© REVISTA DE MATEMÁTICA: TEORÍA Y APLICACIONES 2020 27(1) : 241–266

CIMPA – UCR ISSN: 1409-2433 (PRINT), 2215-3373 (ONLINE)

DOI: https://doi.org/10.15517/rmta.v27i1.39977

TRANSMISSION DYNAMICS OF DENGUE IN COSTA RICA: THE ROLE OF HOSPITALIZATIONS

DINÁMICA DE LA TRANSMISIÓN DE DENGUE EN COSTA RICA: EL ROL DE LAS HOSPITALIZACIONES

FABIO SANCHEZ^∗ JORGE ARROYO-ESQUIVEL^† PAOLA VÁSQUEZ^‡

Received: 7/Aug/2019; Revised: 13/Sep/2019;

Accepted: 20/Sep/2019

∗University of Costa Rica, CIMPA-School of Mathematics, San José, Costa Rica. E-Mail: fabio.sanchez@ucr.ac.cr

†University of California Davis, Department of Mathematics, Davis, California, USA. E-Mail: jarroyoe@ucdavis.edu

‡University of Costa Rica, School of Public Health, San José, Costa Rica. E-Mail: paola.vasquez@ucr.ac.cr 241

242 F. SANCHEZ – J. ARROYO – P. VÁSQUEZ

Abstract

For decades, dengue virus has caused major problems for public health officials in tropical and subtropical countries around the world. We construct a compartmental model that includes the role of hospitalized individuals in the transmission dynamics of dengue in Costa Rica. The basic reproductive number, R_0, is computed, as well as a sensitivity analysis on R_0 parameters. The global stability of the disease-free equilibrium is established. Numerical simulations under specific parameter scenarios are performed to determine optimal prevention/control strategies.

Keywords: dengue fever; mathematical modeling; epidemic model; vectorborne diseases.

Resumen

Durante décadas, el virus del dengue ha causado grandes problemas a los funcionarios de salud pública en países tropicales y subtropicales de todo el mundo. Construimos un modelo compartimental que incluye el papel de las personas hospitalizadas en la dinámica de transmisión del dengue en Costa Rica. Calculamos el número básico reproductivo, R_0, así como un análisis de sensibilidad en los parámetros de R_0 y discutimos la importancia de las políticas de salud pública. Se establece la estabilidad local y global del estado libre de enfermedad. Se hacen simulaciones numéricas bajo escenarios específicos para determinar estrategias óptimas de prevención y control.

Palabras clave: dengue; modelo matemático; modelo epidémico; enfermedades vectoriales.

Mathematics Subject Classification: 93A30, 92B99, 37N25.

1 Introduction

Dengue is a vector-borne viral infection that inflicts substantial health, economic, and social burden to more than 100 countries in tropical and subtropical regions around the world [5]. Globalization, climate change, unplanned urbanization, and insufficient mosquito control programs [17, 32], are among the complex factors that have contributed to the geographic expansion and rise in the global incidence of a disease, that is now causing an estimated 390 million infections annually, of which an approximated 96 million have clinical manifestations [4].

The highly anthropophilic Aedes aegyti mosquito, is the predominant vector [36] of the four dengue viruses (DENV-1, DENV-2, DENV-3, and DENV-4)

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

[18], while Aedes albopictus is considered a secondary and less efficient in urban settings [38]. Both mosquitoes have adapted to local human habitation with oviposition and larval habitats in natural and artificial collection [25]. Both species are also day-biting mosquitoes, exhibiting two main peaks of activity, one in the early morning and other in the late afternoon [44], with a flight range that is usually limited in or around the locations where they emerged as adults [20].

Under natural conditions, a susceptible mosquito can acquire the DENV after it has taken a blood meal from a viremic individual [8], making humans the main host of the DENV [53]. Within a day before or after the onset of symptoms most individuals become infectious, as levels of viremia are high enough to infect a mosquito [19], this period of infectivity lasts an average of 7-12 days [52]. After the incubation period (8-10 days), the infected Aedes mosquito can transmit the DENV to susceptible individuals for the remainder of its life [52]. In Figure 1, we present the DENV transmission cycle.

Figure 1: Dengue virus transmission cycle. The DENV transmission cycle involves mosquitoes and humans, with humans as the main carriers of the virus, serving as a source of the DENV for uninfected mosquitoes [52].

After the bite of an infected mosquito, the majority of individuals will be asymptomatic, and a silent reservoir of crucial importance in dengue dynamics [13]. In those individuals that do experience symptoms the most common outcome is a self-limiting febrile illness that does not progress to a more severe form, and do not need admission to a hospital. Those that evolve, and require

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

hospitalization show a variety of warning signs such as constant and intense abdominal pain, persisting vomiting, ascitis, pleural o pericardial effusion, mucosal bleeding, lethargy, lipothymia, hepatomegaly, and progressive increase in the hematocrit [53]. The disease can also progress to hemorrhagic and shock complications that can lead to death of the patient [52]. It is estimated that each year, approximately 500,000 cases require hospital care [55].

In Costa Rica, dengue has been a significant public health challenge since 1993, when autochthonous cases were reported on the Pacific coast [31]. Since then, and despite efforts made, dengue infections have been documented annually, with peaks of transmission observed seasonally (within the year) and cyclical every 2-5 years. A total of 376,158 clinically suspected and confirmed cases [30] have been reported to the Ministry of Health, of which more than 45,000 cases have required hospital care [30, 7]. DENV-1, DENV-2 and DENV-3 have circulated the country in different time periods and 1,196 of the total of cases, have been classified as severe dengue, which have lead to 23 deaths [30].

In order to better understand the interactions between the vector, the virus and the host, mathematical models play a significant role in understanding dengue dynamics. In this article we develop a compartmental model that analyzes the effect of discriminating the hospitalized infected individuals, therefore temporarily isolated, and its role on the overall behavior of dengue dynamics in Costa Rica, which can provide information for public health authorities to implement optimal prevention and control approaches. As previous studies have shown, the role of hospitalized patients could affect the transmission dynamics of dengue infections, as hospital admission could decrease the transmission rate of severely affected symptomatic individuals [33, 2].

The article is divided in the following sections. In Section 2, we introduce a compartmental model that describes the transmission dynamics of dengue fever; Section 3, presents the results of the model and numerical simulations; in Section 4, we give a discussion and concluding remarks.

2 Model

We introduce a model that describes the dynamics of dengue between hosts and mosquitoes in Costa Rica that includes the role of hospitalizations. According to data provided by the Costa Rican Social Security Fund (CCSS), during the last two decades, a total of 45,577 patients with DENV infections, have required hospital care services [7], which represents 13% of the total of reported confirmed and suspected cases reported during that same period. In Figure 2, we illustrate the concentration of hospitalizations due to the DENV in the country.

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

As seen in the map, the vast majority of hospitalized patients were reported from regions near the coasts, where climate conditions are ideal for mosquito prevalence and with circulation of the other two arboviruses, zika and chikungunya. Limón, a province located in the Caribbean coast, reported a total of 17,894 hospitalized cases, follow by Guanacaste with 12,233 cases and Puntarenas with 8,244 cases, both of them located in the Pacific coast. Patients in the age group of 20-44 represented 43.8% of the total of hospitalized patients and no significant difference between men and women was observed [7].

(a) Dengue hospitalizations by region, Costa Rica 1997-2017.

(b) Dengue hospitalizations by sex and age group, Costa Rica 1997-2017.

Figure 2: Hospitalizations by regions (a) and by sex (b) in Costa Rica. The vast majority of hospitalizations were reported in the coastal regions. These areas, are characterized by been highly infested by the Aedes mosquito and by having higher incidence of dengue cases throughout the year [7].

Throughout these 26 years, Costa Rica, has presented several epidemic peaks. The largest on record was reported in 2013, with almost 50,000 cases reported to the Ministry of Health, 6,530 of which require hospital care. Before 2013, there was a major outbreak in 2005, with 37,798 cases and 6,319 hospitalized patients [30, 7]. According to the dengue guidelines for Costa Rica, patients who meet the criteria for hospital management are, ideally, admitted in a dengue attention unit. This unit is provided with the necessary resources for dengue treatment, where doors and windows remain close and with sieves, to decrease the risk of further contact with Aedes mosquitoes [6].

Our model transitions (see Figure 3) represent the interactions between susceptible individuals (S_h) that can become infected by having contact with an infected mosquito (I_v/N_v ), once the individual acquires the virus from the mosquito the individual becomes latent (E_h) and can transition to the infected class (I_h) or if the symptoms are strong enough, to the hospitalized class (H).

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

Also, individuals who are infected (I_h) can develop strong symptoms and transition to the hospitalized class (H). From the hospitalized and infected classes individuals recover (R_h). In the mosquito model: susceptible mosquitoes (S_v) can become latent (E_v ) via feeding (biting a human) and after the latency period become infectious (I_v). It is important to note that mosquitoes can come in contact with infected humans (I_h), as well as hospitalized individuals ((1 − η)H). The interaction between mosquitoes and hospitalized individuals has a reduction factor based on the hospitalization effectiveness. Model state variables are presented in Table 1. The following is the system of nonlinear differential equations:

S^′_h = μ_hN_h − β_{hv}S_h^{Iv}_{Nv} − μ_hS_h, E^′_h = β_{hv}S_h^{Iv}_{Nv} − (μ_h + α_h)E_h, I^′_h = (1 − p)α_hE_h − (μ_h + γ + δ)I_h, H^′ = pα_hE_h + δI_h − (μ_h + γ)H, R^′_h = γI_h + γH − μ_hR_h, S^′_v = μ_vN_v − β_{vh}S_v^{(Ih+(1−η)H)}_{Nh−ηH} − μ_vS_v, E^′_v = β_{vh}S_v^{(Ih+(1−η)H)}

N_h−ηH − (μv + αv)Ev,

I^′_v = α_vE_v − μ_vI_v,

(1)

where N_h = S_h + E_h + I_h + H + R_h and N_v = S_v + E_v + I_v and each variable is described in Table 1 and their respective parameters in Table 2. The model diagram is presented in Figure 3.

Table 1: Model variables.

State Variable Description S_h Susceptible individuals E_h Exposed individuals (infected but not infectious) I_h Infected individuals H Hospitalized individuals R_h Recovered individuals S_v Susceptible vectors E_v Exposed vectors (infected but not infectious) I_v Infected vectors

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

Table 2: Model parameters and description. All parameters are in days^{−1}, except for η and p that are dimensionless.

Parameter Description

β_{hv} Transmission rate (host-vector) β_{vh} Transmission rate (vector-host) α_h Per capita exposed rate of humans α_v Per capita exposed rate of vectors δ Per capita hospitalization rate after infection (undiagnosed) γ Per capita recovery rate of humans p Proportion of individuals being hospitalized (diagnosed) η Effectiveness of hospitalization (dimensionless) μ_h Per capita mortality rate of humans μ_v Per capita mortality rate of vectors

Figure 3: Model diagram.

We assume the host and mosquito populations remain constant in time, moreover we can have the following re-scaled variables, s_h =^{Sh}_{Nh} , e_h =^{Eh}_{Nh} , i_h =^{Ih}_{Nh} , ℏ =^H_{Nh} , r_h =^{Rh}_{Nh} , s_v =^{Sv}_{Nv} , e_v =^{Ev}_{Nv} , i_v =^{Iv}_{Nv} .

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

Hence, the re-scaled system becomes:

s^′_h = μ_h − β_{hv}s_hi_v − μ_hs_h, e^′_h = β_{hv}s_hi_v − (μ_h + α_h)e_h, i^′_h = (1 − p)α_he_h − (μ_h + γ + δ)i_h, ℏ^′ = pα_he_h + δi_h − (μ_h + γ)ℏ, r^′_h = γi_h + γℏ − μ_hr_h, s^′_v = μ_v − β_{vh}s_v^{(ih+(1−η)ℏ)}_{1−ηℏ} − μ_vs_v, e^′_v = β_{vh}s_v^{(ih+(1−η)ℏ)}_{1−ηℏ} − (μ_v + α_v)e_v, i^′_v = α_ve_v − μ_vi_v,

(2)

where s_h + e_h + i_h + ℏ + r_h = 1 and s_v + e_v + i_v = 1.

Theorem 1 The closed set Ω = {(s_h, e_h, i_h, ℏ, r_h, s_v, e_v, i_v ) ∈ ℜ^8_+ : 0 < s_h + e_h + i_h + ℏ + r_h ≤ 1, 0 < s_v + e_v + i_v ≤ 1} is positively invariant for System 2 and if y is any variable of the model and it satisfies that y(0) < 0, then y → 0 as t → ∞.

Proof.

Let x_0 ∈ Ω be the initial state of System 2. To prove this theorem we will show that if y = 0, then y^′ ≥ 0, where y is any variable of the model.

Assume first that y = 0, then notice that, from the model we have that y^′ = f(x) − yg(x), where x is the state of the system and f is a non-negative function, and g is a positive function. Then it happens that y^′ = f(x) ≥ 0 if y = 0, therefore y ≥ 0.

Now, since s_h + e_h + i_h + ℏ + r_h = 1 and s_v + e_v + i_v = 1 and from the previous step all variables are non-negative, then all variables y satisfy that y ≤ 1.

Therefore Ω is a positively invariant set for the model. Following from this argument, if y < 0, then it happens that y^′ = f(x) − yg(x) ≥ −yg(x) > 0 and thus y → 0 as t → ∞ .

Theorem 2 The System 2 has exactly one equilibrium point when there is no disease in Ω ∈ ℜ^8_+.

Proof. The local equilibria (s^∗_h, e^∗_h, i^∗_h, ℏ^∗, r^∗_h, s^∗_v, e^∗_v, i^∗_v ) such that all of the derivatives in System 2 are equal to 0. Some simple algebra leads us to the following relation between exposed individuals on each population:

e^∗_h = β_hμ_hα_v μ_h + α_h e^∗_v μ_hμ_v + β_hα_ve^∗_v , Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

where, if Ĥ = i^{∗h}(1 − η)ℏ^∗ 1 − ηℏ^∗ , then e^∗_v μ_hμ_v + β_hα_ve^∗_v = β_vμ_v μ_v + α Ĥ μ_v + Ĥβ_v . To turn this system into a single variable equation, notice that i^∗_h and ℏ^∗ satisfy the following relationships:

ℏ^∗ = pα_he^∗_h + δi^∗_h μ_h + γ , i^∗_h =

(1 − p)α_he^∗_h μ_h + γ + δ . By making those substitutions on Ĥ and simplifying, we get that: Ĥ μ_v + Ĥβ_v = e^∗_hΔ_i M + e^∗_h(Δ_i − Δ_v) , where:

Δ_i = (1 − p)α_h(μ_h + γ) + (1 − η)pα_h(μ_h + γ + δ) + (1 − η)δ(1 − p)α_h, Δ_v = ημ_vα_h(μ_h + γ + δ) + ημ_vδ(1 − p)α_h, M = μ_v(μ_h + γ)(μ_h + γ + δ).

If we let

Γ_h = β_hμ_hα_v μ_h + α_h , Γ_v = β_v μ_v μ_v + α , then we get the following equation:

e^∗_h =

Γ_hΓ_vΔ_ie^∗_h M + e^∗_h(Δ_i − Δ_v) , which has the following two solutions: e^∗_h =0, e^∗_h =

Γ_hΓ_vΔ_i − M Δ_i − Δ_v , (3)

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

which correspond to the disease-free and endemic equilibrium points, respectively. If we let e^∗_h as any of those values, by simplifying the other equations we get that:

s^∗_h = 1 k_se^∗_h + 1 , i^∗_h = k_ie^∗_h, ℏ^∗ = k_ℏe^∗_h, r^∗_h = k_re^∗_h,

s^∗_v = 1 1 + κ_se^∗_h , e^∗_v = κ_ee^∗_h, i^∗_v = κ_ie^∗_h,

where the k’s and κ’s are parameters. The case e^∗_h = 0 shows the existence of the disease-free equilibrium point (1, 0, 0, 0, 0, 1, 0, 0).

3 Model results

In this section we perform the following analyses for System 2: R_0 calculation, global equilibria of disease free equilibrium, sensitivity analysis, and numerical simulations.

3.1 Basic reproductive number

We compute the basic reproductive number, R_0, using the next generation operator [12]. We compute the F matrix where the entries include the transmission terms for both, the host and vector populations,

F = 0 0 0 0 β_{hv} 0 0 β_{vh} β_{vh}(1 − η) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ,

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

and the V matrix that includes the infectious periods of both, the host and vector populations.

V = (μ_h + α_h) 0 0 0 0 0 (μ_v + α_v) 0 0 0 −α_h(1 − p) 0 (μ_h + γ + δ) 0 0 −pα_h 0 −δ (μ_h + γ) 0 0 α_v 0 0 μ_v .

We then find V^{−1} and compute ρ = max{F V^{−1}}, where ρ represents the dominant eigenvalue, and hence, the basic reproductive number is given by:

R_0 = √ β_{hv} (μ_h + γ + δ) β_{vh} μ_v α_h (μ_h + α_h) α_v (μ_v + α_v) [ δ(1 − η) (μ_h + γ)

+ (1 − ηp) ] . And can be broken down and interpreted as in Table 3.

Table 3: Basic reproductive number factors.

Number Description β_{hv} Transmission rate (host-vector)

α_h μ_h+α_h Probability an individual survives the exposed period 1 μ_h+γ+δ Average human infectious period

β_{vh} Transmission rate (vector-host)

α_v μ_v +α_v Probability a vector survives the exposed period 1 μ_v Average vector infectious period

We define,

R_u = β_{hv} (μ_h + γ + δ) β_{vh} μ_v α_h (μ_h + α_h) α_v (μ_v + α_v)

(1 − ηp),

as the contribution of individuals that are infected and undiagnosed. And

R_d = β_{hv} (μ_h + γ + δ) β_{vh} μ_v α_h (μ_h + α_h) α_v (μ_v + α_v) δ(1 − η) (μ_h + γ) , as the contributions of individuals that are hospitalized and therefore diagnosed by default.

Therefore, R_0 can be represented by the contributions of individuals that are undiagnosed and hospitalized (diagnosed), respectively. Hence,

R_0 = √ R_u + R_d.

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

3.2 Global equilibria

In this section we establish the global stability of the disease-free equilibrium using the methods developed in [9].

Theorem 3 The disease-free equilibrium of System 2 is globally asymptotically stable if R_0 < 1.

Proof. Let X ∈ R^n be the uninfected individuals and Z ∈ R^m the infected individuals in the system such that the System 2 is rewritten as: dX dt =F (X, Z), dZ dt =G(X, Z). (4)

Then, if the following conditions are met:

1. R_0 < 1.

2. For^{dX}_{dt} = F (X, 0), the disease-free equilibrium X^∗ is globally asymptotically stable.

3. G(X, Z) = AZ − Ĝ(X, Z), where A = G_Z (X^∗, 0) and Ĝ(X, Z) ≥ 0 for all (X, Z) where the model makes sense.

Then the disease-free equilibrium is globally asymptotically stable. By hypothesis, condition (1) is met. In this section we will prove that conditions (2) and (3) are met by our model. First, consider that X = (s_h, r_h, s_v) and Z = (e_h, i_h, ℏ, e_v , i_v ), then:

F (X, Z) = μ_h − β_{hv}s_hi_v − μ_hs_h γi_h + γℏ − μ_hr_h μ_v − β_{vh}s_v^{ih+(1−η)ℏ}_{1−ηℏ} − μ_vs_v ,

G(X, Z) = β_{hv}s_hi_v − (μ_h + α_h)e_h (1 − p)α_he_h − (μ_h + γ + δ)i_h pα_he_h + δi_h − (μ_h + γ)ℏ β_{vh}s_v^{ih+(1−η)ℏ}

1−ηℏ − (μv + αv)ev

α_ve_v − μ_vi_v .

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

For verifying condition (2), note that:

F (X, 0) = μ_h − μ_hs_h −μ_hr_h μ_v − μ_vs_v .

In this case, the equation: dX dt = F (X, 0).

Has the solution:

X(t) =

1 + e^{−μh}

e^{−μh} 1 + e^{−μv} ,

which satisfies that

lim_{t→∞} X(t) = (1, 0, 1) = X^∗.

Therefore the disease-free equilibrium X^∗ is globally asymptotically stable and condition (2) holds. For condition (3), consider the following matrix:

A = −(μ_h + α_h) 0 0 0 β_{hv} (1 − p)α_h −(μ_h + γ + δ) 0 0 0 pα_h δ −(μ_h + γ) 0 0 0 β_{vh} β_{vh}(1 − η) −(μ_v + α_v) 0 0 0 0 α_v −μ_v .

Let:

Ĝ(X, Z) = β_{hv}i_v − β_{hv}s_hi_v 0 0 β_{vh}(i_h + (1 − η)ℏ) − β_{vh}s_v^{ih+(1−η)ℏ}_{1−ηℏ} 0 .

Note that s_h ≤ 1 and^{sh}_{1−ηℏ} ≤ 1, then Ĝ(X, Z) ≥ 0 for all (X, Z) ∈ Ω, where Ω is given in Theorem (1). Then G(X, Z) = AZ−Ĝ(X, Z) and condition (3) follows.

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

3.3 Sensitivity analysis

For analyzing the sensitivity of our model, we compute the sensitivity indices of the parameters with respect to R_0 as described in [11]. These indices correspond to the partial derivatives of R_0 with respect to each parameter evaluated on the baseline values found in Table 4. Further discussion with respect to η (effectiveness of hospitalization) and p (proportion of individuals with strong symptoms) is presented in 3.4.

Table 4: Parameters for dengue with baseline values, range and references. Unit of time is days.

Parameter Baseline Range Reference β_{hv} 0.33 0.10 − 0.75 [28] β_{vh} 0.33 0.10 − 0.75 [28] 1/α_h 5 4 − 7 [28] 1/α_v 10 7 − 14 [28] δ 0.20 0.10 − 5 [41] 1/γ 6 4 − 12 [28] p 0.20 0 − 1 estimated η 0.80 0 − 1 estimated 1/μ_h 70 68 − 76 [11] 1/μ_v 14 8 − 42 [28]

Table 5: Sensitivity indices for R_0.

Parameter Sensitivity index α_h +0.2534 α_v +3.1677 β_{hv} +2.3038 β_{vh} +2.3038 δ −1.2037 η −0.9352 γ −2.8710 μ_h −6.4188 μ_v −15.0783 p −0.5732

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

These indices give us an insight on which parameters affect in a more significant manner the value of R_0. Notice the high negative value of the sensitivity index of the mortality rate of the vector μ_v, which is biologically explained by the fact that as the rate in which infected vectors are replaced by susceptible vectors grows, then the incidence of infected hosts is reduced since there are less infected vectors.

Another tool to understand the sensibility of the R_0 value is through the global uncertainty quantification described in [28]. This quantification consists in developing an empirical probability distribution for the R_0 value by assuming the parameters follow a uniform distribution in their ranges displayed in Table 4 and then performing random sampling of those parameters and plugging them in the value of R_0. The probability distribution of R_0 obtained after 100, 000 samples is displayed in Figure 4.

Figure 4: Probability distribution of R_0 after 100,000 samples.

As suggested by Figure 4, the most possible range for the R_0 value lies between 0.5 and 2, which implies that in the case of R_0 > 1, it is likely that by performing tweaks in the parameters (in a real context, that is promoting policies that alter in a real population the values of the parameters of the model) we could reduce the value of R_0 closer to 1 and thus significantly reduce the incidence of dengue in a human population.

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

3.4 Numerical scenarios for η and p

We explored numerical experiments in attempting to find the optimal effectiveness of hospitalization of individuals. However, this is highly correlated with the number of individuals who are hospitalized due to more acute symptoms and therefore diagnosed. We can assume that the hospitalization of individuals is for the most part effective. More specifically, in Costa Rica most hospitals have the adequate equipment and staff to attend these cases.

In Costa Rica, depending on the clinical manifestations and different social determinants, patients are usually sent home with basic clinical symptomatic care, recommendations, and schedule appointments in their local health care establishments to monitor how the disease evolves. Patients can also be referred for in-hospital management if severe dengue is diagnosed [6, 53]. The average hospital stays among those that do require so ranges between 3 and 4 days [27], with more severe forms requiring longer stays.

Figure 5: Time series solutions of infectious (undiagnosed) individuals, i_h.

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

Figure 6: Time series solutions of hospitalized (diagnosed) individuals, ℏ.

Figure 5 shows the evolution of infectious individuals. Here, changes in p, probability of developing strong symptoms and being hospitalized, illustrate a reduction in the proportion of infectious individuals. This is directly related to a more precise diagnosis, and more opportunities for public health officials to further improve control measures. Figure 7 shows how the R_0 value behaves as p and η changes, leaving all the other parameters with their baseline values found on Table 4. Notice that numerical estimations hint us that fixing the value of p and increasing the value of η lowers the R_0 value in a faster rate than by fixing the value of η and increasing the value of p. This finding relates to the difference in the sensitivity indexes found in Table 5 and suggests that, based on this model, increasing the effectiveness in hospitalization along with educating patients on preventing methods to minimize infecting others can potentially reduce dengue incidence. Effective isolation, in this case hospitalization, reduces R_0 more effectively than better diagnosing individuals. This is not surprising. However, an opportunity for improved public health policies potentially relies on symptomatic individuals. When individuals are diagnosed and present strong symptoms, the next step is typically a visit to a health facility where treatment is limited. In the majority of cases, those individuals are sent home where the

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

potential for further infections is high. This is where better control policies could play an important role in reducing dengue incidence during an outbreak. Individuals that are sent home after presenting strong symptoms need to be well educated on how to prevent further infections.

(a) R0 versus p. (b) R0 versus η.

Figure 7: R_0 versus the probability of presenting strong symptoms and effectiveness of hospitalization.

4 Discussion

In Costa Rica, as in most of the endemic countries, prevention and control strategies have focused on vector control mainly through insecticides targeting at larval or adult mosquitoes [29, 45]. The country, also follows the recommendations made by the World Health Organization, to promote an strategic approach known as Integrated Vector Management [54]. However, despite these efforts its proper implementation has been difficult to achieve and dengue continues to represent a mayor burden to the health care system.

Based on the results of our model, timely and context-specific dengue contingency plans that involve providing a safer environment for those patients that stay home during their treatments, hence preventing them from propagating the virus, should be one of the priorities among public health officials. Year-round routine activities that involve more active participation from members of the community is one of the strategies that are increasingly being thought to be relevant for a successful control program [48, 3, 35]. Continuous capacity building in the communities will allow to reinforce local ownership, and create awareness of their role as main multipliers of the virus when infected. Therefore, programs

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

adapted to the specific social, economic, environmental and geographic characteristics are a priority [47]. These strategies need to go in hand with better coordination and communication among institutions so that successful activities of one sector will no be weakened by the lack of commitment from another. Also, because the clinical symptoms of dengue are so diverse and the recent emergence of other two arboviruses, each one with similar symptoms but different clinical outcomes, accurate clinical diagnosis is challenging. As such, training of health professional in diagnosis and management in conjunction with laboratory and epidemiological surveillance, is essential [40]. Early accurate notifications of DENV infections will allow health officials to initialized promptly and targeted responses, and continues to highlight the importance and urgent need for the development of specific and sensitive point-of-care test for DENV infections [24].

The intricacies involved in the transmission dynamics of vector-borne viruses, such as the dengue virus, makes interdisciplinary collaboration essential to successfully achieve more efficient prevention and control strategies. As dengue virus continues to spread worldwide, the ever increasing need to develop and apply cost-effective, evidence-based approaches to identify and respond to potential outbreaks, has been one of the central topics from many points of view, including mathematics and medical scientists. As part of this collaboration, mathematical models have proven to be an increasingly valuable tool for the decision making process of public health authorities [22].

Acknowledgements

We thank the Research Center in Pure and Applied Mathematics and the Mathematics Department at Universidad de Costa Rica for their support during the preparation of this manuscript. The authors gratefully acknowledge institutional support for project B8747 from an UCREA grant from the Vice-Rectory for Research at Universidad de Costa Rica.

References

[1] E.G. Acosta, A. Kumar, R. Bartenschlager, Revisiting dengue virus– host cell interaction: new insights into molecular and cellular virology, Advances in Virus Research 88(2014), 1–109. doi: 10.1016/

B978-0-12-800098-4.00001-5

[2] M. Aguiar, B. Kooi, N. Stollenwerk, Epidemiology of dengue fever: a model with temporary cross-immunity and possible secondary infection shows bifurcations and chaotic behaviour in wide parameter regions,

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

Math. Model. Nat. Phenom 3(2008), no. 4 , 48–70. doi: 10.1051/mmnp:

2008070

[3] N. Al-Muhandis, P.R. Hunter, The value of educational messages embedded in a community-based approach to combat dengue fever: a systematic review and meta regression analysis, PLoS Negl Trop Dis 5(2011), 1–9. doi: 10.1371/journal.pntd.0001278

[4] S. Bhatt, P. Gething, O. Brady, J. Messina, A. Farlow, C. Moyes, J. Drake, J. Brownstein, A. Hoen, O. Sankoh, M. Myers, D. George, T. Jaenisch, G. Wint, C. Simmons, T. Scott, J. Farrar, S. Hay, The global distribution and burden of dengue, Nature 5(2013), e1760, 504–507. doi: 10.1038/

nature12060

[5] O.J. Brady, P.W. Gething, S. Bhatt, J.P. Messina, J.S.Brownstein, A.G.

Hoen, C. Moyes, A.W. Farlow, T.W. Scott, S.I. Hay, Refining the global spatial limits of dengue virus transmission by evidence-based consensus, PLoS Negl Trop Dis 6(2012), 115–123. doi: 10.1371/journal.

pntd.0001760

[6] Caja Costarricense de Seguro Social, Guía para la organización de la atención y manejo de los pacientes con dengue y dengue grave, 2013.

http://www.binasss.sa.cr/protocolos/dengue.pdf

[7] Caja Costarricense de Seguro Social, Egresos hospitalarios debidos a dengue, San José, Costa Rica, 2018.

[8] L.B. Carrington, C.P. Simmons, Human to mosquito transmission of dengue viruses, Front. Immunology 5(2014), 1–8. doi: 10.3389/

fimmu.2014.00290

[9] C. Castillo-Chavez, Z. Feng, W. Huang, On the computation of R_0 and its role on global stability, in: C. Castillo-Chavez, S. Blower, P. van den Driessche, Krischner & A.-A. Yakubu (Eds.) Mathematical Approaches for Emerging and Reemerging Infectious Diseases. Models, Methods and Theory. The IMA Volumes in Mathematics and its Applications, Springer, New York, 2002, pp. 229–250. doi: 10.1007/978-1-4613-0065-6

[10] M.C. Castro, M.E. Wilson, D.E. Bloom, Disease and economic burdens of dengue, Lancet Infect Dis 17(2017), no. 3, 70–78. doi: 10.1016/

S1473-3099(16)30545-X

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

[11] N. Chitnis, J.M. Hyman, J.M. Cushing, Determining important parameters in the spread of malaria through the sensitivity analysis of a mathematical model, Bull. Math. Biol. 70(2008), 1272–1296. doi: 10.1007/

s11538-008-9299-0

[12] O. Diekmann, J.A.P. Heesterbeek, J.A.J. Metz, On the definition and the computation of the basic reproduction ratio R_0 in models for infectious diseases in heterogeneous populations, J. Math. Biol 28(1990), no. 4, 365– 382. doi: 10.1007/BF00178324

[13] V. Duong, L. Lambrechts, R.E. Paul, S. Ly, R. Srey Lay, K.C. Long, R. Huy, A. Tarantola, T.W. Scott, A. Sakuntabhai, P. Buchy, Asymptomatic humans transmit dengue virus to mosquitoes, Proc. Natl. Acad. Sci 112(2015), no. 47, 14688–14693. doi: 10.1073/pnas.1508114112

[14] L. Esteva, C. Vargas, A model for dengue disease with variable human population, J. Math. Biol. 38(1999), no. 3, 220–240. doi: 10.1007/

s002850050147

[15] Z. Feng, J.X. Velasco-Hernández, Competitive exclusion in a vector-host model for the dengue fever, J. Math. Biol. 35(1997), no. 5, 523–544. doi:

10.1007/s002850050064

[16] D.J. Gubler, Dengue and Dengue Hemorrhagic Fever, Clin. Microbiol.

Rev. 11(1998), no. 3, 480–496. doi: 10.1128/CMR.11.3.480

[17] D.J. Gubler, Epidemic dengue/dengue hemorrhagic fever as a public health, social and economic problem in the 21st century, Trends Microbiol. 10(2002), no. 2, 100–103. doi: 10.1016/S0966-842X(01)02288-0

[18] D.J. Gubler, G.G. Clark, Dengue/dengue hemorrhagic fever: the emergence of a global health problem, Emerging Infect. Dis. 1(1995), no. 2, 55–57. doi: 10.3201/eid0102.952004

[19] D.J. Gubler, W. Suharyono, R. Tan, M. Abidin, A. Sie, Viremia in patients with naturally acquired dengue infection, Bull. World Health Organization, 59 (1995), no. 4, 623–630.

[20] L.C. Harrington, T.W. Scott, K. Lerdthusnee, R.C. Coleman, A. Costero, G.G. Clark, J.J. Jones, S. Kitthawee, P. Kittayapong, J.D. Edman, Dispersal of the dengue vector Aedes aegypti within and between rural communities, Am. J. Trop. Med. Hyg. 72(2005), no. 2, 209–220. doi: 10.4269/

ajtmh.2005.72.209

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

[21] C. Jansen, N.W. Beebe, The dengue vector Aedes aegypti: what comes next, Microbes Infect. 12(2010), no. 4, 272–279. doi: 10.1016/j.micinf.

2009.12.011

[22] M.J. Keeling, P. Rohani, Modeling Infectious Diseases in Humans and Animals, Princeton University Press, Princeton, New Jersey, 2008. doi: 10.

1111/j.1541-0420.2008.01082_7.x

[23] L. Kittigul, P. Pitakarnjanakul, D. Sujirarat, K. Siripanichgon, The differences of clinical manifestations and laboratory findings in children and adults with dengue virus infection, J. Clin. Virol. 39(2007), no.2, 76–81. doi: 10.1016/j.jcv.2007.04.006

[24] V. Liles, L.S. Pangilinan, M.G Daroy, M.T. Dimamay, R.S. Reyes, M.K.

Bulusan, . . . , T. Hattori, Evaluation of a rapid diagnostic test for detection of dengue infection using a single-tag hybridization chromatographicprinted array strip format, Eur. J. Clin. Microbiol. Infect. Dis. 38(2019), no. 3, 515–521. doi: 10.1007/s10096-018-03453-3

[25] L.P. Lounibos, L.D. Kramer Invasiveness of Aedes aegypti and Aedes albopictus and vectorial capacity for chikungunya virus, J. Infect. Dis., 214(2017), no. 5, S453–S458. doi: 10.1093/infdis/jiw285

[26] R. Luo, N. Fongwen, C. Kelly-Cirino, E. Harris, A. Wilder-Smith, R.W.

Peeling, Rapid diagnostic tests for determining dengue serostatus: a systematic review and key informant interviews, Clin. Microbiol. Infect. 25(2009), no. 6, 659–666. doi: 10.1016/j.cmi.2019.01.002

[27] T.H. Mallhi, A.H. Khan, A. Sarriff, A.Z. Adnan, Y.H. Khan, Patients related diagnostic delay in dengue: an important cause of morbidity and mortality, Clinical Epidemiology and Global Health 4(2016), no. 4, 200– 201. doi: 10.1016/j.cegh.2016.08.002

[28] C.A. Manore, K.S. Hickmann, S. Xu, H.J. Wearing, J.M. Hyman, Comparing dengue and chikungunya emergence and endemic transmission in A. aegypti and A. albopictus, J. Theor. Biol. 356(2014), 174–191. doi: 10.

1016/j.jtbi.2014.04.033

[29] Ministerio de Salud, Lineamientos nacionales para el control del dengue, 2010. Available from: http://www.solucionesss.com/

descargas/G-Leyes/LINEAMIENTOS_NACIONALES_PARA_
EL_CONTROL_DEL_DENGUE.pdf

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

[30] Ministerio de Salud, Análisis de situación de salud, 2018.

Available from: http:/www.ministeriodesalud.

go.cr/index.php/vigilancia-de-la-salud/
analisis-de-situacion-de-salud

[31] A. Morice, R. Marín, M.L. Ávila-Agüero, El dengue en Costa Rica: evolución histórica, situación actual y desafíos, in: La salud pública en Costa Rica. Estado actual, retos y perspectivas. San José, Universidad de Costa Rica, San José, 2010, pp. 197–217.

[32] N.A.E. Murray, M.B. Quam, A. Wilder-Smith, Epidemiology of dengue:

past, present and future prospects, Clin Epidemiol 5(2013), no.1, 299–309. doi: 10.2147/CLEP.S34440

[33] N. Nuraini, E. Soewono, K.A. Sidarto, Mathematical model of dengue disease transmission with severe DHF compartment, Bull. Malays. Math. Sci. Soc. 30(2007), no. 2, 143–157.

[34] M. OhAinle, A. Balmaseda, A.R. Macalalad, Y. Tellez, M.C. Zody, S.

Saborío, A. Nuñez, N.J. Lennon, B.W. Birren, A. Gordon, M.R. Henn, E. Harris, Dynamics of dengue disease severity determined by the interplay between viral genetics and serotype-specific immunity, Sci Transl Med. 3(2011), no. 114, 114–128. doi: 10.1126/scitranslmed.3003084

[35] W.J. Parks, L.S. Lloyd, M.B. Nathan, E. Hosein, A. Odugleh, G.G. Clark, D.J. Gubler, C. Prasittisuk, K. Palmer, J. San Martin, S.R. Silversen, Z. Dawkins, E. Renganathan, International experiences in social mobilization and communication for dengue prevention and control, Dengue Bull. 28(2004), 1–7. https://apps.who.int/iris/handle/10665/

163969

[36] A. Ponlawat, L.C. Harrington, Blood feeding patterns of Aedes aegypti and Aedes albopictus in Thailand, J. Med. Entomol. 42(2005), no. 5, 844–849. doi: 10.1093/jmedent/42.5.844

[37] N.G Reich, S. Shrestha, A.A. King, P. Rohani, J. Lessler, S. Kalayanarooj, E. Kyu Yoon, R.V. Gibbons, D.S. Burke, D. Cummings, Interactions between serotypes of dengue highlight epidemiological impact of crossimmunity, J R Soc Interface 10(2013), 1–9. doi: 10.1098/rsif.2013.

0414

[38] G. Rezza, Aedes albopictus and the reemergence of dengue, BMC Public Health 12(2012), 72–75. doi: 10.1186/1471-2458-12-72

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

[39] G.A. Roth, D. Abate, K.H. Abate, S.M. Abay, C. Abbafati, et al., Global, regional, and national age-sex-specific mortality for 282 causes of death in 195 countries and territories, 1980–2017: a systematic analysis for the Global Burden of Disease Study 2017, The Lancet 392(2018), 1736–1788. doi: 10.1016/S0140-6736(18)32203-7

[40] S. Runge-Ranzinger, A. Kroeger, P. Olliaro, P.J. McCall, G. Sánchez- Tejeda, L.S. Lloyd, L.H.R. Bowman, O. Horstick, G. Coelho, Dengue contingency planning: from research to policy and practice, PLoS Negl Trop Dis 10(2016), 1–16. doi: 10.1371/journal.pntd.0004916

[41] F. Sanchez, L. Barboza, D. Burton, A. Cintrón-Arias, Comparative analysis of dengue versus chikungunya outbreaks in Costa Rica, Journal Ricerche di Matematica 67(2018), 163–174. doi: 10.1007/

s11587-018-0362-3

[42] F. Sanchez, M. Engman, L. Harrington, C. Castillo-Chavez, Models for dengue transmission and control, in: A. Gumel, C. Castillo-Chavez, D.P. Clemence, & R.E. Mickens (Eds.) Mathematical studies on human disease dynamics. Emerging paradigms and challenges (Snowbird, Utah, 2005), Contemp. Math. 410(2006), 311–326. doi: 10.1090/conm/

410/07734

[43] F. Sanchez, D. Murillo, C. Castillo-Chavez, Change in host behavior and its impact on the transmission dynamics of dengue, in: R.P. Mondani (Ed.) BIOMAT 2011, World Scientific, Singapore, 2012, pp. 191–203. doi: 10.

1142/9789814397711_0013

[44] T.W. Scott, W. Takken, Feeding strategies of anthropophilic mosquitoes result in increased risk of pathogen transmission, Trends Parasitol. 28(2012), 114–121. doi: 10.1016/j.pt.2012.01.001

[45] C.P. Simmons, J.J. Farrar, N. van Vinh Chau, B. Willis, Dengue, N. Engl.

J. Med. 12(2012), 1423–1432. doi: 10.1056/NEJMra1110265

[46] C. Soto-Garita, T. Somogyi, A. Vicente-Santos, Molecular Characterization of Two Major Dengue Outbreaks in Costa Rica, Am. J. Trop. Med. Hyg. 95(2016), no. 1, 201–205. doi: 10.4269/ajtmh.15-0835

[47] J. Spiegel, S. Bennett, L. Hattersley, M.H. Hayden, P. Kittayapong, S.

Nalim, D. Nan Chee Wang, E.Z. Gutiérrez, D. Gubler, Barriers and

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

bridges to prevention and control of dengue: the need for a social– ecological approach, EcoHealth 2(2005), no. 4, 273–290. doi: 10.1007/

s10393-005-8388-x

[48] M.E. Toledo, V. Vanlerberghe, D. Perez, P. Lefevre, E. Ceballos, D. Bandera, A. Baly Gil, P. Van der Stuyft, Achieving sustainability of communitybased dengue control in Santiago de Cuba, Soc Sci Med 64(2007), no. 4, 976–988. doi: 10.1016/j.socscimed.2006.10.033

[49] K.S. Vannice, A. Wilder-Smith, A. Barrett, K. Carrijo, M. Cavaleri, A.

Silva, A.P. Durbin, T. Endy, E. Harris, B.L. Innis, L.C. Katzelnick, P.G. Smith, W. Sun, S.J.Thomas, J. Hombacha, Clinical development and regulatory points for consideration for second-generation live attenuated dengue vaccines, Vaccine 36(2018), no. 24, 3411–3417. doi: 10.1016/

j.vaccine.2018.02.062

[50] O. Wichmann, K. Vannice, E. Asturias, E.J. de Albuquerque Luna, I.

Longini, A.Lopez, P. G.Smith, H. Tissera, I.K Yoon, J. Hombacha, Liveattenuated tetravalent dengue vaccines: the needs and challenges of postlicensure evaluation of vaccine safety and effectiveness, Vaccine 35(2017), no. 42, 5535–5542. doi: 10.1016/j.vaccine.2017.08.066

[51] A. Wilder-Smith, E. Schwartz, Dengue in travelers, N. Engl. J. Med 353(2005), 924–932. doi: 10.1056/NEJMra041927

[52] World Health Organization, Dengue: guidelines for diagnosis, treatment, prevention and control, 2009. Available from: https://www.who.

int/tdr/publications/documents/dengue-diagnosis.
pdf

[53] World Health Organization, Handbook for clinical management of dengue, 2012. Available from: https://www.who.int/denguecontrol/

9789241504713/en/

[54] World Health Organization, Handbook for integrated vector management, 2012. Available from: https://apps.who.int/iris/

bitstream/handle/10665/44768/9789241502801_eng.
pdf?sequence=1

[55] World Health Organization, Dengue Bulletin, Vol. 39, 2016. Available from: https://apps.who.int/iris/handle/10665/255696

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020

[56] C. Xavier-Carvalho, C.C. Cardoso, F. de Souza, A.G. Pacheco, M. Ozório, Host genetics and dengue fever, Infect. Genet. Evol. 56(2017), 99–110. doi: 10.1016/j.meegid.2017.11.009

[57] C.F. Yung, K.S Lee, T.L. Thein, L.K. Tan, V.C. Gan, J.G. Wong, D. Lye, L.C. Ng, Y. Leo, Dengue serotype-specific differences in clinical manifestation, laboratory parameters and risk of severe disease in adults, Singapore, Am. J. Trop. Med. Hyg. 92(2015), 999–1005. doi: 10.4269/ajtmh.

14-0628

Rev.Mate.Teor.Aplic. (ISSN print: 1409-2433; online: 2215-3373) Vol. 27(1): 241–266, Jan–Jun 2020