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Abstract

Background: Although several COVID-19 outbreaks have occurred in older adult care facilities throughout Japan, no field
studies focusing on airborne infections within these settings have been reported. Countermeasures against airborne infection not
only consider the air change rate (ACR) in aroom but also the airflow in and between rooms. However, a specific method has
not yet been established by Japanese public health centers or infectious disease—rel ated organizations.

Objective: In April 2021, 59 COVID-19 cases were reported in an older adult care facility in Miyagi, Japan, and airborne
transmission was suspected. The objective of this study was to simultaneously reproduce the ACR and aerosol advection in this
facility using the carbon dioxide (CO,) tracer gas method to elucidate the specific location and cause of the outbreak. These
findings will guide our recommendations to the facility to prevent recurrence.

Methods: InAugust 2021, CO, sensorswere placed in 5 roomswhere airborne infection was suspected, and the CO, concentration
was intentionally increased using dry ice, which was subsequently removed. The ACR was then estimated by applying the Seidel
equation to the time-series changes in the CO, concentration due to ventilation. By installing multiple sensors outside the room,
advection outside the room was monitored simultaneously. Aerosol advection was verified using computer simulations. Although
the windows were closed at the time of the outbreak, we conducted experiments under open-window conditions to quantify the
effects of window opening.

Results: The ACR values at the time of the outbreak were estimated to be 2.0 to 6.8 h™ in the rooms of the facility. A low-cost
intervention of opening windows improved the ventilation frequency by afactor of 2.2 to 5.7. Ventilation depended significantly
on the window-opening conditions (P values ranging from .001 to .03 for all rooms). Aerosol advection was detected from the
private room to the day room in agreement with the simulation results. Considering that the individual who initiated the infection
was in the private room on the day of infection, and several residents, who later became secondarily infected, were gathered in
the day room, it was postulated that the infectious aerosol was transmitted by thisair current.

Conclusions: The present results suggest that secondary infections can occur owing to aerosol advection driven by large-scale
flow, even when the building design adheres to the ventilation guidelines established in Japan. Moreover, the CO, tracer gas

method facilitates the visualization of areas at a high risk of airborne infection and demonstrates the effectiveness of window
opening, which contributes to improved facility operations and recurrence prevention.
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Introduction

Background

COVID-19 should be prevented in health care and long-term
carefacilities because of the high risk of mortality [1]. In Japan,
a series of COVID-19 outbreaks has been reported in nursing
carefacilities[2]. However, no field epidemiology case studies
have assessed airborne infection by measuring the air change
rate (ACR) and airflow in Japanese older adult care facilities.

Ventilation plays an important role in controlling the airborne
transmission of COVID-19, with mass transmission of its
etiologic pathogen, SARS-CoV-2, reported in poorly ventilated
rooms. Thiswas demonstrated in I shigaki et al [3], which noted
that ventilation wasimpeded by excessive shielding of an office
space with plastic sheeting where a 7-person outbreak occurred.
Li et al [4] reported a 9-person outbreak that occurred locally
in apoorly ventilated restaurant, and Jang et al [5] reported that
112 people were infected in a small fitness studio with very
poor ventilation in South Korea. Furthermore, Menzieset a [6]
reported that in various hospital settings, an average of lessthan
2 ventilation cycles per hour (ACR per hour) in examination
rooms represented a determinant of secondary tuberculosis
transmission, that is, tuberculin conversion. On the basis of this
study, the Centers for Disease Control and Prevention (CDC)
inthe United States established astandard for negative pressure
room ventilation to isolate patients with infectious diseases,
which included an ACR recommendation of 6 per hour (for
existing buildings) to 12 per hour (for new buildings) with a
safety factor [7]. Subsequently, based on the CDC standard of
12 (hY) ACR, the World Heath Organization (WHO)

established astandard of 576 m*/hour per person, with adoubled
safety factor, for natural ventilation in health facilities treating
patients with infectious diseases, assuming that each patient
occupies a space of 4 x 2 x 3m?> [8]. In Japan, the Ministry of
Health, Labor and Welfare (MHLW) has suggested a similar
value of 576 mhour per person for hedth facilities.
Furthermore, the MHLW has recommended a ventilation rate

of 30 m*hour per person in general commercial facilities to
prevent indoor aerosol transmission of COVID-19 [9].

Fine or dry droplets can remain airborne for several minutesto
several hours[10-13]. Therefore, secondary infections can occur
when these infectious aerosols are transported by air currents,
regardless of the distance from the infected person. Airborne
transmission of COVID-19 was suspected in a shopping mall
in China, as shoppers not in direct contact with each other
becameinfected at the sametime[14]. In Australia, asecondary
infection occurred in a church with minimal ventilation, from
achair to 12 attendees, with areported airborne distance of up
to 15m[15]. Moreover, 14 peoplewereinfected in awiderange
of seats evenly distributed from rows 7 to 29 on both sides of
aplane during adomestic short aideflight in Japan [16]. Hence,
when designing countermeasures against airborne infection, it
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is necessary to consider not only the number of times a room
is ventilated but also the airflow within and between rooms.

Pathogens such as Mycobacterium tuberculosis (etiologic
pathogen of tuberculosis), measles, and varicella-zoster virus
(chicken pox) are airborne [17]. The long-range transmission
of infectious aerosols containing these pathogens can be
controlled by buoyancy because of temperature differencesand
airflow control by natural windsand fans[18]. However, several
reports have indicated that the effective reach of airborne
COVID-19 transmission is at least 2-10 m. For instance,
Anchordoqui et al [19] used computer simulations to analyze
the aerodynamic properties of particulate matter containing
SARS-CoV-2 and noted that it could propagate farther than the
recommended socia distance of 1.8 m. Morawska et a [20]
reported multiple cases of propagation beyond adistance of 1-2
m. Hunziker [21] focused on the behavior of aerosols in an
air-conditioned hospital room and reported aerosols with
micron-order particle size propagating up to a distance of 5-6
m as jet passengers. However, according to Guven et a [22],
micron-order particles propagate over long distances of 2-8 m.
Moreover, Anderson et al [23] found that airborne viruses can
remain active for up to 27 hours depending on the conditions
of temperature and humidity, whereas infectious aerosols can
travel up to 7.0-8.2 m. More specifically, infectious aerosols,
or gas clouds, formed by sneezing can reach a distance of 7-8
m and remain in the air for hours, depending on the ventilation
system [24]. In addition, Lima et a [25] surveyed 10 studies
and concluded that aerosol particles containing viruses can reach
distances of up to 10 m and survive for several hours in air.
Furthermore, Azimi et al [26] investigated a large outbreak on
a cruise ship in which 712 of 3711 crew members and
passengers were infected, concluding that reinhalation of
infectious aerosols was the primary route of transmission.

Goal of This Study

In this study, an outbreak site of SARS-CoV-2 was investigated
in anursing home in Miyagi Prefecture, Japan, to measure the
ACR and visualize the behavior of infectious aerosol distribution
using a carbon dioxide (CO,) tracer gas method—that can
estimate the actual ACR of a room and is used to prevent
airborne transmission of COVID-19 [27]—at various
window-opening conditions. Aerosol advection originating from
the room was quantified by simultaneously monitoring the tracer
gas leaking from the room. In addition, the aerosol distribution
was analyzed via computationa fluid dynamics (CFD) based
on a 3D modd of the facility to ensure that the 3D behavior
corresponded with the measured CO, tracer gas results. CFD
simulations are effective for detailing the airborne behavior of
infectious aerosols [28]. However, its implementation requires
specialized knowledge, detailed surveying, and computational
resources. In contrast, the CO, tracer gas method can be
implemented with dry ice and a sensor, and if its effectiveness
is confirmed, it can be used in numerous facilities to prevent
recurrent outbreaks.
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The primary purpose of this study was not to identify the direct
cause of the outbreak but to identify the factors responsiblefor,
and the origin locations of, outbreaksin older adult carefacilities
interms of ACR and aerosol dispersion. Furthermore, this study
seeks to establish a CO, tracer gas method that can
simultaneously monitor ventilation and aerosol behavior in
hospitals and older adult care facilities to contribute to the
prevention of recurrent airborne infections.

Methods

Facility Overview

The older adult care facility investigated in this study was
located in Miyagi Prefecture, Japan, where 59 cases were
reported in the same building from April to May 2021. Of these,
36 were users of the facility (29 residents and 7 daily visitors)
and the other 23 werefacility staff members. As2 positive cases
of infection were obtained on the first day using polymerase
chain reaction (PCR) tests, and the subsequent PCR tests
performed 2 days later further confirmed the positivity of 14
people on the same floor, airborne transmission was strongly
suspected to beresponsible for the propagation of theinfection.
Other causes include contact and droplet infections, making it
almost impossibleto identify adirect cause. However, asmasks
and face shields were worn and hand sanitizers were used by
staff members who spread the secondary infection, and as the
infection spread in ashort period among those who were not in
close contact with each other, it is logical to suspect airborne
transmission in these circumstances. Multimedia Appendix 1
summarizes the time course of the emergence of infected
patients in April. After the outbreak, the Disaster Medical
Assistance Team was dispatched to the zone and critically ill
patients were hospitalized, after which the infection was
considered under control. Thefield survey reported in this study
was conducted in August 2021.
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On the basis of the interviews with facility staff, the following
five separate areas in the building, where | arge-scal e secondary
infection occurred, were extensively studied: (1) regular
bathrooms, (2) nursing bathrooms, (3) shared rooms, (4) private
rooms, and (5) day rooms, asshown in Figure 1. Residents used
both regular and nursing bathrooms, and staff members
accompanied them for assistance. The risk of aerosol infection
is considered to increase in bathrooms, as neither the residents
nor staff wear amask because of the high-humidity environment.
Furthermore, acare recipient using anursing bathroom requires
high-level care, and the staff must talk to them while making
contact, which is expected to increase the risk of transmission.
The shared room had a maximum of 4 beds, 3 of which were
for residents, whereas the other was unused at the time of the
outbreak. Although residents were instructed to wear masks at
al times, it was difficult to enforce them under certain
conditions, such as dementia. A private room is the one for a
single resident; therefore, the risk of aerosol infection is
relatively low. It was segregated from the corridor using a
curtain. The first resident who tested positive for COVID-19
was within a private room next to the day room; subsequently,
amassinfection outbreak occurred. The day roomisaplacefor
relaxation; has free access for al residents and other visitors
temporarily visiting the facility between 6:00 AM and 8:00 PM
daily; and is furnished with chairs, tables, and televisions. As
the day room is frequently used by multiple people, including
care recipients and staff, the risk of infection is expected to be
relatively high. Theseroomswerefirst investigated individually
during the primary measurements, as described later. Therefore,
the layout of these roomsin the entire floor plan wasirrelevant.
Furthermore, several transmission routes were involved in the
studied mass infection outbreak event. This study focused on
airborne transmission viaaerosols; however, other transmission
routes, such as direct contact, were not excluded.
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Figure 1. Floor plan of each room investigated during the primary measurement. The locations of sensors P and K1-K4 are also shown. (a) Regular
bathroom, (b) nursing bathroom, (c) shared room, (d) day room, and (€) private room. The ceiling heights of these rooms were 2.6, 2.4, 2.7, 2.4, and
2.4 m, respectively. K: TR-76Ui sensor used; P: SCD-30 sensor used; TV: television.
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Ethics Approval

This study was approved by the Ethics Committee on
Experiments on Human Subjects at the University of
Electro-Communications, Chofugaoka 1-5-1, Chofu, Tokyo,
Japan (approval number: 21,005).

M easurements

On-site measurements were conducted under the guidance of
an industrial physician to ensure safety while confirming that
theresults of the PCR test of all residents, staff, and researchers
were negative, and safety measures, such asthe use of personal
protective equipment and disinfection, weretaken. In this study,
the following 2 types of experiments were performed: primary
and secondary measurements.

Primary Measurement

In the primary experiment conducted on August 13, 2021, the
tracer gas method was used to measure the ACR in 5 areas.
CO,, which was obtained by vaporizing dry ice in the study
room, was used as the tracer gas. Two types of nondispersive
infrared-type CO, sensors were used. The first was a mobile
CO, sensor (Yaguchi Electric Corporation) equipped with a
nondispersive infrared sensor SCD-30 (Sensirion AG). Any
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measurements performed with this sensor are hereafter
designated “P” The second sensor was a TR-76Ui (T&D
Corporation), designated “K,” with an index of measurement
locations. A total of 5 sensors (1 P sensor and 4 K sensors,
K1-K4) were used during the measurements. Figure 1 shows
the arrangement of the sensors in each room. All the sensors
were placed at a height of approximately 1 m from the ground.

M easurements were conducted in each room as follows:

1 The CO, sensors were installed at the locations shown in
Figure 1, and the measurements were initiated.

2. The mechanical ventilation system in the room of interest
was turned off, and the windows and doors, if any, were
closed to create a closed room.

3. Dryicewasplacedintheroom of interest to achieve aCO,
concentration  sufficiently high compared with the
background (approximately 400 ppm). The concentration
must be at least 2000 ppm but should not exceed the
permissible concentration of 5000 ppm (at 8 h of exposure),
as specified by the Japanese Industrial Safety and Health
Law. In addition, a blower was used to sufficiently mix the
room air with the generated CO, gas, asthe gas evaporated
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from the dry ice yielded a low temperature and tended to
remain close to the floor.

4. When the CO, concentration was sufficiently increased,
dry ice was removed from the room, and the mechanical
ventilation system and conditions of the windows and doors
were set according to the target measurement conditions.
The time point was denoted as t,,

5. Theroom was immediately vacated to avoid CO, addition
from breathing. Thistime point was defined as the start of
ventilation (tg,)

6. CO, concentration was monitored remotely from outside
the room.

7. Once the CO, concentration decreased sufficiently, the
measurement was completed; this time point was denoted
as ty,g- The time-series measurement data from tg, to tgq
were saved for analysis and used to estimate ACR.

8. If the CO, concentration remained sufficiently high, step
3 could be omitted, and we proceeded to step 4.

The measured CO, concentration data were processed to
calculate the ACR in each room. The Seidel equation is as
follows:

_Q _ _Q _ M
Ceng = Cop + (Copq — Cole vltena~tsta) 4 (1 — g vitena fsm)) E, {D

where Cqyq is the CO, concentration (ppm) at t = tg,q, Cyisthe
steady-state value of the CO, concentration in the absence of
pollution (ppm), Cgs,, iSthe concentration (ppm) at t = tgy,, Vis
the room volume (m®), Q is the ventilation rate (m%h), and M

istherate of pollutant generation (ppm m*/h). The measurement
start and end times, ty, and tyq, arein hours. Furthermore, C,
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was assumed to be 400 ppm. Because the room was vacant
during the measurement, M = 0 in equation 1, which meansthe
following:

Cend_CO _ Q

1 ——(teng — tsta)- 2
n Csra _ Cﬂ V( end sta) ( )

The ACR value, calculated as Q / V (1/h), was the decrease in
the CO, concentration from tg, until teg.

Secondary Measurement

In addition to measuring the 5 rooms individually, secondary
measurements (Figure 2) were performed on August 13, 2021,
to investigate the effect of the interplay between airflow in the
private and day rooms, as these rooms are spatially connected
viaa 2-3 m long corridor. This dynamic fluid aspect suggests
that aerosols leaked from the private room to the day room. A
resident who was COVID-19—positive in the early stage of the
mass outbreak was isolated in a private room. For secondary
measurement, the sensors were placed as shown in Figure 2.
The private room was filled with CO, gas, measurement steps
1to 6 were followed, and gas |eakage from the private room to
the day room was assessed.

Figure 3 provides a photograph of the CO, smoke leaking from
the private room shown in Figure 2 to the corridor leading to
the day room, captured from the camera angle shown in Figure
2. A substantial amount of CO, smoke leaked from the gap
between the curtain and the floor and advected toward the
ceiling. By the time it reached the day room, a high
concentration of CO, smoke was observed near the head height
of aperson sitting in awheelchair.

Figure 2. Floor plan including the private and day rooms connected by the short corridor and sensor locations for the secondary measurement. The
orientation axes for the numerical ssimulation are shown. The first COVID-19-positive resident was found in a private room next to the day room. The
locations of different sensors P, K1, K3, and K4 are also shown. K: TR-76Ui sensor used; P: SCD-30 sensor used.
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Figure3. Direct photograph of the carbon dioxide smoke leaking from the private room of thefirst COVID-19—positive patient into the corridor leading
to the day room containing multiple lounging tenants (taken from the camera angle shown in Figure 2).

Numerical Simulation

Given that the spatiotempora distribution of CO, concentration
is not readily determined from the secondary measurement
experiment, a numerical ssimulation of gas leakage from the
private roomsto the day roomswas performed. Thissimulation
corresponded to asecondary measurement. The simulation was
performed using FlowSquaret+ (version 2021R1.0, Nora
Scientific Co. Ltd), which solves the transport eguations for
mass (density, p):
ap _

a
o " ax, (pu;), (3)

for momentum pu;:

dpu; dpuu a a du; du; apt;;
pu; | Opuay  9p (7[+7,)]7.0U

Cax ax; dx;  Ox; ax;

+ + foi 4
o | ax, ax;  ax|” Jos “

for energy (temperature, T):

apT dpwT a
T dpul _ 2

at ax;  ax;

( ST) ~ Opra )

aanE ax;

and for the mass fraction of the CO, gas generated by the dry
ice Yeop:

dp¥ dpu; Yy a aY a i
PYeoz | Optti¥eor _ caz) _ Op¢yi (6)

at ax; aTI( ax; ax;

in alarge eddy simulation context. The subscript indexesi=, 2,
and 3 correspond to the directions x, y, and z, respectively; v,
a, and D are the kinematic viscosity, thermal diffusivity, and
molecular diffusivity, respectively; and pv= 2.0 x 10°° (kg/m/s),
o = v/ Pr,and D = v/ &, where the Prandtl number (Pr) =0.7
and the unity Schmidt number are considered. The subgrid-scale
stress tensor, Tj;, and scalar fluxes, ¢+, and ¢,, were modeled
based on static Smagorinsky and gradient diffusion models,
respectively. The transport equations were discretized onto Nx
x Ny x Nz = 175 x 90 x 30 uniform mesh points using a
second-order finite-difference scheme in space and advanced
intimeusing theexplicit Euler method. Only the advection term
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was cal culated using the first-order upwind scheme. Thedomain
dimensionswereLx x Ly x Lz= 17.5 x 3.0 x 9.0 (m®). Physical
boundaries that did not coincide with the Cartesian mesh were
expressed using a second-order immersed boundary method.

Thefluidin the entire domain wasinitialized at 18 °C and Yq,
= 0.0. Warm air supplied by the air conditioner in the room
produced a temperature of 30 °C. The fluid velocity of the air
conditioner installed in the private room was (ux, uy, uz) = (0,
-1, 2) m/s, wheresas that of the air conditioner installed in the
day room was (0, —1, 1) m/s. The ventilation fan in the private
room was turned off, whereas that in the air from the day room
was discharged at velacities of (0, 10, and 0) m/s. These settings
were based on measurement conditions, considering the situation
during mass infection outbreaks. To mimic the aerosol
dispersion from a COVID-19—positive person in aprivate room,
a small inflow boundary was considered on the bed with a
constant (CO,) gas flow at 36 °C at a velocity of (0, 0.707,
0.707) m/s; therefore, its magnitude was 1.0 m/s. Furthermore,
thefluid flow issued at thisinflow boundary yielded Y, = 1.0.

During the numerical simulation, measurement probes were
located for B, K1, and K3, as in the measurements (Figure 2),
which facilitated the validation of the simulation results by
comparing the measured data. The measurement at K4 was not
performed in the simulation because of its proximity to the
computational boundary.

Results

ACR Estimation
Table 1 summarizes the ACR values cal culated using equation
2 from the measured CO, concentration for each sensor in each

room, as shown in Figure 1. We conducted a factorial effect
analysis using a genera linear model with the estimated ACR
asthe objective variable and window-opening conditions, sensor
location, and sensor model (P or K) as explanatory variables.

Vi = Qg+ a1 Xyy + QX +azxz + & (= 1,2,-,m)

wherey; isthe ACR estimated from the experiments, x;; isthe
variable indicating the window conditions, x;, is the variable

JMIR Form Res 2022 | vol. 6 | iss. 12 | e37587 | p. 6
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR FORMATIVE RESEARCH

indicating the sensor locations (Figure 1), x5 is the variable
related to the sensor model, &, ... ,& are the regression
coefficients, and g; isthe error that isindependent and identically

distributed in normal distribution. Asthe explanatory variables
are nomina measures, they were transformed into dummy
variables for the analysis. This analysis, using a general linear

Ishigaki et a

model, can beregarded asfactoria effect analysiswith a3-factor
analysis of variance. JMP Pro 16.2.0 (SAS Institute Inc) was
used for the analysis. The estimated ACR used in the analysis

was 15 h™* for the regular bathroom, 11 h™* for the nursing
bathroom, and 10 h™ for the shared room.

Table 1. Air change rate (ACR) values and per capita ventilation volumes calculated based on the primary measurement results in each room shown

inFigure 1.
Room and window-opening Measured ACR Ventilation volume?
condition? m3/person
PrY K9G k2™ k3™ Kah™h Aveln?)  Ratio(acr)
Regular bathroom
Closed? 5.13 356 2.56 6.14 1.25 3.73 100" 56.7
Opentl 1.00 1.00 7.99 381 1.00 5.90 158 70,6
Open2 1.00 5.38 75 1.00 119 8.25 221 84.0%
Opengm 9.41 9.37 9.62 9.77 112 9.86 2.65 1051k
Nursing bathroom
Closed? 2.38 1.56 317 2.55 227 2.39 1.00 36.8
Open 16.6 11.8 110 16.1 189 149 574 211K
Shared room
Closed? 3.67 1.05 2.34 1.09 181 1.99 1.00 38.0
Open 4.74 104 7.40 6.68 7.20 7.29 3.59 136K
Private room
Closed? 3.74 1.00 6.17 1.00 1.00 4.96 1.00 67.8
Open 16.2 8.66 6.81 115 16.8 12.0 2.18 148K
Day room
Closed? 7.79 1.00 4.26 6.73 8.47 6.81 1.00 30.6"K

8gtate of window opening and closing set in step 4 in the Methods section.

By/entilation volume per person per hour calculated by multiplying the average air change rate (ACR) by the volume of the room and dividing it by

room capacity.
®P: SCD-30 sensor.
dK: TR-76Ui sensor.

€Arithmetic mean of the calculated ACR values recorded by different sensors in each room.

fRatio of ACR values between * Open” and “Closed” conditions.
9Conditions during mass infection outbreaks.

NSince * Closed” is the denominator in determini ng the ratio, it is expressed as 1.00 as aratio to itself.

'Measured hourly ventilation volume compliant with the Ministry of Health,

Labor and Welfare guidelines (2020).

ITwo windows near the chairs (highlighted in red in Figure 1) were also opened.

KMeasured hourly ventilation volume compliant with the Centers for Disease Control and Prevention guidelines (2003).
|A window near the luggage space (highlighted in red in Figure 1) was also opened.

™ he windows facing the hallway outside the bathroom were additionally opened.

Effects of Window-Opening

The results showed that ventilation had a significant effect on
window-opening conditionsin all rooms (P=.027, .001, and .03
for the regular bathroom, nursing bathroom, and shared room,

https://formative.jmir.org/2022/12/e37587

respectively). Thisis consistent with the box plots of the ACR
merged with the sensor locations and models for the opening
and closing of the windows, as shown in Figure 4. In contrast,
no significant effect was observed at any of the sensor locations.
Therefore, ventilation in the room was likely uniformly
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improved by opening the window in the regular and nursing
bathrooms and the shared room. There was no significant
dependence on the sensor model. It is well known that the
analysis of variance is somewhat robust regarding normality
(the popul ation distribution of the observed valuesin each group
isnormally distributed) and equality of variance (the population
variance of each group is equal). Consistent results were also
obtained using Welch 2-tailed t test, which was used to test the
hypothesis that 2 populations have equal means regarding 2
samples that may have unegual variances. Therefore, the
analysis of the effect of window conditionsis considered valid.

A more detailed analysis was conducted for the private room,
where the first resident who tested positive for COVID-19 was
staying. Inthe private room, the P and K2 sensorswereinstalled
close together because of the limited size of the room. Thus,
we used ageneralized linear mixed model (GLMM) to estimate
and test the effects of ACR and window-opening conditions
(with ventilation time and window-opening set asfixed effects)
and the difference between sensor model s (with the sensor model
as a random effect). A GLMM was assumed for the model in
equation 2 with the sensor model difference asavariable effect,
and an anaysis of the change in CO, concentration with

ventilation time was conducted. On the assumption of normal

distributed random effects, ™<=, y can be expressed in the
form of aGLMM asfollows:

y=xB+Zu+ &7)
where B isthe fixed effect, u and e are the normally distributed

random effects, and X and Z are the design matrices. The fixed
effect of the GLMM, which indicates atime-seriesimprovement,

Ishigaki et a

can be summarized as E(y) = Xp. Zu isthe random effect of the
individual variations. Here, e represents the intraindividual
random effect. IMP (version 16.2) was used for the analysis
using the maximum likelihood method. During the covariance
parameter estimate of the random effect, the Wald P value of
the sensor's measurement was not significant (P=.96).
Therefore, no difference in the sensor measurements was
observed. However, the estimation of the fixed effects showed
that the effects of ventilation time and window status were both
significant, and their interaction was also highly significant
(P<.001). The CO, reduction (Q/V in equation 2) was 3.90/h
without window opening and 11.52/h with window opening. In
other words, it was confirmed that window opening improved
the ACR by afactor of 3.

Although the windows were closed during the mass infection
outbreak, even under these conditions, all roomsmet the MHLW
standard for ventilation (>30 m®h per person) [6], suggesting
that additional ventilation measurements were unnecessary.
Furthermore, the rp g values in Table 1 indicate that in all
rooms, except the day room where the window-open experiment
was not conducted, the ACR substantially improved by 2.2 to
5.7 times by opening the window to meet the CDC standard
[4]. There was no significant dependence on the location or
model of the sensor in al rooms where the window-open
experiments were conducted, suggesting that the proposed
method for estimating the ACR is efficient. Even under
open-window conditions, no room met the WHO criteria [5].
However, because this facility is not classified as an infectious
disease ward, this level of ventilation capacity is not strictly
required.

Figure 4. Box plots of estimated air change rates (ACRs) showing the effects of opening the window in a (a) regular bathroom, (b) nursing bathroom,
and (c) shared room. The window condition agrees with the definition presented in Table 1.
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Fluid Advection

The temporal variation of the measured CO, concentrationsin
a larger area, including the private room and the day room
(Figure 2), is shown in Figure 5. After the generation of CO,
gas was stopped at step 4 (as per the primary measurement
subsection) at t = t,, the concentration at sensor P steadily
decreased with time. Although the concentration of CO,
measured at K1 to K3 fluctuated, it exhibited agradual increase
toward t — t; = 9 minutes. The concentration at K3 was
substantially higher than that of the other 2 K sensors in the
early measurement stage (t— t; = 2 min), suggesting that the
generated CO, was predominantly advected from the private
room by a large flow pattern rather than a simple diffusion
process. Thisis also supported by the results shown in Figure
4, suggesting that ventilation performance solely depended on
the window-opening condition, which dictates airflow. Later
in the measurement (t —ty > 9 min), the CO, concentrations at
K1 and K4 surpassed that of K3, with a relatively steep slope
in variation. This rapid change in the rate of concentration
increase was due to advection, rather than diffusion.

The evolution of temporal CO, concentrationsfor the positions
of the numerical simulations at the positions of the P, K1, and
K3 probesis shown in Figure 5. Despite attempts to mimic the
environment in anursing home facility, certain uncertaintiesin
the experimental setup, such as the initial field and precise
boundary conditionsfor ventilation or air conditioning devices,
were unavoidable. Although this causes a discrepancy between
the simulation results and measured data, the CO, concentration
obtained from the numerical simulation showed levels
guantitatively similar to the measured values. Furthermore, the
evolution of the CO, concentration shows similar trends after
multiplying the time axis of the simulation results by an a
posteriori factor of 2.5, that is, t* = 2.5(tg, — tyme), Where the
subscript “sim” denotes the physical time in the simulation.

https://formative.jmir.org/2022/12/e37587
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Regarding the evolution of the CO, concentration in
computationally simulated P, a peak was observed at t* = 0,

and its value was approximately 10* ppm. Subsequently, a
monotonic decrease mode occurred until the end of the
simulation. This mode transition is similar to the measurement
result for the P sensor, although the peak is four times larger
than the measurement value, and its decrease is locally (t*~1)
nonmonotonic. The simulation and measurement results differed
owing to the uncertainties of theinitial and boundary conditions
in the simulation, mimicking the experimental setup. For
example, the airflow through the small gaps between the wall,
door, and curtains, the flow direction of the air conditioning
devices, and the working staff in the test room cannot be
accurately considered in the 3D model. However, the overall
trend observed in the measurements is well reproduced in the
numerical simulation.

Figure 6 providesinstantaneous snapshots of the CO, isosurface

at 1000 ppm at t* = 0.0, 0.9, 2.8, and 8.4 minutes. A high
concentration of CO, was observed throughout the private room

when the CO, generation was cut off at t* = 0. The maximum
CO, concentration was 8.8 x 105 ppm. Owing to turbulent and
molecular diffusion effects, the maximum CO, concentration

was monotonically reduced to 2.9 x 10° ppm (t* = 0.9 min;
Figure 6), 5.1 x 10* ppm (t* = 2.8 min; Figure 6), and 1.11 x
10* ppm (t* = 8.4 min; Figure 6). Furthermore, the region with
a CO, concentration >1000 ppm (high-concentration zone),
which is substantially greater than the background value, Cy is
spread across the day room and corridor. In particular, the
high-concentration zone occupies the corridor in front of the
private room at t* = 2.8 minutes. The loca fluid velocity,
overlaid on the CO, isosurface, shows that the leading edge of
the CO, isosurface moves toward the day room (red arrowsin
Figure 6) and produces a relatively high velocity. Therefore,
large-sca e flow dictated the spread of the gas mixture containing
infectious aerosol s rather than the molecular diffusion process.

JMIR Form Res 2022 | vol. 6 | iss. 12 | e37587 | p. 9
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR FORMATIVE RESEARCH

Ishigaki et a

Figure 5. Temporal variation of the measured carbon dioxide (CO5) concentration during the secondary measurement (thin line) and the numerical

simulation (thick line) at the sensor positions shown in Figure 2. Note that the modified time axist* is used for comparison with the simulation results.
The vertical linesindicate t —tg (=t*) = 2 and t —tg (=t*) = 9. K: TR-76Ui sensor used; P: SCD-30 sensor used.
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Discussion

Principal Findings

The CO, tracer gas method was used in 6 areas where airborne
infection was suspected, and the ACR was successfully
calcul ated using the primary measurement. On the basis of these
results, the ventilation rate in each room at the time of the
outbreak met the MHLW guidelines and did not correspond to
poorly ventilated space. However, the secondary measurement
revealed advection from the private room to the day room by
visualizing the CO, tracer gas. The overall trend in gas
concentrations detected via secondary measurements agreed
well with the results of the numerical simulation. Hence, given
that the person who initiated the infection occupied the private
room on the day of theinfection and that several occupantswere
gathered in the day room, it was postulated that the infectious
aerosol wastransmitted by thisairflow. These findings confirm
the usefulness of the CO, tracer gas method for estimating the
ACR and visualizing airflow.

https://formative.jmir.org/2022/12/e37587
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The experimental data confirmed that the opening of windows
in this facility promoted natural ventilation and significantly
improved the ACR from 2.2 to 6.2 times, thus satisfying the
CDC criteria. These findings prompted the facility staff to
improvetheir operations by opening windowswhen appropriate.
Furthermore, in this facility, regular nursing bathrooms were
equipped with jalousie windows to ensure the privacy of
residents. Therefore, opening windowsfor additional ventilation
does not negatively affect privacy. However, in many older
adult care facilities, opening windows is avoided because of
concerns regarding dangerous behavior. Residents diagnosed
with behavioral and psychological symptoms of dementia can
attempt to use the window to leave the facility. Therefore,
opening windows asameasuretoimprove air ventilation should
be conducted when considering these safety aspects. For
example, asimplelocking mechanism can beinstalled to prevent
windows from opening beyond a certain point, thereby
effectively ensuring safety and ventilation. In addition, future
studies should clarify the effects of open windows on heating
and cooling.
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Theresults of the secondary measurements discussed in Figures
5 and 6 suggest that aerosols can be advected between different
roomshby therelatively strong fluid flows created by ventilation
fans and air conditioning devices. The required ventilation
volume (per hour) was determined based on the capacity of the
room. For smaller rooms, such as the private or shared rooms
in this study, the required ventilation volume is smaller, and
vice versa for larger rooms, such as the day room. Therefore,
in open or semiopen buildings, where multiple rooms are
spatially connected, such asthe present facility, advective flows
from private to common areas may exist, and adhering to the
ventilation volume standard for each room individually may
not be sufficient to prevent mass infection outbreaks, asin the
present case. Thisis achallenge faced by many nursing homes
where private and common spaces are directly or indirectly
connected. However, thefacility learned about therisk of aerosol
advection from the private room to the day room and
subsequently took steps to prohibit its use of this private room.
Futurefacility modifications are planned to reverse the pressure
difference by improving the ventilation system to limit or
prevent aerosol leakage.

Limitations

We found that local flows could advect infectious aerosol s that
could not be predicted solely by the ACR of the individual
rooms. Thisfinding was based on acombination of experimental
(CO, tracer) and numerical (CFD) examinations, which were
performed at this facility. Therefore, alimitation of this study
isthat it infersthelikelihood and route of airbornetransmission
only from such circumstantial evidence. In thefuture, it will be
possible to trace the order of viral transmission and the route
of infection more directly for each individual by analyzing the
entire genome of infected people at the time of an outbreak.
Furthermore, because various hospitals and offices have video
surveillance cameras and entry or exit records, the combination
of these security logs, epidemiological data, and 3D models
will enable a clear reconstruction of the infection scenario. In
addition, adigital contract tracing system [29] and aweb-based
smartphone app tenant management tool [30] would be useful
in evidence building.

Another limitation is the seasonal reproducibility. April 2020,
when the outbreak was first reported, was in spring; August
2021, when the experiment was conducted, was in summe.
Although mechanical conditions, such as window opening and
closing, ventilator, and air conditioner operating conditions,
could be reproduced, the amount of buoyant ventilation owing
tothe differencein indoor and outdoor temperatures, especialy
when windows were opened, would have varied with the season.
Although the effect of buoyant ventilation by season on natural
ventilation is another important topic, and a detailed analysis
by CFD isdesirable, it is outside the scope of this study.

Furthermore, athough this study analyzed cases in which the
infection spread locally, the results did not indicate a general
causal relationship between ventilation volume and infection
rate. Future field studies and meta-analyses of a large number
of outbreak cases will clarify whether there is a correlation
between the amount of ventilation and the risk of COVID-19
infection.

https://formative.jmir.org/2022/12/e37587
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Comparison With Prior Work

Anderson et a [31] determined that typical older adult care
facilities may be vulnerable to COVID-19 because they are
designed to promote socia interaction and collaboration among
residents viacommon spaces (eg, day rooms and areasfor social
activities) and hallways without partitions [32,33]. This aspect
is important for residents social interactions and daily
monitoring by staff. Furthermore, in Japan, the deregulation of
the Law for Partial Revision of the Building Standards (enacted
on September 25, 2018), which exempted the floor area of
common corridors from the calculation of the floor arearatio
for nursing homes, may have provided an impetusfor the active
use of corridors as common relaxation areas. However, from
the perspective of infection control, there is room for
improvement in these open-plan architectural guidelines. With
these precedents, practical guidelines should be formulated
specifically to address the operational patterns of older adult
care facilities. As an example of atemporary guideline during
a pandemic, downwind transmission can easily be prevented
by discontinuing the use of private rooms close to common
rooms in older adult care facilities. The excessive installation
of vinyl partitions may also contribute to massinfection [3] due
to the stagnation of fluid flow, which is essential for active
ventilation. Therefore, care should be taken when designing
partitions such that they do not interfere with ventilation. A
more quantitative measure would be recommended to monitor
the pressure difference between the room and hallway [34], as
recommended in health care settings. If the possibility of
downwind transmission created by the pressure difference
becomes apparent, other measures (eg, transparent partitions or
air curtains) can be taken to prevent large-scale airflow, such
as that observed in the present physical or fluid-dynamic
numerical simulation. However, these measures must consider
accessibility and visibility to ensure residents’ quality of life.

Conclusions

In this study, a real-world mass infection outbreak, which
occurred in an older adult care facility, was simulated
experimentally and numerically to investigate the controlling
factors and quantify the effectiveness of various natura
ventilation settings using the ACR, assuming that airborne
transmission has occurred. Using the CO, tracer gas method,
we determined that the low-cost intervention of opening
windows could improve the ventilation frequency by a factor
of 2.2105.7. Thisimplies that advective fluid flows are key to
controlling the spread of zones with high CO, concentrations.
Therefore, this CO, tracer gas method, implemented with dry
ice and a sensor, can quantify the ACR and airflow and
contribute to the prevention of recurrent airborne infections.
Moreover, this method can be performed within a relatively
short time, even in the presence of patients or residents.

A numerical simulation was performed to obtain the
spatiotemporal evolution in such high CO, concentration zones
under conditions similar to those of the present experiment. The
development of zones with high CO, concentrations occurred
in the first few minutes. Furthermore, the leading edge of such
zones toward the day room, where multiple residents gather for
activities, yieldsarelatively high fluid vel ocity, suggesting that
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large-scal e advective flow dictates the spread of such high CO,
concentration zones. These results suggest that secondary
infections could occur because of aerosol advection driven by
alarge-scale flow topology, even if the ventilation is sufficient.
Furthermore, this phenomenon may be influenced by
architectural design specific to typical older adult carefacilities.

Ishigaki et a

To prevent or deter outbreaks of mass infectionsin older adult
care facilities, policies for guidelines on architectural design
and reviews of related laws will be necessary, considering both
the quality of life of the residents and suppression of large-scale
flow toward communal areas. In addition, quantitative studies
and interventions are required to avoid downwind contamination

of existing buildings.

Acknowledgments

This study was supported by Japan Society for the Promotion of Science (JSPS) KAKENHI (grant 21K19820) and the KDDI
Foundation.

Data Availability
The data supporting the findings of this study are available from the corresponding author, Y1, upon reasonabl e request.

Authors Contributions

Y| conceptualized and designed the study and contributed to writing, reviewing, and approving of the manuscript. SY performed
the formal analysis and contributed to writing, reviewing, and approving the manuscript. YM performed data visualization and
contributed to writing, reviewing, and approving the manuscript. AS, HK, and YK contributed to the data extraction and
investigation. All authors have approved the final manuscript as submitted.

Conflictsof Interest
None declared.

Multimedia Appendix 1

Time course of the emergence of infected patientsin April.
[XLSX File (Microsoft Excel File), 29 KB-Multimedia Appendix 1]

References

1.  LeeSW, YuhWT, Yang M, Cho YS, Yoo IK, Koh HY, et a. Nationwide results of COVID-19 contact tracing in South
Korea: individual participant data from an epidemiological survey. IMIR Med Inform 2020 Aug 25;8(8):e20992 [FREE
Full text] [doi: 10.2196/20992] [Medline: 32784189]

2. TheYomiuri Shimbun. Elderly care facilities under pressure amid COVID surge. The Japan News. 2022 Aug 17. URL:
https.//japannews.yomiuri.co.jp/soci ety/general -news/20220817-52136/ [accessed 2022-10-23]

3. Ishigaki Y, Kawauchi Y, Yokogawa S, Saito A, Kitamura H, Moritake T. Experimental investigation to verify if excessive
plastic sheeting shielding produce micro clusters of SARS-CoV-2. medRxiv Preprint posted online on May 27, 2021. [doi:
10.1101/2021.05.22.21257321]

4. LiY,QianH, HangJ, Chen X, Cheng P, LingH, et al. Probabl e airborne transmission of SARS-CoV-2inapoorly ventilated
restaurant. Build Environ 2021 Jun;196:107788 [FREE Full text] [doi: 10.1016/].buildenv.2021.107788] [Medline: 33746341]

5. Jang S, Han SH, Rhee JY. Cluster of coronavirus disease associated with fitness dance classes, South Korea. Emerg Infect
Dis 2020 Aug;26(8):1917-1920 [FREE Full text] [doi: 10.3201/eid2608.200633] [Medline: 32412896]

6. MenziesD, Fanning A, Yuan L, FitzGerald JM. Hospital ventilation and risk for tuberculous infection in canadian health
care workers. Canadian Collaborative Group in Nosocomia Transmission of TB. Ann Intern Med 2000 Nov
21;133(10):779-789. [doi: 10.7326/0003-4819-133-10-200011210-00010] [Medline: 11085840]

7. Guidelinesfor Environmental Infection Control in Health-Care Facilities: Recommendations of CDC and the Healthcare
Infection Control Practices Advisory Committee (HICPAC). U.S. Department of Health and Human Services, Centers for
Disease Control and Prevention. 2019. URL : https://www.cdc.gov/infectioncontrol/guidelines/environmental/index.html
[accessed 2022-01-09]

8.  Natural ventilation for infection control in health care settings. World Health Organization (WHO). 2009. URL: https./
[apps.who.int/iris’handle/10665/44167 [accessed 2022-01-09]

9.  Ventilation to improve "poorly ventilated closed spaces’ in commercia facilities. Ministry of Health, Labour and Welfare,
Japan (MHLW). 2020. URL: https.//www.mhlw.go.jp/content/10900000/000616069.pdf [accessed 2022-01-09]

10. Scientific Brief: SARS-CoV-2 Transmission. Centersfor Disease Control and Prevention. 2021. URL: https.//www.cdc.gov/
coronavirus/2019-ncov/science/science-briefs/sars-cov-2-transmission.html [accessed 2022-12-16]

https:/formative.,jmir.org/2022/12/e37587 JMIR Form Res 2022 | vol. 6 | iss. 12 | €37587 | p. 12

(page number not for citation purposes)


https://jmir.org/api/download?alt_name=formative_v6i12e37587_app1.xlsx&filename=6538d6bcaf0bfe1496d1e37a68ce1421.xlsx
https://jmir.org/api/download?alt_name=formative_v6i12e37587_app1.xlsx&filename=6538d6bcaf0bfe1496d1e37a68ce1421.xlsx
https://medinform.jmir.org/2020/8/e20992/
https://medinform.jmir.org/2020/8/e20992/
http://dx.doi.org/10.2196/20992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32784189&dopt=Abstract
https://japannews.yomiuri.co.jp/society/general-news/20220817-52136/
http://dx.doi.org/10.1101/2021.05.22.21257321
https://europepmc.org/abstract/MED/33746341
http://dx.doi.org/10.1016/j.buildenv.2021.107788
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33746341&dopt=Abstract
https://doi.org/10.3201/eid2608.200633
http://dx.doi.org/10.3201/eid2608.200633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32412896&dopt=Abstract
http://dx.doi.org/10.7326/0003-4819-133-10-200011210-00010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11085840&dopt=Abstract
https://www.cdc.gov/infectioncontrol/guidelines/environmental/index.html
https://apps.who.int/iris/handle/10665/44167
https://apps.who.int/iris/handle/10665/44167
https://www.mhlw.go.jp/content/10900000/000616069.pdf
https://www.cdc.gov/coronavirus/2019-ncov/science/science-briefs/sars-cov-2-transmission.html
https://www.cdc.gov/coronavirus/2019-ncov/science/science-briefs/sars-cov-2-transmission.html
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR FORMATIVE RESEARCH Ishigaki et a

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Position paper of the Gesellschaft fiir Aerosolforschung on understanding the role of aerosol particlesin SARS-CoV-2
infection. Gesellschaft fur Aerosolforschung. 2020 Dec 17. URL : https://ae00780f-bbdd-47b2-aal0-eldc2cdeb6dd.files
usr.com/ugd/fab12b 0b691414cfb344fe96d4b44ebi44a5ab.pdf [accessed 2022-12-16]

Jones RM, Brosseau LM. Aerosol transmission of infectious disease. J Occup Environ Med 2015 May;57(5):501-508. [doi:
10.1097/JOM.0000000000000448] [Medline: 25816216]

Wang CC, Prather KA, Sznitman J, Jimenez JL, Lakdawala SS, Tufekci Z, et a. Airborne transmission of respiratory
viruses. Science 2021 Aug 27;373(6558):eabd9149 [FREE Full text] [doi: 10.1126/science.abd9149] [Medline: 34446582]
Cai J, Sun W, Huang J, Gamber M, Wu J, He G. Indirect virustransmission in cluster of COV1D-19 cases, Wenzhou, China,
2020. Emerg Infect Dis 2020 Jun;26(6):1343-1345 [FREE Full text] [doi: 10.3201/eid2606.200412] [Medline: 32163030]
Katelaris AL, Wells J, Clark P, Norton S, Rockett R, Arnott A, et al. Epidemiologic evidence for airborne transmission of
SARS-CoV-2 during church singing, Australia, 2020. Emerg Infect Dis 2021 Jun;27(6):1677-1680 [FREE Full text] [doi:
10.3201/eid2706.210465] [Medline: 33818372]

Toyokawa T, Shimada T, Hayamizu T, Sekizuka T, Zukeyama Y, Yasuda M, et a. Transmission of SARS-CoV-2 during

a 2-h domestic flight to Okinawa, Japan, March 2020. Influenza Other Respir Viruses 2022 Jan;16(1):63-71 [FREE Full
text] [doi: 10.1111/irv.12913] [Medline: 34605181]

Tellier R, Li Y, Cowling BJ, Tang JW. Recognition of aerosol transmission of infectious agents: a commentary. BMC
Infect Dis 2019 Jan 31;19(1):101 [FREE Full text] [doi: 10.1186/s12879-019-3707-y] [Medline: 30704406]

Tang JW, Li Y, Eames |, Chan PK, Ridgway GL. Factorsinvolved in the aerosol transmission of infection and control of
ventilation in healthcare premises. JHosp Infect 2006 Oct;64(2):100-114 [ FREE Full text] [doi: 10.1016/j.jhin.2006.05.022]
[Medline: 16916564]

Anchordoqui LA, Chudnovsky EM. A physicist view of COVID-19 airborne infection through convective airflow inindoor
spaces. Sci Med J 2020 Aug 28;2:68-72. [doi: 10.28991/scimed;]-2020-02-si-5]

Morawska L, Milton DK. It istime to address airborne transmission of coronavirus disease 2019 (COVID-19). Clin Infect
Dis 2020 Dec 03;71(9):2311-2313 [FREE Full text] [doi: 10.1093/cid/ciaa939] [Medline: 32628269]

Hunziker P. Minimising exposure to respiratory droplets, ‘jet riders and aerosols in air-conditioned hospital rooms by a
'Shield-and-Sink' strategy. BMJ Open 2021 Oct 12;11(10):€047772 [FREE Full text] [doi: 10.1136/bmjopen-2020-047772]
[Medline: 34642190]

Guven Y, Sezgin BI, Celik EG. The importance and improvement of indoor air quality in dental clinics within the context
of Covid-19. EC Dent Sci 2021;20(1):32-50 [FREE Full text]

Anderson EL, Turnham B, Griffin JR, Clarke CC. Consideration of the aerosol transmission for COVID-19 and public
health. Risk Anal 2020 May;40(5):902-907 [FREE Full text] [doi: 10.1111/risa.13500] [Medline: 32356927]

Bourouiba L. Turbulent gas clouds and respiratory pathogen emissions: potential implications for reducing transmission
of COVID-19. AMA 2020 May 12;323(18):1837-1838. [doi: 10.1001/jama.2020.4756] [Medline: 32215590]

LimaAA, Nunes|C, da SilvaDuarte JL, Meili L, de Carvalho Nagliate P, dos Santos Almeida AG. Characteristics of
SARS-CoV-2 aerosol dispersioninindoor air: scoping review. Res Soc Dev 2021 Apr 17;10(4):e44310414300. [doi:
10.33448/rsd-v10i4.14300]

Azimi P, Keshavarz Z, Cedeno Laurent JG, Stephens B, Allen JG. Mechanistic transmission modeling of COVID-19 on
the Diamond Princess cruise ship demonstrates the importance of aerosol transmission. Proc Natl Acad Sci U SA 2021
Feb 23;118(8):2015482118 [ FREE Full text] [doi: 10.1073/pnas.2015482118] [Medline: 33536312]

KitamuraH, Ishigaki Y, Ohashi H, Yokogawa S. Ventilation improvement and eval uation of its effectiveness in a Japanese
manufacturing factory. Sci Rep 2022 Oct 21;12(1):17642 [FREE Full text] [doi: 10.1038/s41598-022-22764-2] [Medline:
36271253]

Mehade Hussain S, Goel S, Kadapa C, Aristodemou E. A short review of vapour droplet dispersion models used in CFD
to study the airborne spread of COVID19. Mater Today Proc 2022;64:1349-1356 [FREE Full text] [doi:
10.1016/j.matpr.2022.03.724] [Medline; 35495177)

Wilmink G, Summer |, Marsyla D, Sukhu S, Grote J, Zobel G, et a. Real-time digital contact tracing: development of a
system to control COV1D-19 outbreaks in nursing homes and long-term care facilities. IMIR Public Health Surveill 2020
Aug 25;6(3):€20828 [FREE Full text] [doi: 10.2196/20828] [Medline: 32745013]

Echeverria P, Mas Bergas MA, Puig J, Isnard M, Massot M, VediaC, et al. COVIDApp as an innovative strategy for the
management and follow-up of COVID-19 cases in long-term care facilities in Catalonia: implementation study. IMIR
Public Health Surveill 2020 Jul 17;6(3):€21163 [FREE Full text] [doi: 10.2196/21163] [Medline: 32629425]

Anderson DC, Grey T, Kennelly S, O'Neill D. Nursing home design and COV ID-19: balancing infection control, quality
of life, and resilience. JAm Med Dir Assoc 2020 Nov;21(11):1519-1524 [FREE Full text] [doi: 10.1016/j.jamda.2020.09.005]
[Medline: 33138934]

Chmielewski E. Excellence in Design: Optimal Living Space for People with Alzheimer's Disease and Related Dementias.
Perkins Eastman/Alzheimer's foundation of America. 2014 Jun. URL : https://alzfdn.org/wp-content/uploads/2017/11/
Excellence-in-Design-white-paper-June-2014.pdf [accessed 2022-01-09]

https:/formative.,jmir.org/2022/12/e37587 JMIR Form Res 2022 | vol. 6 | iss. 12 | €37587 | p. 13

(page number not for citation purposes)


https://ae00780f-bbdd-47b2-aa10-e1dc2cdeb6dd.filesusr.com/ugd/fab12b_0b691414cfb344fe96d4b44e6f44a5ab.pdf
https://ae00780f-bbdd-47b2-aa10-e1dc2cdeb6dd.filesusr.com/ugd/fab12b_0b691414cfb344fe96d4b44e6f44a5ab.pdf
http://dx.doi.org/10.1097/JOM.0000000000000448
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25816216&dopt=Abstract
https://europepmc.org/abstract/MED/34446582
http://dx.doi.org/10.1126/science.abd9149
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34446582&dopt=Abstract
https://doi.org/10.3201/eid2606.200412
http://dx.doi.org/10.3201/eid2606.200412
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32163030&dopt=Abstract
https://doi.org/10.3201/eid2706.210465
http://dx.doi.org/10.3201/eid2706.210465
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33818372&dopt=Abstract
https://europepmc.org/abstract/MED/34605181
https://europepmc.org/abstract/MED/34605181
http://dx.doi.org/10.1111/irv.12913
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34605181&dopt=Abstract
https://bmcinfectdis.biomedcentral.com/articles/10.1186/s12879-019-3707-y
http://dx.doi.org/10.1186/s12879-019-3707-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30704406&dopt=Abstract
https://europepmc.org/abstract/MED/16916564
http://dx.doi.org/10.1016/j.jhin.2006.05.022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16916564&dopt=Abstract
http://dx.doi.org/10.28991/scimedj-2020-02-si-5
https://europepmc.org/abstract/MED/32628269
http://dx.doi.org/10.1093/cid/ciaa939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32628269&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=34642190
http://dx.doi.org/10.1136/bmjopen-2020-047772
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34642190&dopt=Abstract
https://hdl.handle.net/20.500.12780/330
https://europepmc.org/abstract/MED/32356927
http://dx.doi.org/10.1111/risa.13500
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32356927&dopt=Abstract
http://dx.doi.org/10.1001/jama.2020.4756
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32215590&dopt=Abstract
http://dx.doi.org/10.33448/rsd-v10i4.14300
https://www.pnas.org/doi/abs/10.1073/pnas.2015482118?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1073/pnas.2015482118
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33536312&dopt=Abstract
https://doi.org/10.1038/s41598-022-22764-2
http://dx.doi.org/10.1038/s41598-022-22764-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36271253&dopt=Abstract
https://europepmc.org/abstract/MED/35495177
http://dx.doi.org/10.1016/j.matpr.2022.03.724
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35495177&dopt=Abstract
https://publichealth.jmir.org/2020/3/e20828/
http://dx.doi.org/10.2196/20828
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32745013&dopt=Abstract
https://publichealth.jmir.org/2020/3/e21163/
http://dx.doi.org/10.2196/21163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32629425&dopt=Abstract
https://europepmc.org/abstract/MED/33138934
http://dx.doi.org/10.1016/j.jamda.2020.09.005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33138934&dopt=Abstract
https://alzfdn.org/wp-content/uploads/2017/11/Excellence-in-Design-white-paper-June-2014.pdf
https://alzfdn.org/wp-content/uploads/2017/11/Excellence-in-Design-white-paper-June-2014.pdf
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR FORMATIVE RESEARCH Ishigaki et a

33.  Wrublowsky R. Design Guide for Long Term Care Homes. Document edition. 2018.01. Robert Wrublowsky. 2018. URL :
https://www.fgiguidelines.org/wp-content/upl0ads/2018/03/MMP_DesignGuidel ongTermCareHomes 2018.01.pdf [accessed
2022-01-09]

34. Jensen PA, Lambert LA, lademarco MF, Ridzon R, CDC. Guidelines for preventing the transmission of Mycobacterium
tuberculosisin health-care settings, 2005. MMWR Recomm Rep 2005 Dec 30;54(RR-17):1-141 [FREE Full text] [Medline:
16382216]

Abbreviations

ACR: air changerate

CDC: Centersfor Disease Control and Prevention
CFD: computational fluid dynamics

GLMM: generalized linear mixed model

CO,: carbon dioxide

K: TR-76Ui sensor

MHLW: Ministry of Health, Labor and Welfare
P: SCD-30 sensor

PCR: polymerase chain reaction

WHO: World Health Organization

Edited by A Mavragani; submitted 01.03.22; peer-reviewed by R Fang, P Dunn; commentsto author 07.10.22; revised version received
27.10.22; accepted 07.12.22; published 30.12.22

Please cite as:

Ishigaki Y, Yokogawa S Minamoto Y, Saito A, Kitamura H, Kawauchi Y

Pilot Evaluation of Possible Airborne Transmission in a Geriatric Care Facility Using Carbon Dioxide Tracer Gas. Case Study
JMIR Form Res 2022;6(12):e37587

URL: https:.//formative.jmir.org/2022/12/e37587

doi: 10.2196/37587

PMID:

©Yo Ishigaki, Shinji Yokogawa, Yuki Minamoto, Akira Saito, Hiroko Kitamura, Yuto Kawauchi. Originally published in IMIR
Formative Research (https://formative.jmir.org), 30.12.2022. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (https.//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work, first published in IMIR Formative Research, is properly cited. The
complete bibliographic information, alink to the original publication on https://formative.jmir.org, as well as this copyright and
license information must be included.

https:/formative.,jmir.org/2022/12/e37587 JMIR Form Res 2022 | vol. 6 | iss. 12 | €37587 | p. 14
(page number not for citation purposes)

RenderX


https://www.fgiguidelines.org/wp-content/uploads/2018/03/MMP_DesignGuideLongTermCareHomes_2018.01.pdf
https://www.cdc.gov/mmwr/preview/mmwrhtml/rr5417a1.htm
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16382216&dopt=Abstract
https://formative.jmir.org/2022/12/e37587
http://dx.doi.org/10.2196/37587
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

