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Background: Little is known about clusters of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
in acute care hospitals.

Objective: To describe the detection, mitigation, and analy-
sis of a large cluster of SARS-CoV-2 infections in an acute
care hospital with mature infection control policies.

Design: Descriptive study.
Setting: Brigham and Women's Hospital, Boston, Massachusetts.

Participants: Patients and staff with cluster-related SARS-
CoV-2 infections.

Intervention: Close contacts of infected patients and staff
were identified and tested every 3 days, patients on affected
units were preemptively isolated and repeatedly tested,
affected units were cleaned, room ventilation was measured,
and specimens were sent for whole-genome sequencing. A
case-control study was done to compare clinical interactions,
personal protective equipment use, and breakroom and
workroom practices in SARS-CoV-2-positive versus negative
staff.

Measurements: Description of the cluster, mitigation activ-
ities, and risk factor analysis.

Results: Fourteen patients and 38 staff members were
included in the cluster per whole-genome sequencing and

epidemiologic associations. The index case was a symptomatic
patient in whom isolation was discontinued after 2 negative
results on nasopharyngeal polymerase chain reaction testing.
The patient subsequently infected multiple roommates and staff,
who then infected others. Seven of 52 (13%) secondary infec-
tions were detected only on second or subsequent tests. Eight
of 9 (89%) patients who shared rooms with potentially conta-
gious patients became infected. Potential contributing factors
included high viral loads, nebulization, and positive pressure in
the index patient's room. Risk factors for transmission to staff
included presence during nebulization, caring for patients with
dyspnea or cough, lack of eye protection, at least 15 minutes of
exposure to case patients, and interactions with SARS-CoV-2-
positive staff in clinical areas. Whole-genome sequencing
confirmed that 2 staff members were infected despite wearing
surgical masks and eye protection.

Limitation: Findings may not be generalizable.

Conclusion: SARS-CoV-2 clusters can occur in hospitals de-
spite robust infection control policies. Insights from this clus-
ter may inform additional measures to protect patients and
staff.

Primary Funding Source: None.
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The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemic continues to cause high
case counts, hospitalizations, and deaths worldwide.
Clusters have been reported in many different settings,
but relatively few have been reported in acute care hos-
pitals; indeed, some studies suggest that hospital-
acquired SARS-CoV-2 may be rare in facilities with robust
infection prevention and control programs (1-5). We
report on a cluster of 52 SARS-CoV-2 infections involving
14 patients and 38 staff members in a large academic
medical center that occurred despite mature infection
prevention and control policies.

METHODS

Description of Hospital and Baseline Infection
Control Measures

Brigham and Women's Hospital is an 803-bed aca-
demic referral center associated with Harvard Medical
School in Boston, Massachusetts. Between February and
May 2020, the hospital implemented multiple infection
control policies, including mandatory daily attestations
of health by all employees, universal masking of all
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employees, eye protection for all encounters with
unmasked patients (and later for all clinical encounters),
encouraging inpatients to wear masks whenever
providers enter their rooms, Vvisitor restrictions,
screening all patients on admission and daily thereafter
for symptoms of coronavirus disease 2019 (COVID-19),
nasopharyngeal polymerase chain reaction (PCR) testing
of all patients on admission, use of N95 respirators or
powered air-purifying respirators when caring for patients
with suspected or confirmed COVID-19 (along with eye
protection, gowns, and gloves), cohorting patients with
confirmed COVID-19 into COVID care wards with negative
pressure airflow rooms, free PCR testing for all symptomatic
employees, and paid leave for all employees with
confirmed COVID-19. These policies were associated with a

See also:

Editorial comment
Web-Only

Supplement

Annals of Internal Medicine © 2021 American College of Physicians 1


http://www.annals.org
http://www.annals.org
http://www.annals.org

ORIGINAL RESEARCH

very low rate of nosocomial infections during the first 7
months of the pandemic (2).

Cluster Detection

On 20 September 2020, the Infection Control
Department was notified about an inpatient on the gen-
eral medical service who tested positive for SARS-CoV-2
on hospital day 4 despite a negative admission test
result. The patient was retested because of new fever.
The following morning, a nurse working on the general
medical service tested positive for SARS-CoV-2, and 2
medical residents reported new symptoms concerning
for COVID-19. The nurse noted that her symptoms
began 4 days earlier and that she had worked the 2 days
before symptom onset.

The Infection Control Department identified patient
and staff contacts of the infected patient and nurse for
testing. Testing was initially limited to patients who
received care from the infected nurse in the 2 days
before her symptoms began, patients who shared a
room with an infected patient, and employees who had
face-to-face contact within 6 feet of an infected em-
ployee or patient for at least 15 minutes during which ei-
ther party was not wearing a mask (providers wearing a
mask and eye protection were initially excluded).

Testing identified 4 additional SARS-CoV-2-positive
inpatients located on 3 hospital units, an environmental
services worker assigned to 1 of the affected units, and a
physician who had consulted on 1 of the newly identified
SARS-CoV-2-positive inpatients 1 week earlier. Over the
next 2 days, 3 additional inpatients, an outpatient who
had been hospitalized on 1 of the affected units 1 week
earlier, 4 physicians, 3 nurses, and a patient care assistant
also tested positive for SARS-CoV-2. All patients were
located on 1 of 3 units, and all staff members either were
affiliated with an affected unit or had seen a case patient
on 1 of the affected units. The patients were associated
with 6 different clinical teams (4 general medical teams,
a pulmonary transplant team, and a neurology team), all
of whom were also managing patients in other areas of
the hospital.

Cluster Response

The hospital's incident command structure was acti-
vated to mobilize resources and coordinate the cluster
response. Given the number and rate of positive test
results among employees and patients, mounting evi-
dence that transmission had been taking place in the
hospital for at least a week, and the breadth of medical
teams involved (each with other patients throughout the
hospital), testing indications were expanded. All staff
members affiliated with the 3 affected units as well as all
employees who spent at least 15 minutes face-to-face
with any patient or staff member on an affected unit from
14 September onward, regardless of personal protective
equipment use, were asked to undergo testing every 3
days. In addition, all patients on the affected units and all
patients on medical teams throughout the hospital were
preemptively placed on enhanced respiratory isolation
(N95 respirator or powered air-purifying respirator, eye
protection, gloves, and gowns for all encounters), and
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clinical teams began to test all hospitalized patients every
3 days. The hospital established a high-volume onsite an-
terior nares testing center open to any hospital em-
ployee concerned about possible infection, although
testing was required only for contacts of confirmed cases
and employees associated with affected units. Potentially
exposed patients who had been discharged were con-
tacted and referred for testing.

Infections were deemed potentially cluster-related if
they occurred in a patient or staff member who spent at
least 15 minutes interacting with staff or patients on 1 of
the 3 cluster units or if they were direct contacts of poten-
tially cluster-related SARS-CoV-2-positive staff or patients
during their contagious periods (from 2 days before
symptom onset—or 2 days before their positive test result
for asymptomatic persons—until they were furloughed,
discharged, or placed on enhanced respiratory isola-
tion). Whenever possible, specimens from patients and
staff with potentially cluster-related infections were sent
to the Massachusetts Department of Public Health for
whole-genome sequencing to confirm or refute their
association with the cluster (see the Appendix, available
at Annals.org, for a description of sequencing methods).
If specimens from patients or staff with epidemiologic
associations could not be retrieved or successfully
amplified, they were presumed to be cluster-related.
Staff and patients with epidemiologic associations but
whole-genome sequences more than 2 single-nucleotide
polymorphisms (SNPs) apart were deemed to not be
cluster-related.

SARS-CoV-2-positive patients were moved to a dedi-
cated COVID care unit. Additional measures included
enhanced cleaning of all affected units; detailed chart
reviews of affected patients to look for potential expo-
sures outside the hospital and factors potentially contrib-
uting to spread in the hospital; electronic health record
traces to identify all locations where infected patients
received care and all staff who may have interacted with
them; and occupational health interviews with all COVID-
19-positive employees, using a structured tool to identify
date of symptom onset, work history in the 2 days before
symptoms, use of personal protective equipment, expo-
sures to case patients in the preceding 14 days, and
interactions with employees within 6 feet without masks
(for example, eating together or sharing workrooms). Air
changes were measured in all rooms on affected units,
and the airflow pattern from the room of 1 patient associ-
ated with a disproportionate number of infections was
assessed.

A case-control study was developed to compare
work locations, care activities, personal protective equip-
ment use, breakroom and workroom use patterns, and
potential COVID-19 exposures outside the hospital in
SARS-CoV-2-positive versus negative employees. The
survey was distributed via REDCap (www.project-redcap
.org) to all employees associated with cluster units who
were tested for SARS-CoV-2. A copy of the survey is pro-
vided in the Supplement (available at Annals.org). Each
responding employee with a cluster-related infection (as
defined earlier) was matched to 4 SARS-CoV-2-negative
employees on the basis of role group, test date, and
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work location. Exposure prevalence ratios for cases ver-
sus controls were calculated using the Mantel-Haenszel
method to account for matching. Wald-type 95% Cls
were calculated using the SE estimator proposed by
Greenland and Robins for sparse data (6). Calculations
were performed using R (r-project.org).

The cluster response was conducted under the aus-
pices of hospital operations, but the decision to summa-
rize and publish the cluster analysis was approved by the
Mass General Brigham Institutional Review Board.

Role of the Funding Source
This study received no external funding.

REsuLTs

Fifteen patients and 42 employees met epidemio-
logic criteria for potentially cluster-related SARS-CoV-2
infection. After whole-genome sequencing, 14 patients
and 38 employees were included in the cluster. One staff
member was briefly hospitalized, and 6 of 14 (43%)
patients and 13 of 38 (34%) staff members were asymp-
tomatic. The daily counts of new patient and staff infec-
tions are shown in Figure 1. A map of patients' locations,
positive staff members, and their interconnections is
shown in Figure 2.

Index Case and Subsequent Transmission

The index case appeared to be a patient with a history
of chronic lung disease admitted for an elective proce-
dure. The patient was dyspneic and tachycardic on arrival,
so surgery was deferred. She was placed on enhanced re-
spiratory isolation and tested for SARS-CoV-2. Isolation
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was discontinued after 2 negative results on nasopharyn-
geal PCRs obtained 12 hours apart. The patient's symp-
toms were attributed instead to exacerbation of chronic
obstructive pulmonary disease. Treatment was initiated
with oxygen by nasal cannula, prednisone, nebulized sa-
line, and nebulized ipratropium bromide. The patient ini-
tially improved but then became progressively more
dyspneic. Respiratory support was escalated to high-flow
oxygen by nasal cannula on hospital day 11, the same day
she was ultimately retested and diagnosed with COVID-
19. Staff noted that the patient was frequently coughing,
did not tolerate a mask, and had indistinct speech that led
many providers to come near to understand her.

The index patient likely infected multiple staff on her
initial unit as well as a patient who shared a room with
her for 2 days. Her roommate was transferred to a sec-
ond unit, where she shared a semiprivate room with 3
successive patients, each of whom became infected,
along with multiple additional health care workers. None
of these additional patients received nebulizers or under-
went aerosol-generating procedures. The index patient
was transferred to a third hospital unit on hospital day 3
and remained there until diagnosed with COVID-19 on
hospital day 11. While on the third unit, 2 successive
roommates of the index patient were infected, as well as
6 additional patients elsewhere on the unit(2 of the addi-
tionally infected patients shared a room with one
another; 3 were in private rooms; and the sixth shared a
room with 2 other patients for less than a day each, nei-
ther of whom was infected). All told, 9 patient pairs
shared a room during which 1 patient was potentially
contagious, and 8 of them led to transmission (median
duration together, 28 hours [range, 18 to 132 hours];

Figure 1. Epidemic curve showing the count of new patient and staff cases per day (by date of symptom onset or test date, whichever

was earlier).

10 ~
9 4 —
Infection
8 control
alerted
7 4

New Infections per Day, n
W,
]
]
]

L0 ROURYY

@ Patients (n = 14)
[ Staff (n =38)

]

N
@@@@@@@@@

SRR
le% 0@ 0’$\ o’ﬁ Q’b* ng\ 0@ 0@ Q’D* 0“&\ Q’b* ng\ Q@ 0@ Q’ﬁ °‘$x Q’b* Qfg\ QQS 0& Q’ﬁ o‘b* O’b* Qfg\ dzﬁ

'9"9'» %”’5”’%"‘

Annals.org

Annals of Internal Medicine 3


http://www.annals.org

ORIGINAL RESEARCH

SARS-CoV-2 Cluster in an Acute Care Hospital

Figure 2. Cluster map depicting locations, role groups, medical teams, and interconnections among infected staff members and

patients.
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distance between beds, 7 feet from midline to midline).
In 3 of these instances, we were unable to identify an
infected staff intermediary. Of the 33 patients admitted
to the third unit during the 8 days the index patient was
present, 8 became infected.

Staff Tracing and Testing

A total of 385 staff members were flagged as possi-
ble direct contacts of infected patients and/or employ-
ees through a combination of employee interviews and
electronic health record system audits. An additional
1072 staff members were flagged by electronic health
record audits and staffing assignments as having possi-
bly spent at least 15 minutes interacting with staff or
patients on 1 of the 3 cluster units. Of these, 1202 of 1457
were tested (testing was required for direct contacts of
infected patients and strongly encouraged for staff affili-
ated with cluster units; staff who denied spending =15
minutes interacting with staff or patients on cluster units
were permitted to opt out of testing). Eleven of 385 direct
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contacts of case patients and 27 of 1072 staff associated
with cluster units tested positive for SARS-CoV-2.

Whole-Genome Sequencing and Serial Testing
Specimens were available for whole-genome sequenc-
ing from 14 of 15 patients and 31 of 42 employees who
met epidemiologic criteria for potentially cluster-related
infections. Sequencing was successful for 41 of the 45 avail-
able specimens. Of these, 36 had 0 to 2 SNP differences
with at least 1 other specimen, and the remaining 5 had 10
to 30 SNP differences from all other strains and were thus
deemed to be unrelated to the cluster. The 5 noncluster
specimens were from 3 environmental services workers; 1
patient care assistant who worked on 1 of the cluster units;
and 1 patient who received care from 2 presymptomatic
cluster-related physicians, was discharged, and devel-
oped symptoms of SARS-CoV-2 infection 15 days later.
Polymerase chain reaction cycle thresholds were less
than 20 for 22 of the 44 (50%) cluster-related patients
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Table 1. Characteristics, Exposures, and Personal Protective Equipment Use Among Staff Cases Versus Controls

Variable Cases, n/N (%) Controls, n/N (%) Prevalence Ratio
(n=32) (n=128) (95% ClI)
Provider wore eyeglasses 16/27 (59) 68/108 (63) 1.12(0.78-1.63)
Interactions with case patients
Present during nebulization 12/23(52) 9/51(18) 2.53(1.47-4.36)
Present during other aerosol-generating procedures 5/23(22) 6/51(12) 1.28 (0.44-3.7)
Wore surgical mask at all times 23/23(100) 48/51 (94) 1.09 (0.99-1.2)
Wore N95 respirator at all times 0/23 (0) 3/51(5.9) Not calculable
Wore eye protection at all times 7/23 (30) 34/51 (67) 0.44(0.18-1.08)
Had patient wear mask at all times 1/23 (4.4) 12/51 (25) 0.16 (0.014-1.80)
Examined the patient’s oropharynx 8/23 (35) 8/51(16) 2.08(0.87-4.98)
Helped to roll the patient 13/23 (57) 22/51 (43) 1.30(0.91-1.86)
Cumulative exposure time to all case patients
<15 min 4/23(17) 16/51(31) Reference
15-45 min 10/23 (43) 14/51 (27) 2.26 (1.14-4.49)
>45 min 9/23(39) 21/51 (41) 0.74 (0.35-1.59)
Characteristics of case patients
Short of breath 15/23 (65) 14/51 (28) 2.11(1.19-3.74)
Shouting 7/23(30) 8/51(16) 1.65(0.68-4.05)
Coughing 19/23 (83) 20/51 (39) 1.90(1.24-2.89)
Coughed in provider's face 3/23(13) 5/51(10) 0.79 (0.20-3.12)
Breakrooms and workrooms
Used breakrooms and/or workrooms 22/31(71) 105/128 (82) 0.86 (0.69-1.07)
Wore mask at all times in breakrooms and workrooms 7/22(32) 41/105 (39) 0.78 (0.40-1.52)
Ate in breakrooms/workrooms with others present 16/22 (73) 76/105 (72) 1.03(0.81-1.33)
Ate within 6 feet of others 10/16 (63) 39/74 (53) 1.23(0.74-2.05)
Others ate within 6 feet of respondent 11/66 (69) 35/76 (46) 1.56 (0.90-2.7)
Self or others ate within 6 feet 11/16 (69) 45/79 (57) 1.27 (0.78-2.09)
Amount of time spent in breakrooms/workrooms per day
<15 min 1/22 (4.6) 16/105 (15) Reference
15-60 min 16/22 (73) 64/105 (61) 1.20(0.97-1.48)
>60 min 5/22 (23) 24/105 (23) 1.10(0.91-1.33)
Contact with COVID-19-positive staff members
Had contact with COVID-19-positive staff member 18/31(58) 56/128 (44) 1.29(0.96-1.73)
Location of contact
Clinical setting 17/18 (94) 50/128 (39) 1.39(1.01-1.91)
Breakroom or workroom 6/18(19) 24/128 (19) 1.00 (0.48-2.08)
Outside work 0/18 (0) 3/128 (2.3) Not calculable
Wore mask at all times with COVID-19-positive staff members 15/18 (83) 40/56 (71) 1.10(0.81-1.48)
Cumulative exposure time to COVID-19-positive staff members
<15 min 5/18 (28) 16/56 (29) Reference
15-45 min 6/18(33) 16/56 (29) 1.38(0.75-2.54)
>45 min 7/18 (39) 24/56 (43) 1.08 (0.59-1.97)

COVID-19 = coronavirus disease 2019.

and staff for whom cycle thresholds were available.
Seven of 52 (13%) cluster-related staff and patients
tested positive only on their second, third, or fourth test
(median of 8 days from initial negative result [range, 5 to
12 days])).

Assessment of Room Ventilation and Pressures
The rooms of all affected patients had at least 6 air
changes per hour. The room that housed the index
patient on unit 3 had 11 air changes per hour but was
discovered to have positive pressure relative to the nurs-
ing station immediately outside the room. The room was
not designed to be a protected environment. Tracer gas
studies using sulfur hexafluoride confirmed airflow from
the index patient's room to the nursing station (steady-
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state sulfur hexafluoride concentrations were 35 ppm in
the patient's room, 11 ppm at the nursing station, and
0.5 ppm in all other rooms that housed case patients).
Average humidity on cluster units was 34% (range, 20%
to 45%).

Case—Control Study

The results of the case-control study are summarized
in Table 1. Responses were available from 32 of 38
employees with cluster-related infections and 552 of
1160 uninfected but exposed employees. The 32 cases
included 8 physicians, 12 nurses, 4 patient care assis-
tants, 4 environmental services workers, and 4 others.
Infected staff members were more likely to report having
been present while case patients received nebulizers
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(52% vs. 18%; prevalence ratio, 2.53 [95% ClI, 1.47 to
4.36]), to have cared for patients who were short of
breath (65% vs. 28%; prevalence ratio, 2.11 [Cl, 1.19 to
3.74]) or coughing (83% vs. 39%,; prevalence ratio, 1.90
[Cl, 1.24 to 2.89]), to have interacted with SARS-CoV-2-
positive staff members in clinical areas (94% vs. 39%;
prevalence ratio, 1.39 [Cl, 1.01 to 1.91]), and to have
spent more time exposed to case patients (15 to 45 vs.
<15 minutes, 43% vs. 27%; prevalence ratio, 2.26 [Cl,
1.14 to 4.49]). Conversely, infected staff members were
less likely to have worn eye protection (30% vs. 67%;
prevalence ratio, 0.44 [Cl, 0.18 to 1.08]). There were no
differences between case and control employees' use of
breakrooms and workrooms, amount of time spent in
breakrooms and workrooms, or eating within 6 feet of
others.

Transmission Outside Cluster Units

Isolating the particular circumstances associated with
most transmissions was difficult because cases on cluster
units interacted with many different infected staff and/or
patients on many different occasions. However, there
were 2 instances in which the circumstances of transmis-
sion were more clearly defined because employees only
interacted with a single case patient and only did so out-
side the cluster units (and hence were not exposed to
nebulized air from the index patient and did not interact
with any potentially infected staff members or other
patients). The first was a radiology technician who per-
formed computed tomography on the index patient 3
days after she was hospitalized. The technician reported
that the encounter lasted 10 minutes; that he wore a sur-
gical mask, eye protection, and gloves; and that the
patient wore a surgical mask. He developed sympto-
matic COVID-19 twelve days later. The second transmis-
sion was to a speech and language therapy technician
who assisted in performing a video swallow study on the
index patient 5 days after she was hospitalized. The tech-
nician reported that the procedure took approximately
45 minutes, during which the patient was unmasked for
approximately 10 to 15 minutes. The technician wore a
surgical mask, a face shield, and gloves. The technician
developed symptomatic COVID-19 six days later. There
were no SNP differences between the index patient and
either the radiology technician or the video swallow tech-
nician. These 2 staff members worked in different areas
of the hospital and denied interacting with one another
or with other case patients or staff from the cluster units.

Serial Testing of Patients Outside Cluster Units
Serial testing of inpatients outside the 3 known clus-
ter units identified 4 asymptomatic patients with positive
SARS-CoV-2 test results despite negative admission test
results: 1 was negative on repeated testing and likely
had a false-positive result, 2 had prior histories of
COVID-19 and high cycle thresholds and thus the posi-
tive results probably reflected noninfectious residua of
prior infections, and 1 likely had acute infection due to a
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household exposure immediately before admission (18
to 27 SNP differences from cluster strains). None were
deemed to be cluster-related.

DiscussioN

We document a large cluster of SARS-CoV-2 infec-
tions among staff and patients in an acute care hospital
despite a mature infection control program that included
policies on universal screening and testing of all patients
on admission, universal masking of providers, daily em-
ployee attestations of health, adequate supplies of
personal protective equipment, and cohorting of SARS-
CoV-2-positive patients in specialized units. The intro-
duction, spread, and containment of this cluster provide
several insights into SARS-CoV-2 transmission and possi-
ble strategies to enhance infection control programs to
prevent similar events (Table 2).

The virus was likely introduced into the facility by a
symptomatic patient who tested negative twice on
admission but in retrospect was contagious from at least
hospital day 3 and infected staff and patients for at least
a week before detection. This underscores the imperfect
sensitivity of admission testing; false-negative results
may be due to poor sample quality, heterogeneous dis-
tribution of virus across the respiratory tract, and testing
during the incubation period when viral burden is low
and possibly undetectable (7-9). Possible strategies to
mitigate the limited sensitivity of admission testing
include obtaining more than 1 specimen from higher-
risk patients, routinely retesting all patients several days
after admission, and obtaining lower respiratory tract
specimens in patients with signs of lower respiratory tract
infection (8, 9).

Several factors may have facilitated large numbers of
secondary infections in this cluster. The index patient
was early in the course of infection, was symptomatic
with both dyspnea and cough, received frequent nebu-
lizers, and was placed in a positive-pressure room. Viral
loads and contagiousness tend to be highest early in
infection, immediately before and after symptom onset
(10-12). Patients incubating infection on admission may
therefore pose a particularly high threat of causing noso-
comial infections as they evolve into acute disease after
admission (13). By contrast, most patients admitted to
the hospital with confirmed COVID-19 have already
been symptomatic for several days and may therefore be
at a less contagious phase of the disease (14, 15).
Patients also vary in their infectiousness; a disproportion-
ate number of staff and patient infections were associ-
ated with a limited subset of patients (Figure 2), a finding
echoed in contact tracing studies (16, 17).

Nebulizers may have played a role in facilitating
transmission to staff and patients in the patient's room
and possibly immediately outside her room. Many inves-
tigators have documented associations between nebuliz-
ers and transmission of respiratory pathogens (18-22).
Some authorities consider nebulizers to be aerosol-
generating procedures, but others do not because nebu-
lizers are designed to aerosolize medications rather than
respiratory secretions (23). It is conceivable, however, that
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aerosols generated by nebulizers may entrain exhaled re-
spiratory particles and thus facilitate their spread. Alter-
natively, nebulizers may simply be a proxy for the severity
of patients' respiratory symptoms (24). Nonetheless, our
cluster cannot be attributed solely to aerosol-generating
procedures because more than half of infected patients
and staff had no association with the index patient and
were not exposed to aerosol-generating procedures.

We documented multiple sets of infected roommates.
Although it is possible that virus was transferred between
roommates by infected staff, in several instances we were
unable to identify an infected staff intermediary. Transmi-
ssion to roommates may have occurred via respiratory
emissions despite a curtain between patients and average
separation of more than 6 feet. This bespeaks the possible
role of aerosol transmission, particularly with prolonged
exposure in confined spaces without masks (20). Other
possible explanations include shared bathrooms and
sinks, interactions between patients at less than 6 feet, or
occult SARS-CoV-2-positive staff intermediaries.

Lapses in use of personal protective equipment may
also have played a role in transmission. Infected staff
members used eye protection and masked their patients
less frequently than uninfected staff members. The
Centers for Disease Control and Prevention (CDC) has
stressed the importance of masking patients for source
control, and other investigators have reported that eye
protection may prevent infections (25-28). Similarly, a mi-
nority of staff members wore masks at all times in break-
rooms and workrooms, and many ate within 6 feet of one
another. However, we were not able to demonstrate
meaningful differences in these practices between
infected and uninfected staff.

We identified at least 2 patient-to-staff transmissions
via whole-genome sequencing that occurred despite
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staff wearing both masks and face shields and in the ab-
sence of aerosol-generating procedures. The infected
staff members worked outside the cluster units and did
not interact with other infected staff members or
patients. These infections despite use of surgical masks
and face shields may have been due to short-range aero-
sol transmission in the context of a highly contagious
symptomatic patient early in the disease course. Other
possible explanations include fomite transmission or
self-contamination during removal of personal protective
equipment. Surgical masks reduce but do not eliminate
aerosol and viral exposure and may therefore offer
incomplete protection for providers who need to pro-
vide sustained, close-range care to COVID-19-positive
patients (24, 29-33). This raises the question of whether
wearing N95 respirators could prevent additional health
care worker infections during sustained, near-range
interactions with selected patients in high-incidence set-
tings (such as untested patients, symptomatic patients,
or patients unable to wear masks) (26). This merits
testing.

Limitations of our study include the many intercon-
nections among infected staff, between staff and
patients, and among patients in an array of settings
(patients' rooms, clinicians' workrooms, and staff break-
rooms), which make it difficult to isolate the interactions
and factors that led to transmission. We were able to
obtain whole-genome sequences on most but not all
potentially cluster-related infections and so may have
misattributed some infections to the cluster. Staff mem-
bers' responses to the case-control survey may have
been colored by recall and favorability biases, leading to
either underestimation or overestimation of adherence to
infection control practices. The patterns of transmission

Table 2. Summary of Cluster-Related Observations and Potential Strategies to Further Mitigate Risk for SARS-CoV-2
Transmission to Patients and Staff in Health Care Facilities Located in Communities With High Rates of New SARS-CoV-2

Infections

Observations

Potential Responses

Some patients with negative admission test results may still be incubating
an acute infection

Aerosol-generating procedures may facilitate transmission to both staff
and patients

Patients in shared rooms may be at high risk for infection if one party has
acute, early infection

Transmission may take place beyond 6 feet with prolonged exposure to
an infected person

Surgical mask and eye protection may not provide adequate protection
for close and sustained encounters with highly contagious patients,
especially if they cannot wear a mask

A single, early postexposure test will miss some people who are still
incubating infection

Positive pressure in an inpatient room may have facilitated spread of
infection to the adjacent nursing station

Retest all admitted patients 3-4 days after admission

Perform serial testing of all patients undergoing aerosol-generating
procedures

Only perform aerosol-generating procedures in private rooms with the
door closed

Use respirators, eye protection, gowns, and gloves during all aerosol-gen-
erating procedures, regardless of test results

Minimize use of shared rooms

Test all patients before placing in shared rooms

Consider serial testing of patients in shared rooms

Increase minimum spacing between beds in shared rooms

Encourage patients in shared rooms to wear masks whenever possible.

Require employees working for prolonged periods in shared spaces to
wear a mask at all times even if 26 feet apart

Use N95 respirators or powered air-purifying respirators for close, face-to-
face, sustained encounters with untested patients, symptomatic patients,
and/or patients who cannot be masked

Perform serial testing of exposed staff and hospitalized patients after
confirmed exposures

Confirm appropriate pressurization and air exchanges in all patient rooms

SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.

Annals.org

Annals of Internal Medicine 7


http://www.annals.org

ORIGINAL RESEARCH

we observed may be particular to this cluster, our institu-
tion, the patient population, or local practices and may
not be generalizable to other patients and settings.

In conclusion, we documented a large nosocomial
cluster potentially attributable to a missed case despite
admission testing. Lessons learned include the limita-
tions of admission testing, variability between patients in
transmissibility, the high risk for roommate-to-roommate
transmissions in the setting of occult acute infection, the
potential value of serial testing to identify infections incu-
bating on admission, opportunities to improve adher-
ence to eye protection and masking of patients, the
possible limitations of surgical masks and face shields to
protect providers with near-range exposure to sympto-
matic patients, and the value of whole-genome sequenc-
ing to help define and contain hospital clusters.
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APPENDIX: SUPPLEMENTARY METHODS

Sequencing Laboratory Methods

Total nucleic acid from respiratory specimens was
extracted using the Roche MagNA Pure 96 DNA and Viral
NA Small Volume Pack. Presence and abundance estimates
of SARS-CoV-2 RNA were evaluated by the CDC 2019-
Novel Coronavirus Real-Time RT-PCR Diagnostic Panel
(34). Tiled, whole-genome amplicon sequencing was per-
formed using an adapted ARTIC V3 SARS-CoV-2 protocol
(35) and a common protocol developed by a collaborative
group of state public health laboratories (36, 37) and the
CDC (38). Modifications include 1) increase the initial
extracted RNA input from 10 pL to 15 pL, and 2) increase
working stock of the primer working stocks (for both pool A
and pool B) from 10 uM to 15 puM. Briefly, for each sample,
15 pL of extracted RNA was prepared for sequencing. By
reverse transcription to complementary DNA, samples
were then processed and amplified using 2 highly multi-
plex PCR v3 primer reactions. The samples were combined
after PCR tiling, screened, and quantified for lllumina DNA
Prep. The lllumina DNA Prep kit consists of a bead-based
transposome complex tagging genomic DNA that, through
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limited-cycle PCR, tags the DNA with adapter sequences
(39). Prepared libraries were sequenced on the lllumina
MiSeq sequencer.

Bioinformatics Analysis Methods

The Cecret pipeline (https://github.com/UPHL-Bio
NGS/Cecret) was used, with minor modifications for our
local environment, to generate consensus genomes for
each sample. In brief, reads that had undergone quality
control (FastQC v0.11.8 [40]; SeqyClean v1.10.09 [41])
were aligned (BWA v0.7.17 [42]) to a reference SARS-
CoV-2 genome (MN908947.3), and a consensus ge-
nome was called for each sample (iVar v1.2.2 [43]). To
ensure accuracy of results, we only considered highly
complete (=95% coverage) genomes in downstream
analyses. We aligned these sequences (MAFFT v7.450
[44]) and computed pairwise distances between sample
genomes. Resultant SNP distances were discussed within
the context of epidemiologic linkage to rule in or rule out
individuals from this particular cluster.
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