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in net calcification rate and gross community
production but had no noticeable effect on the
ratio of calcification to photosynthesis. Other spe-
cies need to be investigated in light of the var-
iability encountered in response to changing PCO2

between coccolithophore species that are repre-
sentative of low and mid-latitudes (25).

Future research is needed to fully constrain
productivity changes over the Anthropocene pe-
riod, extend our understanding of calcification
changes at different latitudes and in different
ocean basins, and quantify how changing ballast
will affect export production. The widely held
assumption that all coccolithophores will decrease
their calcification under elevated PCO2 needs
reappraisal in the light of our laboratory and field
observations that demonstrate enhanced PIC pro-
duction and cell size under high PCO2 conditions
and the resilience of calcifying phytoplankton in
the geological record (34). Our analyses are high-
ly relevant to ocean biogeochemical modeling
studies and underline the physiological and
ecological versatility of coccolithophores and their
evolutionary adaptation through changes in ocean
carbonate chemistry associated with past and
projected PCO2 levels.
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The Global Circulation of Seasonal
Influenza A (H3N2) Viruses
Colin A. Russell,1 Terry C. Jones,1,2,3 Ian G. Barr,4 Nancy J. Cox,5 Rebecca J. Garten,5
Vicky Gregory,6 Ian D. Gust,4 Alan W. Hampson,4 Alan J. Hay,6 Aeron C. Hurt,4 Jan C. de Jong,2
Anne Kelso,4 Alexander I. Klimov,5 Tsutomu Kageyama,7 Naomi Komadina,4 Alan S. Lapedes,8
Yi P. Lin,6 Ana Mosterin,1,3 Masatsugu Obuchi,7 Takato Odagiri,7 Albert D. M. E. Osterhaus,2
Guus F. Rimmelzwaan,2 Michael W. Shaw,5 Eugene Skepner,1 Klaus Stohr,9 Masato Tashiro,7
Ron A. M. Fouchier,2 Derek J. Smith1,2*

Antigenic and genetic analysis of the hemagglutinin of ~13,000 human influenza A (H3N2)
viruses from six continents during 2002–2007 revealed that there was continuous circulation in
east and Southeast Asia (E-SE Asia) via a region-wide network of temporally overlapping epidemics
and that epidemics in the temperate regions were seeded from this network each year. Seed strains
generally first reached Oceania, North America, and Europe, and later South America. This evidence
suggests that once A (H3N2) viruses leave E-SE Asia, they are unlikely to contribute to long-term
viral evolution. If the trends observed during this period are an accurate representation of overall
patterns of spread, then the antigenic characteristics of A (H3N2) viruses outside E-SE Asia may
be forecast each year based on surveillance within E-SE Asia, with consequent improvements
to vaccine strain selection.

Influenza A (H3N2) virus is currently the ma-
jor cause of human influenza morbidity and
mortality worldwide. On average, influenza

viruses infect 5 to 15% of the global population,
resulting in ~500,000 deaths annually (1). De-
spite substantial progress in many areas of influ-
enza research, questions such as when and to
what extent the virus will change antigenically,
and to what extent viruses spread globally, re-
main unanswered. A fundamental issue behind
these questions is whether epidemics are the con-

sequence of low-level persistence of viruses from
the previous epidemic or whether they are seeded
from epidemics in other regions and, if so, from
where (2–8).

Addressing these issues of local persistence
and global spread is vitally important for designing
optimal surveillance and control strategies. If epi-
demics were regularly seeded from an outside re-
gion and if the source region of seed strains could
be identified, it may be possible to forecast which
variants would appear in epidemics in seeded
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regions and, consequently, to optimize vaccine
strain selection. Alternatively, if viruses persist with-
in a region, evolve, and reemerge to cause the next
epidemic, intervention strategies targeting virus
circulation between epidemics might be effective
in minimizing subsequent epidemics.

The eight gene segments of influenza Aviruses
reassort, leading to complicated phylogenetic
patterns at the genomic scale (4, 8–10). The gene
segment coding for the hemagglutinin (HA) is of
major importance because the HA protein is the
primary target of the protective immune response.
Consequently, the HA is the focus of public health
surveillance and the primary component of cur-
rently licensed influenza vaccines. We used anti-
genic and genetic analyses of the HA as a marker
to investigate the global evolution and epidemiol-
ogy of influenza A (H3N2) viruses from 2002 to
2007 and to determine whether influenza epidem-
ics arise from locally persisting strains or whether
epidemics are seeded from other regions.

Antigenic Evolution
Antigenic cartography has shown that the anti-
genic evolution of A (H3N2) virus, since its ap-
pearance in humans in 1968, can be represented
by a two-dimensional (2D) antigenic map (11).
Since 2002, the antigenic evolution of A (H3N2)
viruses has roughly followed a line away from
the A/Sydney/5/1997-like viruses that predomi-
nated in 1998 through the A/Fujian/441/2002-
like viruses to the A/California/7/2004-like viruses
to the A/Wisconsin/67/2005-like strains that pre-
dominated in 2006 and 2007. Figure 1A uses this
directional bias to make a 2D plot to show spatial
antigenic evolution and epidemiology in one plot.

Previously, Smith et al. (11) showed that, from
1968 to 2003, the antigenic evolution ofA (H3N2)
virus was punctuated: Periods of relative stasis
lasting from 3 to 8 years were followed by rapid
antigenic change, resulting in transitions to new
antigenic clusters that necessitated an update of
the influenza virus vaccine strain. During this
time, several clusters also exhibited intracluster
antigenic evolution, necessitating a within-cluster
update of the vaccine strain. We find a similar
pattern of intracluster antigenic evolution from
2002 to 2007. During this time, antigenic evo-
lution progressed away fromA/Sydney/5/1997 at
an average rate of 2.13 antigenic units per year
(Fig. 1A). A distance of two antigenic units,

representing a fourfold difference in hemaggluti-
nation inhibition (HI) assay titer, is generally
considered as a sufficient antigenic difference to
warrant a vaccine update. The A (H3N2) compo-
nent of the influenza vaccine was updated four
times during this period. A core component of
vaccine strain selection involves identifying emerg-
ing antigenic variants. If an emerging variant is
judged likely to cause epidemics in the upcoming
influenza season, the vaccine is updated to con-
tain a representative of the new strain.

We find differences in the amount of antigenic
variation seen during an epidemic in different re-
gions and from year to year in the same region
(Fig. 1A). Despite such spatial and temporal heter-
ogeneities, the antigenic evolution has been marked-
ly homogeneous on a global scale. An explanation
for this homogeneity could be that viruses circu-
late globally rather than persist and evolve locally.

To search for global patterns in the source of
emerging variants, we measured which regions
were leading or trailing antigenically and found
that, from 2002 to 2007, newly emerged strains
of the A (H3N2) subtype appeared in E-SEAsian
countries, on average, ~6 to 9 months earlier than
they appeared in other regions, with long delays
to South America, typically of an additional ~6 to
9 months (Fig. 2A). Though A (H3N2) viruses in
E-SE Asian countries are on average more anti-
genically advanced, there is sufficient variability
from season to season (colored circles in Fig. 2A)
such that no one particular country in the region is
consistently most advanced. Thailand, Malaysia,
and Japan are exceptions to the Asia-leading pat-
tern, being less antigenically advanced than the
rest of the region.

One interpretation of this Asia-leading pattern
is that new variants emerge first in E-SEAsia and
subsequently seed other regions of the world. An
alternative but more complex explanation is that
this pattern is the product of independent local
persistence in multiple regions and parallel evo-
lution in which similar antigenic variants emerge
independently worldwide as a result of similar
selection pressures. To test between these two
interpretations, we must answer the fundamental
long-standing question of whether influenza vi-
ruses persist in a region, and could thus undergo
parallel evolution, or whether regions are regu-
larly seeded from external regions.

About 10% of the ~13,000 A (H3N2) viruses
analyzed antigenically were also analyzed genet-
ically by sequencing the HA1 domain of the he-
magglutinin (12). This subset was a representative
sample of all ~13,000 isolates (fig. S1B) and thus
was suitable for investigating the ancestry of strains
and the fundamental issue of local persistence ver-
sus seeding in the global circulation of A (H3N2)
viruses. The genetic progression over time (Fig. 1B)
shows similar average patterns to the antigenic
data, with Asia leading [as previously shown for
Taiwan (13)] and South America trailing (Fig. 2,
A and B). However, there were important differ-
ences (China in 2005 and Oceania in 2005). For
influenza vaccine strain selection, genetic-antigenic

differences are resolved in favor of the antigenic
data, because the humoral immune system “sees”
the virus phenotype, not the genotype.

Persistence Versus Seeding
Source of inter-epidemic strains. The simplest
test of persistence versus seeding is to examine
the origin of strains isolated between epidemics.
If viruses persist locally, at least some of the
inter-epidemic strains would be descended from,
and thus more closely related to, strains from the
previous epidemic than to strains from outside
the region. Alternatively, if there was no persist-
ence, inter-epidemic strains would be more sim-
ilar to strains from elsewhere.

We sequenced the HA1 domains of 52 inter-
epidemic strains isolated in Oceania (primarily
Australia and New Zealand), North America, and
Japan from June 2002 to September 2006. None
of these inter-epidemic strains was more similar
to strains from the previous local epidemic than
to externally circulating strains (Fig. 3). This re-
sult is evidence for external seeding and against
local persistence.

Even when done well, inter-epidemic surveil-
lance yields relatively small amounts of data that
can never completely rule out the existence of
local virus persistence between epidemics, espe-
cially of any low-pathogenic variants that pro-
duce subclinical infections. The test described in
the next section has the advantage of using all
available sequence data rather than being limited
to inter-epidemic data. Nevertheless, all tests must
take into account the effects of external introduc-
tions during local epidemics (14).

Evolutionary relationship of strains from one
epidemic to the next in a region. As described
by Nelson et al. (4, 8), if epidemic strains persist
locally and give rise to the next local epidemic,
those strains should be more closely related to one
another than to strains isolated in other regions,
and a phylogenetic tree of the data would look like
that depicted in fig. S2A. Conversely, if epidemics
were seeded from outside a region, the epidemic
strains would be more similar to contemporary
strains from outside that region than to strains
from the previous local epidemic (fig. S2B).

Following the methodology of Nelson et al.
(4, 8), we constructed a phylogenetic tree of the
HA1 domain of the hemagglutinin from the se-
quenced subset of the global surveillance data (Fig.
1C and fig. S3A). In this tree, the HA1 of the
viruses in each epidemic in a temperate region
(four in North America, five in Oceania, four in
Europe, and four in Japan) and each epidemic in a
subtropical region (three inHongKong) descended
from externally circulating strains, not from strains
in the previous local epidemic (Fig. 1, C and D).
The topology of this tree is more similar to that in
fig. S2B than to that in fig. S2A. This result is also
evidence for external seeding and against persist-
ence. For other regions, including most tropical
and subtropical regions, there were fewer se-
quences, and it was not possible to conclusively
differentiate between persistence and seeding.
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Fig. 1. Global patterns in antigenic and genetic
evolution over time. (A) Antigenic distance from A/
Sydney/5/1997 virus of all isolates plotted against time
of isolation. One unit of antigenic distance corresponds
to a twofold dilution of antiserum in the HI assay. Each
point corresponds to a laboratory-confirmed influenza
A (H3N2) isolate, with the color of the point indicating

the regionof geographic origin as shown in (E). The thickblack line is thebest-fit statisticalmodel (a loess spline) fitted throughall data points to show the trendover time.
Points in advance of the spline are antigenically advanced, whereas strains behind the spline are antigenically lagging. (B) Genetic version of (A) for all sequenced strains
with distance measured to the root, A/Wuhan/359/1995, of a maximum likelihood nucleotide phylogenetic tree (C). The thick black line is the same as in (A) but for the
genetic data. (C) Phylogenetic tree of HA1 nucleotide sequences color-coded by geographic origin (E), including strain names and isolation dates. We constructed the
initial tree with the PhyML software package version 2.4.5 (38), with 1567 nucleotide sequences (12) and A/Wuhan/359/1995 as the root, using GTR+I+G4 (the general
time-reversiblemodelwith theproportionof invariant sites and thegammadistributionof among-site rate variationwith four rate categories estimated from theempirical
data) [determined by ModelTest (39)] as the evolutionary model. GARLI version 0.951 (40) was run on the best tree from PhyML for two million generations to optimize
tree topology and branch lengths. Figure S3A provides a “zoom-able” version of this image. (D) Partial detail of (C). (E) Color-coded geographic setting for (A) to (D).
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This evidence for external seeding and against
persistence agrees with full-genome analyses of
NewYork state, Australia, andNewZealand data
that show global migration of A (H3N2) viruses
rather than local persistence (4, 8–10, 15). In ad-
dition, Nelson et al. (8) find evidence compatible
with either northern-to-southern hemisphere mi-
gration or migration from tropical regions, in-
cluding Southeast Asia.

Source of Seeding
Given this evidence for seeding and against local
persistence, we are left with the interpretation that
the E-SE Asia–leading pattern (Fig. 2, A and B)
implies that new variants emerge first in E-SE
Asia and then seed the rest of the world. The
phylogenetic tree provides further evidence to

support this interpretation, showing that the an-
cestors of strains in temperate regions typically
originate in E-SE Asia, with the “trunk” of the
phylogenetic tree typically occupied byE-SEAsian
strains (Fig. 1, C and D) and with, on average,
E-SEAsian strains closer to the trunk (P < 0.001)
than strains from all other regions (Fig. 2C).

The above analyses, in addition to being evi-
dence for an “out of E-SE Asia” hypothesis, are
also evidence against several other long-standing
unresolved hypotheses for the global circulation
of influenza viruses, as follows.

Out-of-China. If China alone were the source
of all new variants and effectively seeded the rest
of the world (16), then Chinese strains would be
(i) closer to the trunk than strains from all other
regions each year and (ii) consistently antigeni-

cally and genetically advanced relative to strains
from other regions, both of which we do not find
(Fig. 2). Commensurate with previously published
studies, we find new variants are sometimes first
detected in China (15, 17, 18); however, we also
find that new variants are sometimes first detected
in other countries in E-SE Asia (Fig. 2).

Out-of-tropics. In this hypothesis, epidemics
in regions outside the tropics are seeded from the
tropics (7, 19). If true, A (H3N2) viruses would
need to circulate continually in the tropics and
would give rise to one of two evolutionary
patterns. One pattern would arise if tropical Asia,
Africa, and South America were well connected
epidemiologically to one another; in this case,
all three regions would be similarly antigenical-
ly and genetically advanced and closer to the
trunk than nontropical regions. The other pattern
would arise if the three tropical regions were
poorly connected epidemiologically to one an-
other; in this case, there would be independent
genetic lineages for each tropical region. There is
currently not enough data to include tropical
Africa in this analysis. However, for tropical Asia
and South America, neither of these patterns is
observed (Figs. 1C and 2 and fig. S3A) (14).

Seeding by strains moving between the north-
ern and southern hemispheres. If this hypothesis
were true, then each year epidemics in the
northern hemisphere would be seeded by viruses
from epidemics in the southern hemisphere and
vice versa (20–22). The phylogenetic tree for the
HA1 domain (Fig. 1C and fig. S3A) shows no
evidence for epidemic strains in the northern hemi-
sphere being descendant from strains epidemic in
South America or Africa. The tree shows limited
evidence for Oceania playing a role in seeding a
minority of epidemics in the northern hemisphere
(14) but at a level insufficient to support this
hypothesis as the dominant mechanism of the
global circulation of influenza viruses. This
hypothesis also fails to explain how viruses from
Asia, which is almost entirely contained within
the northern hemisphere, lead antigenically and
genetically and are closest to the trunk of the
phylogenetic tree.

Local persistence with seeding only at cluster
transitions. Though there was no major cluster
transition during our study period, there has been
an average of 2.13 units of antigenic evolution
each year. Even so, in temperate regions, no local
persistence could be detected, and each epidemic
was seeded by exogenous strains. The drift vari-
ants observed in this study have emerged from
E-SE Asia; however, because we have not seen
a major cluster transition of the magnitude of
Wuhan 1995 to Sydney 1997 (~4.7 antigenic
units), we can neither exclude that in such a case
a new variant could emerge outside E-SE Asia
nor that it could affect seeding patterns.

The E-SE Asian Circulation Network
For E-SE Asia to seed epidemics in multiple re-
gions of the world, influenza virus must circulate
continually in E-SE Asia. But how?
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Fig. 2. Evolutionarily leading and trailing regions. (A) Black circles indicate the average antigenic
distance to the spline of Fig. 1A for all strains isolated in a region, and the thin horizontal black line
indicates the SEM. Colored circles split this overall average by epidemic; circle color indicates time. The
spline can also be interpreted as a function of time; thus, time is shown as a second x axis. (B) Similar to
(A) but based on genetic distance to spline from Fig. 1B. (C) Genetic distance to trunk of the phylogenetic
tree by region and season. We algorithmically defined the trunk of the tree in Fig. 1C (14) and calculated
the tree distance of each strain to the trunk. Average distance to trunk was calculated per region and per
season. The black circles indicate the overall average per region, the thin horizontal black line indicates
the SEM, and colored circles indicate seasonal averages. The mean for E-SE Asia is different from that of
Oceania (P < 0.00001), North America (P < 0.001), Europe (P < 0.01), and South America (P < 0.0001).
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It is generally considered that influenza vi-
ruses continually circulate in tropical countries
(7, 23–27) and, if this were true, it would explain
how influenza viruses could persist in tropical
Asia. Indeed, circulation in an endemic core area

that seeds satellite areas has been shown to be a
key epidemiological process for the continual cir-
culation of antigenically stable pathogens (28, 29).
Reports based on influenza-like illness (ILI) or
influenza and pneumonia mortality (IPM) data

describe continual circulation in the tropics (23).
However, several viruses other than influenza can
cause ILI and IPM, and studies from tropical
countries based on viral isolations show amarked
seasonality for influenza epidemics, with peaks
usually occurring during periods of high rainfall
(30–35). In agreement with these studies based
on virus isolation, our virus isolation study also
finds that influenza has clear epidemic peaks and
deep troughs in all regions, including the four
tropical and four subtropical E-SE Asian coun-
tries for which there are sufficient data to detect
an epidemic signal. Thus, continuous circulation
in individual tropical countries is unlikely to be
the mechanism for persistence in E-SE Asia.
However, more data from a wide diversity of
locations are needed to fully understand seasonal
forcing and to definitively exclude local persist-
ence as an element of transmission dynamics in
tropical and subtropical areas of E-SE Asia.

Another possibility for continual circulation
is that viruses pass from epidemic to epidemic
among countries via the mobile human popula-
tion. Figure 4, A and C, shows that there is suf-
ficient variability in the timing of epidemicswithin
E-SE Asia such that the virus could circulate
continuously in this way as a result of the tem-
poral overlap of epidemics. Much of the varia-
bility in the timing of epidemics is likely to be
linked to the heterogeneity in the timing of lower
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Fig. 4. Synchrony of epidemics in east Asia and the South Pacific. (A)
Epidemics in east Asia. The y axis shows laboratory-confirmed H3N2
infections per 2 weeks as a proportion of the total number of laboratory-
confirmed H3N2 infections over the study period in each location. (B) Strains
on the trunk of the phylogenetic tree are of particular evolutionary
importance in testing for virus migration among countries. In (B) and (E),
there is a circle for every strain on the trunk of the phylogenetic tree (figs.
S3A and S4). The purpose is to show where the trunk strains were isolated

[top row color code from (A), bottom row from (C)] and when they were
isolated, to assess the epidemiological activity at the time of isolation. Cyan
circles represent E-SE Asian strains but in locations not shown in (F). (C)
Same as (A) but for tropical Southeast Asia. (D) Same as (A) but for Australia
and New Zealand. (E) Same as (B), but the top row are Oceanian strains
[cyan circles represent strains from cities in Australia not shown in (F)], and
the bottom row are strains from North America (blue) and Russia and
Ukraine (yellow). (F) Geographic setting for (A) to (E).

Fig. 3. The genetic re-
lationship of interseason-
al strains to strains in the
previous local epidemic
and to strains epidemic
in other regions. Inter-
seasonal strains are de-
fined as strains isolated
more than 1month after
the end of the previous
local epidemic andmore
than 1 month before the
beginning of the next lo-
cal epidemic. For each
interseasonal strain, the
phylogenetic tree dis-
tance was calculated to
the closest strain in the
previous epidemic and to
the closest strain found
outside the region in the
previous 4 months. The
diagonal line is 1:1 and
is included for reference.
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temperatures and rainy seasons (19, 33, 36). We
thus hypothesize that the variability of epidemics,
combined with the interconnectedness of E-SE
Asian countries, forms an E-SE Asian circulation
network that maintains influenza virus in the re-
gion by passing from epidemic to epidemic.

If such a network existed, we would expect a
temporal and phylogenetic progression of E-SE
Asian viruses on the trunk of phylogenetic tree as
viruses pass from epidemic to epidemic within
the network. Figure S4 shows such a progression,
and Fig. 4, B and E, shows the relationship of
these trunk strains to the timing of epidemics.
Trunk strains were isolated in temperate, subtrop-
ical, and tropical regions of E-SEAsia, indicating
that all three climatic regions of E-SE Asia are
part of the circulation network. To test whether
the non–E-SE Asian strains on the trunk indicate
that the circulation network includes countries
outside of E-SE Asia or whether they represent
one-way seeding events out of E-SE Asia, we ex-
amined the phylogenetic tree (Fig. 1C and fig. S3A).
We found only limited instances of such seeding
back into E-SEAsia, with clear evidence that most
E-SE Asian strains were directly descendent from
other E-SE Asian strains (14)—thus indicating
that the temporally overlapping epidemics in E-SE
Asia form a circulation network that, during the
study period, has been mostly closed to external
reseeding.

E-SE Asia’s strong travel and trade connec-
tions to Oceania, North America, and Europe
(14, 37) facilitate the rapid movement of new in-
fluenza virus variants into those areas and thus
explain the relatively small lag in antigenic and
genetic advancement seen in those regions (Fig. 2,
A and B). Also, though it is unclear how much
travel there must be between two locations for
them tobe epidemiologicallywell-connected, South
America’s 6- to 9-month antigenic lag (Fig. 2A)
may be attributable to its paucity of direct connec-
tions with E-SE Asia (fig. S5). South America’s
strong travel connections to Europe and North
America, but not to E-SE Asia, could result in a
seeding hierarchy where strains are first seeded
into North America and Europe and from there to
South America (Fig. 5). Most strains appear to
circulate in this simple hierarchy, and even those

strains that circulate in a more complex hierarchy
still originate in E-SEAsia (14). Thus, the extinc-
tion ofmanyH3 lineages—a key characteristic of
the H3 phylogeny—may, in addition to the accu-
mulation of deleterious mutations (25), also be
due to reaching the end of this hierarchy.

Surveillance and Vaccine Strain Selection
A major practical function of WHO’s Global
Influenza Surveillance Network is to assist reg-
ulatory authorities to recommend which strains
should be included in influenza vaccines. Expand-
ing surveillance within the E-SE Asian circula-
tion network will aid the early detection of the
emergence and spread of new variants and could
help to more precisely define the network. Such
surveillance is crucial for optimizing vaccine strain
selection for countries within the network and for
forecasting which variants will seed epidemics in
the rest of the world, consequently increasing vac-
cine efficacy and ultimately reducing influenza
morbidity and mortality worldwide.

Given the importance of the HA, it is the
only portion of the virus genome that is currently
sequenced routinely within the WHO Global
Influenza Surveillance Network. Recently, whole-
genome sequencing initiatives have provided im-
portant insights into the genesis and spread of
reassortment viruses, their rapid migration, and
the cocirculation of multiple lineages (4, 8, 9, 15).
Expanded sequencing of whole genomes will
provide additional markers for tracking the global
migration of viruses and reveal potential differ-
ences between the global evolution of the HA
and the other gene segments. Such sequencing
efforts should include strains fromE-SEAsia and
be linked with antigenic data on HA and, in the
longer term, with phenotype changes determined
by other virus genes to fully understand the se-
lection pressures on influenza viruses and their
epidemiology.

The data used in this study were generated by
theWHOGlobal Influenza Surveillance Network.
Although there are biases in surveillance data,
these biases do not have a substantial effect on
the results (14). The methods we have used are
generic and, although applied here to human
influenza A (H3N2) viruses, are broadly appli-

cable to influenza viruses in other species and
to other pathogens.

Summary
We present evidence from antigenic and genetic
analyses of HA that, from 2002 to 2007, influ-
enza A (H3N2) virus epidemics worldwide were
seeded each year by viruses that originated in
E-SEAsia.We find evidence that temporally over-
lapping epidemics in E-SE Asia create a circula-
tion network in which influenza A (H3N2) viruses
continually circulate within the region by passing
from epidemic to epidemic. E-SE Asia’s strong
travel and trade connections with Oceania, North
America, and Europe, coupledwithweak connec-
tions to South America, could explain the seeding
hierarchy observed in this period where new virus
variants first seed epidemics in Oceania, North
America, and Europe and later in South America.
The mostly one-way nature of this hierarchy sug-
gests that, onceA (H3N2) viruses leave E-SEAsia,
they are unlikely to contribute to long-term viral
evolution. If the trends observed during this pe-
riod are an accurate representation of overall pat-
terns of spread, then the antigenic characteristics
of A (H3N2) viruses outside E-SE Asia may be
forecast each year based on surveillance within
E-SE Asia, with consequent improvements to vac-
cine strain selection and reductions in influenza
A (H3N2) morbidity and mortality. Intensified sur-
veillance, including whole-genome sequencing,
and better understanding of the evolutionary
selection pressures in E-SE Asia would further
improve vaccine strain selection worldwide and
potentially make influenza virus evolution more
predictable.
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Generalized Voice-Leading Spaces
Clifton Callender,1 Ian Quinn,2 Dmitri Tymoczko3*

Western musicians traditionally classify pitch sequences by disregarding the effects of five musical
transformations: octave shift, permutation, transposition, inversion, and cardinality change. We model
this process mathematically, showing that it produces 32 equivalence relations on chords, 243
equivalence relations on chord sequences, and 32 families of geometrical quotient spaces, in which
both chords and chord sequences are represented. This model reveals connections between
music-theoretical concepts, yields new analytical tools, unifies existing geometrical representations,
and suggests a way to understand similarity between chord types.

To interpret music is to ignore information.
A capable musician can understand the
sequence of notes (C4, E4, G4) in various

ways: as an ordered pitch sequence (for example,
an ascending C-major arpeggio starting on
middle C), an unordered collection of octave-
free note-types (for example, a C major chord),
an unordered collection of octave-free note-types
modulo transposition (for example, a major
chord), and so on. Musicians commonly abstract
away from five types of information: the octave
in which notes appear, their order, their specific
pitch level, whether a sequence appears right-side
up or upside down (inverted), and the number of
times a note appears. Different purposes require
different information; consequently, there is no
one optimal degree of abstraction.

Here we model this process. We represent
pitches by the logarithms of their fundamental
frequencies, settingmiddle C at 60 and the octave
equal to 12. A musical object is a sequence of
pitches ordered in time or by instrument (1): The
object (C4, E4, G4) can represent consecutive
pitches played by a single instrument or a

simultaneous event in which the first instrument
plays C4, the second E4, and the third G4. (In-
struments can be ordered arbitrarily.) Musicians
generate equivalence classes (2, 3) of objects by
ignoring five kinds of transformation: octave
shifts (O), which move any note in an object into
any other octave; permutations (P), which reorder
an object; transpositions (T), which move all the
notes in an object in the same direction by the
same amount; inversions (I), which turn an object
upside down; and cardinality changes (C), which
insert duplications into an object (4) (fig. S1 and
Table 1). (Note that O operations can move just
one of an object’s notes, whereas T operations

move all notes.) We can form equivalence rela-
tions with any combination of the OPTIC opera-
tions, yielding 25 = 32 possibilities.

Amusical progression is an ordered sequence
of musical objects. Let F be a collection of
musical transformations, with f , f1,:::, fn ∈ F .
The progression ( p1, …, pn) is uniformly F -
equivalent to [ f(p1),…, f( pn)] and individually
F -equivalent to [ f1(p1), …, fn(pn)]. Uniform
equivalence uses a single operation to transform
each object in the first progression into the
corresponding object in the second; individual
equivalence may apply different operations to a
progression’s objects (fig. S2). The OPTIC
operations can be applied uniformly, individual-
ly, or not at all, yielding 35 = 243 equivalence
relations on progressions.

A number of traditional music-theoretical
concepts can be understood in this way, including
chord (OPC), chord type (OPTC), set class
(OPTIC), chord-progression (individual OPC),
voice leading (uniform OP), pitch class (single
notes under O), and many others [table S1 and
(4)]. We can also combine OPTIC operations in
new ways, producing new music-theoretical
tools. For example, analogs to voice leadings

1College of Music, Florida State University, Tallahassee, FL
32306, USA. 2Music Department, Yale University, New
Haven, CT 06520, USA. 3Music Department, Princeton
University, Princeton, NJ 08544, USA.

*To whom correspondence should be addressed. E-mail:
dmitri@princeton.edu

Table 1. Equivalence relations and quotient spaces produced by the five principal transformations
in Western music theory. Here, x is a point in Rn, 1 represents (1, …, 1), and Sn is the symmetric
group of order n.

Equivalence relation Space

None Rn

Octave x ~O x + 12i, i ∈ Zn Tn

Transposition x ~T x + c1, c ∈ R Rn−1 or Tn−1 (if in conjunction with O)
(orthogonal projection creates a
barycentric coordinate system)

Permutation x ~P s(x), s ∈ Sn add /Sn

Inversion x ~I –x Add / Z2 [or /(Sn × Z2) if in
conjunction with P]

Cardinality (…, xi, xi+1 …) ~C
(…, xi, xi, xi+1 …)

Infinite dimensional “Ran space”
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