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The serial interval of an infectious disease represents the duration between symptom onset of a primary case and
symptom onset of its secondary cases. A good evidence base for such values is essential, because they allow in-
vestigators to identify epidemiologic links between cases and serve as an important parameter in epidemic trans-
mission models used to design infection control strategies. We reviewed the literature for available data sets
containing serial intervals and for reported values of serial intervals. We were able to collect data on outbreaks
within households, which we reanalyzed to infer a mean serial interval using a common statistical method. We es-
timated the mean serial intervals for influenza A(H3N2) (2.2 days), pandemic influenza A(H1N1)pdmQ9 (2.8 days),
respiratory syncytial virus (7.5 days), measles (11.7 days), varicella (14.0 days), smallpox (17.7 days), mumps (18.0
days), rubella (18.3 days), and pertussis (22.8 days). For varicella, we found an evidence-based value that deviates
substantially from the 21 days commonly used in transmission models. This value of the serial interval for pertussis
is, to the best of our knowledge, the first that is based on observations. Our review reveals that, for most infectious

diseases, there is very limited evidence to support the serial intervals that are often cited.

generation interval; generation time; respiratory infectious diseases; serial interval

Abbreviations: ICC, index case—to—case; RSV, respiratory syncytial virus; SARS, severe acute respiratory syndrome.

A key epidemiologic variable that characterizes the spread
of an infectious disease is the mean serial interval. It represents
the average time between the time of symptom onset of a pri-
mary case and that of a secondary case. This interval is widely
used in infectious disease surveillance and control. Its impor-
tance is illustrated by the efforts to rapidly determine the serial
intervals for severe acute respiratory syndrome (SARS) when it
emerged in 2003 (1), as well as for influenza A(HIN1)pdm09
when this strain emerged in 2009 (2). The serial interval plays
an essential role in outbreak studies because it allows investi-
gators to identify epidemiologic links between cases and to di-
agnose new cases that have such epidemiologic links with
laboratory-confirmed cases. It is relevant to the surveillance
of infectious disease because it sets the natural interval for re-
porting new notifications. The serial interval is an essential in-
gredient in predictive epidemic transmission models used to
evaluate the impact of interventions and to inform policy mak-
ers on how to control or mitigate emerging outbreaks.
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Typical values for the serial interval of an infectious dis-
ease are often difficult to find, are imprecisely reported, or
lack references to the original data. The original observations
underlying the reported typical values for the serial interval
cannot always be identified, the statistical procedures to infer
the typical values from the observations vary, and as a result,
the range of plausible values is sometimes impractically
large. For a well-studied infection, such as pertussis, we
find that plausible values for the serial interval used in epide-
miologic analyses range from 14 to 28 days (3—6), and often-
cited references present ranges of 28-33 days (6) and 5-35
days (7, 8). These ranges for pertussis, as well as for other in-
fections, are given without reference to a source with obser-
vations upon which the estimated ranges are based; therefore,
they do not comply with the modern standard of evidence in
medicine. Without a firmly established evidence base, it is
difficult to use serial intervals to make adequate clinical or
infection control decisions.
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We reviewed the literature on reported values of serial in-
tervals of the following respiratory pathogens selected for
their clinical and public health importance: influenza, respira-
tory syncytial virus (RSV), SARS, measles, mumps, varicella,
rubella, smallpox, pertussis, and tuberculosis. We analyzed
published data on these infections using a common statistical
method. In doing so, we aimed to find consensus in the med-
ical literature on serial intervals, to assess the strength of ev-
idence underlying this consensus, and to provide improved
estimates of serial intervals whenever evidence is weak or ab-
sent. Previous reviews have shown the importance of the se-
rial interval to the epidemiology of influenza (9). We are not
aware of reviews that reexamine published data and that use a
common method for analyzing, estimating, and reporting the
serial interval for a broad range of respiratory infections.

METHODS
Search strategy and selection criteria

For each infection, we searched PubMed for publications,
written in English, that contained estimates of the serial inter-
val (last search on October 1,2013). We used the search terms
“serial interval” and disease name, “generation interval” and
disease name, or “generation time” and disease name. The
diseases we studied were influenza, RSV, SARS, measles,
varicella, smallpox, mumps, rubella, pertussis, and tubercu-
losis. When common variations of the disease name existed,
we also included these. All abstracts were reviewed once to
identify relevant articles; if necessary, the article received a
full-text review. Articles were excluded from further analysis
if they did not contain an estimate of the serial interval, did
not discuss the serial interval in the context of disease trans-
mission, or did not contain data on time of symptom onset of
cases within households or other small, well-defined popula-
tions. Furthermore, we reviewed relevant citations from the
included articles, articles from our own collections, and
widely used infectious disease references (Table 1).

Systematic analysis of the mean serial interval

There is confusing terminology regarding the serial inter-
val, with the terms “generation interval” and “generation
time” often used to distinguish between duration from pri-
mary to secondary infection as measured by times of infec-
tion instead of by symptom onset. Focusing on the mean
value avoids this discussion; both the serial interval and the
mean generation time have the same mean value, provided
the incubation times of the infectee and infector are indepen-
dent and identically distributed (10). However, as a result of
our analyses, the complete distribution of the serial interval is
also estimated, providing us knowledge about the serial inter-
vals likely to be observed.

The serial interval. The serial interval is the duration be-
tween symptom onset of a secondary case and that of its pri-
mary case. For infections in which cases can be infectious
before symptom onset, it is possible that the serial interval
attains negative values because some of the secondary
cases might develop symptoms before their primary case
did so (11).

Table 1. Range of Typical Values of the Serial Intervals for Common
Respiratory Infectious Diseases From 2 Widely Used Infectious
Disease References

Serial Interval, days®

Disease

Anderson and May, Vynnycky and White,
1991 (6) 2010 (8)

Influenza A 3-6 2-4
Measles 12-16 7-16
Mumps 16-26 8-32
Pertussis 28-33 5-35
Rubella 18-26 7-28
Smallpox 10-14 9-45
Varicella 18-23

& Values were obtained by summing the latent and infectious
periods presented by Anderson and May (6); or they were taken from
the range of serial intervals presented by Vynnycky and White (8),
which was adapted from Fine (7).

The index case—to—case interval. 'We used data on times
of symptom onset of successive cases in households or other
small populations, such as boarding schools. We refer to the
case with the first onset of symptoms in a household as the
index case. For all other cases in the household, we observed
the duration between their times of symptom onset and that of
the index case. We refer to such observed intervals as index
case—to—case (ICC) intervals. The ICC intervals may result
from different transmission paths between 2 cases in 1 house-
hold. For example, the 2 cases could be coprimary cases, a pri-
mary case and its secondary case, a primary case and a tertiary
case, a primary case and a quaternary case, and so on (Figure 1).
We consider transmission paths up to primary-quaternary
cases, because longer paths are unlikely in household settings.

Statistical model. 'We estimate the serial interval distri-
bution using the distribution of ICC intervals. These 2 distri-
butions are not the same: ICC intervals are, by definition,
always positive, whereas the corresponding serial interval
can be negative, and the ICC interval may reflect transmis-
sion pairs other than primary-secondary. Building on earlier
work, we develop a likelihood function for ICC intervals by
using a mixture model (12, 13) in which we identify the mix-
ture components with transmission paths (14) as follows:

f(xlp0®) = wifi(x| o) + wafalx|p, o)
+wsfi(x|n,0?) Fwafilxlw6®). (1)

Here, f;(x) is the component density of the i’th transmission
route, and w; is the weight of the i’th component density, such
that Z?:l w; = 1. Each mixture component corresponds to a
transmission path as described before and illustrated in Fig-
ure 2. The serial interval X is assumed to follow a normal dis-
tribution with unknown mean and standard deviation. The
ICC interval for primary-secondary pairs results from folding
the negative values of the serial interval distribution onto
the positive axis. In this model we assume, as in previous
work (12, 13), that the ICC intervals reflect observations of
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Figure 1. Inferring the mean serial interval from observed outbreaks in a household. An observed interval between symptom onset of 2 cases
(black figures) in a household can result from different transmission paths within this household. From left to right: 2 cases were both infected by the
same person (coprimary cases); the index case infected the other observed case (primary-secondary); the index case infected an asymptomatic
case (grey figure) that infected the other observed case (primary-tertiary); the index case infected the other observed case via 2 asymptomatic

cases (primary-quaternary). ICC, index case—to—case.

independent events. All other transmission paths are related
to this distribution by sums or differences of the serial inter-
val in the following way:

+ Coprimary transmission, fj. Household members 1 and 2
are, independently of each other, infected by the same per-
son outside the household. Each of the 2 persons has a
serial interval, X; and X, (with X; and X, independent iden-
tical copies of X). The observed ICC interval follows the
distribution of |X; — X5/, the half-normal distribution.

0.06 —
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* Primary-secondary transmission, f>. Household member 1
infects person 2. The serial interval X follows a normal dis-
tribution with mean p and variance o°. The observed ICC
interval follows the distribution of |X|, a folded normal dis-
tribution with parameters p and o°.

* Primary-tertiary transmission, f3. Household member 1 in-
fects person 2, and person 2 infects person 3. The time be-
tween symptom onset of person 1 and that of person 2 is X].
The time between symptom onset of person 2 and person 3

7\

=
N g

30 40 50 60

ICC Interval, days

Figure 2. Distribution of observed index case—to—case (ICC) intervals. The histogram of intervals from the index case to other cases in a house-
hold consists of a mixture of distributions (smooth bold solid line). Each of the mixture components corresponds to a transmission path as described
in Figure 1. From left to right: coprimary path (dotted line), primary-secondary path (solid line), primary-tertiary path (dashed line), and primary-
quaternary path (large-dashed line). The mean serial interval is indicated by the arrow and is inferred both from the location of the second peak

and from the distance between the successive peaks.
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is X5. The observed ICC interval between person 1 and per-
son 3 follows the distribution of |X; + X;|, a folded normal
distribution with parameters 2y and 267,

 Primary-quaternary transmission, f;. Household member 1
infects person 2, person 2 infects person 3, and person 3
infects person 4. The observed interval between symptom
onset of person 1 and that of person 4 follows the distribu-
tion of |X; + X, + X3/, a folded normal distribution with
parameters 3p and 367,

Discretization of the ICC interval. Most data sets give only
the day of symptom onset, leading to discretized observed ICC
intervals, commonly referred to as doubly interval-censored
data (for example, in the work of Reich et al. (15)). We assume
that the actual moment of symptom onset is equally likely to be
any moment during the day (i.e., uniformly distributed over a
day from 0:00 to 24:00 hours). The interval between symptom
onset in 2 persons is then distributed according to a triangular
distribution. Hence, the probability density of observing an
ICC interval T that lasts exactly ¢ days is given by

where f(x) is the mixture density as in equation 1, and g(x) is
the triangular distribution function.

Parameter estimation. The probability of observing per-
son i with an ICC interval of ¢; days, P(t;; wy, wa, w3, I, 6°),
was taken as described in equation 2. We estimate the 5 un-
known parameters using a likelihood-based method. The
likelihood is given by

N

L(W1,W2,W3,].L7 62 |X) = Hp(ti;W]7W2,W3,l.l7 62)'
i=1

For each disease, we fit the mixture model to the household
data. We estimate the parameters with a robust expectation-
maximization algorithm.

Expectation-step. For a given u and o

* calculate the probability for each mixture component of ob-
serving interval x;;

* calculate the relative probability of the data point x; to be-
long to 1 of the components;

* calculate the mixture weights w;.

Maximization step. For the given weights w;,

* calculate the mean p as the weighted mean of the data using
the weights of the second mixture component only;

« calculate the variance o” as the weighted variance of the
data using weights of the second mixture component only.

Repeat the procedure until the estimates have converged.
Each individual contributes to the likelihood only an
amount proportional of belonging to the second mixture
component ( primary-secondary transmission route). As a re-
sult, the method is more robust to observed ICC intervals in

the tail of the distribution. We used several starting values for
the expectation-maximization algorithm to ensure we found a
global and not a local maximum. The method was verified by
fitting the model to simulated data, which gave good results
(Web Appendix 1, available at http:/aje.oxfordjournals.org/).
Data analysis was repeated assuming the serial interval to fol-
low a gamma distribution rather than a normal distribution.
All analyses were done using the R statistical package, ver-
sion 2.13.1 (R Foundation for Statistical Computing, Vienna,
Austria). The R code and all data sets are provided in Web
Appendix 2 and Web Appendix 3, respectively.

Confidence intervals for the mean serial interval were
computed under the assumption that this mean follows a Stu-
dent’s ¢ distribution. For each data set, we present the esti-
mated serial interval distribution. When several data sets
were available for 1 infection, we also fit our model to the
pooled data to obtain a pooled serial interval distribution.
We compared this result with the estimate obtained from a
random-effects meta-analysis.

RESULTS

From the literature search in PubMed, we obtained 98 ar-
ticles, 93 of which were written in English. We found 51 ar-
ticles suitable for full-text review. Of these, 36 contained
estimates of serial intervals. These included 23 articles with
estimates of the serial interval for pandemic influenza
A(HIN1)pdmO09 and 9 articles with estimates of the serial in-
tervals for other influenza A subtypes. We found only 2 arti-
cles with estimates for the serial interval of measles, 1 with an
estimate of the serial interval for smallpox, and 1 with an es-
timate of the serial interval for tuberculosis. In addition to the
PubMed search, we collected 26 other articles from follow-
up and from our collections, which contained estimates of
serial intervals. All estimates from the combined literature
search are presented in Table 2.

We found 18 articles that presented ICC intervals, from
which we could estimate serial intervals using our statistical
method. The estimates of the serial interval distribution
are presented in Table 3. For each data set, we estimated
the mean serial interval with its 95% confidence interval
(Figure 3A). These confidence intervals are small, but there
is substantial variation between data sets. When the serial in-
terval is used to identify epidemiologic links between cases
during an outbreak, it is more relevant to know the variability
of the serial interval than the typical value. The distribution of
the serial intervals, after pooling the data sets for each infec-
tion, reveals that, although the range from the 2.5th percentile
to the 97.5th percentile for serial intervals may be quite large
(Figure 3B), the 25th and 75th percentiles capture the esti-
mated mean serial interval of the individual data sets in al-
most all cases. Similar results for the pooled mean serial
interval were obtained using a random-effects meta-analysis
(Web Table 1). The statistical model accurately captures the
serial interval distribution from the observed dates of symp-
tom onset within households, as illustrated by the model fits
for the largest data set for each infection in Figure 4. Similar
results were obtained when data were analyzed assuming the
serial interval followed a gamma distribution rather than a
normal distribution (Web Table 2 and Web Figure 1).

Am J Epidemiol. 2014;180(9):865-875
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Table 2. Estimates of the Serial Intervals for Common Respiratory
Infectious Diseases in the Scientific Literature

First Author, Year
(Reference No.)

Infection

Estimated
Serial
Interval, days

Wallinga, 2007 (42) Influenza A(H1N1) 2.85
Lessler, 2007 (43) Influenza A(H1N1) 1.9
Carrat, 2008 (44) Influenza A(H1N1) 23
White, 2008 (45) Influenza A(H1N1) 2.83, 3.31,
3.33,3.81,
4.01, 4.66,
8.28
Levy, 2013 (46) Influenza A(H1N1) 3.3
Cowling, 2009 (12) Influenza A(H1N1) 3.6
Fraser, 2009 (2) Influenza A(H1N1)pdm09 1.91
Asiedu-Bekoe, Influenza A(H1N1)pdm09 2
2012 (47)
Orellano, 2012 (48) Influenza A(H1N1)pdm09 2
te Beest, 2013 (39) Influenza A(H1N1)pdmO09 2.13, 5.3, 2.7,
Hens, 2012 (49) Influenza A(H1N1)pdm09 2.2
Cauchemez, 2011 (40) Influenza A(HIN1)pdm09 2.3, 3.7
Kelso, 2010 (50) Influenza A(H1N1)pdm09 2.3
Archer, 2012 (51) Influenza A(H1N1)pdm09 2.3
Barakat, 2012 (52) Influenza A(H1IN1)pdm09 2.3
Roberts, 2011 (53) Influenza A(H1N1)pdm09 2.38
White, 2009 (54) Influenza A(H1N1)pdm09 2.5-2.6,
2223
Ghani, 2009 (55) Influenza A(H1N1)pdm09 2.51
Cauchemez, 2009 (16) Influenza A(H1N1)pdm09 2.6
Suess, 2010 (56) Influenza A(H1IN1)pdm09 2.6
Yang, 2009 (57) Influenza A(H1N1)pdm09 2.6-3.2
Lessler, 2009 (58) Influenza A(H1N1)pdm09 2.7
Hahné, 2009 (17) Influenza A(H1N1)pdm09 2.7
Archer, 2012 (59) Influenza A(H1N1)pdm09 2.78
Leung, 2011 (60) Influenza A(H1IN1)pdm09 2.8
Petrie, 2013 (61) Influenza A(H1N1)pdm09 2.8
Donnelly, 2011 (13) Influenza A(H1N1)pdm09 2.9
McBryde, 2009 (62) Influenza A(H1N1)pdm09 2.9
Katriel, 2011 (63) Influenza A(H1N1)pdm09 2.92
Roll, 2011 (64) Influenza A(H1N1)pdm09 2.92
France, 2010 (18) Influenza A(H1IN1)pdm09 3
Boélle, 2011 (9) Influenza A(H1N1)pdm09 3
Savage, 2011 (19) Influenza A(H1N1)pdm09 3
Levy, 2013 (46) Influenza A(H1N1)pdm09 3.1

Table continues

Table 2. Continued

First Author, Year Infection Eséi;?; Ie d
(Reference No.) Interval, days

Cowling, 2010 (65) Influenza A(H1N1)pdm09 3.2
Papenburg, 2010 (20) Influenza A(H1N1)pdm09 3.2, 3.9
Park, 2010 (66) Influenza A(H1IN1)pdm09 3.4
Sikora, 2010 (67) Influenza A(H1N1)pdm09 3.4
Janjua, 2012 (68) Influenza A(H1IN1)pdm09 3.5
Surveillance Group, Influenza A(H1N1)pdm09 3.5

2009 (69)
Morgan, 2010 (21) Influenza A(H1N1)pdm09 4
Tuite, 2010 (70) Influenza A(H1N1)pdm09 4-5
Carrat, 2008 (44) Influenza A(H3N2) 3.1
Petrie, 2013 (61) Influenza A(H3N2) 3.2
Cowling, 2010 (65) Influenza A(H3N2) 3.4
Levy, 2013 (46) Influenza A(H3N2) 3.5
Ferguson, 2005 (71)  Influenza A(H5N1) 2.6
White, 2008 (72) Influenza A(H5N1) 3.37
Carrat, 2008 (44) Influenza B 3.4
Levy, 2013 (46) Influenza B 3.7
Petrie, 2013 (61) Influenza B 4.9
Simpson, 1948 (73) Measles 9, 11?(’) 10.5,
Fraser, 2007 (74) Measles 10.5
Klinkenberg, 2011 (14) Measles 11.1,11.2,

11.9,12.2
Simpson, 1952 (23) Measles 12
Paterson, 2013 (75) Measles 12.3
Meyer, 1962 (33) Mumps 18.3
Simpson, 1952 (23) Mumps 20
Stocks, 1933 (35) Pertussis 7
Crowcroft, 2008 (22) RSV 7
Aycock, 1946 (34) Rubella 15-23
Lipsitch, 2003 (1) SARS 8.4
Chelsky, 1977 (31) Smallpox 18.6
ten Asbroek, 1999 (37) Tuberculosis 29,52
Borgdorff, 2011 (38)  Tuberculosis 1.44°
Simpson, 1954 (27) Varicella 13.8, 14,
15.1

Simpson, 1952 (23)  Varicella 14

Abbreviations: RSV, respiratory syncytial virus; SARS, severe

acute respiratory syndrome.
& Value is expressed in weeks.
P Value is expressed in years.

Influenza

The reported values of the mean serial interval of influenza
A(HINTI) and pandemic influenza A(HIN1)pdm09 ranged
from 1.9 to 5 days (Table 2). For influenza A(HIN1)pdmO09,
we identified 6 data sets that contained information on symp-
tom onset dates in households (16-21). Estimates of the

Am J Epidemiol. 2014;180(9):865-875

mean serial interval for influenza A(HIN1)pdm09 from
these data sets ranged from 1.7 to 3.7 days (pooled mean =
2.8 days; Figure 3A). We found substantial variation among
the estimates for the serial interval for different data sets, even
when 1 common method was used. The spread of the pooled
serial interval distribution (Figure 3B) captured the values for
the serial interval that are commonly reported.
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Table 3. Estimated Serial Interval Distributions From Available Data Using a Common Method

First Author, Year Infection Country Collection No. of ICC Digt?iLn;?ilon 95%_CI of Mean
(Reference No.) Years Intervals Serial Interval Serial Interval
Hahné, 2009 (17) Influenza A(H1N1)pdm09  Netherlands 2009 50 N(1.7, 1.2%) 1.3,2.0
Cauchemez, 2009 (16) Influenza A(HIN1)pdmQ09 United States 2009 78 N(2.1, 1.2%) 1.8,2.4
Savage, 2011 (19) Influenza A(H1IN1)pdm09 Canada 2009 56 N(2.8, 0.8%) 2.6,3.0
Papenburg, 2010 (20) Influenza A(H1IN1)pdm09 Canada 2009 48 N(2.9, 1.2%) 2.5,3.2
France, 2010 (18) Influenza A(H1N1)pdm09  United States 2009 77 N(3.0, 0.9%) 2.8,3.2
Morgan, 2010 (21) Influenza A(HIN1)pdm09  United States 2009 32 N(3.7, 1.1%) 3.3, 4.1
Viboud, 2004 (76) Influenza A(H3N2) France 1999-2000 131 N(2.2, 0.8%) 21,24
Aaby, 1990 (24) Measles Kenya 1974-1981 431 N(9.9, 2.4%) 9.7,10.2
Bailey, 1954 (25) Measles England 1947-1951 219 N(10.9, 1.9%) 10.6, 11.1
Simpson, 1952 (23) Measles England 1947-1951 203 N(10.9, 2.0%) 10.6,11.2
Chapin, 1925 (26) Measles United States 1917-1923 5,659 N(11.9, 2.6%) 11.8,12.0
Fine, 2003 (11) Measles England 1932 28 N(13.7, 1.5%) 13.1, 14.3
Fine, 2003 (11) Measles United States 1934 105 N(13.8, 2.5%) 13.3, 14.3
Simpson, 1952 (23) Mumps England 1947-1951 142 N(18.0, 3.5%) 17.4,18.6
de Greeff, 2010 (36) Pertussis Netherlands 20062008 315 N(22.8, 6.5%) 22.1,23.5
Crowcroft, 2008 (22) RSV England 1998-1999 59 N(7.5, 2.1%) 7.0,8.1
Aycock, 1946 (34) Rubella Unknown Unknown 126 N(18.3, 2.0%) 18.0, 18.6
Fine, 2003 (11) Smallpox Germany 1970 19 N(16.7, 3.3%) 15.1,18.3
Fine, 2003 (11) Smallpox Kosovo 1972 174 N(17.3, 1.9%) 17.0,17.6
Ministry for Social Smallpox Netherlands 1951 45 N(18.9, 4.0%) 17.7, 201
Affairs, 1953 (32)
Vally, 2007 (28) Varicella Australia 2002 43 N(13.1, 2.2%) 12.4,13.8
Simpson, 1952 (23) Varicella England 1947-1951 184 N(14.1, 2.4%) 13.7,14.4
Lai, 2011 (29) Varicella Taiwan 2007 15 N(14.2, 1.3%) 13.5,14.9

Abbreviations: Cl, confidence interval; ICC, index case—to—case; RSV, respiratory syncytial virus.

The reported values for the mean serial interval of influenza
A(H3N2) are 3.1 and 3.4 days (Table 2). For this influenza
subtype, we identified 1 data set that contained information
on symptom onset dates in households. The estimate of the
mean serial interval for this data set was 2.2 days (Table 3, Fig-
ure 3), which is 1 day shorter than the reported values found in
the literature.

The reported values for influenza A(HS5N1) and influenza
B were between 2.6 and 4.9 days (Table 2). We did not have
any data sets to estimate the serial interval for these types.

Respiratory syncytial virus

For RSV, we found a reported estimate of the mean serial
interval of 7 days (Crowcroft et al. (22), Table 2). We reana-
lyzed the data from this article and obtained an estimate of the
mean serial interval of 7.5 days (Table 3). The resulting esti-
mate is close to the original reported value.

Severe acute respiratory syndrome

For the outbreak of SARS in Singapore in 2003, the mean
serial interval was estimated at 8.4 days (1). We could not find

data on time of symptom onset in households that would
allow us to estimate the mean serial interval.

Measles

For measles, we found reported serial intervals in the range
of 9-13 days in the literature (Table 2). We identified 6 usable
data sets for measles (11, 23-26) and estimated the mean serial
interval to be between 9.9 days and 13.8 days, with a pooled
mean of 11.7 days (Figure 3). The range of estimated values
captured the range of reported values, as shown in Table 2.

Varicella

For varicella, we found reported values of the serial interval
ranging from 13 to 15 days (27), which differs substantially
from the range of 18 to 23 days that is often cited (Anderson
and May (6); Table 1). We identified 3 usable data sets for var-
icella (23, 28, 29) (Table 3, Figure 3) and estimated the pooled
mean serial time to be 14.0 days. This corresponds with the
value as originally reported by Simpson (23) but is substan-
tially shorter than the typical value of 21 days used in some
mathematical transmission models of varicella (30).
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A)
First Author, Year
(Reference No.) Infection Mean Serial Interval (95% Cl)
Viboud, 2004 (76) Influenza A(H3N2) . 22(2.1,2.4)
Cauchemez, 2009 (16) Influenza A(H1N1)pdm09 - 2.1(1.8,2.4)
France, 2010 (18) Influenza A(H1N1)pdm09 . 3.0(2.8,3.2)
Papenburg, 2010 (20) Influenza A(H1N1)pdm09 - 2.9 (25,3.2)
Morgan, 2010 (21) Influenza A(H1N1)pdm09 - 3.7 (3.3, 4.1)
Hahné, 2009 (17) Influenza A(H1N1)pdm09 - 1.7 (1.3,2.0)
Savage, 2011 (19) Influenza A(H1N1)pdm09 . 2.8 (2.6, 3.0)
Crowcroft, 2008 (22) RSV - 7.5(7.0,8.1)
Simpson, 1952 (23) Measles - 10.9 (10.6, 11.2)
Bailey, 1954 (25) Measles - 10.9 (10.6, 11.1)
Aaby, 1990 (24) Measles . 9.9 (9.7,10.2)
Chapin, 1925 (26) Measles . 11.9 (11.8, 12.0)
Fine, 2003 (11) Measles - 13.8 (13.2, 14.3)
Fine, 2003 (11) Measles . 13.7 (13.1, 14.3)
Simpson, 1952 (23) Varicella - 14.1 (13.7, 14.4)
Vally, 2007 (28) Varicella —— 13.1 (12.4, 13.8)
Lai, 2011 (29) Varicella —— 14.2 (13.5, 14.9)
Ministry for Social Smallpox — 18.9 (17.7, 20.1)
Affairs, 1953 (32)
Fine, 2003 (11) Smallpox - 17.3(17.0, 17.6)
Fine, 2003 (11) Smallpox e 16.7 (15.1, 18.3)
Simpson, 1952 (23) Mumps o 18.0 (17.4, 18.6)
Aycock, 1946 (34) Rubella - 18.3(17.9, 18.6)
de Greef, 2010 (36) Pertussis —— 22.8 (22.1, 23.5)
T T T T T

0 5 10 15 20 25
Mean Serial Interval, days

Infection

Influenza A(H3N2) |—m—|
Influenza A(H1N1)pdm09 |—«:|:»—|
RSV l—:l:’—'

Measles I T I

Varicella |—c:|:b—|

Smallpox | - |

Mumps I T I

Rubella |—c:|:»—|
Pertussis l—‘:l:’—'

LU B — T T
0 5 10 15 20 25 30 35
Serial Interval, days

Figure 3. Estimated serial intervals. A) Mean serial interval (dots) and 95% confidence intervals (Cls) (bars) for each data set found in the liter-
ature. B) Distribution of serial interval for each infection in which the data sets are pooled. The box-and-whisker plot denotes the 2.5th, 25th, 50th,
75th, and 97.5th percentiles of the serial interval distribution. RSV, respiratory syncytial virus.

Smallpox ) o .
population as if it were a household and inferred the values
For smallpox, we found a reported serial interval of 18.6 of the mean serial intervals as 16.7, 17.3, and 18.9 days.
days (31). We identified data sets from 3 outbreaks of small- We did not find a statistically significant difference between
pox in towns (11, 32). For each outbreak, we treated the those values. The results for the outbreak of smallpox in
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Figure 4. Model fit of the serial interval to index case—to—case (ICC) interval data. Mean serial interval (asterisk) inferred from observed ICC data
(histogram) and the estimated mixture density (solid line) for each infection. RSV, respiratory syncytial virus.

Kosovo (11) are shown in Figure 4. The pooled mean serial
interval for smallpox was 17.7 days, which is 1 day shorter
than the typical value reported in the literature (Table 2).

Mumps

For mumps, we found reported serial intervals of 20 days
(23) and 18.3 days (33). We identified 1 usable data set for
mumps (23) and estimated the mean serial interval for
mumps to be 18.0 days. This is lower than the original re-
ported value for this data set and closer to the value reported
by Meyer (33).

Rubella

For rubella, we found an estimate of the serial interval of
18 days (range, 15-23 days) (34). This estimate was based on
a rubella outbreak in a boarding school; it was the only suit-
able data set for rubella that we identified. We used the board-
ing school data as if it were from 1 household. Reanalysis of

these data confirmed the estimated mean serial interval for
rubella of 18.3 days (Figure 4).

Pertussis

For pertussis, we found no reported estimates of the serial
interval except for 1 very old observation that stated that the
serial interval for pertussis was most frequently 1 week, but
with a wide range of 4 to 56 days (35). We found 1 relevant
data set (36) from which we estimated the mean serial inter-
val to be 22.8 days. The serial interval distribution has a large
variance, leading to a wide range of values that the serial in-
terval may attain (Figure 3B). We note that this is, to the best
of our knowledge, the first estimate of the mean serial interval
of pertussis.

Tuberculosis

For tuberculosis, we found 2 reported estimates of the
mean serial interval: 29.5 weeks (37) and 1.4 years (38)
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(Table 2). We did not identify a data set that we could use to
estimate the mean serial interval for tuberculosis.

DISCUSSION

Our study shows that the evidence supporting reported se-
rial intervals is minimal for many diseases. For influenza and
measles, several data sets allowed us to confirm the estimated
values of the serial intervals. Using the same methodology,
we were able to confirm the existing estimates of the serial
intervals for smallpox and varicella, for which 3 data sets
were available, as well as for RSV, mumps, and rubella, for
which only 1 data set was available. For pertussis, we found
no previous estimates that were based on original data, but we
identified a data set that allowed us to infer a serial interval for
pertussis of 22.8 days.

Several factors may account for the observed differences
among studies. The duration of the serial interval depends on
the nature of contacts (39, 40), and this can vary among stud-
ies conducted at different times in different places. The serial
interval also depends on the incidence of infection (10, 41),
which may have differed among studies, although none of the
studies reported the incidence of infection at the time of ob-
servation. The definition of symptom onset might influence
the serial interval; varying the definition of the onset of
measles symptoms from “onset of conjunctivitis” to “onset
of illness” in the data set of Simpson (23) results in a change
of the mean serial interval from 9 to 13 days—approximately
the range in mean serial intervals observed among all mea-
sles studies. Lastly, the estimated duration of the serial inter-
val will depend on the inclusion criteria for cases; for
example, for varicella, very short durations for ICC inter-
vals were excluded by Simpson (23) but not in more recent
studies (28, 29). We checked informally for differences be-
tween studies by plotting the estimates (Figure 3), and we
checked formally by testing for statistically significant dif-
ferences between studies; for smallpox, we found no such
differences.

The 95% confidence intervals of the most likely values for
the serial intervals in an outbreak, as presented in Figure 3B,
are useful for outbreak control to establish epidemiologic
links between cases and to characterize how the risk of new
cases varies as a function of time since the onset of symp-
toms. The precise ranges for serial intervals can be improved
further when more data become available, or when more de-
tailed data on who-infected-whom in household outbreaks
become available. Such detailed data would allow us to ac-
count for dependencies in the observed ICC intervals because
these may have affected the precision of the estimated mean
values presented here.

We focused on a common methodology for analyzing, es-
timating, and reporting serial intervals from observations of
symptom onset dates in households for different infections.
By dropping the constraint of using 1 validated methodology,
we could use a range of methods and include data sets other
than those of households. This allowed us to investigate
whether serial intervals are affected by the setting of the in-
fectious contact, such as schools, workplaces, or households.
Although we acknowledge that factors specific to household
contacts may have affected our results, we note that, for each

Am J Epidemiol. 2014;180(9):865-875

infection, the typical observed range of serial intervals
(Table 2) covers our household estimates.

The presented estimates of the mean serial interval are re-
stricted to published data sets for a range of important respi-
ratory infections. We found few articles by using standard
key words in PubMed and many articles by searching through
the citations. This indicates that it is very difficult for an
infectious disease expert to find the evidence underlying
often-cited values for serial intervals. It also suggests that
any literature review on this topic, including ours, is likely to
miss useful data sets that provide more evidence for the du-
ration of serial intervals. Therefore, we have made our code
available in the hope of inspiring researchers to collect new
data sets or to use existing unpublished data. The statistical
method we used here is not restricted to the respiratory trans-
mission route; we have successfully estimated the mean serial
intervals of norovirus and hepatitis A, which are 2 infections
that spread by contaminative contact (Web Appendix 1). Fu-
ture work will focus on assessing the evidence for serial
intervals, such as vector-based infections (e.g., dengue) in a
household or village or sexually transmitted infections (e.g.,
human immunodeficiency virus, syphilis, and chlamydia) in
a relationship. When the statistical approach to estimate the
mean serial interval proves to be successful for infections ir-
respective of the transmission route, it has the potential to be
used when facing an outbreak of a new pathogen with an un-
known transmission route.

We have reanalyzed published data to provide estimates of
the serial interval for important respiratory diseases. Whereas
previously published estimates generally provided new data
sets for 1 specific disease and reported some summary mea-
sure for the serial interval, the aspect of interest here is the
mean serial interval. This is the crucial factor in relating the
growth rate of an epidemic to the reproduction number (42)
and the required control effort to interrupt the transmission
chains in that epidemic. Knowledge of the mean serial inter-
val also helps identify the most likely source of infection in
outbreak investigations. It helps in planning for the duration
of isolation of cases whose dates of exposure are known. Our
comprehensive review bases the mean serial interval directly
on observed times of symptom onset, which makes it useful
in research, clinical practice, and public health policy.

ACKNOWLEDGMENTS

Author affiliations: Centre for Infectious Disease Control,
National Institute for Public Health and the Environment,
Bilthoven, the Netherlands (Margaretha Annelie Vink, Jacco
Wallinga); Department of Epidemiology and Biostatistics,
VU University Medical Center, Amsterdam, the Netherlands
(Margaretha Annelie Vink); Department of Mathematics,
Utrecht University, Utrecht, the Netherlands (Martinus
Christoffel Jozef Bootsma); and Julius Center for Health Sci-
ences and Primary Care, University Medical Center Utrecht,
Utrecht, the Netherlands (Martinus Christoffel Jozef Bootsma).

No funding was received for this work.

All authors contributed equally to the work.

Conflict of interest: none declared.

202 udy 01 uo 3sanb Aq $0Z6€.2/598/6/081/2101e/8le/wod dno-dlwapese//:sdjy woly papeojumoq



874 Vinketal.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Lipsitch M, Cohen T, Cooper B, et al. Transmission dynamics
and control of severe acute respiratory syndrome. Science.
2003;300(5627):1966-1970.

. Fraser C, Donnelly CA, Cauchemez S, et al. Pandemic potential

of a strain of influenza A (HIN1): early findings. Science. 2009;
324(5934):1557-1561.

. Grenfell BT, Anderson RM. Pertussis in England and Wales: an

investigation of transmission dynamics and control by mass
vaccination. Proc R Soc Lond B Biol Sci. 1989;236(1284):
213-252.

. van Boven M, de Melker HE, Schellekens JFP, et al. Waning

immunity and sub-clinical infection in an epidemic model:
implications for pertussis in the Netherlands. Math Biosci.
2000;164(2):161-182.

. Wearing HJ, Rohani P. Estimating the duration of pertussis

immunity using epidemiological signatures. PLoS Pathog.
2009;5(10):1000647.

. Anderson RM, May RM. Infectious Disease of Humans:

Dynamics and Control. New York, NY: Oxford University
Press; 1991.

. Fine PE. Herd immunity: history, theory, practice. Epidemiol

Rev. 1993;15(2):265-302.

. Vynnycky E, White RG. An Introduction to Infectious Disease

Modelling. New York, NY: Oxford University Press; 2010.

. Boélle P-Y, Ansart S, Cori A, et al. Transmission parameters of

the A/HIN1 (2009) influenza virus pandemic: a review.
Influenza Other Respi Viruses. 2011;5(5):306-316.

Svensson A. A note on generation times in epidemic models.
Math Biosci. 2007;208(1):300-311.

Fine PEM. The interval between successive cases of an
infectious disease. Am J Epidemiol. 2003;158(11):1039-1047.
Cowling BJ, Fang VJ, Riley S, et al. Estimation of the serial
interval of influenza. Epidemiology. 2009;20(3):344-347.
Donnelly CA, Finelli L, Cauchemez S, et al. Serial intervals and
the temporal distribution of secondary infections within
households of 2009 pandemic influenza A (HIN1):
implications for influenza control recommendations. Clin Infect
Dis. 2011;52(suppl 1):S123-S130.

Klinkenberg D, Nishiura H. The correlation between infectivity
and incubation period of measles, estimated from households
with two cases. J Theor Biol. 2011;284(1):52—-60.

Reich NG, Lessler J, Cummings DAT, et al. Estimating
incubation period distributions with coarse data. Stat Med.
2009;28(22):2769-2784.

Cauchemez S, Donnelly CA, Reed C, et al. Household
transmission of 2009 pandemic influenza A (HI1N1) virus in the
United States. N Engl J Med. 2009;361(27):2619-2627.
Hahné S, Donker T, Meijer A, et al. Epidemiology and control
of influenza A(HIN1)v in the Netherlands: the first 115 cases.
Euro Surveill. 2009;14(27):pii:19267.

France AM, Jackson M, Schrag S, et al. Household
transmission of 2009 influenza A (HIN1) virus after a
school-based outbreak in New York City, April-May 2009.

J Infect Dis. 2010;201(7):984-992.

Savage R, Whelan M, Johnson I, et al. Assessing secondary
attack rates among household contacts at the beginning of the
influenza A (HIN1) pandemic in Ontario, Canada, April-June
2009: a prospective, observational study. BMC Public Health.
2011;11(1):234.

Papenburg J, Baz M, Hamelin M-E, et al. Household transmission
of the 2009 pandemic A/HINI1 influenza virus: elevated
laboratory-confirmed secondary attack rates and evidence of
asymptomatic infections. Clin Infect Dis. 2010;51(9):1033-1041.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Morgan OW, Parks S, Shim T, et al. Household transmission of
pandemic (HIN1) 2009, San Antonio, Texas, USA, April-May
2009. Emerg Infect Dis. 2010;16(4):631-637.

Crowcroft NS, Zambon M, Harrison TG, et al. Respiratory
syncytial virus infection in infants admitted to paediatric
intensive care units in London, and in their families. Eur J
Pediatr. 2008;167(4):395-399.

Simpson RE. Infectiousness of communicable diseases in the
household (measles, chickenpox, and mumps). Lancet. 1952;
2(6734):549-554.

Aaby P, Leeuwenburg J. Patterns of transmission and severity
of measles infection: a reanalysis of data from the Machakos
area, Kenya. J Infect Dis. 1990;161(2):171-174.

Bailey NT. A statistical method of estimating the periods of
incubation and infection of an infectious disease. Nature. 1954,
174(4420):139-140.

Chapin CV. Measles in Providence, R. 1., 1858—1923. Am J
Hyg. 1925;5(5):635-655.

Simpson RE. Studies on shingles: Is the virus ordinary
chickenpox virus? Lancet. 1954;267(6852):1299-1302.

Vally H, Dowse GK, Eastwood K, et al. An outbreak of
chickenpox at a child care centre in Western Australia. Costs to
the community and implications for vaccination policy. Aust N
Z J Public Health. 2007;31(2):113-119.

Lai C-C, Chen S-C, Jiang DD-S. An outbreak of varicella
among schoolchildren in Taipei. BMC Public Health. 2011;
11(1):226.

Brisson M, Edmunds WJ, Gay NJ, et al. Modelling the impact
of immunization on the epidemiology of varicella zoster virus.
Epidemiol Infect. 2000;125(3):651-669.

Chelsky M, Angulo JJ. Analysis of the incidence of variola
minor in an outbreak by use of a mathematical model. Am J
Trop Med Hyg. 1977;26(1):152—-158.

Ministry for Social Affairs and Health. Report Concerning
the Smallpox Epidemic in Tilburg in 1951 [in Dutch]. The
Hague, Netherlands: Staatsdrukkerij en Uitgeverijbedrijf

(‘s Gravenhage); 1953.

Meyer MB. An epidemiologic study of mumps; its spread in
schools and families. Am J Hyg. 1962;75:259-281.

Aycock WL, Ingalls TH. Maternal disease as a principle in the
epidemiology of congenital anomalies; with a review of rubella.
Am J Med Sci. 1946;212(3):366-379.

Stocks P. Some epidemiological features of whooping-cough.
Lancet. 1933;221(5710):265-269.

de Greeff SC, Mooi FR, Westerhof A, et al. Pertussis disease
burden in the household: how to protect young infants. Clin
Infect Dis. 2010;50(10):1339-1345.

ten Asbroek AH, Borgdorff MW, Nagelkerke NJ, et al.
Estimation of serial interval and incubation period of
tuberculosis using DNA fingerprinting. Int J Tuberc Lung Dis.
1999;3(5):414-420.

Borgdorff MW, Sebek M, Geskus RB, et al. The incubation
period distribution of tuberculosis estimated with a molecular
epidemiological approach. Int J Epidemiol. 2011;40(4):
964-970.

te Beest DE, Wallinga J, Donker T, et al. Estimating the
generation interval of influenza A (HIN1) in a range of social
settings. Epidemiology. 2013;24(2):244-250.

Cauchemez S, Bhattarai A, Marchbanks TL, et al. Role of social
networks in shaping disease transmission during a community
outbreak of 2009 HIN1 pandemic influenza. Proc Natl Acad
Sci U S A. 2011;108(7):2825-2830.

Kenah E, Lipsitch M, Robins JM. Generation interval
contraction and epidemic data analysis. Math Biosci. 2008;
213(1):71-79.

Am J Epidemiol. 2014;180(9):865-875

202 udy 01 uo 3sanb Aq $0Z6€.2/598/6/081/2101e/8le/wod dno-dlwapese//:sdjy woly papeojumoq



Serial Intervals of Respiratory Infectious Diseases 875

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Wallinga J, Lipsitch M. How generation intervals shape the
relationship between growth rates and reproductive numbers.
Proc R Soc B Biol Sci. 2007;274(1609):599-604.

Lessler J, Cummings DAT, Fishman S, et al. Transmissibility of
swine flu at Fort Dix, 1976. J R Soc Interface. 2007;4(15):
755-762.

Carrat F, Vergu E, Ferguson NM, et al. Time lines of infection
and disease in human influenza: a review of volunteer challenge
studies. Am J Epidemiol. 2008;167(7):775-785.

White LF, Pagano M. Transmissibility of the influenza virus in
the 1918 pandemic. PLoS One. 2008;3(1):e1498.

Levy JW, Cowling BJ, Simmerman JM, et al. The serial
intervals of seasonal and pandemic influenza viruses in
households in Bangkok, Thailand. Am J Epidemiol. 2013;
177(12):1443-1451.

Asiedu-Bekoe F, Adu DA, Offei A. Mass oseltamivir
prophylaxis halts pandemic influenza A HIN1 2009 outbreak
in a secondary school in Ashanti Region, Ghana. Ghana Med J.
2012;46(4):219-224.

Orellano P, Reynoso J, Grassi A, et al. Estimation of the serial
interval for pandemic influenza (pHI1N1) in the most southern
province of Argentina. fran J Public Health. 2012;41(12):
26-29.

Hens N, Calatayud L, Kurkela S, et al. Robust reconstruction
and analysis of outbreak data: influenza A(HIN1)v
transmission in a school-based population. Am J Epidemiol.
2012;176(3):196-203.

Kelso JK, Halder N, Milne GJ. The impact of case diagnosis
coverage and diagnosis delays on the effectiveness of antiviral
strategies in mitigating pandemic influenza A/HIN1 2009.
PLoS One. 2010;5(11):e13797.

Archer BN, Timothy GA, Cohen C, et al. Introduction of 2009
pandemic influenza A virus subtype HIN1 into South Africa:
clinical presentation, epidemiology, and transmissibility of the
first 100 cases. J Infect Dis. 2012;206(suppl 1):S148—-S153.
Barakat A, Thazmad H, El Falaki F, et al. 2009 Pandemic
influenza A virus subtype HIN1 in Morocco, 2009-2010:
epidemiology, transmissibility, and factors associated with fatal
cases. J Infect Dis. 2012;206(suppl 1):S94-S100.

Roberts MG, Nishiura H. Early estimation of the reproduction
number in the presence of imported cases: pandemic influenza
HIN1-2009 in New Zealand. PLoS One. 2011;6(5):e17835.
White LF, Wallinga J, Finelli L, et al. Estimation of the
reproductive number and the serial interval in early phase of the
2009 influenza A/HIN1 pandemic in the USA. Influenza Other
Respi Viruses. 2009;3(6):267-276.

Ghani A, Baguelin M, Griffin J, et al. The early transmission
dynamics of HIN1pdm influenza in the United Kingdom.
PLoS Curr. 2009;1:RRN1130.

Suess T, Buchholz U, Dupke S, et al. Shedding and
transmission of novel influenza virus A/HINT1 infection in
households—Germany, 2009. Am J Epidemiol. 2010;171(11):
1157-1164.

Yang Y, Sugimoto JD, Halloran ME, et al. The transmissibility
and control of pandemic influenza A (HIN1) virus. Science.
2009;326(5953):729-733.

Lessler J, Reich NG, Cummings DAT, et al. Outbreak of 2009
pandemic influenza A (HIN1) at a New York City school.

N Engl J Med. 2009;361(27):2628-2636.

Am J Epidemiol. 2014;180(9):865-875

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Archer BN, Tempia S, White LF, et al. Reproductive number
and serial interval of the first wave of influenza A(HIN1)pdm09
virus in South Africa. PLoS One. 2012;7(11):e49482.

Leung YH, Li MP, Chuang SK. A school outbreak of pandemic
(HINT1) 2009 infection: assessment of secondary household
transmission and the protective role of oseltamivir. Epidemiol
Infect. 2011;139(1):41-44.

Petrie JG, Ohmit SE, Cowling BJ, et al. Influenza transmission
in a cohort of households with children: 2010-2011. PLoS One.
2013;8(9):e75339.

McBryde E, Bergeri I, van Gemert C, et al. Early transmission
characteristics of influenza A(HIN1)v in Australia: Victorian
state, 16 May—3 June 2009. Euro Surveill. 2009;14(42):
pii:19363.

Katriel G, Yaari R, Huppert A, et al. Modelling the initial phase
of an epidemic using incidence and infection network data:
2009 HIN1 pandemic in Israel as a case study. J R Soc
Interface. 2011;8(59):856—-867.

Roll U, Yaari R, Katriel G, et al. Onset of a pandemic:
characterizing the initial phase of the swine flu (HIN1)
epidemic in Israel. BMC Infect Dis. 2011;11:92.

Cowling BJ, Chan KH, Fang VI, et al. Comparative
epidemiology of pandemic and seasonal influenza A in
households. N Engl J Med. 2010;362(23):2175-2184.

Park SI, Kim MJ, Hwang HY, et al. Clinical characteristics of
children with 2009 pandemic influenza A (HIN1) admitted in a
single institution. Korean J Pediatr. 2010;53(10):886—891.
Sikora C, Fan S, Golonka R, et al. Transmission of pandemic
influenza A (HIN1) 2009 within households: Edmonton,
Canada. J Clin Virol. 2010;49(2):90-93.

Janjua NZ, Skowronski DM, Hottes TS, et al. Transmission
dynamics and risk factors for pandemic HIN1-related illness:
outbreak investigation in a rural community of British
Columbia, Canada. Influenza Other Respi Viruses. 2012;6(3):
e54—e62.

Surveillance Group for New Influenza A(HIN1) Virus
Investigation and Control in Spain. New influenza A(HIN1)
virus infections in Spain, April-May 2009. Euro Surveill. 2009;
14(19):192009.

Tuite AR, Greer AL, Whelan M, et al. Estimated epidemiologic
parameters and morbidity associated with pandemic HIN1
influenza. CMAJ. 2010;182(2):131-136.

Ferguson NM, Cummings DAT, Cauchemez S, et al. Strategies
for containing an emerging influenza pandemic in Southeast
Asia. Nature. 2005;437(7056):209-214.

White LF, Pagano M. A likelihood-based method for real-time
estimation of the serial interval and reproductive number of an
epidemic. Stat Med. 2008;27(16):2999-3016.

Simpson RE. The period of transmission in certain epidemic
diseases; an observational method for its discovery. Lancet.
1948;2(6533):755-760.

Fraser C. Estimating individual and household reproduction
numbers in an emerging epidemic. PLoS One. 2007;2(8):e758.
Paterson BJ, Kirk MD, Cameron AS, et al. Historical data and
modern methods reveal insights in measles epidemiology: a
retrospective closed cohort study. BMJ Open. 2013;3(1).
Viboud C, Boélle PY, Cauchemez S, et al. Risk factors of
influenza transmission in households. Br J Gen Pract. 2004;
54(506):684-689.

202 udy 01 uo 3sanb Aq $0Z6€.2/598/6/081/2101e/8le/wod dno-dlwapese//:sdjy woly papeojumoq




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


