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Abstract: Many infectious diseases are deadly to humans. The Aedes aegypi mosquito is the principal
vector of infectious diseases that include chikungunya, dengue, yellow fever, and zika. Some factors
such as survival time and aging are vital in its development and capacity to transmit the pathogens,
which in turn are affected by environmental factors such as temperature. In this paper, we consider
aging as the biological wear and tear presented in some mosquito populations over time, whereas
survival is considered as the maximum time that a mosquito lives. We propose statistical methods
that are commonly used in engineering for reliability analysis to compare transmission riskiness
among different mosquitoes. We conducted a case study in three Colombian cities: Bello, Riohacha,
and Villavicencio. In this study, we detected that the Aedes aegypi female mosquitoes in Bello live
longer than in Riohacha and Villavicencio, and the females in Riohacha live longer than those in
Villavicencio. Regarding aging, the females from Riohacha age slower than in Villavicencio and the
latter age slower than in Bello. Mosquito populations that age slower are considered young and the
other ones are old. In addition, we detected that the females from Bello in the temperature range of
27 ◦C–28 ◦C age slower than those in Bello at higher temperatures. In general, a young female has a
higher risk of transmitting a disease to humans than an old female, regardless of its survival time.
These findings have not been previously reported in studies of this type of infectious diseases and
contributed to new knowledge in biomedicine.

Keywords: convex transform order; exponential, Gompertz, logistic, and Weibull distributions;
Mann–Whitney test; mosquitoes; reliability theory; spline; statistical robustness; vector-borne diseases

1. Introduction, Case Study, and Description
1.1. Introduction

Many infectious diseases have been very important for epidemiology, prevention,
and virology. The Aedes aegypti is a cosmopolitan mosquito and the principal vector of
infectious diseases such as chikungunya, dengue, yellow fever, and zika [1–4]. The female
mosquitoes transmit these diseases by biting infectious hosts, spreading over greater
distances, and surviving until they become infectious vectors and biting other susceptible
humans [5]. This phenomenon, which describes the ability of a mosquito population to
spread a disease [6,7], is a risk to the human population. Some factors that affect this ability
are aging and survival time [8–11].

In the present study, we considered: (i) the term aging as the biological wear and tear
presented in a mosquito population over time; and (ii) the term survival as the maximum
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time that a mosquito lives. Therefore, a mosquito population might long-lived but faster
aging over time. We call this a long-lived but old population. The opposite case occurs
when a mosquito population has less longevity but slower aging over time. In such a case,
we call this a short-lived but young population. Additionally, other cases could occur, that
is, short-lived populations that are old or remain young. Thus, survival and aging could
vary across populations and locations because they may be sensitive to climate such as
temperature [12,13].

Temperature is an important factor that affects mosquitoes’ survival due to their poik-
ilothermic nature [5,12,14]. This means that their internal temperature varies as the environ-
mental temperature changes, which affects their development and survival [5,15]. Their ag-
ing has been experimentally evidenced for male and female mosquitoes [7,16–18]. This is
considered as a relevant factor in transmission risk because the females are more likely
to transmit pathogens if they bite an infected host when they have higher fitness [18,19].
Furthermore, aging decreases Aedes aegypti fecundity, vectorial capacity, and consequently
transmission intensity [18].

A number of authors have modeled the survival of Aedes mosquitoes with the exponen-
tial [20–23], Gompertz and logistic [15,16,24], and Weibull [15,25,26] statistical distributions,
where the best-fit model was provided by the Weibull distribution [16]. The survival func-
tion of Aedes females considering populations of Aedes aegypti and Aedes albopictus was
modeled in [5]. The advantages of using parametric models to describe the survival
function include their theoretical properties and the aging comparison via stochastic order.

We considered aging from two view points: (i) by assuming that the hazard rate
(HR) increases with age [16]; and (ii) in terms of the convex transform (CT) order. This
order is a mathematical formalization to compare the aging velocity of two populations
via an increasing HR [19]. The age-dependent mortality of Aedes aegypti based on the HR
function was studied in [16,27]. However, to the best of our knowledge, no studies that
simultaneously consider aging and survival phenomena have been reported to date.

1.2. Definition of the Case Study

Next, we describe the characteristics of the case study and indicate the zones where the
data were collected. The Aedes aegypti mosquito is distributed in tropical and subtropical
areas [28] and affects many countries including Colombia, where the extrinsic conditions
favor its reproduction and survival [29]. In Colombia, the proliferation of this vector is a
public health problem for different cities because it transmits diseases including chikun-
gunya, dengue, yellow fever, and zika. Hence, it is important to obtain information about
vector populations to design control strategies. In this paper, we studied the mosquito’s
risk over human population by analyzing vector aging and survival in three endemic
cities in Colombia: Bello, Riohacha, and Villavicencio, whose geographical locations are
presented in Figure 1.

For each city studied, we describe the following climatic and geographical conditions:

(i) Bello city is located in the Andean Mountains (1310 m above mean sea level (m.a.s.l.)),
with an average rainfall of 1542 mm and average minimum/maximum temperatures
of 17 ◦C/28 ◦C, respectively.

(ii) Riohacha is a city close to the Caribbean Sea (5 m.a.s.l.) and the Riohacha river,
with an average rainfall of 546 mm and average minimum/maximum temperatures
of 24 ◦C/33 ◦C, respectively.

(iii) Villavicencio city is located in the Eastern Plains at 467 m.a.s.l., with an average rainfall
of 4537 mm and average minimum/maximum temperatures of 21 ◦C/30 ◦C, respec-
tively.

(iv) For these three cities, the average humidities are very similar with a value of approxi-
mately 77%. In addition, Figure 1 indicates that each study zone is far from the other
two zones and all of them present different geographic conditions.
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Figure 1. Map of the Colombian urban areas considered in this study.

The data of Aedes aegypti females were collected from a laboratory. We considered
mosquitoes at immature stages from natural breeding sites in Bello, Riohacha, and Villavi-
cencio. Then, we reared them under laboratory conditions, that is, humidity at 80%, day
length of 12 h, and a constant temperature depending on the assay. For Bello, Riohacha,
and Villavicencio, we reared mosquitoes at 23 ◦C and 27 ◦C, where the sample size for each
temperature and the descriptive statistics for the total count of data are shown in Table 1,
while the boxplot is displayed in Figure 2.

Observe that only for the city of Bello were different temperatures observed, such as
28 ◦C, 30 ◦C, and 32 ◦C, with sample sizes 42, 55, and 65, respectively. Therefore, a spline
interpolation analysis to estimate survival functions at different temperatures was only
performed for Bello. Note that each experimental assay has an error of ±1 ◦C. Thus, we
submerged the eggs from the fifth-generation in dechlorinated water and counted the
larvae that emerged. The adult mosquitoes were fed with a solution of 10% sugar and 90%
water. After six days of emerging, the females were fed with chicken blood two times per
week. We counted the number of deaths per day and reported that none of the mosquito
populations were infected with the virus.

Note that the count of data used in the application is a consequence of what was
observed in the laboratory. For example, in [5], the authors performed interpolation with a
lesser count of temperatures due to the cost and complexity of obtaining laboratory data.

To determine the aging and survival factors of Aedes aegypti mosquitoes through
statistical methods, we fit them using the number of female mosquito deaths from life
tables for each study city and built such tables using the methodology for the experimental
assay proposed in [30]. All experimental assays performed in this study were approved by
Ethics Committee for Animal Experiments (in Spanish, CEEA), Colombia.

Table 1 reports the main descriptive statistics of the lifetime data (in days) considered
in this study. From this table, note that there is not much difference in the statistics of
lifetimes of females from the three Colombian cities, and the same conclusion can be drawn
from the boxplot in Figure 2. The Mann–Whitney test [31] may be applied to contrast
whether these data sets come from the same population. In addition, we might compare
the empirical distribution functions of these sets of lifetimes to assess whether any city
has mosquitoes with longer lifetimes. This comparison is addressed in Section 3 by using
reliability theory. As mentioned previously, we observed that the size of the data set
utilized here was in agreement with what was employed in the laboratory [5].
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Table 1. Descriptive statistics of Colombian mosquito lifetime data (in days) for each indicated city.

Statistic Bello Villavicencio Riohacha

Total count 138 114 169
Count to 23 ◦C 77 62 79
Count to 27 ◦C 61 52 90
Minimum 12.00 10.00 8.00
25th percentile 27.00 25.25 28.00
Mean 36.33 34.66 36.35
Median 37.00 35.00 38.00
75th percentile 44.00 42.00 46.00
Maximum 72.00 63.00 69.00
Standard deviation 11.66 11.87 13.37

Figure 2. Boxplot for each indicated city with Colombian mosquito lifetime data (in days), where the
dot symbol to the right in Bello is an outlier.

1.3. Objective and Description of the Paper

The main objective of this study was to perform a match between the aging and
survival phenomena with the mosquito risk to transmit the pathogen. Here, we analyzed
that a long-lived and younger population may present a higher risk because the wear and
tear are less over time. This gives the mosquitoes the possibility to breed, feed, and transmit
a disease for a longer time than an older population. Therefore, in this paper, we analyzed
the relationship among aging, risk, survival, and temperature in Aedes aegypi mosquito
populations from three cities in Colombia, a region strongly affected by the vector-borne
diseases. We incorporated some effects of age-dependent mortality into the models used in
the literature [5,7,32]. In addition, we present a statistical method to compare the aging
among the mosquito populations from three Colombian cities which allowed us to contrast
their risk of contagious. The findings reported in this investigation have not been presented
previously and have contributed to the development of knowledge in biomedicine. We
employed the MATLAB software [33] to implement our methodology.

The remainder of the paper is organized as follows. In Section 2, the statistical
methods to compare survival and aging among populations are introduced. Section 3
applies the statistical methods and models described in Section 2 to analyze the data
collected. In Section 4, we discuss the results of the study based on the analysis of the
model comparisons and address the conclusions of this study.



Mathematics 2021, 9, 1488 5 of 15

2. Statistical Methods

In this section, we present elements of reliability analysis, non-parametric/parametric
fitting of the survival function, some ideas on general and robust regression, and a non-
parametric test to compare statistical distributions.

2.1. Elements of Reliability Analysis

Let T be a random variable that corresponds in our case study to the lifetime of Aedes
aegypti females, where f is its corresponding probability density function, and F is the
associated cumulative distribution function. Then, we defined the survival function as
F̄(t) = 1− F(t), indicating the probability of surviving at time t. The HR function is
established by h(t) = f (t)/F̄(t), meaning the propensity to die at time t. The reversed
hazard (RH) rate is stated as r(t) = f (t)/F(t), expressing the intensity of having died
before time t, given a death at time t. We consider the function C(t) =

∫ ∞
t F̄(x)dx. Note

that C(t)/F̄(t) is the mean residual life at time t. The previous functions allow us to define
some useful stochastic orders to obtain the main results of this study.

Let T(1) and T(2) be two random variables that, in our case, represent the lifetimes of
two individual populations (for example, the Aedes aegypi mosquito populations from Bello
and Riohacha), with the cumulative distribution functions F and G, and density functions
f and g, respectively. Consider the following for T(1) and T(2):

(i) The survival function leads to the concept of usual stochastic (ST) order in which the
random variable T(1) is less than the random variable T(2), denoted by T(1) ≤ST T(2),
if only if the survival function of T(1) is everywhere less than the survival function
of T(2).

(ii) The HR function, also named failure rate function, leads to the concept of HR order in
which T(1) is less than T(2), denoted by T(1) ≤HR T(2), if and only if the HR function
of T(2) is everywhere less than the HR function of T(1).

(iii) The RH rate function permits us to obtain the concept of RH order in which the
random variable T(1) is less than the random variable T(2), denoted by T(1) ≤RH T(2),
if only if the RH rate function of T(1) is everywhere less than the RH rate function
of T(2).

(iv) The function C(t) above defined leads to the concept of convex (CX) order in which
T(1) is less than T(2), denoted by T(1) ≤CX T(2), if and only if the function C(t) of
T(1) is everywhere less than the function C(t) of T(2) and E[T(1)] = E[T(2)]. Since
C(t)/F̄(t) is the mean residual life at time t, then T(1) ≤CX T(2) implies that the mean
residual life of T(1) is less than the mean residual life of T(2).

For a deeper discussion of stochastic order to compare lifetimes and aging classes,
we refer the reader to [34]. We recall that the HR function h(t) = f (t)/F̄(t) means the
propensity to die in the instant immediately after t. Therefore, an increasing HR means
that, in our framework, the mosquito is aging. Note that the exponential distribution has
a constant HR, which indicates that, for example, the mosquito does not age since this
distribution has the Markov property, also named memoryless property. However, aging
can be analyzed by the CT order.

The CT order was studied in [19] to analyze aging for parallel systems. Note that
a population of Aedes aegypti females, stated in terms of a lifetime T(1), ages faster than
another population with lifetime T(2), denoted by T(1) ≤CT T(2), if and only if G−1(F(t))
is convex in t on the support of T(1). The convexity of G−1(F(t)) means that the function
f (F−1(u))/g(G−1(u)) is increasing in u ∈ [0, 1]. Observe that the CT order is an important
concept to compare aging between individuals (mosquitoes in our case) [19], since it reflects
one distribution with an HR that increases more quickly than another individual, that is,
one of them ages faster than the another one. Based on the CT order, this study compares
the aging speed of the Aedes aegypti females in the three Colombian cities considered.



Mathematics 2021, 9, 1488 6 of 15

2.2. Non-Parametric and Parametric Survival Analysis

The empirical distribution function of T, denoted by F̂n, is the cumulative distribution
function that assigns a mass of 1/n at each observed point ti, with i = 1, . . . , n, where
n is the sample size; for more details of the empirical distribution function, see p. 13
in [35]. Note that, in this study, ti is an observed value of the Aedes aegypti female lifetime i.
Formally, the empirical distribution function is defined as

F̂n(t) =
1
n

n

∑
i=1

I(ti ≤ t), (1)

where I is the indicator function given by

I(ti ≤ t) =
{

1, if ti ≤ t;
0, if ti > t.

In order to parametrically fit the survival function, we considered the exponen-
tial, Gompertz, log-logistic, and Weibull distributions. As mentioned, the Gompertz
and log-logistic distributions are commonly used as parametric models in human mor-
tality, whereas the exponential and Weibull distributions are often employed to para-
metrically model survival times [36,37]. The Weibull distribution has been used for
modeling the Aedes aegypti mortality [16]. We fit parametric models using two MATLAB
functions named distributionFitter and lifetablefit by means of https://www.
mathworks.com/help/stats/distributionfitter.html (accessed on 22 June 2021) and https:
//www.mathworks.com/help/finance/lifetablefit.html (accessed on 22 June 2021).

The Weibull cumulative distribution function for a lifetime T is established as

F(t) = 1− exp

[
−
(

t
α

)β
]

, t > 0. (2)

By applying the logarithm in the expression stated in (2), we have that

log{−log[1− F(t)]} = −βlog(α) + βlog(t)

y = β0 + β1x. (3)

Based on ti defined as in (1), we get from (3) that y(i) = log{−log[1− p(t(i))]}, where
p(i) can be obtained as p(i) = [F̂n(t(i)) + F̂n(t(i−1))]/2, with t(i) being the ith ordered value
(observed order statistic) of ti, that is, we have the lifetime data {t1, . . . , ti, . . . , tn} and their
corresponding ordered values {t(1) = min{t1, . . . , tn}, . . . , t(i), . . . , t(n) = max{t1, . . . , tn}}.
In addition, also from (3), observe that β0 = −βlog(α), β1 = β, and x(i) = log(t(i)),
for i = 1, . . . , n. Note that the dependent variable (y) is stated in terms of the empirical
distribution function of the data corresponding to the Aedes aegypti female lifetimes and
the independent variable (x) is in terms of these lifetimes.

2.3. Regression Analysis

According to (3) and by defining β = (β0, β1)
>, X = (1, x)>, and Y = (y(1), . . . , y(n))>,

with 1 = (1, . . . , 1)> and x = (x(1), . . . , x(n))>, the estimation of regression coefficients by
the ordinary least squares method is established as

β̂ = (X>X)−1X>Y . (4)

It is known that the estimator associated with (4) is unbiased and consistent under the
normality, homoscedasticity, and independence assumptions.

An alternative to the linear relationship among the dependent and independent
variables is to relax the assumptions of the general linear regression to do the robust

https://www.mathworks.com/help/stats/distributionfitter.html
https://www.mathworks.com/help/stats/distributionfitter.html
https://www.mathworks.com/help/finance/lifetablefit.html
https://www.mathworks.com/help/finance/lifetablefit.html
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modeling, decreasing the influence of outliers. Some common techniques of robust statistics
that are described in [38], and more recently in [39], can be considered.

In this paper, we used the iterative reweighed least squares (IRLS) technique [40] to
estimate the regression parameters β. At the first iteration, IRLS utilizes the classic general
linear regression and then incorporates a matrix (W) that depends on a weighting function
ρ. The estimation of regression coefficients β̂ = (X>WX)−1X>WY , where X and Y are
defined in (4), whereas W at the first iteration is an n-dimensional identity matrix. The IRLS
technique is an important extension of the weighted least squares that search, iteratively,
to decrease the influence of outliers by assigning weights to cases in each step. Note that
the function ρ down-weights cases that are further off the regression line in the last iteration.
We use a MATLAB implementation for robust regression available in the toolbox statistics.
Observe that this MATLAB implementation strictly follows the bi-square weight function.
This robust regression method is employed to find the statistical distribution that best
fits the data. In this case, we use the MATLAB implementation of the IRLS technique and
the Weibull distribution linearization shown in (3). In general, through transformations,
a supposed theoretical distribution is linearized, and with the robust regression technique,
we identify which distribution best fits the data.

2.4. Non-Parametric Test

The Mann–Whitney test is a non-parametric approach which allows us to compare
two distributions. This test also enables us to compare the probability that an observation
from a population T(1) exceeds an observation from another population T(2), which is
equivalent to stating as an alternative hypothesis H1 that the distributions of T(1) and T(2)

are not the same. The Mann–Whitney test is formulated as follows.
Let T(1) and T(2) be two random variables (for example, the lifetimes of two mosquito

populations in Bello and Riohacha). Then, the hypotheses to be tested for comparing the
probability that an observation from the population T(1) exceeds an observation from the
population T(2) are stated as

H0: P(T(1) > T(2)) + 0.5P(T(1) = T(2)) = 0.5

versus
H1: P(T(1) > T(2)) + 0.5P(T(1) = T(2)) 6= 0.5.

Using a parametric fitting, we can test the above hypotheses to compare the survival
functions from two samples of each population. When the random variables are assumed
to be continuous, we utilize use the Mann–Whitney test to show a difference in medians.
However, one might explore their descriptive statistics presented in Table 1, and the boxplot
displayed in Figure 2, from where there is not much difference in the lifetime medians
of Aedes aegypti females in the three Colombian cities. Note that these medians are only
point estimates. However, with the Mann–Whitney test, the same conclusion is reached
when all data, not classified by temperature, are considered. In Section 3, we discuss that
the temperature is an important factor that affects mosquito lifetimes. Hence, the Mann–
Whitney test is again applied to establish whether the lifetimes at different temperatures
have different distributions.

3. Statistical Analysis of the Case Study

In this section, we provided the three main results of our investigation. The first one
is a comparison of the survival among Aedes aegypti populations of the three Colombian
cities studied. The second one compares the aging speed of Aedes aegypti females for these
three cities. Then, we analyzed both survival and aging through different temperatures
only for the Bello population.
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3.1. Survival Analysis of Aedes aegypti Females

In the regression models utilized for each city, the total count of data reported in Table
1 are considered. In Figure 3, we show the exponential, Gompertz, log-logistic, and Weibull
fittings for the survival function of the samples from Bello, Riohacha, and Villavicencio.
Note that the exponential model does not fit as well as the other analyzed models because it
does not consider the age-dependent mortality. The exponential distribution assumes that
the mortality is constant across time [41], which was also mentioned in [25] for the Bello
population. Consequently, the exponential model does not the catch aging phenomenon
and does not fit well with our real data.

The best fitting is provided by the Weibull model, which can represent lifetimes with
decreasing and increasing HRs through the shape parameter β when it is less or greater
than one, respectively. This means that the mortality rate is decreasing or increasing over
time, respectively. When β = 1, there is no change in the mortality rate, since it is the
exponential case [42]. The estimates of β for this study are reported in Table 2.

The log-logistic model could represent both monotonic and non-monotonic aging
based on its scale parameter. Hence, this model could also fit our data [43,44].

The Gompertz distribution does not fit as well as the Weibull and log-logistic distribu-
tions for the Bello and Riohacha populations. However, it follows the tendency of real data
because it also represents the change in the mortality rate as an exponential model with
aging [43,44].

The linearization of the Weibull cumulative distribution function with estimated
parameters is shown in Figure 4. The real data are plotted after applying a Weibull transfor-
mation and these follow a linear tendency with the presence of some outliers. To decrease
the influence of the outliers, the Weibull parameters were estimated by using IRLS robust
regression. The estimation of parameters is reported in Table 2, where 95% confidence
intervals (CIs) for the parameters were obtained by using 1000 bootstrap samples, each of
the size of the original data set. From the Weibull F(t) defined in (2), the HR function may
be obtained as h(t) = f (t)/F̄(t) = β tβ−1/αβ, for t > 0, which indicates, as mentioned,
the propensity to die at time t. Note that β is a shape parameter; see p. 231 in [34]. If β < 1,
the HR is decreasing over time, which means that as the mosquito survives longer, its prob-
ability of death is lower, indicating that the individual populations rejuvenates. If β > 1,
then this indicates that the HR is increasing over time, meaning that there is an aging
process, and the mosquitoes are more likely to die as time progresses. If β = 1, we have the
exponential distribution that has a constant HR, that is, no aging nor rejuvenation exists.

From Table 2, we observe that the point estimate of β for the three cities is greater than
one. Furthermore, the CI in both limits is also greater than one. Thus, there is sufficient
statistical evidence in the sample to conclude that the lifetimes of Aedes aegypti females
in the three cities have increasing HR, which is visually supported by the graphical plots
of these HR functions in Figure 5A. The adjusted R2 is also shown in Table 2, where the
fitted linearized model exceeds 97% in all cases, meaning that the Weibull distribution
is appropriate to explain these data. It is well known that the median of the Weibull
distribution is given by α[log(2)]1/β. Then, from the results reported in Table 2, we can
obtain that the median lifetimes in the cities considered are 35.55, 35.037, and 33.847 days,
for Bello, Riohacha, and Villavicencio, respectively. Observe that these median values are
similar to those values obtained in the descriptive analysis reported in Table 1.

We used the two-tailed Kolmogorov–Smirnov (KS) test to choose the best model and
report all KS test results in Table 3. From this table, note that the Weibull fitting is the best
one for all cities because its p-value is the highest, followed by the log-logistic, Gompertz,
and exponential fittings. The p-value comparison indicates that the empirical distribution
function for each sample is closer to the Weibull distribution. Hence, we modeled the
survival function for the data sets from these three cities with the Weibull distribution.
Therefore, hereafter, we make the survival analysis and stochastic comparison by using the
Weibull fitting.
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Figure 3. Survival curves for the indicated model with Colombian mosquito lifetime data (in days)
from Bello (A), Villavicencio (B), and Riohacha (C).

Figure 4. Fitted Weilbull linearization with Colombian mosquito lifetime data from Bello (A),
Villavicencio (B), and Riohacha (C).

Table 2. Adjusted R2 and estimated parameters by 95% CI of the linearized Weibull distribution
function with Colombian mosquito lifetime data for the indicated city.

Weibull Fitting

City α CI(α) β CI(β) R2

Bello 39.586 [39.315, 39.896] 3.411 [3.340, 3.482] 0.985
Riohacha 40.320 [39.838, 40.916] 2.610 [2.547, 2.672] 0.974
Villavicencio 38.144 [37.955, 38.366] 3.067 [3.026, 3.109] 0.994

Table 3. p-value of the KS test for the indicated model and city with Colombian mosquito lifetime data.

KS p-Value

Distribution Bello Villavicencio Riohacha

Exponential <0.0001 <0.0001 <0.0001
Gompertz <0.0001 <0.0001 <0.0001
Log-logistic 0.2937 0.8553 0.1750
Weibull 0.5522 0.9967 0.4169

The comparison of Aedes aegypti females’ lifetimes from Bello, Riohacha, and Villavi-
cencio is shown in Figure 5, where the HR (A) is not a good criterion to compare these cities
because pairs of HRs overlap with one another. Thus, according to the orders established
in Section 2.1, they are not comparable under the HR criterion. However, the RH rate (B)
and survival function (C) allow us to identify that females Aedes aegypti from Bello live
longer than females from Villavicencio due to the Bello curve being above the Villavicencio
curve. Females from Riohacha cannot be easily compared with the other two cities based
on the HR (B) and survival function (C) criteria because the Riohacha curves overlap with
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the other two curves. Therefore, other weaker comparison criteria must be considered,
for example, the convex order (D) which shows that Aedes aegypti females from Riohacha
have a greater mean residual life than females from Bello and Villavicencio. We checked the
difference among the respective fitted Weibull distributions by using the Mann–Whitney
test and report the results in Table 4. In this table, the Mann–Whitney statistic and its
p-value indicate the equality of any two pairs of distributions that should not be rejected at
a 5% significance.

Figure 5. Plots of the HR (A), RH rate (B), survival function (C), and convex order (D), with Colom-
bian mosquito lifetime data in each indicated city.

Table 4. Mann–Whitney values when comparing each indicated cities with mosquito lifetime data.

Cities Statistic p-Value Decision

Bello versus Riohacha 11 171 0.2637 Distributions are not statistically different at 5%
Bello versus Villavicencio 7276 0.1530 Distributions are not statistically different at 5%
Riohacha versus Villavicencio 8704 0.0846 Distributions are not statistically different at 5%

According to the results presented in Figure 5, we compared and deduced a survival
order relationship among the populations of the studied cities as follows. Let T(B), T(R)

and T(V) be Aedes aegypti female lifetimes of Bello, Riohacha, and Villavicencio, respectively.
Then, we concluded from Figure 5C that T(B) ≥ST T(V). The aforementioned stochastic
order means that Bello females live longer than Villavicencio females, but Bello and Rio-
hacha are not comparable in this stochastic order. However, from Figure 5D, T(R) ≥CX T(B)

and T(R) ≥CX T(V). Hence, both (T(R), T(B)) and (T(R), T(V)) are comparable in the convex
order, which means that the mean residual life in Riohacha seems to be greater than in the
other two cities. Note that this conclusion seems to indicate that the female mosquitoes
from Bello are riskier to humans due to the fact that they live longer and then they can
transmit the disease for more time. Nevertheless, there are more factors that could define
the risk of transmission, for example, aging, since a young population could reproduce
more and improve vectorial capacity. Therefore, a combination of long lifetime and slow
aging may be the characteristic of a high-risk mosquitoes population. Thus, in the following
subsection, we performed an analysis relating both phenomena (aging and survival) to
determine the riskier mosquito population to humans.
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3.2. Aging Speed Analysis of Aedes aegypti Females

Let F, G, and H be the cumulative distribution function of Aedes aegypti females
lifetimes for Bello, Villavicencio, and Riohacha, respectively. We introduced an analytic
comparison of aging among the different populations using the CT order comparison.
Computing the CT order comparison for each pair of cities, we obtained that T(B) ≤CT
T(V) ≤CT T(R). From Figure 6, note that females from Bello age faster than females from
Riohacha and Villavicencio. Moreover, the females from Villavicencio age faster than
females from Riohacha.

From the comparison among the populations of the three cities of the case study, we
concluded that Aedes aegypti females from Bello live longer than females from Villavicencio.
In contrast, females from Riohacha have a mean residual life greater than both Bello and
Villavicencio. Furthermore, we reported that females from Bello age faster than females
from Riohacha and Villavicencio, while the females from Villavicencio age faster than
females from Riohacha. Therefore, females from Riohacha are more dangerous than
females from Villavicencio, and then the latter are more dangerous than females from Bello.
This is because younger populations have a greater vectorial capacity to reproduce and
quickly infect the human population. Thus, in general, Aedes aegypti females from Riohacha
are the most dangerous because they age slower and have a longer mean residual life than
other cities.

Figure 6. Aging curves via the CT order with Colombian mosquito lifetime data from Bello versus
Riohacha (A), Bello versus Villavicencio (B), and Riohacha versus Villavicencio (C).

3.3. Survival and Aging Analysis of Aedes aegypti Females

We performed an analysis to determine how the aging and survival of Aedes aegypti
from Bello are simultaneously affected by different temperatures. As mentioned in the
introduction, the temperature is an important factor that affects mosquitoes’ survival due
to their poikilothermic nature. This means that their internal temperature varies as the
environmental temperature changes, affecting their development and survival. As dis-
cussed in [5], although there are other important factors such as humidity and photoperiod,
the effects of temperature were rigorously quantified and frequently identified as the most
relevant factor for the survival of Aedes aegypti females. However, the relationship between
aging, speed, and temperature has not been studied in detail. Therefore, we focused on the
analysis of the relationship temperature-survival and temperature-aging.

We used Bello data to interpolate the lifetimes and determine a temperature range
where aging is the slowest one. Then, we analyzed survival and aging across a range of
temperatures. Since just five temperatures were observed in Bello city, an interpolation of
the survival function has been considered at intermediate unobserved temperatures. We
interpolate the survival functions for each of the five temperatures observed in Bello. Hence,
a cubic spline methodology is implemented to estimate the survival surface. Figure 7A
shows the interpolated survival function in the temperature range from 27 ◦C to 32 ◦C,
where Figure 7B is a two-dimensional representation of Figure 7A. Note that the x-axis is
the time in days, the y-axis is the temperature in Celsius degrees, and the z-axis represents
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the proportion surviving according to the color bar scale. Following the trend of the 50th
percentile represented by the first dashed line, observe that the temperatures where the
color of the light is more durable, ideal temperatures are detected for the survival of Aedes
aegypti females of Bello, assuming that the temperature is constant over time.

Figure 7. Plots of proportion surviving by time and temperature (A) and its 2D representation (B) for
Aedes aegypti females from Bello across a range of temperatures with Colombian mosquito lifetime
data. Colors from light to dark show survival from 100 to 0% of the population remaining. Dark color
indicates that <1% of the population remains. Dashed black lines show the 50th and 95th percentiles
of the original population remaining.

An analysis for the dangerousness of the Aedes aegypti female population from Bello is
provided in Figure 8 in terms of the temperature, ranging 27 ◦C to 32 ◦C by 2.5 ◦C, where the
interpolated survival functions (Figure 7) are compared by pairs of temperatures in terms
of survival and aging. Figure 8A shows the aging analysis for all possible temperatures,
with the light color indicating that an Aedes aegypti female population at the temperature
of the x-axis ages faster than an Aedes aegypti female population at the temperature of
the y-axis. In the same sense, for the dark color, an Aedes aegypti female population at
the temperature of the x-axis ages slower than an Aedes aegypti female population at a
temperature of the y-axis. In Figure 8B, the dark color indicates that an Aedes aegypti
female population at the temperature of the y-axis lives longer than an Aedes aegypti female
population at the temperature of the x-axis. By using the Mann–Whitney test, in Figure 8C,
the light color indicates that an Aedes aegypti female population at the temperature of the
x-axis has another distribution function than an Aedes aegypti female population at the
temperature of the y-axis. Therefore, based on the interpolation, the survival functions for
all possible different temperatures in the range seem to be different.

Figure 8. Dangerousness of Aedes aegypti females from Bello at temperatures between 27 ◦C and 32 ◦C using the convex
order (A), survival function (B), and Mann–Whitney test (C).
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4. Results, Discussion and Conclusions

In this investigation, lifetimes data of Aedes aegypti female mosquitoes collected from
three Colombian cities were analyzed and compared using the survival function, hazard
rate, and reversed hazard rate. In addition, we introduced the convex order function to the
survival analysis. Note that the convex order comparison criterion is weaker than the other
criteria, but it is stronger than the two-sample t-test for differences in means. Therefore, it
is useful for the comparison between two samples when some criteria are not determinant.

We determined that the convex transform order is a statistical method that allowed
us to compare the speed of aging between two different populations, using data from the
Bello, Riohacha, and Villavicencio cities. Comparative analysis of the aging of potentially
infectious populations, together with its survival analysis, enabled us to rank the danger
of different vector populations. Furthermore, an analysis of the aging and survival of
Aedes aegypti females permitted us to determine the temperatures, within a range, where
the dangerousness of the population, in terms of the ability to transmit pathogens, is the
highest one.

We conclude from the results obtained that females from Bello, at temperatures of
27–32 ◦C, aged slower than the Aedes aegypti females at higher temperatures. That is,
females from Bello at temperatures of 27–28 ◦C are more dangerous than females at
temperatures of 31–32 ◦C, under laboratory conditions. In addition, temperature variation
is important for both survival and dengue transmission, because of studies such as [45]
which reported that, at temperatures near 28 ◦C, the rates of infection, dissemination,
and transmission of disease are higher than at low temperatures. This increases the
riskiness of populations that survive better at temperatures near 28 ◦C as in Bello. Even
more, it is important to perform this kind of study for other vector populations to determine
their transmission risk potential, and therefore, develop control strategies, prioritizing the
affected human populations.

We argue that the survival of Aedes aegypti females is not the most critical component
of their ability to transmit pathogens. According to our definition of risk population, we
determined that a young population is riskier than an old population, even if the last
one lives longer. Hence, the analyses performed for Colombian mosquito populations
showed that the most critical one is Riohacha due to their slowest aging, as even Riohacha
mosquitoes live less than other populations. Our most relevant finding is that, if population
B lives longer than population A, and B ages faster than A, then A is more dangerous
than B.

For future studies, we suggest performing analyses related to mosquito mortality in
the field which would provide more realistic data with regard to the Aedes population. As
indicated in [44], aging is mostly appreciated in long-living or low-mortality mosquito
populations, that is, those raised under laboratory conditions. Furthermore, we propose
as future work to perform this study with Aedes aegypti females in the field and other
populations, which would allow us to conclude which population is riskier than others
and what advice about control strategies can be provided. It is important to note that
we used data from mosquitoes that were not infected. Hence, for future studies, we also
suggest implementing the proposed models to identify the survival time, the aging, and
risk for the different mosquito populations infected with chikungunya, dengue, yellow
fever, and zika. Moreover, it is of interest to determine how the infection could affect
the fitness and vectorial capacity of the infected mosquito through the change in survival
time and aging process. A direct competitor of the Weibull distribution is the Birnbaum–
Saunders model, so its use could be explored to improve the Weibull fitting in the context
of the present study [46–48].
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