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Detecting Human-to-Human
Transmission of Avian
Influenza A (H5N1)

Yang Yang,* M. Elizabeth Halloran,*t Jonathan D. Sugimoto,*t and lra M. Leongini, Jr*t-

Highly pathogenic avian influenza A (HPAI} subtype
H5N1 has caused family case clusters, mostly in Southeast
Asia, that could be due to human-to-human transmission.
Should this virus, or another zoonotic influenza virus, gain
the ability of sustained human-to-human transmission, anin-
#iuenza pandemic could result. We used statistical methods
10 test whether observed clusters of HPAL (H5N 1) llinesses
in families in northern Sumatra, Indonesia, and eastern Tur-
key were due to human-to-human transmission. Given that
human-fo-human transiission occurs, we estimate the in-
faction secondary attack rates {SARs) and the local basic
reproductive number, R, We find statistical evidence of hu-
man-to-human transmission {p = 0.009) in Sumatra but not
in Turkey {p =0.114). For Sumatra, the estimated household
SAR was 29% (95% confidence interval [Cl] 15%—51%).
The estimated fower limit on the local R, was 1.14 (95%
Cl1 0.61-2.14). Effective HPAI (H5N 1) surveillance, contain-
ment response, and field evaluation are essential to monitor
and contain potential pandemic strains.

ighly pathogenic avian influenza A (HPAI) subtype

H5NI1 is repeatedly crossing the species barrier to
humans. Since Decemiber 2003, a iotal of 291 cases of
HPAI (H5N1) have been reported in humans, resulting in
172 deaths (i.e., 39% case-fatality ratio) in 12 countries,
mostly in Southeast Asia (/). Among these cases, 31 fam-
ily clusters have been documented, ranging in size from
2 1o 3 family members. How many of these clusters are
due to a common avian source and how many are due 1o
human-te-human transmission are important facts to deter-
mine. Should one of these HPAI (H5N1) strains gain the
capacity for sustained human-to-human transmission, the
resuiling oulbreak, if not contained, would spread world-
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wide through the giobal transportation network more rap-
idly than adequate supplies of vaccine matched to the new

svariant could be manufactured and distributed (2,3). We

analyzed data from 2 of the largest of the familial clusters
to ascertain if human-to-human transmission took place,
and if 0, how transmissible the strain was.

Methods

May 2006 Human Avian Influenza Family
Cluster, Indonesia

During late April and carly May 2006, a cluslcr of 8
cases of HPAI (HS5N1) was detected and investigated by
the Indonesian publit health surveillance system it north-
e Sumatra (4-6). All case-patients were members of the
same extended family. Seven of them resided witbin 3 ad-
jacent houses in the village of Kubu Sembilang. The re-
maining patient resided with his immediate famt[y in the
village of Kabanjahe (=10 ki away).

The index patient was a 37-ycar-old woman, thought to
have been exposed 1o dead poultry and chicken fecal mate-
rial before onset of Hness. She also repottedly maintained

a market stall that sold live chickens. Although her illness - . -,

was nol confirmed to have been caused by avian influenza
{H3N1), her death on May 5. 2006. is suspected to be the
result of HPAI (H5N1) infection because of her reported
symptoms, illness progression, and prior contact with dis-
cased aor dead pouliry.

Twenty members of her extended family are suspected
to have been in contact with her, many during a family gath-
ering on April 29, 2006 (7). At that time, she was manifest-
ing symptoms {i.¢., she had a heavy cough, was severely ili,
and was prostrate). That night, 9 of these members slept in
the same small room as she did (indicated by a black trian-
gle in online Appendix Figure 1. available from www.cde.
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gov/EIDfcontent/13/9/1348-appG1.htm). Of these 9 family
members, 2 of her sons (15 and 17 years of age) and her
25-year-old brother, who lived in Kabanjhe, became ill in
the next 3 weeks. The sons died. The brother was the only
person from this family cluster to recover.

Of the remaining 11 family members, 4 became ill and
died. The 29-year-old sister of the ipdex patient, who lived
in an adjacent house, became ill afler she provided direct
persenal care to ler ill sister (7). The 18-month-old daugh-
ter of this sister also became il afler she was in the pres-
ence of the index patient with her mother. The 10-year-old
nephew of the index patient, who lived in the other house
adjacent to hers, became ill after he attended the tam-
ily gathering and frequently visited his auat’s house. The
hephew’s father became ill after he personally cared for
his son. The possibility ithat HPAT (H5N1) was ransmitted
from the nephew to his father is also supported by genetic
sequencing data (4). Though symptoms did not develop in
the mother of the nephew, she was directly exposed o her
husband during his illness. All case-patients, except for the
index patient, were confirmed as influenza (HSN1) positive
by PCR. The nephew’s mother was confirmed as influenza
(HSN1) negative. As an intervention, 34 swiviving rela-
tives and close conlacts were identified and placed under
voluntary quarantine (7). All of these persons, except for
pregnant women and infants, recejved oseltamivir prophy-
lactically.

December 2005 Human Avian Influenza Family Cluster,
Eastern Turkey

. From Decerber 18, 2005, (&) to January 15, 2006 (9),
a cluster of 8 confinned influenza (HSN1}) cases was de-
tected in DPogubayazit District in eastern Turkey (oniine
Appendix Figure 2, available from www.cde.gov/ETD/con-
tent/| 3/9/[348-appG2.hitm) (10-13). These case-patients
were among 21 members of 3 households located within
1.5 kin of each other ({4). All confinned case-patients were
hospitalized afier onset of symptoms {9): Four of the con-
firmed case-patients died; the other 4 recovered (9). Ten
of the remaining 14 houseliold residents were hospitalized
with avian influenza-like symptoms but were never con-
fimmed to be infected with influenza (HSNI) (9). All but
one of ihe hospitalized residents were children (613 years
of age) (9).

Before onset of symptoms, 4 children from | house-
hold. 3 of whom had confirimed cases (including the index
paticnt), were reported to have had close contact with the
dead bodies of sick chickens (/3). The 2 confirmed case-
patients in the second household reportedly slanghtered a
duck together on Janvary 1, 2006, at the beginning of o
dic-off in the household’s flock (74}. Two of the remaining
confirmed case-patients lived in fhe third household and
had no history of contact with sick or dying pouitry. The
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remaining confirmed case occurred in a fourth residence
located near the first household (), but because we lacked
information on the number of houschold members and the
case-patient’s exposure history, we excluded it from these
analyses. Most, if not all, of the 21 residents attended 2 din-
ner hosted by the family of the index patient on December
24, 2006, while he was symptomatic (8).

Statistical Methods

We used a previously developed statistical trans-
mission model (16,/7) to test whether human-to-human
transmission occurred, and if it did, to estimiate ransnis-
sion parameters. In the model, persons mix with one an-
other in households and between households. In addition,

_we include a common source of infection due to zoonotic

exposure. Mathematical and statistical details are given in
the online Technical Appendix (avaifable from www.cdc,
gov/ElD/content/13/7/1348-Techapp.pdf).

Madel of Probability of Transmission -

We define p; as the probability that an infectious
household member infects another household member in
! day. If the distribution of the infectious period is known,

- we can obtain the houschold secondary attack rate (SAR,)

from p,, defined as the probability that an infectious house-
hold member tnfects another household memiber over his or
her infectious period. Similarly, we define the daily trans-
mission probability (p,) and the comumunity SAR (SAR))
for between household spread. Finaily,.we define the daily
probability (b) that any person is infected from a zoonetic
source. The contact structure used for paraimeter estimation
is shown in the Figure. We assume that the distributions of
the incubation and infectious periods are predetenmined by
the investigator.

We establish the likelihood function for each person
and then for the whole population for statistical inference:
The likelibood function for a person is equivalent to the
probahility of observing the realized data on that person
throughout the outbreak. The likelihood function for a per-
son labeled 1 is built with the following steps: 1) Obtain the
probability that person § is infected by an infestious source
labeled j on day £, given person i is not infected up to day
f— 1. If source j is a person, this probability is p,, for the
same household, or p, for cxposure in the commmunity, mul- .
tiplied by the probability of person j being infectious on
day r. The probability of person j being infectious on day ¢
is derived from the symptom-onset day of person j and the
distribution of the infectious period. 1f source § is zoonotic,
{he infection probability is 4. The probability of escaping
infeetion is simply 1 minus the corresponding probability
of infection. 2) Take the product of the probabilitics ob-
1ained in step 1 over all humans and zoonotic sources j lo
obtain tie probability of person f escaping infection by any
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Figure. Schematic of estimation method. An infectious person {in
red) infects a susceplible person (in green) in the same household
with probability of household secondary attack rate (SAR,) and
infects a susceptible person in a different household with probability
SAR,. The common infectious source (i.e., avian hosts) infects
a susceptible person with probabifity b per day. The likelihood
function is constructed from symplom-onset dates and exposure
information to estimate the above parameters

infectious source on day ¢. 3) Take the product of the proba-
bilities obtained in step 2 over all days before and including
day ¢ to obtain the probability of person { escaping infection
up to day ¢ 4) If person 7 is not infected by the end of the
outbreak; the likelihood function for person i is the product
of the probabilities of person i escaping infection vip to'the

last day of observation. 5) If person i is observed to have

symptom onset on day 7 and the infection time is known
to be 1, the probability of the data regarding person i is the
product of 3 pieces of information: a) the probability of
person { escaping infection up to day 7 — 1, b) the probabil-
ity that person { is infected on day ¢, and c) the probability
that the duration of the incubation period is 7 - £. Because
we do not observe ihe infection time, the likelihood func-
tion for person { is obtained by summing the above product,
a — ¢, over all potential values of ¢

The likelihood function for the whole population is
the product of all the individual likelihood functions. In
the event that human-te~-human transmnission occurs, SAR
estimates are used to estimate the local basic reproductive
number (R s which is defined as the ‘average oumber of
secondary cases infected by a typical index case-patient in
the beginning of the outbreak (onling Technical Appen-
dix). There is potential for sustained transmission if R, is
>1. If human-to-human transmission is determined to be
occurring, then the above parameiers are cstimated from
the symptom dates and contact information from the popu-
lation under study. Data on exposed persons who do not
become ill form an important component of the inference
procedure.
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Statistical Test

‘We set up a statistical test with the null hypothesis be-
ing that no human-to-human trénsmission occurs, that is,
p,= p,= 0. The alternative hypothesis is either p, or p, is
not equal to 0, or both are not-equal to zero. The test sta-
tistic we use is proportional to the ratio of the maximum
value of the likelihood function assuming the null hypoth-
esis is true {null Jikelthood) and the maximoum value of the
{ikelihood function at the estimated parameter values (tnll
likelihood).

Specifically, we define the likelihood ratio test statistic
as —2 log (the nuli likelihood function divided by the full
likelihood function). If no human-to-human transmission
occurs, the 2 likelthood functions would be roughly equal,
and we expect to see a likelihood ratio close (o 1, and, thus,
a likelihood ratio statistic close to 0. A large value of the
likelihood ratic statistic is evidence of deviation from the
oull hypothesis. The question is how to obtain a reference
set of the likelihood ratio statistic values that we would
see under the null hypothesis, Given no human-to-luman
transtmission, all the observed case-patients musi have been
infected by the zoonotic source. Since the exposure to the
zoonotic source is assumed constant for each person on
cach day, the null likelihood function will not change if we
reassign the infection and symptomn staus of the observed
case-patients to a different group of people in the popula-
tion. By performing such reassigiment many times, we ob-
tained a collection of datasets that were each equally likely
to have been observed had theré beén no human-to-human
transmission. The vatues of the likelihood ratio statistic cal-
culated from these datasets form the null distribution for -
statistical (esting. This meihod is referred to as & permula-
tion test. The p value is given by the proportion of the ref-
erence values that are equal to or larger than the observed
likelihood ratio statistic value. More technical details are
given in the online Technical Appendix.

The probability of infection by the zoonolic source
may not be estimable together with SAR, or SAR, from
an observed cluster. In such a situation, & statistical test
of the occurrence of human-to-uman transmission is still
meaningful because the likelihood ratio test statistic is still
estimable from the permuted datasets.

[Data Required

A list of the inpuls that are required for estimation and
stalislical testing are listed in the Table. Three categories
of input parameters arc required for this estimation model:
ouibreak-wide, individual level, and analysis parameters.
The duration of the outbreak, the duration of ihe incubation
period for the pathiogen, and the minimum and maxipum
durations of the infectious period for the pathogen are the
required outbreak-wide inputs. For each person, their resi-
dential location (ncighborhood and housebold), their de-

Emerging Infectious Diseases - www.cdc.govieid « Vol. 13, No. 8, September 2007

411



Tahle. Pammeters and data used in analysis

Detecling Transtmission of Avian Influenza A (H5N1)

Category

Parameter/data

Required®

Entire culbreak -

All persons

Case-patients

Non—case-patients

Inter-residence visits

Analysis parameters

Ry estimation

Cutbreak begin date
Outbreak end date
Latentincubation period, df
Infectious pericd, dt T
Neighborhood of residence
Household of residence
Sex
Age,y
- Case status (yes or no}
Whether outbreak index case-patient {yes or no)
Date of iliness oriset ’
Qutcome (recovered, died, or dorn't knowfstifl ilf)
Date of outcome ’
Dates of hospitalization
Period of receiving treatment {dates)
Dates of hospitalization
Petiod of prophyiactic ireatment {dates)
Identifier for visiting person ’
Neighborheod vigited
-Household visited .
Dates of the visit i
End of exposure to the common source of infection (date)
Fina! day of observation (date)
Mean no. residents per househeld
Mean no, community contacts per personfd

HAXXXXRXKOO OO XXX XXX XNXXX XXX

*X, required; O, opfional; Ry, basic reproduction number,

1The user defines the distribution of this period, including the minimum and maximum length of the period.

1Required o estimate Ra.

mographic characteristics (sex and age), and whether they
were a case-patient or nol are required input parameters.
Case-patients require additional input of thelr illness-onset
dates, types of outcome, outcome dates, and whether or not
they are the index patient in the outbreak. Hospitalization
and treaiment dates (considered prophylactic for nonpa-
tienis) are optional input parameters for each person. For
each person who visits another residence during the out-
break period, his or her identifiers, the neighborhood and
household visited, and the start and end dates of the visit
are required inputs. Analysis-related inputs include the last

date of community exposure to potential common soutces |

of infection, the last date of obsetvation, and inputs for R,
estimation (mean number of residents per houschold and
mean number of out-of-residence contacts per person per
day). An expanded version of the model will require the
.input of other exposure information such as from schools
ot hospitals,

Results

For the outbreak in Indonesia, online Appendix Figure
I shows that the incubation period had a probable range
of 3~7 days and the infeclions period, 2 probabie range of
5-13 days. Thus. we let the incubation peried have a uni-
form distribution of 3-7 days {(mean 5 days) and the in-
feetious period a uniform distribution of 5-13 days (mean

Emerging Infectious Diseases « www.cdc.govieid « Vol. 13, No, B, September 2007

9 days). For the data shown in online Appendix Figure i,
only the household SAR (SAR)) can be estimated, We de-
termine that human-fo-human spread did oceur by reject-
ing the nul hypothesis of no human-to-hunan transmission
{(p = 0.009). The estimated household SAR is 0.29 (95%
confidence interval [CI] 0.15-0.51). Thus, a single infected
person in 2 household infected another household member
with the probability of 0.29, The average household size
for rural Indonesia is =5 people. Because we do not have
an estimate of the community SAR, we have an estimate
of the lower limit of the local R, i.e., 1.14 with a 95% CI
of (.61—2.14. A sensitivity analysis on the distribution of
the incubation and infectious period shows that the test and
estimates for SAR, and R, are insensitive to uncerfainty
about these disiributions within plausibie ranges.

For the outbreak in Turkey, all the parunieters are ¢s-
timable, but we do not reject the nult hypothesis of no hu-
man-to-human transmission {(p = 0.114). Our estimate of
the daily probability of infection from the common soutce
is 0.011 (95% CI 0.005-0.025).

Discussion .

We have presented statistical evidence that the strain
of HPAT (H5N{} that caused the family cluster of human
cases in northern Suimatra was spread fromy human to bu-
rrman and that the houschold SAR was 29%. This heusehold

1351

412



.y

RESEARCH

SAR is similar to sfafistical estimates for interpandemic
influenza A in the United States (12.7%30.6%) {/8,19).
The mean incubation period of this strain appears fo have
been =5 days, nearly twice as long as for past pandemic
strains and current interpandemic strains of influenza. The
CI for the estimated lower bound for the local R, covers
1. Therefore, even though we determined that human-to-
human transmission probably occurred, whether the virus
was capable of sustained human-to-human transmission is
not clear. This virus may have required very close human
contact to be transmitted. Even with no intervention, the
finding that R, = 1.14 indicates that the chance that a single
introduction would result in any further spread is ~12%. In
addition, the reporied propliylactic use of oseltamivir may
have played some role in limiting further-spread. We did
not find statistical evidence of huran-to-human spread for
the outbreak in eastem Turkey. This does not mean that
ng low-level human-to-human spread occurred in this out-
break, only that we lack statistical evidence of such spread,
The power would be too low 10 detect such spread for an
outbreak with 7 total cases and small SARs (/7).

We did not consider the role of hcterog,emi(y—such as

age, sex, treatment status, or. quarantine—in transmission, ...
The | pa:ameters could be made to be functions of tittie-de- :
pendent covariates, as we have done with mm:iar models 5
(16;19,20). We can eas:ly extend the ntodel used here for .

covariates; however, we must haye sufficient dath fo sup:
'po tspch models T

ed use of- mﬁucnza ammral agent‘; could be effectlve in

containing a potential pandenuc strain of influenza-at the
source (21,22), if initiated within 3 weeks of the initial

case in the comimnunity, and if the-R, is <1.8.This smtegy,.-

known as targeted antiviral prophylax:s- nvol\res treating
identified index patients in a mixing group and offering a
single cowse of prophylaxis to the contacts of these index

patients in predefined closc contact groups, i.e., households

at a mininwin but also possibly neighborhood clusters, pre-
school groups, schools, and. workplaces In addition, the
voluntary household quarantine of suspected close contacts
of case-patients was recommended. Targeted aqtl_w_ral pro-

phylaxis at the houschold and neighborhood cluster level
was carried out for the outbreak in Sumatra,

Asc\,rlammg whether 2 poitential pandemic strain of in-
fluenza is capdblc of sustained human-to-hunvar transmis-
sion and estimating key lransmission parametets are im-
portant. To cstimate more than the household SAR, more
detailed community data need to be collected. This would
include a complete census of potentially exposed hause-
holds and persons in the area where immediate iransmis-
sion could occur from both potential zoonotic and human
sources. Such dala would enable estimation of important
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parameters and a more complete estimate of the R, rather
than just the lower limit.

We have developed a software application, TRANS-
TAT, for implementing these analyses. This application
provides a stand-alone environment for the entry, storage,
and analysis of data from outbreaks of acute infectious dis-
eases, A partial list of the input information is given in the
Table. The statistical methods presented here can be ap-
plied to the data along with several standard epidemiologic
tools. This mformation system would allow for real-time
analysis and evaluation of control measures for an out-
break. We would encourage outbreak investigators to use
this tool, taking ¢are to input'data on the cxposed nonpa-
tents as well as case-patients. The aunthors will provide a
link to this sofiware upon request.
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H5N1 infection of the respiratory tract and beyond:
a molecular pathology study | -

Jiong Gu,* Zhigang Xie,* Zhancheng Gao,* finhua Liv,* Christine Korteweg, * Juxiang Ye, Lok Ting Lau, fie Lv, Zifen Gao, Bo Zhang,
Michael A McNutt, Min Ly, Virginia M Anderson, Encong Gong, Albert Cheung Hol Yo, W icn Lipkin

Summary

‘Background. Humaz- infection with avian influenza H5N1 is an emerging infectious disease charactensed by
Tespiratory sympioms and a high fatality rte. Previous studies have shown that the human mfecuon with avian
mﬂuenzz H5N1 could also l:.tget organs apa.rt from the lungs.

Methods We studxed post-monem tissues of two adults {one man and one pmgnant wamzn) mfected with H5N1
influenza virus, and a fetus carried by the woman. In-situ hybridisation (with sense and antisense probes to
haemagglutinin and nucteoprotein} and immunohistochemistry {with itonodonal antibodies 1o haemagglutinin and
nucleoprotein) were done on-selected tissues. Reverse-transcriptase {RT) PCR, realtime RT-PCR, strand-specific
RT-PCR, and nucleic acid sequence-based amplification {NASBA} detection assays were also undettaken 10 demct
viral RNA in organ tissue samples.

Findings We detected viral genomic sequences and antigens in type 1T epithe]ial'ccll's of rh.é-iung:. ciliated and
non-ciliated epithelial cells of the trachea, T cells of the lymph node, neurons of the brain,; and Hofbauer cells and

cytotraphoblasts; of the placenta. Viral genomic sequences (but-no viral intigens) were detected in the intestinal .

mucosa. In the fetus; we found viral sequences and antigens in the lusigs, dirculating mononudear cells, and
macrophages of the liver. The presence of viral sequences in the organs and the fetus was also confirmed by R’I‘ PCR,

strand-specific RT-PCR, real-time RT PCR, and NASBA.

Interpretation-In addition to the lungs H5N1 mﬂuenza virus mfecis the trachea and disseminates to other orgms

including the brain. The virus could also be Uanstmtted from mother to. fetus across the placenla.

lntroductmn
A pandemic outbreak of human infection with avian
influenza HS5N1 currently poses a potentially serious
health threat worldwide. Since the outbreak of infection
with avian influenza HSN1 virus in 2003, WHO has
reported 277 laboratory confirmed cases in ten countries
with a mortality rate of about 60%.! So far the virus has
spread only from animals to human beings. However,
 human-to-human {ransmission potentiated by viral
genomic mutation and reassortment of genornic subunits
could be imminent. Recently, the first cases of probable
human-to-human transmission have been reported > The
H5N1 influenza A virus is a negative-stranded RNA virus
in which the genome consists of eight segments encoding
ten  viral proteins  induding  haemagglutinin,
neuraminidase, polymerase proteins, and nudeoprotein.*
Little is known about the specific effects in organs and
cells targeted by the virus. The infection initially seemed to
be restricted to the lungs, but later reports™ have suggested
that influenza A HS5N1 could disseminate beyond the
lungs. For various reasons {eg, religion), full autopsies of
H5NYinfected hurnan cases can often not be obtained.
Accordingly, only a few teports™ . have described
histopathology and virus distribution in HSN1 cases.
Studies using in-situ hybridisation to detect viral genomic
sequences in target cells have not been reported thus far.
We present clinicopathological data from HS5N1
autopsies of two unrelated Chinese cases, as well as the
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Instopatho!oglal changes and pattem of mfectlon in lhe
placenta and fetus from one of the patients, who was
pregnant at the time of death. To pin further insight into
the tissue tropism of influenza A HSN1 virus, we used
ir-situ hybridisation and immunohistochemistry to
analyse viral localisation in various organs. Reverse
transcription {RT) PCR, real-ime RT-PCR, and nucleic
acid sequence-based amplification (NASBA) HS detection
assays were alsa done to detect viral RNA in tissue
samples, as well as strand-specific RT-PCR.

Methods

Patients

The clinical data of patient 1 have previously been
published in detail.* A 24-year-old Chinese woman from
China’s Anhui pravince who was 4 months pregnant
presented with a 6-day history of fever, cough, and
dyspnoea. 2 weeks before admission, she had handled
birds, several of which had died. On admission, she was
lymphopenic, confused, and imitable, had bilateral
infilration on chest radiograph, and substantially
reduced oxygen saturation. She was placed on a
ventilator and treated with antibiotics, corticosteroids
(hydrocortisone 400 mg on day 6 and day 7, and
methylprednisolene 160 rag on day 8 and 240 mg on
day 9), and fluids, but died 62 h after admission, 9 days
after the onset of symptoms. No antiviral treatment was
given.
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