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Abstract

Despite 5 years of SARS-CoV-2 research, as well as decades of research on tuberculosis (TB), large gaps
remain in understanding the transmission of airborne pathogens. Our aim was to delineate these gaps.
Understanding them would enable evidence-based, practical efforts to reduce transmission. Building upon the
2017 Roadmap for TB Transmission Science, we interviewed experts in the field and identified six salient topics
harboring holes in knowledge that impede prevention and control efforts. These include 1) fundamental ele-
ments of aerobiology, 2) detecting and measuring infectious respiratory particles directly in the air, 3) the
infectiousness of asymptomatic TB (by extension, other lung infections) and 4) of calm tidal breathing —
including their contributions to global epidemiology, 5) the role of ‘superspreading’ in disease incidence, and
6) the duration of infectiousness of highly drug-resistant TB treated with the newest, all-oral short-course
regimens. Based on an extensive literature review, we update advances in science since 2017 and then summa-
rize knowledge gaps and research priorities. Several recent systematic reviews all noted the relatively low qual-
ity of published research, so there is an overriding need for high-quality studies to provide evidence for national
and international entities upon which to base recommendations, guidelines, and standards.
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n estimated one-fourth of humankind is infected

with Mycobacterium tuberculosis, 10.4 million

people develop tuberculosis (TB) disease annu-
ally, and 1.3 million die (1). TB is preventable and curable,
and in adults, it is relatively easy to diagnose, yet it kills
more people than any other single infectious disease.
Humanity is not on target to reach the ‘End TB’ goals
endorsed by the World Health Assembly and the United
Nations (2).

Ending the centuries-long TB pandemic means stop-
ping transmission of M. tuberculosis, a prototype of true
airborne infections. In broad terms, the transmission of
airborne pathogens like M. tuberculosis is determined by
five main factors: 1) unique pathogen characteristics, 2)
infectious source case traits, 3) initiation and efficacy of
treatment, 4) risk factors of exposed potential hosts, and
5) the environment in which source, pathogen, and poten-
tial hosts come together (3, 4). Human proximity to an
infectious source is also required for transmission. The
greatest risk occurs in indoor environments, especially
where air dilution is limited and ventilation is poor. Before
treatment, the burden of pathogens within the lungs and
airways is associated with the risk of transmission. Cough
frequency, forcefulness, and, for TB, the extent of cavitary
disease also increase transmission (Fig. 1) (5-7). Despite
these principles, TB transmission events and outbreaks
are heterogeneous, so much remains to be learned (8-10).

A seminal series of reports in 2017 delineated then-cur-
rent knowledge in TB transmission science and mapped
research needs, where knowledge was sparse (11-16). The
SARS-CoV-2 pandemic stimulated research on the trans-
mission of pathogens via infectious respiratory particles
(IRPs), including aerosols that are inhaled and tiny drop-
lets that land directly on a recipient’s mucosa (collectively,
‘airborne’) (17). Compared with TB, SARS-CoV-2 trans-
mission has distinct characteristics due to its differing
transmission dynamics and epidemiology. Our aim here is
to update advances since Auld et al.’s 2017 article titled
“Research Roadmap for Tuberculosis Transmission
Science” (13) adds data on COVID-19 and highlights per-
sistent gaps in current knowledge. We then suggest
research needs to fill those gaps. Recent high-quality sys-
tematic reviews and meta-analyses covered various aspects
of airborne infection prevention and control (IPC),
including triage, respiratory isolation, treatment, respira-
tory precautions, environmental measures, and personal
respiratory protection (5, 18-22), but not transmission
science itself — the interdisciplinary study of how patho-
gens move through the air from one host to another, inte-
grating the underlying biology, physics, environmental
science, behavioral factors, and epidemiology that affect
this process.

Following the selection process described later, topics
that rose to the top in the scientific literature and dominant
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issues articulated by experts coalesced into two broad
themes: 1) transmission and infectiousness, and 2) preven-
tion and control. This article focuses on infectiousness and
transmission research published subsequent to 2017 (13).
In this context, infectiousness means expelling functional
bacilli into the ambient air. Transmission means those air-
borne bacilli are inhaled by another person, replicate, and
initiate an infected focus. A separate, companion article
focuses on infection prevention and control.

Methods

We conducted an extensive review of peer-reviewed litera-
tures published between January 2017 and April 2024,
using PubMed, Embase, Web of Science, and Scopus data-
bases. Search terms included combinations of ‘tuberculo-
sis’, ‘drug-resistant tuberculosis’, ‘multidrug resistant
tuberculosis’, ‘SARS-CoV-2’, ‘COVID-19’, ‘transmission’,
‘airborne transmission’, ‘aerosol transmission’, ‘infectious-
ness’, ‘respiratory aerosols’, ‘respiratory droplets’, ‘subclin-
ical tuberculosis’, ‘asymptomatic tuberculosis’, and ‘early
bactericidal activity’. We included original research articles,
systematic reviews, and meta-analyses published in English
that reported original data using credible methods, scour-
ing their references for additional articles. We also reviewed
the latest authoritative guidelines and recommendations
issued by leading professional organizations and public
health agencies such as the World Health Organization
(WHO), the United States Centers for Disease Control and
Prevention (CDC), ASHRAE, and others.

We interviewed 12 members of the Stop TB Partnership’s
working group (Supplementary material) and End TB
Transmission Initiative — Powering Airborne IPC (ETTi)
(https://www.stoptb.org/who-we-are/stop-tb-working-
groups/end-tb-transmission-initiative); all of whom are
actively engaged professionally in airborne transmission
science and program applications. Interviews were con-
ducted using a standardized method centered on eliciting
limitations of current knowledge and research needs. We
organized the interview results into ~80 themes, excluding
topics covered in six recent systematic reviews and
meta-analyses as noted above (5, 13-17). We then asked
the entire ETTi membership to rank the results in priority
order. Together with the literature review, the high-
est-ranking themes formed six sections of this report inte-
grating advances identified in the professional literature
with current knowledge gaps and pressing research needs.

Results
Our review and interviews identified recent advances on
six salient topics:

e Aerobiology
*  Detecting and measuring infectiousness

directly
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e Infectiousness of asymptomatic TB e Duration of infectiousness of M/XDR TB treated
* Infectiousness of tidal breathing with new drugs and regimens
*  Super-spreaders
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Fig 1. Airborne transmission of respiratory pathogens. Three components: 1) generation and exhalation of infectious particles,
2) airborne transit of particles to a susceptible person, and 3) inhalation, deposition of particles, infection in the new person.
(Adapted from Milton DK, 2020, Doi: 10.1093/jpids/piaa079).
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Aerobiology

In the past decade, research has advanced our understand-
ing of respiratory droplet and aerosol behavior in various
environmental conditions.’ Advanced particle imaging
techniques, including high-speed cameras and laser light
scattering, demonstrated that respiratory particles can
remain suspended for hours under certain conditions
(Fig. 2) (6, 23). The size distribution and environmental
fate of respiratory emissions have been characterized in
unprecedented detail, revealing complex interactions
between particle size, environmental conditions (tempera-
ture and relative humidity), and transmission risk.’
Particles follow complex trajectories influenced by thermal
plumes, room air currents, and human movement patterns.
These air movement patterns influence microbial decay
rates as well as the spatial distribution of particles.
Computational fluid dynamics (CFD) modeling has
enabled researchers to visualize and estimate aerosol dis-
persion patterns in detail (24, 25), revealing that traditional
assumptions about droplet settling times were oversimpli-
fied. Particles can remain airborne significantly longer than
previously thought due to dehydration, air currents, and
environmental factors. Studies utilizing state-of-the-art
bioaerosol sampling techniques and molecular detection
methods reaffirmed that IRPs containing M. tuberculosis
primarily exist in the 1-5 pm diameter range that can

remain airborne for extended periods and penetrate deep
into bronchiolar and alveolar space (23, 26). The composi-
tion of these particles — salts, pH, proteins, mucins, and
other biological materials — significantly affects survival
rates (27, 28). The knowledge gaps and urgent research
needs are to determine the extent to which advances related
to SARS-CoV-2 aerobiology apply to M. tuberculosis and
other pathogens. In addition, aerobiology results must be
correlated with actual transmission events because count-
less more respiratory particles are produced than infections
— most particles contain no microorganisms, infectious
particles settle, microbes are compromised in transit, and
some are inactivated after reaching a target. Each of these
steps and mechanisms spotlights knowledge gaps and cor-
responding research opportunities.

Detecting and measuring M. tuberculosis in the air
Infectiousness and transmission of TB are associated with
positive sputum microscopy and culture, cavitary lung
disease, as well as cough intensity and frequency (3),
reflecting tools developed over a century ago (29). They
do not measure the density of particles containing viable
pathogens suspended in ambient air (30). How we can
best measure infectiousness directly in research, clinical,
and public health contexts remains a major blank in
knowledge needed to prevent and control transmission.

Knowledge Gaps - Aerobiology

Research Priorities

* To what extent do findings from advanced imaging techniques apply
to IRP containing M. tuberculosis and other pathogens?

*  What is the effect of environmental conditions such as temperature
and relative humidity, prevailing air currents on IRP?

* How do aerobiology data regarding potentially infectious respiratory
particles relate quantitatively to the risk of transmission?

* Apply advances in particle imaging techniques to IPR contaminated
with M. tuberculosis and other pathogens.

*  Apply advances in aerovirology based on SARS-CoV-2 to
M. tuberculosis and other viral, bacterial, and fungal airborne
pathogens

* Validate modeling studies against human or experimental animal
infections, including young children.

e Extend aerosol and small droplet transmission research to include
artificial intelligence (Al)-based modeling.

Fig 2. High-speed videography captures airborne particle production. Digital transformation quantifies number, size, distribu-
tion, trajectory, and refractile characteristics. Single frames selected from 5 s videos. Left: droplets generated by speaking the
word ‘three’; right: droplets generated by sneezing. https://www.youtube.com/watch?v=DNeY{fUTA1ls.
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New tools that measure viable, emitted pathogens are
transforming our understanding of transmission. Direct
air sampling and face-mask sampling combined with
newer detection methods suggest calm tidal breathing
aerosolizes bacilli, and asymptomatic individuals trans-
mit infection. These advances uncovered gaps in under-
standing airborne transmission that apply across
pathogens and the corresponding priorities for further
research and development of sampling and detection
methods. In 2013, a Cough Aerosol Sampling System
(CASS) predicted transmission to household contacts
better than conventional sputum microscopy (31). The
more recent Respiratory Aerosol Sampling Chamber
(RASC) measures both particles and microbes in ambient
air in an otherwise clean chamber, differentiating those
produced by talking, coughing, tidal breathing, and other
respiratory maneuvers (Fig. 3) (23, 29, 32).

CASS and RASC systems are research tools, but they
could lead to the development of less expensive and less
technically demanding technologies for clinical and public
health applications. The next steps are to adapt, improve,
and develop such sensor systems into more widespread,
economical, and practical real-time utility. They must be
validated against human-to-human transmission data
including all age groups to determine how accurately they
measure real-life transmission risk.

Air sampling by portable, high-flow dry-filter units
using specialized filters is a promising technology (33).
Face-mask sampling of exhaled breath captures patho-
gens immediately as they exit the mouth and nose on spe-
cialized material embedded in the mask (Fig. 4) (34-36).
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These techniques use detection methods such as droplet
digital polymerase chain reaction (ddPCR), microfluidic
chips, or PCR that targets alternative genetic loci, show-
ing higher sensitivity and specificity than conventional
methods (33, 37-39). In one study, ddPCR detected M.
tuberculosis in 25 of 35 (71.3%) 1-hr aerosol samples from
newly diagnosed pulmonary TB patients, whereas culture
on solid media detected 15 (42.8%) (40). These investiga-
tors estimated a median of 0.9 CFU/10 liters (interquar-
tile range [IQR]: 0.7-3.0) of expired air (among the culture
positives) and a median of 4.5 X 107 CFU/ml (IQR: 2.9~
5.6) of expired particulate bioaerosol. M. tuberculosis was
detected the most at respiratory particle sizes 2.5-3.0 um,
although particles change over time as moisture evapo-
rates. Nucleic acid amplification-based methods, however,
do not distinguish fully functional from non-viable or
functionally impaired microorganisms. Vital staining and
microscopy have been explored to address this problem,
albeit with limited sensitivity and practicality, but target-
ing messenger RNA (mRNA) has been proposed because
mRNA has a half-life of minutes. Detecting intact mRNA
indicates transcription took place within a few previous
minutes in real time (41). New research on distinguishing
fully functional, potentially pathogenic bacilli from all
other bacilli is an urgent need and prime research
opportunity.

The ability to detect and quantify bioaerosols in real-
time has been advanced significantly with the develop-
ment of portable biosensors and environmental
monitoring  systems  (42) (https://www.innovaprep.
com/products/acd-200-bobcat-air-sampler; https://www.

Aerodynamic
particle size T
spectrometer ’-—

CO,
termperature
relative humidity

Laser scattering
particle size —
spectrometer

Data collection
and control

Fig. 3. Respiratory Aerosol Sampling Chamber. In the middle, a photograph of the RASC, door open. On the sides, each of the
systems and instruments attached to the chamber. 1) Aerodynamic particle sizer, 2) filter samplers, 3) Anderson impactor, 4)
mixing fan, 5) CO,, temperature, humidity, 6) PM10 impactor, 7) subject’s chair inside (Adapted from Wood 2016, Doi: 10.1371/

journal.pone.0146658).
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https://www.researchgate.net/figure/Face-mask-sampling-tool-F
FP1-mask-containing-gelatin-filter-removed-for-analysis_fig3_1
65274172

https://www.slideserve.com/elita/dry-lter-unit-dfu-overview

From: Williams 2023, doi: 10.1093/cid/ciac455 (p. 2)

Fig. 4. Face-mask sampling devices (top) and portable, high-flow, dry-filter air sampling devices.

cbrnintl.com/SASS_3100_air_sampler.html;
accessed 3/3/25). Recent innovations include the use of
bioaerosol sampling devices equipped with next-genera-
tion sequencing (NGS) technologies, allowing rapid iden-
tification of airborne pathogens in healthcare and
community settings (42, 43). Advances in biosensor tech-
nology have made it possible to continuously monitor the
concentration of airborne pathogens in indoor environ-
ments (44). These technologies are not yet ready for tar-
geted or widespread implementation. These advances in
technology create opportunities for ambitious, transfor-
mative research and engineering ranging from molecular
biology and aerobiology to clinical and public health
applications.

These new tools should be applied to the full spectrum
of TB and other airborne infections. Studies must include
the impact of specific characteristics and comorbidities —
such as early childhood, HIV co-infection, diabetes
mellitus, and other pulmonary diseases — on aerosoliza-
tion, infection, and diagnostic outcomes, including
high-HIV-prevalent regions (45-47). Research should
explore transmission dynamics in diverse real-world
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settings, such as healthcare facilities, congregate and
community settings, schools, work places, public
transportation, and other gathering places (48, 49). While
foundational principles may remain consistent, pathogens
differ, and current research in highly controlled environ-
ments may not fully capture the complexity of transmis-
sion in everyday contexts that span naturally ventilated,
mechanically ventilated, and unventilated spaces (50).

Infectiousness of asymptomatic TB
Recent studies focused attention on unidentified transmis-
sion from asymptomatic TB and its potential contribution
to global disease burden (Fig. 5). This work spotlighted
major gaps in knowledge, technology, and policy develop-
ment as well as research needed to fill those gaps (51-53).
Definitions of asymptomatic TB vary, though efforts
have been made to characterize disease states correlating
with signs, symptoms, and infectivity, providing a
framework for future research, diagnosis, and management
(53). WHO recently proposed explicit definitions for
asymptomatic TB across the spectrum from initial infec-
tion to fulminant disease (www.who.int/teams/global-
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Knowledge Gaps - Detecting and measuring M. tuberculosis in the air

Research Priorities

How much viable, infectious M. tuberculosis is present in room air
depending on the characteristics of the main determinants: source cases,
room size and configuration, ventilation, and environmental variables?

How best to detect and quantify viable, infectious M. tuberculosis directly
in room air, in research, clinical, and public health contexts!

What is the validity (internal, external) of epidemiological studies
estimating the extent of transmission due to tidal breathing, speaking,
other expiratory maneuvers with varying degrees of force and by
asymptomatic individuals with varying extent of disease, compared with
overtly symptomatic individuals, again, with varying disease characteris-
tics, calibrated against actual transmission?

To what extent do results produced by CASS and RASC systems predict
‘real world’ transmission of infection?

How can CASS and RASC technologies be developed to become less
expensive and less technically demanding technologies for clinical and
public health applications?

What is the impact of comorbidities (HIV, DM, under/over-nutrition,
other lung diseases) and individual characteristics (childhood, sex) on
M. tuberculosis transmission as well as the use of preventive treatment?

What is the relevance of nucleic acid detection and measurement
techniques to viability and transmission?

Develop direct air sampling and pathogen detection methods for
bioaerosols that can provide results rapidly or in real time in addition to
existing microbial load detection.

Replicate, refine, and extend sensor systems such as RASC so they can
be deployed in more than one site to confirm, refute, or modify the
results.

Adapt sensor systems so they become more practical and economical
for clinical and public health applications, including spatial relationships.

Optimize nucleic-acid-based rapid detection methods in terms of
sensitivity and specificity in bioaerosol detection systems.

Develop methods for rapid, direct detection of microorganisms that
distinguish viable, infectious pathogens, not only their structural DNA
but also mRNA, including automated or semi-automated combinations
of bioaerosol sampling and next generation sequencing.

Determine impact of co-morbidities and treatment on the generation of
IRP and, concurrently, on transmission of infection.

Explore M. tuberculosis transmission dynamics in diverse real-world
settings, such as healthcare facilities, congregate, and community settings

tuberculosis-programme/tb-reports/global-tuberculosis-
report-2024/featured-topics/asymptomatic-tb#refs).
Definitions used in case identification play a crucial role in
determining asymptomatic disease and in interpretation of
retrospective data. In addition, self-report of symptoms
during active screening activities has limited validity due to
broad variation, as well as confounding by stigma and pol-
luted air that causes coughing. Thus, further research on
screening or testing is needed. This is another major
research need: better characterizing infectiousness and
transmission associated with infection/disease states previ-
ously missing from global public health discourse.

Based on 28 prevalence surveys in Asia and Africa, evi-
dence suggests a median 50.4% (IQR 39.8%, 62.3%, range
36.1-79.7%) of adult TB cases are asymptomatic (54). An
individual patient data meta-analysis of 12 surveys in sim-
ilar geographies reported that an unadjusted proportion
of 39.8% (36.6, 43.0) of identified TB cases had no cough,
while 20.3% (15.5, 25.1) had no symptoms at all.
Corresponding adjusted proportions were 82.8% (78.6,
86.6) and 27.7% (21.0, 36.4) (55). These investigators
emphasized overreliance on screening for persistent
cough. Cough may be the only recorded symptom used
for case identification even though it is present in less than

1. Preclinical 2. Household/Community 3. During Treatment

A A
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| |
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Infection Onset of symptoms Diagnosis and Treatment

Transmission while asymptomatic? Role of super spreaders?

Normal respiratory activity Cough / Cavitation Early bactericidal activity
Rapid symptom reduction

Early transcriptomic effects

Adapted from: Nardell EA. Basics of Airborne Infection: What We Know and What We Don’t Know. Oral presentation.
The Union World Conference on Lung Health, Bali 2024 Nov. 12-16.

Fig. 5. When is most TB transmission occurring?
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50% of clinical cases (55, 56). Accurate determination of
true prevalence remains a priority for further research to
reinforce or refute the theory that asymptomatic disease
represents an unrecognized medical and public health
need and opportunity for prevention.

WHO 2024 Proposed Definitions of Asymptomatic
Tuberculosis (57)

» TB disease: a person with disease caused by the M. tuberculosis
complex

*  Asymptomatic TB:A person with TB disease who did not report symp-
toms suggestive of TB during screening

*  Asymptomatic TB, bacteriologically confirmed: A person with bacteri-
ologically confirmed TB who did not report symptoms suggestive
of TB during screening

*  Asymptomatic TB, bacteriologically unconfirmed: A person with bac-
teriologically unconfirmed TB did not report symptoms sugges-

tive of TB during screening

https://www.who.int/publications/i/item/9789240106932

During contact investigation, the diagnosis of asymptom-
atic TB is typically established radiographically, at least
initially. In Peru, approximately 2% of asymptomatic
close contacts were diagnosed with TB compared with
approximately 20% of symptomatic close contacts (54).
Contacts who had abnormal baseline chest radiographs
thought not to be TB had a 15-fold increased risk
of downstream diagnosis compared to contacts with
normal radiographs, suggesting missed diagnoses (58).
Radiography may reveal severe disease associated with
transmission of infection to others despite a paucity or
absence of symptoms (59). Direct evidence of asymptom-
atic TB transmission can be found in a study of Vietnamese
children, in whom comparable rates of infection were
associated with contact with asymptomatic versus clinical
TB case contacts who themselves had positive sputum
microscopy, with relative risks of 3.1 and 3.6, respectively
(60). Small pediatric studies from low TB burden
European countries also suggest a high proportion
of asymptomatic TB, ranging from 30 to 60% of
cases, with increased detection using advanced imaging
modalities (61, 62).

Mathematical modeling studies estimated an almost
two-fold relative infectiousness risk per unit time for
asymptomatic TB compared with clinically overt TB,
translating to upwards of 68% of transmission. The
assumptions on which such estimates are based, how-
ever, lead to considerable uncertainty (63). Well-designed
prospective studies with rigorous methodology to
identify patients with asymptomatic TB, COVID-19,
and other airborne infections are needed to better clarify
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Knowledge Gaps

Research Needs

What is the best way to identify
people with asymptomatic TB?
How many are missed by focusing
only on cough as the symptom
criterion for screening?

In terms of transmission of TB to
others, what are the implications
of spontaneous progression and
resolution of asymptomatic TB
disease? How can it be character-
ized and quantified? What is the
duration and intensity of infec-
tiousness according to specific
characteristics of the condition?

To what degree is TB transmitted
by asymptomatic TB cases at each
stage of disease at the individual,
community, and population levels
both in terms frequency and rela-
tive to symptomatic TB cases?

What proportion of global TB
transmission is  unrecognized
because it comes from asymptomatic
cases?! How about in specific pop-
ulations and subpopulations, for
examples: children, male,and female;
HIV + and —; drug susceptible and
resistant; those with comorbidi-
ties; underweight and overweight.

How and to what extent is it
worth focusing on transmission
from asymptomatic TB apart from
other forms of TB disease that
cause overt illness and transmits
to others?

To what extent and in what way
should TB screening and airborne
IPC policies/practices be modified
to take into account asymptom-
atic TB?

Validate WHO definitions of
asymptomatic TB to better
characterize the spectrum of
disease states and transmission
associated with infection, some
of which were previously absent
from global public health
discourse on TB.

Determine true prevalence of
asymptomatic TB to reinforce
or refute the theory that asymp-
tomatic disease represents a
massive unrecognized medical
and public health need and
opportunity for prevention.

Ascertain  frequency  and
determinants of spontaneous
resolution compared  with
progression.

Determine frequency and deter-
minants of transmission from
persons with asymptomatic TB
disease at individual, community,
and population levels, including
specific subpopulations as noted.

Investigate the impact of target-
ing asymptomatic cases on the
transmission of TB.

Determine the extent of trans-
mission from asymptomatic TB
that results in overt disease

Specify how airborne IPC guide-
lines will change to minimize
transmission from asymptom-
aticTB

Determine  pragmatic triage
options for overcrowded facili-
ties in low-resource settings

the true prevalence, transmission risk, and the possibility
for interruption at the population level (64).

Infectiousness of tidal breathing

Dinkele et al. found that tidal breathing accounted for the
release of aerosolized M. tuberculosis in up to 90% of
symptomatic patients (65). Tidal breathing for 5 min gen-
erated an average of 10*(8) particles; ~2/3 of them had
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0.5-1.0 micron diameters, small enough to remain sus-
pended and inhaled deep into the lungs. Roughly 1/10,000
contained viable M. tuberculosis, although particle count
and recovery of M. tuberculosis did not correlate. For
each 5-min sampling period, 63-64% of samples were
positive having 2-3 bacilli on average (20 maximum).
Spontaneous coughing during the period of calm tidal
breathing doubled both particle counts and bacillary
counts. Forced coughing produced 10-fold to 100-fold
more particles, but not more bacilli. Tidal breathing pro-
duced 93% of the total number of bacilli excreted, while
coughing produced between 3 and 7%. Collectively, these
findings challenge dogma that cough drives infectious-
ness. One must keep in mind, however, that a forceful,
incessant cough differs greatly from a slight dry cough.
These data need further investigation, including the role
of open cavitation, HIV infection, and early childhood. A
tiny fraction of airborne microscopic particles with cul-
turable bacilli (or detectable virions) cause infections. One
cannot draw conclusions about transmission from these
data. They quantify the crucial first step en route to the
next host. If true, these findings would up-end current
IPC practices and policies for small droplet- and aero-
sol-transmission. Confirming, modifying, or refuting
these findings with different methods in different contexts
are high priority for future research.

Apart from CASS and RASC systems, Williams
et al. detected M. tuberculosis in 86% of face-mask
samples of 24 symptomatic patients during normal
respiration using face-mask sampling for 8 hin a 24 h
period, significantly higher than 21% detected through
sputum analysis (47). Two more studies demonstrated
that viable M. tuberculosis can be aerosolized
during normal breathing, even without coughing (40,
66). Viable, however, is not synonymous with infec-
tious or even culturable. The crucial gap in knowledge
is, which of these methods best indicates (risk
of) transmission. The production of M. tuberculo-
sis-containing bioaerosols varied greatly between
individuals (32, 40, 67). Individuals with advanced
pulmonary TB, severe lung disease, or frequent
coughing were more likely to aerosolize mycobacteria
and spread infection. These findings collectively spot-
light the need for a broader understanding of respira-
tory behaviors in TB other airborne transmission,
emphasizing that normal breathing plays a crucial role.

With respect to SARS-CoV-2, Stadnytskyi et al
reviewed the biophysics of droplet and aerosol generation
in relation to breathing, coughing, sneezing, speaking,
and singing (68-71). In enclosed spaces, calm tidal breath-
ing resulted in progressive accumulation of suspended
infectious particles even though expiratory airflow was
less turbulent with smaller sheer forces and generated
lower liquid volume.
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Knowledge Gaps Research Priorities

What is the extent of excretion
of infectious particles resulting
from various respiratory
behaviors, including calm tidal
breathing under a range of
conditions and from different
types of individuals?

Confirm, refute, or modify results
reported by Dinkele et al.,
Patterson et al., and Shaikh et al.
using different methods in a
broader range of patient and
disease types and in environmen-
tal conditions.

Develop, refine, extend, and adapt
studies like those by Wood et al.
with RASC (or novel technolo-
gies) using different methods
with different types of patients
under varying conditions.

Super-spreaders

The concept of super-spreading, where a small propor-
tion of infected individuals transmit pathogens to a dis-
proportionate number of others, became popular due to
innumerable SARS-CoV-2 outbreaks (Fig. 6) (72). This
terminology was applied to TB more recently although
the principle was documented in the 1950s (73).
Molecular genetic methods enable transmission chains to
be traced with unprecedented accuracy (31), although
slowly mutating pathogens, such as M. tuberculosis, can
be difficult to trace because of low genetic diversity, espe-
cially when a dominant strain(s) prevails in the popula-
tion. Research on super-spreading is urgently needed;
existing knowledge is sparse with little empirical observa-
tional or experimental data to date (74) such that this
phenomenon is not well-understood (31, 75). Super-
spreading through discrete events (or exceptional source
cases) may be the opposite end of a spectrum from trans-
mission from calm, tidal breathing or from asymptom-
atic TB. Each of them has been proposed, with good
reason, to account for a majority of transmission; how-
ever, both cannot be true at the same time. Much remains
to be learned.

In Botswana, Smith et al. quantified TB’s effective
reproductive number and characterized the high degree of
individual heterogeneity in transmission to others (76). In
rural and urban areas, 99% of secondary transmission
was traced back to 19 and 60%, respectively, of infectious
cases. Both populations experienced large outbreaks due
to recent transmission, especially in rural areas. Such indi-
vidual-level heterogeneity in transmission shapes local
epidemiology. Extending their work to a systematic anal-
ysis, Smith et al. quantified global transmission dynamics
based on surveillance studies having whole genome
sequencing (77). Although the reproductive number was
consistently <1.0 (range 0.10-0.73), the estimated disper-
sion parameter ranged from 0.02 to 0.48, suggesting large
individual-level differences in transmission. At the popu-
lation level, 2 to 31% of index cases gave rise to 80% of TB
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Fig. 6. SARS-CoV-2 transmission networks in Hong Kong. (a) ‘Bar and band’ cluster with no known source (n = 106);
(b) Wedding cluster without clear transmission pairs linked to a preceding gathering (n = 22); (c) Temple cluster of undetermined

source (n = 19); (d) All other clusters where source and transmission could be determined.

transmission. Identifying and accounting for the causes
of this heterogeneity presents a research opportunity with
substantial potential impact on prevention and control
measures.

In Australia, a study with 4,190 active cases and 18,030
contacts from 2005 to 2015, ‘the dispersion parameter...
for secondary infections’, estimated at 0.16 (95% confi-
dence interval [CI]: 0.14-0.17), and there were 414 (9.9%)
super-spreading events. Of the 3,213 secondary infec-
tions, 2,415 (75.2%) were due to these super-spreading
events (3). Transmission leading to active TB disease had
an even higher level of heterogeneity (k = 0.036 [95% CI:
0.025-0.046]). Thus, super-spreading events produced a
majority of secondary infections.

Super-spreaders tend to have delayed diagnosis, high
bacterial or viral loads, cavitary disease (in TB patients)
on chest radiographs, frequent and forceful coughing,
and increased social interactions, especially close or
prolonged proximity with many individuals (59, 69).
Enclosed, poorly ventilated environments contribute to
super-spreading events. Other than these obvious risk
factors, the root causes of super-spreading and transmis-
sion heterogeneity remain obscure and must be better
understood to curtail transmission. These are important
gaps in knowledge where research is needed to prevent
and control transmission of airborne pathogens.

Compared with TB, COVID-19 super-spreading events
have distinct characteristics, primarily due to the different
transmission dynamics and epidemiology of SARS-
CoV-2. At the same time, contributing environmental fac-
tors may be similar — enclosure, congregation, crowding,
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and ventilation. A 2024 systematic review and meta-anal-
ysis determined that 3% of COVID-19 index cases infected
>5 secondary cases. Super-spreaders were significantly
more often symptomatic, middle-aged (49-64 years), or
had >100 contacts (78). A comprehensive meta-analysis
revealed that approximately 20% of SARS-CoV-2-infected
individuals were responsible for 80% of secondary trans-
missions (69, 79). The super-spreading pattern in COVID-
19 has been associated with social congregation,
environmental factors, and viral shedding patterns;
super-spreading events were more likely in poorly venti-
lated indoor spaces (k = 0.1 [95% CI: 0.05-0.2]) (80). How
much of this heterogeneity is pathophysiological or micro-
biological and how much is simply due to the number of
contacts remains unclear. Understanding the mechanistic
differences between TB and COVID-19 super-spreading
has important implications for disease control strategies
as they may require different interventions facilitated by
early identification of super-spreaders.

Knowledge Gaps Research Priorities

What are the determinants of
super-spreading in terms of the
source of infection, those
infected, those exposed but not
infected, and the environment in
which transmission takes place?

Gather empirical observational
data and experimental data on
super-spreading.

Identify and account for the
causes of individual heterogeneity
presents an exceptional research
opportunity that may substan-
tially improve prevention and
control measures.
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Duration of infectiousness M/XDR TB treated with new drugs &
regimens

Studies estimated the loss of transmissibility for drug-sus-
ceptible TB to vary from 48 h up to 6-7 weeks after treat-
ment initiation, depending in part on how infectiousness
was measured (4, 81, 82). Microbiological tests such as
conversion to negative of serial sputum microscopy and
culture are not consistently reliable markers of ongoing
infectiousness while on anti-TB treatment (83). Moreover,
M. tuberculosis can persist in sputum for months after
treatment initiation in a viable but non-culturable state,
further complicating the utility of these tests for infec-
tiousness. Nevertheless, many countries and clinicians
continue to implement a 14-day isolation period after
treatment initiation before deeming an individual ‘non-in-
fectious’ (83).

In contrast, the infectious period of M/XDR TB
patients after the initiation of new, shorter, all-oral treat-
ment regimens has not yet been well documented. Better
data are needed.

Optimal treatment of M/XDR-TB depends on drug
susceptibility testing, which takes time. Patients may be
started on ineffective regimens initially, prolonging their
infectiousness. In general, compared with drug-suscepti-
ble TB, MDR-TB is equally or more infectious (9). With
the newest, all-oral 6-month regimens for M/XDR-TB,
how long patients should be separated from other people
is unknown. As with drug-susceptible TB, conversion to
negative of serial sputum microscopy or cultures is incon-
sistent as a marker of infectiousness (83). Studies show a
higher degree of variability in transmission rates of
MDR-TB (84-88). Now that the overall duration of treat-
ment is the same, one may ask whether the duration of
transmission risk and isolation period should be the same.

The only direct measurements of the duration of
MDR-TB’s infectivity come from a specialized Airborne
Infections Research Facility in Mpumalanga Province,
South Africa, where air from patient rooms is ducted
through guinea pig cages in a highly controlled manner
(Fig. 7) (89). Dharmadhikari et al. analyzed data from
five separate human-to-guinea pig studies of MDR-TB
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transmission for participants starting treatment (90).
Participants received levofloxacin, kanamycin, ethion-
amide, and ethambutol or prothionamide, which is less
effective than newer treatment regimens. Transmission
abated within 24 to 72 h (90). In these studies, the trans-
mission of MDR-TB was attenuated at rates comparable
to drug-susceptible TB upon initiation of effective anti-TB
treatment (91). Despite the limitations, this study sup-
ported implementation of community-based ambulatory
treatment of MDR-TB (92).

More recently, two novel regimens were studied at this
facility. Patients in the first cohort were treated with an
optimized regimen, including bedaquiline and linezolid.
In the second cohort, they were treated with the BPaL
regimen, bedaquiline, linezolid (1,200 mg), and preto-
manid (93). The investigators measured baseline infec-
tiousness by exhausting ward air to one of two guinea pig
exposure rooms, each containing 90 GPs. After 72 h of
treatment, ward air was exhausted to the second guinea
pig exposure room. Guinea pigs were exposed for 8
patient-days for each group. In the first cohort, before
starting treatment, five DR-TB patients infected 24/90
(26.7%) animals, while after 72 h treatment, the same
patients infected 25/90 (27.8%). In the second cohort, nine
DR-TB patients infected 40/90 (44.4%) animals before
treatment. After 72 h of BPaL, the same patients infected
0/90 (0%) guinea pigs (P < 0.0001). Therefore, transmis-
sion was rapidly and completely inhibited in patients
treated with BPaL for 72 h, suggesting the combination
with pretomanid had a profound impact in contrast with
the ‘optimized’ regimen that also included bedaquiline
and linezolid (94).

Although this is the first and, to date, the only study to
measure infectiousness directly after starting treatment
with newer, all-oral regimens, two conventional study
designs provide data on the speed with which culturable
bacilli decrease then disappears from serial sputum spec-
imens. Early bactericidal activity studies measure the
daily decrease in culturable bacilli in sputum over the
first 2 days to 2 weeks of an experimental treatment (95).
In time-to-conversion studies, sputum samples are
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Fig. 7. Airborne Infection Research Facility, Witbank, South Africa. Left: Exterior view; Center: Floor plan of research ward
and animal rooms; Right: Guinea pig chambers with air ducts for controlled air supply. Photos courtesy of Grigory Volchenkov.
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cultured weekly or monthly to determine how long until
those cultures become consistently negative (77). This
study design estimates the duration of infectiousness
based on culture and quantifies the decrease from
pre-treatment levels.

Two new drugs, bedaquiline and pretomanid, and two
repurposed drugs, linezolid and fluoroquinolones, are
cornerstones of the modern M/XDR-TB treatment (96).
In early bactericidal activity (EBA) studies, the mean
(% standard error of the mean [SEM] daily drop in CFU/
ml with bedaquiline by itself (—0.06 £ 0.07) was least,
while pretomanid (200 mg) by itself was nearly twice as
high -0.11 % 0.07, similar to combinations of
bedaquiline-pyrazinamide (-=0.13 * 0.10) and
bedaquiline-pretomanid (—0.11 £ 0.05). The 3-drug com-
bination of  pretomanid-moxifloxacin-pyrazinamide
(—0.23 + 0.13) was twice again as effective and faster than
standard 4-drug treatment for drug-susceptible TB, —0.18
+ 0.04 (97, 98). This does not mean that M/XDR-TB
treated with 6-month, all-oral regimens (e.g. ‘BPaL’ and
‘BPaLLM’) becomes non-infectious as fast as drug-suscep-
tible TB because (declining) CFU/ml of viable bacilli has
not been confirmed to predict transmission. Growth on
artificial media inoculated with processed bacilli from
macroscopic sputum specimens is not the same as estab-
lishing a new infection in a new host after IRP transit.
Treatment may induce functional changes in bacilli, which
reduce their ability to establish a new infection before kill-
ing them entirely (99). Further research is needed to cor-
relate the pace of decrease with specific measures of
infectiousness. Time-to-sputum culture conversion is a
surrogate for the effectiveness of treatment, predicting
cure versus treatment failure and indicating the possibility
of an individual’s infectiousness. A recent meta-analysis
of nine MDR-TB treatment studies throughout Eastern
Africa found a median sputum culture conversion time to
be 61.2 days, consistent with similar studies in Peru (59
days), South Korea (56 days), Dominican Republic (60
days), Latvia (60 days), and Georgia (68 day) (100). In
2024, TB-PRACTECAL showed that BPaLM for MDR-
TB-converted sputum cultures to negative in 88% of sub-
jects after 3 months of consistent therapy, similar to prior
regimens (101).

The limitations of these data as indirect indicators of
human-to-human transmission ultimately lead to vari-
ability and imprecision in infection prevention and con-
trol policies. Future research should focus on identifying
the rates of and risk factors for the transmission of
MDR-TB, following initiation of anti-TB treatment cou-
pled with studies of preventing transmission.

Summary and conclusions
Despite advances in transmission science related to respi-
ratory infections after 5 years of SARS-CoV-2 research
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Knowledge Gaps

Research Priorities

What is the duration of
infectiousness and transmission
risk from M/XDR TB patients
after initiating new, 6~9 months,
all-oral treatment regimens is
unknown?

What should be the optimal
duration of physical isolation or
separation?

What is the impact of newer,
more effective drugs on viability
during aerosol or micro-droplet
airborne transit and on their
capacity to replicate in the next
host’s lungs?

Calibrate guinea pig data on
infectiousness and transmission
of infection to experimental
animals against human infections.

Conduct prospective studies
quantifying the duration of
transmission risk with human
infections as the dependent
variable.

Identify rates of and risk factors
for the transmission of
drug-resistant TB following
initiation of anti-TB treatment
coupled with studies of
preventing transmission.

(as well as ongoing research on TB and other airborne
infections), highly visible blanks remain in knowledge
needed to understand transmission of airborne patho-
gens in a manner that will enable targeted, intelligent,
and practical efforts to reduce it. To overcome such
blanks, we interviewed a dozen experts and searched
recent literatures. Identifying salient topics that rose to
the top, we reviewed the latest data here on transmission
science per se. Knowledge gaps and research recommen-
dations are summarized in bulleted format in the text
boxes. The aerobiology and transmission of different
viral, bacterial, and fungal pathogens differ from each
other. One cannot extrapolate from one pathogen to
another without comparative evidence. This principle
multiplies the gaps and research needs several-fold.
Therefore, our review was limited by the limits of com-
parative research on different pathogens and on different
age groups. Furthermore, space did not allow us to
include our literature reviews of prevention and control
measures, clinical considerations, or behavioral and
implementation sciences. In addition to the present
review, several reports from a 2017 symposium on
Research Needs for Halting Tuberculosis Transmission, as
well as first-rate, recent systematic reviews and meta-anal-
yses all lamented the quality of published research, limit-
ing what can be learned from the effort and resources
represented by those studies (7-17). The overriding need
is for high-quality studies addressing well-informed
research questions with methodologically strong study
designs, adequate sample sizes, quality data collection
systems, and modern multivariable analytic methods.
Specific themes are listed below. Acting upon the identi-
fied research priorities will provide national and interna-
tional entities with evidence-based recommendations
that will be incorporated into guidelines, standards, and
regulation as we work to end TB globally.
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Priority research themes

*  Defining and measuring infectiousness and transmis-
sion in ways that are more precise, more informative,
and practical can be seen as a ‘square one’ in terms of
knowledge gaps and research priorities.

*  The aerobiology of diverse pathogens presents exten-
sive research opportunities.

*  Novel sampling and detection methods for monitor-
ing and surveillance, including in real time, are poised
for transformative development from research, engi-
neering, clinical, and public health applications.

*  Face-masking sampling needs to be thoroughly char-
acterized in terms of its validity, reproducibility,
practical applications, and calibration against human
infections.

*  The same can be said for air sampling methods such
as high-flow filters, spore traps, and RASC-like sys-
tems with real-world applications outside of
laboratories.

*  The extent to which bacteria and viruses are expelled
by tidal breathing, talking, singing, shouting, laugh-
ing, coughing, and other respiratory maneuvers must
be better quantified including understanding the
variability in emitting these pathogens across the
spectrum of disease states — including asymptomatic
— and real-world conditions.

*  Real-world data are urgently need to evaluate epidemi-
ological models that extrapolate from highly controlled
conditions to suggest tidal breathing, and asymptom-
atic individuals may account for a large proportion of
transmitted infection (51, 65, 67).

* The duration of infectiousness of persons with
drug-resistant-TB treated with modern 6-month, all-
oral regimens needs further evidence.

*  Similarly, the impact of comorbidities and associated
conditions, including HIV infection, and the effects
of young age, sex, and disease characteristics should
be explored to better plan and implement infection
prevention and control measures.

*  Children have been excluded from previous research
and must be included in the future.

*  The role of super-spreaders in outbreaks, epidemics,
and local and global epidemiology begs to be
elucidated.

* In general, quantifying and understanding transmis-
sion dynamics in diverse real-world settings and
calibration of research results from controlled envi-
ronments against human infections in these settings
is an urgent priority.

Once addressed, such advances could transform preven-
tion and control measures for airborne infectious disease,
accelerating the decline in morbidity and mortality and
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preparing humankind for the next, inevitable pandemic.
In our companion, co-published article, we focus on
advances in airborne infection prevention and control
measures that delineate a new set of knowledge gaps and
research priorities.
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