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ABSTRACT Testing for mycobacterial lipoarabinomannan (LAM) in urine is a practical
but insensitive alternative to sputum testing to diagnose tuberculosis (TB) in people with
HIV (PWH). Here, we evaluated urine LAM testing alongside PCR-based tests for
Mycobacterium tuberculosis (MTB) DNA in tongue swabs. We hypothesized that the
two nonsputum samples would deliver complementary, not redundant, results. The
study included 131 South African patients of whom 64 (48.1%) were confirmed to
have TB by GeneXpert MTB/RIF Ultra (Xpert Ultra) or culture analysis of sputum. A
total of 120 patients (91.6%) were coinfected with HIV and 130 yielded a valid urine LAM
result (Alere DETERMINE LAM Ag). Tongue swab samples were tested by IS6110-targeted
qPCR with a quantification cycle (Cq) cutoff of 32. Relative to reference sputum testing
(TB culture and Xpert Ultra), combined urine LAM and oral swab testing (either sample
positive) was significantly more sensitive than either nonsputum sample alone (57% sensi-
tivity for combined testing versus 35% and 39% sensitivity for urine LAM and tongue
swabs; P = 0.01 and 0.04, respectively). Specificity of combined testing (neither sample
positive) was 97%. On average, tongue swab-positive participants had higher sputum signal
strength than urine-LAM positive participants, as measured by sputum Xpert Ultra Cq value
(P = 0.037). A subset of tongue swabs (N = 18) was also tested by using Xpert Ultra, which
reproduced true positive and true negative IS6110 qPCR results and resolved the two false-
positive tongue swabs. With further development, tongue swabs and urine may feasibly
serve as complementary nonsputum samples for diagnosis of TB in PWH.
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Tuberculosis disease (TB), caused by Mycobacterium tuberculosis (MTB), remains a major
cause of illness and death in people with HIV (PWH) (1). The standard sample for TB diag-

nosis is sputum, which can be difficult for PWH to produce and insensitive in some patients.
The availability of noninvasive alternatives to sputum testing would substantially improve TB
care for PWH (2, 3).

Most TB transmission occurs between development of disease (including asymptomatic
disease) and initiation of treatment. Active case finding, in which high-risk populations are
actively screened and TB is identified and treated earlier than by relying on symptomatic
self-presentation, could reduce transmission in many populations (4, 5). Examples of such
populations include contacts of known TB cases, occupants of institutions such as prisons
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and hospitals, people with HIV, and residents in high-burden areas. Sputum collection is a
significant barrier to active screening. For example, only ;20% of participants in a Brazilian
prison cohort were able to provide quality sputum specimens (6, 7).

Even in the context of passive TB diagnosis, many patients cannot routinely produce spu-
tum for testing. PWH and children often require induction (nebulization), an invasive proce-
dure. For all these reasons, Fauci and Eisinger (2018) have called for “twenty-first century
diagnostic technologies that can detect MTB in a variety of clinical specimens from multiple
body sites in addition to sputum” (3). Alternative, noninvasive sampling strategies could
help identify the “missing millions” of TB cases that currently go undetected each year (8).

Immunoassays for mycobacterial lipoarabinomannan (LAM) in urine are potential
alternatives to sputum testing. However, the single WHO-approved urine LAM test (by
Alere/Abbott) lacks sensitivity. Although next-generation urine LAM tests are in devel-
opment or evaluation, even the best-performing tests of the LAM analyte alone may
not be optimally sensitive to detect TB disease in PWH (9–12).

In search of an alternative nonsputum sample type, we and others have shown that MTB
DNA can be detected by oral swab analysis (OSA) (13–22). In OSA, the dorsum of the tongue
is brushed with a sterile swab, and the collected material is tested for MTB DNA. This non-
invasive, nonsputum sample collection approach can be applied to any patient, in any set-
ting, including tertiary hospital, outpatient clinic, remote health point, or home and community
settings.

Despite their promise, to date neither OSA nor urine LAM testing has proven to be sensi-
tive enough to detect all TB in PWH. We hypothesize that sensitivity is limited for different
reasons in the two methods. For example, pulmonary disease may be required to deposit
enough MTB in the mouth for detection by OSA, whereas a very high total mycobacterial
burden, including extrapulmonary disease, may be required for transrenal passage of MTB
glycolipids into urine. Therefore, a parallel approach using both methods may detect more
TB cases in PWH than either method alone. The current study was conducted to assess the
complementarity of the two methods.

MATERIALS ANDMETHODS
Participant enrollment. South African adults (age $16 years) with HIV (regardless of symptoms), or

adults with TB symptoms or a positive sputum Xpert Ultra TB test, were consecutively enrolled into the
prospective PROVE-TB cohort at Harry Gwala Regional Hospital (formerly Edendale Hospital) and affili-
ated clinics in Pietermaritzburg, South Africa between October 2019 and February 2021. Persons who
had received TB treatment for more than 24 h were excluded.

The PROVE-TB cohort was developed and recruited as a platform for evaluating noninvasive TB diag-
nostic tests and algorithms in a high-TB-burden setting. Adults receiving usual care were recruited into
the cohort at the time of hospital admission if they had HIV, irrespective of TB symptoms or reason for
admission. To enrich the cohort for persons with TB disease, in order to conduct early-stage validation
tests of novel diagnostic tests, adults in the hospital or affiliated clinics with a new positive sputum
Xpert Ultra result were also recruited into the cohort, prior to initiating treatment.

All cohort participants received clinically indicated diagnostic examinations and testing as determined by
their treating clinicians, and these tests were used for clinical decision-making. These included sputum Xpert
Ultra, urine LAM, chest Xrays, and other blood tests and imaging, as well as other testing directed at the pri-
mary admitting diagnosis. For persons in whom clinicians were investigating TB, clinically indicated samples
were collected and these results were used to create the TB reference definition. For cohort participants not
being clinically investigated for TB, supplemental research sputum and urine samples were collected for Xpert
Ultra, culture, and urine LAM testing. Urine LAM testing was repeated for research purposes and interpreted by
a single reader, even if a LAM result had been obtained as part of clinical care. Xpert and culture testing were
performed in the same laboratory and under the same conditions, regardless of indication (clinical investiga-
tion or research screening). Blood was collected for CD41 T-cell measurement (in persons with HIV), biomarker
testing (including C-reactive protein), and biorepository storage for later assays.

Clinical, laboratory, and demographic data were collected from participants and abstracted from
clinical charts. Sputum, urine, tongue swab, and blood samples were collected at bedside and trans-
ported to the on-site laboratory for processing and analysis. Study data were collected and managed
using REDCap electronic data capture tools hosted at the Institute of Translational Health Sciences. All
participants provided written informed consent. This study was approved by the ethical committees of
the University of KwaZulu-Natal (BREC #BE475/18) and the University of Washington (Study 9092).

Sample collection and analysis. From each participant, one expectorated sputum sample was
tested directly with GeneXpert MTB/RIF Ultra (Xpert Ultra, Cepheid, Sunnyvale, CA, USA) in the South African
National Health Laboratory System (NHLS) laboratory at Harry Gwala Regional Hospital. A second expectorated
sputum sample forM. tuberculosis complex culture was decontaminated with 1.25% N-acetyl-l-cysteine sodium
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hydroxide and processed according to the MGIT testing protocol. M. tuberculosis complex liquid culture was
conducted in the Provincial NHLS laboratory using the Bactec MGIT960 system (Becton, Dickinson Microbiology
System, Sparks, MD, USA).

A TB case was defined as a participant with either a positive sputum Xpert Ultra or a positive sputum
TB culture result (reference testing). A non-TB case was defined as a participant with no positive sputum
results. Negative sputum testing could comprise either negative sputum Xpert Ultra and TB culture results,
or a negative result (either Xpert Ultra or culture) with the second sputum test result unavailable or invalid.
Spontaneously voided urine samples were tested for the presence of LAM using the Alere LAM antigen
lateral-flow assay (Alere Determine TB LAM Ag test, Abbott Laboratories, Chicago, IL, USA). The LAM test was
interpreted according to the manufacturer’s instructions. A result of 11 or higher according to the manufac-
turer’s visual read-out card was considered positive. Two tongue dorsum swabs (Copan FLOQSwabs; Copan
Italia, Brescia, Italy) were collected into separate tubes as described previously (14, 15). Briefly, study staff ran
the swab over the length and breadth of the anterior 2/3 of the subject’s tongue. Pressure was sufficient to
slightly bend the swab shafts. Samples were collected for 15 to 20 s while rotating the swab throughout. Swab
heads with collected material were snapped off into 2 mL screw cap tubes containing 0.5 mL sterile Tris-EDTA
(TE) buffer.

Swabs in buffer were stored frozen at280°C and transported to the Cangelosi Laboratory for blinded anal-
ysis. Persons performing the OSA amplification were blinded to the results of the sputum tests and urine LAM
test. Thawed samples were manually processed (Qiagen), concentrated by ethanol precipitation, and tested by
IS6110-targeted qPCR. Swab analysis methods were as described previously (14, 15) with the following modifi-
cations. Post-boil samples were eluted from the swab head then split, 250 mL reserve and 250 mL for immedi-
ate processing by volume-scaled-lysis (300mL each of Qiagen Buffer AL and 100% ethanol). The qPCR protocol
used New England BioLabs Inc Luna Universal Probe qPCR Master Mix, and the ethanol-precipitated samples
were rehydrated in 5mL TE buffer prior to master mix addition. Cq values were recorded, and results were cal-
culated using two Cq thresholds (38 as described previously (14, 15), and a more stringent value of 32).

In addition to manual OSA, a subset of samples was tested by using Xpert Ultra. These samples were
defined as “reserve” (leftover half-samples that had been refrozen after boiling) or “duplicate” (separate
swab samples collected at the same time and immediately stored). Both reserved and duplicate samples
(total, n = 18) were paired with manual OSA data. Samples were tested by Xpert Ultra by using either of
two methods described elsewhere (22), depending on whether they were reserve or duplicate. Briefly, in
one method (“boil method”), 200 mL half-samples, which were previously boiled and stored frozen, were
thawed and received 2.2 mL TE buffer. The samples were shaken on a lab vortexer (GENIE SI-0236 Vortex-
Genie 2 Mixer, 120V) on setting 10 for 10 to15 s, then allowed to sit at ambient temperature (20–22°C) for 5
min and then shaken for an additional 10 to 15 s, before allowing them sit for additional 10 min at ambient
temperature. The entire recoverable sample volume was transferred into the sample reservoir of the Xpert
Ultra cartridge for analysis. Samples were recorded as positive for MTB if GeneXpert software returned any pos-
itive result.

Duplicate samples, which were not previously boiled, were processed by the “single swab SR method”
described in reference (22). These 0.5-mL samples were thawed at ambient temperature for 30 min, then
supplemented with 0.3 mL TE and 1.6 mL of Cepheid Sample Reagent (SR). The samples were vortexed for
10 to 15 s, and incubated for 5 min before vortexing for an additional 10 to 15 s. The samples were further
incubated for additional 10 min before the entire sample volume was transferred to the cartridges.

Analysis of results. Sensitivities and specificities of index methods (swabs, urine LAM, and parallel
testing) were calculated relative to the reference method (positive sputum Xpert Ultra or positive spu-
tum culture). When comparing sensitivity and specificity values, significance was calculated by z score
(two-tailed, 0.05 significance level).

RESULTS

We enrolled 131 participants (45% female, median age 36 years) who provided all sample
types for index and reference testing. A total of 120 (92%) participants had HIV. Participant
characteristics are summarized in Table 1. Of the 131 participants, 64 (49%) were TB cases by
reference testing (Fig. 1).

Relative to the sputum reference standard, OSA using manual qPCR conducted on a single
swab, with a Cq cutoff of 38, was significantly more sensitive than urine LAM (42/64 [67%]
versus 22/63 [35%], respectively; P = 0.005). However, OSA was less specific than urine
LAM (52/67 [78%] versus 67/67 [100%], respectively; P, 0.001). When a more stringent Cq
cutoff of 32 was applied to define a positive OSA result, OSA and urine LAM performed
similarly (respectively, 25/64 [39%] versus 22/63 [35%] sensitive, and 65/67 [97%] versus 67/67
[100%] specific) (Table 2).

When evaluating parallel (combination) nonsputum testing, a positive index test was
defined as being either urine LAM-positive or OSA-positive. With parallel testing, sensitivity
improved to 36/63 (57%), significantly better than urine LAM alone (P = 0.01) or OSA alone
(P = 0.04). Of the 36 participants who were true positive by nonsputum methods, 11 were
positive by both methods while 25 were positive by only one or the other (14 by OSA and
11 by urine LAM; Fig. 1). Specificity of the combined method remained high at 65/67 (97%).
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In a secondary analysis, we tested the hypothesis that OSA (an airway sample) would corre-
late more closely with sputum signal strength than urine-LAM (a transrenal sample). Sputum
signal strength was based on sputum Xpert Ultra quantitative readouts from the IS6110/IS1081
combined probe (Cq values, which are inversely proportionate to signal strength). In partici-
pants who were OSA-positive regardless of urine LAM results, sputum Cq values were slightly
lower (stronger signal) than in participants who were urine-LAM positive regardless of OSA
results (Table 3; P = 0.037 by unpaired, one-tailed t test). The difference became more signifi-
cant (P = 0.019 by unpaired, one-tailed t test) when comparing participants who were positive
only by OSA to those who were positive only by urine LAM, despite smaller numbers within
these mutually exclusive categories (Table 3).

The manual qPCR method used in Table 1 performed well in past OSA studies (14, 15, 21)
but is impractical for routine diagnostic use. Therefore, in an additional secondary analysis we
used the semiautomated Cepheid GeneXpert MTB/RIF Ultra platform to test a subset of 18
frozen swab samples from the current study (11 true positives with the strongest qPCR sig-
nals by OSA, 5 true negatives by OSA, and the 2 false positives by OSA). The 11 true posi-
tive samples selected for this analysis had manual OSA Cq values ranging from 19.9 to
32.0 (average = 27.1 6 4.0). Xpert Ultra detected 10 of 11 true positives by manual qPCR

FIG 1 Venn diagram showing overlap of the two nonsputum tests (tongue swab and urine LAM) and the
sputum tuberculosis reference (Xpert Ultra or tuberculosis culture). The number of positive participants falling
within each category is shown (n = 131 participants). LF-LAM, lateral flow lipoarabinomannan test; *,
one positive sputum reference/tongue swab–participant had an invalid LAM result.

TABLE 1 Participant clinical and laboratory characteristicsa

Characteristic
Total TB case Non-TB case
n = 131 n = 64 n = 67

Gender, n (%)
Female 59 (45) 28 (44) 31 (46)
Male 72 (55) 36 (56) 36 (54)

Age, median (IQR) 36 (31–46) 35 (28–49) 37 (33–46)

HIV status, n (%)
Negative 10 (8) 10 (16) 0 (0)
Positive 121 (92) 54 (84) 67 (100)

CD41 T-cell count, median (IQR)b 115 (37–319) 89 (40–227) 257 (100–551)
Cough present, n (%) 98 (75) 56 (88) 42 (63)
Any TB symptom present, n (%)c 128 (97) 64 (100) 64 (96)
Urine LF-LAM positive, n (%)d 22 (17) 22 (34) 0 (0)
OSA positive (Cq, 32), n (%) 27 (21) 25 (39) 2 (3)
OSA positive (Cq, 38), n (%) 57 (44) 42 (65) 15 (22)
Xpert Ultra Ct, median (IQR)e 16.5 (15.9–20.8)
aTB case: reference sputum TB positive (Xpert Ultra and/or culture); Non-TB case: no positive sputum results.
bHIV-positive participants only; data available for n = 105.
cTB symptoms queried: cough, weight loss, fevers/chills, loss of appetite, fatigue.
dLF-LAM, lateral flow lipoarabinomannan test.
eCycle threshold (Ct) values available for 60/62 positive Xpert Ultra results.
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OSA (the 11th sample had an invalid Xpert Ultra result) and correctly excluded all 5 true
negatives. It also correctly excluded the 2 false positives by manual qPCR OSA (Table 4).

DISCUSSION

Many PWH struggle to produce sputum (sputum-scarce) and/or have low MTB cell counts
in sputum (paucibacillary) (2, 3). This study tested the hypothesis that parallel testing of two
different nonsputum samples can deliver complementary, not redundant diagnostic informa-
tion, and thereby serve as an alternative to sputum testing for at least some patients.

Recent years have seen advancements in urine LAM testing for sputum-scarce or pauciba-
cillary patients. LAM is an MTB cell wall glycolipid that can pass transrenally into urine. In some
patients, most notably PWH with low CD4 counts, LAM is found in the urine in sufficient quan-
tities to enable rapid detection by using lateral flow tests such as the Alere Determine TB LAM
Ag. However, the sensitivity of urine LAM tests remains suboptimal (9–12).

We hypothesized that OSA can improve TB diagnosis in paucibacillary and sputum-scarce
patients when used in combination with urine LAM testing. The physiological bases for urine
LAM testing (transrenal passage of a mycobacterial glycolipid) and OSA (deposition of MTB
cells and/or DNA on the tongue dorsum during cough, exhalation, or spontaneous sputum
production) are likely to differ from each other. Urine LAMmay work best in cases that involve
some hematogenous spread of MTB beyond the airways, while OSA may be best in pulmo-
nary TB. The strengths and limitations of the two methods may therefore complement each
other.

The results were consistent with this hypothesis. When the more stringent Cq cutoff of
32 was applied, a diagnostic criterion of positivity in either urine LAM or OSA was significantly
more sensitive than either method alone. Specificity was acceptable at 97% and was the
minimum of the individual test specificities, but not lower in combination.

When using quantitative sputum Xpert Ultra readouts as measures of sputum signal
strength, patients who were exclusively OSA-positive were found to have significantly
higher loads than patients who were exclusively urine-LAM positive. This is consistent
with the view that OSA is a bronchial tree (airway) sample, in contrast to urine LAM
which is a bloodstream (circulatory) sample. Thus, the two samples may complement
each other because they focus on separate body compartments.

This study focused on the biological question of complementarity. Limitations asso-
ciated with implementation were only partially addressed. While swab sample collec-
tion has minimal resource requirements, the manual qPCR method for OSA requires
laboratory facilities, specialized equipment and skilled technical operators, so is not
practical for routine clinical laboratory use in its current form. However, analysis of a

TABLE 2 Sensitivity and specificity of nonsputum tests alone or in combination, compared to
TB reference standard (sputum Xpert Ultra or sputum culture)

Test Sensitivity Specificity
Tongue Swab (OSA) Cq, 32b 25/64 (39%) 65/67 (97%)
Tongue Swab (OSA) Cq, 38b 42/64 (67%) 52/67 (78%)
Urine LF-LAMa 22/63 (35%) 67/67 (100%)
LAM or OSACq,32

b 36/63 (57%) 65/67 (97%)
LAM or OSACq,38

b 45/63 (71%) 52/67 (78%)
aLF-LAM, lateral flow lipoarabinomannan test.
bOSA: Tongue swab tested by manual qPCR using two thresholds of positivity. Cq, 38 (liberal); Cq, 32
(stringent).

TABLE 3 Sputum Xpert Ultra signal strength in tongue swab (OSA)-positive versus urine LAM-positive patients

Value
Urine LAM-positive
(regardless of OSA result)

OSA-positive (regardless
of urine LAM result)

Urine LAM-positive,
OSA-negative

OSA-positive, urine
LAM-negative

n 21 23 11 13
Mean sputum Cqa 17.66 16.43 18.73 16.39
SD 2.69 1.55 3.15 1.71
aValue reported by Xpert Ultra, IS6110/IS1081 combined probe.
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subset of 18 samples with the near point-of-care Xpert Ultra platform suggested that
similar results can be obtained with automated tests (with the caveat that the true-positive
samples chosen for this subset were strongly positive by manual qPCR). Therefore, this strat-
egy can in theory be applied in any setting with access to both Alere Determine TB LAM AG
and Xpert Ultra.

The Xpert Ultra portion of this study had two limitations: it focused on patients with strong
manual OSA signals, and the number of participants was small. Recently, a separate study of
OSA using the Xpert Ultra test (22) was conducted in Uganda within a larger cohort of partici-
pants with possible TB (n = 183, including 58 PWH). In that study, overall sensitivity of OSA
using Xpert Ultra, relative to a sputum microbiology reference standard, was 77.8% (95% CI,
64.4–88.0). Specificity was 100.0% (95% CI, 97.2–100.0). Among the 58 PWH in the Uganda
study, sensitivity was 55.6% (95% CI, 21.2–86.3) with no loss of specificity. Those results may bet-
ter reflect what users of OSA can expect when using Xpert Ultra as a molecular assay, at least in
some settings. Other automated amplification platforms intended for near-point-of-care or
point-of-care use are also in development and have the potential to be configured for TB OSA.

Another implementation concern is the requirement for two laboratory tests per patient. In
context, the same limitation often applies to current sputum-dependent strategies, because
paucibacillary and sputum-scarce patients often require multiple sampling and testing attempts
to confirm TB. To conserve resources, the two specimens could be collected simultaneously
and then tested in a staged reflex algorithm. Swabs, which are easy and inexpensive to collect
from any patient, can be collected and stored concurrently (dry or in TE buffer) with the collec-
tion of all urine samples. If a patient’s urine is positive for LAM, then that is diagnostic of TB and
there is no need to test the stored swab. If the urine LAM test is negative, then the swab can
be tested to avoid having to recall the patient for sputum induction.

In conclusion, our results indicate that tongue swabs and urine can serve as complemen-
tary nonsputum samples for improved diagnosis of TB in PWH. With further optimization to
improve sensitivity, this approach may be considered as a fully nonsputum strategy for
detecting TB in patients who are unable to produce adequate sputum for testing, or in set-
tings where sputum collection isn’t practical. Given the diverse spectrum of TB in adults and
children, it is unlikely that any single sampling method is ideal for all case types. Thus, it is
potentially useful when two nonsputummethods can complement each other as seen here.
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