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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

® Check for updates breakthrough infections in vaccinated individuals and reinfections in
previously infected individuals have become increasingly common.
Suchinfections highlight abroader need to understand the contribution
of' vaccination, including booster doses, and naturalimmunity to the
infectiousness of individuals with SARS-CoV-2 infections, especially in
high-risk populations with intense transmission, such as in prisons. Here
we show that both vaccine-derived and naturally acquired immunity
independently reduce the infectiousness of persons with Omicron

variant SARS-CoV-2 infections in a prison setting. Analyzing SARS-CoV-2
surveillance data from December 2021 to May 2022 across 35 California
state prisons with a predominately male population, we estimate that
unvaccinated Omicron cases had a36% (95% confidence interval (Cl):
31-42%) risk of transmitting infection to close contacts, as compared
toa28% (25-31%) risk among vaccinated cases. In adjusted analyses, we
estimated that any vaccination, prior infection alone and both vaccination
and prior infection reduced anindex case’s risk of transmitting infection
by 22% (6-36%),23% (3-39%) and 40% (20-55%), respectively. Receipt of
booster doses and more recent vaccination further reduced infectiousness
among vaccinated cases. These findings suggest that, although vaccinated
and/or previously infected individuals remain highly infectious upon
SARS-CoV-2infectioninthis prison setting, their infectiousness is reduced
compared to individuals without any history of vaccination or infection.
This study underscores benefit of vaccination to reduce, but not eliminate,
transmission.

Transmission dynamics of severe acute respiratory syndrome coro- infectionsamong vaccinated individuals and reinfections among previ-
navirus 2 (SARS-CoV-2) have shifted over the course of the pandemic  ously infected individuals are now increasingly frequent®*. After the
due to widespread vaccination, natural infection and emergence of  emergence of the highly infectious Omicronvariantin December 2021,
novel variants'. Although the early pandemic was characterized by  the United States observed the largest surge in Coronavirus Disease
infections in fully susceptible individuals, SARS-CoV-2 breakthrough 2019 (COVID-19) cases to date’. Determining the impact of vaccination,
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including booster doses, and prior infection on the infectiousness
of individuals with Omicron variant infections remains necessary to
understand transmission dynamics of these variants.

There are limited data on the infectiousness of breakthrough
SARS-CoV-2infectionsinvaccinated individuals and reinfections with
the Omicron variant, especially in high-risk transmission settings, such
asprisons. Before the Omicron variant, available data onthe infectious-
ness of SARS-CoV-2 breakthrough infections in vaccinated individuals
was mixed; there was evidence to support reduced infectiousness of
breakthrough infections in household studies and through study of
viral kinetics®®, although other studies have found no differencein the
infectiousness of primary and breakthrough SARS-CoV-2 infections™™°.
These data were predominately among individuals immunized only
with primary series doses®'°. More recent data from household studies
of Omicron variant transmission support that vaccination may reduce
infectiousness, although they are often limited in capturing detailed
aspects of the transmission environment and accounting for interac-
tionwith prior infection" ™,

Studying the transmission dynamics of the SARS-CoV-2 Omicron
variantand theimpact of vaccination and prior infection is especially
important in vulnerable, high-risk populations with intense ongoing
transmission, such as the incarcerated population. The COVID-19
pandemic has disproportionately affected incarcerated individuals'*",
astransmission of SARS-CoV-2 remains highin prison settings, fueled,
inpart, by overcrowding, poor or lack of ventilation and introduction
from community sources despite high vaccination rates among resi-
dents''*!, In this study, we report on the infectiousness of SARS-CoV-2
infections occurringin vaccinated individuals and/or those with prior
infectionrelative to unvaccinated and previously uninfected individu-
als who were incarcerated in a US state prison system during the first
5 months of the Omicron wave (subvariants BA.1and BA.2). Our find-
ings have broad implications for public health policy, with particular
relevancetoincarcerated populations and other high-density congre-
gateliving environments.

Results
SARS-CoV-2infections and testing within the study
population
We analyzed detailed records of SARS-CoV-2 infection and housing data
fromall35adultinstitutionsin California’s state prison system during
periods of high-volume testing, assessing risk of transmission between
individuals sharing a cell with solid doors and walls. We aimed to assess
the infectiousness of Omicron variant SARS-CoV-2 infections in con-
firmedindex cases, stratified by their vaccine status and prior infection
history. We analyzed data during a 5-month interval (15 December
2021to 23 May 2022) of widespread circulation of Omicron variants
(subvariants BA.1and BA.2), during periods of both systematic and
reactive SARS-CoV-2 testing. In total, there were 22,334 confirmed
SARS-CoV-2infections and 31 hospitalizations due to COVID-19 in the
study population (n =111,687) during the study period (Figs.1and 2and
Supplementary Fig.1). The study population was 97% male based on the
population incarcerated in these institutions. Residents were tested
on average 8.1times (interquartile range (IQR): 4-11) for SARS-CoV-2
over the 5-month period. The average time between tests in the study
populationwas11.7 days (IQR: 4-10) (Supplementary Fig. 2). Most index
cases were moved into quarantine or isolation within 3 days of their
first positive test. Additional details on testing, quarantine and isola-
tion in California state prisons are included in Supplementary Notes.
We identified 1,226 index cases over the study period based on
the inclusion criteria of having a positive SARS-CoV-2 diagnostic test
(without a prior positive test in the preceding 90 days), continuous
incarceration beginning before1April 2020 (to ensurereliable report-
ing of prior SARS-CoV-2infection) and avalid close contactinashared,
closed-door cell (Figs.1and 2 and Supplementary Fig. 1). We defined
close contacts of the index case as residents who shared a cell with an

index case for at least one night while the index case was infectious
(assuminga 5-day infectious period after a positive test??); we required
the close contact to have a negative SARS-CoV-2 test within 2 days of
first exposure as well as follow-up testing data within 14 days after last
exposure (64% of close contacts met both criteria). Each index case
was assigned a single close contact at random if multiple contacts
were identified (<0.1% of cases). Further description of inclusion and
exclusioncriteriathat were needed to address concerns for confound-
ing and misclassification is available in the Methods.

We matched unvaccinated index cases (n =273) and vaccinated
index cases (n = 953) by institution (exactly) and time (within 30 days)
and by a propensity score (for receipt of vaccination), excluding cases
without eligible matches (Fig. 2). We matched an average of 3.5 (IQR:
2-4)vaccinated index cases to each unvaccinated index case (Supple-
mentary Fig.3). We observed good balance across matched index cases
(Supplementary Figs.4 and 5). The mean duration of exposure of close
contactstoindex cases was 2.4 days for unvaccinated index cases and
2.2 daysforvaccinated index cases (Supplementary Fig. 6). The average
duration from a close contact’s first exposure to subsequent testing
for contacts exposed toavaccinated and unvaccinated index case was
both 6.2 days, and the mean duration of last eligible follow-up testing in
close contacts occurred at day 10 after first exposure for unvaccinated
index cases and 10.6 days for vaccinated index cases (Supplementary
Fig. 7). The distribution of secondary cases from time since exposure
was similar between vaccinated and unvaccinated index cases (6.7 days
versus 5.7 days; Supplementary Fig. 8). Descriptive data on the study
population’s demographics, vaccine uptake and prior infections are
shownin Table 1and Supplementary Table1.

Infectiousness of SARS-CoV-2 breakthrough infections and
reinfections

Over anaverage 2.3 days of exposure to the index case, the unadjusted
risk of transmission to all close contacts of index cases was 30% (95%
Cl:27-32%). Unvaccinated index cases had a36% (31-42%) risk of trans-
mitting to close contacts, whereas vaccinated index cases had a 28%
(25-31%) risk of transmitting to close contacts (Fig. 3). Index cases with
ahistory of prior SARS-CoV-2 infection (that is, reinfection) had alower
risk of transmitting to close contacts (23% (19-27%)) than index cases
withno history of prior infection (33% (30-37%)); reduced risk of trans-
mission fromindex cases who were previously infected was apparentin
strata of index cases who had or had not been vaccinated and who did
ordid not receive abooster dose (Fig. 3 and Supplementary Table 2).

Adjusting for duration of exposure betweenindex cases and close
contacts, close contacts’ history of vaccination and prior infection,
facility effects and background SARS-CoV-2 incidence via a robust
Poisson regression model, we estimated that index cases who had
received =1 COVID-19 vaccine doses had a 22% (6-36%) lower risk of
transmitting infection than unvaccinated index cases. In analyses that
further accounted for the number of vaccine doses received by anindex
case, eachadditional dose was associated with an average 11% reduction
(5-17%) in risk of transmission to the close contact (Fig. 4 and Sup-
plementary Tables 4 and 5). Prior SARS-CoV-2 infection was similarly
associated with a 23% reduction (3-39%) in risk of transmission from
theindex case. Having both prior vaccination and SARS-CoV-2infection
was associated with a 40% (20-55%) reduction in risk of transmission
by the index case, based on a linear combination of regression coef-
ficients (Fig. 4); we did not identify evidence of interaction between
vaccination and prior natural infection associated with transmission
risk (Supplementary Table 6).

We assessed the association between time since last vaccine dose
and/or natural infection on infectiousness of a SARS-CoV-2 infection
and found that time since last dose of a COVID-19 vaccine (as a con-
tinuous variable) was associated with increased infectiousness of
SARS-CoV-2infections; for every five additional weeks since last vac-
cine dose, SARS-CoV-2 breakthroughinfections were 6% (2-11%) more

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-022-02138-x

a b
172
[0}
20,000 — @
(6]
2 x
o K
g 2 300 -
D 15,000 - ~
£ < —— No prior vaccination or infection
3 3
3 & 200 —— Prior vaccination
O 10,000 - ¥
[i . . .
2 & Prior infection
<C c
%) o . - . .
> 5000 | S 100 Both prior vaccination and infection
< ’ IS
S
c S
S >
E 1 4
Y] T T T T S 0 T T T T T
5 ¢ 5 &5 % % 5 8 3 3 38
Q N S N & N N N I N
I o S o N N I N
Q 59 < 19 N 8 15 I 8 8
Time Time
[
200
[}
[0]
(2]
(]
6]
3
3 150
£
¢
>
8 100
[i
%]
24
<
%]
c 50
<]
o
Q
£
(@]
]
TSP eNeo QR eI LeEROQRYRIRERNRRRSHYI
Institution
d 00 -
8
c ,
5 75
®
i_:) —— At least one dose
8 50
> —— Completed primary series
2
K Received booster dose
3 ,
= 25
3
6)
(o] — T T T I T T i — T T T T T 1
83885838327 9585833888327T¢5858333
N N E R R E R R E R
Q N = & L & L LTI N
NNNNNNNNOSOSNNNNNNNOOOONNNN
§9898888888&8R8888LRLRLRSIRRRELR
Time

Fig.1| SARS-CoV-2infections and vaccination over timein the study
populationin California state prisons. We obtained data on SARS-CoV-2
infections, vaccination and contact history for residents incarcerated in the
California state prison system from 1March 2020 to 20 May 2022. a, Number of
SARS-CoV-2infections over time in the California state prison system. b, Number
of COVID-19 index cases included in the analysis over time, stratified by history

of prior natural infection and vaccination. ¢, Number of COVID-19 index cases
by institution during the Omicron wave (15 December 2021 to 20 May 2022)
included in the analysis. d, COVID-19 vaccine coverage over time for residents
in the California state prison system by primary series and booster dose. The
shaded regioninaandd corresponds with the Omicron variant wave.

likely to transmit infection to close contacts. We did not observe a sta-
tistically significant relationship between time since last SARS-CoV-2
infection and risk of transmission (Supplementary Table 7 and Sup-
plementary Fig.9).

We conducted anumber of sensitivity and additional model analy-
ses to evaluate the robustness of the study findings. We evaluated
primary study outcomes when relaxing exclusion criteria for close
contacts; any COVID-19 vaccination was associated with a23% (8-35%)
reduction in attack rate when we included close contacts who tested
positive within 2 days of exposure to the first index case and a19%

(3-33%) reduction when we removed the requirement of a negative test
inclose contacts within 2 days of first exposure to an index case (Sup-
plementary Table 8). Study findings were also similar across changes
inthe matching process (Supplementary Table 9). Varying definitions
of the start and duration of the infectious period attenuated some
of the findings (Supplementary Table 10). We found that excluding
index cases who received the Ad26.COV2 vaccine due to its reduced
effectiveness compared to mRNA vaccines led to similar results (Sup-
plementary Table11). Werepeated the primary adjusted analysis using
alogistic regression model and found that both prior vaccination (odds
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(n=1,226)
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Vaccinated index cases (at least 14 days after
first dose) (n, = 953)

Fig.2|Study population flow chart. We obtained data on residents incarcerated in the California state prison system from 1March 2020 to 20 May 2022 who were
diagnosed with COVID-19 based on a positive test. We applied the inclusion and exclusion criteria to Omicron index cases of COVID-19 and close contacts who shared a

cellfor atleast one night. The sample size at each step is plotted in the figure.

ratio (OR) 0.66 (0.48-0.91)) and prior infection (OR 0.68 (0.49-0.95))
were associated withreduced odds of infectionin close contacts (Sup-
plementary Table 12). Additional details on sensitivity analyses are
availablein the Methods.

Transmission from primary infections, breakthrough
infections and reinfections

We estimated that primary infections (15% of index cases) contrib-
uted to 20% (16-25%) of transmission to secondary cases; break-
through infections (49% of index cases) contributed to 52% (47-57%)

of transmission to secondary cases; reinfections (7% of index cases)
contributed to 7% (5-10%) of transmission to secondary cases; and
breakthroughinfectionsin previously infected residents (29% of index
cases) contributed to 21% (17-26%) of transmission to secondary cases
in the study population. We observed similar results over the entire
study period (Supplementary Table 13).

Discussion
Using detailed epidemiologic data from SARS-CoV-2 surveillance within
the Californiastate prison system, we found that vaccination and prior
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Table 1| Characteristics of study population of COVID-19
index cases and close contacts in California prisons

Index cases (n=1,226) (n

Close contacts’ (n=1,226)

(%) or mean (s.d.)) (n (%) or mean (s.d.))
No Any No Any
COVID-19 COVID-19 COVID-19 COVID-19
vaccination vaccination vaccination vaccination
(n=273) (n=953) (n=173) (n=1,053)
Sex
Female 8(3%) 30 (3%) 7 (4%) 31(3%)
Male 265 (97%) 923 (97%) 166 (96%) 1,022 (97%)
Age (years) 36.3 (10) 39(10.7) 35.9(10.) 39.6 (11.1)
Race/ethnicity
American Indian/ 0 (0%) 1 (1%) 1(1%) 10 (1%)
Alaskan Native
Asian or Pacific 4 (2%) 12 (1%) 0 (0%) 10 (1%)
Islander
Black 89 (33%) 221(23%) 56 (32%) 244 (23%)
Hispanic 145 (53%) 548 (58%) 88 (51%) 599 (57%)
White 28 (10%) 136 (14%) 23 (13%) 155 (15%)
Other” 7 (3%) 25 (3%) 5(3%) 35 (3%)
COVID-19risk 0.7(1.3) 1(1.4) 071 11(1.5)
score (range
0-12)"
Numberofdaysof 2.4 (1.2) 2.2(11) 2.4(1.2) 2.3(11)
exposure between
index case and
close contact
Prior infection 84 (31%) 356 (37%) 59 (34%) 448 (43%)
Vaccination status
Unvaccinated 273 (100%) — 173 (100%) —
Ad26.COV2 - 13 (12%) — 152 (15%)
Completed — 58 (51%) — 70 (46%)
only primary series
Received — 55 (49%) — 82 (54%)
booster or
additional doses
BNT162b2 — 188 (20%) — 193 (18%)
Received one — 5(3%) — 3 (2%)
dose of primary
series
Completed — 55 (29%) — 43 (22%)
only primary series
Received — 128 (68%) — 147 (76%)
booster or
additional doses
mMRNA-1273 — 652 (68%) — 708 (67%)
Received one — 13 (2%) — 25 (4%)
dose of primary
series
Completed — 229 (35%) — 223 (31%)
only primary series
Received — 412 (63%) — 462 (65%)
booster or

additional doses

History of prior natural infection and vaccination status reflect the index case and
close contact’s vaccination and natural infection status on the day of first positive

test (for index cases) or first exposure to an infectious index case (for close contacts).
‘Residents were considered close contacts of two index cases in rare cases (<0.01%

of cases). **Other race/ethnicity based on self-reported data and those with mixed
race/ethnicity. ***COVID-19 risk score was estimated by California Correctional Health
Care Services as weighted sum of different comorbidities most associated with severe
COVID-19 complications®.

infectionreduced the infectiousness of SARS-CoV-2 infections during
anOmicron-predominant (subvariants BA.1and BA.2) period. Vaccina-
tionand priorinfection were each associated with similar reductionsin
infectiousness during SARS-CoV-2 infection, and, notably, additional
doses of vaccination (for example, booster doses) against SARS-CoV-2
and more recent vaccination led to greater reductionsininfectiousness.
Of note, reductions in transmission risk associated with vaccination
and prior infection were found to be additive, indicating anincreased
benefit conferred by vaccination for reducing cases’ infectiousness
even after prior infection. Irrespective of vaccination and/or prior
natural infection, SARS-CoV-2 breakthroughinfections and reinfections
remained highly infectious and were responsible for 80% of transmis-
sion observed in the study population, which has high levels of both
prior infection and vaccination. This observation underscores that
vaccinationand prevalent naturally acquired immunity alone will not
eliminate risk of SARS-CoV-2 infection, especially in higher-risk set-
tings, such as prisons.

Prior studies during the Delta variant wave and before widespread
booster vaccination are mixed on whether SARS-CoV-2 breakthrough
infectionsinvaccinated individuals are potentially less infectious®® or
equally infectious®° to primary infections. In more recent household
contact studies during the Omicron variant era' ', vaccination often
led to reduced SARS-CoV-2 infectiousness. Several factors may have
enhanced our ability to observe statistically meaningful findings in
the present study. The risk of transmission among close contacts in
the prison setting and consistency in contact structure, especially in
light ofincreased transmissibility of the Omicron SARS-CoV-2 variant,
may have enhanced statistical power in our sample. Relatedly, a higher
proportion of index casesin our sample were previously vaccinated or
infected, further enhancing the opportunity to compare transmission
risk from vaccinated or unvaccinated index cases and from those who
were previously infected or previously uninfected.

Akeyresultis that the vaccine-mediated reduction ininfectious-
ness of SARS-CoV-2 breakthrough infections appears to be dose
dependent. Each dose of the vaccine provided an additional average
11% relative reduction in infectiousness, which was mostly driven by
residents with a booster dose. The findings of this study support the
indirect effects of COVID-19 vaccination (especially booster doses) to
slow transmission of SARS-CoV-2 and build on evidence of the direct
effects of COVID-19 vaccination® to emphasize the overall impor-
tance of COVID-19 vaccination. The public healthimplication of these
findings is further support for existing policy using booster doses of
vaccination® to achieve the goal of lowering population-level transmis-
sion. The impact of additional bivalent vaccine doses, which are now
authorized for individuals over 5-6 years of age*, on transmission
shouldbe apriority for further study. Additional considerations about
the timeliness of vaccine doses are also necessary, as we found that
index cases with more distant history of COVID-19 vaccination had a
higher risk of transmission of infection to close contacts. Given this
finding, this study raises the possibility of timed mass vaccination in
incarcerated settings during surges to slow transmission.

The findings from this study have direct implications in address-
ing COVID-19 inequities in the incarcerated population through addi-
tional vaccination. In California state prisons at the time of this study,
although 81% of residents and 73% of staff have completed a primary
vaccination series, only 59% of residents and 41% of staff have received
the number of vaccination doses recommended by the Centers for
Disease Control and Prevention based on their age and comorbid
medical conditions®. Our findings also provide a basis for additional
considerations for housing situations of cases based on prior vaccina-
tion and infection history in future surges and can be used alongside
other measures, such as depopulation and ventilation interventions,
to protectincarcerated populations.

However, this study also underscores the persisting vulner-
ability to COVID-19 among residents and staff in correctional
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Fig. 3| Unadjusted Omicron SARS-CoV-2 attack rate in close contacts based
onindex cases’ vaccine and prior natural infection status. We identified index
cases of SARS-CoV-2 infections in residents of the California state prison system
who were in close contact with another resident who was confirmed negative

for SARS-CoV-2 at the time of contact. We estimated the outcome of subsequent
SARS-CoV-2infectionin the close contact under differentimmune conditions of

No prior infection

Prior infection

theindex case, with a composite study outcome of attack rate. The attack rate

is the probability of infection in the close contact given exposure to an index
case. We plotted the unadjusted attack rate (represented by points) and 95% Cls
(represented by error bars) of SARS-CoV-2in the close contact stratified by the
index cases’ overall vaccine status, the number of vaccine doses in the index case
andindex cases’ history of natural infection.

settings despite widespread vaccination, natural immunity and
use of non-pharmaceutical interventions. The overall attack rate of
SARS-CoV-2in the study population (who were generally moved into
isolation after symptoms or a positive test) was 30%, and index cases
with breakthrough infections or reinfections remained highly infec-
tious, which callinto question the ability of high vaccination rates alone
to preventall SARS-CoV-2 transmissionin correctional settings. In the
United States, which incarcerates more residents per capita than any
other country in the world*® and has a quarter of the world’s incarcer-
ated population, correctional settings are characterized by poorly ven-
tilated facilities, populations with increased rates of comorbid health
conditions, high-risk dormitory housing and overcrowding'®**. Given
the inability of current efforts to reduce transmission of SARS-CoV-2,
decarceration efforts may be the most likely to have substantial effects
onreducing cases.

The secondary attack rate in this study was on the lower end of
published estimates when comparing to household studies. Of note,
the secondary attack rate of the SARS-CoV-2 Omicron variantinrecent
household studies ranges from 29% to 53%" ", in contrast to a 30%
attack rate in this study. The prison environment has distinct epide-
miologic differences to households. The dense living environment
increases the likelihood of transmission in the prison environment
compared to a household, whereas the frequent asymptomatic test-
ing (with isolation of positive cases) in the prisons likely reduced the
exposure time and subsequent transmission risk compared to house-
holds. The transmission of the prison cell is also likely more uniform
than a household.

Strengths of this study include access to detailed records of all
residents in the California state prison system, encompassingindividu-
als’ prior COVID-19 vaccine receipt and prior natural infection history
(based on frequent testing throughout the pandemic), as well as asocial
network givenrecord of where residents slept each night over the study
period. We use a consistent definition of social contact between the

index case of COVID-19 and close contact based on the uniformity of cell
type. The frequent testing ensures early identification of infections and
systematic capture of asymptomatic and symptomatic infections to
avoid bias by participants’immune status (which could affect temporal
onset of symptoms). The risk of misclassification of close contacts is
low given that most follow-up testing in close contacts occurred well
after firstexposure to anindex case (Supplementary Notes). The large
sample size facilitates analyses of the contribution of combinations of
prior vaccination statuses and natural infection onrisk of transmission,
including analyses examining the impact of booster doses.
Limitations should also be considered. We cannot exclude the
possibility of some residual confounding (for example, behavioral dif-
ferences thataffect risk of transmission) between individuals who were
vaccinated against SARS-CoV-2 and those who were unvaccinated. There
is a possibility that close contacts who test positive for SARS-CoV-2
were not infected by their assigned index case but, instead, by inter-
action with infectious individuals outside of their cell. However, this
misattribution would be expected to dampen apparent associations
of transmission risk with index cases’ vaccination status and infection
history but not bias the relative estimates. To further address the risk
of misattribution, we adjusted for background SARS-CoV-2 incidence
and matched contact pairs by facility and time. Our study populationis
asubset of the entireincarcerated population in Californiaand may not
represent all incarcerated settings. Studies of SARS-CoV-2 infectious-
ness may be subject to biases**"*%. The strict inclusion and exclusion
criteriain this study may introduce bias into the analysis, although we
performed sensitivity analyses on these criteria with overall consistent
findings. We also adjusted for prior infectioninanalyses to account for
potential concerns about differential susceptibility related to prior
infectionin vaccinated versus unvaccinated individuals. Given limited
SARS-CoV-2testing capacity early in the pandemic and some residents’
decision to decline testing, it is possible that infections among some
residents may not have been captured, although such misclassification
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that was stratified based on the number of vaccine doses received by the index
case. We plotted cluster-robust 95% Cls (represented by error bars).

would be expected to bias our findings to the null. SARS-CoV-2 testing
was variable over time in the prison system, with periods of routine
weekly testing and other periods of reactive testing; however, periods
withoutreactive testing align with times during which SARS-CoV-2 was
unlikely to be circulating at high levels within the facilities, suggesting
that this is unlikely to bias results substantially. The study findings on
boosters may also be related to recent vaccination effects. This study
designdid not provide abasis for identifying effects of vaccinationand
priorinfection onrisk of acquiring SARS-CoV-2 among close contacts,
although we did adjust for prior infection and vaccination in close
contactsinthe primary analysis. Of note, vaccine effectiveness against
infection among incarcerated persons has been reported within this
population during earlier periods*>*. We do not have adetailed record
of person-level masking, symptoms, cycle thresholds for polymerase
chainreaction (PCR) testing or serologic testing. During the study, the
predominant Omicron subvariantsin California and California prisons
were BA.1and BA.2 based ongenomicsurveillance, although we did not
genotype every SARS-CoV-2isolate in this study.

This study demonstrates that breakthrough COVID-19 infections
with the Omicron variant remain highly infectious but that both vac-
cination and natural infection confer reductionsin transmission, with
benefit of additional vaccine doses. As SARS-CoV-2 breakthrough
infections and reinfections become the predominant COVID-19
case, this study supports the importance of booster doses in reduc-
ing population-level transmission with consideration of mass timed
vaccination during surges, with particular relevance in vulnerable,
high-density congregate settings.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,

acknowledgements, peer review information; details of author
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and code availability are available at https://doi.org/10.1038/
$41591-022-02138-x.

References

1. Koelle, K., Martin, M. A,, Antia, R., Lopman, B. & Dean, N. E. The
changing epidemiology of SARS-CoV-2. Science 375, 1116-1121
(2022).

2. Pulliam, J.R. C. et al. Increased risk of SARS-CoV-2 reinfection
associated with emergence of Omicron in South Africa. Science
376, eabn4947 (2022).

3. Altarawneh, H. N. et al. Protection against the Omicron variant
from previous SARS-CoV-2 infection. N. Engl. J. Med. 386,
1288-1290 (2022).

4. Accorsi, E. K. et al. Association between 3 doses of mRNA
COVID-19 vaccine and symptomatic infection caused by the
SARS-CoV-2 Omicron and Delta variants. JAMA 327, 639-651
(2022).

5. Centers for Disease Control and Prevention. COVID Data Tracker.
https://covid.cdc.gov/covid-data-tracker

6. Prunas, O. et al. Vaccination with BNT162b2 reduces transmission
of SARS-CoV-2 to household contacts in Israel. Science 375,
1151-1154 (2022).

7. Jung, J. etal. Transmission and infectious SARS-CoV-2 shedding
kinetics in vaccinated and unvaccinated individuals. JAMA Netw.
Open 5, 2213606 (2022).

8. Abu-Raddad, L. J. et al. Relative infectiousness of
SARS-CoV-2 vaccine breakthrough infections, reinfections,
and primary infections. Nat. Commun. 13,

532 (2022).

Nature Medicine


http://www.nature.com/naturemedicine
https://doi.org/10.1038/s41591-022-02138-x
https://doi.org/10.1038/s41591-022-02138-x
https://covid.cdc.gov/covid-data-tracker

Article

https://doi.org/10.1038/s41591-022-02138-x

10.

n.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Singanayagam, A. et al. Community transmission and viral
load kinetics of the SARS-CoV-2 delta (B.1.617.2) variant

in vaccinated and unvaccinated individuals in the UK: a
prospective, longitudinal, cohort study. Lancet Infect. Dis. 22,
183-195 (2022).

Kissler, S. M. et al. Viral dynamics of SARS-CoV-2 variants in
vaccinated and unvaccinated persons. N. Engl. J. Med. 385,
2489-2491(2021).

Lyngse, F. P. et al. Household transmission of the SARS-CoV-2
Omicron variant in Denmark. Nat. Commun. 13, 5573 (2022).
Madewell, Z. J., Yang, Y., Longini, |. M. Jr., Halloran, M. E. & Dean,
N. E. Household secondary attack rates of SARS-CoV-2 by variant
and vaccination status: an updated systematic review and
meta-analysis. JAMA Netw. Open 5, 229317 (2022).

Baker, J. M. SARS-CoV-2 B.1.1.529 (Omicron) variant transmission
within households—four U.S. jurisdictions, November 2021-
February 2022. MMWR Morb. Mortal. Wkly Rep. 71, 341-346
(2022).

Decarcerating Correctional Facilities during COVID-19:
Advancing Health, Equity, and Safety. National

Academies of Sciences, Engineering, and Medicine.
https://nap.nationalacademies.org/catalog/25945/
decarcerating-correctional-facilities-during-covid-19-
advancing-health-equity-and (2020).

Burkhalter E, et al. Incarcerated and infected: how the virus tore
through the U.S. prison system. The New York Times. https://www.
nytimes.com/interactive/2021/04/10/us/covid-prison-outbreak.
html (10 April 2021).

Saloner, B., Parish, K., Ward, J. A., DiLaura, G. & Dolovich, S.
COQVID-19 cases and deaths in federal and state prisons. JAMA
324, 602-603 (2020).

UCLA Law: COVID Behind Bars Data Project. https://
uclacovidbehindbars.org/

Montoya-Barthelemy, A. G., Lee, C. D., Cundiff, D. R. & Smith, E. B.
COQVID-19 and the correctional environment: the american prison
as a focal point for public health. Am. J. Prev. Med. 58, 888-891
(2020).

Chin, E. T. et al. COVID-19 in the California state prison system:

an observational study of decarceration, ongoing risks, and risk
factors. J. Gen. Intern. Med. 36, 3096-3102 (2021).

LeMasters, K. et al. COVID-19 community spread and
consequences for prison case rates. PLoS ONE 17, e0266772
(2022).

Kwan, A. et al Respiratory pandemic preparedness learnings from
the June 2020 COVID-19 outbreak at San Quentin California State
Prison. Int. J. Prison. Health. https://doi.org/10.1108/1JPH-12-2021-
0116 (2022).

He, X. et al. Temporal dynamics in viral shedding and
transmissibility of COVID-19. Nat. Med. 26, 672-675 (2020).
Altarawneh, H. N. et al. Effects of previous infection and
vaccination on symptomatic Omicron infections. N. Engl. J. Med.
387, 21-34 (2022).

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Centers for Disease Control and Prevention. CDC strengthens
recommendations and expands eligibility for COVID-19

booster shots. https://www.cdc.gov/media/releases/2022/
s0519-covid-booster-acip.html (2022).

US Food & Drug Amdministration. Coronavirus (COVID-19)
Update: FDA authorizes Moderna, Pfizer-BioNTech bivalent
COVID-19 vaccines for use as a booster dose. https://
www.fda.gov/news-events/press-announcements/
coronavirus-covid-19-update-fda-authorizes-moderna-pfizer
-biontech-bivalent-covid-19-vaccines-use (2022).

California Department of Corrections and Rehabilitation.
Population COVID-19 Tracking. https://www.cdcr.ca.gov/covid19/
population-status-tracking/

Greene, M., Ahalt, C., Stijacic-Cenzer, |., Metzger, L. & Williams,
B. Older adults in jail: high rates and early onset of geriatric
conditions. Health Justice 6, 3 (2018).

California Department of Corrections and Rehabilitation.
Population Reports. https://www.cdcr.ca.gov/research/
population-reports-2/

Leibowitz, A. I., Siedner, M. J., Tsai, A. C. & Mohareb, A. M.
Association between prison crowding and COVID-19 incidence
rates in Massachusetts prisons, April 2020-January 2021. JAMA
Intern. Med. 181, 1315-1321 (2021).

Accorsi, E. K. et al. How to detect and reduce potential sources of
biases in studies of SARS-CoV-2 and COVID-19. Eur. J. Epidemiol.
36, 179-196 (2021).

Kahn, R., Schrag, S. J., Verani, J. R. & Lipsitch, M. Identifying

and alleviating bias due to differential depletion of susceptible
people in postmarketing evaluations of COVID-19 vaccines. Am. J.
Epidemiol. 191, 800-811(2022).

Lipsitch, M. & Kahn, R. Interpreting vaccine efficacy trial results
for infection and transmission. Vaccine 39, 4082-4088 (2021).
Chin, E. T. et al. Effectiveness of the mRNA-1273 vaccine during
a SARS-CoV-2 Delta outbreak in a prison. N. Engl. J. Med. 385,
2300-2301(2021).

Chin, ET. et al. Protection against Omicron from vaccination
and previous infection in a prison system. N. Engl. J. Med. 387,
1770-1782 (2022).

Supplemental/Covid weighted risk scoring. https://cdcrdata.
miraheze.org/wiki/Supplemental/Covid_weighted_risk_scoring

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the

accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature America,
Inc. 2023

'Division of HIV, Infectious Diseases, and Global Medicine, University of California, San Francisco, San Francisco, CA, USA. ZDivision of Pulmonary and
Critical Care Medicine, University of California, San Francisco, San Francisco, CA, USA. ®Department of Medicine, University of California, San Francisco,
San Francisco, CA, USA. *Division of Epidemiology and Biostatistics, School of Public Health, University of California, Berkeley, Berkeley, CA, USA. ®Division
of Infectious Diseases and Vaccinology, School of Public Health, University of California, Berkeley, Berkeley, CA, USA. éCenter for Computational Biology,
College of Engineering, University of California, Berkeley, Berkeley, CA, USA. "Division of Infectious Diseases, University of California, San Francisco, San

Francisco, CA, USA.

e-mail: Nathan.Lo@ucsf.edu

Nature Medicine


http://www.nature.com/naturemedicine
https://nap.nationalacademies.org/catalog/25945/decarcerating-correctional-facilities-during-covid-19-advancing-health-equity-and
https://nap.nationalacademies.org/catalog/25945/decarcerating-correctional-facilities-during-covid-19-advancing-health-equity-and
https://nap.nationalacademies.org/catalog/25945/decarcerating-correctional-facilities-during-covid-19-advancing-health-equity-and
https://www.nytimes.com/interactive/2021/04/10/us/covid-prison-outbreak.html
https://www.nytimes.com/interactive/2021/04/10/us/covid-prison-outbreak.html
https://www.nytimes.com/interactive/2021/04/10/us/covid-prison-outbreak.html
https://uclacovidbehindbars.org/
https://uclacovidbehindbars.org/
https://doi.org/10.1108/IJPH-12-2021-0116
https://doi.org/10.1108/IJPH-12-2021-0116
https://www.cdc.gov/media/releases/2022/s0519-covid-booster-acip.html
https://www.cdc.gov/media/releases/2022/s0519-covid-booster-acip.html
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-moderna-pfizer-biontech-bivalent-covid-19-vaccines-use
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-moderna-pfizer-biontech-bivalent-covid-19-vaccines-use
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-moderna-pfizer-biontech-bivalent-covid-19-vaccines-use
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-moderna-pfizer-biontech-bivalent-covid-19-vaccines-use
https://www.cdcr.ca.gov/covid19/population-status-tracking/
https://www.cdcr.ca.gov/covid19/population-status-tracking/
https://www.cdcr.ca.gov/research/population-reports-2/
https://www.cdcr.ca.gov/research/population-reports-2/
https://cdcrdata.miraheze.org/wiki/Supplemental/Covid_weighted_risk_scoring
https://cdcrdata.miraheze.org/wiki/Supplemental/Covid_weighted_risk_scoring
mailto:Nathan.Lo@ucsf.edu

Article

https://doi.org/10.1038/s41591-022-02138-x

Methods

Data

We used data from the California Correctional Health Care Services,
whichincluded anonymized person-level data on SARS-CoV-2 testing,
COVID-19 vaccination and nightly resident housing for incarcerated
individuals in the California state prison system from 1 March 2020
to 20 May 2022. The objective of the study was to study the relative
infectiousness of Omicron SARS-CoV-2 breakthrough infections and
reinfections. We defined the period of the Omicron variant wave as
between15December 2021 and 20 May 2022, based on genomic surveil-
lance data from the California prison system. This project was approved
by the institutional review board (IRB) at the University of California,
San Francisco (see ‘Ethics and IRB approval’).

COVID-19 index case definition and infectious period

The inclusion and exclusion criteria for an index case of COVID-19 for
the study are shown in Fig. 2. We defined an index case as aresident
with any conclusive positive SARS-CoV-2 diagnostic test. Most tests
(83%) were PCR. We excluded index cases with a prior positive test
within the preceding 90 days (unless they had a negative PCR test
in the interim) as well as those with a false-positive or inconclusive
result. Weincluded only infections that occurred in residents who were
incarcerated continuously beginning before 1 April 2020 to ensure
consistent reporting of prior SARS-CoV-2 infection given that these
data are not available from recently incarcerated residents. We clas-
sified index cases based on their COVID-19 vaccination status and
prior naturalinfection history. We defined SARS-CoV-2 breakthrough
infections as a positive SARS-CoV-2 diagnostic test occurring in indi-
viduals at least 14 days after their first dose of vaccine, as long as that
individual did not have a prior positive diagnostic testin the preceding
90 days. We defined reinfection as a positive SARS-CoV-2 diagnostic
test occurring in individuals with a prior laboratory-confirmed natu-
ralinfection provided that at least 90 days had elapsed since the first
infection unless they had received a negative SARS-CoV-2 PCR test
intheinterim.

For a conservative measure of the time each index case was
infectious, we counted from the date of an index case’s first positive
SARS-CoV-2 test through 5 days thereafter’***’. We varied the start
and the duration of the infectious period in sensitivity analyses. We
shortened the assumed 5-day infectious period for a COVID-19 index
caseif the resident had a negative rapid antigen test during the infec-
tious period. We excluded index cases if the resident had a negative
PCRtest during the infectious period to mitigate potential bias due to
delayed detection of cases.

Isolation and quarantine protocols in the prison system are
described inthe Supplementary Notes.

Close contacts of COVID-19 index case

We defined a close contact of a COVID-19 index case as any resident
who shared a cell with an index case while the index case was con-
sidered infectious, per the above definition. We further required a
close contact to test negative for SARS-CoV-2 within 2 days before or
after first exposure to an index case (to reduce the chance they were
already infected by another resident) and to have follow-up testing
within 3-14 days after last exposure. Close contacts were excluded
if they had a prior SARS-CoV-2 infection in the preceding 90 days
(unless they had a negative PCR test in the interim). Characteristics
of close contacts included or excluded due to missing testing data
are shown in Supplementary Table 14. We defined first exposure
as the first day that the index case and close contact shared a room
during the index case’s infectious period (based on a positive test
in the index case). To limit misattribution of secondary cases and
close contacts, we included only contacts who shared a solid-door
cell with fewer than ten total residents during the index case’s infec-
tious period (>95% of index cases had three or fewer individuals per

cell). The solid-door cell type was chosen to provide amore consistent
transmission environment for comparison between facilities and to
improve attribution of infection to the index case (versus residents
in nearby cells with cell types with open-air exchange). We defined
secondary SARS-CoV-2infection as close contacts who tested positive
for SARS-CoV-2 between 3 days after first exposure and 14 days after
last exposure to the index case. We excluded close contacts who were
secondary cases for multiple index cases (only one close contact, see
Fig. 2). After other inclusion and exclusion criteria were applied to
close contacts, if index cases had more than one valid close contact
(<0.1% of index cases and index cases had no more than three valid
close contacts), we randomly selected a single contact to include in
the analysis.

Statistical analysis

We performed matching of unvaccinated index cases and vaccinated
index cases to limit confounding and to account for heterogeneity of
SARS-CoV-2 epidemiology across institutions and over time. We first
estimated the propensity forindex cases to receive vaccination using
logisticregression based ontheir age, prior history of SARS-CoV-2infec-
tion and COVID-19risk score based on comorbid conditions related to
risk of severe disease®. We then applied 1:10 nearest matching on insti-
tution (exact), time (<30 days) and propensity score (caliper choice of
0.1) scaled to be weighted equally and matched without replacement’®,
We excluded any index cases without matches.

We estimated unadjusted attack rates, defined as the proportion
of close contacts who tested positive between 3 days after initial expo-
sure and 14 days after last exposure with anindex case and computed
associated 95% binomial Cls. We estimated attack rates by number of
vaccine doses and prior natural infection.

To estimate the relative infectiousness of SARS-CoV-2 break-
through infections and/or SARS-CoV-2 reinfections, we fit a Poisson
regression model with robust errors to account for key variables in
an adjusted analysis. We used Poisson regression in the main analysis
because coefficients are easier tointerpret than those in logistic regres-
sion and may be more robust to model misspecification®. Because
binomial data violate distributional assumptions, robust errors were
computed. The primary study outcome was binary—the SARS-CoV-2
infection outcome in the close contact. The exposure of interest was
the vaccine status (primary analysis with binary vaccine status, alter-
native analysis with number of vaccine doses) of the index case, which
can be interpreted as the relative change in attack rate in the close
contact based on the index cases’ vaccine status. We also adjusted
for the index case’s prior SARS-CoV-2 infection history, duration of
exposure between index case and close contact, close contact’s vac-
cine status (number of doses) and prior natural infection, institution
and institution-specific SARS-CoV-2 incidence in the 7 days leading
uptoinfectionintheindex case. The regression model accounted for
matching weights and cluster-robust standard errors based on match-
ing group membership. We did not use repeated measured data. We did
not perform aformal sample size calculation, although the final sample
size would be expected to detect aminimum 10% difference between
groups. The pre-analysis plan is publicly available*°.

We classified secondary infections (n = 363) among close contacts
byindex cases’ prior vaccination and/or infection history and estimated
the crude fraction of secondary infections that were attributable to
different index cases as well as their respective 95% binomial Cls. We
additionally estimated the attributable fraction of transmission among
all SARS-CoV-2 infections in the study period. We first estimated the
adjusted attack rate of SARS-CoV-2 infection by a case’s prior vaccina-
tionand/or infection history using estimates of the relative reduction
in infectiousness. We then applied the attack rates to the observed
number of infections to estimate the attributable fraction of trans-
mission by prior vaccination and prior infection status. Analysis was
conductedinR (version4.2.1).

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-022-02138-x

Sensitivity analysis

We conducted an alternative analysis that defined the index case vac-
cine status by number of doses (rather than binary) and assessed the
relationship between number of vaccine doses and risk of secondary
infection in close contacts. Matches were re-weighted within vaccine
groups with confirmation of covariate balance across groups (Sup-
plementary Table 1)**; we also repeated matching to asingle reference
group to maximize balance. We further examined the relationships
among vaccination, prior infection and infectiousness of an index
case by testing a formal interaction between vaccination and prior
naturalinfectionand evaluated the relationship between the time since
most recent exposure (as continuous variable) to either COVID-19 vac-
cination or SARS-CoV-2 infection. We varied definitions of COVID-19
vaccine status in close contacts in sensitivity analyses. We assessed
impact of relaxing different exclusion criteria for index cases and
close contacts on study results. We varied the start and duration of the
infectious period in sensitivity analyses. To assess model robustness,
we evaluated study outcomes under different matching specifications
and when using a logistic regression model. Given the lower vaccine
effectiveness of the Ad26.COV2 vaccine, we conducted a sensitivity
analysis removingindex cases who received the Ad26.COV2 vaccine.

Ethics and IRB approval

This project was approved by the IRB at the University of California, San
Francisco (IRB no. 21-34030). The IRB waived the need for informed
consent given the use of secondary datasets based on the following
criteria: deemed no more than minimal risk to subjects; could not
practicably be done without the waiver; could not practicably be done
without identifiable information; will not adversely affect rights and
welfare of subjects; and will provide subjects with additional pertinent
information after participation.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Datarequests may be made to the California Correctional Health Care
Services and are subject to controlled access due to requirements to
enhance protection of this vulnerableincarcerated population. There-
fore, de-identified person-level datafrom this dataset are not publicly
available. Requests for dataaccess for study replication or new analyses
canbe made here: http://cdcrdata.miraheze.org/wiki/Request_data.

Code availability
All analytic code is publicly available here: https://github.com/
sophttan/CDCR-CalProtect.
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Recruitment

Ethics oversight

index cases and their close contacts. The average age in the study population was 39 years. 39% of the study population had
been previously infected by SARS-CoV-2, and 82% had received at least 1 dose of a COVID-19 vaccine. The average COVID-19
risk score, which is a weighted sum of co-morbidities related to severe COVID-19 (range: 0-12), was 1.

Study population were persons incarcerated in the California state prison system as part of surveillance testing for SARS-
CoV-2. Participants did not receive any compensation.

This project was approved by the institutional review board (IRB) at the University of California, San Francisco. Informed
consent for all participants was waived by the IRB since the research used secondary datasets with research that posed no
more than minimal risk, and would not be feasible without the waiver (see Methods for further description).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
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Sample size

Data exclusions

Replication
Randomization

Blinding

N=1226 cases (273 unvaccinated, 953 vaccinated), N=1226 close contacts

The sample size is based upon use of available data meeting careful design of inclusion and exclusion criteria to minimize bias and
confounding in the study design. We did not perform a formal sample size calculation, although the final sample size would be expected to to
detect a minimum 10% difference between groups

The inclusion and exclusion criteria for an index case of COVID-19 for the study is shown in Extended Data Figure 1. We defined an index case
as a resident with a positive SARS-CoV-2 diagnostic test. We excluded index cases if there was a prior positive test within the preceding 90
days, as well as those with a false positive or inconclusive result. We defined the period of the Omicron variant wave as between

December 15, 2021, and May 20, 2022 based on genomic surveillance data from the California prison system. We included only infections
that occurred in residents who were incarcerated before April 1, 2020, to ensure consistent reporting of prior SARS-CoV-2 infection given that
these data are not available from recently incarcerated residents.

We defined a close contact of a COVID-19 index case as any resident who shared a cell with an index case while the index case was infectious.
We further required a close contact to test negative for SARS-CoV-2 within 2 days of first exposure and have follow up testing data after
exposure. To limit misattribution of secondary cases and close contacts, we only included contacts that shared a solid door cell

with fewer than 10 total residents during the index case’s infectious period. We excluded close contacts that were considered eligible
secondary cases for multiple index cases.

We excluded index cases without valid contacts. If index cases had multiple valid close contacts, we randomly selected a close contact to
include in the study. We excluded index case-close contact pairs without matches based on time, propensity of vaccination, and Institution.

Analysis was conducted with automated code scripts, no further replication studies were conducted.
None, this is an observational study.

Person-level data was de-identified. There was no randomization in this study, no further blinding was done.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems
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