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Purpose of review

The SARS-CoV-2 pandemic presented unprecedented challenges, particularly in understanding its complex
spatial transmission patterns. The high transmissibility of the virus led to frequent super-spreading events.
These events demonstrated clear spatial clustering patterns, often tied to specific events that facilitated
transmission. The uneven geographic distribution of medical resources and varying access to care
amplified the impact of SARS-CoV-2. Asymptomatic cases further complicated the situation, as infected
individuals could silently spread the virus before being identified.
Thus, this review examines how genomic and spatial epidemiology approaches can be integrated to
answer some of the above-mentioned challenges. We first describe the methodological foundations of
genomics and spatial epidemiology, detailing opportunities of their applications during the SARS-CoV-2
pandemic. We then present a novel interdisciplinary framework that combines these approaches to better
guide public health interventions.

Recent findings

During the pandemic, the genomic and spatial approaches were used to address key questions, including
“how does the pathogen evolve and diversify?” and “how does the pathogen spread geographically?”.
Genomic epidemiology allows researchers to identify viral lineages and new variants. Conversely, spatial
epidemiology focused on geographic distribution of infections, analyzing how the virus spread. However,
despite their complementary nature, these approaches were largely applied independently during the
pandemic. This separation limited our collective ability to fully understand the complex relationships
between viral evolution and geographic spread.

Summary

While phylogeography has traditionally combined phylogenetic and geographic data to understand long-term
evolutionary patterns across large areas, events such as the recent SARS-CoV-2 pandemic demand frameworks
that can inform public health interventions through joint analysis of genomic and local-scale spatial data.
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Genomic approaches for epidemiology

The concept of precision public health – delivering
the right intervention to the right population at the
right time – emphasizes the need for integrating
multiple data streams to enable targeted responses
[1–4]. Genomics is one of the approach – along
spatial epidemiology – that may be used to perform
precision epidemiology. Genomics has become an
indispensable public health tool, particularly during
the SARS-CoV-2 pandemic due to the virus’s high
mutation rate and frequent emergence of new var-
iants [5–7]. These mutations affected transmissibil-
ity [8,9

&&

], immune evasion [10,11], and vaccine
uthor(s). Published by Wolters Kluwer Health, Inc. www.co-hivandaids.com



KEY POINTS

� Viral genomics provides biological insights into viral
evolution, allowing for variant identification and
precise transmission tracking

� Temporo-spatial epidemiology provides information on
viral transmission, mapping infection clusters and
identifying hotspots and coldspots.

� Temporo-spatial epidemiology helps to assess the
impact of environmental factors such as air pollution
and socio-economic status on the spread of the virus.

� Integration of viral genomics and spatiotemporal
approaches improve our understanding of viral
transmission dynamics and provides tools for precision
public health.

� Spatiotemporal clustering combined with genomic
analysis and geo-referenced genomic analysis are two
approaches to combine spatiotemporal epidemiology
with viral genomics data.

Monkeypox and emerging diseases
efficacy [12], necessitating continuous genomic sur-
veillance to guide public health responses.

Genomic approaches offer distinct advantages
over other methods by providing definitive biolog-
ical evidence about pathogens as the genome con-
tains the most fundamental information such as
evolution, transmissibility, drug resistance, and
clinical outcomes [13]. Genomic data allows for
high-resolution identification of viral mutations,
from insertions and deletions (indels) to single
nucleotide variants (SNVs). These sequences can
be used as genomic fingerprints for rigorous com-
parisons and differentiations of viral genomes,
allowing for identifying new strains and tracing
transmission pathways. Genomic analysis can also
confirm suspected transmission and uncover hid-
den clusters, such as superspreading events [14–16].
While RT-PCR assays can quickly detect known
variants by targeting specific mutations, they can-
not identify novel variants, recombinants, or emerg-
ing strains that contain previously undocumented
genetic changes [17]. In contrast, whole genome
sequencing (WGS), particularly using next-genera-
tion sequencing (NGS) technologies, remains the
gold standard for variant identification, providing
a complete picture of viral genomes, including
unknown variants [18,19].

Genomic epidemiology typically begins with
whole genome sequencing, which provides the basis
for various subsequent analyses. The two primary
NGS technologies are short-read sequencing (e.g.,
Illumina) and long-read sequencing (e.g., Oxford
Nanopore Technologies and PacBio). Short-read
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sequencing offers high accuracy and high through-
put but may introduce artifacts during computa-
tional assembly of overlapping short fragments.
Long-read sequencing is faster, but has higher error
rates, which have been improvedwith recent advan-
ces in error correction algorithms making it more
suitable for rapid sequencing in outbreak [20].

After sequencing and quality assessment, viral
genomes undergo three complementary analytical
approaches. Genomic distance analysis measures
the genetic distance between genomes based on
SNVs, enabling identification of closely related cases
that likely represent transmission clusters, with
smaller distances indicating closer relationships.
Phylogenetic analysis constructs trees to visualize
evolutionary relationships and infer when variants
emerged, providing insights into the temporal
dynamics of epidemics. Finally, transmission net-
work analysis maps direct transmission events, rep-
resenting viral genomes (cases) as nodes and genetic
relationships (transmission) as edges. This approach
is efficient for capturing transmission clusters,
including superspreading events, which is crucial
for contact tracing and targeted interventions. Such
transmission network analysis may be represented
for example by a Minimum Spanning Tree (Fig. 1).
Spatial approaches for epidemiology

During the SARS-CoV-2 pandemic, spatial appro-
aches proved essential for understanding transmis-
sion dynamics when traditional methods like
contact tracing were limited by the virus’s high
transmissibility and capacity for indirect transmis-
sion. Spatial methods were therefore particularly
valuable for rapid identification of transmission
patterns and hotspots, providing essential informa-
tion for effective outbreak management.

Spatial and spatio-temporal epidemiology
examines how diseases vary across both space and
time, analyzing their relationships with demo-
graphic, environmental, and socioeconomic factors
[21,22]. Given that disease spread is inherently spa-
tial, analyzing spatial variation is crucial to under-
stand transmission dynamics [23]. This field
originated with spatial investigations, such as John
Snow’s map of cholera cases in 1854, which dem-
onstrated the power of spatial analysis in under-
standing disease transmission [24]. More recently,
Pavlovsky further developed this approach through
three principles : diseases tend to be restricted geo-
graphically, spatial variation results from underly-
ing physical or biological variation associated with
pathogens and hosts, and mapping such conditions
allows for prediction of current and future preva-
lence and risk [21,25]. Modern spatiotemporal
Volume 20 � Number 3 � May 2025



FIGURE 1. How to obtain a Minimum Spanning Tree ? Starting from 172 SARS-CoV-2 viral genomes, we first assessed the
relationships between all genomes by calculating the number of SNPs between each pair of genomes. Then, all genomes with
exactly the same sequence (SNP¼0) are clustered together (with a circle larger when the number of samples in a given
genomic cluster is higher). Then, we connected each genomic cluster with the closer clusters, that is, clusters with the lower
number of SNPs. Thus, we finally obtained a Minimum Spanning Tree, that is, a tree connecting all nodes in a graph, in a
way such that the sum of edge lengths is minimized.

Genomic and spatial epidemiology Choi et al.
methods have significantly advanced these founda-
tional principles throughmodern Geographic Infor-
mation Systems (GIS) and spatial statistics. GIS
enable sophisticated spatial data integration and
processing, visualization of spatially enabled epide-
miological data, but also of diverse information
layers, including population density, mobility pat-
terns, and environmental features [26–28]. This
layering of information through location also rep-
resents a cost-effective solution for missing socio-
economic data when direct collection is difficult or
costly [29]. While complex forms of spatial data
exist and are valuable, GIS can leverage simpler
location data such as routinely collected residential
or work addresses. Through geocoding, these
addresses are converted into geographic coordinates
(i.e., longitude and latitude) [30], enabling GIS and
quantitative spatial analysis, ranging from distance
calculations between cases to sophisticated cluster-
ing methods [26,31].

These capabilities support multiple analytical
approaches, from cases mapping and geographic
correlation analysis that reveal spatial patterns
and relationships between disease spread and envi-
ronmental or socioeconomic factors, to comprehen-
sive risk assessments that identify high-risk areas
based on multiple data layers [21,28,32]. Cluster
detection, using methods like spatial scan statistics,
1746-630X Copyright © 2025 The Author(s). Published by Wolters Kluwe
has emerged as a particularly powerful tool for iden-
tifying disease hotspots [17–19].

Spatiotemporal clustering represents an
advanced approach by incorporating temporal
dimensions. As defined by Knox [19], spatial clusters
are “geographically bounded groups of occurrences
of sufficient size and concentration to be unlikely to
have occurred by chance.” These clusters help iden-
tify areas of locally elevated disease risk and physical
proximity that may facilitate transmission [20].
Modern analytical methods implement this concept
by using various techniques, from density-based
approaches that identify clusters through point con-
centrations and connectivity, to scan statistics,
which usemoving circular windows to detect spatial
clusters [21]. This approach extends to spatiotem-
poral analysis by expanding the window into a
cylinder, enabling detection of clusters that are
similar in both space and time [22]. Each method
offers different advantages for detecting disease hot-
spots depending on the spatial and temporal char-
acteristics of the outbreak.

These integrated approaches have proven essen-
tial for infectious disease epidemiology, supporting
evidence-based public health responses through
improved understanding of disease spread patterns
and environmental influences [12]. Fig. 2 shows an
example of such a spatiotemporal analysis.
r Health, Inc. www.co-hivandaids.com 289
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SPATIO-GENOMIC EPIDEMIOLOGY: FROM
SILOS TO SYNERGY

Integration potential of spatio-genomics for
data-driven analysis
Genomic and spatial epidemiology share funda-
mental characteristics that align with the concept
of precision public health, an approach that uses the
best available data to more effectively target inter-
ventions to those who need themmost [33–35]. Just
as precision medicine aims to provide the right
treatment to the right patient at the right time,
precision public health leverages high-resolution
data to deliver the right intervention to the right
population at the right time [4]. Three key features
of genomic and spatial approaches enable this pre-
cision: high data resolution, quantitative analysis
capabilities, and complementary epidemiological
assumptions.

The first key feature is high-resolution data,
which supports detailed and high-quality analysis.
FIGURE 2. Example of spatio-temporal analysis. The figure sho
size of the cluster corresponds to the proportion of cases (infectio
according to the population density (number of persons susceptib
information on the cluster with geographical data, for example he
different shades of brown that correlate with population density a
despite being large due to a low population density, did not corre
observed cases per population density is too low to reach statistic

290 www.co-hivandaids.com
Advanced sequencing technologies provide whole
genome sequences differentiated at the single
nucleotide level, enabling precise identification of
viral strains. Similarly, spatial approaches provide
multiscale geographic precision, from individual-
level coordinates through geocoded addresses to
population-level patterns of mobility and environ-
mental exposure, enabling targeted interventions at
various spatial scales. This precision in both
domains allows for detailed overlay analysis and
hypothesis generation.

The second key feature is their inherently quan-
titative nature. Genomic data, particularly SNVs,
enable calculation of genetic distances, pairwise
similarity, and diversity. Such quantitative data
are used to model phylogenetic trees and transmis-
sion networks, illustrating evolutionary and epide-
miological relationships between cases. It also
allows the estimation of critical epidemiological
parameters such as viral population size, epidemic
doubling time and basic reproduction number (Rt)
ws different clusters numbered in order of appearance. The
ns) detected in a given place during a defined period
le to get infected). This example shows that we can layer the
re a variable (urban, intermediate versus rural), shown with
nd hence with cluster size. Please note that some circles,
spond to statistically robust clusters since the number of
al significance.
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[36]. In the spatial domain, coordinates enable
mathematical representations of disease spread that
can be analyzed at multiple scales, from individual
transmission events to population-level dynamics.
These quantitative spatial relationships can be
directly compared with genetic distances, creating
opportunities for integrated spatiotemporal and
genomic analyses [37].

The third key feature is the ability of both meth-
ods to generate testable epidemiological hypothe-
ses. Genomic analysis identifies sets of cases with
similar or identical viral genomes (“genomic clus-
ters”), which can be represented as a monophyletic
group in a phylogenetic tree or as a large node in a
transmission network. These patterns of genetic
relatedness suggest that they may have originated
from the same transmission event, with large
genomic clusters indicating potential superspread-
ing events. Complementarily, spatial relationships
between cases suggest potential transmission path-
ways based on geographic proximity and connec-
tivity patterns, through direct and indirect local
contacts between individuals. Together, these
approaches provide a framework for hypothesis gen-
eration about transmission dynamics, from local
spread within households to larger-scale commun-
ity transmission events.
Complementary features of genomic and
spatial approaches

While precision public health aims to deliver the
right intervention to the right population at the
right time, achieving this goal requires balancing
precision with timeliness. Genomic epidemiology
provides high biological precision, enabling variant-
specific interventions and precise transmission
chain identification. However, during the SARS-
CoV-2 pandemic, typical WGS workflows required
multiple days and remained expensive, creating a
significant delay between case identification and
genomic insights. For example, in Lausanne, we
have done weekly analysis and time to results
ranged from 5 to 12days, since 1–7days delay is
due to the time from sampling to start of the analysis
and since the whole analytical process takes typi-
cally 5days, to have the viral RNA extracted, the
library prepared, the sequencing done, and the
genomes sequences quality-checked, biomedically
validated and submitted to the various databases
(such as GISAID). Furthermore, most genomic stud-
ies, with very few exceptions [38

&

,39,40
&

], relied on
broad administrative divisions as geographic iden-
tifiers, limiting the spatial precision needed for tar-
geted interventions [41–44]. Indeed, administrative
units are often too broad to accurately reflect real-
1746-630X Copyright © 2025 The Author(s). Published by Wolters Kluwe
world transmission dynamics since the virus is not
constrained by jurisdictional boundaries.

In contrast, spatial epidemiology offers a differ-
ent dimension of precision through rapid geo-
graphic targeting of interventions. Within hours
of case reporting, spatial analyses can identify
potential hotspots and risk factors across multiple
geographic scales, enabling swift public health
responses. However, when based solely on PCR-con-
firmed cases, these analyses cannot distinguish
between variants or definitively establish transmis-
sion links, limiting intervention specificity.

The complementary nature of these limitations
suggests an opportunity to optimize precision pub-
lic health responses. While genomic methods pro-
vide precision in “what” (variant) and “who”
(transmission links), spatial methods deliver preci-
sion in “where” and “when” interventions should
occur. Integrating these approaches could help
achieve the core aim of precision public health:
delivering precisely targeted interventions with
optimal timing.
Spatio-genomic frameworks: case studies on
SARS-CoV-2 pandemic

We present two frameworks developed during the
SARS-CoV-2 pandemic and published in previous
studies that demonstrate how integrating genomic
and spatial epidemiology can complement each
other to enhance precision public health responses.

Spatiotemporal clustering and genomics

The first framework combines spatiotemporal cluster-
ing with targeted genomic sequencing to investigate
SARS-CoV-2 infection clusters and improve epidemic
surveillance efficiency. Applied during the first epi-
demic wave in the canton of Vaud, Switzerland, this
approach first identified statistically significant spa-
tiotemporal clusters from PCR testing data (Fig. 2).
These clusters then guided strategic whole genome
sequencing efforts, enabling cost-effective genomic
surveillance of potential transmission events.

The sequenced genomes were then analyzed
using phylogenetic and network analysis methods
(such as Minimum spanning tree, see Fig. 1). The
phylogenetic analysis helped to establish evolution-
ary relationships between the virus strains that
formed the same or different clusters. Genetic sim-
ilarity within clusters, measured by the Jaccard
index, was higher in rural areas and at the onset
or lockdown period. In addition, network analysis
identified two superspreading events characterized
by two distinct genetic mutations, which originated
from twomajor outbreaks in neighboring countries,
France and Italy, respectively.
r Health, Inc. www.co-hivandaids.com 291
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This approach identified key moments in the
early outbreak, including introduction and super-
spreading events, suggesting prioritizing sequenc-
ing efforts based on spatiotemporal clusters to
optimize resource allocation and surveillance effi-
ciency.

Georeferenced genomic analysis

The second framework, applied later in the pan-
demic, integrates geographic data with genomic
data to provide a comprehensive view of variant-
specific transmission dynamics. By geocoding
sequenced cases to residential locations, this
approach revealed how different SARS-CoV-2 var-
iants exhibited distinct spatial behaviors. Notably,
the Omicron variant showed a greater spatial dis-
persion of genomic clusters compared to Alpha and
Delta, indicating high transmission capacity and
stochasticity. To further investigate local transmis-
sion, genetic diversity was calculated using genomic
data, focusing specifically on neighborhood and
household cases identified by geographic coordi-
nates. During the invasion of the Omicron variant,
genetic diversity within both neighborhood and
household cases increased significantly, suggesting
the ability of the variant to spread rapidly in a
localized environment.

Geographical visualization of genomic data

Both frameworks leverage GIS-based visualization to
translate complex spatio-genomic patterns into
actionable insights. This approach aligns with one
of the five key objectives outlined by WHO in the
“Global Strategy for Genomic Surveillance of Patho-
gens of Pandemic and Epidemic Potential (2022–
2032)” [45]. Notably, its first objective is to “improve
access to tools for better geographic representation”.
Beyond simple mapping, these visualizations reveal
patterns of genetic diversity within spatiotemporal
clusters and track variant-specific spread patterns,
demonstrating how integrated spatio-genomic
approaches can enhance precision surveillance capa-
bilities.
CONCLUSION

The SARS-CoV-2 pandemic underscored how inte-
grating genomic and spatial epidemiology can
advance precision public health responses to better
understandandmanage infectiousdisease outbreaks.
While genomic approaches provide biological preci-
sion in identifying variants and transmission chains,
and spatial methods enable rapid and precise geo-
graphic targeting of interventions, their integration
offers a more comprehensive and detailed under-
standing of transmission dynamics. This provides
292 www.co-hivandaids.com
unique opportunities to optimize both the precision
and timeliness of public health surveillance and
response. Our frameworks showhow this integration
can enhance surveillance efficiency through targeted
sequencing strategies and reveal variant-specific
spatial behaviors. Moving forward, as we prepare
for future epidemics, developing standardized appro-
aches for spatio-genomic analysis will be crucial.
Such integration embraces interdisciplinarity and
transforms methodological silos into powerful syn-
ergies for effective, evidence-based public health
decision-making, ultimately enabling more precise
and effective public health interventions.
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