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Abstract

Transmission chains within small urban areas (accommodating ∼30 per cent of the European population) greatly contribute to case
burden and economic impact during the ongoing coronavirus pandemic and should be a focus for preventive measures to achieve
containment. Here, at very high spatio-temporal resolution, we analysed determinants of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) transmission in a European urban area, Basel-City (Switzerland). We combined detailed epidemiological,
intra-city mobility and socio-economic data sets with whole-genome sequencing during the first SARS-CoV-2 wave. For this, we suc-
ceeded in sequencing 44 per cent of all reported cases from Basel-City and performed phylogenetic clustering and compartmental
modelling based on the dominating viral variant (B.1-C15324T; 60 per cent of cases) to identify drivers and patterns of transmis-
sion. Based on these results we simulated vaccination scenarios and corresponding healthcare system burden (intensive care unit
(ICU) occupancy). Transmissions were driven by socio-economically weaker and highly mobile population groups with mostly cryp-
tic transmissions which lacked genetic and identifiable epidemiological links. Amongst more senior population transmission was
clustered. Simulated vaccination scenarios assuming 60–90 per cent transmission reduction and 70–90 per cent reduction of severe
cases showed that prioritising mobile, socio-economically weaker populations for vaccination would effectively reduce case numbers.
However, long-term ICU occupation would also be effectively reduced if senior population groups were prioritised, provided there
were no changes in testing and prevention strategies. Reducing SARS-CoV-2 transmission through vaccination strongly depends on
the efficacy of the deployed vaccine. A combined strategy of protecting risk groups by extensive testing coupled with vaccination
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2 Virus Evolution

of the drivers of transmission (i.e. highly mobile groups) would be most effective at reducing the spread of SARS-CoV-2 within an
urban area.

1. Introduction
Efforts to understand transmission of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) have been undertaken at
different scales including at a global level (Yuan et al. 2020;
Nabil et al. 2020; Hadfield et al. 2018), across continents (Europe
and North America (Worobey et al. 2020)), within countries
(Austria (Popa et al. 2020)), Brazil (Candido et al. 2020), France
(Salje et al. 2020), Iceland (Gudbjartsson et al. 2020), South Africa
(Post et al. 2020) and Thailand ((Puenpa et al. 2020)) and in large
cities (Beijing (Du et al. 2020), Boston (Lemieux et al. 2020)), Hous-
ton (Long et al. 2020) and New York City (Maurano et al. 2020;
Bushman et al. 2020; Kissler et al. 2020). In Europe, ∼30 per cent
of the population live in small urban areas (10k− 300k inhabi-
tants)(EUROSTAT 2011), which accordingly play a major role in
SARS-CoV-2 transmission and yet have not been studied. More-
over, to date city-based studies of SARS-CoV-2 transmission have
very limited resolution in terms of the proportion of sequenced
positive cases (incomplete transmission chains), have a paucity
of socio-economic or mobility data (incomplete determinants)
or fail to combine analysis of transmission clusters with quan-
titative, descriptive models accounting for population mixing
(De Ridder et al. 2021a). Of those studies describing the dis-
tribution of cases together with changes in mobility, none to
date rigorously study socio-economic differences between city
quarters as determinants of transmission (Long et al. 2020;
Bushman et al. 2020; Kissler et al. 2020; Chang et al. 2020).
An integrated model considering all of these factors (including
epidemiological, geographic, mobility, socio-economic and trans-
mission dynamics information) is anticipated to provide profound
insights into the determinants underpinning transmission, which
can be used to guide the delivery of vaccines. We here present
such an integrated analysis for Basel-City, which is part of a
metropolitan area, a functional urban area and a European cross-
border area as outlined in the supplement. Basel-City is hence
representative of other areas in the European Union classified
as such.

Local interventions are most effective in cutting transmission
chains in families and small community networks (Koo et al.
2020; Mansilla Domínguez et al. 2020) that represent well-defined
(phylogenetic or epidemiological) clusters. However, most infec-
tions are acquired from unknown sources and transmitted cryp-
tically, making it essential to identify the key determinants and
transmission routes at the city level to improve interventions
and vaccination campaigns. To address this challenge, we have
combined phylogenetic cluster analysis (Ragonnet-Cronin et al.
2013) and compartmental ordinary differential equation (ODE)
modelling based on high density (81 per cent of reported cases
assessed) and high-resolution (spatial:housing blocks, temporal:
day-by-day) epidemiological, mobility, socio-economic and serol-
ogy (estimate of unreported cases) data sets from the first coro-
navirus disease (COVID-19) wave (February–April 2020). Whole-
genome sequencing (WGS) of all included cases (44 per cent of
all cases successful) allowed the analysis be restricted to a sin-
gle, dominant viral variant (B.1-C15324T, 60 per cent of cases
(Stange et al. 2021)). This ensured that our analyses focused on
inherently related cases and enabled estimation of effective repro-
ductive numbers for different socio-economic and demographic

population subgroups to provide the basis for vaccination scenario
building.

2. Materials and Methods
2.1 Included data
2.1.1 PCR testing and WGS
All analyses were based on polymerase chain reaction (PCR)-
positive (750/7,073 tests) cases of residents of Basel-City between
25 February and 22 April 2020, obtained from the University Hos-
pital Basel (UHB). PCR testing was available rapidly, and frequent
testing was established and supported by local guidelines by the
end of February 2020, before the first case arrived (Leuzinger et al.
2020). SARS-CoV-2 testing was made available (1) via a walk-in
test centre in the city centre affiliated to the UHB, which allowed
screening of legal-aged patients with mild and severe symptoms,
(2) via the University Children’s Hospital forminors on recommen-
dation by the paediatricians and (3) via the obligatory screening
of any incoming patients to the UHB irrespective of symptoms.
Testing in case of symptoms was covered by the Swiss mandatory
health insurance scheme, preventing sampling bias from affluent
socio-economic population groups. The total number of positive
cases for Basel-City including also external testing sources for the
same time range was 928, hence the cases registered at the UHB
cover 80.8 per cent of the total case burden (Kanton Basel-Stadt
Datenportal data.bs.ch 2021). The ratio of negative to positive PCR
tests changed during the local epidemic with a median of 10.6
per cent positive PCR tests (see Fig. 2B). All positive samples were
subjected to WGS, 53 per cent resulted in high-quality genomes
(i.e. 44 per cent of all cases). Of these 247 (247/411, 60 per cent)
contained the monophyletic C15324T mutation in the B.1 lineage
(B.1-C15324T) characteristic to the virus variant that originated in
this tri-national area (Stange et al. 2021). Only B.1-C15324T cases
were used for further analysis.

2.1.2 Geographic mapping and socio-economic stratification
Basel-City is divided into 21 urban quarters and had a
population of ∼200k in 2020 (Statistisches Amt Basel-Stadt:
Bevölkerungsstatistik 2021) (Supplementary Fig. S5). Each PCR test
(N=7,073), irrespective of the result, was linked to the patient’s
place of residence anonymised at the scale of statistical (hous-
ing) blocks (a city block partitioned by e.g. streets and rivers)
in ArcMap 10.7 (by Environmental Systems Research Institute).
For each of these housing blocks, where privacy legislation per-
mitted, Basel-City’s Cantonal Statistical Office provided socio-
economic indicators for the year of 2017 (most recent available).
These included (1) living space (per capita in m2), (2) share of 1-
person private households, (3) median income in Swiss Francs and
(4) population seniority (percentage of citizens aged over 64 years).
According to these indicators, blockswere allocated to one of three
socio-economic tertiles (T1:≤33rd percentile, T2: 33rd to 66th per-
centile, T3:>66th percentile, N/A: no available data or censored)
where possible (e.g. Figure 3A). Generally, sparsely populated
blocks displayed a maximum of three positive cases and had to be
excluded from analysis. The choice of tertiles (over e.g. quartiles)
was a pragmatic decision to account for the trade-off between
cases per partitioning and socio-economic diversity covered.
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All following analyses with respect to socio-economic factors were
based on these partitions which were assigned independently for
each indicator.

2.1.3 Serology and intensive care unit data
SARS-CoV-2 antibody responses were determined in a total
of 2,019 serum samples collected from individuals between
25 February and 22 May, 2020, to account for seroconversion.
Serology information was used to estimate the fraction of unre-
ported cases as follows: An estimated 1.88 per cent (38/2,019) of
the Basel-City population was infected with SARS-CoV-2. Of these
60 per cent would be attributed to the B.1-C15324T variant, lead-
ing to a percentage of 88 per cent of unreported/unsequenced
cases to consider (calculated as 1− nB.1−C15324T

pinfected·npopulation·pB.1−C15324T
, with

npopulation being the population of the city, p,nB.1−C15324T the
reported case counts and fraction of the B.1-C15324T vari-
ant, and pinfected the estimated fraction of the total infected
population).

Finally, we included data on the number and age distribution
of COVID-19 intensive care unit (ICU) patients during the relevant
period fromUHB, a tertiary hospital with a capacity of 44 ICU beds:
4.5 per cent of reported SARS-CoV-2-positive cases were admitted
to ICU and median length of ICU stay was 5.9 days (interquartile
range (IQR) 1.5–12.9). Forty per cent of these patients were younger
than 64 years.

2.1.4 Phylogenetic inference and cluster analysis
Whole SARS-CoV-2 genomes fromBasel-City patientswere assem-
bled using our custom analysis pipeline COVID-19 Genome
Analysis Pipeline (Stange et al. 2021) (github.com/appliedmicro
biologyresearch/SARS-CoV-2/). Global sequences and metadata
were downloaded from Global Initiative on Sharing Avian
Influenza Data (GISAID) (Elbe and Buckland-Merrett 2017; Shu
and McCauley 2017) (as of 22 October 2020; 155,278 consensus
sequences). Sequenceswithmore than 10 per centN’s (27,013) and
with incomplete dates (43,466) were removed. 84,799 sequences
remained which were joined with Basel genomes. Filtering for the
period of interest until 22 April retained 39,913 genomes, of which
411 are from Basel-City residents dating from 26 February (first
case) to 22 April 2020.

To infer relatedness among the viral genomes and spread of
SARS-CoV-2 in Basel-City, a time-calibrated phylogeny that was
rooted to the first cases in Wuhan, China, from December 2019
was inferred using a subset of the global genomes. For subset-
ting, we included 30 genomes per country andmonth, whereby all
genomes from Basel-City were retained, totalling 3,495 genomes,
using the nextstrain software v.2.0.0 (nextstrain.org) and augur
v.8.0.0 (Hadfield et al. 2018) as described in detail by Stange et al.
(Stange et al. 2021).

The resulting global phylogeny was used to infer phylogenetic
clusters in Basel-City. First, polytomies, which are caused by
identical genomes in the tree were resolved using ETE3 v.3.1.1
(Huerta-Cepas et al. 2016). Cluster Picker v.1.2.3 (Ragonnet-Cronin
et al. 2013) was then used to identify clusters in the resolved tree.
Bootstrap support thresholds were set to 0 since enforced bifur-
cation (previous step) resulted in internal nodes without support
values (options initial threshold=0, main support threshold=0). The
maximum genetic distance defining a cluster and minimal clus-
ter size were set to 0.0004 (genetic distance threshold=4e-4) and 5
(large cluster threshold=5), respectively. Identified clusters were
consolidated manually with epidemiological data (occupation in
a health service job, resident of a care home, contact to positive

cases, onset of symptoms and place of infection) to confirm the
suitability of the divergence parameter and accuracy of identified
clusters. Cluster Matcher v.1.2.4 (Ragonnet-Cronin et al. 2013) was
then used to combine ancillary geographic (quarter) and socio-
economic or demographic information that were subdivided into
tertiles on identified clusters.

To test whether related genomes in Basel-City cluster accord-
ing to (1) quarter, (2) living space per person, (3) share of one-
person households, (4) median income or (5) seniority, with the
null hypothesis of randomdistribution of cases and hence clusters
across tertiles, a custom python-script for a random permutation
test was performed (Egli et al. 2020)1 The results for clustering
within and among urban quarter and tertiles in socio-economic
determinants were visualised using circos v.0.69 (Krzywinski et al.
2009). The circos plots visualise the within-tertile sample size
as ticks (each tick a sample/sequence) circularly arranged, the
amount of between-tertile associations (via phylogenetic clus-
tering of samples) by connecting lines (the thicker the lines
the more samples are associated between tertiles) and P-value
for within- and between-tertile accumulation of clusters via a
colour code applied to the ring (within-tertile) and the links
(between-tertile).

2.2 Mechanistic modelling
2.2.1 Mobility data and transport model
We employed the official traffic model provided by the traf-
fic department of Basel-City (Bau- und Verkehrsdepartement
Basel-Stadt Mobilität / Mobilitätsstrategie 2020) consisting of the
2016 average A-to-B traffic on a grid of ∼1,400 counting zones
for foot, bike, public motorised transport and private motorised
transport. We further obtained weekly averages of pass-by traf-
fic for the same count zones over the period of the first wave of
the pandemic for the categories of combined foot and bike traffic,
as well as private motorised traffic. Additionally, weekly public-
transport passenger loads were provided by both the Swiss Federal
Rail Company and the local public transport services.

From these data sets, we computed the spatio-temporal varia-
tion of mobility within the city: Spatial variation was obtained by
aggregating A-to-B traffic between counting zones, first to the sta-
tistical block level (by identifying the nearest housing block with
respect to a zone’s centroid) and second to tertile level via a sta-
tistical block’s association with a socio-economic indicator tertile.
This resulted in a three-by-three mobility matrix Mjk representing
within-tertile/inter-tertilemobility on/off its diagonal. Thismatrix
was unity normalised since only relative differences were relevant
in our model. Temporal variation was obtained as the weighted
sum over the public and private transport time series accord-
ing to the relevant transport mode contribution. This sum was
then normalised and smoothed with a univariate spline result-
ing the final time series for temporal mobility variation (denoted
as αmob(t)).

2.2.2 Dynamic changes in social interaction
SARS-CoV-2 transmission is contact-based. While the number
of contacts potentially taking place within a day and a city is
largely influenced by human mobility as estimated above, the

1 github.com/appliedmicrobiologyresearch/Influenza-2016-2017/blob/mas
ter/ permutation_test_influenza_cluster.py. This script counts the number
connections of samples that are assigned to the same cluster within ter-
tiles and between any two tertiles and then it performs a permutation test
(10,000 repeats) that randomly assigns tertiles to the samples and then re-
counts connections of shared clusters within and between tertiles to assess
significance.
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risk of a contact becoming a transmission event is further deter-
mined by the precautions taken by the two individuals being in
contact (such as washing hands, wearing masks and distance
keeping). Both aspects together—mobility and risk-mitigating
social behaviour within a (sub-)population—eventually result in
an effective, time-dependent, reproductive number characteris-
ing the virus’s transmission within that (sub-)population. Hence,
there are three relevant time series: changes in the overall effec-
tive reproductive number, in mobility and in social behaviour.
While the computation of the temporal variations in mobility was
described above, the overall time-dependent effective reproduc-
tive number is obtained by applying a Kalman filter (Kalman et al.
1960; Welch et al. 1995) to the daily case counts of individuals
having newly contracted the B.1-C15324T variant of SARS-CoV-2
in all of Basel-City. To this end, we focus on the reduced dynamics
as described by the E, P and U compartments with constant times
Tinc, Tinf,P and Tinf,U (see Fig. 1) obtained through a grid search.
Changes in the number of susceptibles S is slow compared to the
other compartments, which allows us to approximate that num-
ber as constant and thereby linearise the dynamics—enabling the
use of a Kalman filter in the first place. The measurement used
to update the filter is P(t) as observed via the positive contri-
bution psq · P(t)/Tinf,P to the daily increment of U(t). Assuming a
multiplicative model, the time dependence of residual transmis-
sion risk stemming from lack of precaution in social interaction
(denoted as αsoc(t)) is obtained by point-wise division of the time
dependence of the effective reproductive number by the mobil-
ity time series (depicted in Fig. 3). Thus we are adhering to the
logic that in the extreme case of zero mobility, no transmission
can take place despite a finite risk of transmission rooted in a lack
of precautions, while on the other hand in the case of zero risk of
transmission due to perfect precautions, no transmission can take
place despite non-zero mobility. Such logic dictates the choice of
a multiplicative rather than additive model.

2.2.3 SEIR model
We used a compartmental two-arm SEIR model (Chang et al.
2020; Chinazzi et al. 2020; Li et al. 2020) including sequenced
and unsequenced/unreported cases that is outlined in Fig.1 using
the following compartments: S (susceptibles), E (exposed, latency
period Tinc), P (presymptomatic, infectious time TinfP), I (reported
infectious, isolated), Ui (unreported infectious, infectious time
TinfU), Ur (unreported recovered). The initial number of suscepti-
bles was fixed to the relevant population. All other compartments
were initialised as zeros, apart from a seed in E corresponding
to the first reported cases. In summary, our model is based only
on six free parameters: the tertile-specific reproductive number
Rj (three parameters, range [0,20], this is multiplied by αsoc(t)
and αmob(t) to include dynamic variation), the initial number of
exposed in a single tertile in which the first cases were recorded
(range [0,20]), the infectious times TinfP (range [2.,12] days) and
latency period Tinc (range [2.,12] days) (He et al. 2020). Since
it was not possible to distinguish the fit for TinfP and TinfU, we
assumed a value of two days for the latter infectious time. The
ODE system was implemented in python (version 3.8.) using
the scipy functions ‘odeint’ to iteratively solve the system of
equations.

2.2.4 Fitting procedure and evaluation
In total 247 cases within the time period from 25 February until
22 April were included. For all data a 7-day moving window
average was taken to account for reporting bias on weekends.

Due to the loss of single sequencing plate, missing numbers
on 29, 30 and 31 March were imputed by assuming a con-
stant ratio of the B.1-C15324T variant amongst the sequenced
samples. Simulations were initialised on 22 February, the esti-
mated date of the occurrence of the initial exposed cases (Stange
et al. 2021).

Model fitting was performed on absolute (i.e. not cumulative)
infected case numbers (dI) simultaneously for all partitions based
on the least squares method using the ‘lmfit’ library (version 1.0.2
(Newville et al. 2014)) with default parameters. Posterior probabil-
ity distributions of the fitted parameters were estimated using the
Markov Chain Monte Carlo method implemented via the ‘emcee’
algorithm (Foreman-Mackey et al. 2013) of the ‘lmfit’ library. We
report median values with 95 per cent confidence intervals cor-
responding to the range of the 2.275th and 97.275th percentiles.
We compare effective reproductive numbers corresponding to
the normalisation of R by the effective mobility contribution
(
∑

kMjk):

Reff,j =
Rj∑
kMjk

. (1)

Significance levels of Reff between tertiles are scored based on a
comparison to 99 random partitions of the statistical blocks to a 5
per cent, Bonferroni corrected significance threshold.

2.2.5 Scenario simulation
The impact of mobility relative to social interaction was analysed
by recalculating the predicted epidemic trajectory under the con-
straint of constant intra-urban mobility (αmob(t) = 1, scenario M1)
or fully restricted (αmob(t) = 0, scenario M2) mobility, correspond-
ing to perfect isolation of the affected city areas. These scenarios
were compared to the baseline of the actual reduction in mobility
(scenario M0).

Vaccination scenarios were simulated as for both 90 per cent
and 70 per cent effective vaccines to prevent COVID-19 resem-
bling current vaccine candidate data (AstraZeneca 2020; Mahase
2020), as well as a range of vaccine efficacies to prevent SARS-CoV-
2 transmission (60 per cent and 90 per cent). This was achieved
by moving the fraction of the vaccinated and not transmitting
population from the susceptible to the recovered compartment Ur

and calculating the spread of the pandemic with constant effec-
tive reproductive number and intra-city mobility. We accounted
for a change in social interaction behaviour following vaccination
by assigning a mean social interaction score of the vaccinated
and not-vaccinated population amongst the initial susceptibles
(αsoc,vacc(t) = 0.75, αsoc,novacc(t) = 0.5). Mobility was modelled as
100 per cent (αmob(t) = 1). Two scenarios were investigated and
compared to the no vaccine scenario (V0): (1) vaccination of a
fixed population fraction (one or two thirds) randomly throughout
the population (scenario V1), (2) vaccination of the correspond-
ing number of individuals from different socio-economic groups
(scenario V2 (exclusively from T1median income), V3 (exclusively
from T3 seniority) and V4 (50 per cent from T1 median income
and 50 per cent from T3 seniority)). In order to gauge the bene-
fit of a particular vaccination scenario, we calculated the time to
reach 50 per cent of ICU capacity. The UHB has a total of 44 ICU
beds. During the first wave, 4.5 per cent of reported SARS-CoV-
2-positive cases were admitted to ICU, and their median length
of ICU stay was 5.9 days (IQR, 1.5–12.9). If considering additional
unreported cases (captured by serological testing), the percent-
age of patients requiring ICU admission was 1 per cent. Of all
SARS-CoV-2 patients with ICU stay, 40 per cent were younger
than 64 years, resulting in a probability of an under-64-year-old
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Figure 1. Overview of the susceptible-exposed-infected-recovered (SEIR) model. A) Conceptual overview. We accounted for susceptibles (S), exposed
(E, incubation time Tinc) and pre-symptomatic yet infectious cases (P). After a presymptomatic time TinfP, cases were separated according to the
estimated proportion of reported and sequenced cases, psq, into either reported infectious (I) or unreported infectious (Ui, reproductive number R).
Since our data did not include information on recovered patients, a ‘recovered’ compartment was not included following I. It was assumed that
reported cases remained isolated. The unreported compartment transitions to recovery (Ur) after an infectious time TinfU. B) Relevant model equations
to incorporate connectivity and exchange between the defined tertiles (index j). Cross-contamination was included through the mobility matrix Mjk

and relevant temporal variation of mobility and social interaction (weighting factors αmob(t) and αsoc(t)).

infected case to be admitted to ICU of 0.5 per cent. In case of vac-
cinated populations not at random, we adjust the relevant fraction
of ICU cases based on the represented proportions of geq and
< population fractions within all susceptibles.

3. Results
3.1 SARS-CoV-2 spread and clustering
We observed 29 viral lineages in Basel-City (Supplementary
Fig. S7), with 247 genomes (60.0 per cent) belonging to the B.1-
C15324T variant (Stange et al. 2021) (Figs. 2A and B). Applying a
genetic divergence threshold and manual verification using avail-
able epidemiological data, a total of 128 phylogenetic clusters
were determined across all samples, of which 70 belonged to
lineage B.1-C15324T (Fig. 2C). Associating phylogenetic clusters
(comprising two ormore cases)with tertiles of socio-economic and
demographic determinants, we found that for median income,
T1 contained the most and T3 contained the least clusters
(Fig. 2C), which reflects the differences in case counts between
tertiles and hence leads to similar numbers of cases per clus-
ter between tertiles. Testing for significant clustering of related
cases within and among tertiles of different socio-economic fac-
tors showed that all among-tertile transmissions were spread
randomly (non-significant). Only some within-tertile transmis-
sions were significant, namely for blocks with either the highest
living space per person (T3), lowest share of 1-person households

(T1), highest seniority (T3) or highmedian income households (T3)
(Fig. 2D)). Results are exemplary visualised for median income
in Fig. 2E. Conversely, positive cases that belong to lower socio-
economic/demographic tertiles (either lower income, less living
space or lower share of senior residents) are less likely to be
members of the same phylogenetic cluster, indicating cryptic
transmission predominates here. Further information regarding
the number of clusters and cases within different geographic city
quarters are provided in the supplement (Figure S6). Here we
find clustering of cases in 4 out of 20 city quarters, 2 of which
(Riehen and Bruderholz) belong to the most affluent quarters of
Basel (fourth quartile (Q4)), the other two (Am Ring and Iselin)
to the middle field (Q3 and Q2, respectively). We also observed
within-quarter clustering of cases (Figure S6).

3.2 Spatio-temporal variation of mobility and
social interaction patterns
Figure 3A and Figures S2 and S3 show Basel-City’s partition
and the corresponding mobility graph. Importantly, the sta-
tistical blocks per tertile do not form a single, geographically
connected entity. We observe that mobility varies by transport
modality and tertile (Fig. 3A inset). For example, for low-median
income (T1) the share of private motorised traffic and mobility is
more pronounced than in the tertiles of higher median income
(T2 and T3).
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6 Virus Evolution

Figure 2. SARS-CoV-2 transmission in and among socio-economic and demographic groups during the first COVID-19 wave in Basel-City. A) Spatial
positive/negative case distribution throughout the city with the most dominant SARS-CoV-2 variant (B.1-C15324T), the focus of this study, highlighted
in turquoise. B) Epidemiological curve for Basel-City and distribution of phylogenetic lineages (pangolin nomenclature) from 25 February to 22 April
2020. C) Summary for inferred phylogenetic clusters within (1) all lineages and (2) the major variant B.1-C15324T in tertiles of median income. High
number of infected people within a tertile with a low number of clusters indicates presence of large transmission clusters whereas large number of
clusters and low number of people infected within a tertile indicates random infections and cryptic transmission. D) Results of a significance test for
transmission between tertiles of different socio-economic factors. T1: low, T2: intermediate, T3: high, N/A: no available data or censored for privacy
reasons. E) Visualisation of a significance,test for transmission within (indicated on circle edges) and among (intra-circle connections) tertiles of
median income.

Figure 3B shows for each partition the summed edge weights
of the mobility graph accounting for the mobility contribution to
the final effective reproductive number. We observe that low and
median income populations are more mobile than their wealth-
ier counterparts. For living space per person or percentage of
senior citizens, mobility was comparable between tertiles with
a trend towards higher mobility within the younger population
groups.

Dynamic changes in mobility were assessed by agglomerating

normalised traffic counts for public and private transport modal-

ities (Fig. 3C). There was a clear drop in mobility for both public

and private transportmodes around the onset of the national lock-
down date (12 March 2020). The decrease was more pronounced
for public transport, resulting in a weighted average mobility drop
of approximately 50 per cent (Fig. 3D). Figure 3D also shows the
dynamic change in social interaction contribution to B.1-C15324T
case numbers. Despite noticeable fluctuation, social interaction
contribution decreased on average over time. These data also

reflect variation in case reporting which affected the estimated
effective reproductive number.

3.3 Spatio-temporal spread of the epidemic and
its socio-economic determinants
Unreported cases appeared to be a driving force of the trans-
mission (88 per cent for the sequenced B.1-C15324T variant).
Figures 4A–C (and Figure S4) show the SEIR model fit to data for
each median income tertile. Independent of the underlying parti-
tion, the model provided adequate fits (quantified by a root mean
squared error < 6 for cumulative, or < 1 for absolute case numbers
for all fits). For the parameters shared between all socio-economic
partitions we obtained TinfP 2.3 (2.1,2.6) days, Tinc 2.4 (2.3,3.4) days
and E0 12.8 (8.1,14.3). The corresponding dynamic change of the
effective reproductive number (Reff ) is given in Figs. 4D–F. We
observed a drop in Reff following the dynamic changes in mobility
and social interaction. Importantly, there was a significant differ-
ence (achieved significance level below the Bonferroni corrected
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S. C. Brüningk et al. 7

Figure 3. Spatio-temporal variation of mobility patterns within the Canton of Basel-City. A) Basel-City and its delineation with respect to statistical
blocks coloured according to the partition into tertiles T1, T2 and T3 of increasing median income. Inset: resulting mobility graph, with nodes
representing tertiles and edge widths representing the strength of effective connectedness through mobility by means of various modes of transport,
as computed from the traffic model provided by the traffic department of the Canton of Basel-City. B) Relative mean contribution of mobility to a
socio-economic tertile’s effective reproductive number associated with the major variant B.1-C15324T. C) Normalised temporal development of private
and public transport as well as their weighted sum during the first wave of the pandemic in Basel-City. D) Smoothed relative temporal development of
social interaction and mobility contribution to the effective reproductive number associated with the major variant B.1-C15324T.

significance threshold of 5 per cent, see Table 1) in Reff between
statistical blocks of the highest and lowest median income. For all
socio-economic partitions the obtained parameter distributions
are summarised as histograms with median values and 95 per
cent confidence intervals in Figs. 4G–I. Here, we found that blocks
with higher living space per person or higher median income had
a significantly lower Reff (< 1.7) compared to the maximum Reff

observed in the relevant partition. A partitioning based on the
share of senior residents did not result in significant differences in
Reff . Differences in Reff are due to two factors: the effective mobil-
ity contribution (Fig. 3B) and the modelled reproductive number
(R, eq.(1)). In particular, the tertile with the highest share of
median income (T3) showed less mobility compared to T2 and
T3, emphasising differences in Reff . By contrast, mobility in the
T1 and T3 tertiles of living space per person were more similar
(Fig. 3B), yet differences in Reff were significant, indicating that the
transmission was not dominated by mobility alone.

3.4 Impact of mobility changes and modelling of
vaccination scenarios
We simulated the developments of the first wave of the epi-
demic under the assumption of different mobility scenarios and

modelled two future vaccination strategies. Figure 5A displays
the results for mobility scenarios as observed with up to 50 per
cent mobility reduction (scenario MO) and 100 per cent mobil-
ity (scenario M1). Peak case numbers (12 April) would have been
far higher in the case of no reduction in mobility (M1 ∼ 150k vs
25k cases). Mobility reduction hence played a vital role for the
containment of SARS-CoV-2.

Figure 5B shows the results for an outbreak scenario (denoted

as V1) in which a random fraction of the population (33 per cent or

66 per cent) received a vaccine that provided either 60 per cent or

90 per cent vaccine transmission reduction, with 90 per cent

severe COVID-19 case prevention. As expected, we observe that
higher vaccine efficacy or higher population fraction vaccinated
reduces the slope and plateau of the epidemic curve. Scenarios
for less effective vaccines are shown in Figure S8. Effectiveness
to prevent severe COVID-19 solely affects the rate of severe cases
and hence ICU occupancy and the time point of reaching 50 per
cent ICU occupancy (Fig. 5D vs Figure S8F). It should be noted
that vaccination of the population at random is an artificial sce-
nario, applied here only to demonstrate the impact of vaccina-
tion efficacy relative to the population fraction vaccinated. This
scenario serves as a baseline comparison for two more realistic
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8 Virus Evolution

Figure 4. Model fit to the case number time series. A–C) Fit results for a partition based on median income. Data points are shown together with model
simulations (median (lines), and 95 per cent confidence bounds (shaded)) for the different tertiles T1 (low, A), T2 (intermediate, B) and T3 (high median
income, C). Model compartments E (exposed), P (presymptomatic), I (reported infectious) and Ui +UR (sum of the unreported infectious and recovered
cases) are shown. Fits achieved a root mean squared error of 0.75, 0.49 and 0.34 cases for absolute and 5.3, 3.2 and 2.5 cases for cumulative cases for
T1–T3. D–F) The dynamic variation of the effective reproductive number for each of the tertiles shown in A–C. Median values (lines) are shown with
95 per cent confidence bounds (shaded). G–I) Pre-lockdown reproductive number for each socio-economic partition. Parameter distributions obtained
using Markov Chain Monte Carlo analysis (histograms) are shown with median values (solid lines) and indicated 95 per cent confidence bounds
(dashed lines). Results are shown for partitions based on median income (G), living space per person (H) and share of senior residents (I).

vaccination strategies given in Fig. 5C. Here, as a proof of con-
cept, vaccines that provide 90 per cent transmission reduction
and 90 per cent reduction of severe cases are delivered to 23
per cent of the population are presented. For scenario V2, vac-
cination is prioritised in what we determined as determinants
of SARS-CoV-2 transmission—individuals with low income, who
have fewer options to socially distance (e.g. by working from
home) and hence were more likely to be exposed to and/or trans-
mit the virus (reflected by a higher Reff ). With this strategy, the
slope of the epidemic curve would be reduced compared to ran-
domly vaccinating the same number of subjects from the whole
population. Figure 5D describes the corresponding development of
ICU occupancy for the scenariosmodelled, revealing that scenario

V2 leads to a delay of approximately 11 days to reach the 50 per
cent ICU capacity mark as compared to scenario V1. In scenario
V3, resembling the approach by several countries, priority was
given to the population group with the highest share of senior
residents, which had lower mobility than the rest of the popula-
tion (Fig. 3B) but constitutes 60 per cent of ICU cases. We observe
that scenario V3 resulted in a marginally steeper epidemic curve
(Fig. 5C) and would yield 50 per cent ICU capacity at a similar
time as a random vaccination strategy (Fig. 5D). However, the
total number of cases at this time would be approximately dou-
ble in scenario V3 compared to V1 (Fig. 5C), whereas the overall
peak ICU occupancy would be lowest in V3 (Fig. 5D). These sim-
ulations suggest that—in case of vaccines reducing SARS-CoV-2
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S. C. Brüningk et al. 9

transmission—vaccination of population groups driving transmis-
sion are most effective in reducing the slope of the epidemic
curve, whereas vaccination of high-risk groups reduces healthcare
system burden in the long term. The presented effects strongly
depend on the specific vaccine characteristics and population
fraction vaccinated. In Fig. 5E and F we finally show the potential
effects of a mixed vaccination scenario (V4) giving equal priority
to senior and highly mobile population groups as a representative
example. This mixed mode provides a possible compromise with
lower case numbers compared to V3, but also delayed and reduced
ICU occupancy relative to V1.

4. Discussion
This analysis evaluates complementary aspects of the spread of
SARS-CoV-2 within a medium-sized European urban area, includ-
ing local transmission analysed by phylogenetic tree inference and
clustering, and the overall spread described by a compartmen-
tal SEIR model enabling simulation of vaccination strategies. The
main strength of this study lies in the high degree of diverse and
detailed data included as well as the complementary models and
analyses.

Patterns of SARS-CoV-2 transmission have previously been dis-
cussed from different angles either via network and transmission

Table 1. Achieved level of significance (ALS) of maximum differ-
ences in Reff associated with a partition of housing blocks accord-
ing to various socio-economic indicators. ALSs have been obtained
by comparing these differences in Reff with those obtained from 99
bootstrapping random partitions.

Socio-economic indicator ALS

Living space per person 1 per cent
Median income 2 per cent
Fraction of 1-person households 2 per cent
Fraction of residents aged above 64 45 per cent

modelling (Jay et al. 2020), by statistical evaluation (De Ridder et al.
2021b) or by phylogenetic clustering based on genomic sequenc-
ing data (Bluhm et al. 2020). Independent of model choice, the
importance of socio-economic factors has been suggested previ-
ously (Jay et al. 2020; De Ridder et al. 2021a). However, analy-
ses focused on metropolitan areas only may be biased towards
their underlying socio-economic and demographic characteristics
making it important to also quantify SARS-CoV-2 transmission
in other urban areas, such as in a city context as well as in
countries across all continents and stages of economic potential.
Modelling studies provide the foundation of scenario predictions
and estimation of effective reproductive numbers but require

Figure 5. Scenario simulations for a partition based on median income. All subsets A,B,C and E show the total number of infected cases (i.e. the sum
of compartments I, Ui, and Ur. A) Influence of the mobility pattern on the total number of infected cases during the first wave (sum of reported and
unreported cases) modelling either no change in mobility (no lockdown scenario, M1) or the observed scenario (MO) is shown. B) Simulation of
simulated vaccination effects if a specific percentage of all citizens was randomly selected for vaccination at given efficacy (V1). We compare this to
the scenario of no vaccine (V0). * Here vaccination of different population fractions at either 60 per cent or 90 per cent efficacy to prevent SARS-CoV-2
transmission were modelled. Median values (lines) and 95 per cent confidence bounds (shaded) are shown. Dots indicate the time of reaching a 50 per
cent ICU occupancy. C) Simulation of future vaccination effects based on a partition according to median income. Scenario V2 models vaccination of
23 per cent of all citizens selected from the tertile with the lowest median income (T1). Scenario V3 models vaccination of 23 per cent of all citizens
selected from the tertile with the highest share of senior residents (T3). In C–E we model 90 per cent vaccine efficacy (transmission and severe
COVID-19) and compare with scenarios V0 and V1. D) Temporal evolution of ICU occupancy for the scenarios modelled in C. E) Simulation of a mixed
vaccination strategy giving equal priority to senior citizens and mobile population groups. F) Temporal evolution of ICU occupancy for the scenarios
modelled in E).
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10 Virus Evolution

balancing the trade-off between detail described and the number
of data points available. Accordingly, many published models rely
on publicly available case numbers without being able to directly
relate socio-economic parameters and specific geographic loca-
tions per case and/or are only performed for large metropolitan
areas (Chang et al. 2020). This has led to biases in evaluations
and the neglect of a considerable population share living outside
major cities (53 per cent/41 per cent in Europe/worldwide) (United
Nations, Department of Economic and Social Affairs, Population
Division 2019; European Commission 2021). In this study we
chose Basel-City as a case study of a European urban area.
Despite the strong economic status of Switzerland and an oblig-
atory health insurance, implying potentially less extreme socio-
economic gradients than other countries, we demonstrate that
socio-economic background impacts the probability to acquire
and transmit SARS-CoV-2. It would be expected that in cities
containingmore pronounced socio-economic gradients, these dis-
parities would emphasise transmission patterns of SARS-CoV-2
between and within socio-economic groups.

The success of our analyses is based on the optimised choice
of evaluation and model, high data-density and -quality, rather
than large absolute case numbers. It is difficult to distinguish the
spread of competing viral variants within the same population
and to account for new introductions in a model since classical
ODE or agent-basedmodels are relying on the assumption of unin-
terrupted transmission chains. Sequencing information is essen-
tial to reliably inform on such transmission patterns. Yet given
the cost of such analyses, WGS covering entire epidemic waves
is often unfeasible. We included 81 per cent of all reported cases
in the study time frame and geographic area, which allowed us
to restrict our analysis to a subset of 247 phylogenetically related
cases consisting of a single SARS-CoV-2 variant. Given the ∼200k
inhabitants of Basel-City, this implies one of the largest per-capita
sequencing densities of reported studies to date. We deliberately
choose a simple way to incorporate socio-economic, demographic
and mobility information into our compartmental model since
more complex network approaches would be unfeasible for lim-
ited case numbers. The use of mobility and socio-economic data
in our models is unique since we include regularly collected data
analysed by the statistical office of Basel-City, providing a high
spatial and temporal resolution network of the inner city mobility
patterns. In contrast to mobile phone data (Jay et al. 2020; Rader
et al. 2020; Kissler et al. 2020; Chang et al. 2020), our data are not
subjected to privacy legislation and are hence expected to bemore
readily available for other medium-sized urban areas around the
world, making our analysis transferable. We do not hold infor-
mation on the duration and specific location of individuals, but a
continuum estimate of population mixing that aligns well with
the concept of a compartmental ODE model. Mobility and the
reduction thereof have been suggested as a proxy to evaluate the
reduction of the spread of SARS-CoV-2 (Douglas et al. 2020; Rader
et al. 2020; Candido et al. 2020); however, there has also been
a change in hygiene practices and social interaction behaviour.
In our SEIR model we separate these two contributions, allow-
ing for an easier translation of our model for scenario building.
We further addressed unreported cases which were the driving
force of infection outside the observed clusters. Our ∼73 per cent
estimate of unreported cases overall (not limited to B.1-C15324T,
i.e. 1− ntotal/(pinfected ∗ npopulation)) falls within the range of previous
reports within Europe (Gudbjartsson et al. 2020; Burki 2020).

The SEIR model evaluates general trends of transmission,
such as effective reproductive numbers, and vaccine scenario
building. To complement this, we employ phylogenetic analysis

to identify transmission clusters. This comprehensive evalua-
tion showed that socio-economic brackets characterised by low
median income and smaller living space per person were associ-
ated with significantly larger effective reproductive numbers. In
line with previous results (Jay et al. 2020), we suggest that popula-
tion groups from a weaker socio-economic background are more
mobile and at higher risk for SARS-CoV-2 infection/transmission
originating from multiple sources via cryptic transmission. This
aligns with the possibility that low socio-economic status may
relate to jobs requiring higher personal contact and unavoidable
mobility (Reeves and Rothwell 2020), which has been shown to
increase the risk of infection by 76 per cent (Rodríguez-Barranco
et al. 2021). By contrast, phylogenetic clusterswere predominantly
discovered within higher socio-economic, or more senior groups,
implying a spread within the same social network. It is likely
that those individuals are retired, or have had the ability to work
from home, a pattern that has been observed also in other cities
(Wilson 2020). Effective contact tracing and testing strategies
could be most efficient for these groups, which were not driving
SARS-CoV-2 transmission.

These results should be accounted for during vaccine priori-
tisation depending on the relevant vaccine characteristics and
ICU capacity available. Our simulation framework provides flex-
ibility to model various scenarios and vaccine efficacies but did
not account for fatalities due to limited case numbers during
the studied period in Basel-City. In case of a combined effect
of vaccines to both prevent SARS-CoV-2 transmission and pro-
tect against COVID-19 (Swan et al. 2020; Moghadas et al. 2020;
Anderson et al. 2020), vaccination of individuals driving trans-
mission in addition to the protection of high-risk groups would
be ideal to arrive at a combined concept of protection from and
containment of SARS-CoV-2. Vaccinating high-risk groups reduces
the number of hospitalised and ICU patients in the short term, the
spread of the pandemic would, however, be more effectively con-
tained by vaccinating the transmission drivers. This finding is in
agreement with previous results obtained across different coun-
tries (Bubar et al. 2021). By restricting vaccination to only risk
groups, a larger fraction of the general population will be exposed
to SARS-CoV-2, implying that contact and travel restrictionswould
remain necessary to contain transmission. Such measures come
at great economic cost. Based on our results it would be recom-
mended to follow a combined strategy to employ extensive testing
where transmission chains are traceable, e.g. among less mobile
population groups, and to combine this with a vaccination strat-
egy aiming to prevent cryptic transmission. It should however,
be noted that vaccination prioritisation is a highly political and
ethical topic. Identifying mobile population groups may not be
based on the mobility behaviour of the individual and similarly
discrimination purely based on income has to be prevented, too. It
would potentially instead be an option to prioritize based on spe-
cific work environment, accounting for the option to work from
home and how much interaction with e.g. customers is required.

It is important to clearly state additional assumptions and lim-
itations of our approach to put it in context with previous studies.
All data used in this analysis provide the highest level of detail
achievable in the setting of an urban area, yet it they are far from
individual level data or a large scale population level analysis.
The estimate of the fraction of unreported cases and the assump-
tion of it to be constant both over time and between population
groups is a simplification that was inevitable in light of the avail-
able data. It is assumed that testing rates may be biased towards
socio-economic levels. In contrast to other countries, COVID-19
testing costs were covered by the obligatory health insurance in
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Switzerland which may reduce, yet not fully prevent testing bias.
It would be expected that the reported difference in transmis-
sion between socio-economic groupsmay indeed be stronger than
reported in this analysis. Importantly, we observed no large differ-
ences in the ratios of performed tests over the population within
tertiles of different median incomes: 0.046, 0.04 and 0.035 for T1,
T2 and T3, respectively. This implies only a small systematic sam-
pling bias. Moreover, we did not account for bias in the number of
unreported cases with respect to socio-economic indicators. This
includes possible variation in the fraction of unreported cases in
general, as well as variation in the sequencing success rate which
is dictated by the patient’s viral load. To address this, we confirmed
that for a partitioning based on median income the sequencing
success rates were comparable among tertiles (T1: 0.76, T2: 0.67,
T3: 0.77).

The choice of a continuum model excluded the possibility
to account for stochastic superspreading events since cases are
modelled in a successive fashion that only ends with isolation
(reported cases) or recovery (unreported cases). Our WGS analy-
sis showed that, despite initial effects of mass gatherings (Stange
et al. 2021), nucleotide diversity evolved over time indicating
successive transmission chains. The relevant infectious and incu-
bation times, as well as the reproductive numbers represent an
average across all of these events. We further also did not account
for continuous imports of cases. However, the restriction to a
single variant predominantly reported in Basel-city ‘limited’ the
impact of case im-/exports. Realistically, cases of the B.1-C15324T
variant could have been re-introduced from commuters entering
Basel. At the same time, the SEIR model assumes that Basel citi-
zens would have only infected others within the city and it could
be suggested that the aforementioned im- and export effects can-
cel each other out to some extent. We did not perform our analysis
based on all reported cases (independent of the respective vari-
ant) since during the first wave, returning travellers were quickly
isolated and several small transmission chains were quickly inter-
rupted. Only the B.1-C15324T variant dominated throughout the
relevant observation period. We conclude that the arguments
in favour of using inherently related cases outweigh those for
increasing the number of included cases to improve statistical
power.

Finally, we assume constant mobility and social interaction
behaviour changes across all tertiles. It was confirmed that the
drop in population mobility was comparable within different
quarters of Basel-City; however, we were unable to estimate if
social interaction varied. As such, this remains a fundamental
limitation of our approach. Analysis of e.g. mobile phone data
(Chang et al. 2020) could help to evaluate this aspect to some
extent.

Despite these limitations, we were able to obtain comparable
results in terms of the impact of mobility and socio-economic
status as previously reported, motivating the application of our
approach for meaningful scenario building. Alternative modelling
approaches, e.g. phylodynamic birth–death skyline models (Lai
et al. 2020), could provide an elegant additional angle to combine
phylogenetic analysis with the estimation of effective reproduc-
tive numbers. Such methods have previously been applied by
several groups to model viral transmission (Stadler et al. 2013;
Ratmann et al. 2019; Seemann et al. 2020) and should be consid-
ered for future evaluation of this rich data set.

In conclusion, high-resolution city-level epidemiological stud-
ies are essential for understanding factors affecting pandemic
transmission chains and thereby supporting tailored public health
information campaigns and vaccination distribution strategies at

themunicipal level. We here provided an example of such an anal-
ysis within a representative medium-sized European city at the
core of the Greater Basel area and part of the Upper Rhine Region
Metropolitan Economy, which suggests that the findings andmod-
elling approaches presented may be readily translated to other
such areas.

Data Availability
The SEIR model code used for this submission will be available
on https://github.com/BorgwardtLab/BaselEpi.git. Code that was
used for phylogenetic inference and calculation of significance
of clusters in specified groups is available at https://github.com/
appliedmicrobiologyresearch. SARS-CoV-2 whole genomes from
Basel-City are available at gisaid.com and at European Nucleotide
Archive under accession number PRJEB39887.

Supplementary data
Supplementary data is available at Virus Evolution online.
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