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Abstract. A case-control study was conducted to examine the relationship between severe acute respiratory syn-
drome (SARS) and the time-dependent precautionary behaviors taken during an outbreak of SARS in Hanoi French
Hospital (HFH), Vietnam. Masks (odds ratio [OR] � 0.3; 95% confidence interval [CI]: 0.1, 0.7) and gowns (OR � 0.2;
95% CI: 0.0, 0.8) appeared to prevent SARS transmission. The proportion of doctors and nurses who undertook each
measure significantly improved (�2 � 9.8551, P � 0.043) after the onset of secondary cases. The impact of individual
behaviors on an outbreak was investigated through mathematical approaches. The reproduction number decreased from
4.1 to 0.7 after notification. The basic reproduction number was estimated, and the use of masks alone was shown to be
insufficient in containing an epidemic. Intuitive results obtained by means of stochastic individual-based simulations
showed that rapid improvements in behavior and isolation would increase the probability of extinction.

INTRODUCTION

Notwithstanding the announcement of containment by the
World Health Organization (WHO) in 2003,1 severe acute
respiratory syndrome (SARS) has remained a matter of con-
cern worldwide, and it is not surprising that several cases of
SARS have reemerged, for example, in China in April 2004.2

Although the mode of transmission remains partially unclear,
especially with regard to airborne transmission3 and super-
spreading events,4,5 it appears to occur predominantly by
large droplets, direct contact with infectious material, or con-
tact with fomites contaminated with infectious material.6,7

The most effective containment measures identified to date
include the tracing of contacts,8 quarantine,9 triage and early
case detection,10,11 and isolation.12 Further, because the close
contact required for transmission easily occurs in hospital set-
tings,13–15 nosocomial spread was determined as one of the
major epidemiologic features of SARS.7,16,17 The elimination
of hospital transmission through enhanced infection control
practices is therefore a crucial control measure.

An early study in Hong Kong showed that the practice of
droplet and contact precautions was adequate in most clinical
settings in significantly reducing the risk of infection after
exposure to patients with SARS,18 and if practiced by a high
proportion of susceptible individuals, precautionary measures
are expected to significantly reduce transmission.19 The adop-
tion of routine preventive behaviors based on appropriate
training and control among health care workers (HCWs), un-
dertaken prior to the isolation of SARS patients, was shown
to be one of the most crucial control measures.20–22

In this context, Vietnam is considered to have achieved the
first highly successful containment of SARS during the early
phase of the outbreak.23 One reason for this rapid contain-
ment is thought to be the prevention of infection leakage
from hospitals back into the general community.24 A second
is the successful discontinuation of the chain of nosocomial

transmission several days after onset based on the radical
control measures of the Ministry of Health, Vietnam.25 Al-
though several nosocomial transmissions were observed in
Hanoi French Hospital (HFH) in the early days of the out-
break,26,27 none were identified in HFH or another local hos-
pital in the latter phase.28 In both hospitals, staff instituted
stringent precautions, strict isolations, and quarantines under
the encouragement of Dr. Carlo Urbani (Dr. Urbani died of
SARS before seeing the success of the containment).29 We
therefore consider that a comprehensive understanding of the
successful containment measures adopted by HFH and their
theoretical underpinnings are crucial to the success of control
strategies for any future recurrence. Here, we use a case-
control study design to time-dependently examine the rela-
tionship between SARS and the precautionary behaviors un-
dertaken by those exposed in HFH. We then use mathemati-
cal approaches to develop intuitive analyses of the impact of
individual behaviors on the control of a SARS epidemic.

MATERIALS AND METHODS

Case-control study. HFH is a 56-bed secondary care hospi-
tal. After the admission of an index case on February 26, 2003,
38 cases in total were confirmed to have symptomatic SARS
infection. The occurrence of newly diagnosed SARS cases
due to local transmission continued until April 7, 2003, 3
weeks before the date when the Vietnamese government and
WHO declared the outbreak successfully contained (April 28,
2003) (Table 1). The duration of the HFH outbreak was ana-
lyzed by separating it into three phases: Stage 1, February
26–March 4, from admission of the index case to the onset of
secondary cases; Stage 2, March 5–March 10, from the suspicion
of nosocomial spread to closure of the hospital; and Stage 3,
from March 11 on, from strict isolation to local eradication.

A case-control study of 29 of the 38 laboratory-confirmed
SARS cases and 98 controls was performed in HFH. The case
group included 22 of 28 (78.6%) individuals admitted and
retained in HFH and 7 of 10 (70.0%) individuals transferred
to another hospital after first being admitted to HFH (total
N � 29). The reasons for nonparticipation were death due to
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SARS and/or respiratory failure (N � 5, 13.2%), refusal to
take part (N � 1, 2.6%), or relocation (N � 3, 7.9%). The
case group included 28 HFH employees (3 doctors, 13 nurses
and nursing assistants, 10 radiologists and other co-medical
workers, and 2 receptionist and administrative staff) and 1
relative of a patient. A further 23 Vietnamese patients who
were directly admitted to another hospital were excluded be-
cause the detailed source of infection was unknown, although
several cases were thought to have been infected in HFH.
Detailed descriptions of the laboratory diagnoses were given
previously.28 They were confirmed through serological stud-
ies using an indirect enzyme-linked immunosorbent assay
(ELISA) (Kirikae T, et al., unpublished data).

Controls were nominated based on employment in HFH
and exposure among patients’ relatives through HFH. The
selection criteria included i) Vietnamese individuals more
than 20 years old, ii) those who provided written informed

consent based on explanation of our methods and purposes,
and iii) those thought to have had contact with confirmed
cases inside the hospital based on contact investigations. In
total, 98 individuals were included as controls; most were
HFH employees (13 doctors, 20 nurses and nursing assistants,
13 radiologists and other co-medical workers, and 11 recep-
tionists and administrative staffs) or relatives of patients
(N � 41). Although we investigated certain known contacts
for inclusion as controls, namely individuals who took care of
cases or entered cases’ room, those who might have had trivial
contact, such as possible exposure outside the hospital during,
for example, transportation of SARS cases or in the casualty
reception room, were not followed and included. The number
of hospital employees investigated represented approxi-
mately 55.9% of the total employees used during the out-
break.

All participants were surveyed with regards to their use of
personal protective equipment (PPE) and hygiene habits
when in contact with patients with SARS; that is, the use of
masks, gloves, and gowns, and the practice of hand washing,
which were specifically recommended as droplet and contact
precautions. In this paper, masks denote surgical masks; N95
masks were not available in the early stage of the outbreak in
Vietnam. Individual behaviors were investigated mainly in
two separate phases according to time-dependency (in Stage
1 and after entering Stage 2; i.e., Stages 2 and 3) (Table 1) to
clarify any behavioral changes that occurred. Standardized
questionnaires requiring one of two possible answers for each
precaution (“performed” or “not performed”) were given to
each subject, and all responses were collected. Answers of
“sometimes” or “seldom” were defined as “not performed”
due to imperfect efficacy. In addition, the frequency of con-
tact with infected individuals was investigated to represent
the number of exposures per day. An exposure result of
“many times” was recorded for those who had close contact
with SARS patients, that is, those who cared for or lived with
SARS patients, and those likely to have come into direct
contact with the respiratory secretions or body fluids of SARS
patients, for example, during close conversation (within 3
feet).30 After completing the initial primary survey, an iden-
tical confirmation survey was performed to confirm the va-
lidity of the answers. These surveys were conducted along
with other epidemiologic studies (Nishiyama A, et al., unpub-
lished data) until mid-March 2004, almost 1 year after onset of
the epidemic. No blood test results showing possible asymp-
tomatic infections were available during the survey period.
The participants were informed of how the information would
be used and assured of the confidentiality of their responses.
The purpose of the study was explained in Vietnamese, and
written informed consent was obtained.

Statistical analyses were performed as follows. First, uni-
variate associations between precautionary behaviors and in-
fection were investigated in two separate stages (Stage 1 or
Stages 2 and 3). Comparisons between groups were made
using the �2 or Fisher’s exact test for univariate analysis. Mul-
tivariate logistic regression was done in Stage 1 using forward
stepwise selection (Waldesian) to determine the most signifi-
cant variable associated with protection among those studied.
Significant steps were taken to minimize recall bias with
Stages 2 and 3 data. Analysis was restricted to those who had
probable contact in these stages. It was further restricted to
those cases developing symptoms whose incubation period

TABLE 1
Chronology of the outbreak of SARS in Hanoi French Hospital

(HFH), Vietnam

Stage 1
26-Feb-03 Day 0* An index case complaining of fever,

dry cough, and headaches was
admitted to HFH.

2-Mar-03 Day 3 After intubation, the index case was
isolated in ICU the following day.

4-Mar-03 Day 6 Nine secondary cases were suspected.
Stage 2

5-Mar-03 Day 7 Seven additional cases were suspected.
HFH informed the Ministry of Health,

Vietnam, of the strange influenza.
The health minister and experts from

the World Health Organization
(WHO) held a meeting.

Dr. Carlo Urbani informed all staff to
perform stringent precautions.

8-Mar-03 Day 10 HFH decided to close all
outpatient/inpatient services.

Visitors were not allowed to enter
HFH.

The hospital board of directors held
an emergency meeting.

Dr. Carlo Urbani explained the
necessity of precautions and
possibility of contamination as a
mode of transmission.

Health care workers were advised not
to return home.

Stage 3
11-Mar-03 Day 13 All inpatients were transferred to

other hospitals.
The 2nd floor of HFH was allocated

to SARS patients only and strict
isolation was enforced.

● Three zones were allocated
according to symptoms.

● Nonmission individuals including
health care workers were not
allowed to enter.

13-Mar-03 Day 15 A special committee for SARS control
and prevention was established.

WHO issued a “global alert” to
worldwide health authorities.

28-Apr-03 Day 60 The Vietnamese government and
WHO declared successful
containment of SARS in Vietnam.

* Day, days after onset of the outbreak. SARS, severe acute respiratory syndrome; ICU,
intensive care unit.
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was within the greater than 95% confidence interval (95%
CI) of having occurred after the beginning of Stage 2; and
finally to medical doctors and nurses only, for both cases and
controls. Second, univariate associations between sociodemo-
graphic variables (sex, age, and occupation) and SARS were
investigated, with age and occupation categorized into four
different groups each. Third, interactions between the iden-
tified most significant protective behavior and other variables
significantly associated in univariate analysis were investi-
gated through the use of crosstabs statistics, in which the odds
of being infected were stratified according to a comparison of
variables, and interactions were sought through the different
odds ratio in each strata. Finally, multiple logistic regression
analysis was used to determine the protective effect and elimi-
nate confounding variables. As described in the next section,
all variables significantly associated in univariate analyses, as
well as sociodemographic variables, were selected and en-
tered together in the final model. All data were entered into
Microsoft Excel 2000 (Microsoft Co., Redmond, WA), and
the statistical data were analyzed using the statistical software
“R” (R Development Core Team, Vienna).31

Mathematical methods. The predictive effects of the behav-
ioral changes were simulated using an individual-based sto-
chastic model. For ease of understanding, a compartmental
model, a type of SEIR (susceptible [S], exposed [E], infected
[I], and recovered/removed [R]) model, which considered the
process of transmission according to the protective behaviors
taken against infectious contact among susceptible individu-
als, was applied. Instead of assuming “exposed (latent)” and
“infectious” periods, E and I were defined as “incubation”
and “symptomatic” periods, respectively, as the infectious pe-
riod of SARS has not been fully clarified. Although SEIR
models are usually deterministic and use mean estimations as
model parameters, even with regard to SARS,12,32 stochastic
simulations were performed in this study because of the need
to consider the stochasticity of each protective behavior, and
also because of the small sample population size. The infec-
tious lifetime of each individual was presented as an absorb-
ing Markov chain. The simulations start with an individual
index case (Day 0) in a population of 300 in which all indi-
viduals are susceptible.

Of the total 127 subjects studied (29 cases and 98 controls),
62.2% (N � 79) were considered to have had casual contact
and 37.8% (N � 48) to have had close contact with SARS
patients. The number of casual contacts (�1) was directly ob-
tained (� 0.7 ± 0.2 [day−1]), while the mean of close contacts
(�2 � 0.4 [day−1]) was determined with the following equa-
tion:

�2 = �1 ln�ORclosed� (1)

where ORclosed (� 2.5; 95% CI: 1.1–5.9) denotes the odds
ratio (OR) of getting infected as a result of close contact. In
other words, to quantify close contact, we assumed that the
frequency of infection is mainly determined by the frequency
of contact, so that the ratio of the frequency of close to casual
contact becomes proportional to the logarithm of the OR of
transmission. The protective effect of precautionary behavior
was approximated by:

� = 1 − RR = 1 −
a�c + d�

c�a + b�
≈ 1 −

ad

bc
≈ 1 − OR (2)

where RR and OR denote the relative risk and odds ratio,
respectively, of becoming infected while performing a protec-
tive behavior (with precaution � with exposure). Here, a is
the number of exposed ill people; b, the number of exposed
healthy people; c, the number of unexposed ill people; and d,
the number of unexposed healthy people. If the outcome (i.e.,
disease investigated) is a rare event, that is, if a and c are very
small compared with b and d, respectively, (a + b) and (c + d),
respectively, would be closely similar to b and d alone. In this
case, OR would approximate RR.

The lengths of the incubation and symptomatic periods
were both assumed to be independently and identically dis-
tributed random variables with a probability density function
of � distribution, the mean and variance of which were de-
fined as 3.8 [days] and 8.3 [days2], and 16.2 [days] and 7.9
[days2], respectively.24,33 These distributions were applied to
difference equations (as a discrete time model) by discretizing
the probability density functions by day (for a detailed de-
scription of the simulation algorithm, see the Appendix).

The first simulation scenario hypothetically investigated
the unchanged coverage and mean protective effects of a be-
havioral measure throughout the epidemic. Primary informa-
tion on protective behaviors was obtained from our Stage 1
survey. Estimates for the extent of a protective effect, the
associated causative behavior of which was found in forward
stepwise logistic regression to be the most significantly asso-
ciated with protection (as described above), were obtained
through the use of further multivariate logistic regression
analysis. This analysis incorporated all variables significantly
associated with SARS on univariate analysis (i.e., other pre-
cautionary behavior, gender, age and occupation). To inves-
tigate the impact of the coverage of a protective measure on
the trajectory of an outbreak, sensitivity of the cumulative
number of SARS cases at Day 30 to the coverage of masks
was investigated in the mean field equation. In the second
scenario, it was assumed that coverage improved dramatically
after entering Stage 2 (Day 7) due to an awareness of trans-
mission. Further, in Stage 3 (Day 13), the hospital imple-
mented not only stringent precautions but also strict isola-
tions. To understand the trajectory of transmission in detail,
the number of incubating as well as symptomatic individuals
was investigated. As was in fact seen during Stage 3 of the
outbreak, it was also assumed that all cases who became
symptomatic were immediately isolated and that nobody ex-
cept a limited number of healthcare workers were permitted
to have contact with them. Because the greatest uncertainty
applies to the time taken to increase coverage of a protective
measure and to implement strict isolations, sensitivity analy-
ses comparing the cumulative number of SARS cases up to
Day 30 were performed with the time to change both protec-
tive measures set simultaneously on the same day. Finally, the
basic reproduction number was estimated using the (effective)
reproduction number obtained in Stage 1 (see Appendix).

RESULTS

Table 2 shows the univariate association between the pre-
cautionary behaviors taken (SARS and non-SARS [control]
cases) in Stage 1 and SARS. The use of masks (P � 0.011)
and gowns (P � 0.012) appeared to prevent infection,
whereas handwashing and the use of gloves were less likely to
provide protection. Only two subjects who performed all pro-
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tective measures developed symptomatic infections (P �
0.059). Forward stepwise logistic regression of the five pro-
tective measures (0.05 for entry and 0.10 for removal prob-
ability) showed that only the use of masks was significant in
the final model (OR, 0.29, 95% CI; 0.11-0.73, P � 0.009). In
Stages 2 and 3, the use of masks (P � 0.001) and gowns (P �
0.010) was significantly associated with non-infection among
doctors and nurses still not infected after Stage 1 (Table 3).
Most performed all the personal protective measures recom-
mended, and only one individual who wore masks was in-
fected. The comparative results of the behaviors of all par-
ticipants at Stage 1 and after entering Stage 2 are shown in
Figure 1a. The proportions of individuals who performed the
investigated protective behaviors increased after entering
Stage 2. However, these behavioral changes were not signifi-
cantly different between the two phases (P � 0.960). The
behaviors performed by the doctors and nurses (N � 48;
Figure 1b) who had the closest contact with the SARS pa-
tients drastically and significantly improved after entering
Stage 2 (�2 � 9.855, P � 0.043).

The univariate associations between socio-demographic
variables and SARS throughout the epidemic are shown in
Table 4. Females were more likely to become infected than
males (P � 0.011), and a significant association of SARS with
nurses (P � 0.008) was observed. In HFH, infection was
frequent in the 40–49 age strata (P � 0.015). Among all study
subject, relatives of patients (P < 0.001) appeared to be the
least frequently infected. Table 5 shows the interaction be-
tween the use of masks and other significantly associated vari-
ables in univariate analyses. Even though we saw no signifi-

cant difference in the OR of using masks versus the use of
gowns, females (OR � 0.2) and nurses (OR � 0.1) were
more effectively protected by the use of masks than others in
Stage 1. In Stages 2 and 3, the use of gowns showed overall
reasonable OR (� 0.2), whereas most other interactions
could not be calculated due to the scarcity of cases.

Figure 2a shows the mean and corresponding 95% CI of the
trajectory (shown as prevalence) of an epidemic from 250
simulation runs which hypothetically assumed unchanged
coverage as well as the protective effects of the precautionary
measures observed in Stage 1. The precautionary measure in
this simulation was based on a multivariate logistic regression
which included all variables showing significant associations
in univariate analyses, and focused on the impact of the use of
masks, given the identification of this behavior as the most
important protective measure (� � 0.6 obtained from OR �
0.4, P � 0.020). The coverage of masks was obtained as
52.0% from Table 2. If an outbreak was simply allowed to
continue growing under these conditions, the results showed
that approximately 50 to 90 symptomatic cases would occur
by Day 30. The reproduction number (R) was estimated as 4.1
(95% CI; 1.9–6.4), and from this estimate the basic reproduc-
tion number was estimated as 6.0. Sensitivity of the cumula-
tive number of cases to the coverage of masks, in the mean
field, is shown in Figure 2b. Certain reduction in the cumu-
lative number of cases was observed with significant improve-
ments in coverage.

Figures 2c and 2d shows the outbreak trajectory of 250
simulations assuming improved coverage (from 52.0 to
81.5%) among susceptible individuals on Day 8 and restric-
tion of contact with symptomatic individuals to health care
workers on Day 13. The protective effect obtained from mul-
tivariage regression was 0.9 (OR � 0.1, P � 0.955). The
reproduction number in Stage 2 was estimated as 0.7 (95%
CI; 0.0–2.3). The number of incubating individuals began to
show a decreasing trend after these events (Figure 2c), fol-
lowed by a declining trend in the number of symptomatic
cases (Figure 2d). Most of the simulated outbreaks eventually
declined to extinction before Day 120. The sensitivity of the
final size of an epidemic, evaluated through observations of
the cumulative numbers of cases, to the timing of drastic
changes in protective behaviors accompanied by strict isola-
tion is shown in Figure 2e. When the stochastic effects are
taken into account together with the effects of single precau-
tionary measures and isolation, the rapid implementation of
combined measures reduces the number of transmissions and
increases the probability of extinction.

DISCUSSION

The findings of this case-control study indicate that the use
of masks was significantly associated with the prevention of
SARS transmission and that precautions against droplet con-
tamination and contact were adequate in preventing trans-
mission; this implies mainly to in-hospitals. The results are
roughly consistent with those of previous reports.18,20,22 Al-
though a number of exceptions were seen with regard to pro-
tective effects during patient intubation, during which trans-
mission to staff occurred even when droplet and contact pre-
cautions were taken,7,34 one of the most important lessons
from the SARS outbreak is the need to enhance infection
control programs in hospitals.13,35 Even though the use of

TABLE 2
Precautionary measures taken by all participants in Stage 1

SARS cases
(N � 25)

Non-SARS
(N � 90) P value*

Odds ratio†
(95% CI)‡

All measures 2 44 0.059 0.2 (0.0–1.0)
Handwashing before§ 12 51 0.937 1.0 (0.4–2.3)
Handwashing after¶ 15 56 0.766 1.1 (0.5–2.8)
Masks� 8 35 0.011 0.3 (0.1–0.7)
Gloves 8 30 0.643 0.7 (0.3–1.9)
Gowns 2 25 0.012 0.2 (0.0–0.8)

* Two-tailed.
† Odds ratio of being infected while taking specific precautions.
‡ 95% CI: 95% confidence interval.
§ Hands washed before having contact with a patient.
¶ Hands washed after having contact with a patient.
� Only those who always used a mask.

TABLE 3
Precautionary measures taken by health care workers in Stages 2

and 3

SARS cases
(N � 4)

Non-SARS
(N � 26)

P
value*

Odds ratio†
(95% Cl)‡

All measures 1 25 0.001 < 0.1 (0.0–0.3)
Handwashing before§ 4 25 1.000 NC
Handwashing after¶ 4 25 1.000 NC
Masks� 1 25 0.001 < 0.1 (0.0–0.3)
Gloves 4 25 1.000 NC
Gowns 3 26 0.010 NC

* Two-tailed.
† Odds ratio of being infected while taking specific precautions.
‡ 95% CI: 95% confidence interval.
§ Hands washed before having contact with a patient.
¶ Hands washed after having contact with a patient.
� Only those who always used a mask.
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masks was the most effective precautionary measure, masks
alone together with the observed coverage did not reduce the
reproduction number below unity (R0 � 6.0 and R with the
protective effects of masks � 4.1). Put simply, the use of
masks alone was shown to be insufficient to contain the epi-
demic. Further, it was shown that the coverage of precaution-
ary behaviors among the study subjects increased with the
progression of the outbreak, and this was especially obvious
among doctors and nurses. In HFH, remarkable changes oc-
curred in the very early phase of the outbreak before detailed
information about SARS was available. According to the sto-
chastic simulations, an increased probability of extinction
would be observed if the combined measures of precaution
and isolation were rapidly implemented.

With regard to sociodemographic variables, females were
more frequently infected than males. Given that transmission
was most frequently observed among nurses, a plausible ex-
planation for this finding would be occupational background.
Although the 40–49 age group was frequently infected, we

have no persuasive explanation for this apart from occupa-
tion: 61.9% of this stratum was medical doctors or nurses.
Considering that nurses were more effectively protected from
transmission by the use of masks, the control measures taken
by them within HFH from early in the epidemic were admi-
rable. The lowest frequency of infection was seen in relatives
of patients, showing that our study included many relatives
who remained uninfected but were nevertheless believed to
have had contact. Because nonmatched case-control designs
such as this are vulnerable to selection bias, we obtained es-
timates of the protective effect of masks by means of multi-
variate logistic regression analysis which entered all other
variables significantly associated with infection in univariate
analysis. After adjustment for internal confounding variables,
the estimated reproduction number was given as 0.7 in Stages
2 and 3. Previous studies have shown that the (effective) re-
production number, defined as the average number of sec-
ondary cases generated by one index case in a susceptible
population under certain restrictions and interventions, de-
creases with increasing awareness of the epidemic combined
with several public health measures.36,37 Using reasonable es-
timation procedures, another study showed that R signifi-
cantly decreased after a global alert in most affected coun-
tries.38 The current study showed that the estimated R de-
creased below unity after notification of a hospital outbreak,
although the estimates were obtained using rough assump-
tions and the process of estimation was biased by various
factors.

In HFH, the rapid increase in awareness, which led to not
only strengthened precautionary measures and isolation but
also quarantining of health care workers, seems to have been
the greatest contributor to successful containment. One rea-
son for this quick response could be attributed to the back-
ground of secondary cases that arose mainly from health care
workers who had close contact with the index case. Almost all
staff members working or on duty in the earliest days of the

TABLE 4
Univariate associations between age-class/occupational categories

and SARS

Category N
P

value*
Odds ratio
(95% CI)†

Sex Male 47 0.011 0.3 (0.1–0.8)
Female 70 0.011 3.3 (1.2–9.0)

Age class 29 y/o 29 1.000 0.9 (0.3–2.3)
30–39 y/o 44 0.080 0.4 (0.2–1.1)
40–49 y/o 42 0.015 2.8 (1.2–6.6)
50 y/o 12 0.733 0.7 (0.1–3.2)

Occupation Medical doctors 16 1.000 0.8 (0.2–2.9)
Nurses 33 0.008 3.2 (1.3–7.7)
Other co-medicals 36 0.076 2.2 (0.9–5.2)
Relatives of patients 42 < 0.001 < 0.1 (0.0–0.4)

* Two-tailed.
† Odds ratio of being infected while taking specific precautions.

FIGURE 1. Protective behavioral changes defined by stage. a, Proportion of participants (SARS and non-SARS [control] cases) who performed
each precautionary measure in Stage 1 (N � 127) and after entering Stage 2 (N � 108). Handwashing “before” and “after” denote before and
after contact with a patient, respectively. b, Proportion of health care workers who performed each precautionary measure in Stage 1 (N � 48)
and after entering Stage 2 (N � 37).
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outbreak (in Stage 1) were severely infected.39,40 Another
reason might be due to the efforts led mainly by Dr. Carlo
Urbani, who suggested quick improvements in the precau-
tionary measures taken and isolation.29 As a result, transmis-
sion leakage into the community was prevented, thus having
a huge impact on the chains of transmission.24 In HFH, those
who were exposed implemented precautionary and other con-
trolling measures quickly and efficiently, and the epidemic
consequently declined to extinction.

In the interests of objective interpretation, the limitations
of our study design must be addressed, as follows:

1) A study such as ours in which exposure has a strong intu-
itive causal link with outcome (i.e., mask usage) is vulner-
able to recall bias. Even though we limited our subjects in
Stages 2 and 3 to medical doctors and nurses, and cases
were appropriately selected according to the probable
date of infection and incubation period, our estimates are
likely less accurate than would be obtained by blinded or
matched case-control study. In addition to this directional
bias, further bias may have been introduced by random
misclassification, as our records were completed 1 year
after the outbreak, and it is therefore possible that some of
the precautions were uncertain exposures. The frequent
use of masks among controls may have reduced the
strength of the associations.

2) Model-generated results must be interpreted cautiously.
Although the simulations shown here included only the
effect of masks and were considered according to the re-
sults of multivariate logistic regression adjusted for inter-
nal factors, unknown external confounding factors likely
exist. For example, in Stages 2 and 3, although multivari-
ate logistic regression was performed with other variables,
the P value obtained was 0.955, and overall the model was
weak. Owing to the scarcity of case records, stratification
in this stage failed to separate the effects of masks. Thus,
the estimates of the protective effect of masks and repro-
duction number in this stage may include the effects of
other concomitant changes, such as the reduced frequency
of contacts and quarantine.

3) There are limitations concerning the simplicity of our
model; for example, we neglected the possible differential
susceptibility of humans to asymptomatic infections,41,42

individual variance in severity and/or prognosis,23,43,44 and
the highly heterogenous transmission of SARS.4,5,45 Theo-
retical exercises never replace reality.

4) Finally, because our model was based on a case-control
study, the estimates of coverage were biased; principally,
coverage in a case-control design is taken from a nonrep-
resentative sample. Although this study was conducted as
a first attempt to incorporate the effect of behavioral fac-
tors, which change time-dependently, to model building
strategies for the control of directly transmitted airborne
diseases, further studies incorporating a number of meth-
odological improvements are required.

In conclusion, given that early recognition that leads to the
implementation of protective behaviors and effective con-
trol strategies is crucial in hospitals,46 we believe our model
provides intuitive results that at least partly satisfy the need
to evaluate outbreak trajectories based on individual behav-
iors.

APPENDIX

Each simulation starts with one index case and is based on
a model constructed as follows:

i) The expected number of people who used protection on
each subsequent day was determined by the number of
susceptible individuals (S), number of contacts per day
(�), proportion of individuals who performed the protec-
tive behavior (p), and the protective effect of the precau-
tionary measure (�), which were obtained based on our
survey. The number of infectious contacts, denoted by the
product of the number of susceptible individuals (S) and
the mean number of contacts (�), was divided into two
subgroups: one that represents protection due to precau-
tionary behaviors against infection with SARS-CoV
(SARS-associated coronavirus) and another that does

TABLE 5
Interactions between wearing masks and other variables on the infection

In stage 1 In stages 2 and 3

Odds for
masks (+)

Odds for
masks (−)

Odds
ratio*

Odds for
masks (+)

Odds for
masks (−)

Odds
ratio*

Gowns
(+) 0.3 0.6 0.5 < 0.1 2.0 0.2
(−) 0.3 0.5 0.6 NC NC NC

Sex
(male) 0.1 0.2 1.0 0.0 0.0 NC
(female) 0.2 0.8 0.2 0.1 NC NC

Age class
29 y/o 0.1 0.4 0.3 0.0 NC NC
30–39 y/o 0.1 0.3 0.5 0.0 NC NC
40–49 y/o 0.3 0.8 0.3 0.1 1.0 0.1
50 y/o 0.2 0.2 1.0 0.0 NC NC

Occupation
(Medical doctors) NC 0.6 NC 0.0 0.0 NC
(Nurses) 0.2 1.6 0.1 0.1 0.0 NC
(Other co-medicals) 0.5 0.5 1.2
(Relatives of patients) NC 0.1 NC

NC � not calculable.
* Odds ratio of being infected while taking specific precautions.
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not, according to (1 − p�). However, these groups were
not permanently fixed. The mean of the number of con-
tacts based on our survey was approximated by:

� = �1�1 + �2�2 = �1�1 + �1 ln�ORclose��2 (A1)

where �1, �2, �1, and �2 denote the number of casual and
close contacts and the fraction of individuals who had
casual and close contacts, respectively, while the odds ra-
tio of getting infected with close contact is represented by
ORclose and N, respectively.

ii) Both the incubation (E) and symptomatic (I) periods
were assumed to be independently and identically distrib-
uted following an approximated probability density func-
tion with gamma distributions33 (denoted by �k and cl for
the discretized stages [days] k and l, respectively). We
divided the probability density functions into k (i � 14)
and l (j � 12) stages; the methodology of approximation

by date was previously reported.24 The relative measure
of infectiousness for the incubation (E) period (q) was
assumed to be 0.1.12

iii) Based on realistic settings in Vietnam, it was assumed that
all individuals were isolated with the onset of early signs
of clinical symptoms under the isolation measures; and
for simplicity, the effect of quarantine was neglected.
When considering strict isolation, the number of suscep-
tible individuals having contact with SARS patients was
limited to 20 (which is the approximate number of ward
workers); the number of susceptible individuals was
treated as being stable (always S � 20) so that S would
not be exhausted thereafter; without isolation there were
assumed to be 300 susceptible individuals (which is
roughly the total number of people involved in possible
contacts in HFH). N � S + E + I + R, and background
mortality was neglected. The resulting simplest difference
equations were formulated as follows:

FIGURE 2. Stochastic simulations of a SARS outbreak with dependency on the coverage and protective effect of precautionary behaviors. a,
Predicted number of symptomatic cases and corresponding 95% confidence interval (95% CI) given by 250 simulation runs assuming unchanged
(stable) protective behaviors for the entire period. The reproduction number (R) was 4.1 ± 1.1. b, Sensitivity of the cumulative number of cases
at Day 30 to the coverage of masks. The obtained line represents the simulation based on mean field (without assuming random function with
binomial distribution in each transition probability). The protective effect of wearing a mask was fixed (� � 0.6). c and d, Stochastic simulations
of a SARS outbreak with dependency on a combination of precautionary measures and strict isolation. c, The mean number of incubating
individuals and corresponding 95% CI from 250 runs with changes in protective behaviors combined with strict isolation (lower 95% CI is x-axis).
At Day 7, the effectiveness/coverage of precautionary measures used improved from 0.6/52.0 to 0.9/89.2, respectively. At Day 13, the number of
susceptible individuals decreased from 300 to 20. The reproduction number decreased from 4.1–0.7 ± 1.1–0.8. d, The mean ± 95% CI of
symptomatic cases given by 250 runs assuming changes in protective behaviors combined with strict isolation. The conditions were the same as
those in c. e, Sensitivity of the size of an outbreak (represented by the cumulative number of cases) to the time taken to enhance precautionary
measures and implement strict isolation; the combined measures are started at the same time and under the same conditions as in c.
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S�t + 1� = exp�−��1 − p��
I + qE

N �S�t�

E1�t + 1� = �1 − exp�−��1 − p��
I + qE

N ��S�t�

Ek�t + 1� = �1 − �k−1�Ek−1�t� (A2)

I1�t + 1� = �
k=1

i

�kEk�t�

Il�t + 1� = �1 − cl−1�Il−1�t�

R�t + 1� = R�t� + �
l=1

j

clIl�t�

Based on the forward stepwise logistic regression result in
the case-control study, and to facilitate understanding, p
and � were used only to represent the use of masks. How-
ever, the protective effect, �, was obtained from the result
of further multiple logistic regression which entered all
other significantly associated variables (in univariate
analysis). All terms shown here as products of a probabil-
ity and a state variable were generated in our simulations
by using random variables with binomial distributions.
Under these assumptions and using mean length of incu-
bation and symptomatic periods, the reproduction number
(R) is given by:

R = ��1 − p�� �q

�
+

1
c� (A3)

where �−1 and c−1 are the means of the incubation and
symptomatic periods in days, respectively. The basic re-
production number was estimated by

R0 =
R

�1 − p��
(A4)

For the purpose of mathematical convenience, although
unrealistic, our model assumed homogenous mixing as
well as all infectious individuals being equally infectious.
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