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Tuberculosis (TB) is among the top ten causes of death worldwide. The impacts of potential control
measures on TB infection in senior care facilities are poorly understood in Taiwan region. The purpose of
this paper was to assess the impacts of potential control strategies for reducing the risk for TB infection
among elderly in senior care facilities and to provide the suggestions for sound TB infection control
measures that should be implemented in all senior care facilities with aged people suspected of having
infectious TB. We proposed an integrated-level mathematical model, incorporating the TB transmission
dynamics, the Wells—Riley mathematical equation, and the competing-risks model to quantify the
potential spread of TB bacilli in senior care facilities. We found that individuals living in hospital-based
nursing homes had much higher exposure to TB than those in long-term and domiciliary care facilities.
We showed that the proposed combinations of engineering control measures (e.g., ventilation and
ultraviolet germicidal irradiation) with personal protection (e.g., surgical mask) guarantee the provision
of a reliable control strategy to decrease the transmission potential and spread rate of TB bacilli aerosols
in senior care facilities in that the efficacies range from 45 to 90%. The introduction of appropriate TB
transmission control measures may decrease TB annual incidence in senior care facilities by as much as
76—90% of tuberculin skin test (TST) conversion. Our study implicated that sound TB infection control
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measures, including diagnosis and prompt treatment of infectious cases should be prioritized.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Tuberculosis (TB) is among the top ten causes of death world-
wide and the number of new cases is continuous to grow.
Approximately one-third of world’s population is infected with TB
bacilli with nearly 8.8 (range: 8.5—9.2) million new cases of TB in
2010 and an estimated 1.1 (range: 0.9—1.2) million deaths from TB
in the same year [1]. Thus, TB is more prevalent in the world today
than at any other time [2].

TB infection is caused by inhalation of Mycobacterium tubercu-
losis bacilli in a droplet nucleus form with a diameter less than 5 pm
[3,4]. All TB outbreaks have been associated with cough-generating
procedures [5], and other medical examination and treatment such
as bronchoscopy [6], endotracheal intubation and suctioning [7],
open abscess irrigation [8], and autopsy [9]. Emergence of strains
resistant to multiple drugs has led to situations where treatment is
no better than before the discovery of antibiotics [10]. Diagnosis of
TB remains a major barrier to control of the disease because the
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standard method, the acid-fast smear using sputum, does not
become positive until a few months after transmission occurs [11].
Culture-based techniques are more sensitive, but still take weeks to
obtain results [12].

Recent recommendations to reduce TB infection risk in health
care facilities are to use engineering control measures such as
improved ventilation systems, use of ultraviolet germicidal irradia-
tion (UVGI), recirculated high-efficiency particulate air (HEPA) filter,
and adoption of N95 respirators [13—17]. Drug resistance empha-
sizes the urgency for implementing such measures to control the
spread of M. tuberculosis aerosol, which would also benefit reduction
of patient-to-patient transmission in health care facilities. The
spread of TB in indoor environments is strongly influenced by the
number of infected airborne droplet nuclei and the viability of the
M. tuberculosis bacilli. Droplet nuclei settle slowly and becomes
airborne lasted for several hours. Thus, it is recognized that TB
outbreaks occurred under crowded living conditions with pro-
longed close exposure to an infectious person (http://www.
sciencedaily.com/releases/1999/02/990201072734.htm).

In Taiwan the incidence and mortality rate of TB infection are
62.0—74.6 (per 100,000 population) and 3.3—5.7 (per 100,000
population) in the period 2002—2008, respectively [18]. The cluster
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infections in senior care facilities were occasionally reported in
Taiwan, there were 6, 5, and 6 reported cases in January, April, and
June, respectively, in 2006. Tsai et al. [19] indicated that the annual
TB incidence from senior care facilities was 810 (per 1000 pop-
ulation) in Taipei City during the period 2004—2006, which was
almost 15.5 times higher than in the general population during the
same time.

We adopted a simple well-developed TB transmission model
[20,21] to investigate the population dynamics of TB in
indoor environments. The TB epidemic model captures five-group
dynamics of susceptible, latently infected, infectious TB, noninfec-
tious TB, and recovered and is referred to as the SLTR model. These
approaches provide a predictive ability to describe the potential
transmission dynamics in an indoor environment. We employed the
Wells—Riley mathematical model of airborne infection [22—24] to
estimate the exposure concentrations in indoor environments where
cases of inhalation of airborne infection occurred based on reported
epidemiological data and epidemic curves, and basic reproduction
number (Rp) and its variability in a shared indoor airspace.

Here a competing-risks theory [25—27] is employed to
account for the impact of different enhanced measure efficacies
from both engineering controls and respiratory protection
on the airborne infection risk. The competing-risks model is
a probabilistic model by which the dynamics of interplay among
different enhanced engineering control-measure strategies can
be described. The inclusion of competing risks in the model
recognized the fact that an individual might gain substantial
benefits in risk reduction of airborne infection from many
different control measures including technological controls at
the source (by surgical masking and treatment booths), envi-
ronmental controls (by ventilation, air filtration and ultraviolet
germicidal irradiation), and receptor controls (by respiratory
protection via respirators) [13,28—30].

The impacts of potential control measures on TB infection in
senior care facilities are poorly understood in Taiwan region.
Moreover, research on the effects of TB control measures has
evaluated largely independently of one another. In this paper, we
proposed an integrated-level mathematical model, incorporating
the SLTR transmission dynamics, the Wells—Riley mathematical
equation, and the competing-risks model to quantify the potential
spread of TB bacilli in senior care facilities in Taiwan region.
Modeling the impact of the indoor air-based control measures of
the combination of the potential engineering controls and public
health interventions was assessed.

The purpose of this paper was twofold: (1) to assess the impacts
of potential control strategies for reducing the risk of infection from
airborne M. tuberculosis bacilli exposure among elderly in senior
care facilities and (2) to provide the suggestions for sound TB
infection control measures that should be implemented in all senior
care facilities with aged people suspected of having infectious TB.

2. Materials and methods
2.1. Study data

Avaluable dataset were obtained from the experiment based on
Fennelly et al. [31]. These data represent the unique opportunity to
examine the linkage between experimental aerosol TB concentra-
tions and particle size distribution per infectious person. Fennelly
et al. [31] first quantified the aerosol concentration and size
distribution of emission characteristics of M. tuberculosis bacilli
from TB patients by the Anderson sampler for culturing cough-
generated aerosols and estimating the infectivity simultaneously.

Briefly, the subject was instructed to cough into the tubing for
5 min or for as long as was comfortable while the air samples were

drawn from the chamber with both impactors and recorded the
cough frequency. While the subject rested after the first session of
coughing, the plates and reloaded with fresh plates were be
removed and labeled. Three experimental tests were conducted
including sputum smear grades, sputum culture, and culturable
cough-generated aerosols for 16 subjects. Particle size distributions
of culturable aerosols were collected by Anderson impactors during
the first day of each subject. The size ranges were divided into
0.65—1.1, 1.1-2.1, 2.1-3.3, 3.3—4.7, 4.7-7.0, and >7.0 m. Based on
the relationship between experimental aerosol TB concentrations
and particle size distribution per infectious person, the average
culturable TB aerosol concentration can be estimated. Here, the
particle size diameters 5 um were considered to define and quantify
the infectious quantum generation rates of aerosol TB [3,4].

In this study, three different settings of senior care facilities
were selected to be the study populations and indoor environ-
ments: (i) long-term care facilities, (ii) domiciliary care facilities,
and (iii) hospital-based nursing homes. Here we used five
major control measures including (i) general ventilation (GV),
(ii) advanced ventilation (AV), (iii) surgical mask (M), (iv) UVGI, and
(v) HEPA. The assigned combinations of control strategies include
(i) GV + M, (ii) GV + M + UVG], (iii) GV + M + HEPA, and
(iv) GV + M + UVGI + HEPA.

2.2. Indoor TB transmission model

The essential features of the SLTR TB transmission model are
depicted in Fig. 1. Briefly, (i) two certain types of TB were modeled:
primary progressive TB (i.e., fast TB) and latently infected TB caused
by endogenous reactivation or exogenous reinfection (i.e., slow TB),
(ii) a case may be spontaneously cured at a cure rate and move into
the recovered noninfection state R, and (iii) an individual in the
recovered state may either relapse with equal probability into
infectious or noninfectious TB or may never relapse and die of other
causes at background mortality rate.

The system of ordinary differential equations corresponding to
Fig. 1 can be described as follows [20],

ds(t)

SO No— (14 w)s. M
_dé(tt) = (1-pa)’S— (v+pL, 2)
dﬁit) = PnPsAS + psvL + WR — (u + ut + O)T;, (3)
% = Pn(1-pe)AS+ (1 = ps)uL + wR — (u+ pr +)Tn,  (4)
Primary progression -~
Transmission - 7-|
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Birth Latenc! 1 o
S _ ; Reactivation/ Relapse." R
reinfection _."'
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b Cure
> T
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Fig. 1. Schematic of the susceptible-latently infected-active tuberculosis-recovered
(SLTR) model describing TB population transmission dynamics in the present study.
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dl;—(tt) = T} + cTh — (2w + p)R, (5)
N(t) = S(t) + L(t) + Ty(t) + Ta(t) + R(D), (6)

where N(t), S(t), L(t), Ti(t), Ty(t), and R(t) are the number of total
population size, susceptible, latently infected, infectious, non-
infectious, and recovered at time t, ¢ is the birth rate (yr—1),
A = Tif is the force of infection (yr~!) where § is the transmission
rate (person—! yr~1), u is the background mortality rate (yr~1), pn is
the probability of new infections that develop progressive primary
active TB within one year, v is the progression rate from latency to
active TB (person~! yr~1), pr is the probability of developing fast
infectious TB, ps is the probability of developing slow infectious TB,
w is the relapse rate to active TB for recovered TB cases
(person~! yr 1), ut is the TB caused mortality rate (person—! yr—1),
and c is the TB cure rate (person~! yr—1).

2.3. Integrated-level analysis

In dealing with indoor TB transmission, one usually employed
the well-known deterministic Wells—Riley mathematical model to
account for the probability of infection risk from M. tuberculosis
bacilli. Riley et al. [32] made two assumptions to quantify the
indoor respiratory infections. The first assumption implies that an
infectious droplet nucleus has an equal chance of being anywhere
within a building’s airspace. The second assumption implies that
the quantum generation rate and the outdoor air supply rate
remain constant with time. We used the Wells—Riley mathematical
equation [22] to estimate the transmission potential of aerosol TB in
care facilities,

R (e )|

where P is the probability of infection for susceptible population,
S is the number of susceptible individuals, D is the number of
infected cases among S individuals susceptible, I is the number of
sources of infection, q is the quantum generation rate of TB
concentration (quanta h™') considering a best fitted distribution
of the experimental database, p is the pulmonary ventilation rate
of susceptible individuals (m3 h~1), t is the exposure duration (h),
Q is the fresh air supply rate that removes the infectious aerosol
per unit of time (m>® h™!), and V is the volume of the ventilated
space (m°).

We adopted the concept of a competing-risks model [25—27] to
account for prioritizing the impact of different enhanced engi-
neering control measures against respiratory infections. We link
the competing risks model and Wells—Riley equation to estimate
the reduction of potential infectious force of Rg. Based on the
competing-risks model, we derive an optimal Ry by incorporating
the effectiveness of engineering control measures such as UVGI,
HEPA filter, air exchange rate, and respiratory protection into
a Wells—Riley-based Ry model [22,23]. When we consider an initial
I=1andS =N — 1, the optimal Ry can be estimated as [22,24,33],

Iqtp(1 — )

Ro= (N-1)xP= UV—”{“”“’[‘ (m

where N is the total number of individuals in the ventilation
airspaces, Q; is the airflow rate through a recirculated HEPA filter

(m3 h™1), s is the efficiency of a respiratory protection device used
by a susceptible person (dimensionless), 7, is the single-pass
removal efficiency for M. tuberculosis bacilli passing through the
recirculated HEPA filter (dimensionless), h is the air exchange rate
(h™1), h; is the air exchange rate through a recirculated HEPA filter
(h~1), and hy is the inactivation rate of M. tuberculosis bacilli due to
UVGI (h™1).

To understand the relationship between the infectiousness of TB
and contact rate, the SLTR TB transmission model was linked to
the Wells—Riley equation to estimate the transmission parameter
(B) based on the Ry — f relationship developed by Blower et al.
[20] as,

_ Rou 1
b= ) (AB+AC+DE>’ ©)

in that A =1/(u+pr+c), B=papr, C=ps(1—pn)p/(v+nu),
D = 1/(u+ pr + ) (b + pr + €) — ((2w0)/ (20 + 1)),
E = (pn+ (1 —pn)v/v + n))(wc/2w + ), and Ro can be calculated
from equation (8). Here Ry can be analogized to RP®! quantifying
the transmission potential of M. tuberculosis due to the subepidemic
driven by primary progression (R%‘St), reactivation/reinfection
(RSow), and relapse (RIF'2PS¢) asRiotal — Rfast 4 pslow  grelapse 50
Here we used the prevalence of positive tuberculin skin test
(TST, %) conversion as a predictor to assess efficacy of potential
control measures under different exposure scenarios [34],

%TST = (1 _551) x 100, Ry>1, (10)
0

where Sy is the initial susceptible individuals and S. is the equi-
librium susceptible individuals and can be estimated as S.. = N/Rg
at a certain control measure setting [35].

2.4. Model parameterization, uncertainty analysis, and simulation
scheme

The total population size and volume of the ventilated space in
long-term care and domiciliary care facilities were adopted from
the establishment standards provided by Taiwan Social Affairs [36].
Wang and Tzeng [37] have recently provided a valuable data of the
total population size and volume of the ventilated space in two
hospital-based nursing homes in Taiwan. Furthermore, the average
time they investigated that senior residents spent in public spaces
can be used to estimate TB exposure duration [37]. The breathing
rate of elders was estimated based on Taiwan Health Promotion
[38].

The rate of airborne particles are removed from an enclosed
space by ventilation is usually expressed as the number of air
changes per hour (ACH). A minimum ACH of 4 h~! is recommended
by CDC for TB in resident gathering areas [14]. Ko et al. [39] revealed
that the ACH of additional ventilation was 6 h~L. CDC [14] also
indicated that the airflow rate of HEPA filter should be increased to
12 ACH or more and the particle-removal efficiency ranged from 90
to 95%. Therefore, we used fixed values of 4 ACH, 6 ACH, and 12 ACH

)1 = exp(— (h-+ hen, + haje)| (8)

for GV, AV, and HEPA filter, respectively. The efficiency of surgical
mask in preventing the inhalation of droplet nuclei with a diameter
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of 1-5 um is 50% with a face-seal leakage of 0%—20%. Hence, the
overall protection efficiency of surgical mask can be calculated by
a function of Z = (X — XY/100), where Z is the protection
efficiency (%), X is the filter efficiency (%), and Y is the face-seal
leakage (%) [34]. Xu et al. [40] conducted three experiments to
evaluate the efficacy of an UVGI system for inactivating airborne
Mycobacteria and the results showed that the average inactivation
rate for UVGI was 12 + 1.3 h™1,

The likely values of key parameter in the SLTR model can be
parameterized based on available TB data provided by Taiwan CDC
data (http://www.cdc.gov.tw/english/index.aspx), Taiwan tuber-
culosis control report [41], Department of Statistics, Ministry of the
Interior, ROC (Taiwan) [42], and otherwise based on data adopted
from the literature [20,43—45]. TB caused mortality rate and
relapse rate were estimated based on Taiwan CDC database. Age-
specific background mortality rates were provided by Depart-
ment of Statistics, Ministry of the Interior, ROC (Taiwan) [42]. TB
cure rate of elders was estimated by annual TB cure rate in the
period 2004—2008 provided by Taiwan tuberculosis control report
[41] times the odds ratio for the effect of age on TB cure rate in
Taiwan [45]. The odds ratio was estimated to be 0.706 (0.352—
1.413) by Wang et al. [45]. Thanks to Vynnycky and Fine [43] and
Dye et al. [44], they have provided age-specific TB parameters of the
probability of new infections that develop TB within a year and the
probability of developing fast infectious TB. Our TB population
dynamic model was adopted from Blower et al. [20]. Thus, the
probability of developing slow infectious TB and progression rate
from latency to active TB were estimated based on Blower et al.
[20].

Table Curve 2D package (AISN Software Inc., Mapleton, OR, USA)
and Statistica® (version 9, Statsoft, Inc., Tulsa, OK, USA) were used
to perform model fitting techniques and statistical analyses for
estimating the average aerosol culturable TB concentration based
on the experimental results. A Monte Carlo (MC) technique was
implemented to quantify the uncertainty concerning quantum
generation rate and all model parameters, except ACH of GV, AV,
and HEPA filter. We used the Kolmogorov—Smirnov (KS) statistics
to optimize the goodness-of-fit of distributions. A MC simulation
was also performed with 10,000 iterations to generate 2.5- and
97.5-percentiles as the 95% CI for all fitted models. The Crystal Ball®
software (Version 2000.2, Decisioneering, Inc., Denver, Colorado,
USA) was employed to implement MC simulation. The SLTR model
simulations were performed by using Berkeley Madonna 8.0.1
(Berkeley Madonna was developed by Robert Macey and George
Oster of the University of California at Berkeley).

3. Results
3.1. Estimated M. tuberculosis aerosol generation rate

We used a lognormal (LN) function to optimal fit the published
data [31] to obtain the likelihood distribution of particle size-
dependent culturable aerosols in colony forming unit (CFU)
(Fig. 2a, c, e, Table 1). Fig. 2a shows the highest cultural TB
concentration was 633 CFU in that 309 CFU (49%) and 572 CFU
(90%) were isolated from 1.1 to 2.2 pum and 0.65—3.3 pum in aero-
dynamics diameter, respectively. The particle size distribution of
cough-generated aerosol was slightly larger, with a mode in 1.1—
2.5 um in aerodynamic diameter (Fig. 2c). For another one test
subject, the culturable aerosol concentration of 4 CFU had higher TB
concentration in 1.1—4.7 pm (Fig. 2e). These results also indicated
that cough-generated culturable aerosols showed high variability
for each subjects.

The probability distributions of quantum generation rate for
each tested subject can be obtained from our fitted distributions of

particle size-dependent aerosol TB concentration performed by MC
simulation (Fig. 2b, d, f, Table 1). The unit conversion from culture
aerosol in CFU to quantum generation rate (quanta h™') was fol-
lowed by 1 CFU = 0.0218 quantum [46] in that the sampling time
interval was 10 min. We summarized data by pooling subject-
specific fitted size-dependent quantum generation rate distribu-
tions with particle size 5 pm (Fig. 2a, c, e) to obtain a weighted
mean size-dependent quantum generation rate (Fig. 2g). The
averaged probability distribution of quantum generation rate can
also be obtained based on Fig. 2g, resulting in a LN distribution with
a geometric mean (gm) of 4.26 quanta h~! and a geometric stan-
dard deviation (gsd) of 2.81 (Fig. 2h).

3.2. Control measures impacts

Table 2 gives the essential input parameter values (likelihood
and point estimates) used to estimate facility- and control
measure-specific Ry values based on equation (8). We used equa-
tion (8) together with the adopted engineering control measures of
enhancing air exchange rate (h = 6 h™1), surgical masking
(ns = 45 + 3.1%), UVGI system (hy = 12 + 1.3 h™!), and HEPA
filtration (h; = 12 h™' and 7, = 92.51 + 1.29%) (Table 2) or their
potential combinations to estimate the optimal Ry for three senior
care facilities (Fig. 3a). Given the Ry estimates, we can further
calculate the transmission rate (() followed by equation (9) with
the adopted input parameter values listed in Table 3 (Fig. 3b).

Our results indicated that Ry values can be reduced from general
ventilation system by incorporating the certain combinations of
control measure such as enhancing the efficiencies of recirculation
air filter capacity, respiratory protection by using surgical masks,
and UVGI system (Fig. 3a). For long-term care and domiciliary care
facilities, Ry values can be reduced from 0.532 (95% CI: 0.059—
4.672) and 0.310 (0.033—2.846) by GV to 0.043 (0.005—0.396) and
0.025 (0.003—0.222) by GV + M + UV + HEPA, respectively. On the
other hand, for hospital-based nursing homes, Ry values can also be
reduced from 1.039 (0.114—9.177) by GV to 0.084 (0.010—0.714) by
GV + M + UV + HEPA. Moreover, the transmission rates
were also reduced one-order of magnitude (from ~10~2 to
~1073 person~! yr!) for study senior care facilities by increasing
the certain combinations of proposed control measures (Fig. 3b).

Our results also demonstrated that individuals living in
hospital-based nursing homes had much higher exposure to TB
than those in long-term care and domiciliary care facilities, indi-
cating individuals living in nursing homes had the potential to
infect many more individuals than the other two care facilities.
Generally, from a conservative point of view, combinations of
control measures GV + M -+ UV can almost reduce Ry to less than 1
for long-term care and domiciliary care facilities, but not that for
nursing homes (Fig. 3a). Taken together, our results revealed that
the proposed combinations of engineering control measures with
personal protection guarantee the provision of a reliable control
strategy to decrease the transmission potential and spread rate of
M. tuberculosis aerosols in senior care facilities in that the efficacies
range from 45 to 90%.

To assess the impacts of various control measures on the
dynamics of active TB cases, we simulated the SLTR model (equa-
tions (1)—(6)) with the input parameter values listed in Table 3.
Fig. 4a—c shows the simulated 5-yr time-course proportions of
active TB epidemic in three senior care facilities when the proposed
control measure strategies were implemented. Here we measure
the overall effectiveness of the proposed control measure strategies
by the percentage of active TB cases averted with respect to the
baseline simulation where GV was used. The results showed that
GV + M can achieve 18%, 46%, and 7%, respectively, of active TB
cases averted in long-term care, domiciliary care, and nursing home
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Fig. 2. (a), (c), and (e) The relationship between the particle size diameter and aerosol culture (CFU) of the three experimental test subjects adopted from Fennelly et al. [31]. The
shaded region represents that Mycobacterium tuberculosis bacilli in particles size <5 pm are capable of reaching the alveoli to initiate infection. (b), (d), and (f) Probability
distributions of quantum generation rate for each tested subject. (g) Weighted mean size-dependent quantum generation rate. (h) The lognormal distribution of quantum

generation rate with gm = 4.26, gsd = 2.81.

facilities (Fig. 4d). However, when GV + M + UV was implemented,
the over effectiveness can be achieved nearly 90% of active TB cases
averted (Fig. 4d).

Fig. 5 shows the predicted percentage of TST conversions
occurred in three senior care facilities during the initial period
when different proposed control measures were adopted. The
predicted % TST conversions of the baseline simulation where GV
was used were 30.5% (95% CI: 1.88—80.79%), 20.19% (1.04—60.23%),
and 43.18% (3.63—93.13%), for long-term care, domiciliary care, and

Table 1
Optimal fitted lognormal (LN) functions for particle size-dependent culturable
aerosol distribution obtained from published experimental data [31].

Culturable aerosols data Fitted equations r?

Subject during sputum LN (4.283, 312.2, 1.746, 1.773, 1.656)* 0.99
induction (Fig. 2a)

Subject during voluntary LN (7.391, 24.578, 2.669, 0.356)" 0.99
coughing (Fig. 2c)

Subject during sputum LN (-0.0918, 2.090, 4.159, 2.816, 0.586)* 091

induction (Fig. 2e)

3 LN(a,b,c,d,e) = a+ bexp(—In2In(1 + (x — c)(e2 — 1)/(de))?/In(e)?).
 IN(a,b,c,d) = a+ bexp(—0.5((x/c)/d)?).

nursing home facilities, respectively. Our results indicated that
when GV + M was adopted, the median reducing rates of % TST
conversions were estimated to 35%, 40%, and 29% compared to the
baseline predictions, for long-term care, domiciliary care, and
nursing home facilities, respectively (Fig. 5). However, combina-
tions of control measures GV + M + UV was projected to avert 84%,
90%, and 76% TST conversions in long-term care, domiciliary care,
and nursing home facilities, respectively (Fig. 5). The results also
showed that GV + M + UV and GV + M + HEPA had the same
capacities for reducing % TST conversions (Fig. 5).

4. Discussion
4.1. Quantum generation estimation

A quantum represents the average infectious source strength (or
infectious dose) of infectious individuals [47]. It is difficult, if not
impossible, to measure directly the quanta present in any outbreak
[48]. Fennelly et al. [31] had implicated that the infectiousness
estimation of cough-generated aerosols of TB could be served as
a valuable application in mathematical modeling based on the
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Table 2

Input parameters used in Wells—Riley equation and competing-risks model to estimate basic reproduction number (R,) varied with different control measures (N(a, b) denotes
the normal distribution with mean a and sd b and LN(a, b) denotes the lognormal distribution with gm a and gsd b).

Parameters Symbol/unit

Distribution/point value

Long-term care

Domiciliary care

Nursing home

Wells—Riley equation

Total population size N (ind)
Volume of the airspace vV (m?)
Exposure duration” t (h)
Breathing rate® p(m*h)
Number of infectors I (ind)

Quantum generation rate? g (quanta h™1)
Control measures
Ventilation

Air change per hour of GV¢
Air change per hour of AV®

h(h
h (h

Fresh air supply rate through GV’ Q(m
Q(m

3h 1)
Fresh air supply rate through AV 3hh
Surgical mask

Efficiency of a respiratory protection® 1s (%)

UVGI

Inactivation rate of infectious droplet nuclei due to UV" hy (h™1)
HEPA filtration

Air change per hour of HF® he (h™1)
Fresh air supply rate through HFf Q- (m*h™)
Removal efficiency through HF® nr (%)

N (161, 38)
LN (1010.89, 1.34)*

N (138, 33)°
LN (1522.90, 1.33)?

N (177, 32)°
LN (595.94, 1.29)°

LN (9.61, 1.26)
N (0.35, 0.05)
1

LN (4.26, 2.81)

4
6

LN (6077.61, 1.29)
LN (9129.64, 1.30)

LN (4043.87, 1.34)
LN (6096.9, 1.30)

LN (2366.68, 1.33)
LN (3580.91, 1.29)

N (45.0, 3.1)
N (12,0, 1.3)
12

LN (18,289.42, 1.33)
N (92.51, 1.29)

LN (12,073.73, 1.34) LN (7153.76, 1.29)

2 Establishment standards of large-size facilities adopted from Department of Social Affairs, Ministry of the Interior, ROC (Taiwan) [36].

b Estimated based on Wang and Tzeng [37].

¢ Estimated based on Bureau of Health Promotion, Department of Health, ROC (Taiwan) [38].

d See Table 1 and Fig. 2.

¢ Adopted from CDC [14].

f Air supply rate (m® h™') = air change per hour x volume of space (m?).
¢ Adopted from Gammaitoni and Nucci [34].

" Adopted from Xu et al. [40].

relationship between particle size-dependent and aerosol culture
(CFU) of TB patients. Fennelly et al. [31] suggested that most of the
viable particles in the cough-generated aerosols were immediately
respirable, implicating that the quantum generation rates could be
estimated by averaging the test individuals.

We also collected the quantum generation rates of TB outbreak
and determined those values by epidemiological models, indicating
that there is a wide range of quantum generation rates associated
with the various TB outbreaks. The quantum generation rates
ranged from 1.25 to 30,840, indicating the various sources of
bronchoscopy-related outbreak, jet irrigation of abscess outbreak,
autopsy, and intubation-related outbreak. Our estimated quantum
generation rate of 3.89 (95% Cl: 0.74—38.70 quanta h™!) was
consistent with the measured value of 1.25 quanta h™' of average
TB patient [3].

Most subjects were studied during sputum-induction proce-
dures. Therefore, these data may not be representative of most
patients with pulmonary TB, especially of those in whom the
disease caused by drug-susceptible bacilli has newly diagnosed
[31]. The small number of subjects limited our statistical power to
assess sources of variability in aerosol production. Furthermore, the
estimated source strength already included the dynamics of
microbial growth or decay, loss of infectivity, and appropriate
particle size to reach alveoli [39]. Lack of replication [49] and
significant decay in the air for M. tuberculosis [50] would imply that
the effective source strength would always be less than the actual
number of released microorganisms from TB patient.

4.2. Uncertainty and limitations
Parameter estimates always links with uncertainty and vari-

ability. As with any modeling study, quality of the results depends
on the input data. In the present study, data gaps are the major

limitation of the model, the limited datasets used in Well—Riley
equation, competing-risk model, and SLTR model may pose the
greatest sources of uncertainty.

Variation in quantum generation estimates spans several orders
of magnitude that can also induce the model variability. In addition,
TB exposure duration is also an important factor in the TB trans-
mission, with the risk of infection increasing with exposure time.
Ice [51] indicated the residents lived in nursing home spent an
average 41.40% (9.94 h) of a day to contact more than three persons.
Pruchno and Rose [52] found that the average durations of the day
not in bedroom and bathroom were 6.4 h in nursing home, 10.90 h
in assisted living facility, and 9.40 h in the community with the
support of home health services, respectively. Our estimated
exposure duration of 9.60 (95% CI: 7.16—11.19 h) was similar to that
of Ice [51] and Pruchno and Rose [52]. Thus, the potential of the
improvement on the model predictions can best be realized in
combination with larger sets of epidemiological data. For small sets
of epidemiological data large uncertainties remain.

Beggs et al. [48] reviewed a number of epidemiological models
have been used to determine the quanta of infection associated
with outbreaks of TB. There included the mass action (MA) model
[53], Riley, Murphy, and Riley’s (RMR) model [54], and Gammaitoni
and Nucci’s (GN) model [34]. Here, the RMR model had the same
concept as the Wells—Riley equation. There are some inherent
limitations of Wells—Riley equation, for example assuming well-
mixed airspace and steady-state conditions. The Wells—Riley
equation also did not account for deposition or settling from
droplet particles from the air [55]. However, there are several
reports of use of the Wells—Riley equation to estimate the risk of TB
infection [3,39,56].

Brooks-Pollock et al. [57] demonstrated the effect of age struc-
ture on the prevalence of infection, disease, Ry, and the projected
impact of control interventions. In Taiwan, the incidence rate of TB
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Fig. 3. The box and whisker plot illustrated the (a) basic reproduction number and (b)
transmission rate for long-term care facility, domiciliary care facility, and nursing
home with multiple engineering control measures.

rises with age, among all new patients, 53% were aged >65 years
[41]. These researches developed age-structured compartmental
model to describe population dynamics of TB [43,44,57]. Age-
specific parameter values appeared in the SLTR model is not
easily to be parameterized in Taiwan due to data limitation. To
compensate these predicaments, we may adopt published data
related to age-specific risks of developing active TB together with
our study results to improve model predictability. Moreover, there
are few studies for estimating age-specific parameters directly or
indirectly for population dynamic model, except Vynnycky and Fine
[43] and Dye et al. [44]. The data sources of parameters were
adopted from England and Wales and Netherlands by Blower et al.
[20], Vynnycky and Fine [43], and Dye et al. [44]. However, there are
several researches cited their studies for examining the population
dynamics of TB in different countries, such as South African [58],
China [59], Brazil [60], and Hong Kong [61].

4.3. Control measure implications

Our study found that individuals living in hospital-based
nursing homes had much higher exposure to TB than those in
long-term care and domiciliary care facilities. From parametric
study, the transmission potential quantified by Rg is calculated by
the number of susceptible (S) and the infection probability (P)
shown in equation (8) that revealed that overcrowding has
a particularly strong influence on the spread of infection. Beggs

Table 3

Input parameters used in SLTR model to estimate transmission rate () varied with
different control measures (N(a, b) denotes the normal distribution with mean a and
sd b and LN(a, b) denotes lognormal distribution with gm a and gsd b).

Parameters

Symbol/unit

Distribution/point
value

Probability of new infections
that develop TB within a year®

Probability of developing slow
infectious TB®

Probability of developing fast
infectious TB®

Progression rate from latency
to active TB®

Background mortality rated

TB caused mortality rate®

Cure rate'

Relapse rate®

Recruitment rate®

Pn

ps

br

v (person~! yr 1)

u (person—! yr~1)

ur (person ' yr )
c (person ! yr 1)

w (person~! yr1)
w (person yr—')

LN (0.12, 1.45)

N (0.78,0.11)

N (0.57, 0.04)

N (0.00392, 0.0007)
LN (0.084, 1.487)

N (0.066, 0.016)

N (0.469, 0.028)

LN (0.0035, 1.44)
Long-term care:

LN (12.91, 1.60)
Domiciliary care:

LN (11.21, 1.60)
Nursing home:

LN (14.65, 1.55)
Long-term care: 256
Domiciliary care: 220
Nursing home: 257

¢ Estimated based on 0.0866 (0.0817—0.0905) for age >20 years old [43] and 0.14
(0.08—0.25) for age >15 years old [44].

b Estimated based on Blower et al. [20].

¢ Estimated based on 0.60 (0.5—0.65) for age >15 years old [44].

d Estimated based on Department of Statistics, Ministry of the Interior, ROC
(Taiwan) [42].

€ Estimated based on Taiwan CDC data.

f Estimated based on Taiwan tuberculosis control report [41] and Wang et al. [45].

& 1= Nu

" See Table 2.

Initial population sizel Nmax (ind)

et al. [48] also clearly demonstrated the considerable influence of
airspace volume and the level of occupancy density on TB infection
rate. Nursing home has the largest total population size but the
smallest airspace volume than other two facilities.

In addition, most elders enter senior care facilities due to failing
health with numerous chronic, comorbid conditions, and multiple
functional deficits. It is also important to consider the immune
system that is affected by age, coinfections, chronic diseases, and
physical and psychological condition [62]. The senior people with
low immune may increase susceptibility to TB infection and
progression to disease. Particularly, the highest infection risk in
nursing homes, which services to senior patients with long-term
chronic diseases and in need of nursing care compare to the
lowest infection risk in domiciliary care facilities, which services to
senior citizens who can take care of themselves for daily life but
without care takers [36].

We showed that the average reducing rates of % TST conversions
were 84%, 90%, and 76% when GV + M + UV was implemented
compared to the baseline predictions, for long-term care, domicil-
iary care, and nursing home facilities, respectively. We also showed
that UVGI and HEPA had the same capacities when combined with
GV + M for reducing % TST conversions. The median of TST
conversion for GV were 30.50%, 20.19%, and 43.18% in long-term
care, domiciliary care, and nursing home, respectively. Chang
et al. [63] reported that 26 of 115 residents (22.6%) had TST
conversion in nursing home in Southern Taiwan and indicated that
the results were likely to be an underestimation. The TST conver-
sions were 46.3% in old age home residents in Hong Kong [64] and
52.6% in nursing home in Japan [65], respectively.

In this study, the effectiveness are showed as the order of
GV +M + UV = GV + M + HEPA > GV + M. Gammaitoni and Nucci
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Fig. 4. Modeling the progress of 5-year time-course proportions of active TB cases and intervention by multiple engineering control measures for (a) long-term care facility, (b)
domiciliary care facility, and (c) nursing home. (d) Overall effectiveness of average proportion of active TB cases. The error bar represents the standard deviation.

[34] and Ko et al. [39] used TST conversions to characterize the
relationship among the TB infection, dose, and risk, and estimated
the efficacy of different control strategies in hospital based on
a predictable mathematical modeling. Gammaitoni and Nucci [34]
revealed that UVGI had the best protection efficacy than other
control strategies. Ko et al. [39] also indicated that UVGI is the best
additional environmental control measure for effectively prevent-
ing TB transmission by using cost-effectiveness analysis. Therefore,
we suggested that UVGI is the best additional engineering control
measure for effectively preventing TB transmission in this study.

100
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Fig. 5. The box and whisker plots illustrated the percentage of tuberculosis skin test
(TST) conversion for long-term care facility, domiciliary care facility, and nursing home
with multiple engineering control measures.

However, the potential health risk tradeoffs introduced by the use
of UVGI should also be considered. Brief overexposure to high-
intensity UV-C irradiation may cause erythema or photo-
keratoconjunctivitis and has been as a potential carcinogen for
human [66].

TB may present any clinical signs in the senior people, and, thus,
this disease should be suspected even with no typical clinical signs
and radiology. Besides, decreased body weight, weakness and
cough may result from aging [19]. Therefore, we also implicated
that sound TB infection control measures, including not only
environmental controls and respiratory-protection but also early
diagnosis and prompt treatment of infectious cases should be
prioritized [13,19]. Moreover, the emergence of multi-drug resis-
tant strain of M. tuberculosis emphasizes the urgency for imple-
menting such measures, which would also benefit reduction of
person-to-person transmission in senior care facilities [2,21]. We
hope that our study could enhance our understanding of the
complex interactions between the TB pathogen and its human host
in indoor environments.

5. Conclusion

This study developed an integrated-level mathematical model,
incorporating the TB transmission dynamics, the Wells—Riley
mathematical equation, and the competing-risks model to assess
the impacts of potential control strategies for reducing the risk for
TB infection among elderly in senior care facilities. We also
provided the suggestions for sound TB infection control measures
in all senior care facilities with aged people suspected of having
infectious TB. The results of our study revealed that the risk for TB
among elderly in senior care facilities is consistently higher than
the risk among the general population. We demonstrated that
individuals living in hospital-based nursing homes had much
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higher exposure to TB than those in long-term care and domiciliary
care facilities. Our results also indicated that UVGI was the best
additional engineering control measure for effectively preventing
TB transmission. The introduction of appropriate TB transmission
control measures may decrease TB annual incidence in senior care
facilities by as much as 76—90% of TST conversion. This study
concluded that the present integrated-level mathematical model is
a necessary tool for helping optimal determination of the inter-
vention strategies for TB infections.
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