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ABSTRACT 

 
The Diamond Princess cruise ship is a unique COVID-19 transmission case because of the high 

testing capacity and the confined environment. This exploratory study aims to raise the hypothesis 
regarding the role of poor ventilation systems in the spread of COVID-19 by analysing count data 
collected by the onboard clinic during the outbreak, and considering the deck plan and design of 
the air conditioning system of the ship. Observed symptomatic infection rate after day 5 (incubation 
period median day) of the quarantine, in cabins without previous confirmed cases are compared 
to that in cabins with previous confirmed cases. Accordingly, the observed symptomatic infection 
rate in cabins without a previously confirmed case (1.2%) was higher than for cabins with a 
previously confirmed case (0.8%); however, the difference was not statistically significant. In 
addition, age did not appear to be a confounding variable. Airborne transmission of COVID-19 
through the ventilation system onboard could explain the higher than expected virus spread into 
cabins without previously confirmed cases during the quarantine period; thus, this study provides 
further potential evidence of coronavirus transmission by aerosols. Conflicting results from other 
studies involving the Diamond Princess outbreak are also discussed in light of our results. 
 
Keywords: Confined spaces, Ventilation, Airborne transmission, Filters, HVAC system 

 

1 INTRODUCTION 
 

Unreported cases, and limited testing capabilities for the SARS-CoV-2 have led to uncertainty 
about the actual number of people that are infected, died, or recovered from COVID-19 around 
the world. As most of the people on Diamond Princess cruise ship were tested for COVID-19, the 
Diamond Princess ship has become an important case study for research about the COVID-19 
outbreak. 

Because of 10 lab-confirmed cases of COVID-19 on the 4th of Feb 2020, Diamond Princess was 
quarantined for a14-day period with 6th of Feb, as the first full day of quarantine. A total of 3711 
individuals were on board at that first day of quarantine (2666 passengers and 1045 crew 
members) as described by the Japanese National Institute of Infectious Diseases (NIID, 2020). 
Crew members were provided with personal protective equipment and instructed to follow 
international guidance on Infection prevention and control. Passengers were given thermometers 
and instructions for self-monitoring of body temperature and requested to stay in their cabins 
and to call if they had a fever above 37.5°C (NIID, 2020). Passengers who showed symptoms (e.g., 
fever, cough) were tested for COVID-19. If their tests confirmed positive, they disembarked the 
ship and isolated. Then their cabinmates -if any- were consequently tested. If they were found to 
be positive cases too, they disembarked the ship and isolated. Otherwise, they remained on 
board. Up to Feb 16th, 2020, the median reproductive number (R0) of COVID-19 on the Diamond 
Princess cruise ship was around 2.28 (95% confidence interval: 2.06–2.52) as estimated by Zhang 
et al. (2020). 
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By the 20th of Feb, 619 COVID-19 positive cases were confirmed. Out of these cases, a total of 
301 (49%) cases were symptomatic. Among these cases, there were 163 cases with recorded 
symptom onset dates during the quarantine period (NIID, 2020). Among these 163 cases, 115 
were passengers, and 48 were crew. From the 20th Feb, over 1600 non-case, mainly passengers 
began to disembark the Diamond Princess ship. Criteria for disembarkation of non-cases included, 
completion of a 14-day period without sharing a cabin with a confirmed case, a negative test 
result, and no symptoms (NIID, 2020). 

Although the virus was likely transmitted, in many cases, prior to the quarantine period due to 
close contact with a case within the same cabin, many new cases were also recorded with 
symptom onset dates during the quarantine period in cabins with no previous confirmed cases 
and in single-occupancy cabins. It is not possible to infer exactly when all cases on Diamond 
Princess were infected due to the variance in COVID-19 incubation periods among individuals 
and to the lack of symptom presentation in many cases. However, we assume that; firstly, the 
median time of the incubation period for COVID-19 is 5 days from exposure to symptoms onset. 
This assumption is based on the estimation for the incubation period median time for COVID-19 
as reported by previous studies (Guan et al., 2020; Li et al., 2020; Lauer et al., 2020). And secondly, 
the infection risk is higher when there is a close contact with a sick person within a small space 
such as ships’ cabins. Finally, the exposure to external COVID-19 transmission routes, such in the 
case of interacting with crew members while serving meals, is the same for all passengers’ cabins 
during the quarantine period. 

Consequently, an airborne transmission mode for COVID-19 -through the ship’s central heating 
ventilation air conditioning (HVAC) filtration system- will be suspected, if the infection rate for cases 
with recorded symptom onset dates after day 5 (incubation period median day) of the quarantine, 
in cabins with previous confirmed cases is not higher than that in cabins with no previous cases.  

The objectives of the study reported here are twofold. First, to test the null hypothesis that 
the observed infection rate of new confirmed cases with recorded symptom onset dates in cabins 
without previously confirmed cases of COVID-19, is less than or equal to that in cabins with 
previously confirmed cases. To eliminate the effect of pre-quarantine period exposure to the 
virus as much as possible, only infection rates of new confirmed cases with recorded symptom 
onset after the incubation period median day (day 5 of the quarantine) will be considered. We 
will investigate whether dissimilar age distributions among the cabins, could had been the reason 
for any difference. Second, to examine whether the HVAC system on the Diamond Princess cruise 
ship could have played a role in the spread of the infection to the cabins with no previous 
confirmed cases during the quarantine period.  

 

2 METHODS 
 

This is an exploratory study that uses mixed methods to: (a) calculate and compare the observed 
symptomatic infection rate with recoded symptom onset (SIRR) among the different passengers’ 
cabins using published count data; (b) investigate whether different age distributions could 
explain the symptomatic infection rates’ differences, using published count data; (c) retrieve 
and check the design of HVAC system, and deck plans of the Diamond Princess ship from the 
literature.  

Count Data: This is a summary data that is collected on the Diamond Princess by the ship’s 
onboard clinic, and published by the NIID (2020) on 21st of Feb 2020. The data consists of two 
tables; the first table includes COVID-19 cases with reported onset dates for the period of 6–17th 
of Feb. Numbers of new confirmed cases were given per date of quarantine day, per population 
aboard type (passengers or crew members), and per cabins’ previous confirmed cases type 
(cabins with previous confirmed cases, cabins without previous confirmed cases) for a total of 
163 symptomatic confirmed cases. As the focus of this study is on the infection rates of cases 
with known onset dates inside passengers’ cabins, only data that relate to passengers, and have 
known onset dates –after the incubation period median day– have been analysed. The second 
table was organized according to 10 age group, each with a span of 10 years. For each age group, 
data included population aboard, total number of confirmed cases, and number of symptomatic 
confirmed cases. 
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Statistical Analysis: In this study, SIRR are calculated as followed: 
 

Number of CCs with recorded symptom onset dates during the QPM

The population at risk at the first day of the QPM
QPMSIRR =  (1) 

 
where QPM is the quarantine period after the incubation median day (day 5 of the quarantine 
period), and CCs are the confirmed cases. After calculating SIRRQPM in cabins with previous confirmed 
cases and in cabins without previous confirmed cases (Tables S1 and S2). Two-proportions z-test 
(one-tailed) was used to compare these infection rates, in which the null hypothesis was:  
 
H0∶ SIRRQPM2 ≤ SIRRQPM1 (2) 
 
where SIRRQPM2 is the infection rate in cabins without previous confirmed cases after the 
incubation period median day. And SIRRQPM1 is the infection rate in cabins with previous 
confirmed cases after the incubation period median day. 

Any age group that was found to be less than 5 people was merged with the closest age group 
to it. Chi-square test was used to check whether symptomatic, asymptomatic, non-case counts 
differ by ages. If a significant difference was found, relative contribution of each cell to the total 
chi-square score were used to check where the differences actually lie. The significance level for 
all tests is 0.05. R (version 3.6.1) was used to run the statistical analysis. 

Literature review: The Diamond Princess’s HVAC filtration system design was examined by 
checking the Diamond Princess’s website (Princess, 2020) and referencing Kosako and Shiiyama 
(2008) that extensively described the air conditioning system design for large cruise ships of the 
Princess Cruise Mitsubishi Grand implementation. This Grand series consists of two similar cruise 
ships; Diamond Princess and its sister Sapphire Princes. Moreover, the deck plan of Diamond 
princess cruise ship was checked to assess the percentage of cabins that depends totally on the 
supplied air by the ship’s HVAC system (Cruise Deck Plan, 2020).  

As this study was secondary retrospective analysis of anonymised published count data, formal 
Research Ethics approval was not required. 
 

3 RESULTS AND DISCUSSION 
 

The number of new symptomatic confirmed cases in all cabins continued to decline as the 
quarantine continued (Table 1, Fig. 1). This may have been due to the strict infection prevention 
and control measures that were put in place during the quarantine period onboard the ship 
(Mizumoto and Chowell, 2020; Zhang et al., 2020) resulting in a substantial decline of the dominant 
transmission mode onboard, i.e., passenger-to-passenger transmission, as a result of passengers 
staying inside their cabins (Mizumoto and Chowell, 2020). Alternatively, a large proportion of 
asymptomatic cases may have remained undetected (Plucinski et al., 2002; Emery et al., 2020). 

Based on the assumptions that the exposure to external COVID-19 transmission routes during 
the quarantine period was the same for all passengers’ cabins, and the infection risk was higher 
when there was a close contact with a sick person, a lower infection rate after the incubation 
period median day was expected in cabins without previous confirmed cases than that in cabins 
with previous confirmed cases. Remarkably, SIRRQPM in cabins without previous cases (1.2%) was 
found higher than that in cabins with previous cases (0.8%) after the incubation median day. 
However, there was not sufficient evidence to reject the null hypothesis at 0.05 level of significance, 
in which difference in SIRRQPM was 0.4% (p value = 0.2, 95% lower confidence interval bound: 
–0.3%). This, in part, may have been due to the small numbers of cases with recorded symptom 
onset dates after day 5 of the quarantine resulting in the test being underpowered to detect a 
significant difference. In addition, the day-to-day contribution of asymptomatic cases to symptomatic 
infection rates in cabins during the quarantine period was not known. Other studies (Emery et 
al., 2020; Mizumoto et al., 2020; Plucinski et al., 2020) have estimated that the proportion of 
asymptomatic infections could range from 17.9 to 74%. The asymptomatic proportion was defined 
as the proportion of asymptomatically infected individuals among the total number of infected 
individuals (Mizumoto et al., 2020). 

https://doi.org/10.4209/aaqr.200495
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Table 1. COVID-19 symptomatic confirmed cases with known onset during the quarantine period. 

Onset dates 
Cumulative sum of the new confirmed cases among passengers 

In cabins with previously confirmed cases In cabins without a previously confirmed case 

06/02/2020 1 14 
07/02/2020 5 39 
08/02/2020 6 55 
09/02/2020 12 68 
10/02/2020 (median day) 15 72 
11/02/2020 18 80 
12/02/2020 18 85 
13/02/2020 22 90 
14/02/2020 23 91 
15/02/2020 23 92 
16/02/2020 23 92 
17/02/2020 23 92 

 

 

Fig. 1. Observed number of new confirmed cases by quarantine day and per cabins type (data in 
the grey area was not used in the statistical calculation). 

 

Analysis of the second prepared dataset (Table 2) where children and young people under 
20 years of age were excluded due to small sample sizes, 80–89 and 90–99 age groups were 
combined, and the sums of confirmed case were divided by the population at risk per age group, 
showed that the highest infection rate was in the age group of “80–99” (23%) (Fig. 2). Chi-squared 
test showed that case distributions differed significantly by age group (df = 12, P < 0.0001).  
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Table 2. Distribution of cases per age group. 

Age group Symptomatic confirmed case  Asymptomatic confirmed case  Non-cases  

20–29 25 3 319 
30–39 27 7 394 
40–49 19 8 307 
50–59 28 31 339 
60–69 76 101 746 
70–79 95 139 781 
80+ 29 25 173 

 

 

Fig. 2. Infection rates per age group. 

 

However, asymptomatic confirmed cases in the age groups: “70–79”, “20–29”, “30–39”, “40–49” 
(in descending order of contribution) contributed approximately 71% of the total chi-square 
score and thus account for most of the difference. Symptomatic confirmed cases contributed to 
only 10% of the difference. Accordingly, a hypothetical difference in age distributions among the 
cabins cannot explain why the symptomatic infection rate in cabins with previous confirmed 
cases was not higher than that in cabins without previous cases. Plucinski et al. (2020) verified 
the association between age and presenting with symptoms. 
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In their paper about the central HVAC system design in the Diamond Princess cruise ship, 
Kosako and Shiiyama (2008) stated that although cruise ships should be able to use 100% fresh 
air as a design condition; it is a part of energy-saving measures to mix outside air with that inside. 
Cabin temperature regulation happens through a combination of reheating and variable airflow 
(Kosako and Shiiyama, 2008). It is ordinary practice to use only 30% of fresh air inside passengers’ 
cabins (Kosako and Shiiyama, 2008). As a result, air from different cabins can gather in one air 
duct, mixed with fresh air, be filtered then re-circulated to cabins.  

Diamond Princess’ deck plans showed that about 30% of the cabins onboard are interior cabins 
and with no access to the natural fresh air (Cruise Deck Plans, 2020). Furthermore, given the 
COVID-19 outbreak on the Diamond Princess cruise happened during winter, meant even 
passengers in cabins with balconies were dependent on the HVAC system. On their website 
(Princess, 2020), and when they were asked about whether COVID-19 can be spread through the 
ship’s ventilation system, Princess did not declare, in their answer, that they had stopped the 
HVAC during the quarantine period, nor they had operated the HVAC system on 100% fresh air 
supply. They only had confirmed that the HVAC filtration system on the Diamond Princess ship is 
comparable to those used by land-based hotels, resorts and casinos (Princess, 2020). 

HVAC systems in commercial setting have a minimum efficiency reporting value (MERV) of 5–
8 (Table S3), in which MERV refer to the effectiveness of air filters in HVAC. And even in superior 
residential, commercial, and industrial spaces HVAC systems usually have a minimum efficiency 
reporting value (MERV) of 9–12 (Table S3). MERV 5–8 air filters are used to collect particles with 

size range of 3–10 m. MERV 9–12 air filters are used to collect particles with size range of 1–

3 m (Miao and Xin, 2017). Since SARS-CoV-2 has a diameter of approximately 0.06–0.14 m 
(Cascella et al., 2020), this suggests the HVAC ventilation system on the Diamond Princess cruise 
ships was completely unable to filter viruses as small as SARS-CoV-2 virus. Thus, the central HVAC 
system could have carried SARS-CoV-2 virus from one cabin to another through the air recirculation 
between cabins. Such a probable airborne transmission mode of SARS-CoV-2 virus on the 
Diamond Princess ship could, at least partially, explain why the infection rate in cabins without 
previous confirmed case was not lower than that in cabins with previous confirmed case (and 
also could explain the infections with COVID-19 in single-occupancy cabins) after day 5 (incubation 
period median day) of the quarantine.  

Interestingly, Plucinski et al. (2020) established that, even after excluding cabinmates who 
tested positive within 5 days of their cabinmate, the transmission rate for passengers in single-
person cabins or in multi-person cabins with uninfected cabinmates was lower than that among 
passengers in multi-person cabins with at least one symptomatic COVID-19 positive cabinmate, 
indicating a pattern of intra-cabin transmission. However, unlike the definition of confirmed 
cases in our study that is restricted to passengers who tested positive for COVID-19 during the 
quarantine period, Plucinski et al. (2020), considered passengers who had positive results onboard 
Diamond Princess, who had negative results onboard Diamond Princess and tested positive in 
the United States, and those who were never tested onboard Diamond Princess and had a 
positive result in the United States, all as positive cases. 

Similarly, one preprint study (Xu et al., 2020) that predicted the dates of infections on the 
Diamond Princess cruise ship reached an opposite result to ours, in which they, using their 
predicted data concluded that “the ship central air conditioning system did not play a role in the 
transmission” and “the long-range airborne route was almost totally absent in the outbreak”. 
The differences in our studies are as follows; firstly, they have claimed that infection among 
passengers after 6th of Feb was limited to those who stayed in the same cabin with an infected 
passenger. Though the published data (NIID, 2020), clearly stated that among the confirmed 
COVID-19 cases with recorded symptom onset, 92 cases occurred among passengers in cabins 
without a previously confirmed cases during the quarantine period. Moreover, in the period after 
the incubation median day during the quarantine, 71% of the new cases occurred in cabins 
without a previous confirmed case, and 29% occurred in cabins with a previous confirmed case. 
And secondly, Xu et al. (2020) claimed that “It was also reported that the maximum outdoor air 
supply was operated during the quarantine period,” but did not provide a reference to support 
this claim, and still to date, we could find no evidence that the Diamond Princess cruise ship had 
actually operated its HVAC on a maximum air supply during COVID-19 outbreak. Finally, the 
authors reported that “During the quarantine period, passengers stayed in their rooms, and the 
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outer cabins had access to balcony doors” and they did not reveal that at least 30% of the cabins 
onboard, and which are usually the most occupied cabins due to their lower price, had no access 
to fresh air and were totally dependent on the ship’ HVAC because they are interior cabins.  

Nonetheless, and close to our results, a study that analysed two COVID-19 outbreaks on buses 
and places of worship has strongly suggested that the conditioning system on a re-circulating mode 
may have facilitated the spread of COVID-19 virus during outbreaks (Shen, 2020). The same study 
showed that passengers sitting closer to the index case on the exposed bus did not have statistically 
higher risks of COVID-19 as those sitting further away. The study also showed that all passengers 
sitting close to a window remained healthy which may be due to better airflow (Shen, 2020). 

Likewise, the authors in another study; Correia et al. (2020), have addressed HVAC as major 
source for indoor and environmental contamination that can explain the swift viral spread of 
COVID-19. The authors of this study believed that airborne transmission is possible, and that 
HVAC systems, when not adequately used, may contribute to the transmission of COVID-19 virus. 

In fact, airborne transmission mode plays a significant role on cruise ships (Zheng et al., 2016) 
and researchers have often warned about the potential for cruise ship viral outbreaks (Saginur 
and Birk, 2005; Ferson et al., 2005; Fernstrom and Goldblatt, 2013; Zheng et al., 2016; Rogers et 
al., 2017). Ruby Princess is another cruise ship that had 576 cases of COVID-19 in 2020 (The 
Guardian, 2020). Other cruise ships which have witnessed COVID-19 in 2020 are Westerdam, and 
Voyager of the Sea (CDC, 2020).  

With a large number of people sharing facilities, same stocks of food and water, and air 
conditioning systems (Ferson and Ressler, 2005), such close and crowded quarters promote 
transmission of airborne pathogens (Ferson and Ressler, 2005; Hadjichristodoulou et al., 2011). 
Viruses onboard can be easily transmitted from one person to another by inhalation of air that 
contains aerosols or droplets from the infected person who cough or sneeze (Mouchtouri et al., 
2009). It has been suggested that coughing may produce as many as 3000 droplet nuclei (droplets 
with a size of ≤ 5 µm) (Cole and Cook, 1998; Fitzgerald and Haas, 2005; Tang et al., 2006). Besides 
infectious persons, airborne transmission can be released from heating, ventilation, and air 
conditioning (HVAC) systems (Cole and Cook, 1998). Airborne transmission happens when viruses 
are carried by dust or droplet nuclei suspended in air (Remington et al., 1985). Airborne dust can be 
resuspended by air currents after settling on any surface and droplet nuclei could remain suspended 
in the air for a long time and may travel long distances (Remington et al., 1985). COVID-19 was 
detectable in aerosols for up to three hours (Doremalen et al., 2020), and viral COVID-19 viable 
virus was isolated for up to 28 days at 20°C from common surfaces such as glass, stainless steel and 
both paper and polymer banknotes (Riddell et al., 2020). COVID-19 viable RNA was also identified 
from air sampling of airborne infection isolation rooms in a general ward (Chia et al., 2020).  

Actually, any enclosed space with dense population such as aircrafts, hospitals, etc, is 
susceptible to airborne transmission (Ferson and Ressler, 2005; Marks et al., 2000; Fernstrom 
and Goldblatt, 2013; Lu et al., 2020). One study; Kim et al. (2016), has found evidence to support 
the distant airborne transmission of Middle East respiratory syndrome coronavirus (MERS-CoV) 
in hospitals, in which MERS-CoV particles have been concentrated in exhaust air grills. In cruise 
ships, researchers have concluded that a higher ventilation rate could lead to a lower number of 
transmitted virus cases (Zheng et al., 2016). In a simulation study, HEPA filters and ultraviolet 
germicidal irradiation (UVGI) devices in ventilation systems were the most effective measures to 
control influenza on cruise ships ((Zheng et al., 2016). They are shown to be more effective than 
masks worn by crew members and quarantining procedures (Zheng et al., 2016). 

A systematic review has shown strong evidence regarding the association between ventilation, 
airflow in buildings and the transmission of infectious diseases such as tuberculosis, influenza, 
and SARS (Li et al., 2007). The study showed that air flow and ventilation can affect how diseases 
spread indoors (Li et al., 2007). In an outbreak of COVID-19 in a restaurant in Guangzhou, China, 
transmission was prompted by air-conditioned ventilation and the key factor for infection was 
the direction of the airflow (Lu et al., 2020). One of the recommendations from the Lu et al. (2020) 
study was to prevent the spread of the viruses through improving ventilation. Even speech 
droplets, which can remain suspended for tens of minutes or longer and are eminently capable 
of transmitting disease in confined spaces, are influenced by the air flow and dominated by the 
ventilation rate (Stadnytskyi et al., 2020). 

Although Yamagishi et al. (2020) detected SARS-CoV-2 RNA in a ceiling vent on the Diamond 
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Princess, they assumed this was likely to be the result of a projectile droplet and concluded that 
they did not find evidence of airborne transmission on the ship. They attributed all the detected 
RNA in case cabins to environmental surfaces transmission only in spite of lower rates of SARS-
CoV-2 RNA detected in samples from surfaces with high frequency of hand-touching such as 
doorknobs. They proposed this result may have been due to conducting air sampling only after 
the case left the cabin resulting in lower viral load in the air, and the relatively short sampling 
time (20 minutes). Nonetheless, Yamagishi et al. (2020) highlighted the need for further studies 
to examine the possibility of airborne transmission of SARS-CoV-2 and the effect of stopping air 
recirculation in the cruise ship during the COVID-19 outbreak. 

Morawska and Cao (2020) have emphasised the importance of national authorities and 
international institutions acknowledging the reality of airborne transmission mode of COVID-19, 
and recommend that adequate control measures should be implemented to prevent further 
spread of the COVID-19. The study (Morawska and Cao, 2020) quoted another study (Qian and 
Zheng, 2018) when mentioning all the possible precautions that should be taken against airborne 
transmission in indoor settings. These precautions include increased ventilation rate, using 
natural ventilation, avoiding air recirculation, avoiding staying in another person’s direct air flow, 
and minimizing the number of people sharing the same environment (Qian and Zheng, 2018).  

Our current study has several limitations. First and foremost, the incompleteness and quality 
of the published data used to compare the infection rates. Only summary data were available, 
and some counts were given as approximations. Data were not available on relevant factors such 
as the spatial distribution of passengers in the interior and outer cabins, and passengers’ prior 
health conditions. Second, assumptions such as interaction levels with the crew members were 
the same for all passengers regardless whether their cabins had or had not previous confirmed 
cases may not be accurate. Third, though we are not discounting other important transmission 
modes such as close-contact droplets and fomites, in this study, we only considered the airborne 
transmission mode to explain why the infection rate with COVID-19 in passengers’ cabins with 
previous cases was not higher than in cabins without previous confirmed cases after day 5 
(incubation period median day) of the quarantine. Finally, we have not conducted an experiment 
to test the proposed airborne transmission mode through the HVAC system. 
 

4 CONCLUSIONS 
 

Airborne transmission of COVID-19 through poorly filtered and poorly ventilated, recirculated 
air onboard ship could explain the higher than expected virus spread into cabins without 
previously confirmed cases during the quarantine period.  

There is accumulating evidence of COVID-19 spreading widely in confined settings such as 
restaurants, hospitals, care homes, shops, gyms, public transport, offices, schools, prisons, etc. 
Ventilation system design, filters, and upgrades; natural ventilation (just using outside air and not 
recirculating it); and airflow (direction/speed) should be all considered and evaluated when 
deciding what intervention measure(s) is appropriate to reduce exposure and limit the 
transmission of COVID-19 in a confined setting. Keeping two meters distance between customers 
in a shop, for instance, is not an effective measure without considering the air flow inside the 
shop. Self-isolating residents of a care home inside the rooms is not an effective measure if the 
ventilation system in the care home does not have highly-efficient filters that can capture a virus 
as small as COVID-19, especially if the HVAC system is working on a save-energy mode and the 
air is kept recirculated inside the residence.  

 

ACKNOWLEDGEMENTS 
 

I would like to acknowledge Professor Peter Thomas (retired), Doctor Jonathon Snook at Poole 
hospital (UK), Professor Brendan Murphy in the Mathematics and Statistics school at University 
College Dublin (UCD, Ireland), and Doctor Sharon Docherty, in the Medical Science and Public 
Health at Bournemouth University (UK) for their kind contributions in this study. I also thank the 
two anonymous reviewers for their critical readings, insightful comments, and useful suggestions 
which led to improving and clarifying this manuscript substantially. 

https://doi.org/10.4209/aaqr.200495
https://aaqr.org/


ORIGINAL RESEARCH 
Special Issue on COVID-19 Aerosol Drivers, Impacts and Mitigation (XII) https://doi.org/10.4209/aaqr.200495 

Aerosol and Air Quality Research | https://aaqr.org 9 of 11 Volume 21 | Issue 4 | 200495 

SUPPLEMENTARY MATERIAL 
 

Supplementary data associated with this article can be found in the online version at 
https://doi.org/10.4209/aaqr.200495 

 

REFERENCES 
 
Cascella, M., Rajnik, M., Cuomo, A., Dulebohn, S., Napoli, D. (2020). Features, Evaluation and 

Treatment Coronavirus. StatPearls. https://www.ncbi.nlm.nih.gov/books/NBK554776/ 
Centers for Disease Control and Prevention (CDC) (2020). Outbreak Updates for International 

Cruise Ships. https://www.cdc.gov/nceh/vsp/surv/gilist.htm (accessed 12 November 2020). 
Chia, P.Y., Coleman, K.K., Tan, Y.K., Ong, S.W.X., Gum, M., Lau, S.K., Lim, X.F., Lim, A.S., Sutjipto, 

S., Lee, P.H., Son, T.T., Young, B.E., Milton, D.K., Gray, G.C., Schuster, S., Barkham, T., De, P.P., 
Vasoo, S., Chan, M., Ang, B.S.P., … Singapore 2019 Novel Coronavirus Outbreak Research Team 
(2020). Detection of air and surface contamination by SARS-CoV-2 in hospital rooms of infected 
patients. Nat. Commun. 11, 2800. https://doi.org/10.1038/s41467-020-16670-2 

Cole, E., Cook, C. (1998). Characterization of infectious aerosols in health care facilities: An aid to 
effective engineering controls and preventive strategies. Am. J. Infect. Control. 26, 453–464. 
https://doi.org/10.1016/s0196-6553(98)70046-x 

Correia, G., Rodrigues, L., Silva, M, Gonçalves, T. (2020). Airborne route and bad use of ventilation 
systems as non-negligible factors in SARS-CoV-2 transmission. Med. Hypotheses 141, 109781. 
https://doi.org/10.1016/j.mehy.2020.109781 

Cruise Deck Plans (2020). Diamond Princess Deck Plans. https://www.cruisedeckplans.com
/DP/deckplans/Diamond-Princess (accessed 28 July 2020). 

Doremalen, N., Bushmaker, T., Morris, D., Holbrook, M., Gamble, A., Williamson, B., Tamin, A., 
Harcourt, J., Thornburg, N., Gerber, S., Lloyd-Smith, J., de Wit, E., Munster, V. (2020). Aerosol 
and surface stability of HCoV-19 (SARS-CoV-2) compared to SARS-CoV-1. N. Eng. J. Med. 382, 
1564–1567. https://doi.org/10.1056/nejmc2004973 

Emery, J.C., Russell, T.W., Liu, Y., Hellewell, J., Pearson, C.A., CMMID COVID-19 Working Group, 
Knight, G.M., Eggo, R.M., Kucharski, A.J., Funk, S., Flasche, S., Houben, R.M. (2020). The 
contribution of asymptomatic SARS-CoV-2 infections to transmission on the Diamond Princess 
cruise ship. eLife 9, e58699. https://doi.org/10.7554/eLife.58699 

Fernstrom, A., Goldblatt, M. (2013). Aerobiology and its role in the transmission of infectious 
diseases. J Pathog. 2013, 493960. https://doi.org/10.1155/2013/493960 

Ferson, M., Ressler, K. (2005). B Bound for Sydney town: Health surveillance on international 
cruise vessels visiting the Port of Sydney. Med. J. Aust. 182, 391–394. https://doi.org/10.5694/ 
j.1326-5377.2005.tb06757.x 

Zumla, A. (2010). Mandell, Douglas, and Bennett’s principles and practice of infectious diseases. 
Lancet Infect. Dis. 10, 303–304. https://doi.org/10.1016/S1473-3099(10)70089-X 

Fitzgerald, D., Haas, D.W. (2005). Mycobacterium tuberculosis. in: Mandell, Douglas, and 
Bennett's principles and practice of infectious diseases. 6th ed. Philadelphia: Churchill 
Livingstone, pp. 2852–2886. https://doi.org/10.1016/S1473-3099(10)70089-X 

Guan, W., Ni, Z., Hu, Yu, Liang, W., Ou, C., He, J., Liu, L., Shan, H., Lei, C., Hui, D.S.C., Du, B., Li, L., 
Zeng, G., Yuen, K.Y., Chen, R., Tang, C., Wang, T., Chen, P., Xiang, J., Li, S., … Zhong, N. (2020). 
Clinical characteristics of coronavirus disease 2019 in China. N. Eng. J. Med. 382, 1708–1720. 
https://doi.org/10.1056/NEJMoa2002032 

Hadjichristodoulou, C., Mouchtouri, V., Martinez, C.V., Nichols, G., Riemer, T., Rabinina, J., Swan, 
C., Pirnat, N., Sokolova, O., Kostara, E., Rachiotis, G., Meilicke, R., Schlaich, C., Bartlett, C.L., 
Kremastinou, J., Partnership, T.S. (2011). Surveillance and control of communicable diseases 
related to passenger ships in Europe. Int. Marit. Health 62, 138–147. https://journals.viamedic 
a.pl/international_maritime_health/article/view/26190 

Kim, S.H., Chang, S.Y., Sung, M., Park, J.H., Bin Kim, H., Lee, H., Choi, J.P., Choi, W.S., Min, J.Y. 
(2016). Extensive viable Middle East respiratory syndrome (MERS) coronavirus contamination 
in air and surrounding environment in MERS isolation wards. Clin. Infect. Dis. 63, 363–369. 
https://doi.org/10.1093/cid/ciw239 

https://doi.org/10.4209/aaqr.200495
https://aaqr.org/
https://doi.org/10.4209/aaqr.200495
https://www.ncbi.nlm.nih.gov/books/NBK554776/
https://www.cdc.gov/nceh/vsp/surv/gilist.htm
https://doi.org/10.1038/s41467-020-16670-2
https://doi.org/10.1016/s0196-6553(98)70046-x
https://doi.org/10.1016/j.mehy.2020.109781
https://www.cruisedeckplans.com/DP/deckplans/Diamond-Princess
https://www.cruisedeckplans.com/DP/deckplans/Diamond-Princess
https://doi.org/10.1056/nejmc2004973
https://doi.org/10.7554/eLife.58699
https://doi.org/10.1155/2013/493960
https://doi.org/10.5694/j.1326-5377.2005.tb06757.x
https://doi.org/10.5694/j.1326-5377.2005.tb06757.x
https://doi.org/10.1016/S1473-3099(10)70089-X
https://doi.org/10.1016/S1473-3099(10)70089-X
https://doi.org/10.1056/NEJMoa2002032
https://journals.viamedica.pl/international_maritime_health/article/view/26190
https://journals.viamedica.pl/international_maritime_health/article/view/26190
https://doi.org/10.1093/cid/ciw239


ORIGINAL RESEARCH 
Special Issue on COVID-19 Aerosol Drivers, Impacts and Mitigation (XII) https://doi.org/10.4209/aaqr.200495 

Aerosol and Air Quality Research | https://aaqr.org 10 of 11 Volume 21 | Issue 4 | 200495 

Kosako, M., Shiiyama, K. (2008). Introduction of air-conditioning system design for a large cruise 
ship: Princess cruises Mitsubishi grand series implementation example. J. Japan Soc. Nav. 
Ocean Eng. 17: 24–26. https://doi.org/10.14856/kanrin.17.0_24 

Lauer, S.A., Grantz, K.H., Bi, Q., Jones, F.K., Zheng, Q., Meredith, H.R., Azman, A.S., Reich, N.G., 
Lessler, J. (2020). The incubation period of coronavirus disease 2019 (COVID-19) from publicly 
reported confirmed cases: Estimation and application. Ann. Intern. Med. 172, 577–582. 
https://doi.org/10.7326/m20-0504 

Li, Q., Guan, X., Wu, P., Wang, X., Zhou, L., Tong, Y., Ren, R., Leung, K.S.M., Lau, E.H.Y., Wong, J.Y., 
Xing, X., Xiang, N., Wu, Y., Li, C., Chen, Q., Li, D., Liu, T., Zhao, J., Liu, M., Tu, W., … Feng, Z. 
(2020). Early Transmission Dynamics in Wuhan, China, of Novel Coronavirus–Infected 
Pneumonia. N. Eng. J. Med. 382, 1199–207. https://doi.org/10.1056/NEJMoa2001316 

Li, Y., Leung, G.M., Tang, J.W., Yang, X., Chao, C.Y., Lin, J.Z., Lu, J.W., Nielsen, P.V., Niu, J., Qian, 
H., Sleigh, A.C., Su, H.J., Sundell, J., Wong, T.W., Yuen, P.L. (2007). Role of ventilation in 
airborne transmission of infectious agents in the built environment- A multidisciplinary 
systematic review. Indoor Air 17, 2–18. https://doi.org/10.1111/j.1600-0668.2006.00445.x 

Lu, J., Gu, J., Li, K., Xu, C., Su, W., Lai, Z., Zhou, D., Yu, C., Xu, B., Yang, Z. (2020). COVID-19 outbreak 
associated with air conditioning in restaurant, Guangzhou, China, 2020. Emerging Infect. Dis. 
26, 1628–1631. https://doi.org/10.3201/eid2607.200764 

Marks, P.J., Vipond, I.B., Carlisle, D., Deakin, D., Fey, R.E., Caul, E.O. (2000). Evidence for airborne 
transmission of Norwalk-like virus (NLV) in a hotel restaurant. Epidemiol. infect. 124, 481–487. 
https://doi.org/10.1017/s0950268899003805 

Miao, M., Xin, J. (2017). Engineering of High-Performance Textiles. Woodhead Publishing, UK. 
Mizumoto, K., Chowell, G. (2020). Transmission potential of the novel coronavirus (COVID-19) 

onboard the diamond princess cruises ship, 2020. Infect. Dis. Model. 5, 264–270. 
https://doi.org/10.1016/j.idm.2020.02.003 

Mizumoto, K., Kagaya, K., Zarebski, A., Chowell, G. (2020). Estimating the asymptomatic 
proportion of coronavirus disease 2019 (COVID-19) cases on board the Diamond Princess 
cruise ship, Yokohama, Japan, 2020. Eurosurveillance 25, 2000180. https://doi.org/10.2807/15 
60-7917.ES.2020.25.10.2000180 

Morawska, L., Cao, J. (2020). Airborne transmission of SARS-CoV-2: The world should face the 
reality. Environ. Int. 139, 105730. https://doi.org/10.1016/j.envint.2020.105730 

Mouchtouri, V.A., Black, N., Nichols, G., Paux, T., Riemer, T., Rjabinina, J., Schlaich, C., Lemos, 
C.M., Kremastinou, J., Hadjichristodoulou, C. (2009). Preparedness for the prevention and 
control of influenza outbreaks on passenger ships in the EU: the SHIPSAN TRAINET project 
communication. Eurosurveillance 14, 19219. https://doi.org/10.2807/ese.14.21.19219-en 

National Institute of Infectious Disease (NIID) (2020). Field briefing: Diamond princess COVID-19 
cases, 20 Feb Update. https://www.niid.go.jp/niid/en/2019-ncov-e/9417-covid-dp-fe-02.html 
(accessed 12 November 2020). 

Plucinski, M.M., Wallace, M., Uehara, A., Kurbatova, E.V., Tobolowsky, F.A., Schneider, Z.D., 
Ishizumi, A., Bozio, C.H., Kobayashi, M., Toda, M., Stewart, A., Wagner, R.L., Moriarty, L.F., 
Murray, R., Queen, K., Tao, Y., Paden, C., Mauldin, M.R., Zhang, J., Li, Y., Friedman, C. (2020). 
Coronavirus disease 2019 (COVID-19) in Americans aboard the diamond princess cruise ship. 
Clini. Infecti. Dis. ciaa1180 https://doi.org/10.1093/cid/ciaa1180 

Princess (2020). Diamond Princess COVID-19 Q&A, Updated February 11, 2020, 
https://www.princess.com/news/notices_and_advisories/diamond/diamond-princess-coron 
avirus-qa.html (accessed 28 July 2020). 

Qian, H., Zheng, X. (2018). Ventilation control for airborne transmission of human exhaled bio-
aerosols in buildings. J. Thorac. Dic. 10, S2295–S2304. https://doi.org/10.21037/jtd.2018.01.24 

Remington, P.L., Hall, W.N., Davis, I.H., Herald, A., Gunn, R.A. (1985). Airborne transmission of 
measles in a physician's office. JAMA 253, 1574–1577. https://doi.org/10.1001/jama.1985.033 
50350068022 

Riddell, S., Goldie, S., Hill, A., Eagles, D., Drew, T. (2020). The effect of temperature on persistence 
of SARS-CoV-2 on common surfaces. Virol. J. 17, 145. https://doi.org/10.1186/s12985-020-
01418-7 

Rogers, K.B., Roohi, S., Uyeki, T.M., Montgomery, D., Parker, J., Fowler, N.H., Xu, X., Ingram, D.J., 
Fearey, D., Williams, S.M., Tarling, G., Brown, C.M., Cohen, N.J. (2017). Laboratory-based 

https://doi.org/10.4209/aaqr.200495
https://aaqr.org/
https://doi.org/10.14856/kanrin.17.0_24
https://doi.org/10.7326/m20-0504
https://doi.org/10.1056/NEJMoa2001316
https://doi.org/10.1111/j.1600-0668.2006.00445.x
https://doi.org/10.3201/eid2607.200764
https://doi.org/10.1017/s0950268899003805
https://doi.org/10.1016/j.idm.2020.02.003
https://doi.org/10.2807/1560-7917.ES.2020.25.10.2000180
https://doi.org/10.2807/1560-7917.ES.2020.25.10.2000180
https://doi.org/10.1016/j.envint.2020.105730
https://doi.org/10.2807/ese.14.21.19219-en
https://www.niid.go.jp/niid/en/2019-ncov-e/9417-covid-dp-fe-02.html
https://doi.org/10.1093/cid/ciaa1180
https://www.princess.com/news/notices_and_advisories/diamond/diamond-princess-coronavirus-qa.html
https://www.princess.com/news/notices_and_advisories/diamond/diamond-princess-coronavirus-qa.html
https://doi.org/10.21037/jtd.2018.01.24
https://doi.org/10.1001/jama.1985.03350350068022
https://doi.org/10.1001/jama.1985.03350350068022
https://doi.org/10.1186/s12985-020-01418-7
https://doi.org/10.1186/s12985-020-01418-7


ORIGINAL RESEARCH 
Special Issue on COVID-19 Aerosol Drivers, Impacts and Mitigation (XII) https://doi.org/10.4209/aaqr.200495 

Aerosol and Air Quality Research | https://aaqr.org 11 of 11 Volume 21 | Issue 4 | 200495 

respiratory virus surveillance pilot project on select cruise ships in Alaska. J. Travel Med. 24, 6. 
https://doi.org/10.1093/jtm/tax069 

Saginur, R., Birk, H. (2005). Statement on Cruise Ship Travel. Canada communicable disease 
report. 31 (An Advisory Committee Statement (ACS) 8/9): 1–16. https://www.canada.ca/conte 
nt/dam/phac-aspc/migration/phac-aspc/publicat/ccdr-rmtc/05pdf/acs-dcc310809.pdf 

Shen, Y., Li, C., Dong, H., Wang, Z., Martinez, L., Sun, Z., Handel, A., Chen., Z., Chen, E., Ebell, M.H., 
Wang, F., Yi, B., Wang, H., Wang, X., Wang, A., Chen, B., Qi, Y., Lirong, L., … Xu, G. (2020). 
Community outbreak investigation of SARS-CoV-2 transmission among bus riders in eastern 
China. JAMA Intern. Med. 180, 1665–1671. https://doi.org/10.1001/jamainternmed.2020.5225 

Stadnytskyi, V., Bax, C. E., Bax, A., Anfinrud, P. (2020). The Airborne Lifetime of Small Speech 
Droplets and Their Potential Importance In SARS-Cov-2 Transmission. PNAS 117, 11875–11877. 
https://doi.org/10.1073/pnas.2006874117 

Tang, J.W., Li, Y., Eames, I., Chan, P.K., Ridgway, G.L. (2006). Factors involved in the aerosol 
transmission of infection and control of ventilation in healthcare premises. J. Hosp. Infect. 64, 
100–114. https://doi.org/10.1016/j.jhin.2006.05.022 

The Guardian (2020). More than 400 coronavirus cases – 10% of Australia’s total – are from Ruby 
Princess cruise ship. https://www.theguardian.com/australia-news/2020/mar/31/more-than-
400-coronavirus-cases-australia-total-ruby-princess-cruise-ship (accessed 28 July 2020).  

Xu, P., Qian, H., Miao, T., Yen, H., Tan., H., Cowling, B.J., Li, Y.J. (2020). Transmission routes of 
COVID-19 virus in the diamond princess cruise ship. medRxiv (preprint). https://doi.org/10.11 
01/2020.04.09.20059113 

Yamagishi, T., Ohnishi, M., Matsunaga, N., Kakimoto, K., Kamiya, H., Okamoto, K., Suzuki, M., Gu, 
Y., Sakaguchi, M., Tajima, T., Takaya, S., Ohmagari, N., Takeda, M., Matsuyama, S., Shirato, K., 
Nao, N., Hasegawa, H., Kageyama, T., Takayama, I., Saito, S., Wakita, T. (2020). Environmental 
sampling for severe acute respiratory syndrome coronavirus 2 during a COVID-19 outbreak on 
the diamond princess cruise ship. J Infect Dis. 222, 1098–1102. https://doi.org/10.1093/infdis/j 
iaa437 

Zhang, S., Diao, M., Yu, W., Pei, L., Lin, Z., Chen, D. (2020). Estimation of the reproductive number 
of novel coronavirus (COVID-19) and the probable outbreak size on the diamond princess 
cruise ship: A data-driven analysis. Int. J. Infect. Dis. 93, 201–204. https://doi.org/10.1016/j.ijid. 
2020.02.033 

Zheng, L., Chen, Q., Xu, J., Wu, F. (2016). Evaluation of intervention measures for respiratory 
disease transmission on cruise ships. Indoor Built Environ. 25, 1267–1278. https://doi.org/10. 
1177/1420326X15600041
 

https://doi.org/10.4209/aaqr.200495
https://aaqr.org/
https://doi.org/10.1093/jtm/tax069
https://www.canada.ca/content/dam/phac-aspc/migration/phac-aspc/publicat/ccdr-rmtc/05pdf/acs-dcc310809.pdf
https://www.canada.ca/content/dam/phac-aspc/migration/phac-aspc/publicat/ccdr-rmtc/05pdf/acs-dcc310809.pdf
https://doi.org/10.1001/jamainternmed.2020.5225
https://doi.org/10.1073/pnas.2006874117
https://doi.org/10.1016/j.jhin.2006.05.022
https://www.theguardian.com/australia-news/2020/mar/31/more-than-400-coronavirus-cases-australia-total-ruby-princess-cruise-ship
https://www.theguardian.com/australia-news/2020/mar/31/more-than-400-coronavirus-cases-australia-total-ruby-princess-cruise-ship
https://doi.org/10.1101/2020.04.09.20059113
https://doi.org/10.1101/2020.04.09.20059113
https://doi.org/10.1093/infdis/jiaa437
https://doi.org/10.1093/infdis/jiaa437
https://doi.org/10.1016/j.ijid.2020.02.033
https://doi.org/10.1016/j.ijid.2020.02.033
https://doi.org/10.1177/1420326X15600041
https://doi.org/10.1177/1420326X15600041

	ABSTRACT
	1 INTRODUCTION
	2 METHODS
	3 RESULTS AND DISCUSSION
	4 CONCLUSIONS
	ACKNOWLEDGEMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES

