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* The views expressed in this talk are independent from my
employer, TCDC and based on my personal experience as a
public health official, epidemiologist, infectious specialist and
pediatrician

* The piece of manuscript is a collaborative project of MPH
program in the affiliated Institute of Epidemiology and
Preventive Medicine led by Pro. Fang CT
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E The End TB Strategy: Vision, goal, targets 2035

Vision: A world free of TB
Zero TB deaths, Zero TB disease, and Zero TB suffering

Goal: End the Global TB epidemic (<10 cases per 100,000)

Target 1 Target 2 Target 3

95% reduction in 90% reduction in TB No affected

deaths due to TB incidence rate families face
(compared with (compared with catastrophic
2015) 2015) costs due to TB
| GLoBALTB \ World Health
PROGRAMME ‘ % # Organization
3
Masks reduce airborne transmission %‘.;'D

Infectious aerosol particles can be released during breathing and
speaking by asymptomatic infected individuals. No masking maximizes

LH exposure, whereas universal masking results in the least exposure.
|

'Wf L.ﬁw" |

Particle size (M)  e—_————|——
100 10 1 01

Infected, asymptomatic B Healthy

Maximum

PERSPECTIVES
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VIEWPOINT: COVID19

Reducing transmission of SARS-CoV-2

Masks and testing are necessary to combat asymptomatic spread in acrosols and droplets

Kimberty A. Prather’, Chia C. Wang
Robert T. Schosley
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Tuberculosis transmission reduced by anti-TB —1%s
Treatment e o o o e e

Rnoyt Annie L Ihang', 0. and Macio L

Riley Experimental TB Ward, 1956-60
Am J Hyg 1959; 70:185-196,
(reprinted as “classic” Am J Epidemiol 1995; 142:3-14)

Hundreds of
sentinel guinea

pigs sampled the
air from a 6-bed TB
ward in Baltimore
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Three principles for infection control

 Administrative measures

.
WHO guidelines on

e EnViron mental Co ntrols tuberculosis infection «

prevention and control

2019 update

* Use of respiratory protective equipment




WHO Guidelines on TB Infection Prevention

and Control , 2019 update

Recommendation 6:

Ventilation systems (including natural, mixed-mode,
mechanical ventilation and recirculated air through
high-efficiency particulate air [HEPA] filters) are
recommended to reduce M. tuberculosis
transmission to health workers, persons attending
health care facilities or other persons in settings
with a high risk of transmission

WHO guidelines on

tuberculosis infection «

prevention and control

2019 update
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Natural vs. mechanical ventilation

e Stabilize
— Criteria

* Environmental
— Urban vs rural
— Temperature

* Energy consumption r ?5@
(]

http://coolvent.mit.edu/intro-to-natural-ventilation/basics-of-natural-ventilation/

High pressure

Low pressure
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Since the
UNHLM on TB, this is what
I've been doing to fight TB

Stop () Partnership

What did you do?




ORIGINAL ARTICLE WILEY

Effect of ventilation improvement during a tuberculosis
outbreak in underventilated university buildings
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Abstract
The role of i gt tuberculosts (T tam been widely
proposed in infection control guidance. However, conclusive evidence is Ricking.
Madeling suggested the threshold of ventilation rate to reduce effective reproduc-
thee ratio <ondary infecth and source canesj of TH 1o
beekow 1 i coenesponding 10 a carbon dioide {00, kevel of 1000 puarts per million
{ppim). Here, we medsurnd the effect of improving ventilation rate oo a TH outtineak
Invobving 27 TH cases and 1665 contacts in underventilated university bulldings.

Verailation engineering decreased the main a1 €O, levels from 204 + 50 ppm
1 #1603 ppn. Thereafter, the secondaey stsck e of new cortacts i ber
sty dropped to sero limesn follow-up duration: 59 years), Exposure to source TH
eases urder CO, *1000 ppm indoor eievieoement was 3 significant ik Eactor for
contcts ¥ become new nfectios TH Cases 0« DO After acisting fo effects of

aact leveestigation and Labert TH Infoction trestment, kmproving ventiation rate
10 bevels with €Oy <1000 ppm was ledeperelontly assockabed with a 97
[ Ch: 50%-F9.9%) in the inchderce of TH among cootacts. These ressits show that
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Epidemic curve by notification data of active TB cases and CO2 s
concentration (the max. values of daily average) in the underground
floors of Building C before and after ventilation engineering intervention
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The National Reference
Laboratory of
Mycobacteriology performed
DNA fingerprinting with
standard IS6110 restriction
fragment length
polymorphism, which
showed an identical
genotype for all collected
strains isolated from the
index case and the
subsequent 22 cases.
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Measurement of Indoor CO2 Levels

e Standard portable CO2 meters, TSI-8760

 The CO2 meters were calibrated using the
National Institute of Standards and
Technology standard gases (0/910/3010
ppm).

e To measure the steady state, CO2 was
measured during peak hours (10AM to noon
or 1PM to 5PM) and after the classrooms
had been occupied for at least 30 minutes.
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Air Change Per Hour (ACH)

- B/NEBRFRE(ACH)

- EEBI(ERBRVANZESR  B/\BHERIARIREHFEETR
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—1/ming%Zk/min
— Q (m3/min)/V(m3) * 60
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Estimation of ventilation rate

* The relationship between the steady state CO2 level (which represents the per
person ventilation level) and room ventilation rate Q is given by Issarow et al:

CO2 (steady state) = Ce + npCad/O.

* Here C; is the CO2 level of outdoor ambient air (400 ppm) n is the number of
room occupants p is the breathmg rate (6 liter/min), Q is ventilation rate (L/s),
and C, is the CO2 fraction in exhaled breath (38,000 ppm).

* Fora standard classroom (180 m3) with 30 students, substituting pCa by average
CO2 generation rate (0.0048 L/s per person), a CO2 level of 3,204 ppm (before
the interventions) is equivalent to 1.7 L/s per person. After ventilation
engineering, the CO2 levels decreased to 591-603 ppm, equivalent to 23.6 -25.1
L/s per person.
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P < .001, median time from exposure to TB notification: 11 months, interquartile range: 6-18 months

Cumulative risk of TB (%)

Number at risk

CO2 >1,000 ppm
CO2 1,000 ppm

5-.
—C02 >1,000 ppm (N=942)

4 -~ CO2 <1,000 ppm (N=723)

T T T T T T T
0 365 730 1095 1460 1825 2190 2555 2920

Time after Exposure (days after index date)

942 805 776 776 776 776 775 276
723 697 695 695 694 670 323 77
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Kaplan-Meier
estimates for the
risk of contacts to
become new
infectious TB cases,
by ventilation status
at the time of
exposure to source

Cases (person-time after the
start of IPT was censored)

Risk factors for 1035 smear-positive contacts to~I

acquire active TB

END

Multivariable

Univariable
No. of TB cases® in each

Variates category of the contact (%) HR 95% ClI Pvalue
Contacts of index case

No 3/895 (0.3) 1.0

Yes 19/140 (13.6) 46.5 38.7-157.7 <.0001
Household contacts

No 20/995 (2.0) 1.0

Yes 2/40 (5.0) 27 0.6-11.7 1796
Contact under CO, level >1000 ppm

No 1/449 (0.2) 1.0

Yes 21/586 (3.6) 14.3 1.9-107.0 .0095

Adjusted HR 95% Cl Pvalue
1.0

279 8.1-96.9 <.0001
1.0

575 6.8-4871 .0002

32.8 2.0-540.3 .0145

Relative effect = 1-(1/adjustedhazardratio for exposure under low ventilation)
Ventilation improvement to levels with CO2 <1000 ppm was associated with a 97% decrease in incidence
of infectious TB cases among contacts (95% Cl:50%-99.9%).
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Risk factors for 667 contracts to have latent TB —its
infection

Univariable Multivariable
No. of LTBI cases® in each

Variates category of the contact (%) OR 95% ClI P value Adjusted OR 95%Cl P value
Contacts of index case”

No 222/565 (39.3) 1.0 1.0

Yes 80/102 (78.4) 5.6 3.4-9.3 <.0001 4.9 29-81 <.0001
Contact under CO2 level >1000 ppm

No 57/179 (31.8) 1.0 1.0

Yes 45/488 (50.2) 27 1.5:3:1 <.0001 1.6 1.1-2:3 014

Ventilation improvement to levels with indoor CO2 <1000 ppm was associated with a 38% decrease in
likelihood of LTBI among the contacts (95% Cl: 9%-57%).
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Since the
UNHLM on TB,

Stop{) Partnership What did you dO?




I'1
\/|
e

.|.

EEI R PR "

S N 9 o 3
N N N N N
® o

(1,
R o-RERBEBIORAND)

END
TB

TB FiEzi8% 2005-20184F
20054 20104 20184

A

‘ 17%

9 (o)

2% 49% 24% 47% a2
655 65515 65201

« - F
© 65-74 © 65-74 19% 65-74

65m K IA EGEES8% - IR AOE(ERE - SREXRLEEZFLH

75m BRI EEEE39%




END

: # B 2 E S B
HE}] 55551* 7= *? B) ﬁj% 2020 @ HIVEHRERIBEHBEBEA TB
A Jk
AZ I:ﬁﬁﬂ' fé 2019 @ +TERNERCHARREFIBHEUREBSMA
LN LTBIZZEf B A %
AEREBEAESBRERRRESREIREBRIGEN

2018 HEIRBEEZAKBETBELTBIZSRE

ESEAMEREREMARZEAE - 5/
fEiREfrBa B MG =  FTIZ4AREF

REB#E TBREXZEIAFE, - BA
FEsR %ﬂ&uz@fﬁ

R6ETHIEENIGRAR TBREZZE AR METE
EATBIAERIFHE E1986F B L L iEEE

ARE2HR HEEN<135RIEAE B LTBIE R
BRGRRRE

END

Test and Treat — 2
BIREZAEDR . niEaEAEmR!

mEmm
L
i o e g WS - B YA 3A B

E§

MRARTERE ii
P B A —

HOSPITAL

i o

fp oo aoen

aol=——1an
aann i aoan?

[24]




2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
<15 3.5 3.5 3.3 4 3.2 26 3.3 22 27 22 1.5 1.7 1.6 1.2 1.2
1519 227 217 19.9 17.5 20.2 17.7 17.5 14.6 14.9 15.6 10.2 9.5 9.2 7.7 7.6
20-24 31 27.9 26.5 28.4 22 21.8 23 19.9 191 15.4 12.9 13 12.3 10.7 10.6
25-29 332 26.9 26.4 27.3 233 24.2 20 19 17 16 15.3 11.9 12,5 1.4 10
30-34 349 29.6 26.3 26.2 222 221 223 20.1 19.3 18.9 14.7 14.9 12.8 13.3 11.3
35-39  35.1 32 31 31.2 271 25.2 253 23.8 23 20.2 16.9 15 15.9 14 13

40-44 455 40.3 38.6 37.5 31.6 31.7 291 28.8 27.6 243 20.1 18.3 19.0 16.1 15.5 r:[\
45-49 56 51.4 48.5 443 40 39.1 38.2 37.2 33.8 31.9 27.6 26.4 241 217 215 <
50-54 728 64.8 58.8 55.9 52.7 50.9 47.9 47.8 422 42.4 37.7 36.9 35.2 32.7 29.8 #ﬂéﬁ-‘
55-59  98.3 95.5 83 73.4 69.9 66.2 61.9 58.1 53.3 53 47.8 471 45.3 38.8 37.3 —
60-64 1312 1108 110 1029 922 93.7 82.8 86.6 67.2 69.8 69.6 61.5 54.8 54.1 53
I 265 385 356.5 323 314 2913 2831 2635 2505 2309 220 2083 1913 1734 159.2 1437 I x‘i'
By : 8108A0 g{:ﬂg

<15 15-19 20-24 25-29 30-34 35-39 40-44 45-49 50-54 55-59 60-64 >65
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. . Rate at which
Number of infections )
person get air by
sources .
breathing
Generation rates _:'
of infectious .' Controlof — 3
+ airborne infection : Particl |
aerosols (épwronmental aspect) articie remova
rate
Exposure time Number of exposed
persons
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2012 Aug. 2014 TB cases
Improved -
2012 Mar '!‘ .
Ventilation Target 2013 M?y w w
set : ACH>4 for qu artetly o o o o
nursing home outbreak ur%vey No 3 w w w w w

TB case number
o B N W b~ U O

Air changes /hour (ACH)

I Psychiatric ward cases with group D genotype

ACH of No 6 ward ACH for No 4 ward - ACH of No 3 ward
28
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Congregate settings were high risk populations are
* Congregate settings High risk populations
— School Elderly
‘B t Nursing home
asemen Long term care facility
* No window Hospital —
— Long term care facility @@@@
* Recycle fan
* Split-Type Air-Conditioners Common risks
v’ Crowded
v’ Long time shared
v’ Poor ventilation
oS
CO, concentration in TB

28 classrooms at the
S building

* >=1000ppm: 89%
* <1000ppm in 3 because

of <10 students in the
rooms

* This is the second set of
surveillance data for CO2
concentration gathered
after the outbreak => no
improvement at all
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* In 2011, the Environmental Protection Agency released its indoor air

quality standards.

* In 2012, detailed enforcement procedures for these of standards were put
in place. However, these procedures were not fully enforced until 2014,
and only a limited number of places were required to meet the standards.

* That being said, in 2016, libraries in all colleges, payment area and waiting
rooms in medical centers and regional hospitals, living rooms in public
elderly social welfare care facilities were made to meet the standards.

* If suggested CO2 threshold level—which is much in line with the indoor air
quality standards—gains wider acceptance, organizations might start self-
monitoring CO2 levels and improve ventilation to keep outbreaks from

occurring.

A Collaboration between
EPA and MOHW
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Abstract

The role of ventilation in preventing tuberculosis (TB) transmission has been widely
proposed in infection control guidance. However, conclusive evidence is lacking.
Modeling suggested the threshold of ventilation rate to reduce effective reproduc-
tive ratio (ratio between new secondary infectious cases and source cases) of TB to
below 1 is corresponding to a carbon dioxide (CO,) level of 1000 parts per million
(ppm). Here, we measured the effect of improving ventilation rate on a TB outbreak
involving 27 TB cases and 1665 contacts in underventilated university buildings.
Ventilation engineering decreased the maximum CO, levels from 3204 + 50 ppm
to 591-603 ppm. Thereafter, the secondary attack rate of new contacts in univer-
sity dropped to zero (mean follow-up duration: 5.9 years). Exposure to source TB
cases under CO, >1000 ppm indoor environment was a significant risk factor for
contacts to become new infectious TB cases (P < .001). After adjusting for effects of
contact investigation and latent TB infection treatment, improving ventilation rate
to levels with CO, <1000 ppm was independently associated with a 97% decrease
(95% Cl: 50%-99.9%) in the incidence of TB among contacts. These results show that

Pei-Chun Chan and Chi-Tai Fang are contributed equally.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2019 The Authors. Indoor Air published by John Wiley & Sons Ltd

422 wileyonlinelibrary.com/journal/ina

Indoor Air. 2020;30:422-432.


www.wileyonlinelibrary.com/journal/ina
https://orcid.org/0000-0003-3406-366X
mailto:﻿
https://orcid.org/0000-0001-7424-1868
mailto:﻿
https://orcid.org/0000-0002-7380-1699
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:pcanita.tw@cdc.gov.tw
mailto:fangct@ntu.edu.tw

DU ET AL.

KEYWORDS

1 | INTRODUCTION

Tuberculosis (TB) is currently the leading global epidemic, causing
more than 1.6 million deaths worldwide in 2017.} Despite the ad-
vances in molecular diagnosis, effective drug treatment, and directly
observed treatment, short-course (DOTS) program, the worldwide
TB incidence declined very slowly, 2% per year at the present time—
but is consistent with model predictions for the impact of the DOTS
strategy.l’2 Additional strategies are urgently required to achieve the
global End TB target.

Tuberculosis is an airborne disease which spread through in-
fectious aerosol generated by patients during cough.® In an indoor
environment, infectious aerosol progressively accumulates and put
everyone in the room at risk unless the indoor air is continuously
replaced with the fresh outdoor air by ventilation.* Poor ventilation
is associated with increased risk of tuberculin skin test (TST) con-
version.® The role of ventilation in preventing TB transmission has
been widely proposed in infection control guidance.>® However,
conclusive evidence is lacking.®?

Theoretically, improving ventilation rate decreases the prob-
ability of TB transmission exponentially, but never to zero.X0
Nevertheless, to stop the TB epidemic, it only needs to reduce
the effective reproductive ratio (ratio between new second-
ary infectious cases and source cases) to less than one, rather
than to zero.'* Modeling work, based on parameters from South
Africa high schools, suggested that this threshold is 8.6 L/s per
person, corresponding to an indoor carbon dioxide (CO,) level of
1000 parts per million (ppm).'2 However, this theoretical thresh-
old has not been tested in real world.

Taiwan has advanced public health services. The national di-
rectly observed therapy program and contact investigation system
ensure all TB patients and their contacts are diagnosed promptly
and treated effectively.13 Nevertheless, a large outbreak involv-
ing 27 active TB cases and 1665 contacts occurred at a poorly
ventilated university building during 2010-2013. Investigation
found that the university building had an indoor CO, level up

to 3204 ppm as the outbreak unfolded. We aimed to measure

trolling TB outbreaks.

tuberculosis, ventilation

WILEY--2

maintaining adequate indoor ventilation could be a highly effective strategy for con-

carbon dioxide, contact investigation, isoniazid preventive therapy, outbreak control,

Practical Implications

e Tuberculosis (TB) is the leading global epidemic, caus-
ing 1.6 million deaths worldwide in 2017. Despite ad-
vances in molecular diagnosis, effective drug therapy,
and directly observed treatment, short-course (DOTS)
programme, the global incidence declined very slowly,
only 2% per year--but is in line with predicted impact
of DOTS strategy. Additional strategies are urgently
required.

e This study provides the first empirical data showing
that improving indoor ventilation to levels with CO2
<1000 ppm is highly effective in controlling a TB out-
break which occurred in poorly ventilated indoor envi-
ronment. A refocusing on the importance of adequate
indoor ventilation in TB control could be the game

changer for achieving the global End TB target.

the effect of improving ventilation to levels with indoor CO,
<1000 ppm on this TB outbreak, focusing on the risk of contacts
to become new secondary infectious TB cases.

2 | METHODS
2.1 | Study settings

University A, located at suburbs of Taipei, has around 10 000 students.
The university building used a central mechanical ventilation and air-
conditioning system to maintain temperature within a comfortable
range in a hot and humid climate. The air circulates between classrooms.
None of the classrooms has an independent ventilation system. To min-
imize electricity cost, no extractor ventilation machines had been in-
stalled for underground floors (Figure 1). The lack of air outflow created

a positive indoor pressure that prevented the inflow of fresh hot air.

FIGURE 1 Building C underground floorplan. The locations of the very small outward grille and inward grille of this central ventilation
system in each floor are labeled with black arrow (outlet) and white arrow (inlet), respectively. There were 2, 5, and 4 classrooms on
basement 1 (CB1F), basement 2 (CB2F), and basement 3 (CB3F), respectively, plus administrative offices and graduate student research
rooms. Before ventilation engineering, this ventilation system did not have any extractor machines. The four 2850 cubic-feet-per-min (CFM)
supply machines and one 2300 CFM supply machines created a positive pressure which minimized inflow of hot fresh air. On October 28,
2011, three 3000 CFM extractor machines were installed, along with five 3000 CFM supply machines. During November 2011, two more
supply machines were installed, along with a revision of a direct type air inlet duct to increase the inward air flow
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2.2 | The outbreak

The outbreak began at classrooms (Figure 2) in the underground floors
of the Building C. Figure 1 shows a diagram of rooms in the floorplan.
The index case (Case 0, a student who presented with a productive
cough for 1 month) was diagnosed with smear-positive non-cavitary
TB in November 2010. The index case was immediately put on sick
leave and began treatment. Initial chest radiography (CXR) screening
of 44 classmates, 3 teachers and 4 family members, found no addi-
tional cases. However, from April to September 2011, 11 new cases
emerged. Most of these cases had been in the same classroom but
never had close contact with the index case. The National Reference
Laboratory of Mycobacteriology performed DNA fingerprinting with
standard 1S6110 restriction fragment length polymorphism,** which
showed an identical genotype for all collected strains isolated from
the index case and the subsequent 11 cases, including 7 secondary
cases related to the index case, 2 tertiary cases related to Case 3, and
two cases of uncertain sources (Figure 3). The ongoing transmission,
despite the early removal of the index case, prompted investigation
of possible environmental factors.

2.3 | Study design

We used a retrospective cohort study of all contacts (n = 1665)
involved in this outbreak (follow-up to July 31, 2018, with a mean
follow-up time of 5.9 years) to examine the effect of ventilation im-
provement on the risk for contacts to become new infectious TB
cases. We obtained cases, contacts, and follow-up data from the
National Surveillance of Notifiable Contagious Diseases (NSNCD),
a centralized cloud-based case management database to ensure that
all new TB cases from the list of university students, employees, and

TB patients’ contacts were included.

2.4 | Contactinvestigation

In addition to household contacts, all persons who had a cumulative
30-40-hour exposure to shared air (defined as staying in the same
floor or within the same building with any infectious TB patients) were
considered as contacts for whom clinical and radiographic evalua-
tions and follow-up were provided to detect active TB.2 Public health
nurses used lists of students/faculties/employee, curriculum, and
class rosters to identify contacts as many as possible. To analyse the
chain of transmission, all contacts were linked to the first source case
he/she had been exposed to. Per national policy, contacts <13 years
of age received a TST, using a cutoff point of 10 mm.= In response
to this outbreak, the authority expanded TST to all contacts regard-
less of age beginning in October 2011. Isoniazid preventive therapy
(isoniazid 10 mg/kg once daily [max. 300 mg] for 9 months) was of-
fered to all asymptomatic contacts with latent TB infection (LTBI, de-
fined as having a positive TST >10 mm, and normal chest radiographs).

However, LTBI contacts could choose not to receive treatment.

FIGURE 2 One of the crowded and poorly ventilated 56-seat
underground classrooms, where the index case had attended class,
with a carbon dioxide level up to 2936 parts per million (ppm) at
peak hours (the photograph was taken after the students have left)

2.5 | Measurement of indoor CO, levels

Standard portable CO, meters, TSI-8760 (TSI Incorporated, with
precision range of +50 ppm),'®> were used to measure CO, levels.
The CO, meters were calibrated using the National Institute of
Standards and Technology standard gases (0/910/3010 ppm). All
CO, measurements were conducted during peak hours (10 am to
noon or 1 pm to 5 pm) when almost every classroom was occupied
(20-50 students per class, Appendix S1). Measurements were taken
beginning 30 minutes after the commencement of a class and lasted
until the end of a class. One to four sites were sampled, based on
classroom size. The measurement was repeated every 10 seconds
for 5-15 minutes. The maximum, minimum, and average CO, levels,
classroom population, and numbers of open windows and doors (at
the time of measurement), were recorded (Appendix S1). Because
indoor CO, in congregate settings rarely achieve steady state,’® we
used the monthly maximum of daily averages of indoor CO, lev-
els as the best estimate!” for the theoretical steady-state value
in calculating the corresponding ventilation rate. We performed a
sensitivity analysis which uses monthly median of daily averages of
indoor CO, levels in estimating the effect of ventilation on infec-
tion risk.

2.6 | Estimation of ventilation rate

The relationship between the steady-state indoor CO, level (which
represents the per person ventilation) and room ventilation rate Q is

given by Issarow et al'’:

CO, (steady state) = C¢ + npC,/Q.

Here, Q is ventilation rate (L/s), which we wanted to estimate.
Cg is the CO, level of outdoor ambient air (400 ppm), n is the num-
ber of room occupants, p is the breathing rate, and C, is the con-

centration in exhaled breath. For a standard classroom (180 m?®)
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FIGURE 3 Epidemic curve by notification date of active tuberculosis (TB) cases and carbon dioxide (CO,) concentration (the monthly
maximum values of daily average) in the underground floors of Building C before and after ventilation engineering intervention. Index

case (black), secondary cases (gray), and tertiary cases (diagonal) are

shown by different color or pattern. Four additional cases caused by

the same strain (white) were found by cross-checking 20 392 employees and students who had stayed at University A campus before the
ventilation engineering was completed on January 16, 2012: Case 9 was exposed to Case 0 in the CB2 classroom for only 20 h, but exposed
to Case 3 in Building M on the same floor (but not in the same room) for 62 h; Case 22 exposed to Case O for 32 h, to Case 3 for 39 h,

to Case 8 for 14 h, and Case 23 was exposed to Case O for 30 h, Case 3 for 39 h, Case 8 for 14 h, Case 9 for 8 h, all in Building M on the
same floor but not in the same room. The curriculum of Case 7 could not be matched to any TB cases. The final four cases (one notified in
2016, 2017, and two in 2018, respectively, not shown in the Figure) were contacts of the index case (contact occurred in poorly ventilated
environments before the ventilation engineering). All these four patients had been diagnosed to have latent TB infection in late 2011 but

refused to receive isoniazid preventive therapy

with 30 students, substituting pC, by average CO, generation rate
(0.0048 L/s per person),'® a CO, level of 3204 ppm (before inter-
vention) is equivalent to 1.7 L/s per person. After ventilation engi-
neering, the CO, levels decreased to 591-603 ppm, equivalent to
23.6-25.1 L/s per person.

2.7 | Secondary attack rate

We compared the secondary attack rate in contacts of TB cases no-
tified before the completion of ventilation engineering on January
16,2012, (before intervention) and the secondary attack rate in con-
tacts of TB cases notified after the completion of ventilation engi-
neering on January 16, 2012, (after intervention). All contacts were
followed up to July 31, 2018.

2.8 | Effect of ventilation improvement

The effect of ventilatory improvement on reducing TB incidence

among contacts was estimated by the following formula:**

Relative effect = 1 —(1/adjusted hazard ratio for exposure under low ventilation).

2.9 | Statistical analysis

Proportions and rates were compared with chi-square (or Fisher's
exact test) and chi-score test, respectively. For time-to-event analy-
sis, the zero time of follow-up for each contact is the diagnosis date
of the source case (index date). The end of follow-up was the date
when the contact was notified as an active TB case (event), the date
of mortality due to non-TB-related causes (censored), or July 31,
2018 (censored). To control the effect of isoniazid preventive therapy
(100% effective, none of the 173 [0%] contacts who received iso-
niazid preventive therapy acquired TB), person-time after the date of
starting isoniazid preventive therapy was censored. Probabilities of
TB were estimated by Kaplan-Meier method and compared using log-
rank test. Cox regression and logistic regression were used to adjust
for covariates. All analyses were conducted using SAS ver. 9.2 (SAS

Institute). A two-sided P < .05 was considered statistically significant.

2.10 | Ethical statement

The Institutional Review Board of Taiwan Centers for Diseases
Control (Taipei, Taiwan) approved the study procedure as public

health surveillance, which does not require informed consent.
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3 | RESULTS
3.1 | Epidemiological investigation

A total of 27 active TB cases (mean age:23 years, all previously
healthy) were identified. Fifteen cases were confirmed by sputum
culture of strains with an identical DNA fingerprint. Twelve cases
were confirmed by serial CXR findings and response to anti-TB treat-
ment as well as epidemiological link to one of DNA fingerprinting-
confirmed cases. Figure 3 shows the chains of transmission (index
case, secondary cases, and tertiary cases). There were four DNA
fingerprinting-confirmed active TB case whose source case was un-

certain (see Figure 3 legend for details).

3.2 | Initial ventilation assessment

Ventilation specialists from the Taiwan Institute of Labor, Occupational
Safety and Health (ILOSH) inspected the classrooms in the underground
floors of Building C on October 13, 2011. The CO, level measured at
Classroom CB307 (in B3 floor) where the index case had attended the
class was as high as 3204 ppm. The CO, level measured at Classroom
CB202 in B2 floor was 2926 ppm (Appendix S1). Furthermore, the CO2
level measured at the inlet of air flow (see the floorplan in Figure 1)
was 1600 ppm, which indicates that the airflow in underground floors
were nearly 100% recirculation, with little inflow of fresh air from the

outside. The authority enforced ventilation engineering.

3.3 | Ventilation engineering

The intervention consisted of: (a) for the ground floor and above, keep-
ing the windows open (to serve as air outlets) to facilitate both natural
and mechanical ventilation; and (b) for the underground floors, install-
ing extractor ventilation machines to improve air outflow (see Figure 1
legend for details), along with constructing new ventilatory circuits for
Building C to normalize the outflow of exhaled air so that the pre-ex-
isting inlet pipes from the roof could function as designed (see Figure 1

and Appendix S2). The above intervention decreased ground floor CO,

FIGURE 4 The un-openable glass
wall at the front door of the ground

floor of Building C, which obstructed

the ventilation of underground floor
classrooms. (A), before intervention and
(B) after removal of upper two-third glass
(replaced with insect screen)

levels to 700-800 ppm (measured on December 9, 2011), but the CO,,
levels on underground floors were still up to 1413 ppm (Appendix S1).
A glass wall at the ground floor door in Building C (Figure 4A) blocked
the outflow of exhaled air (through a stairway) from classrooms on
the three underground floors. The outbreak coordination committee
therefore recommended removing the aforementioned glass wall,
which was subsequently removed on January 16, 2012 (Figure 4B).
After these interventions, the ventilation levels in Building C improved
to 370-400 ppm on the ground floor and 591-603 ppm (23.6-25.1 L/s
per person) on the underground floors (Figure 3). The same ventilation

engineering work were implemented in other buildings as well.

3.4 | Impact of ventilation on secondary attack rate
in University A

After ventilation engineering, the secondary attack rate of univer-
sity contacts dropped to zero (contacts of TB cases notified before
January 16, 2012:20/728 [2.7%)] vs contacts of TB cases notified after
January 16, 2012:0/278 [0.0%], P = .002, follow-up to July 31, 2018,
for a mean of 5.9 years). The drop in secondary attack rate was not
due to CXR screening that may detect less infectious cases (20/634
[38.0%] vs 0/275 [0.0%], after excluding contacts of cases detected by
mass CXR screening, P < .001), nor was it caused by treatment of LTBI
(20/1 480 411 vs 0/544 752 person-days, after excluding person-time
after starting isoniazid preventive therapy, P = .007).

3.5 | Ventilation levels and risk for contacts to
become new infectious TB cases

Table 1 shows demographic and epidemiological information for 1665
contacts (including 1006 school contacts, 214 contacts at a private
tutoring class [where Case 8 attended], 96 household contacts, and
352 contacts in other settings) involved in this outbreak. Exposure to
source cases under indoor CO, >1000 ppm (n = 942, including the 728
school contacts exposed before January 16, 2012, and 214 contacts
at a private tutoring class where an indoor CO, level of 1022 ppm,

Table S4) was associated with a higher risk for the contacts to become
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new infectious TB cases (P < .001, median time from exposure to TB
notification: 11 months,* interquartile range: 6-18 months, person-
time after the start of LTBI treatment was censored, Figure 5). One
of the 214 contacts at the private tutoring class acquired active TB
(Table 1). Therefore, CO, level of 1022 ppm was not safe. The only
one contact in the CO, level <1000 ppm category who acquired ac-
tive TB (Table 1) was the index patient's younger sister, who had pro-
longed close household contact with the index patient.

3.6 | Effect of ventilation improvement

After adjusting for exposure to “super spreader” (the index case,
Case 0), proximity of contact (household) and LTBI treatment (by

TABLE 1 Characteristics of the 1665 contacts involved in the
outbreak?®

Acquired TB Did not acquire
(n=22)° TB (n = 1643)
Variables No. (%) No. (%) P value
Age (y), median 20.0(15.9-39.8) 21.8(2.4-94.0) 441
(min, max)
<15 0(0) 14(0.9)
16-25 21(95.5) 1227 (74.7)
26-35 0(0) 120(7.3)
36-45 1(4.6) 73 (4.4)
46-55 0(0) 129 (7.9)
56-65 0(0) 62 (3.8)
265 0(0) 18(1.1)
Sex
Male 8(33.4) 855 (52.0) 144
Female 14 (66.7) 788 (47.9)
Source patient sputum smear results
Negative or 0(0.0) 630(38.3) <.0001
scanty
Positive 22(100.0) 1013 (61.7)
Context of contacts
University 19 (86.4) 984 (60.0) .031
contacts
Household 2(9.5) 94 (5.7)
contacts®
Private tutoring 1(4.8) 213(13.0)
class
Contacts in 0(0) 352(21.4)
other settingsd
Contacts of the index case
No 3(13.¢) 1522 (92.6) <.0001
Yes 19 (86.4) 121 (7.4)
Isoniazid preventive therapy
No 22(100.0) 1470 (89.5) 158
Yes 0(0) 173 (10.5)

(Continues)

DU ET AL
TABLE 1 (Continued)
Acquired TB Did not acquire
(n=22)° TB (n = 1643)
Variables No. (%) No. (%) P value
Contact under CO, level >1000 ppm*®
No 1 (4.6) 722 (43.9) <.0001
Yes 21(95.5) 921 (56.1)

Note: P value, by chi-square test or Fisher's exact test (if the sample size
is smaller than five).

Abbreviations: CO,, carbon dioxide; ppm, parts per million; TB,
tuberculosis.

2All student, staff, and faculty with a cumulative 30-40 h exposure

to shared air (defined as staying in the same floor or within the same
building with any infectious TB patient) were considered as contacts.
Public health nurses used administrative data (lists of students/
faculties/employee, curriculum, and class rosters) and results from

a structured questionnaire to identify contacts as many as possible.
Initially, 40 h were used. However, one contact with 30 h exposure

to the index case became Case 3. Thereafter, the authority updated
the operative definition for university contacts to a cumulative

30 h exposure to shared air, due to the severely underventilated
environment in University A.

bThe total 27 TB cases in this outbreak include the index case (Case

0), twenty-two contacts who acquired active TB during follow-up, and
four additional TB cases who had exposure to shared air with infectious
TB cases but did not meet the operative definition of contact (see the
legend of Figure 3).

“Three household contacts were also university contacts (one is the
index case's sister, who acquired active TB, and two are Case 5's
roommates who attended the same school).

dFriends (n = 19), workplace contacts (n = 165), flight contacts (n = 3),
contacts at another university (n = 165).

Defined as having an indoor air CO, level >1000 ppm at the time of
exposure. Contacts in this category include the 728 university contacts
who were exposed to TB patients in this outbreak before the ventilation
engineering was completed on January 16, 2012. One TB patient (Case
8) attended a private tutoring class. Public health inspectors found the
tutoring class had a CO,, level of 1022 ppm. Therefore, the 214 tutoring
class attendees were also considered to have been exposed to TB
patients in environment with a CO, level >1000 ppm.

This is a household contact.

censoring person-time after the start of LTBI treatment), Cox
regression revealed that among 1035 contacts of smear-posi-
tive source cases, exposure to source cases under indoor CO,
>1000 ppm was a major risk factor for contacts to become new
infectious TB cases (adjusted hazard ratio 32.8 [95% Cl:2.0-540.3])
(Table 2). Ventilation improvement to levels with CO, <1000 ppm
was associated with a 97% decrease in incidence of infectious TB
cases among contacts (95% Cl:50%-99.9%).

3.7 | Riskof LTBI

LTBI was diagnosed in 302 of the 667 contacts who received TST.
Exposure under CO, >1000 ppm environment was associated with
a significantly higher likelihood of LTBI (245/488 [50.2%] vs 57/179
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—C02 >1000 ppm (N = 942)

-+C02 <1000 ppm (N = 723)

Cumulative risk of TB (%)
w
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0 T T
0 365 730

1095 1460 1825 2190 2555 2920
Time after Exposure (days after index date)

Number at risk

C0O2>1000 ppm 942 805 776 776 776 776 775 276
CO2 <1000 ppm 723 697 695 695 694 670 323 77

FIGURE 5 Kaplan-Meier estimates for the risk of contacts

to become new infectious tuberculosis (TB) cases, by ventilation
status at the time of exposure to source cases (person-time after
the start of isoniazid preventive therapy was censored)

[31.8%], P < .001). Logistic regression revealed that after adjusting for
the higher infectiousness of the index case, exposure to source cases
under CO, >1000 ppm in the university buildings before the interven-
tion was also a risk factor for contacts to have LTBI (adjusted odds ratio
1.6[95% Cl:1.1-2.3], P = .014) (Table 3). Ventilation improvement to lev-
els with indoor CO,, <1000 ppm was associated with a 38% decrease in
likelihood of LTBI among the contacts (95% Cl: 9%-57%).

3.8 | Sensitivity analysis

Replacement of monthly maximum CO, value with monthly me-
dian CO, level (Figure S1) did not alter the exposure categories of
contacts in Tables 1-3, and Figure 5 and therefore did not alter the

analysis results.

4 | DISCUSSION

This study provides the first empirical data showing that improving in-
door ventilation to levels with CO, <1000 ppm is highly effective in
controlling a TB outbreak which occurred in poorly ventilated indoor
environment. Improving ventilation to indoor CO, levels <1000 ppm
was associated with a 97% decrease in risk for contacts to become new
infectious TB cases and helped to end the TB outbreak in University A.

Prompt diagnosis, isolation, and treatment for both TB and
LTBI are essential for the control of this outbreak. However,
these chemotherapy-based interventions in University A were
less successful than what should be expected. The role of poor
ventilation in this outbreak was discovered precisely because of
the ongoing occurrence of tertiary cases despite early removal
of the index case 1 year ago. The worsening situation in October
2011 prompted investigations of indoor ventilation and the sub-

sequent ventilation engineering. In retrospect, infectious aerosol

WILEY--2

accumulated in the poorly ventilated environment. Without the
ventilation improvement, the outbreak in University A would be
more prolonged and more difficult to control. The limitation of
chemotherapy-based interventions is further highlighted by four
cases who did not have identifiable sources but nevertheless ac-
quired the outbreak TB strain (Figure 3). They may have entered
a classroom or a floor for unrecorded activity and breathed the
exhaled air from prior occupants. In such scenarios, TB transmis-
sion may occur even when the sources were not there. This makes
contact investigation and preventive therapy not the answer for
controlling of TB in congregate settings.

A major strength of this study is the comprehensive epidemio-
logical investigation. The outbreak investigation team found that TB
transmission can occur following an exposure to shared air as short
as 30 hours under poorly ventilated environments. Another strength
is the comprehensive contact tracing and long-term follow-up based
on Taiwan's highly effective public health system.!® The TST and
clinical/radiographic evaluation to detect active TB also followed
standardized protocols. With the assistance of civil registration and
a centralized cloud-based contagious disease database, the NSNCD,
follow-up was nearly complete.

The NIOSH and other governmental agencies had recommended
indoor air quality standards based on CO, levels of 600-1500 ppm
for schools and workplaces.zo'22 The considerations for these rec-
ommendations are for comfort and learning/working efficiency. Our
results support the hypothesis that there is a threshold of ventilation
rate that stop TB epidemic. However, our data are not precise enough
to exactly define this threshold, which could be in between 600 and
1000 ppm CO, in this outbreak. Moreover, the threshold could vary
across different TB outbreak—a higher ventilation rate would be re-
quired to neutralize the hazard from a more infectious index case.

In response to the nosocomial multidrug-resistant (MDR) TB
outbreaks crisis in 1990s, the United States Centers for Disease
Control and Prevention (CDC) issued a 3-tiered strategy: admin-
istrative control (prompt isolation of TB patients), environmental
control (isolation room, ventilation and germicidal ultraviolet), and
personal protective equipment (mask).®”?® CDC recommended
that airborne infection isolation rooms should have a ventila-
tion rate of at least 12 air changes per hour (ACH), based on en-
gineering specifications for removing airborne particles, with
high-efficient particulate air (HEPA) filtering for re-circulated air
if non-recirculating local exhaust ventilation is not feasible.® After
implementation, no more new cases occurred.?>?* The respective
contribution from each tier in this strategy cannot be separately
evaluated. Nevertheless, this success is in keeping with our ob-
servation that improving ventilation rate to 23.6-25.1 L/s per per-
son (equivalent to 14-15 ACH) helped to end the TB outbreak in
University A.

Since 2009, World Health Organization (WHO) recommend
healthcare facilities should be built to have a natural ventilation
rate of at least 12 ACH.®#2°> WHO recently reviewed evidence on
effect of ventilation in TB control and identified 10 observational

studies which reported the impact of multi-tiered control strategy
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on TST conversion rate among healthcare workers.® High hetero-
genicity in study design and compliance to environmental control
guidelines precluded a meta-analysis. WHO considered further as-
sessment on the effect of ventilation in TB control as a research
priority.2 Our results show that improving indoor ventilation rate
to levels equivalent to 14-15 ACH is highly effective in controlling
a TB outbreak. Our findings strengthen the evidence base for the
current WHO recommendation on the ventilation requirement for
healthcare facilities.

One limitation of our study is the lack of baseline TST data
prior to the outbreak. Taiwan is a middle-burden country with
an annual TB incidence of 53.0 cases per 100 000 residents in
2012.%6 TST is not required for new students upon admission to
universities in Taiwan. The lack of baseline TST data before this
outbreak makes it impossible to use TST conversion (ie, incident
LTBI) to measure the impact of ventilation improvement on TB

transmission. Given the limitation in interpretation, the analyses

still show that the ventilation improvement was associated with
38% decrease in likelihood of LTBI. Another limitation of this study
is the lack of information on Bacillus Calmette-Guerin (BCG) vac-
cine history,27 HIV status,?® comorbidities such as diabetes melli-
tus?? or rheumatoid arthritis®° for the contacts. This information
is considered private and therefore inaccessible by public health
surveillance in Taiwan; however, the above-stated host conditions
were unlikely to confound the analyses. First, BCG has been a uni-
versal vaccination at birth in Taiwan since 1965,2” with more than
a 95% vaccination rate in this generation of college students. The
student cohort in this outbreak only received single dose of BCG
at their birth, although some teachers or employees might have
received a booster dose while in elementary school.?” Second, the
HIV prevalence is very low in Taiwan (approximately 0.1%) and is
concentrated in specific high-risk groups, that is, people who in-
ject drug and men who have sex with men.3! Third, an overwhelm-

ing majority of the contacts and the patients were healthy and

TABLE 2 Riskfactors for 1035 smear-positive contacts to acquire active TB

Univariable Multivariable
No. of TB cases® in each

Variates category of the contact (%) HR 95% Cl P value Adjusted HR 95% Cl P value
Contacts of index case

No 3/895 (0.3) 1.0 1.0

Yes 19/140 (13.6) 46.5 38.7-157.7 <.0001 279 8.1-96.9 <.0001
Household contacts

No 20/995 (2.0) 1.0 1.0

Yes 2/40 (5.0) 2.7 0.6-11.7 1796 57.5 6.8-487.1 .0002
Contact under CO, level >1000 ppm

No 1/449 (0.2) 1.0

Yes 21/586 (3.6) 14.3 1.9-107.0 .0095 32.8 2.0-540.3 .0145

Abbreviations: CO,, carbon dioxide; HR, hazard ratio; ppm, parts per million; TB, tuberculosis.

2We used Cox regression to estimate the hazard ratio associated with exposure to source cases under poorly ventilated (operatively defined as co,
levels >1000 ppm) environments among the contacts, adjusting for infectiousness of source cases (index case) or proximity of contact (household).
For each contact, the zero time was the diagnosis date of the source case. The end of follow-up was the date when the contact was notified as an
active TB case (event), the date of starting isoniazid preventive therapy (censored), the date of any mortality due to non-TB-related causes (censored),

or July 31, 2018 (censored).

TABLE 3 Riskfactors for 667 contacts to have latent TB infection

Multivariable

Univariable
No. of LTBI cases® in each

Variates category of the contact (%) OR
Contacts of index case®

No 222/565 (39.3) 1.0

Yes 80/102 (78.4) 5.6
Contact under CO, level >1000 ppm

No 57/179 (31.8) 1.0

Yes 45/488 (50.2) 2.2

95% Cl

3.4-9.3

1.5-3.1

P value Adjusted OR 95%ClI P value
1.0

<.0001 4.9 2.9-8.1 <.0001
1.0

<.0001 1.6 1.1-2.3 .014

Abbreviations: CO,, carbon dioxide; LTBI, latent TB infection; OR, odds ratio; ppm, parts per million; TB, tuberculosis.

#Number of latent TB infection cases, defined as a positive tuberculin skin test using a cutoff point of 10 mm.

PAIl 102 contacts of the index case were exposed under poorly ventilated environment (CO, levels >1000 ppm).
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active 18-22-year-old young college students (Table 1), an age
range during which comorbidities should be rare.

Until now, Global End TB Strategy has focused on early diag-
nosis and effective treatment of active TB and preventive therapy
for LTBI in high burden resource-limited countries,®? and so far
had a limited impact on TB epidemic trajectory.2 As a compari-
son, in developed countries, the improvement in indoor ventila-
tion as part of a general improvement in public health from the
nineteenth to twentieth centuries was followed by a dramatic
reduction in TB incidence before the era of anti-TB chemother-
apy.t?%33% Interventions to maintain adequate indoor ventilation
(to decrease airborne TB transmission) act at an earlier stage in the
chain of events and therefore would be synergistic in the current
global effort to end TB by greatly reducing the task and burden of
subsequent diagnosis and treatment.

In conclusion, the present study shows that maintaining adequate
indoor ventilation could be a highly effective strategy for controlling
TB outbreaks. Our findings highlight the need to assess indoor ven-
tilation status in TB outbreak investigation. In congregate settings
where there is known to be a high risk of TB, it may be beneficial
to make pre-emptive improvements to building ventilation. A refo-
cusing on the importance of adequate ventilation in TB control may
prevent hundreds of thousands of TB cases from occurring?3>3¢
and therefore could be the game changer for achieving the global
End TB target.
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