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Abstract: Background: Maritime and river travel may be associated with respiratory viral spread via
infected passengers and/or crew and potentially through other transmission routes. The transmission
models of SARS-CoV-2 associated with cruise ship travel are based on transmission dynamics of
other respiratory viruses. We aimed to provide a summary and evaluation of relevant data on
SARS-CoV-2 transmission aboard cruise ships, report policy implications, and highlight research
gaps. Methods: We searched four electronic databases (up to 26 May 2022) and included studies
on SARS-CoV-2 transmission aboard cruise ships. The quality of the studies was assessed based
on five criteria, and relevant findings were reported. Results: We included 23 papers on onboard
SARS-CoV-2 transmission (with 15 reports on different aspects of the outbreak on Diamond Princess
and nine reports on other international cruises), 2 environmental studies, and 1 systematic review.
Three articles presented data on both international cruises and the Diamond Princess. The quality
of evidence from most studies was low to very low. Index case definitions were heterogeneous.
The proportion of traced contacts ranged from 0.19 to 100%. Studies that followed up >80% of
passengers and crew reported attack rates (AR) up to 59%. The presence of a distinct dose-response
relationship was demonstrated by findings of increased ARs in multi-person cabins. Two studies
performed viral cultures with eight positive results. Genomic sequencing and phylogenetic analyses
were performed in individuals from three cruises. Two environmental studies reported PCR-positive
samples (cycle threshold range 26.21-39.00). In one study, no infectious virus was isolated from
any of the 76 environmental samples. Conclusion: Our review suggests that crowding and multiple
persons per cabin were associated with an increased risk of transmission on cruise ships. Variations
in design, methodology, and case ascertainment limit comparisons across studies and quantification
of transmission risk. Standardized guidelines for conducting and reporting studies on cruise ships of
acute respiratory infection transmission should be developed.

Keywords: COVID-19; SARS-CoV-2; transmission; cruise ship; environment; systematic review

1. Introduction

The emergence of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
was declared a public health emergency by the World Health Organization (WHO) in
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January 2020 and declared a global pandemic in March 2020. The SARS-CoV-2 spread
rapidly, and national and international agencies, including the WHO, worked to develop
prevention, control, and management measures on several fronts, aiming to control the
pandemic by suppressing the transmission of the virus and preventing associated illness
and death [1,2]. Nevertheless, the transmission routes of SARS-CoV-2 are not entirely
understood and the public health measures for limiting transmission are based on the best
available information.

Maritime and river travel, including cruise ships, has been associated with many
viral infections that can spread to passengers and crew. Cruise ships may facilitate viral
transmission within the relatively confined environments on ships and with passengers
and crew being in close proximity to one another for extended periods [3,4]. Depending on
the type of virus, the onboard transmission and consequent development of outbreaks may
be facilitated by direct person-to-person contact, contact with contaminated surfaces, and
through water and foodborne routes.

Shipboard activities generally involve gathering large numbers of people together,
including for dining, games, movies, tours, concerts, gambling, parties, and dancing;
these settings increase the chance of contact between passengers and crew [5]. Also,
cruise travel includes frequent layovers at ports of call where new crew and travelers can
board, allowing viral transmission from infected individuals to susceptible persons [3].
Furthermore, modern cruise ships accommodate numerous travelers, often including older
passengers with medical comorbidities. The incubation period and subsequent period of
maximum infectivity of several infectious diseases fall within the average cruise duration
of 6 days [6].

During February—March 2020, SARS-CoV-2 outbreaks occurred during several well-
publicized cruise ship voyages, reporting more than 800 cases among passengers and
crew [7]. Consequently, in February 2020, several national and international organizations
recommended the deferral of ship travel worldwide and guidance on managing SARS-
CoV-2 cases and outbreaks aboard ships [8,9]. In March 2020, Cruise Lines International
Association announced a 30-day voluntary suspension of cruise operations in the United
States (USA). Also, CDC issued a No Sail Order for cruise ships, suspending operation in US
waters, which was renewed on 9 April, effective 15 April 2020 [10]. One year later, guidance
was provided on the gradual and safe resumption of cruise ship operations [11,12].

Given the ongoing need to assess the circumstances and modes of transmission of
SARS-CoV-2, early cruise ship travel transmission models were based on knowledge of the
transmission dynamics of other respiratory viral infections, particularly influenza. Conse-
quently, there is a need to continuously and systematically review publicly available studies
to enhance our understanding of the modes of transmission and consequent preventive
measures on cruise ships.

Objectives

We aimed to provide an evidence-informed summary and evaluation of relevant data
regarding SARS-CoV-2 transmission aboard cruise ships, discuss policy implications, and
highlight research gaps. We set out to address the following questions:

1.  Is SARS-CoV-2 transmitted aboard cruise ships?

2. Ifso, whatis/are the predominant mode(s) of transmission?

3. Are there particular circumstances that facilitate transmission (practices, ship layout,
or populations)?

2. Materials and Methods

The present work is an open evidence review on SARS-CoV-2 transmission associated
with cruise ship travel. We developed the present protocol [13] based on a previous
protocol used for a series of systematic reviews on the transmission dynamics of COVID-19
(Supplementary Materials File S1).
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We searched four electronic databases: LitCovid, medRxiv, Google Scholar, and WHO
COVID-19 database, up to 26 May 2022. Search terms were COVID-19, SARS-CoV-2,
transmission, ship, and appropriate synonyms (Supplementary Materials File S2). We
also searched for additional studies through checking reference lists of relevant articles,
including reviews. We did not set any language restrictions.

We included studies reporting on SARS-CoV-2 transmission aboard cruise ships,
from passengers and crew to passengers or crew. We considered any potential modes
of transmission, including long-range airborne, close contact, droplet, fomite, fecal-oral,
and/or mixed routes. We included studies of any design except predictive or modeling
studies. If two or more papers presented the same data, we included only the most
comprehensive report. Articles were excluded if they did not report primary data.

One reviewer (ECR) extracted data from included studies, and these were indepen-
dently checked by a second reviewer (EAS). Disagreements were resolved via consensus.

The quality of included human and environmental studies was assessed based on
a modified QUADAS-2 tool using five criteria. A detailed presentation of the quality
assessment is presented in the review protocol [13].

As the included studies were not primarily designed as diagnostic accuracy studies,
we adapted the QUADAS-2 tool. Two reviewers (ECR, EAS) independently assessed the
quality of included studies. We resolved disagreements via consensus. We did not formally
assess the quality of included systematic reviews but summarized their findings.

For studies generating a hypothesis of onboard SARS-CoV-2 transmission, we also as-
sessed the strength of evidence of each study depending on the methods used to investigate
the virus transmission [14]. The results are presented in tabular format. Where relevant,
we reported results of specific subgroups. Meta-analysis was only considered appropriate
if minimal heterogeneity was found among included studies.

3. Results

Our searches identified 658 studies, of which we assessed the full text of 79 studies
(Supplementary Materials File S3). We excluded 53 studies (see Supplementary Mate-
rials File S3 and File S4 for the reasons for exclusion). In total, we included 26 articles:
2 environmental studies [15,16], 23 papers considering transmission of SARS-CoV-2 aboard
cruise ships [6,7,17-37], and one systematic review [38] (Supplementary Materials File S5).
The main characteristics of the included studies are presented in Tables 1 and 2.

Among 23 papers reporting on onboard transmission of SARS-CoV-2, 15 articles pre-
sented different aspects of the outbreak on the Diamond Princess (DP) cruise
ship [7,17,19-21,23-27,29-31,35,37].  Nine articles reported on other international
ships [6,7,18,22,28,32-34,36]. However, three of the latter papers also included the
DP [6,7,18].

Six studies reporting on the DP outbreak presented data focusing on repatriated citi-
zens from the US [7,26,29], Hong Kong [21], Israel [17], and Australia [35]. Although there
were similarities between results of the studies on the US repatriated citizens [7,26,29],
there were also some notable discrepancies, including the number of repatriated citizens,
the number of SARS-CoV-2 cases, and importantly, the number of symptomatic and asymp-
tomatic cases (Supplementary Materials File 56).

Our search identified one systematic review on SARS-CoV-2 outbreaks on ships [38].
The authors searched four databases up to 31 July 2020. They included 37 studies:
33 reported several aspects of SARS-CoV-2 outbreaks from cruise ships, three reported
outbreaks of SARS-CoV-2 on navy vessels, and one study presented an outbreak on a cargo
ship [38]. The review did not assess the risk of bias in the included studies.
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Table 1. Onboard transmission studies.
No. of Passengers No. of No. of No. of Secondary No. of Secondary
Study Year Country Ship 1:3 Corf Passer];gerrsd and Crew with No.é) f Index Passengers and Secondary Cases RA:ta(col/( ) Cases in Close Cases Not in Close S]tgreirégﬁl of
and Lrewon Boa SARS-CoV-2 ases Crew Traced (%)  Identified (%) ate o Proximity (%) Proximity (%) vidence
20 cases (19 px
and 1 crew
Alvarez- 103,500 px, 3228 member) and 96 Minimum 13 px, Diagnostic
. 2022 Spain 5 ships o P 19 px, 1 crew Upto6 close contacts (68 PX N/A N/R N/R &
Leon crew 1 crew test—unclear.
px from among
63709 px and 28
crew out of 1420
RT-PCR with
Ctin 3 cases.
Diamond A Ct up to 40.
Goldenfeld 2020 Israel Princess N/R 6/15 Israeli citizens N/R 15 px 6 px N/A N/R N/R Viral culture in
1 case
(positive).
GS;
. g . phylodynamic
Hoshino 2021 Japan ?}?mond 2666 px; 1045 crew 712 (px and crew) 1 px 67 SARS-CoV-2 711 (px and crew) N/A N/R N/R analysis;
rincess cases
RT-PCR; no
data on Ct.
RT-PCR, no
Diamond data on Ct.
Hoshiyama 2020 Japan Princess N/R 696 N/R 7 crew 7 crew N/A N/R N/R Bacterial
cultures for
co-infection.
Hong Diamond 215 px from RT-PCR, with
Hung 2020 K . 3711 (px and crew) 712 (px and crew) 1px 9 px N/A N/R N/R data on viral
ong Princess Hong Kong
load, serology.
15/20 cases—food
service workers;
. 16/20
. Diamond The index case cases—persons RT-PCR, no
Kakimoto 2020 Japan . 1068 crew 20 crew could not be 1068 crew 20 crew N/A . . N/R
Princess determined with cabins on deck data on Ct.
. 3, where the food
service workers
lived.
. 3711 (2666 px; 1045
Moriarty 2020 USA Diamond crew) including 428 712 px and crew 1 px 428 USA citizens 107/428 USA N/A N/R N/R RT-PCR, no
Princess citizens data on Ct.
USA px and crew)
Diamond 90 asymptomatic RT-PCR, viral
Murata 2020 Japan Princess N/R N/R N/R cases 90 N/A N/A N/A cultures, GS.
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Table 1. Cont.
No. of Passengers No. of No. of No. of Secondary No. of Secondary
Study Year Country Ship 1:3 Corf I::ss:r]lsgel;sd and Crew with NO'CO f Index Passengers and Secondary Cases RA:ta(ch/( ) Cases in Close Cases Not in Close S]t;;,eirégﬁl of
and Lrew on Boa SARS-CoV-2 ases Crew Traced (%)  Identified (%) atetr Proximity (%) Proximity (%) ence
AR among px were
highest
among those who
. Unclear. The stayed in 4-person
Inljtaigl(;re‘aflor “index case” cabins (30.0%;
Infectious 2020 Japan ]?)@mond 3711 (2666 px; 1045 696 w:}igs g}ore 3711 696 18.5% n ; 18), follovxtz)gd by N/R I;T—PCR, Cno
Diseases rincess crew) probably an -person cabins ata on Ct.
Japan “indicator (22.0%; n=27),
P case” 2-person cabins
(20.6%; n = 491),
and 1-person cabins
(8%; n=6)
Attack rates: from
17% in cabins
437 US citizens 26% without infected RT-PCR. no
7 3 H 7 o, -,
Plucinski 2020 USA Dla.mond 3711 px ar'1c'i crew 712 px and crew 1px (including 229 114./ 437 US (among ca?bmm?tes to 81% N/R data on Ct; GS
Princess (437 US citizens) survey citizens Us in cabins with a
L . (28 cases).
respondents) citizens) symptomatic
infected
cabinmate.
896 (880 px, 15 148 cases (138 px
. Diamond 3711 (2666 px, 1045 crel, 1 9 crew, 1 RT-PCR, with
Sekizuka 2020 Japan Princess crew) 697 px and crew 1px quarantine quarantine N/A 71 77 Cq, CS.
officer) (24.11%) officer)
Attack rates:
259 1-person cabin: 0%;
Diamond 3711 px and crew 223 Australian 56 Australian (amo;g Z-person cabin RT-PCR, no
Walker 2021 Australia . (223 Australian 712 px and crew 1px i - R —27%; 3-person N/R !
Princess e citizens citizens Australian . o . data on Ct.
citizens) e cabin —6%;
citizens) !
4-person cabin
—33%
Waltenburg 2021 USA [I)}ral;‘gs N/R N/R N/R 328 USA citizens 45 USA citizens N/A N /R N/R RT'P%{' Ct<
) 490 (358 172 (144 :
Yamagishi 2020 Japan Dlgmond 3713 (2645 px, 1068 172 (152 px, 20 1px suspected cases, suspected cases, N/A 19 144 RT-PCR, no
Princess crew) crew) data on Ct.
86 close contacts) 19 close contacts)
Vamahata 2020 Japan Diamond 3711 (2666 px, 1045 %6 Lox 3711 (2666 px, 696 allf‘g)z/"aﬁg N/R N/R RT-PCR, no
P Princess crew) p 1045 crew) c]i ow data on Ct.
Diamond RT-PCR, no
Yeh 2021 USA Princess 3711 px and crew 712 Unclear: 1 or 2 28 cases 712 N/A N/R N/R data on Ct, GS
(28 cases).
RT-PCR
Costa 23.8% of o
Abe 2022 Japan Atlantica 623 crew, 0 px 148 crew 1 crew 623 crew 147 crew a1l crew N/R N/R positive, Ct <

40, GS.
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Table 1. Cont.
No. of Passengers No. of No. of No. of Secondary No. of Secondary
Study Year Country Ship 1:3 Corf I::ss:r]lsgel;sd and Crew with NO'CO f Index Passengers and Secondary Cases RA:ta(ch/( ) Cases in Close Cases Not in Close S]t;;,eirégﬁl of
and Lrew on Boa SARS-CoV-2 ases Crew Traced (%)  Identified (%) atetr Proximity (%) Proximity (%) ence
Px: 7.2%
1.4% in
MS Roald ( T
Amund-  Expedition1:210 28 px. Expedition Unclear, In study: 114 of 287391 p, Expedi-
. 160 crew 1-3 px, Expedition ~ DXPeditionl:leh ooiple crew,  Expedition 15 fion1, RT-PCR, Ct <
Gravningen 2022 Norway sen pX, 0 P, =xp crew. & px, Expedition 13.8%in N/R N/R ‘e T
(Expedi- Expedition 2: 181 2-25 px. 42/167 E oy X Total: 391 px, 167 4 . 37,GS.
. xpedition 2: 2-25 px. Crew- Expedi-
tion 1 and px, 160 crew crew 1 crew ) X
2) several crew unclear tion 2).
Crew:
25.2%
89
voyages Px data available r?ttet:col;
on 70 145460 px; 59,619 1669 (px and crew) for 57/89 cruises RT-PCR, no
Guagliardo 2020 USA ships; 16 ’ I N/R voyages; crew N/R L N/R N/R ¢
. crew on the 89 voyages . ranging data on Ct.
ships had data available for
from 13 to
recurrent 52/89 voyages. o
62%.
outbreaks.
. 223 (128 px, 95 Unclear Unclear, up to o RT-PCR, no
Ing 2020 Australia N/R crew) 128 (px and crew) 1t06 217 (px and crew) 127 (px and crew) 59% N/R N/R data on Ct.
24%
Unclear. Up to confirmed
. o RT-PCR or
Maeda 2021 Japan Costa 623 crew, 0 px 149 crew Unclear. 1 623 148 confirmed  cases, 41% N/R N/R LAMP, no data
Atlantica crew cases, 107 including
on Ct.
probable cases probable
cases
Grand . 78 cases/469 cases
Moriarty 2020 USA Princess 3571 (2460 px; with available Unclear 3571 Unclear N/A N/R N/R RT-PCR, no
1111 crew) data on Ct.
-B results
Diamond
Princess,
Ruby
Princess,
Ovation of
the Seas,
Voyager
of the
Seas, RT-PCR
Qu1glgy—10 2021 Australia Celeb}‘lty 24862 px (mgludmg 1908 px (1n§lud1ng N/R 10142 Austrahan N/R 7.67% N/R N/R positive, no
ships Solstice, 2283 Australian px) 957 Australian px) citizens
. data on Ct.
Artania,
Costa
Victoria,
Silver
Explorer,
Greg
Mortimer,
Celebrity

Eclipse
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Table 1. Cont.
No. of Passengers No. of No. of No. of Secondary No. of Secondary
Study Year Country Ship 1:3 Corf I::ss:r];gel;sd and Crew with NO'CO f Index Passengers and Secondary Cases RA:ta(ch/( ) Cases in Close Cases Not in Close S]t;;,eirégﬁl of
a ew on boa SARS-CoV-2 ases Crew Traced (%) Identified (%) ate Lo Proximity (%) Proximity (%) ence
. RT-PCR
Q“1§}11‘1*Y:36 2021 Australia 36 ships N/R N/R N/R N/R N/R 8.66% N/R N/R positive, no
P data on Ct.
N/R
Sekizuka 2020 Japan (from N/R N/R N/R 3 px 3 px N/A N/R N/R fsfnlifio
Cruise 1 P Luxor to P P P :
‘Awan) data on Ct, GS.
N/R
Sekizuka 2020 Japan (from N/R N/R N/R 2 px 2 px N/A N/R N/R gtlz?io
Cruise 2 P Awan to P p d P :
Luxor) ata on Ct, GS.
Abbreviations: px—passengers; Ct—cycle threshold; RT-PCR—real time reverse transcription-polymerase chain reaction; GS—genome sequencing.
Table 2. Environmental studies.
Study Setting Methods Sample Source Sample n/d Live Cultures Notes
Observational; sample collection For the untreated wastewater l;?r trlllecadsolr ptlg)cn —e_xgr; ;t)lorfl :}I: etggé I%Ilf
occurred over a month after passenger collected from the cruise ship, cant-qva ueh lq - t.h ° th . C
disembarkation, with only crew all six replicate samples Vz;jzy(g as_r;g;cof g‘gngza% Si:lr)l:?.cr)l arcll d
onboard the ship on its last day prepared using both virus 9= e
R . . X . NIID_2019-nCoV N. For ultrafiltration with
berthed in Australia. Unconfirmed concentration methods yielded the Amicon® Ultra-15, the mean Cq value
reports suggested as many as a positive signal for _ 4
24 infected persons may have been on SARS-CoV-2 RNA using the Sl (g tcll 71(3“6,\'72 ?ﬁ;ﬂi}iel)rgeljr} éssa\lf};l;vea? C
board in the days prior to sample CDC N1 assay. The CDC N2 &h 3¥ 15) of CDC N2, E Sarbzlco and !
collection. Samples were transported and NIID_2019-nCoV N assays N;ID 2019-nCoV N a,ssz; s Amo,n the
on ice to the laboratory and stored at detected SARS-CoV-2 RNA in replicate cruise shi ntrez}i,té d wast egwater
4 °C and processed within 6-24 h after . . four replicate samples. P U vp un
. Wastewater from cruise ship samples, four of six replicate samples were
collection. sanitation system; two The E_Sarbeco assay appe:_ir.ed positive according to the CDC N1
Ahmed 2020 Cruise ship docked Sic;{sscrcee;\év;sgxa‘fr sarr}\IpIes for d wastewater grab samples (1 L) tobe less analytically-sensitive RT-ddPCR assay.
me -Co V- , the authors use y

in Australia

two virus concentration methods

(adsorption—extraction and Amicon

®

Ultra-15 (30 kDa) Centrifugal Filter
Device), five RT-qPCR assays (four
targeting N gene and one targeting E
gene), and one RT- ddPCR assay

(targeting N gene).

For the untreated wastewater collected
from the cruise ship, all six replicate
samples prepared using both virus
concentration methods yielded a
positive signal for SARS-CoV-2 RNA
using the CDC N1 assay

were collected from the influent
and effluent of the membrane
bioreactor of a cruise ship.

(i.e., greater ALOD); only one
of six replicates were RT-qPCR
positive. The N_Sarbeco assay
did not produce any
amplification for these samples
in two consecutive RT-qPCR
runs. The CDC N1 and CDC
N2 assays were consistently
positive in replicate
RT-qPCR reactions.

The results showed positive
SARS-CoV-2 signals, though
concentrations were close to the
limit of detection

N/A

Of the five replicate cruise ship effluent
wastewater samples (after treatment), Cq
values ranged from 36.0 to 38.7.
Greater concentrations were observed in
the influent from the cruise ship in
comparison with the effluent of the
cruise ship.

The frequency of SARS-CoV-2 RNA
detection in treated cruise ship effluent
wastewater was low in replicate RT-qPCR
reactions compared with the cruise ship
influent sample; this indicates that
SARS-CoV-2 removal occurred in the
wastewater treatment process.
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Table 2. Cont.

Methods

Sample Source

Sample n/d

Live Cultures

Notes

Study Setting
Diamond Princess cruise
Yamagishi 2020 ship on

22-23 February 2020

Environmental sampling, prior to
disinfection of the vessel and while
some passengers and crew members
remained on board. Authors obtained
specimens from cabins in which
confirmed COVID-19 cases had stayed
(case cabins), cabins with no
confirmed case at any time (non-case
cabins), and common areas.

For sampling, they used
polyester-flocked oropharyngeal
specimen collection swabs moistened
with viral transport medium (VTM).
They swabbed areas (4 x 5 cm?) in
3 directions.

Authors placed swabs into VITM and
kept them frozen at —80°C until
testing at National Institute of
Infectious Diseases (NIID), Japan.
Air samples (50 L/min for 20 min)
were obtained from cabins by placing
2 air samplers (Airport MDS,
Sartorius) in 7 random cabins on the
bed and on the toilet seat. Collection
was performed through a special
gelatin filter (type 175, Sartorius; T1
phage capture rate, 99.99%; effective
filtration cm?). After collection, the
sample was put in the gelatin filter in
the original package, checked, and
stored at —80°C until testing at NIID
(typically at least 14 days).

Samples were tested by rRT-PCR.

For case cabins, authors
randomly selected cabins in
which confirmed symptomatic
or asymptomatic COVID-19
cases had stayed.

To understand the duration and
survivability of SARS-CoV-2 on
surfaces, the authors also
selected case cabins according
to the last date any person was
in the cabin. Case cabins had
been disinfected by 5%
hydrogen peroxide spray prior
to sampling (14-15 February
2020), including some of those
that were sampled.

To understand the contribution
of airborne transmission, the
authors selected non-case
cabins next to a case cabin or at
least 3 cabins away from a
case cabin.

To understand the contribution
of wastewater, they also
included non-case cabins
located below case cabins.
The authors swabbed diverse
surfaces in cabins and
common areas.

SARS-CoV-2 RNA was most
often detected on the floor
around the toilet in bathrooms
(39%, 13/33; cycle
quantification (Cq), 26.21-37.62)
and bed pillows (34%, 11/32;
Cq, 34.61-38.99).

In case cabins occupied by
symptomatic cases,
SARS-CoV-2 RNA was
detected in 15% (28/189) of
samples tested, with Cq values
ranging from 29.79 to 38.86.
SARS-CoV-2 RNA was
detected in 21% (28/131) of
samples from case cabins with
asymptomatic cases, with a
range of Cq values from 26.21
to 38.99. All but 2 case cabins
had 2 occupants before the
room was vacated. The
remaining 2 cabins had 1 and
3 occupants.

The range of time between the
last occupant vacating a case
cabin and detection of
SARS-CoV-2 RNA was
1-17 days, and rates of
positivity decreased with time.

A second sampling of surfaces
from part of the SARS-CoV-2
RNA-detected items was
conducted on 27 February 2020
for viable virus isolation, with
samples stored at 4 °C and
transferred directly for
laboratory isolation. The
authors attempted viral
isolation from some samples in
which viral RNA had been
detected by rRT-PCR and from
the second round of sampling.
Samples were mixed with
Dulbecco’s modified Eagle
medium. supplemented with
standard concentrations of
penicillin G, streptomycin,
gentamicin, amphotericin B,
and 5% fetal bovine serum.
These were inoculated on
confluent VeroE6/ TMPRSS2
cells. Culture medium at 0 or
48 h post-infection was
collected, diluted 10-fold in
water, and boiled for 5 min. An
rRT-PCR assay was performed
to quantify the increased
amount of coronavirus RNA
with a MyGo Pro system (IT-IS
Life Science).

No viable virus could be
isolated from the 58 samples
with SARS-CoV-2 RNA
detected by rRT-PCR or the 18
samples obtained in the

second sampling.

The lowest Cq values were detected on
samples taken 4 (Cq, 26.21) and 7 (Cq,
29.79) days after cabins were vacated, both
obtained from the floor around the toilet.
These findings suggest that environmental
surfaces may have played a role in
transmission of the virus. SARS-CoV-2
RNA was detected on multiple surfaces of
case cabins, most often on bed pillows and
the floor around the toilet in the bathroom,
for up to 17 days, longer than
previously reported.

There was no difference in surface
contamination between cabins of cases
who were symptomatic and asymptomatic.
It was evident that surface contamination
occurred in rooms occupied by persons
who were classified as being asymptomatic
at the time they vacated their cabins.
The high Cq values in most of the positive
samples suggested low-level
contamination of the environment after the
COVID-19 cases vacated the cabins,
potentially explaining why no virus
was isolated.

Abbreviations: Ct—cycle threshold; Cq—quantification cycle; RT-PCR—real time reverse transcription-polymerase chain reaction.
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3.1. Quality of Included Studies

None of the studies reported a published protocol. The risk of bias assessment of the
included studies is presented in Tables 3 and 4.

Table 3. Quality assessment of included environmental studies.

Study

Study Type

Description of Methods with Sufficient
Detail to Replicate

Sample Sources Clear

Analysis and
Reporting Appropriate

Is Bias Dealt
with

Applicability

Notes

Ahmed 2020

Observational

Yes

Yes

Yes

No

Yes

Cq values ranged from
36.0to 38.7.

Yamagishi 2020

Observational

High Cq values in most
of the positive samples.
No viable virus could
be isolated from the 58
samples with
SARS-CoV-2 RNA
detected by rRT-PCR or
the 18 samples obtained
in the second sampling.

Abbreviations: Ct—cycle threshold; Cq—quantification cycle; RT-PCR—real time reverse transcription—
polymerase chain reaction.

Table 4. Quality assessment of included studies reporting on onboard transmission of SARS-CoV-2.

Study

Study Type

Clearly Defined

Setting

Demographic
Characteristics/Sampling
Procedures Ad

Follow-Up Strategy
and Duration

fficient for the

Described

Outcomes

The Transmission
Outcomes Assessed

Adequately

Main Threats to
Validity Taken into
Consideration?

Notes

Goldenfeld 2020

Observational

No

Unclear

No

Unclear

RT-PCR with data on Ct
of 3 px. Ct considered
positive—up to 40. Viral
cultures in 1 px. Report
on 6/15 repatriated
Israeli citizens from
Diamond Princess.
Alternative exposures.

Hoshino 2021

Retrospective

Unclear

Unclear

Retrospective. All
publicly available
SARS-CoV-2 genome
sequences with clinical
information, as of 7
August, were retrieved
from the Global
Initiative on Sharing All
Influenza Data
(GISAID) database.
RT-PCR positive, no
data on Ct. The
association between
transmission dynamics
and epidemiological
factors could not be
analyzed. Authors
could not analyze the
transmission dynamics
in each subpopulation
or between
subpopulations.
Potential sampling bias
and sequencing errors
due to next-generation
sequencing techniques.
Tt is difficult to obtain a
complete and
high-quality viral
sequence from a sample
with a low viral load.

Hoshiyama 2020

Retrospective

Unclear

Unclear

RT-PCR, no data on Ct.
Bacterial cultures for
co-infection.

Hung 2020

Prospective,
observational

Follow-up for only 215
px from Hong Kong,.
Both parents and
grandfather of case 7
tested positive for
SARS-CoV-2 at the
initial governmental
screen in Japan.

Kakimoto 2020

Retrospective

Unclear

No

Unclear

No

RT-PCR, no data on Ct.
Authors report findings
from the initial phase of
the cruise ship
investigation into
COVID-19 cases among
crew members during
4-12 February 2020.

Moriarty 2020;
Diamond Princess

Retrospective

Unclear

Unclear

RT-PCR, no data on Ct.
Follow-up: 428 USA
citizens out of 3711 px
and crew. Alternative
exposures (during
repatriation).
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Table 4. Cont.

Study

Study Type

Clearly Defined
Setting

Demographic
Characteristics/Sampling

P

Follow-Up Strategy

a
S

nd Duration
fficient for the

Descril:vedl

Outcomes

The Transmission
Outcomes Assessed
Adequately

Main Threats to
Validity Taken into
Consideration?

Notes

Murata 2020

Observational

RT-PCR, viral
cultures, GS.
Authors followed
90 asymptomatic
cases /3711 individuals.
Timing of exposure
among asymptomatic
cases was not
ascertained.

National Institute
for Infectious
Diseases Japan 2020

Retrospective

Unclear

Unclear

RT-PCR, no data on Ct.
Some infections may
have gone undetected.
Asymptomatic infection
early in
the study period may
have been
underestimated if
these asymptomatic
case-patients cleared
their viral
loads before being
tested. For some cases,
symptom
onset dates were
obtained retrospectively.
Greater than 9 persons
who tested negative on
the ship tested positive
after being released.

Plucinski 2020

Retrospective,
cross-sectional
survey

Unclear

Unclear

RT-PCR, no data on Ct,
GS (28 cases). The
contribution that
asymptomatic infected
px played in the
perpetuation of the
outbreak could not be
fully determined. Recall
bias. Five percent of US
citizens were never
tested. US citizens
made up 12% of the
Diamond Princess
population. Alternative
exposures (during
repatriation). Survey
response rate of 52%.

Sekizuka 2020
Diamond Princess

Observational

No

Unclear

No

Unclear

No

RT-PCR with Cq, GS.
No date of symptom
onset. Follow-up for
24.11% of cases. Ct up
to 40 considered
positive. The Cq limit
for successful GS
determination was
around 32.

Yamagishi 2020

Retrospective

Unclear

No

Unclear

No

RT-PCR, no data on Ct.
Report on 490
individuals
who were tested
between 3 and 9
February. Testing
strategy—only
symptomatic cases and
their contacts.
Reporting bias.

Yamahata 2020

Observational,
active case finding

Unclear

Unclear

RT-PCR, no data on Ct.
Follow-up until
8 March.

Yeh 2021

Retrospective

No

Unclear

No

Unclear

No

RT-PCR, no data on Ct,
GS for 28 cases
from GISAID.

Walker 2021

Retrospective

Unclear

Unclear

Australian citizens
made up 6% of the
population on Diamond
Princess. RT-PCR, no
data on Ct. Alternative
exposures (during
repatriation). No
asymptomatic testing
was conducted
in Australia.

Waltenburg 2021

Retrospective,
longitudinal

No

Unclear

Unclear

Followed up only the
US citizens from
Diamond Princess (328
cases). RT-PCR with
Ct < 40. Alternative
exposures not excluded.

Abe 2022

Observational

No

Yes

Unclear

Diagnosis by RT-LAMP,
with RT-PCR for
positive samples
(Ct < 40). GS for

samples with Ct < 30
(complete sequencing
for 94/148 samples).
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Table 4. Cont.

Study

Study Type

Clearly Defined
Setting

Demographic
Characteristics/Sampling

P

Follow-Up Strategy
and Duration
Sufficient for the

Descril:vedl

Outcomes

The Transmission
Outcomes Assessed
Adequately

Main Threats to
Validity Taken into Notes
Consideration?

Alvarez-Le6n 2022

Observational

No

Unclear

No

Unclear

Unclear diagnostic test.
Periodic antigen
screening test.
Pre-disembarkation
screening was by
antigen test. Alternative
exposures before
embarkation.

No

Maeda 2021

Retrospective

Unclear

Unclear

RT-PCR, with no data
on Ct or LAMP. Unclear
number of index cases.

Possible
No underestimation of the
number of
laboratory-confirmed
cases. Alternative

exposures not excluded.

Gravningen 2022

Retrospective

Unclear

No

Unclear

Only 71% of crew
members consented to
participation and no px
were included; data on
social gatherings were
not available. The
symptom onset dates
were obtained
retrospectively for the
early cases, which may
have introduced
selection and recall bias.

No

Guagliardo 2020

Retrospective

Unclear

Unclear

Px data available for
57/89 voyages; crew
data available for 52/89
voyages. No data on
index and secondary
cases. RT-PCR with no
data on Ct.
Asymptomatic cases
No may have been missed.

Voyage-level data

extracted for each ship

(duration, number of

stops) may not be
accurate, as authors

relied on online
resources for this
information.

Ing 2020

Retrospective

Unclear

Unclear

Unclear

RT-PCR with no data on
Ct. The number of
Yes index cases and
secondary cases is
not clear.

Moriarty 2020;
Grand Princess

Retrospective

Unclear

No

Unclear

RT-PCR, no data on Ct.
The number of index
and secondary cases

was unclear. Of 469
persons with available
test results, 78 (16.6%)
had positive test results
for SARS-CoV-2.
No Authors assume that
the index cases for the

Voyage B were px and

crew from the Voyage A.
No alternative
exposures excluded
(e.g., infected px among
the new px of
Voyage B).

Quigley
2021—10 ships

Observational

No

Unclear

No

Unclear

RT-PCR, no data on Ct.
Only symptomatic px
were tested. No data

on crew.

No

Quigley
2021—36 ships

Observational

Unclear

Unclear

Unclear

Unclear

RT-PCR, no data on Ct.
A database of publicly
available data was
created for a total of 43
cruise ships with
reported COVID-19
infected px during the

No study period. Data
were sourced from
news reports and cruise
ship alerts.
Due to missing
passenger information,
7 ships were excluded
from the analysis.

Sekizuka 2020
Cruise 1

Observational

No

Unclear

No

Unclear

RT-PCR, no data on Ct,
GS. The study
investigates only 3 px of
a cruise ship.

No

Sekizuka 2020
Cruise 2

Observational

No

Unclear

No

Unclear

RT-PCR, no data on
Ct, GS.
No The study investigated
only 2 px from a
cruise ship.

Abbreviations:

Ct—cycle threshold;

GS—genomic sequencing.

RT-PCR—real time reverse transcription-polymerase chain reaction.
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For the environmental studies [15,16], we found an adequate description of their
methods, with sufficient detail to replicate the findings. Sample sources were clearly
reported, and the analysis and reporting were considered appropriate; there were no
concerns about their applicability. However, we found that neither study adequately
addressed potential biases (Table 4).

Among studies presenting the DP outbreak, 6/15 (40%) presented a clearly defined
setting [23,25,26,30,31,35]; 2/15 (13%) adequately described demographic characteristics
and sampling procedures [21,24]. In 2/15 (13%) reports, strategy and duration of follow-up
were sufficient for outcome assessments [25,31]. Transmission outcomes were adequately
assessed for 2/15 (13%) studies [21,24]; data validity concerns were taken into consideration
for 3/15 (20%) reports [24,25,31] (Table 4).

In studies reporting outbreaks on international ships, 1/11 (9%) reports clearly de-
scribed the setting [34]. Demographic characteristics and sampling procedures were unclear
in all studies. A comprehensive follow-up strategy was presented only in 3/11 (27%) stud-
ies [22,32,36]. Transmission outcomes were not adequately assessed by any authors (0/11),
and only 1/11 (9%) studies took into consideration the validity of the data [22] (Table 4).
The overall reporting quality across studies was considered low (Figure 1).

VEREIEEEE BECESNE

consideration

Transmission outcomes assessed

adequately -

FO“O'\'J—UD strategy and duration sufficient - _

for the outcomes

Demographic characteristics/ sampling - I
procedures adequately described

Clearly defined setting ||| G B

0% 20% 40% 60% 80% 100%
Percent of studies

M Yes Unclear mNo

Figure 1. Risk of bias graph in studies on onboard transmission of SARS-CoV-2.

3.2. Environmental Studies

One study collected wastewater samples from a docked cruise ship [15] over a month
after passengers disembarked, with only crew on board. Unconfirmed reports suggested
that 24 infected individuals may have been on board in the days before sample collection.
The wastewater samples were positive for SARS-CoV-2 RNA, but concentrations were near
the assay limit of detection (Cycle quantification [Cq] 36.0-38.7). Greater concentrations
were observed in the influent from the cruise ship than the effluent (Table 2).

The second study [16] collected environmental samples after the DP passengers and
crew evacuated the cabins. SARS-CoV-2 RNA was detected in 58/601 samples (10%) from
cabins with confirmed COVID-19 cases, 1-17 days after vacating the cabins. The authors
found no difference in detection proportion between cabins of symptomatic (15%, 28/189;
Cq 29.79-38.86) and asymptomatic persons (21%, 28/131; Cq 26.21-38.99). SARS-CoV-2
RNA was not detected in any cabin with no confirmed cases. SARS-CoV-2 RNA was not
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present in any of the air samples, or in common areas, except for one sample from an air
hood in a corridor [16]. SARS-CoV-2 RNA was most often detected in bathrooms, on the
floor around the toilets (39%, 13/33; Cq 26.21-37.62) and on bed pillows (34%, 11/32; Cq
34.61-38.99). No infectious virus was isolated from the 76 samples with SARS-CoV-2 RNA
detected by RT-PCR [16].

3.3. Studies on the Onboard Transmission of SARS-CoV-2
3.3.1. Cruise Details

Fifteen studies reported different aspects of the SARS-CoV-2 outbreak from the
pr [7,17,19-21,23-27,29-31,35,37]. Six studies detailed the ship’s technical
specifications [23,25,26,30,31,35], focusing mainly on cabin capacity and occupancy, and
distribution of cases according to different decks. One study also mentioned that internal
air recirculation was stopped in the ship (from day 16 onwards) [30].

The DP departed from Yokohama on 20 January 2020 and visited six ports in three
countries (Japan, Hong Kong, and Vietnam). The timeline of the cruise is presented in Sup-
plementary Materials File S7. However, only one report presented a detailed itinerary [30],
and group activities were investigated by three studies [26,30,35]. On 3 February, the ship
returned to Yokohama. On 5 February, passengers were quarantined in their cabins for
14 days; the crew continued to maintain the ship’s functions and assist passengers with
food, clothing, and shelter-related needs.

On 19 February, the disembarkation of uninfected passengers began. Forty-one days
after the ship started the voyage, on 1 March, disembarkation was completed, with the last
crew members leaving the ship [7].

The total number of people onboard the DP was reported to be
3711 [7,19,21,25-27,31,35,37] or 3713 [30]. The number of passengers was reported to be
2666 [7,19,25,27,31] or 2645 [30]. The number of crew was reported to be 1045 [7,19,25,27,31]
or 1068 [23,30]. Four studies did not report the number of people onboard [17,20,24,29]. In
addition, one study on SARS-CoV-2 outbreaks on international ships reported
3200 passengers on the DP [6].

Nine studies reported SARS-CoV-2 outbreaks at the international
level [6,7,18,22,28,32-34,36]. Nonetheless, the total number of the voyages could not be
calculated, as some authors did not report specific data about the cruise (i.e., names of
the ships or origin and destinations of vessels). Therefore, some voyages may have been
included in several different reports. The total number of passengers and crew members in
each study is presented in Table 1.

One study presented data on 89 voyages, including 70 ships from US waters or
carrying US citizens; 16 ships had recurrent outbreaks [18]. Other authors [6] reported an
analysis of 36 ships with COVID-19 globally and an analysis of data from 10 cruise liners
with SARS-CoV-2 cases from Australia.

One study reported COVID-19 cases from two Nile River cruises [28], but the total
number of passengers and crew was not mentioned. Two studies reported on single cruise
ship outbreaks (Greg Mortimer ship [22] and Grand Princess [7]). Two studies reported on
the outbreak on the Costa Atlantica cruise ship, docked at Nagasaki City since January 2020
for complete maintenance, with only crew on board and no passengers [32,36]. Another
report investigated the SARS-CoV-2 outbreak on a Norwegian cruise vessel [34], with two
one-week voyages, and another study analyzed data on five cruises with 80 itineraries
between the different Canary Islands [33].

The technical specifications of the ship were provided in one study [33]. Four stud-
ies reported the voyage duration [22,28,34,36], and the itinerary was detailed by one
study [22]. All studies were conducted in the first half of 2020, except the Norwegian
cruises (July—August 2020) [34] and the cruises in the Canary Islands (November 2020-
May 2021) [33]. The latter study was performed after the implementation of vaccination
programs. However, none of the COVID-19 cases were vaccinated, and information re-
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garding the vaccination statuses of other passengers and the crew was unavailable to the
authors [33].

3.3.2. Case Definitions: Index Cases, Contacts, and Secondary Cases

The definition of index cases, contacts, and secondary cases varied across
studies (Supplementary Materials File S8). Eight studies reporting the DP
outbreak [17,19-21,24,29,35,37], and 10/11 of the studies reporting other international
outbreaks [6,7,18,22,28,32,33,36] did not provide a clear definition of the index case. In
addition, close contacts were considered to be cabinmates of confirmed case-patients [25,30]
or suspected case-patients [30], individuals who had been in a room with someone for more
than 15 min without wearing a mask [26,33], or passengers who joined the Kagoshima tour
with the index case from the DP [30]. Case definitions for secondary infections included
asymptomatic and symptomatic passengers or crew.

3.3.3. Study Types and Contact Tracing Strategies

Most studies presented a retrospective follow-up of passengers and crew after identi-
fying one or more cases of SARS-CoV-2 infection (Table 1, Supplementary Materials File S8).
Nine studies reported an active case-finding [22,25,30-36], and six studies presented a
comprehensive follow-up strategy [22,25,31,32,34,36]. Some authors also used travel in-
formation from the ship manifest [25], cruise ship company [36], questionnaires [7,26,35],
surveys [23], smartphone-based remote health monitoring system [36], or data from differ-
ent databases [6,18,19,29,35,37].

On the DP, initially, only individuals with fever or respiratory symptoms and their
close contacts were tested by RT-PCR for SARS-CoV-2. Subsequently, to support phased
disembarkation of passengers, testing was expanded, prioritizing older individuals, people
with comorbidities, and people accommodated in interior cabins without access to the
outdoors [7,25,31].

Eight studies followed up only a sub-population: repatriated cases [17,21,26,29,35],
crew [23], or individuals admitted to a single center [20,24]. Considering all the studies, the
proportion of traced contacts ranged from 0.19 to 100% in these studies. The total numbers
of identified passengers and crew and the total number of successfully traced individuals
could not be calculated as several studies did not report specific data on the number of
passengers, crew, or medical staff on board [6,18,28] (Table 1).

3.4. Onboard Transmission
3.4.1. Reporting of Index Cases, Secondary Cases, Contact Tracing, and Follow-Up

Four studies on the DP outbreak did not provide any information on the index case; the
remaining eleven studies report inconsistent data. Several authors considered the index case
to be an 80-year-old man who boarded the ship on 20 January and disembarked in Hong
Kong on 25 January [7,19,21,26,27,30,35]. However, another study reports that a different
passenger with laboratory-confirmed COVID-19 developed symptoms on 22 January [23].
Other authors considered the case reported by Hong Kong authorities merely an indicator
case, i.e., the first detected individual among many infected persons [25]. Another study
suggested that the outbreak most likely originated from either a single infected person, or
simultaneously with another primary case [37]. Additionally, data on both the nature and,
most importantly, the onset of symptoms was highly variable. Yamagishi et al. reported
that the Hong Kong passenger had a cough starting one day before embarkation [30]. Other
authors reported that the index case presented with a mild cough on 23 January [19,27],
and developed a fever on 29 January [19] or 30 January [31]. Many cases had onset dates
before the ship arrived in Yokohama and, by that time, infection had already spread across
several decks without any spatial clustering [25].

Five studies reporting SARS-CoV-2 outbreaks on over 100 international ships did
not present any data on index cases [6,18,28]. In five studies, the number of index cases
could not be determined [7,22,33,34,36], as multiple passengers or crew presented with
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respiratory symptoms around the same period. In 11 studies with data on the index
case, the laboratory diagnosis was based on binary RT-PCR results, without data on Ct
(Supplementary Material S8). Two studies provided the Ct cutoff value [32,34]. The Costa
Atlantica crew was initially assessed with a reverse transcription loop-mediated isothermal
amplification (RT-LAMP) assay; RT-qPCR confirmed the results of the COVID-19-positive
samples [32,36]. The timing of RT-PCR is clearly stated for the Hong Kong passenger from
the DP and for passengers and crew from two other reports [7,22]. On the Greg Mortimer
ship, the tests were performed on the 20th day of the voyage, 12 days after the first case
presented symptoms [22]; on the Grand Princess, the RT-PCR was performed on the 23rd
day of the voyage [7].

On the DP, by the end of the quarantine period on 20 February, 619 cases (537 passen-
gers, 82 crew members) had been confirmed [25]. By 8 March, 696 secondary cases were
reported [20,25,31]. Additional cases were found after the repatriation of Hong Kong [21],
US [26,29], Australian [35], and Israeli citizens [17]. A total of 712 individuals had tested
positive as of August 2020 [19].

The secondary cases on the DP were reported as asymptomatic, pre-symptomatic,
and symptomatic. At that time, only respiratory symptoms and fever were considered
indicative of SARS-CoV-2 infection. The studies with a comprehensive tracing strategy
found an attack rate (AR) of 18.5 [25], 18.8 [31], or 19.2% [7]. The number of asymptomatic
cases at the time of testing, based on the limited definitions for symptomatic illness in use
at the time, was reported to be 46.5 [7], 55.0 [25], and 58.9% [31]. Up to 24 February, among
687/3711 individuals with SARS-CoV-2 infection, 544 (20.4%) were passengers, and 314
(57.7%) of those were reported to be asymptomatic. In addition, 143 (13.7%) were crew
members, with 64 (44.8%) reported as being asymptomatic. Symptomatic cases among
passengers peaked on 7 February. Thirty-five passenger cases had symptom onset before
5 February. Cases among crew members peaked on 11 and 13 February [25].

Sekizuka et al. [27] reported detailed information on the RT-PCR results of 896/3711
individuals from the DP, with 148 (16.5%) positive results (Cq 16.00-38.31). Among
65 symptomatic individuals, 22 had a positive RT-PCR. In addition, 125/830 (15.1%) asymp-
tomatic cases had a positive RT-PCR [27]. Symptoms were not reported for one case with a
positive RT-PCR [27].

In crew members, the earliest case of infection was detected in a food service worker
who developed a fever on 2 February and had a positive RT-PCR the following day [23].
By 9 February, 31 crew members reported with a fever, but only 20 had a positive RT-PCR
test; 15/20 confirmed cases were food service workers, and 16/20 cases occurred among
persons with cabins on deck 3, where food service workers lived [23].

One study investigating SARS-CoV-2-positive crew members from the DP found that
4/7 cases presented with throat swab cultures and sputum samples that were positive
for bacterial infections (Haemophilus influenzae, Klebsiella pneumoniae, and Staphylococcus
aureus). Three cases were asymptomatic and four presented with a cough [20]. Also, among
Australian citizens, five individuals were confirmed positive for Influenza A [35].

In Hong Kong repatriated citizens, eight cases that tested negative in Japan had a
positive RT-qPCR upon arrival, five days later [21]. The median viral load in nasopharyn-
geal samples at baseline was 4.31 log10 copies/mL (IQR 3.79-6.65). One case presented
anti-RBD IgG with undetectable viral load. Six patients remained asymptomatic during
quarantine [21]. In Israeli repatriated citizens, 4/6 confirmed cases were initially diagnosed
in Japan and 2/6 upon arrival to Israel (with Ct values of 24—40) [17]. Three patients were
reported as being asymptomatic, and others were paucisymptomatic [17]. In the US repa-
triated citizens [7,26,29] (Supplementary Material Files S6 and S8), the most comprehensive
study [26] reported that 114/437 (26%) individuals tested positive for SARS-CoV-2; 98 cases
had a positive RT-PCR in Japan, 10 cases tested negative in Japan but had a positive result
in the US, and 6 cases were never tested in Japan, with a positive result in the US [26].
Of 66 travelers with positive tests and complete symptom information, 14 (21%) were
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asymptomatic while on the ship [26]. Among Australian citizens, 46/56 were diagnosed in
Japan and 10/56 after repatriation, with 29% asymptomatic cases [35].

On other international voyages, the number of secondary cases were not
reported [6,18,36] or were unclear [7,22,33,34,36] because the number of index cases were
unknown. The authors reported only the total number of passengers or crew infected with
SARS-CoV-2. One GS study, reporting on two Nile River cruises, found three passengers on
one cruise and two on another, all symptomatic, who were most probably infected during
their voyage [28]. The authors traced only these passengers, without any data on other
passengers or crew [28]. The AR varied between 7.67 and 75.12% [6,7,18,22]. The analysis
of 36 cruise ships with reported SARS-CoV-2 infections worldwide showed an overall AR
of 8.66% (0.03-75.10%) [6].

3.4.2. Spatial Distribution

Spatial distribution of passengers and crew was investigated in eight studies on the
DP [7,23,25-27,30,31,35] and seven studies on international ships [6,7,22,32-34,36]. On the
DP, >80% of crew cabins were on decks 2—4. Initially, most cases occurred among persons
with cabins on deck 3 [23]. By the end of quarantine, the distribution of infections from
the crew decks produced a more generally distributed pattern, but a large number of cases
were noted on deck 3 [25]. The mean number of persons per cabin was 1.73 (1 to 3) for crew
and 1.98 (1 to 4) for passengers [7].

Another study from the DP conducted between 3-9 February reported that the ARs
among passengers were similar across decks. Among confirmed cases, 144 (84%) met
the definition of a suspected case before testing, whereas 19 (11%) shared a cabin with a
confirmed person. There were 24 asymptomatic cases (14%); most of them were passengers
who joined the Kagoshima bus tour (with the assumed Hong Kong index case) [30].

Among DP passengers, ARs were highest in those who stayed in four-person cabins
(30.0%; n = 18), followed by three-person cabins (22.0%; n = 7 cabins), two-person cabins
(20.6%; n = 491 cabins), and single-person cabins (8%; 1 = 6 cabins) [25], suggesting a distinct
dose-response relationship. The infected passengers were distributed across different decks
without aggregation or large-scale clustering by deck or zone [25,27].

In US citizens [26], the AR for passengers in single cabins or without infected cabin
mates was 18% (58/329), 63% (27/43) for passengers that shared the cabin with an asymp-
tomatic infected person, and 81% (25/31) for those with a symptomatic infected cabinmate,
again suggesting a dose-response relationship (p < 0.01). Genome sequences from persons
sharing cabins clustered together [26]. In addition, the association between attending
some events, such as the bus excursion in Cai Rang, and group activities on 3—4 February,
suggested several everyday mass exposure events [26].

In Australian citizens, before the quarantine, exposure to a close contact or cabinmate
confirmed later as SARS-CoV-2 positive was associated with a 3.78-fold (95%Cl, 2.24-6.37)
higher risk of infection. Exposure to a positive cabinmate during the quarantine period
resulted in a significantly increased risk of infection RR 6.18 (95% CI, 1.96-19.46) [35]. The
authors found no statistically significant association between participation in shore trips,
tours, or social events before quarantine or visiting public areas during quarantine and
subsequent infection [35].

Other authors also noted that during quarantine on the DP, the elevator hall situated
in front of the medical center may have presented a higher infection risk because infected
and uninfected people could not use the elevator separately [31].

Studies on other international ships also reported on the spatial distribution of people
on board. On the Greg Mortimer, in 10 instances, two passengers sharing a cabin presented
positive and negative results [22]. On the Grand Princess, the median number of persons
per cabin was 1.95 (range of 1-4) for passengers and 1.75 (range of 1-4) for the crew; among
469 persons with available results, 78 (16.6%) had a positive RT-PCR [7].

A study investigating 36 cruise ships [6] found that the number of available cabins
presented a moderate inverse correlation with the AR; as the number of available cabins
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per ship increased, the AR decreased. There was a fair inverse correlation of decks with
cabins; the more spread out the cabins were through several decks, the lower the AR.
Also, the authors found a moderate positive correlation with the passenger-to-space ratio;
as the passenger-to-space ratio increased (i.e., the ship became more crowded), the AR
increased [6], suggesting a dose-response relationship. The AR was predicted by all spatial
distribution variables (i.e., number of cabins per ship and decks with cabins), but not by
cruise duration [6].

In the Canary Islands cruises, with a preventive protocol, the AR between the close
contacts during quarantine was 3%, and 21% of confirmed cases were casual contacts of a
case at onboard food and beverage venues [33].

Another study reported on a ship with updated but not fully implemented prevention
protocols. The first symptomatic cases worked in catering and mechanical operations.
Nine days later, staff working in administrative and passenger service areas reported
symptoms. There were no cases among participants working in electricity, carpentry, or
medical and spa services. The authors note that the risk of SARS-CoV-2 infection was
associated with working in mechanical operations (OR 8.26, 95% CI 1.54—44.16) and catering
services (6.06, 1.78-20.67). Sharing a cabin with an infected case was significantly associated
with an increased risk of infection in crude analysis (7.20, 2.48-20.41), but was found to be
non-significant in the full model (3.27, 0.97-11.07) [34].

On the Costa Atlantica ship, the infection was probably introduced by a crew member
from the entertainment occupation group, which then spread widely inside the vessel,
regardless of occupational group or location of the crew cabin. The cases were similarly
distributed across occupation types. Also, the cabin rooms of crewmembers presenting
with a fever were widely distributed throughout the ship [36].

3.4.3. Use of Masks

Three studies reported the use of masks on the DP after quarantine started [23,25,30].
The crew used surgical /N95 masks [30]. None of the authors specified if a “fit test” was
performed to evaluate if the mask fit and sealed properly.

Organized by deck and section, passengers were allowed a 60-min daily period on
an exterior deck. During this time, they were required to wear masks, not touch anything,
and maintain a one-meter distance from other people. Meanwhile, they were observed by
monitors. After each group, the areas were disinfected [25]. Ten studies do not provide
any information on masking [7,17,19-21,24,26,27,29,31]. On international ships, one study
reported using masks after the quarantine was issued [22]. Also, masks were required for
all people onboard indoors, in spaces of shared use (including excursions), except when
eating, drinking, or staying in the cabins [33].

Alternative exposures were not fully evaluated in 8/9 studies on international
ships [6,7,18,28,32-34,36] and four studies on the DP [17,19,29,35].

3.5. Genome Sequencing (GS) and Phylogenetic Analysis

Five studies on the DP outbreak [19,24,26,27,37] and one on the passengers from the
Nile River cruises [28] performed GS and phylogenetic analysis. The methods used for
performing these investigations were essentially similar across studies (Supplementary
Material File S9).

Sekizuka et al. [27] analyzed 70 whole-genome sequences obtained from RT-qPCR
positive samples. These sequences and three additional DP isolates from the Global
Initiative on Sharing All Influenza Data (GISAID) were compared with the Wuhan-Hu-1
genome sequence. The frequencies of single nucleotide variations (SNVs) indicated that all
73 isolates shared an SNV (52 SNVs in DP isolates vs. 449 SNVs in all the isolates, including
GISAID entries) [27] (Supplementary Material File 59).

The DP-A cluster was predominant (29 isolates), suggesting that it was the ances-
tral haplotype for subsequent transmission. Although further spreading may have been
prevented by quarantine, some of the subsequent progeny clusters, as well as DP-B
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(five isolates) and DP-C (six isolates), were probably formed via transmission through
other links, such as mass gatherings in recreational areas and direct transmission among
cabinmates. In addition, 33 patients (45%) not included in the DP-A, -B, or -C clusters had
unique SARS-CoV-2 haplotypes and patient-specific unique SNVs and/or deletions [27],
suggesting there may have been multiple introductions of different strains on the DP. All
whole-genome sequence data were deposited to GISAID [27].

Murata et al. [24] performed GS of four sequential specimens collected from one
infected person (Carrier_1) and nine specimens obtained from his cabinmate and six others.
All SARS-CoV-2 strains belonged to clade 19A, with a single nucleotide mutation (G11083T
transversion), as previously described [27], suggesting this strain was transmitted between
these cabinmates and the six others. The GS analysis of consecutive samples of Carrier_1,
who shed infectious virus for 15 days, identified the emergence of two novel SNVs (C8626T
transition and C18452T transition) in the sample collected on day 15. None of these
mutations were found in samples collected from the cabinmate of Carrier_1 and other
cases [24].

Plucinski et al. [26] reported data on GS from samples obtained from 28 individuals
that tested positive after repatriation. All genome sequences clustered in the B group of
the global phylogenetic tree, containing all the genome sequences reported previously on
the DP. [26]. All genome sequences presented the same mutation reported in the assumed
Hong Kong index case [26].

Twelve sequences were from six pairs of close contacts. In all instances, pairs of
linked genomes grouped closely within the haplotype network. The linked sequences were
separated by zero to two SNVs compared with zero to nine SNVs among all sequences
from the DP [26].

Another study [19] retrieved all publicly available SARS-CoV-2 genome sequences
with clinical information from the GISAID database up to 7 August 2020 (1 = 78,448). The
phylodynamic analysis of 67 sequences collected between 10-17 February 2020 estimated
that the outbreak originated on 21 January, coinciding with the boarding of the presumed
index case from Hong Kong. The affected population size increased around 30 January
and exponentially surged from 2 February, before the quarantine. After quarantine, the
transmission of the virus slowly continued [19]. Although branch bootstrap values were
low, all sequences from the DP clustered with some isolates reported in other countries [19].

Yeh et al. [37] analyzed the evolution dynamics of SARS-CoV-2 in 28 cases from the DP.
They identified 24 new viral mutations across 64.2% (18/28) of samples; the virus evolved
into at least five subgroups. Based on their findings on the limited number of cases they
analyzed, these authors suggested that the outbreak most likely originated from either a
single person or simultaneously with another primary case infected with a virus containing
the G11083T mutation [37].

On the Costa Atlantica ship, the authors analyzed all samples with high viral titers
(Ct <30 by RT-qPCR), obtaining 94 complete GS [32]. The strains showed three main
clusters; the CA-A cluster was genetically closest to the reference strain (Wuhan-Hu-1),
possibly indicating that it was the haplotype initially introduced into the CA cluster.
CA-A was not a large cluster; only two infected persons perhaps had a central role in
spreading SARS-CoV-2 in the CA-A cluster. The core populations of clusters CA-B and
CA-C comprised of more than ten individuals, indicating that superspreading event-like
infections caused these clusters [32].

Sekizuka et al. [28] reported data on GS from five SARS-CoV-2-positive passengers
from two Nile River cruises. Three passengers aboard the same ship presented identical
SARS-CoV-2 genome sequences, with a close lineage to isolates from Europe. In addition, a
couple of passengers boarded a different cruise ship, but had the same Tokyo to Cairo flight
as one of the travelers reported above. These two SARS-CoV-2 isolates showed identical GS,
but differed from the genome sequences of the first three travelers by only one SNV [28].
The authors compared the GS of the passengers with the only two genome sequences of
SARS-CoV-2 isolates in Egypt available in GISAID at the time of the study. The haplotype
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network exhibited that one of the first cruise passengers and the two passengers from the
second cruise was closely related to isolates from Egypt, with only two or three differences
in SNVs [28].

3.6. Viral Cultures

Two studies performed viral cultures [17,24] (Table 1; Supplementary Material
Files S8 and S9). Murata et al. [24] analyzed 116 PCR-positive samples and 50 PCR-negative
samples. The median Ct value of culture-positive samples was 24.6 (IQR, 20.4-25.8; range,
17.9-30.3) vs. culture-negative samples (Ct 35.9). SARS-CoV-2 was successfully cultured
from nine (7.8%) PCR-positive samples obtained from seven carriers; none of the PCR-
negative samples presented cytopathic effects (CPE) [24]. A specimen from a 70-year-old
woman with a medical history of diabetes mellitus and hypertension, who had prolonged
RT-PCR positivity for >21 days, was found to have CPE on culture after 15 days. This was
confirmed using PCR, following the initial positive PCR test [24], but the result may be
questionable given the Ct values and passage of time.

The second study [17] reported on cell cultures of a 62-year-old woman with comor-
bidities. She presented with two negative RT-PCR tests before repatriation, but tested
positive upon arrival to Israel (Ct = 24). The nasal and throat swabs sampled four days later
showed a notable CPE on Vero E6 cell culture, but no data was provided on the methods
used for cultures [17].

4. Discussion
4.1. Summary of Main Findings

We identified 23 studies assessing SARS-CoV-2 transmission aboard cruise ships,
two environmental studies, and one systematic review. The findings suggested lower
ARs in ships with a higher number of available cabins, with cabins more spread out
over various decks, and in settings with a lower passenger-to-space ratio. However,
the duration at sea did not appear to influence the AR [6]. In addition, a consistent
dose-response relationship was found in multiple studies, demonstrating that as the
number of passengers in a cabin decreased, ARs decreased [25,26,35], with the highest ARs
in individuals staying in four-person cabins (30-63%) and the lowest (8-18%) in single-
person cabins [25] or without infected cabinmates [26]. The AR for those sharing a cabin
with an asymptomatic infected cabinmate was lower compared with passengers with a
symptomatic infected cabinmate [26]. The risk of infection was higher if an individual had
close contact with a confirmed case [35]. Environmental samples found no difference in
detection proportion between cabins of symptomatic and asymptomatic cases [16], but
there were only a limited number of samples and they were taken after the ship was vacated,
making the interpretation of the environmental positives uncertain. A potential common
exposure area, with higher infection risk, was suggested to be the elevator hall [31].

Participation in events such as excursions or other group activities was associated
with an increased risk of infection [26,30], with the exception of one study that found no
statistically significant association in this regard [35].

Epidemiological studies from the DP suggested that passengers and crew members
presented symptoms from the beginning of the cruise; the number of suspected cases
(with symptoms or close contacts) remained low for two weeks, followed by a notable
increase [30]. The infected passengers were distributed across different decks, without
any identifiable aggregation or large-scale clustering by deck or zone [25]. The effective
population size began to increase around the 10th day of the voyage, surging exponentially
from the 13th day. After quarantine, the infection transmission continued more slowly,
based on one interpretation [19]. The first crew member that tested positive from the DP
presented symptoms ten days after the first passenger [23,30]. Most crew infections were
among food service workers [23], with the highest AR on the deck where most food service
workers lived, suggesting that infection spread during ship activities such as parties [23,30].
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The role of masks for preventing SARS-CoV-2 transmission aboard cruise ships re-
mains unclear. On the DP, masks were used after the start of quarantine [23,25,30], with
ARs reported between 18.8 [31] and 19.18% [26]. On international ships, one study reported
that use of masks was associated with an AR of 59% [22]. With the implementation of
mitigating measures and pre-disembarkation screening, ARs between the identified close
contacts during quarantine was 3% [33]. Lower ARs (i.e., 0.03%) and higher ARs (i.e.,
75.12%) were also reported on some ships [6], but the role of masks as a mitigating measure
was not assessed. On the Costa Atlantica, with only crew on board, the AR was 24% [36].
When probable cases were included (with symptoms indicative of COVID-19 but a negative
test result), the AR was 41% [36].

Researchers reported the possibility of virus transmission from asymptomatic, pre-
symptomatic, or symptomatic individuals. Nonetheless, a significant limitation of all
studies was the possibility of “asymptomatic” index cases transmitting the infection and
“asymptomatic” secondary cases not being investigated due to a lack of fever or respiratory
symptoms. Although these are part of the COVID-19 symptom complex, using these
symptoms alone would have decreased sensitivity and grossly overestimated the number
of asymptomatic cases. In addition, failure to identify a common starting time for exposure
or illness may have led to systematic misclassification and failure to identify the existence
of multiple index cases leading to biased AR estimates. Furthermore, the number of studies
reporting Ct of RT-PCR was limited; therefore, case ascertainments are likely biased [14].
Also, the timeline of sample collections after disembarking may have led to bias if there
were contacts with others after leaving the ship.

The GS studies [19,24,26-28,32] reported high-quality evidence supporting transmis-
sion of SARS-CoV-2 on cruise ships. Some studies suggested that, on the DP, there was
a single starting source of infection with the virus bearing a G11083T transversion muta-
tion. They also provided evidence of zero to two mutations per genome being the norm
when comparing the virus in the putative source with those in the target cases. Although
Hoshino et al. [19] found most isolates were very similar, based on only a two to three
SNV difference, some strains clustered with strains from other countries, so it was difficult
to rule out introductions of other strains from other passengers. In addition, although
Sekizuka et al. [27] reported all their analyzed strains had the G11083T mutation, there
were up to 449 SNV differences between all isolates, and 33 patients had uniquely different
sequences despite having the mutation, making it difficult to rule out differing virus strain
introductions. Whether there was a single or multiple isolate entries to the DP from mul-
tiple passengers remains uncertain, but the weight of all the evidence supports multiple
entries [23,37]. Also, the number of mutations in the DP cluster was remarkably lower
than that of the Costa Atlantica cluster, indicating that there were some environmental
differences between the two cruise ships [32]. In addition, although GS methods may
provide reliable phylogenetic insights into the relationship between the putative index
and secondary cases, using GS databases to ascertain transmission may induce bias if
the number of published sequences is limited [39]. Missing data may also induce bias
in phylogenetic analyses, and substantial gaps in global sequencing data may hinder the
accurate recognition of an infection source.

The positive results of viral cultures [17,24] provide further evidence of transmission
of SARS-CoV-2 aboard cruise ships, indicating an infectious virus with the potential for
transmission to other individuals was present. The chain of transmission to secondary
cases was well-documented by evidence confirming that the index case was contaminated
(i.e., low Ct values) with an infectious virus and confirmed by GS. In the environmental
study, no viable virus could be isolated [16]. However, the high Cq values in most positive
samples likely explain the negative viral cultures [16]. Viral cultures were not performed on
the index cases [17,24], but they provided important insights on SARS-CoV-2 transmission.
Murata et al. [24] demonstrated “asymptomatic” carriers on the DP [40].

The possibility of alternative exposures deserves attention. Common sites of alterna-
tive exposures include sites before embarkation (i.e., waiting lines), during the cruise (i.e.,
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tours), and after disembarkation (i.e., lining up to exit the ship, checking documents, and
traveling to the final destination).

One study found that 4/7 crew members from the DP presented with bacterial co-
infections [20]. Also, another study investigating 896 RT-PCR samples from the DP reported
that 43/65 (66.15%) symptomatic cases had a negative RT-PCR [27]. Nonetheless, only two
studies [20,35] presented data on investigations aiming to detect a possible co-infection in
SARS-CoV-2 positive cases or ran any additional laboratory tests to investigate the cause
of acute respiratory illness (ARI) in individuals with a negative RT-PCR. In Australian
citizens [35], ARI was reported as 62/196 (31.6%) for those with a negative SARS-CoV-2
test, and 52/62 (84%) of these individuals could identify their onset date; 37 individuals
reported symptom-onset dates on board whereas 15 reported symptom-onset dates after
quarantine in Australia. Five individuals were Influenza A positive, including one case
who tested Influenza-A-positive and a fortnight later SARS-CoV-2-positive. ARI symptoms
were reported starting from the first day on the DP in three passengers. Seventy-one percent
(25/35) of symptomatic COVID-19 cases reported experiencing fever (>37.5 °C), in contrast
to 23% (14/62) of individuals with non-specific ARI (p < 0.001) [35]. ARI symptoms may be
present in COVID-19 cases, but they are also found in other viral or bacterial infections,
including Legionellosis. Furthermore, Legionella co-infection has been reported in cruise
ship passengers with COVID-19 [41]. ARI accounted for up to 29% of recorded illnesses on
cruise ships [3,42], and in many cases, it was due to respiratory viral infections [43,44]. One
surveillance project reported that 83% of crew members and passengers with ARI tested
positive for at least one respiratory virus; 71% had Influenza A or B virus. Over three years,
13 respiratory viruses were identified, including influenza, human rhinovirus, human
metapneumovirus, parainfluenza, and adenovirus C, with nine different co-infections [44].
In COVID-19 patients, an undetected co-infection could lead to biased results in fatality rate
or hospitalization. Also, excluding other pathogens as a cause of symptoms is important.
An incomplete investigation may cause mimicry bias, leading to false conclusions about
the causes of the disease of interest.

Further doubts about the validity of the overall findings are raised by the variabil-
ity in contact tracing strategies, contact tracing timelines, proportion of passengers and
crew that were traced successfully, use of distinct case definitions, testing strategy, and
case ascertainment.

Only one study in the present review showed evidence of both positive virus cultures
as well as genomic evidence [24]. Definitive route(s) of transmission on cruise ships need
further investigation. On the DP, the possibility of long-range airborne transmission could
not be ruled out at the time of the initial outbreak, but is now considered unlikely given
the dose-response gradient with higher numbers among cabinmates and the fact that
internal air recirculation was stopped [30]. Evidence from the available studies suggests
that transmission on the DP was associated with close proximity [35] and potentially
with common source exposure events [25,30]. More recent viral culture research reports
significant amounts of infectious SARS-CoV-2 in the environment [45-47]. Although no
live virus was found on cruise ships on fomites, a recent systematic review focusing
on high-quality studies found that replication-competent SARS-CoV-2 was present on
fomites [47]. Replication-competent SARS-CoV-2 is significantly more likely when the
PCR Ct for clinical specimens and fomite samples is <30. However, the timing of sample
collection from symptom onset markedly influences the probability of obtaining positive
viral culture results [47].

Our review did not compare risks between cruise ships and other similar settings (e.g.,
other types of ships). However, because cruise ships often have high-risk senior passengers
and may offer comprehensive medical services (e.g., oxygen therapy and dialysis units),
they could present infection control problems similar with those in nursing homes. Multiple
studies have demonstrated very high transmission rates of other viruses on cruise ships
including norovirus and other respiratory viruses [48,49].
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To date, only one systematic review assessed the evidence for transmission of SARS-
CoV-2 aboard ships [38]. However, the literature search went up until July 2020. The
authors included 37 studies on cruise, navy, and cargo ships, but many of the included
studies were not relevant for SARS-CoV-2 transmission (i.e., case reports on conjunctivitis
or clinical aspects of pneumonia among ship passengers or crew). Furthermore, they did
not include environmental studies and did not formally assess study quality.

4.2. Strengths and Limitations of the Review

We performed an extensive literature search, accounted for the quality of included
studies, and reported all relevant outcomes, including GS and viral cultures. We included
results from one non-peer-reviewed study [29], which may affect the reliability of the
results. However, due to the ongoing pandemic, such studies could potentially be of
research benefit. Our review is one of the most comprehensive ones to date. By focusing on
higher-quality studies, we were able to draw meaningful interpretations, which facilitates
our understanding of the transmission aboard cruise ships.

Limitations of the present review are mostly related to the low quality of included
studies and the fact that different studies provided different data on the same outbreak with
inconsistent results. In addition, data extraction was challenging due to missing, incomplete,
or unclear descriptions of investigations. Also, most primary studies investigated only
some aspects of the outbreak (e.g., spatial distribution, a subgroup of individuals from a
cruise, or the early days of the outbreak).

Various reasons may explain the low quality of the published literature. There is a lack
of standardized methodology and clear reporting criteria, with substantial methodological
variation in SARS-CoV-2 transmission studies [40]. Nonetheless, similar to other studies on
SARS-CoV-2 transmission in other closed /semi-closed settings, in times of a pandemic, the
opportunities for rigorous studies that trace, interview, and test hundreds or thousands of
individuals are challenging and often lacking [50,51]. The likelihood of case ascertainment
bias based on symptoms was likely higher at the time of the initial cruise ship outbreaks,
given that the full symptom complex of SARS-CoV-2 was underappreciated. Other types
of bias were also discussed in previous paragraphs.

That there was a risk of SARS-CoV-2 transmission on cruise ships was evident a few
weeks after the DP outbreak. Nonetheless, 2.5 years later, we still lack definitive infor-
mation on cruise ship transmission modes. Furthermore, only one study was performed
after implementing vaccination programs; however, none of the COVID-19 cases were
vaccinated [33]. Information about the vaccination status of the rest of the passengers and
crew were not available to the authors [33]. We found no studies on more recent variants
such as Delta or Omicron.

Therefore, besides its historical value, the present review raises awareness of the
paucity of data regarding this topic and the necessity for high-quality research on future
cruise ship outbreaks. Otherwise, we will be unable to understand and prevent any similar
disease outbreaks with Omicron variants, other future SARS-CoV-2 variants, or other
respiratory pathogens.

We did not include lists of public health authorities on SARS-CoV-2 transmission
aboard cruise ships. However, we included studies reporting analyses of public lists with
retrospectively known cases of SARS-CoV-2 infection aboard ships.

4.3. Implications for Practice and Research

Our findings highlight the need for a standardized approach to investigate and report
SARS-CoV-2 transmission aboard cruise ships, with possibly a standard international
protocol to investigate ship-borne outbreaks. Future research should aim for a thorough
epidemiological investigation, a comprehensive evaluation of passengers and crew, with a
comprehensive symptom and signs assessment, a rigorous follow-up strategy, and a more
robust testing strategy. Factors that may influence transmission should be consistently
assessed: pre-embarkation screening strategies; technical specifications of the ship; voyage



Trop. Med. Infect. Dis. 2022, 7,290

23 of 27

duration and the number of ports of call; movement and activities (i.e., tours, social
activities, drinking or eating, contact with contaminated surfaces, and use of elevators or
lavatory in common areas); passenger and crew spacing; onboard screening/surveillance
procedures; infectivity of the index case (asymptomatic, pre-symptomatic, or symptomatic,
vaccination and immunological status, and mask-wearing or not); the susceptibility of
passengers and crew (previous SARS-CoV-2 infection or vaccination and compliance with
masks and distancing); and effectiveness of exposure (proximity to the index case and
exposure duration).

Future studies should provide Ct values when reporting RT-PCR results and present
data on timing and methods of sample collection. Further research, including virus isolation,
GS, and phylogenetic analysis, should be conducted to strengthen the current evidence.
Consequently, standardization of research reporting should be a priority.

Cruise ships accommodate large numbers of passengers and crew members originating
from different countries. In addition, passengers are often older with multiple comorbidities
and an increased risk for severe disease and complications. Also, the close quarters, partially
enclosed settings, and prolonged contact among individuals increase the risk of infectious
disease transmission. The presence of other viral and bacterial causes of ARI in the context
of a SARS-CoV-2 outbreak adds additional complexity because COVID-19 may present with
similar symptoms. Methods for assessing disease conditions that mimic the inciting cause
should be clearly defined, including testing strategies, procedures of isolation, notifications
of the authorities, and criteria for returning to work [43]. An integrated syndromic and
virologic surveillance could improve the detection and characterization of SARS-CoV-2
outbreaks and other respiratory pathogens [44]. Although expensive, adding a laboratory
component to routine cruise ship respiratory surveillance could inform better resource
allocation and anticipate needs for cruise ship populations. In addition, it should be
considered that some passengers may not have international or travel healthcare insurance
coverage. Therefore, costs could restrain passengers from seeking medical care until
they present with severe illness. Surveillance of only symptomatic passengers or crew
reporting to the ship’s infirmary may bias detection of cases to those with more severe
symptomatology or those more likely to seek healthcare [44].

Moreover, a SARS-CoV-2 outbreak on a cruise ship has substantial economic and
human resource costs for both public health agencies and cruise ships. Additional staff may
be needed to implement active and passive surveillance and organize testing; during illness
or isolation, crew time is lost, and treatment and hospitalization costs can be expensive.
Therefore, the potential benefits should be weighed against the operational limitations of a
thorough surveillance program.

Several mitigating measures were introduced to prevent the transmission of SARS-
CoV-2 aboard cruise ships. However, the zero-COVID-19 countermeasures presented
serious fiscal consequences, and a more practical near zero-risk approach was recently
proposed [52]. The latest point of view advocates a holistic mitigating perspective, including
behavioral (i.e., social distancing), procedural (i.e., different boarding times), and technical
(i.e., testing procedures) measures.

The measures taken at the beginning of the pandemic reflect the difficulties of im-
plementing zero-risk countermeasures, including high costs and logistics. In addition, to
implement efficient mitigating measures (e.g., respiratory isolation processes PPE, airflow.
Etc.), we first need a thorough understanding of transmission routes and risk factors. There-
fore, high-quality research, with at least one study per type of setting and intervention,
is required.

5. Conclusions

Current evidence indicates a definite risk of transmission of SARS-CoV-2 aboard cruise
ships, with crowding and multiple persons per cabin being associated with an increased
transmission risk. The highest ARs were found in individuals staying in four-person cabins
and the lowest in single-person cabins or those without infected cabinmates. However, the
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currently published data do not allow a conclusive assessment of the risk factors and extent
of the transmission. Nonetheless, valuable information may be gleaned from the highest
quality studies. We found that the quality of evidence from most published studies was
low. The analysis of findings across studies was restricted by variations in study design
and methodology. Standardized guidelines for performing and reporting future cruise ship
outbreaks should be developed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/tropicalmed7100290/s1, File S1; Updated Generic Protocol [53-57],
File S2; Search strategy, File S3; Flow chart showing the process for inclusion of studies investigating
cruise ships transmission, File S4; List of excluded studies, File S5; List of included studies, File S6;
USA citizens repatriated from Diamond Princess, File S7: Timeline of events on Diamond Princess
cruise ship [58,59], File S8; Characteristics of included studies, File S9; Genomic sequencing studies,
File 510; Viral cultures.

Author Contributions: Conceptualization, E.C.R.,, CH.,E.AS,,].B.,, AP,1].O,D.E,, JM.C. and TJ;
methodology, E.C.R,, T.J., C.H. and J.B.; software, E.C.R. and ].B.; investigation, E.C.R., C.H.,E.AS,,
J.B., A.P,1].0., D.E., ]JM.C. and T.J.; resources, A.P.,; data curation, E.C.R.,, C.H., E.AS.,].B,, AP,
L].O.,, D.E,, ] M.C. and TJ.; writing—original draft preparation, E.C.R., C.H. and T.].; writing—review
and editing, EC.R.,, CH.,, E.AS,, J.B., AP, 1].O, D.E, ] M.C. and TJ,; visualization, E.C.R. and C.H.;
supervision, T.J., C.H. and J.M.C.; project administration, A.P. All authors have read and agreed to
the published version of the manuscript.

Funding: This work is supported by the National Institute of Health Research (NIHR) Evidence
Synthesis Working Group [Project 390 and Project 569] and the University of Calgary.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data included in the review are provided in the tables or the
supplemental files.

Acknowledgments: We are grateful for the help of Aki Sakurai, who provided additional information
for our review.

Conflicts of Interest: T.]. Competing interests are available at https:/ /restoringtrials.org/competing-
interests-tom-jefferson/ (accessed on 9 July 2022). C.H. holds grant funding from the NIHR, the
NIHR School of Primary Care Research, the NIHR BRC Oxford, and the World Health Organization
for a series of Living rapid reviews on the modes of transmission of SARS-CoV-2 (WHO Registration
2020/1077093). He has received financial remuneration from an asbestos case and given legal advice
on mesh and hormone pregnancy tests cases. He has received expenses and fees for his media work,
including occasional payments from BBC Radio 4 Inside Health and The Spectator. He receives
expenses for teaching EBM and is also paid for his GP work in NHS out of hours (contract Oxford
Health NHS Foundation Trust). He has also received income from the publication of a series of toolkit
books and for appraising treatment recommendations in non-NHS settings. He is the Director of
CEBM and an NIHR Senior Investigator. D.E. holds grant funding from the Canadian Institutes for
Health Research and Li Ka Shing Institute of Virology relating to the development of COVID-19
vaccines, as well as from the Canadian Natural Science and Engineering Research Council concerning
COVID-19 aerosol transmission. He is a recipient of funding from the World Health Organization
and Province of Alberta, which supports the provision of BSL3-based SARS-CoV-2 culture services
to regional investigators. He also holds public and private sector contract funding relating to the
development of poxvirus-based COVID-19 vaccines, SARS-CoV-2-inactivation technologies, and
serum neutralization testing. J.M.C. holds grants from the Canadian Institutes for Health Research
on acute and primary care preparedness for COVID-19 in Alberta, Canada and was the primary
Local Investigator for a Staphylococcus aureus vaccine study funded by Pfizer for which all funding
was provided only to the University of Calgary. He is co-investigator on a WHO-funded study
using integrated human factors and ethnography approaches to identify and scale innovative IPC
guidance implementation supports in primary care with a focus on low-resource settings and using
drone aerial systems to deliver medical supplies and PPE to remote First Nations communities
during the COVID-19 pandemic. He also received support from the Centers for Disease Control


https://www.mdpi.com/article/10.3390/tropicalmed7100290/s1
https://www.mdpi.com/article/10.3390/tropicalmed7100290/s1
https://restoringtrials.org/competing-interests-tom-jefferson/
https://restoringtrials.org/competing-interests-tom-jefferson/

Trop. Med. Infect. Dis. 2022, 7, 290 25 of 27

and Prevention (CDC) to attend an Infection Control Think Tank Meeting. He is a member and
Chair of the WHO Infection Prevention and Control Research and Development Expert Group for
COVID-19 and a member of the WHO Health Emergencies Programme (WHE) Ad-hoc COVID-19
IPC Guidance Development Group, both of which provide multidisciplinary advice to the WHO, for
which no funding was received and from which no funding recommendations were made for any
WHO contracts or grants. He is also a member of the Cochrane Acute Respiratory Infections Working
Group. ].B. is a major shareholder in the Trip Database search engine (www.tripdatabase.com), as well
as an employee there. In relation to this work, Trip has worked with a large number of organizations
over the years, but none have any links with this work. Their main current projects are with AXA
and Collateral Global. He worked on Living rapid literature review on the modes of transmission
of SARS-CoV-2 (WHO Registration 2020/1077093-0) and is part of the review group carrying out
a scoping review of systematic reviews and meta-analyses of interventions designed to improve
vaccination uptake (WHO Registration 2021/1138353-0). A.P. holds grants from the NIHR School of
Primary Care Research. E.C.R., L.].O., and E.A.S. have no conflicting interests to disclose.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

WHO. COVID-19 Strategic Preparedness and Response Plan: Operational Planning Guideline: 1 February 2021 to 31 January
2022. Available online: https://apps.who.int/iris /handle/10665/340073 (accessed on 3 January 2022).

WHO. Operational Planning Guidance to Support Country Preparedness and Response. Available online: https://www.who.
int/publications/i/item/draft-operational-planning-guidance-for-un-country-teams (accessed on 3 January 2022).

Millman, A.J.; Kornylo Duong, K.; Lafond, K.; Green, N.M.; Lippold, S.A.; Jhung, M.A. Influenza autbreaks Among passengers
and crew on two cruise ships: A recent account of preparedness and response to an ever-present challenge. J. Travel Med. 2015, 22,
306-311. [CrossRef] [PubMed]

Kak, V. Infections on cruise ships. Microbiol. Spectr. 2015, 3. [CrossRef] [PubMed]

Fernandes, E.G.; de Souza, P.B.; de Oliveira, M.E.; Lima, G.D.; Pellini, A.C.; Ribeiro, M.C.; Sato, H.K.; Ribeiro, A.F,; Yu, A.L.
Influenza B outbreak on a cruise ship off the Sao Paulo Coast, Brazil. ]. Travel Med. 2014, 21, 298-303. [CrossRef] [PubMed]
Quigley, A.L.; Nguyen, P.Y.; Stone, H.; Lim, S.; MacIntyre, C.R. Cruise ship travel and the spread of COVID-19—Australia as a
case study. Int. |. Travel Med. Glob. Health 2020, 9, 10-18. [CrossRef]

Moriarty, L.F,; Plucinski, M.M.; Marston, B.J.; Kurbatova, E.V.; Knust, B.; Murray, E.L.; Pesik, N.; Rose, D.; Fitter, D.;
Kobayashi, M.; et al. Public health responses to COVID-19 outbreaks on cruise ships—Worldwide, February-March 2020. MMWR
Morb. Mortal. Wkly. Rep. 2020, 69, 347-352. [CrossRef] [PubMed]

WHO. Operational Considerations for Managing COVID-19 Cases and Outbreaks on Board Ships: Interim Guidance, 24 February
2020. Available online: https://apps.who.int/iris/handle/10665/331164 (accessed on 3 January 2022).

WHO. Operational Considerations for Managing COVID-19 Cases or Outbreaks on Board Ships. Interim Guidance 25 March
2020. Available online: https://www.who.int/publications/i/item/operational-considerations-for-managing-covid-19-cases-
outbreak-on-board-ships (accessed on 31 December 2021).

Schuchat, A. Public health response to the initiation and spread of pandemic COVID-19 in the United States, February 24-April
21, 2020. MMWR Morb. Mortal. Wkly. Rep. 2020, 69, 551-556. [CrossRef] [PubMed]

ECDC. Guidance on the Gradual and Safe Resumption of Operations of Cruise Ships in the European Union in Relation to the
COVID-19 Pandemic. Revision 1, 12 May 2021. Available online: https:/ /www.ecdc.europa.eu/sites/default/files/documents/
COVID-CRUISE-GUIDANCE-revision-1-May-2021.pdf (accessed on 30 December 2021).

Mouchtouri, B.; Veenstra, T.; de Raad, A.; Tejland, S.; Hartog, T.; Boreel, ].].; Boon, D.E.L; de Gee, F; Siedenburg, E.; Veen, O.; et al.
Interim Advice for Restarting River Cruise Ship Operations after Lifting Restrictive Measures in Response to the COVID-19
Pandemic. Version 1, June 2021. Available online: https://www.healthygateways.eu/Portals/0/plcdocs/EU_HEALTHY _
GATEWAYS_COVID-19_RESTARTING_INLAND_CRUISES.PDF (accessed on 30 December 2021).

Rosca, E.C.; Heneghan, C.; Spencer, E.A.; Brassey, J.; Pliiddemann, A.; Onakpoya, L].; Evans, D.H.; Conly, ].M.; Jefferson, T.
Transmission of SARS-CoV-2 associated with cruise ship travel: Protocol for a systematic review (Version 1). medRxiv 2021.
[CrossRef]

Jefferson, T.; Heneghan, C.J.; Spencer, E.; Brassey, J.; Pliiddemann, A.; Onakpoya, I.; Evans, D.; Conly, J. A Hierarchical Framework
for Assessing Transmission Causality of Respiratory Viruses. Viruses 2022, 14, 1605. [CrossRef] [PubMed]

Ahmed, W,; Bertsch, PM.; Angel, N.; Bibby, K.; Bivins, A.; Dierens, L.; Edson, J.; Ehret, ].; Gyawali, P.; Hamilton, K.A.; et al.
Detection of SARS-CoV-2 RNA in commercial passenger aircraft and cruise ship wastewater: A surveillance tool for assessing the
presence of COVID-19 infected travellers. |. Travel Med. 2020, 27, taaall6. [CrossRef] [PubMed]

Yamagishi, T.; Ohnishi, M.; Matsunaga, N.; Kakimoto, K.; Kamiya, H.; Okamoto, K.; Suzuki, M.; Gu, Y.; Sakaguchi, M.;
Tajima, T.; et al. Environmental sampling for Severe Acute Respiratory Syndrome Coronavirus 2 during a COVID-19 outbreak on
the Diamond Princess cruise ship. J. Infect. Dis. 2020, 222, 1098-1102. [CrossRef]

Goldenfeld, M.; Nir-Paz, R.; Segal, G.; Bar-On, E.; Mendelson, E.; Mandelboim, M.; Wolf, D.G.; Marom, E.M.; Israely, T,
Achdout, H.; et al. Characteristics of clinically asymptomatic patients with SARS-CoV-2 infections, case series. Prehospital Disaster
Med. 2021, 36, 125-128. [CrossRef] [PubMed]


www.tripdatabase.com
https://apps.who.int/iris/handle/10665/340073
https://www.who.int/publications/i/item/draft-operational-planning-guidance-for-un-country-teams
https://www.who.int/publications/i/item/draft-operational-planning-guidance-for-un-country-teams
http://doi.org/10.1111/jtm.12215
http://www.ncbi.nlm.nih.gov/pubmed/26031322
http://doi.org/10.1128/microbiolspec.IOL5-0007-2015
http://www.ncbi.nlm.nih.gov/pubmed/26350312
http://doi.org/10.1111/jtm.12132
http://www.ncbi.nlm.nih.gov/pubmed/24889210
http://doi.org/10.34172/ijtmgh.2021.03
http://doi.org/10.15585/mmwr.mm6912e3
http://www.ncbi.nlm.nih.gov/pubmed/32214086
https://apps.who.int/iris/handle/10665/331164
https://www.who.int/publications/i/item/operational-considerations-for-managing-covid-19-cases-outbreak-on-board-ships
https://www.who.int/publications/i/item/operational-considerations-for-managing-covid-19-cases-outbreak-on-board-ships
http://doi.org/10.15585/mmwr.mm6918e2
http://www.ncbi.nlm.nih.gov/pubmed/32379733
https://www.ecdc.europa.eu/sites/default/files/documents/COVID-CRUISE-GUIDANCE-revision-1-May-2021.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/COVID-CRUISE-GUIDANCE-revision-1-May-2021.pdf
https://www.healthygateways.eu/Portals/0/plcdocs/EU_HEALTHY_GATEWAYS_COVID-19_RESTARTING_INLAND_CRUISES.PDF
https://www.healthygateways.eu/Portals/0/plcdocs/EU_HEALTHY_GATEWAYS_COVID-19_RESTARTING_INLAND_CRUISES.PDF
http://doi.org/10.1101/2021.10.11.21264724
http://doi.org/10.3390/v14081605
http://www.ncbi.nlm.nih.gov/pubmed/35893670
http://doi.org/10.1093/jtm/taaa116
http://www.ncbi.nlm.nih.gov/pubmed/32662867
http://doi.org/10.1093/infdis/jiaa437
http://doi.org/10.1017/S1049023X20001466
http://www.ncbi.nlm.nih.gov/pubmed/33198831

Trop. Med. Infect. Dis. 2022, 7,290 26 of 27

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Guagliardo, S.A.J.; Prasad, P.V.; Rodriguez, A.; Fukunaga, R.; Novak, R.T.; Ahart, L.; Reynolds, J.; Griffin, I.; Wiegand, R.;
Quilter, L.A.S.; et al. Cruise ship travel in the era of COVID-19: A summary of outbreaks and a model of public health interven-
tions. Clin. Infect. Dis. 2021, 74, 490-497. [CrossRef] [PubMed]

Hoshino, K.; Maeshiro, T.; Nishida, N.; Sugiyama, M.; Fujita, J.; Gojobori, T.; Mizokami, M. Transmission dynamics of SARS-CoV-2
on the Diamond Princess uncovered using viral genome sequence analysis. Gene 2021, 779, 145496. [CrossRef] [PubMed]
Hoshiyama, T.; Wada, T.; Nihonyanagi, S.; Kameda, R.; Yamaoka-Tojo, M.; Fukuda, M.; Ako, J.; Yamaoka, K.; Takayama, Y.
Clinical and microbiological features of asymptomatic SARS-CoV-2 infection and mild COVID-19 in seven crewmembers of a
cruise ship. Intern. Med. 2020, 59, 3135-3140. [CrossRef] [PubMed]

Hung, LE; Cheng, V.C,; Li, X.; Tam, A.R.; Hung, D.L.; Chiu, K.H.; Yip, C.C.; Cai, ].P,; Ho, D.T.; Wong, S.C.; et al. SARS-CoV-2
shedding and seroconversion among passengers quarantined after disembarking a cruise ship: A case series. Lancet Infect. Dis.
2020, 20, 1051-1060. [CrossRef]

Ing, A.J.; Cocks, C.; Green, ].P. COVID-19: In the footsteps of Ernest Shackleton. Thorax 2020, 75, 693-694. [CrossRef]

Kakimoto, K.; Kamiya, H.; Yamagishi, T.; Matsui, T.; Suzuki, M.; Wakita, T. Initial investigation of transmission of COVID-19
among crew members during quarantine of a cruise ship—Yokohama, Japan, February 2020. MMWR Morb. Mortal. Wkly. Rep.
2020, 69, 312-313. [CrossRef]

Murata, T.; Sakurai, A.; Suzuki, M.; Komoto, S.; Ide, T.; Ishihara, T.; Doi, Y. Shedding of viable virus in asymptomatic SARS-CoV-2
carriers. mSphere 2021, 6, e00019-21. [CrossRef]

Expert Taskforce for the COVID-19 Cruise Ship Outbreak. Epidemiology of COVID-19 outbreak on cruise ship quarantined at
Yokohama, Japan, February 2020. Emerg. Infect. Dis. 2020, 26, 2591-2597. [CrossRef]

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.; et al. Coronavirus Disease 2019 (COVID-19) in Americans aboard the Diamond Princess cruise ship.
Clin. Infect. Dis. 2021, 72, e448-e457. [CrossRef]

Sekizuka, T.; Itokawa, K.; Kageyama, T.; Saito, S.; Takayama, I.; Asanuma, H.; Nao, N.; Tanaka, R.; Hashino, M.; Takahashi, T.; et al.
Haplotype networks of SARS-CoV-2 infections in the Diamond Princess cruise ship outbreak. Proc. Natl. Acad. Sci. USA 2020, 117,
20198-20201. [CrossRef] [PubMed]

Sekizuka, T.; Kuramoto, S.; Nariai, E.; Taira, M.; Hachisu, Y.; Tokaji, A.; Shinohara, M.; Kishimoto, T.; Itokawa, K,
Kobayashi, Y.; et al. SARS-CoV-2 genome analysis of Japanese travelers in Nile River cruise. Front. Microbiol. 2020, 11, 1316.
[CrossRef] [PubMed]

Waltenburg, M.A.; Pomeroy, M.A.; Hughes, L.; Gold, ]. A\W,; Mayer, O.; Vang, A.; Hallowell, B.D.; Foster, L.; Xu, K,
Espinoza, R.; et al. Testing for SARS-CoV-2 among cruise ship travelers repatriated to the United States, February—-March 2020.
medRxiv 2021. [CrossRef]

Yamagishi, T.; Kamiya, H.; Kakimoto, K.; Suzuki, M.; Wakita, T. Descriptive study of COVID-19 outbreak among passengers and
crew on Diamond Princess cruise ship, Yokohama Port, Japan, 20 January to 9 February 2020. Eurosurveillance 2020, 25, 2000272.
[CrossRef] [PubMed]

Yamahata, Y.; Shibata, A. Preparation for quarantine on the cruise ship Diamond Princess in Japan due to COVID-19. [MIR Public
Health Surveill. 2020, 6, €18821. [CrossRef] [PubMed]

Abe, H.; Ushijima, Y.; Amano, M.; Sakurai, Y.; Yoshikawa, R.; Kinoshita, T.; Kurosaki, Y.; Yanagihara, K.; Izumikawa, K;
Morita, K.; et al. Unique Evolution of SARS-CoV-2 in the Second Large Cruise Ship Cluster in Japan. Microorganisms 2022, 10, 99.
[CrossRef]

Alvarez-Leén, E.E.; Fernandez-Nakoura, D.M.; Lépez-Villarrubia, E.; Aleman-Sanchez, J.J. Real world experience on cruise ships
in the Canary Islands highlight that safe travel is possible. ]. Travel Med. 2022, 29, taac001. [CrossRef]

Gravningen, K.; Henriksen, S.; Hungnes, O.; Svendsen, K.; MacDonald, E.; Schirmer, H.; Stene-Johansen, K.; Simonsen, G.S.;
Kacelnik, O.; Elstrem, P; et al. Risk factors, immune response and whole-genome sequencing of SARS-CoV-2 in a cruise ship
outbreak in Norway. Int. J. Infect. Dis. 2022, 118, 10-20. [CrossRef]

Walker, L.J.; Codreanu, T.A.; Armstrong, PX.; Goodwin, S.; Trewin, A.; Spencer, E.; Colquhoun, S.M.; Stephens, D.M.; Baird, RW.,;
Douglas, N.M.; et al. SARS-CoV-2 infections among Australian passengers on the Diamond Princess cruise ship: A retrospective
cohort study. PLoS ONE 2021, 16, e0255401. [CrossRef]

Maeda, H.; Sando, E.; Toizumi, M.; Arima, Y.; Shimada, T.; Tanaka, T.; Tashiro, M.; Fujita, A.; Yanagihara, K.; Takayama, H.; et al.
Epidemiology of Coronavirus Disease Outbreak among Crewmembers on Cruise Ship, Nagasaki City, Japan, April 2020. Emerg.
Infect. Dis. 2021, 27, 2251-2260. [CrossRef]

Yeh, T.-Y.; Contreras, G.P. Viral transmission and evolution dynamics of SARS-CoV-2 in shipboard quarantine. Bull. World Health
Organ. 2021, 99, 486—495. [CrossRef] [PubMed]

Kordsmeyer, A.C.; Mojtahedzadeh, N.; Heidrich, J.; Militzer, K.; von Miinster, T.; Belz, L.; Jensen, H.]J.; Bakir, S.; Henning, E.;
Heuser, J.; et al. Systematic review on outbreaks of SARS-CoV-2 on cruise, navy and cargo ships. Int. ]. Environ. Res. Public Health
2021, 18, 5195. [CrossRef] [PubMed]

Furuse, Y. Genomic sequencing effort for SARS-CoV-2 by country during the pandemic. Int. . Infect. Dis. 2021, 103, 305-307.
[CrossRef] [PubMed]


http://doi.org/10.1093/cid/ciab433
http://www.ncbi.nlm.nih.gov/pubmed/33978720
http://doi.org/10.1016/j.gene.2021.145496
http://www.ncbi.nlm.nih.gov/pubmed/33588037
http://doi.org/10.2169/internalmedicine.5601-20
http://www.ncbi.nlm.nih.gov/pubmed/33132333
http://doi.org/10.1016/S1473-3099(20)30364-9
http://doi.org/10.1136/thoraxjnl-2020-215091
http://doi.org/10.15585/mmwr.mm6911e2
http://doi.org/10.1128/mSphere.00019-21
http://doi.org/10.3201/eid2611.201165
http://doi.org/10.1093/cid/ciaa1180
http://doi.org/10.1073/pnas.2006824117
http://www.ncbi.nlm.nih.gov/pubmed/32723824
http://doi.org/10.3389/fmicb.2020.01316
http://www.ncbi.nlm.nih.gov/pubmed/32582136
http://doi.org/10.1101/2021.06.07.21258318
http://doi.org/10.2807/1560-7917.ES.2020.25.23.2000272
http://www.ncbi.nlm.nih.gov/pubmed/32553062
http://doi.org/10.2196/18821
http://www.ncbi.nlm.nih.gov/pubmed/32365046
http://doi.org/10.3390/microorganisms10010099
http://doi.org/10.1093/jtm/taac001
http://doi.org/10.1016/j.ijid.2022.02.025
http://doi.org/10.1371/journal.pone.0255401
http://doi.org/10.3201/eid2709.204596
http://doi.org/10.2471/BLT.20.255752
http://www.ncbi.nlm.nih.gov/pubmed/34248221
http://doi.org/10.3390/ijerph18105195
http://www.ncbi.nlm.nih.gov/pubmed/34068311
http://doi.org/10.1016/j.ijid.2020.12.034
http://www.ncbi.nlm.nih.gov/pubmed/33333251

Trop. Med. Infect. Dis. 2022, 7, 290 27 of 27

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

Jefferson, T.; Spencer, E.A.; Brassey, J.; Onakpoya, 1].; Rosca, E.C.; Pliiddemann, A.; Evans, D.H.; Conly, ].M.; Heneghan, C.J. Trans-
mission of Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) from pre and asymptomatic infected individuals: A
systematic review. Clin. Microbiol. Infect. 2021, 28, 178-189. [CrossRef]

Arashiro, T.; Nakamura, S.; Asami, T.; Mikuni, H.; Fujiwara, E.; Sakamoto, S.; Miura, R.; Shionoya, Y.; Honda, R,
Furukawa, K; et al. SARS-CoV-2 and Legionella co-infection in a person returning from a Nile cruise. J. Travel Med. 2020, 27,
taaa053. [CrossRef] [PubMed]

Peake, D.E.; Gray, C.L.; Ludwig, M.R.; Hill, C.D. Descriptive epidemiology of injury and illness among cruise ship passengers.
Ann. Emerg. Med. 1999, 33, 67-72. [CrossRef]

Harvey, RR; Nett, R.J.; McNamara, K.; McClung, R.P,; Pieracci, E.G.; Mayer, O.; Labar, K.A; Xu, K.; Facey, J.; Honein, M. A.
Influenza-like illness among personnel responding to U.S. quarantine of cruise ship passengers exposed to SARS-CoV-2. J. Occup.
Environ. Med. 2021, 64, 58-63. [CrossRef] [PubMed]

Rogers, K.B.; Roohi, S.; Uyeki, TM.; Montgomery, D.; Parker, J.; Fowler, N.H.; Xu, X.; Ingram, D.].; Fearey, D.; Williams, S.M.;
et al. Laboratory-based respiratory virus surveillance pilot project on select cruise ships in Alaska, 2013-2015. |. Travel Med. 2017,
24, tax069. [CrossRef]

Lin, Y.C.; Malott, R.]J.; Ward, L.; Kiplagat, L.; Pabbaraju, K.; Gill, K.; Berenger, B.M.; Hu, J.; Fonseca, K.; Noyce, R.S.; et al. Detection
and quantification of infectious severe acute respiratory coronavirus-2 in diverse clinical and environmental samples. Sci. Rep.
2022, 12, 5418. [CrossRef]

Kotwa, ].D.; Jamal, A.J.; Mbareche, H.; Yip, L.; Aftanas, P; Barati, S.; Bell, N.G.; Bryce, E.; Coomes, E.; Crowl, G.; et al. Surface and
air contamination with SARS-CoV-2 from hospitalized COVID-19 patients in Toronto, Canada, March-May 2020. J. Infect. Dis.
2021, 225, 768-776. [CrossRef]

Onakpoya, 1.].; Heneghan, C.J.; Spencer, E.A.; Brassey, J.; Rosca, E.C.; Maltoni, S.; Pliiddemann, A.; Evans, D.H.; Conly, ].M.;
Jefferson, T. Viral Cultures for Assessing Fomite Transmission of SARS-CoV-2: A Systematic Review and Meta-Analysis. ]. Hosp.
Infect. 2022. [CrossRef]

Bert, F,; Scaioli, G.; Gualano, M.R,; Passi, S.; Specchia, M.L.; Cadeddu, C.; Viglianchino, C.; Siliquini, R. Norovirus outbreaks on
commercial cruise ships: A systematic review and new targets for the public health agenda. Food Environ. Virol. 2014, 6, 67-74.
[CrossRef] [PubMed]

Freedman, D.O.; Leder, K. Influenza: Changing approaches to prevention and treatment in travelers. . Travel Med. 2005, 12, 36—44.
[CrossRef] [PubMed]

Freedman, D.O.; Wilder-Smith, A. In-flight transmission of SARS-CoV-2: A review of the attack rates and available data on the
efficacy of face masks. J. Travel Med. 2020, 27, taaal78. [CrossRef] [PubMed]

Rosca, E.C.; Heneghan, C.; Spencer, E.A.; Brassey, J.; Pliiddemann, A.; Onakpoya, L].; Evans, D.H.; Conly, ] M.; Jefferson, T.
Transmission of SARS-CoV-2 associated with aircraft travel: A systematic review. J. Travel Med. 2021, 28, taab133. [CrossRef]
Niemeld, E.; Spohr, J.; Hellstrom, M.; Langstedyt, J.; Tsvetkova, A.; Sjoblom, J.; Khan, E; Eriksson, J.E.; Wikstrém, K. Managing
passenger flows for seaborne transportation during COVID-19 pandemic. . Travel Med. 2021, 28, taab068. [CrossRef]
Transmission of SARS-CoV-2: Implications for Infection Prevention Precautions. Available online: https://www.who.int/
news-room/commentaries/detail / transmission-of-sars-cov-2-implications-for-infection-prevention-precautions (accessed on
22 May 2022).

Infection Prevention and Control of Epidemic-and Pandemic-Prone Acute Respiratory Infections in Health Care; World Health Organization:
Geneva, Switzerland, 2014; Available online: https://apps.who.int/iris/bitstream /handle/10665/112656 /9789241507134 _eng,.
pdfjjsessionid=41AA684FB64571CE8D8A453C4F2B2096?sequence=1 (accessed on 22 May 2022).

Jefferson, T.; Spencer, E.A.; Brassey, J.; Heneghan, C. Viral Cultures for COVID-19 Infectious Potential Assessment—A systematic
review. Clin. Infect. Dis. 2020, 73, e3884-e3899. [CrossRef]

Tricco, A.C,; Lillie, E.; Zarin, W.; O’Brien, K.K.; Colquhoun, H.; Levac, D.; Moher, D.; Peters, M.; Horsley, T.; Weeks, L.; et al.
PRISMA extension for scoping reviews (PRISMA-ScR): Checklist and explanation. Ann. Intern. Med. 2018, 169, 467-473.
[CrossRef]

The Oxford Research Archive. Available online: https:/ /ora.ox.ac.uk (accessed on 5 October 2020).

Kato, H.; Shimizu, H.; Shibue, Y.; Hosoda, T.; Iwabuchi, K.; Nagamine, K.; Saito, H.; Sawada, R.; Oishi, T.; Tsukiji, J.; et al. Clinical
course of 2019 novel coronavirus disease (COVID-19) in individuals present during the outbreak on the Diamond Princess cruise
ship. J. Infect. Chemother. 2020, 26, 865-869. [CrossRef]

Nakazawa, E.; Ino, H.; Akabayashi, A. Chronology of COVID-19 cases on the Diamond Princess cruise ship and ethical
considerations: A report from Japan. Disaster Med. Public Health Prep. 2020, 14, 506-513. [CrossRef]


http://doi.org/10.1016/j.cmi.2021.10.015
http://doi.org/10.1093/jtm/taaa053
http://www.ncbi.nlm.nih.gov/pubmed/32297939
http://doi.org/10.1016/S0196-0644(99)70419-1
http://doi.org/10.1097/JOM.0000000000002335
http://www.ncbi.nlm.nih.gov/pubmed/34310544
http://doi.org/10.1093/jtm/tax069
http://doi.org/10.1038/s41598-022-09218-5
http://doi.org/10.1093/infdis/jiab578
http://doi.org/10.1016/j.jhin.2022.09.007
http://doi.org/10.1007/s12560-014-9145-5
http://www.ncbi.nlm.nih.gov/pubmed/24838574
http://doi.org/10.2310/7060.2005.00007
http://www.ncbi.nlm.nih.gov/pubmed/15996465
http://doi.org/10.1093/jtm/taaa178
http://www.ncbi.nlm.nih.gov/pubmed/32975554
http://doi.org/10.1093/jtm/taab133
http://doi.org/10.1093/jtm/taab068
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions
https://apps.who.int/iris/bitstream/handle/10665/112656/9789241507134_eng.pdf;jsessionid=41AA684FB64571CE8D8A453C4F2B2096?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/112656/9789241507134_eng.pdf;jsessionid=41AA684FB64571CE8D8A453C4F2B2096?sequence=1
http://doi.org/10.1093/cid/ciaa1764
http://doi.org/10.7326/M18-0850
https://ora.ox.ac.uk
http://doi.org/10.1016/j.jiac.2020.05.005
http://doi.org/10.1016/j.jiac.2020.05.005

	Introduction 
	Materials and Methods 
	Results 
	Quality of Included Studies 
	Environmental Studies 
	Studies on the Onboard Transmission of SARS-CoV-2 
	Cruise Details 
	Case Definitions: Index Cases, Contacts, and Secondary Cases 
	Study Types and Contact Tracing Strategies 

	Onboard Transmission 
	Reporting of Index Cases, Secondary Cases, Contact Tracing, and Follow-Up 
	Spatial Distribution 
	Use of Masks 

	Genome Sequencing (GS) and Phylogenetic Analysis 
	Viral Cultures 

	Discussion 
	Summary of Main Findings 
	Strengths and Limitations of the Review 
	Implications for Practice and Research 

	Conclusions 
	References

