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Tuberculosis (TB) transmission control in institutions is evolving with increased awareness of
the rapid impact of treatment on transmission, the importance of the unsuspected, untreated
case of transmission, and the advent of rapid molecular diagnostics. With active case finding
based on cough surveillance and rapid drug susceptibility testing, in theory, it is possible to
be reasonably sure that no patient enters a facility with undiagnosed TB or drug resistance.
Droplet nuclei transmission of TB is reviewed with an emphasis on risk factors relevant to
control. Among environmental controls, natural ventilation and upper-room ultraviolet ger-
micidal ultraviolet air disinfection are the most cost-effective choices, although high-volume
mechanical ventilation can also be used. Room air cleaners are generally not recommended.
Maintenance is required for all engineering solutions. Finally, personal protection with fit-
tested respirators is used in many situations where administrative and engineering methods
cannot assure protection.

HOW TUBERCULOSIS IS TRANSMITTED

Uncontrolled transmission is fueling the
global tuberculosis (TB) epidemic (Bacaër

et al. 2008). Although some transmission prob-
ably occurs out of doors, it is believed to be less
likely primarily because of infinite dilution of
infectious droplet nuclei in air. Transmission
occurs more efficiently indoors where dilu-
tion is limited and occupants are concentrated.
All indoor environments are potential sites
of transmission, most importantly, homes and
congregate settings such as hospitals, clinics,
refugee camps, factories, homeless shelters, pri-
sons, and many more, including most modes of
transportation (Middelkoop et al. 2008; John-
stone-Robertson 2011a,b). Tuberculosis is al-

most exclusively airborne because initially it is
usually an infection of the alveolar macrophage
(Ordway et al. 2006; Orme 2014). To reach mac-
rophages in the far reaches of the lung, inhaled
particles in the 1 to 5 mm range are required—
small enough to remain suspended indefinitely
and to follow room air currents. Droplet nuclei
are the dehydrated residua of larger respiratory
droplets generated by patients with pulmonary
or laryngeal TB who are coughing or otherwise
generating aerosol (Riley 1974). These dried re-
spirable particles are small enough to accom-
modate one or at most a few tubercle organisms
(Riley 1957). Infectious aerosols are also gen-
erated in TB laboratories when concentrated
specimens are processed, and occasionally by
other means, such as the irrigation of wounds,

Editors: Stefan H.E. Kaufmann, Eric J. Rubin, and Alimuddin Zumla

Additional Perspectives on Tuberculosis available at www.perspectivesinmedicine.org

Copyright # 2016 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a018192

Cite this article as Cold Spring Harb Perspect Med 2016;6:a018192

1

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg

mailto:ean@hsph.harvard.edu
mailto:ean@hsph.harvard.edu
mailto:ean@hsph.harvard.edu
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org


at autopsies, and in surgery (Hutton et al.
1990). It is believed that once impacted onto
surfaces, microorganisms in droplet nuclei are
extremely difficult to re-aerosolize again as re-
spirable particles (Ko et al. 1998). Dust gener-
ated by sweeping or shaking bedclothes, for
example, may contain viable Mycobacterium tu-
berculosis (Mtb) organisms, but predominantly
attached to relatively large, nonrespirable parti-
cles, impacting on the relatively resistant upper
airways if inhaled rather than the lower respira-
tory tract. In a comprehensive investigation of
shipboard transmission on a United States Navy
vessel, no evidence was found of person-to-per-
son spread by direct contact with respiratory
droplets as occurs in influenza, for example,
nor was there evidence of transmission through
dust or fomites (Houk et al. 1968). Shared air
fully accounted for the patterns of transmission
seen.

Normally intracellular pathogens, Mtb ba-
cilli are believed to die off during airborne
transport, but at an uncertain rate, with mea-
sured half-lives in air ranging from 20 min to
6 h according to two different artificial aerosol
experiments under optimal conditions of light,
humidity, and temperature (Loudon et al. 1969a;
Lever et al. 2000). The exact length of survival of
viable and infectious naturally aerosolized or-
ganisms in air is unknown, and likely varies
with ambient conditions, but it is clearly long
enough for propagation of the infection under
a variety of conditions around the world. On
the other hand, in almost all cases, transmis-
sion is believed to require the simultaneous
presence of both source cases and exposed per-
sons, suggesting that risk decreases rapidly once
the source case leaves. Dilution in room air and
ventilation account for much of the rapid re-
duction in concentration, but die-off is anoth-
er less well-defined factor. Barer has recently
shown that a portion of tubercle bacilli recov-
ered from human airways assume a spore-like
phenotype by turning off unnecessary metabol-
ic processes and storing fat (Garton et al. 2008).
These “fat and lazy” organisms, he suggests,
may be adapting to airborne transport, increas-
ing their resistance to environmental stresses,
and possibly adapted to ingestion and reversion

to a replicating phenotype once inside the mac-
rophage.

Airborne Mycobacterium tuberculosis

Once airborne, dilution, removal, or disinfec-
tion of indoor air are the main ways that the
risk of airborne tubercle bacilli is reduced in-
doors (Nardell 1993b). It is not possible to cul-
ture naturally generated Mtb organisms from
room air by air sampling because of low con-
centrations and overgrowth of more rapidly
growing environmental bacteria and fungi. Al-
though molecular methods have detected Mtb
nucleic acid, advanced methods are required to
estimate viability, and no molecular methods
are able to determine infectivity, which requires
a vulnerable host (Nardell 1999). However,
good estimates of the concentration of infec-
tious doses, what Wells called “infectious quan-
ta,” have been made epidemiologically in a few
outbreak situations in which it was assumed
that each infected person represented one in-
fectious dose or quanta (Catanzaro 1982; Nar-
dell et al. 1991). It has also been measured
experimentally using large numbers of guinea
pigs as quantitative air samplers (Riley et al.
1962). Guinea pigs are exquisitely susceptible
to human Mtb and respond to tuberculin skin
testing in a similar way (Smith et al. 1970).
There is evidence to suggest that a single deeply
inhaled infectious droplet nucleus can infect a
guinea pig—and probably a vulnerable human
as well (Riley 1957). During a 4-yr period, for
example, Riley estimated an average concentra-
tion of infectious quanta of 1 in 11,000 cf
(311 m3) and also calculated that this extreme-
ly low average concentration was sufficient to
explain the rates of transmission to student
nurses in hospitals during the prechemother-
apy era (Riley 1957; Riley et al. 1962). This
same approach, using guinea pigs to quantify
infectious quanta, has been used to measure
the impact of such interventions as ultraviolet
air disinfection, electrostatic precipitators, sur-
gical masks on patients, and, most importantly,
effective treatment as discussed below (Es-
combe et al. 2009; Dharmadhikari et al. 2012,
2014).
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Dose and Risk of Infection

Assuming complete susceptibility of exposed
persons, the risk of acquiring a TB infection
depends entirely on the chance of inhaling an
infectious dose or quanta, and its progression to
an established infection. As noted, for the guin-
ea pig, the infectious dose has been estimated
experimentally to be just one colony forming
unit, that is, one quanta equals one droplet nu-
cleus (Wells 1955). For humans with highly var-
iable resistance, the exact infectious dose likely
varies with microbial strain virulence and from
person to person depending on host defenses,
including general immunocompetence, innate
immunity, adaptive immunity attributable to
Bacillus Calmette–Guérin (BCG) immuniza-
tion and prior exposure to Mtb, leprosy, and
related environmental mycobacteria. Contrary
to common teaching, not all established TB in-
fections persist (Nardell and Wallis 2006; Dhar-
madhikari et al. 2011). Because respirable par-
ticles cannot carry large numbers of organisms
and are generally quite dilute in room air, the
concept of dose is different from, for example,
the dose of ingested food or waterborne organ-
isms (Smith and Wiengeshaus 1989). Radio-
graphs of children with primary TB indicate a
random, mostly lower lung distribution of sin-
gle foci of infection, not multiple foci—consis-
tent with single implantations by chance caused
by low average concentrations, as reported by
Riley. It also seems likely that not every deeply
inhaled droplet nucleus or “hit” containing TB
organisms results in infection, or persistent
infection (Nardell and Wallis 2006). This was
the rationale for Wells’ term “quanta” because
the necessary number of inhaled droplet nuclei
or hits necessary for one to result in a single
infectious focus is not known (Wells 1955). Or-
ganisms can be nonviable, viable but not fully
virulent, or by chance, encounter a particular-
ly nonpermissive macrophage that halts pro-
gression. In natural human to guinea pig exper-
iments similar to Riley’s, we have described a
range of outcomes following exposure, includ-
ing transient tuberculin skin test responses that
later revert without progression to disease, even
following immunosuppression, and sometimes

followed by a second or third tuberculin skin
test response, suggesting reinfection (Dharma-
dhikari et al. 2011). Both humans and guinea
pigs can show transient, self-limited immuno-
logical evidence of infection following expo-
sure without progression and, ultimately, re-
version of both immunological markers and
risk (Friedman et al. 2006; Nardell and Wallis
2006). How often TB infections are transient is
not known. Vaccination with BCG, the avirulent
strain of Mycobacterium bovis, is the best-docu-
mented example of transient infection with re-
version of tuberculin skin test over time in
many, if not most, cases. Finally, with or with-
out tuberculin reversion, exogenous reinfection
commonly occurs with repeated exposure and
has been postulated to be an essential pathogen-
ic pathway to cavitary disease under endemic
conditions (Smith and Wiengeshaus 1989).

Grzybowski et al. (1975) in British Colom-
bia showed that children household contacts
were more likely to get infected if the source
case was both smear- and culture-positive rath-
er than culture-positive only. Importantly, he
also showed that contacts of smear-positive
cases were more likely to progress to clinical
disease given infection. This suggests a dose ef-
fect on progression from infection to disease. As
noted above, this cannot be explained by larger
numbers of organisms in individual droplet nu-
clei, but perhaps by multiple hits over time be-
ing more likely to overcome innate or adaptive
immunity or impact in a vulnerable area of the
lung. This is also consistent with many nonpro-
gressive hits, or transient infections, before at
least one that does progress (Smith and Wien-
geshaus 1989).

Under steady-state conditions (however un-
likely under real world conditions), the risk of
infection (C) is a function of several factors: (1)
the number of infectious persons (I) and source
strength (q)—number of infectious quanta gen-
erated per hour or day; (2) the number of sus-
ceptible people breathing the same air (S); (3)
the breathing rate of exposed persons (p); (4)
the exposure time (t); and (5) the ventilation
rate of the room or rooms where exposure oc-
curs (Q). The relationship of these factors is
captured by a mass balance relationship known
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as the Wells–Riley equation, adapted from
an epidemiological model by Edward Riley,
Richard’s brother, an engineer, to explain mea-
sles transmission in a school (Riley et al. 1978):

C ¼ Sð1� e�Iqpt=QÞ:

More recently, Rudnick and Milton (2003)
have argued that human-generated indoor CO2

levels are a good surrogate of rebreathed air ex-
posure, representing a more dynamic model of
infection, accommodating the ever-changing
non-steady-state conditions of real exposures.

Source Factors

There have been several outbreaks in which
many of the essential transmission factors in the
Wells–Riley equation were known or were esti-
mated. In an office building TB exposure, in
which building ventilation rates were known,
one infectious source infected 27 of 67 suscep-
tible occupants (40%) over a 1 mo period, and
the calculated q was 13 quanta per hour. Other
exposures have shown q values as high as 250
quanta per hour compared with Riley’s ward
average figure of 1.25 quanta per hour (Riley
et al. 1962; Catanzaro 1982; Nardell et al. 1991).
This leads to one of the clearest facts about TB
transmission—that patients vary greatly in in-
fectiousness. It has been estimated that only one
in three TB patients infects any close contacts
(Fennelly et al. 2004; Fennelly 2007). Further-
more, it appears that a minority of infectious
cases, so called “disseminators,” accounts for
much of observed transmission. This is true of
other respiratory infections as well (Sultan et al.
1960).

Variability in infectiousness is believed to
relate to the source patient, the strain, the host,
and environmental factors, but they are diffi-
cult to separate. The same source patient and
strain will infect more contacts in a crowded,
poorly ventilated environment with highly sus-
ceptible hosts. Frequency of cough, viscosity of
respiratory secretions, presence of lung cavities
or laryngeal disease, and duration of exposure
are important variables (Loudon and Spohn
1969). Among potential interventions to reduce

transmission, however, nothing is as rapidly and
completely effective than treatment with the ap-
propriate drug regimen, as will be discussed be-
low (Rouillon et al. 1976).

ADMINISTRATIVE APPROACHES TO TB
TRANSMISSION CONTROL

Known or Suspected versus
Unsuspected Cases

Most interventions to prevent transmission fo-
cus on the known or suspected case, often on
effective treatment, but there is ample evidence
that unsuspected, untreated cases account for
much more transmission (Jensen et al. 2005).
Under high-burden conditions, TB is common-
ly missed in persons presenting with unrelated
conditions (Willingham et al. 2001; Bates et al.
2012, 2013). Under low-burden conditions, the
diagnosis is less likely to be considered even
with classical symptoms. Studies in Peru and
Africa have shown the prevalence of unsuspect-
ed TB in general medical settings, including
smear-positive, drug-resistant cases (Willing-
ham et al. 2001; Bates et al. 2012).

Interventions to Reduce Transmission

Breathing shared air is required for transmis-
sion, and separation or isolation of suspected
infectious source is usually the first and most
immediately effective administrative and envi-
ronmental approach. However, much house-
hold transmission is likely to have occurred be-
fore symptoms lead patients to a diagnosis and
treatment, at which point transmission nor-
mally stops abruptly, as discussed below. Con-
tact tracing and active case finding in the com-
munity can find cases earlier but the latter,
unless targeted to high-incidence populations,
may not be cost-effective (Gilpin and Ham-
mond 1987; Puisis et al. 1996; Zachariah et al.
2003; Gounder et al. 2011; Hoek et al. 2011;
Lorent et al. 2014). Active case finding leading
to rapid diagnosis and effective treatment may
be highly effective in some congregate settings
in identifying otherwise unsuspected cases, but
it requires resources and a highly organized in-
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frastructure and, ideally, the on-site availability
of rapid molecular diagnostics tests. In theory, if
all entrants to a general medical ward are
screened for unexplained chronic cough, and
all otherwise unsuspected pulmonary cases di-
agnosed and effectively treated, there would be
few, if any, sources of transmission. Because of
the power of drug susceptibility test (DST)-
directed treatment to stop transmission, it will
be discussed first, followed by environmental
interventions and respiratory protection, which
play secondary roles—unless administrative
control is incompletely successful.

Impact of Treatment on Transmission

That effective treatment rapidly stops transmis-
sion was suspected soon after chemotherapy
was introduced (Crofton 1962). Confidence that
patients on effective treatment become quickly
noninfectious was the basis for shifting to
completely ambulatory treatment. In a review
article on the impact of treatment on transmis-
sion among household contacts, Roullion and
colleagues concluded that infectiousness ended
well before sputum smear or culture conver-
sion, “probably in less than two weeks” (Rouil-
lon et al. 1976). Although the “two-week rule”
has guided practice before the resurgence of
drug-resistant TB, there is more direct evidence
of an even faster impact of effective treatment
on transmission. In his initial 2-yr human to
guinea pig study in the late 1950s, Riley et al.
(1995) found that transmission occurred pri-
marily (21 of 22 infections) from chronic pa-
tients, on treatment, but resistant to one or
more of the three available antibiotics at the
time. In the second 2-yr study, treatment was
delayed for one group of patients, but it started
immediately on admission for another group.
Among patients with drug-susceptible TB,
there was an almost immediate 98% reduction
in transmission in the treated group, adjusting
for time on the ward (Riley et al. 1962). There-
fore, the effect of chemotherapy on transmis-
sion appears to have been rapid, well before
the 2-wk estimate based on epidemiological
studies. For drug-resistant cases, the few re-
maining drugs also seemed to be promptly ef-

fective, but the numbers of such cases were too
few, Riley felt, to be sure.

Using a similar human to guinea pig model
in South Africa, preliminary observations sug-
gest that even multidrug-resistant (MDR) TB
appears to respond quickly to appropriate
treatment (Dharmadhikari et al. 2014). Consid-
ering the three drugs available in Riley’s studies,
isoniazid (INH), streptomycin, and para-ami-
nosalicylic acid (PAS), INH was most likely re-
sponsible owing to its early bactericidal activity.
For MDR-TB, in which both INH and rifamycin
are ineffective, we speculate that fluoroquino-
lones may be responsible for the rapid effect of
treatment on transmission. Loudon speculated
that it could be the high residual concentration
of drug in droplet nuclei as they evaporate that
accounts for the rapid effect on transmission,
but he was unable to produce confirmatory ev-
idence (Loudon et al. 1969b). The observed dis-
cordance on transmission by patients on effec-
tive treatment, with positive sputum smears and
culture, in both household contact and guinea
pig transmission studies, may reflect aerosoliza-
tion stress and high local drug concentrations,
but this discordance could also represent imme-
diate stress effects of certain drugs on specific
Mtb metabolic functions that are necessary for
successful implantation in an immunocom-
petant host but not for growth of sputum sam-
ples in supportive culture media. Further basic
research on the rapid effects of treatment is war-
ranted.

FAST: An Intensified, Refocused
Approach to TB Transmission

The advent and wide use of new rapid molecu-
lar diagnostics together with a renewed appre-
ciation of the rapid impact of treatment on
transmission has led us to a reformulated ap-
proach to TB infection control that we call
FAST: find cases actively, separate safely, and
treat effectively based on rapid DST (Nardell
and Dharmadhikari 2010).

To reiterate, the FAST approach is based on
four underlying principles: (1) That TB is
spread in institutions predominantly by cough-
ing patients with unsuspected TB or unsuspect-

Infection Control of Tuberculosis

Cite this article as Cold Spring Harb Perspect Med 2016;6:a018192 5

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



ed drug resistance; (2) that most potentially in-
fectious patients can be identified by cough sur-
veillance; (3) that coughing TB patients most
likely to be infectious can be diagnosed by rapid
molecular sputum tests, including drug resis-
tance (GeneXpertw MTB/RIF); and (4) that
by dramatically reducing institutional exposure
duration through effective treatment, transmis-
sion among patients and to health-care workers
will be reduced proportionately (Boehme et al.
2010). Although these are solid principles, like
most transmission control interventions, their
efficacy in preventing transmission has yet to be
proven, and there are many practical barriers to
implementation.

In many high-burden settings, health-care
workers are already overstretched. Who will do
cough surveillance? Who will assure that spu-
tum is promptly collected, delivered to the lab,
results obtained, and effective treatment started?
If these activities are as critical in stopping trans-
mission as we contend, they cannot be assigned
to volunteers or simply added to already full
workloads. Where, then, are the sustainable
funding sources for the additional human re-
sources, GeneXpert MTB/RIF machines, and
laboratory supplies? If the benefits in terms of
secondary cases averted were obvious, the costs
of prevention through rapid diagnosis and ef-
fective treatment might be easily justified, but
they rarely are clear. On the other hand, diagnos-
ing and treating active TB is a fundamental pub-
lic health and personal health imperative—it
must be performed sooner or later. The argu-
ment here is that the public health and per-
sonal health benefits of diagnosing and treating
sooner through active surveillance, rapid diag-
nostic testing, and effective treatment will far
outweigh the added costs, especially for MDR
TB in which the costs, both human and finan-
cial, are staggering foreach additional case trans-
mitted (Fitzpatrick and Floyd 2012). Demon-
strations of reduced transmission in clinical
settings and formal cost–benefit analyses are
needed.

Unlike hand washing to prevent droplet-
spread infection, effective FAST implementa-
tion is fundamentally not an educational cam-
paign for employees, although understanding

its rationale is important for achieving its am-
bitious goals. FAST implementation requires an
institutional investment in resources and spe-
cific personnel to introduce new policies and
procedures (and streamline old ones) to achieve
the goal of reduced exposure time. Although it
has proven difficult to measure the impact of
any TB infection control interventions in terms
of reduced transmission, the process indicators
entailed (time from admission to cough detec-
tion, time from cough detection to sputum sub-
mission, Xpert turnaround time, and time from
admission to effective therapy) are measureable
and logically closely tied to exposure duration.
Performance goals for these process indicators
should be set, and achieving those measurable
goals should be considered by funding agencies
as primary proof of impact. Improvements and
slippage in performance process indicators can
be tracked over time.

AMBULATORY VERSUS INPATIENT TB
TREATMENT

The site of treatment, hospital versus clinic or
home, has transmission control implications.
As mentioned, when numerous household con-
tact studies in the 1960s and 1970s suggested
little additional risk of transmission in the
home, ambulatory treatment became the norm
around the world for uncomplicated, drug sus-
ceptible cases (Andrews et al. 1960). Many pro-
grams also treat MDR TB in the community
or in clinics, but other programs continue to
treat in hospital, at least for the period while
daily injections are given. Community-based
programs have been shown to have outcomes
as good as or better than hospital-based pro-
grams, and the cost is much less in the commu-
nity, and it is usually easier on patients and fam-
ilies (Fitzpatrick and Floyd 2012). Again, our
human to guinea pig transmission studies sug-
gest that MDR treatment is also rapidly effective
in preventing transmission, so the risk in the
community or hospital should not be an issue,
although more vulnerable patients are concen-
trated in hospitals. Community-based MDR
programs do require a developed community
infrastructure. Experienced groups have pub-
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lished guidelines for community-based MDR
programs (Mitnick et al. 2003).

ENVIRONMENTAL APPROACHES TO TB
TRANSMISSION CONTROL

In the traditional industrial hygiene hierarchi-
cal approach to safety in the workplace, environ-
mental controls come into play when adminis-
trative source controls cannot provide adequate
protection, and respiratory protection is used
when both administrative and environmental
controls are inadequate. Common TB infection
control practice has been to use all three ap-
proaches, implicitly indicating that none are ful-
ly effective (Jensen et al. 2005).

Crowding, Building Design, and Usage

Environmental control begins with the build-
ing. Occupancy rate (crowding) and building
use are fundamental factors in TB transmission
and control. Consider a hypothetical large room
with 100 occupants with a 2% risk of TB. Sim-
plistically, there would be two active cases and
98 other occupants exposed to them. Divide
those same 100 occupants into 10 rooms of 10
occupants each and suddenly only two rooms
(and possibly one) have a TB case and only eight
to 18 others are exposed, an 82%–92% risk
reduction simply by dividing up occupants
into smaller clusters. Although hypothetical,
the principle is broadly applicable, for example,
to the design and use of hospital or clinic wait-
ing rooms.

Space does not allow an exhaustive discus-
sion of hospital design and engineering for air-
borne infection control. Courses are available
for architects, engineers, and administrators to
learn the principles. Application of these prin-
ciples has resulted in award-winning designs
around the world, but actual assessment of
building designs from an airborne infection
perspective remains elusive. Ventilation and
space usage can be documented at specific
rooms and times of day, but exposure is often
in multiple rooms and 24/7. A more meaningful
assessment of buildings must consider the de-
gree to which occupants share air throughout

the day and in different seasons (Rudnick and
Milton 2003).

Ventilation

Buildings must be ventilated, defined for con-
tagion purposes as replacing a portion of room/
building air with a percentage of outside air,
presumed free of airborne pathogens. In many
high-burden, resource-limited settings in mild
climates, natural ventilation is the common and
essential means of air disinfection. In other less
hospitable climates, especially in resource-rich
settings, mechanical ventilation of hospitals
and clinics may be the norm, although many
(World Health Organization 2009) older build-
ings still depend on radiator heat and operable
windows. Most ventilation systems are designed
for comfort, not airborne infection control
(Nardell et al. 1991). The difference is that levels
of ventilation adequate for odor control are
generally not adequate for infection control,
depending on source strength and duration
of exposure. Recommendations exist for both
natural and mechanical ventilation for air-
borne infection control, but implementation
and maintenance are often challenging (Jensen
et al. 2005; Escombe et al. 2007; Atkinson et al.
2009).

Natural ventilation depends entirelyon pres-
sure differences created by wind or on temper-
ature differences that cause warm air to rise and
replacement air to enter (Atkinson et al. 2009).
Buildings designed for natural ventilation need
to have adequate openings and be properly sited
for wind or use other specialized features such
as wind catchers, solar heating stacks, or rooftop
whirlybird ventilators. Simple rules of thumb,
such as window open area being 10% or 20%
of floor area can be highly misleading. The
window area needed is entirely dependent on
each situation. In windy locations, for example,
moderate openings with cross-ventilation may
be adequate, whereas in poorly sited buildings
without cross-ventilation, even large openings
may be inadequate. Ventilation estimates using
CO2 decay curves have been reported for hos-
pitals in Peru at 60 or more air changes per hour
(ACH), but ventilation experts have challenged
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the accuracy of CO2 decay measurements, of-
ten taken at one location, at one time, and in
one season (Escombe et al. 2007). Nonetheless,
such measurements are usually good enough
to be able to say with certainty that ventilation
is adequate or not at that moment and in that
location. Renovation of older buildings for
new uses presents greater challenges than new
construction from an airborne infection per-
spective. The necessary climatic conditions,
building site, and structural features may not
be present for effective use of this modality.

Where natural ventilation is the main mode,
provisions need to be made to assure that win-
dows and other openings stay open day and
night and in all seasons. Occupants often close
windows for security, to keep out vermin, or
because of cold, and each of these concerns
need to be addressed if natural ventilation is to
remain effective.

Mechanical Ventilation

Mechanical and hybrid (or mixed-mode) me-
chanical-natural systems are less dependent on
climatic conditions, but they are heavily depen-
dent on the initial design, subsequent renova-
tions, and, importantly, maintenance. For
airborne infection control, six to 12 ACH out-
side air are commonly recommended (Jensen
et al. 2005; World Health Organization 2009).
In cold climates, and in warm climates in which
cooling is provided, this can be extremely ex-
pensive in terms of energy use. Even six to 12
ACH can prove inadequate if the source strength
is great or exposure prolonged. As a general rule,
under well-mixed conditions, doubling the out-
door ventilation rate reduces the risk of infec-
tion by half. Doubling ventilation again reduces
risk by half again, and so on for each doubling.
Clearly, there are practical limits to increasing
ventilation rates because of system capacity,
comfort, cost, and noise (Nardell et al. 1991).
Although not true outside air ventilation, two
additional interventions can provide the equiv-
alent of air changes per hour (EqACH) from an
infection control perspective—upper-room ul-
traviolet germicidal irradiation (UVGI) and
room air cleaners.

Upper Room UVGI

Air disinfection by UVGI is the least well-under-
stood intervention by engineers and architects,
but also among the most well-studied, effective,
and cost effective of environmental interven-
tions (First et al. 2007; Rudnick and First 2007).
Special 254-nm wavelength germicidal lamps in
wall or suspended fixtures provide an irradiated
zone of air in the upper room, above the heads
of occupants. Good air mixing, best assured by
low-velocity ceiling fans, brings contaminated
air to the upper room and returns disinfected
air to the lower room. Because the entire up-
per room area is available as an air disinfection
chamber, room air turnover rates through the
upper room can be high, approaching 60 ACH
in a recent study, using commercially available
inexpensive ceiling fans. Both room testing and
modeling suggest that neither fan velocity nor
direction are critical factors, although some fan
experts favor downward direction in rooms
with high ceilings to avoid lower room stagna-
tion (Escombe et al. 2009; Zhu et al. 2013, 2014).
Low vertical air velocity results in longer but
fewer passages of particles through the irradiated
zone, whereas with higher vertical air velocities,
particle exposure per pass is shorter, but passag-
es are more frequent, with similar net exposure.

The fundamental factors determining the
efficacy of upper-room UVGI are (1) well-de-
signed wall or center-mounted fixtures generat-
ing a prescribed UV output to the upper room
(usually louvered to produce low levels to the
occupied space); (2) optimal ray length, that is,
locating fixtures on walls to achieve maximum
use of available germicidal energy; and (3) good
vertical air mixing, as noted above. Based on a
well-characterized study of UVGI efficacy in a
South African TB hospital, new room dosing
guidelines based on fixture output have been
published. The basic recommendation is to pro-
vide �20 mW total fixture output per cubic
meter of room volume, with the additional re-
quirement that wall fixtures be arranged for
maximum average ray length. This dosing rec-
ommendation requires that the total fixture UV
output of commercial fixtures be provided by
manufacturers, which is currently not done.
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Upper-room UVGI has a good safety record,
with most eye or skin overexposure resulting
from poor fixture design or placement (Nardell
1993b; Rudnick 2001; Nardell et al. 2008, 2013).
Guidelines for evaluating UV fixture safety
and for maintenance are available (First et al.
1999a,b). The threshold limit value (TLV) for
UVGI is 6 mJ/cm2 over any 8 h exposure period
(ACGIH 1999). Occupant movement within
rooms with UVGI greatly reduces exposure,
and no single irradiance value should be used
as a safety threshold. Depending on how the
space is used, maximum eye level irradiance lev-
els of 0.4 to 0.6 mW/cm2 are routinely well-tol-
erated because eye and skin exposure is well
within the TLV (First et al. 2005). The main
maintenance requirement is to turn off and
clean lamps with 70% alcohol periodically, the
frequency based on the cleanliness of the envi-
ronment, and the replacement of lamps, most
cost-effectively when measured output drops by
30% from commissioning values when mea-
sured in a standard way.

Room air cleaners are rarely recommended,
despite claims of sales personnel that they are
the answer to TB infection control (Nardell
1993a). Their problem is that, although either
HEPA (high-efficiency particulate air) filters or
UVGI inside the box can readily remove or in-
activate infectious organisms, rarely can these
units provide effective clean air delivery (CADR)
adequate for TB infection control (Miller-Lei-
den et al. 1996). Many units simply provide too
few equivalent air changes per hour, and almost
all are subject to “short circuiting” of air, reen-
trapment of air that just exited the unit. Faced
with optimistic claims, hospital administrators
often jump at the opportunity to solve TB in-
fection control by plugging in a device. Consid-
ering short circuiting, many units provide less
than 1 equivalent ACH, and rarely can they ap-
proach the air disinfection achievable by opti-
mal natural ventilation or upper-room UVGI.

RESPIRATORY PROTECTION

Respirators are last in the hierarchy of interven-
tions because they cannot be worn constantly
and are likely not to be used for unsuspected,

untreated TB patients, the greatest threat for
transmission (NEHW Health Watch 1992; Cen-
ters for Disease Control and Prevention 1996;
Coffey et al. 1998, 2004; Fennelly and Nardell
1998; Jensen et al. 2005; World Health Organi-
zation 2009). By convention, respirators refer
to devices that cover the nose and mouth for
the purpose of protecting the wearer, whereas
masks, such as surgical masks, are intended to
protect the environment, such as the surgical
field. Respirators have several features to ensure
a tight fit to prevent face seal leak, the main
reason for incomplete protection. They normal-
ly have a pliable nose clip to allow a close fit
around the nose and two elastic straps to assure
adherence to the face. Respirators used for TB
infection control are usually the disposable type
(N95 or equivalent) with a filtering face piece,
although reusable industrial elastomeric respi-
rators can be used with the appropriate filter
cartridges (Centers for Disease Control and Pre-
vention 1996). All respirators require fit testing
on the wearer at least once to assure that the
anticipated protection factor is obtained. Nor-
mally, institutions have several sizes and styles of
respirators available because no one size or style
fits every face. More details on respirator use
and fit testing are available on line (http://
www.cdc.gov/niosh/npptl/topics/respirators/
disp_part/) (Coffey et al. 2002). Surgical masks
are sometimes recommended for patients who
cannot cover their coughs or sneezes, they are
less expensive in one study; however, they pro-
vided only a 53% reduction in infectious cough
aerosol (Dharmadhikari et al. 2012). This is not
insignificant, the equivalent reduction to doubl-
ing room ventilation, but it does not assure that
transmission will not occur. Respirators are not
normally used for infectious patients because
only a barrier to stop respiratory droplets is re-
quired—not air filtration.

Health-Care Worker Surveillance

Periodic testing of health-care workers for latent
TB infection (LTBI) or active disease is com-
monly performed in some countries, but not
others. High rates of community-acquired in-
fection and policies that do not include treat-
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ment for LTBI are among the reasons that many
workers are not tested. Radiological screening
of asymptomatic workers is generally not cost
effective (Menzies et al. 2007; Cummings et al.
2009; de Perio et al. 2009). Worker education
about TB and its symptoms can reduce the
stigma of the disease, which sometimes is a bar-
rier to workers seeking care. In low-burden set-
tings, testing for LTBI by tuberculin skin testing
or interferon-g release assays is difficult because
of test performance issues. In high-burden set-
tings, it can also be difficult to interpret test
results, but skin testing has been used effectively
in medical and nursing students as a good in-
dicator of institutional transmission (Silva et al.
2000). Unfortunately, although effective, treat-
ment of latent TB infection is often incomplete
because of nonadherence (MMWR Recomm
Rep 2000).
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