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Abstract

Objective. We present a model for the 2009 influenza
epidemic in Mexico to describe the observed pattern of the
epidemic from March through the end of August (before
the onset of the expected winter epidemic) in terms of the
reproduction number and social isolation measures. Mate-
rial and Methods. The model uses a system of ordinary
differential equations. Computer simulations are performed
to optimize trajectories as a function of parameters. Results.
We report on the theoretical consequences of social isolation
using published estimates of the basic reproduction number.
The comparison with actual data provides a reasonable good
fit. Conclusions. The pattern of the epidemic outbreak in
Mexico is characterized by two peaks resulting from the ap-
plication of very drastic social isolation measures and other
prophylactic measures that lasted for about two weeks. Our
model is capable of reproducing the observed pattern.
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Resumen

Objetivo. Se presenta un modelo de la epidemia de influenza
en México en 2009 para describir el patron observado desde
marzo hasta finales de agosto (antes del inicio de la epidemia
invernal),en términos del nimero reproductivo y las medidas
de aislamiento social. Material y métodos. El modelo es un
sistema de ecuaciones diferenciales ordinarias. Se realizaron
simulaciones computacionales para la optimizacién de tra-
yectorias como funcion de los parametros. Resultados. Se
exploran las consecuencias de esta Gltima medida combinada
con los valores estimados en la literatura médica del niimero
reproductivo basico. Conclusiones.El patrén de la epidemia
mexicana de influenza es bimodal debido a la aplicacién del
aislamiento social y otras medidas profilicticas que durd
aproximadamente dos semanas. Este modelo es capaz de
reproducir el patrén observado.

Palabras clave: HIN I;simulacion; gripe; nimero reproductivo
basico; influenza; México

Inﬂuenza pandemics occur recurrently:! the Spanish
influenza (HIN1 viral subtype) of 1918-1919 killed
about 50 million people; the “Asian” influenza (H2N2
viral subtype) appeared in southern China in 1957; the
“Hong-Kong” influenza (viral subtype H2N2) appeared
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in 1968, replaced by a viral reassortant that had the
H3HA gene; the “Russian” influenza in 1977-1978 was
caused by a viral subtype HIN1 that coexisted with
the H3N2 subtype, situation that still persists today,
while the reassortant HIN1 and H3N2 produced an
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HIN2 variant in 2001 that has since disappeared. The
explanation for these replacements, or coexistence, is a
question that remains to be answered.

The 2009 influenza epidemic in Mexico was caused
by a type AHIN1 virus. It spread rapidly to other areas
of the world, with an associated morbidity and mortal-
ity that forced the WHO to declare a level five global
pandemic alert by late April 2009. In Mexico, health
authorities implemented measures to lower the exposure
risk and avoid the consequences of contagion, social iso-
lation among them (see Results). These measures were
firstimplemented in the Greater Mexico City Metropoli-
tan Area (GMCMA) and later adopted throughout the
country. In the GMCMA, social isolation was declared
for about two weeks, with enforced school closures and
shutting down all non-essential economic activities for
approximately 10 days. These actions were highly con-
troversial because of the high negative impact on the
national economy. In this paper we explore the epide-
miological consequences of these preventive measures.
We use available estimates of the basic reproduction
number for influenza (see Results) and data published
by the federal Ministry of Health.? Data from the latter
is accumulative for the entire country.

The first outbreak started about the middle of Febru-
ary 2009 in the town of La Gloria in the state of Veracruz.*
Though this site is likely to be the origin of the epidemic
in Mexico, it is an isolated small town in the Sierra de
Perote and, thus, its weight with respect to the national
epidemic which started later is small; therefore it is not
included in our study. Our study includes the first five
months corresponding to the transient phase before
establishment.

The pattern shown by the epidemic consists of a first
peak followed in a few weeks by a second larger and
broader peak. This scenario raises the questions: Is this
pattern the product of the interventions implemented
to stop its spread, particularly social isolation? How
sensitive is the observed pattern to the value of R ?

One answer may be that the effect of social isolation
is to sharply (but not completely) reduce the contact rate
between individuals and, consequently, to stop the rise
of the outbreak. However, since only a fraction of the
population is isolated, once the measure is suspended
the epidemic retakes its course and the second peak
is produced. Nonetheless, this explanation does not
answer the question as to why there was a delay of two
months. An answer to this question is not obvious. Once
the epidemic starts, the basic reproduction number is
fixed. When the outbreak is rising, the second peak
should, in principle, depend only on the effectiveness
of the isolation. We can thus ask the following: given
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isolation measures with a certain efficacy, do changes
in the value of R, affect the length of the delay between
the first and the second peak? Do different R s lead to
distinct peak sizes?

We introduce a mathematical model for influenza
in Mexico to generate the temporal distribution patterns
for several different sets of parameter values, which are
then used to explain and respond to the questions above.
The model uses the SEIR structure for a quasi-stationary
population over roughly six months and incorporates a
period of social isolation. Notwithstanding this simple
hypothesis, the model fits the observed pattern of the
epidemic curve up to late August, just before the onset
of the expected winter epidemic, at which point it can
no longer describe the dynamics. The fit allows us to
explore the dynamic pattern as a function of R . Since
factors that characterize this epidemic are important and
not well understood —such as Mexico’s spatial heteroge-
neity, seasonality, pre-existing immunity, and interaction
with other strains—* a more detailed model should take
into consideration all such inherent complexity.

Material and Methods

This work complies with our institutions’ ethical
standards; there are no appointed ethics evaluation
committees.

Our model is based on a SEIR compartmental
scheme and includes compartments for social isola-
tion:

Bs(ki
s'=p- _ Bslhytuc) g\;uc) —(u+q)s+aoc,
e/: M]\}IWCIL _(M+q+\{+0‘)e/
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where s,y and r represent susceptible, exposed, infec-
tious and immune individuals, respectively. The popula-
tion has a variable size with recruitment and mortality
rates of p and (1. Once the epidemic starts, individuals
of each class are isolated into compartments c, c, ¢,and
¢, atarate g(t). In this model, 4(t) comprises not only the
physical isolation that took place in Mexico in April-May
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2009, but also other prophylactic measures. The isolation
function ¢(t) has the following form:

g (t)= {qofor T,<t<T, )
0 otherwise,

where T, and T, represent the beginning and end of the
isolation period. In Mexico City, the length of physical
isolation lasted about 15 days;? this measure was quickly
extended to other cities. Many of the preventive mea-
sures taken during isolation lasted much longer and
some of them were still functioning several months later.
Hence, we assume that individuals suspended sanitary
measures at a rate w.

For completeness, we include a rate for early de-
tection of cases, o, but we do not elaborate much on its
role (see Discussion). This rate represents the detection
of exposed but not yet infectious individuals and rep-
resents an acceleration in the transition of individuals
from the exposed to the recovered class. This is not only
an immunological transition but also has a population
effect, such that detection implies isolation and treat-
ment of the patient, producing a significant reduction
in the probability of contagion; early detection implies
treatment with antiviral drugs that effectively reduce
infectiousness to zero and contagion to very low levels.
For consistency, we assume that the isolation period is
longer than the duration of the disease, which comprises
the latent time 1/y and the infectiousness time 1/¢. That
is, we have w <y + ¢, meaning that exposed or infectious
individuals in the isolated class cannot leave isolation
in said state. Only susceptible and immune individuals
leave the isolation class at a rate o without changing
disease state. We formally assume that infections occur
within households through contact between susceptible
individuals (non-isolated and isolated susceptible)
and infectious individuals (non-isolated and isolated).
The corresponding rates are denoted by fk and pu,
respectively. However, we assume that k >> u, where
0<u<k<1. Inparticular, we take u =0 and k = 1. The
description of the parameters is summarized in Table
II. Observe that without isolation and early treatment,
the mathematical model reduces to the standard SEIR
disease with the basic reproduction number R =By / (u
+v)(e + u). A similar model has been used” to describe
the first month of the epidemic in Mexico City.

Results

On April 16, an epidemiological alert was declared.’ On
April 23, a suspension of all educational activities was
declared for Mexico City and the State of Mexico and
was shortly thereafter extended to the whole country.

42

On April 30, the suspension was extended to all non-
essential activities. On May 11, students at the primary
educational level returned to classes, followed by stu-
dents at all other educational levels. Figure 1a shows
data on the status of the epidemic on August 15, 2009.

Model parametrization

Table IIb shows the parameters used. Our approach is
not concerned with the accuracy of predictions, but rath-
er with the qualitative properties that they share with the
actual data. The time to the most recent ancestor, T, ,
in the Mexican republic (Table I) refers to January 11.
However, the first reported case in Mexico City occurred
around the middle of March. We take the starting date
of the epidemic in the country as March 5, close to the
upper end of the 95% confidence interval for T , but
outside of it (Table I). This choice implies that isolation
starts by day 50. Consequently, we set T,= 50 (April 23)
in (2). The isolation lasted for about 15 days, equivalent
to setting T= 65. g, is the rate at which the population
enters isolation once the measure is taken. Seven days
passed between the closing of elementary schools (April
23) and the suspension of non-essential activities. This
is our estimate for the mean time to isolation.

Figure 1b shows the predicted proportion of in-
fected, y = (y+cy)/ N, versus time fixing, R = 1.85 and
q,=0.17. Our results (Figure 1b) remarkably agree with
the data. Based on the official data for August 18, the
first confirmed case occurred between March 12 and
19, and the first maximum occurred between April 23
and 30. The second maximum occurred between June
25 and July 2, and the minimum between May 21 and
28. The distance between the midpoints of the two
consecutive maxima is about 60 days, and the distance
between the first maximum and the minimum is about
26 days. Figure 1b shows the distance between consecu-
tive maxima, about 78 days, and the distance between
the first maximum and the minimum, about 31 days
(Table ITa).

Dependence on R,

Figure 2 shows curves corresponding to R = 1.19, 1.46,
1.69, 1.88, all located within the 95% CI (Table I). The
rightmost curve is a simple epidemic curve for the low-
est R ; the nearest curve to the left of this corresponds
to the second value of R, It is still a curve with a single
epidemic peak, but occurring about 250 days (approxi-
mately 8 months) after the beginning of the epidemic.
The third curve (broken line) corresponds to R =1.69. It
is no longer an epidemic with a single peak. The effect
of the isolation is evident not only in the timing of the
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Table |

Basic eriDEMIOLOGICAL PARAMETERS FOR THE A(HIN) eriDEMIC IN MEXICO 2009

Estimate 95% Cl Definition
R, 1.58 1.34-2.05 Basic reproduction number
\ 1.91 1.30-2.70 Mean generation time
f 113 Frac. of T, that is latent
T 12/01/09 3/11/08-2/3/09 Time most recent ancestor

Adapted from Fraser et al*
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Table Il
SIMULATION RESULTS AND PARAMETERS

A
Data [*t max. [t min 2" max D, Dy
Week Apr 23-30 May 21-28 Jun 25-Jul 2
Mid-Point April 27 May 25 Jun 30 28 o4
Simulation Date (day) Date (day) Date (day)
Mar 5 (1) Apr 28 (55) May 28 (86) Jul 11 (133) 31 78
B
Parameter Value Description Ref.
N 107 (persons) Total number of individuals
q, 0to | (I/days) Isolation rate
P uN (persons/day) Recruitment rate of susceptibles
Bk 2 to .5 (I/days) Transmission rate from non-isolated susceptible to infectious 7
Bu 0 (I/days) Transmission rate from isolated susceptible to infectious
Y .2 (l/days) Rate of transmission from exposed to infectious individual
€ .14 (1/days) Recovery rate
u 3.91 x 10°° (1/days) Mortality rate
o 0 (I/days) Rate of early detection

)

.005 to .06 (I/days)

Rate at which individuals suspend sanitary measures

a) Numbers in parenthesis in the last row indicate days since initial infection. The symbols D, - and D, denote time in days between the first maximum and
the minimum and between both maxima, respectively. The first case detected in Mexico City was March 12 and this should be viewed as an approximation

to the start of the epidemic

b) Model parameters and corresponding baseline values. Ranges have been listed for B, w, and g, since we use them in the numeric simulations. Simulations

performed during late 2009 and early 2010 in Mexico City

epidemic peak, but also in the appearance of a second
smaller one. The last curve to the left corresponds to R =
1.88 and shows the qualitative features of the data for
the Mexican case already described above. We therefore
conclude that the two-peak pattern —the signature of the
Mexican flu epidemic- arises only for certain values of
R, . Those values of R are located at the upper third of
the 95% ClI for the reproduction number (Table I).

Dependence on o

Our simulations show that 1/ o plays a role in the tem-
poral pattern of the epidemic. This parameter represents
the average duration of the prophylactic measures. The
baseline value we used is about 16 days, roughly the
same duration of the isolation event. Figure 3 shows the
predicted disease dynamics for 1/m =365, and the same
but for 1/w =180. Shortening the time of use of preven-
tive measures brings the second epidemic peak closer
to the first. In Figure 1b, 1/w = 16 days and the pattern
shown closely resembles the observed one, suggesting
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that the effectiveness of prevention measures lasted an
average of 16 days.

Finally, for waning times of 16, 180 and 365 days,
for example, the proportion of cases under isolation,
¢, in (1), produces isolation residence time distribu-
tions with increasingly longer tails; therefore, for
large t the proportion of cases still protected is highly
sensitive to o.

Numerical explorations for control

Our model shows that the epidemic is produced by
the interplay between the rate of isolation, the waning
period, and the reproduction number. Now, given the
estimated value of R , what are the parameter values of
the “control measures” (f, g, ¢) that would minimize
the total incidence? To answer this, we minimize the
functional:

e Y0, "

salud piiblica de méxico [ vol. 53, no. 1, enero-febrero de 2011



A model for the AHINT epidemic

ARTiCULO ORIGINAL

(y+cy)IN
14 -

12
| A
08
05

04 -

02

0 \ o - \ S ]
0 200 400 600 800
Days

FIGURE 2. SIMULATIONS FOR DIFFERENT REPRODUCTION
NUMBERS, R = 1.19,1.46,1.69,1.88 anp q,= 0.17. THEe
CURVE FOR THE FIRST VALUE OF R LOCATED AT THE EXTREME
RIGHT. OTHERS LOCATED CONSECUTIVELY TOWARDS THE LEFT.
SIMULATIONS PERFORMED DURING LATE 2009 AND EARLY 2010
IN Mexico CiTy

08

05

04 -

Prop. total cases

02

! T l
0 200 400 600 800
Days

FIGURE 3. CONTINUOUS LINE: EPIDEMIC CURVE FOR R = 1.85
AND 0= 0.0027; DASHED LINE: EPIDEMIC CURVE FOR R = 1.85,
®=0.005. INCREASING () DIMINISHES THE TIME BETWEEN THE
FIRST AND THE SECOND PEAK FOR THE SAME REPRODUCTION
NUMBER. THE HEIGHT OF BOTH CURVES IS NEVERTHELESS UN-
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where y(t) + ¢ (1) is the total incidence. The discount
factor on the integral is a function of mortality, recovery
rates, and [ 0,T]. When varying (B, g,, ¢) while keeping all
other parameters constant, we study the following:

fix g,= 0.1,let p in [0.2,0.5] take increments of 0.03, w in
(0,0.1] with increments of 0.01.

fix o = 0.06, let 4, take increments of 0.1 in (0,1], with
as in case 1.

fix p= 0.5, let w and g, as in cases 1 and 2.

Among these choices of triplets (f, g, ¢), we are
interested in those for which the time series f(t) = y(t)+
¢ (t) has two significant maxima in the time interval
[6,1000]. Letf .,f . thefirstand second maximum
of fforward in time. Let f . -denote the minimum value
of flocated between f,  and f .

We define as significant peaks those that satisfy the
following: f .- f . >1000 for i=1,2. To identify the
triplets (B, g, ) that lead to two significant maxima we
follow the algorithm:

* Integrate (1) for each choice of triplets in cases 1, 2, 3.

* For those triplets with a time series with two signi-
ficant maxima, compute (3) over [0,1000].

* Obtain the triplet that minimizes (3).

Our results indicate that a minimum occurs for epi-
demics with general shapes showing a large peak about
ayear after the first one. For example, for ©=0.06 (fixed),
7,=0.9,p=32,thent  =50.00,f=2666,t =355 andf=
1163054; and for ©=0.005, g,= 1 (fixed), p =32, thent
= 50.00, f=2666, t _,=366, and f = 599117. Since (3) is
minimized in the former, isolation has to be extremely
fast to substantially reduce the impact of the first peak.
By isolating individuals fast enough the second peak can
be pushed to the window of the next seasonal influenza
epidemics.

Discussion

There are several estimates of R, for influenza. Fraser
etal.* provide the 95% CI (Table I) for the Mexican 2009
epidemic; Chowell et al.'’ calculated R, for the epidemic
of San Francisco in 1918-1919 within the range of [2,3];
for the first wave in Geneva in 1918, Chowell et al.!
estimated it in the interval [1.45,1.53]; Boelle, Bernilolon
and Desencios'? provided an upper bound in the range
of [2.2,3.1] for the Mexican epidemic; Nishiura et al.’®
provided the interval [2,2.6] for Japan; Massad et al.*
estimated it at 2.68 for the flu epidemic in Sao Paulo of
1918; Mills et al.® estimated the reproduction number
for the 1918 pandemic at under 3. The estimates for
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Mexico have a broad interval. Our model suggests that
R, for this epidemic must be at the upper end of the
confidence interval identified by Fraser et al.*

R, estimation is highly sensitive to the generation
time and, necessarily, there is a high variability in the
duration of its latent 1/y and infectious 1/¢ periods.'®
For HIN1, the CDC reports a latent period ranging
from 1 to 7 days, with 1to 4 being more likely, and an
infectious period up to 7 or 10 days. Using published
estimates, we conclude that if parameters are fixed at
their baseline values (Table IIb) and we vary R then for
values below 1.7 the simulations of (1) are not consistent
with the pattern shown in Figure 1b. This suggests that,
for the Mexican epidemic, the lower bound for R is
around 1.7.

The basic SEIR model shows only one epidemic
peak. Thus, the second peak observed in our simulations
is the original epidemic, delayed by the action of isola-
tion. This effect has already been reported by Epstein,
Parker et al.'”” and Cayley, Philp et al.’® but in different
contexts. Here, where we model the application of social
distancing, the delay between the two observed peaks is
not only a function of the length of the isolation time but
also a function of R, w and g,. We show that shortening
the waning time 1/ would bring the second epidemic
peak closer to the first (Figure 2).

Figure 1b shows a close resemblance to the
observed pattern when 1/w = 16 days, suggesting that
the effectiveness of prevention measures lasted about
16 days. The numerical explorations described reveal
that if isolation is implemented fast enough, (g, close to
one), the second peak will be delayed approximately
one year, allowing for time to take preventive actions
before the seasonal influenza epidemics outbreak.

Conclussions

The epidemic outbreak in Mexico shows two peaks
resulting from the application of drastic social isolation
and other prophylactic measures that lasted at least
two weeks. We reproduced this pattern, showing that
it only occurs within a relatively narrow range of values
for crucial parameters, such as the basic reproduction
number, the isolation rate and the waning of prevention
measures. Significant qualitative changes in this pattern
obtained through manipulation of these parameters
generated delayed single-peak epidemics appearing
many weeks after the end of the isolation period, or
two-peaked epidemics but with much greater delay
between them.

Mexicois alarge country and the influenza epidemic
occurred in geographically distant and different regions.
From the patterns of influenza dispersal reported,* the
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virus spread from Mexico City and other cities (San Luis
Potosi, Zacatecas, etc) to other population centers via
public transportation (mainly bus or plane), and from
there to smaller communities. While the data reported
by the federal Ministry of Health lumps together such
geographical complexity, since social isolation and other
measures were implemented across the whole country,
their effect on local epidemics was likely the same as
that observed at the country level, as our model shows.
The model incorporates a minimal amount of informa-
tion that can reproduce the observed pattern using only
known parameters and excluding treatment.

While our objective has been to explain the bimodal
disease, there are certainly other factors that our model
neglects, such as the effect of space and of asymptomatic
infections; nevertheless, we assert that such factors do
not play a role in explaining the two-peaked epidemic.
In addition, we do not have sufficient information to
parameterize such an elaborate model.

Arthird epidemic peak started in Mexico in late Sep-
tember. The initial appearance of an epidemic peak after
August 11 is a feature not predicted by our model and
represents a true second wave of influenza —a mixture
of seasonal and HINT viruses.

Finally, surveillance for detection occurs at rate o
and is set as 0 in this work. This was certainly not the
case in the Mexican epidemic but, unfortunately, early
detection was poor. Fajardo-Dolci et al.”? report that
only 17% of cases received medical attention within the
first 72 hours from the onset of symptoms, concluding
that delay in treatment and medical attention were sig-
nificant factors for the magnitude of the mortality rate.
Similar conclusions are reported by Grijalva, Talavera,
Solorzano et al.?% Thus our estimate of o= 0, while in-
exact, is still a reasonable first approximation.
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