, 19) in adults.

Smear-Negative Pulmonary TB
Chakravorty et al. (15) performed a limited subgroup analysis
of Ultra on 109 smear-negative specimens, as part of a wider
assessment including 277 frozen sputum samples from a range
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Urine

Further evaluation of Ultra sensitivity in extra-pulmonary
specimens by Perez-Risco et al. tested 108 banked culturepositive, smear-negative specimens (19). HIV status was not
recorded. Perez-Risco calculated specificities for a wide range
of samples, both those already recommended by the WHO
for use in conjunction with Ultra, as well as those currently
not supported. Amongst supported specimens, sensitivity for
gastric aspirate was 75% (3/4), CSF 100% (3/3); lymph nodes
94% (16/17); and other tissues was 87% (13/15). Non-supported
extra-pulmonary samples were also tested. The sensitivities as
follows were for urine 100% (12/12), joint fluid 88% (7/8), stool
80% (4/5), pericardial fluid 67% (2/3), abscess aspirate 65%
(11/17), pleural fluid 48% (10/21), peritoneal fluid 33% (1/3) (19).
However, the lower sensitivity of the latter samples likely related
to the fact that only small aliquots were stored and tested. In
order to optimize performance of Xpert or Ultra, large volumes
should be concentrated by centrifugation (20). In testing 40
culture-negative samples and 20 non-tuberculous mycobacteria
samples, they demonstrated a specificity of 100% (19). Although
the numbers tested were small, the above study shows promise
for the utility of Ultra in pauci-bacillary specimens. Still no test
is 100% sensitive, including Ultra, thus a negative result cannot
definitively exclude TB.

Urine represents a clinical specimen that is both easily collectable
and available in large quantities, and is therefore theoretically
attractive as an extra-pulmonary sample for Ultra testing
Currently, in patients with suspected genitourinary/renal TB,
serial early-morning urine cultures are still considered the goldstandard. However, studies have examined the potential for
using urine as a specimen for Xpert or Ultra in the diagnosis
of genitourinary TB. A meta-analysis of Xpert use on urine,
conducted across eight studies which included 725 specimens
from subjects of all ages, demonstrated 70% sensitivity and
94% specificity for genitourinary TB compared with a reference
standard of urine mycobacterial culture (23). As above, PerezRisco et al. found Ultra to be 100% sensitive for culture-positive
urine in adults (19), although patient numbers were small
(n = 12).
However, urine is likely to be of less use in the diagnosis of
pulmonary TB, as tuberculous bacilli must have disseminated to
the urinary tract to be present, which is usually more common
in immunocompromized patients (24). Whether Ultra could be
used on urine as a useful adjunctive diagnostic in disseminated
HIV-associated tuberculosis warrants investigation.

Blood
The use of blood as a diagnostic specimen in pulmonary TB
was evaluated in 44 HIV-positive adults with culture-positive
sputum, with sensitivities for both liquid blood culture and blood
Xpert reported as 21% (25). However, despite the low sensitivity
of blood Xpert for pulmonary TB, the authors note positivity
to be highly predictive of early mortality, with potential utility
for Xpert as a prognostic indicator, to aid in distinguishing
patients who may benefit from more intensive treatment or
immunomodulatory therapy.

THE FUTURE OF ULTRA IN PEDIATRIC TB
DIAGNOSIS
Over the past decade, significant advances have been made in TB
diagnostics, characterized largely by the expansion of automated
nucleic acid amplification technology to replace traditional
sputum microscopy. Currently, focus remains on improving
the technical performance of these tests, exemplified by the
introduction of Xpert MTB/RIF Ultra as the next-generation
Xpert, as well as expanding availability and faster turnaround
time for test results in rural areas. We have reviewed the existing
evidence regarding the accuracy of Ultra, with particular focus
on the use of Ultra in children. Limited research has also
been performed into improving the applicability of Xpert and
Ultra, with particular regard to the use of alternative diagnostic
specimens. However, further research is still required, and we
conclude this review with an outline of the potential future
directions for the use of Ultra in pediatric TB diagnosis, with a
selection of key studies to date.
Despite the high morbidity and mortality associated with
extra-pulmonary TB, most available tests are validated only for
use on sputum. The use of alternative diagnostic specimens
is of particular interest in the pediatric population, for whom
sputum samples are notoriously difficult to obtain, and for whom
extra-pulmonary disease constitutes approximately one-third of
cases (21). However, there exists a relative paucity of diagnostics
research using more easily available samples, such as urine, blood
or stool. In a survey of 91 pediatric TB experts based in Europe
in December 2017, 12.1% (n = 11) were already routinely testing
stool samples using PCR-based assays, and 40.6% (n = 37) were
routinely testing blood in suspected military TB, despite lack of
evidence (22).
Frontiers in Pediatrics | www.frontiersin.org

Stool
Stool represents a more promising specimen for suspected
pulmonary TB, as M. tuberculosis may be present from
swallowed sputum. However, in a study of 37 children with
bacteriologically-confirmed TB, stool Xpert demonstrated a
sensitivity of only 29.7% although Xpert was superior to the
13.5% stool smear or 16.2% stool culture sensitivity (26). As
Ultra has an eight-fold lower limit of detection (∼15 CFU/ml
vs.∼100–120 CFU/ml for Xpert), Ultra may be a promising assay
for use on stool, which can be readily collected from any infant
mitigating the need for gastric aspirate. A recent evaluation of
Ultra showed a sensitivity of 80% amongst five stool culturepositive adults (19); this certainly warrants further investigation
in the pediatric population.
Currently, Xpert is not recommended by the WHO using any
of the above samples, of urine, blood, or stool due to a lack
of adequate evidence (9). Further prospective evaluation of the
diagnostic performance of Ultra on non-respiratory specimens is
needed, particularly in the pediatric population.
Further work is also required in evaluating the performance
of Ultra alongside other innovative diagnostic tests, such as the
TB lipoarabinomannan (TB-LAM) lateral flow assay (Alere) and
a near future second-generation TB-LAM, and as part of the
diagnostic algorithms in a wide range of patient populations.
5
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Moreover, currently no evidence exists for the potential of novel
diagnostics to reduce morbidity or mortality in childhood TB
(27). Evaluation of the impact of Ultra in increasing diagnostic
yield, reducing time to treatment initiation and improving
outcomes, will be helpful programatically. Finally, previous
studies which have performed cost-benefit analysis of Xpert
(28), both in low-burden and high-burden countries (29–32);
should be replicated for Ultra, across different geographical and
economic settings.

in alternative samples, particularly stool. Further prospective
evaluation is required.
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