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       Flaviviruses are small, positive-strand RNA viruses which are transmitted from 
infected to susceptible vertebrate hosts primarily by  arthropods   (Burke and Monath 
 2001 ; Gubler et al.  2007 ). Flavivirus infections cause seasonal disease syndromes 
corresponding to mosquito and tick activity throughout the temperate and tropical 
areas of the world. These seasonal disease outbreaks have been recognized since the 
1800s, although fl aviviruses were not identifi ed as the etiological agents and arthro-
pods as the transmission vectors until early in the twentieth century, when virus 
isolation and characterization techniques were developed (Burke and Monath  2001 ; 
Solomon  2004 ; Monath  1989 ,  1999 ). 

 The genus  Flavivirus  is within the  Flaviviridae  family, which also includes the 
 Pestivirus  and  Hepacivirus  genera. The  Flavivirus  genus consists of nearly 80 
viruses, approximately half of which are associated with human disease (Burke and 
Monath  2001 ; Calisher and Karabatsos  1988 ; Roehrig  2003 ; Lindenbach et al. 
 2007 ). The majority of fl aviviruses are   ar thropod- bo rne viruses  , or arboviruses, 
with over half transmitted by mosquitoes, and approximately one third transmitted 
by  ticks   (Fig.  1 ). Five fl aviviruses have no known vector (Burke and Monath  2001 ). 
Flaviviruses are hypothesized to have derived from a monophyletic lineage, possi-
bly a plant virus, which entered the transmission cycle of a common ancestor to 
both ticks and mosquitoes, or to ticks and then later mosquitoes (Burke and Monath 
 2001 ; Mackenzie et al.  1996 ; Mackenzie and Field  2004 ).

   Flaviviruses were originally characterized serologically and divided into 8 anti-
genic complexes and 12 subcomplexes based on cross-neutralization assays with 
hyperimmune antisera (Burke and Monath  2001 ; Roehrig  2003 ; McMinn  1997 ; 
Calisher et al.  1989 ; King et al.  2012 ). Phylogenetic analyses of genomic sequences 
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from archival and recent fl avivirus isolates have, in most cases, confi rmed the 
 serologically derived antigenic relationships (Fig.  1 ) (Burke and Monath  2001 ; 
Lindenbach et al.  2007 ; King et al.  2012 ; Kuno and Chang  2005 ). Although there are 
regions of the fl avivirus genome that are highly conserved, particularly the genes that 
code for the antigenic epitopes in the envelope protein, there is also considerable 
genetic diversity within the genus, with the most distantly related fl aviviruses having 
only about 40 % sequence homology (Burke and Monath  2001 ; Calisher et al.  1989 ). 

 In regions where multiple fl aviviruses co-circulate a person may be at risk of serial 
fl avivirus infections, as a prior fl avivirus infection does not prevent infection by a differ-
ent fl avivirus. However, antibodies raised in the primary fl avivirus infection may modu-
late the second infection, resulting in milder or more severe illness (Gubler  1998a ,  b ; 
Porterfi eld  1986 ). Experimental evidence suggests that there may be some degree of 
cross-protection between fl aviviruses, as antibodies elicited in the fi rst fl avivirus infec-
tion produce an anamnestic response and partially neutralize the second fl avivirus, lead-
ing to reduced clinical symptoms (Tesh et al.  2002 ). This is hypothesized to be the 
mechanism for the lack of West Nile encephalitis cases in Central and South America 
compared to North America. In Central and South America many fl aviviruses are known 
to co-circulate and serosurveys have shown that a high  proportion of the population has 
been previously exposed to a fl avivirus. In comparison, in the United States and Canada, 
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  Fig. 1    General organization of a selection of fl aviviruses based on  phylogenetic analysis   of com-
plete genome sequences (King et al.  2012 ; Kuno and Chang  2005 ). The serological complexes and 
arthropod vectors are shown on the  right  (Burke and Monath  2001 ; Kuno et al.  1998 ). Nucleotide 
sequences were aligned using CLUSTALW in MegAlign (Lasergene 12, DNASTAR, Madison, 
WI); phylogeny generated using maximum likelihood (MEGA5) (Tamura et al.  2011 )       
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West Nile and St. Louis viruses have limited geographic ranges, and fl avivirus serop-
revalence is low. In contrast, in secondary dengue infections, the anamnestic response 
may enhance the entry of the second dengue serotype virus into cells, in a process call 
antibody-dependent enhancement of infection, which may result in more serious disease 
syndrome. It has been shown that in areas where transmission of multiple dengue sero-
types is occurring, most dengue infections are secondary infections, and there is a higher 
incidence of the more serious dengue hemorrhagic fever/dengue shock syndrome in 
comparison to areas where a single dengue virus serotype has recently emerged and 
infected a naïve population (Gubler  1998a ,  b ; Porterfi eld  1986 ). 

 Medically important fl aviviruses are associated with three  clinical syndromes  : 
encephalitis and meningitis; hemorrhagic fever; or fever, arthralgia, and rash (Burke 
and Monath  2001 ; Gould and Solomon  2008 ). All fl aviviruses are neurotropic to some 
degree, which is probably due to evolutionary conservation of the regions on the enve-
lope protein involved in host cell receptor interactions (Burke and Monath  2001 ; 
McMinn  1997 ; Monath  1986 ; Gritsun et al.  1995 ). The neurotropic fl aviviruses that 
cause neuroinvasive disease belong primarily to two groups: mosquito- borne viruses 
in the Japanese encephalitis serocomplex and tick-borne viruses in the tick-borne 
encephalitis serogroup (Fig.  1 ) (Burke and Monath  2001 ). The most important human 
pathogens in these two groups in terms of number of cases include Japanese encepha-
litis virus, West Nile virus, St. Louis encephalitis virus, and Murray Valley encephali-
tis virus in the Japanese encephalitis serocomplex; in the tick-borne encephalitis 
serocomplex, Powassan virus and tick-borne encephalitis virus subtypes Far Eastern, 
Siberian, and European (Burke and Monath  2001 ; McMinn  1997 ). In this chapter the 
general features of the neurotropic fl aviviruses will be reviewed. Clinical disease syn-
dromes, epidemiological and ecological aspects, as well as prevention strategies of 
specifi c medically important fl aviviruses will be described in individual sections at 
the end of the chapter, with the exception of Japanese encephalitis virus, which will 
be presented in the chapter entitled “Japanese Encephalitis Virus.” Dengue viruses, 
which usually cause febrile illness or hemorrhagic manifestations, occasionally pres-
ent as meningoencephalitis, and are discussed in the chapter entitled “Japanese 
Encephalitis Virus. “Note added in proof: Zika virus, previously considered to cause 
a mild febrile illness, has recently been associated with neurological disease in French 
Polynesia and the Americas. Much research will be needed to determine the mecha-
nisms of pathogenesis and the resultant clinical disease of this emerging virus.” 

    Ecology and  Epidemiology      

 Japanese encephalitis serocomplex viruses (Fig.  1 ) are maintained in enzootic 
cycles between birds and mosquitoes, primarily ornithophilic  Culex  spp. Humans 
become infected when they are bitten by an infected mosquito, but viremia is brief 
and low, and rarely of suffi cient titer to infect a mosquito through a blood meal. 
Similarly, ticks of the genus  Ixodes  are the vectors of the tick-borne encephalitis 
viruses, with small mammals such as rodents serving as vertebrate hosts (Calisher 
et al.  1989 ; Kuno et al.  1998 ; Grard et al.  2006 ). During transmission season, when 
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either the temperature or rainfall provides favorable mosquito or tick breeding con-
ditions, humans become infected when they are bitten by an infected arthropod 
vector. A more detailed, complete description of arbovirus transmission and ecol-
ogy is given in the chapter entitled “Infl uences of Arthropod Vectors on Encephalitic 
Arboviruses.” prospective multi-center study; no evidence was. Although in general 
these viruses are not transmitted in nature directly from host to host, cases of human-
to-human transmission have been reported to occur through blood transfusions and 
organ donations during epidemics of intense transmission activity (Montgomery 
et al.  2006 ; Iwamoto et al.  2003 ; Centers for Disease Control and Prevention  2003 , 
 2004 ; Cushing et al.  2004 ). Possible cases of sexual and congenital transmission 
have also been reported (Musso et al.  2015 ; Foy et al.  2011 ; O’Leary et al.  2006 ) 

 Flaviviruses from the two neurotropic fl avivirus groups are distributed widely 
throughout temperate and tropical regions of the world (Fig.  2 ). In Asia alone over 
three billion people are at risk of being infected with Japanese encephalitis virus. 
Although Japanese encephalitis virus has circulated in Asia for over 100 years, the 
virus is emerging in new areas where changing agricultural practices have brought 
arthropod vectors and vertebrate hosts into closer contact with one another, and into 
contact with naïve susceptible human hosts. As a result, despite the availability of 
effective, safe vaccines, Japanese encephalitis virus infection is the leading cause of 
pediatric encephalitis throughout Asia (Campbell et al.  2011 ; Hills et al.  2014 ). In 
addition, fl aviviruses such as West Nile virus have emerged for the fi rst time in areas 

  Fig. 2    Countries with historic reports of disease cases or other virus activity as of August 2015. 
Includes human disease cases, virus-specifi c  antibodies   in humans or other animals, or virus or 
viral RNA detected in mosquitoes or vertebrate animals. Geographical distribution by state or 
province of ( a ) West Nile virus, ( b )  St. Louis encephalitis virus  , ( c )  Murray Valley encephalitis 
virus  , and ( d )    tick-borne encephalitis fl aviviruses. The distribution of St. Louis virus in Canada in 
Ontario, Manitoba, and Quebec was based on a single North American outbreak in 1975–1976       
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where competent arthropod vectors and susceptible vertebrate hosts have provided 
the conditions necessary for establishment of virus transmission in new ecological 
niches. The introduction of West Nile virus into New York in 1999 and the spread 
of the virus throughout North America since then has resulted in the largest out-
breaks of meningitis and encephalitis in the Western Hemisphere (Solomon and 
Winter  2004 ). In contrast, although there is evidence of West Nile virus in Central 
and South America, there have been only sporadic reports of West Nile neuroinva-
sive disease cases. Powassan virus is being detected with greater frequency in wider 
geographical regions, probably due to increased laboratory-based surveillance for 
arboviruses in general since the introduction of  West Nile virus        .

       Flavivirus Structure and Replication 

 Flaviviruses are small, spherical viruses with icosahedral symmetry, approximately 
50 nm in diameter (Lindenbach and Rice  2001 ; Chambers et al.  1990 ) (Fig.  3 ). The 
virion is smooth, with no spikes or surface projections and comprises viral envelope 
and membrane proteins arranged in head-to-tail heterodimers, embedded in a host 
cell-derived lipid bilayer, surrounding a nucleocapsid core. The nucleocapsid consists 
of multiple copies of the capsid protein, arranged in an icosahedral, anchoring the 
RNA genome (Lindenbach et al.  2007 ; Kuhn et al.  2002 ; Mukhopadhyay et al.  2003 ). 
The single-stranded, positive-sense RNA genome, approximately 11-kb in length, 
functions as an mRNA, with a single open reading frame. The genome is fl anked at 
both the 5′ and 3′ ends by untranslated regions, and capped at the 5′ end (Fig.  4 ).  Viral 
proteins   are translated in a polyprotein that is co- and posttranslationally cleaved by 
cellular and viral proteases and glycosylated by cellular glycosyltransferases into 
three structural proteins: capsid, premembrane, and envelope; and seven nonstructural 
(NS) proteins: NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 (Lindenbach and 
Rice  2001 ; Zhang et al.  2003 ). The structural proteins make up the virus particle; the 

  Fig. 3    Negative staining 
electron micrograph of 
West Nile virions, 
approximately 45 nm in 
diameter (×216,000). The 
virus was isolated in Vero 
E6 cells from an organ 
transplant recipient who 
died in 2002 (Cushing 
et al.  2004 ) (From 
C. Goldsmith, CDC Public 
Health Image Library)       
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nonstructural proteins function primarily in viral replication and virion assembly, 
together with host cell factors (Lindenbach and Rice  2001 ; Chambers et al.  1990 ). The 
envelope  glycoprotein   is the major surface protein of the viral particle. It interacts 
with specifi c host cell receptors in the initial binding of the virus to the cell surface and 
is involved with membrane fusion and entry; thus it is an important determinant of 
tissue tropism and virulence (Roehrig  2003 ; Heinz and Roehrig  1990 ). The envelope 
protein is also the major viral antigen against which host protective antibodies are 
elicited (Roehrig  2003 ; Heinz and Roehrig  1990 ; Guirakhoo et al.  1992 ). Comparison 
of fl avivirus envelope protein sequences has shown both highly conserved and highly 
variable subregions (Burke and Monath  2001 ; Kuno and Chang  2005 ). However, 
despite the lack of proofreading in RNA viruses during replication, the envelope gene 
is one of the most slowly evolving sites, which is probably due to the selective pres-
sure of infecting and replicating in both vertebrate and arthropod cells.

    Flavivirus replication takes place in the  host cell cytoplasm   (Fig.  5 ). The virus 
binds to the surface of host cells through an interaction between the envelope  protein 
and specifi c cellular receptors (Lindenbach and Rice  2001 ; Chambers et al.  1990 ; 
Seligman and Bucher  2003 ; Koschinski et al.  2003 ). Following attachment, fusion and 
entry of the virus is carried out via receptor-mediated endocytosis, where the envelope 
protein undergoes an acid-catalyzed conformational change, resulting in membrane 
fusion, uncoating, and release of the nucleocapsid into the cytoplasm (Lindenbach and 
Rice  2001 ; Heinz and Roehrig  1990 ). Following translation and processing of the viral 
proteins, a viral replicase is assembled from viral nonstructural proteins and host fac-
tors. Viral replication is initiated with the synthesis of a genome-length minus-strand 
RNA intermediate, which serves as a template for the synthesis of genomic RNA 
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  Fig. 4    Flavivirus genome organization. The single-stranded, positive sense RNA genome func-
tions as a messenger RNA consisting of a single open reading frame that codes for a single poly-
protein, fl anked by noncoding regions at the 5′- and 3′-terminal ends. The polyprotein is co- and 
posttranslationally cleaved by cellular and viral proteases into three structural and seven nonstruc-
tural proteins. The prM is cleaved upon virus particle release through the cell plasma membrane. 
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(Lindenbach and Rice  2001 ). Virion morphogenesis is hypothesized to occur in asso-
ciation with intracellular membranes, probably the endoplasmic reticulum (Lindenbach 
and Rice  2001 ; Chambers et al.  1990 ). Immature virions assemble in membrane-
bound vesicles in a premembrane and envelope protein heterodimer conformation 
which prevents envelope protein fusion activity. Virions accumulate in the rough 
endoplasmic reticulum and are transported to the cell surface in acidic vesicles through 
the host secretory pathway, possibly that used for synthesis of host plasma membrane 
glycoproteins (Lindenbach and Rice  2001 ). The virions fuse with the plasma mem-
brane and are released by exocytosis after the membrane protein is cleaved from the 
precursor premembrane protein in the Golgi by a Golgi protease, signaling virus 
release and envelope protein activation (Fig.  4 ) (Guirakhoo et al.  1992 ).

       Pathogenesis and Immune Response 

 Flavivirus infection of arthropod cells in culture may show  cytopathic effects   such 
as syncytia formation, but infection of mosquito cells is generally persistent, not 
cytopathic (see “Infl uences of Arthropod Vectors on Encephalitic Arboviruses”). 
Virus infection of vertebrate cells in culture shows cytopathic effects such as cellu-
lar rounding, and as virions accumulate in the rough endoplasmic reticulum, prolif-
eration, hypertrophy, and fragmentation of the mem branes. Mitochondrial damage, 
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  Fig. 5    Flavivirus life  cycle   [Modifi ed from Lindenbach et al. (Lindenbach et al.  2007 )]       
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rarefaction of cytoplasm, formation of vacuoles and inclusion bodies, and an 
increase in lysosomal enzymes have also been shown to occur in cultured cells fol-
lowing fl avivirus infection (Burke and Monath  2001 ; Lindenbach and Rice  2001 ). 

 In natural infections, an infected arthropod inoculates the fl avivirus into verte-
brate skin along with the saliva during a bite. Initial virus replication occurs at the 
site of inoculation in keratinocytes, newly recruited neutrophils, and skin dendritic 
cells, specifi cally Langerhans cells (Johnston et al.  2000 ). Virus is then transported 
in migrating dendritic Langerhans cells and neutrophils to lymph nodes and from the 
lymphatic system to the thoracic duct and into the bloodstream (Burke and Monath 
 2001 ; Monath  1986 ; Johnston et al.  2000 ). This primary viremia is the source of 
infection of peripheral tissue such as spleen, liver, and kidney. Viremia continues for 
several days due to release of virus from these tissues back into the bloodstream 
(Burke and Monath  2001 ). 

 The vast majority of infections by neurotropic fl aviviruses are self-limiting and 
the person is either asymptomatic or may have a mild subclinical fever syndrome. In 
the primary immune response viremia is of low titer and brief, modulated by mac-
rophages and then cleared following the rise of the humoral immune response, usu-
ally within a week of infection (Fig.  6 ) (Burke and Monath  2001 ). In addition, the 
 T-cell helper   and  cytotoxic immune response   is elicited against infected lympho-
blastoid cells (Roehrig  2003 ; Seligman and Bucher  2003 ). Virus is usually not 
detectable in serum collected at the time of onset of symptoms.

    Neuroinvasive disease   occurs in approximately 1 in 100 to 1 in 1000 neurotropic 
fl avivirus infections and is dependent on viral factors, vector competence, and host fac-
tors. The viral factors that are hypothesized to contribute to neuroinvasive disease 
include the level of viremia and the genetic differences in virus strain neurovirulence 
(Burke and Monath  2001 ; McMinn  1997 ; Monath  1986 ; Gritsun et al.  1995 ). Single 
mutations in the envelope gene have been shown to alter neurovirulence phenotype 
(McMinn  1997 ). Arthropod vector competence is another factor that contributes to neu-
rovirulence, and is described in detail in “Infl uences of Arthropod Vectors on Encephalitic 
Arboviruses.” In the host, age, gender, genetic susceptibility, pre-existing herpesvirus or 
heterologous fl avivirus infection or immunization, and concomitant parasite infection 
are factors that contribute to susceptibility to infection and disease severity (Burke and 
Monath  2001 ; Libraty et al.  2002 ). Generally, the highest proportion of neuroinvasive 
disease is seen in the very young and the elderly. In areas where Japanese encephalitis 
and Murray Valley viruses are endemic, children make up the largest proportion of 
cases, and it has been demonstrated experimentally that younger neurons are more sus-
ceptible to virus infection. However, in areas with low fl avivirus seroprevalence, such as 
North America, the risk of St. Louis encephalitis and West Nile virus infections resulting 
in neuroinvasive disease is higher in those over 55 years of age (Burke and Monath 
 2001 ; Sejvar and Marfi n  2006 ). The reasons for this are unclear, but may include factors 
such as the impaired integrity of the blood–brain barrier caused by cardiovascular or 
other age-related diseases (Solomon  2004 ). 

 Most of the data regarding the regions of the central nervous  system   infected by 
fl aviviruses come from postmortem studies of pediatric Japanese encephalitis cases 
in Asia, West Nile cases from North America, and experimental infections in animal 
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models. The exact mechanisms by which fl aviviruses enter the central nervous sys-
tem have not been defi nitively identifi ed, but hypothesized pathways include (1) 
infection of cerebral endothelial cells and migration across the cell to the brain 
parenchyma; (2) migration of infected leukocytes through the tight junction formed 
by endothelial cells; (3) direct choroidal virus shedding; (4) axonal transport up the 
olfactory nerve; (5) increased permeability due to tumor necrosis factor α induction 
by attachment of double-stranded RNA to Toll-like receptors; or (6) retrograde 
transport along peripheral nerve axons (Burke and Monath  2001 ; Gubler et al.  2007 ; 
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  Fig. 6    Graphical representation of the course of viremia and IgM and IgG antibody immune 
response in a ( a ) primary and ( b ) secondary neurotropic fl avivirus infection       
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McMinn  1997 ; Sejvar and Marfi n  2006 ; Kramer  2007 ; Hayes et al.  2005 ; Campbell 
et al.  2002 ). Whether the virus enters at a single site or at multiple locations is also 
unknown. 

 Once in the central nervous system, the virus replicates and spreads rapidly. 
Pathogenesis is due to direct, virally mediated damage to neurons and glial cells, 
cytotoxic immune response to infected cells, the infl ammatory immune response in 
perivascular tissue, and microglial nodule formation (Burke and Monath  2001 ; Kuno 
and Chang  2005 ; Campbell et al.  2002 ; Solomon  2003 ). Virus tropism for specifi c 
brain areas may vary and could explain the different clinical presentations. In histo-
pathological studies West Nile virus has been shown to directly infect and destroy 
neurons in the brain stem, deep nuclei of the brain, and anterior horn cells in the spi-
nal cord (Fig.  7 ) (Cushing et al.  2004 ). The infl ammatory immune response of natural 
killer cells, macrophages, and T-lymphocytes results in lysis of neuronal tissue and 
diffuse perivascular infl ammation of the brain stem and anterior horn cells of the 
spinal cord, and immune-mediated damage to bystander nerve cells, glial cells, as 
well as other surrounding tissue (Gubler et al.  2007 ; Hayes et al.  2005 ). Damage to 
these neuronal cells is characterized by central chromatolysis, cytoplasmic eosino-
philia, cell shrinkage, and neuronophagia, and by the formation of cellular nodule 
formation composed of  activated microglia   and  mononuclear cells   (Burke and 
Monath  2001 ; Sejvar and Marfi n  2006 ; Kramer  2007 ; Hayes et al.  2005 ; Campbell 
et al.  2002 ). Apoptosis of motor neurons in the anterior horn of the spinal cord results 
in fl accid paralysis.

   Persistent and long-term pathological changes are often seen following neuroinva-
sive fl avivirus infection, such as residual neurological defi cits, electroencephalo-
graphic changes, and psychiatric disturbances (Burke and Monath  2001 ). Long-term 
follow-up studies in Japanese encephalitis cases in children have shown neuronal loss 
and dense microglial scarring resulting in recurrent neurological disease (Solomon 
 2003 ,  2004 ; Monath  1986 ). Chronic progressive encephalitis has been observed 
years after infection with tick-borne encephalitis virus (Burke and Monath  2001 ; 
Monath  1986 ). In West Nile virus encephalitis patients in North America, the major-
ity experience long-term neurological defi cits, with only 13 % reporting full recovery 
in physical cognitive and functional abilities 1 year after illness (Sejvar  2014 ; Sejvar 
et al.  2003a ,  2010 ; Staples et al.  2014 ).  

  Fig. 7    Photomicrograph 
of immunohistochemical 
staining of brain tissue 
from a fatal West Nile 
encephalitis case, showing 
West Nile antigen-positive 
neurons and neuronal 
processes in the brain stem 
and anterior horn cells (in 
 red ) (From W.-J. Shieh and 
S. Zaki, CDC Public 
Health Image Library)       
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    Clinical Presentation 

 The majority of fl avivirus infections are asymptomatic or subclinical (Solomon 
 2004 ; Kramer  2007 ; Sejvar  2014 ). Clinical disease ranges from a mild febrile ill-
ness to a severe neurological syndrome following an incubation period of 2–14 days 
(Mackenzie et al.  1996 ). Febrile illness is characterized by fever, chills, headache, 
back pain, myalgia, and anorexia, as well as eye pain, pharyngitis, nausea, vomiting, 
and diarrhea (Mackenzie et al.  1996 ; Campbell et al.  2002 ). A transient maculo-
papular rash over the trunk and limbs is also common. Acute illness usually lasts 
from 3 days to several weeks. Most patients with uncomplicated fever completely 
recover within days to months, but prolonged fatigue is often seen (Solomon  2004 ; 
Sejvar and Marfi n  2006 ; Campbell et al.  2002 ). 

 Fever symptoms may be followed in 1–4 days by acute or subacute appearance 
of  meningeal and neurological signs      (Table  1 ). The neurological syndrome depends 
on the part of the nervous system that is infected: the parenchyma of the brain, 
which causes encephalitis; the meninges, which causes meningitis; or the anterior 
horn cells of the spinal cord, which causes myelitis (Burke and Monath  2001 ; 
Solomon  2004 ; Sejvar and Marfi n  2006 ; Hayes et al.  2005 ; Sejvar  2014 ; Hayes and 
Gubler  2005 ; Petersen and Marfi n  2002 ; Petersen et al.  2002 ; Sejvar et al.  2003b ) 
The primary clinical presentations may overlap, and include a reduced level of con-
sciousness, often associated with seizures, fl accid paralysis, and parkinsonian 

   Table 1    Clinical syndromes associated with  neuroinvasive fl avivirus infections        

  Encephalitis, meningoencephalitis, encephalomyelitis  a  
   Acute febrile illness b  
  Mental status changes (confusion, disorientation, delirium, seizures, stupor, coma) 
   Motor weakness (fl accid weakness in comatose patients, acute fl accid paralysis in conscious 

patients) 
   Movement disorders (parkinsonian syndrome including mask-like faces, tremors, 

cogwheel rigidities; cerebral ataxia) 
  Other neurologic dysfunction (convulsion, cranial nerve palsy, dysarthria, rigidity, abnormal 

refl exes, tremor) 
  Meningitis  a  
   Acute febrile illness b  
   Signs of meningeal irritation (nuchal rigidity, photophobia, phonophobia) 
   Absence of other signs of neurologic dysfunction 
  Myelitis  
   Limb paralysis (asymmetric muscle weakness resulting in monoplegia or less commonly, 

quadriplegia) 
   Central bilateral facial weakness 
   Diaphragmatic and intercostal muscle paralysis leading to respiratory  failure   
   Sensory loss,  numbness   

   a CSF pleocytosis (≤500 cells/mm 3 ; mostly lymphocytes), elevated protein concentration (80–
105 mg/dL), normal glucose concentration 
  b Fever (37.8 °C), headache, fatigue, myalgia, nausea/vomiting 
 Modifi ed from Burke et al. 2001 (Burke and Monath  2001 ; Solomon  2004 ; Monath  1986 ; Sejvar 
and Marfi n  2006 ; Kramer  2007 )  
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movement disorders (Solomon  2004 ; Halstead and Jacobson  2003 ).  Encephalitis   is 
more common than meningitis, with 50–85 % of patients presenting with encepha-
litis, compared to 5–50 % with meningitis (Solomon  2004 ; Sejvar  2014 ). Seizures 
are more common in children, with approximately 85 % Japanese encephalitis or 
Murray Valley encephalitis pediatric patients and 10 % of adult West Nile encepha-
litis patients experiencing seizures (Solomon  2004 ; Mackenzie et al.  1996 ; Solomon 
et al.  2000 ). Motor weakness occurs in 10–50 % of fl avivirus neuroinvasive cases, 
with acute asymmetric fl accid paralysis similar to that seen in poliomyelitis 
(Solomon  2004 ; Hayes et al.  2005 ). Coma occurs in approximately 15 % of patients.

   The case fatality rate among hospitalized patients with neuroinvasive disease ranges 
from approximately 9 % of those infected with North American West Nile virus to 
30 % of pediatric Japanese encephalitis cases. The cause of death is primarily due to 
neuronal dysfunction, respiratory failure, and cerebral edema (Campbell et al.  2002 ; 
Sejvar et al.  2010 ). Multiple or prolonged seizures in Japanese encephalitis patients are 
associated with a poor outcome, as are changes in respiratory pattern, fl exor and exten-
sor posturing, and pupillary and oculocephalic refl ex abnormalities (Solomon  2004 ; 
Solomon et al.  2000 ). About one half of survivors have long-term neurological 
sequelae, including motor defi cits, cognitive and language impairment, and convul-
sions, with children making up the largest proportion of this group (Hayes et al.  2005 ; 
Solomon et al.  2000 ; Douglas et al.  2006 ). In addition, even those who were considered 
to have good recovery may have subtle long- term effects such as learning disorders, 
behavior problems, and other neurological defi cits. Follow-up studies of pediatric 
Japanese encephalitis cases show that a high proportion of patients experience persis-
tent movement disorders 3–5 years later (Murgod et al.  2001 ). Many patients with 
poliomyelitis do not recover, although limb strength may improve over time (Hayes 
et al.  2005 ; Staples et al.  2014 ). Since the introduction of West Nile virus in 1999, in 
follow-up studies on short- and long- term outcomes of West Nile neuroinvasive infec-
tions, <50 % of patients had full cognitive and functional recovery after 1 year. Frequent 
complaints included fatigue, muscle aches, and diffi culties with memory and concen-
tration, suggesting a subcortical type of cognitive dysfunction based on prominent 
thalamic and basal ganglia involvement (Sejvar  2014 ). Case fatality rate of hospital-
ized patients with West Nile disease is 4–16 %, with a further two- to threefold increase 
in mortality observed up to 3 years after acute illness, and possibly longer (Staples 
et al.  2014 ). 

 The clinical course of  tick-borne encephalitis virus infections   may be distinct from 
the mosquito-borne fl aviviruses, with many infections taking a biphasic course. Onset 
of illness may be more gradual, with patients experiencing an infl uenza- like illness 
for approximately 1 week, with fever, headache, malaise, and myalgia, followed by 
an asymptomatic period of up to a week (Gresikova and Calisher  1989 ; Leonova et al. 
 2014 ; Lindquist and Vapalahti  2008 ). A second phase involving the central nervous 
system includes clinical symptoms ranging from mild meningitis to severe encepha-
litis, with or without myelitis and spinal paralysis (Burke and Monath  2001 ; Gresikova 
and Calisher  1989 ). Generally, symptoms are more severe in adults than in children 
(Lindquist  2008 ; Logar et al.  2000 ). Long- term neurological problems are similar to 
those resulting from other neuroinvasive fl avivirus infections (Lindquist and Vapalahti 
 2008 ).  
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    Laboratory Diagnosis 

 Flavivirus infections may present with clinical symptoms similar to those of other 
virological or treatable bacterial infections, such as a fl u-like illness, encephalitis, or 
polio-like myelitis (Burke and Monath  2001 ). In addition, vaccine preventable dis-
eases such as Japanese encephalitis and tick-borne encephalitis may be clinically 
indistinguishable and cause similar disease syndromes to neurotropic fl avivirus infec-
tions for which there is no effective vaccine. Therefore, laboratory diagnosis is neces-
sary to identify etiology and differentiate between other bacterial or viral pathogens, 
guide effective clinical management and/or treatment, as well consider public health 
responses such as vaccination. Virus isolation or viral RNA detection in serum, cere-
bral spinal fl uid, or tissue is the gold standard for diagnosis of a viral infection, but it 
is not sensitive in neurotropic fl avivirus infections, as low levels (≤100 infectious 
particles per mL) of viremia are usually cleared by the onset of illness (Fig.  6 ). 

 Diagnosis is usually made serologically by detection of virus-specifi c antibody, 
ideally from paired acute and convalescent specimens, with the rise in antibody titer 
indicative of a recent infection (Martin et al.  2000 ; Nasci et al.  2002 ). In practice, 
however, only a single acute specimen is usually obtained. In these cases, specifi c 
immunoglobulin M (IgM) antibody-capture enzyme-linked immunosorbent assay 
(ELISA) can be used for rapid detection of acute  fl aviviral infections     , as IgM anti-
body is produced early in infection, rises rapidly to detectable levels, and is less cross-
reactive than  IgG antibodies   (Fig.  6 ) (Iwamoto et al.  2003 ; Martin et al.  2000 ; Johnson 
et al.  2000 ,  2005a ; Wong et al.  2003 ,  2004 ). 

  CSF   is the preferable specimen for  diagnosis   of fl avivirus neuroinvasive infec-
tions, as antifl avivirus IgM antibody may be present in serum, but may not be the 
cause of encephalitis, such as in inapparent or mild infections or following a recent 
fl avivirus vaccination (Burke et al.  1982 ,  1985 ). This is especially prevalent in areas 
where there is high background immunity in the population, such as in Asia where a 
large proportion of the population have been exposed to or vaccinated against 
Japanese encephalitis virus. Anti-Japanese encephalitis  IgM   antibody has been 
shown to be detectable in serum as much as 6 months following vaccination with the 
live attenuated vaccine virus (Roehrig et al.  2003 ). However, IgM antibodies elicited 
in non-neuroinvasive fl avivirus infections or following fl avivirus vaccination do not 
enter the  CSF  ; therefore by testing the CSF, the effect of background IgM antibodies 
in the serum is eliminated (Mackenzie et al.  1996 ; Martin et al.  2000 ,  2002 ; Johnson 
et al.  2000 ; Burke et al.  1982 ; Chanama et al.  2005 ). IgM antibody is usually detect-
able in the CSF by onset of illness or within a few days thereafter, except in very 
acute, sudden-onset encephalitis, when the IgM antibodies may not have reached 
detectable levels at hospital admission, in which case the IgM ELISA may result in 
a false negative (Fig.  6 ) (Johnson et al.  2000 ; Burke et al.  1982 ). Therefore it is criti-
cal for diagnosis that a second specimen be collected and tested if possible 7 days 
after onset of illness or at hospital discharge (Martin et al.  2000 ; Lindsey et al.  2012 ). 

 Cross-reactivity in  serological assays  , including the IgM ELISA, is a problem in 
fl avivirus diagnostics. Antibodies within a fl avivirus serocomplex are highly cross- 
reactive; those between serocomplexes are less cross-reactive but still may  confound 
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accurate diagnosis (Martin et al.  2002 ). This is due to the heterologous population 
of antibodies produced in the infection against different epitopes of the fl aviviral 
envelope protein, some of which are virus species specifi c, and others of which are 
conserved across the serocomplex or fl avivirus genus. Antibodies elicited against 
these conserved regions cross-react in serological assays with other fl aviviral anti-
gens and cause false-positive results in the  IgM ELISA  . For example, dengue and 
West Nile viruses, which are not in the same serocomplex, co-circulate in Africa 
and Asia. Dengue virus does not cause encephalitis but may have a clinical presen-
tation of encephalopathy, and a specimen from a dengue patient submitted for West 
Nile testing may have a positive result in a West Nile virus IgM ELISA (Hogrefe 
et al.  2004 ; Niedrig et al.  2007 ). The plaque-reduction neutralization test is a more 
specifi c assay and is used to confi rm or differentiate confl icting IgM ELISA results 
in primary fl avivirus infections. 

 In secondary fl avivirus infections, an anamnestic reaction may occur, in which 
antibodies from the fi rst fl avivirus infection are elicited and cross-react in the IgM 
ELISA with antigens to the most recent infection, producing false-positive results 
(Porterfi eld  1986 ; Johnson et al.  2005b ). In addition, the plaque neutralization test has 
less specifi city in secondary fl avivirus infections, as neutralizing antibody from the 
primary fl avivirus infection rises quickly and the titer may be equal to or higher than 
that of the neutralizing antibody titer elicited in the acute fl avivirus infection (Johnson 
et al.  2005b ). In addition, IgM antibody to the second infecting virus may not rise to 
levels detectable by the IgM  ELISA  , producing a false-negative result (Fig.  6b ). 

 Diagnostic assays such as the  microsphere immunoassays   have been shown to have 
improved specifi city and sensitivity, and can be used for differential diagnosis (Johnson 
et al.  2005a ; Wong et al.  2003 ,  2004 ). These assays, based on Luminex™ technology, 
can be run in a one-well multiplex format, which reduces the sometimes very limited 
specimen volume needed, and have a statistical-based results interpretation. 

 Detection of fl avivirus antigen in brain tissue by  immunohistochemistry   is useful 
for diagnosis in fatal cases, as these patients may not have detectable IgM or  IgG 
antibodies      in serum or CSF (Cushing et al.  2004 ). In addition, viral nucleic acid detec-
tion in CSF has also proved useful in up to 50 % of very acute infections, which when 
used together with IgM ELISA enhances sensitivity (Tilley et al.  2006 ; Lanciotti et al. 
 2000 ; Lanciotti and Kerst  2001 ). 

 Use of the  hemagglutination inhibition   and the complement fi xation assays has 
decreased in recent years as they require paired specimens and lack specifi city. The 
CT scan has not been shown to be an effective diagnostic method for identifying 
fl avivirus encephalitis cases, and the MRI yields characteristic abnormal results in 
only 25–35 % of cases, and these may be nonspecifi c (Sejvar and Marfi n  2006 ; 
Hayes et al.  2005 ; Campbell et al.  2002 ; Sejvar et al.  2003a ; Solomon et al.  2000 ).  

     Treatment   

 Treatment of encephalitis is supportive and includes pain control for headaches, rehy-
dration, antiemetic treatment for nausea and vomiting, reduction of intracranial pres-
sure, and control of seizures (Solomon  2006 ). In patients with paralysis, the airway is 
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managed to reduce aspiration and obstruction. Ventilation support may be required in 
patients with neuromuscular respiratory failure. Antivirals and other treatments such 
as ribavirin interferon-α, and immunoglobulin have not been found to be effective. 
High-dose corticosteroid treatment may be contraindicated because of the risk of 
depressing the immune system before the virus is  cleared   (Hayes et al.  2005 ).  

     Prevention   

 Vector control programs up to the early 1970s successfully eradicated mosquitoes 
such as  Aedes aegypti , the primary mosquito vector of dengue and yellow fever 
viruses, from most of Central and South America (see “Infl uences of Arthropod 
Vectors on Encephalitic Arboviruses”). However, these programs were not sustain-
able, and as a result  Aedes aegypti  has re-infested these areas and dengue and yel-
low fever epidemics have reemerged. Most vector control programs are organized 
on a local rather than national level and it becomes diffi cult to maintain the funding 
for these programs in the absence of cases, once the epidemics have passed. 
Insecticide treatment is expensive, must be periodically applied, and may have del-
eterious effects on other species, including humans, and resistance to classes of 
insecticides develops quickly in the arthropod vectors, which complicates this 
effort. In addition, barrier systems such as bed nets, which have been used success-
fully to disrupt transmission of malaria, are not effective methods with  Culex  spp. 
mosquitoes, as these mosquitoes typically feed at dusk when human activity is high. 

 Vaccination remains the most effective method to prevent fl avivirus infection. 
Vaccination has been used successfully to prevent Japanese encephalitis and tick- 
borne encephalitis and will be described in more detail in the chapter entitled 
“Japanese Encephalitis Virus” and below, respectively (Solomon  2006 ; Marfi n et al. 
 2005 ; Monath  2001 ,  2002 ).  

    Brief Descriptions of Specifi c Neurotropic Flaviviruses 

    West Nile Virus 

  West Nile virus   was fi rst isolated from the blood of a febrile patient in Uganda in 
1937, and is considered a common childhood infection in Africa. The virus is sepa-
rated into multiple lineages based on  phylogenetic analysis   of the complete West Nile 
virus genomes; lineage 1 and 2 strains have been most often associated with out-
breaks in humans and equines (Lanciotti et al.  1999 ,  2002 ; Donadieu et al.  2013 ). 
Lineage 1 consists of strains from Western Africa, Eastern Europe, the Middle East, 
and recently, North America, and includes Kunjin virus from Australia (Fig.  2a ) 
(Lanciotti et al.  2002 ). West Nile lineage 1 virus strains have caused encephalitis 
epidemics throughout western Africa, Eastern Europe, the Middle East, and North 
America and epizootics with high equine mortality in Europe and North America 
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(Solomon  2004 ; Sejvar and Marfi n  2006 ). In West Nile virus endemic areas of Africa, 
children are most likely to become infected, with a small percentage of infections 
developing symptoms of West Nile fever and very few cases of West Nile encephali-
tis, a similar pattern to that of Japanese encephalitis virus in Asia (Burke and Monath 
 2001 ). However, a higher proportion of adults may become infected when West Nile 
virus moves to new areas such as North America, or when susceptible adults, particu-
larly travelers, enter an area of transmission activity. Lineage 2 strains historically 
have been considered less pathogenic than lineage 1 strains, causing febrile illness, 
but until recently have not been associated with neuroinvasive disease. The geograph-
ical range of West Nile lineage 2 strains was thought to be restricted to sub-Saharan 
Africa and Madagascar. Recently however, lineage 2 strains have been shown to be 
responsible for outbreaks in humans and equines in South Africa, as well as in eastern 
and southern Europe (Donadieu et al.  2013 ). 

 West Nile virus is transmitted in an  enzootic cycle   between mosquitoes, primarily 
 Culex  spp., and birds, particularly water birds and birds in the corvid family (see 
“Infl uences of Arthropod Vectors on Encephalitic Arboviruses”) Volume 2. Humans 
and horses become infected through the bite of an infected mosquito, and viremia is 
generally low and brief. Most cases occur in the mid to late summer in temperate 
regions, which corresponds to the transmission activity of the mosquito vector 
(Campbell et al.  2002 ; Nasci et al.  2002 ). 

 West Nile virus was identifi ed as the cause of a  meningoencephalitis epidemic   of 59 
cases and 7 deaths in New York that began in August in 1999 (Campbell et al.  2002 ). 
The North American West Nile virus is most closely related to and probably originated 
from a lineage 1 strain from Israel (Lanciotti et al.  1999 ). Since its introduction, the 
range of West Nile virus has extended across the United States, north into Canada, and 
into Central and South America (Gonzalez-Reiche et al.  2010 ; Morales et al.  2006 ; 
Morales-Betoulle et al.  2013 ). Through 2013, nearly 40,000 West Nile infections have 
been reported throughout the continental United  States  . Approximately 17,000 of those 
are neuroinvasive disease cases, and there have been over 1500 deaths (  http://www.cdc.
gov/westnile/statsMaps/index.html    ) (Hayes et al.  2005 ). In Canada there have been 
more than 5000 West Nile infections reported since the fi rst cases were detected in 
Ontario in 2002, approximately 240 of which caused neuroinvasive disease (  http://
www.phac-aspc.gc.ca/wnv-vwn/mon- hmnsurv- archive-eng.php#a2002_07    ). Since 
2006, probable human West Nile cases based on serology have been identifi ed in Central 
and South America, and West Nile virus has been isolated from mosquitoes in Guatemala 
and equines in Argentina, but large West Nile encephalitis epidemics have not been 
reported from these areas (Gonzalez-Reiche et al.  2010 ; Morales et al.  2006 ; Komar and 
Clark  2006 ; Komar et al.  2005 ; Mattar et al.  2005 ). In Europe, epizootics resulting from 
autochthonous transmission of West Nile virus have occurred for over 20 years, with 
human cases reported sporadically (Sambri et al.  2013 ; Rossini et al.  2008 ). 

 Since its introduction in 1999, the ecology, epidemiology, and pathology of North 
American West Nile virus have been intensely studied. The many  competent mos-
quito vectors   and susceptible vertebrate hosts, as well as the virulent North American 
West Nile virus strain, may have contributed to the rapid spread and establishment of 
the virus in North America (see “Infl uences of Arthropod Vectors on Encephalitic 
Arboviruses”) (Brault et al.  2004 ). In addition, the combination of fl ood irrigation 
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practices in the Great Plains with the preponderance of the highly competent  vector   
 Culex tarsalis  in this region has resulted in the highest annual and cumulative inci-
dence of neuroinvasive disease in the northern Great Plains states, along with the 
Louisiana–Mississippi Gulf region. The multiple determinants of vector-borne dis-
ease make it diffi cult to predict over the long term whether the epidemic cycle of West 
Nile virus will be similar to that of St. Louis virus, which is characterized by discrete 
epidemics followed by long periods of senescence, or to Japanese encephalitis virus, 
with annual epidemics. To date there has been a seasonal epidemic pattern of continu-
ous cases similar to that of Japanese encephalitis virus, but the total case count varies 
considerably from year to year. Seroprevalence in North America and Europe remains 
low, between 2 and 3 % a year in areas where outbreaks have occurred, which is simi-
lar to that of St. Louis virus in North America (Campbell et al.  2002 ). 

 Similar to other  fl aviviruses   in the Japanese encephalitis serocomplex, the majority 
of West Nile virus infections are asymptomatic, with 1 in 5 experiencing a mild illness 
characterized by acute onset of fever, headache, stiff neck, fatigue, malaise, muscle pain 
and weakness, gastrointestinal symptoms, and a transient macular rash on the trunk and 
extremities. Symptoms usually resolve within 60 days; however, long-term effects have 
been reported (Hayes et al.  2005 ; Campbell et al.  2002 ; Petersen and Marfi n  2002 ). The 
higher reported rates of West Nile fever, compared to those of Japanese encephalitis and 
St. Louis encephalitis virus infections, may be due to the increased awareness of the 
disease in the United States (Sejvar  2014 ; Staples et al.  2014 ). 

  Neuroinvasive disease  , including encephalitis, meningitis, paralysis, and seizures, 
develops in approximately 1 in 140 infections, with encephalitis making up the larg-
est proportion, which is similar to that of other Japanese encephalitis antigenic com-
plex virus infections (Campbell et al.  2002 ; Sejvar  2014 ). Acute asymmetric fl accid 
paralysis has been reported in approximately 13 % of patients with West Nile neuro-
invasive disease (Hayes et al.  2005 ). Although the range of illness is found across all 
age groups, younger persons tend to have milder West Nile fever, whereas the elderly 
are more likely to proceed to the more severe West Nile encephalitis (Sejvar and 
Marfi n  2006 ; Sejvar et al.  2003b ). The case fatality rate is approximately 4–18 % of 
hospitalized patients, with mortality higher in the elderly and in immunocompro-
mised persons (Sejvar and Marfi n  2006 ; Petersen et al.  2003 ). Long-term neurologi-
cal problems in survivors and muscle weakness patients with paralysis have been 
reported (Sejvar and Marfi n  2006 ; Hayes et al.  2005 ; Sejvar et al.  2003a ,  2010 ). 

 Human-to-human  transmission   of West Nile virus through transfusion of blood 
products and transplantation of  solid organs   was identifi ed in 2002 among asymptom-
atic donors in areas where there was intense West Nile virus transmission (Montgomery 
et al.  2006 ; Centers for Disease Control and Prevention  2009 ). A probable case of 
transplacental infection has also been reported (Sejvar and Marfi n  2006 ). As a result, 
routine blood and organ screening by highly sensitive and specifi c nucleic acid ampli-
fi cation tests has been implemented (Centers for Disease Control and Prevention 
 2003 ,  2004 ). 

  Vaccines   to protect against West Nile virus infection have been developed for the 
veterinary market and are commercially available for horses and birds (Davis et al. 
 2001 ). Consideration of the risk–benefi t ratio of human West Nile virus vaccination 
is ongoing but the development of a commercial vaccine is unlikely, because the 
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percentage of the population at risk is very low, and the elderly, which are the most 
likely to have severe clinical manifestations and thus the group which would most 
benefi t from a vaccine, are also the most likely to have higher risk of adverse effects 
from the vaccine. The pattern of future outbreaks of West Nile virus in North America 
will be an important component of West Nile virus vaccine development.  

    St. Louis Encephalitis Virus 

  St. Louis encephalitis virus   was fi rst identifi ed as the causative agent in encephalitis 
epidemics in Illinois and Missouri in 1932 and 1933, and was fi rst recognized in 
South America in the 1960s (Gubler et al.  2007 ; Tsai and Mitchell  1989 ; Brinker et al. 
 1979 ). St. Louis encephalitis virus is widely dispersed throughout the Americas 
(Fig.  2b ). The largest epidemic in the United States, with nearly 2000 cases, occurred 
throughout the Midwest in 1975. In the most recent outbreak in 1990 there were 
nearly 250 cases, primarily in Florida and Texas. An outbreak of 46 human cases of 
St. Louis encephalitis was reported in Argentina in 2005 and in the same year, St. 
Louis encephalitis virus was isolated from the serum of a suspected  dengue   case in 
Brazil (Spinsanti et al.  2008 ; Rocco et al.  2005 ). St. Louis encephalitis virus activity 
has been characterized by periodic outbreaks interspersed with long periods of spo-
radic cases (Brinker et al.  1979 ). Since the introduction of West Nile virus to the 
United States in 1999, surveillance of arboviruses has increased, and subsequently, St. 
Louis encephalitis cases not associated with epidemics have been identifi ed. There 
have been approximately 90 cases reported since 2004, the majority of which were 
neuroinvasive disease (  http://www.cdc.gov/sle    ). This may be a result of increased sur-
veillance rather than a true increase in St. Louis encephalitis cases. 

 Maintained in  enzootic cycle   between  birds   and  Culex  spp. mosquitoes, St. Louis 
encephalitis virus also infects horses and humans; however neither horses nor humans 
play a primary role in the transmission cycle, and there is no morbidity or mortality 
associated with St. Louis encephalitis virus infection in horses (Tsai and Mitchell 
 1989 ). Despite an expansive geographical range throughout the temperate and tropi-
cal regions in the Americas, rates of St. Louis encephalitis virus transmission to 
humans are low, although intense mosquito–bird transmission can presage epidem-
ics. Historically St. Louis encephalitis has been considered a disease of rural agricul-
tural areas, although there have been urban outbreaks; in the 1975 outbreak the largest 
number of cases occurred in the Chicago metropolitan area. However, even in these 
cases vegetated parkland areas were shown to be the sites of transmission (Burke and 
Monath  2001 ).  Transmission   is seasonal, corresponding to mosquito activity during 
the late summer months (see 26”Infl uences of Arthropod Vectors on Encephalitic 
Arboviruses”). 

 St. Louis encephalitis is in the Japanese encephalitis serocomplex, and geneti-
cally closely related to West Nile virus (Fig.  1 ) (Tsai and Mitchell  1989 ). In Central 
and South America, where St. Louis encephalitis and West Nile viruses co- circulate, 
it may not be possible to differentiate between the two viruses in serological assays 
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due to the cross-reactivity, although this is the primary method of diagnosis, as virus 
isolation from either West Nile or St. Louis virus infected human patients is rare. 

 The majority of human St. Louis encephalitis virus infections are subclinical, with 
the ratio of encephalitis cases to asymptomatic infections approximately 1:85 to 
1:800 in adults and children, respectively. Adults are more likely to become infected 
in North America due to low seroprevalence rates. There are three  clinical syndromes   
associated with St. Louis encephalitis neuroinvasive infections: encephalitis, aseptic 
meningitis, and febrile headache. Case fatality rates increase with age, from 2 % in 
young adults to 22 % in elderly patients. From 30 to 50 % of survivors experience 
slow, complete recovery, whereas 20 % experience long-term neurological symp-
toms, including gait and speech disturbances, sensorimotor impairment, psychoneu-
rotic complaints, and tremors (Tsai and Mitchell  1989 ). Vaccines have been  developed   
to protect against St. Louis encephalitis virus infection. However, given the long time 
between epidemics, the low seroprevalence rate, and the cost of bringing a vaccine to 
market, commercial vaccine development is unlikely.  

     Murray Valley Encephalitis Virus      

 Outbreaks of encephalitis were reported in the Murray Valley of Australia in the 
early 1900s, although the virus was not identifi ed or characterized as being distinct 
from Japanese encephalitis virus until 1951 (Burke and Monath  2001 ; Solomon 
 2004 ; Marshall  1988 ). Like Japanese encephalitis and West Nile viruses, Murray 
Valley encephalitis virus infections can cause polio-like acute fl accid paralysis, and 
early Murray Valley encephalitis virus outbreaks were thought to be poliomyelitis. 

 Murray Valley encephalitis virus is transmitted in an enzootic cycle between water 
birds and the principal mosquito vector  Culex annulirostris , which breeds in transient 
pools (see “Infl uences of Arthropod Vectors on Encephalitic Arboviruses”) (Marshall 
 1988 ). Similar to Japanese encephalitis serogroup viruses, large water birds such as 
herons, egrets, and pelicans are the primary vertebrate hosts (Mackenzie et al.  1996 ; 
Marshall  1988 ). Mammals such as kangaroos and rabbits also may be signifi cant 
viremic hosts in the transmission cycle (Burke and Monath  2001 ). The range of 
Murray Valley encephalitis virus extends throughout the tropical northern parts of 
Australia and New Guinea, and in these areas, Murray Valley encephalitis virus 
infection is the most common cause of viral encephalitis (Fig.  2c ). Similar to the 
other neurotropic fl aviviruses, humans are infected incidentally and probably do not 
contribute to the transmission  cycle   (Douglas et al.  2006 ). Outbreaks of Murray 
Valley encephalitis in 1951 (45 cases), 1974 (58 cases), and 2011 (17 cases) have 
been interspersed with sporadic cases; approximately 40 cases have been reported in 
the last 25 years (Selvey et al.  2014 ). 

 Febrile illness due to Murray Valley  encephalitis   infection is not reported, but the 
ratio of subclinical infections to encephalitis cases is estimated to be 1:1000 
(Douglas et al.  2006 ). The clinical patterns of the disease include rapid onset of fatal 
encephalitis, fl accid paralysis, tremor, or encephalitis with complete recovery, simi-
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lar to those of the other Japanese encephalitis complex viruses. Clinical illness is 
generally seen in young children and nonimmune adults (Solomon  2004 ; Douglas 
et al.  2006 ). 

 (Solomon  2004 ; Selvey et al.  2014 ). The case fatality rate is 31 %; a third of 
survivors experience long-term neurological defi cits (Douglas et al.  2006 ). Because 
of the large proportion of inapparent infections and high seroprevalence in adults, 
large-scale vaccination programs against Murray Valley encephalitis virus have not 
been considered necessary or economically feasible.  

     Tick-Borne Encephalitis Viruses   

 Scandinavian church records from the eighteenth century describe a tick-borne 
encephalitis-like illness occurring annually in spring time. Russian spring-summer 
encephalitis was fi rst described as a clinical illness in the far-eastern region of the 
Soviet Union in 1935. Tick-borne encephalitis virus was isolated from a human brain 
and ticks were shown to be the  arthropod vectors   in 1937 (Burke and Monath  2001 ; 
Gresikova and Calisher  1989 ; Lindquist and Vapalahti  2008 ; Gritsun et al.  2003 ). 
Since then three subtypes of tick-borne encephalitis virus have been identifi ed: Far 
Eastern (Russian spring-summer), Siberian, and European (Lindquist and Vapalahti 
 2008 ). The geographical ranges of the tick-borne encephalitis viruses extend from 
western Europe to the east coast of Japan, corresponding to those of the tick hosts 
(Fig.  2d ) (Burke and Monath  2001 ; Calisher et al.  1989 ; King et al.  2012 ; Grard et al. 
 2006 ; Lindenbach and Rice  2001 ; Gresikova and Calisher  1989 ; Tsai and Mitchell 
 1989 ; Reid  1988 ). 

 Tick-borne encephalitis virus is transmitted to humans through the bite of an 
infected tick of the  Ixodes  spp., primarily  I. ricinus  for the European subtype and  I. 
persulcatus  for the Siberian and Far Eastern subtypes. In addition to being vectors of 
the virus, and because of their longer life span compared to mosquitoes, ticks are also 
the main virus reservoir. Small rodents are the primary  vertebrate   amplifying, reser-
voir, and overwintering hosts (see “Infl uences of Arthropod Vectors on Encephalitic 
Arboviruses”) (Lindquist and Vapalahti  2008 ). Although not amplifying hosts, cattle, 
sheep, and goats infected with tick-borne encephalitis viruses may excrete virus in 
their milk, so that humans can become infected by ingesting raw milk or cheese 
(Gresikova and Calisher  1989 ). Transmission has been infrequently reported during 
slaughtering of viremic animals, and directly person-to-person, through blood trans-
fusion and breastfeeding. 

 The risk of acquiring tick-borne encephalitis in forested areas through activities 
such as camping, hiking, or military training peaks in early and late summer when 
ticks are active; however, cases have been reported during the hot summer months 
despite lower tick activity, as people increasingly come into contact with ticks during 
outdoor activities. The risk is negligible for people who remain in urban or unfor-
ested areas (Lindquist and Vapalahti  2008 ). 
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  Tick-borne encephalitis viruses   are the most medically important arbovirus in 
Europe, with more than 10,000 cases of tick-borne encephalitis occurring annually, 
3000 of which require hospital treatment (Lindquist and Vapalahti  2008 ). Western 
Siberia has the largest annual number of reported cases, but the endemic area extends 
throughout Eurasia (Fig.  2d ) (Palo  2014 ; Yun et al.  2011 ). During the past two decades 
new endemic foci and increased cases have been reported in Europe, and because of 
its emergence, tick-borne encephalitis needs to be considered outside the traditional 
endemic areas (Lindquist and Vapalahti  2008 ). 

 Clinical disease is biphasic and disease severity varies between the three tick- borne 
encephalitis virus subtypes (Burke and Monath  2001 ; Calisher et al.  1989 ; King et al. 
 2012 ; Grard et al.  2006 ; Lindenbach and Rice  2001 ; Gresikova and Calisher  1989 ; Tsai 
and Mitchell  1989 ; Reid  1988 ; Belikov et al.  2014 ). The European subtype is associated 
with milder disease. After an incubation period of 3–7 days, in the fi rst phase, patients 
may experience an infl uenza-like illness for  approximately   1 week, with fever, head-
ache, malaise, and myalgia (Gresikova and Calisher  1989 ; Leonova et al.  2014 ; Lindquist 
and Vapalahti  2008 ). Following an asymptomatic period of up to a week, 20–30 % expe-
rience a second phase involving the central nervous system, with the  clinical symptoms   
ranging from mild meningitis to severe encephalitis, with or without myelitis and spinal 
paralysis (Burke and Monath  2001 ; Gresikova and Calisher  1989 ). The reported case 
fatality rate ranges from 1–5 %, and 10–20 % of survivors, generally those with the more 
severe clinical symptoms, have long-term neurological problems (Lindquist and 
Vapalahti  2008 ). 

 The more severe course of disease results from infection by the Far-Eastern and 
Siberian subtypes (Gresikova and Calisher  1989 ; Belikov et al.  2014 ). The prodromal 
phase may consist of symptoms similar to those of the Japanese encephalitis complex 
virus infections: fever, headache, anorexia, nausea, vomiting, and photophobia. In the 
second phase, infection of the brain stem and upper cervical cord produces stiff neck, 
ataxia, sensorial changes, convulsions, and in about 20 % of cases, fl accid paralysis 
(Lindquist and Vapalahti  2008 ). The case fatality rate is approximately 20 %; 30–60 % 
of survivors experience residual neuronal damage (Gresikova and Calisher  1989 ; 
Kaiser  2002 ). 

 Tick-borne encephalitis vaccines are commercially available in Europe, and rou-
tine vaccination is recommended for children in many European countries (Gresikova 
and Calisher  1989 ; Smit and Postma  2014 ).  Vaccinations   may be required for travel-
ers to endemic areas in eastern Russia, where the seroprevalence rate may be as high 
as 51 % (Wittermann et al.  2015 ). No tick-borne encephalitis vaccines are licensed or 
available in the United  States  .  

    Powassan Virus 

  Powassan virus   was fi rst isolated in Ontario, Canada from a pediatric case of 
encephalitis in 1958, retrospectively from ticks collected in Colorado in 1952, and 
in Russia from ticks in 1996. Powassan virus, the only member of the tick-borne 
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encephalitis antigenic complex found in North America, is widely distributed in 
temperate regions in the northern hemisphere (Fig.  2d ) (Burke and Monath  2001 ; 
Gubler et al.  2007 ; Artsob  1989 ). North American Powassan cases are concen-
trated in New York, Ontario, and Quebec (Centers for Disease Control and 
Prevention  2001 ). However, Powassan virus infection has been diagnosed with 
increasing frequency both within the known range and in areas where Powassan 
cases had not been previously reported (Ebel  2010 ). Whether this is due to height-
ened awareness and increased surveillance for arboviruses following the introduc-
tion of West Nile virus into North America, or because Powassan is an emerging 
virus is unknown. 

 Powassan virus comprises two closely related lineages: the Powassan virus proto-
type lineage and the deer tick virus lineage (Ebel  2010 ). The prototype Powassan 
virus is principally maintained between  Ixodes cookei  ticks and the  groundhog 
( Marmota monax )   or  striped skunk ( Mephitis mephitis )  ; the deer tick virus is believed 
to be maintained between  Ixodes scapularis  ticks and the white-footed mouse 
( Peromyscus leucopus ) (Ei Khoury et al.  2013 ). Both lineages have been linked to 
human disease, although bites to humans by  I. cookei  ticks are rare, whereas  I. scapu-
laris  tick bites are common (Ebel  2010 ). 

 In the United States, disease caused by Powassan virus has occurred sporadically, 
primarily in the late spring, early summer, and mid-fall when ticks are most active. 
Approximately 80 Powassan virus infections have been reported since the 1950s, 
with over 80 % causing neuroinvasive disease. The case fatality rate is approximately 
10 % (Ebel  2010 ). As with other fl aviviruses, the majority of Powassan infections are 
asymptomatic (Gubler et al.  2007 ).  Clinical symptoms   can include fever, headache, 
vomiting, weakness, confusion, loss of coordination, speech diffi culties, seizures, and 
memory loss. Powassan virus can infect the central nervous system and cause enceph-
alitis and meningitis. At least half of survivors have long-lasting sequelae, such as 
recurrent headaches, muscle wasting, and memory  problems  .  

    Other Flaviviruses Causing Encephalitis 

 Other fl aviviruses generally associated with enzootic transmission may cause spo-
radic encephalitis cases, or may be emerging. The etiological agent may be diffi cult 
to identify by serological assays in regions where there are multiple fl aviviruses cir-
culating, due to the cross-reactivity in serological assays, and the infrequency of 
obtaining a virus isolate. These viruses may emerge or reemerge as signifi cant human 
pathogens as deforestation and changing agricultural practices bring humans into 
areas of enzootic transmission cycles. 

   Rocio virus       :  Rocio virus was fi rst isolated from a fatal human case during an epi-
demic of encephalitis in southeastern Brazil in 1975 (Iversson  1989 ). Between 1975 
and 1976, there were over 1000 cases reported, with a 10 % fatality rate, and neuro-
logical sequelae were observed in 20 % of survivors. Male adults working in or near 
the forests were shown to have the highest risk of infection (Iversson  1989 ). 
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 The transmission cycle of Rocio virus has not been clearly established, although 
wild birds are believed to be the primary vertebrate host, similar to the other mosquito- 
borne neurotropic fl aviviruses. The virus replicates in  Culex  mosquitoes in the labora-
tory; however in nature the Rocio virus has been most often isolated from  Psorophora  
mosquitoes (Iversson  1989 ). 

 Since 1976, despite the continuation of sporadic cases of encephalitis in south-
eastern Brazil and serological evidence of Rocio virus infections in horses and 
humans, only one case of human Rocio virus infection has been identifi ed (Gubler 
et al.  2007 ; Silva et al.  2014 ). This could be due to the diffi culty of differentiating by 
clinical symptoms or serology alone those encephalitis cases caused by Rocio virus 
from those caused by the closely related St. Louis encephalitis  virus  , which co-cir-
culates in the same geographical area (Fig.  1 ) (Burke and Monath  2001 ; Figueiredo 
 2000 ; Medeiros et al.  2007 ). Likely Rocio virus infections are an under- recognized 
cause of neuroinvasive illness in the Americas. 

   Louping ill virus       :  In Scotland, louping ill neurological disease has been recognized 
in sheep since the 1700s, and the virus was isolated there in 1929 (Jeffries et al. 
 2014 ). The fi rst probable human case was reported in 1934 (Gubler et al.  2007 ). 

 Louping ill virus is genetically most closely related to the European subtype of tick-
borne encephalitis virus, and similarly is transmitted by  Ixodes  spp. (Fig.  1 ) (King 
et al.  2012 ; Moureau et al.  2015 ). The geographical range of louping ill virus is in 
upland grazing areas throughout the United Kingdom, Ireland, Norway, Spain, Greece, 
and Turkey (Fig.  2d ). However, recently the virus has been detected in Scandinavia, 
and Negishi virus, classifi ed as a genotype of Louping ill virus, was isolated from a 
human in Japan (Gubler et al.  2007 ). The natural vertebrate hosts of louping ill virus 
are speculated to be rodents, deer, and hares, but sheep and cattle are the most impor-
tant enzootic hosts from an agricultural perspective (Jeffries et al.  2014 ). Louping ill 
virus causes neurological disease in sheep, and to a lesser degree, cattle, yet interest-
ingly, the other tick-borne encephalitis viruses do not (Jeffries et al.  2014 ). Most 
human infections have occurred through occupational exposure to infected ticks on 
livestock, such as stockmen, abattoir workers, butchers, and veterinarians (Lindquist 
and Vapalahti  2008 ). 

 There have been 44 reports of human disease caused by louping ill virus, with 
one fatal case. No human encephalitis cases of been identifi ed since 1991, possibly 
due to lack of awareness among clinicians for this “forgotten” disease and subse-
quent lack of specifi c testing (Jeffries et al.  2014 ). Serosurveys suggest that at-risk 
groups are exposed to louping ill virus, but that most infections are asymptomatic 
or result in an infl uenza-like illness. Clinical disease is characterized by fever, head-
ache, and some muscle stiffness, which may be followed by more severe neurologi-
cal signs. Four cases have presented as poliomyelitis-like disease (Jeffries et al. 
 2014 ). Vaccination successfully protects livestock but does not eliminate persis-
tence in ticks or virus transmission in wildlife hosts. 

   Modoc virus      : Modoc virus was fi rst isolated from a deer mouse in Modoc County, 
California in 1958, and subsequently in other regions in western United States and 
Canada (Burke and Monath  2001 ). Modoc virus was reported as the etiological 
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agent in one human aseptic meningitis case (Gubler et al.  2007 ). Rodents are the 
primary host and the virus is hypothesized to be maintained in nature by virus shed-
ding in persistently infected rodents and through horizontal transmission (Adams 
et al.  2013 ). No arthropod vector has been identifi ed (Fig.  1 ).      
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