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Background. The household has traditionally been the site for studying acute respiratory illnesses (ARIs). Most
studies were conducted many years ago, and more broadly sensitive laboratory methods to determine ARI etiology
are now available.

Methods. We recruited and followed households with children over 3 annual surveillance periods and collected
respiratory tract specimens from subjects with reported ARI. Virus etiology was determined by real-time reverse-
transcription polymerase chain reaction (RT-PCR) analysis.

Results. Individuals in larger households (defined as households with >4 members) and those in households
with children aged <5 years had significantly higher ARI frequencies than others. ARI frequency generally declined
with increasing age. Virus etiology was most likely to be determined in young children, who were also most likely to
have virus coinfection. Overall, 16% of ARIs with 1 virus identified had ≥1 coinfecting virus. Rhinoviruses and co-
ronaviruses were the most frequently identified agents of ARI in all age categories. Influenza virus and adenovirus
were less frequently identified but were most likely to cause ARI that required medical attention.

Conclusions. Longitudinal studies in families remain a valuable way to study respiratory infections. RT-PCR has
increased the sensitivity of virus detection, including coinfecting viruses, and expanded our ability to detect viruses
now known to cause ARI.
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Acute respiratory infections are the most common
cause of symptomatic illness in the general population.
As a result, they have been studied often over the past
century, first in terms of their frequency and character-
istics and then, in the last 50 years, their etiology, after
laboratory techniques made it possible to identify the
agents involved [1–3]. The household has traditionally
been the site for studying these illnesses since it allowed
identification of varying illness frequencies in different
members of the family in a setting where significant
transmission occurred [4]. While it is possible to draw

general conclusions from the findings of these house-
hold studies, there were clear differences among them,
based on the methods used and the populations inves-
tigated [5–9]. Differing were the number of households
followed, the way they were identified for participation,
the method and frequency of contact for reporting ill-
ness onset, whether specimens were collected on a reg-
ular basis or only at illness onset, and the case definition
that triggered specimen collection.

Household studies have not been performed for
many years, in large part because of expense and logis-
tical challenges. In the intervening years, there have
been changes in society, especially in family size and
the roles of family members. In addition, newer, more
broadly sensitive methods of identifying illness etiology
have been developed [10–12], and vaccines (eg, influen-
za, Haemophilus influenzae type b, and pneumococcal
vaccines) potentially affecting acute respiratory illness
(ARI) frequencies have become part of standard child-
hood vaccination programs [13–15]. As a result, there
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has been interest in performing household studies in the current
environment, especially since updated household transmission
data could inform approaches to the control of influenza pan-
demics [16]. However, such studies are labor-intensive, and pre-
viously used methods, such as home visits, would be logistically
difficult and prohibitively expensive.

We have developed an updated approach, modeled on the de-
sign of the Tecumseh Study of Respiratory Illnesses, which has
allowed us to recruit and follow a similar number of households
[6]. However, in contrast to the year-round surveillance per-
formed in that study, surveillance activities were focused on
the fall/winter months, when ARI events were most likely; in
addition, rather than home visits, illness visits with specimen
collection were performed at the research study site. We exam-
ined ARI frequency, virus seasonality, and agent-specific infec-
tion frequency over 3 respiratory illness seasons in this
prospective cohort of households with children. Data from
this study have been previously used to examine influenza vac-
cine effectiveness, influenza transmission parameters, and fac-
tors associated with vaccination decisions [17–19].

METHODS

Study Participants
Over 3 years, beginning in 2010, households (shared residence)
with at least 4 members, at least 2 of whom were children aged
<18 years, were enrolled and followed through annual respira-
tory illness surveillance periods. Each annual cohort of house-
holds was derived from persons who had selected a primary
healthcare provider from within the University of Michigan
Health System in Ann Arbor; interested households were per-
mitted to participate during multiple years. At enrollment visits,
adult household members provided written informed consent
for participation for themselves and their children, and children
aged 7–17 years provided their oral assent. Member demographic
data were reported, and study access to health system medical re-
cords was granted. All study contacts with participants, including
enrollment and illness visits, were performed at the research
study site at the University of Michigan School of Public Health
(UM-SPH). The study was approved by the institutional review
board at the University of Michigan Medical School.

ARI Surveillance
During the first and third study years (the 2010–2011 and
2012–2013 seasons, respectively), households were enrolled
during the summer months, and respiratory illness surveillance
was performed from October through early May (2010–2011,
30 weeks; 2012–2013, 32 weeks); in the second study year
(the 2011–2012 season), enrollment was delayed until the fall
months, and surveillance was initiated in December and contin-
ued through early May (23 weeks). Households were instructed
at enrollment and via weekly e-mail reminders to report all

ARIs defined by ≥2 of the following symptoms: cough, fever
or feverishness, nasal congestion, chills, headache, body aches,
or sore throat. This case definition facilitated inclusion of even
mild symptomatic illnesses. Subjects with eligible illnesses at-
tended an illness visit within 7 days of illness onset and had a
combined throat and nasal swab specimen (or nasal swab speci-
men only, for children aged <3 years) collected for identification
of virus etiology. During the first, second, and third surveillance
periods, 96%, 95%, and 92% of reported ARIs, respectively, had
a specimen collected for virus identification; only ARIs with a
specimen available for laboratory testing were included here for
analysis. Illnesses were followed for collection of data on illness
characteristics, including whether the subject sought medical
care; documentation of healthcare contact for treatment of
ARI was also noted based on medical record review.

Laboratory Testing
Collected specimens were tested for influenza virus and 11 other
common respiratory viruses by means of real-time reverse-
transcription polymerase chain reaction (RT-PCR) on an ABI
7500 RT-PCR system platform (Life Technologies). The Super-
Script III Platinum One-Step Quantitative RT-PCR system, plus
primers and probes developed by the Centers for Disease Con-
trol and Prevention (CDC) Influenza Division, were used for
detection of influenza viruses [20]. The AgPath-ID One-Step
RT-PCR system, plus primers and probes developed by the
CDC Division of Viral Diseases, Gastroenteritis, and Respirato-
ry Viruses, were used for detection of respiratory syncytial
viruses (RSVs), human metapneumoviruses (HMPVs), parain-
fluenza viruses 1–3, rhinoviruses, adenoviruses, and 4 coronavi-
ruses (229E, OC43, HKU1, and NL63) [10]. RNAwas extracted
from specimens for influenza virus testing by means of the
Qiagen QIAamp Viral RNA Mini Kit, and DNA/RNA was ex-
tracted for additional respiratory virus testing by means of the
Qiagen QIAampMinElute Virus Vacuum Kit, using the accom-
panying vacuum manifold protocols. Laboratory testing was
performed in the investigators’ respiratory virus laboratory at
the UM-SPH.

Statistical Analyses
Each study year, households were characterized by size (number
of members) and composition (presence of members <5 years
of age), and subjects were characterized by sex, age category,
and high-risk health status. High-risk health conditions, includ-
ing cardiac and pulmonary disorders, were documented on the
basis of medical record review. For each surveillance period, the
mean number of reported ARIs with specimen collection per
individual was examined and compared by household and sub-
ject characteristics, using 2-sample or pairwise t tests with cor-
rections for multiple testing, where appropriate. Frequency
distributions of household and household member experiences
with ARI events were examined, and the mean number of ARIs
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per household and per individual, by age category, were estimat-
ed and compared across study years. The seasonality of virus-
specific circulation was examined, and annual epidemic curves
were compared. Agent-specific infection frequencies were ex-
amined and compared by age category, likelihood of medical at-
tention, and presence of coinfecting viruses; frequencies were
pooled across study years. Statistical analyses were conducted
using R (version 3.0.2) statistical software.

RESULTS

Population Characteristics
In the first (2010-2011) and third (2012-2013) study years, 328
and 321 households, respectively, were enrolled and followed,
with >1400 subjects participating each year (Table 1). As a re-
sult of the delayed and shorter enrollment period, fewer house-
holds (213 households and 943 subjects) were enrolled and

followed in the second study year (2011–2012). In all 3 study
years, mean household size was approximately 4.5 persons;
58% of subjects were children <18 years of age, and 4% were
older adults (age, >49 years). Each study year, approximately
11% of subjects had medical record documentation of 1 or
more high-risk health conditions, and approximately 60% had
received an annual influenza vaccination.

ARI Frequencies
Surveillance periods covered much of each respiratory season,
lasting 30 and 32 weeks in the first and third years, respectively,
and 23 weeks in the second year. Since it would not be possible
to estimate the illnesses that would have occurred in the remain-
ing weeks, annual rates could not be calculated. In all surveil-
lance periods, the mean number of reported ARI episodes
with specimen collection was <1 per individual (Table 1). The
highest mean frequency during the respective surveillance

Table 1. Characteristics of Enrolled Households and Study Participants and Number of Acute Respiratory Illness (ARI) Cases Per
Individual—Ann Arbor, Michigan, 2010–2013

Characteristic

2010-2011 Season, 30 wks Follow-up 2011-2012 Season, 23 wks Follow-up 2012-2013 Season, 32 wks Follow-up

Households or
Participants,

Proportion (%)
ARI Cases, No.,

Mean (SD)

Households or
Participants,

Proportion (%)
ARI Cases, No.,

Mean (SD)

Households or
Participants,

Proportion (%)
ARI Cases, No.,

Mean (SD)

Households

Overall 328/328 (100) 3.0 (3.7) 213/213 (100) 1.9 (3.0) 321/321 (100) 3.5 (4.3)

Sizea

>4 members 505/1441 (35.0) 0.8 (1.1)b 359/943 (38.1) 0.6 (0.9)b 542/1426 (38.0) 0.8 (1.2)

4 members 936/1441 (65.0) 0.6 (0.9) 584/943 (61.9) 0.3 (0.7) 884/1426 (62.0) 0.8 (1.1)

Children aged <5 ya

Present 706/1441 (49.0) 0.9 (1.15)b 359/943 (38.1) 0.6 (0.9)b 678/1426 (47.5) 1.0 (1.3)b

Absent 735/1441 (51.0) 0.5 (0.8) 584/943 (61.9) 0.3 (0.7) 748/1426 (52.5) 0.6 (0.9)

Participants
Overall 1441/1441 (100) 0.7 (1.0) 943/943 (100) 0.4 (0.8) 1426/1426 (100) 0.8 (1.2)

Age categoryc

<5 y
(reference)

233/1441 (16.2) 1.1 (1.2) 112/943 (11.9) 0.7 (1.1) 217/1426 (15.2) 1.4 (1.6)

5–11 y 392/1441 (27.2) 0.7 (1.0)b 289/943 (30.7) 0.4 (0.8)d 404/1426 (28.3) 0.8 (1.1)b

12–17 y 214/1441 (14.9) 0.5 (0.9)b 149/943 (15.8) 0.2 (0.5)b 212/1426 (14.9) 0.5 (0.7)b

18–49 y 544/1441 (37.8) 0.6 (1.0)b 352/943 (37.3) 0.4 (0.8)d 536/1426 (37.6) 0.8 (1.1)b

≥50 y 58/1441 (4.0) 0.4 (0.7)b 41/943 (4.4) 0.2 (0.5)d 57/1426 (4.0) 0.4 (0.6)b

Sexa

Female 728/1441 (50.5) 0.7 (1.1) 463/943 (49.1) 0.4 (0.8) 712/1426 (49.9) 0.9 (1.2)b

Male 713/1441 (49.5) 0.6 (0.9) 480/943 (50.9) 0.4 (0.7) 714/1426 (50.1) 0.7 (1.0)

High-risk health conditiona

Any 162/1441 (11.2) 0.7 (1.0) 109/943 (11.6) 0.4 (0.7) 136/1426 (9.5) 0.7 (1.1)

None 1279/1441 (88.8) 0.7 (1.0) 834/943 (88.4) 0.4 (0.80) 1290/1426 (90.5) 0.8 (1.2)

Data are from the Household Influenza Vaccine Effectiveness (HIVE) study.
a Comparisons were made using the 2-sample t test.
b P < .001.
c The pairwise t test with correction for multiple tests was used to assess differences in mean number of ARI cases between each group and the reference.
d P < .05 for within-category differences.
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period was observed in years 1 (0.7) and 3 (0.8); in year 2 there
were 0.4 ARIs per individual. Individuals in households with >4
members experienced significantly higher mean values than
those in households with only 4 members in periods 1 and 2,
as did those in households with young children (age, <5
years) during all 3 surveillance periods. Young children had
the highest mean ARI frequency of any age group during
each period. The average number of ARIs generally declined
with increasing age, but adults aged 18–49 years had more-
frequent ARIs than older children (age, 12–17 years) in all

study years, and estimates were similar to those seen in children
5–11 years of age. Female subjects experienced more ARIs than
male subjects, but the difference was significant only in study
year 3. Presence of any high-risk health conditions was not
associated with a higher mean ARI frequency.

The distributions of household and household member expe-
riences with ARI episodes over the 3 seasons are presented in
Tables 2 and 3. The number of ARI events reported by individual
households each season ranged from 0 to ≥10; the average num-
ber of ARIs per household was 3.0 and 3.5 in study years 1 and 3,
respectively, and 1.9 in year 2. Each season, the number of ARI
events experienced by individual subjects ranged from 0 to 6.

Virus Seasonality
The agent-specific seasonality of etiologically defined respirato-
ry virus circulation over the 3 surveillance periods is presented
in Figure 1. The ARI outbreaks were similarly intense in the ap-
proximately 30-week surveillance periods in study years 1 and 3
and considerably milder in the shorter (23 week) period in year
2. Influenza virus circulated intensively from January through
April 2011 (year 1), sporadically from February through April
2012 (year 2), and with moderate intensity but far longer dura-
tion from November 2012 through April 2013 (year 3). Influen-
za A(H3N2) virus, 2009 pandemic influenza A(H1N1) virus,
and influenza B virus cocirculated in year 1, influenza A
(H3N2) virus predominated in year 2, and influenza A
(H3N2) virus and influenza B virus cocirculated in year
3. Each year, rhinoviruses and coronaviruses were both fre-
quently identified throughout surveillance periods. Peak circu-
lation of rhinoviruses occurred in October–November in year 1
and February–March in year 3; peak circulation of coronavirus-
es was during the winter months either immediately prior to or
consistent with peak influenza virus circulation. In study years 1

Table 2. The Distribution of Cases of Acute Respiratory Illness
(ARI) per Household Over 3 Surveillance Seasons—Ann Arbor,
Michigan, 2010–2013

Cases/
Household, No.

Households, No., by Surveillance Year

2010–2011
(n = 328)

2011–2012
(n = 213)

2012–2013
(n = 321)

0 95 106 91

1 59 31 34
2 42 15 52

3 26 24 26

4 28 11 32
5 18 7 16

6 15 3 10

7 11 2 11
8 8 5 12

9 3 1 6

10 5 1 8
>10 18 7 23

Total cases 984 398 1133

Mean cases 3.0 1.9 3.5

Data are from the Household Influenza Vaccine Effectiveness (HIVE) study.

Table 3. The Distribution of Cases of Acute Respiratory Illness (ARI) per Household Member Over 3 Surveillance Seasons—Ann Arbor,
Michigan, 2010–2013

Members, No., by Surveillance Year and Age

2010–2011 (N = 1441) 2011–2012 (N = 943) 2012–2013 (N = 1426)

Cases/
Member, No.

<5 y
(n = 232)

5–17 y
(n = 607)

≥18 y
(n = 602)

<5 y
(n = 112)

5–17 y
(n = 438)

≥18 y
(n = 393)

<5 y
(n = 217)

5–17 y
(n = 616)

≥18 y
(n = 593)

0 97 363 378 67 320 281 88 355 325

1 71 145 149 24 91 77 53 169 173
2 31 69 44 12 19 24 26 57 58

3 22 21 19 7 6 9 25 22 18

4 7 5 7 1 0 1 15 8 14
5 2 2 5 0 2 1 6 3 3

6 2 2 0 1 0 0 4 2 2

Total cases 249 388 347 80 157 161 298 409 426
Mean cases 1.07 0.64 0.58 0.71 0.36 0.41 1.37 0.66 0.72

Data are from the Household Influenza Vaccine Effectiveness (HIVE) study.
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and 3, coronavirus types NL63 and OC43 predominated
throughout, with types HKU1 and 229E occurring less frequently
and later in the season; in year 2, all 4 types circulated with sim-
ilar frequencies. Parainfluenza viruses and adenoviruses circulat-
ed at relatively low levels in study years 1 and 2, with modest
increases in activity for both in year 3; parainfluenza virus infec-
tions (42% due to type 2 and 51% due to type 3) were primarily
identified from October through December, and adenovirus in-
fections were identified at low frequency throughout the surveil-
lance periods. RSVs circulated for extended periods in study years

1 and 3, and the timing of peak activity was similar to peak in-
fluenza activity in those years; RSV circulation was less intense
and of shorter duration in year 2. In all 3 study years, the timing
of peak HMPV circulation was consistent with the timing of in-
fluenza virus circulation.

Agent-Specific Frequencies
Virus etiology was determined in 57% of ARIs in study year 1,
47% in year 2, and 63% in year 3. The estimated contribution of
tested respiratory viruses in producing ARIs each season was

Figure 1. Circulation of influenza and non-influenza respiratory viruses over 3 surveillance seasons. Weekly cases are presented using LOWESS
smoothing and 3-week moving averages
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examined and compared by age-category and likelihood of
seeking medical attention; frequencies were pooled across sur-
veillance periods and are presented in Table 4. The specific vi-
ruses causing ARIs were most likely to be identified in children
aged <5 years (77% of ARIs were etiologically confirmed) and
least likely in adults aged 18–49 years (46% were etiologically
confirmed). Rhinoviruses and coronaviruses were the most fre-
quently identified viruses in all age categories (21% and 16%
overall, respectively), with coronaviruses more frequent than
rhinoviruses in adults; ARIs caused by these viruses and ARIs
with no agent identified were least likely to be medically attend-
ed. Conversely, ARIs caused by influenza B virus and adenovi-
ruses were least frequently identified overall but were most likely
to be medically attended. Among older children (age, 12–17
years) and adult subjects, other than ARIs caused by rhinovirus-
es and coronaviruses, influenza A virus and RSV were the virus-
es most frequently identified. ARIs caused by HMPV and
parainfluenza viruses were similarly prevalent, most frequently
identified in young children and intermediate in terms of being
medically attended. Overall, 10% of ARIs had ≥2 coinfecting vi-
ruses identified; 67% of infections involving adenoviruses, 41%
involving HMPVs, and 32% involving RSVs had other co-
infecting viruses identified. Among ARIs with at least 1 virus
identified, 16% had 1 or more coinfecting viruses identified; co-
infection was most likely to occur in young children (23%).

DISCUSSION

Multiyear observational studies of respiratory illnesses per-
formed many years ago formed the basis of current knowledge
of the behavior of respiratory viruses in the general population
[1–9]. While all of the studies were longitudinal in nature, they
involved varied population groups and differed in other charac-
teristics, such as case definitions, ways of ascertaining that an
illness had occurred, and how etiologic agents were identified
[6–8]. Despite this variation, certain concepts emerged involv-
ing both how illnesses in general varied in the population by
age, sex, and family composition and how the individual viruses
varied by frequency of identification and by season [21].

There was a perception that these studies could not again be
performed, for reasons of logistics and expense. This was de-
spite the concern that social changes might have altered the fre-
quency of illnesses and transmission characteristics; previous
observations had formed the basis of strategies for control of
an influenza pandemic, which would make initiation of such
studies desirable. There have also been recent major improve-
ments in the determination of illness etiology, driven by the de-
velopment of the RT-PCR assay [10–12]. This technique has
increased the sensitivity of virus detection and expanded the
ability to detect viruses now known to cause ARIs (eg,
HMPVs and new coronaviruses) [22–26]. RT-PCR is also
more easily and reliably performed than isolation of virus in Ta
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cell culture or serology, both of which were used extensively in
past studies to determine etiology [21, 27–29].

We began the current study of respiratory tract infection in
households as a way to supply updated information on influen-
za frequency and transmission, using a design that would man-
age costs and overcome some of the logistical challenges. We
concentrated surveillance on the period when we expected in-
fluenza virus to be circulating, but we also extended this period
so that occurrence of other viruses, when influenza virus was
not circulating, could be determined. In fact, the period covered
would include most of the annual time of increased transmis-
sion of respiratory viruses in general. We used an ARI case def-
inition more rigorous than that used in the Tecumseh study [6]
and required that ill individuals come to the research study site
to have specimens collected. This could partially explain the
lower frequency of illnesses currently identified. However, the
overall patterns of illness frequency observed here were similar
to those observed previously. Specifically, ARI frequency de-
clined with increasing age in childhood, and increased among
young adults with exposure to children [21, 27, 29]. However,
even if it were possible to annualize the total age-specific fre-
quencies of illnesses seen, they would be lower than those
seen in the older studies [5, 21, 27, 29]. There could be many
explanations for this, including changes in living conditions
and implementation of vaccination programs, in addition to
differences in study design. Indeed, such differences related to
design were demonstrated within the Seattle Virus Watch, a
classic household study [8]. The trade-off between intensively
following a small number of households and less intensive sur-
veillance of larger, more diverse households has been previously
recognized [30].

In other ways, the current results confirm observations of the
original household studies. Rhinoviruses were the most com-
monly identified viruses in the original and current studies,
even though the surveillance periods in the current study did
not include the period immediately following opening of
schools, when that virus predominates [31–33].Coronavirus in-
fections were documented in the Tecumseh study only by
means of serology; at that time, only 229E and OC43 were rec-
ognized, with the latter being more common [28, 34]. Now,
NL63 is a commonly identified coronavirus, with HKU1 similar
in frequency to 229E [22–24]. It had been suspected that the
role of coronaviruses in common respiratory infections had
been underestimated, and our findings support that hypothesis.
RSVs, HMPVs, and parainfluenza viruses are mainly thought of
as childhood viruses [26, 35–38];while they were more common
in young children, they were found in all age groups and were
intermediate in requiring medical attention. Too few parainflu-
enza viruses were detected to note the alternative patterns of se-
rotype circulation seen previously [36, 39].During the 3 seasons,
274 influenza viruses were identified, mainly in years 1 and
3, despite vaccination coverage of approximately 60% [17].

Medical consultation was higher for influenza B virus than
for influenza A virus; this may be a reflection of the higher fre-
quency of type B seen in children.

Previously, using cell culture, isolation of >1 virus from the
same illness was rare. Now, with RT-PCR, detection of >1 virus
has become common. This was particularly the case in younger
children and especially with adenoviruses, but we also observed
substantial coinfection with HMPV and RSV. It will be challeng-
ing to separate long-term shedding, which is probably the case
with adenovirus, and potentially incidental coinfection, which
may be the case with some other viruses (eg, rhinoviruses),
from actual relation to the current illness [40]. Frequent identifi-
cation of coinfecting viruses has also been demonstrated in stud-
ies involving medically attended ARIs [41]. Other studies,
involving day care attendees, have found no relation between
the number of infectious agents identified and illness severity
[42], an observation in line with our finding of coinfection
even in those with nonmedically attended illnesses.

Overall, we have demonstrated that it is possible to perform
longitudinal studies of respiratory illnesses in US households.
Comparison with the older studies shows more similarities
than differences in terms of patterns of illness occurrence.
While the absolute frequency of illnesses may have decreased,
young children are still the individuals most frequently infected.
Coronaviruses have now joined the rhinoviruses in causing
most illnesses, and medical consultation remains a good indica-
tor of illness severity [27]. The PCR technique has detected a
new issue, virus coinfection. The etiological role of each virus
identified will need to be examined, perhaps by specimens col-
lected early and late in the illness. This type of household study
is logistically challenging but permits not only the observations
reported here, but also, for example, longitudinal analyses of in-
teractions between viruses that could affect subsequent infec-
tion risks. As is illustrated by the year-to-year variation
observed [29], evaluations need to be performed over time, al-
lowing the maximum use of the data collected.
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