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Bird Migration Routes and Risk for
Pathogen Dispersion into Western
Mediterranean Wetlands

Elsa Jourdain,*T Michel Gauthier-Clerc,* Dominique J. Bicout,T and Philippe Sabatiert

Wild birds share with humans the capacity for moving
fast over large distances. During migratory movements,
birds carry pathogens that can be transmitted between
species at breeding, wintering, and stopover places where
numerous birds of various species are concentrated. We
consider the area of the Camargue (southern France) as
an example to highlight how ad hoc information already
available on birds’ movements, abundance, and diversity
can help assess the introduction and transmission risk for
birdborne diseases in the western Mediterranean wetlands.
Avian influenza and West Nile viruses are used as exam-
ples because birds are central to the epidemiology of these
viruses.

irds are the only terrestrial vertebrates that share with

humans the peculiarity of traveling in a few hours
across national and intercontinental borders. The record
for distance covered in a single year belongs to the arctic
tern (Sterna paradisaea), which travels =50,000 km
between Antarctica and northern Scandinavia. As a whole,
billions of birds travel between continents twice a year in
only a few weeks (1). During these yearly migrations,
birds have the potential of dispersing microorganisms that
can be dangerous for public as well as animal health (2,3).
For instance, birds are believed to be responsible for the
wide geographic distribution of various pathogens, includ-
ing viruses (e.g., West Nile, Sindbis, influenza A,
Newcastle), bacteria (e.g., borrelia, mycobacteria, salmo-
nellae), and protozoa (e.g., cryptosporidia). Insight into the
ecology of bird populations is necessary to understand the
epidemiology of bird-associated diseases. Furthermore,
data about avian movements might be used to improve dis-

*Station Biologique de la Tour du Valat, Arles, France; and TEcole
Nationale Vétérinaire de Lyon — Institut National de la Recherche
Agronomique, Marcy I'Etoile, France
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ease surveillance schemes or to adapt preventive measures.
However, solid bridges between ecology and human med-
icine are still lacking.

We explored the bird sector, in an attempt to provide
general ideas on bird abundance, migration, geographic
origin, and interspecies mingling. We focused on the
Camargue area, an alluvial lowland covering some
140,000 ha in the Rhone Delta. As other Mediterranean
wetlands (Figure 1), the Camargue is a major rallying point
for Palearctic birds that are migrating between the great
continental masses of Eurasia and Africa. This area is the
current focus of intense sampling to study 2 pathogens
closely associated with wild birds: avian influenza (Al)
virus and West Nile virus (WNV). These 2 viruses have
very different transmission cycles and ecology: Al viruses
have a waterborne transmission, and ducks are their main
natural reservoirs (4-8); WNV has a vectorborne transmis-
sion, and passerines are believed to play a major role in the

13: Guadalquivir Delta
14: Ebro Delta

5: Aliakmonas Delta
&: Evros Delta

7: Gediz Delta

8: Goksu Delta

1: Camargue Delta
2: Po Delta

3: Amvrakikos Gulf
4: Prespa Basin

9: Seyhan Delta
10: Nile Delta
11: Gabés Gulf
12: El Kala

Figure 1. Map of the main Mediterranean wetlands (sites 1, 2, 11,
12, 13, and 14 are considered western Mediterranean wetlands).
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PERSPECTIVE

amplification cycle (9-11). However, both viruses are
known to be carried by reservoir birds during migration
and have been associated with emerging disease transmis-
sion risk for humans and domestic animals (2,5,7,11,12).
For both of them, the avifauna abundance, diversity, and
departure origin may be of key importance in terms of dis-
ease transmission. We use these 2 viruses as examples in
our discussion of the risk for dispersion of bird-carried
pathogens into Mediterranean wetlands.

We address the following questions: 1) What are the
main geographic origins of birds observed in western
Mediterranean wetlands? 2) How abundant and diverse in
species are they during the year cycle? 3) When are inter-
species contacts between birds from different origins most
likely to occur? To address these issues, we used crude
empiric indexes, which are known to have biases yet prove
valuable within the scope of our objectives. Readers inter-
ested in modern ecologic methods used to study wildlife
diseases in natural populations may refer to general publi-
cations on host-parasite systems (13-15).

Methods

Bird Origins from Individual Ringing

Migration research is constantly changing, and new
methods are always emerging. Historically, information
about the movements of individual birds was first acquired
through ringing studies. Bird ringing (also known as bird
banding) consists of catching birds and attaching a small
individually numbered metal or plastic ring to their legs or
wings. Ring-recovery data are obtained when ringed birds
are resighted, recaptured, hunted, or found dead. In
Europe, large-scale ringing projects have been conducted,
mostly between the 1950s and 1980s, and they represent a
wealth of information that has not yet been fully exploited.

Data recovered from birds ringed from 1950 to 1975
at the Station Biologique de la Tour du Valat in the
Camargue were collected from annual reports. Seven
species of waterbirds were chosen to illustrate various
migratory patterns. We selected 4 species of the Anatidae
family, known to have different geographic origins, includ-
ing 3 dabbling ducks, i.e., ducks that search for their food
primarily in surface water (mallard, Anas platyrhynchos, n
recovered = 434; green-winged teal, A. crecca, n = 3,903;
garganey, A. querquedula, n = 181) and 1 diving duck, i.e.,
a species that mostly searches for its food under water
(tufted duck, Aythya fuligula, n = 313). We also took the
example of the common coot (Fulica atra, n = 99), a div-
ing bird of the Rallidae family that frequently shares ponds
with ducks. The common snipe (Gallinago gallinago, n =
54) is an example among waders, i.e., shorebirds that feed
in muddy swamps and coastlines. Finally, the purple heron
(Ardea purpurea, n = 39) is an ardeid species that lives in

366

reed beds and marshes. All these species are large or hunt-
ed, which explains the high number of rings recovered. We
only considered data recovered from birds ringed in the
Camargue area and later reported outside France.

Migratory Bird Abundance and Diversity

Since the 1950s, a large amount of data have been col-
lected at the Station Biologique de la Tour du Valat thanks
to bird counts, netting records, and field ornithologists’
observations (see supplemental, online Technical
Appendix Table I, indicating the methods used for each
bird genus; available from www.cdc.gov/EID/content/
13/3/365-appT1.htm). This information was used to create
a database with a row for each of the 289 avian species
regularly observed in the Camargue (16). Strictly pelagic
birds were not taken into account as they do not have any
contact with terrestrial vertebrate species. Quantitative
data were completed on the number of birds (abundance)
and number of bird species (diversity) observed monthly in
the Camargue. Three categories of migrating birds were
considered, depending on the area from which they come:
incoming birds from sub-Saharan Africa in spring and
those arriving in autumn either from continental Europe or
from Scandinavian and the Siberian tundra and taiga.
Analyses were performed for all species and separately for
species of the Anatidae family (ducks, swans, geese) and
waders (shorebirds of the families Scolopacidae and
Charadriidae), which are essentially associated with wet-
lands or coastlines.

Interspecies Bird Cohabitation

Regular bird counts provide information on bird pop-
ulations for the studied area and therefore give an idea of
potential contacts between species that share similar
biotopes. Since September 1964, the Camargue duck and
coot populations have been estimated every winter (17).
The count was made monthly by the same observer from a
plane flying at an altitude of 200 feet. One hundred brack-
ish lakes and marshes used by waterbirds as resting places
were counted. The arrival of the plane made dabbling
ducks fly off, which is necessary for detecting them and
identifying their species. To count diving ducks, it was
necessary to turn the group of birds around by using the
plane. Results of the winter 2004-05 counts were used as
examples.

Results

Bird Origins from Individual Ringing

Ringing recoveries provide a valuable insight into the
origins and dispersion areas of bird species. Figure 2 illus-
trates that western Mediterranean wetlands provide habitat
for birds from a wide geographic range: all European

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 13, No. 3, March 2007



countries but also other areas in the Mediterranean Basin,
central and northern Asia, and sub-Saharan Africa. Ringed
common coots and common snipes were mostly reported
from continental Europe and Mediterranean areas, where-
as mallards and common teals were also found in more

e =5

e 810
& 11-158
® 15-20
& 21=-30
@ 14
@ -5
OG‘I-&D

O 8§1-100
O 101=-200

Figure 2. Countries and regions of the former USSR where birds
ringed in the Camargue were recaptured for 7 species (n = num-
ber of ring recoveries and m = number of marked individual birds):
A) mallard (Anas platyrhynchos), n = 434, m = 13,176; B) green-
winged teal (A. crecca), n = 3,903, m = 58,347; C) garganey (A.
querquedula), n = 181, m = 2,436; D) tufted duck (Aythya fuligula),
n = 313, m = 3,845; E) common coot (Fulica atra), n = 99, m =
7,866; F) purple heron (Ardea purpurea), n = 39, m = 5,017; G)
common snipe (Gallinago gallinago), n = 54, m = 2,445. These
maps provide an insight into the potential origins and dispersion
areas of birdborne pathogens.
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northern places, including the former Soviet Union and
Scandinavia. The pattern was slightly different for tufted
ducks, for which >40% of recoveries were located in areas
of taiga and tundra. Garganeys were recaptured in very dis-
tant places far north (Siberia, Finland), far east
(Kazakhstan, Altai), and far south (Senegal, Mali) of the
Camargue. In contrast to the previously described species,
purple heron rings were recovered only from areas located
south, including 4 countries in the Guinea Gulf in Africa
(Benin, Cote d’lvoire, Ghana, and Sierra Leone). As a
whole, we discerned 3 broad areas from which
Mediterranean waterbirds come and potentially disperse
pathogens: continental Europe, northern Siberia and
Scandinavia, and sub-Saharan Africa.

Migratory Bird Abundance and Diversity

Monthly abundance (number of individual birds) and
diversity (number of species) in the Camargue are present-
ed respectively in Figures 3 and 4 for birds originating
from the 3 major areas of provenance described above.
These figures show how many birds are in the Camargue,
just as monthly photographs of bird populations do. A cor-
responding table indicates monthly abundance of each
species (online Technical Appendix Table 2, available
from www.cdc.gov/ElD/content/13/3/365-appT2.htm.).

Birds Coming from sub-Saharan Africa

As many as 111 bird species might disperse pathogens
from sub-Saharan Africa into the Camargue. Broadly
speaking, birds coming from sub-Saharan Africa become
rapidly and simultaneously abundant and diverse in spring,
are still numerous in summer, and decrease in winter. The
pattern is different if one considers solely ducks, as only 3
duck species fly south to tropical Africa, namely, the north-
ern pintail (Anas acuta), the garganey, and the northern
shoveler (Anas clypeata). Conversely, numbers and
species diversity are high for waders, which are mainly
passage visitors, especially in spring and late summer.

Birds Coming from Northern Areas of

Tundra and Taiga

A total of 53 species might introduce pathogens from
northern areas into the Camargue. Abundance is highest in
April and October-November with a higher peak in
autumn, notably because of juvenile birds. Species diversi-
ty is high during winter and low from May to July. The
opposite pattern was observed for sub-Saharan species.
This pattern is even clearer for birds of the Anatidae fami-
ly: They are abundant from October to January and in very
small numbers from March to September. In contrast to
ducks, waders are mainly transient visitors, and only a few
individual birds spend the winter in the Camargue. Their
number is greatest in spring and autumn.
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Figure 3. Monthly abundance in the Camargue of birds coming
from Siberia/Scandinavia, continental Europe, and sub-Saharan
Africa for A) all species, B) species of the Anatidae family, and C)
waders, respectively. Peaks in bird abundance are expected to be
associated with a higher probability of dispersing birdborne
pathogens into the Camargue.

Birds Coming from Continental Europe

Up to 135 species could be involved in pathogen dis-
persion from continental Europe. Their abundance is high-
est from February to April and later from September to
November. Species diversity remains high year-round with
peaks in spring and autumn due to migrating passage Visi-
tors. The pattern observed for Anatidae species is the same
as the 1 we described for Arctic species: birds are abundant
in autumn and winter and in very small numbers in spring
and early summer. However, the number of duck species
remains stable year-round. Indeed, in species such as the
mallard or the red-crested pochard (Netta rufina), some
birds are sedentary whereas others are migratory. Waders
show a constant level of species diversity because migra-
tion staggers over several months, but numbers are highly
variable throughout the year.

Interspecies Bird Cohabitation

The results of the winter 2004-05 waterfowl counts
are presented in Figure 5 for the species mentioned in
Methods. Other species are also present, such as the north-
ern pintail or the common shelduck (Tadorna tadorna).
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Garganeys are present in small numbers in September and
February—March, but from an airplane they cannot be dis-
tinguished from common teals. These counts show that
numerous species, with various migratory patterns, con-
gregate on the same wetlands during the long winter peri-
od and therefore easily transmit waterborne pathogens
such as Al virus. Most wintering birds are still present in
March, when the first African migratory birds have already
returned to breed in the Camargue or make a stop for refu-
eling before flying further north. For instance, as many as
11,550 black-tailed godwits (Limosa limosa) were counted
in the Camargue in March 2005.

Moreover, the movement and abundance of birds vary
greatly from 1 year to another because of movements
influenced by weather conditions. For example, the duck
population in the Camargue was estimated at =60,000
ducks in March 2005 compared with only =40,000 the pre-
vious year, when climatic conditions in Europe were
warmer.
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Figure 4. Monthly diversity in the Camargue of birds coming from
Siberia/Scandinavia, continental Europe, and sub-Saharan Africa
for A) all species, B) species of the Anatidae family, and C)
waders, respectively. Peaks in bird species diversity are expected
to be associated with a higher diversity of birdborne pathogens.
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Discussion

Maps of ring-recovery data and graphs of monthly
variations in bird abundance and diversity show that west-
ern Mediterranean wetlands such as the Camargue are a
hub for birds from all origins (Central Asia, Siberia, north-
ern and Eastern Europe, western Africa, and the
Mediterranean basin) and that numerous birds of various
species are seasonally aggregated in similar habitats.
Under the hypothesis that risk for dispersion of pathogens
into the Camargue is correlated with the number of birds
and bird species encountered in a given area, these indices
are helpful to determine periods at higher risk for introduc-
tion and emergence of birdborne diseases. We recall that
these empiric estimates are skewed, which is briefly dis-
cussed with the perspectives below.

Periods of Higher Risk for Pathogen Introduction

Birds Coming from sub-Saharan Africa

The risk for introduction of African pathogens in
Mediterranean wetlands would be highest from March to
July, which corresponds with spring migration and breed-
ing for birds. Conversely, in autumn, birds return to Africa
and are more likely to introduce pathogens originating
from the north than from the south (Table). Of the 111
species that come every year to the Camargue from differ-
ent countries of sub-Saharan Africa, most are insectivorous
passerines that spend winter in Africa and breed in Europe;
among aquatic birds, waders are the most numerous.

Up to now, no evidence exists that birds migrating
from sub-Saharan regions play a major part in the epidemi-
ology of Al viruses. However, under the assumption that
this area became an important epicenter for Al viruses,
ducks would likely have the highest probability of intro-
ducing Al viruses in Mediterranean wetlands, even if they
are less numerous than waders. Indeed, recent studies in
Europe showed that overall Al virus prevalence in waders
is really low compared with that in dabbling ducks (7).
WNV, which is transmitted by arthropod vectors, could
potentially be introduced by any species of bird that comes
from disease-endemic areas in Africa, is exposed to mos-
quito or tick bites (18), and sustains high viremia levels.
Insectivorous passerines are the most numerous and thus
may be particularly suspected. WNV dispersion by birds
migrating from sub-Saharan Africa might explain why an
outbreak occurred in 2000 in the Camargue, even though
the virus had not been observed there since the 1960s (19).

Birds Coming from Northern Areas of

Tundra and Taiga

Pathogens may be introduced into Mediterranean wet-
lands by birds coming from northern areas of Scandinavia
and Siberia. The risk would be higher from September to
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Figure 5. Cumulative number of the most abundant waterfowl
species recorded in the Camargue during winter 2004—-05: mallard
(Anas platyrhynchos), northern shoveler (A. clypeata), green-
winged teal (A. crecca), Eurasian wigeon (A. penelope), gadwall
(A. strepera), red-crested pochard (Netta rufina), common
pochard (Aythya ferina), tufted duck (Aythya fuligula), and com-
mon coot (Fulica atra). This figure shows that numerous birds and
bird species are congregated in the same wetlands during winter
and can therefore easily transmit pathogens to each other.

December when Arctic bird abundance reaches its peak
(Table). In spring, the northern birds observed in the
Camargue have recently spent a long time in southern
lands so that their associated probability of introducing
pathogens originating from Scandinavia or Siberia is
rather low. Waterbirds and granivorous passerines, which
do not need to fly further south to find food supplies
throughout the cold season, could introduce pathogenic
microorganisms that could be transmitted later between
wintering birds when densities are high. Waders, which
migrate from Siberia and stop in the Mediterranean wet-
lands in autumn before crossing the Mediterranean Sea,
could contaminate other bird species before pursuing their
flight. As a whole, 53 species seen in the Camargue come
from Arctic areas, which is half the number of species that
come from sub-Saharan Africa or continental Europe. As a
result, the probability of pathogens being introduced from
Arctic areas should be lower than from birds of these 2
other areas. Another scenario can nevertheless be consid-
ered: if birds coming from northern areas disseminate a
pathogen all along their migration route, then this
pathogen would also infect continental European species
and the probability of its being introduced into the
Mediterranean wetlands would depend on the arrival of
both Arctic and continental birds.
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Table. Periods of major risk for pathogen introduction in the Camargue from sub-Saharan Africa, Siberia-Scandinavia, or continental

Europe for all species, Anatidae species, and waders*

Origin Species Spring Summer Autumn Winter
Sub-Saharan Africa Al ++ + #) =)
Waterfowl +/— - (#) =)
Waders ++ + +) -)
Siberia-Scandinavia All (®) (C)] ++ +
Waterfowl (- =) ++ ++
Waders (+) () ++ *
Continental Europe All () ) ++ +
Waterfowl (- =) ++ ++
Waders (+) (=) ++ +

*The risk is supposed to increase both with the number of species and the number of individual birds present in the Camargue (++, very high; +, high; +,
medium; —, low). In addition, the timing of migration matters since the introduction of pathogens from Africa (Eurasia) during the autumn (spring) migration
is less likely because birds do not come directly from these areas. The corresponding risks are therefore in parentheses.

Al viruses are likely to be introduced in autumn by
ducks that breed in northern Europe and Siberia, especial-
ly since numbers are high because of the presence of juve-
niles. Furthermore, surveillance studies of wild ducks
showed that the prevalence of Al viruses is primarily high
in juveniles (5,7,20). Conversely, WNV activity has never
been reported in Scandinavia and Siberia, probably
because the transmission cycle cannot be maintained in
these northern biotopes.

Birds Coming from Continental Europe

Autumn and winter are the 2 seasons during which the
transmission of bird pathogens originating from continen-
tal Europe would be most likely (Table). Indeed, in spring,
the introduction of pathogens from continental Europe is
less probable because birds have been absent from this
area for 5 or 6 months. As previously seen, up to 135
species have the potential to introduce pathogenic agents
in the Camargue. Granivorous passerines, birds of prey,
and waterfowl are among the species that come in large
numbers to take advantage of the Mediterranean wetlands’
temperate climate during winter. Aquatic birds, which
need unfrozen ponds to feed, show variations in their
movements, depending on climatic conditions. For
instance, if a cold spell occurs in eastern or northern
Europe, the number of green-winged teals in the Camargue
increases (17). These weather-associated movements
might at certain times prove essential in pathogen disper-
sion within European and Mediterranean wetlands.

Surveys of wild waterbirds in Europe have shown that
Al viruses are frequently found (21-24), which means that
waterbirds arriving from continental Europe might often
be carriers of Al viruses. Similarly, because WNV activity
was recently reported in Romania (25) and the Czech
Republic (26), wild birds migrating in autumn from these
countries to the Mediterranean basin could introduce
WNV, either because of a high viremia level or because
they carry infected ectoparasites. If the virus managed to
overwinter in a reservoir host or a vector, it could then be
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responsible for an outbreak the next summer, when mos-
quito vectors are abundant (27).

Risk for Bird-to-Bird Transmission of Pathogens

Several factors affect the risk for bird-to-bird trans-
mission: bird abundance or density, bird diversity, species
receptivity and sensitivity to pathogens, interspecies inter-
actions, and environmental conditions (14). For water-
transmitted pathogens such as Al viruses, risk for
transmission may be associated with the number of ducks
congregated in the same pond, particularly in autumn and
winter (Figure 5). This crowding of wintering species, in
addition to the permanent presence of a transient popula-
tion of birds using wetlands to stop off during migration,
could allow Al viruses to circulate and be maintained
because of rapid dissemination on shared water. For vec-
tor-transmitted pathogens such as WNV, transmission pos-
sibilities depend both on the bird reservoir density and on
the dispersion abilities and activity periods of the arthro-
pod vectors.

The risk for interspecies transmission of disease is
particularly problematic when wild and domestic species
are involved. Ducks are aquatic birds that are most likely
to come in contact with free-range poultry, especially
because the presence of congeners can induce migrating
wild ducks to make a stopover. Captive-bred mallards,
used for hunting purposes and voluntarily put in the wild
to attract other ducks, are particularly likely to share
pathogens with their migratory congeners and facilitate the
transmission of diseases to other domestic species. The
risk is different for domestic chickens or turkeys, which
are more likely to have contact with granivorous birds.
Conversely, waders are rarely in direct contact with
human-raised species.

Bird-carried pathogens are above all susceptible to
being spread worldwide because of human activities such
as legal or illegal trade of wild and domestic birds or bird
products (28). The mechanism for the introduction of
WNV into America in 1999 is not known with certainty,
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but a plausible scenario is the importation of an infected
bird (29,30). Similarly, the highly pathogenic Al strain
H5N1 was isolated in Belgium from crested hawk-eagles
(Spizaetus nipalensis) smuggled by air travel (31). In Asia,
transmission of H5N1 influenza virus has mainly been the
result of human activity such as live-poultry markets and
the international trade of birds, bird products, or contami-
nated equipment (32-35).

Methodologic Concerns and Perspectives

The ornithologic data we have presented are merely
crude estimates. Ring-recovery data, for instance, are sub-
ject to strong biases related to where and when the ringing
was conducted but also to high variability in the probabil-
ity of reporting marked animals among areas (36).
Similarly, our estimates of bird abundance and diversity
are basic indices associated with the number of birds
heard, seen, or caught in the Camargue (see online
Technical Appendix Table 1). These estimates do not take
into account 2 important sources of error: detection error,
related to the fact that the probability of detecting a bird is
<1, and survey error, associated with spatial and temporal
variability (37). Since our motivations were merely to
show that information already available on birds may lead
to better understanding of animal and human health issues
associated with birdborne pathogens, these biases do not
invalidate our objectives.

The results obtained were helpful to identify key
groups of species likely to introduce pathogens from a
given area at a given time of year. We voluntarily chose to
focus on birds and leave pathogens aside, but studies of
diseases in natural bird populations are obviously critical-
ly needed. Ecology, the science of interactions between
living organisms and their physical environment, has been
extended to include microorganisms. Understanding the
relationships between organisms (such as hosts, pathogens,
predators, competitors) and their environment is the aim of
disease ecology. As studying the dynamics of systems with
many hosts and pathogenic agents is complex, efforts
should primarily focus on a few specific bird-pathogen
models.

Mathematical modeling may help to predict specific
bird-pathogen interactions and to identify key parameters
that need to be better estimated through additional
research. Long-term records enable establishment of data-
bases, which would illustrate bird-pathogen relationships
in natural conditions. These data would focus on hosts,
their migration, population age, behavior, and so forth.
Host-pathogen interactions should be described by using
data such as antibody prevalence in different age classes,
frequency of virus isolation, and characterization of the
strains involved. Complementary laboratory and field
experiments within a controlled environment might also
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provide relevant information. All these investigations
should gradually make it possible to gather valuable base-
line data to test specific hypotheses and gain new insights
in bird-pathogen relationships in Mediterranean wetlands.
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Human and Animal Vaccination
Delivery to Remote Nomadic
Families, Chad

Esther Schelling,** Mahamat Bechir,t Mahamat Abdoulaye Ahmed,t Kaspar Wyss,*
Thomas F. Randolph,f and Jakob Zinsstag*

Vaccination services for people and livestock often fail
to achieve sufficient coverages in Africa’s remote rural set-
tings because of financial, logistic, and service delivery
constraints. In Chad from 2000 through 2005, we demon-
strated the feasibility of combining vaccination programs for
nomadic pastoralists and their livestock. Sharing of trans-
port logistics and equipment between physicians and vet-
erinarians reduced total costs. Joint delivery of human and
animal health services is adapted to and highly valued by
hard-to-reach pastoralists. In intervention zones, for the
first time =10% of nomadic children (>1-11 months of age)
were fully immunized annually and more children and
women were vaccinated per day during joint vaccination
rounds than during vaccination of persons only and not
their livestock (130 vs. 100, p<0.001). By optimizing use of
limited logistical and human resources, public health and
veterinary services both become more effective, especially
at the district level.

Vaccinating persons and livestock in hard-to-reach
rural communities remains a serious challenge and
calls for innovative, specially designed strategies. In
Africa, the ability of human and veterinary health systems
to deliver services is constrained by decreasing public-sec-
tor budgets; loss of confidence due to unmet demand; a
severe shortage of human resources, especially qualified
personnel (1); inadequate infrastructure and equipment;
and weak monitoring and information systems (2). Most
governments rely heavily on complementary donor fund-
ing from bilateral and multilateral partners.

*Swiss Tropical Institute, Basel, Switzerland; tCentre de Support
en Santé Internationale-Institut Tropical Suisse, N’Djaména,
Chad; and fiInternational Livestock Research Institute, Nairobi,
Kenya
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One of the 4 strategies of the World Health
Organization (WHO) and the United Nations International
Children’s Emergency Fund to achieve their vision of equi-
table, sustainable, and high-coverage immunization among
children and women by the year 2015 is the provision of
vaccination services linked to other health interventions. To
achieve common health goals, the cross-over benefits of
integrating other interventions in public health such as dis-
tribution of vitamin A, selling of insecticide-treated mos-
quito nets, and deworming and malaria treatments of
children are increasingly being acknowledged (3). Initial
evaluations on cost-effectiveness of combined approaches
(4) provide the needed data for more efficient planning.

For children and for women of childbearing age,
immunization provided through the National Expanded
Program on Immunization is considered one of the most
cost-effective public health interventions and society’s best
healthcare investment, especially in developing countries
(5,6). National and global efforts aim to substantially
increase vaccination coverage in general, particularly for
those who have so far not benefited. Global coverage of
fully immunized children is 78%, but in the sub-Saharan
Africa (WHO African region) it is only 67% (7). A setback
for the global polio eradication program was direct and
indirect spread of wild polio virus type 1 from Nigeria to
11 African countries from 2002 through 2004. Affected
countries that did not experience sustained transmission of
this virus type had an average polio vaccination coverage
of 83%, in contrast to the others that did have sustained
transmission and had a much lower mean coverage of 52%
(8). The virus spread directly into neighboring Chad and
was further disseminated from there. With vaccination

1Current affiliation:
Nairobi, Kenya

International Livestock Research Institute,
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coverage <50% (7) and a large disparity between urban
and rural vaccination coverage (20% vs. 9% for fully
immunized children in 1997 [9]), Chadian public health
professionals expressed their need for strategies to better
reach the remote pastoral communities in the border
regions to establish a “cordon sanitaire.”

The mobility and dispersion of mobile livestock own-
ers in semiarid Africa and elsewhere lead to difficulties in
reaching them with preventive and curative treatments as
well as with information and education. Outreach human
vaccination services rarely exist for rural communities liv-
ing far (>15 km) from the nearest health facility, which in
Chad accounts for 40% of the rural population (9).
Especially difficult is providing health services to nomadic
groups, which also represent substantial numbers.
Although now out of date, the most recent Chadian census
of 1993 registered 9.3% (83,500) nomads in a rural popu-
lation of 900,000 in the Chari-Baguirmi and Kanem
Districts of Chad (10); these figures are probably underes-
timated because during the census period (April), several
nomadic groups would have been seasonally located
across the border in neighboring countries. Evaluating
effective coverage of such groups is particularly problem-
atic; the records of rural health centers do not distinguish
between the ways of life (settled or mobile) of vaccinated
persons nor do health centers have appropriate stratified
population numbers (numbers have simply been extrapo-
lated annually since 1993) to permit calculating coverages
in settled and mobile communities.

Strategies of vaccinating mobile pastoralists on mar-
ket days have been tested; however, children and women
tend to stay in their camps, resulting in very low participa-
tion (11). Mobile services cost more than stationary facili-
ty services (12), but preventive interventions in remote
zones are hardly possible if not mobile. In 2000, the preva-
lence of fully immunized nomadic children and women in
Chadian Chari-Baguirmi and Kanem was zero (13); in the
same nomadic camps, however, livestock were compulso-
rily vaccinated by mobile veterinary teams.

Livestock are part of the livelihood of <70% of the
world’s rural poor (14). Vaccination of livestock is a cen-
tral tool for control and elimination of contagious livestock
diseases. Elimination of foot and mouth disease with vac-
cination strategies, for example, can provide a country or a
region access to export markets and dramatically increase
a country’s benefits from veterinary intervention (15).
Some veterinary vaccines prevent not only important pro-
duction losses of livestock but also human disease (e.g.,
rabies of dogs and anthrax of ruminants). Anthrax spores
remain dormant for years in soil until they infect other ani-
mals. Control of anthrax in a disease-endemic setting such
as the Sahel includes educating persons about how han-
dling and consuming infected livestock products influence
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risk of infection, meat inspection, and particularly yearly
vaccination of livestock. In Africa during the 20th century,
Rinderpest virus persisted between pandemics in nomadic
or seminomadic pastoralists’ herds and in wildlife (16),
from which it could spread anew to neighboring zones, as
occurred in Ethiopia in the 1990s (17). Although a ther-
mostable, efficacious, and safe vaccine exists, inaccessibil-
ity of cattle populations (because of remote locations,
political crises, and insecurity) postponed the successful
elimination of Rinderpest virus in livestock by the Pan-
African Rinderpest Campaign.

Professionals from WHO and the Food and
Agriculture Organization of the United Nations and others
have proposed sharing of resources by public health and
veterinary services to deliver health interventions at lower
costs, thereby allowing for economies of scale (18,19).
Few examples of joint implementation exist and evalua-
tions of these experiences are rare (20). We review field
research on joint human and animal vaccination cam-
paigns among nomadic pastoralists of Chad and advocate
for intersectoral approaches for service delivery in similar
remote rural settings.

Joint Delivery of Public Health and
Veterinary Services for Nomadic Pastoralists

The Chadian Ministries of Health and of Livestock
Production (hosting the veterinary services), together with
the nomadic communities, recommended testing the feasi-
bility of joint human and livestock vaccination campaigns.
The goals of these joint campaigns were to make best use
of visits by professionals in nomadic communities, reduce
costs of services by sharing of infrastructure, and increase
vaccination coverage.

Organization of Campaigns and Vaccinated
Children, Women, and Livestock

The Swiss Tropical Institute supported the implemen-
tation of several joint campaigns. From 2000 through 2001
and from 2003 through 2005, 14 vaccination campaigns
for nomadic children, women, and the camps’ livestock
were conducted among the 3 principal nomadic ethnic
groups (Fulani, Arabs, and Dazagada) in the Chari-
Baguirmi and Kanem of western Chad. Five campaigns
were conducted in the zone of Gredaya and 3 campaigns
each in Dourbali, AmDobak, and Chaddra (Table 1). Each
campaign was composed of 3 vaccination rounds to ensure
a complete course of vaccination of children in 1 year. The
capacity of existing mobile veterinary teams was extended
for simultaneous vaccination of people and animals during
at least 1 round for 10 of the 14 campaigns (Table 1).

The joint campaigns were organized in consultation
with local health and veterinary personnel to avoid dupli-
cation of efforts and to make use of all existing personnel
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Human and Animal Vaccination Campaigns, Chad

Table 1. Overview of 14 vaccination campaigns among mobile pastoralists in 4 zones of Chari-Baguirmi and Kanem Prefectures,

Chad*
Vaccination contacts % Dropout
Campaign No. vaccination  Children and

Zone no. Beginning—end of campaign days women Livestock Children Women
Gredayat 1 Jul 7, 2000-Feb 11, 2001 46 11,731 31,721% 56 21
Chaddrat 2 Jan 6-Apr 21, 2001 26 1,961 2,182 68 7
Gredayat 3 Jun 21-Nov 11, 2001 37 3,855 22,760 - -
AmDobakt 4 Aug 3-Dec 5, 2001 34 3,079 0 59 42
Gredaya§ 5 Apr 2-Jul 1, 2003 46 5,595 16,138 45 19
Dourbali§ 6 Mar 8-Jun 7, 2003 47 6,715 887 72 41
Chaddra 7 Sep 27, 2003-Jan 3, 2004 43 3,031 215 - -
AmDobak 8 Oct 19-Dec 6, 2003 29 3,0491 0 - -
Gredaya§ 9 Mar 5-Jul 5, 2004 54 6,522 24,514 68 33
Dourbali§ 10 Apr 29-Jul 25, 2004 54 3,370 5,104 89 57
Gredaya 11 Jan 10-Mar 30, 2005 42 3,883 13,217 - -
Dourbali 12 May 18-Aug 17, 2005 41 3,477 32,517 - -
AmDobak 13 Oct 23-Dec 7, 2005 21 2,7057 0 - -
Chaddra 14 Oct 16, 2005-Jan 9, 2006 31 1,886 0 - -

*Dropout rates were calculated for the first campaign in each zone (vaccination in a naive population) and for 2003 and 2004 after omission of persons
with previous vaccinations and not considering those entering the campaign during the second and third rounds. —, not applicable.

TCosting study.

+Two rounds with veterinarians.

§Estimation of achieved vaccination coverage during campaign.
{IOnly 2 human vaccination rounds carried out.

and infrastructure (cold chain and transportation means).
Before vaccination campaigns, trained community-based
facilitators showed to and discussed with nomadic com-
munity members pictograms and short movies with health
and veterinary messages.. The National Expanded
Program on Immunization provided human vaccines and
consumables such as syringes through the regional health
administration, assessed continuously the number of vac-
cinated persons, and was involved in evaluation of the
achieved vaccination coverage (20).

Veterinarians vaccinated 149,255 livestock against
anthrax, pasteurellosis, blackleg, and contagious bovine
pleuropneumonia. After 3 visits from the vaccination team,
4,653 children <5 years of age were fully immunized
against diphtheria, whooping cough (pertussis), and tetanus
(DPT) and against polio; 7,703 women received at least 2
doses of tetanus vaccine (TT2+). The average dropout rate
within a given campaign was 64% for children <5 years
from the first to third vaccination for polio and DPT within
a given campaign and 32% for women from the first to sec-
ond dose of tetanus vaccine (Table 1). Dropping out was
caused rarely by refusal of revaccination, more often by
high mobility of nomadic families. Achieving smaller
dropout rates remains a critical need, although DPT and
polio vaccination can be continued in subsequent years, and
1 vaccination contact is already useful for immunizing chil-
dren against measles and yellow fever.

Assessment of Costs
An assessment of costs for the vaccination years 2000
and 2001 (21) used unit costs based on detailed data (e.g.,
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replacement costs, maintenance, and insurance costs) and
local prices. Purchase prices of human vaccines obtained
from the Pan American Health Organization (22) were
adjusted to include supply, transport, and storage costs and
a wastage rate of 10%. The purchase costs of livestock
vaccines at the national veterinary laboratory were adjust-
ed for a wastage rate of 5%. Private costs incurred by
households to participate in the vaccination campaign
were not included in this study. Results are given in Euros
(1€ = 656 Francs de la Communauté Financiére
d’Afrique, September 2006). To allocate the costs of
resources used jointly by the 2 sectors, the costs of the
vehicle(s), fuel, and guides have been distributed propor-
tionally to the number of personnel present during joint
campaigns. The costs of the cold chain, program coordina-
tion and administration, information campaigns, and the
vehicle and fuel during preparative missions have been
distributed according to the number of vaccination rounds
by sector. Cold-chain costs were shared with the livestock
sector only when veterinarians used thermosensitive con-
tagious bovine pleuropneumonia vaccines. The proportion
of public health costs saved by cost-sharing was calculat-
ed on the basis of independent public health sector cam-
paigns (23).

Most costs of vaccination campaigns for both sectors
were the variable and fixed costs of supplying vaccines
and vaccine-related costs such as syringes and needles
(46% for public health and 53% for veterinary sector)
(Table 2). Livestock owners were charged €0.15 per veteri-
nary vaccine dose administered. This covered the costs in
Gredaya but not in AmDobak/Chaddra (Table 3). In
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Table 2. Variable and fixed costs of vaccinations in the veterinary and public health sectors in Gredaya and AmDobak/Chaddra, Chad*

Veterinary sector

Public health sector

Gredaya Chaddra/AmDobak
Gredaya, Chaddra/AmDobak, - Euros % Euros Euros % Euros
Cost Euros (% Fixed) Euros (% Fixed) (% Fixed) shared (% Fixed) shared
Personnel/administration 2,559 (0) 475 (0) 3,627 (0) 10.6 3,376 (0) 27
Transportation 2,835 (80) 345 (75) 4,004 (82) 19.3 3,797 (79) 33
Cold chain 62 (36) 45 (56) 1,185 (37) 6.2 531 (36) 10.1
Vaccines and vaccines-related 7,541 (29) 214 (21) 12,146 (12) 0 4,072 (12) 0
Other (buildings, supplies) 480 (95) 152 (100) 938 (98) 254 938 (98) 9.1
Total costs 13,476 1,231 21,900 6.7 12,712 28
Total costs without vaccines 5,935 1,025 9,754 151 8641 4.1

*In Gredaya, 3 vaccination rounds were conducted jointly between veterinarians and public health professionals and another 3 rounds were conducted by
the public health sector alone to fully immunize children, whereas in Chaddra/AmDobak, only 1 of 6 rounds was conducted jointly with the veterinarians.
The cost-sharing scheme and the proportion of reduced costs due to the joint approach are described in the text.

Gredaya, a higher proportion of personnel and transporta-
tion could be shared than in Chaddra/AmDobak because of
more joint campaigns (3 of 6 rounds) than in
Chaddra/AmDobak (1 of 6 rounds). Of total costs, the pro-
portion shared across the veterinary and public health sec-
tors in the 2 districts was 6.7% and 2.8%, respectively.
These proportions were considerably higher when vaccine
costs that cannot be shared between sectors were excluded:
15.1% and 4.1%, respectively (Table 2). Costs per fully
immunized child and tetanus-vaccinated (TT2+) woman
were €11.9 and €6.8, respectively, in Gredaya, but compar-
atively higher in Chaddra/AmDobak at €30.3 and €18.7,
respectively (Table 2). Loss to follow-up (dropout rates)
was crucial for the calculated costs per outcome because
each incompletely immunized child and woman added to
the total costs but did not appear in the denominator. The
cost-effectiveness and running costs are currently being
evaluated by combining vaccination coverage and cost
data of both sectors and including household costs.

Achieved Vaccination Coverage

Sizes of the pastoralist communities were largely
unknown. To calculate the proportion of children and
women reached in Gredaya and Dourbali in 2003 and
2004, initial population sizes have been estimated by the
mark-recapture method. Vaccination cards were used as
marks; then during transect studies 1 year after the vacci-

nation, the vaccination status of randomly selected persons
was recorded. A Bayesian model enabled us to combine
different population estimates of nomadic groups and
recapture probabilities to obtain estimates of population
dynamics and population sizes at time of vaccination.
Estimated coverages of fully immunized children 0-11
months of age (DPT3/polio3) were 8% in 2003 and 14% in
2004 in Gredaya, and 8% in 2003 and 7% in 2004 in
Dourbali. Proportions of women who received TT2+ were
16% in 2003 and 36% in 2004 in Gredaya, and 13% in
2003 and 11% in 2004 in Dourbali. No cumulative cover-
age could be calculated because the total population sizes
in the vaccination zones varied between years. A trend
toward saturation of fully immunized children (12-36
months of age) and women could not be shown. Further
complicating evaluation, new nomadic families enter the
vaccination zones because of flexible routes and sched-
ules. This dynamic is reflected in high estimated emigra-
tion rates (on average involving 70% of the total
population).

Perception of Campaigns

Pastoralist communities highly value the combined
approach that considers the health of their family members
and of their livestock (Figure) (20). In addition to anecdot-
al positive feedback from pastoralists and health and vet-
erinary personnel, our data collected during the 14

Table 3. Cost per vaccinated livestock and cost and marginal cost per fully immunized child and woman in Gredaya and

Chaddra/AmDobak, Chad*

Veterinary sector

Public health sector

Gredaya, Chaddra/AmDobalk, Gredaya Chaddra/AmDobak
Cost per outcome livestock livestock FIC TT2+ FIC TT2+
Total no. vaccinated 54,185 2,182 1,697 1,679 405 488
Cost per vaccine dose administered 0.1 0.56 0.6 20 11 56
Cost per vaccinated livestockt or 0.25 0.56 11.9 6.8 30.3 18.7
fully immunized child or woman
Marginal cost per FIC/TT2+% 8.7 46 13.6 50

*FIC, fully immunized child; TT2+, woman with at least 2 antitetanus vaccinations.

tCost per vaccinated animal: either vaccination against anthrax, blackleg and pasteurellosis, or against contagious bovine pleuropneumonia at 1
encounter.

FMarginal cost per FIC and per TT2+ at a capacity limit of 200 vaccinated children and 100 women per day.
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campaigns showed a higher mean of 131 (95% confidence
interval [CI] 115-148) persons vaccinated per day for 176
combined vaccination days compared with 100 (95% ClI
94-106) for 377 days when only persons, and not live-
stock, were vaccinated (p<0.001 by Poisson regression
with random effect on zone and adjusted to number of vac-
cination rounds). Pastoralists no longer refused vaccina-
tion of their livestock as had sometimes been the case
before veterinarians were accompanied by medical person-
nel. A key statement repeatedly made by nomadic parents
was, “Measles and whooping cough have disappeared
among nomads, although it remains at the market-sites we
visit. And when we attend markets, we no longer contam-
inate our camps with these diseases.”

Typically, the initial contact between nomadic fami-
lies and health personnel is established during the vaccina-
tion program (24). The nomadic pastoralists perceive the
high-quality services that are offered at the health center
and start to trust the health providers. The public health
sector was thus able to use the campaigns as a gateway to
the pastoralists. Increasingly, nomadic parents are visiting
health centers with their children to seek vaccination serv-
ices. Based on the positive outcomes of these pilot cam-
paigns, Chadian public health and veterinary officials are
currently planning a common policy for child and live-
stock vaccination in pastoralist populations. Going to scale
at district and national levels with combined public health
and veterinary campaigns is sought in concert with other
ministries such as education. This may become a model for
other governments who face similar difficulties in reaching
remote livestock keepers because of communities reluctant
to comply with public or private officials or insufficient
infrastructure and resources.

Identifying Synergies in Face of Public
Sector Financial Constraints

Privatization of veterinary services was initiated in
many parts of Africa and Asia as part of a broader effort to
improve delivery of animal healthcare in the face of
decreasing governmental expenditure and poor public sec-
tor performance (25). Numerous incentive schemes were
designed to stimulate the privatization process.
Subcontracted veterinarians can be effective in the imple-
mentation of vaccination campaigns, given that the gov-
ernment subsidizes work in more remote zones. Our
analysis on vaccination costs of private veterinarians
showed that even with subsidies, income margins of pri-
vate veterinarians in rural zones for vaccination services
(and vaccination being their main activity) were narrow,
and most private veterinarians who had started business in
rural zones had since withdrawn. Community-based ani-
mal health service projects partly fill the gap in chronical-
ly underserved rural areas (26). However, to efficiently
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Figure. Polio vaccination of a nomadic child in Chad. While chil-
dren and woman in the camp received vaccinations by public
health workers, the livestock in the camp received vaccinations by
veterinarians. Source: Project Santé des Nomades au Tchad.

reach remote zones for mass vaccination campaigns, vehi-
cles are needed to maintain the cold chain that cannot be
achieved with other transportation means such as horses.
In some instances, there is a lack of independent and regu-
lar quality control of veterinary vaccine production facili-
ties in low-income countries (27). Insufficient vaccination
coverage was commonly believed to be responsible for
anthrax outbreaks in Chad. However, a survey showed that
most pastoralists reported that vaccines were no longer
efficacious. Subsequent, quality control of the anthrax vac-
cine confirmed the concerns of the livestock owners (23).

To ensure effective surveillance and vaccination cov-
erage, which were once provided by the government, vet-
erinary privatization policy is currently under review by
the World Organization for Animal Health, the Food and
Agriculture Organization of the United Nations, and the
African Union (Regional Conference in N’Djaména,
February 13-15, 2006). New policies should be judged on
whether they adequately support the rural poor in continu-
ing livestock-based livelihoods (2,28), which in arid and
semiarid zones are often the only way to productively use
the natural resource base.

Exploiting synergies for interventions and information
dissemination becomes more and more important. Within
countries, regular intersectoral exchange of disease occur-
rence information adds to better preparedness in both sec-
tors, but such exchange of information does not exist in all
countries. The more recently evaluated institutional collab-
orations between public health and veterinary services seek
to identify appropriate control strategies for diseases where
medical and veterinary cooperation for control is becoming
a single continuum. Transsectoral economic analyses of
livestock disease control may demonstrate increased
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profitability and contribute to advocacy for improved con-
trol of zoonoses in developing countries (29).

Conclusions

Sustained vaccination programs are essential tools for
both the public health and veterinary sectors. Combined
human and livestock vaccination reduces operational costs
of interventions requiring costly transportation and is
adapted to livestock holders who highly value the
approach that considers the health both of the family and
of the animals that contribute importantly to their liveli-
hood. In Chad, a common policy agreement between the 2
sectors on cooperation in rural zones should define a cost-
sharing scheme. By optimizing the use of limited logistical
and human resources, public health and veterinary servic-
es will be strengthened, especially at the district level, and,
in turn, will be more prepared and operational in respond-
ing to endemic and epidemic diseases.
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Mycobacterium tuberculosis strains that are resistant
to an increasing number of second-line drugs used to treat
multidrug-resistant tuberculosis (MDR TB) are becoming a
threat to public health worldwide. We surveyed the Network
of Supranational Reference Laboratories for M. tuberculo-
sis isolates that were resistant to second-line anti-TB drugs
during 2000-2004. We defined extensively drug-resistant
TB (XDR TB) as MDR TB with further resistance to >3 of
the 6 classes of second-line drugs. Of 23 eligible laborato-
ries, 14 (61%) contributed data on 17,690 isolates, which
reflected drug susceptibility results from 48 countries. Of
3,520 (19.9%) MDR TB isolates, 347 (9.9%) met criteria for
XDR TB. Further investigation of population-based trends
and expanded efforts to prevent drug resistance and effec-
tively treat patients with MDR TB are crucial for protection
of public health and control of TB.

ultidrug-resistant tuberculosis (MDR TB) has been
documented in nearly 90 countries and regions
worldwide (1); 424,203 cases of MDR TB were estimated
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to have occurred in 2004, which is 4.3% of all new and
previously treated TB cases (2). Treatment for MDR TB
patients requires use of second-line drugs for >24 months.
These drugs are more costly, toxic, and less effective than
first-line drugs used for routine treatment of TB (3-6). As
with other diseases, resistance to TB drugs results primari-
ly from nonadherence by patients, incorrect drug prescrib-
ing by providers, poor quality drugs, or erratic supply of
drugs (7).

To facilitate treatment of MDR TB in resource-limit-
ed countries, where most TB cases occur (1,2), the World
Health Organization (WHO) and its partners developed the
Green Light Committee, which helps ensure proper use of
second-line drugs, to prevent further drug resistance (8).
Nonetheless, the Green Light Committee encountered
numerous anecdotal reports of MDR TB cases with resist-
ance to most second-line drugs. Once a strain has devel-
oped resistance to second-line drugs, these new TB strains
are even more difficult to treat with existing drugs.
Untreated or inadequately treated patients are at increased
risk of spreading their disease in the community, which
could lead to outbreaks in vulnerable populations and
widespread emergence of a lethal, costly epidemic of drug-
resistant TB, reminiscent of the MDR TB outbreaks in the
early 1990s (9-13). Therefore, to determine whether these
anecdotal reports were isolated events, early evidence of
an emerging epidemic, or the occurrence of virtually

1Current affiliation: Albert Einstein College of Medicine, Bronx,
New York, USA

2Member: World Health Organization/International Union against
Tuberculosis and Lung Diseases Network of Supranational
Reference Laboratories

3Current affiliation:
Switzerland

World Health Organization, Geneva,
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untreatable forms of drug-resistant TB that had not been
described previously in different parts of the world, we
characterized and quantified the frequency of second-
line—drug resistance in several geographic regions.

We sought to determine the extent to which highly
resistant Mycobacterium tuberculosis strains have been
identified by the international laboratories that participate
in the Network of Supranational Reference Laboratories
(SRLS). The SRL Network consists of 25 highly proficient
TB laboratories on 6 continents. These laboratories collab-
orate with national reference laboratories to strengthen
culture and drug-susceptibility testing capacity and to pro-
vide quality control for the WHO/International Union
Against Tuberculosis and Lung Diseases Global Project on
Anti-TB Drug Resistance (14).

Methods

Participants

From November 2004 through November 2005, we
surveyed the global SRL Network. All SRL directors were
invited to participate during the 2004 annual SRL directors
meeting, by individual mailings, and by personal phone
calls. Drug-susceptibility testing results were requested for
M. tuberculosis isolates that had been tested for resistance
to first-line drugs and second-line drugs during
2000-2004. Two SRLs were not eligible because they did
not test for second-line drugs or tested for <3 classes of
second-line drugs.

The 14 SRLs that provided data for this study support
112 TB laboratories in 80 countries worldwide (Figure 1).
SRLs serve as international reference laboratories to a
wide geographic area, performing drug-susceptibility test-
ing that may not be available in a country (e.g., for second-
line drugs) and providing quality assurance for
first-line—drug testing. Most SRLs also serve as the nation-
al reference laboratory for the country in which they are
located; they receive varying proportions of isolates from
their own and other countries for surveillance, clinical
diagnosis, and quality assurance. First-line—drug suscepti-
bility testing is performed on all isolates; second-line—drug
susceptibility testing is usually limited to isolates from
patients known or suspected to have drug-resistant TB. Of
the 14 participating SRLs, not all tested for all 6 classes of
second-line drugs, and 4 did not submit data for the entire
survey period.

In contrast, the SRL in the Republic of Korea serves
as the national reference laboratory and routinely performs
an extended diagnostic panel of drug-susceptibility testing
on isolates from culture-positive TB patients referred from
health centers, hospitals, and clinics in the Republic of
Korea. This SRL tests all isolates for 6 classes of second-
line drugs; thus, data from the Republic of Korea reflect
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most culture-positive cases and provide a close approxi-
mation to a population estimate of prevalence. Because of
the large number of isolates received and because sam-
pling for these isolates is systematically different from that
at the other SRLs (testing of all TB patients in the Republic
of Korea vs testing of patients more likely to have drug-
resistant TB in other SRLS), resistance patterns for the
Republic of Korea were analyzed separately from those for
the other SRLs.

Laboratory Methods

Among participating SRLs, different but internation-
ally accepted methods were used to test for second-line
drug resistance (details available upon request). Validation
of drug-susceptibility testing results for second-line drugs
was not performed as part of this survey, but as part of their
role as global reference laboratories, all SRLs participate
in international proficiency testing for first-line drugs.
Quality assurance procedures for second-line—drug sus-
ceptibility testing have not been developed; as a proxy for
quality assurance, we examined the accuracy of second-
line—drug susceptibility testing among isolates susceptible
to the 4 main first-line drugs (isoniazid [INH], rifampin
[RIF], ethambutol, and streptomycin). On the basis of
known mechanisms of drug resistance, finding an isolate
that is susceptible to all first-line drugs and resistant to sec-
ond-line drugs is unlikely (7).

Procedures and Definitions

A standardized reporting form requested anonymous
data for all isolates tested for resistance to >3 second-line
drug classes during 2000-2004. Data were abstracted from
the records, electronic or paper, depending on laboratory
practices for data management. Results were submitted for
1 isolate per patient. 