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Background Countries in the southern hemisphere experienced

sizable epidemics of pandemic influenza H1N1 in their winter

season during May–August, 2009.

Methods We make use of the Richards model to fit the publicly

available epidemic data (confirmed cases, hospitalizations, and

deaths) of six southern hemisphere countries (Argentina, Brazil,

Chile, Australia, New Zealand, and South Africa) to draw useful

conclusions, in terms of its reproduction numbers and outbreak

turning points, regarding the new pH1N1 virus in a typical winter

influenza season.

Results The estimates for the reproduction numbers of these six

countries range from a high of 1Æ53 (95% CI: 1Æ22, 1Æ84) for

confirmed case data of Brazil to a low of 1Æ16 (1Æ09, 1Æ22) for

pH1N1 hospitalizations in Australia. For each country, model fits

using confirmed cases, hospitalizations, or deaths data always yield

similar estimates for the reproduction number. Moreover, the

turning points for these closely related outbreak indicators always

follow the correct chronological order, i.e., case–hospitalization–

death, whenever two or more of these three indicators are

available.

Conclusions The results suggest that the winter pH1N1

outbreaks in the southern hemisphere were similar to the earlier

spring and later winter outbreaks in North America in its severity

and transmissibility, as indicated by the reproduction numbers.

Therefore, the current strain has not become more severe or

transmissible while circulating around the globe in 2009 as some

experts had cautioned. The results will be useful for global

preparedness planning of possible tertiary waves of pH1N1

infections in the fall ⁄ winter of 2010.
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Introduction

The pandemic influenza H1N1 2009 (pH1N1) was first

identified by the Centers for Disease Control in two chil-

dren in April.1 As of 14 February 2010, worldwide more

than 212 countries and overseas territories or communities

have reported laboratory-confirmed cases of pandemic

influenza H1N1 2009, including at least 15921 deaths.2

As predicted earlier by many experts (e.g., 3), the south-

ern hemisphere also witnessed a sizable epidemic of

pH1N1 in its winter season during May–August, with

attack rates exceeding those in a typical influenza season in

these countries. Moreover, it is important to monitor

changes in antigenicity, severity, transmissibility, and antiv-

iral resistance in the southern hemisphere to compare with

those of the spring and winter outbreaks in the northern

hemisphere. We construct simple mathematical models

using the epidemiologic data for these southern hemisphere

countries to draw timely and useful conclusions regarding

the role played by the new pH1N1 strain under the setting

of a typical winter influenza season.

Methods and materials

Data
We obtain the 2009 pH1N1 data for Argentina, Chile, and

Brazil used in this study from the respective Ministries of

Health of Argentina,4 Chile,5 and Brazil6 websites. The New

Zealand data were accessed from the Institute of Environ-

mental Science and Research of New Zealand website.7 The

Australian data were obtained from Department of Health

and Ageing website.8 The South Africa data were accessed

from the National Institute for Communicable Diseases

(NICD) website.9

Methods
Richards10 proposed the following model to study the

growth of biologic populations:
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C0ðtÞ ¼ rCðtÞ½1� ðC
K
Þa�:

Here, the prime ‘¢’ denotes the derivative or time rate of

change and the time unit is in days or epidemiological

weeks (or e-weeks that start on Sunday and end on Satur-

days), depending on the time unit of the data used. C(t) is

the cumulative number of cases (confirmed, hospitalization,

or death) at time unit (day or week) t, K is the ‘maximum’

case number or the final outbreak size over a single wave of

outbreak, r is the per capita growth rate of the cumulative

number of cases, while a is an exponent of deviation of the

epidemiologic curve. The solution of Richards model can

be explicitly given in terms of its model parameters and the

initial value C(0) as CðtÞ ¼ K½1þ e�rðt�tmÞ��1=a. The

parameter tm is related to the turning point ti (defined as

the time when the rate of case accumulation changes from

increasing to decreasing or vice versa) of the epidemic by

the simple formula tm = ti + (ln a) ⁄ r, where ln denotes the

natural logarithm function. By fitting cumulative case data

of a particular outbreak, these four quantities, namely, the

growth rate r, carrying capacity K, inflection point ti, and

exponent of deviation a of the model, can be obtained

simultaneously using standard software such as MATLAB

or SAS.

In this model formulation, the basic reproduction num-

ber R0 is given by the formula R0 ¼ exp ðrTÞ, where T is

the disease generation time (or generation interval) defined

as the average time interval from one person being infected

to the time when an infection by this infected individual

occur.

The estimation of mean generation time could be difficult

because it is often impractical to report observed generation

time, and sophisticated statistical procedures have been

developed to attain this goal (see e.g., 11,12). Moreover, it has

been shown mathematically11 that, given the growth rate r,

the expression R0 ¼ exp ðrTÞ provides the upper bound of

basic reproduction number regardless of the distribution of

the generation interval that is being used.

In the case where there is little prior human immunity

for the virus under consideration, the estimate for R0

approximates the number of infections caused by an infec-

tious individual entering an immunologically naı̈ve popula-

tion. Readers are referred to13–15 for more technical details

regarding the Richards model.

The basic premise of the Richards model is that the inci-

dence curve of a single wave of infections consists of a sin-

gle peak of high incidence, resulting in an S-shaped

cumulative epidemic curve with a single turning point for

the outbreak. The turning point ti can be easily pinpointed

by locating the inflection point of the cumulative case

curve, i.e., the moment at which the trajectory begins to

decline. This quantity in time has obvious epidemiologic

importance, indicating either the beginning of a new wave

of infections (i.e., moment of acceleration after decelera-

tion) or the end of the current wave of infections (i.e.,

moment of deceleration after acceleration).

One of the advantages in using the Richards model for

mathematical modeling is to fit the accumulative case

number, which helps to smooth out the stochastic varia-

tions in epidemic curve owing to variations in data collec-

tion. When there are indeed two or more waves of

infections, a variation of the S-shaped Richards model has

been proposed,14 which distinguishes between two types of

turning points: one in the initial S curve that signifies the

first turning point that ends initial exponential growth (or

a downturn in case number) and a second type of turning

point in the epidemic curve where the growth rate of the

number of cumulative cases begin to increase again (or a

upturn in case number), signifying the beginning of the

next wave of infections. This variation of the Richards

model provides a systematic method of determining

whether an outbreak is 1-wave or multi-wave in nature,

and is designed to isolate the main turning points from

those peaks and valleys resulting from the data stochastici-

ty. More details on the multi-wave Richards model can be

found in,14–16 where 2003 SARS incidence curves for the

Great Toronto Area and Singapore are shown to contain

two peaks (local maximum or turning point of the first

type) and one valley (local minimum or turning point of

second type). The readers are also referred to14 for its

application to 2-wave dengue outbreak in Taiwan in 2007.

We note that the estimates of R0 should be valid for the

new H1N1 strain, although discrepancy might exist because

of prior immunity.17 Moreover, no mass intervention mea-

sures (e.g., community-level isolation ⁄ quarantine ⁄ closure)

were implemented at any time during the course of the

outbreaks, although some measures were taken in each

country with varying degrees of impact. To be conservative

in our conclusions, we will henceforth denote the repro-

duction number obtained here as the effective reproduction

number R of the outbreak in question.

Results

We fit the cumulative pandemic influenza A (H1N1) 2009

case data from various southern hemisphere countries

described earlier to the Richards model and its multi-wave

variants. The country-wise results of model parameter esti-

mation, using least squares techniques, are detailed in the

following text. For the purpose of computing R0, we make

use of the mean estimated generation interval (and its 95%

CI) of T = 1Æ91 days (95% CI: 1Æ30–2Æ71) as given in,18

which was estimated from early Mexico novel H1N1 data

before April 30.
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Argentina
The daily 2009 pH1N1 confirmed case, hospitalization [of

all severe respiratory infections or sever respiratory infec-

tion (SRI)], and pH1N1 death data of Argentina4 during

May 19 to August 23 are fitted to the Richards model. The

results of model parameter estimation for Argentina are

given in Tables 1 and 2. Table 1 shows that the daily con-

firmed pH1N1 case data fit both 1-wave and 2-wave Rich-

ards models. Using the daily confirmed case data, the

1-wave model fit gives a turning point of June 26, while

the 2-wave yields 3 turning points, one ‘downturn’ tuning

point for each wave around June 1 and June 24, and an

‘upturn’ turning point on June 4 signifying the start of the

second wave. For comparison, both the daily SRI hospital-

ization data (6 ⁄ 1–7 ⁄ 25) and daily pH1N1 death data

(6 ⁄ 12–8 ⁄ 20) fit 1-wave Richards models (Table 2). The

turning point using daily SRI hospitalization data is June

28, while the turning point for the daily H1N1 death data

is July 1. For the purpose of comparison with the estimates

for the final case number K for each wave of outbreak, we

also provide the actual case numbers in the table legends.

The estimates for the reproduction number, using the

daily confirmed pH1N1 case data, are R = 1Æ41 (95% CI:

1Æ23, 1Æ60), and 1Æ84 (95% CI: 0Æ86, 2Æ82) and 1Æ34 (95%

CI: 1Æ19, 1Æ48), respectively, for the 2-wave model. The cor-

responding estimates are R = 1Æ27 (95% CI: 1Æ16, 1Æ38) and

1Æ28 (95% CI: 1Æ16, 1Æ39), respectively, using SRI hospital-

ization and pH1N1 death data. The graphs of the theoreti-

cal curves are shown in Figure 1A–D.

Chile
The weekly pH1N1 hospitalization data by onset week of e-

week 20–33 (May 10 to August 15) and daily death data of

June 1 to August 18 in Chile6 fit 1-wave Richards model

(Table 3 and Figure 1E–F). The turning point for weekly

pH1N1 hospitalization data is e-week 26, whereas the turn-

ing point for the daily death data is July 11. The estimated

reproduction numbers are 1Æ24 (95% CI: 1Æ14, 1Æ35) for

weekly pH1N1 hospitalization data and 1Æ29 (95% CI: 1Æ17,

1Æ41) for the daily death data. Note that the confirmed

pH1N1 case data for Chile did not converge for earlier

Ministry of Health of Chile Pandemic Virus Report

reported in July, most likely attributable to the transient

state of data collection during earlier stages of the outbreak

(e.g., changing case definitions and level of surveillance),

and was not given in the Pandemic Influenza Report in

August5 and onward.

Brazil
The weekly pH1N1 confirmed case data by onset week of

e-week 21–33 (May 17 to August 15) in Brazil6 also fits

both 1-wave and 2-wave Richards models (Table 4). The

turning point for 1-wave model is e-week 31, while the two

respective ‘downturn’ turning points for the two waves are

e-week 26 and e-week 31. The estimated reproduction

numbers are 1Æ53 (95% CI: 1Æ22, 1Æ84) for 1-wave model,

and 1Æ66 (95% CI: 1Æ23, 2Æ09) and 1Æ39 (95% CI: 0Æ99,

1Æ79) for the respective two waves of the 2-wave model.

The graph for model fit is given in Figure 1G.

Table 2. Estimation results using daily sever respiratory infection (SRI) hospitalization data and pH1N1 death data in Argentina fitting with the

1-wave Richards model. Turning point ti denotes the number of days after the beginning of the wave of outbreak. The actual hospitalization

number is 5390 and number of deaths is 371

Data Time Period Turning point ti (95% CI) Growth rate r (95% CI) Case number K (95% CI) R (95% CI)

Hospitalization 6 ⁄ 1–7 ⁄ 25 26Æ42 (June 28) (15Æ98, 36Æ87) 0Æ12 (0Æ12, 0Æ13) 5520 (5459, 5581) 1Æ27 (1Æ16, 1Æ38)

Death 6 ⁄ 12–8 ⁄ 20 18Æ85 (July 1) (15Æ61, 22Æ09) 0Æ13 (0Æ13, 0Æ13) 372 (371, 373) 1Æ28 (1Æ16, 1Æ39)

Table 1. Estimation results using daily confirmed pH1N1 case data by onset date in Argentina with 1-wave and 2-wave Richards models. Turning

point ti denotes the number of days after the beginning of the wave of outbreak. The actual case number is 15104 for the whole period, 1159

for the first wave (5 ⁄ 19–6 ⁄ 4), and 14041 for the second wave (6 ⁄ 4–8 ⁄ 23)

Model Time period Turning point ti (95% CI) Growth rate r (95% CI) Case number K (95% CI) R (95% CI)

1-wave 5 ⁄ 19–8 ⁄ 23 37Æ11 (June 26) (35Æ65, 38Æ56) 0Æ18 (0Æ16, 0Æ20) 14736 (14651, 14822) 1Æ41 (1Æ23, 1Æ60)

2-wave 5 ⁄ 19–6 ⁄ 4 12Æ72 (June 1) (9Æ92, 15Æ52) 0Æ32 (0Æ07, 0Æ57) 1561 (991, 2131) 1Æ84 (0Æ86, 2Æ82)

6 ⁄ 4–8 ⁄ 23 19Æ60 (June 24) (16Æ49, 22Æ71) 0Æ15 (0Æ14, 0Æ16) 13726 (13653, 13798) 1Æ34 (1Æ19, 1Æ48)

Influenza (pH1N1) in southern hemisphere
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Figure 1. Theoretical curves obtained from Richards model and 2009 H1N1 cumulative data: (1A) 1-wave model using Argentina daily cumulative

confirmed case data (5 ⁄ 19–8 ⁄ 23); (1B) 2-wave model using Argentina daily cumulative confirmed case data (5 ⁄ 19–8 ⁄ 23); (1C) 1-wave model using

Argentina daily cumulative severe respiratory infections hospitalization data; (1D) 1-wave model using Argentina daily cumulative death data (6 ⁄ 13–

8 ⁄ 20); (1E) 1-wave model using Chile weekly cumulative hospitalization case data by onset week of e-weeks 20–33 (May 10 to August 15); (1F) 1-

wave model using Chile daily cumulative death data of June 1 to August 18; (1G) 1-wave Richards model using Brazil 2009 H1N1 daily cumulative

confirmed case data of e-week 21–33 (May 17 to August 15).

Hsieh
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New Zealand
We first note that the New Zealand data are given in calendar

weeks ending on Sundays,7 as opposed to e-weeks that end

on Saturdays. The weekly pH1N1 confirmed case data by

onset week of weeks ending on April 12–September 20 and

weekly pH1N1 hospitalization data by hospitalization, onset,

or report week of weeks ending on June 7–September 13 in

New Zealand7 fit 1-wave Richards models (Table 5 and Fig-

ure 2A–D). Moreover, the sentinel and non-sentinel surveil-

lance data by reporting week of weeks ending on June 14–

September 20 and May 3–September 20, respectively, also fit

1-wave Richards models. The turning point for the weekly

pH1N1 confirmed case data is the week ending July 5 and

for the hospitalization data is the succeeding week ending

July 12, giving strong evidence that the turning point for the

better had occurred by early July. The turning point for the

sentinel and non-sentinel surveillance data are the weeks

ending July 19 and July 12, respectively.

The estimated reproduction numbers are 1Æ22 (95% CI:

1Æ13, 1Æ31) for the weekly confirmed case data; 1Æ29 (95%

CI: 1Æ16, 1Æ41) for weekly pH1N1 hospitalization data; 1Æ18

(95% CI: 1Æ10, 1Æ25) for the sentinel; and 1Æ22 (95% CI:

1Æ13, 1Æ31) for the non-sentinel surveillance data.

Australia
The weekly pH1N1 confirmed case and hospitalization data

by onset week in Australia8 fit the 1-wave Richards model

(Table 6 and Figure 2E–F). The turning point for both the

weekly pH1N1 confirmed case data and the hospitalization

data is e-week 30, showing that the down turning point of

case number had occurred by late July. The estimated

reproduction numbers are 1Æ19 (95% CI: 1Æ11, 1Æ26) for the

weekly confirmed case data; 1Æ16 (95% CI: 1Æ09, 1Æ22) for

weekly pH1N1 hospitalization data.

South Africa
The weekly pH1N1 confirmed case data of weeks ending

on July 5 to September 20 in South Africa9 fit the 1-wave

Richards model (Table 7 and Figure 2G). The turning

point for the weekly pH1N1 confirmed case data is the

week ending August 16. The estimated reproduction num-

ber is 1Æ22 (95% CI: 1Æ11, 1Æ33).

Sensitivity analysis
Several alternate estimates of the generation time T have

been reported. Hence, we perform sensitivity analysis on R

for Argentina and New Zealand data using estimates of T

obtained from pH1N1 data in US: T = (2Æ6, 3Æ2)19 and

T = 2Æ520; in Netherlands: T = 2Æ7 (SD = 1Æ1);21 and in

Japan: T = 2Æ83 (Variance = 1Æ26) [Nishiura, personal com-

munications]. The resulting estimates for R are given in

Tables 8 and 9.

Conclusions and discussions

Reproduction number
The reproduction numbers obtained here are very similar,

all of which are in agreement with the recent estimates for

Mexico18,22 and Canada (Tuite et al. unpub. manuscript

and Hsieh et al. unpub. manuscript). The estimates for

Table 4. Estimation results using weekly pH1N1 confirmed case data by onset week in Brazil with 1-wave and 2-wave Richards models. Turning

point ti denotes the number of weeks after the beginning of the wave of outbreak. The actual case number is 5206 for the whole period

Model E-weeks Turning point ti (95% CI) Growth rate r (95% CI) Case number K (95% CI) R (95% CI)

Estimate 1 21–33 9Æ30 (e-week 31) (8Æ95, 9Æ65) 1Æ56 (1Æ08, 2Æ03) 5281 (5090, 5471) 1Æ53 (1Æ22, 1Æ84)

Estimate 2 21–27 4Æ36 (e-week 26) (3Æ95, 4Æ78) 1Æ85 (1Æ18, 2Æ53) 264 (249, 280) 1Æ66 (1Æ23, 2Æ09)

27–33 3Æ10 (e-week 31) (1Æ09, 5Æ11) 1Æ20 (0Æ23, 2Æ17) 5183 (4542, 5823) 1Æ39 (0Æ99, 1Æ79)

Table 3. Estimation results using weekly pH1N1 hospitalization and daily death data in Chile with 1-wave Richards model. Turning point ti

denotes the number of days or weeks after the beginning of the wave of outbreak. The actual hospitalization number is 1381 and number of

deaths is 130

Data Time period Turning point ti (95% CI) Growth rate r (95% CI) Case number K (95% CI) R (95% CI)

Hospitalization e-weeks 20–33 5Æ70 (e-week 26) (5Æ13, 6Æ26) 0Æ80 (0Æ69, 0Æ90) 1394 (1375, 1413) 1Æ24 (1Æ14, 1Æ35)

Death 6 ⁄ 1–8 ⁄ 18 39Æ90 (July 11) (37Æ56, 42Æ23) 0Æ12 (0Æ11, 0Æ13) 129 (128, 131) 1Æ29 (1Æ17, 1Æ41)

Influenza (pH1N1) in southern hemisphere
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Chile, Brazil, Australia, New Zealand, and South Africa are

in close agreement with estimates by the WHO informal

mathematical modeling network for 2009 influenza pan-

demic,23 as well as numerous estimates for spring ⁄ summer

outbreaks of other countries in literature (see Table 2, 23).

The estimates for R in Argentina and New Zealand

obtained by using different estimates of generation interval

(T) for 2009 pH1N1 in the literature are also in close

agreement (Tables 8 and 9). The results indicate that

higher values of T will raise all the estimates for R, as can

be expected from the formula for R given earlier. For the

Argentina hospitalization data with T = 1Æ9118, R = 1Æ27 is

obtained; whereas using a T value of around 2Æ721 we have

R = 1Æ40 (see Table 8B). Both estimates are within reason-

able range. However, the discrepancy becomes larger for

larger values of R (see next to last row, Table 8A), thus

indicating the dependence of R on accurate estimate of T.

The corresponding estimates for other countries are similar

and hence are omitted for brevity.

The estimates for New Zealand are substantially lower

than the range of 1Æ49–2Æ55 for reproduction number

obtained in,24 using the case data of 585 confirmed cases

and 38 probable cases from 28 May to 28 June. We note,

however, that 63 imported cases were first removed for the

data in.24 This omission most likely resulted in an overesti-

mation of the initial growth rate, by ignoring these

imported cases that must have collectively played a signifi-

cant role in the early local transmissions in the island

nation. We note that the role of imported cases is problem-

atic to quantitate when estimating transmissibility, as there

are no ‘local’ source of infection for these imported cases.

However, by discounting the imported cases, which in the

case of New Zealand data accounts for more than 10% of

total cases, one ignores the infections caused by the

imported infective and hence inevitably overestimates the

transmissibility of the remaining local cases.

There are several factors relating to imported cases that

might impact the estimation of R, such as the timing and

the size of the imported cases, the nature of the resulting

local infections (e.g., household, community, nosocomial),

and not the least of all the epidemiological characteristics

of the disease under consideration. For example, a few

imported cases at the early stages that set off a fast-spread-

ing disease locally (e.g., pandemic influenza) would have a

decidedly different effect when compared to the situation

with imported cases scattered over a long period of time

for a less transmissible disease with no apparent asymp-

tomatic infections such as SARS, unless there are very fast-

developing local clusters of infections or nosocomial

spread, as in the 2003 SARS outbreak. A study on pH1N1

epidemic in Victoria, Australia, indicates that, by using

methods designed to account for the undetected transmis-

sion caused by unidentified imported cases, the mean esti-

mate for R reduces dramatically from 2Æ4 to 1Æ6.26

The reproduction number obtained for Brazil is only

slightly higher than other southern hemisphere countries

studied (see Figure 3), but with a much larger confidence

interval. In the cases of Argentina and Brazil where both

1-wave and 2-wave Richards models fit the cumulative case

data, R is always larger in the first phase in May to June,

perhaps indicative of the initial severity or lack of immu-

nity ⁄ intervention during early stages of a novel virus out-

break. We note that higher R for earlier data was also

observed in,22 after correction for ascertainment bias.

It is particularly interesting to note that for countries

such as Argentina, Chile, New Zealand, and Australia,

where multiple estimates were obtained from distinct epi-

demic data (case, hospitalization, and deaths), the estimates

of R are highly comparable. Therefore, in events where the

disease epidemic curve is not readily available or does not

converge (as in the case of Chile), the hospitalization and

deaths data, while not necessarily accurate for detecting the

Table 5. Estimation results using weekly pH1N1 confirmed and hospitalized cases by earliest reporting week; sentinel and non-sentinel

surveillance case data by reporting week in New Zealand with the 1-wave Richards model. Turning point ti denotes the number of weeks after

the beginning of the wave of outbreak. The actual case number is 3200 confirmed cases, 973 for the hospitalizations, 622 for sentinel

surveillance, and 4281 for non-sentinel surveillance

Data

Time

period

Turning

point ti

(95% CI)

Growth

rate r

(95% CI)

Case

number K

(95% CI) R (95% CI)

Confirmed case Weeks ending 4 ⁄ 12–9 ⁄ 20 11Æ88 (Week ending on 7 ⁄ 5) (11Æ13, 12Æ63) 0Æ72 (0Æ65, 0Æ80) 3184 (3157, 3210) 1Æ22 (1Æ13, 1Æ31)

Hospitalization Weeks ending 6 ⁄ 7–9 ⁄ 13 4Æ15 (Week ending on 7 ⁄ 12) (3Æ54, 4Æ77) 0Æ92 (0Æ81, 1Æ03) 967 (958, 975) 1Æ29 (1Æ16, 1Æ41)

Sentinel

surveillance

Weeks ending 6 ⁄ 14–9 ⁄ 20 10Æ22 (Week ending on 7 ⁄ 19) (9Æ56, 10Æ89) 0Æ60 (0Æ54, 0Æ66) 625 (618, 631) 1Æ18 (1Æ10, 1Æ25)

Non-sentinel

surveillance

Weeks ending 5 ⁄ 3–9 ⁄ 20 20Æ17 (Week ending on 7 ⁄ 12) (19Æ45, 20Æ88) 0Æ73 (0Æ64, 0Æ82) 4253 (4209, 4297) 1Æ22 (1Æ13, 1Æ31)

Hsieh
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Figure 2. Theoretical curves obtained from 1-wave Richards model and 2009 H1N1 cumulative data: (2A) New Zealand weekly cumulative pH1N1

confirmed data by reporting week (week ending on 4 ⁄ 12–9 ⁄ 20); (2B) New Zealand weekly cumulative hospitalized cases by earliest reporting week

(Week ending on 6 ⁄ 7–9 ⁄ 13); (2C) New Zealand weekly cumulative sentinel surveillance data (June 14–September 20); (2D) New Zealand weekly

cumulative non-sentinel surveillance data (May 3–September 20); (2E) Australia weekly cumulative confirmed case data by onset week of e-weeks

18–38; (2F) Australia weekly cumulative hospitalization case data by onset week of e-weeks 21–40; (2G) South Africa daily cumulative confirmed

case data by reporting week of weeks ending 7 ⁄ 5–9 ⁄ 20.

Influenza (pH1N1) in southern hemisphere
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turning points or estimating the final outbreak size, can be

used as surrogate data to rapidly estimate the reproduction

number R of the outbreak.

Turning point
For Argentina and Brazil, two earlier turning points were

detected through the 2-wave model, perhaps because of sto-

chastic variations of early data or other factors such as

changing case definition and level of surveillance ⁄ testing.

However, the third turning point of the respective 2-wave

models is in agreement with the single turning point of the

respective 1-wave models, both detect e-week 31 in the case

of Brazil and are separated by merely 2 days (June 24 and

June 26) for Argentina, thus indicating that the detection of

the most important turning point of the outbreak is robust.

Among the South American countries, the downturn

turning point of the outbreak occurred earlier in Argentina

and Chile in June, while Brazil did not experience its

downtown until late July. New Zealand (early July) had its

turning point slightly ahead of Australia (late July). For

South Africa the outbreak did not turn for the better until

mid-August.

Moreover, in countries where multiple epidemic data

(cases, hospitalizations, and deaths) are available for model

fit, the resulting turning points for reporting of cases, hos-

pitalizations, and deaths always follow the proper chrono-

Table 7. Estimation results using weekly pH1N1 confirmed cases by reporting week in South Africa with the 1-wave Richards model. Turning

point ti denotes the number of weeks after the beginning of the wave of outbreak. The actual case number is 11546

Time period Turning point ti (95% CI) Growth rate r (95% CI) Max case number K (95% CI) R (95% CI)

Week ending on 7 ⁄ 5–9 ⁄ 20 5Æ76* (4Æ08, 7Æ44) 0Æ73 (0Æ55, 0Æ91) 11943 (11495, 12391) 1Æ22 (1Æ11, 1Æ33)

*The week ending on 8 ⁄ 16.

Table 6. Estimation results using weekly pH1N1 confirmed and hospitalized cases by reporting week in Australia with the 1-wave Richards

model. Turning point ti denotes the number of weeks after the beginning of the wave of outbreak. The actual case number is 36214 confirmed

cases, 4573 for the hospitalizations

Data E-weeks Turning point ti (95% C.I.) Growth rate r (95% C.I.) Case number K (95% C.I.) R (95% C.I.)

Confirmed case 18–38 11Æ62 (e-week 30) (11Æ24, 12Æ00) 0Æ63 (0Æ57, 0Æ68) 36336 (35979, 36693) 1Æ19 (1Æ11, 1Æ26)

Hospitalization 21–40 8Æ40 (e-week 30) (7Æ87, 8Æ94) 0Æ53 (0Æ50, 0Æ57) 4621 (4588, 4654) 1Æ16 (1Æ09, 1Æ22)

Table 8. Estimates of effective reproduction number R for Argentina data using estimates of T obtained from pH1N1 data of: US with (a)

T = (2Æ6, 3Æ2)19 and (b) T = 2Æ520; (c) Netherlands: T = 2Æ7 (SD = 1Æ1)21; (d) Japan: T = 2Æ83 (Variance = 1Æ26) [Nishiura, personal communications];

(e) Mexico: T = 1Æ91 (95% CI: 1Æ30–2Æ71).18

Time period

Estimates of R

(a) (b) (c) (d) (e)

(A) Estimates of R using daily confirmed pH1N1 case data by onset date in Argentina with 1-wave and 2-wave Richards models

1-wave (5 ⁄ 19–8 ⁄ 23) 1Æ69 (1Æ57, 1Æ81) 1Æ57 (1Æ51, 1Æ64) 1Æ63 (0Æ99, 2Æ27) 1Æ67 (1Æ00, 2Æ34) 1Æ41 (1Æ23, 1Æ60)

2-wave (5 ⁄ 19–6 ⁄ 4) 2Æ53 (0Æ66, 4Æ39) 2Æ22 (0Æ82, 3Æ63) 2Æ37 (0Æ07, 4Æ67) 2Æ47 (0*, 4Æ95) 1Æ84 (0Æ86, 2Æ82)

2-wave (6 ⁄ 4–8 ⁄ 23) 1Æ55 (1Æ47, 1Æ64) 1Æ46 (1Æ42, 1Æ50) 1Æ50 (1Æ01, 2Æ00) 1Æ53 (1Æ02, 2Æ05) 1Æ34 (1Æ19, 1Æ48)

(B) Estimates of R using daily sever respiratory infection (SRI) hospitalization data and pH1N1 death data in Argentina fitting with the 1-wave

Richards model

Hospitalization (6 ⁄ 1–7 ⁄ 25) 1Æ43 (1Æ37, 1Æ50) 1Æ36 (1Æ34, 1Æ39) 1Æ40 (1Æ02, 1Æ77) 1Æ42 (1Æ03, 1Æ81) 1Æ27 (1Æ16, 1Æ38)

Death (6 ⁄ 12–8 ⁄ 20) 1Æ45 (1Æ39, 1Æ51) 1Æ38 (1Æ37, 1Æ39) 1Æ42 (1Æ02, 1Æ81) 1Æ44 (1Æ03, 1Æ85) 1Æ28 (1Æ16, 1Æ39)
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logical order of disease progression (Table 10 and Fig-

ure 4), including that of Australia where the turning points

for reporting of cases and hospitalizations fall on the same

e-week. This gives further credence to the detection of

turning points of an outbreak, not only for disease inci-

dence but also for the temporal changes in disease progres-

sion and treatment of the infected individuals.

We note that in general the turning points of an out-

break correspond to peaks and valleys in the epidemic

curve. However, as a result of stochastic variations, multi-

ple spikes often appear around the peaks. Moreover, some

temporary deceleration or acceleration in the cumulative

rate might not be related to a declining epidemic. The

Richards model has the advantage of isolating a small range

of time period during which the turning points (up turns

and down turns) may have occurred.13–16, 25 We also note

that the estimates for the outbreak sizes, K, also closely

approximate the actual case numbers for the periods of

Table 9. Estimates of effective reproduction number R for New Zealand data using estimates of T obtained from pH1N1 data of: US with (a)

T = (2Æ6, 3Æ2)19 and (b) T = 2Æ520; (c) Netherlands: T = 2Æ7 (SD = 1Æ1)21; (d) Japan: T = 2Æ83 (Variance = 1Æ26) [Nishiura, personal communications];

(e) Mexico: T = 1Æ91 (95% CI: 1Æ30–2Æ71)18

Data

Estimates of R

(a) (b) (c) (d) (e)

Confirmed case 1Æ04 (1Æ01, 1Æ08) 1Æ29 (1Æ26, 1Æ33) 1Æ32 (1Æ02, 1Æ62) 1Æ34 (1Æ03, 1Æ64) 1Æ23 (1Æ13, 1Æ33)

Hospitalization 1Æ06 (1Æ01, 1Æ10) 1Æ39 (1Æ33, 1Æ44) 1Æ43 (1Æ02, 1Æ83) 1Æ45 (1Æ03, 1Æ87) 1Æ29 (1Æ16, 1Æ41)

Sentinel surveillance 1Æ04 (1Æ01, 1Æ06) 1Æ24 (1Æ21, 1Æ27) 1Æ26 (1Æ03, 1Æ50) 1Æ28 (1Æ03, 1Æ52) 1Æ18 (1Æ10, 1Æ25)

Non-sentinel surveillance 1Æ04 (1Æ01, 1Æ08) 1Æ30 (1Æ25, 1Æ34) 1Æ33 (1Æ02, 1Æ63) 1Æ34 (1Æ03, 1Æ66) 1Æ22 (1Æ13, 1Æ31)

Figure 3. Reproduction numbers and

their 95% confidence intervals (CI) for

pandemic influenza A (H1N1) outbreaks in 6

southern hemisphere countries during the

2009 winter season in the southern

hemisphere.

Table 10. Turning points for reporting of confirmed cases, hospitalizations, and deaths in Argentina, Chile, New Zealand, and Australia

Data

Country

Argentina Chile New Zealand Australia

Confirmed cases June 26 – Week ending 7 ⁄ 5 7 ⁄ 19–7 ⁄ 25 (e-week 30)

Hospitalizations June 28 6 ⁄ 21–6 ⁄ 27 (e-week 26) Week ending 7 ⁄ 12 7 ⁄ 19–7 ⁄ 25

Deaths July 1 July 11 – –

Influenza (pH1N1) in southern hemisphere
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outbreak being fitted (provided in the table legends), which

is not surprising given the reasonable model fit obtained.

The limitations of the Richards model have been thor-

oughly discussed previously in,14, 16 and hence are not

repeated here. In addition to existing pre-immunity, esti-

mates of R may also be influenced by factors such as social

mixing patterns, access to medical care, and level of inter-

vention measures in each country. To address this issue,

model specific for each country is required to account for

the social mixing and healthcare infrastructure of each

country, as well as any specific interventions that were

implemented, but is beyond the scope of this work.

Numerous sophisticated models have been proposed

(e.g., 27–30) that give time-dependent reproduction num-

ber R, which could change with time owing to interven-

tions and ⁄ or susceptible depletion but requires more

detailed and high-quality data. Nevertheless, the Richards

model provides a swift and viable method to quick estimate

of R as well as identifying the important turning points of

the outbreak, with a minimal requirement of epidemic data

that are typically available to the public. It is interesting to

note that, for Argentina, the hospitalization data for con-

firmed pH1N1 cases are not available on the web; there-

fore, we used the hospitalization data for severe respiratory

infections, which include but are not limited to the con-

firmed pH1N1 cases. However, the resulting estimate for

reproduction number is surprisingly similar to the esti-

mates using the case data or the death data. Moreover, the

estimated turning point for hospitalizations is also consis-

tent with those of cases and deaths.

Most of the southern hemisphere countries studied are of

substantial size, and thus the epidemic had different timings

in different regions. For example, in Australia, the epidemic

in Victoria was a full month ahead of some other states

might well have impacted the epidemic in other states. In

such cases, instead of using national totals, the detailed data

for each region are needed to account for the regional

heterogeneity. However, other factors such as the level of

mobility between regions must then be considered, which

would call for a complicated model with spatial elements,

which is again beyond the scope of this study.

In summary, our results suggest that the winter pan-

demic A (H1N1) outbreak in the southern hemisphere, as

indicated by its reproduction number, was not dissimilar

to the earlier spring epidemics23 or the fall ⁄ winter out-

breaks in the northern hemisphere based on preliminary

results of an ongoing study of the fall ⁄ winter outbreak in

Taiwan using the same modeling approach. Therefore, the

current strain, while circulating around the globe, has not

become more severe or transmissible either in the southern

or in the northern hemisphere, as some experts had cau-

tioned. The results, which corroborate earlier findings that

the 2009 pandemic had not been severe in the southern

hemisphere,31 will be useful for global preparedness plan-

ning of possible tertiary waves of pH1N1 infections in the

fall ⁄ winter of both southern and northern hemispheres in

2010.
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