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To save lives: Lessons of a pandemic cartographer
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Everybody knows that pestilences have a way of recurring in the world, yet somehow, we find it hard to be-
lieve in ones that crash down on our heads from a blue sky.
Albert Camus, The Plague

1 | INTRODUCTION

For almost everyone in the world, the last few years have been unlike any experienced in their lifetimes. The public
health crisis, spawned by the SARS-CoV-2 virus and the outbreak of COVID-19, has reminded us that viral pathogens
pose an ever-present danger to global human health and economic stability.

For cartographers and epidemiologists, the rapid spread of the disease and the evolution and mutation of the virus
presented a geospatial analysis challenge like none other as public health officials, emergency rooms, and the general
public struggled to track the spread of the disease, allocate resources for testing and care, and understand the origin of
this new zoonotic pathogen.

For much of the COVID-19 pandemic, beginning in March 2020, the author, who at the time was a specialist in
computational geography and geographic information science at the Library of Congress in Washington DC and a lec-
turer at Johns Hopkins University, advised members of the US House of Representatives and Senate on the ongoing
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accumulation of cases and gave confidential briefings to members on new ways to map and track the geographic spread
of this previously unknown pathogen.

This kind of mapping and analysis, which combined new breakthroughs in genomics and the rapid accumulation of
large amounts of bioinformatic data, was critical to the real-time public health response. This massive amount of geospa-
tially structured bioinformatic data, gathered during what can be described as the first pandemic of the information age,
also presents us now with a unique opportunity, as we begin to retrospectively examine the various social and political
aspects of the pandemic response and its effects on communities, from both a global and local perspective (Sokhansanj
& Rosen, 2022).

Although produced for scientific and public health response reasons, the maps and techniques discussed in this paper
have also been used in wider geographical and political analysis. As is well known to geographers, case counts and
disease transmission pathways are not only biological phenomena but are also influenced by the complex interplay of
human behaviour and the historical economic inequities found across the globe. Many commentaries and papers focus-
ing on the social aspects and the political uses and abuses of disease mapping have been published over the last few years,
both during the height of the pandemic and in its aftermath (Marvin et al., 2023; Sparke & Anguelov, 2020). Several have
also focused on the use of deep learning and natural language processing to map and examine the social media responses
to the outbreak and to the enforcement of the ensuing public health policies (Hessler, 2020a).

In this paper, however, I will describe the real-time use of novel bioinformatic data analysis which, combined with the
power of geographic information systems and mapping, was used to inform policy-makers and to help save lives during
the pandemic (Hessler, 2020b).

At the beginning of the pandemic, case counts and genomic data about the virus were being generated at rapid pace
and, when paired with modern GIS and other computational techniques, allowed for the near real-time spatial and tem-
poral tracking of the disease’s spread and the study of its mysterious and complex phylodynamics (van Dorp et al., 2021).

This data, and the need to present it in an understandable way to non-virologists and policy-makers, catalysed the
development of new cartographic visualisation methodologies which helped us understand the movement of COVID-19
around the world. Resources like the Johns Hopkins COVID-19 dashboard (https://coronavirus.jhu.edu/map.html) be-
came critical sources of information for the media, medical professionals, and the general public, as everyone struggled
to comprehend the geospatial implications of the outbreak for the health of populations and economies (Peeples, 2022).

Much of the mapping and analysis that took place was made possible because of new data sources and providers who
were capable of delivering up-to-date information on the genomics and spatial and temporal distribution of cases in real
time. GISAID, the Global Initiative for Sharing All Influenza Data (www.gisaid.org), for example, brought together and
still aggregates genomic data from labs around the world during serious disease flare-ups, like COVID-19 and influenza,
and makes that data available to qualified and registered users (Sokhansanj & Rosen, 2022).

Analysis of this critically important data has also been streamlined and made easier by platforms like Nextstrain
(Hadfield et al., 2018), an interactive software suite for phylodynamics that consists of data curation, analysis, and visu-
alisation components, and that uses Python scripts to maintain and update a database of available sequences and related
metadata, sourced from public repositories such as the National Center for Biotechnology Information (NCBI, www.ncbi.
nlm.nih.gov), GISAID, and the Virus Pathogen Database and Analysis Resource (ViPR, www.viprbrc.org). The software
contains powerful tools that help users perform phylodynamic modelling, the geographic mapping of mutations and
creation of transmission networks, and also includes code that allows the inference of the most likely past and future
transmission events.

The ease in the creation of phylogenetic trees of pathogens, which are complex graphs used to represent genetic his-
tory constructed computationally using statistical and Bayesian methods (Sagulenko et al., 2018), also made the mapping
of changes and evolutionary dynamics of the virus more understandable to policy-makers.

In the case of SARS-CoV-2, these algorithms use the accumulating changes and deletions in the genome of the virus
as it evolves and moves through multiple human hosts to infer the structure of these complex tree-like graphs. The struc-
ture of these trees give epidemiologists and cartographers critical information regarding how fast a virus is changing and
infer the trajectory of each mutation as it geographically moves from place to place (Figure 1) (Volz et al., 2013).

2 | BIOINFORMATICS AND THE BIRTH OF PHYLOGEOGRAPHY

The microbial cause of the COVID-19 pandemic, SARS-CoV-2, is a single-stranded RNA virus whose origin and ini-
tial spread around the globe, from its spillover in Wuhan, China, has only recently begun to be understood in detail
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FIGURE 1 Phylogenetic tree of SARS-CoV-2 based on sample genomes from December 2019 until March 2024. Colours indicate clades
associated with the ancestral strain, variants, and subvariants. Data and visualisation platform from Nextstrain.

(Crits-Christoph et al., 2023; Hessler, 2023; https://arcg.is/CC{vP; Pekar et al., 2022; Worobey et al., 2020, 2022). The
actual zoonotic spillover event, from a still to be identified animal host, remains, after fouryears, a continued locus of
political controversy and scientific discussion.

What is certain is that this pathogen, the cause of the first large-scale global pandemic of the information age, gen-
erated more bioinformatic data on a shorter time scale, in the form of more than 16 million genetic sequences, than any
that came before (GISAID current sequence count as of 3/10/2024). This unprecedented amount of data has allowed
cartographers, epidemiologists, and geographers to combine the temporal and genomic data found in these sequences
with geospatial information, and to analyse the movement and evolution of this virus in ways that could scarcely have
been possible a decade ago.

While no spatial or cartographic model of viral pathogen transmission is perfect, the use of quickly accumulating
and reliable data of the phylogenetic structure and dynamics of a disease has profound advantages over typical two-
dimensional geographic case count data, especially when looking to map and spatially resolve accurate viral pathogen
transmission pathways for large and global-scale pandemics.

Most epidemiological time-series, in the form of temporal cases and locations, are noisy, highly complex, and non-
stationary, and are therefore difficult to analyse and map using traditional methods (Cazelles et al., 2007). Because of the
rapidly changing nature of the spread of diseases like COVID-19, cartographers are trying to map far from equilibrium
processes, whose global nature creates large uncertainty, especially in the modern era of globally connected and highly
mobile populations.

The fact that international travel so quickly spread the various forms of the SARS-CoV-2 virus would have made trac-
ing the geographic origins of COVID-19 difficult, if not impossible, if not for the availability of near real-time genomic se-
quence data from laboratories around the world. The combining of powerful and computationally efficient phylogenetic
algorithms with accurate genome sequencing and geospatial data, while not perfect, went a long way in helping public
health policy-makers and governments understand in detail the spread of COVID-19.

Mapping the movement of SARS-CoV-2 was, and still is, a complex undertaking. In order to trace the movement of
COVID-19 around the world, it was necessary for geographers to look closely at a complex and large amount genomic
data, and to spatially analyse the phylogeny of the nucleotide mutations and amino acid changes in individual cases, and
then to trace those changes in other individuals as they caught and spread the disease. This exercise, in its simplest form,
entails geographically mapping the process of mutation accumulation and examining at many scales the non-stationary
movement of these changes as they bounced to new and sometimes distant locations.

One of the most difficult aspects of the enterprise was indeed the problem of scale. The SARS-CoV-2 virus had no geo-
graphic boundaries and no matter how strict the restrictions in specific regions, each of the variants of concern, like Delta
and Omicron, eventually spread nearly everywhere. Just looking at the phylogenetic tree for the whole of the pandemic,
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FIGURE 2 Phylogenetic tree of SARS-CoV-2 based on sample genomes from December 2019 until March 2024. Colours indicate the
continental origin of the sample. Data from Nextstrain.

coloured by the continent where each case was sequenced, is enough to show the complexity and near intractability of
understanding geographic spread in detail. (Figure 2).

To demonstrate the kind of spatial-temporal process-based cartography of genomic changes that developed during
the pandemic, I will describe the mapping of a single mutation in the spike protein of SARS-CoV-2.

2.1 | The geography of mutations and amino acid changes

SARS-CoV-2 is an RNA virus with a little less than 30,000 nucleotides in its genome. These nucleotides make up the cod-
ing and non-coding regions of the virus and define the proteins that form its structure and how it functions. Many of the
most critical changes and mutations that took place in SARS-CoV-2 over the course of the pandemic and that gave rise
to new variants, like Omicron, occurred in the spike protein. This protein is the region responsible for giving the virus
the tools to attach to and fuse with the membrane of a host cell. The spike has several parts, with the two called S1 and
S2 the most important, as they participate either in catalysing the attachment of the virus to a human cell or help to fuse
the virus to the cell wall. It was the region targeted by the vaccines.

Mapping the movement across the globe of changes that took place in the amino acid structure in this protein of
SARS-CoV-2 was critical to forming public health policy, as changes in this region had the potential to alter the trans-
missibility of the virus and its ability to bind to human cells (Huang et al., 2020; Jackson et al., 2022). Because this was a
dynamic and out of equilibrium process, the maps made had to consider time as an explicit mapping variable.

Examining the phylogenetic tree for SARS-CoV-2, and colouring its branches by changes in codon 681 of the spike
protein, one can easily see the temporal evolution of the amino acids in this part of the genome (Figure 3). The fact that
each of the dots on the tree also has a geospatial component means we can map the dynamics of these changes in any
geographic region where we have sufficient data.

The phylogenetic tree indicates three important changes in the codon, with the initial amino acid Proline (P) changing
to Histidine (H) and Arginine (R) at particular times and places. To truly appreciate the dynamics of both the changes
happening in the genome, and its geographic movement into and out of human hosts, it was necessary to take a process-
based approach to the map and to the visualisation of the data.

The whole process of codon change and geographic movement can be animated and compressed into shorter time
scales that indicate where and when the amino acid changes in the spike protein took place (Figure 4, Video 1).

Although this simulation focuses on Europe, and is only one of the hundreds of mutations and amino changes in the
SARS-CoV-2 genome that have been recognised through genomic sequencing over the course of the last few years, it can
be thought of as a model for the innovations that took place during the pandemic (Hessler, 2020b).
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FIGURE 3 Phylogenetic tree of SARS-CoV-2, coloured for changes at codon 681 of the spike protein showing temporal evolution and
amino acids in this part of the genome. Data from Nextstrain.
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FIGURE 4 Simulation of the temporal changes at codon 681 in the spike protein for European cases. The simulation animates the
geographic and temporal change from Proline (P) to Histidine (H) and Arginine (R) at particular times in the evolution of the virus. Data
from Nextstrain Video 1.

Identifying locations along the genome of the major sites of amino acid change and mapping their movement around
the globe was not only a scientific problem, but became an important question for public health officials and legislators
during the most intensive periods of COVID-19's spread. Several measures of diversity were developed during the pan-
demic that gave researchers the tools to narrow down those regions of the genome where large numbers of changes were
occurring, and then to trace and map them geographically through space.

One of the most important of these measures was information entropy (Figure 5). Information entropy has applica-
tions in many fields and can be thought of as a measure of the diversity of change or mutations at the site of a particular
amino acid or nucleotide (Leinster, 2021; Vopson & Robson, 2021).

Values of the normalised information entropy near 1 are regions of high diversity (Mullick et al., 2021). Using this
method, geographers and epidemiologists could compare regions of the genome and geographically map how particular
amino acid changes had moved. It was therefore possible to trace the geographical distribution of variant introductions
and important structure changes in the virus that might impact its transmissibility, for example, those at high-entropy
codon position 19 in the spike protein (Figure 6).
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VIDEO 1 Simulation of the temporal changes at codon 681 in the spike protein for European cases. The simulation animates the
geographic and temporal change from Proline (P) to Histidine (H) and Arginine (R) at particular times in the evolution of the virus. Data
from NextStrain.

. ORF1ab

K &
FoFF 25§
vi88
Normalized Shannon Entropy = 1.022 Normalized Shannon Entropy = 1.062 Normalized Shannon Entropy = 0.690

n

H(X) = =) P(a;)log P(x;)

i=1

FIGURE 5 Diagram of the amino acid codons of the spike protein of SARS-CoV-2 showing the changes and locations of the changes to
the XBB variant of Omicron. The diagram shows the Shannon entropy for three codons (19, 339, and 969) and their respective phylogenetic
trees. Larger entropy values indicate that more genetic variation has been observed at those locations in the dataset. Data from Nextstrain.
Amino change data and illustration for XBB from Stanford University Coronavirus Antiviral and Resistance Database (https://covdb.stanf
ord.edu/).

Studies using this combination of geospatial metadata and the changes in the structure of the SARS-CoV-2 genome
have informed theories of the virus's origins (Crits-Christoph et al., 2023), how it first moved into the US through mul-
tiple genetic strains in early 2020 (Worobey et al., 2020), and how it first entered into Europe (Worobey et al., 2020). By
exploiting small differences and changes in the structure of viral genomes, epidemiologists and virologists began to un-
derstand how it spread geographically and could make informed hypotheses about the origins of the important variants
of concern.

For example, Michael Worobey, from the University of Arizona, showed that there were actually two independent in-
troductions to Washington state during the earliest weeks of the pandemic, based on the analysis of genomic sequences,
the timing of infections, and most critically an accurate geographic map of cases from the state.
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FIGURE 6 Static temporal map snapshots of the changes in codon 19 of the spike protein of SARS-CoV-2 in Europe. Data from
Nextstrain.

Worobey and his collaborators used methods like those in our example and focused on just a few changes in the ge-
nome, and were able conclude that ‘we must seriously consider the possibility that there were multiple introductions of
genetically similar viruses into the United States’ (Worobey et al., 2020, p. 567). Using geographic maps of the mutations
of these slightly different genomes, they were also able to show that the genomic ancestors of one of these introductions
of SARS-CoV-2 died out, while the other spread across the country.

Examples of this type of mapping and geographic analysis have revealed the power of the combination of large
amounts of genomic, temporal, and geospatial information to aid policy-makers and epidemiologists in understanding
the dynamics of a disease that changed the world. The combination of real-time genomic sequencing with geographic
information created a new phylogeographic subdiscipline, which in the midst of a pandemic became critical to public
policy and response.
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As geographers, epidemiologists, and virologists continue to work through this massive amount of data and to inves-
tigate the complex phylodynamics of the pandemic and its aftermath, we can now only imagine what new combinations
of advanced bioinformatic methods, machine learning algorithms, and GeoAlI will yield in the near future (Cahuantzi
et al., 2024).

3 | FINAL LESSONS

During the most difficult periods of the pandemic, I presented large amounts of data and the methods being used to map
and analyse the spread of COVID-19 to policy-makers and legislators in the US. They all struggled to understand both the
science and the impact the pandemic was having around a globe.

Speaking to policy-makers remotely, either in large groups over Zoom (sometimes more than 200 at a time) or individ-
uals and staff in Senate offices, it was clear in the very beginning of the outbreak that much of the kind of geographically
informed bioinformatic data that was being produced and that they needed was new to them. Most had no understanding
of the power of geographic information systems (GIS), the methods of bioinformatics, and more importantly how geo-
graphic information could help in their decision-making. For most, this situation did not last long.

The lessons learned from the mapping tools developed and the geospatial analysis accomplished during the SARS-
CoV-2 pandemic will be critical to our response to the emergence of a future new pathogen. One of the most lasting and
important things accomplished during our struggle against COVID-19, at least from this cartographer's perspective, is the
introduction of a whole generation of policy-makers to the power of geographic information.

Case mapping dashboards, the geography and network graphs of the transmission of variants, and the complexities
of the geospatial spread of mutations all became common discussion points and part of the decision-making process.
Many policy-makers and legislators came to appreciate how the discipline of cartography, broadly conceived at its multi-
disciplinary best, was critical to the world's response to the pandemic, and hopefully will remember how maps might
save lives in the future.
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