Clinical Infectious Diseases T

The Effectiveness of Individual and Environmental Infection
Control Measures in Reducing the Transmission of
Mpycobacterium tuberculosis: A Systematic Review

Greg J Fox,"?Lisa Redwood,' Vicky Chang' and Jennifer Ho?

'Central Clinical School, Faculty of Medicine and Health, University of Sydney, Sydney, New South Wales, Australia, and “Woolcock Institute of Medical Research, Glebe, New South Wales, Australia

(See the Editorial Commentary by Griffith and Cegielski on pages 27-9 and the Review Article by Karat et al on pages 155-72.)

Background. Transmission of Mycobacterium tuberculosis in healthcare settings is a preventable driver of the global tuberculosis
epidemic. We aimed to assess the evidence for infection control interventions, including cough etiquette, engineering and personal
respiratory protection measures, to prevent transmission of M. tuberculosis in healthcare settings.

Methods. Three independent systematic reviews were performed using 6 databases and clinical trials websites. Randomized
trials, cohort studies, before-after studies, and case-control studies were included. Searches were performed for controlled studies
evaluating respiratory hygiene, engineering, and personal respiratory protection measures. Outcome measures included the inci-
dence of tuberculosis infection and disease. Studies involving transmission to either humans or animals were included.

Results. Evaluation of respiratory hygiene and cough etiquette interventions identified 4 human studies, with 22 855 participants, and 1
guinea pig study. Studies in humans evaluated the effects of multiple concurrent interventions. Patient use of surgical masks reduced infection
by 14.8%, and tuberculosis disease was reduced by between 0.5% and 28.9%. Engineering and environmental interventions were evaluated
in 10 studies of humans, including 31 776 human participants, and 2 guinea pig studies. Mechanical ventilation was associated with between
2.9% and 14% less infection. Nine studies of personal respiratory protection were included, including 33 913 participants. Infection was re-

duced by between 0% and 14.8% in studies where particulate respirators were used. The quality of included studies was assessed as low.
Conclusions. Respiratory hygiene, engineering, and environmental infection controls and personal respiratory protection inter-
ventions were associated with reduced transmission of M. tuberculosis and reduced tuberculosis disease in healthcare settings.
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Transmission of Mycobacterium tuberculosis in healthcare set-
tings is an important driver of the global tuberculosis epidemic,
including the dissemination of drug-resistant disease [1, 2].
People attending hospitals and other congregate settings face
an elevated risk of infection [3], due to occupational exposure
to airborne droplets produced by patients with undiagnosed or
partially treated pulmonary tuberculosis [4]. Institutional strat-
egies to protect people attending these facilities from becoming
infected remain a top priority for tuberculosis control programs
in both high- and low-prevalence settings [5]. The standard
framework for global infection prevention and control (IPC)
policies in institutions comprises 3 complementary categories
of interventions: administrative measures, environmental con-
trols, and the use of personal protective equipment [6]. These
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strategies seek to detect and isolate cases promptly, while min-
imizing the probability that uninfected individuals will be ex-
posed and infected.

Limited evidence has been available to inform national and in-
ternational guidelines. Existing global recommendations predom-
inantly rely upon expert opinion and observational studies, most
of which have methodological limitations [6]. This systematic re-
view was performed to inform revised World Health Organization
(WHO) guidelines on tuberculosis infection prevention and con-
trol [7]. We aimed to evaluate the evidence for the effectiveness of
(a) policies to promote cough etiquette and respiratory hygiene;
(b) environmental and engineering controls; and (c) the use of
personal protective equipment (such as respirators), in reducing
transmission of tuberculosis in healthcare and other congregate
settings. This review complements a companion review of admin-
istrative control measures to reduce tuberculosis transmission [8].

METHODS

We performed 3 separate systematic reviews of the evidence
for cough etiquette and respiratory hygiene, environmental
measures, personal respiratory equipment, in accordance with
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PRISMA guidelines [9]. A review protocol was developed and
approved by the WHO secretariat.

Search Strategy and Selection Criteria

Studies were eligible for inclusion if they measured the incidence
of tuberculosis infection or disease among healthcare workers
and other persons attending healthcare, or people attending
nonhealthcare congregate settings (such as prisons or nursing
homes). We included studies where animals were exposed to exhaust
air containing airborne droplets from patients with tuberculosis.

Definitions

Respiratory hygiene and cough etiquette interventions were de-
fined as the practice of covering the mouth and nose during
breathing, coughing, or sneezing. Such interventions included
wearing a surgical mask, cloth mask, covering the mouth with tis-
sues, a sleeve, flexed elbow, or hand (followed by hand hygiene).
Environmental control interventions were defined as the intro-
duction of methods of ventilation (including natural, mechanical,
mixed-mode, and/or recirculated air filtration), upper room ultra-
violet germicidal irradiation (UVGI), or room air cleaner appli-
ances. Personal respiratory protection devices included the use of
particulate respirators (N95 respirators or equivalent, introduced
with or without a “fit test”) or implementation of a respiratory pro-
tection program. Comparator groups were populations in which
these interventions were not implemented.

Outcome Measures

Outcomes included the incidence or prevalence of latent tubercu-
losis infection (LTBI) or tuberculosis disease. Detailed definitions of
interventions and outcomes are included in the “WHO guidelines
on tuberculosis infection prevention and control, 2019 update” [7].

Eligibility of Included Studies

Included study designs were randomized controlled trials, pro-
spective cohort studies, retrospective cohort studies (including
before-and-after studies), or case-control studies. Studies were
excluded if they did not report the outcomes of interest, lacked a
suitable control or comparator group, if outcomes were measured
in <10 subjects, or if the study reported modeling without any pri-
mary clinical data.

Search Strategy

Data sources included electronic health care databases and ev-
idence-based reviews. Six healthcare databases were searched,
including Medline, EMBASE, Web of Science, PubMed,
CENTRAL, LILACS, and clinical trials registries. We also
searched the Cochrane Database of Systematic Reviews and
hand searched the conference abstracts for the annual con-
ference of the International Union of Tuberculosis and Lung
Disease and OpenSIGLE. Search strategies were developed in
consultation with a librarian with experience in conducting

systematic reviews. Detailed search terms are presented in the
Supplementary Web Appendix (Tables S1, S2 and S3). To iden-
tify studies in which outcomes were measured in animals, ad-
ditional search terms were added to the overall search at the

» « » «

stage of title/abstract review (“mice,” “rats;

» <«

pigs, guinea,” "an-
imals,” “nonhuman species,” or “rabbits”). No publication date
restrictions or language restrictions were applied. Searches were
conducted on 6 March 2018 (cough etiquette), 6 October 2017
(environmental controls), and 1 October 2017 (personal respi-
ratory equipment).

In the first stage of study selection, titles and abstracts were
screened independently by 2 reviewers (2 of L. R., V. C,, and
J. H.), for suitability for subsequent full text review. In the
second stage of study selection, full-text papers identified from
the first stage were reviewed independently by 2 reviewers (2 of
L.R,V.C, andJ. H.). An additional search of reference lists of
included articles was also conducted to identify further eligible
articles.

Data Extraction and Analysis

Two reviewers extracted data from included papers into a
standardized data extraction form. Discrepancies in study se-
lection or data extraction between reviewers were resolved by
consensus.

Variables extracted from included studies included country,
setting, participant characteristics, intervention details, com-
parator details and methods of measuring outcomes, and the
number of participants with each outcome.

Outcomes in intervention and control groups were presented
as proportions, with the effects of interventions presented as
both absolute risk differences and relative risk difference. Results
from animal and human studies were presented separately.

Outcomes were stratified by high or low-prevalence setting
for tuberculosis [10]. We intended to stratify results according to
human immunodeficiency virus (HIV) status, inpatient versus
outpatient healthcare setting, and multidrug resistant tuberculosis
(MDR-TB) exposure. Meta-analyses were to be performed if 2 or
more studies reported similar interventions and outcomes.

To facilitate comparisons between studies in animals and hu-
mans, where outcomes were measured in animals, we applied
the relative risk of the interventions to a typical control group
of healthcare workers with an average risk of infection. This
group was assigned an incidence equal to the mean incidence in
9 human studies included in the 3 systematic reviews performed
for this study [11-19]. This approach was adopted because ex-
posure in animal studies is calibrated by researchers, resulting
in a higher absolute incidence of infection in the control group
than is expected in human studies.

An assessment of the risk of bias of included was conducted
according to the Cochrane Collaboration Tool for prospective
cohort studies in humans and animals [5], and the Downs and
Black tool for retrospective cohort studies [20].
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Role of Funding Source

The systematic reviews were supported by WHO. The WHO
secretariat developed the research questions and provided input
into the study protocol. The funder of the study had no role in
data collection, data analysis, data interpretation, or writing of
the report. The corresponding author had full access to all the
data in the study and had final responsibility for the decision to
submit for publication.

RESULTS

Respiratory Hygiene and Cough Etiquette Interventions

The review of respiratory hygiene and cough etiquette interven-
tions yielded 3293 unique papers, of which 5 were selected for
inclusion (Figure 1). Table 1 shows the characteristics of studies
in all 3 reviews, stratified by World Bank income classification
and study design. The outcomes of studies evaluating the ef-
fect of respiratory hygiene and cough etiquette are summarized
in Table 2. We identified 4 human studies, conducted among
22 855 participants in healthcare settings. Use of masks by pa-
tients resulted in an absolute reduction in tuberculin skin test
(TST) conversion of between 4.1 and 12.4 conversions per 1000

person-months in Brazilian hospitals [15]; a reduction in TB
disease by 0.5% in Malawian hospitals [21]; a reduction in TST
conversion by 14.8% and a reduction in TB disease of 0.29 cases
per 100 person-years in a Thai hospital [14], and a reduction in
TB disease by 28.9% in a ward that treated people living with
HIV in Italy [22]. No studies were identified that had been per-
formed in other congregate settings.

One study measured outcomes in animals, with 180 guinea
pigs (90 per group) exposed to exhaled air from patients
with MDR-TB that had been randomized either to surgical
mask use or no mask use. The relative risk of TST conversion
among guinea pigs in the intervention group was 0.52, com-
pared to the control group (ie, a 48% reduction in relative
risk). Extrapolating this to an average population of healthcare
workers, as described above, we would expect the absolute inci-
dence of infection to reduce from 6.5% to 3.4% (an absolute risk
difference of —3.1%) [23].

Environmental Control Interventions in Humans

The search for environmental control interventions identified
5615 papers for title and abstract screening, of which 76 pa-
pers were eligible for full text review (Figure 2). Ten studies,

3293 potentially eligible studies
identified by database search:
citations and abstracts screened

3280 excluded after title and

v

abstract review

in depth

13 full text articles reviewed

8 excluded after full-text review

- 3 did not include outcome
of interest

!

v

- 4 did not include the
intervention of interest

Studies included in review

- 1 with an ineligible study

(n=5) design
Included study with Included studies with
outcomes measured in outcomes measured in
animals humans
(n=1) (n=4)

Figure 1.  Study selection for respiratory hygiene and cough etiquette interventions to reduce the transmission of Mycobacterium tuberculosis.
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Table 1. Summary of Characteristics of Included Studies

Number of Studies Conducted

Overall Studies In Low In High
n, (Total Prevalence Prevalence

Characteristic Participants) Countries, n (%) Countries, n (%)

Respiratory hygiene and cough etiquette

Study design
Cross-sectional 0 0(0) 0 (0)
Before/after 3 1(33%) 2 (67)
Cohort 1 0(0) 1 (100)
Animal study 1 01(0) 1(100)
Population studied
HCWs 4 1(25) 3(75)
Animals 1 0(0) 1 (100)
Interventions implemented
Cough etiquette 1 0 (0) 1(100)
TB patient mask 5 1(20) 4 (80)
use
Outcomes measured
LTBI incidence 3 01(0) 3(100)
TB disease 3 1(33) 2 (67)
incidence
Environmental and engineering controls
Study design
Case-control 1 1(100) 0 (0)
Cross-sectional 1 1(100%) 0 (0)
Cohort 1 01(0) 1(100)
Before/after 7 6 (86) 1(14)
Animal study 2 0 (0) 2 (100)
Population studied
HCW 10 8 (80) 2 (20)
Animals 2 0(0) 2 (100)
Interventions implemented
Natural ventilation 1 0 (0) 1(100)
Mechanical venti- 8 7 (88) 1(13)
lation
Mixed-mode 2 1 (50) 1 (50)
ventilation
UVGI 3 1(33) 2 (33)
Outcomes measured
LTBI incidence 12 8 (75) 4 (25)
TB disease 2 0(0) 2 (100)
incidence
Personal respiratory protection
Study design
Cohort 1 01(0) 1(100)
Before/after 8 6 (75) 2 (25)
Population studied
HCW 9 6 (67) 3(33)
Interventions implemented
Particulate 8 5 (63) 3(38)
respirators
Moulded mask 1 1(100) 0 (0)
Outcomes measured
LTBI incidence 9 6 (67) 3(33)
TB disease 1 0 (0) 1(100)
incidence

Abbreviations: HCW, healthcare worker; LTBI, latent tuberculosis infection; TB, tubercu-
losis; UVGI, ultraviolet germicidal irradiation.

including 31 776 participants, met the inclusion criteria
(Table 3). Mechanical ventilation in combination with other
interventions was associated with an increase in TST conver-
sions in 2 before-and-after studies [15], and a decrease in TST
conversions by between 2.9% and 14.8% in 7 before-and-after
studies [11, 12, 14, 16, 18, 24, 25]. TST conversion was associ-
ated with a higher ventilation rate in a case-control study from
Canadian tuberculosis laboratories [26].

Environmental Control Interventions in Animals

An additional 2 studies measured outcomes in a total of 791 guinea
pigs exposed to exhaust air that had been treated with UVGI, taken
from wards where patients had TB [28, 29]. Included studies of
environmental control interventions are summarized in Table 2.
UVGI treatment of ventilated air from patients with TB in a
South African animal facility resulted in a relative risk of 0.28 (ie,
a relative reduction in infection of 72%). When extrapolated to an
average population of healthcare workers, this corresponds to a re-
duction in absolute risk from 6.5% to 1.8% (an absolute difference
of —4.7%) [29]. The relative risk of infection following UGVI of
exhaust air taken from an inpatient tuberculosis ward in Peru was
0.27 (ie, a relative reduction in infection of 73%), corresponding to
an absolute reduction in infection among an average population
of healthcare workers from 6.5% to 1.8% (an absolute difference
of —4.7%) [28].

Personal Respiratory Protection Interventions
The review of personal respiratory protection interventions iden-
tified 8186 unique studies for title and abstract review (Figure 3).
Among these, 9 studies were identified, including 33 913 partici-
pants. All studies were before-and-after studies. Most studies of
personal respiratory equipment were performed in the United
States, whereas others were performed in Thailand and Brazil
[13-15]. These cohort studies evaluated composite infection con-
trol measures, comprising a combination of administrative inter-
ventions, respiratory protection, and environmental interventions.
The characteristics of included studies of personal respiratory
protection are shown in Table 4. The use of respirators was asso-
ciated with an absolute reduction in TST conversion of between
0.4% and 11.5% [11-16, 18, 19]. No difference in infection was ob-
served among staff using respirators in 1 before-and-after study
performed in a hospital in the United States [17].

Meta-analyses could not be performed for any of the 3 re-
views, given the heterogeneity of the interventions.

Assessment of Study Quality

An evaluation of study quality for each class of interventions is
shown in the Supplementary Web Appendix: respiratory hygiene
and cough etiquette (Supplementary Tables S4 and S5, for human
and animal studies), engineering and environmental control

18 « CID 2021:72 (1January)  Foxetal

220z AN 90 uo Jasn yjjesH oljand Jo Justipedsq Buozuy Aq 666£58S/S L/ 1/Z.L/RPIHE/PID/W0D dNO-olWapese)/:Sdjy Woj poPEoUMOQ


http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa719#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa719#supplementary-data

Downloaded from https://academic.oup.com/cid/article/72/1/15/5853999 by Arizona Department of Public Health user on 06 July 2022

‘uone|ndod [03u0d 86eIBAE UE Ul UOI084UI JO 8OUSPIOUl B} 0} UOIIUBAIBIUI 8} JO 10848 8y} BulAjdde uodn peseg,

"SABP YSBUIUOU UO JAGWIEYD [0JIUOD PUE SABP %SBu UO J8qUIBYD [BUIIUE UON
-UBAIBIUI 01Ul Pajjadxa Jle 1sneyx3 “sAep 81eulalje UO SYIUOW € J0} s|eatu Buipnjoxe wd/ pue we/ UsamIad UIOM SYSE|A "Pasnoy 81em g -HdIA YUM stuaned a1aym Spiem Woy Jie Pale|llusA 0} pesodxe S|BLIUE Ul PRINSEaUL 819M SBWODIN0 BI8UyM SBIpNIS,

‘uolieIpe.l [BpIoILLIBB 18[0IABIIN ‘|DAN ‘11 UINS UliNdIagny ‘| S] 'sisojndlagny ‘g ‘uonoaloid Alolelidsel [euosiad gid 'SIso|nolagny Jueisis

nw ‘g -4 ‘UoNOB}UI SISO|NDIagN] 1UBLe| ‘|g]T ‘SNIIA ADUBIOIIePOUNILI UBLUNY ‘AlH ‘SIO3I0OM 81ed-Ui|eay ‘MOH S|0J1u0d BuliesuiBus 'J ![eAlelul 8duspiyuod ‘|9 'sysew [eaifins pue epenbiie ybnoo ‘39

|0J1U0D BABASIUILIPE Y/ SUOIIBIABIGAY

g1-ddiN
sjuaned yum suaied BOLJY YINOoS
q(¢G°0 40 >su aAnisod d1-4aw Ag psniwpe ‘Ajioe
oAl1e|al e 0} Buipuodsaiiod ‘9 | ¢ O ansod | g shid 151 sbid eauinb UIOM Ssewl Amau /| yoleasay
uolnoNpal 81NjoSae Ue) %t'S 01 %G9 eaunb (% | G-1¢€ (%58-89 D siuaned Aq |eo1bins 01 pasodxa Apnis uolnoau| ezl zl0Z
wloJ} UoI308yul Jo uononpal palejodelixy D %G6 '%0Y) 06/9E  %G6 ‘%9°9/) 06/69  UIOM SYSew ON QUON dooj 1eg sBid eauing 1104o) auloglly  ‘Leiypewleyq
.Salpn}s [ewiuy
a1-4an Aujioey
g1-4an g1 padojenep saloljod |01} 19n8} 10 yum siusied yieay ui pesi
%6°8C padojenep (sAep (%6°82) (SAep -U09 UOI1084ul oseasIp Alojesidsal Ag ulom -lendsoy AlH Jaye Ay
Aq @sessIp g Ul uoionpal 8Injosay -uened $59) /0 -uened GGiZ) 06/97  ©10jeq s|endsoH  yum sjuaiied jo uonejos|  syseul [eolBing YHM sjualled  pue aiojeg urplem AlH  [zZ] 000Z ‘0o
sBuies uapang mo
ENETIIE]
(sleah (sl1eah ybnoo ul
sieaA-uosiad Q| Jed sased uosied-00|/ seseo uosltad-00L/.0) Buluieny
62°0 Aq seseo g Ul uononpal 8Injosay g1v°0) 08Lv/61 $9se0 g1 LGEV/0E sauljapinb ‘s3sew puejieyl
%8yl Aq (%1°2) SUOISISAUOD J0 uononp uonoelold Aloresdsel |eaibins Jeye ul |endsoy
SUOISIOAUOD |G| Ul UOIIONPa. 8INjOSAy  SUOISIBAUOD |S196/2  1SL(%6'9L) LL/EL -0Jjul 01 Jolld  [euosiad ‘eAleNSIUILPY asn sjualied SMOH  pue a1ojeg g1euQ  [¥L] €007 leuex
saul| suonusAlaul g =1 IMB[BIA|
-opinb jo uon  Buisudwod ‘sauljepinb yum suaied ul s|eydsoy
g1 padojanap g1 padojanap -ONpoJlul 8yl |0J1U0D UOI108Ul Ag ulem Jsye uolissiw [L2]
%G'0 Ag gL ur uoionpa. a1njosay (%C°€) 6,62/96 (%L'€) £L692/00L  @i04eq s|endsoH  [eNdsoy Jo uononpou|  siseu [edibing SMOH Pue alojeg puedlIsIp O 200z ‘seleH
(8ece = u)
syuowl
(998 = u) syyuow uoslad-0Q0L /
uoslad-000L / | '8 SUOISIaAUOD)
Z'Z1 SuoISIaAu0) :g |eydsoH
‘d lendsoH (6v€C = U) SMDOH 104 sioje
(z8Z1 = u) syruowl syiuowl -ldsay ‘jexdsoy | ul
syiuow uosiad-000L uostad-000L / uosJtad-000L sjuaned Ag esn  $|0J3UOD BAIIRISIUILPE sjuaned
Jad SUOISIBAUOD 7'Z| pue |'{ JO 86| SUOISIBAUOD) / ¥/ SUoISIaA Jsew [eolbins ‘lendsoy | ul (IDAN) Ag @sn Apnis |izeig ui
SUOISISAUOD | S] JO UOIIONpal 81Njosqy :D |eudsoH -uo) 'y [eNdsoH 1noyim sjeydsoH s|0Jjuod Bulesulbug  ysew |eolbing SAMOH 1oyo) sleudsoy uno4  [Gl] G00Z ‘Yioy
sbumas uapinq ybiH
(s)awo231nQ uonuaAIdu| uoIUBAIBLU| O 10jesedwo) 19410 aualbAH uone|ndog adAL Buimag paysiignd 1esp
aualbAH Aioyendsay Apnmis ‘I0yny 1sdi4
Aiojendsay

(s)uonuaaiaiu|

(g = u) apanbng ybno9 pue auaibAy Aojelidsay jo ssauannaayy ayy buenjeay saipnig jo saonsuajoeley) Z ajqel

72 (1January) « 19

Interventions to Reduce Tuberculosis Transmission « CID 2021



9255 potentially relevant studies identified
by database search

v

3640 duplicates removed

v

5615 potentially relevant studies
identified: citations and abstracts
screened

A\ 4 A4

Title and abstract review for Title and abstract review for

studies where outcomes
were measured in animals

studies where outcomes
were measured in humans

5032 studies excluded
after initial title/abstract
review

5538 studies
excluded after initial
title/abstract review

Studies where outcomes
were measured in animals
(n=593)

Full text review of studies where
outcomes were measured in humans

583 studies excluded on
title/abstract review

«—

Full text review of studies where
outcomes were measured in animals

(n=10)
8 studies excluded
- 1 based on study «—]
design
- 6 with no relevant
intervention
- 1 withno
comparison group J
4
Included studies with
outcomes measured in
animals
@®=2)

(n=76)
67 studies excluded
- 15 with no intervention
or a descriptive study
- 12 mathematical
modeling studies
- 19 based upon study type
+—— | - 16 based upon
intervention
- 3 insufficient data
- 1 ineligible study
population
v
Included studies with
outcomes measured in
humans
(n=10)

Figure 2. Study selection for environmental control interventions to reduce the transmission of Mycobacterium tuberculosis.

(Supplementary Tables S6 and S7, for human and animal studies),
and personal respiratory protection (Supplementary Table S8).
The PRISMA checKlist is included in Supplementary Table S9.

DISCUSSION

We undertook 3 systematic reviews of respiratory hygiene and
cough etiquette measures, environmental controls, and per-
sonal respiratory equipment interventions to reduce transmis-
sion of M. tuberculosis in healthcare settings. Most included
studies demonstrated a reduction in infection and disease

among healthcare workers. These findings were supported by
studies in animals, with surgical mask use by patients and the
introduction of UVGI resulting in resulted in a reduction in
transmission. Together, these studies indicate that infection
control measures in healthcare settings are likely to reduce
transmission. Most included studies evaluated the effect of
multiple concurrent interventions.

Our findings provide support for the expansion of existing
infection control measures to reduce transmission of tubercu-
losis in healthcare settings [5, 6]. In most studies, the absolute
reduction in risk of infection was modest, given the relatively
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12 085 potentially relevant records
identified through database, guideline
and grey literature searching

> | 3899 duplicates removed
8.186 potentially relevant studies
identified: citations and abstracts
screened
> 8088 excluded articles
v
98 full-text articles assessed for
eligibility 89 studies excluded after full-
text review
. | - 4 based on study type
" | - 3 based on population
v - 3 costing studies
9 included studies - 10 studies in animals

only

- 34 with no intervention

- 1 with ineligible
intervention

- 8 with ineligible
outcome

- 26 review articles

Figure 3. Study selection for personal respiratory protection interventions to reduce the transmission of Mycobacterium tuberculosis.

low annual risk of infection. However, over time, the cumula-
tive benefits of sustained infection control measures for staff
and patients is likely to be substantial. Such measures are likely
to be particularly important for staff in regular contact with pa-
tients with undiagnosed, or recently diagnosed, tuberculosis.
Prevention of disease in healthcare workers is an important
part of workforce health and safety, staff retention, and infec-
tion control for other patients. Unrecognized disease among
healthcare workers can also result in a substantial risk to the
other patients that they treat, many of whom may be highly sus-
ceptible on account of comorbidities [30].

Many of the interventions that were evaluated can be de-
livered at low cost in resource-limited settings. Natural ventila-
tion is a simple means of air disinfection, allowing contaminated
exhaled particles to be removed from the healthcare setting,
although this approach is less feasible where temperature ex-
tremes occur frequently [31]. Similarly, prompt use of surgical
masks by patients with presumptive or confirmed active di-
sease can reduce transmission at a relative low cost. In contrast,

prevention of transmission can have considerable benefits to
patients and health systems, where the treatment costs can
be considerable. Further studies are required to evaluate the
cost-effectiveness of infection control measures, in order to in-
form decision making by health system managers about locally
appropriate measures.

This systematic review has a number of limitations. We did
not identify studies evaluating infection prevention and control
measures in other congregate settings outside of the health-
care systems. Further research is required to demonstrate the
effect of infection control practices in such settings, including
prisons and educational facilities. A second limitation is the
absence of randomized trials. Most included studies were ret-
rospective cohort studies, with a before-and-after design. As a
result, temporal factors unrelated to the intervention may have
contributed to the observed reduction in incidence of infection.
Studies of tuberculosis transmission are also prone to secular
trends. Changes in the community prevalence of disease and
other unrelated improvements in tuberculosis control can result
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in confounding, leading to an under- or overestimation of an
intervention’s effectiveness. Third, most included studies evalu-
ated the effect of composite interventions, where with mul-
tiple interventions introduced concurrently. This is typical of
health system approaches to infection control, which endeavor
to produce an optimal effect by implementing complementary
measures (such as administrative, engineering, and personal
respiratory protection controls). However, this approach means
that we were unable to compare the effect of alternative infection
control strategies nor to assess the interaction between them.

The included animal studies also require careful interpretation.
Although animal studies allow the evaluation of individual compo-
nents of infection control, such as patient mask use or engineering
controls, their generalizability to humans is unclear. Guinea pig
models are calibrated to measure the relative risk of an interven-
tion, with the duration and intensity exposure titrated to produce
a high incidence of infection. As these animals are highly suscep-
tible to infection, they provide a useful model in transmission
studies, allowing the relative effect of an intervention to be evalu-
ated. However, this susceptible state means that the absolute rate of
infection would be higher in guinea pigs than a similarly exposed
human [32]. It is for this reason that the GRADE guidelines rec-
ommend downgrading the quality of evidence for studies including
animals [33]. In this systematic review, we addressed this concern,
by applying the relative risk observed with interventions to an ab-
solute infection risk that is typical among healthcare workers. This
approach allowed us to estimate an absolute risk difference that
would be observed in humans, when the intervention was applied.
Nevertheless, the use of animal models should be regarded as pro-
viding only indirect evidence of effectiveness of interventions and
should be interpreted in the context evidence from human studies.

Our study findings have several important policy implica-
tions. Current evidence demonstrates that introducing a combi-
nation of administrative, engineering, and personal respiratory
protection measures reduces transmission of M. tuberculosis
and tuberculosis disease in healthcare settings. This supports
WHO recommendations to adopt a comprehensive approach
to tuberculosis infection control in healthcare settings. These
findings are also consistent with the F-A-S-T approach to tu-
berculosis control [34], which proposes a combination of
measures that aim to detect cases early and promptly separate
and treat based upon drug susceptibility test results. However,
current studies in humans have not compared the effect of dif-
ferent elements of infection control. Nevertheless, based on
this evidence, health system interventions are likely to have a
significant benefit for healthcare workers and other visitors to
healthcare settings. Importantly, not all infection control meas-
ures will be affordable in resource-limited settings, where lower
cost measures such as administrative controls and PPE may be
prioritized.

This review also demonstrates the value of serial surveillance for
infection among staff as a programmatic indicator of transmission

in high-prevalence settings. Monitoring infection rates among
staff in high-transmission settings can identify whether infection
control needs to be strengthened and enables health facilities to
prevent disease among staff and improve confidence in infection
control practices, contributing to workforce retention.

This review demonstrates the need for further high-quality
research to compare the effectiveness of different individual
components of infection control within health systems, and
other settings. Evaluation of low-cost approaches, such as
natural ventilation, is particularly important for resource-
limited settings. Studies evaluating a single intervention,
rather than concurrent introduction of multiple interven-
tions, will be most informative. A cluster randomized trial
design would overcome biases that may be present in before-
after studies. Adequately controlled studies in congregate set-
tings such as prisons will also guide infection control policies
outside of hospitals.

CONCLUSION

Infection control policies to enhance respiratory hygiene, environ-
mental controls, and personal respiratory protection were associated
with a reduction in transmission of M. tuberculosis to healthcare
workers in low- and high-prevalence settings. A combination of
measures is likely to be most effective in healthcare settings. Further
research is required to determine which interventions are effective
and cost-effective in other congregate settings. The expansion of ev-
idence-based infection control practices will play an important role
in reducing transmission of M. tuberculosis and is a key strategy for
combating the global tuberculosis epidemic.
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