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1  |  INTRODUC TION

The coronavirus disease 2019 (COVID-19) outbreak began in 
December 2019, and as 2020 ends, more than 80 million people had 
been infected.1 Many nosocomial severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) infections have emerged since January 
2020.2-9 As of August 15, 2020, nearly 300 000 healthcare work-
ers (HCWs) were confirmed to be infected with SARS-CoV-2 world-
wide.10,11 In Wuhan, an early study revealed that 41.3% of 138 
patients were presumed to have been infected in hospital, including 
40 HCWs (40/138; 29.0%) and 17 patients (17/138; 12.3%).12 As of 
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Abstract
Since the coronavirus disease 2019 (COVID-19) outbreak, the nosocomial infection 
rate worldwide has been reported high. It is urgent to figure out an affordable way 
to monitor and alarm nosocomial infection. Carbon dioxide (CO2) concentration can 
reflect the ventilation performance and crowdedness, so CO2 sensors were placed in 
Beijing Tsinghua Changgung Hospital's fever clinic and emergency department where 
the nosocomial infection risk was high. Patients’ medical records were extracted to 
figure out their timelines and whereabouts. Based on these, site-specific CO2 concen-
tration thresholds were calculated by the dilution equation and sites’ risk ratios were 
determined to evaluate ventilation performance. CO2 concentration successfully re-
vealed that the expiratory tracer was poorly diluted in the mechanically ventilated 
inner spaces, compared to naturally ventilated outer spaces, among all of the monitor-
ing sites that COVID-19 patients visited. Sufficient ventilation, personal protection, 
and disinfection measures led to no nosocomial infection in this hospital. The actual 
outdoor airflow rate per person (Qc) during the COVID-19 patients’ presence was es-
timated for reference using equilibrium analysis. During the stay of single COVID-19 
patient wearing a mask, the minimum Qc value was 15–18  L/(s·person). When the 
patient was given throat swab sampling, the minimum Qc value was 21 L/(s·person). 
The Qc value reached 36–42 L/(s·person) thanks to window-inducted natural ventila-
tion, when two COVID-19 patients wearing masks shared the same space with other 
patients or healthcare workers. The CO2 concentration monitoring system proved to 
be effective in assessing nosocomial infection risk by reflecting real-time dilution of 
patients’ exhalation.
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April 28, 2020, excluding HCW infections, the proportion of patient 
nosocomial infections with SARS-CoV-2 was 12.5% in 10 UK hospi-
tals and 1 Italian hospital.13 General patients attending hospitals are 
vulnerable to infection by the virus.14 In brief, the scale of hospital-
acquired SARS-CoV-2 infection cannot be neglected.

In pandemics, the fast-spreading diseases on top of other dis-
eases, especially those requiring regular treatment and those that 
are seasonal, can cause overcrowding in hospitals and shortages of 
equipment needed to care for patients and HCWs.15-17 A maximum 
capacity based on social distancing may be incorporated in hospital 
designs,18,19 but is often not implemented in practice. Crowds lead 
not only to the violation of the minimum social distance to avoid 
short-range transmission of respiratory droplets,20 but also to inad-
equate dilution of fine droplets and droplet nuclei by the building 
ventilation system.21

Recent studies have revealed that the release strength of SARS-
CoV-2 from a patient can reach millions of copies per hour.22,23 
Hand hygiene and wearing masks can likely eliminate the trans-
mission of most expiratory viruses.24-28 Whether the remaining 
viruses, if any in the air, can cause infection depends on the critical 
infection dose, the intake and immune system of the susceptible 
person.29,30 Poor indoor ventilation can lead to a high intake of the 
virus and potential infection.31-35 The dose, intake, and immune re-
sponse are unknown and potentially case-dependent, which makes 
it challenging to identify the absolute infection risk caused by in-
sufficient ventilation.

Confirmation of SARS-CoV-2 infection requires strong evidence 
incorporating computed tomography (CT) imaging features, epi-
demiology history, clinical manifestation, and pathogen serum ex-
amination. It is time-consuming and fails to reflect the increasing 
nosocomial risk to HCWs and patients.36

In this study, carbon dioxide (CO2) concentration was taken as an 
indicator of human exhalation and indoor ventilation performance, 
so sensors were placed in Beijing Tsinghua Changgung Hospital 
(Abbreviated as Changgung Hospital) at the end of January 2020. 
We also estimated the actual outdoor airflow rate per person during 
the presence of COVID-19 patients. The experience and evidence 
may help hospitals and authorities to determine a strategy to mini-
mize nosocomial SARS-CoV-2 infection.

2  |  METHODS

2.1  |  Study design

At present, reverse transcription-polymerase chain reaction (PCR), 
droplet digital PCR, and isothermal amplification, among other 
methods, are applicable for quantitatively analyzing the environ-
mental contamination of SARS-CoV-2 to demonstrate possible risks 
in less than 1 h.37-43 A fluorescence spectrometer can measure vi-
able microorganisms,44 but the quantity is not correlated with the 
quantity of pathogens. Real-time environmental surveillance tech-
nology of SARS-CoV-2 and many other pathogens is yet to come.

Unlike the abovementioned methods for direct detection, the CO2 
concentration distribution can trace human exhalation in almost real 
time, and the difference between indoor and outdoor concentrations 
can reveal the dilution performance of ventilation for a known number 
of indoor occupants' exhalation if there are no other significant sources 
of CO2, such as combustion.45 Thus, the CO2 concentration is an ade-
quate index of the potential infection risk posed by poor ventilation in 
comparison with other methods, as shown in Table 1. If ventilation is 
supplied by a mechanical system and the flow rate is constant, the CO2 
concentration indicates the crowdedness; if the number of occupants 
is known, it indicates the performance of ventilation.

2.2  |  Equipment and study conditions

A surveillance campaign was conducted at the Changgung Hospital 
from the beginning of the outbreak in January 2020. In accordance 
with symptoms of patients diagnosed with COVID-19 and the pa-
tients’ whereabouts, we deployed 32 iBEEM sensors in areas with a 
high incidence of COVID-19 patients (Figure 1). The sensors, whose 
measurement interval is 5 min, were placed approximately 0.8–1.2 m 
above ground and far from CO2 emission sources to collect real-time 
ambient CO2 concentration. The measurement area covered the 
fever clinic (FC) and the emergency department which was in the 
outpatient building. The former adopts natural ventilation, the latter 
adopts mechanical ventilation.

2.3  |  Current infection control strategies at 
Changgung Hospital

Changgung Hospital implemented masks, physical distancing, 
and other preventive measures to control nosocomial infection 
(Appendix S1A). With the infection control measures in place, nei-
ther HCWs nor patients were infected within Changgung Hospital 
throughout the COVID-19 pandemic.

Practical Implications

•	 The present study explores an effective method to mon-
itor and alarm nosocomial infection by reflecting real-
time dilution of patients’ exhalation.

•	 In this study, aided with personal protection and disin-
fection measures, outdoor airflow rate per person of 
15–18 L/(s·person) was sufficient to prevent nosocomial 
infection when there was only one COVID-19 patient, 
and 21  L/(s·person) was sufficient during throat swab 
sampling.

•	 This study provides evidence on affordably controlling 
nosocomial infection during the COVID-19 pandemic 
using a real-time CO2 concentration monitoring system.
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Five COVID-19 patients went to Changgung Hospital in February 
2020 and they were numbered as C1-C5 according to the order of 
their registration time. Based on their medical records, they went to 
the pediatric hall, emergency hall, FC, and CT room (Figure 1). HCWs 
with adequate personal protective equipment (PPE) were in close 
contact with infectors in the CT room and FC nursing station for 
less than 5 min and in the FC consulting room and emergency inter-
nal medicine (EIM) consulting room for at least 5 min. Unconscious 
close contact of more than 5 min between infectors and suscepti-
ble people occurred in the pediatric hall, emergency hall, and FC 
waiting area. Prolonged or close contact indicates a higher infection 
risk. The ventilation performance of those areas is critical for dilut-
ing exhalation from the infectors. Therefore, this study focused on 
the ventilation performance of areas visited by COVID-19 patients. 
This study was approved by the ethics commissions of Changgung 
Hospital and the sampling procedure did not obstruct routine medi-
cal care procedures at the hospital.

2.4  |  CO2 concentration analysis

Adequate ventilation can dilute the exhalation of confirmed patients 
in the hospital, reduce the residence time of the exhaled substances, 
and the possibility of other patients being exposed to the corona-
virus. CO2 concentration has been used as an indicator to estimate 
ventilation rates and characterize ventilation for decades. If suffi-
ciently ventilated and the occupancy is stable, the CO2 exhaled by 
people will be quickly diluted to a steady state. Based on the dilution 
equation, the theoretical upper limit of the CO2 concentration (Cu) 
can be represented by Equation (1), as follows:

where Cu is the theoretical upper limit of the CO2 concentration (ppm); 
Co is the outdoor CO2 concentration (ppm); Gm is the indoor person-
nel total CO2 generation rate when the number of people in the room 
reaches the maximum (m3/h) (Appendix S1B); and Q is the outdoor air-
flow rate (m3/h).

Each site's Cu varied (Table 2), so the CO2 dilution index (Id) and 
the risk ratio (Rr) were used to briefly compare and evaluate all of the 
sites’ outdoor air ventilation performance.

The Id compares the ventilation effectiveness between the nat-
ural ventilation implemented in the FC and the mechanical ventila-
tion applied in the outpatient building and is expressed as follows 
(Equation (2)):

where C is the measured real-time CO2 concentration (ppm). Id > 1 in-
dicates that the air ventilation is poorer than the designed/required 
condition, and thus the risk of nosocomial infection rises.

(1)Cu = Co + 10
6 Gm

Q

(2)Id =
C − Co

Cu − Co
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The Rr is the time proportion of Id > 1, so it quantitatively de-
scribes how often the site had a poor CO2 dilution condition. If one 
site's long-term Rr exceeded 50%, namely, the CO2 concentration at 
one site exceeded the threshold over half of a long period, its out-
door air supply was deemed insufficient to dilute the occupants' ex-
halation during normal operation.

Id and Rr in February (Id,f and Rr,f, respectively) showed the com-
prehensive dilution conditions in late winter, whereas Id and Rr 
during periods with the presence of COVID-19 patients and in the 
first hour of their absence (Id,p and Rr,p, respectively) indicated the 
risk of airborne nosocomial SARS-CoV-2 infection. The former was 
determined not only to provide a baseline for the latter, but also to 
determine the underlying risk of hospital-acquired infection because 
COVID-19 patients could arrive at any time.

Moreover, the actual outdoor airflow rate per person (Qc) can be 
calculated using equilibrium analysis according to American Society 
for Testing and Materials international standard D6245-18 based on 
the assumptions as follow: (a) the CO2 concentration in the target 
zone is uniform; (b) the outdoor concentration is constant; (3) the 
outdoor air ventilation rate is constant and is expressed as follows 
(Equation (3)):

where g is the CO2 generation rate per person [m3/(h·person)], which 
was estimated by directly measured statistics 46 (Appendix S1B) for 
the lack of occupants’ body mass data; and Ce is the equilibrium CO2 
concentration measured in the presence of COVID-19 patients (ppm).

The implement of the Equation (3) should also meet the require-
ments below: (a) the target zone is free from air exchange with other 
indoor zones which has different CO2 concentration; (b) the average 
CO2 generation rate per person is constant and known; (c) the CO2 
concentration in the target is at equilibrium.

3  |  RESULT

During our measurements at Changgung Hospital, only five 
COVID-19 patients arrived for treatment. Nonetheless, during their 
presence and in the first hour of absence, we collected 510 CO2 
concentration data points (Figure  1D). Furthermore, throughout 
February 2020, we obtained approximately 500  000 data points 
from all of the sites that the COVID-19 patients had visited. Based on 
environmental data, we calculated Id and Rr at mechanical ventilated 
areas (CT room, EIM, emergency hall) and natural ventilated areas 
(FC) to compare ventilation dilution condition, as shown in Figure 2. 
The CT room, EIM consulting room, and EIM waiting room had 
no outer windows or outer doors. However, the latter two rooms 
were directly connected to the emergency hall, in which an outer 
door was frequently opened, through open inner doors. According 
to the emergency department medical records (partially listed in 
Appendix  S1C), approximately 90 patients were registered every 
day, so the emergency hall outer door could open hundreds of times 
each day. Cold air intrusion might greatly enhance the outdoor air 
supply in such an outer space. This may be due to the large tempera-
ture difference between indoor and outdoor.

(3)Qc = 106g∕[3.6(Ce − Co)]

F I G U R E  1  Carbon dioxide sampling locations within the hospital and the patient route in case of confirmed severe acute respiratory 
syndrome coronavirus 2 infection. aCT: computed tomography. Patient C1-5: the confirmed COVID-19 Patient 1–5. COVID-19: coronavirus 
disease 2019. bGray dotted line: COVID-19 patient route before treatment. Red dotted line: COVID-19 patient route after becoming a 
suspected COVID-19 patient. cIn February 2020, five COVID-19 patients went to Changgung Hospital and were numbered as C1-C5 
according to the order of their registration time. According to medical records, the diagnosis process for confirmed patients is outpatient 
clinic, CT room, and isolation ward. Patient C1 went to the pediatrics department, emergency hall, CT room, and isolation ward. Patient 
C2-C4 went to the fever clinic, emergency hall, CT room, and isolation ward. Patient C5 went to the emergency hall, emergency internal 
medicine, CT room, and isolation ward. dThe sensors were placed approximately 0.8–1.2 m above ground and far from CO2 emission sources. 
The measurement range of the sensor is calibrated between 400 and 1000 ppm, its accuracy is ±50 ppm and its measurement interval is 
5 min
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Generally, Id and Rr were higher in mechanically ventilated inner 
spaces, and Id,p was usually higher than the mean value of the cor-
responding Id,f. In other words, natural ventilation dilutes airborne 
contaminants better than mechanical ventilation in Beijing in winter.

Rr,p was 0 in the EIM consulting room, EIM waiting room, and 
emergency hall, but Rr,f was 11%, 6%, and 1%, respectively. Dilution 
was occasionally insufficient in those areas throughout February, so 
the emergency hall outer door should be kept open if the occupancy 
cannot be controlled.

Based on the monitored real-time CO2 concentration and 
equilibrium analysis method according to American Society for 
Testing and Materials international standard D6245-18, the out-
door airflow rate per person Qc during the confirmed patients’ 
presence was estimated. The contact duration, distance, and 
types of PPE were different between HCWs and patients when 
they contacted with COVID-19 patients. It means that HCWs and 
patients are not at the same risk of infection. Consequently, we 
sorted contact situations into four categories based on the type of 
contact object, type of PPE, contact distance, and contact dura-
tion (Figure D2; Table 3). The results showed variance depending 

on the occupancy and outdoor air supply state. The recommended 
value under each contact situation was determined by the mini-
mum value considering that there was no nosocomial infection at 
Changgung Hospital.

As expected, Qc was higher under contact situations in which 
the nosocomial infection risk was higher, such as situations with 
long-term exposure and close contact. At Changgung Hospital, 
15 L/(s·person) was sufficient for temporary contact (<5 min) with 
COVID-19 patients, but social distancing should be maintained or 
the level of PPE should be increased. A Qc value of 17 L/(s·person) 
was sufficient to lower the nosocomial infection risk for long-lasting 
close contact (>5 min) under the protection of level 2 PPE. With the 
protection of masks, including disposable masks, medical surgical 
masks, N95 masks, or other types of masks which patients can use 
to protect themselves, close contact was allowed under an outdoor 
airflow rate of 18 L/(s·person). However, these recommended values 
were reached provided that there was only one COVID-19 patient in 
each space and everyone wore masks.

COVID-19 patients took off their face masks when throat swab 
sampling, during which the emission rate of virus-laden aerosols 

F I G U R E  2  Carbon dioxide (CO2) dilution index (Id) and risk ratio (Rr) distribution at monitoring sites. aCT: computed tomography. EIM: 
emergency internal medicine. bFeb displays the entire distribution at each site in February 2020. C1–C5 display the distribution during the 
presence of and the first hour of absence of the corresponding confirmed case at each site. cThe CO2 dilution index [Id = (C-Co)/(Cu-Co)] aims 
to compare all of the sites’ ventilation conditions by nondimensionalizing the CO2 concentration, where C is the measured real-time CO2 
concentration, which was measured at eight sites (ppm); Co is the outdoor air CO2 concentration, which was 419 ppm for sites equipped 
with mechanical ventilation in the outpatient building and 400 ppm for sites relying on natural ventilation in the fever clinic (FC); Cu is the 
theoretical upper limit of the CO2 concentration, which was 505, 963, and 793 ppm for the CT room, pediatric hall, and the remaining three 
sites in outpatient building, and 867, 902, and 864 ppm for the waiting area, consulting room, and nursing station in the FC, respectively. 
Id > 1 indicates that the ventilation condition is relatively poor compared with the designed/required condition, and thus the risk of hospital-
acquired infection increases. Id should be between 0 and 1 so that Rr is defined as the proportion of Id > 1. Real-time concentrations that 
were below the set outdoor air concentration were excluded when calculating Id. dThe top arrow shows that the sites were placed in order 
of closeness to the outdoors. The CT room, EIM consulting room, and waiting room had no outer windows/doors. However, the latter two 
rooms were directly connected to the emergency hall, which had an outer door, through an open inner door. The emergency hall, pediatric 
hall, and FC waiting area all had outer doors that were frequently opened. The FC consulting room had one open outer window, whereas the 
nursing station had two. eThe green rectangle represents the safe zone. The zone indicates that the ventilation condition is good
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and droplets was supposed to be higher. Under the protection of 
level 2 PPE, an outdoor airflow rate of 21 L/(s·person) was sufficient 
to prevent SARS-CoV-2 hospital-acquired infection in Changgung 
Hospital.

It should be noted that two COVID-19 patients (C3 and C4) went 
to the FC simultaneously. Under such a circumstance, 36 L/(s·per-
son) was sufficient for temporary close contact under level 2 PPE, 
whereas 42  L/(s·person) was sufficient for long-term space shar-
ing with unconscious close contact with masks. The recommended 
outdoor airflow rate per person was more than double with two 
COVID-19 patients than that with one COVID-19 patient, which 
indicates that the required outdoor airflow rate per person may in-
crease linearly with the number of COVID-19 patients in each space.

4  |  DISCUSSION

This is the first study to quantitatively provide a recommended out-
door airflow rate per person to prevent SARS-CoV-2 nosocomial in-
fection based on a CO2 monitoring system set in an undesignated 
hospital where COVID-19 patients were treated during the pan-
demic. However, our study still has some limitations.

First, due to the need to maintain patients' personal privacy, we 
had no access to surveillance video. Therefore, much background 
information was unknown, such as the actual occupancy inside each 
monitoring site, the type of masks and the way the patients wore 
them, the actual social distance that the patients kept, and the virus 
shedding pattern of COVID-19 patients, including coughing and 
sneezing frequency. According to an official survey, approximately 

98% of Beijing citizens wore face masks when they went to the hos-
pital during the COVID-19 pandemic, and 98% of those wore dispos-
able face masks, medical surgical masks, and N95 or KN95 masks.47 
Therefore, we assumed that all of the patients and their relatives in 
Changgung Hospital wore masks.

Second, the outdoor CO2 concentration was estimated using 
data collected indoor when the target sites were unoccupied 
(Appendix  S1B) rather than real-time outdoor measurement. 
Considering that the outdoor CO2 concentration fluctuates with 
time, taking a specific value may result in overestimating of the Qc 
value on some days while underestimating on other days.

Third, the monitoring sites were not isolated from other sites 
with different CO2 concentration, which is required to use equilib-
rium CO2 analysis but was impossible during the hospital's daily op-
erations. Furthermore, the airflow pattern between adjacent spaces 
during daily operation, the CO2 concentration in adjacent spaces, 
and the CO2 distribution inside most of the target sites were not 
determined. These would add uncertainty to the estimated outdoor 
airflow rates. Two sensors were set in the emergency hall due to 
its large area, and over 99% of the real-time CO2 concentrations 
measured in February by these two sensors were within 10% of 
the mean value difference. Therefore, we assumed that the indoor 
air was also well-mixed in other sites with a smaller area. We also 
ensured that each CO2 concentration period fluctuated within 10% 
(15%) of the mean value difference when calculating the outdoor 
airflow rate per person using equilibrium analysis in mechanically 
(naturally) ventilated sites.

Fourth, the occupants’ CO2 generation rate was estimated by di-
rectly measuring the CO2 generation of healthy people,46 but over 

TA B L E  3  Estimated actual outdoor airflow rate per person during coronavirus disease 2019 (COVID-19) patients' presence

Specific applicable scenarios: areas where COVID−19 patients would visit and remove their masks for less than 30 s

Contact object Normal patients Healthcare workers

Type of PPE  Masksb  Level 2 PPE

Contact distance Unconscious close contactc  >1 m distance kept Close contactd 

Contact duration >5 min <5 min >5 min (Consulting / throat swab 
sampling)e 

<5 min

Qc [L/(s·person)]a  18–42 15–20 17–30/21–38 15–58

Abbreviation: PPE, personal protective equipment.
aQc is the estimated actual outdoor airflow rate per person in the presence of COVID-19 patients using equilibrium analysis [L/(s·person)] according 
to American Society for Testing and Materials international standard D6245-18. Qc = 106g/[3.6(Ce-Co)], where g is the carbon dioxide (CO2) 
generation rate per person [m3/(h·person)], which was estimated by directly measured statistics46 (Appendix S1B) for the lack of occupants’ body 
mass data; Ce is the equilibrium CO2 concentration measured in the presence of COVID-19 patients (ppm); and Co is the outdoor CO2 concentration, 
which was 419 ppm for the outpatient building and 400 ppm for the fever clinic.
bChanggung hospital requires patients to wear masks. Patients who come to the hospital for treatment wear disposable masks, medical surgical 
masks, and N95 or KN95 masks.
cPatients diagnosed COVID-19 at Changgung hospital waited in the fever clinic and emergency hall, and may have unconscious close contact with 
other patients. Unconscious close contact indicates that the distance between the patients confirmed COVID-19 and the waiting patients is less 
than 1.0 m. Simultaneously, waiting patients are not aware of the presence of the infected around them. Patients are susceptible to contracting a 
nosocomial infection.
dHealthcare workers in fever clinic and emergency internal medicine adopt secondary protection. In the medical process, healthcare workers have 
close contact (interpersonal distance less than 1.0 m) with COVID-19 patients.
eThe throat swab was sampled immediately after a patient had been diagnosed as a COVID-19 suspected case. The consulting process was supposed 
to last for more than 5 min, so the swab sampling process was sorted into the same categorize, but listed separately.
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50% of the occupants in Changgung Hospital were in poor health 
conditions during the pandemic. It is hard to say how the average 
CO2 generation rate per person at each target site would change 
without systematic and comprehensive researches about CO2 gen-
eration rate of different kinds of patients.

Finally, the potential nosocomial SARS-CoV-2 infection risk was 
represented via CO2 removal, rather than the more desirable infec-
tion risk or exposure risk, considering the lack of relative knowledge 
and measurement methods of real-time virus emission as well as CO2 
being a natural indicator of aerosol contaminants in human exhala-
tion, but there is no solid evidence to prove that COVID-19 patients 
would exhale virus-laden aerosols at a constant rate.

As a result of not totally meeting the requirements of using equi-
librium analysis method, uncertainty of Qc estimation existed and was 
related to the occupancy, outdoor CO2 concentration fluctuation, and 
indoor CO2 concentration distribution according to its calculation 
formula (Equation (3)). Daily average age-gender distribution of regis-
tered patients was obtained from the medical records, and occupants’ 
activity level was estimated according to our observation in the hos-
pital. However, the age-gender distribution of patients’ relatives was 
not included, the difference of CO2 generation rate between healthy 
people and patients was unknown, and the real-time age-gender dis-
tribution as well as the real-time activity level of occupants in each 
target site was unknown without the approach to surveillance video, 
which would add uncertainty to the calculation of CO2 generation 
rate per person. Measuring indoor CO2 concentration distribution is 
particularly difficult in that it is difficult to place and power several 
sensors in each target room of a normal operating hospital especially 
during such a pandemic. As mentioned before, the consistency of 
data measured by two sensors set in the spacious emergency hall led 
us to make the assumption that CO2 concentration is also uniform in 
other sites without simultaneously distributed measurements. Our 
placing one sensor at each target site (except the emergency hall) and 
collecting CO2 concentration data at the measurement interval of 
5 min definitely was a proper solution under the existing conditions. 
Furthermore, outdoor CO2 concentration fluctuates slightly, which 
also brings uncertainty. The abovementioned factors all bring uncer-
tainty to the estimation of Qc, but it is difficult to determine how and 
to what extent each factor influences the results.

Noticeably, the highest Id existed and Rr,f reached 64% in the CT 
room, indicating a poorer dilution condition than designed, an in-
creased nosocomial infection risk, and an urgent need to maintain 
its ventilation system. The outdoor air supply of the CT room was 
clearly insufficient for its daily operation. The number of occupants 
was strictly controlled because of the radiological hazard, but several 
patients would generally queue in the corridor near the frequently 
open CT room door, which might lead to excessive CO2 concentra-
tion to a certain extent. Moreover, the air exchange between the 
inside and outside of the CT room might have led to virus-laden air 
spreading to the surrounding space. Thus, gathering outside the CT 
room should be avoided and the outdoor air supply should be en-
hanced both inside and outside it.

The CT room plays an important role in screening suspected cases 
during the COVID-19 pandemic. Nosocomial infection prevention 

measures would not be sufficient to prevent contamination on the 
surfaces inside both the CT room and the CT gantry.48,49 Changgung 
Hospital implemented disinfection policy for CT rooms (Appendix S1A) 
to prevent both touch and airborne contamination. The disinfection 
policy should be carefully followed, or cluster nosocomial infections 
may erupt similar to those in Qingdao Chest Hospital.50

As an aid to clinical diagnosis of COVID-19, the number of pa-
tients taking CT-imaging may increase dramatically, of which many 
could be asymptomatic and infectious. We found that the dilution of 
CO2 was insufficient in the CT room. Though it may not reflect the 
fact that the circulating cooling airflow for the CT scanner, which can 
be up to 4,000 m3/h, may filter out some pathogen-laden aerosols, 
the CT room still has a high risk of environmental contamination. A 
recent study found that the inner space of a CT scanner can contain 
SARS-CoV-2 because it takes in room air for cooling.48 The CT room 
is rarely located in the outer zones of a hospital building complex 
because of radioactivity concerns. The CT scanner must have suffi-
cient ventilation and thorough cleaning. In Changgung Hospital, the 
CT room was conducted a systematic protocol to clean the whole 
room after scanning a COVID-19 patient. Surface wiping, ultraviolet 
germicidal irradiation, and dilution with door opening were imple-
mented, to minimize the cross-infection risk.

Indoor CO2 concentration represents the comprehensive effects 
of occupancy and the outdoor airflow rate. However, ventilation can 
be sufficient to maintain a relatively low CO2 concentration in an over-
crowded room, which is dangerous for diseases that can be transmit-
ted through close contact, such as COVID-19. Therefore, the number 
of occupants and social distancing should be controlled in hospitals to 
prevent nosocomial infection, especially in a pandemic. On the basis 
of occupancy control measures, the outdoor air ventilation condition 
should be checked using the upper limit of the CO2 concentration as 
an indicator. Exceedance of the upper limit indicates that the outdoor 
air supply should be enhanced. For mechanically ventilated rooms, 
natural ventilation can be introduced if outer windows or doors are 
present and the ventilation system can be adjusted. For naturally 
ventilated rooms, outer windows or doors should remain wide open 
or mechanical ventilation measures should be taken. However, if the 
outdoor airflow cannot be enhanced, air purifiers can be introduced.51 
Furthermore, clinic spaces in which patients with aerosol infectious 
diseases are likely to be present should be located in the outer spaces 
of outpatient buildings to introduce natural ventilation quickly and 
easily at the beginning of a pandemic.

5  |  CONCLUSION

It is affordable and effective to deploy CO2 sensors to reveal nosoco-
mial SARS-CoV-2 infection potential. The CO2 concentration and rela-
tive indicators can help HCWs understand the ventilation performance 
against a crowded hospital environment. Actual outdoor airflow rates 
per person with the presence of COVID-19 patients in each site were 
estimated and sorted into four categories for reference for the design 
(adjustment) of ventilation systems in new (built) hospitals to prevent 
SARS-CoV-2 nosocomial infection. The conclusions are as follows:
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(1) Ventilation conditions can be easily evaluated using the real-
time CO2 concentration as an indicator. We recommend that hos-
pitals install a CO2 concentration monitoring system to provide a 
warning of the risk of nosocomial infection due to poor ventilation.

(2) According to this case study conducted in Changgung 
Hospital, outdoor airflow rate per person of 15–18 L/(s·person) was 
sufficient to prevent nosocomial infection when there was only one 
COVID-19 patient at each site under different contact situations, 
and 21 L/(s·person) was sufficient during throat swab sampling. For 
where COVID-19 patients would visit and remove their masks for 
less than 30 s, the outdoor airflow rate per person required to pre-
vent nosocomial infection may increase linearly with the number of 
indoor COVID-19 patients.

Furthermore, we suggest that further hospital environmental 
CO2 monitoring studies should collect more correlating information, 
including the real-time outdoor CO2 concentration, the state of the 
building exterior envelope, the operating situation of mechanical 
ventilation systems, and the patients’ behavior.
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