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A critical issue during the 2009 influenza A (HIN1) pandemic was determining the appropriate duration of
time individuals with influenza-like illness (ILI) should remain isolated to reduce onward transmission while
limiting societal disruption. Ideally this is based on knowledge of the relative infectiousness of ill individuals at
each point during the course of the infection. Data on 261 clinically apparent pHIN1 infector-infectee pairs in
households, from 7 epidemiological studies conducted in the United States early in 2009, were analyzed to
estimate the distribution of times from symptom onset in an infector to symptom onset in the household
contacts they infect (mean, 2.9 days, not correcting for tertiary transmission). Only 5% of transmission events
were estimated to take place >3 days after the onset of clinical symptoms among those ill with pHIN]1 virus.
These results will inform future recommendations on duration of isolation of individuals with ILI.

Between 15 April and 17 April 2009, the Centers for
Disease Control and Prevention (CDC) identified
anovel influenza A virus (now known as 2009 pandemic
influenza A [HIN1], or pHIN1) detected from 2 chil-
dren with febrile respiratory illness in southern Cal-
ifornia [1]. The virus spread rapidly, and by 5 May,
individuals with laboratory-confirmed pHINI infection
had been reported from 41 US states and 21 countries
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worldwide [2, 3]. Determining the appropriate duration
of isolation for clinically affected individuals to control
the outbreak was a key policy challenge that required
a balance between disease prevention and societal dis-
ruption. On 28 April 2009, the CDC issued an interim
recommendation that people with influenza-like illness
(ILL; defined to be fever or feverishness with either
cough or sore throat) should be strongly encouraged to
self-isolate in their home for 7 days after the onset of
illness or =24 hours after symptoms had resolved,
whichever was longer, on the basis of historical data
regarding viral shedding duration that indicate im-
mune-naive people are likely to shed longer than those
with pre-existing immunity to seasonal influenza strains
[4]. Over the course of the pandemic, as new in-
formation was gathered, particularly about severity of
illness, the guidelines changed. Currently, the CDC
recommends that people with ILI remain at home until
=24 hours after they are free of fever (temperature, 100°
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F [37.8°C]), or signs of a fever, without the use of fever-reducing
medications [5, 6].

Determining the appropriate period of isolation is, ideally,
based on an understanding of the relative infectiousness of clin-
ically affected individuals at each point during the course of the
infection, as measured by the temporal distribution of secondary
infections, relative to the onset of symptoms in the index case.
Because the transmissibility characteristics of pHIN1 were un-
known, the initial recommendations issued by CDC during the
2009 pandemic were based on studies of seasonal influenza in-
fections in otherwise healthy adults that showed that viral shed-
ding, through nasal and oropharyngeal secretions, peaks during
the first 24 to 72 hours of symptomatic illness and generally lasts
up to 5 days [7-9]. Immunologically naive persons, children, and
immunocompromised patients have been found to shed virus for
substantially longer [10-11]. Recently published studies are
yielding valuable shedding data on the pHIN1 virus [12-14].

The duration and quantitative level of viral shedding are only
2 of the many factors that are expected to influence the likeli-
hood of transmission. Other factors that may be associated with
transmission include the presence of symptoms such as sneezing
and coughing that disperse virus, the behavioral characteristics
of ill persons (eg, the types and duration of interactions between
people and whether someone stays in bed or at least away from
work [15-17]), and demographic factors (eg, age and the
number of individuals in a household [18-20]). It is precisely
because of this complex interplay between viral shedding,
symptoms, and behavior that epidemiological studies of detailed
outbreak data are needed to characterize how transmission risk
varies as a function of time since infection or the onset of
symptoms. This study presents a summary analysis of household
data collated by the CDC in 2009, focusing on estimating the
temporal distribution of secondary infections within house-
holds. The serial interval of an infectious disease is defined as the
duration of time between the onset of symptoms of an index
individual and the onset of symptoms of an infected contact
[21-22]. Previous studies have estimated the mean or median
serial interval for pHINI to be 2.5-2.8 days [20, 23, 24, 25],
comparable with most past estimates of seasonal influenza.

In this study, we combine data from 7 studies of ILI and acute
respiratory illness (ARI) in households that were conducted
during community outbreaks of pHIN1 in the United States
early in the 2009 pandemic to estimate the serial interval dis-
tribution and thereby, through the use of the incubation period
distribution, to quantify the distribution over time of secondary
infections within households, relative to the onset of symptoms
in the index case. The incubation period (the time from in-
fection to the onset of symptoms) is required because the serial
interval is from dates of symptom onset in the index case until
symptom onset in the infected contact, whereas the temporal
distribution of secondary infections (not onsets) is quantified

relative to the onset of symptoms in the index case. These results
will inform future recommendations on duration of isolation of
individuals with ILI.

METHODS

Study Designs — Case Finding and Data Collection

The data analyzed are clinically apparent serial intervals identi-
fied in 7 studies with independently collected data on household
transmission. The sample size given below for each study is the
number of clinically apparent serial intervals recorded, exclud-
ing any >10 days. (Data from studies >10 days in length
become less comparable because of variable durations of follow-
up. This threshold was judged sufficiently long on the basis of
the results subsequently obtained.) The observations in which
the contact experienced the onset of symptoms on the same day
as the onset of symptoms in the index individual (sometimes
termed co-primary infections) were also excluded.

An ARI was defined by the presence of =2 of the following
symptoms: fever or feverishness, cough, sore throat, and runny
nose. There was no systematic laboratory confirmation of either
ARI or ILI among ill contacts. Given that infection with the
pHINT1 virus often produced mild illness, the primary analysis
was of ARI, with supplementary analyses performed for the data
with the stricter ILI definition. (Note that on the basis of our
definitions, ILI is a subset of ARI.)

Study 1: Household Transmission Study Based on Case
Report Forms Submitted to CDC (ILI, n = 66; non-ILI ARI,
n = 18). Early in the epidemic (29 April to 25 May 2009),
US state health departments were asked to report all laboratory-
confirmed cases of pHINI influenza to the CDC. Persons with
illness that met the definition of a confirmed or probable (as
acute febrile respiratory illness in a person who tested positive
for influenza A virus but negative for human H1 and H3 sero-
types, as assessed with the use of reverse-transcriptase poly-
merase chain reaction) case were interviewed on the basis of the
standardized case-report form that included requests for in-
formation on the (index) individual’s symptoms and date of the
onset of symptoms. Information on symptoms and date of
symptom onset (that occurred within 7 days before or after the
onset of symptoms in the index individual) was also requested
for household members, defined to include any person who had
stayed overnight in the house =1 night within 7 days before or
after the date of symptom onset in the index individual. A de-
tailed analysis of these data has been published previously [20].

Study 2: New York City Study of Households of School
Students, Faculty, and Staff with Confirmed pHINI or ILI
(ILL, n = 73).
surveyed to characterize transmission of pHIN1 within house-

Household contacts of index cases were

holds and to identify potential risk factors for transmission [26].
Index cases were school students, faculty, and staff who had
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laboratory-confirmed pHINI infection with onset between 22
April and 30 April or who had an ILI with onset during the peak
of the school outbreak, 22 April to 25 April. Letters were sent
from the school inviting all households of index cases to com-
plete an online survey about illness and risk factors. The letter
requested that a single individual complete the survey on behalf
of all household members. Because of poor response to the in-
vitation letters, nonresponding households were called by study
staff and invited to complete the survey by phone.

Study 3: Southeastern Pennsylvania Study of Households of
School Students with ILI (ILI, n = 37).
phone survey was conducted during 16 May to 21 May among

An initial tele-

parents or guardians of school students by means of a structured
questionnaire. A second, more in-depth structured question-
naire was administered by telephone from 26 May to 2 June to
parents and guardians of school students. Respondents gave
information about household composition, demographics, and
the presence and onset date of ILI among any household
member(s) since 1 May. Data from the 2 surveys were merged
for this analysis. Onset dates and clinical information from the
first survey were used for persons who participated only in this
survey and for those whose ILI onsets were on or before the first
survey was conducted. Onset dates and clinical information
from the second survey were used for individuals who partici-
pated only in the second survey as well as those who became ill
after the first survey.

Study 4: San Antonio, Texas, Household Study (Laboratory-
Confirmed, n = 17; ILI, n = 10; non-ILI ARL, n = 8). In-
dividuals with laboratory-confirmed pHINI infection were
identified through the review of local laboratory records from 10
April to 8 May 2009, and testing of local high school students
reported as absent between 9 April and 28 April and who re-
ported an ARI [27]. Laboratory-confirmed individuals and all
members of their household were interviewed about the oc-
currence of illness.

Study 5: Imperial County, California, Household Study
(ILL, n = 30) and Study 6: San Diego, California, Household
Study (ILL, n = 9; non-ILI ARI, n = 5).
laboratory-confirmed pHINI infection were contacted by

Individuals with

phone by staff of the Public Health Department of Imperial
County or San Diego or by the CDC and asked about date of
onset and symptoms. In addition, confirmed cases were asked
whether household contacts became ill, their dates of illness
onset, and their age and symptoms.

Study 7: Houston, Texas, Study of Households of School
Students, Faculty, and Staff with Laboratory- Confirmed pHIN1
Infection or ILI (ILL, n = 2; non-ILI ARI, n = 2). All stu-
dents with laboratory-confirmed pHINI infection were in-
vestigated, and the parents or guardians of these students were
contacted. An online questionnaire was developed and included
questions about dates and symptoms of illness that occurred

since 12 April 2009 in school students, staff, and their household
contacts. The questionnaire was available online in May 2009,
and responses were stored on secure web servers.

All field studies were part of the emergency public health
practice response to the pandemic. They were reviewed by
a human subjects coordinator at CDC and deemed not to be
research, in accordance with the federal human subjects pro-
tection regulations at 45 Code of Federal Regulations 46.101c
and 46.102d and CDC’s Guidelines for Defining Public Health
Research and Public Health Non-Research.

Calculation of Serial Interval

The clinically apparent serial intervals were calculated from the
date of onset in the (confirmed) index case to the time of
symptom onset in the ill household member (secondary case).
The key difference among the studies was the definition of
secondary cases. This was addressed with parallel analyses using
ARI and ILI case definitions.

Statistical Analysis
We observed clinically apparent serial intervals—that is, the
time lags from onset in the first case of the household to
onsets in subsequent cases, from data on clinically apparent
infector-infectee pairs. However, we cannot know which are,
in fact, true serial intervals (in which the index individual was
the source of the infection in the contact) and which are false
serial intervals. False serial intervals arise when the contact
was either a tertiary case (ie, infected by a household member
who was not the index case) or a community case (ie, infected
by an unidentified source outside the household). Both types
of false serial intervals will on average have longer duration
than a true serial interval. The tertiary cases arise from sec-
ondary cases and thus, on average, experience clinical onset
later than the secondary cases. The community cases will
appear to have, on average, longer apparent serial intervals if
the risk from sources outside the household was constant or
increasing for the period under study. It is highly unlikely
that the risk from communities decreased during the study
periods, because the studies were performed early in the
pHIN1 pandemic. These longer-than-average false longer
intervals will thus cause the mean of the clinically apparent
serial interval distribution to overestimate the mean of the
true serial interval distribution. In this study, we do not at-
tempt to model the possibility of tertiary transmission within
households, because only aggregate data on observed serial
intervals were available from some studies (rather than data
on every contact in every household regardless of illness
status), but our estimates are corrected for the occurrence of
community cases, assuming a constant risk of transmission
from sources outside the household.

We modeled the distribution of serial intervals by fitting, via
maximum likelihood, mixtures of parametric distributions (v,
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lognormal, and Weibull, representing true serial intervals) and
uniform distributions (representing a constant risk of infections
from sources outside the household) to the observed clinically
apparent serial intervals. We used likelihood ratio tests to de-
termine whether the datasets from the different studies were well
fitted by the same distribution. We let n; be the number of ill
contacts with clinical onset i days after onset in the index in-
dividual where #; is observed from day 1 to Dy,,y. Let p(i) be the
probability of contacts experiencing the onset of clinical symp-
toms on day 7 conditional on i being between 1 and D,y in-
clusive, based on the assumed parametric form. Thus, the log
likelihood of the observed data is given by:

Dinax

an In (p(i))

Maximum likelihood estimates were obtained by maximizing
the log likelihood, individually for each data set and simulta-
neously for multiple data sets (which might have different D,
values). This approach explicitly excludes observations in which
the contact experienced the onset of symptoms on the same day
as the onset of symptoms in the index individual.

The fitting of continuous distributions, such as the v, lognor-
mal, and Weibull distributions, requires the conversion of a con-
tinuous probability density function to a discrete distribution,
because we have data on the dates, but not times, of the onset of
clinical symptoms in index cases and their household contracts.
We let F(i) be the cumulative distribution function for the as-
sumed parametric distribution. We define ps(7) to equal [Fs(i +
.5) — Fs(i — .5) J/[Fs(Dmax + .5) — Fs(.5) ], such that the sum of
ps(i) from i = 1 to Dy equals 1. The means and standard de-
viations of the fitted distribution reported here were calculated on
the basis of this discretized distribution (ie, the fitted mean was
obtained calculating the sum of i X p(i) fromi = 1t0 Dp,,y). The
goodness-of-fit of the parametric mixture distribution was as-
sessed through the comparison of its maximized likelihood value
to that obtained from the nonparametric fit to the data in which
a separate parameter was fitted for each day (from 1 to Dypy)-

In the primary analysis, we assumed that D, was equal to
7 days, thus excluding all data for which there were >7 days
between the onset of clinical symptoms in the index individual
and the onset of clinical symptoms in the contact. To examine
the sensitivity of our results to our assumptions, we performed
our analyses with Dy,,, assumed to equal 10 days instead of
7 days, excluding study 1 from this analysis because, by design, it
collected data only on illness in contacts <7 days after the onset
of the index individual.

Confidence intervals (CIs) were obtained by bootstrapping
the observed serial interval data, assuming all data points were
independent and arose from a multinomial distribution. The
bootstrap samples were obtained through repeated sampling,

with replacement, from the observed serial interval dis-
tributions. The model fitting procedure was then performed
independently for each of these bootstrap samples.

Characterization of the Temporal Distribution of Secondary
Infections Within Households

Consider an index case with symptom onset on day 0 and one of
his or her secondary cases with symptom onset on day i (i > 0).
Here, we estimated the probability p(t) that transmission be-
tween the 2 individuals took place on day #, conditional on
transmission having taken place. This relied on the fact that
the distribution of the serial interval pg(.) is the convolution of
the distribution of transmission events p7(.) and distribution of
the incubation period p;(.)—that is, the time interval between
infection and symptom onset:

ps (l) =Y pr(tpi(i=1)

t<i

In other words, the distribution of the serial interval is
obtained by summing over all values of pr(t) and p;(i-t)
where t < i.

We assumed the incubation period distribution to be a dis-
cretized v distribution I' (mean, 2 days; variance, .25 days)
truncated after day 6, which gave a discretized distribution with
mean of 1.5 days and variance of .3 days. The mean and variance
were chosen to be similar to incubation period data from past
seasonal outbreaks [19, 28-29] as well as data from pHINI1
influenza [24, 25]. Estimation of the p7(.) distribution was
performed via least-squares fitting.

pr(.) is the distribution of transmission events, relative to the
onset of clinical symptoms on the index case, that yields esti-
mates of the proportion of total within-household transmission
that occurs more than a certain time following the onset of
clinical symptoms. This interpretation of the deconvolution
requires the assumption that the impact of tertiary transmis-
sion (that is from the secondarily infected contacts within
the household, rather than just from the index individual) is
negligible.

RESULTS

Combining data from the 7 studies, there were data on 277
clinically apparent ARI serial intervals, of which 261 were <7
days in length. There were 244 clinically apparent ILI serial in-
tervals, of which 230 were <7 days in length. Figures 1A, 1B, and
1C show the frequency distributions of the clinically apparent
serial intervals observed in the 7 studies.

Primary Analysis: ARl Assuming D,,., = 7 Days
Likelihood-based goodness-of-fit tests indicated that all 3 para-
metric forms fitted the observed data well, compared to a single
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nonparametric model fitted to all the data sets simultaneously
(P > .3). Assuming the Weibull parametric form (which pro-
duced a greater maximized likelihood value than did the y or
lognormal distributions), the likelihood ratio tests indicated no
significant pairwise difference between the studies. The pro-
portion of transmission that arose from sources outside the
household was estimated to be 23% (95% CI, 0-38%; P = .11).
The maximum likelihood estimate of the distribution of true

simultaneously fitted to the 7 ARI datasets, is presented in Figure
2A. The mean serial interval was 2.9 days (95% CI, 2.6-3.3 days).

Temporal Distribution of Secondary Infections within
Households

When deconvoluted using a discretized incubation period dis-
tribution, the resulting distribution of transmission events by
day, relative to symptom onset in the index case, demonstrated

serial intervals (conditional on them being =1 day), that only 18% of within-household transmission happens >2
days after the onset of clinical symptoms and only 5% happens
os >3 days after onset (Figure 3). Finally, the unconditional dis-
(@ * ~#—study?  tribution of the true serial intervals (ie, the distribution allowing
0.7 - .
—studys  for secondary cases that onset on the same day as the index case
051 #=studyS  or even possibly before the index case) was reconstructed from
. 05 =+=study4  convolution of the distribution of transmission events and the
5: . study 3 assumed incubation period (Figure 2B). The mean of the un-
3 a5 study 2 conditional serial interval distribution was 2.8 days.
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Sesialinterval (days) Figure 2. The maximum likelihood Weibull distributions for the true
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Figure 1. The distribution of the clinically apparent serial interval by the corresponding unconditional distributions (b): for the primary analysis

study based on acute respiratory illness (ARI) (a) and on influenza-like
illness (ILI) (b}, and the combined distribution of the ARI clinically apparent
serial interval based on all studies (c).

(based on acute respiratory illness [ARI] assuming D, = 7 days) and
accompanying analyses (based on ARI assuming D, = 10 days and
based on influenza-like illness [ILI] assuming D,.c = 7 days).
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Figure 3. The estimated distribution of transmission events, relative to
the onset of clinical symptoms on the index case obtained from the
deconvolution of the maximum likelihood Weibull serial interval
distribution: for the primary analysis (based on acute respiratory illness
[ARI] assuming D,,.x = 7 days), and accompanying analyses (based on
ARl assuming D,.x = 10 days and based on influenza-like illness [ILI]
assuming Dpax = 7 days).

Secondary Analysis: ARl Assuming D,,., = 10 Days

The likelihood-based goodness-of-fit tests indicated that only
the Weibull distribution fitted the observed data well, compared
to a single nonparametric model fitted to all the data sets si-
multaneously (P = .23). Assuming the Weibull parametric
form, the likelihood ratio tests indicated no significant pairwise
difference between the studies. The proportion of transmission
that arose from sources outside the household was estimated to
be 28% (95% CI, 13%— 40%; P < .001). The maximum likeli-
hood estimate of the distribution of true serial intervals (con-
ditional on them being =1 day), simultaneously fitted to the 7
ARI datasets, is presented in Figure 2A. The mean serial interval
was 3.1 days (95% CI, 2.8-3.6 days). The deconvoluted distri-
bution of transmission events (Figure 3) and the unconditional
distribution of true serial intervals (Figure 2B) were very similar
to that obtained assuming D, was equal to 7 days.

Secondary Analysis: ILI Assuming D, = 7 Days

Likelihood-based goodness-of-fit tests indicated that all 3
parametric forms fitted the observed data well, compared to
a single nonparametric model fitted to all the datasets simulta-
neously (P > .2). The proportion of transmission that arose
from sources outside the household was estimated to be 25%
(95% CI, 0-39%; P = .09). The maximum likelihood estimate of
the distribution of true serial intervals (conditional on them
being =1 day), simultaneously fitted to the 7 ARI datasets, is
presented in Figure 2A. The mean serial interval was 2.8 days
(95% CI, 2.5-3.1 days). The deconvoluted distribution of
transmission events (Figure 3) and the unconditional distribu-
tion of true serial intervals (Figure 2B) were very similar to that
obtained on the basis of the analysis of ARI data.

DISCUSSION

We describe the combined analysis of 7 household infection
studies of pHIN1 influenza conducted in early 2009 to de-
termine the serial interval and the temporal distribution of
secondary infections within households. The mean serial interval
was 2.9 days. Only 18% of transmission events were estimated to
take place >2 days after the onset of clinical symptoms among
those ill with pH1N1 virus, and only 5% >3 days after onset. To
our knowledge, this is the largest analysis of its type to date and
the first to estimate the temporal distribution of secondary in-
fections within households.

The gold standard data for the estimation of the serial in-
terval distribution of a disease are linked pairs of dates of the
onset of clinical symptoms in infectors and infectees. Al-
though it cannot typically be proven that within-household
pairs are in fact infector-infectee (particularly within com-
munities affected by ongoing disease transmission), rigorous
analysis of clinically apparent serial intervals—in which un-
realistically long serial intervals are excluded and external
introductions of infection are allowed for—was implemented
to infer the underlying distribution of true serial intervals.
Our approach may lead to slight overestimation of the true
serial interval because it did not correct for tertiary cases.
However, such bias would be expected to be relatively small,
given that studies of pHIN1 infections have shown low sec-
ondary attack rates in households, implying relatively few
tertiary infections [20]. An indication of the level of bias can
be derived by comparing the estimates obtained from study
1 in the current analyses with those derived from an analysis
that corrected for tertiary transmission [20]. In the latter
analysis, the mean serial interval was estimated to be 2.6 days,
whereas our methods, applied only to study 1, yielded an
estimate of 2.8 days. We therefore conclude that our estimates
of a mean clinically apparent serial interval of 2.9 days is-
consistent with estimates of 2.5-2.7 days obtained from
analyses that corrected for tertiary transmission [20, 23,
24, 25].

From the point of view of providing information relevant to
the recommended duration of case isolation, our estimates are
conservative, in that not correcting for tertiary transmission
means we slightly overestimate the proportion of within-
household transmission occurring after a particular number of
days after symptom onset. However, depending on the occu-
pation of an infected individual, the risks of onward trans-
mission associated with return to work after a particular number
of days after symptom onset may be much greater than those
implied by the household data—for example, in the case of an
individual caring for immunocompromised patients.

The distributions
(following the onset of clinical symptoms), implied by these

of within-household transmissions
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estimated serial interval distributions, consistently indicate
that only approximately 15% to 20% of within-household
transmission happens >2 days after symptoms appear. This
supports the view that requiring isolation of those with ILI
for a full week after the onset of clinical symptoms may not be
necessary to reduce substantially the risks of transmission
from clinically affected individuals to communities and
workplaces. However, reducing transmission substantially at
a population level will not be, of course, the only consider-
ation, because there will be a desire to reduce the risk of
transmission from individuals working in high-risk settings
to virtually zero. Furthermore, if a future influenza pandemic
were associated with increased severity, the balance between
preventing onward transmission and the need to limit soci-
etal disruption might be such that isolation guidelines would
be more restrictive. Interpretation of the results should be
cautious because of the absence of information on the peri-
ods of isolation undertaken by the index individuals under
study; it is possible that within-household transmission was
somewhat reduced following the return of the index in-
dividual to his or her usual activities (eg, work, school, and
shopping).

This study demonstrates the value of using detailed epide-
miological data obtained through household studies to de-
termine the serial interval and the temporal distribution of
secondary infections within households. By analyzing multiple
studies simultaneously, we were able to increase precision and to
show the consistency of the observed data. To our knowledge,
this is the largest analysis to date of data from linked pairs of
dates of the onset of ILI or ARI clinical symptoms in clinically
apparent infectors and infectees. Our methods provide the es-
timated proportion of within-household transmission risk that
remains following a particular number of days after symptoms,
which, when combined with information on severity of the vi-
rus, informs policymakers of the impact of specified periods of
isolation. Future methodological research priorities for this type
of analysis include developing approximate methods for cor-
recting for tertiary transmission in the absence of household-
level data.
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