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Abstract

Background: Pandemic SARS-CoV-2 was first reported in Wuhan, China on December 31, 20
19. Twenty-one days later, the US identified its first case--a man who had traveled
from Wuhan to the state of Washington. Recent studies in the Wuhan and Seattle metro
politan areas retrospectively tested samples taken from patients with COVID-like symp
toms. In the Wuhan study, there were 4 SARS—-CoV-2 positives and 7 influenza positives
out of 26 adults outpatients who sought care for influenza—like—illness at two centra
1 hospitals prior to January 12, 2020. The Seattle study reported 25 SARS-CoV-2 posit
ives and 442 influenza positives out of 2353 children and adults who reported acute r
espiratory illness prior to March 9, 2020. Here, we use these findings to extrapolat

e the early prevalence of symptomatic COVID-19 in Wuhan and Seattle.

Methods: For each city, we estimate the ratio of COVID-19 to influenza infections
from the retrospective testing data and estimate the age—specific prevalence of in
fluenza from surveillance reports during the same time period. Combining these, we

approximate the total number of symptomatic COVID-19 infections.

Findings: In Wuhan, there were an estimated 1386 [95% Crl: 420-3793] symptomatic c
ases over 30 of COVID-19 between December 30, 2019 and January 12, 2020. In Seattl
e, we estimate that 2268 [95% Crl: 498, 6069] children under 18 and 4367 [95% Crl:
2776, 6526] adults were symptomatically infected between February 24 and March 9,

2020. We also find that the initial pandemic wave in Wuhan likely originated with



a single infected case who developed symptoms sometime between October 26 and Dece
mber 13, 2020; in Seattle, the seeding likely occurred between December 25, 2019 a

nd January 15, 2020.

Interpretation: The spread of COVID-19 in Wuhan and Seattle was far more exte
nsive than initially reported. The virus likely spread for months in Wuhan b
efore the lockdown. Given that COVID-19 appears to be overwhelmingly mild in
children, our high estimate for symptomatic pediatric cases in Seattle sugge

sts that there may have been thousands more mild cases at the time.

Funding: We acknowledge support from NIH grant U0l GM087791 and Tito’ s Handmade V
odka.
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Introduction

On December 31, 2019, a novel coronavirus (SARS—CoV-2) was identified in Wuhan, China

. Three weeks later, on January 21st, the US Centers for Disease Control and Preven
tion (CDC) confirmed the first case of COVID-19 in the US. On January 15th, the ma
n returned from a visit to Wuhan, China to Snohomish County in the Seattle Metropo
litan Area of Washington state [1]. To mitigate local transmission and prevent glo
bal spread, China imposed a lockdown on Wuhan starting January 23rd. In the first

months of the pandemic, confirmed case counts vastly unrepresented the rapid expan
sion of the pandemic as countries raced to ramp up testing and surveillance capabi
lities [2-5]. By the time of the Wuhan lockdown, only 571 cases of COVID-19 were r
eported in mainland China [6], 422 of which were in Wuhan [7]. The Seattle area re

ported only 245 confirmed COVID-19 cases and 36 COVID-19 deaths by March 9th [8]

Two studies--one in Wuhan [9] and the other in Seattle [10]--re—examined swabs tak
en from individuals with symptoms of acute respiratory illness during periods wher

e SARS—CoV-2 may have been spreading undetected. Although some of these specimens
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were previously tested for influenza viruses, none were tested for SARS-CoV-2. The
Wuhan study tested 26 throat swabs taken from adults over age 30 who sought outpat
ient care at one of two central Wuhan hospitals for influenza—-like—-illness (ILI) b
etween December 30, 2019 and January 12, 2020 [9]. Although no patients were confi
rmed COVID-19 cases, four retrospectively tested positive for the virus. In additi
on to the four COVID-19 positive samples, seven others tested positive for influen

za.

The Seattle study performed RT-PCR tests for SARS-CoV2 and influenza on 2353 mid-n
asal swabs collected from 299 children under 18 and 2,054 adults who reported symp
toms of acute respiratory illness (ARI) between January 1, 2020 and March 9, 2020

[10]. Of these, 442 tested positive for influenza, 25 tested positive for COVID-19

, and none tested positive for both viruses

We note that the two studies have overlapping but not identical case definitions.
In Seattle [10], ARI cases had at least two of these symptoms: “feeling feverish,
headache, sore throat or itchy/scratchy throat, nausea or vomiting, rhinorrhea, fa
tigue, myalgia, dyspnea, diarrhea, ear pain or ear discharge, rash, or a new or wo
rsening acute cough alone” . In Wuhan [9], ILI cases included patients reporting
fever (with a temperature of at least 100° F/37.8° C) and a cough or a sore throat

without a known cause other than influenza [11].

Our study is premised on the assumption that influenza and SARS-CoV-2 were constra
ined by similar behavioral and environmental factors in early 2020. The two viruse
s have overlapping natural histories [12, 13] and modes of transmission [13]. Both
are respiratory pathogens with a wide spectrum of illness, from asymptomatic to fa
tal, with severity that depends on age and underlying conditions. They are similar
ly transmitted from person—to—person through direct contact, droplets and fomites
[13-15]. Thus, we expect that once SARS—CoV-2 got a foothold in a city, spreading
across multiple communities, its geographic and demographic patterns might mirror
those of influenza. In Hong Kong, for example, COVID-19 interventions concurrently
reduced the transmission rates (i.e., the daily reproduction number, Rt) of COVID-

19 and influenza in early February 2020[15]
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Here, we estimate the early prevalence of symptomatic COVID-19 cases in Wuhan and
Seattle based on the ratio of SARS-CoV-2 to influenza test positivity (henceforth,
the covid-to—influenza ratio) and the local prevalence of influenza in the two cit
ies at the time of the corresponding retrospective study. We derive our estimates
of covid-to-influenza positivity directly from the two studies and our estimates o

f local influenza prevalence from Chinese and US surveillance data.

Methods

Data

COVID-19 and influenza data in Wuhan

To estimate the covid-to—influenza ratio, we used the numbers of COVID-19 positive
and influenza positive patients among tested ILI throat swab samples at two hospit
als from December 30, 2019 to January 12, 2020 reported by a recent retrospective

study [9]. Wuhan has almost 400 hospitals, which collectively have 81,700 beds and
81 million outpatient visits per year [16]. The data we analyzed from ref. [9] wer
e collected from two hospitals that have large and representative catchments: Chil
dren’ s Hospital of Wuhan (the largest pediatric healthcare center in Wuhan that s
erves both women and children) [17, 18] with 2000 beds and 1.9 million annual outpa
tient visits and Wuhan No. 1 Hospital [19], with over 3000 beds and 2 million annu
al outpatient visits. Both serve as sentinel sites in China’ s national influenza

surveillance system [9]. Together they provide almost 5% of outpatient care in the
Wuhan area. The data we analyzed from ref. [9] were collected from two hospitals th
at have large and representative catchments: Children’ s Hospital of Wuhan (the la
rgest pediatric healthcare center in Wuhan, serving both children and adults) [17,
18] with 2000 beds and 1.9 million annual outpatient visits and Wuhan No. 1 Hospit
al [19], with over 3000 beds and 2 million annual outpatient visits. Both serve as
sentinel sites in China’ s national influenza surveillance system[9]. The SARS—

CoV-2 and influenza virus among tested ILI throat swab samples are well

kept at =70 °C before the SARS—CoV—-2 experiments and detected by real-

time PCR with reverse transcription[9].
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To estimate the age-stratified numbers of outpatient visits for ILI in Wuhan, we a
nalyzed data from China CDC weekly reports for Wuhan, December 30, 2019-January 12
, 2020 [9]. To estimate the age-stratified population sizes of Wuhan’ s 13 distric
ts, we obtained data from the Sixth National Census of the People’s Republic of Ch
ina in 2010 [20], and scaled by the growth in overall Wuhan population between 201

0 and 2019 reported by Wuhan Statistics Bureau [21] .

COVID-19 and influenza data in Seattle

Our analysis of Seattle is restricted to the portion of the metropolitan area samp
led by the Seattle Flu Study in ref. [10]. Specifically, we analyze King county, w
hich contains the city of Seattle, and Snohomish county, where the first US COVID-
19 case was identified. Roughly 77% of the 3.5 million metropolitan population res

ide in the two counties.

To estimate the covid-to—influenza ratio, we used the numbers of COVID-19 positive
and influenza positive patients among tested mid—nasal swab samples from participa
nts with symptoms of acute respiratory illness (ARI) in the Seattle Flu pandemic s
urveillance platform from January 1, 2020 to March 9, 2020 [10]. Our analysis comb
ines viral positivity data from cases with ILT and ARI. We assume that the two pop
ulations are the same-individuals with ILI and ARI in Seattle during the study per
iod-and refer to this population as ILI throughout the text and supplement. The AR
I case definition in ref. [10] is at least “two of the following: feeling feveris
h, headache, sore throat or itchy/scratchy throat, nausea or vomiting, rhinorrhea,
fatigue, myalgia, dyspnea, diarrhea, ear pain or ear discharge, rash, or a new or
worsening acute cough alone” . The CDC’ s case definition for ILI is “fever (temp
erature of 100° F [37.8° C] or greater) and a cough and/or a sore throat without a
known cause other than influenza” [11]. Thus, the case definitions overlap conside
rably, but are not identical. The tested mid—nasal swab samples were kept at 4° C
before the influenza and SARS-CoV-2 tests by TagMan PT-PCR, with an average time f

rom nasal swab collection to receipt at the study laboratory of 2.8 days [10].

We analyzed the age—stratified numbers of outpatient visits for ILI in HHS region
10 between January 1, 2020 and March 9, 2020 available on the CDC’ s FluView inter

active website [22] and the age—stratified population sizes of the 22 Public Use M
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icrodata Areas (PUMA’ s) in King and Snohomish counties [10,20]. Details are provi

ded in Table 1.

Method

Our methods for estimating the prevalence of symptomatic COVID-19 in Wuhan and Sea
ttle are similar, but not identical. We describe our method for Wuhan in this sect
ion and our method for Seattle in the Appendix. The key methodological difference

is that the retrospective study in Wuhan [9] but not Seattle [10] reported the dat
e of symptom onset for each positive influenza test. For Seattle, we took the extr
a step of estimating these dates based on the total number of positives and the da
ily influenza positivity reported by the CDC for HHS Region 10 (Supplementary Figu
re S1, Tables S1 and S2).

For Wuhan, we assume that the age—specific risks of COVID-19 and influenza infecti
on are identical in all 13 central districts of the city. Therefore, the ratio of
COVID-19 to influenza adult outpatients (r) estimated from the subset of outpatien
ts sampled in ref. [9] can be used to estimate the number of COVID-19 infections a

cross all of central Wuhan (Figure 3).
Estimating COVID-19 adult infections 1n Wuhan

To estimate the number of COVID-19 infections we use a binomial distribution, den
oted BN, p), where N is the total population in each district and p is an estimat
e of the age specific prevalence of symptomatic COVID-19 in the population adjuste
d by the proportion of individuals in that age group. We chose a binomial distribu
tion as it is the most commonly used distribution to statistically model case coun
ts when the population size and probability are known. We denote by Eitmf the num
ber of COVID-19 infections in district d and age range a (over 30 years) during th
e focal fourteen—day period 7, and model it as:

Hd,a,'r | Na, 62: Q9,7 ~B (Nda g_T <P T')

. oy
where N4 is the number of people of all ages in district «; ()T is the number of I

LI outpatients in age group a over a period of time T; €2, is the number of all ca
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use outpatients of all ages in Wuhan over a period of time 7; ®r is the percent o
f influenza tests that are positive in the South Provinces of China during time pe
riod 7; the r is the ratio of COVID-19 outpatients to influenza outpatients over a
ge 30. Given the small sample size, we could not reliably estimate COVID-19 preva

lence by sex or narrow age brackets

We take a Bayesian approach using Markov Chain Monte Carlo, where at each iteratio
n we take a draw from the distributions of + and $2r, and then use these to draw

}£i¢f according to the specified binomial distribution. Since the other parameters
are assumed to be known constants, we do not take draws of these parameters; the v
alues of these parameters can be found in Table 1. }Limf is then specified by the
set of draws, defining a predictive distribution that we use to calculate the mean
and credible intervals for the number of COVID-19 infections. We chose a Bayesian
approach to allow an intuitive structuring of the model and avoid making assumptio

ns that are not appropriate for our small sample sizes

To estimate the distribution of  and $2-, we first derive r as the following poste
rior distribution. Let N denote the total number of adults in the sample, and #*c
and *f denote the observed number of adults who tested positive for COVID-19 and i

nfluenza, respectively. As before we assume a binomial distribution where
Te | Pes N ~ B(NaPC) and Lrf | prs N ~ B(]V,pf)'

If we assume uninformative priors on Pe and Pf[23],

pe ~ Beta(1,1) anq pr ~ Beta(1,1)

then the posterior distributions are known in closed form[23]:
Pe | Tey N ~ Beta(l + z.,1 + N — z.) ~ Beta(h, 23)
pr | xp, N ~ Beta(l + 27,14+ N —xy) ~ Beta(8, 20)

We use Markov Chain Monte Carlo to draw from P: and Pf at each iteration and calc
ulate T = Pe/Ps. We combine these draws to obtain the distribution for r. Using th
is method we estimate that the ratio of COVID-19 to influenza adult hospitalizatio

ns across central Wuhan during December 30, 2019 to January 12, 2020 was 0.61 [95%
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Crl: 0.20-1.64]. We use 10,000 draws and report the medians and 95% credible inter
vals of the resulting posterior predictive distribution for the number of COVID-19

infections for each district.
Estimating COVID-19 adult infections prior to the Wuhan lockdown

To project the number of adult infections in Wuhan prior to the closing on January

23, 2020 (H(:um), we assume

L
Hean =) _ho - 27T

i=tg
where T4 is the epidemic doubling time, fo is the day of the first adult infection
in Wuhan, and I, corresponds to January 22, 2020 (the day before the Wuhan lockdow
n). We use our age— and district-stratified estimates for adult COVID-19 infection
s for December 30, 2019 to January 12, 2020 to estimate this quantity, under the a
ssumption that the values reflect cumulative incident infections during that fourt

een—day period (Figure 4).

We use Monte Carlo sampling to incorporate the uncertainty in both the epidemic do
ubling rate in Wuhan during this period [2] and adult infections from December 30,
2019 to January 12, 2020 (Hadr). We take draws from the distribution of Hadr and

T (summarized in Table 1) to estimate the time since the first adult infection by

H,

That is, the estimated date of the first COVID-19 infection in Wuhan (fa) is & day
s prior to December 30, 2019. We then estimate Eﬂmnlaccording to the equation abo
ve to project the cumulative COVID-19 adult infections preceding the Wuhan lockdow

n.

Role of funding

This research was made possible, in part, by NIH grant U0l GM087791 and funding fr

om Tito’ s Handmade Vodka in support of the UT COVID-19 Modeling Consortium. The f
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manuscript; and decision to submit the manuscript for publication.

Results

Estimated symptomatic COVID-19 adult infections in the 13 central districts of Wuh

an

Based on the numbers of confirmed SARS-CoV-2 and influenza cases in ref. [9], we e
stimate that the ratio of symptomatic COVID-19 to influenza infections in Wuhan fr
om December 30, 2019 to January 12, 2020 was 0.61 [95% Crl: 0.20-1.64] for adults

over 30. Coupling this ratio with influenza prevalence statistics derived from sur
veillance data, we estimate there were 1386 [95% CrIl: 420-3793] for people over 30
years with symptomatic COVID-19 infections in Wuhan between December 30th and Janu
ary 12th, ranging from 19 cases [95% Crl: 6-51] in suburban Hannan to 177 cases [9
5% CrI: 54-485] in central Wuchang (Figure 1, Table S3). Estimates for the epidemi
¢ doubling time for COVID-19 in Hubei Province have ranged from 5.2 [24] to 7.31 d
ays [2]. These two values suggest a total of 12,939 [95% Crl: 2728-109, 651] or 22,
939 [95% Crl: 5034-119, 864] symptomatically infected adults over age 30 prior to t
he January 23rd lockdown, respectively. Both estimates far exceed the 422 document
ed cases across all age groups [25]. Several studies have estimated that roughly h
alf of infections are asymptomatic [26]. Thus, the number of undetected adult COVI
D-19 cases at that time may have reached 10,000. We further estimate that the Wuha
n epidemic emerged from cases infected around November 17, 2019 [95% Crl: October

26-December 3, 2019] or December 2, 2019 [95% CrI: November 20-December 13, 2019]

, under the lower or higher reported doubling times, respectively (Figure 4).

We note that the Wuhan study [9] also tested swabs taken from 54 ILI patients unde
r age 30. Of these, 30 tested positive for influenza and none tested positive for
COVID-19. Given that there were likely symptomatic pediatric COVID-19 cases in Wuh
an during the study period [27], we do not believe that the true prevalence in thi
S age group was zero. Because estimates close to zero require greater amounts of d

ata to estimate with any certainty, we lack the statistical power to reasonably es
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timate the COVID-19 to influenza ratio based on the reported zero out of 54 withou
t making additional assumptions. Thus, to avoid potentially problematic assumption

s or invalid generalizations, we restricted our analysis to the over 30 age group.
Estimated symptomatic COVID-19 infections in King and Snohomish Counties

For the Seattle area, we similarly estimate that the ratio of symptomatic COVID-19
to influenza infections in children under 18 was 0.11 [95% CrI: 0.03-0.33] and in

adults was 0.14 [95% Crl: 0.09-0.21] from February 24 and March 9, 2020. Based on

this ratio and the concurrent prevalence of influenza in Seattle, we estimate that
there were 6748 [95% Crl: 4133, 11020] symptomatic COVID-19 infections between Feb
ruary 24th and March 9th. The age breakdown is 2268 [95% Crl: 498, 6069] symptomat
ic cases in children under 18 and 4367 [95% Crl: 2776, 6526] cases in adults. The

Seattle Flu Study [10] located the retrospectively detected COVID-19 cases down to
the level of Public Use Microdata Areas (PUMA’ s), which are US Census statistical
reporting units. Based simply on the population sizes of the 22 PUMA’ s in King an
d Snohomish counties, we estimated that the PUMA-level prevalence of symptomatic C
OVID-19 cases during this period ranged from 231 cases [95% Crl1:199, 265] in PUMA 1
1614 (Southwest King County) to 410 cases [95% Crl:364,459] in PUMA 11601 (Northwe

st Seattle) (Figure 2).

A prior study estimated COVID-19 had a mean epidemic doubling time in Washington S
tate in January and February, 2020 of 6.1 days [90% Crl: 5.1 to 8.2 days] [3]. Und
er this range of doubling times, we estimate there were a total of 9068 [95% Crl:
8264-10,011] symptomatic COVID-19 infections in Seattle before March 9th. If we as
sume 50% of infections are asymptomatic [26], then we project there may have been
over 15,000 undetected COVID-19 cases at the time. We further estimate that the Se
attle epidemic originated with cases that arrived infected around January 6, 2020

[95% Crl: December 25, 2019 — January 15, 2020] (Figure 4).

10


https://paperpile.com/c/O3I82Z/5KQLg
https://docs.google.com/document/d/1iQPkSgI3PJnavKCIeoFGwPedl7yUJYzXmsUWSW-IuJA/edit#fig_SeattleMap
https://paperpile.com/c/O3I82Z/HfFVz
https://paperpile.com/c/O3I82Z/uKlQW

Discussion

In cities across the Northern Hemisphere, the emergence of the COVID-19 pandemic c
oincided with the 2019-2020 influenza season [9, 10]. Mild COVID-19 and influenza i
nfections have overlapping constellations of symptoms that often fall within the c
riteria for influenza—like—illness (ILI) and acute respiratory infections (ARI) [2
8]. Prior to widely available SARS-CoV-2 tests, symptomatic COVID-19 cases who sou
ght care were likely to have been tested for influenza. A few studies have retriev
ed and retrospectively tested swabs taken from such patients for SARS-CoV-2 and th
ereby identified early undetected cases of COVID-19 [3,5,9,10]. Given the spatiote
mporal overlap and epidemiological similarities between influenza and SARS—CoV-2,

we hypothesized that the observed prevalence of influenza might shed light on the

unseen early spread of COVID-19. To extrapolate COVID-19 prevalence from influenza
surveillance data, we assume that the ratio of COVID-19 positive to influenza posi
tive cases detected retrospectively in small samples generally holds for the surro

unding metropolitan area.

We analyzed data provided by two studies--one in Wuhan [9] and the other in Seattl
e [10]--that re—tested swabs taken from ILI and ARI cases in early 2020. The ident
ification of overlooked COVID-19 cases in both cities was not surprising, given th
e large numbers of cases, hospitalizations and deaths that were detected shortly a
fter these retrospective periods. Nonetheless, the ratios of SARS-CoV-2 to influen
za positive swabs were surprisingly high. In Wuhan, there were roughly two symptom
atic cases of COVID-19 for every three cases of influenza; in Seattle, there was o
ne pediatric case of symptomatic COVID-19 per every 9 influenza cases, and one per
every seven in adults. Given that influenza was circulating widely at the time of

these infections, these ratios led us to conclude that there may have been over 5,
000 undetected cases of symptomatic COVID-19 both in Wuhan prior to January 12th a

nd in Seattle prior to March 9th.

Our results do not imply that health authorities were aware of these undocumented
infections, rather that they went unseen during the early and uncertain stages of
COVID-19 emergence in the two cities. In Wuhan, other data have suggested similar

levels of unseen COVID-19 prior to the January 23, 2020 lockdown of the city. For

11
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example, we previously estimated that there were 12,400 (95% Crl 3, 112-58, 465) tot
al cases based on extrapolation from the timing and location of the first 19 COVID
-19 cases imported from Wuhan to other countries [2]. These numbers are further co
rroborated by a similarly-derived estimate from Imperial College of 4,000 (1,000-9
,700) cases as of January 18, 2020 [29]. Our estimate that the epidemic in Wuhan s
tarted in mid to late November of 2019 is consistent with the first known case rep

orting symptoms starting December 1, 2019 [30].

In Seattle, we estimate that sustained community transmission of SARS—CoV-2 began
in early January (Figure 4), around the time of the first confirmed case [1]. Two
recent phylogenetic studies using SARS—-CoV-2 genomic data provide conflicting back
casts. The first suggests that a locally-infected case detected on February 24th c
ould be traced back to the initial imported case detected on January 15th [3]; the
second calls this claim into question and suggests that the current epidemic origi

nated roughly four weeks later, in early February [5]

Limitations

Our estimates are based on sparse data and multiple assumptions that have resulted
in wide credible intervals and potential biases. For one, we do not explicitly con
sider the accuracy of the viral tests. For example, the Wuhan study tested orophar
yngeal (OP) swabs rather than (NP) nasopharyngeal swabs, which have lower sensitiv
ity [31]. The SARS-CoV-2 RT-PCR tests used have a reported false negative rate of
29% [32] and false positive rate of 0.8% [33]. For influenza, both error rates are
under 10% [34]. Under the maximum reported error rates for both viruses, we would
expect that ref. [9] may have missed approximately 1.4 SARS-CoV-2 cases and over—d
iagnosed influenza by 1.5 cases. This would imply an even larger ratio of COVID-19
positive to influenza positive cases and a 41% higher overall prevalence of COVID-
19 among adults over 30 in Wuhan during this period than we estimated. Larger samp
les using NP rather than OP swabs for the SARS-Cov-2 test would allow more precise

estimation of the early prevalence of SARS—CoV-2 in cities worldwide.

Both studies leveraged data from existing surveillance systems that are designed t
o provide reliable and representative data on respiratory virus prevalence. Thus,

we made two key assumptions. First, influenza and COVID-19 were widespread and exh
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ibited similar epidemiological patterns throughout the 13 central Wuhan districts
and throughout the 19 PUMA’ s of Seattle, during the study periods. Second, the st
udies provide representative data for these cities. In Wuhan, if SARS-CoV-2 was on
ly spreading in the 6 districts where it was detected, then our estimate for the p
revalence of SARS-CoV-2 would decrease by 51%. Nonetheless, we believe that our me
thodology and qualitative insights are robust, given that the two Wuhan hospitals
serve as sentinels for the Chinese Influenza Surveillance System [9] and the high
inter—district mobility within Wuhan [35]. Likewise, the Seattle Flu Study was des

igned to broadly sample the metropolitan area [36].

Finally, the validity of our estimates hinges on our assumption that influenza and
COVID-19 spread similarly during the periods of the two retrospective studies. Bot
h studies tested specimens taken during the heart of the influenza season, when tr
ansmission was rampant. The simultaneous global expansion of the COVID-19 pandemic
suggests that conditions were equally favorable for the spread of SARS-CoV-2. More
over, the two studies analyzed specimens collected through surveillance systems in
China and the US that were specifically designed to provide reliable estimates of

the prevalence of influenza and other similarly-spreading respiratory viruses. Tha
t said, influenza is highly seasonal and SARS-CoV-2 may exhibit very different sea
sonal or non—seasonal transmission dynamics. While we conjecture that our approach
was robust for the short period when both viruses were circulating in the focal co
mmunities, it may not provide reliable estimates for samples taken over longer per

iods of time or during the influenza off-season.

With these caveats in mind, we conclude that our method provides a way to roughly
triangulate the unseen emergence of the COVID-19 pandemic in cities around the wor
1d during the early months of 2020. Retrospective testing of swabs from ILI and AR
I patients stored in laboratories can indicate the local ratio of symptomatic SARS
—CoV-2 infections to symptomatic influenza infections. If we know the prevalence o
f influenza when and where the swabs were taken, then we can extrapolate the concu
rrent prevalence of COVID-19. This approach can elucidate the past as well as prov
ide sentinel surveillance for novel respiratory viruses that co—circulate with inf

luenza, prior to widely available testing.

13


https://paperpile.com/c/O3I82Z/kHhZJ
https://paperpile.com/c/O3I82Z/KjnnU
https://paperpile.com/c/O3I82Z/b65cj

The COVID-19 epidemics in Wuhan and Seattle were far more extensive than initially
reported and had likely been spreading for several weeks before they became appare
nt. The large discrepancy between confirmed cases and true prevalence highlights t
he difficulty of determining infection fatality rates from readily available COVID

-19 data.
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Figure 1. Estimated symptomatic COVID-19 infections of people over 30 years in the 13 dis
tricts of Wuhan from December 30, 2019 to January 12, 2020. A retrospective study identif
ied four ILI cases of COVID-19 from two hospitals in central Wuhan [9]. We estimate that t
here were a total of 1386 [95% CrI: 420-3793] adult cases of COVID-19 during that 14-day p
eriod across the 13 central districts of Wuhan, ranging from 19 cases [95% Crl: 6-51] in s

uburban Hannan to 177 cases [95% Crl: 54-485] in central Wuchang, as indicated by shading
(Table S3).
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Figure 2. Estimated symptomatic COVID-19 infections of people over all ages in the 22 stu
died Public Use Microdata Areas of Seattle from February 24, 2020 to March 9, 2020. A ret
rospective study identified 2 children and 23 adult ILI cases associated with COVID-19 fro
m the Seattle Flu pandemic surveillance platform [10]. We estimate that there were a total
of 6748 [95% Crl: 4133, 11020] (2268 [95% Crl: 498, 6069] and 4367 [95% Crl: 2776, 6526] f
or people under and over 18 years, respectively) cases of COVID-19 cases during that 15-da
y period across the 22 PUMAs of Seattle, ranging from 231 cases [95% CrI1:199, 265] in PUMA

11614 to 410 cases [95% Cr1:364,459] in PUMA 11601 (Table S2).
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Figure 3. Estimating adult COVID-19 infections based on the ratio between patients retros
pectively testing positive for COVID-19 and influenza in two hospitals in Central Wuhan f
rom December 30, 2019 to January 12, 2020. First we use influenza surveillance data (numb
er of outpatients, percent positive influenza tests, and number of ILI outpatients reporte
d for the Wuhan region by the Chinese CDC) to estimate the proportion of adult outpatients
(all cause) testing positive for influenza from December 30, 2019 to January 12, 2020 (lef
t graphs). Second, we estimate the ratio of COVID-19 positive to influenza positive patien
ts among adult outpatients with ILI, based on a recent retrospective study in two Wuhan ho
spitals ( 0.61 [95% CrI: 0.20-1.64]) [9]. We then estimate the number of symptomatic COVID
—19 infections among adults across Wuhan during this time period based on the proportion o
f influenza positive outpatients and the ratio of COVID-19 to influenza positive outpatien
ts, using Monte Carlo sampling to incorporate uncertainty in our estimates of both quantit
ies (upper right). Finally, we estimate the age—specific COVID-19 adult infections for the
13 central districts in Wuhan based on the district level population sizes for each age gr
oup. Given that the four detected COVID-19 cases lived in central Wuhan in ref. [9], we as

sumed that risk was uniform across all 13 districts during the 14-day time period.
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Figure 4. Estimating the number of symptomatic COVID-19 cases among all age groups in Wuh
an prior to January 23, 2020 and all age groups in Seattle prior to March 9, 2020. (A) Fo
r Wuhan, we assume an epidemic doubling time of either 7.3 [95% CrI: 6.3-9.7] days (red)

or 5.2 [95% CrI: 4.6-6.1] days (blue). We further assume the numbers of COVID-19 infectio
ns estimated for the 13 central districts (Table S3) are equal to the sum of the daily nu
mber of incident infections from December 30, 2019 to January 12, 2020. Using an exponent
ial model of epidemic growth we estimate that the first COVID-19 infection occurred on (r
ed) November 17, 2019 [95% Crl: October 26-December 3, 2019] or (blue) December 2, 2019 [
95% Crl: November 20-December 13, 2019], and then project the daily COVID-19 infections u
ntil January 23, 2020. (B) For Seattle, we assume an epidemic doubling time of 6.1 [90% u
ncertainty interval of 5.1 to 8.2] days [3] and that the numbers of COVID-19 infections e
stimated across the 22 PUMA’ s are equal to the sum of the daily number of incident infec
tions from February 24th to March 9th, 2020. Using an exponential model of epidemic growt
h we estimate the initial pandemic wave in Seattle originated with a single infected case
who developed symptoms on January 6, 2020 [95% Crl: December 25, 2019 — January 15, 2020]
and then project the daily COVID-19 infections until March 9, 2020. In both graphs, lines
and bars indicate the median and 95% Crl estimates, respectively. Gray shading indicates

the time period of our initial estimates.
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Table 1. Model Parameters and Data Sources. Parameters with an age indicator (a) have sep
arate values for the 30+ age ranges.

Symbol Description Values Sources
Number of COVID-—
19 outpatients i
Hyor n age group ¢ in Estimated
district d over
time period T
Ref. [9]: Of the 26 tested ILI throa
Ratio of ILI out t swab samples taken from adults ove
. r age 30 who sought ILI treatment at
patients that ar two central Wuhan hospitals between
e COVID-19 posit Age 30+: 0.61 [95 P
pe . . . December 30, 2019 and January 12, 20
ive versus influ | % CrI: 0.20-1.64] T
enza positive (a 20, 7 tested positive for influenza
and 4 tested positive for COVID-19
dults over 30) o
None of the cases tested positive fo
r both viruses.
2010 lati ,
. poputation ? Sixth National Census of the People
Age—stratified p caled by the rati . .
. . s Republic of China in 2010 [20] and
N opulation sizes o of the 2019 to . .
d . . . total population of Wuhan in 2019 (1
in district d the 2010 total Wu .
. 1.08 million) [21]
han population
Number of outpat
tent V;S?tsw(in 42,274 and 38,702 | China CDC weekly reports of outpatie
Q. causes 1? uhan over two weeks, r | nt visits in Wuhan, December 30, 201
across.a agés espectively 9-January 12, 2020 [9]
over time period
-
Numb?r of ?LI ou Age 30+: 61 and 4 .
tpatients in age China CDC weekly reports of ILI outp
a . 7, for each of th . ;
S)s group a in Wuhan atients in Wuhan, December 30, 2019-
. . e two weeks, resp
over time period . January 12, 2020 [9]
ectively
T
: 259 9 +) i
. 95% and 28. 6% for Ref. [9] ?5@, 28.6% adult (30+) inf
Percent of influ luenza positive among 160 ILI throat
. each of the two w
[0 enza positive te . swab samples, from December 30, 2019
eeks, respectivel
sts v to January 12, 2020
7.3 [95% Crl: 6.3
Epidemic doublin -9.7] days
T Refs. |2 d [24
L g time 5.2 [95% Crl: 4.6 | Refs [2] and [24]
-6. 1] days

21



https://docs.google.com/document/d/1ALijAuzbGgYD9h4qm2QZv1-ZmtlUIyVytyrL1YlKkwU/edit#table_WuhanParas
https://paperpile.com/c/O3I82Z/kHhZJ
https://paperpile.com/c/O3I82Z/AJ44N
https://paperpile.com/c/O3I82Z/SscSB
https://paperpile.com/c/O3I82Z/kHhZJ
https://paperpile.com/c/O3I82Z/kHhZJ
https://paperpile.com/c/O3I82Z/kHhZJ
https://paperpile.com/c/O3I82Z/n8v99
https://paperpile.com/c/O3I82Z/PRynt

22



Supplementary Appendix

Using the COVID-19 to influenza ratio to estimate early pandemic spread in Wuhan,

China and Seattle, US

Zhanwei Du', Emily Javan', Ciara Nugent', Benjamin J. Cowling’. and Lauren Ancel Meyers'*"

1. The University of Texas at Austin, Austin, Texas 78712, The United States of America

2. The University of Hong Kong, 7 Sassoon Rd, Hong Kong SAR, China

3. Santa Fe Institute, Santa Fe, New Mexico, The United States of America

" Correspondence: Lauren Ancel Meyers (laurenmeyers@austin.utexas.edu)

Table S1. Model Parameters and Data Sources. Parameters with an age indicator («) have separate values

for the 0—17 and 18+ age ranges.

Symbol Description Values Sources
Number of i )
. Estimated at the Public Use
i Microdata Areas (PUMA) level
He COVID-19 cases in icrodata Areas ( ) leve Estimated
drt 7 D @ i per day for 0-17y and over 18y
location d at time 1 age SIoups.
Ref. [1] tested 2353
mid-nasal swab samples from
. . Between February 24 and March , .
Ratio of ARI patients 9. 2020: patients with acute
that are COVID-19 ’ ) iratory ill ARI
» Age 0-17y: 0.11 [95% Ctl: respiratory illness (ARI),
P positive versus January 1-March 9, 2020. Of
. e 0.03-0.33]
influenza positive in those, 442 and 25 tested
Over 18y: 0.14 [95% CrlI: .\ .
age group a 0.09-021] positive for influenza and
’ | COVID-19, respectively
(none were double positive).
Publi Microdata A
. ublic Use 1cr9 ¢ a. 1'62.1 2018 American Community
N Population size of (PUMA) population sizes in
d . . Survey 5-Year Data, released
location d Seattle metropolitan arca in 2019 [2]
estimated for 2014-2018
. MMWR week 1 to week 11,2020 | CDC weekly reports for HHS
Number of outpatient ) )
Q, T - for Region 10: Region 10 (Alaska, Idaho,
. [71870, 73781, 70333, 72732, Oregon, and Washington),
ages) at time T
73329, 72597, 73331, 73118, January 1-March 9, 2020[3]
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72963, 72812, 68179]

MMWR week 1 to week 11, 2020
for Region 10:
Age 0-17y: [1645, 1125, 1037,

CDC weekly reports of ILI in

Number of ILI HHS Region 10 (Alask
o S 1198, 1169, 1088, 1111, 1172, S Region 10 (Alaska,
T outpatient visits in age 1164, 1389, 1419] Idaho, Oregon, and
roup a attime t ’ ’ Washington), J.
S Over 18y: [2305, 1855, 1436, | 1?45 rmf;’n;bzﬁg?ry
1546, 1581, 1375, 1420, 1429, i
1650, 2436, 2592]
MMWR week 1 to week 11,2020 | CDC weekly reports of
Percent of influenza for Region 10: influenza posfuve percents in
d o . [23.275,20.9372, 18.8126, HHS Region 10 (Alaska,
T positive tests at time
. 21.2625, 19.097, 16.3656, Idaho, Oregon, and
16.3466, 17.2397, 18.3453, Washington), January
17.5661, 10.8454] 1-March 9, 2020[3]
Ref. [1] reports that a total of
Number of influenza 445 swabsf teste;i positive for
. positive inref. [1] at | 442 e O e
. 1-March 9, 2020, but does
time t . e
not report influenza positivity
by day or week.
Number of Between February 24 and March
symptomatic 9,2020: Ref. [1] tested 2 and 23
x“ COVID-19 cases in tested COVID-19 positive for
age group Age 0-17y: 2 two age groups, respectively.
a attime t
Over 18y: 23
Number of influenza
itive i Age 0-17y: 23
1 positive 1n age group ge y Estimated
! a between February
24 and March 9,2020 | ©Over 18y: 170
Number of total tests Data extracted fi £1
N . _— Extracted from ref.[1] for 0-17y useilr?ge:\:/z(‘;) eplotr?irilflgirtti:zir[:ll]
a,r of age group a in ref. 1 >
. and over 18y age groups. , January 1-March 9, 2020.
[1] at time T
Epidemic doubling 6.1 [90% uncertainty interval of
T . Ref. [5]
d time 5.1 to 8.2] days



https://paperpile.com/c/FrOYSP/92r8W
https://paperpile.com/c/FrOYSP/92r8W
https://www.codecogs.com/eqnedit.php?latex=%5Ciota_%7B%5Ctau%7D#0
https://paperpile.com/c/FrOYSP/p4kyn
https://paperpile.com/c/FrOYSP/p4kyn
https://paperpile.com/c/FrOYSP/p4kyn
https://www.codecogs.com/eqnedit.php?latex=N_%7Ba%2C%5Ctau%7D#0
https://paperpile.com/c/FrOYSP/p4kyn
https://paperpile.com/c/FrOYSP/p4kyn
https://paperpile.com/c/FrOYSP/p4kyn
https://paperpile.com/c/FrOYSP/md2za
https://paperpile.com/c/FrOYSP/7zQsv

Appendix: Symptomatic COVID-19 cases in Seattle

Outpatients Percent of tests influenza positive

6000
Week | I — Week |
ek 2 W2 Nasal swabs (Ref. 1) 2
Week 3 I Week .%
Week 4 Week 4
Vs ek SARS-CoV-2 £ 4000
weeco I ek 25 =
week 7 I Week7 Other 2]
Week 8 Week 3 1,886 i
Week 9 Week 9 Q 2000
Week 10 Week 10 ~ Influenza >
weeie 11 [— week 11 442 Q
0 18500 37000 55500 74000 o 6 12z 13 24 o
0 .
0-17 18+
. " 500 Age group
Number of ILI outpatients (0-17) Number of ILI outpatients (18+)
o
Week | ‘Week 1 ?—) 5 400
Week 2 Week 2 a g
‘Week 3 Week 3 S E
Week4 Week 4 3=
Week$ Weck 5 O 8300
Weck 6 Weck 6 o
Weck 7 Week 7
Weck 8 Week 8 L L L '
Weck 9 Week 9 200 PR ° P 9 S PP o o
Weck 10 Week 10 S A R P P P2 PO S 2 d NGBS
Week 11 Week 11 280 (A0 K A0 0780 007 w0 LU KT K0T 80 87 20 X0 10
[ 425 850 1275 1700 o0 650 1300 1950 2600 PUMA

Figure S1. Estimating the number of symptomatic pediatric and adult COVID-19 infections based on the
ratio between samples retrospectively testing positive for COVID-19 and influenza in Seattle from
January 1st to March 9th, 2020 [6]. First, we analyze influenza surveillance data from the CDC FluView
platform at the level of HHS region 10 [3], including the number of outpatients, percent positive influenza tests,
and number of ILI outpatients. We combined these to estimate the number of outpatients (all cause) testing
positive for influenza from January 1, 2020 to March 9, 2020 (left graphs). Second, we estimate the ratio of
COVID-19 positive to influenza positive patients among pediatric and adult patients with ARI, based on a recent
retrospective study in Seattle [6]. The ARI case definition in ref. [1] is at least “two of the following: feeling
feverish, headache, sore throat or itchy/scratchy throat, nausea or vomiting, rhinorrhea, fatigue, myalgia,
dyspnea, diarrhea, ear pain or ear discharge, rash, or a new or worsening acute cough alone”, in contrast with the
CDC’s case definition for ILI is “fever (temperature of 100°F [37.8°C] or greater) and a cough and/or a sore
throat without a known cause other than influenza”[7]. Thus, the case definitions overlap considerably, but are
not identical. We estimate ratios of 0.11 [95% CrI: 0.03—0.33] and 0.14 [95% Crl: 0.09-0.21] for children under
18 and adults, respectively, between February 24 and March 9, 2020. We then estimate the number of
symptomatic COVID-19 infections among pediatric and adult patients in Seattle during this time period based
on the number of influenza positive patients and the ratio of COVID-19 to influenza positive patients, using
Monte Carlo sampling to incorporate uncertainty in our estimates of both quantities (upper right). Finally, we
estimate the age-specific COVID-19 infections for the 22 PUMA’s of King and Snohomish counties in the
Seattle Metropolitan Area based on their age-stratified population sizes, ordered from highest to lowest expected

COVID-19 prevalence.
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Method

We estimate the ratio of COVID-19 to influenza patients (1) from ref. [6], the age-specific prevalence of
influenza during the corresponding time period based on CDC surveillance data [3], and then combine the two

to estimate the PUMA level prevalence of COVID-19 (Figure S1).
Estimating the number of influenza positive samples during the period of undetected COVID-19 transmission

Ref. [1] provides the total number of influenza positive swabs from January 1, 2020-March 9, 2020, but does
not break down the results by date or age group. We use regional influenza surveillance data to estimate that
breakdown, under the assumption that weekly and age-specific positivity in the ref. [1] sample mirrored that

observed for HHS Region 10 as a whole. HHS Region 10 encompasses Alaska, Idaho, Oregon, and Washington.

In particular, the study reported 442 influenza positive patients for January 1, 2020-March 9, 2020 [1]. We apply
the following method to estimate the subset of those patients who were influenza positive between February 24,
2020 and March 9, 2020, corresponding to the dates of the SARS-CoV-2 positive cases identified in ref. [1]. In
short, we assume that the daily influenza positivity in the sample mirrored the overall influenza positivity

reported by CDC FluView for HHS region 10 [3].

For a given day 7, we assume that the number of influenza positive cases in the sample for age group a is
simply the number of tests conducted in that age group on that day Na,r times the regional influenza positivity

L7 on that day, scaled to ensure that the total number of cases across the entire time period totalled 442.

442
Lar = Na,T[‘T Mar 9
Zj:Jan 1 (Nped,j + Nadult,j)Lj .

The CDC’s FluView provides the number of tests performed and number of tests positive for influenza on a
weekly basis. We assume that the daily positivity is equal to that of the corresponding week. The denominator is
the expected number of influenza positive tests in the study based on the total number of tests performed daily
and the weekly proportions of positive tests reported by the regional surveillance system. Remarkably it is equal

to 433, which is almost identical to the actual 442 cases reported by the study [1].

For the purposes of estimating the ratio of SARS-CoV-2 to influenza positive cases, we aggregate these

ped

. . . .. .. P =23 gadult — 170
estimates into the total influenza positive pediatric (*f ) and adult (" f ) cases between

February 24th and March 9th.
Estimating COVID-19 infections in Seattle

Let H Z’T denote the number of COVID-19 infections in PUMA d (for each of the 22 PUMA’s in King and
Snohomish counties) and age group « (i.e., children under 18y or adults), during the focal fifteen-day period 7 .

We first estimate the ratio () of COVID-19 cases to influenza cases among pediatric and adult cases from the
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retrospective sample [6] using a Bayesian approach (described below), and then use this to predict the patients
in each PUMA and age range by assuming;:

H N 33 0%, O, @, 7 ~ BN, B2 )
where N, is the number of people in PUMA d; O7 is the number of ILI outpatients in age group a over a
period of time t; Q. is the number of all cause outpatients of all ages over a period of time t; @, is the
percent of influenza tests that are positive in the HHS Region 10 during time period t ; 7 is the ratio of
COVID-19 to influenza cases. B(N, p) denotes the standard Binomial distribution. We assume that H is
distributed binomially where N is the total population and p is the estimate of the prevalence of symptomatic
COVID-19 in the population. In other words, we multiply the number of influenza positive cases by the ratio of
ARI patients that have COVID-19 versus influenza, both estimated for Seattle from February 24 to March 9,
2020.

We take a Bayesian approach to derive r as the following posterior distribution. Let N“ denote the total number
of cases in the sample in the sample for age group a (pediatric under 18y or adult). Let x¢ denote the observed

number SARS-CoV-12 positive cases in age group a between February 24th and March 9th and recall that x}‘.

is the estimated number of influenza positive cases during this time period. Then
lepg, N® ~ B(Na9ptc1 ) and x;lp?a N® ~ B(Na,p;l) .
If we assume uninformative priors on pi and p¢,
pé ~Beta(l,1) and pjﬁ’. ~ Beta(1,1)
then the posterior distributions are known in closed form[8]:
P17 N < Beta(1 +x917 1+ N®V = x0-17) ~ Beta(3, 125)
Py ,N < Beta(l a7 1+ N —x0717) ~ Beta(24,104)
and
P8I N1 L Bera(1+x18% |1+ N8 —xI8+ ) ~ Beta(24,923)
18518 N7 Beta(1+x187, 1+ N8 —x18 ~ Beta(171,776
p; |xf , eta( X X eta(171,776)

We use MCMC to take draws from p? and p¢, and then calculate »* = %ﬁ to obtain the distribution for 4. We

"
thereby estimate that the ratios of COVID-19 to influenza during February 24, 2020 to March 9, 2020 were 0.11
[95% Crl: 0.03—-0.33] and 0.14 [95% Crl: 0.09—0.21] for children 0—17y and adults over 18y, respectively.
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Using 1,000 draws from the distribution of ¢, we estimate H' Z’T for each PUMA and age group, and point

estimates for all other parameters given in Table S1. We report the means and 95% credible intervals of the

resulting posterior predictive distribution for each PUMA.
Estimating COVID-19 infections prior to March 9, 2020

To backcast the number of infections in Seattle prior to March 9, 2020 ( H,, ), we assume

L

Heum = Z hO : Qi/Td

1=to

where T, is the epidemic doubling time, #, is the day of the first infection in Seattle, and L corresponds to
March 9, 2020. We use our age- and PUMA-stratified estimates for adult COVID-19 infections for February 24,
2020 to March 9, 2020 to estimate this quantity, under the assumption that the values reflect cumulative incident

infections during that fourteen-day period (Figure 4).

We use Monte Carlo sampling to incorporate the uncertainty in both the epidemic doubling rate in Seattle during

this period [9] and total infections from February 24, 2020 to March 9, 2020 (H Z’T ). We take draws from the

distribution of H, =Y HZ,’T and T, (summarized in Table S1) to estimate the time since the first infection
d a

by

8 =T (log,(+2—)).
z 2”Td
=0

That is, the estimated date of the first COVID-19 infection in Seattle (£,) is 6 days prior to February 24, 2020.
We then estimate H,, according to the equation above to project the cumulative COVID-19 infections

preceding the Seattle lockdown.
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Table S2. Estimated COVID-19 infections in the 22 PUMAs of Seattle, from February 24, 2020 to March
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9, 2020. Values are medians and 95% bounds across 1,000 Monte Carlo samples.

Infections
PUMA Population all 0-17 18+
11601 175,213 {410 [95% Crl:364,459] [150 [95% Crl:121,179]  |261 [95% Crl:227,295]
11602 116,083 1272 [95% Crl:236,311] (99 [95% Crl:76,125] 173 [95% Crl:146,201]
11603 141,776 1332 [95% Crl:292,375] (121 [95% Crl:96,153] 210 [95% Crl:184,243]
11604 119,177 (280 [95% Crl:244,318] (101 [95% Crl:78,128] 178 [95% Crl:152,205]
11605 144,312 (340 [95% Crl:298,381] (124 [95% Crl:99,151] 216 [95% Crl:184,246]
11606 114,608 (269 [95% Crl:234,306] (98 [95% Crl:75,121] 171 [95% Crl:146,200]
11607 158,258 1372 [95% Crl:329,417] [135[95% Crl:108,164] (237 [95% Crl:208,269]
11608 147,938 1348 [95% Crl:308,389] (126 [95% Crl:100,157] (221 [95% Crl:192,255]
11609 146,632 1346 [95% Crl:304,390] (125 [95% Crl:99,156] 220 [95% Crl:189,252]
11610 131,325 (308 [95% Crl:273,349] (111 [95% Crl:88,141] 196 [95% Crl:167,224]
11611 139,603 (327 [95% Crl:289,368] [118 [95% Crl:94,145] 209 [95% Crl:178,241]
11612 154,565 (362 [95% Crl:318,407] [131 [95% Crl:104,162]  |231 [95% Crl:199,265]
11613 142,658 1335 [95% Crl:297,379] (121 [95% Crl:98,149] 212 [95% Crl1:183,245]
11614 98,399 (231 [95% Crl:199,265] |84 [95% Crl:63,108] 147 [95% Crl:123,173]
11615 118,069 (278 [95% Crl:243,316] (100 [95% Crl:77,126] 177 [95% Crl1:149,206]
11616 105,922 (249 [95% Crl:217,287] (89 [95% Crl:69,114] 158 [95% Crl:134,188]
11701 126,114 (296 [95% Crl:261,335] (108 [95% Crl:85,135] 188 [95% Crl:159,216]
11702 128,584 1302 [95% Crl:265,343] (109 [95% Crl:86,137] 192 [95% Crl:164,221]
11703 106,551 1249 [95% Crl:214,288] (91 [95% Crl:69,118] 159 [95% Crl:133,185]
11704 124,149 (291 [95% Crl:256,332] (106 [95% Crl:80,134] 186 [95% Crl:161,212]
11705 147,548 (347 [95% Crl:304,389] (126 [95% Crl:99,155] 221 [95% Crl:189,251]
11706 148,447 (350 [95% Crl:308,390] [127 [95% Crl:101,156]  |223 [95% Crl:191,251]
6748 [95% Crl: 4133,  [2268 [95% Crl: 498, 4367 [95% Crl: 2776,

Seattle 2,935,931 111020] 6069] 6526]
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Table S3. Estimated COVID-19 adult infections in the 13 central districts of Wuhan, from December 30,
2019 to January 12, 2020. Values are medians and 95% bounds across 1,000 Monte Carlo samples.

Infections
District Population 230
Hongshan* 1,574,315 143 (43-391)
Wuchang* 1,375,062 177 (54-485)
Jiangan* 1,014,584 144 (44-393)
Huangpi 990,782 132 (40-362)
Xinzhou 961,138 121 (37-331)
Qiaokou* 939,515 123 (37-335)
Jiangxia 894,731 85 (26-234)
Jianghan* 776,487 109 (33-298)
Caidian 700,950 90 (27-246)
Hanyang* 661,434 93 (28-254)
Qingshan 549,903 81 (25-223)
Dongxihu 511,906 69 (21-189)
Hannan 130,192 19 (6-51)
Wuhan 11,081,000 1386 (420-3793)

* These 7 districts are located in central Wuhan; the other six are suburban.
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