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Preface

In today’s interconnected world, the significance of public health has never been more pro-
nounced. Launching this new scientific journal dedicated to population health affirms the impor-
tance of rigorous scientific research in driving progress within this paramount field. Researchers
worldwide are working to push the boundaries of our understanding and shape policies and inter-
ventions that safeguard the health of communities globally. This work touches on many aspects,
including disease prevention, optimizing the allocation of resources, health promotion, health pol-
icy, and epidemiology. This journal is positioned to serve as a conduit for this ground-breaking
work, bridging the gap between science and application and catalyzing the translation of evidence
into practice.

Public health is an indispensable measure of the well-being of our societies. It provides the
direction for formulating health policies, crafting preventive measures, and establishing efficient
health systems. Millions of individuals worldwide are beneficiaries of the advancements made in
this field. Whether through immunization programs that curb the spread of infectious diseases, or
the creation of health policies informed by extensive research, the practical applications of public
health research are vast and far-reaching.

As we launch this inaugural issue, we recognize its substantial potential for driving advancements
in the field of public health. Each research article within this issue not only contributes a novel
perspective to the body of knowledge but also assists in refining our collective understanding,
consequently guiding the future direction of public health research. Every contribution is critical
to completing a broader, comprehensive picture of our evolving discipline.

In this first issue, we present a selection of rigorous research articles. Each submission has
undergone a rigorous peer review, ensuring the highest academic integrity and relevance. This
selection includes a wide range of topics, reflecting the diversity and depth of the field of population
health.

We extend our deepest gratitude to all authors contributing to this inaugural issue. Your work
sets a high standard for the discussions and discoveries we anticipate will fill the pages of this journal
in the years to come. We stand at the beginning of a new chapter in public health research, and
we eagerly anticipate the insights, breakthroughs, and advancements that will undoubtedly arise
through the contributions to this journal.

Fabio Sanchez, Ph.D.
Editor-In-Chief
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Abstract

Dengue vaccination, long in development, has become controversial as it may cause antibody-
dependent enhancement (ADE) in dengue-seronegatives. Under partial vaccine failure,
ADE increases case severity and may also affect Zika infections since the two viruses are
closely related. From an individual perspective, the vaccination of others appears ben-
eficial, but becoming vaccinated oneself may increase the risk of ADE and thus serious
illness, for both diseases. From a population-level perspective, vaccination is expected to
reduce the spread of dengue but increase Zika incidence. Nevertheless, prior mathematical
modeling research has shown that in some cases, a small number of dengue vaccinations
may reduce the final size of a Zika outbreak despite increasing its ability to spread. This
study reconciles these results and then evaluates individual risks to both the vaccinated
and the unvaccinated in order to connect to broader themes in complex vaccination deci-
sions, such as free riders and the tragedy of the commons. A substantial new finding is
that a dual outbreak may change which vaccination decision minimizes risk, compared to
single-outbreak scenarios.

Keywords: Antibody-dependent enhancement; vector-borne disease; immune response;
coinfection model; dengue seropositivity
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Resumen

La vacunacién contra el dengue, que lleva mucho tiempo en desarrollo, se ha vuelto con-
trovertida ya que puede causar un aumento dependiente de anticuerpos (ADE) en los
seronegativos para el dengue. En caso de falla parcial de la vacuna, ADE aumenta la
gravedad de los casos y también puede afectar las infecciones por Zika, ya que los dos virus
estan estrechamente relacionados.

Desde una perspectiva individual, la vacunacion de otros parece beneficiosa, pero vacunarse
uno mismo puede aumentar el riesgo de ADE y, por lo tanto, de enfermedades graves, para
ambas enfermedades. Desde una perspectiva a nivel de la poblacién, se espera que la
vacunacion reduzca la propagaciéon del dengue pero aumente la incidencia del Zika. Sin
embargo, la investigacién previa de modelos matematicos ha demostrado que, en algunos
casos, una pequena cantidad de vacunas contra el dengue puede reducir el tamano final de
un brote de Zika a pesar de aumentar su capacidad de propagaciéon. Este estudio reconcilia
estos resultados y luego evaliia los riesgos individuales tanto para los vacunados como para
los no vacunados para conectar con temas més amplios en decisiones de vacunacién com-
plejas, como los oportunistas y la tragedia de los comunes. Un nuevo hallazgo sustancial
es que un brote dual puede cambiar la decisién de vacunacién que minimiza el riesgo, en
comparacion con los escenarios de un solo brote.

Palabras clave: Mejora dependiente de anticuerpos; enfermedad transmitida por vec-
tores; respuesta inmune; modelo de coinfeccion; seropositividad al dengue
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1. Introduction

The COVID-19 pandemic has brought to the forefront of public health policy the question
of how best to control an infectious disease through mass vaccination when some of the
population find it controversial. The only scientific concerns about COVID-19 vaccination
have involved side effects that are relatively rare but are observed when millions of people
are vaccinated. From a public health policy perspective, there is a need to judge the
relative risks—of side effects if vaccinated, and of infection if unvaccinated—before making
a recommendation as to which groups of people should be vaccinated, but each individual
also makes his or her own decision, which may not always follow such recommendations.
Regardless of the reasons, so-called “vaccine hesitancy” can affect the success of control
programs, such as the notion of herd immunity.

Another recent example of a vaccine with controversial side effects involves the mosquito-
borne dengue virus, endemic (with an estimated 100 million cases per year) to tropical
areas, where the existence of four dengue serotypes and a phenomenon known as antibody-
dependent enhancement (ADE) have complicated the use of a long-awaited dengue vaccine.
ADE occurs when a person whose immune system has already developed antibodies to one
virus serotype then develops increased, rather than decreased, vulnerability to infection by
closely related pathogens. Those antibodies may falsely identify related pathogens as their
intended target and flag them for removal by macrophages, but when the still-active related
pathogen enters a macrophage, it uses the cell to replicate, raising the individual’s viral
load significantly. Subsequent, “secondary” dengue infections by a different serotype are
thus often much more severe than primary dengue infections, leading to the sometimes fatal
dengue hemorrhagic fever (DHF). Furthermore, the Zika virus is closely enough related to
dengue that some evidence indicates that dengue-induced ADE may amplify later Zika
infection in a patient and vice versa (see references in [7]). The tetravalent dengue vaccine
Dengvaxia by Sanofi-Pasteur has been controversial since it was observed that in some
cases vaccination induces ADE (like natural prior dengue exposure does) in subsequent
dengue infections—and thus also potentially in Zika infections. Since vaccination against
dengue provides no protection against Zika and may instead amplify Zika cases through
ADE, widespread vaccination using Dengvaxia has been expected to increase the size of
Zika outbreaks, regardless of whether its protective effects against dengue outweigh its
exacerbation of dengue transmission through ADE. To address the latter issue, the World
Health Organization (WHO) has recommended applying Dengvaxia only to individuals
already screened as dengue-seropositive [12], since they already have ADE potential, so
vaccination will not make things worse. This makes Dengvaxia more useful in areas with
high dengue endemicity, where most people will pass screening.
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The use of mathematical models to describe the transmission dynamics of infectious dis-
eases and evaluate the potential impact of preventive measures has a long history, includ-
ing notably the work of Ronald Ross, who showed at the turn of the twentieth century
that malaria could be eradicated by reducing mosquito population density below a criti-
cal threshold level. Public health policy in the twenty-first century has drawn heavily on
mathematical models to estimate the timing and size of epidemic peaks and the health-
care resources needed at any given time. The impact of potential dengue vaccination and
associated ADE on the transmission of dengue and Zika in affected areas has been studied
by several authors using mathematical models (e.g., [1, 4, 6, 9, 10, 11]). Of these studies,
only [1] and [4] incorporated the WHO-recommended screening requirement for dengue
vaccination, in order to study the likely impact of dengue vaccination using Dengvaxia on
identified seropositives (individuals with dengue-specific antibodies). These studies were
also the only ones to consider multiple dengue serotypes. However, [1] considered only the
impact on dengue transmission, and did not study the interplay with Zika ([4] studied the
impact of tetravalent vaccination following screening on the spread of both viruses).

A striking finding of [10], studying a single initial (at the start of the outbreak) round
of vaccination without any screening or prior natural seropositivity, was that in settings
with high dengue spread but limited Zika spread, a little dengue vaccination can reduce
Zika incidence (final outbreak size), even though a lot of vaccination increases Zika in-
cidence. (The authors sought a vaccination proportion to minimize Zika outbreak size.)
The corresponding “dip” in the graph of final Zika outbreak size versus vaccination rate
(Figures 2b and 3 in [10]) before turning around to rise monotonically afterward seems to
run counter to the result, consistent across the studies mentioned above, that dengue vac-
cination should always increase Zika’s reproductive number, and thus Zika incidence. The
authors of [10] explain their result in terms of the (indirect) effect of dengue vaccination on
the unvaccinated. This raises the issue of the tension which sometimes exists between the
best interests of the population and the best interests of a single individual. This tension
connects to concepts from economics such as free riders—individuals who benefit from
a collective resource without paying for it—and the tragedy of the commons—a scenario
where individuals’ interests run counter to the interests of the community. In a classic
tragedy of the commons scenario, individuals each take so much of a shared resource that
it is unsustainably depleted and becomes unavailable—overfishing a species to extinction,
for instance, instead of sustainable consumption. Here, the resources in question are drops
in risks for dengue and Zika infections accessible through different vaccination choices. A
mathematical model can quantify and explain these changes in risk from both the individ-
ual and collective perspectives.

This study uses the model developed in [4], which is essentially a generalization of the
model used in [10], as a lens through which to examine these perspectives in the context of
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tetravalent dengue vaccination and vaccine hesitancy, and their impact on Zika transmis-
sion. After reviewing the added resolution afforded by this model, we revisit the analysis
of [10] in order to explain more precisely the factors underlying the “dip” in a Zika out-
break’s final size as the initial dengue seropositivity rate increases from zero. We then
conduct a formal analysis of relative risk for vaccinated and unvaccinated individuals in
order to connect this result to a broader understanding of individual versus collective risk
and reward.

2. Materials and Methods

Dengue and Zika infections are typically modeled using an SIR structure: individuals start
out susceptible (S) to the pathogen, may become infected (I), and upon recovery (R) are
considered to have developed lifelong immunity to that serotype. Since mosquito vectors
carry the pathogen in their gut rather than hosting it, they have no “recovery” and may be
classified as either susceptible or infectious. (Exposed periods are neglected as a simplifying
assumption.) Assuming that an individual can be at any stage of either disease, this results
in nine possible combinations of infection status for Zika and a single dengue serotype (and
four for vectors). This basic structure, which allows one also to take ADE into account, has
been used by [10] and other authors to study this co-circulation scenario, with vaccination
or any other kind of prior exposure (seropositivity) confined to initial conditions.

Kribs and Greenhalgh [4] extend this model to incorporate the more complex dengue
seropositivity status that arises in many areas, where either prior exposure involves a
different dengue serotype than the one now circulating, or the use of a tetravalent vac-
cine such as Dengvaxia may generate an immune response against any combination of the
four serotypes. This additional trajectory also has three stages: unvaccinated, vaccinated
without immunity to a noncirculating serotype, and vaccinated with immunity to a noncir-
culating serotype. These stages are important to distinguish because (1) the unvaccinated
(including those turned away by a negative screening test) may still seek vaccination in the
future, when a so-called “catch-up” vaccination campaign is underway, and (2) immunity
to a noncirculating dengue serotype can produce ADE in a secondary infection with the
circulating serotype, while immunity to two or more dengue serotypes generally prevents
further symptomatic dengue infections. The two vaccinated stages, along with the stage
of dengue infection representing acquired immunity to the locally circulating serotype, ac-
count for all possible combinations of dengue serotype immunities because immunity to
more than two serotypes is assumed to have the same effect as immunity to two.

Crossing these three trajectories (infection with the circulating dengue serotype, Zika in-
fection, and dengue vaccination) then produces twenty-seven possible status combinations
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for humans (alongside the four for mosquitoes). Human compartments can thus be labeled
by a three-letter sequence indicating Zika infection status (Susceptible, Infected, or Recov-
ered), dengue infection status (S, I, or R), and dengue vaccination status (Unvaccinated,
Vaccinated but not protected, and Protected against one noncirculating serotype), respec-
tively (so, for example, SSU and SSV are completely seronegative populations). Mosquito
compartments are labeled with two letters indicating Zika and dengue infection status (S
or I), respectively.

Figure 1 illustrates the flows and combinations for the basic two-infection model used by
[10] and others, along with the additional dengue immunization trajectory of [4]. (A minor
caveat is that [10] also considers simultaneous coinfection with both dengue and Zika.
The model in [4] does not add this pathway.) Here, the increased viral load due to ADE
is assumed to increase a person’s infectivity by a given factor (which may also include
behavior changes in the host and vector). Figure 2 illustrates the flows and combinations
for the three-trajectory model from [4]. See [4] for a full discussion of the differential
equations and parameters which make up the model.

An advantage of the model developed by [4] is that it distinguishes three ways that individ-
uals may become dengue-seropositive: through prior exposure to the same or a different
dengue serotype, through routine “age-in” vaccination upon reaching the age (currently
nine years) of eligibility for vaccination, or through “catch-up” vaccination in which eligi-
ble individuals who were not vaccinated earlier (for instance, due to a negative screening
test) may seek vaccination at any time. It also distinguishes seropositivity to different
dengue serotypes, which is important because (as noted above) immunity to one noncir-
culating serotype can produce ADE in an infection with the circulating serotype, while
immunity to two or more serotypes is assumed to preclude further clinical infections [3, 8].
Earlier models do not offer this level of detail (restricting any form of dengue seropositivity
to a single parameter in the initial conditions, in several cases), which is necessary in order
to disentangle the roles played in determining Zika outbreak size by these different causes
of dengue seropositivity.

3. Results

3.1. When dengue vaccination reduces Zika incidence

Investigating the effects of dengue vaccination on Zika incidence at the population level
with a model means simulating outbreaks, using known characteristics of dengue and Zika
transmission and of vaccine and screening efficacy, and varying the characteristics of a hy-
pothetical vaccination program, namely the coverage rates. In [4], the authors established
a representative set of model parameter values based on primary literature reporting on
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Figure 1: The two-infection model depict-
ing the dengue and Zika transmission cycles,
to which a dengue vaccination trajectory is

added to form the model in [4]. “Protection”
refers to seropositivity against a noncirculat-

Figure 2: The three-trajectory flow of
the model in [4], depicting dengue (hor-
izontal, black arrows) and Zika (vertical,

blue arrows) transmission as well as tetrava-
lent dengue vaccination (diagonal, green

ing dengue serotype. Classes with red shad- arrows). Short, red arrows into Zika-
ing in this figure and the next experience susceptible classes show incoming dengue im-
ADE. mune statuses. (Mortality omitted.)

studies from the countries where Dengvaxia’s clinical trials occurred (population size was
set to 10,000 for questions of scale). Using these values (which include baseline dengue
seropositivity due to prior exposure) and varying the amount of vaccination, model sim-
ulations find the final size of a Zika outbreak to increase monotonically with vaccination
rate (Figure 3), without the “dip” observed by [10] for low vaccination rates.

However, the authors of [10] only considered vaccination to take place prior to an out-
break, rather than ongoing age-in vaccination as new individuals age into eligibility for
vaccination. Effectively, they were modeling dengue seropositivity developed before the
simulation began. Since dengue seropositivity from prior infection tends to be significant
in dengue-endemic areas, the representative parameters in [4] include that, meaning that
even without any vaccination, the level of initial dengue seropositivity is too high to see
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the drop observed when vaccination first increases from zero. To replicate their result, we
therefore turned off vaccination and varied the prior exposure rate from zero. Under these
conditions, the model observes a significant drop in the final Zika outbreak size before
increasing (Figure 4).

0.90735 0920
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0.90730 [

0.910 -

0.90725 [

Zika outbreak size
Zika outbreak size

0.905 -

. . . . . . . | . .
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Figure 3: Vaccination always increases final ~ Figure 4: Using the model from [4] but vary-

Zika outbreak size using the default parameters  ing prior dengue seropositivity instead of vacci-

in the model from [4]. nation rate, the final Zika outbreak size drops
as seropositivity rises, before increasing.

Further numerical analysis (details omitted) verifies that any of the three quantities prior
seropositivity, age-in (routine) vaccination rate, and catch-up vaccination rate can generate
the drop under different conditions. For instance, in a population with no prior exposure to
dengue, age-in vaccination can provide the first dengue seropositivity in the population—
but only if vaccine efficacy is significant and the screening test’s specificity is poor enough.
If the population starts out dengue-seronegative, accurate pre-vaccination screening will
reject all of them, and no one will be vaccinated at first. Only false positives will lead to
vaccinations, which lead to seropositivity only when the vaccine actually “takes” (vaccine
efficacy). If the screening used produces no false positives, then in a population with no
prior exposure to dengue, only catch-up vaccination will ever occur.

Making an individual dengue-seropositive (regardless of serotype) has two effects regarding
later Zika infection. Most directly, the presence of dengue antibodies causes any subse-
quent Zika infection in that individual to exhibit ADE, and thus generate more Zika cases
(than a non-ADE Zika case with the same contact rate). Indirectly, on the other hand, it
prevents that individual from later spreading dengue to other, unvaccinated people. Those
unvaccinated people who remain dengue-seronegative and are later infected with Zika will
have non-ADE cases and thus generate fewer Zika cases. These two effects run counter to
each other, so the net impact of dengue seropositivity on total Zika incidence depends on
which effect is greater.
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Why do the first few dengue-seropositives in a population reduce the final size of a Zika
outbreak? When nearly the entire population is dengue-seronegative, nearly all the dengue
cases averted by making one individual seropositive involve seronegatives, so the number
of later Zika cases that have ADE drops by much more than 1. Thus, the negative effect
on the Zika outbreak (preventing ADE in the unvaccinated) is stronger than the positive
effect of making the one seropositive have ADE in any later Zika infection.

However, as the number of dengue-seropositives increases (by whatever means), more of
those dengue cases averted by an additional dengue-seropositive involve individuals who
are already dengue-seropositive themselves and will thus have ADE in any Zika infection
anyway. Thus, the negative effect of dengue seropositivity on a Zika outbreak is diluted,
while the positive effect (ADE in Zika infections among the dengue-seropositive) continues
unabated. When there are enough dengue-seropositives already, adding one more (e.g., by
vaccination) raises the final Zika count rather than lowering it, and the imbalance only
widens as the dengue-seropositivity level increases.

The critical dengue seropositivity level at which the final Zika outbreak size reaches its
minimum depends on both the vaccination rates and the reproductive abilities of the two
pathogens. Regarding the latter, the authors of [10] observed that the drop in final Zika
outbreak size for low vaccination rates only occurs in scenarios where dengue spreads well
but Zika spreads relatively poorly (as measured by their reproductive numbers). The more
dengue there is, the less restrictive the conditions (on vaccine efficacy and screening accu-
racy) are under which this drop occurs, but the more Zika there is, the more restrictive the
conditions are. As dengue transmission increases and/or Zika transmission decreases, the
critical dengue seropositivity level increases above zero to a point that may be achievable
for small levels of prior exposure and vaccination, but in a more restrictive setting this
critical level may be negative and the drop never observed.

However, since [10] incorporated vaccination exclusively through initial conditions, vacci-
nation characteristics are not reflected in the corresponding reproductive numbers. But
further analysis of the model in [4] shows how dengue seropositivity (prior exposure),
screening, age-in vaccination, and catch-up vaccination all contribute differently to this
phenomenon, which only manifests in a limited interval of vaccinations, after which further
vaccination always increases the number of Zika cases. This analysis yields the following
results.

When there is significant prior dengue exposure, then it matters whether the seropositivity
is to the same serotype as the one currently circulating. If the serotypes are the same,
then an increase in prior exposure without any vaccination produces the “dip” previously
observed (Figure 4). If instead the serotypes differ, then prior seropositivity by itself only
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increases the final Zika outbreak size, and vaccination is limited to containing the growth
in dengue cases.

When there is high seropositivity to a different dengue serotype than the one in circula-
tion, it changes how that prior exposure interplays with vaccination. Dengue-seropositives
who get vaccinated and develop seropositivity to only one additional serotype are then
considered immune to any further clinical dengue infection, whereas dengue-seronegatives
with that same reaction to vaccination are then at risk of ADE to both dengue and Zika.
Let us consider momentarily a situation where nearly everyone is eventually able to be
vaccinated—and Kribs and Greenhalgh found that seeking screening 3—4 times a year, say
once every 100 days, was enough to guarantee this when screening was imperfect. Among
vaccinated seropositives, those in whom vaccination completely fails (i.e., causes no new
antibodies to develop) are at risk of ADE of dengue, while the rest are immune to the
circulating serotype (due to seropositivity to two or more serotypes). Among vaccinated
seronegatives, those in whom vaccination completely fails are at normal risk of dengue,
those in whom vaccination protects only against one noncirculating serotype are at risk
of ADE of dengue, and the rest are immune to the circulating serotype. Some simple
calculations using existing vaccine efficacy data (see Appendix A) show that in this case,
vaccinated seropositives have a lower average dengue infectivity than vaccinated seroneg-
atives. Therefore, prior dengue exposure to a different serotype, along with a significant
vaccination rate, should lower the total number of dengue cases—but with so much dengue
seropositivity, the overall effect on a Zika outbreak is to increase it.

Without significant prior dengue exposure, dengue’s ability to spread (e.g., its reproduc-
tive number) and the screening sensitivity (probability of avoiding false negatives) and
specificity (probability of avoiding false positives) determine whether age-in (routine) or
catch-up vaccination will have a greater impact. When dengue spreads very well and sen-
sitivity is high enough, or contrarily when dengue’s spread is limited, but specificity is low
enough (90%, for instance), age-in dengue vaccination has the first impact on Zika out-
break size and can generate the “dip.” Otherwise, it results in too few vaccinations to have
a significant impact, and catch-up vaccination becomes more important, since repeated
(over time) screenings increase the proportion of people who receive the vaccine.

It is also worth noting that the drop in final Zika outbreak size for low (but nonzero)
dengue seropositivity levels, when it occurs, does not contradict the fact (observed in
[4]) that dengue seropositivity consistently increases Zika’s control reproductive number.
Any apparent discrepancy can be reconciled by recalling that the control reproductive
number (like the basic reproductive number) measures a pathogen’s ability to spread at
the beginning of an outbreak, and not over the entire course of the outbreak, much less the
cumulative total number of cases. The general trend is that both measures of outbreak
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intensity are increased by any kind of dengue seropositivity (whether from vaccination or
prior exposure), but low levels of it may slightly reduce the final outbreak size while also
increasing the spread at the beginning of the outbreak.

3.2. Relative risks

Having examined the effects of dengue vaccination at the population level, in order to
understand the decisions of individuals whether or not to seek vaccination, we must examine
the effects at the individual level. To do this, we consider the relative risks for both dengue
and Zika infection as a function of whether or not a person is vaccinated, assuming that
a typical person does not know his/her dengue seropositivity status. Relative risk can be
calculated using the (per capita) rate at which one unvaccinated or vaccinated person is
infected and the proportion of such infections that exhibit ADE (the risk factor for severe
cases). Comparing these quantities for an unvaccinated versus a vaccinated person shows
how vaccination changes a person’s risk of infection or severe infection. Vaccine hesitancy
typically arises when a person believes (rightly or wrongly) that vaccination increases his
or her overall risk.

The relative risk computations for both dengue and Zika are shown in Table 1 in Ap-
pendix B, in terms of the parameters of the model used by [4]. This analysis shows that
while vaccinating oneself against dengue does not affect one’s risk of Zika infection, it does
increase the ADE risk for any later Zika infection. The amount of increase depends on the
relative spreads of the two pathogens. When dengue spreads better than Zika, vaccina-
tion causes little change in ADE risk because most people will become dengue-seropositive
from infection anyway before they become infected with Zika. When Zika spreads much
better than dengue (or when both pathogens spread poorly), on the other hand, dengue-
seronegative status is easier to keep until Zika infection, so vaccination increases ADE risk,
by a factor inversely proportional to the prior dengue seropositivity rate. For instance,
with 50% prior dengue exposure, ADE risk for Zika roughly doubles.

As regards dengue risk, dengue vaccination reduces one’s overall risk of dengue infection
(for seronegatives only, if prior seropositivity is to the circulating serotype) but may raise
or lower the risk of ADE in those who do become infected with dengue. If any prior
dengue exposure in the population is to the same serotype now circulating, then vaccination
impacts only seronegatives (through screening failure: false positives), and increases the
ADE risk of any dengue infection only if (according to parameter estimates, see Appendix B
for details) dengue spreads more than 10 to 20 times as well as Zika—which is trivially
true in the absence of a Zika outbreak, but unlikely when both pathogens are circulating.
If instead prior dengue exposure is to a different serotype than the one now circulating,
then in addition vaccination reduces both dengue infection and ADE risks for dengue-
seropositives. In short, the presence of a Zika outbreak changes the individual calculus
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regarding dengue risk and vaccination, because the possibility of Zika infection (prior to
dengue infection) raises the risk of ADE of dengue even without vaccination.

The relative risks above all address the impact of vaccinating oneself against dengue. In
examining motivations behind vaccination decisions, it is also important to consider the
impact of others’ vaccinations on one’s own disease risks. In particular, the perspective
behind the result discussed in the previous section, where unvaccinated benefit (enjoy
reduced Zika ADE risk) from the vaccination of a small number of others, connects to
the issue of so-called “free riders” who enjoy a collective benefit without contributing to
it. Analysis of relative risks (see Appendix B again) indicates that, for the unvaccinated,
other people getting vaccinated against dengue reduces one’s risk of dengue infection but,
in so doing, actually increases the risk of ADE of any dengue infection when Zika is
circulating (since then any dengue infection is likely to occur later than a Zika infection,
which will cause ADE in the later infection). Conversely, it generally increases one’s risk of
Zika infection (except in the special circumstance described in the previous section) while
decreasing the risk of ADE of any Zika infection when dengue is circulating.

Since other people’s vaccinations reduce an unvaccinated person’s overall dengue risk as
well as the risk of ADE of Zika in dengue-endemic areas, the “free rider” perspective may
be attractive to some, and lead to vaccine hesitancy. The fact that this overall commu-
nity benefit only arises when enough people become vaccinated makes it an example of a
“tragedy of the commons” scenario. Here, the shared resource created by dengue vaccina-
tion is a reduction in community dengue infection risk, which could then lead to a reduction
in ADE risk for Zika. This resource is created by those who vaccinate themselves but is
automatically enjoyed by all members of the community, vaccinated and unvaccinated.
The cost to create the resource is a concomitant increase in ADE risk for Zika. Unvacci-
nated individuals then act as free riders by enjoying the resource without paying the cost.
This tragedy-of-the-commons scenario varies from the classic one in that, in the classic
case, resource production is initially fixed and costless while consumption varies and has
a collective cost; here, consumption (enjoying the benefits of others’ vaccination) is fixed
and costless while resource production (vaccinating oneself) varies and has an individual
cost (see Figure 5 for an illustration). Thus, instead of resource production being free to
consumers but individual resource consumption costing everyone, this vaccination scenario
makes resource production cost individuals while resource consumption is free to all.

Public health practitioners who speak with individuals about vaccination may prefer to
think about these risks in terms of impacts on the individual. Appendix C recasts these
analyses in those terms.

As recently seen in the COVID-19 pandemic, vaccine hesitancy (regardless of motivation)
can have a major impact on the course of an epidemic. Analysis of the kind of decision-
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Figure 5: Illustrations of the classic tragedy of the commons scenario and the one discussed in
this study. In both cases, shading indicates resource availability.

making that occurs when one considers the effects of others’ actions can lead to more
complex scenarios. It is important to note that there is a rich body of research literature
applying ideas from the mathematical field of game theory to vaccination behaviors (e.g.,
[2, 5]); this study does not delve into these more complex mathematical analyses but limits
itself to observations based on simple algebra and some numerical simulations of transmis-
sion dynamics. The main points established by the relative risk analysis in this section
are the risk perspective of the free rider and the fact that, significantly, the cocirculation
of both viruses actually changes the impact of dengue vaccination on individual risks for
both dengue and Zika.

4. Discussion

The importance of individuals’ decisions about vaccination and other disease-preventive
behaviors has been highlighted by the COVID-19 pandemic. Regardless of government
and public health directives, individuals make decisions based on their perceptions (right
or wrong) of personal risk. The dengue vaccine Dengvaxia developed by Sanofi-Pasteur
became controversial for its potential to activate ADE in dengue-seronegative vaccinees,
causing severe, potentially fatal cases. The discovery that the dengue and Zika viruses are
closely enough related for antibodies against one to cause ADE of the other has led to
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theoretical studies using mathematical models to extend the study of vaccination’s impact
from dengue to include Zika transmission as well.

This study used one of these dynamical models which also incorporates the WHO-related
screening prior to vaccination, in order to compare the impacts of vaccination at the popu-
lation level and at the individual level. Investigating a previously observed result that low
levels of dengue vaccination may reduce the final size of a Zika outbreak led to the deter-
mination that the first few instances of dengue seropositivity, whether from prior exposure
or vaccination, offer a window in which the indirect effect of Zika ADE cases averted in
the unvaccinated outweighs the direct effect of ensuring ADE in any Zika cases among
the vaccinated, in scenarios where dengue spreads better than Zika (and thus the dengue
cases averted would have occurred prior to Zika infections in those individuals). Otherwise,
dengue vaccination increases the final size of a Zika outbreak.

In moving from the population to the individual level, we saw that while the vaccination
of oneself or of others in the community may increase ADE risk for either dengue or
Zika in a setting where only one of the viruses is circulating, the impact of vaccination
on both infection and ADE risks can be reversed by the presence of both viruses in the
community. For instance, vaccinating oneself is more likely to lower than to increase the
risk of ADE of dengue (for seronegatives, the original concern over Dengvaxia) when Zika
is circulating, because vaccine success is far more likely than the combination of vaccine
failure and avoiding Zika infection (which would cause ADE anyway) until an eventual
dengue infection. Meanwhile, remaining unvaccinated while others in the community get
vaccinated increases one’s risk that any dengue infection will have ADE (and be severe),
for the same reason that the reduced overall dengue incidence means dengue infections take
longer to happen, by which time one is more likely to have had a Zika infection. However,
while any vaccinations raise the background risk of Zika infection by increasing overall
incidence (except in the circumstances described in the previous paragraph), remaining
unvaccinated does result in a lower risk of ADE of Zika than vaccinating oneself, for the
dengue-seronegative.

This last fact reiterates the importance of screening for dengue seropositivity before vac-
cination. Successful screening protects the interests of the individual, over those of the
community, at times. As observed in [4], a small amount (10%) of screening failure (false
positives) or omission might reduce total cases in a dual outbreak by over 20% but increases
the number of severe (ADE) cases significantly (by 2.4% in the simulation). Despite the
tension that may arise between individual and collective interests, screening for dengue
seropositivity, together with education regarding the impact of either decision (to vacci-
nate oneself or not) on infection-related risks, remains key to making an informed decision.
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Previous studies have posed the question of dengue vaccination’s impact on dengue and
Zika incidence, but here we see an impact in the reverse direction: the presence of either
pathogen affects dengue vaccination’s impact on the other disease. Specifically, a dual
outbreak with both pathogens spreading increases the baseline risk for ADE of both in-
fections completely apart from vaccination. This means that even under limited vaccine
efficacy, vaccination may lower risk of severe (ADE) dengue (since the cases it averts may
then outweigh the fewer ADE cases than would occur without Zika), and may cause little
or no increase in risk for ADE of Zika infections (since most of the previously dengue-
seronegative vaccinated will be primed for ADE of Zika already due to dengue exposure
before Zika infection). The fact that a dual outbreak may change which decision (to vacci-
nate oneself or not) minimizes risk to the individual is important enough to inform future
recommendations for such vaccination programs.

It should be noted that there are currently other dengue vaccines in testing that do not
appear to have the same effect on ADE risks as Dengvaxia. Any studies of the impact of vac-
cination on dengue and other infections should take into account the characteristics proper
to the vaccine in question. Studies that aim to develop specific recommendations should
likewise take into account the characteristics—epidemiological, economic, sociological—
particular to a given setting; future work already in progress draws on data from each
of the ten countries in which Dengvaxia’s clinical trials were conducted to evaluate and
compare the trade-offs discussed in this study.

Appendix. Mathematical details

A. Dengue vaccination effectiveness when prior exposure in-
volves a noncirculating serotype

In terms of the model parameters [4], when prior (initial) dengue seropositivity involves
a serotype different than the one in circulation, the average relative dengue infectivity
(RDI) of a seropositive who gets vaccinated is apkys: the proportion ap in whom the vaccine
produces no new immunity become (upon infection with the circulating dengue serotype)
kg times as infectious as a normal dengue case, due to ADE, while the remaining (1 — ag),
in whom vaccination does produce some additional seropositivity, then become immune to
further clinical infection, making their RDI 0.

Meanwhile, the average RDI of a seronegative who gets vaccinated is ag + a,, * kg: those
(ap) in whom the vaccine fails are at risk of a normal dengue case (RDI of 1), those (a)
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in whom vaccination produces immunity against only one noncirculating serotype are at
risk of an ADE dengue case (RDI of k), and those seronegatives (1 —ap — a,,) in whom
vaccination protects either only against the circulating serotype or else against two or more
serotypes, will have no further dengue (RDI of 0).

In practice, vaccine efficacy against a given serotype is above 40%, so the probability of a
fourfold fail is less than (60%)* ~ 13%, and less than (60%)> ~ 22% for a threefold fail. Thus
the probability ag of a fourfold (or even threefold) fail is much less than the probability a,, of
a single success against any of the three noncirculating serotypes (which involves a threefold
fail times any of three mutually exclusive single successes, say 22% X 3 X 40% =~ 26%), so
apky < ap+a, *kg. (In fact, the more precise serotype-specific calculations produce an even
greater difference: ap ~ 1% while a,, is between 5% and 9%, depending on which serotype is
circulating.) Thus in this scenario vaccinated seropositives are less dengue-infectious than
vaccinated seronegatives.

B. Relative risk computations

Virus/ Unvaccinated Vaccinated

Scenario Inf. risk ADE risk Inf. risk ADE risk

Dengue, same | (1 —a)ty (1 — )b, (1 —a)ap+au)t; (1 —a)(apb; + ay)

Dengue, diff. ty a+ (1 —-a)b, | (ag+ayu)ty alag +ayp) + (1 — @) (agb; + a,)
Zika t, a+(1-a); | t, a+ (1 —a)(aghy + (1 —agp))

Table 1: Risks of infection and of ADE for unvaccinated and vaccinated individuals in the model
from [4]. Dengue risk is differentiated by whether any initial seropositivity due to prior exposure is
to the same or a different serotype than the one currently circulating.

Table 1 presents the risks of infection and (given that an infection occurs) ADE for unvacci-
nated and vaccinated individuals in each of three computations: the same dengue serotype
as that of prior exposure, a different dengue serotype than that of prior exposure, and Zika.
In each case, computations are made separately for the proportion a of the population that
is dengue-seropositive and the seronegative remainder (1 — @) of the population. Infection
rates are driven primarily by the current effective total prevalence t; of dengue or ¢, for Zika;
in the case that existing dengue seropositivity involves the same serotype that is currently
circulating, only seronegatives can be infected. Of dengue-vaccinated individuals, only the
proportions ag in whom vaccination fails to “take” against any of the four serotypes and
a, in whom vaccination takes in only one noncirculating serotype remain vulnerable to
infection; thus dengue infection risk for this group is reduced by the proportion (ag + a)-

In computing the risk of ADE given that an infection occurs, the proportion @ of dengue-
seropositives is sure to have ADE in any infection with dengue or Zika that does occur
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(in some cases the seropositivity prevents dengue infection). The proportion (1 — @) of
dengue-seronegatives risk ADE of a given pathogen only if they are first infected by the
other pathogen. To this end, we define notation additional to that in [4], to denote the
proportions of the population who are first infected with dengue, 6, or first infected with
Zika, 6,, in both cases driven directly by the current infection rate for each pathogen,
Bralam /Ny for dengue or B, 1, /Ny for Zika, relative to natural human mortality uy:

_ Bralam/Nn g, = Bizlun/Nn
Bralam/Ni + BuzLon/Nn + 11" Bralam/Nn + Brzlom/Ni +

Oa

By inspection, we can observe that (in the bottom row of the table) baseline Zika infection
risk is unaffected by dengue vaccination (of one person—vaccinating the entire population
may impact current Zika prevalence ;). However, the risk of ADE given a Zika infection
is increased by vaccination, since (ap8; + (1 — agp)) is a weighted average of 6; and 1, and
thus falls between 6; and 1 (in particular, it is greater than the corresponding term 6,
in the risk for the unvaccinated). The precise values fluctuate from moment to moment
with the prevalences of each disease, but considering that 0 < §; < 1, we may consider
the extreme values. Substituting 6; =~ 1 there is no difference at all in ADE risk for
vaccinated or unvaccinated. When 6; = 0, the ADE risks are a for unvaccinated and
a+ (1 — @)(1 — ag) for vaccinated; with ag < 1%, the ADE risk for the vaccinated is nearly
100%, so the amplification factor caused by vaccination depends on how widespread prior
dengue seropositivity is. For instance, one source quoted in [4] found prior seropositivity
as high as 72%, making vaccination increase ADE risk of a Zika infection by 1/0.72 ~ 1.39
or 39%.

To examine dengue vaccination’s impact on the risk of dengue infection and ADE, we must
specify whether prior exposure was to the circulating serotype or not. If they are the same
(first row of the table), then vaccination affects only the seronegative, reducing infection
risk by a factor (ag+a,) but altering any subsequent ADE risk in a more complex way, from
0, to (agl, + a,). Vaccination thus reduces ADE risk given an infection if l‘i—zo < 6,, that
is, if the probability that any protection it provides is not against the circulating serotype
is less than the probability of Zika infection before dengue infection or death. (l‘i‘jlo can
be interpreted as the probability that vaccination “takes” against only one noncirculating
serotype, given that vaccination does not completely fail to “take” (ag).) With estimated
probabilities of ap < 1% and a, in the range 5-9%, the threshold value for 6, lies in
the range 5.05% to 9.1%. If 6, exceeds this, vaccination reduces ADE risk; otherwise, it
increases it. Since 6, is a measure of Zika’s spread relative to dengue’s, at this threshold
Zika only spreads about 5-10% as fast as dengue. Put the other way, at this threshold,
dengue spreads 10-20 times as fast as Zika.

Rev. Epi-Sci. (ISSN print: 2215-6658; online: 2215-6658) Vol. 1(1):1-23, Jan—Dec 2023 17



Epi-SCIENCE

Dengue vaccination choice and Zika risk

If instead prior dengue seropositivity involves a noncirculating serotype (second row of
the table), then dengue vaccination reduces dengue infection risk for everyone, again by a
factor (ap+ay), and alters risk for ADE of dengue (given an infection) for prior seropositives
from 100% to only those who develop no additional seropositivities from vaccination (ag
complete vaccine failure, or ay- failure except against the serotype of prior exposure), and
for prior seronegatives from 6, to (aopf; + a,) as before. Thus, the difference is that prior
seropositives have both risks reduced, which makes the overall ADE risk more likely to be
reduced.

The impact on risks to the unvaccinated of other people getting vaccinated against dengue
is determined by secondary effects, as vaccination affects overall dengue or Zika incidence,
and therefore the prevalence-based quantities ¢4, t,, 64, and 8, which appear in Table 1. In
general, others being vaccinated reduces an unvaccinated person’s risk of dengue infection,
and in the absence of a Zika outbreak, it also reduces the risk of ADE of dengue. However,
by making dengue infections rarer in general, in the presence of Zika it actually raises
the risk that any dengue infection which does occur has ADE, since it is likely that a
person will have been infected by Zika before being infected by dengue. Others becoming
dengue-vaccinated generally increases the overall Zika incidence (except the first few when
the population has no prior dengue exposure, see Section 3.1) and thus an unvaccinated
person’s risk of Zika infection. In the absence of a dengue outbreak, it leaves ADE of Zika
risk unchanged, but in the presence of both pathogens it actually reduces risk for ADE
of Zika, since on the whole vaccination lowers dengue spread and thus the chance that an
unvaccinated person might develop a dengue infection before being infected with Zika.

C. Vaccination’s impact on the individual
What will happen to me if I get vaccinated?

Your risk of getting Zika stays the same, but your risk of any Zika case you develop being
severe increases—if you are dengue-seronegative and Zika spreads at least as well as dengue.

If you are dengue-seronegative before vaccination, vaccination reduces your risk of getting
dengue by a factor of at least ten, and if vaccination fails to protect you against the
circulating dengue serotype, the risk that any dengue infection you develop will be severe
(from ADE) increases only if Zika spreads less than 5-10% as well as dengue (including if
there is no Zika outbreak).

If you have prior exposure to the circulating dengue serotype before vaccination, then you
are already immune to it and vaccination changes nothing in this regard. If you have prior
exposure to a different dengue serotype before vaccination, then vaccination reduces your
risks of dengue infection and ADE of dengue.
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In short, dengue vaccination can only reduce your dengue infection risk and has no impact
on your Zika infection risk. If you are dengue-seronegative before vaccination, then vacci-
nation likely increases your risk of ADE in whichever of the two viruses is spreading more
in your community and reduces your ADE risk for the other virus.

What will happen to me if other people get vaccinated (but I don’t)?

Other people getting vaccinated against dengue will increase, probably slightly, the overall
Zika incidence and thus your risk of Zika infection, and will decrease, probably slightly, the
overall dengue incidence, which in turn reduces your risk of ADE if you do develop Zika
infection.

If you are dengue-seronegative, other people getting vaccinated against dengue will de-
crease, potentially slightly, the overall dengue incidence and thus your risk of dengue
infection, and will (by increasing Zika incidence) increase, probably slightly, your risk of
ADE if you do develop dengue infection.

If you are dengue-seropositive to the circulating dengue serotype, then you are already
immune to it and vaccination changes nothing in this regard. If you are dengue-seropositive
to a different dengue serotype, then, as with seronegatives, other people getting vaccinated
will decrease, potentially slightly, your risk of dengue infection; your risk of ADE if you
do develop dengue infection is already 100% and other people getting vaccinated changes
nothing in this regard.

In short, other people getting vaccinated against dengue increases your Zika infection risk
but decreases your ADE risk for Zika, while it has the reverse effect for dengue-related
risks, except when your own prior exposure to dengue has already fixed a risk at 0% or
100%.

D. Details of the mathematical model

The transmission dynamics model used for this study, taken from [4], consists of thirty-one
differential equations: one for each population compartment for humans and mosquitoes,
as described in the Materials and Methods section. All transitions indicated in Figure 2
are linear (i.e., the rate appearing in the respective differential equations is given by the
population size of the source compartment, multiplied by a rate constant) except the
infection rates, which use so-called standard incidence of the form BS - It /Ny, where 8 is a
rate constant, S is the size of the [susceptible] population becoming infected, Ny is the total
human population, and I is the total infectious population of the species opposite S (that
is, one of § and Iy counts humans and the other mosquitoes), modified as appropriate by
altered infectivity. Human and mosquito populations are assumed to be at demographic
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equilibrium, making birth/recruitment rates equal to the total death rates for each species.
The system of differential equations, given in full in [4], can be reconstructed from Figure 2
by writing, for each compartment, a term corresponding to each flow arrow entering or
leaving that compartment.

A list of rate constants and the values taken for them in [4] is given in Table 2. An
asterisk in a compartment name represents each possible value, e.g., “*SU to *SV” includes
transitions from SSU to SSV, from ISU to ISV, and from RSU to RSV. Vaccination rates
and demographic recruitment rates for humans are calculated as functions of primitive
parameters taken from [4]. In addition, the mosquito-to-human population density ratio is
taken to be 1/2.
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Rate Value

demographics (entry: short, red arrows in Figure 2)

rate of unvaccinated humans entering completely seronegative (SSU)  0.0000101909/day Ny,

rate of vaccinated humans entering completely seronegative (SSV) 2.99297 x 1071%/day N,
rate of humans entering seronegative to circulating viruses but
protected against a noncirculating dengue serotype (SSP) 2.58312 x 107 /day N,
unvaccinated humans entering seropositive to only DENV-j (SRU) 0.0000226963/day N
vaccinated humans entering seropositive to only DENV-j (SRV) 8.45974 x 1078 /day N,
humans entering seropositive to > 2 dengue serotypes only (SRP) 3.53096 x 107 /day N,
human birth/death rate 0.0000365/day
mosquito birth/death rate (1/28)/day
dengue infection cycle (black, horizontal arrows in Figure 2)
rate at which mosquitoes infect humans with dengue (*S* to *I*) 0.4489 Ve‘:gf{:ay
recovery rate from DENV-j (*I* to *R*) (1/5.32)/day
rate at which mosquitoes acquire dengue from hosts (*S to *I) 0.6164/day
relative host infectivity for DENV-j due to ADE 1.0,1.3,1.1,1.1
relative dengue infectivity factor for coinfected mosquitoes 12
Zika infection cycle (blue, vertical arrows in Figure 2)
rate at which mosquitoes infect humans with Zika (S** to I*¥*) 0.1675 Veﬂfgffay
recovery rate from Zika (I** to R*¥) (1/7)/day
rate at which mosquitoes acquire Zika from hosts (S* to I*) 0.201/day
relative host infectivity for Zika due to ADE 1.1
relative Zika infectivity factor for coinfected mosquitoes 0.11
vaccination stages (green, diagonal arrows in Figure 2)
rate at which dengue-seronegatives receive a vaccine which...
...completely fails to “take” (*SU to *SV) 1.95206 x 107 /day
...takes only against the circulating serotype (*SU to *RV) 2.74039 x 107 /day
...takes only against one noncirculating serotype (*SU to *SP) 1.68474 x 1075 /day
...takes against two or more serotypes (*SU to *RP) 0.00017846 /day

rate at which dengue-seropositives receive a vaccine which...
...fails to take against noncirculating serotypes (*RU to *RV) 0.000213506/day
...takes against one or more noncirculating serotypes (*RU to *RP)  0.00888649/day

Table 2: Rate constants and sample values, from [4], with source and destination compartments
when applicable. DENV-j is the circulating serotype. Multiple values indicate variation by dengue

serotype; numerical analysis in the present study uses serotype 1.
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Abstract

In this research, we study the impacts of the traceable mobility in a two-patch environment
when the population in each patch exhibits strong Allee effects. Traveling individuals are
traced across patches by budgeting the average time spent in each patch while keeping
their place of residency. Particularly, we focus on the impact that the effective population
(residents and visitors) produces on regional dynamics. Our results show that low mo-
bility across regions produces simple dynamics, where orbits converge to single or double
extinction or to a coexistence steady state. We derive mobility conditions under which an
endangered population may benefit of the presence of a visitant one and avoid extinction
— the rescue effect. Nonetheless, increments in the visiting population would also lead the
resident population to extinction — the induced extinction effect.
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Resumen

En esta investigacion, estudiamos los impactos de la movilidad rastreable en un entorno de
dos parches cuando la poblacién en cada parche exhibe fuertes efectos Allee. Las personas
que viajan se rastrean a través de los parches al presupuestar el tiempo promedio que pasan
en cada parche, mientras mantienen su lugar de residencia. En particular, nos enfocamos
en el impacto que la poblacién efectiva (residentes y visitantes) produce en la dindmica
regional. Nuestros resultados muestran que la baja movilidad entre regiones produce una
dindmica simple, donde las 6rbitas convergen en extinciéon simple o doble, o en un estado
estacionario de coexistencia. Derivamos las condiciones de movilidad bajo las cuales una
poblacién en peligro puede beneficiarse de la presencia de una visitante y evitar la extin-
cion: el efecto de rescate. No obstante, los incrementos de la poblacion visitante también
llevarian a la poblacién residente a la extincién: el efecto de extincién inducida.

Palabras clave: Mobilidad; tiempos de residencia; efecto Allee; metapoblacién; compor-
tamiento
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1. Introduction

The Allee effect was first introduced in 1931 by Warder C. Allee as the idea of “inverse
density dependence in an isolated population” [1, 5], has played an important role in con-
servation ecology. By mirroring the concept of carrying capacity, the Allee effect predicts
a non-zero threshold, for which species extinction is guaranteed if the population crosses
it down.

Reproductive and survival phenomena such as the reduction of mates encounters and en-
vironment improvement have been proposed as component Allee effect mechanisms. How-
ever, it is not clear whether these may or may not have consequences on the population
scale, producing a demographic Allee effect [6, 5]. Nonetheless, mathematical models often
incorporate the demographic Allee effect from a phenomenological perspective; explicitly
incorporating a term producing positive density dependence.

The Allee theory has been widely used to study population dynamics in complex settings.
In [12], extinction, exclusion, and coexistence conditions are derived in a model of two
species in competition, where both populations show Allee effects. Recent studies have ad-
dressed the effects of migration in a two-patch environment for deterministic and stochastic
models where populations exhibit strong Allee effects [11]. For the deterministic model,
they found that the global extinction or expansion is robust to migration states. The recent
development of a framework that tracks individuals’ patch-specific residence times during
epidemics [2, 3], opens new horizons to study population dynamics in fragmented environ-
ments. This novel modeling approach allows explicitly incorporating individuals’ exposure
to heterogeneous environments by tracking the average time that a typical individual spend
in each patch.

In this research, we use the concept of residency times to study how the local and the re-
gional diversity in a fragmented habitat is affected by the interactions of local populations.
Specifically, we assume a two-patch environment where patch size allows individuals to
travel back and forth from their patch of residency. By assuming homogeneous mobility
rates within individuals of the same patch, density-independent, and constant mobility
over time, we derive conditions under which populations exhibiting a strong Allee effect in
isolation can coexist in the presence of short-term mobility. The proposed deterministic
two-patch model has coupled via individuals’ movement across patches. We derive exis-
tence and stability conditions for the set of equilibrium points, and we show that mobility
can alter the regional dynamics by: (i) a population expected to be endangered in isola-
tion (below its Allee threshold), can be benefited and avoid extinction by the presence of
conspecifics as a consequence of mobility — the “rescue effect” [9, 7, 15], and (ii) a popu-
lation expected to be non-endangered in isolation (over its Allee threshold), might be lead
to extinction by hosting a visiting population — the “extinction effect” [13]. Our results
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are illustrated through theoretical work and a series of numerical simulations showing the
expected population dynamics at different levels of mobility.

2. Methods

Following [11], we use a mean-field approach to capture single species dynamics with a
strong Allee effect as follows
N =rN(N - 6)(K — N) (1)

where r represents the per-capita intrinsic growth rate, K stands for the carrying capac-
ity threshold that avoids unbounded population growth, and 6 between zero and K is the
so-called Allee threshold below which the population is endangered and destined to ex-
tinction. We extend the single population framework to model population dynamics in an
environment composed of two patches, and let N; denote the population resident of patch
i, i € {1,2}. The Lagrangian type mobility framework [3] allows us to track individuals’
daily movement by using a residence times matrix P = (p;;)i< j<n, Where p;; accounts for
the average time that patch i residents spend in patch j. By using this formulation, the
expected population (also referred to as effective population) in patch i accounts for resi-
dents and visitant population, and it is described by Z?zl pjiN;. For simplicity, we use p;
to denote the time individuals spend in their own patch, and 1 — p; the time individuals
spend mingling outside its patch of residency. In addition, we assume the intrinsic pop-
ulation growth rate only depends on the resident population density, not on the effective
population sojourning in each patch. Consequently, the effective population is reflected
in the terms corresponding to the Allee effect and the carrying capacity. The model de-
scribing the patch-specific population dynamics accounting for the effective population in
a two-patch setting is given by

N1 = riNi{(piNy + (1 = p2)N2 = 61)(K; = (piN1 + (1 = p2)N2)), ©)

N3 = ryNa(paNa + (1 = p1)Ny = 62)(Ka — (paNa + (1 = p1)NY))
where K; and 6; stand for the patch-i carrying capacity and Allee extinction threshold in
the absence of mobility (p; = 1 and p; = 1). These parameters do not depend on the
population sojourning in patch-i, instead, these are intrinsic to the environment in relation
to a particular species. In the further section, we show that the Lagrangian mobility
assumption (letting the population spend a fraction of daily time outside its patch of
residency) modulates both: (i) the patch-specific minimal resident population expected to
undergo extinction, which we call, the effective Allee threshold, (Gl.eff = %); and, (ii) the
patch-specific maximum resident population size sustainable, which we call, the effective

carrying capacity, (Kl.ef f= %)
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Lemma 1. Let r;, K;, 6;, i € {1,2} be strictly positive. The model (2) is positively invariant
and bounded in R2.

The proof of (1) is provided in the SI appendix.

3. Results

We found that simple dynamics are exhibited for low mobility levels. In these scenarios,
all orbits converge to stable nodes. The following theorem states the existence and sta-
bility conditions of the equilibrium points exhibited by the model (2) in the presence of
Lagrangian-type mobility.

Theorem 1. Model (2) exhibits at most nine equilibrium points: five boundary equilibria
and four interior equilibria. Moreover, double extinction is always a possible outcome, i.e.,
the equilibrium Egq is locally stable for all mobility regimes. At the same time, coexistence
at the effective Allee thresholds levels is not possible, i.e., the equilibrium Eg, g, is unstable
under all traveling regimes.

The proof of theorem (1) is provided in the SI appendix.

Table 1 shows the model’s (2) equilibria, existence, and stability conditions. The set of
interior equilibria is given by

A ={Ek, k,, Eo, ks> Ek, 6, E0,.6,}

where the equilibrium Ek, k, is the only one interior attractor corresponding to the co-
existence scenario; Ep, g, and, Ek, ¢, are semi-stable equilibria, and Eg, ¢, is an unstable
equilibrium. Moreover, the set of boundary equilibria is given by

Q = {Ek, 0, Eg, 0, Eo.x,» E0.6,> E0,0},

where the equilibrium Ey g corresponds to the global extinction scenario, while the equilibria
Ek, 0 and Ey g, stand for the single species survival scenarios. The boundary equilibria are
of particular interest since these define effective thresholds in the presence of Lagrangian
mobility: the effective Allee threshold (Off f= %), which is the population size of patch-i
residents below which the population undergoes extinction in isolation, i.e., under one-way
mobility (p1 < 1 and p; = 1); and, the effective carrying capacities (Kfff = %), which
is the maximum population size sustainable of patch-i residents. Thus, in the proposed
Lagrangian perspective, the effective Allee and carrying capacity thresholds depend on

both: the resident’s population size and the population’s mobility.
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Table 1: Equilibria existence and stability.

Equilibrium Existence Stability
Epp =1(0,0) Always Always stable
Kl K] K]
E ={—,0 #0 > <
K.,0 (p1 ) P1 P1 K + 6, or pj K + K
%)
Eg o= (p_l»o) p1#0 Always unstable
1
K; K>
E =10, — 0 > <
e ( )23 P P22y K orp K1+ K
[
Eop, = (0, p_z) p2 20 Always unstable
2
K K
P>y +1K and p2>1(+21<
E _ (K= (K1 + K5) Ky~ pi(K) + Kp) PR or LT h2 o and > >
ffe l-pi=-p» = 1-pi—-p K K PR YK P2 KK
< d <
p K1+K2 an P2 K1+K2
p1> o and p; > K p1 < K P2 < K2
61 + K: 0, + K Ki+K)’ K +K
Eo & _(Kz—l’z(K2+91) 01 — p1(6 +K2)) P or tmhe PR and i
1,82 — l _ _ ) 1 _ _
prope L L D . S I Vot d BN U1V R
01 + K> 0+ Ky | pora(K2—62)  pa(6) + Ko) - K>
K [ K [
P> gy M p> e p'<K1+162’ p2<1<|j92
Ex. g = (92 - p2(Ki +6) Ki—pi(Ki+ (7’2)) LT or e and
1,02 — 1 _ _ » 1 _ _
= b= e K g e | pnKamty  piKieen K
K1+ 6, Ki+6, | piri(Ki —601)  p2Ki +62) -6,
[ [)
p‘>9+la and p2>9+29
1+ 62 1+6
6, — 0, +6) 0 — 01 + 6
Eg 9, = 2~ P26 2), 1= P16 2) or Always unstable
’ l-p1—p2 L-p1—p2 0 o
P < —_ and P2 < 2
0, + 6, 0 + 6,

It follows from Theorem 1 that for certain initial conditions, Lagrangian-type mobility
produces global extinction. We also study how mobility impacts the critical size needed
for a population to get established. Varying traveling regimes produce changes in the
patch-specific abundance distribution, as a consequence, we found that coexistence can
be characterized in two scenarios: (i) when only one population travels, the traveling
population increases its size to its effective carrying capacity, while the host population
decreases its size below its carrying capacity—in this scenario, the carrying capacity equals
the effective carrying capacity of the host population, for instance, see Figure 2; (if) when
both populations travel, both population sizes are strictly lower than the corresponding
effective carrying capacities, for instance, see Figure 3.

Notice that the populations’ abundance ratio (K;/K3) plays a critical role in the traveling
regimes supporting coexistence. For instance, big differences in the patch-carrying capaci-
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ties asymmetrically weigh the effects of populations traveling regimes. A direct implication
of the previous observation is that the equilibrium Eg, g, is more sensitive to changes in
traveling regimes of the dominant (more abundant) population.

In order to facilitate results interpretation, we use the following color key to denote equi-
libria stability: attractor equilibria are colored red, semi-stable equilibria are colored blue,
while unstable equilibria are colored green. The regional dynamics of the proposed system
in terms of the number of attractors are summarized as follows:

¢ Nine equilibrium points - in the absence of mobility.
Under this scenario, the system exhibits 4 attractors, corresponding to a double
extinction equilibrium (Ep), 2 single extinction equilibrium (Ek, o, and Eok, ), and a
coexistence equilibrium (Eg, k,). Moreover, the system exhibits four interior saddle-
nodes (Eg, k,, Ek,0,, Eos,, Eo,0); and a single interior source (Ep, 4,), see Figure 1.

e FEight equilibrium points - one-way mobility.
The system exhibits 3 attractors: a double extinction, a single extinction, and the
coexistence equilibrium; three boundaries, an interior saddle-node, and a source. In
the scenario of high enough one-way mobility, the system loses one of its interior
saddle-nodes, this occurs via a transcritical bifurcation when a saddle-node hits a
stable single extinction equilibrium (0, K») or (K1,0). Figure 2 shows this scenario
when only the N population increases mobility and drives a transcritical bifurcation.
In this scenario, the equilibrium point Ek, s, equals Eg, o, undergoing a transcritical
bifurcation, where the equilibrium point Ek, g, loses its biological meaning afterward
and, where the equilibrium point Eg, o becomes stable.
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N, Equilibrium points No Eight eq. points
Ky e ®
Eoxk, E7, ks Ex, x4
[ ]
[ ]
[ ]
Eo., Eo; 0, Ex, ¢4
0> . .
[ ]
Eo.0 Ey, o0 Ex, 0
M o *— N,
61 Kl

Figure 2: Eight equilibrium points. Three
attractors: coexistence, single extinction,
and double extinction, four saddle-nodes,
and a source.

Figure 1: In the absence of mobility,
the system exhibits up to nine equilibrium
points.

e Seven equilibrium points.

After a saddle-node vanished, mobility and the ratio of the populations’ vulnerabili-
K
ties (17 = :—'2] define three ways to reach this scenario:

(&)
(a) saddle-node and coexistence equilibrium vanished in the case n < 1.

The less vulnerable population increases its traveling regime enough to drive the
host population to extinction. In this case, the system exhibits three boundary
attractors: two single extinction and the double extinction equilibrium; two
boundaries and an interior saddle point; and the interior source point. Figure 3
shows the N, population traveling regime that leads coexistence equilibrium to
vanish.

(b) saddle-node and source vanished, when n > 1.

In this case, the more vulnerable population increases traveling, and as a conse-
quence, the source node vanishes before the coexistence equilibrium does it. In
this case, the system exhibits three attractors: double extinction, single extinc-
tion, and coexistence equilibrium; three boundary saddle-nodes and the interior
source equilibrium. In Figure 4, the N, population is assumed more vulnerable
than Nj, and as p, goes to zero, the source node vanishes.

(c) Both interior saddle-node equilibria vanish, given that both populations travel.
In a two-way mobility regime, both interior saddle-nodes vanish. In this case,
the system exhibits two attractors: double extinction and coexistence equilib-
rium points; four saddle-nodes, and a source node. Figure 5 shows the phase
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plane where orbits converge either to coexistence or double extinction. Note:
the coexistence equilibrium basin of attraction increases significantly. In the
following section, the coexistence equilibrium basin of attraction is analyzed as
mobility varies.

N Seven eq. points (b)

Ny Seven eq. points (a)
b
¢
° °
¢
¢
° °
L — V.
— — N, !

Figure 4: Case (b): Interior saddle-node
and source equilibria vanished. Three at-
tractors: coexistence, single extinction, and
global extinction, three saddle-nodes, and a
source.

Figure 3: Case (a): Interior saddle-node
and coexistence equilibria vanished. Three
attractors: two single extinction and global
extinction, three saddle-nodes, and a source.

N, Seven eq. points (c)

— — V|

Figure 5: Case (c): Both interior saddle-nodes vanished. Two attractors, coexistence and global
extinction.

e Six equilibrium points.
Since the interior equilibria account for two saddle-nodes, a source, and an attractor;
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in terms of the last interior point surviving, there are three possible scenarios for
the system to exhibit six equilibrium points: saddle-node, source, and coexistence
equilibrium. In the scenario where both populations travel, Figure 6 shows the co-
existence equilibrium would survive, while Figure 7 shows the source would survive.
Moreover, if one of the populations travels, Figure 8 shows that only a single interior
saddle-node equilibrium survives.

Ny Six eq. points (b)

Ny Six eq. points (a)
b

+ L @ Nl

® > V|

Figure 6: Only coexistence equilibrium sur-

) Figure 7: Only interior source equilibrium
vives.

survives.

Ny Six eq. points (c)

Figure 8: Only interior saddle-node equilibrium survives.

Note that, in the case when both populations are equally vulnerable (19(—‘1 = %), the
system goes directly from having eight equilibrium points to six, by losing the coex-
istence and source equilibrium at the same mobility level.

e Five equilibrium points.
This case corresponds to the scenario where one of the populations leads the second
to extinction. The only possible scenario (in the weakly connected system) to show
five equilibrium points is when only boundary equilibria remain. In this case, the
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system exhibits two attractors: double extinction and single extinction, and three
saddle-nodes. Figure 9 shows this scenario when N; population leads N; population
to extinction.

Ny Five eq. points

1 L s> V|

Figure 9: In this scenario, only the N; population travels, driving the N, population to extinction.
Consequently, all interior equilibria vanish, and global extinction or extinction of the host population
is possible.

Then, p] = % and p; = %, are the minimum mobility levels capable of perturbing the
system enough to produce a qualitative change. Although these do not affect coexistence
equilibrium stability, mobility at those levels is able to unstabilize the single extinction
attractors, leaving coextinction or coexistence as the only steady states. In the ST appendix
section A, we explore the system’s (2) bifurcations as the population N; increases its
mobility level.

3.1. Mobility may induce endangered populations rescue or extinction of es-
tablished populations

It is well known that an endangered population can benefit from the presence of conspecifics
as a consequence of mobility, this is called “the rescue effect”. However, a detrimental
impact can also occur when the patch’s maximum carrying capacity is exceeded by the
effective population size sojourning. The following results establish mobility conditions
under which the rescue and the induced extinction effects are produced.

Theorem 2 (The rescue effect). Assume the population N; is expected to be endangered in
isolation (below its Allee threshold, N; < 0;), and let the population N; be well established
in isolation (over its Allee threshold, N; > 6;). The following traveling conditions lead to
populations coexistence

0; K;
<l-p;i< — 3
Ki+0; Prs K 1k 3)

where {i, j} € {1,2} and i # j. In other words, the N; population produces the rescue effect
on the population N; under the mobility conditions in (3).
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The proof of the theorem (2) is included in the SI appendix. Inequality (3) shows that the
rescue effect is reached whenever the equilibrium Eg, o (or Egk,, by the symmetry of the
system) switches from being stable to unstable by undergoing a transcritical bifurcation
along with the equilibrium points Ek, ¢, (Eog, k,), as mobility increases. In other words,
an already established population (N; > 6;) can prevent an endangered population from

going to extinction (N; < 6;) whenever its traveling time (1 — p;) is greater than Kﬁfgj. In

this scenario, the presence of conspecifics helps an endangered population avoid extinction
induced by a strong Allee effect exhibited in isolation. Notice that the rescue threshold

0; 1 . . .
K7, Can be expressed as TFK7g;» neaning that environmental heterogeneity expressed by

the ratio between the visitant population’s carrying capacity to the resident’s population

Allee threshold (5—/’) measures the effort required for the visitant population to produce a
rescue effect:

e K; < 6; implies that K;%’% ~ 1, and the rescue effect is difficult to achieve since it
requires “high” mobility levels.
e K;> 6 implies that K,%j ~ 0, and the rescue effect requires “low” mobility levels of

the visiting population.

Figure 10 shows the scenario when both populations are able to produce the rescue effect
by traveling enough to destabilize both equilibria: Ek, o and Eqk,.

No The rescue effect N3 The induced extinction effect
Eo K,
Eo ks
Brik,
E01,92
B0 Exo Er0
N1 Nl

Figure 10: The rescue effect occurs when Figure 11: Induced extinction of the N,

one of the populations is not at risk of ex-
tinction (N; > 6;). The shaded region repre-
sents the basin of attraction of the coexis-
tence equilibrium Ek, k,, while the white re-
gion shows the basin of attraction of the dou-
ble extinction equilibrium Ey .

population caused by high mobility of the
N population. The shaded region represents
the basin of attraction of the single extinc-
tion equilibrium Ek,o, while the white region
shows the basin of attraction of the double
extinction equilibrium Egg.
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Theorem 3 (The induced extinction effect). Assume populations N; and N; with mobility

.. 0; K;
conditions g, < 1-p;i< oy

N; population extinction by increasing its mobility according to the following conditions,

where {i, j} € {1,2} and i # j. The N; population induces the

K.
1-p;> ! 4
pi K,'+Kj ()

where i, j € {1,2} and i # j.

The proof of the theorem (3) is included in the SI appendix. The induced extinction
result shows that if a visitant population N; travels more than the hosting population in

relative abundance (1 - pi > K,%JKJ)’ the presence of a visitant population equal or greater

than the host’s patch-specific carrying capacity leads the host population to extinction.
Figure 11 shows the phase plane in the scenario when the N; population induces the N,
population extinction by traveling above its relative abundance 1 - p; > KII?KZ. Notice that
mobility-induced extinction can occur only in the scenario where the population induced
to extinction travels enouggh to destabilize lt(:he boundary equilibrium corresponding to the
single survival scenario ( @ igj <l-pi< K,T]K,
single-population survival or double extinction are possible outcomes, depending on the
initial conditions.

). If this mobility condition is not attained,

Our previous results highlight the impact of the population abundance heterogeneity, which
can be expressed in terms of heterogeneity among the patches in a fragmented environment.
This plays a critical role in shaping the stability region of the species coexistence equilibrium
(Ek,.k,) by weighting the effects of the populations’ mobility. On the other hand, our
results show the role of the populations’ relative vulnerability (K;/60;, K»/62) in shaping the
stability regions of the single species equilibrium points (Ey, k, and Ek, g,).

4. Conclusions

We investigated the population dynamics exhibited in a two-patch Lagrangian mobility
model, where the patch-specific population dynamics are intertwined. In the Lagrangian
mobility framework, the effective carrying capacities, the effective Allee thresholds, and
the populations’ mobility determine the persistence of a population. Mobility alters the
patch-specific expected population, which in turn impacts population persistence or extinc-
tion conditions. We found that mobility leads the regional species abundance to converge
towards stable nodes of double extinction, single species persistence, or species coexis-
tence. Individuals daily traveling across regions modulate the regional species abundance
by modulating the patch-specific effective populations. Depending on the mobility regime,
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the expected population abundance differs from those expected in populations exhibiting
the Allee effect in isolation.

Our results suggest that in the presence of Lagrangian-type mobility: (i) the patch-specific
population size is smaller or equal to the patch-effective carrying capacity, (if) a population
expected to be endangered in the absence of mobility, may survive in the presence of
mobility even if the resident population size is below the Allee extinction threshold, and,
(iii) an established population may lead to extinction if it travels and hosts a “big enough”
visitant population. The intuition behind the first result is that the patch resources are
shared among the resident and the visitant population. Therefore, limiting the resident
population growth to a lower or equal level than the patch’s carrying capacity. Our second
and third results are direct implications of the increment of the expected population size
due to mobility. While a population may be endangered in isolation, the presence of
conspecifics would prevent the population from undergoing extinction. On the other hand,
an established population may suffer a critical reduction of the resources available in its
own patch of residency by hosting a visiting population. Consequently, producing that the
effective population size surpasses the patch carrying capacity.

Individual-level movement processes on short timescales can affect community processes
and patterns on longer, ecological timescales [14]. While previous work has been done using
a migration mobility perspective, that is, without labeling individuals residency across
patches, [11], we find Lagrangian mobility to be a suitable framework to study the regional
impact of individuals’ moving across heterogeneous environments, while at the same time
being consistent with concepts from the niche theory [10, 4, 8].
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Resumen

Se discute el abordaje sobre el sufrimiento psiquico que presentan los pacientes que se atienden
en el Centro Diurno para la Salud Mental. El escrito se apoya en un proyecto que se denomina
“Dispositivo de Atencion Comunitaria Especializada del Hospital Dr. Roberto Chacén Paut”, que
fue presentado a la Gerencia Médica de la Caja Costarricense del Seguro Social (CCSS) en el ano
2021. Este fue elaborado por dos médicos psiquiatras en conjunto con una serie de especialistas
de la institucién. En su gestion, participé personal de psiquiatria, enfermeria, psicologia, nutriciéon,
trabajo social y terapia ocupacional. Para comprender el surgimiento de esta iniciativa en el con-
texto actual, es necesario realizar una discusién epistemoldgica, ontoldgica y ética respecto a las
politicas en salud publica y las practicas para la atencién clinica, en Costa Rica y en otras partes
del mundo, asi como, un debate sobre distintos enfoques, tales como el biomédico intervencionista,
la antipsiquiatria, la psiquiatria comunitaria y el psicoandlisis. En este caso, se defiende una visién
integral acerca del sujeto, atendiendo a sus necesidades, a sus relaciones sociales, asi como, de sus
condiciones materiales y subjetivas de existencia, de manera que se opta por entender su padeci-
miento, desde el espacio més cercano a su vida cotidiana: la comunidad. Con esto se procura aportar
a las discusiones sobre las condiciones que promueven bienestar y malestar psiquico, la historia de
la institucionalidad psiquiatrica, el abordaje clinico y la atencién comunitaria en salud mental. Este
articulo forma parte de una investigaciéon sobre la historia del hospital, que se realiza en conjunto
con la Universidad de Costa Rica (UCR) y con la CCSS, y de manera especifica, en el Instituto de
Investigaciones Sociales (IIS) y el Hospital Dr. Roberto Chacén Paut, respectivamente. El mismo
se basa en una metodologia que integra revisién de literatura cientifica, andlisis del discurso de
hemeroteca, sistematizacion de documentos de archivo y entrevistas.

Palabras clave: Salud publica; salud mental; psiquiatria comunitaria; desigualdades sociales;
Costa Rica
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Abstract

In this paper, we make the discussion about the approach to mental suffering presented by patients
who are treated at the Day Center for Mental Health. The brief is based on a project called “Spe-
cialized Community Care Device of the Dr. Roberto Chacén Paut Hospital”, which was presented
to the Medical Management of the Caja Costarricense del Seguro Social (CCSS) in 2021. This was
developed by two psychiatrists in conjunction with a number of specialists from the institution. In
its management, had have participated psychiatry, nursing, psychology, nutrition, social work, and
occupational therapy professionals. To understand the emergence of this initiative in the current
context, it is necessary to conduct an epistemological, ontological, and ethical discussion regarding
public health policies and practices for clinical care, in Costa Rica and other parts of the world, as
well as a debate on different approaches, such as interventional biomedical, antipsychiatry, commu-
nity psychiatry and psychoanalysis. In this case, an integral vision is defended about the subject,
taking into account its needs, its social relations, as well as its material and subjective conditions of
existence, so that it chooses to understand its suffering, from the space closest to its daily life: the
community. This aims to contribute to the discussions on conditions that promote well-being and
psychological distress, the history of psychiatric institutionality, clinical approach, and community
care in mental health. This article is part of research on the history of the hospital, which is carried
out in conjunction with the University of Costa Rica (UCR) and the CCSS, specifically at the Social
Research Institute (IIS) and the Dr. Roberto Chacon Paut Hospital. It is based on a methodology
that integrates a review of scientific literature, an analysis of the discourse of the newspaper library,
and interviews.
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1. Introducion

Este escrito se basa en una investigacion que realiza una indagatoria respecto a las instituciones
dedicadas a la atencion de la poblacion en situacién de sufrimiento psiquico y social. La misma se
basa en el estudio de caso del Hospital Dr. Roberto Chacon Paut y su respectivo Centro Diurno
(1951-2022). La justificacién para la eleccién de este nosocomio como objeto de estudio, radica en
que este es el menos conocido de los dos hospitales ptublicos, que tienen el estatus de hospitales
nacionales psiquidtricos en Costa Rica. Ademads, dos de las y los tres miembros del equipo laboran
alli, lo que posibilita una adecuada integracién, y esto es fundamental en los procesos de colaboracién
interinstitucional CCSS-UCR.

El objetivo de estudio consiste en: identificar los motivos implicados en el surgimiento de los no-
socomios dedicados a la atencién de los sujetos en situacién de sufrimiento psiquico, que han sido
diagnosticados con trastornos psiquidtricos y mentales, asi como, asir las etapas y el contexto histori-
co que posibilita el origen y la consolidacién de las distintas préacticas de tratamiento, rehabilitacién
y cuido a lo largo de su existencia. Con esto se procura aportar a la discusién sobre las relaciones
entre el Estado social, las condiciones del bienestar, asi como, de los malestares psiquicos, el adentro
y el afuera de la institucionalidad psiquidtrica, la practica clinica y de la comunidad donde esta se
integra.

La tematica de estudio incorpora temas historicos, politicos, médicos, sociales y clinicos desde una
perspectiva transdisciplinar. El equipo de investigacién tiene formacién en Historia, Medicina, Psi-
quiatria y Psicologia, a lo que se suma un asistente con estudios en Enfermeria. Existe un trasfondo,
que son los nexos entre la casuistica y los factores conceptuales que intervienen en la produccién del
malestar psicoldgico, lo cual se atiende en relacién con las practicas clinicas, que se establecen ins-
titucionalmente, como una de las vias que las sociedades y los Estados modernos han privilegiado,
para producir bienestar. Las cuales se ven afectadas e incluidas por paradigmas teéricos, directrices
internacionales y acuerdos interinstitucionales y con organismos no gubernamentales, que varian
en las relaciones espacio temporales.

La CCSS se posiciona como la institucién responsable de la prevencion, la promocién y la atencién de
la salud piblica en Costa Rica, lo cual es un derecho humano. Su atencién ha tenido un recorrido,
basado en la atencién institucional hospitalaria, que se reducia a la farmacoterapia, virando, en
décadas recientes, a un paradigma basado en una atencion, que se procura integral. Con el objetivo
de descentralizar la atencién en los hospitales psiquiatricos, mediante el rescate de los derechos
individuales de las personas, se propuso la Declaracién de Caracas (1990), como una propuesta de
atencion de la salud mental, desde un paradigma que rompe con la atenciéon centrada en la reclusién,
el internamiento y la medicacién del sufrimiento psiquico humano.

Tiempo después, el 11 de marzo del afio 1997, en el Hospital Dr. Roberto Chacén Paut, se fundé el
Centro Diurno para la Salud Mental, como parte del Proyecto de la Propuesta Organizacional para
la Reestructuracion de los Servicios. La desmanicomializacién y la reforma psiquiadtrica influyen
también a Costa Rica, donde a partir de politicas en salud mental internacionales y nacionales, de
movimientos sociales, de movimientos colectivos de trabajadores, de la defensa de derechos humanos
y de la evolucién cientifica permitieron una transicién histérica y clinica hacia un modelo psiquidtrico
inicialmente rehabilitador y posteriormente comunitario. En la actualidad, existe una demanda sin
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precedentes, en los servicios de salud mental de la Caja Costarricense del Seguro Social (CCSS).
Eso produce, por un lado, la inquietud respecto a los factores que inciden en el sufrimiento humano
grave. Por otro lado, le generan a la institucion, a las personas profesionales y las organizaciones
versadas en el tema, una coyuntura propicia para analizar sus politicas de atencién, con el fin de
mejorar la prestacién de los servicios, de manera que se trabaje para mejorar las condiciones de
vida de las personas.

2. La investigacion

La propuesta de investigacién es interinstitucional y, por tanto, hubo un proceso de aprobacién del
proyecto en el IIS y en el CEC de la UCR, que lo remitié al CEC del Hospital Nacional Psiquiatrico
(HNP) que es el ente especializado. De manera paralela, se hizo el proceso de acreditacién al Consejo
Nacional de Investigacién en Salud (CONIS), a inicios de la pandemia, entre los meses de marzo
y mayo del 2020, lo cual fue un reto, dado que apenas iniciaban los procedimientos para hacer
tramites por la via virtual.

Respecto a lo tltimo, investigar en tiempos de pandemia en contextos hospitalarios, ha implicado
una serie de consideraciones metodologicas importantes. En el caso de las y los trabajadores de la
CCSS y del Hospital, estos debieron realizar una labor en primera linea de atencién, expuestos a
riesgos, con frecuentes manifestaciones de alerta, desgaste y confusiéon. De manera que, fue necesario
hacer pausas en el trabajo de campo y complementar con la revision de archivos digitales y de
hemeroteca, en los momentos en los que se implementaron las medidas sanitarias més restrictivas.

El estudio se basa en un proceso de selecciéon y de triangulacién de las fuentes, atendiendo a
los cambios y a las continuidades, en el modelo de atencién de la salud ptublica, asi como, en la
institucion psiquidtrica’.

La revisién de antecedentes sobre el tema, involucra las publicaciones efectuadas por el personal
de salud, que hacen referencia a la fundaciéon del nosocomio, asi como, los discursos politicos y los
informes de las Juntas de Caridad y de Protecciéon Social. Esta informacion esta disponible en el
Archivo Nacional de Costa Rica, en los centros hospitalarios, en la Biblioteca Nacional de Salud
y Seguridad Social (BINASSS), en los archivos y en las bases de datos del Sistema de Bibliotecas,
Documentacién e Informacién (SIBDI), asi como, el Sistema Nacional de Bibliotecas (SINABI).

Con el fin de realizar la contextualizacién, se analizaron las politicas en salud mental de Costa Rica
en el siglo XX, se visitaron las bibliotecas del Hospital Nacional Psiquiatrico, asi como, del Centro
de Desarrollo Estratégico e Informaciéon en Salud y Seguridad Social (CENDEISSS), y se cuenta
con un archivo documental digital y fisico, que contiene todas las politicas en la materia. Se realiz6
la busqueda y la sistematizacion de las leyes, los decretos y reglamentos, disponibles en las bases
de datos del Sistema Costarricense de Informacién Juridica y en la Coleccién de Leyes, Decretos y
Reglamentos en el SINABI. Y se estudiaron los Informes de Direccién del Hospital Manuel Antonio

IExiste una serie de publicaciones que se estd trabajando de manera paralela. A este documento se le
suma un articulo teérico y un escrito ético metodoldgico, los cuales complementan la publicacién del libro
sobre la historia del hospital y del centro diurno, que es el resultado principal de la investigacién.
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Chapuli, el archivo del Hospital Dr. Roberto Chacén Paut y estd pendiente la bisqueda en el de la
Junta de Proteccién Social (JPS).

Ademaés, se hizo revision del archivo del hospital. En este hay documentos aproximadamente desde
1989 hasta la fecha. Los mismos estan dentro del nosocomio, en un lugar que antes se usé para
albergar pacientes. El archivo se compone de una serie de cajas clasificadas por los siguientes te-
mas: direccién médica, psiquiatria, enfermeria, trabajo social, psicologia, recursos humanos, Centro
Diurno. Esta investigacién se concentra en la Direccién Médica, dado que esta centraliza la corres-
pondencia mas importante con las distintas unidades. Hasta la fecha se han consultado 100 cajas y
se han tomado cientos de imégenes, de decenas de documentos, que en este momento se encuentran
resguardados en dos sitios electrénicos: un archivo de Drive protegido y en la nube. Y clasificados
por temas.

También se ha realizado la revisiéon de los documentos de hemeroteca, que basicamente consiste en
articulos de periédico, disponibles en la base de datos que se titula Prensacr.info. A diferencia de
la base de datos de SINABI, esta plataforma permite hacer buisquedas por palabra clave. Con base
en esto se seleccionaron y se sistematizaron todas las noticias que cumplen los criterios de inclusién
para hacer una interpretacién histérica acerca de la trayectoria del HDrRChP: 1) Que se informe
de discusiones politicas institucionales 2) Que se haga mencién de actores y actrices involucrados
en la creacién del nosocomio 3) Que su lectura permita entrever conflictos y posiciones en relacién
con las decisiones sobre las précticas clinicas o las politicas en salud mental y 4) Que se refiera
particularmente a este hospital.

En el estudio se descarté la revisiéon de expedientes, pues la historia clinica y personal de los
pacientes excede el objetivo de la investigaciéon, mismo que se concentra en las politicas publicas y
la perspectiva de la atencién en salud. Por el contrario, las memorias del personal y de los pacientes
son el eje central alrededor del cual giran la construccién y el posterior andlisis de las fuentes. Con
el fin de dotar de subjetividades y experiencias la historia del hospital, del centro y de sus précticas
clinicas, se estd entrevistando a profesionales pensionados del hospital, a trabajadores con amplia
trayectoria y a personas que estan involucradas en la desmanicomializaciéon y en la creaciéon del
dispositivo comunitario. Hasta la fecha se ha gestionado un total de 10 entrevistas a exfuncionarios
y funcionarios: tres de estas se realizaron a dos exdirectores del Hospital, asimismo, se entrevist
a dos enfermeros, a una trabajadora social, a un técnico en terapia ocupacional, a dos terapeutas
ocupacionales, y, finalmente, se realizé una entrevista a una ex administradora.

Desde el punto de vista ético, se considera que todo proyecto sobre el sufrimiento psiquico y atencién
clinica debe basarse en la experiencia de las personas que son sujeto de estas practicas. Sin embargo,
debido a las restricciones sanitarias, se ha postergado el proceso de las entrevistas a pacientes.
Cuando se realicen van a tomarse todas las precauciones necesarias para salvar la dignidad y
proteger a las personas implicadas. Con este fin, se va a hacer un encuadre grupal y una explicacién
en subgrupos de pacientes, diferenciado por sexos, respecto a los objetivos de la investigacion, asi
como, de su participacién en el estudio. Se les plantearia que la misma es voluntaria, anénima
y que se usard un seudénimo en la entrevista. Posteriormente, se presentaran el consentimiento
informado y se efectuardn las entrevistas individuales, las cuales seran transcritas y sometidas a
revision para su retroalimentacion con los propios pacientes, igual que se ha hecho con funcionarios
y ex trabajadores del hospital.
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3. Discusion

3.1. Los origenes del nosocomio

En la entrada del edificio central del Hospital Dr. Roberto Chacén Paut, una placa reza: “Sana-
torio Dr. Roberto Chacén Paut. Junta de Proteccién Social. Inaugurado con motivo del Congreso
Centroamericano de Panama de Psiquiatria”. La condecoracion fue instada el dia 7 de diciembre de
1952 y segtn Jiménez [22], el evento en cuestién fue muy concurrido.

El sitio le debe su nombre al galeno que le dedicé toda su vida profesional al servicio de la psiquiatria,
el Dr. Roberto Chacén Paut, quién fue el idedlogo de la edificacion de una granja agricola, en
contraposicién al modelo hospitalario, que era el prevaleciente en San José, con el Asilo Chapul.
El dia 8 de mayo de 1950, la JPS, adquirié un terreno en las antiguas instalaciones del Colegio
Latinoamericano Adventista (1920-1930), con el fin de construir un anexo al Hospital Dr. Manuel
Antonio Chapui, con el objetivo de realizar labores de rehabilitacion laboral por medio de una finca,
para contribuir a resolver el hacinamiento en las instalaciones en Pavas.

El lugar elegido para la instalaciéon del nosocomio quedaba en San Ramén de Tres Rios, en un
lugar con baja densidad de poblacién. Antes habia sido ocupado por el Colegio Adventista, pero
lo abandonaron, tras considerarlo inhabitable para fines educativos, porque en esa época, el area
estaba bastante poblada de vegetacion y bosque, lo que aumentaba la sensacién de frio:

Esas instalaciones eran de un colegio Adventista. Ellos construyeron esas instalaciones
para traer centroamericanos, pero se lo llevaron para Alajuela, dado que todos eran
centroamericanos, porque lugar era tan frio, (como le digo, el cambio climético, se
siente incluso de la década de 1980), que los estudiantes se quejaban mucho, asi que los
movilizaron y quedaron esas instalaciones disponibles. Por la saturacién del San Juan
de Dios, trasladaron a los pacientes para ahi, pero solo los mds funcionales [15].

Cabe discutir la decisién de ubicar el Hospital en una finca que antes fue abandonada por consi-
derarla inhabitable, para ser un Colegio Adventista, por cuestiones climéticas. De esta manera, fue
adquirido por parte de la Junta de Proteccién Social (JPS) por la suma de un simbdélico colén. Aun
asi, se decidi6 que la finca podia servir para el asilo de personas con diagnésticos mentales. Es todo
un tema, la historia de las discusiones acerca del tratamiento de la locura en relacién con el clima
y el ambiente.

Por su ubicaciéon en San Ramoén de Tres Rios, el sitio resultaba adecuado para aislar con respecto
a la comunidad. Recordemos que el otro centro de asilo de esta magnitud, radicaba en el corazén
de la ciudad, en San José, en las cercanias del Hospital San Juan de Dios. Por otra parte, existe
una visién sobre la sanacién de la locura, en la perspectiva cudquera, que plantea que esta se debe
a las afecciones causadas por la sociedad, y que, en la cercania de la naturaleza, es posible aliviar
las penas que la producen [18].

Por eso es necesario reflexionar sobre el encierro. Sin embargo, este tema no estd exento de con-
tradicciones, dado que, a su vez, esta era una finca abierta. Nos referimos a la época de la finca
agricola, entre 1950 y 1970, cuando el inmueble pertenecia a la JPS. En las entrevistas ha surgido el
tema de que en esa época las personas asiladas conviven con el personal de la época y eran tiempos
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de relativa buena convivencia. En el sentido que los pacientes realizaban labores muy importantes
en beneficio de hospitales y de otros centros de asistencia.

Cabe subrayar el hecho de que se decidiera trasladar a pacientes psiquidtricos a un espacio que
fue declarado inhabitable para estudiantes, asi como, para el personal de educacién y religioso.
Asi como, que se instale un hospital, en un espacio que fue construido para otros fines. Lo cual
posibilita la siguiente pregunta: ;cudl es la funcién activa de la comunidad para prevenir o atender
este sufrimiento?

3.2. La instalacién del Hospital en la CCSS

En la década de 1970, hubo cambios muy importantes en la CCSS. Se considera que con la Ley
No 4646 de 20 de octubre de 1970, hubo cierto retroceso respecto al principio de la autonomia,
en buena parte de las instituciones, puesto que se depositd en el gobierno central, la eleccién de
las presidencias ejecutivas de organizaciones, tales como la de esta institucién. Un informe de la
Procuraduria General de la Republica establecié: “es fundamental observar que a diferencia de los
directivos de la institucion, el Presidente Ejecutivo puede ser removido libremente, lo que significa
un mayor grado de sujecién a quien lo ha nombrado” [40, p.3].

Sin embargo, el ano de 1976 fue el ano de la plena integracién hospitalaria. Aunque hubo protestas
respecto a integrar a algunos de los hospitales de la JPS, la CCSS asumi6 la administracién del
Hospital Psiquiatrico Dr. Manuel Antonio Chapui y el que fuera su anexo, el Hospital Dr. Roberto
Chacén Paut. Este proceso concluye en 1977. Luego, en 1978, se hizo el traslado de los centros de
salud a la CCSS. Costa Rica fue entonces la sede de la VI Conferencia Interamericana de Seguridad
Social. Para ese momento se dio un proceso de universalizacién por medio del cual se logré una
cobertura del 86 % de la poblacién nacional y se hizo una serie de cambios estructurales, en materia
de fiscalizacion, regionalizacion, pensiones, asi como, de una serie de reformas establecidas en el
convenio CCSS-BID [10]. Es en ese contexto, que en el ano de 1977, el Hospital fue trasladado de
la JPS a la CCSS. En ese entonces el hospital contaba con 370 camas [39].

En las entrevistas realizadas en esta investigacion, ha surgido el tema de que en tiempos de la granja,
las personas asiladas convivian con el personal a cargo y que eran tiempos de relativa libertad. Por
lo menos, eso es lo que se sostiene desde la perspectiva de la memoria institucional. En relacién con
el trabajo, las y los habitantes realizaban labores centrales, en beneficio de los hospitales y de otros
centros de asistencia. Esto contintia por algunos anos, incluso cuando el inmueble fue trasladado de
la JPS a la CCSS, pero luego se dej6 de hacer, debido a que anos después del traslado a la CCSS, en
1984, inicia el “canje” de pacientes, que consiste en enviar los pacientes “organicos”, con situaciones
més graves al Chacon Paut y los méas “funcionales” al Hospital Dr. Manuel Antonio Chapui. Esto
imposibilita seguir con la granja, misma que a la larga fue ocupada por vecinos que hicieron un
barrio en buena parte de los territorios de la finca, pues era de una extensién de miles de hectareas
[13, 14].

En este momento histérico, a pesar de ciertos intentos que hubo, por iniciar con un proceso de reha-
bilitacién, al abrir el hospital granja, en la década de 1950, la psiquiatria todavia presentaba grandes
contradicciones. Por ejemplo, las jerarquias institucionales realizaron un canje de pacientes (entre
més “funcionales” y menos “funcionales”) lo que evidencia en cémo se comprendia a nivel clinico y
cientifico a una persona con diagndstico de enfermedad mental, asimilable al modelo mecanicista.
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Esto profundizé el modelo manicomial, intensificando las dindmicas de violencia institucional. Con
lo cual, hubo un retroceso en la calidad de la atencién a los pacientes hospitalarios, pues se fue
desapareciendo la granja agricola, y el Hospital de Pavas trasladé a los pacientes con mayor grado
de deterioro hacia Tres Rios, lo cual inicié una época muy dificil para los pacientes y funcionarios.
Segin cuentan las personas entrevistadas, en las décadas de 1970 y 1980, hubo un retroceso muy
grave, en materia de derechos humanos, y los pacientes estaban encerrados y hacinados, eran ba-
niados con mangueras, se utilizaba un lenguaje carcelario e incluso, inhumano para hacer referencia
a las instalaciones, tal como “jaulas” y “celdas”. Habia situaciones de maltrato hacia las y los pa-
cientes, asi como, sobre medicacién con psicofarmacos de primera generacién, con grandes efectos
secundarios. Algunos de los cuadros que presentaban los pacientes se debian a los procedimientos
médicos prevalecientes en aquella época:

Ya no era un hospital psiquidtrico, porque los diagnésticos eran de sindrome cerebral
orgéanico, como lo que les ponian a todos era retardo mental severo o moderado, muchos
de estos, producto de las lobotomias, literalmente, le metian un clavo por los ojos y
por eso quedaban con los ojos todos hinchados, esto lo hacia el Hospital Psiquiatrico,
pero esos eran los diagnésticos, o sea, no era psiquiatria, pero ahi estaban [15].

Fernéndez [17] sostiene que durante la Direccién del Dr. Navarrete, hubo avances importantes en
materia de derechos humanos, tras un fallo de la Corte Interamericana de Derechos Humanos y este
logra en 1984 la independencia del Hospital con respecto al otro Nacional Psiquiadtrico. El principal
corte se da entre finales de 1980 y principios de 1990, cuando se dio una denuncia por parte de
algunos de los funcionarios del Hospital.

Entre varias personas trabajadoras del Hospital Dr. Roberto Chacon Paut, construyeron un dlbum
con imagenes que le dio la vuelta al pais y provocd una sentencia de la Corte Interamericana de
Derechos Humanos, dirigida a que se erradicara esta situacién y se le diera tratamiento y reha-
bilitacién a las y los pacientes [13, 14]. En [16], se plantea que ya para ese momento existia una
comisiéon de salud mental interna que estaba interviniendo el centro.

Un tema relevante y grave es el abandono familiar. De hecho, al consultarles a algunas de las
personas entrevistadas, por el papel de las familias en estas denuncias, estas relataron que se tra-
taba de pacientes que estaban en su mayoria en abandono, que simplemente eran depositados
allf [13, 14].

La toma de conciencia respecto a las condiciones inhumanas en las que vivian los pacientes en el
manicomio, generé espacios de reflexién, la sensibilizacién humana y otras formas de organizacién
laboral y politica, que decanté a su vez en canalizar ese malestar, ante instituciones internacionales
en materia de derechos humanos.

Asi, por medio de la capacitacion con algunos distinguidos anti psiquiatras y psiquiatras comuni-
tarios que viajaron desde Italia, ademés de la iniciativa de algunos funcionarios, el nosocomio hizo
modificaciones sobre estas condiciones de encierro. A finales de la década de 1990, se instauré el
Centro Comunitario, dirigido a atender el sufrimiento subjetivo y emocional de las personas dentro
de la comunidad. Inicialmente, el centro estuvo en manos de personas que carecian de estudios
profesionales en sus respectivas areas. Por ejemplo, el drea de terapia ocupacional estuvo ocupada

46 Rev. Epi-Sci. (ISSN print: 2215-6658; online: 2215-6658) Vol. 1(1):39-59, Jan—Dec 2023



Epi-SCIENCE

Molina, M., Nunez, J. L., Sanchez, A.

por personas asistentes de enfermeria y otros, que decidieron innovar con tratamientos en salud
mental, capacitados por estos comprometidos italianos [13, 14].

Aqui se evidencian los primeros intentos del Hospital Chacén Paut, a finales de los afios ochenta
e inicios de los noventa, de romper con el paradigma asilar, asistencial y manicomial, incentivando
la independencia y cierto grado de autonomia e integrando a los pacientes a espacios comunitarios.
Lo cual se acompana de una reconceptualizacion tedrica que abraza el concepto de sufrimiento
psiquico, como una perspectiva que le da lugar a la singularidad del paciente.

3.3. Politicas de desmanicomializacién: la perspectiva sobre el sufrimiento humano

En esta investigacién se parte de una concepcién del sufrimiento psiquico, lo que busca evitar la
psicopatologizacién de los conflictos sociales, de la vida cotidiana y de las relaciones interpersonales.
Esta acepcion surge del psicoandlisis, y posibilita la atenciéon de la salud mental de la poblacién
costarricense, con o sin, un diagnoéstico psiquidtrico. Esto, en palabras de Augsburger:

Permite incorporar la dimensién subjetiva del padecimiento, dimensién sin duda ausen-
te en la nosografia clésica. Los trabajos y las experiencias, tanto de Freud (1930), como
de Clavreul (1983), o de Raimbault (1985), muestran cémo el avance del conocimiento
sobre el cuerpo humano y de sus formas de reparacion, no puede sustituir la percepciéon
y expresién de un sufrimiento que se rige con coordenadas distintas de las que marca
la biologia, y que remiten al plano de la constitucién desiderativa de los sujetos, asi
como a sus procesos de constitucién cultural y social [5, p.5-6].

Histéricamente, se ha filosofado respecto a la experiencia, el ser y el existir. El concepto de su-
frimiento, decfa Paul Ricoeur (2019), se distingue del dolor, en el plano fenomenoldgico, porque
este trasciende lo fisico y afecta al ser humano en todas sus dimensiones. Al margen de cualquier
sentimentalismo, se reconoce que sufrir es un acto de resistencia y perseveraciéon en la existencia.
Lo cual permite comprender este padecer desde lo social, lo biolégico, lo material y lo psicolégico
en una integridad.

Anclado a lo histérico, en la antigiiedad, males como la lepra eran expulsados de las ciudades,
mientras que la locura era desplazada en naves hacia lejanias desconocidas, para que, una vez perdida
en la inmensidad de las aguas, esta encontrase su verdad. Es en el proceso hacia la consolidacién
de los estados modernos, que se delimita la creacién de los dispositivos de encierro y asilo para su
tratamiento. Al inicio se encontraban bajo el control de las érdenes monésticas, y su tratamiento
por parte de disciplinas tales como la psiquiatria, se instaura entre los siglos XVIII y XIX. La
idea era encontrar una explicacion racional y una cura para la insania: la historia de las précticas
profesionales sobre la locura esta ligada al espacio de encierro en el que, por algiun tiempo, aquella
compartié con vagos, leprosos, desempleados y criminales [18].

En la etapa higienista, de la primera mitad del siglo XX, se construyeron atribuciones de causalidad
al empobrecimiento, a los problemas en ambitos laborales como las fabricas y educativos como las
escuelas, colegios y en el caso de los militares, con falta de “higiene mental”. Lo anterior, devino en
una preocupacién por asuntos como la salud sexual y reproductiva, los eventos alrededor del parto,
las etapas de la vida, las enfermedades y los duelos, desde una perspectiva que procura predecir y
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paliar el dafio. Sin embargo, Ortiz [37] cuestiona las politicas de prevencién del sufrimiento psiquico
en el marco de la medicina que interviene y diagnostica, y sostiene que estas précticas producen
mas danos que beneficios.

Carlos Pérez [38] habla de dos fases en la era de la desmanicomializacién: Al inicio, en Inglaterra,
David Cooper (1931-1986) y Ronald Laing (1927-1989) promovieron la Villa 21 en Londres. El
primero de ellos, de orientaciéon marxista, propuso la Dialéctica de la Liberaciéon en el Congreso
de Psiquiatria de 1967. Laing por su parte, discipulo de Donald Winnicott e influenciado por
Karl Jaspers, establecio la terapia con LSD y fundé el Kingsley Hall, la seccién inaugural de la
Philadelphia Association (1965).

En el mismo periodo, y con una linea semejante, pero en Italia, Franco Basaglia (1924-1989) promo-
vié la psiquiatria democratica, basada en el desmantelamiento de la infraestructura psiquiatrica, la
desinstitucionalizacién del tratamiento de las alteraciones mentales y en la busqueda de alternativas
al encierro y a la medicacion forzada. Con este objetivo, Basaglia dirigié en Gorizia (1962-1968) y
en Trieste (1971-1979), los primeros centros de actividad social distintos al dispositivo manicomial
u hospitalario. De esta experiencia se desprende que en 1978, el Congreso de Italia aprobé la Ley
180, tendencia emulada por otros paises tales como Inglaterra, Escocia y Gales. Esta legislacion
transforma el tratamiento en un derecho, antes era para prevenir a la sociedad de la peligrosidad.
Ademas, que establece la voluntariedad del mismo, elimina los hospitales psiquiatricos.

En América, la primera fase de desmanicomializacién, fue proseguida por una era de conserva-
durismo y hegemonia psiquidtrica tradicional, por parte de los equipos interdisciplinarios en los
hospitales psiquidtricos, en la era de Reagan (1980-1988), marcada por elementos tales como el
neoliberalismo, el totalitarismo, las dictaduras latinoamericanas y el integrismo catdlico, las cuales
provocaron un retroceso de tres décadas en esos movimientos de liberacién [38]. En 1975, con la
publicacion del DSM III, se dio un giro hacia la conceptualizacién del sufrimiento psiquico como
una enfermedad somatica. Lo cual se vincula con la perspectiva de la medicina basada en la evi-
dencia que va de la mano con la psiquiatria biomédica, utilizadas para evaluar cuantitativamente
los programas preventivos en salud mental. Esta es una politica de la Organizacién Mundial de la
Salud (OMS) que busca reducir la prevalencia de los trastornos mentales en la poblacién, dirigida
a la gente comun, como, de forma selectiva, a sujetos con “factores de riesgo” psicoldgico, social o
biolégico. Esta tltima ronda el 3,4% de la poblacién, y se basa en la lectura de los signos como
sintomas prodrémicos de un trastorno mental y marcadores biolégicos [37, p.181].

A propésito, Lentini [24] sefiala que durante el siglo XX prevalecié un modelo deficitario acerca de
las discapacidades, y propone deconstruir el discurso biomédico psiquidtrico, acerca de los “tras-
tornos mentales”. Sostiene que debe “desmontarse los supuestos biologistas y organicistas”, para
desnaturalizar la medicacién y el estigma de las personas en situacién de sufrimiento grave con
afecciones de indole psicolégica y emocional [41].

El retroceso manicomial en la historia costarricense de los hospitales psiquidtricos en las décadas de
1970 y de 1980, confluye con la influencia de la psiquiatria estadounidense y las politicas neoliberales.
En esta época se gesta en nuestro la inauguracién del Hospital Nacional Psiquidtrico Manuel Antonio
Chapui en Pavas, donde existia un interés en fundar un nosocomio universitario, influido por la
psiquiatria descriptiva categorial. Pero donde se continuaba percibiendo, desde la atencion clinica,
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al paciente como una persona sin poder de opinién y decisién sobre su propia atencién médica
psiquiatrica.

Esto conlleva a discutir con Antonio Gramsci (2011) los conceptos de hegemonia y contrahegemonia.
Los grupos subalternos pueden posicionar demandas de diversa indole. A su vez, estos deciden entre
adherirse a formaciones politicas preexistentes o proponer reivindicaciones propias. Las cuales, a
su vez, podrian institucionalizarse y pasar al orden oficial. El cual origina nuevas organizaciones
politicas, dirigidas a contener, controlar e imponer el consenso en los sectores subordinados. Los
grupos subalternos, a su vez, pueden tener sus propias organizaciones en funcién de demandas
especificas, de autonomia, aunque dentro de los viejos marcos, o bien, de autonomia radical.

El tema de la autonomia es fundamental y es posible que este haya sido el principio mas lesionado
por las précticas del internamiento manicomial. Muchas personas han sido internadas, sujetas y
expuestas a tratamientos que buscaban reducir su personalidad y todo el complejo sistema de pensa-
miento, accién, decision e identidad: la lobotomia, el electroshock, la castracién, la sobremedicacién
y otras violencias contra el cuerpo y el ser, que forman parte de la historia de los tratamientos con
los que experimento la medicina en el siglo XX.

Incluso, los estados dictatoriales utilizaron estos supuestos tratamientos como métodos de tortura
[7]. Fueron los nietos de las victimas de estos sistemas, quienes lideraron la creacién de alternativas
y revoluciones desmanicomiales [38]. Liberada del fascismo, en Italia, surge uno de los represen-
tantes mas importantes de la antipsiquiatria, Franco Basaglia [6]. Estas perspectivas tuvieron una
influencia muy importante en Costa Rica y especificamente, en la reestructuracién del Hospital Dr.
Roberto Chacén Paut.

La reforma psiquidtrica italiana tuvo una influencia directa en la estructuracién del Hospital Dr.
Roberto Chacon Paut, para darle lugar a los derechos humanos de las personas institucionalizadas
e impulsar el cambio de modelo de atenciéon. Las personas que consultan en servicios de salud
mental constituyen sujetos con un horizonte de autonomia y pueden contribuir a transformar las
condiciones en las cuales se les brindaban los tratamientos. Por ejemplo, por mecanismos tales como
la denuncia de casos de maltrato, de protesta por los tratamientos cuando les son impuestos, asi
como, de otras estrategias para posicionar la justicia social en términos de acceso a distintos modos
de tratamiento.

Cabe subrayar, respecto a los apartados anteriores, que el proceso de desmanicomializacién, ha
sido efectuado por una serie de profesionales, en equipos interdisciplinarios e interinstitucionales,
y que estas mismas personas relatan, que una de las mayores dificultades ha sido el abandono por
parte de las familias, de muchas y muchos de los pacientes que estaban asilados en “larga estan-
cia”. Actualmente, el hospital solamente atiende a pacientes en condicién de agudos, por periodos
determinados, y esto solo es posible si la misma es que se complementa con la practica del Centro
Diurno, que funciona mediante la escucha terapéutica, lo cual, aspira a contribuir por restablecer
o fortalecer el lazo social comunitario (2013-2022).
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4. Resultados

4.1. Surge el Centro Diurno

El 23 de enero de 1995, por medio de un Decreto Presidencial y del Ministerio de Salud 23984-S,
se establecio la necesidad de una transformacién en el pais en materia de politicas en salud mental
y de un control de la atencién psiquidtrica de la mano con el respeto a los derechos humanos. El
mismo decreto establecié que debia reservarse el 5% de las camas en los hospitales para la atencién
de estos padecimientos [17].

Es posible cuestionar que el malestar psicoldgico se asociara con el porcentaje de camas utilizadas
en el tratamiento de las enfermedades biomédicas o bien, a la versién intra hospitalaria, antes que
comunitaria del tratamiento. A esto se suma que en los documentos que establecen la creacion del
centro diurno, se obvié incluir consideraciones respecto a la conformacién profesional de quienes
laboran en el centro, produciendo un retroceso en la atencién, pues se depende de acciones tales
como el voluntariado [17].

El Centro Diurno fue inaugurado el 11 de marzo de 1997, como parte de la Red Modular establecida
con el Proyecto de Reestructuracion de los Servicios de Atencién en Psiquiatria del Hospital Dr.
Roberto Chacén Paut. Se localiza en el Centro de Tres Rios, a una distancia aproximada de 3.8
km. Las instalaciones actuales son adecuadas, pero pueden mejorarse en varios sentidos. Existen de
parte de la CCSS proyectos de infraestructura a futuro, y por parte del equipo de investigacion, se
cuenta con iniciativas comunitarias tales como la pintura de murales.

En su momento, el centro diurno tuvo como objetivo: brindar a las personas diagnosticadas con
psicopatologias médicas y psiquidtricas, asi como, a sujetos con discapacidad cognitiva del cantén
de Tres Rios, una oportunidad de integracién social con la comunidad. Al inicio, contaba con los
servicios de personas profesionales en terapia ocupacional, psiquiatria, administracién y secretaria.
Ademés de un grupo de 15 personas voluntarias de la comunidad [9].

El contexto internacional es la Declaraciéon de Caracas (1990), determinado como:

Un movimiento que insta a los paises a orientar sus esfuerzos hacia la reestructuracion
de la atencién psiquiatrica, proponiendo el cambio del modelo centrado en el hospital
psiquiadtrico por un modelo comunitario, nuevo paradigma de la atencién en salud
mental. Con este fin se coordiné un grupo de trabajo y se elaboré un plan denominado
Plan Nacional para la Reestructuracién de la Psiquiatria y la Salud Mental en Costa
Rica, publicdndose ademés el Decreto Ejecutivo N 20665-S [26, p.14].

En el ano 2006, la Organizacién Mundial de la Salud publicé un manual de recursos, en relacién con
la necesidad de establecer legislacién sobre el problema de la salud mental, para que se valide y se
respeten los derechos humanos, en las diversas atenciones y los dispositivos clinicos de intervencién:

Es interesante senialar que, aunque alrededor del 75 % de los paises del mundo tienen
legislacién de salud mental, solamente la mitad (el 51 %) tiene leyes aprobadas después
de 1990 y casi un sexto (el 15%) tiene legislacién que data de antes de la década
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de 1960. Por ende, la legislacién de muchos paises estd desactualizada y, como se ha
dicho antes, en muchas instancias priva a las personas con trastornos mentales de sus
derechos, en lugar de protegerlos [30, p.1].

Pese a las potenciales contradicciones que se pueden presentar entre las legislaciones en salud mental
en diferentes contextos sociales de distintos paises, la OMS rescata que:

La necesidad de legislacién de salud mental surge de la creciente comprension de la
carga personal, social y econémica que significan los trastornos mentales en todo el
mundo. Se estima que casi 340 millones de personas sufren de depresiéon, 45 millones
de esquizofrenia y 29 de demencia. Los trastornos mentales representan una gran pro-
porcién de los afios de vida potencialmente perdidos por discapacidad (AVPPD), y se
predice que esta carga aumentard significativamente en el futuro [30, p.1].

Maés especificamente, se aborda la importancia de que las politicas que se establezcan en materia
de salud mental se orienten a incrementar las oportunidades para que las personas diagnosticadas
con trastornos mentales puedan vivir de manera satisfactoria en la comunidad. La legislacién puede
respaldar este objetivo si toma las medidas necesarias a fin de prevenir la institucionalizacién inade-
cuada, asi como, brindar instituciones, servicios, programas, personal, protecciones y oportunidades
que permitan desempefiarse adecuadamente en la comunidad [30, p.7].

En la misma linea, la Estrategia y Plan de Accién sobre Salud Mental de la OPS destaca los ante-
cedentes de las acciones politicas internacionales, en el giro de la atencién clinica de los hospitales
psiquiatricos hacia las comunidades: “en la Declaracién de Caracas se hace hincapié en que la aten-
cién centrada en el hospital psiquidtrico tenia que ser reemplazada por una prestacion de servicios
descentralizada, participativa, integral, continua, preventiva y basada en la comunidad” [35, p.2].

En los primeros afios, iinicamente se les brindaba asistencia a las y los usuarios institucionalizados
del Programa de Estructuras Residenciales de Larga Estancia del Hospital Chacén Paut. Esto
dltimo fue disenado como una estrategia para que las personas que tenian un historial de encierro
prolongado en el Hospital, en la era del manicomio, tuvieran un proceso de rehabilitacién psicosocial,
dirigido a promover la vida en las “casitas residenciales”, con otras y otros pacientes, quienes con
base en evaluaciones que eran elaboradas por medio de instrumentos sobre habilidades basicas y
superiores, se consideraban con los mayores niveles de autonomia.

Para el afio 2001, los objetivos de la promocién de la salud mental incluyen: rehabilitaciéon, docencia
y capacitacion, investigacion, atencién en caso de desastres, promocién y prevencion en la comuni-
dad, asi como, apoyo administrativo. Cabe reconocer el trabajo realizado por las y los profesionales
en dicho contexto de cambios sociales e institucionales, sin embargo, también seria interesante eva-
luar cudnto impacto tuvo en la comunidad, por ejemplo, el tema de la capacitaciéon con equipos
interdisciplinarios, o bien, el tema de la promocién y la prevencion en las comunidades, realizada
mediante la intervencién en las escuelas [9].

A casi 20 anos de existencia, se ha agenciado cambios en el Centro Diurno, acorde a los lineamientos
emitidos por las normativas institucionales. En la actualidad, ya no se limita a la atencién asistencial
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de los pacientes institucionalizados del Hospital Chacén Paut y del cantén de Tres Rios. Tampoco
responde a clinicas rehabilitadoras que educan, adaptan o regulan, sino que, al contrario, se propone
como un espacio clinico comunitario que busca rescatar las potencialidades de cada sujeto desde la
recuperacién de la singularidad, tal y como se describe a continuacion.

4.2. El centro diurno se transforma en el dispositivo

El Dispositivo de Atencién Comunitaria Especializada en Salud Mental (DACESM) se encarga de
la atencién del sufrimiento psiquico grave y de la psicopatologia psiquidtrica compleja, que no se
contiene en la red de servicios en salud mental (primer y segundo nivel de atencién de la CCSS).
El objetivo general del dispositivo consiste en brindar atencién especializada en salud mental, en
la comunidad, a las personas con sufrimiento psiquico y psicopatolégico grave, para atenuar su
sufrimiento singular, potenciando el lazo social, desde un abordaje multidisciplinario. Todo esto,
desde una posicién ética, de calidad, oportuna y eficiente, enmarcada en los derechos humanos.

Alli se promueve la desestigmatizaciéon y la despatologizacién, centrdndose en la atencién del su-
frimiento psiquico humano, maés alla de la comprensién biologista. Alli se atienden los sufrimientos
graves de las personas de una manera integral, trascendiendo el reduccionismo biomédico, y posi-
cionando una clinica integral donde los sufrimientos sociales, familiares y comunitarios de exclusién
son acogidos.

El modelo de atencién clinica especializada en la comunidad se establece desde una posicion ética
y de respeto a las decisiones de las personas. Se atiende al sufrimiento desde la construccién his-
torica singular que realiza el propio sujeto. Se contemplan los determinantes sociales, econémicos,
familiares que influyen y afectan la salud emocional de los sujetos en atenciéon. También se procura
realizar un trabajo interdisciplinario, para que las personas que son alli atendidas, tengan un papel
protagénico, en relacion con el bienestar de la salud de la poblacién, desde el trabajo interinstitu-
cional, intersectorial y familiar. Esto implica implementar importantes niveles de comunicacién y
llegar a acuerdos, cosa que implica retos diarios.

El abordaje del sufrimiento psiquico se comprende desde un enfoque social, psiquico y biolégico. El
DACESM se sustenta en una clinica basada en los derechos humanos de la Declaraciéon de Caracas
[33], de la Politica Nacional de Salud Mental (2012-2021) [28], el Plan Nacional de Salud Mental
(2004-2010) [27], el Plan Estratégico de la CCSS [8], asi como Ley de Igualdad de Oportunidades
para las Personas con Discapacidad 7600 [3], entre otras documentaciones ([32] y [34]). Este referente
técnico juridico de la Politica Nacional en Salud Mental 2012 a 2021 planteada por el Ministerio
de Salud es relevante para el proyecto de atencién especializada en salud mental comunitaria, en
tanto:

Propone desarrollar un modelo de salud mental que garantice este derecho a la pobla-
cién por medio de la accién intersectorial e interinstitucional dirigida a la promocion,
prevencion, atencion, rehabilitacion y reinsercion con enfoque comunitario, para mejo-
rar la calidad de vida y el disfrute a lo largo del ciclo de vida de las personas, con base
a sus condiciones de vida [28, p.10].
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En el caso costarricense, la propuesta clinica involucra construir enlaces con otras instituciones,
con las comunidades, con entes sociales y regionales. A la vez, la propuesta involucra trabajar con
las disciplinas de la salud, haciendo puentes con otras disciplinas que permitan concebir la salud
emocional, mental y conductual del ser humano. Procura integrar, en el quehacer clinico y en la
investigacion, a otras disciplinas tales como la historia, el arte, la antropologia y la sociologia.

Sobresale el concepto de lazo social, el cual, hunde sus raices en el campo de la sociologia. Para
pensar las relaciones de los sujetos con la sociedad, es fundamental disolver las dicotomias entre lo
individual y lo social. El psicoanélisis permite comprender el sufrimiento de un sujeto en relacién
con su contexto social:

Lacan presenta al psicoandlisis como un nuevo lazo social por la via del sintoma. Si bien
el sintoma ubica el fracaso del lazo social, el sintoma hace posible el vinculo social. El
sujeto nace en el campo del Otro y permanece siempre ahi. El psicoanalisis demuestra
que lo tnico que hace lazo es que el sintoma se dirige al Otro. Asi, el psicoandlisis se
presenta como el revés para mantener lo singular como la tinica posibilidad del lazo
social. El discurso del psicoandlisis apunta a lo que no funciona del discurso del Amo,
a lo que hace sintoma [11, p.2].

El proyecto propone implementar la escucha del sufrimiento psiquico y psicopatologico de los sujetos
que lo padecen, de manera singular, con el objetivo de posibilitar un espacio clinico transferencial,
con el propésito de hacer posible un transito del dolor, que brinde alivio desde un abordaje multi-
disciplinario.

El Dispositivo de Atencién Comunitaria Especializada en Salud Mental se compone actualmente
de tres clinicas, que trascienden la atencién clinica en un consultorio y que se realiza en distintos
espacios: atenciones tanto individuales como grupales, domiciliarias, asi como comunitarias: en el
trabajo, en el lugar de estudio, en los espacios recreativos e incluso, en instancias espirituales, con
el fin de potenciar la clinica en otros espacios que la persona lo necesite.

Si bien en el dispositivo se trabaja con diagnésticos psiquiatricos de la Clasificacién Internacional
de Enfermedades (CIE-10, CIE-11), los sujetos atendidos, presentan un historial de recurrentes
internamientos de psiquiatria en hospitales nacionales y especializados; y requieren de atenciones
frecuentes e intensivas en la comunidad, que potencia una estética de existencia que logre una
posibilidad de vivir desde su deseo. Desde una ética de respeto a las decisiones y derechos de las
personas se plantean las siguientes clinicas [9]:

1. Clinica de intervencion en crisis ambulatoria: consiste en la atencion clinica integral y multi-
disciplinaria de crisis emocionales graves, para evitar internamientos, por medio de atenciones
especializadas, oportunas y eficaces.

2. Clinica de las psicosis: atencién integral con perspectiva multidisciplinaria, del sufrimiento
de sujetos con un diagnodstico del espectro de las psicosis. Se atiende a personas que pre-
sentan internamientos hospitalarios recurrentes, sintomas psicéticos positivos refractarios,
imposibilitados de contener o atender su malestar, en consulta externa de la CCSS.

3. Clinica de los afectos: atencion integral multidisciplinaria del sufrimiento de los sujetos con
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diagnoésticos del espectro psicopatologico animico, tales como: los trastornos depresivos, los
trastornos afectivos bipolares y los trastornos de personalidad, con una gravedad afectacion
de su patologia, que dificulta su atencién en las consultas externas de la CCSS. Se atien-
de a personas que requieren de atencién y acompanamiento comunitario para atenuar su
sufrimiento.

El trabajo clinico esta basado en la topologia de sujeto de Lacan, que utiliza como metafora la cinta
de Moebius, donde lugares disimiles se encuentran desde un tnico sufrimiento: dos espacios dife-
rentes se encuentran en un tnico lugar. Se comprende de esta manera que el sufrimiento emocional,
trasciende lo individual e intrapsiquico, y se relaciona en forma directa con las condiciones sociales,
econémicas, politicas y estructurales de la comunidad.

La banda de Moebius es una topologia que posibilita el encuentro del sufrimiento humano con el
social. Esta permite transitar hacia un espacio fisico en tanto transicional, basado en el concepto de
objeto transicional del psicoanalista inglés, Donald Winnicott, quien dice que “el objeto transicional
y el fenémeno transicional proporcionan, desde un principio, a todo ser humano algo que seguird
siendo siempre importante para él, a saber, un campo neutro de experiencia que no serd puesto
en duda” [23, p.265]. Alli, se posibilita que el sujeto elabore sus probleméticas subjetivas, sociales,
familiares, laborales, de discriminacién, y violencias, mas alld del nicleo familiar, el trabajo o el
consultorio, si no desde otros espacios discursivos como el arte que acompafnan y posibilitan el acto
creativo de cada sujeto en relacién con su sufrimiento.

Sin embargo, el perfil de la poblaciéon que frecuenta el centro diurno, evidencia serios retos de
inclusion por parte de la sociedad costarricense, fundamentalmente, en materia de empleo. Cabe
decir que el desempleo y las malas condiciones laborales, producen consecuencias adversas en las
condiciones psicosociales de la poblaciéon. Lo cual es congruente con los resultados de un estudio
que analiza los servicios de atencién ptblica de la salud mental en Barcelona en personas adultas,
el cual sostiene que desde la crisis del 2008 se ha demostrado, que la situacién socioeconémica es
el principal determinante de la salud mental, lo cual tiene fuertes implicaciones en el bienestar
de las personas [19]. En Cataluia se ha registrado un particular incremento en los diagnésticos
de trastornos depresivos, de ansiedad y del sueno. Estos, a su vez, son frecuentes en las clases
trabajadoras [25]. De manera que el trabajo en las comunidades también implica luchar por producir
mejoras a nivel de las politicas educativas y laborales.

4.3. Retos a futuro

En Costa Rica existe un reto a nivel de la institucionalidad, por mejorar la asignacién presupuestaria,
con el fin de crear programas que atiendan la problematica de la salud mental. Esta propuesta se
constituye mediante la creacién de politicas de salud mental por parte del Ministerio de Salud, que
analiza la coyuntura actual como un reflejo de los problemas sociales que caracterizan el presente,
en vista de que Costa Rica experimenta una etapa de empobrecimiento y recrudecimiento de las
desigualdades sociales. Esto expone a las personas mas vulnerables a situaciones de violencia social,
lo cual, a su vez, tiene semejanzas con otros paises en condiciones similares:

Los trastornos mentales son cada vez mas frecuentes en los paises en desarrollo, como
consecuencia de problemas persistentes asociados a la pobreza, la transicion
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demografica, los conflictos y la violencia social, las emergencias y desastres natura-
les, situacién que acrecienta la demanda y el costo de los servicios de salud mental
en general. En el mundo, actualmente se estima que hay 450 millones de personas
afectadas por trastornos mentales graves. Estas afectan en mayor grado a los grupos
poblacionales pertenecientes a estratos socioeconémicos mas bajos. Por otro lado, aque-
llas personas que viven en paises en desarrollo se ven afectados desproporcionadamente,
ya que los recursos que se destinan a la Salud Mental son muy pocos [31]

Segun la tltima Encuesta Continua de Empleo, entre febrero y abril del ano 2022, en Costa Rica,
habia una tasa de desempleo del 13,3%. De la poblacién ocupada, el 71 % tenia seguro por el
trabajo, el 9% presentaba una situacién de subempleo, y el 43,8 % tenia empleos informales. En la
actualidad, una de cada tres personas carece de seguro social. Los problemas vinculados al empleo
se expresan con inequidades basadas en el género, dado que para los hombres, la tasa es de un
10,2 %, y en las mujeres, asciende a un 17,8 % [20]. Una diferencia preocupante, si se considera que
el desempleo también genera vulnerabilidad ante situaciones tales como la violencia en contra de
las mujeres o basada en el género y las diferentes formas de discriminacién social [1, 2, 4, 21, 29].

Cabe reflexionar respecto a las dificultades y el proceso que conlleva el ain incompleto cambio
de paradigma de atencién en salud mental hacia la comunidad, que involucra afrontar obstéculos,
promover nuevos modelos, asi como descolocar ciertos imaginarios ya existentes en los profesionales,
la sociedad, las familias y los pacientes. En este sentido, la OPS, en una revisiéon de la reforma de
los servicios de salud mental. A 15 afios después de la Declaracién de Caracas (2017), algunos paises
latinoamericanos plantean que:

Se debe admitir que se trata de un paradigma nuevo cuyo punto critico reside en la
reutilizacién de recursos, concentrados en su mayoria en los hospitales psiquiatricos.
La meta establecida es crear un sistema de atencién basado en nuevas acciones cuya
efectividad y eficacia, altamente demostradas, garantizan la superacion del modelo
anterior. El periodo de transicién lo es y representa una etapa de mayor concentracién
en el trabajo y requiere suficiente entereza para afrontar nuevas dificultades, criticas
y cuestionamientos de colegas, vecinos y, a veces, de los propios familiares que no
entienden por qué ya no se interna su paciente en un hospital psiquidtrico [36, p.104].

Esto sin negar la utilizacién de los avances neurobioldégicos y el uso de psicofarmacos, en tanto son
conocimientos que acompanan el proceso en busqueda del alivio respecto al dolor o al sufrimiento
humano que trascienden la clinica y el tratamiento. Las reformas psiquidtricas que se han planteado
con perspectiva comunitaria, buscan promover una perspectiva analitica e integradora, que posibilite
una respuesta que trascienda lo individual y lo biologista, para darle lugar a lo social, desde la
singularidad clinica. La ética clinica de la particularidad y la complejidad del sufrimiento psiquico,
son los ejes centrales del dispositivo [9].

4.4. A manera de cierre

El martes 14 de junio de 2022, se dio una situacién muy lamentable, cuando un estudiante de la
Escuela Tranquilino Saenz Rojas, fue agredido por sus compaifieros. El hecho fue objeto de acciones y
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denuncias por parte de organizaciones tales como el Consejo Nacional de Personas con Discapacidad
(CONAPDIS) [12] y de varias organizaciones, algunos de cuyos representantes marcharon hacia el
Ministerio de Educacion Publica, con el fin de manifestarse en contra de la violencia hacia las
personas con Trastornos del Espectro Autista, quienes dejaron un pliego de peticiones en manos de
la Viceministra de Educacién Publica.

Se considera fundamental que la academia se involucre con los problemas de la vida cotidiana
que atanen a la violencia contra la poblacién neurodiversa, en vista de que estas problemaéticas
generan traumas psicosociales, que pueden tener consecuencias muy graves para la vida, en el
sentido amplio de la palabra. Hasta hace algunos afios, las personas con autismo podrian ser objeto
de encierro manicomial de por vida en Costa Rica. Hoy en dia, ya no se trata este tipo de condiciones
en los hospitales psiquidtricos, a menos que exista morbilidad asociada, pues se ha dado un giro
importante, pero ain falta mucho camino por recorrer por la integracion psicosocial y en procura
del alivio del sufrimiento humano.

Ante estas circunstancias, este escrito presenté un Dispositivo de Atencion Comunitaria Especia-
lizada del Hospital Dr. Roberto Chacén Paut, que busca atender el sufrimiento humano de una
manera consciente y critica de los problemas sociales que lo propician, de manera casuistica, me-
diante un dispositivo de escucha clinica, multidisciplinario, bisqueda conjunta de soluciones para
la vida diaria, terapia grupal, actividad fisica y abordajes comunitarios, mismo que apuesta por un
cambio social en todas las dimensiones que producen injusticias sociales.

A la par de contribuir a la escritura de la historia institucional, un objetivo externo del estudio
consiste en contribuir a la elaboracién de las politicas piblicas en salud mental. Con lo cual se
procura contribuir a generar un fortalecimiento en la atencién clinica y de los programas de salud
publica, frente al sufrimiento humano en la CCSS. A propdsito, se reconoce la labor del personal de
salud y lo importante de que Costa Rica cuente con centros especializados estatales en la atencién
del sufrimiento psiquico y mental. Lo contrario, produce ain mayores desigualdades sociales y
procesos de exclusién social. Sin embargo, dada la naturaleza de sus funciones, la CCSS cuenta
con recursos limitados para investigar. En este caso, la via de contribucién y fortalecimiento hacia
la clinica y programas, desde el punto de vista de la investigacién, la cooperacién CCSS-UCR es
bésica y fundamental.

Cabe concluir con que el Plan Nacional de Salud Mental vencié el afio pasado y que este es funda-
mental para orientar las politicas nacionales en la materia. Aunque el Centro Diurno del Hospital
Dr. Roberto Chacén Paut tiene presupuesto del hospital del mismo nombre, es necesario que se au-
mente el presupuesto dirigido a la atencién del sufrimiento humano en sus multiples grados, con el
fin de evitar que se cronifiquen ciertas dolencias, y también, para mejorar las condiciones de vida de
la sociedad. En este momento, ciertos indicadores evidencian que el pais estd en ntimeros rojos, en
términos de explotacién laboral, desigualdades sociales y violencia social. En ese sentido, mas que un
centro, debe haber multiplicidad de centros diurnos y de otras formas comunitarias de atencién por
todo el pais, donde toda la comunidad participe y también, es fundamental que las municipalidades
se integren con la CCSS, de manera mas contundente, en la atencién de este topico. Finalmente,
se considera fundamental la integracién transdisciplinar pero también, multiparadigmatica.
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Abstract

Urban areas with larger and more connected populations offer an auspicious environment
for contagion processes such as the spread of pathogens. Empirical evidence has revealed
a systematic increase in the rates of certain sexually transmitted diseases (STDs) in urban
areas with larger population sizes. With rampant urbanization worldwide, it is increasingly
important to improve our understanding of the key drivers of these systemic infection pat-
terns. Using confirmed-case data for three STDs in U.S. metropolitan areas, we investigate
the scaling patterns of the incidence of these infectious diseases in urban areas. The most
salient features of these patterns are that, on average, the incidence of infectious diseases
that transmit with less ease i) scale more steeply with population size, ii) are more variable
across cities of similar size, and iii) are less predictable across time. These features are
explained using a simple mathematical model of contagion and also through the lens of a
new theory of urban scaling. These theoretical frameworks help us reveal the links between
the factors that determine the transmissibility of infectious diseases and the properties of
their scaling patterns across cities.

Keywords: Scaling patterns; incidence; infectious diseases; urban areas; models

Epi-SCIENCE: The Science Behind Population Health ©2022 is licensed @@@@
under CC BY-NC-SA 4.0



Epi-SCIENCE

The Science Behind Population Health R ata

Interdisciplinaria
Epi-SCIENCE

CIMPA

https://revistas.ucr.ac.cr/index.php/episcience

SOBRE LOS PATRONES DE ESCALA DE LA INCIDENCIA DE ENFERMEDADES
INFECCIOSAS EN CIUDADES

Oscar Patterson-Lomba!, Andrés Gémez-Lievano'-

' Analysys Group, Inc. Boston, USA.

2Center for International Development, Harvard Kennedy School, Harvard University,
Cambridge, MA, USA.

& oscar.patterson-lomba@analysisgroup.com

Enviado: 07/01/2022; Aceptado: 02/01/2023
DOI: https://doi.org/10.15517/es.2023.55397

Resumen

Las areas urbanas con poblaciones méas grandes y conectadas ofrecen un entorno propicio
para procesos de contagio como la propagacién de patdégenos. La evidencia empirica ha
revelado un aumento sistematico en las tasas de ciertas enfermedades de transmision sexual
(ETS) en areas urbanas con mayor tamatio de poblacién. Con la urbanizacién desenfrenada
en todo el mundo, es cada vez méas importante mejorar nuestra comprensién de los impul-
sores clave de estos patrones de infeccion sistémica. Usando datos de casos confirmados
para tres ETS en areas metropolitanas de EE. UU., investigamos los patrones de escala
de la incidencia de estas enfermedades infecciosas en areas urbanas. Las caracteristicas
mas destacadas de estos patrones son que, en promedio, la incidencia de enfermedades
infecciosas que se transmiten con menos facilidad i) aumentan més abruptamente con el
tamano de la poblacién, ii) son mds variables entre ciudades de tamafo similar, y iii) son
menos predecibles entre ciudades. tiempo. Estas caracteristicas se explican utilizando
un modelo matemético simple de contagio y también a través de la lente de una nueva
teoria de escalamiento urbano. Estos marcos tedricos nos ayudan a revelar los vinculos
entre los factores que determinan la transmisibilidad de las enfermedades infecciosas y las
propiedades de sus patrones de escala en las ciudades.

Palabras clave: Patrones de escala; incidencia; enfermedades infecciosas; dreas urbanas;
modelos
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1. Introduction

Urban populations throughout the world are growing rapidly, with predictions indicating
that by mid-century, over 60% of the population will live in urban areas [59]. This explosion
of urban dwellers makes it paramount to decipher how this urbanization transition can be
sustainable and beneficial on a global scale. Crucial to this enterprise is to improve our
understanding of how infectious diseases spread and evolve in cities, as well as the overall
public-health implications of rampant urbanization [2, 3, 61, 1, 18, 12, 24, 34, 19, 4, 37].

By their nature, cities foster large populations living in high proximity, leading to high
levels of human interaction and mobility. Cities are thus suitable landscapes for pathogens
to spread locally and internationally [11, 41, 1, 6]. Rapid growth and densification of
urban populations in developing countries, often combined with poor living conditions
and a precarious public health infrastructure, offer a particularly favorable landscape for
the spread of certain infectious diseases. For example, increased population density and
urbanization may have played a critical role in the worldwide dissemination of HIV [49,
12, 5], the worsening of epidemics of major respiratory viruses (e.g., Influenza, RSV) [21],
as well as the incidence of tuberculosis [1, 56, 37, 2]. In the context of the COVID-19
pandemic, it has been shown that the virus spreads faster in larger U.S. cities, pointing to
a need for faster responses to contain novel pathogens in larger urban areas [57]. Similarly,
in Brazil, the initial growth rates of cases and deaths were found to be higher in large
cities, and larger cities were associated with a higher incidence of cases and deaths per
capita; however, these patterns varied throughout the course of the pandemic [50]. In the
case of STDs, the rates of infection are, on average, higher in urban areas as compared to
the national rates in the U.S. [47].

In trying to better understand the underpinnings of these patterns, socioeconomic factors
such as education, healthcare accessibility, income, and social inequalities have been iden-
tified as relevant to the spread of STDs, although causal links are difficult to establish [16,
30, 17, 15, 55, 47]. Moreover, urban centers tend to provide more opportunities for indi-
viduals to meet and engage in sexual activities more frequently (see [13] for a discussion),
especially in men who have sex with men (MSM) [14]. Moreover, urban centers typically
attract younger and more sexually active individuals [7, 49], who may often have lower
access to healthcare services (as compared to older and wealthier individuals), especially
marginalized groups. This lack of access to healthcare services can, in turn, increase the
period in which a sexually active individual remains infectious with an STD (due to lack
of awareness of infection status or lack of treatment) [46].

There exists a body of literature studying the mechanistic dynamics of infectious diseases
in cities, but studies tend to focus on a single disease in a single city [1, 38, 20]. Thus,
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these approaches have limitations in terms of the ability to extract generalizable insights,
as the models used are often context-specific and too mathematically complex.

In this work, we propose some modeling approaches and ideas that seek to generalize our
understanding of STDs in cities. For this, we build upon previous research in which we
have documented broad empirical regularities of sexually transmitted infections in urban
settings. We then present novel empirical observations, and then we develop a couple of
analytical arguments that, we argue, yield a generalizable understanding of the impact of
urbanization on the transmission of STDs.

1.1. Previous empirical findings

Focusing on confirmed case data for chlamydia, gonorrhea, and syphilis from 2007 to 2011
[42], we previously reported some interesting statistical patterns at a systemic level [47]
by performing a cross-sectional analysis of disease incidence in all Metropolitan Statistical
Areas (MSAs) of the U.S. We found that the per capita incidence of these STDs increases
systematically with the population size of MSAs (see Figure 1), even after controlling for
important socio-economic covariates. Moreover, we identified significant differences in the
scaling patterns of these three STDs.

Similar findings were reported regarding infectious diseases such as HIV, Influenza, and
Meningitis in Brazil [51]. However, the main drivers of these systemic infection patterns
are still not well understood. Identifying these drivers is important, for instance, to help
us understand to what extent the high incidence of an infectious disease in a city is due to
factors that can be influenced through public health interventions.

2. Deconstructing the scaling patterns

To start teasing out these drivers, we pose the question: do the scaling features of STDs
depend on what “type” of MSAs we focus on? To address this question, we will investigate
in more detail how the associations of urban population size and the transmission dynamics
of infectious diseases depend on the properties of the disease and on the socio-economic
context of the populations in which they spread.

To that end, here we will introduce an extension of the classical statistical framework for
urban scaling in [5, 47]. Briefly, the original framework posits that ¥, an urban metric,
and N, the population size of an urban area, satisfy the scaling relationship:

E[YIN;] = YoN;". (1)

The subscript indexes a city or urban population, Yy is a baseline value for Y, and the
scaling exponent @ measures the average relative change in Y with respect to N. The
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Figure 1: Scaling of chlamydia, gonorrhea, and syphilis incidence with MSA population. Regres-
sion lines are based on the Negative Binomial model (2). The & estimates represent the slopes of
the regressed lines. An estimate greater than 1 suggests a superscaling pattern.

scaling relationship in Equation (1) can be transformed to:

log(E[Y|N]) = log(Yo) + a log(N)), (2)

from which empirical regularities can be assessed by estimating the scaling exponent «
and the baseline prevalence, Y. Using Equation (1), it is easy to show that when @ > 1
(superlinear), the expected incidence rate given by Y/N = YoN®~! is an increasing function
of N. In other words, when the scaling relation is superlinear, infection rates (or per capita
incidence) increase with population size.

Herein, we extend the original scaling model in (1) to better understand how socioeconomic
factors can impact the scaling patterns for each disease (i.e., as effect modifiers of @ and
Yp). Similar to our analysis in [47], the modified model is given by:

E[YIN;] = Yojefixf./Nf(’jm”X"f (3)

where, as in (1), Y is the incidence of cases in a given MSA with population size N;, X;;
is the value of the covariate j in MSA i, with corresponding coefficients ag; and a;; (for
the exponent), and ¢; (for the intercept). The six factors (or covariates) we explore are: %
African American, Gini index, % Poor, education index, income per capita, and % insured
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(see more details in [47]). The choice of these particular socio-economic covariates reflects
what previous studies have found to be key factors in the spread of STDs [30, 17, 55, 39].

In contrast to [47], the modifications in the scaling Equation (3) affect both the intercept,
Yg” =Yy jeffX"f, and the scaling exponent o
logarithm on both sides of (3) yields

= ap; +a1,X;j. To see this more clearly, taking

log(E[Y|N;]) = (log(YOj) + ijij) + (aoj + a1;X;j) log(N)) + €. (4)
N ————
Yg” atlll

Given that we are dealing with an overdispersed count variable, we used Negative Binomial
regression [31] for models (2) and (4) (see [47] for details).

2.1. New insights based on the extended model

Before delving into the results from the extended model, the six covariates explored here
can be broadly categorized based on their correlation with STD per capita rates (see Table
1), as positively correlated (% African American, Gini index, and % Poor) and negatively
correlated (Education index, Income per capita, and % Insured). For example, a city with
a larger proportion of low-income residents is expected, on average, to suffer from a larger
prevalence of certain STDs, whereas a city with a higher proportion of insured residents is,
on average, better equipped to contain the spread of STDs. Note that these observations
are based on correlations rather than on causal relations.

l Covariates ‘ Chlamydia ‘ Gonorrhea ‘ Syphilis ‘
% African American 0.74 0.85 0.58
Gini index 0.25 0.28 0.31
% Poor 0.37 0.31 0.17
Education index -0.16 -0.12 -0.06
Income per capita -0.20 -0.17 0.01
% Insured -0.15 -0.10 -0.18

Table 1: Pearson correlation coefficients corresponding to each covariate with per capita incidence
(incidence/population) across cities. The first three covariates are positively correlated with per
capita incidence rates, whereas the last three are megatively correlated with per capita incidence
rates (except for the case of income and syphilis, where the correlation is positive but very low).

Table 2 shows the results of the extended model in (4) that accounts for interaction terms
for each of the covariates separately (i.e., one covariate at a time). Of particular interest are
the estimates for a; and &, which represent the effect that each covariate has, respectively,
on the baseline prevalence and scaling exponent of the scaling relationships of each STD.
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Table 2 indicates that, overall, the positively correlated covariates are found to reduce the
scaling exponent (i.e., negative @;) while increasing the baseline prevalence (i.e., positive
E), whereas the negatively correlated covariates are found to increase the scaling exponent
and decrease the baseline prevalence.

While it is a truism to state that different epidemiological contexts affect disease outcomes,
these results indicate how exactly this occurs through the lens of urban scaling. In brief,
these results indicate that in environments that are more auspicious for STD transmission,
the scaling exponents tend to be smaller, and intercepts tend to be larger. For the covariate
% Poor, for example, this pattern can be interpreted as: i) all else equal, the relative effect
of population size on the number of STD cases is lower in MSAs with a high percentage of
low-income residents, and ii) all else equal, MSAs with a high percentage of poor residents
have larger baseline rates of STDs. That larger levels of the positively correlated covariates
lead to higher levels of baseline prevalence is not surprising; however, that larger baseline
levels are also associated with lower scaling exponents is not necessarily an intuitive result,
nor is it one that can be fully or mechanistically understood using this statistical modeling
approach.

’ Disease ‘ Covariates ‘ a (p) ‘ & (p) ‘

Chlamydia | % African American | -0.004 ( 0.003 ) 0.0334 (< 0.001)
Gini -1.647 ( 0.053 ) 10.758 ( 0.02 )
% Poor -0.005 ( 0.377 ) 0.045 ( 0.138 )
Education -0.0143 ( 0.549 ) 0.034 ( 0.789 )

Income 3.1746-06 ( 0.408 ) | -3.134e-05 ( 0.148 )
% Insured 0.006 ( 0.085 ) -0.039 (10.044 )
Gonorrhea | % African American -0.011 (< 0.001) 0.088 (< 0.001)
Gini -2.759 ( 0.123 ) 19.062 ( 0.05 )
% Poor 0.019 ( 0.12) 0.141 ( 0.032 )
Education 0.025 ( 0.623) -0.216 (1 0.426 )

Income 1.110e-05 ( 0.169 ) | -9.311e-05 ( 0.041 )
% Insured 0.010 ( 0.18) -0.065 ( 0.119 )
Syphilis % African American -0.018 (< 0.001) 0.126 (< 0.001)
Gini -5.551 (0.012) 40.133 ( 0.001 )
% Poor -0.052 ( 0.001 ) 0.340 (< 0.001)
Education 0.071 ( 0.278 ) -0.516 ( 0.148 )
Income 2.642e-05 ( 0.012) -0.0002 ( 0.004 )
% Tnsured 0.023 ( 0.01) -0.164 ( 0.001 )

Table 2: Negative Binomial regression results for all STDs using model (4). In parentheses are
the p-values testing the null that @; =0 and & = 0.
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In summary, we found systematic patterns in the incidence of STDs in cities that go beyond
a scaling law with universal parameters. Particularly, scaling patterns of disease incidence
differ in peculiar ways: factors simultaneously affect the intercept and the exponent such
that if one increases, the other decreases, and vice versa. The scaling parameters also
vary significantly when focusing on different types of MSAs (i.e., different socioeconomic
environments). The fact that STD incidence is well described by scaling laws that change
depending on how and what we look at, is not only interesting but can itself indicate how
factors interact in cities to facilitate contagion processes.

3. Explaining the scaling patterns

In the previous section, we used a statistical model to better understand how the scaling
patterns of STDs in cities change based on different socioeconomic factors. In this section,
we will offer a mechanistic understanding of these phenomena to explain the statistical
patterns unveiled above and to answer questions such as: why do the scaling patterns differ
between diseases (as shown in [}7, 23])? Or, why do the scaling exponents for the same
disease can have contrasting results in different countries (as shown in [51]) or in different
types of MSAs (as we will show below)? These differences strongly suggest that the intrinsic
properties of the diseases and the socioeconomic landscape in which they spread may be
at play.

The superlinear scaling of the connectivity of the human contact networks with city size has
been suggested as a mechanistic explanation for the superlinear patterns of infections across
cities [6, 51]. Indeed, empirical evidence from large mobile phone [54] and Twitter [58]
datasets show that social connectivity scales superlinearly with population size. However,
it remains unclear how variations in the population size across cities, in combination with
the non-linear effects of large social networks, can impact the scaling properties of epidemic
outcomes.

To better make sense of the differences in the scaling patterns of the STDs described above,
we can focus on their intrinsic transmission capacity and assess how their symptomatol-
ogy and/or inherent infectiousness are key factors in the overall transmissibility of these
pathogens.

Chlamydia, having a high infection risk per sexual act and being relatively asymptomatic
(i.e., difficult to detect and prevent), features an advantageous combination of traits that
makes it the most transmissible of the three STDs studied herein. Syphilis, on the opposite
end, has lower infectiousness and is the most symptomatic of the three STDs [43]. As a
result, chlamydia is accountable for a larger number of infections as compared to syphilis
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which, presumably, propagates largely through high-risk sexual networks [28] where indi-
viduals engage in riskier sexual practices.

Hence, it is not surprising that in any given city, the prevalence and incidence of chlamydia
are higher than that of syphilis. But how sensitive are these two diseases to increases in
population size? Figure 1 shows that the associations of incidence with population size
(i.e., the slope of the lines) decrease as STDs increase their transmissibility and prevalence.
Therefore, the scaling analysis indicates that population size is more strongly associated
with the spreading capacity of STDs that transmit less readily. According to this view,
the rate of contagion of pathogens that transmit with less ease, like syphilis, is heavily
dependent on the characteristics of the environment through which they can spread.

In light of this, a thread of plausible mechanisms to explain the observed scaling patterns
emerges. First, the rate of spread of an STD that transmit less easily, such as syphilis,
should be highly sensitive to the connectivity patterns in a city, which is, in turn, a function
of population size; thus, the steeper increase of incidence with population size and, conse-
quently, the larger scaling exponent for an STD like syphilis. Second, STDs that transmit
less easily are less prevalent, thus the negative correlation between scaling exponents and
intercepts. And third, we expect that prevalence levels of less transmissible STDs will
be subject to higher levels of variation due to larger stochastic effects on the spreading
dynamics of the disease (especially in smaller cities).

Consequently, we hypothesize that, in general, the lower the spreading capacity of a disease
due to its inherent transmissibility or the environment in which it spreads, i) the more its
transmission becomes contingent on population size, ii) the lower its overall incidence, and
iii) the larger its variation in incidence. To test the validity and generalizability of these
insights, we will turn to, first, mathematical models of infection and, second, a new theory
of urban scaling.

3.1. Explaining the scaling patterns using a simple epidemiological model

The SIS (Susceptible-Infected-Susceptible) epidemic model is widely used to study the dy-
namics of sexually transmitted diseases in homogeneously [33] and heterogeneously mixed
populations [9, 35, 8]. It is a simplified representation of an endemic disease with no lasting
immunity. Therefore, this modeling approach, albeit simple, can be suitable for explaining
some of the scaling patterns observed in the data of the three bacterial STDs studied above.

In this framework, individuals are classified based on their infectious status as susceptible
(S) or infected (7). Individuals become infected at rate S and recover at rate y, where
1/y is the expected time to recover. The transmission rate is defined as the per capita
contact rate, ¢, multiplied by the probability a contact with an infectious individual leads
to an infection, p; that is, 8 = ¢ X p. Intuitively, it is clear that the number of contacts
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experienced by a random individual in a population depends on the size of the population,
N =S + I, and presumably, ¢ should increase with population size [52].

Without making any assumptions about the functional form of S(N) = ¢(N)X p, and consid-
ering a relatively short modeling time frame (so that we can neglect demographic aspects
such as births and deaths), the system describing the disease dynamics is:

B o sy 9
dl
= = BNSIN =YL (6)

This system has a basic reproductive number [10] given by Ro(N) = B(N)/y, and the endemic
equilibrium can be found by solving dI/dt = 0, yielding

I'(N) = N[1 = 1/Ro(N)]. (7)

In the simplest case, we can assume that ¢ is constant, and therefore Ry(N) = Ry (often
suitable when N — o0). In this scenario, I"(N) is a linear function of N; hence that
assumption does not lead to superlinear scaling.

Building upon the empirical evidence that indicates that social connectivity scales super-
linearly with population size [54, 58], we can instead assume that the average number of
contacts per individual, {c) also scales with population size as (¢c) ~ N¥,0 < ¢ < 1, and the
empirical estimations of ¢ fluctuate around 0.15 (0.11 to 0.21) [58] depending on the level
of aggregation and country. Thus, we postulate that the contact rate, c(N), is a function
of population size given by:

¢(N) = bN*, (8)

where a and b are positive constants. The expression of the transmission rate, S(N) =
¢(N) X p, has one component which is affected by population size, i.e., ¢(N) and p, which
depends on the intrinsic transmissibility of the pathogen but also on sexual behaviors (e.g.,
use of condoms)?.

!Noteworthy, the baseline parameter b can be a function of socioeconomic conditions. For example,
cities with a large fraction of high-risk individuals (i.e., individuals with a large number of sexual partners)
would feature a larger b. Since the mode of transmission of the disease (e.g., sexual, airborne) is crucial
in defining what constitutes a contact, this can also affect the value of b. Additionally, we note that the

Rev. Epi-Sci. (ISSN print: 2215-6658; online: 2215-6658) Vol. 1(1):60-86, Jan—Dec 2023 69



Epi-SCIENCE

Scaling patterns of infectious diseases

Substituting Equation (8) in (7) yields:

1
Na

IF(N)=N|1- (9)

pb
Y

To understand the impact of the parameters p, b, and y on the scaling of disease prevalence
with population size?, we first need to rewrite Equation (9) in terms of log(I*) and log(N).
Taking logs on both sides of (9), and after some transformations, we obtain:

e—alog(N)
log(I*) = log(N) + log| 1 — o5 (10)
Y
Taking partial derivatives in (10) results in:
dlog(I*
Olog) _y,__ @  _y,_¢ (11)
0log(N) Pb palog(N) _ | Ro(N) -1
Y

When the disease can spread, that is, when Ry > 1, the denominator in (11) is positive,
and so the derivative is larger than 1, which is indicative of the superscaling of incidence.
To see this, note that based on Equation (2), the derivative dlog(Y)/dlog(N) = a, which in
combination with (11) renders the following relation:

a=14+—--: (12)

From this expression, we see that when a = 0 (i.e., the contact rate does not increase
with population size), the scaling exponent becomes 1 (linear). Equation (12) allows us
to determine the effect of the parameters on the scaling properties of disease prevalence.
As Ry(N) = %bN“ increases, the effect of population size on the scaling of prevalence is
reduced. In other words, if the disease becomes more transmissible—either due to becoming
more infectious (larger p), or due to becoming harder to detect and treat (larger 1/y), or

socioeconomic context can affect not only the infection risk p (e.g., via better sex education and easy access
to condoms), but it can also affect the recovery rate parameter y. For instance, higher income is associated
with better access to health care and treatment, both of which are critical in determining the speed of
recovery. Thus, improved socioeconomic conditions can reduce 1/y [46].

2If we assume that the system under study has reached its equilibrium, then the cumulative incidence
from time 7 to 75 is equal to prevalence I* times a constant. More specifically, Incidence(t|, 1) = y(r =1 )I*.
Hence, at equilibrium, the scaling properties of prevalence and incidence are equivalent.
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due to sexual behaviors changing as to increase the rate of sexual contacts in the population
(larger b)—then the effect of population size in the contagion process is diminished.

Moreover, the observation that larger scaling exponents correlate with lower intercepts
(i.e., prevalence) can also be explained by differences in transmissibility of the STDs (p)
combined with increased connectivity in larger populations. That is, as Ry increases, a
decreases, while the prevalence increases (see Equation (7)).

To visualize these findings, Figure 2 shows the plot of three curves corresponding to three
diseases with different infectiousness p. From the figure, we can readily observe that the
effect of population size on prevalence decreases as p increases, while the prevalence levels
increase with p.

10°

Endemic Prevalence
10°

10*

10 10° 10°
Population

Figure 2: Disease prevalence versus population size for different intrinsic transmissibility values
(p). As pincreases, the marginal effect of the population size decreases (i.e., lower scaling exponent).
Other parameters: a = 0.15,b = 0.5,y = 1/10. Note the similarity with the left panel in Figure 1.

dlog(I")
Flog(N)

the case in (2) where @, by design, is not a function of N. However, as Figure 5 in the
Appendix shows, the relationship between the log incidence and log population is only
linear for relatively high populations, with a non-linear decaying for lower populations.
Remarkably, this is precisely the behavior we obtain using a simple SIS model. Moreover,
this behavior at low population sizes implies that changes in the environment can have a
relatively large impact on small populations.

Finally, note that Equation (12) indicates that the derivative depends on N, unlike
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A key feature of Figure 1 is the substantial variability across cities of similar size, which
cannot be obtained from the deterministic model. To recreate this variability, in the
Appendix, we conducted simulations using the stochastic version of the SIS model presented
above. Indeed, the SIS stochastic simulations provide scaling patterns more similar to that
of the empirical data in Figure 1 than the deterministic SIS model in Figure 2.

3.2. Explaining the scaling patterns through the lens of a recent theory of urban
scaling

In light of the scaling patterns observed for the incidence of STDs, as well as for a wide
and diverse set of urban phenomena (e.g., education, employment, innovation, and crime),
we recently introduced a novel theory of urban scaling to explain the differences in, and
relationships between, prevalence, scaling exponents, and cross-sectional variance of all
these urban phenomena [23, 22]. This was achieved by coupling ideas from the fields
of economic complexity (i.e., any given social phenomenon can only occur if a number
of different but complementary factors are simultaneously present) [29, 25], and cultural
evolution (i.e., the diversity of factors grows logarithmically with population size) [26, 27].
The resulting model predicts that: compared to a less complex phenomenon (i.e., one that
requires fewer complementary factors to occur), a more complex phenomenon is expected
to be less prevalent (rarer), scale more steeply with population size (more super-linearly),
and show larger variance across cities of similar size.

In the Appendix, we show that the complexity of a phenomenon is determined by three
aspects: 1) its inherent difficulty (e.g., pathogen transmissibility in the context of STDs),
2) the social fabric (e.g., a network of interactions between individuals) in which the phe-
nomenon occurs, and 3) the capacity of the individuals involved to contribute to the oc-
currence of the phenomenon (e.g., behavioral practices to prevent or enhance the spread
of infections).

Here, we illustrate the concepts and the link of the new scaling theory to the empirical
evidence discussed above regarding syphilis and chlamydia. Figure 3, left panel, displays
the three aspects described above: compared to syphilis, chlamydia has a higher prevalence,
lower scaling exponents, and lower variability. As before, we hypothesize that a key driver
of the diverging scaling patterns of these two STDs is the difference in their inherent
transmissibility. Chlamydia is more infectious and less symptomatic than syphilis, hence
the spreading capacity of chlamydia is considerably higher than that of syphilis. This
observation is consistent with our theory once we make the connection between complexity
and (lack of) transmissibility. Syphilis is more complex than chlamydia in the sense that
syphilis requires the occurrence of more factors to be transmitted than chlamydia does. For
example, given its lower infectiousness per sexual contact compared to chlamydia, syphilis
requires, on average, more sexual interactions for a transmission event to occur. Also,
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since it is more symptomatic to be transmitted, people may have to engage in risky sexual
behavior despite the presence of symptoms.

10° . 10° Bentamycia_so = 0.98(0.03)
ﬁchlamydia =1.04(0.02) - — ﬁchlamydiajo =1.06(0.03)
10° ﬁsyphil\s =1.29(0.05) - 10° ﬁsyph\\is_GO =1.11(0.07)
=== Dsyphilis_40 = 1.43(0.0
& 10 & 10 .
= = P
= o Y
g 10° 3 10°
3 3
8 402 ® 42
o 10 o 10
10" 10'
10° o 10°
10 10° 10° 107 10 107
MSA Population MSA Population

Figure 3: (left) Scaling patterns of the 5-year average incidence of STDs stratified by disease
(chlamydia [orange] and syphilis [blue]) in metropolitan statistical areas (MSA) in the U.S. (right)
Scaling patterns of STDs stratified by disease and by gini index of cities (cities with high-income
inequality [light colors] and cities with low-income inequality [dark colors]). The two groups of cities
are defined, respectively, as those that belong to the two highest quintiles or the top 40th percentile
(light blue) and the two lowest quintiles or the bottom 40th percentile (dark blue) in terms of the
Gini coefficient. The legends show the corresponding scaling exponents and their standard errors.

The right panel of Figure 3 shows how the scaling properties of syphilis and chlamydia
are not only disease-dependent but also context-dependent (note that Figure 3 represents
a visual confirmation of the observations derived from the results in Table 2). In this
example, the “context” is determined by the level of income inequality measured by the
Gini coefficient. Focusing on the case of syphilis, the prevalence of syphilis is higher while
its scaling exponent and variability are lower in cities with higher levels of income inequality
(i.e., cities belonging to the two highest quintiles with respect to their Gini coefficients)
than in cities with lower levels of income inequality (i.e., cities belonging to the two lowest
quintiles). Similar divergent patterns are observed if cities are instead categorized by the
other covariates presented in the previous section. All of these metrics are a reflection of
socioeconomic aspects that affect the properties of the populations and the sexual networks
on which the disease is spreading. The right panel of Figure 3 shows that the incidence of
syphilis is higher, with a lower scaling exponent and variability, in an environment that is
presumably more auspicious for the spread of STDs.
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In sum, the left panel of Figure 3 shows how, everything else constant (e.g., the environ-
ment), a difference in the inherent complexity of two phenomena (e.g., pathogen trans-
missibility) affects, in very specific ways, how these STDs scale and vary with population
size. The right panel demonstrates that controlling for the inherent complexity of the STD,
the propensity of the environment (e.g., level of income inequality) also affects the scaling
patterns.

3.2.1 Complexity and predictability of phenomena

The findings of the current study are interestingly connected to the insights from a previous
study on the predictability of infectious diseases [53], which showed that the time series of
diseases with lower Ry (i.e., lower infection potential) are, on average, harder to predict.
Moreover, diseases that spread in networks with topologies that are less conducive to
disease spread are also less predictable. These findings make sense intuitively, given that
rarer events are typically more difficult to predict.

To elucidate the connection, we need to note three other links. First, predictability, as
defined in [53] (using permutation entropy as a model-independent measure of predictabil-
ity), is related to Kolmogorov complexity [48], which is the length of the shortest computer
program that produces the object (phenomenon) in question. Second, in our new scal-
ing theory, more complex phenomena are, by definition, those requiring more elements to
occur. Lastly, more complex phenomena feature more cross-sectional variability, and con-
sequently, the occurrence of more complex phenomena is more difficult to predict, which
closes the explanatory loop with the findings in [53]. It is also interesting to note how the
cross-sectional variability of disease spread is lower both when diseases have lower infection
capacity (intrinsic property of the phenomenon) and when diseases spread in less conducive
environments (e.g., social networks), which is nicely tied into how we decomposed the con-
cept of complexity.

The intrinsic complexity of a disease affects not only the cross-sectional (i.e., in cities
of a given population size) predictability of the disease spreading process but also its
predictability in time (i.e., a given disease in a city). To show this, we use permutation
entropy, akin to [53], to measure the predictability (defined as 1-permutation entropy) of
infection time series for the three STDs in the dataset.

As a complementary way to measure the variability of the time series of the three dis-
eases across cities, we also computed the coefficient of variation (COV=standard devia-
tion/mean) of each disease in each city.

Figure 4 shows the distributions of predictabilities (left panel) and COV (right panel)
for each disease across cities. These figures show that for diseases with lower infection
capacity (e.g., syphilis), the time series predictability of the spreading process is lower, and
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the variability is larger, in line with the findings in [53] and with what we noted regarding
cross-sectional variability.

Predictability COV of STD time series
of STD time series 4

4 . disease
disease 2 Chlamydia
2 Chlamydia 22 v
2 S Gonorrhea
[} Gonorrhea kel Syohilis
Il
©2 Syphilis vp
1
0 0
0.25 0.50 0.75 1.00 0.0 0.5 1.0 1.5
Predictability of STD coefficient of variation of
time series of cases by MSA time series of cases by MSA

Figure 4: Distributions of predictabilities (1-permutation entropies) (left panel) and COV (right
panel) for each disease across cities. We compute the permutation entropy of the time series of each
disease in each city with at least 10 years of annual incidence data (to ensure a more robust/data-
rich measure of permutation entropy). The chlamydia, gonorrhea, and syphilis time series data
span from 1996, 1995, and 1984, respectively, until 2011. We used the ‘statcomp’ package in R and
a sliding window size of 4 (we also tried window sizes of 3 and 5, and the results were similar).

4. Discussion

The first contribution of this study was to present empirical evidence demonstrating that
the statistical patterns of STD incidence in cities are systematically shaped by the intrinsic
and contextual factors that determine the spreading capacity of the pathogen. Specifi-
cally, the three more salient features of the scaling patterns, namely the scaling exponent,
the baseline prevalence, and the cross-sectional variance of the incidence depend in a pre-
dictable way on the inherent infectiousness of the infectious diseases and the socioeconomic
properties of the cities in which they spread. Diseases that spread more easily are associated
with lower scaling exponent, higher prevalence, and lower variance.

Going beyond the statistical description of these empirical relationships, the second contri-
bution was to present two mechanistic models that provided compelling explanations for
these patterns and their underlying drivers. In the first approach, we used a simple model
of infectious disease spread (SIS model) that incorporated in its mathematical formulation
the empirical observation that contact rates increase with population size. This model,
in its deterministic and stochastic versions, helped us confirm that the scaling patterns of
diseases with higher transmission rates have lower scaling exponent, higher prevalence, and
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lower variance. Additionally, this model also captured the non-linear (in the log-log scale)
decay of the incidence with population size for cities at the lower end of the population
size spectrum. This behavior is not easily obtained with traditional scaling models, but it
emerged remarkably naturally from this simple model.

In the second approach, we used a recently published theory of urban scaling to provide
coherent and intuitive explanations of these empirical patterns. Specifically, the theory
had previously revealed an insightful conceptual dissection of the scales at which the dif-
ferent facets of the “complexity” of a phenomenon operate. The theory suggests that the
net complexity of a phenomenon results from the multiplicative effects of the inherent com-
plexity of the phenomenon, the level of engagement of the individuals involved, and the
conduciveness of the surrounding environment for the phenomenon to occur. Translated to
the context of infectious diseases, these three aspects can be intuitively interpreted as the
intrinsic infectiousness of the disease, the susceptibility of individuals, and the suitability
for disease spread of the underlying social fabric, respectively. These factors act at different
levels (i.e., intra-individual, inter-individual, and community levels) and are interrelated.
The first factor is tied to the biology of the pathogen and the host, with the risk of infection
per sexual act also varying with the mode of transmission and the symptomatology of the
disease. The second term relates to individuals’ risk behavior (e.g., condom use, number of
sexual partners) and perceived risk, which could be, in turn, affected by educational level,
and access to medical and counseling services. Lastly, the third term refers to aspects
such as the sexual network in which individuals are embedded and the prevalence of the
disease in the community, which is, in turn, governed by social and cultural norms and the
socioeconomic landscape of the community.

Inspired by this conceptual framework and the recent work in [53], a third contribution was
to show that the intrinsic complexity of a disease not only determines the cross-sectional
variability of disease incidence but also its temporal predictability.

The two modeling approaches introduced herein to explain the scaling patterns of STDs in
cities are based on different premises and assumptions. The contagion model is a dynamic
non-linear formulation of a spreading process in time, whereas the scaling theory is based
on probabilistic formulations based on first principles and does not explicitly incorporate
time. However, there are a number of interesting parallels between the two approaches.
For example, Ry and net complexity are inversely related. We showed how both these
metrics provide a convenient mathematical structure that lends itself to helpful conceptual
descriptions of the drivers of these contagion processes.

These two modeling approaches suggest that the factors that influence the urban scaling
patterns of STDs can be grouped into three categories: 1) those related to the suitabil-
ity of the environment (level of population density and mobility, quality of public health
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infrastructure, presence of inequalities in healthcare access), 2) those related to the specific
characteristics of the disease (e.g., symptom profile, inherent transmissibility), and 3) those
related to the behaviors of urban residents (e.g., frequency of interactions that can lead to
disease transmission).

The connectivity of sexual networks [36], in combination with their size, can influence the
transmissibility of infectious diseases [60, 40, 45, 44, 32]. Arguably, the structure and size
of high-risk sexual networks are affected by the size of the cities in which they exist. For
example, larger cities can foster either larger or more numerous, high-risk sexual networks.
In other words, the higher rates of STD prevalence in large cities could be explained,
at least in part, by a disproportionate presence of high-risk groups in those populations.
Therefore, one interesting avenue to improve the contagion model used here is to relax the
homogenous mixing assumption and instead assume that individuals are embedded in a
network of (sexual) interactions. In this setting, it would be interesting to explore how the
network structure (e.g., degree distribution) affects the scaling patterns. In fact, based on
the current findings, we hypothesize that populations featuring network topologies that are
less suitable for the widespread of infections (e.g., networks with low contact heterogeneity)
will lead to scaling patterns of incidence characterized by high scaling exponents, low
baseline prevalence, and high cross-sectional variability. Additionally, the variability in the
spreading process due to the network structure could further explain the amount of variance
seen in the real-world data that was not captured in the stochastic model presented herein.
Within a network framework, it would also be possible to investigate the effects of different
modes of transmission (e.g., sexually transmitted or direct contact versus airborne) in the
scaling patterns.

The insights revealed in this study can be translated into policy recommendations. The
scaling analysis indicated that STDs that transmit with less ease feature a larger superlin-
ear effect. Therefore, resources and efforts to contain the spread of less prevalent diseases
should focus on larger cities. Interestingly, a disease containment effort that distributes
resources uniformly across all populations, instead of focusing on larger cities, may unin-
tendedly lead to lower overall disease prevalence but simultaneously lead to a scenario in
which larger cities are even more disproportionately affected by the disease than before the
containment effort came into effect. Another critical insight is that a contagion-favorable
socioeconomic landscape has an effect on the scaling patterns akin to the one that the
intrinsic infectivity of a disease has. Therefore, if the scaling patterns of a given infectious
disease in two sets of cities (e.g., cities within two geographic regions of the U.S. or cities
within two countries) differ substantially, we could hypothesize that the cities in which
the scaling pattern had a lower exponent and higher prevalence have, on average, a more
conducive environment for the spread of the disease. Also, in [22], we showed that all else
equal, changes in the environment’s suitability for a phenomenon to occur lead to larger

Rev. Epi-Sci. (ISSN print: 2215-6658; online: 2215-6658) Vol. 1(1):60-86, Jan—Dec 2023 77



Epi-SCIENCE

Scaling patterns of infectious diseases

changes in outcomes than comparable changes in individuals’ behaviors. In the context
of STDs, this observation would imply that interventions that decrease the suitability of
the environment for STD transmission (e.g., providing better healthcare infrastructure and
resources, or better epidemiological monitoring of neighborhoods or establishments with a
high frequency of risky sexual encounters) are generally more impactful than interventions
directed towards changing the behavior of individuals. This type of information may be
useful to a policymaker that is, for instance, trying to determine how to effectively deploy
limited resources into two or more countries/regions to contain the spread of a particular
infectious disease.
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5. Appendix

5.1. Results using the classic scaling model

Using the classical model in (2) we obtain @ > 1 for all three STDs, indicating that the
rates of STDs appear to increase in a systematic way with population size (superlinear
scaling), as shown in Figure 1 and Table 3.

Covariates | Chlamydia | Gonorrhea [ Syphilis |

1.04 1.10 1.29
(0.019) (0.040) (0.051)
log(Yo) -1.94 -2.84 -5.46
(0.105) (0.219) (0.280)
l Observatlons ‘ 364 ‘ 364 ‘ 364 ‘

Table 3: Negative Binomial regression results in the four infectious diseases using model (2).

5.2. Loess fit to the data

Figure 5 shows that fitting a smooth function (i.e., loess regression, a non-parametric
method that is in principle agnostic to the shape of the data) to the log of the incidence
versus the log of the population (instead of a straight line) reveals that the relationship
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between of the log incidence and log population is only linear for relatively high populations,
with a non-linear decaying for lower populations.
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Figure 5: Incidence of chlamydia, gonorrhea, and syphilis versus MSA population, fitted with a
loess line. Note the similarity with Figure 2.

5.3. Stochastic SIS model

A key feature of Figure 1 is the substantial variability across cities of similar size, which
cannot be obtained from the deterministic model. The reason is that the process of disease
transmission is inherently stochastic rather than deterministic. Hence, we now explore a
stochastic version of the SIS model presented in the previous section. This will allow us to
test whether diseases that transmit with less ease will also feature higher levels of variation
at a given population size, as seen in the data.

In this scenario, we again assume that the contact rate ¢ increases with population size as
¢ = bN?, the transmission rate is given by 8 = pc, where p is the per-contact infection risk
and c is the number of contacts per unit of time. The probability a susceptible individual
becomes infected between time r and ¢ + dr is given by

Pi(t) = 1 — exp[-BI(t)dt] = 1 — exp[-pbNI(t)dt], (13)

where I(¢) is the number of infected individuals in the population at time ¢, and N is the
population size.

To recreate the variability seen in Figure 5, we ran simulations using the stochastic ver-
sion of the SIS model presented above. Figure 6 shows the results of the SIS stochastic
simulations. It shows a similar pattern to that of the empirical data in Figure 5 and the
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deterministic SIS in Figure 2. Again, as the transmission rate increases, the scaling pat-
terns become more linear, with a higher scaling exponent. Moreover, we also see in the
figure that larger transmission rates are associated with lower variability, as seen in the
empirical data. However, the variability in the simulations is considerably less.
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Figure 6: Incidence versus population, fitted with a loess line. Mean of ten stochastic simulations
for each population size, with y = 0.3 and df = 0.1.

This stochastic model helps characterize, for a given phenomenon, the range of variation
due to pure randomness. In other words, when one wonders whether a city has an unusually
high incidence by pure bad luck, one wants to have an expectation for how (un)lucky can a
city get. This stochastic version of the model suggests that the wide variation in the data
is not simply pure randomness, but rather that the variation itself has a structural origin,
which can be understood from the perspective of this SIS model.

5.4. The three aspects of complexity

A central mathematical relation of the theory derived in [23] states that:

E[Y, ] = Ne Mra(l=re), (14)

where E[Y, s] is the expected number of individuals engaged in a given phenomenon f (e.g.,
becoming infected with syphilis) in a city of population size N.. The parameter My is the
number of necessary elements a given urban activity (e.g., the transmission of an infectious
disease) needs in order to occur. The parameter ¢ is the probability any given individual
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needs any of the My elements to be counted in said activity, and it is associated with the
lack of susceptibility of individuals (e.g., to become infected). Lastly, r. represents the
diversity of elements city ¢, with size N., provides and, more precisely, it is the probability
that an individual encounters any given element while living in the city. Thus, r. quantifies
the size of the social, economic, and cultural repertoire that is available in a city and to
which individuals are exposed.

The link between Equation (14) and the power-law expression in Equation (1) emerges
when r. grows logarithmically with population size as r.(N.) = a+bIn(N.). This logarithmic
scaling of urban diversity, we posit, is a result that emerges from a selection and cumulative
process of cultural evolution [26, 27]. Substituting this functional form in Equation (14)
yields:

E[Y.] = e Mra0-o yMrab+!, (15)

Comparing expression (15) with the standard scaling model, ¥ = YoN?, the baseline preva-
lence Yy is given by e 419 "and the scaling exponent 8 by Msgb + 1 (see [23] for more
details). Note also the interesting similarities between expression (15) and the statistical
model in (3).

The exponent in (14) has three terms that are proportionately related to the complezity
of the phenomenon or activity, in the sense that increasing any of the terms decreases the
probability that any given individual is engaged in the said phenomenon:

e 1) the inherent complexity of the phenomenon, which is represented by My

o 2) the lack of susceptibility of individuals to be engaged with the phenomenon, rep-
resented by ¢

o 3) the unsuitability of the system/environment for the phenomenon to occur, given
by 1 -r..
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Resumen

La movilidad en Costa Rica es un tema complejo debido a la falta de ordenamiento te-
rritorial de la Gran Area Metropolitana (GAM). La crisis sanitaria global causada por la
pandemia del COVID-19 cambi6 considerablemente los patrones de movilidad en el pais a
causa de restricciones vehiculares, y de actividades econdémicas, impuestas por el gobierno
para contener los contagios del virus. Con el uso de las técnicas de big data y los datos de
Waze, se analiza la congestién vial (como prozy de la movilidad de poblacién) antes (2019)
y durante la pandemia (marzo a diciembre de 2020). Adem4s, se analiza la relacién entre
los flujos de movilidad de la poblacién, junto con variables sociodemograficas, y los conta-
gios de COVID-19. Los anilisis realizados muestran que la movilidad de poblacién cambié
drasticamente con la pandemia, y que la movilidad y las variables sociodemograficas estu-
diadas estan asociadas con la cantidad de contagios por COVID-19. Estos resultados sirven
como una inspeccién del fenémeno ocurrido tan complejo, y también como un insumo para
valorar la factibilidad de aplicar medidas sobre el transito en condiciones posteriores a la
pandemia, con el fin de reducir los tiempos perdidos por la congestién, la contaminacién y
otras externalidades negativas que produce el fuerte embotellamiento en la GAM.
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Abstract

Mobility in Costa Rica is a complex issue due to the lack of urban planning in Gran Area
Metropolitana (GAM). The global health crisis caused by the COVID-19 pandemic consi-
derably changed mobility patterns in the country due to vehicle restrictions and economic
activities imposed by the government to contain the spread of the virus. With the use of
big data techniques and Waze data, road congestion (as a prozy of population mobility) is
analyzed before (2019) and during the pandemic (March to December 2020). In addition,
the relationship between population mobility flows, along with sociodemographic variables,
and COVID-19 infections is analyzed. The analysis shows that population mobility chan-
ged drastically with the pandemic and that mobility and the sociodemographic variables
studied are associated with the number of COVID-19 infections. These results serve as an
inspection of the complex phenomenon that has occurred, and also as an input to assess
the feasibility of applying traffic measures in post-pandemic conditions, in order to reduce
time lost due to congestion, pollution, and other negative factors produced by the strong
bottleneck in the GAM.
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1. Introduccion

Costa Rica es un pais pequeno, de 51,100 km? de extensién, dividido administrativamente
en 7 provincias, 82 cantones y 485 distritos. El 65% de los poco més de cinco millones
de habitantes radica en la Gran Area Metropolitana (GAM) que se ubica en el centro
geografico del territorio. Ahi estdan las cabeceras de cuatro de las provincias: San José (la
capital), Alajuela, Cartago y Heredia. Son las zonas més urbanas y densamente pobladas.
También las de mayor desarrollo econémico y mejores condiciones de vida. Hay diferen-
cias sustanciales en los indicadores socioeconémicos entre las zonas de la GAM y el resto
del palis.

Los patrones de transporte y movilidad en Costa Rica ha sido objeto de estudio durante
varios anos, debido a la falta de ordenamiento territorial de la GAM y el crecimiento
de las ciudades intermedias. Asimismo, se suman otros problemas de la poblacién para
movilizarse, debido a que la regién es urbana, con densidad baja de poblacion, distante y
desconectado, con una gran apuesta por el vehiculo particular, un sistema de transporte
publico poco eficiente y una red vial que no da abasto [1, 22].

La crisis sanitaria global causada por la pandemia del COVID-19 también afect6 sustan-
cialmente en el pais. El 6 de marzo de 2020 se confirmo6 el primer caso de COVID-19 en el
pais. Al ser una enfermedad altamente contagiosa, a partir de ese momento comenzo6 una
estrategia de medidas sanitarias y de control de la movilidad decretadas por el Gobierno
para controlar los efectos de la pandemia. Entre ellas destacan el teletrabajo en buena parte
del Estado y sector privado, el cierre obligatorio de templos y cultos religiosos, el cierre
total de playas en todo el pais, cierres temporales de comercios y restricciones vehiculares.

La presente investigacion se centra en medir la relaciéon que tuvieron las medidas sanitarias
para el control de la pandemia, los cambios en los patrones de movilidad de las personas y
algunas caracteristicas sociodemograficas con los contagios a nivel local en el pais.

La movilidad de personas es un fenémeno dificil de cuantificar. El caso de Costa Rica es un
escenario propicio para realizar esta aproximacion de la movilidad de personas, por medio
de la congestién vial (variable prozy). Se cuenta con informaciéon de la aplicacion Waze
para un largo periodo de tiempo de enero de 2019 a setiembre de 2020'. Ademas, estos
datos estan altamente correlacionados con otras medidas que han probado ser robustas
para aproximar la movilidad de personas en medio de la pandemia, en especial los registros
agregados por pais que publica Google como parte de su proyecto “Community Mobility
Reports”.

Por medio de un convenio entre el Programa Estado de la Nacién y el Ministerio de Obras Piublicas y
Transportes (MOPT).
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Google registra datos agregados por pais para lugares especificos. Por ejemplo, zonas de
comercio y recreacion, como teatros, cines, restaurantes y bares. También, tiene datos para
medir cémo ha variado el desplazamiento de las personas en comercios de abastecimiento,
como supermercados y farmacias. Ademads, cuenta con registros de las zonas de paradas
de transporte publico, entre otros. A diferencia de Google, los datos de Waze posibilitan,
para el caso de Costa Rica, profundizar el analisis local (distrito o cantén) para determinar
comportamientos especificos.

En la literatura se encuentra diversas aplicaciones de datos moviles para planificar obras
viales para la toma de decisiones publicas [22, 25]. El uso de los datos mediante sefiales de
geolocalizacién enviadas por la tecnologia celular también ha sido un insumo en medio de
la pandemia con el fin de medir la movilidad de la poblacién y, por ende, tomar acciones
para contener los contagios por COVID-19. Por ejemplo, la informaciéon de localizacién de
Twitter es utilizado para aproximar la dindmica de movilidad de manera confiable [15].

Diversos estudios han demostrado que la informacién de datos moviles, recopilada durante
los primeros meses, fue posible determinar que los patrones de desplazamiento de las per-
sonas variaron considerablemente. Para ello se utilizaron diferentes métodos de medicién y
estudio. En Estados Unidos se logré medir la efectividad del distanciamiento fisico en las
tasas de contagio [5]. En Italia, los sensores automadticos de conteo de autos en carreteras
fueron usados para medir la movilidad y tratar de contener el virus [9]. En China se demos-
tré que las medidas de prevenciéon impuestas sobre la movilidad de las personas en Wuhan
y las zonas circundantes influyeron sobre los patrones de esparcimiento del COVID-19 en el
territorio [18]. Con informacién de Apple y de Google para 53 paises también se encontrd
una relacién entre la movilidad y el contagio. La movilidad explicé més del 85 % de la
variabilidad en la transmisién del virus [20].

Este breve repaso de estudios muestra la utilidad de evaluar la movilidad de personas
usando distintas fuentes de informacion y su relacién con los contagios por virus. Se puede
encontrar otros estudios similares en esa creciente literatura [12, 3, 23]. Como lo indica el
Imperial College de Londres [20], los datos de movilidad representan un importante prozy
para medir el distanciamiento social.

Los analisis con datos de Google han sido un insumo central para los intentos ptblicos de
controlar la pandemia. La empresa creb un sitio web especifico para ese fin, donde actualiza
sus reportes de movilidad por pais®. Sin embargo, tiene algunas limitaciones, en particular
que son datos agregados. Es decir, no permiten ver el comportamiento local. Algo que con
Waze si se puede realizar para el caso de Costa Rica.

2Para mas detalle, ver https://www.google.com/covid19/mobility/.
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Un experimento efectuado en el Instituto de Seguridad en Aplicaciones Distribuidas (SVA,
por su sigla en aleméan), de la Universidad Técnica de Hamburgo, comprobé la posibilidad
de geolocalizacién con alto nivel de precision de los usuarios a partir de sus movimientos
en carretera en ambas aplicaciones [16].

Por la forma de recolectar los datos de las aplicaciones de Waze y Google, existe evidencia
de que ambas son un proxy satisfactorio para estimar la movilidad de las personas, por
cuanto no se requiere calcular una ruta de viaje en automévil para que se envien los datos.
Cada aparato celular se convierte en un sensor potencial de movimiento.

Para que los datos generados por estas plataformas sean robustos, se necesita alta penetra-
cién de tecnologia celular, un fenémeno que también ocurre en Costa Rica. De acuerdo con
un reciente informe de la Organizaciéon para la Cooperacién y el Desarrollo Econémicos
(OCDE), el pais es uno de los lideres de la regién en penetracién mévil, con suscripciones
por cada cien habitantes mayores que el promedio de la OCDE y de América Latina [21].
La Seccién 3.2 presenta un andlisis empirico para ilustrar la similitud de patrones entre los
datos de Waze y “Google Mobility Data” en Costa Rica.

El objetivo de esta investigaciéon es analizar los efectos de la pandemia sobre el pais con base
en tres factores especificos: las medidas de restriccion vehicular adoptadas por el Gobierno
para combatir la pandemia, los flujos de movilidad de la poblacion, y la asociacién de estos
con respecto a los nuevos contagios locales de COVID-19.

Los resultados obtenidos permiten crear herramientas que alimenten decisiones informadas
en materia de transporte y movilidad durante la atencién de la pandemia, en especial el
control de la expansion del virus. Los resultados obtenidos también pueden constituirse
en insumos para discusiones posteriores sobre la incidencia que pueden tener politicas
concretas para minimizar el grado de congestionamiento vial en el pafis.

A continuacién, en la Seccién 2 se exponen los fundamentos y las metodologias para lograr
el objetivo planteado. En la Seccién 3 se presentan los resultados obtenidos del anélisis.
Finalmente, las discusiones y conclusiones son dadas en la Seccién 4.

2. Métodos y datos

Los andlisis de esta investigacion parten de una premisa: las medidas del Gobierno com-
prenden fases de restriccion y apertura a lo largo del periodo analizado, y su cumplimiento
incluye diversas medidas con alcance nacional, cantonal o distrital. Por consiguiente, los
patrones de movilizacién de las personas se ven afectados, entre otros factores, por esas
fases y su aplicacion en el territorio con distintos niveles de alcance.
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Los anadlisis propuestos en este articulo tienen una légica secuencial de acuerdo con las
siguientes cuatro preguntas de investigacién:

1. ;Cudles cantones reportaron mayor congestiéon durante el 2019 y cémo varié esa
congestion durante el 20207

2. ;Cuénto varié la congestion durante la pandemia de marzo a setiembre de 2020 con
respecto a los patrones anteriores, dadas las medidas de restriccion impuestas por el
Gobierno y la autocontencién de las personas a salir de sus casas?

3. (Modificaron los cambios registrados en la intensidad de la congestiéon vial también
los patrones territoriales de movilidad?

4. ;Estan los cambios en la congestion vial, y otras variables sociodemograficas, relacio-
nados con la cantidad de contagios por COVID-19 en el &mbito cantonal?

Con el fin de responder las preguntas planteadas, se propusieron las siguientes 4 metodo-
logias:

1. Se construyé un ranking de congestién cantonal con los datos del 2019 y se compard
con lo ocurrido durante el 2020, con el fin de detectar cambios de patrones.

2. Se evaluaron multiples indicadores de Waze como insumo, con distintos niveles de
desagregacion, para identificar la magnitud de los cambios en la movilidad antes y
durante la pandemia.

3. Se trabajé con modelos de estadistica espacial para determinar si la congestién vial
cantonal, como medida de aproximacion a la movilizacién de personas, mantiene (o
alterd) los patrones territoriales de afios anteriores durante los primeros siete meses
del ano 2020.

4. Se explord la relacion entre congestion vial y contagios, con datos de marzo a julio
de 2020. Este fue el periodo critico de manejo inicial de la pandemia y de aplicacion
de medidas sanitarias en el pais.

2.1. Datos

La principal fuente de informacién empleada para aproximar los movimientos poblacionales
en los ambitos nacional y subnacional, consiste en los datos de congestion vial registrados
por la aplicacién de transito Waze, obtenida por convenio del Programa Estado de la Nacién
y el Ministerio de Obras Publicas y Transportes (MOPT).
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Las variables sociodemogréficas que fueron consideradas como variables independientes
son:

= Jamstotal: promedio moévil de siete dias de la cantidad de jams por dia por canton.

s Fecha: dia del ano.

» DensidadPoblacion: habitantes por km? de cada cantén.

» SectorPrimario: proporcién de empleos formales en el sector primario (o agrope-
cuario) por canton.

» Escolaridad2011: porcentaje de la poblacién con secundaria completa o méas por
canton.

» PorcPob_NoAsegurada: porcentaje de la poblacién sin seguro social de la Caja Cos-
tarricense de Seguro Social (CCSS).

= PorcPob_Urbana: porcentaje de la poblacién que vive en zonas urbanas en el canton.

= Patentes_canton: total de patentes registradas en cada cantén con datos.

» Trabajadores_canton: cantidad de personas que trabajan en empresas formales de
ese canton.

= Mov_intercantonal: porcentaje de personas ocupadas mayores de 15 afos que tra-
bajan en un cantén distinto de donde residen.

Las variables mencionadas son obtenidas de las bases de datos de Censo y Encuesta Nacio-
nal de Hogares (ENAHO) del Instituto Nacional de Estadistica y Censos®, y Banco Central
de Costa Rica®. Finalmente, los datos sobre contagios por COVID-19 son obtenidos del
Ministerio de Salud (Minsa).

2.2. Proceso de construccién y actualizacién de la informacion de Waze con
técnicas de big data

La base de datos de Waze consiste en informacién desagregada espacialmente hasta seg-
mentos de carretera de cien metros, aproximadamente, y temporalmente cada diez minutos.
Este es un proceso realizado por el equipo técnico del Programa Estado de la Naciéon (PEN).

La unidad de observacién es la congestién, en adelante jams por segmentos de carretera
para el periodo comprendido entre enero de 2019 y setiembre de 2020. La informacién de
jams por segmento de carretera estd ligada al distrito, cantén, y provincia respectiva, con
captura de datos cada diez minutos. En total se tienen 255.831.318 de registros.

Para extraer, transformar y cargar los datos (pipeline de Extract Transform and Load,
ETL por sus siglas en inglés), se aplicaron técnicas de big data y procesamiento en paralelo
para acceder, resumir y analizar la informacién. Los archivos iniciales se extrajeron en for-

3https://www.inec.cr/
4https://www.bcer.fi.cr /SitePages/Inicio.aspx
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mato JSON, luego se importaron a una base de datos Mongo para, posteriormente, realizar
las transformaciones necesarias y la interseccion con la red vial del pais. El pipeline del
ETL se realizé con el lenguaje de programaciéon Python y el framework PySpark; y el de
analitica, con el lenguaje de programacién R y el paquete sparklyr [19] para andlisis con
procesamiento en paralelo. La base de datos contiene poco mas 255 millones de registros.

Para el procesamiento, la visualizacién y el anélisis de datos, se usaron multiples paquetes:
cartogram [17], ggplot2 [26], lubridate [13], maptools [7], mapview [4], purrr [14], rgdal
[6], rgeos [8], stringr [27], tmap [24] y tidyverse [28].

En resumen, la extraccién de datos consiste en 3 pasos:

1. Extraccion de todos los jams y sus atributos en formato JSON, a través de conexion
con la API de Waze.

2. Segmentacion de la red vial nacional y cantonal del pais en tractos de cien metros, y
asignacién de un identificador tnico a cada segmento.

3. Interseccién de la base de jams del paso 1 con la de segmentos de carretera del paso
2, para obtener un conteo de jams por cada segmento de las carreteras, junto con
otras variables como velocidad promedio, tamafio y coordenadas espaciales.

Algunos casos de congestién pueden estar duplicados en la base de datos debido a que
la toma de datos ocurre cada diez minutos desde la API de Waze. Este sobrerregistro no
genera mayores alteraciones, por dos motivos: el andlisis no se centra en el valor absoluto,
sino en la tendencia y cambios comparativos en el tiempo y territorio para todos los casos;
ademas, la temporalidad en la captura de datos es la misma durante todo el periodo de
analisis, por lo cual el posible sobrerregistro es sistematico a lo largo de toda la base.

2.3. Métodos de analisis

Tomando en cuenta las preguntas de investigacién planteadas al inicio de la Seccién 2,
se analizaron los datos de congestion vial por tiempo y espacio. Luego, para describir las
variaciones de intensidad de la movilidad por cantén en el pais, se divide el tiempo en tres
momentos:

1. lo ocurrido durante todo el 2019,
2. entre enero y febrero de 2020, antes de la pandemia, y
3. en los meses durante la pandemia, especificamente de marzo a setiembre.

Ademas, se calcul6 el indice de Moran para identificar la existencia de conglomerados de
cantones con alta intensidad de congestién vial en los meses antes y durante la pandemia.
Para establecer estas relaciones se obtuvo el indice de Moran global, y una prueba de
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hipétesis basada en simulaciones de Monte Carlo para confirmar que la relacién espacial
es significativa [10]. En los periodos donde la relacion espacial es significativa, se ejecuta el
indice local de Moran como medida local de asociacién espacial (local indicators of spatial
association, LISA, por su sigla en inglés) para determinar cudles cantones conforman estos
conglomerados.

El primer paso fue construir un modelo con el promedio mensual de congestiones durante
el 2019, para determinar el estado “normal” del transito y las zonas que presentan alta
congestion. Luego se ejecutd el mismo modelo para cada uno de los meses del 2020. De esta
forma, se corroboré el comportamiento en el periodo previo al inicio de la pandemia, enero
y febrero, asi como la comparacién posterior cuando se aplicaron las medidas de restriccién.
Se usan los datos mensuales como criterio de corte para tratar de aislar los efectos de las
distintas medidas en este tiempo.

Cabe recordar que las regulaciones impuestas por el Poder Ejecutivo variaron en el tiempo,
pero también en el nivel de afectaciéon para cada cantén, con restricciones diferenciadas
por distritos y zonas especificas como la GAM y la zona norte del pais, por ejemplo. La
evaluacién por mes proporciona un panorama mas preciso de lo ocurrido.

Finalmente, se analizé la relacion entre variables sociodemograficas, congestién vial, como
proxy de movilizacién, y la cantidad de contagios por cantén, por medio de la metodologia
descrita en la Seccion 2.4.

2.4. Modelos de regresiéon para el analisis de movilidad y contagios por
COVID-19

El analisis de regresion se realizé con informacién para el periodo de marzo a julio de 2020,
periodo critico en el manejo de la pandemia. Se utilizan dos modelos de regresion: lineal y
binomial negativa, con doce combinaciones en total entre distintas configuraciones de los
modelos para la calibracién.

El uso de la regresion lineal sirvié para explorar las relaciones lineales principales entre las
variables. Posteriormente, dada la naturaleza discreta de las variables casos nuevos y casos
activos, asi como a la violacién de supuestos como la normalidad y homoscedasticidad, se
considera también el modelo de Poisson, debido a que la variable respuesta se trata de
conteos en un intervalo de espacio y tiempo, en este caso, dias o semanas. Es comin que
este modelo presente problemas de sobredispersién producto de la suposicién de igualdad
de media y variancia. Una forma de relajar esta restriccion es especificar un modelo de
regresién binomial negativa para considerar la sobredispersién [11].

Los modelos incluyeron pruebas con distintos rezagos entre la medicién de Waze y los datos
de contagio del Minsa, por cuanto el virus tiene un periodo de incubacién de entre ocho y
quince dias, aproximadamente.
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Se probaron las variables (dependientes e independientes) y los pardmetros para calibrar
las doce combinaciones en los modelos de regresion. La seleccién del modelo con mejor
ajuste, se usé el indice de informacién de Akaike (AIC) [2]. Para el modelo lineal, se utilizé
el R? cémo medida de bondad de ajuste, mientras que para el caso de la regresién binomial
negativa, se usé el pseudo R?> de McFadden. Se escogieron los dos de mejor ajuste para
ejecutar los andlisis finales con la mejor combinacién. Asimismo, se realiz6 el analisis con
las siguientes consideraciones:

1. Temporalidad: los datos se agruparon por dia, por semana y con un promedio mévil
a siete dias.

2. Indicador COVID-19: se usaron casos nuevos y también casos activos por dia.

3. Rezago: utilizando el coeficiente de correlacién de Pearson, se obtuvo la correlacién
entre los casos nuevos y los casos activos con los jams de Waze, con el fin de aproximar
el nivel 6ptimo de dias de rezago. Para casos nuevos se obtuvo una correlacién maxima
a los dieciséis dias y para casos activos a los dieciocho dias.

3. Resultados

3.1. Comparacién en las zonas de mayor congestiéon vial antes y durante la
pandemia

En primer lugar, se hizo un ranking de la congestion vial con los datos de Waze durante
2019 y 2020, con el fin de determinar los cambios relativos en la congestién antes y durante
la pandemia, como una primera medicién general de lo ocurrido. Para mayor informacion,
se puede consultar una aplicacién con indicadores cantonales llamada “Dcifra tu cantén”’
desarrollado por el Programa de Estado de la Nacién.

La Figura 1 representa los movimientos en el ranking de mayor congestién en tres mo-
mentos: el 2019, entre enero y febrero de 2020, antes de la pandemia, y entre marzo y
setiembre, durante la pandemia.

Un grupo de cantones presentaron la mayor cantidad de flujos de transito en el 2019 y se
mantuvieron en las primeras posiciones durante el 2020, incluso en los meses de pandemia.
En este grupo destacan San José, Alajuela y Desamparados, cantones con alta densidad
de poblacién, cabeceras de provincia o con alta concentraciéon de conexiones de transporte
publico y flujo de trabajadores. También sobresale en los primeros lugares de congestién
el cantén de Pococi en Limon, lo cual puede estar vinculado con la insuficiencia de la ruta
32, la via principal de la GAM con la provincia de Limén, para abarcar el flujo vehicular

Swww.dcifra.cr
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1 San José San José
2 Alajuela Alajuela
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7 Siquirres O Pérez Zeled6n
8 Puntarenas San Carlos
9 Goicoechea Q) o] Canas
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Figura 1: Cambios en el ranking de cantones con mayor congestién vial.

por esa zona, sumado a los trabajos de ampliacién que han generado cierres y trabajos en
la via durante los meses que cubre el estudio.

Un segundo grupo de cantones tuvieron flujos regularmente altos en 2019, pero redujeron
su importancia relativa durante el 2020, en particular con las medidas de restricciéon. Acéd
destacan el cantén central de Heredia, Goicoechea y Tibas. Los tres se ubicaron entre los
diez con mas congestiéon en 2019; sin embargo, durante el 2020, el flujo vehicular disminuyo
de manera significativa al compararlo con otras zonas del pais.

Por tdltimo, el tercer grupo es el de municipios que no estuvieron en las primeras posiciones
durante el afio 2019, pero si aparecen con altos flujos en el 2020, en los meses de pandemia.
En este caso se encuentran Pérez Zeledén, San Carlos, Canas y Limon.

Lo ocurrido en estos cantones da una primera evidencia de las variaciones en la movilidad
en periodo de pandemia. San José se mantuvo como el cantén con mayor congestion, pero
se observo una reduccién importante de la actividad cuando se comparan las condiciones
de todo el 2019 con lo registrado entre marzo y setiembre de 2020, en periodo de pandemia.
En promedio, la congestién se redujo un 66 % en este cantén.

La Figura 2 muestra, de acuerdo con la intensidad de los colores, el mapa con la reduccion
del transito en los dos momentos para el cantén central de San José. Notese la disminucion
en el casco central y en la zona este. Se mantienen alto en las rutas de la General Canas que
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lo conectan con Alajuela y Heredia, el entronque con la via de circunvalacién a la altura
del monumento del Agua en La Uruca y en general en toda la ruta 39 conocida como “la
circunvalacién”.

San José, 2019 San José, marzo-setiembre, 2020

Nivel de Nivel de

Ninguno

Bajo Medio

Ato ——  Extremo ;. —— Ninguno
congestion:

. Bajo Medio —— Alto —— Extremo
congestion:

Figura 2: Cantidad de jams promedio por segmento en el cantén central de San José, segin nivel
de intensidad.

3.2. Analisis temporal de la congestion vial antes y durante la pandemia

A nivel nacional, la mayor congestion relativa se presenté durante los dias viernes, y en la
hora “pico” de la tarde, entre 4 p.m. y 7 p.m, que coincide con el fin de la jornada laboral
y de clases en el sistema educativo piiblico. Durante marzo y setiembre se mantuvo la hora
pico de la tarde, aunque se movié al segmento entre 3 p.m. y 5 p.m. que concuerda con
el limite de hora permitido para circular cuando se aplicaron las restricciones viales méas
fuertes.

Los niveles de intensidad son distintos entre enero-febrero y los meses posteriores, pero los
datos evidencian que en general la pandemia, aunque redujo sustancialmente esa intensidad,
no anulé por completo la movilidad de personas en esos dos momentos. La Figura 3 refleja
ese comportamiento de manera comparada en el pais.
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Figura 3: Nivel de congestion vial en Costa Rica, por dia de la semana y hora.
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El 12 de marzo el Gobierno comenzd una estrategia de medidas para controlar los efectos
de la pandemia, entre ellas la medida de teletrabajo para el sector publico. En esta fecha se
observa una disminucién importante de la congestién vial (ver Figura 4). Al mismo tiempo,
se observa que el efecto estacional de los viernes se mantiene durante la pandemia. Cabe
destacar que el tinico mes en el cual desaparece ese patrén por dia de la semana es abril,
que coincide con la Semana Santa, cuando se aplicé una fuerte restriccién vehicular en todo
el territorio nacional.

Enero Febrero Marzo
3.000.000
2.000.000
o -
0
Lunes Martes Miércoles Jueves Viernes Sabado Domingo Lunes Martes Miércoles Jueves Viernes Séabado Domingo Lunes  Martes Miércoles Jueves Viernes Sabado Domingo
Abril Mayo Junio
3.000.000
3 2.000.000
he]
&
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0 #
Lunes Martes Miércoles Jueves Viernes Sabado Domingo Lunes Martes Miércoles Jueves Viernes Sabado Domingo Lunes Martes Miércoles Jueves Viernes Sabado Domingo
Julio Agosto Setiembre
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o ‘— ‘ ‘
0
Lunes  Martes Miércoles Jueves Viernes Sabado Domingo Lunes Martes Miércoles Jueves Viernes Sabado Domingo Lunes  Martes Miércoles Jueves Viernes Sabado Domingo
Dia

Figura 4: Congestién por dia de la semana y mes en 2020.

El tiempo de atraso promedio es una manera de estimar momentos de alta congestion. En
los puntos de mayor atasco se espera un incremento significativo de los tiempos promedio
de viaje. Si se analiza el atraso promedio en segundos por hora del dia y el mes, también se
observan diferencias entre lo ocurrido antes y durante la pandemia. La Figura 5 muestra,
por ejemplo, la hora “pico” de la manana, entre 6 a.m. y 7 a.m. aproximadamente fue evi-
dente en febrero debido al inicio del calendario escolar del Ministerio de Educacién Publica
(MEP). Se mantuvo en marzo y desaparecié en abril de 2020. Por orden del Poder Ejecu-
tivo, a partir del 17 de marzo se suspendieron las clases presenciales en centro educativos
publicos y privados. En ambos casos se continué con métodos de ensenanza a distancia.

100 Rev. Epi-Sci. (ISSN print: 2215-6658; online: 2215-6658) Vol. 1(1):87-115, Jan—Dec 2023



Epi-SCIENCE

Gomez-Campos, S., Cubero-Corella, M., Salas, M. F., et al.

De mayo a setiembre no se registraron flujos importantes de congestién en el segmento de
hora de las mafianas.

Enero Febrero Marzo
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Figura 5: Atraso promedio en segundos, por hora del dia y mes. 2020 (promedio por segmento de
carretera de 100 metros aproximadamente).

Los datos de congestion de Waze ademas confirman que el inicio del ano 2020 tuvo mayor
congestion en enero y febrero que en el 2019, pero la pandemia y las medidas de restriccion
modificaron el comportamiento siguiente. La Figura 6 muestra las diferencias entre ambos
anos por mes y dia de la semana, y como se indicé anteriormente, es clara la estacionalidad
de la congestién: mayor movilidad los viernes. Nétese el cambio a partir de marzo del 2020
con respecto a lo sucedido en el 2019.

Para evaluar la reduccién de la congestion de marzo a setiembre, en medio de la pandemia,
con respecto a periodo previo, se establecié un promedio de congestion diaria considerando
los datos de enero y febrero de 2020, para usarlos como base comparativa con lo ocurrido
después.
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Figura 6: Nivel de la congestion vial por dia de la semana y mes en Costa Rica durante 2019 y
2020.
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La Figura 7 muestra que en Semana Santa la reduccién de la movilidad de personas alcanzé
un 90 %. Posteriormente, se flexibilizaron las medidas y la movilidad creci6é hasta un 40 %.
No obstante, conforme crecieron los casos de contagio por COVID-19, el Poder Ejecutivo
tomd nuevas acciones més estrictas. La mas importante, hasta setiembre de 2020 que
cubre este analisis, sucedié entre el 11 y el 19 de julio. En esas fechas se decreté un “cerco
epidemiolégico de la GAM?”. Eso significé que todos los cantones de esta zona se catalogaron
en alerta de emergencia naranja, es decir, estos cantones entraron a regir medidas mas
estrictas para la movilidad y la operacién de comercios.

AN
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Figura 7: Cambio porcentual diario en la congestiéon vial con respecto a enero-febrero de 2020
(promedio mévil de siete dias).

En suma, es evidente que las medidas restrictivas, junto a otros comportamientos de au-
tocontencion en medio de la pandemia, redujeron de manera significativa la movilidad de
las personas.

De manera similar, la evidencia empirica respalda el grado de similitud entre los datos de
movilidad de Google y los de congestién vial de Waze. Como ejercicio de validacién, se
unieron las dos series de datos con registros diarios entre el 17 de febrero y el 31 de julio
de 2020 (166 dias) y se correlacionaron para determinar cuan semejante son (Figura 8).

Por otra parte, la Figura 9 muestra que los datos de Google sobre movilidad de personas en
Costa Rica durante la pandemia concuerdan el comportamiento, en término de tendencias,
con los datos de Waze de la Figura 7. Esto evidencia que los datos de congestién vial
funcionan como un prozy para medir la movilizacién de las personas. Ademés, cuenta con
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Figura 8: Correlacién entre las mediciones de Waze sobre congestion vial e indicadores de Google
sobre movilidad para Costa Rica

la ventaja de realizar un anélisis local para determinar comportamientos por zonas.
3.3. Patrones territoriales antes y durante la pandemia

En esta seccién, se llevd a cabo el analisis espacial antes y durante la pandemia para estudiar
cambios en los patrones territoriales de desplazamiento de la poblacién. El andlisis parte
la hipétesis que las restricciones dirigidas a reducir considerablemente el transito procuran
evitar la diseminacion del virus a lo largo del pais.

Tomando como referencia los datos de 2019, es posible hallar patrones espaciales de la
congestién ubicados, mayoritariamente, en zonas dentro de la GAM. Son focos de fuerte
congestion que, ademas, tienen alta proporcion de desplazamiento de personas de un cantén
a otro para ir a trabajar, de acuerdo con la ENAHO y los datos del dltimo censo de
poblaciéon del INEC. Al combinarse tales factores, muy probablemente ese conglomerado
de cantones de la GAM con alta congestién se deba a flujos de transito intercantonal con
afectacion reciproca.

La Tabla 1 muestra el cambio de patrén de la correlacién espacial, basado en la significancia
estadistica del indice de Moran global. Durante 2019 y los meses enero, febrero y marzo
de 2020 se mantuvo el conglomerado de cantones con alto nivel de congestiéon, aunque
con variaciones en la composicién de ese grupo. A partir de abril desaparecié el patrén
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Figura 9: Cambios en la movilidad para Costa Rica con base en Google Mobility Data.

territorial de la congestién. En ninguno de los meses siguientes la relacion espacial fue
significativa.

Tabla 1: Significancia de la prueba de hipétesis sobre indice de Moran la congestion vial por mes

Periodo p-value
2019 0,01283 *
Enero de 2020 0,03736 *
Febrero de 2020 0,01135 *
Marzo de 2020 0,03555 *
Abril de 2020 0,17882
Mayo de 2020 0,07974
Junio de 2020 0,05204
Julio de 2020 0,09841

Agosto de 2020 0,28530
Setiembre de 2020 0,22863

" La prueba estadistica es signifi-
cativa si el p-value es menor de
0,05.
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Cabe destacar que el mes de junio de 2020 la relaciéon espacial no fue significativa por muy
poco margen. Este periodo coincide con un periodo de apertura moderada y de aumento
relativo de la movilidad de las personas que, por poco, vuelven a generar conglomerados
de congestion en el territorio, segin los anélisis realizados. Concuerda, temporalmente, con
el aumento relativo de casos de contagios en el pais que, posteriormente, llevaron a las
autoridades a decretar medidas de restricciéon mas fuertes con el cerco epidemioldgico en
la GAM, a mediados de julio, para tratar de controlar las tasas crecientes de contagio.

Segun los resultados del andlisis de los datos del 2019, existe un tnico conglomerado sig-
nificativo con ocho cantones que registraron alta congestion. Estas zonas presentaron una
relacion espacial significativa. En otras palabras, es ahi donde estaban los flujos viales méas
relevantes del pais. Son seis casos de la provincia de San José: cantén central de San José,
Desamparados, Goicoechea, Tibas, Montes de Oca y Curridabat, y otros dos de la provin-
cia de Heredia: el canton central y Santo Domingo. Todos estos municipios estan ubicados
en la GAM.

De acuerdo con los datos del Censo de Poblacién del 2011, con actualizacion de proyec-
ciones de poblacién al 2020, en esos ocho cantones, en promedio, un 53 % de la poblacién
ocupada residente en ellos sale regularmente del cantén, pues su lugar de trabajo se ubica
en otras zonas del pais. Estos datos dan sustento a la tesis de que los municipios con mayor
congestion comparten caracteristicas demograficas y presiones viales que generan afectacio-
nes mutuas. El problema radica en que esos flujos intercantonales pueden provocar riesgos
crecientes, en medio de la pandemia, de esparcimiento del virus, sobre todo si eso ocurre
infringiendo las medidas de distanciamiento fisico.

La Figura 10 se observa que durante el 2019 y los primeros tres meses del 2020 los can-
tones donde hubo conglomerados de alta congestién son, en su mayoria, los mismos: casi
todos dentro de la GAM, con excepcién de Siquirres. Son lugares con altas densidades de
poblacién, en su mayoria cantones con una alta proporcién de personas que trabajan en
zonas vecinas y requieren desplazarse para ello.

Estos resultados evidencian que, en términos generales, la restriccion disminuyé la inten-
sidad de la congestién, pero también modificé los patrones de movilizacién de personas en
todo el pais. En ese sentido, las restricciones cumplieron su objetivo: reducir el desplaza-
miento de la gente en el territorio.

3.4. Factores asociados al comportamiento social en pandemia

En esta seccién se presentan los resultados del anélisis de regresion para estudiar la asocia-
cién entre la congestion vial, como un prozy de la movilidad de personas, y otras variables
sociodemograficas cantonales, con la cantidad de contagios por COVID-19 en Costa Rica.
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Figura 10: Cantones que forman parte del conglomerado de alta congestién, por mes (indice de
Morén global y local)
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La Tabla 2 presenta las diferentes combinaciones realizadas de los 12 modelos para calibrar
el analisis. Los dos modelos seleccionados por su mejor ajuste, entre las doce combinaciones
de parametros utilizados, fueron el modelo lineal, con el promedio moévil de casos nuevos
de COVID-19 por dia, con dieciséis dias de rezago, y en la regresién binomial negativa con
el promedio mévil de casos nuevos de COVID-19 por dia con dieciséis dias de rezago. Es
decir, en ambos procedimientos se validaron las mismas agregaciones de medicién para la
variable dependiente y los dias de rezago.

Tabla 2: Las especificaciones y la bondad de ajuste de modelos de regresién ajustados

Modelo* Temporalidad de datos® Indicador COVID-19 Dias de rezago  R*°

Lineal Diario Casos nuevos 16 0,36
Lineal Diario Casos activos 18 0,34
Lineal Semanal Casos nuevos 16 0,39
Lineal Semanal Casos activos 18 0,32
Lineal PM; Casos nuevos 16 0,41
Lineal PM; Casos activos 18 0,34
BN Diario Casos nuevos 16 0,21
BN Diario Casos activos 18 0,17
BN Semanal Casos nuevos 16 0,20
BN Semanal Casos activos 18 0,11
BN PM, Casos nuevos 16 0,30
BN PM; Casos activos 18 0,18

2 BN: Binomial negativa.

b PM;: Promedio mévil de 7 dias

¢ R*-ajustado es calculado para modelos lineales y Pseudo-R? McFadden es calculado
para modelos binomiales negativos y no son comparables.

La Tabla 3 presenta las estimaciones de los dos modelos de regresién (lineal y binomial
negativa). Se puede observar, por ejemplo, que la estimacién del coeficiente de Jamstotal
es positiva y significa que en zonas donde hay una alta congestién, también hay un alto
nivel de contagio del virus.

Los resultados de ambos modelos muestran evidencia empirica suficiente para apoyar la
afirmacién de que existe una asociacién positiva entre la congestién vial (proxy de la mo-
vilidad de personas), y los casos de COVID-19 por cantén. Se registran altos niveles de
congestion vial en zonas que también presentan altos niveles de contagio del virus en tér-
minos generales.

Asimismo, se encuentran asociaciones positivas entre los casos nuevos de COVID-19 y otras
covariables como la densidad de poblacién, el porcentaje de poblacién no asegurada por la
CCSS, el total de patentes de empresas registradas en el cantén, el porcentaje de personas
que laboran en cantones diferentes de donde residen y la fecha.

108 Rev. Epi-Sci. (ISSN print: 2215-6658; online: 2215-6658) Vol. 1(1):87-115, Jan—Dec 2023



Epi-SCIENCE

Gémez-Campos, S., Cubero-Corella, M., Salas, M. F., et al.

Tabla 3: Estimacién de los modelos de regresion lineal y binomial

negativa
Modelo de regresién®
Lineal Binomial negativa
Intercepto -1573.12  *x* -802.35  **k*
(50.19) (9.91)
Jamstotal 0.84 ¥** 0.12 k**
(0.16) (0.02)
Fecha 0.09 *¥* 0.04  F**
(0.00) (0.00)
DensidadPoblacion 1.67  F¥* 0.14  k**
(0.14) (0.02)
SectorPrimario -1.40  FF* -0.22  FF*
(0.19) (0.03)
Escolaridad2011 -3.78  wHEE -0.02
(0.23) (0.03)
PorcPob_NoAsegurada 0.41 k¥ 0.49  ***
(0.11) (0.02)
PorcPob_Urbana -0.23 0.17  ***
(0.18) (0.03)
Patentes_canton 111 *** 0.53  F**
(0.20) (0.03)
Trabajadores_canton 4.36  xx -0.11 R
(0.19) (0.02)
Mov_intercantonal 2.09 F** 0.4 F¥*
(0.17) (0.03)
AIC 63817.39 23728.91
BIC 63902.67 23814.19
deviancia 622243.64 8042.41

@ Todos los predictores continuos son estandarizados.
**% p <0,001; ** p<0,01, * p <0,05.
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La hipotesis es que varias de esas variables tienden a dificultar el cumplimiento estricto de
las medidas de distanciamiento. Mayor movilidad de personas, desde zonas con muchos tra-
bajadores que deben trasladarse a otros cantones a laborar, asi como municipios receptores
que ademas tienen alta densidad de poblacion y de parque empresarial instalado, pueden
potenciar el acercamiento fisico de las personas y crear condiciones mas propicias para el
contagio masivo. A eso se suman personas sin seguro de la CCSS que, generalmente, se
desempenian en el sector informal de la economia con condiciones més vulnerables, para
quienes el distanciamiento social o el teletrabajo es mas dificil de cumplir.

Es importante subrayar que las relaciones arriba descritas no expresan causalidad, sino
asociaciéon. Dan informacién sobre fenémenos que pueden ser relevantes para entender com-
portamientos y condiciones sociales en medio de la pandemia y tomar decisiones basadas
en ello.

Otras covariables fueron detectadas con asociacion negativa. Tal es el caso del sector pri-
mario: localidades donde hay més produccién agropecuaria tienden a ser zonas con menor
nivel de contagios por COVID-19. Lo central es entender las dindmicas sociales en estas
regiones, para comprender las razones por las cuales esos fenémenos se presentan en con-
junto. Una hipdtesis es que son lugares con menor densidad poblacional y, por ende, donde
es mas facil cumplir las recomendaciones de distanciamiento fisico recomendadas por los
expertos en salud para aminorar el contagio.

Por ltimo, se exploraron territorialmente los cantones donde estas relaciones son mas con-
sistentes. Los resultados del modelo de regresiéon binomial negativa indican que la relacién
entre congestion vial y casos de COVID-19 es estadisticamente significativa en 44 de los
82 cantones (Figura 11), con un nivel de significancia del 5 %. Esos cantones, organizados
por provincia, son los siguientes:

» San José (8): Escazt, Aserri, Mora, Santa Ana, Alajuelita, Tibas, Montes de Oca y
Curridabat.

» Alajuela (9): cantén central, Atenas, Naranjo, Orotina, Zarcero, Valverde Vega, Los
Chiles, Guatuso y Rio Cuarto.

» Cartago (5): cantén central, La Unién, Turrialba, Oreamuno y El Guarco.

» Heredia (6): Santo Domingo, San Rafael, San Isidro, Belén, San Pablo y Sarapiqui.

» Guanacaste (5): Liberia, Nicoya, Bagaces, Carrillo y Canas.

» Puntarenas (7): cantén central, Esparza, Montes de Oro, Osa, Quepos, Parrita y
Corredores.

» Limo6n (4): Siquirres, Talamanca, Matina y Guécimo.
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Figura 11: Cantones con asociacién significativa entre congestion vial y casos de COVID-19.

En los cantones donde esa relacién no fue significativa, se necesitan otras estrategias para
calibrar los modelos y las variables. Como parte de los hallazgos, se detectaron anomalias
en las colas de la distribucién de los datos que requieren mayor estudio. Tal es el caso del
canton central de San José. Tiene momentos de pocos contagios con mucha congestion vy,
viceversa, muchos contagios con poca congestion. No son la regla, pero constituyen casos
extremos que impiden la precision del modelo. Ademas, este cantén se ve influenciado por
otras variables dificiles de captar en el andlisis sin un preprocesamiento especifico. Por
ejemplo: es la capital del pais, es una zona méas de paso y menos de residencia de las
personas. Parte de su alta congestién se explica por los flujos viales desde o hacia zonas
aledanas que concentran parques empresariales y zonas residenciales. También concentra
una buena parte de las instituciones publicas, que en pandemia adoptaron modalidades
de teletrabajo. En estos casos los valores de congestion vial exigen un tratamiento mas
exhaustivo.

En otros casos se encontraron indicios de estacionalidad en los datos. Por lo tanto, se opto
por “suavizar” la serie de datos con promedios méviles, para reducir la influencia estacional
de algunas variables. De ese modo, los modelos mostraron un mejor ajuste. Sin embargo,
se deben utilizar otros procedimientos para precisar la magnitud de esas influencias o
“ruidos” propios de los datos, y recalibrar los modelos. Eso es parte de la agenda pendiente
de investigacion en el tema abordado por este capitulo.
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4. Conclusiones

La recomendacién de las autoridades de salud para limitar el contagio del virus es reducir el
contacto fisico al maximo. En un escenario ideal, sin movilizacién de personas y aislamiento
completo, el virus reduciria sustancialmente su capacidad de esparcimiento y letalidad.

En la practica, ese escenario ideal es poco probable. Por ello es clave entender el flujo de
personas que se movilizan en medio de la pandemia y a dénde. La relacién de estas y otras
variables sobre los casos de contagios locales también puede ser un insumo esencial para
monitorear la situacién en el tiempo.

Se usaron los datos de Waze como fuente de informacién para estimar la movilidad de las
personas en tiempo real en el territorio nacional porque mantienen una alta correlacién con
las mediciones de Google, utilizadas en otras latitudes como un proxy valido de movilidad
de personas, pero también porque con Waze se tienen microdatos para evaluar territorios
especificos, tema que no es posible examinar con los datos de Google.

Los analisis realizados generaron informacién para atender empiricamente las preguntas de
investigacion planteadas en la Seccién 2. La evidencia muestra que la pandemia modifico
las zonas de mayor congestion en el pais. Las restricciones sobre el transito y el cierre
de comercios en el pais ocasionaron reducciones considerables en los flujos de personas en
todo el territorio, junto a otros aspectos, como la posible autocontencién individual a salir
de las casas de habitacién. Estas reducciones no fueron constantes en el tiempo, pues las
restricciones impuestas por el Gobierno variaron a lo largo del 2020.

Los resultados del andlisis también muestran que, similar a estudios realizados en otros
paises, las mediciones de congestién vial (prozy de la movilidad de personas) junto a otras
variables sociodemograficas, estan relacionadas con la cantidad de contagios por COVID-
19, segtin cantén. En efecto, modelos de regresién con informacion local muestran factores
sociales vinculados a mayores casos de contagio del virus. Esos factores tienen en comin que
podrian generar riesgos tangibles sobre el cumplimiento de las medidas de distanciamiento
fisico para reducir la propagacién del virus.

En suma, los analisis muestran que las medidas de restriccion sanitaria impuestas por el go-
bierno cumplieron su objetivo de minimizar la movilidad de poblaciéon de forma sustancial
y que estos estan relacionados con las tasas de contagio. Ademas, los resultados obtenidos
proporcionan una inspeccién de los patrones de la movilidad vial antes y durante la pan-
demia. Esta informacién permite plantear mejores estrategias para el ordenamiento vial y
desarrollo urbano en el pais. Finalmente, permite preparar el pais para futuras pandemias.

Cabe destacar que, como limitacién del estudio, estas medidas de restriccion para reducir
la movilidad tuvieron consecuencias sociales, econémicas y psicolégicas que no fueron con-
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templadas en este estudio, ya que requieren otras fuentes de informacién como encuestas
a personas trabajadoras o empresas privadas del pais.

Por tdltimo, la agenda futura de investigacion requiere evaluar los patrones de movilidad de
las personas en relacién con otras fases de medidas sanitarias impuestas en el pais, con el fin
de generar recomendaciones méas especificas para la contencién del COVID-19. Asimismo,
es necesario explorar otras posibles fuentes de informacion y otros métodos estadisticos,
para contrastar los hallazgos con diversos enfoques y continuar con la precision de las
mediciones utilizadas, con el propésito de mejorar el ajuste de los modelos.
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Abstract

The COVID-19 pandemic is only one devastating example of the pressing need to effectively
apply science to solve real-world problems in today’s global environment. Mathematical
modelling applied to population health research and management is one effective tool to
bridge that gap, but we are not using it to its full potential. This article presents a re-
flection on some lessons from successfully applying mathematical models to guide decision-
making during the COVID-19 pandemic in Costa Rica. We assembled an inter- and cross-
disciplinary team with three key characteristics: robust cutting-edge technical skills for
mathematical modelling, an effective pathway to communicate with the decision-makers,
and the capacity to translate what the decision-makers needed to know into parameters in
the model, and vice versa. Lessons from this experience can guide on how to transform the
use of mathematics to understand and improve population health and its determinants, to
help us face the next humanitarian crises, now.
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Resumen

La pandemia de COVID-19 es solo un ejemplo devastador de la necesidad apremiante de
aplicar la ciencia de manera efectiva para resolver problemas del mundo real en el en-
torno global actual. El modelado matematico aplicado a la investigacion y gestiéon de la
salud de la poblacién es una herramienta eficaz para cerrar esa brecha, pero no lo esta-
mos utilizando en todo su potencial. Este articulo presenta una reflexién sobre algunas
lecciones de la aplicacion exitosa de modelos matematicos para guiar la toma de decisiones
durante la pandemia de COVID-19 en Costa Rica. Reunimos un equipo interdisciplinario y
transversal con tres caracteristicas clave: sélidas habilidades técnicas de vanguardia para el
modelado matematico, una via efectiva para comunicarse con los tomadores de decisiones y
la capacidad de traducir lo que los tomadores de decisiones necesitaban saber en paramet-
ros en el modelo y viceversa. Las lecciones de esta experiencia pueden orientar sobre como
transformar el uso de las matematicas para comprender y mejorar la salud de la poblacién
y sus determinantes, para ayudarnos a enfrentar las proximas crisis humanitarias, ahora.

Palabras clave: Modelos matematicos; elaboraciéon de politicas basadas en evidencia;
salud de la poblacién; COVID-19

Epi-SCIENCE: The Science Behind Population Health ©2022 is licensed @@@@
under CC BY-NC-SA 4.0



Epi-SCIENCE

Mathematical modelling on population health

1. Introduction

Although research is always aimed at providing answers, when applied to population health,
we need it to provide answers that will help us solve the problems people are facing today
or in the near future. Worrisomely, we do not need to go far to find a series of immediate
pressing issues the world needs to find answers for. The COVID-19 pandemic showed
the pressing need to effectively transform the way we apply science to solve real-world
problems in today’s global environment. Unfortunately, even after much progress, nearly
all countries in the Americas continue to report disruptions to essential health services,
similar to what was reported in the first year of the crisis [5]. Only ten countries in the
region report to have allocated additional funding for longer-term health system recovery

and resilience, and just five have plans in place [5].

This article presents a reflection on the use of scientific methods, specifically mathemat-
ical modelling, to help solve real-world problems. It reflects on lessons from a successful
inter-institutional and transdisciplinary team experience in Costa Rica of applying mathe-
matical models to guide decision-making during the COVID-19 pandemic. It discusses how
these lessons can guide us in transforming the use of science to understand and improve
population health and its determinants and to help us face emerging challenges, such as
reaching the targets of the 2030 Sustainable Development Goal Agenda.

2. Materials and methods

During COVID-19 in Costa Rica, we were able to assemble an inter- and cross-disciplinary
team to model the trajectory of epidemiological and health services variables related to the
spread of the disease and to inform the impact of diverse types of sanitary measures [6].
Our team was comprised of experts from an array of backgrounds, including mathematics,
biostatistics, public health, health services research, and economics, among others. Perhaps
the most unique aspect of this team was the diversity of roles the members played in the
pandemic response, combining academics with public health officials and policy advisors
working together in the same team. The team was able to leverage and build upon three
fundamental and synergic capacities:

1. A robust, cutting-edge technical mathematical model.

2. An effective pathway to communicate with the decision-makers.

3. An effective capability to translate what the decision-makers needed to know into
parameters in the model, and vice versa.
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Certainly, other remarkable approaches also succeeded at providing robust modelling data
to decision-makers with a direct impact on the pandemic response. For example, the
Ontario Modelling Consensus Table in Canada was developed early in the pandemic in
the form of an explicit partnership between provincial decision-makers and a group of
largely university-based modelers [4]. One of the differences in our experience was that
we did not only advise public health officials, but we teamed up with them. That gave
us the advantage of working together to understand the questions we needed to answer,
its translation into parameters of the model, and access the necessary data to run that
model. Despite shortages of several resources, this collaboration was recognized in Costa
Rica and abroad as a remarkable success. Some could argue that this experience was only
possible due to the unique context of the pandemic. While no specific funding source
was available, the three main institutions - the University of Costa Rica, the Ministry of
Health, and the Pan American Health Organization/World Health Organization committed
in-kind resources to the development of this work. Team participants also donated their
time, motivated by a strong sense of duty. Other extraordinary resources that were made
available to the team included access to first-hand COVID-19 data from the Ministry of
Health and the Costa Rican Social Security Fund and some additional computing capacity.
However, with the pandemic fading away, four crucial elements that the team requires for
making such an extraordinary endeavor possible are vanishing:

. Funding.

. Continuous access to crucial data.

. State-of-the-art computer processing capacity.

. A defined roadmap to keep those three fundamental success factors together.

W N

From early 2020, defeating the pandemic was the unifying roadmap needed to align every-
one’s efforts toward saving lives. But after the first two years, this driving force started
to fade. The resources were no longer available in the same fashion, and that has been so
far, at least part of the reasons for this venture to have stalled. But what would it take
to rebuild and even multiply such strong partnerships to provide answers to the challenges
of the next pandemic? As it was pointed out above, the three fundamental components of
success were:

2.1. Technical Strength

Having a robust mathematical model was, of course, a requirement, but not an obvious
one. Without strong technical capacity, the whole process becomes either flawed or in-
consequential. Worryingly, during the pandemic, there was no shortage of underwhelming
models and flawed technical proponents contributing to a wide range of scientific or pseudo-
scientific fora, inflamed by unprecedented attention from all sorts of media. During the
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pandemic, not as many models as one would expect were actually robust enough to provide
valid evidence. Misleading results from poor technical analyses can lead to counterproduc-
tive effects. Furthermore, the fact that so many flawed analyses received as much attention
as those that were technically sound should make us reflect.

2.2. An effective pathway to communicate with the decision-makers

It is not common for decision-makers in the public sector to team up with researchers
to unveil the potential of real-life applied research. By contrast, this is common practice
in other fields, such as knowledge-based industries, in which applying research findings
can lead to key competitive advantages. Some could argue that clinical health care does
incorporate a high rate of cutting-edge research in everyday practice. Here the decision-
makers, the physicians, work closely with those researchers pushing forward knowledge
boundaries, or they are those researchers themselves. This is not the case for public health.
And there is the issue of data. There are several barriers for researchers to gain access to
population-level data, at least when the research is not for commercial purposes. Public
officials should work together with research teams to provide them with access to data that
can provide useful answers in return.

2.3. An effective capability to translate what the decision-makers needed to
know into parameters in the model, and vice versa

This is an element as important as the previous two but often overlooked. It is perhaps
taken for granted, or misunderstood, or researchers may have difficulties properly seeing
from the perspective of policymakers. Often, asking the right questions is as important
as giving the right answers. The problem is complex and entitles several challenges. On
one hand, it is not always evident what the decision-maker really needs to know, not even
for themselves. For example, while modelling COVID-19 transmission trends, the most
common question was when to expect the infections to peak. Our answer was simple:
we do not know. And we did not care much either, because the timing and intensity were
dependent on the actions that decision-makers and the general population would take. The
truly useful questions were about the comparative impact of alternative sanitary measures,
combined with other factors. For example, before landing on the analysis depicted in [6] we
stumbled through a series of forecasted scenarios without a clear purpose. We were asked
about the impact of removing masks or a series of partial lockdowns when no one was
actually considering those measures. Generally, decision-makers do not know what models
are for and researchers do not know what decisions they are informing. Only when we finally
understood what the authorities really needed to know and could effectively translate it
into parameters of the model, we were able to really inform decision-making. But here
comes the second challenge, it is not always evident how or whether the questions can be
translated into variables of the model. For example, in [3] we modeled the introduction of
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a new variant, Delta, to Costa Rica. Most if not all the models that we saw at that stage
were limited to increasing the rate of infection to the circulating variant of the virus. But a
new variant has different severity, mortality, probability of hospitalization, immunity from
different types of vaccines or from prior infection, etc. Many of those models were, therefore,
not describing the emergence of a new variable. We adjusted every one of the parameters
in the model based on available information. And then, there is a third challenge to be
considered, to understand how the results can be translated into public health measures.
When the authorities were informed about the predicted timing of that peak in infections,
then what? Were they supposed to prepare to de-escalate hospital capacity after that
date? Or anticipate lifting restrictions? Or simply wait and see if the prediction was right,
which was usually the actual response. In our case described in [6], we directly tested
the impact of two sets of sanitary measures to restrict human mobility, which finally led
to an informed decision from the health authority. Furthermore, in [3], we described the
comparative impact of two different vaccination strategies, considering both the availability
of doses and population intake. In a moment of uncertainty from international reports of a
devastating new variant, the analysis showed how a sustained vaccination effort could pay
off in terms of morbimortality and cost for the health care system.

3. Discussion

3.1. Why did the formula of success stop working? What do we need to keep
it running?

With the retreat of the pandemic, the driver that fueled such strong collaboration is no
longer there to keep the elements together. Institutions have other pressing priorities,
researchers have new commitments, and the return of investing time and effort in terms
of scientific and media attention has dropped dramatically. The answer is simple, we need
a new pandemic to be able to replicate such a successful formula. But don’t we already
have a number of pandemic-like public health and humanitarian emergencies here or in
the making? Why are we not acting on them now? To extrapolate the experience of the
COVID-19 pandemic may sound adventurous because the confluence between scientific and
political needs may not repeat in such a manner for a long time. But the needs are still
there, and we should try to find a way to make them coalesce to address current pressing
issues, and lessons from COVID-19 may help. As Diez Roux [2] recognized early in the
pandemic, the crisis created unanticipated opportunities to illuminate the way forward to
unleash our power as a society to generate lasting transformation.

Rev. Epi-Sci. (ISSN print: 2215-6658; online: 2215-6658) Vol. 1(1):116-124, Jan—Dec 2023 121



Epi-SCIENCE

Mathematical modelling on population health

3.2. What answers do we need for the future... now, on population health and
its determinants?

Here is a discretional list of pressing public health and humanitarian challenges that the
strategic use of mathematical modelling can help to address:

1. We need cutting-edge mathematical models to simulate pandemics on a global scale.
We cannot just wait for the next pandemic to start from scratch again.

2. We need models to study other epidemics and outbreaks that are already here: vector-
borne diseases that will only rise due to climate change or the public health emergency
of antibiotic resistance, to mention only a couple of them.

3. We also need mathematical models to study non-communicable diseases (NCDs),
such as the current pandemic of child and adolescent obesity, depression, and suicide.

4. We need a much better understanding of the drivers and the determinants of inter-
personal violence, substance abuse, and the developmental impact of social media.

5. We need much better and more sophisticated mathematical models to optimize health
service delivery and anticipate patient flows, supplies, distribution, and demand for
the healthcare workforce.

6. We can use mathematical models to understand the interrelation between social,
economic, and cultural factors with population health, to better understand and
enhance people and community engagement in health, and to address, for instance,
the social determinants of health.

The Sustainable Development Goals (SDGs) are a significant guide to finding these prior-
ities. Although even before the pandemic, the world was not on course to meet the SDGs,
COVID-19 meant a sizable reversal in progress toward the 2030 Agenda. Benedek et al.
[1] estimated that some selected countries will have to spend an average of 14 percent of
GDP additionally every year from now to 2030 to meet the SDGs, some 21 percent more
than before the pandemic.

And although many are distracted by the SDG 3 “good health and well-being,” the truth is
that population health is represented in practically every one of the 17 SDGs. Let’s think
about ending poverty, proving quality education, reaching zero hunger, accessing clean
water and sanitization, decent jobs, etc. All of them represent fundamental determinants
of health and well-being. And what are our sophisticated mathematical modeling capacities
doing to help achieve these goals? Let’s take SDG 1, for example, “End poverty in all its
forms everywhere by 2030.” The target of zero hunger by 2030 was defined by linearly
projecting the trend observed immediately before 2015.
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What if we could do better projections? What if we could model accelerators and bottle-
necks and anticipate how factors such as climate change, global economic activity, food
prices, or humanitarian investment will impact the course of poverty towards 20307 This
would demand an impossible amount of data, computing and processing capacity, funding,
and talent that we do not have. Or we do have them, but we need extraordinary events
such as the pandemic to unleash them and put them to work together?

On March 9, 2021, The Japan Times announced that Fugaku, the fastest supercomputer
on earth, was put to work on COVID-19 research.[7] At the same time, global tech compa-
nies such as Google and Facebook made publicly available part of their big data on human
mobility to support the fight against COVID-19. The world poured funding and talent to
solve the pandemic of the century. Even without a pandemic, computer processing power
is expected to double about every two years, according to Moore’s law, and breakthrough
developments such as quantum computing are around the corner. Big data grows explo-
sively at the time that new tools for analyzing it become available, such as machine learning
and other types of artificial intelligence technologies.

We are facing explosive growth in opportunities. If we could only capitalize on them. We
need partnerships, and investment to bring talent and resources, we need to share a vision,
and most of all, we need the ingenuity to believe that we can. We can perhaps dream about
reaching the 2030 agenda or saving our collapsing ecosystems from climate catastrophe.

There are several risks on the horizon. Take data access, for example, is it acceptable that
most big data is only available to private companies who own it? It seems like privacy issues
only apply to non-commercial research. We need regulation, and we need to innovate to find
ways to give access to these powerful resources to the people who can deliver knowledge
that will benefit us all. As the pandemic showed us, we need multilateralism and bold
partnerships to accelerate innovation to reach breakthrough solutions, and these cannot be
taken for granted.

To provide the answers that we need for tomorrow, we need to start thinking one step
ahead of what is possible today with the tools that are starting or about to come.

We have the needed data and processing capacity, and we can pool the funding needed. We
just need to put them in the hands of capable, talented teams that can demonstrate tech-
nical excellence, close communication with decision-makers, and can effectively translate
what the decision-makers and researchers need to know to generate the correct answers;
useful, applicable solutions that will directly improve lives.
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