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Investigation of an outbreak of acute nonbacterial gastroenteritis on a cruise ship provided an opportunity
to assess new molecular method-based diagnostic methods for Norwalk virus (NV) and the antibody response
to NV infection. The outbreak began within 36 h of embarkation and affected 301% of 672 passengers and crew.
No single meal, seating, or food item was implicated in the transmission of NV, but a passenger's risk of illness
was associated with the amount of ice (but not water) consumed (chi-square for trend, P = 0.009). Of 19 fecal
specimens examined, 7 were found to contain 27-nm NV-like particles by electron microscopy and 16 were

positive by PCR with very sensitive NV-specific primers, but only 5 were positive by a new highly specific
antigen enzyme immunoassay for NV. Ten of 12 serum specimen pairs demonstrated a fourfold or greater rise
in antibody titer to recombinant baculovirus-expressed NV antigen. The amplified PCR band shared only 81%
nucleotide sequence homology with the reference NV strain, which may explain the lack of utility of the fecal
specimen enzyme immunoassay. This report, the first to document the use of these molecular method-based
assays for investigation of an outbreak, demonstrates the importance of highly sensitive viral diagnostics such
as PCR and serodiagnosis for the epidemiologic investigation of NV gastroenteritis.

Norwalk virus, a member of the family Calicivindae, is a
common cause of outbreaks of gastroenteritis, but diagnosis
of Norwalk virus infection has been difficult because of the
low concentration of particles visible by electron micros-
copy in fecal samples and the need for reagents from infected
humans to perform serologic testing (la, 15). Recent ad-
vances in cloning and sequencing of the Norwalk virus
genome have led to the development of PCR assays for the
detection of Norwalk virus in fecal material and the produc-
tion of recombinant baculovirus-expressed Norwalk virus
(rNV) capsid antigen to assist in serodiagnosis (4, 10, 13, 14,
17). An outbreak of acute nonbacterial gastroenteritis aboard
a cruise ship provided fecal and serum specimens to test
these new assays as part of an investigation of an epidemic.
On 22 February 1992, the Hawaii State Health Department
was notified that 104 cases of acute gastroenteritis were

recorded in the medical log among 694 passengers and 295
crew members aboard a 683-foot (208-m) cruise ship that
toured the Hawaiian islands from 15 February to 22 Febru-
ary (cruise 1). The Hawaii State Department of Health
requested that the ship dispose of all food, hyperchlorinate
the water supply, and obtain appropriate water and fecal
specimens for routine bacteriologic culture. Despite these
precautions, additional cases of gastroenteritis were noted
within 2 days of departure of the subsequent cruise (cruise 2;
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22 February to 29 February), and an epidemiologic investi-
gation was conducted at sea to identify the etiologic agent
and determine the mode of transmission so that possible
control and prevention measures could be recommended.

MATERMILS AND METHODS

Epidemiologic studies. An epidemiologic investigation was
conducted aboard ship and included both a review of the
ship's medical log and a survey of passengers and crew
members. A case of gastroenteritis was defined as any acute
diarrheal illness either self-reported on questionnaires or
recorded in the ship's log. Questionnaires were distributed
and collected by the fifth day of the cruise from all passen-
gers and crew members to better estimate the incidence of
the disease, to determine clinical characteristics, and to
identify specific exposures associated with cases that could
indicate the mode of transmission.

Sanitation inspection. The cruise ship was inspected by
sanitarians from the U.S. Food and Drug Administration
who routinely examine ships involved in interstate com-
merce. The team inspected the sewage system; plumbing;
garbage and refuse disposal systems; insect, rodent, and
animal control procedures; physical facilities, including re-
frigeration temperatures; food protection and handling; and
personal hygienic practices among the ship's crew.

Specimens. Fecal and acute-phase serum specimens were
collected from 19 passengers and crew members who re-
ported acute diarrhea during the last 4 days of the cruise.
Convalescent-phase serum specimens were obtained from 12
of the same passengers and crew members approximately 3
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to 4 weeks following their episodes of diarrhea. Fecal
specimens were stored at 4°C, and sera were stored at - 20°C
until testing.

Electron microscopy (EM). Fecal specimens were prepared
as 10% suspensions in Eagle's minimum essential medium
with 0.25% paraformaldehyde. A 3-I,l aliquot was applied to
a 400-mesh Formvar carbon-coated grid, stained with 2%
phosphotungstic acid (pH 6.5), and examined on a Phillips
201 electron microscope (18).
RT-PCR. Viral RNA was extracted from the fecal speci-

mens by using the methods of Jiang et al. (12), and reverse
transcription (RT)-PCR was performed on all samples with
three sets of oligonucleotide primers specific for the Nor-
walk virus: two pairs from the polymerase region (35-36 [14]
and NV51-NV3 [1]) and one pair (1-4) from the third open
reading frame near the 3' end of the genome (12, 14). Viral
RNA was reverse transcribed at 42°C for 1 h, and the cDNA
was amplified for 40 cycles by PCR. The amplified products
were analyzed by agarose gel electrophoresis, stained with
ethidium bromide, and visualized with UV light. Specimens
were considered positive if their PCR product comigrated
with the band produced by Norwalk virus-infected fecal
material from a human volunteer. Several PCR products
from the polymerase region were sequenced to compare the
homology of this virus with that of the reference Norwalk
virus strain.
EIA for Norwalk virus antigen. Briefly, in the EIA for

Norwalk virus antigen, 96-well microtiter plates were coated
with 50 pl of rabbit hyperimmune anti-rNV serum (diluted
1:5,000), and after blocking with nonfat milk, 50 pl of the
10% stool suspensions was added. After an overnight incu-
bation at 4°C, the plates were washed and 50 pl of a guinea
pig hyperimmune anti-rNV serum specimen (diluted 1:5,000)
was added. Horseradish peroxidase-conjugated goat anti-
guinea pig serum and substrate were used to detect positive
reactions. This antigen enzyme immunoassay (EIA) is highly
specific for Norwalk virus; it does not detect other viruses in
the Norwalk virus group, such as Snow Mountain agent,
Hawaii agent, or the Sapporo strain of caliciviruses (11).

Serology. Serum specimens were tested for antibody to
Norwalk virus by an EIA that uses the rNV capsid protein as
antigen (7, 11, 19). Antibody units were extrapolated from a
standard curve generated by using a positive control serum
specimen (19). Serologic confirmation of infection was de-
fined as a fourfold or greater increase in antibody units.

Statistical analysis. To examine the association of disease
with specific exposures, we analyzed data from the question-
naires using Epi-Info (Version 5.01b) software to calculate
relative risks (RRs) with 95% confidence intervals (CIs) (3,
25). Dose-response relationships linking disease risk with
water and ice consumption were tested for significance by
the chi-square test for trend or the Wilcoxon two-sample test
(5, 24). Stratified Mantel-Haenszel analysis was also used to
calculate RRs and 95% CIs to adjust for the effects of
multiple variables (22, 23).

RESULTS

Epidemiologic studies. A review of the ship's medical log
indicated that the outbreak began abruptly when 93 passen-
gers (or 13% of the total) visited the ship's physician during
the last 2 days of the first cruise. On the next cruise, the
outbreak continued immediately; passengers became ill
within 24 h of departure, the outbreak peaked during the
third day at sea, and passengers became ill throughout the
cruise until arrival in port 7 days later.

TABLE 1. Attack rates for gastroenteritis among ill shipboard
people as a function of daily ice ingestion, Hawaiian Islands,

22 February to 29 February 1992

Ice No. infected/total no. (%)
consumption

(no. of glasses) Passengersa Crew"

0 4/31 (13) 0/5 (0)
1-2 53/177 (30) 6/16 (38)
3-4 76/226 (34) 7/13 (54)
>4 47/121 (39) 6/11 (55)

a Chi-square for trend, P = 0.009.
b Wilcoxon two-sample test, P = 0.04.

A total of 608 (91%) of the 671 passengers and 64 (22%) of
the 295 crew members returned questionnaires completed by
the fifth day of cruise 2. Of these, 183 (30%) passengers and
19 (30%) crew members reported an acute diarrheal illness.
The illness was characterized by nausea (79%), non-bloody
diarrhea (76%), vomiting (70%), cramps (60%), headache
(46%), muscle aches (40%), and fever (35%) and had a mean
duration of 1.7 days.
The information obtained from passengers failed to impli-

cate a single meal, food item, or specific dinner seating or
dining room location as the source of the outbreak. Of the
approximately 200 potential exposures evaluated, only con-
sumption of ice was both reported by at least 50% of ill
passengers and crew and was associated with becoming ill.
The attack rate for passengers who consumed ice was
significantly greater than that for passengers who did not
(176 of 524 [34%] compared with 4 of 31 [13%]; RR = 2.60;
95% CI = 1.03, 6.55). A similar association was found for the
crew (19 of 39 [49%] compared with 0 of 5 [0%]; one-tailed
Fisher exact test, P = 0.05). In addition, this risk increased
with increasing amounts of ice consumed for passengers and
crew alike (Table 1). Among both passengers and crew,
there was no statistically significant association for illness
and consumption of water (170 of 526 [32%] compared with
6 of 32 [19%] [P = 0.16] and 14 of 35 [40%] compared with 5
of 13 [38%] [P = 0.81], respectively) or for illness and
increasing amounts of water consumed. Of interest, although
the water supply was hyperchlorinated and the food items
present during the outbreak on cruise 1 were discarded prior
to cruise 2, ice was not discarded, providing a potential
common link between these outbreaks.
We also tested the hypothesis that illness was related to

failure to decontaminate the cabins between cruises. During
cruise 2, passengers who occupied a cabin that had been
assigned to an ill passenger of the first cruise were signifi-
cantly more likely to become ill than were passengers who
were not residents of such cabins (48 of 113 [42%] versus 135
of 466 [29%], respectively; RR = 1.47; 95% CI = 1.13, 1.90).
The association between illness and occupancy in these
cabins remained after adjusting for ice consumption (RR =
1.60; 95% CI = 1.14, 2.24). These cabins were located on
various decks of the ship and were not supplied by any single
ice machine.

Sanitation inspection. The cruise ship received a score of
44 of 100 on the Food Service Establishment inspection and
a summary vessel sanitation score of 70 of 100 (passing
score, 85) during the sanitary inspection by investigators
from the U.S. Food and Drug Administration. Water sam-
ples contained adequate levels of chlorine, and total
coliforms were within acceptable levels. However, four of
the five ice machines inspected, including both machines
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TABLE 2. Results of diagnostic assays for Norwalk virus on 19
fecal samples from an outbreak of gastroenteritis

No. of EM EIA PCR with NV51-NV3 Serology
specimens primer pair

1 + + + +
1 + + + NAa
2 + - + +
3 + - + NA
1 - + + +
1 - + - +
1 - + + NA
5 - - + +
1 - - + _
1 - - + NA
1 - - _ _
1 - - - NA

19 7/19 5/19 16/19 10/12

aNA, not available.
b Values in this row are totals or number infected/total number of subjects.

that supplied the dining room, did not have appropriate
air-gap devices to prevent sewage backup. Additionally, the
ice machines were designed with a large bin covered by a
hinged lid; hand-held scoops for ice removal were chained to
the large bins. Inspection indicated that great care would be
required to avoid touching, and hence potentially contami-
nating, ice when scooping it from the bins. Epidemiologi-
cally, no specific ice machine, however, was implicated as
the source of the outbreak.

Laboratory studies. Of the 19 fecal specimens examined by
direct EM, 7 contained 27-nm small round-structured vi-
ruses, indicative of a Norwalk virus-like agent. By EIA,
Norwalk virus antigen was detected in 5 of 19 specimens
tested, although there was concordance between the EIA
and EM results for only 2 specimens (Table 2). Sixteen of the
19 fecal samples were positive by RT-PCR with one set of
primer pairs (NV51-NV3; Fig. 1). All the samples were
negative with the 1-4 primers, and six were weakly positive
with the 35-36 primers. With the NV51-NV3 primers, PCR
was more sensitive than EM or EIA. Norwalk virus RNA
was found in seven samples that were negative by EM and
EIA.
Because of the discordant RT-PCR results obtained with

the different primer sets, purified PCR products from three
samples were sequenced and compared with the sequence of
the reference Norwalk virus strain to determine whether
genetic variations could explain the failure of the other
primers and the fecal ETA to react with these outbreak
specimens. One of these samples was positive by EM, EIA,
and PCR, one was positive by EM and PCR, and one was
positive by PCR only. Sequence analysis of a 145-base
region in the polymerase gene indicated that the three
isolates from the outbreak were identical to each other and
that the etiologic agent of the outbreak had only 81%
nucleotide identity and an 88% amino acid identity to the
reference Norwalk virus strain.
Ten of 12 paired serum specimens examined by EIA

demonstrated a fourfold or greater rise in antibody titer to
the rNV (Fig. 2). One serum specimen pair had a greater
than threefold rise (i.e., 29 to 102) in titer, and one serum
specimen pair from a crew member had a titer that was high
in both acute- and convalescent-phase sera. A fecal speci-
men from this crew member was negative for virus by EM,
EIA, and PCR. The large proportion of fourfold or greater

M 1 2 3 4 5 6 7 8 9 10 11 121314 P N M
FIG. 1. UV-illuminated agarose gel showing 206-bp PCR product

from 14 fecal samples (lanes 1 to 14) from ill shipboard people, a
positive control (lane P; Norwalk virus-infected fecal sample from a
human volunteer), and a negative control (lane N; water). The left
molecular mass marker (lane M) is pBR322-Msp fragments and the
right molecular mass marker (lane M) is 4X174-HaeIII fragments.
The assay whose results are shown here was performed with 3%
agarose gel with 0.5 ,ug of ethidium bromide per ml and was run at
140 V for 90 min.

serum antibody rises to the Norwalk virus in the outbreak
(83%) was indicative of a Norwalk virus etiology.

DISCUSSION

The large outbreak of Norwalk virus gastroenteritis de-
scribed here was traced to the consumption of presumably
contaminated ice. Evidence implicating ice as the most likely
vehicle for the outbreak is circumstantial, but included (i) the
statistically significant association of ice consumption with
disease demonstrated separately for both passengers and
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FIG. 2. Antibody response with rNV as the antigen in acute- and
convalescent-phase serum specimens (19). Antibody units were
extrapolated from a standard curve generated by using a positive
control serum specimen and were plotted on a semilogarithmic
scale.
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crew, (ii) the dose-response curve for passengers and crew,
(iii) the rapid onset of the outbreak after embarkation on the
cruise, and (iv) the failure to clean the ice machines after the
outbreak of the previous week. The lack of a statistically
significant association between illness and water consump-
tion and the failure to identify fecal contamination of the
ship's water supply during initial testing suggest that the ice
machines themselves, rather than the water supply, were
contaminated. Inspection revealed that the ice machines
could have been readily contaminated by a server's hands or
possibly from sewage backup because of the lack of appro-
priate safety devices. Surface contamination of ice, as op-
posed to its water supply, has previously been identified as
the source of diarrheal outbreaks caused by Salmonella
enteritidis and Giardia lamblia (8, 20). Ice made from
contaminated water has previously been implicated as the
vehicle for transmission of cholera (6) and Norwalk virus
during a multistate diarrheal outbreak (2).
Contaminated ice is unlikely to have been the sole factor

in the outbreak described here. The association between
illness during cruise 2 and the occupation of a cabin of
persons who were ill during cruise 1 suggests the possibility
of environmental spread. This association has also been
observed previously in similar settings (9, 21). The combi-
nation of this finding with anecdotal reports of person-to-
person spread suggests that this outbreak was multifactorial
in nature. After our investigation, the cruise ship was
voluntarily wet-docked for 1 week to discard ice, thoroughly
clean the ice machines and cabins, and remedy all other U.S.
Food and Drug Administration violations. Only four cases of
gastroenteritis were reported among 873 passengers and
crew members aboard the ship during the subsequent cruise,
which was consistent with the usual number of such cases on
a typical cruise.

Confirmation of the etiology of Norwalk virus infections in
investigated outbreaks has been limited by the lack of widely
available, sensitive laboratory techniques for the detection
of Norwalk virus. Until recently, diagnosis relied on the
observation of small round-structured virus particles in feces
by EM and immune EM and demonstration of seroconver-
sion by ETAs that used reagents from infected human
volunteers. Because of the low concentration of virus in
feces, direct EM is a relatively insensitive method for the
detection of the majority of Norwalk virus infections (15).
Even by immune EM, Norwalk virus particles were visible
in only 48% of fecal samples from volunteers with diarrhea
and 34% of stool specimens from serologically confirmed
outbreaks of Norwalk virus gastroenteritis (15). EIAs for the
detection of antibodies in serum were not widely available
because of the limited supply of reagents from infected
humans.
The study described here is the first to apply molecular

method-based diagnostics for Norwalk virus to an investiga-
tion of an outbreak of Norwalk virus gastroenteritis. In the
outbreak described here, the detection rate by direct EM
was 37% (i.e., 7 of 19 specimens). PCR with one set of
primer pairs (NV51-NV3) had greater sensitivity than either
EM or ETA and detected seven positive specimens that were
missed by the other assays. However, the successful appli-
cation of RT-PCR for investigations of Norwalk virus out-
breaks depends upon the choice of primers. By using prim-
ers which work for prototype Norwalk virus-infected
specimens, few of the samples from the outbreak were
positive with primers in the polymerase region (35-36) and
none were positive with a set from the 3' end of the virus
genome (primer pair 1-4). Our experience with the NV51 and

NV3 primers, which were used successfully in the analysis
of the present and other outbreaks, shows that they are more
sensitive than the other two primer pairs, perhaps because
they share greater homology with the polymerase genes of
other Norwalk-like viruses (16). The sequences of the PCR
products from the polymerase region from three samples
from the present outbreak indicate that there is a 19%
divergence in the nucleotide sequence and a 12% divergence
in the amino acid sequence from the reference Norwalk virus
strain, even though in the present outbreak 83% of the 12
paired serum specimens demonstrated a fourfold or greater
rise in antibody titer in serum to the baculovirus-expressed
antigen.
The antigen ETA is potentially a more widely applicable

diagnostic test for screening specimens from Norwalk virus
outbreaks, since it requires less time, equipment, and exper-
tise than those required by EM or PCR. However, the
results of the present study indicate that the antigen EIA is
not as sensitive as PCR with the appropriate primers, and the
reactivity of EIA against the family of Norwalk viruses
appears to be narrow (11). The results of the fecal diagnos-
tics indicate that the antigen ETA detected fewer numbers of
positive samples in comparison with EM. While two samples
were positive by both EM and ETA, each assay detected
Norwalk virus antigen or particles in several samples that
were negative by the other assay; broken Norwalk virus
particles may be detectable by ETA but may not be visible by
EM. Five of the EM-positive fecal samples did not react with
the antisera in the ETA. However, all of these samples were
PCR positive, and paired serum samples from two of these
patients were serologically positive for Norwalk virus (sera
from the other patients were not available).
There was good concordance between the fecal PCR

diagnostics and the results of the serologic assay. One of the
two people who showed no rise in Norwalk virus antibody
titer also had a fecal specimen that was negative for Norwalk
virus by EM, EIA, and PCR, while the other had a threefold
rise in antibody titer and a fecal specimen that was negative
for Norwalk virus by EM and ETA but positive by PCR. The
use of the rNV capsid protein in the EIA for serum antibod-
ies is a valuable advance in Norwalk virus diagnostics. The
assay is comparable to the previous Norwalk virus serologic
assay, but it has the advantages of greater range, sensitivity,
and reproducibility and does not require nonreplenishable
and variable reagents from infected humans (19).
New molecular method-based assays for the detection of

viral RNA by RT-PCR and Norwalk virus antibodies with
expressed antigen were used to establish an etiologic diag-
nosis in an outbreak of acute gastroenteritis. These methods
were more sensitive than previous diagnostic assays for
Norwalk virus and have the potential to be broadly reactive
and widely applicable for investigations of Norwalk virus-
induced gastroenteritis. Sequence analyses of the Norwalk
virus isolates from the present outbreak and other outbreaks
will allow for the design of broadly reactive PCR primers in
regions of the genome (polymerase region) known to be
highly conserved among caliciviruses and will allow for the
detection of other members of this group of viruses associ-
ated with outbreaks of gastroenteritis.
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