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Abstract

M Studies in brain damaged patients conclude that the left
hemisphere is dominant for controlling heterogeneous sequen-
ces performed by either hand, presumably due to the cognitive
resources involved in planning complex sequential movements.
To determine if this lateralized effect is due to asymmetries in
primary sensorimotor or association cortex, whole-brain func-
tional magnetic resonance imaging was used to measure dif-
ferences in volume of activation while healthy right-handed
subjects performed repetitive (simple) or heterogeneous (com-
plex) finger sequences using the right or left hand. Advanced
planning, as evidenced by reaction time to the first key press,
was greater for the complex than simple sequences and for the
left than right hand. In addition to the expected greater
contralateral activation in the sensorimotor cortex (SMC),
greater left hemisphere activation was observed for left, relative
to right, hand movements in the ipsilateral left superior parietal
area and for complex, relative to simple, sequences in the left

INTRODUCTION

Studies with brain-damaged patients have shown that
motor skills are disrupted by left hemisphere lesions,
even when the left, ipsilesional hand is used (Haaland &
Harrington, 1996). In contrast, right hemisphere damage
produces minimal deficits in movements involving the
right, ipsilesional hand. Left hemisphere dominance is
most commonly reported for motor sequencing tasks
(Harrington & Haaland, 1991, 1992), especially after
damage to the left frontal or parietal lobes (Kimura,
1982; Kolb & Milner, 1981). Sequences that are more
complex and require advance planning are particularly
vulnerable to left hemisphere damage (Harrington &
Haaland, 1991, 1992; Kimura & Archibald, 1974). In one
study (Harrington & Haaland, 1991), performance of
heterogeneous sequences, which were composed of
three different hand postures in various orders, was
more impaired after left hemisphere damage than se-

!New Mexico Veterans Affairs Health Care System, 2University
of New Mexico, *Medical College of Wisconsin

© 2004 Massachusetts Institute of Technology

premotor and parietal cortex, left thalamus, and bilateral
cerebellum. No such volumetric asymmetries were observed
in the SMC. Whereas the overall MR signal intensity was greater
in the left than right SMC, the extent of this asymmetry did not
vary with hand or complexity level. In contrast, signal intensity in
the parietal and premotor cortex was greater in the left than
right hemisphere and for the complex than simple sequences.
Signal intensity in the caudal anterior cerebellum was greater
bilaterally for the complex than simple sequences. These find-
ings suggest that activity in the SMC is associated with execution
requirements shared by the simple and complex sequences
independent of their differential cognitive requirements. In
contrast, consistent with data in brain damaged patients, the left
dorsal premotor and parietal areas are engaged when advanced
planning is required to perform complex motor sequences that
require selection of different effectors and abstract organization
of the sequence, regardless of the performing hand. W

quences composed of repetitions of single hand pos-
tures. In contrast, no such deficits were seen after right
hemisphere damage suggesting that the simultaneous
construction, storage, or selection of multiple motor
programs was dependent on the left hemisphere.

With only a few exceptions (Sabatini et al., 1993;
Halsey, Blauenstein, Wilson, & Wills, 1979), functional
imaging studies in healthy adults (Baraldi et al., 1999;
Mattay et al., 1998; Singh et al., 1998; Li, Yetkin, Cox, &
Haughton, 1996; Kawashima et al., 1993; Kim et al., 1993)
have also found evidence of left hemisphere dominance
when comparing right and left hand performance during
highly practiced, self-paced, finger—thumb opposition
sequences (see Table 1). However, only one functional
imaging study has addressed the influence of sequence
complexity (Dassonville et al., 1998). This study used a
serial reaction time (RT) paradigm to compare sequences
in which the order of different movements was predict-
able and highly familiar (i.e., index, middle, ring, little
finger, index, middle, ring, little finger) or unpredictable
(e.g., middle, little, ring, index finger, middle, index,
little, ring finger). While greater left sensorimotor cortex
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Table 1. Summary of Functional Imaging Studies Examining the Hemispheric Asymmetry of Motor Sequencing

Hemispheric Asymmetry
Citation, [Method] and
Behavioral Data Subjects and Task ROIs and Comparisons Left Hemisphere Right Hemisphere None
Halsey et al. (1979) Right handers Anterior, Rolandic, Rolandic Anterior and posterior

[PET]

No behavioral data
reported

1. Self-paced sequential finger—
thumb oppositions
2. Control: rest (no specification)

posterior

Intensity 1 vs. 2

(C and I hand);
Rolandic (I hand)

(C hand)

Kawashima et al. (1993)
[PET]

NSD R and L hands

Right handers

1. Self-paced sequential finger—
thumb oppositions
2. Control: rest

SMC, PMA, SMA, SMC (I hand), PFA
PFC (I and C hand)

Intensity 1 vs. 2

SMC (C hand) PMA, SMA (C and I hand)

Kim et al. (1993)
[fMRI, 4T]

No behavioral data
reported

Right and left handers

1. Self-paced sequential finger—
thumb oppositions
2. Control: rest

SMC Right handers (I hand)

Activation volume C and I
hand 1 vs. 2

Left handers (I hand)

Sabatini et al. (1993)
[SPECT]

NDS R and L hands

Right handers

1. Self-paced sequential finger—
thumb oppositions
2. Control: rest

SMC/S1, SMA, Cbl

Intensity 1 vs. 2

SMC, SMA (C hand); Cbl
(I hand)

Li et al. (1996)
[fMRI, 1.5T]

No behavioral data
reported

Right and left handers

1. Self-paced sequential finger—
thumb oppositions
2. Control: rest

Right handers
(I activation left
hand > T activation
right hand)

Whole brain imaging

Activation volume
j(Lhem  Rhem)
/Lhem + Rhem)j

Left handers (I activation
left hand = I activation
right hand)
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Mattay et al. (1998)
[fMRI, 1.5 T]

No behavioral data
reported

Right handers

1. Self-paced sequential finger—
thumb oppositions
2. Control: rest

Whole brain imaging

I activation volume
of Lvs. R
hemisphere

Left SMC > right SMC
(I hand)

PMA, SMA, parietal, Cbl

(I and C hand); SMC
(C hand)

Dassonville et al. (1998)
[fMRI, 4T]

Response time:

Right and left handers, pooled for
most analyses

Serial RT

SMC, PMA, SMA,
pre-SMA, CM,
superior parietal

BAT)

Hemisphere: left
SMC > right
SMC for R
handers; left
SMA > right

PMA, pre-SMA, CM,

superior parietal (BA 7);
predictable >
unpredictable for

all areas except

unpredictable > 1. Cued predictable: repetition of SMA for R and L SMC
predictable; no hand four predictable finger taps handers
differences reported (i.e., 1234, 1234) (no effect of
2. Cued unpredictable: repetition Number of active pixels predictability)
of four unpredictable finger taps 1 and 2 vs. 3; ANOVA
(e.g., 4231, 2143) (Hemisphere  Hand
3. Control: visual cue only Predictability)
Dassonville et al. (1997) Right and left handers SMC, PMA, SMA, Contralateral Contralateral
[fMRI, 4T] pre-SMA, CM, SMC activation
Serial RT BA 7 greater for right
handers greater for left
1. Cued predictable and
unpredictable finger taps pooled
(see above)
NSD R and L hands 2. Control: visual cue only Number of active
pixels 1 and 2
Baraldi et al. (1999) Right handers SMC, S1, SMA SMC (Both hands) S1 and SMA

[fMRI, 1.5T]

No behavioral data
reported

1. Self-paced, sequential
finger—thumb oppositions
2. Control: rest

Activation volume for
both hands or C
hand only 1 vs. 2

(both hands);
no significant I
activation only

(continued)
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Table 1. Summary of Functional Imaging Studies Examining the Hemispheric Asymmetry of Motor Sequencing (continued)

Citation, [Method]
and Bebhavioral Data

Subjects and Task

ROIs and Comparisons

Hemispheric Asymmetry

Left Hemisphere Right Hemisphere None

Moll et al. (2000)
[fMRI, 1.5T]

Hand differences not
reported

Right handers

1. Imagine tool use when

tool presented

2. Pantomime tool use when tool
presented

3. Imitate meaningless gestures
when nontool object presented

Anterior and posterior

quadrants R and L
hemisphere

Activation volume 1
and 2 vs. 3

Overall activation for
both hands for
1 and 2

Activation

clusters in left
IPS and MFG
(BA 9,6)

The table lists studies representative of the methods used in functional imaging experiments investigating hemispheric asymmetry. Studies were included only if they examined right and left

hand performance, but various analysis techniques were used (e.g., comparing activation in each location for the contralateral and ipsilateral hand; comparing activation in homologous regions

in the left and right hemisphere for ipsilateral hand movements). Only directly relevant portions of the tasks and results are described. Sequences were practiced to varying degrees prior to imaging, they
were usually self-paced except where specified, and they were performed from memory during imaging with two exceptions (Dassonville et al., 1998). Finger movements were paced (externally

or self-paced) at rates varying between 0.5 and 2.5 Hz, but verification of that rate was often not presented. Findings are presented from the descriptive comparisons between sequencing and rest,
but statistical tests were not always conducted to validate these observations. The numbers 1, 2, 3, and 4 refer to index, middle, ring, and little finger movements, respectively. NSD = no significant
differences; BA = Brodmann’s area; C = contralateral; I = ipsilateral; L = left; R = right; SMC = sensorimotor cortex; S1 = primary somatosensory cortex; PMA = premotor area;

PFC = prefrontal cortex, MFG = middle frontal gyrus; SMA = supplementary motor area; IPS = intraparietal sulcus; CM = cingulate motor area; Cbl = cerebellum.



(SMC) activation was reported, this asymmetry was inde-
pendent of sequence predictability suggesting that the
higher order cognitive mechanisms, which subserve
sequence predictability, were not asymmetrically con-
trolled. In contrast, sequencing studies in patients with
unilateral hemispheric damage report that the cognitive
mechanisms that control the ability to make rapid
changes from one movement to another are more
dependent on the left than the right hemisphere (Har-
rington & Haaland, 1991, 1992; Kolb & Milner, 1981;
Kimura & Archibald, 1974).

These same studies report the highest incidence of
sequencing deficits after damage to the left parietal
lobes and attribute this higher incidence to cognitive
deficits (Kimura, 1982; Kolb & Milner, 1981). In contrast,
most (Baraldi et al., 1999; Mattay et al., 1998; Li et al.,
1996; Kawashima et al., 1993; Kim et al., 1993), but not
all (Moll et al., 2000; Singh et al., 1998; Sabatini et al.,
1993), functional imaging studies of motor sequencing
in healthy individuals report a higher incidence of
hemispheric asymmetry in the SMC. These asymmetries
have usually been attributed to asymmetries in move-
ment execution rather than to higher order cognitive
factors. However, contrary to the view that the SMC is
solely involved in direct muscle activation only, findings
in animals show that cells in SMC code movement
direction independent of the pattern of muscle activity.
This conclusion was based upon recording comparable
activity in SMC cells while monkeys performed upward
movements of the wrist whether the palm was facing
up or down (Kakei, Hoffman, & Strick, 1999). In hu-
mans, repetitive transcranial magnetic stimulation
(rTMS) studies show that stimulation of the SMC pro-
duces greater deficits in complex than simple sequences
(Gerloff et al., 1998; Chen, Gerloff, Hallett, & Cohen,
1997) and impairs early motor consolidation (Muellbach-
er et al., 2002). However, rTMS studies cannot rule out
stimulation to secondary motor areas adjacent to the
SMC, highlighting the need to characterize the cognitive
operations differentially controlled by the SMC and
motor association cortices when planning and executing
motor sequences. As noted above, the functional imag-
ing studies summarized in Table 1 did not manipulate
sequence complexity in a manner that should require
motor association cortex, based on studies in brain-
damaged patients. Therefore, these studies have not
provided the strongest test of whether SMC asymmetry
is influenced by the specific cognitive requirements
necessary to perform a motor sequencing task.

To address these issues, we conducted a whole-brain
functional magnetic resonance imaging (fMRI) study in
healthy, right-handed participants as they performed
finger key presses involving simple or complex sequen-
ces with the right or left hand. Simple sequences were
composed of five repetitive movements of the index
(“1”), middle (“2”), or ring (“3”) finger and were
visually cued with number sequences (i.e., 11111,

22222, or 33333). Complex sequences were composed
of five key presses that used all three fingers with a
transition between fingers occurring with each key press
(i.e., 12131, 23231, or 32321). This design enabled a
direct comparison of behavioral (reaction [RT] and
movement time [MT]) and fMRI measures for four
conditions: right simple (RS), left simple (LS), right
complex (RC), and left complex (LC) movements. Based
upon the lesion literature (Kimura, 1982; Kolb & Milner,
1981) and a previous functional imaging study that used
similar sequences but did not test both hands (Harring-
ton et al., 2000), we predicted greater left hemisphere
activation in the frontal and parietal cortex for the
complex than the simple sequences due to differential
cognitive requirements. Alternatively, the existing func-
tional imaging literature using finger—thumb opposition
movements would predict greater asymmetrical activa-
tion within the left primary SMC. We predicted that if
such an SMC asymmetry were present, it would be
independent of the cognitive requirements of the motor
sequence.

RESULTS
Behavioral Findings

Accuracy (percent correct) performing the movement
sequences was greater for the right than the left hand,
F(1,13) = 5.8, p < .05 (Figure 1A), but was unaffected by
sequence complexity or the interaction of hand and
complexity. RT (Figure 1B), the time interval between
the visual stimulus and the first key press, was faster
for the right compared to the left hand, F(1,13) = 12.4,
p < .01, and for simple compared to complex sequen-
ces, F(1,13) = 100.0, p < .001. The interaction of hand
and complexity was not significant. For MT (Figure 1C),
the interval between the first and fifth key presses),
there were no statistically significant effects, but MT
was marginally faster for the right than the left hand,
F(1,13) = 3.8, p = .072, and for simple than complex
sequences, F(1,13) = 3.4, p = .088. These results
suggest that greater planning was required prior to
sequence initiation for the left hand and for complex
sequences, consistent with previous work (Harrington &
Haaland, 1987). In contrast, execution speed, as mea-
sured by MT, was only marginally affected by hand and
sequence complexity.

Voxel-Based Imaging Findings
Right versus Left Hand

Table 2 and the left panel of Figure 2A (cortical activa-
tions), Figure 2B (subcortical activations), and Figure 2C
(cerebellar activations) display areas that were differen-
tially activated by the right or the left hand, regardless of
complexity [main effect of hand based on voxelwise 2
(hand) 2 (complexity) analyses of variance (AN-
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Mental status after acute West Nile virus infection has
not been examined objectively. We compared Telephone
Interview for Cognitive Status scores of 116 patients with
West Nile fever or West Nile neuroinvasive disease. Mental
status was poorer and cognitive complaints more frequent
with West Nile neuroinvasive disease (p = 0.005).

West Nile virus (WNV) outbreaks have been studied
in Africa since 1937 and in the United States since
the initial New York City outbreak in 1999 (1). Studies of
these outbreaks typically include only hospitalized
patients, use retrospective medical chart reviews, and do
not include follow-up after discharge (1-5). Therefore, the
long-term sequelae of WNV are largely unknown.

Mental status after West Nile virus infection is an
important public health issue because many studies of hos-
pitalized patients have reported continued complaints from
the time of discharge (2,4,5) through 18 months later (6).
A limitation of these studies is their reliance on self-report
of cognitive deficits rather than objective examination. No
study of WNV patients has used objective assessment of
mental status to determine the severity of cognitive deficits
after acute WNV infection in a large sample of WNV
patients, despite the fact that altered mental status is
reported in 46% (1,4) to 74% (3) of WNV patients at the
time of discharge from the hospital. In addition, no studies
have determined whether mental status changes are more
prevalent in patients who had West Nile neuroinvasive dis-
ease (WNND) than in patients who had West Nile fever
(WNF), which would be expected, given the diagnostic
criteria and the reports of less frequent and less severe cog-
nitive deficits from WNF patients (7).

The purpose of our study was to objectively compare
mental status of patients with a diagnosis of WNND or

*New Mexico Veterans Affairs Healthcare System, Albuquerque,
New Mexico, USA; TUniversity of New Mexico, Albuquerque, New
Mexico, USA; fUniversity of Washington, Seattle, Washington,
USA; 8Northwest Mississippi Regional Medical Center,
Clarksdale, Mississippi, USA; and New Mexico Department of
Health, Santa Fe, New Mexico, USA
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WNF, 9 months after symptom onset. We used the
Telephone Interview for Cognitive Status (TICS) and sub-
jective cognitive complaints noted during interview. Of the
190 eligible patients, all were seropositive for WNV and
all had been reported to the New Mexico State Department
of Health in 2003 (8). We successfully contacted 129
(68%) of these patients by telephone and excluded 13 who
had received a diagnoses of a neurologic condition before
the diagnosis of WNV infection or who did not speak
English well. For the remaining 116 patients, diagnosis of
WNND or WNF was made without knowledge of TICS
score and was based on the reporting physician’s diagnosis
or medical record review for patients who were hospital-
ized for WNV infection or who had continuing neurologic
or cognitive symptoms at the time of interview. Patients
were evaluated with the TICS, which is highly correlated
with the Mini Mental Status Examination (9), is sensitive
to mental status deficits in the elderly (10,11), and is stan-
dardized for administration by telephone (12).

Table 1 shows that the WNF and WNND groups were
comparable in age, sex, and ethnicity (p>0.05). However,
because of a trend for lower education in the WNND group
(p = 0.05), education was a covariate in all analyses.
Analysis of covariance (ANCOVA) showed TICS total
score to be poorer for the WNND than the WNF group (p
= 0.005). Thus, a small, but consistent, effect suggests that
WNYV infection severity affects mental status.

Participants were also asked questions about current
cognitive functioning (Table 2). Frequency of self-report
of cognitive problems varied from 6% to 42% across both
groups. Logistic regression, when controlled for education,
showed reports of concentration difficulty (p = 0.05) and
confusion (p = 0.02) to be significantly higher in the
WNND group. Overall, the WNND group reported more
cognitive problems than the WNF group (1.6 vs. 0.8,
respectively, p = 0.009), and the number of cognitive prob-
lems was correlated with the TICS total score (r = —0.21,

Table 1. Demographic data from Telephone Interview for
Cognitive Status*t

West Nile
West Nile neuroinvasive

Characteristic fever, n = 64 disease, n =52 p value
Age, y 50.0 (12.8) 53.6 (19.1) 0.26
Education, y 14.6 (2.6) 13.6 (3.0) 0.05
Sex, % male 44 58 0.14
Ethnicity

% white 62 64 0.90

% Hispanic 33 31 0.90
Hospitalized, n (%) 10 (16) 40 (78) <0.001
TICS total 33.6 (3.3) 31.1(3.8) 0.005%

(range 0-41)

*TICS, Telephone Interview for Cognitive Status.

tMeans with standard deviations in parentheses, except where otherwise
indicated.

Ip value, after analysis of covariance, controlling for marginal group
difference in education.
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Table 2. Percentage of patients reporting current cognitive
problems

West Nile
West Nile neuroinvasive
Mental deficit fever disease Overall
Concentration 22 42 31
Memory 28 42 35
Understanding 11 27 18
Decision making 16 25 20
Confusion 6 25 15
Mean rate of 17 32 24

complaints

*p=<0.05, after logistic regression, controlling for marginal group difference
in education.

p = 0.02). These findings indicate that self-reported cogni-
tive problems increased with severity of WNV infection.

To determine the better predictor of WNV diagnostic
category—TICS total score, rate of cognitive problems, or
a combination—we performed a logistic regression pre-
dicting WNV diagnostic category from TICS total and
rates of self-report of cognitive problems. Only the TICS
total score significantly predicted WNND group member-
ship (p = 0.01), but rate of report of cognitive problems
was a marginal predictor (p = 0.07).

This is the first study to objectively measure mental sta-
tus after WNV infection except for 1 review paper that
mentioned a study that performed neuropsychological
evaluation of WNV patients while they were hospitalized
with acute infection (13). We show that 9 months after
infection, WNND produces subtle but consistently greater
mental status deficits than WNF. These findings are con-
sistent with those of studies that identified a high incidence
of cognitive problems from WNYV patients and lesser com-
plaints from WNF patients (7) from time of hospital dis-
charge through 18 months later (2,4,6,14). We found subtle
cognitive deficits in the WNND group that could not be
explained by demographic variables. Although these cog-
nitive differences are subtle, they suggest that WNND pro-
duces cognitive deficits after the acute symptoms have
largely dissipated. Our data may underestimate the inci-
dence of cognitive changes associated with WNND
because more sensitive comprehensive neuropsychologic
evaluations were not done.

Similar to previous studies (5,6,14) of chronic cogni-
tive complaints after WNV infection, our study showed a
high incidence of cognitive complaints, although subjec-
tive self-reports can be unreliable. Our data show that
although =24% of the WNV patients complained of cogni-
tive problems, complaints were somewhat greater for
patients in the WNND group than in the WNF group. In
addition, subjective reports of cognitive problems are only
marginally associated with poorer mental status. This find-
ing further supports the need to perform objective mental
status examinations, especially because normal variation
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in cognitive performance can be misattributed to a medical
diagnosis (15).

We were not able to determine whether the WNF group
demonstrated cognitive deficits because we did not include
a healthy control group and because TICS does not have
normative data for respondents <60 years of age. However,
the published norms for TICS recommend a cutoff score of
>33 for classification as “normal” and <25 as clearly
“impaired”; only 53% of our total sample fell into the nor-
mal range, despite being younger than the age for which
norms are published (9). Furthermore, 33% of the WNF
group scored in the abnormal range, suggesting that WNF
may produce cognitive deficits relative to published
norms. Although the influence of demographic differences
(e.g., education) between the WNF and the normative
group cannot be ruled out, the high incidence of abnormal
scores in the WNF group may also reflect undiagnosed
neuroinvasion of WNV. However, without a demographi-
cally matched control group, this question cannot be
addressed definitively. In addition, 65% of the WNND
group scored in the abnormal range, consistent with our
other findings that WNND is associated with chronic men-
tal status changes.

Our study has several advantages, including objective
assessment of mental status, sampling from the entire
state’s reported cases of WNV infection in 1 year, direct
comparison between WNF and WNND groups, and inclu-
sion of patients of minority race and ethnicity. One poten-
tial limitation is the use of the reporting physician’s
diagnosis, but medical records were obtained for 78% of
those at greatest risk for WNND. In all instances in which
diagnosis was changed on the basis of medical records,
WNF diagnosis was changed to WNND. Therefore, if we
misclassified patients, we are more likely to have included
in the WNF group patients who should have been in the
WNND group; this potential bias would have decreased
group differences by lowering the WNF mental status
score.

These results emphasize that objective mental status
assessment is more sensitive than subjective report and
suggest that future studies should assess potential mental
status deficits to clarify the long-term public health conse-
quences of WNV.

Dr Haaland is a VA research career scientist at the New
Mexico VA Healthcare System and professor of psychiatry and
neurology at the University of New Mexico School of Medicine.
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NEUROLOGICAL PROGRESS

West Nile Virus Neuroinvasive Disease

Larry E. Davis, MD,!? Roberta DeBiasi, MD,? Diane E. Goade, MD,* Kathleen Y. Haaland, PhD,>>*°
Jennifer A. Harrington, MA,>7 JoAnn B. Harnar, RN,"? Steven A. Pergam, MD,? Molly K. King, MD,!?
B. K. DeMasters, MD,”'° and Kenneth L. Tyler, MDD

Since 1999, there have been nearly 20,000 cases of confirmed symptomatic West Nile virus (WNV) infection in the United
States, and it is likely that more than 1 million people have been infected by the virus. WNV is now the most common cause
of epidemic viral encephalitis in the United States, and it will likely remain an important cause of neurological disease for the
foreseeable future. Clinical syndromes produced by WNV infection include asymptomatic infection, West Nile Fever, and West
Nile neuroinvasive disease (WNND). WNND includes syndromes of meningitis, encephalitis, and acute flaccid paralysis/polio-
myelitis. The clinical, laboratory, and diagnostic features of these syndromes are reviewed here. Many patients with WNND have
normal neuroimaging studies, but abnormalities may be present in areas including the basal ganglia, thalamus, cerebellum, and
brainstem. Cerebrospinal fluid invariably shows a pleocytosis, with a predominance of neutrophils in up to half the patients.
Diagnosis of WNND depends predominantly on demonstration of WNV-specific IgM antibodies in cerebrospinal fluid. Recent
studies suggest that some WNV-infected patients have persistent WNV IgM serum and/or cerebrospinal fluid antibody re-
sponses, and this may require revision of current serodiagnostic criteria. Although there is no proven therapy for WNND, several
vaccines and antiviral therapy with antibodies, antisense oligonucleotides, and interferon preparations are currently undergoing
human clinical trials. Recovery from neurological sequelae of WNV infection including cognitive deficits and weakness may be

prolonged and incomplete.

Ann Neurol 2006;60:286-300

West Nile Virus

West Nile virus (WNYV) is an RNA virus belonging to
the Japanese encephalitis serocomplex of the genus
Flavivirus of the family Flaviviridae." WNV is an “ar-
bovirus” (arthropod-borne virus) that is transmitted
by a mosquito vector. WNYV isolates are grouped into
lineages and clades based on unique amino acid poly-
morphisms or deletions in their envelope proteins.'”
WNV isolates causing significant human disease be-
long to lineage 1, which is subdivided into four clades
(Indian, Kunjin, A, B). US WNYV isolates belong to
clade B of lineage 1.

WN virions are spherical, enveloped particles with a
50nm diameter, icosahedral symmetry, and a smooth
spikeless outer surface.” The genome is contained
within a capsid composed of the viral C (capsid) pro-
tein. The capsid is surrounded by a 4nm-thick host-
derived lipid membrane into which 180 copies of the
virus-encoded E (envelope) and prM (membrane) gly-
coproteins are inserted. Homodimers of the E protein

lie in a herringbone-like arrangement that covers the
lipid bilayer.” The E protein is responsible for receptor
binding and fusion with target cell membranes and
contains epitopes recognized by neutralizing antibod-
ies." The prM protein forms homotrimers that cap the
external tip of the E protein.

The WNV genome consists of approximately 10.8kb
single-stranded ( )-sense RNA. The genome serves as
messenger RNA with a single long open reading frame.
The resulting 3,433-amino acid polyprotein is cleaved
by both host and viral proteases to form the C, prM,
E, and 7 NS (nonstructural) proteins. NS proteins in-
clude enzymes involved in genome replication includ-
ing the RNA-dependent RNA polymerase." Virus rep-
lication occurs in the cytoplasm in close association
with rough endoplasmic reticulum. Virions are assem-
bled within the lumen of the endoplasmic reticulum,
and the nascent virions are transported within vesicles
to the cell surface and released by exocytosis.'

From the "Neurology Services, New Mexico Veterans Affairs Health
Care System; “Department of Neurology, University of New Mexico,
Albuquerque, NM; *Departments of Pediatrics, George Washington
University School of Medicine, Washington, DC, 4Department of In-
ternal Medicine, University of New Mexico; *Psychology Services,
New Mexico Veterans Affairs Health Care System; Departments of
SPsychiatry and “Psychology, University of New Mexico, Albuquer-
que, NM; ®Department of Internal Medicine, University of Washing-
ton, Seattle, WA; Departments of ?Neurology, '°Pathology, and
""Medicine, Microbiology and Immunology, University of Colorado
Health Sciences Center and the Denver Veterans Affairs Medical

286 © 2006 American Neurological Association

Center, Denver, CO.

Received Apr 19, 2006, and in revised form Jul 19. Accepted for
publication Jul 24, 2006.

Published online Sep 25, 2006 in Wiley InterScience
(www.interscience.wiley.com). DOI: 10.1002/ana.20959

Address correspondence to Dr Tyler, Neurology B-182, University
of Colorado Health Sciences Center, 4200 East 9th Avenue, Den-
ver, CO 80262. E-mail: ken.tyler@uchsc.edu

Published by Wiley-Liss, Inc., through Wiley Subscription Services



History

WNV was first isolated in 1937 from the blood of a
woman with a febrile illness who lived in the West
Nile region of Uganda.” Field studies along the upper
Nile River in the 1950s helped defined the basic ecol-
ogy and pathogenesis of WNV infection. WNV was
found to cycle between Culicine mosquitoes and native
birds. Birds served as the natural amplifying host, and
humans were accidental secondary hosts. Symptomatic
human infection resulted in a mild dengue-like illness
characterized by fever, malaise, lymphadenopathy, and
rash; infection resolved quickly without sequelae.’

In the early 1950s, patients with advanced cancers
were deliberately inoculated with WNV to test the po-
tential efficacy of the virus as an oncolytic agent
Ninety-five patients with metastatic cancers were in-
jected intramuscularly or intraperitoneally (two cases)
with mouse brain or chick embryo suspensions of
WNV. Eleven percent of patients experienced “sugges-
tive clinical signs of diffuse encephalitis” including de-
pressed sensorium, involuntary muscle twitching, and
Parkinsonism. One patient experienced a transient
“complete flaccid paralysis of both lower extremities”
with preserved sensation and reflexes.®

WNV infection was subsequently recognized to be
endemic in Africa, Europe, and Asia.” Fatal cases of
encephalitis were a significant feature of WNV epi-
demics in the 1990s in Romania, Russia, and Israel.
During these outbreaks, up to 60% of hospitalized pa-
tients had neuroinvasive disease with a 4 to 7% mor-
tality rate.®

Naturally occurring WNV infection first appeared in
North America in 1999, when an outbreak in New
York City resulted in 59 patients with encephalitis and
7 deaths.” Comparison of the nucleotide sequence of
the envelope gene of the New York City virus (NY99)
indicated that it was most closely related ( 99.8%
amino acid homology) to a virus that had been isolated
in 1998 from a goose in Israel," suggesting that NY99
originated from the Middle East or in Eastern Europe,
where a similar virus was also subsequently shown to
be circulating.

Infected migratory birds,"" or possibly illicitly im-
ported exotic birds, may have introduced WNYV into
North America. Because humans are “dead-end hosts”
for WNV (except under special circumstances such as
organ transplantation or blood transfusion), an infected
person was not the source of the New York outbreak.
A less likely possibility is that virus was introduced via
infected mosquitoes inadvertently transported in an air-
plane or other carrier.

After its introduction to the United States in 1999,
WNV spread to produce human infection throughout
the continental United States. WINV has been respon-
sible for the largest outbreaks of arboviral encephalitis
in US history,'* and the US epidemic in 2003 was the

largest WINV encephalitis outbreak ever reported. In
2003, 9,862 cases of West Nile infection including
2,860 (29%) cases of meningitis or encephalitis were
reported to the Centers for Disease Control and Pre-
vention (CDC). These numbers declined to 2,539 total
cases and 1,142 cases (45%) of meningitis or enceph-
alitis in 2004, and 3,000 total cases and 1,294 cases of
meningitis or encephalitis (43%) in 2005."% 192 cases
of WNV infection from 20 states, including 84 pa-
tients with neurological disease, have already been re-
ported to the CDC in 2006 (as of August 8, 20006).

The current seroprevalence rate of WNV in the
United States is extremely low ( 3%),'4 although rates
as high as 9.5% were reported in Nebraska blood do-
nors and up to 20% in some Nebraska communities
after the 2003 epidemic.'”

Ecology of West Nile Virus

WNV is maintained in nature by cycling between
more than 200 species of birds and many species of
mosquitoes.'® Mosquito species vary in their abun-
dance in different geographic regions, their propensity
to feed on mammals including humans, and the effi-
ciency with which they transmic infection (“vector
competence”). The species likely to be important in
human transmission of WNV in the United States are
Culex tarsalis and quinquefasciatus in the West, Culex
quinquefasciatus and nigripalpus in the Southeast, and
Culex pipiens and restuans in the Northeast.

WNV infection involves both bird-to-bird and bird-
to-human transmission, and the mosquito species re-
sponsible for these two cycles often differ. The likeli-
hood that a mosquito feeding on an infected host will
become infected and its subsequent capacity to trans-
mit infection increases dramatically as the level of vire-
mia increases in the host. WNV enters the mosquito in
infected blood, penetrates the gut, replicates in tissues
including the nervous system and salivary glands, and
produces a noncytopathic infection that persists for the
life of the insect.'” An infected Culex pipiens quinque-
fasciatus mosquito injects about 10* plaque-forming
units of virus into the host while feeding.'®

WNV must survive through winter to initiate new
annual cycles of infection. Several species of WNV-
infected mosquitoes, including Culex pipiens, can sur-
vive dormant during winter."” Female mosquitoes can
also transmit WNV to their eggs via transovarian trans-
mission.”” The infected eggs hatch in the spring into
pupa that mature into infected adults capable of trans-
mitting WNV.

Mosquitoes transmit infection to susceptible birds,
which serve as the major amplifying hosts for WNV.
Insectivorous birds can also acquire WNV after being
fed infected mosquitoes.'® Birds may have viremia that
lasts for more than 100 days,”' allowing for repeated
cycles of mosquito infection. The magnitude and du-
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ration of viremia varies in different bird species. The
highest titer viremias (10" plaque-forming units per
milliliter) have been reported in passeriforme birds (eg,
jays, grackles, finches, crows, sparrows).21 Viremia of
this magnitude leads to subsequent transmission to
more than 80% of biting mosquitoes.”* Infected birds
can also shed significant amounts of virus from the clo-
aca and nasopharynx, allowing viral spread between
birds independent of mosquitoes. The frequency of fa-
tal WNV infection varies between bird species and
generally parallels the magnitude of viremia.”' Interest-
ingly, significant bird deaths were not a feature of
WNV epidemics before the 1998 outbreak in Israel
and represent a change in the natural ecology and
pathogenesis of WNV.

In birds, WNV infection involves the heart, kidney,
spleen, gut, adrenal glands, liver, and brain.*> A sud-
den die-off of crows or other passerine species can serve
as a sentinel event presaging subsequent human epi-
demics.”* In parts of the Midwest, WNV decimated
native crow populations to 10% or less of preepidemic
levels. Massive deaths in susceptible bird populations
reduce the major natural amplifying reservoir of WNV
and may help to explain why human cases often de-
crease sharply in a particular year after a major WNV
outbreak. Conversely, infected migratory birds appear
to play a major role in the spread and introduction of
WNV into new geographic regions, and migration of
uninfected susceptible birds may facilitate continued
WNV transmission.''

Besides birds, many other vertebrates are susceptible
to WNV infection. Naturally occurring neurological
disecase is rare in nonhuman mammals except for
horses, in which more than 15,000 cases of WNV in-
fection have been reported in North America alone.'
About 10% of infected horses develop encephalitis or
myelitis with a mortality rate of 28 to 45%.>> Equines
and vertebrates other than birds do not typically de-
velop high titer viremia and are unlikely to play a role
in viral maintenance or transmission.

West Nile Virus Human Pathogenesis

WNV is injected intradermally in the infected saliva of
a biting mosquito and initally replicates in Langerhans
dendritic cells.”® The infected Langerhans cells migrate
to draining lymph nodes from which the virus enters
the bloodstream (primary viremia).”” Primary viremia
disseminates the virus to the reticuloendothelial system,
where replication further augments viremia (secondary
viremia).?® Virus can be detected in blood within 1 to
2 days of a mosquito bite, and viremia typically persists
for up to a week. The termination of viremia coincides
with the appearance of serum IgM neutralizing anti-
bodies. Human viremia is of a low level, and although
viral nucleic acid can be detected using sensitive nu-
cleic acid amplification tests, the virus is only rarely
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isolated from blood. Viremia is typically absent at the
time of onset of symptomatic illness (see later).

WNV central nervous system (CNS) disease occurs
with increased frequency in immunocompromised in-
dividuals and the elderly,”®° likely reflecting a more
prolonged and higher titer viremia resulting, in part,
from delayed development of neutralizing antibodies.*”
The precise mechanism by which WNV enters the
CNS is unknown, but experimental WNV infection
results in elevated levels of inflammatory cytokines in-
cluding tumor necrosis factor- that can alter blood—
brain barrier permeability.”’ WNV-infected mice that
lack Toll-like receptor 3 (71r 3 /") have decreased lev-
els of circulating inflammatory cytokines, less perme-
ability of their blood—brain barrier, and reduced WNV
entry into the brain (neuroinvasion).”'

Neurotropic flaviviruses may enter the CNS after di-
rect infection of endothelial cells in the cerebral micro-
vasculature or after viremic dissemination to the olfac-
tory bulb with subsequent transneuronal spread to the
CNS.?® Whether WNV also uses these pathways is un-
known. In WNV-infected mice that lack functional B
cells ( MT mice), passive transfer of WNV-specific
antibody prevents viremia but does not completely
block viral spread to the CNS, suggesting that nonhe-
matogenous pathways, such as retrograde axonal trans-
port from infected peripheral neurons, may contribute
to CNS entry.””

In the CNS, WNV infects neurons and, less com-
monly, glial cells in the cerebral cortex, basal ganglia,
brainstem, and spinal cord.”> Both cultured neurons
and astrocytes support WNV infection, although with
differing kinetics.”* Infection of microglial cells is abor-
tive but results in release of proinflammatory cytokines
(interleukin-6, tumor necrosis factor- ), and chemo-
kines (CXCL10, CCL2, CCL5). Infected neurons and
astrocytes also produce chemokines including CXCL10
and CCL5, which play a critical role in recruitment of
virus-specific T cells into the CNS**3 (see later).

The integrin , 5 has been identified as a putative
WNV receptor on nonneuronal cells.>®?” The WNV
neuronal receptor remains unknown. WNV attach-
ment results from interaction between the host cell re-
ceptor and the viral envelope glycoprotein.’” Monoclo-
nal andbodies specific for and peptide fragment
mimetics of a subregion (domain III) of the envelope
glycoprotein  inhibic  WNV infection of cultured
cells.”®*? WNV infection can also be inhibited by an-
tibodies against 5 and by adsorbing virus with sol-
uble , ;.3%%

WNV entry follows clathrin-mediated endocytosis.*
Virus is then transported toward the endoplasmic re-
ticulum in lysosomal vesicles. As the pH inside the ves-
icle decreases, the viral envelope fuses with the lysoso-
mal membrane releasing viral RNA into the cytoplasm,
initiating genome and protein replication.

v



WNV-mediated death of infected cells can occur
by either necrosis or apoptosis.*’~* In cultured Vero
cells, high multiplicity infection is followed by necro-
sis, whereas low muldplicity infection results in
mitochondrial-dependent apoptosis.*> Apoptosis can
also be induced in a variety of cells by expression of
both WINV capsid proteins and the nonstructural pro-
tein NS3.“>%* In WNV-infected mice, apoptotic neu-
rons are prominent in the spinal cord but rare in the
brain, suggesting that the mechanisms of WNV-
induced cell death may differ within specific regions of
the CNS.*!

The role of host immunity in clearance of WNV
from the CNS has been studied extensively in
mice.*>*"%> Passive transfer of WNV antibody before
footpad challenge with WNV protects immunocompe-
tent mice, but only delays disease onset and death in
mice that lack functional T and B cells (RAGI1
mice).”” Delay in administration dramarically decreases
the protective efficacy of passively transferred WNV
antibody, although some protection is still observed
even when the virus has already reached the CNS. The
appearance of neutralizing IgM antibodies plays a crit-
ical role in terminating viremia and preventing dissem-
ination of virus to the CNS, because mice that lack
secreted IgM (sIgM ") show markedly enhanced vire-
mia and decreased survival compared with sigM ’
(wild-type) mice, despite normal capacity to secrete
other immunoglobulin isotypes.*®

Clearance of WNV from the brain and other organs
appears to be primarily antibody-mediated, but CD8
cytotoxic T cells directed against peptide determinants
derived from WNV proteins also participate.”>*” In
murine models of WNV infection, CD8 T cells traf-
fic into the brain after viral infection. Mice that lack
CD8 T cells or major histocompatibility complex
class Ia antigens have up to 1,000-fold higher titers of
WNV in the CNS and increased mortality after foot-
pad viral challenge compared with their immunocom-
petent counterparts.”>* WNV-infected neurons se-
crete the chemokine CXCL10, which facilitates
recruitment of T cells bearing CXCR3 receprors into
the CNS.*® WNV-infected mice that lack CXCR3
show a phenotype similar to CD8-deficient mice, with
enhanced viral CNS titer and mortality.*® A similar
phenotype occurs in CCR5-deficient mice, which also
show defective T-cell recruitment into the CNS.?

About 1% of the human Caucasian population lacks
CCRS5 due to the presence of a homozygous defective
CCRS5 allele (CCR5 32). CCR5 is an human immu-
nodeficiency virus coreceptor, and humans homozy-
gous for CCR5 32 have decreased risk for human im-
munodeficiency virus infection after exposure, but
show an enhanced risk for development of fatal WNV
infection.” The odds ratio (OR) for homozygosity of
CCR5 32 was 4.4 to 9.1 (4.2-8.3% prevalence) in

two cohorts of Caucasian WINV-infected patients with
symptomatic disease compared with uninfected ran-
dom blood donors. Homozygosity was also signifi-
cantly associated with fatal disease (OR, 13.2).%

Innate immunity also plays a role in controlling
WNV infection. Mice infected with WNV show in-
creased levels of serum interferon (IFN)- and in-
creased levels of IFN-  messenger RNA in the brain.
WNV lethality is dramatically enhanced in mice that
lack IFN-  receptor, and these mice show enhanced
viremia and elevated viral titers in both the brain and
peripheral organs.”® Treatment of cells, including pri-
mary neurons, with IFN-  before WNV infection re-
duces viral titer and inhibits cytopathicity,”®" provid-
ing a rationale for clinical trials involving IFN- in
humans (see later).

Human West Nile Virus Transmission
Most human WNV infections result from mosquito
bites. Infection also has resulted from transfusion of
WNV-infected blood products, although the risk re-
mains extremely low.>>”>* Donors in the prodromal
phase of WNV infection may be asymptomatic despite
having high titers of infectious virus in their blood-
streams. In 2003, 877 units of WNV-infected blood
were identified among 2.5 million units screened (3.5/
10,000).>> Approximately two-thirds of nucleic acid
amplification test—positive blood units lack detectable
anti-WNV antibody and are likely infectious.”®
WNV infection has resulted from transplacental fetal
infection,” infected breast milk,>® infected organ
transplants,” and laboratory exposure.”” A recent re-
view of WNV infection in pregnant woman reported a
5% incidence of spontaneous abortions and 6% inci-
dence of premature births®; 97% (70/72) of live births
were healthy. One infant whose mother developed
WNV 6 days before term developed meningitis at 10
days of age, and another infant whose mother was in-
fected 3 weeks prepartum developed fatal WNV en-
cephalitis.

Clinical Features

The basic clinical features of West Nile neuroinvas-
ive disease (WNND) have been characterized exten-
sively,®?28-2339=62 CDC reports separate symptom-
atic infection into West Nile fever (WNF) and
WNND.'? Approximately 80% of WNV-infected pa-
tients are asymptomatic, 20% develop WNF, and less
than 1% develop WNND.

Common clinical features of WNF include the
abrupt onset of fever, headache, and fatigue, with vari-
able malaise, anorexia, nausea, myalgia, lymphadenop-
athy, and a nonpruritic generalized maculopapular
rash.’”%%7% When present, the rash typically begins
about 5 days after illness onset and lasts for a week. In
one retrospective case series,”’ the incidence and mean
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duration of commonly reported symptoms included fa-
tigue (96%, 36 days), fever (81%, 5 days), headache
71% (10 days), muscle weakness (61%, 28 days), and
cognitive impairment (53%, 14 days).

West Nile Neuroinvasive Disease

WNND includes meningitis, encephalitis, and acute
flaccid paralysis (AFP)/poliomyelitis. The distinctions
are at times arbitrary, and mixed patterns of disease are
common. Although the CDC does not subcategorize
WNND, approximately 40% of patients with WINND
have meningitis and about 60% encephalitis,” >
with a subgroup in both categories having AFP/polio-
myelitis (see later). Patients with fever, stiff neck, head-
ache, photophobia, and cerebrospinal fluid (CSF) pleo-
cytosis, but without altered mental status or focal
weakness, are classified as having meningitis; patients
showing signs, symptoms, or laboratory evidence of
brain parenchymal involvement are classified as having
encephalitis.””>®!

WNND occurs in approximately 1% of infected pa-
tients, although this frequency is significantly higher in
the elderly and immunocompromised individuals.””"
In one series of 221 hospitalized WNV patients, 32%
of those with encephalitis and 16% with meningitis
were immunosuppressed, organ transplant recipients,
or had autoimmune disease.”' Age 50 years or older

Table 1. Clinical Features Seen in West Nile Neuroinvasive Disease

(OR, 2.7; range, 1.2-6.5), alcohol abuse (OR, 3.4;
range, 0.9-12.9), diabetes (OR, 3.1; range, 1.1-9.2),
and immunosuppression (OR, 2.2; range, 0.7-7.6)
were all more commonly associated with development
of encephalitis compared with WNF (risk ratio and
95% confidence interval from univariate analysis).”"

WNND is rarely reported in children or individuals
younger than 30 years.”” However, from 2002 to
2004, more than 1,000 cases of WNV infection were
reported nationwide in children younger than 19 years,
and 30% of the cases (n 317) were categorized as
WNND. The impact of childhood WNV infection on
growth, development, and cognition remains un-
known.

Acute West Nile Encephalitis

WNV encephalitis is more common in the elderly.
In the original New York City outbreak in 1999, 88%
of those affected were older than 50 years and 51%
were older than 70.” In a small series of WNND from
Louisiana, the median age was 70 years for patients
with encephalitis, 56 for those with AFP, and 35 for
those with meningitis.®'

The most commonly reported signs and symptoms in
patients with WNV encephalitis®®'~*¢>~%""1 include:
fever (85-100%), diffuse weakness/fatigue (42—-85%),
headache (47-90%), and confusion/altered mental status

9,71

Signs and Symptoms

Common ( 50%) Fever ( 38°C)

Anorexia

Nausea/vomiting

Fatigue
Headache

Trouble concentrating
Memory problems
Confusion, delirium, lethargy

Generalized nonfocal weakness
Trouble walking

Numbness in limb or body
Tremors

Myalgias

Blurry vision

Myoclonic jerks

Marked sleepiness

Sdff neck or neck pains

Less common (5-50%) Chills
Dizziness
Imbalance
Back pains
Somnolence
Slurred speech
Diarrhea
Arthralgias

Focal arm or leg weakness
Paresthesias in limbs

Uncommon (1-4%)

Pharyngitis
Conjunctivitis
Coma

Facial palsy

Seizure/status epilepticus
Lymphadenopathy

Focal sensory loss

Sensitivity to light

Nonpruritic maculopapular rash
Dysphagia

Nystagmus

Babinski sign

Stupor

Uncoordinated gait/ataxia

Joint pains

Paraplegia or quadriplegia
Urinary/fecal incontinence
Parkinsonism

Monocular visual loss
Diplopia

Marked chorioretinitis

Data are from References 8, 9, 61, 63—66, and 103.
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(46-74%) (Table 1). Systemic signs and symptoms are
common and can include gastrointestinal complaints
(nausea, vomiting: 31-74%; diarrthea and abdominal
pain: 7-219), 3901626667 1k (19_570),8:9:63:65.67.71
and arthralgia and myalgia (15-61%).”°*°"" Less
commonly reported are pharyngitis (5%),” lymphade-
nopathy (2-4%),”°° and conjunctivitis (3%).” The
frequency of tremor has varied remarkably from as low
as 12%” to as high as 80 to 100%.°" Tremor may be
present at rest or kinetic and typically is asymmetric
and predominates in the upper extremities. Myoclonus
was reported to occur in one-third of cases in one se-
ries,°" and when present, it is a clue to the diagnosis of
WNND because it is distinctly unusual in nonflavivi-
rus encephalitis. Parkinsonian features (rigidity, brady-
kinesia, postural instability) have been reported in up
to two-thirds of WNND cases.®’ Meningeal signs oc-
cur in a variable percentage (19-57%). Seizures are
unusual (1-16%). The frequency of cerebellar abnor-
malities (eg, incoordination, gait ataxia) varies greatly
in different series from 11%°* to 57%.%°

Cranial nerve palsies are common in WNND, al-
though their exact frequency is difficult to ascertain
from published case series. Reports of cranial nerve in-
volvement in 11%°% of cases are likely an underesti-
mate. The seventh cranial nerve is most frequently in-
volved, producing unilateral or bilateral facial
weakness, which when bilateral may be synchronous or
sequential. Involvement of the eighth cranial nerve or
inner ear may account for frequent reports of dizziness,
vertigo, or the presence of nystagmus.®"®® Signs or
symptoms of brainstem or cranial nerve involvement,
or both, can include dysarthria”®> and dysphagia.® Un-
usual syndromes associated with WNV infection have
included opsoclonus-myoclonus®® and stiff-person syn-
drome.”?

Abnormalities on the neurological examination par-
allel the symptoms described earlier. Patients frequently
have an altered mental status, cranial nerve abnormal-
ities as noted, and generalized weakness. Asymmetric
lower motor neuron weakness with preserved sensation
may occur in patients with AFP/poliomyelitis (see
later). Movement disorders can be either hyperkinetic
(eg, tremor, myoclonus) or hypokinetic (Parkinsonian
bradykinesia and rigidity). The tendon reflexes may be
reduced or hyperactive. Decreased or absent deep-
tendon reflexes have been reported in 3 to 94% of
cases.”®® Conversely, hyperreflexia or extensor plantar
responses have been reported in 6 to 38% of cases.”®'
Incoordination suggestive of cerebellar involvement oc-
curs variably.

Despite the frequency of cognitive deficits in pa-
tients with WNND, mental status abnormalities have
not been comprehensively characterized. Some studies
emphasize the presence of either confusion®®*¢*¢¢ or
change in level of consciousness.®"***® No studies of

acute infection have provided formal assessment of
mental status, and only one study reported Glasgow
Coma Scores.®!

Among patients admitted to an acute rehabilitation
facility after WNV encephalitis who underwent neuro-
psychological testing,74 persisting cognitive deficits still
present at discharge included language/social commu-
nication deficits, memory impairment, executive dys-
function, and defects in attention and concentration
(all present in  65%). Approximately 25% of patients
had slowed processing speed. The pattern of cognitive
impairment resembled that seen in frontal subcortical
dementias, and deficits were significantly greater on the
frontal assessment battery than the MMSE. Neuropsy-
chiatric symptoms were found in greater than 75% and
included emotional dysregulation (depression, anxiety,
irritability) and psychomotor abnormalities (apathy, ag-
itation) resembling those seen in subcortical dementias
or human immunodeficiency virus encephalopathy.

In addition to cognitive impairment, patients with
encephalitis have a wide range of additional clinical
signs and symptoms that reflect the propensity of
WNV to involve areas as diverse as the cerebral cortex,
basal ganglia, brainstem, and spinal cord (see Table 1).
Visual problems in patients with WINND have become
increasingly recognized. Patients often describe blurry
vision, trouble seeing, and photophobia. Clinically re-
duced vision, active nongranulomatous uveitis, vitritis
multdifocal chorioretinitis, and optic neuritis have all
been described.”>”® In one study of 29 consecutive pa-
tients with symptomatic WNV infection who under-
went complete funduscopic examinations and fluores-
cein angiography, 69% had abnormalities, including
intraretinal hemorrhages, focal retinal vascular sheath-
ing, retinal vascular leakage, and optic disc swelling.”®

Acute Flaccid Paralysis/Poliomyelitis
WNV can infect neurons in the spinal cord, producing
true poliomyelitis””~*® (Fig 1). Patients experience de-
velopment of an AFP that may appear abrupty and
progress rapidly to result in asymmetric weakness that
involves one or more limbs, especially the legs.®"¢”78 =8
The weakness may develop concomitant with signs of
meningitis or encephalitis or develop several days after
their onset. Patients may report back or muscle pains
at or just before the onset of weakness. Areflexia or
hyporeflexia is common, and loss of bladder and bowel
function may develop. Some patients will develop re-
spiratory distress requiring intubation and mechanical
ventilation.”®”? Patients may experience subjective par-
esthesias in limbs, but objective sensory loss is rare.
WNV AFP results from viral infection and injury to
motor neurons in the anterior horns of the spinal cord.
Electrophysiological studies are consistent with injury
to anterior horn cells or anterior roots with absent or
minimal sensory abnormalities. After a few weeks,
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Fig 1. Anterior horn of the spinal cord (Luxol fast blue—peri-
odic acid-Schiff stain) showing virtually complete destruction
of the anterior horn in a patient with West Nile virus acute
flaccid paralysis. Original magnification — 40.

some patients note fasciculations in involved muscles
with later atrophy of involved muscles. Patients who
experience development of AFP are often considerably
younger than those who develop encephalitis.®’**>%°
Opverall, the incidence of flaccid limb weakness with
atrophy has been difficult to estimate, but is likely to
be at least 5 to 10% of patients developing neuroinva-
sive disease® with an incidence of about 4 cases/
100,000 population during a WNV epidemic.®”

West Nile—associated AFP must be distinguished
from reversible muscle weakness. The muscle weakness
may be initially severe and involves one or more limbs,
but it is typically transient and completely reversible
and not associated with fasciculations, muscle atrophy,
or electromyographic (EMG) changes suggesting de-
nervation.”” The cause of this transient weakness re-
mains unknown but may reflect mild myelitis with spi-
nal cord edema and transient anterior horn cell
dysfunction. WNV is also associated with a Guillain—
Barré-like involvement of peripheral nerves, although
true cases of Guillain—Barré-like syndrome appear to
be rare in comparison with cases of poliomyelitis.””*°

Laboratory Findings

CHEMISTRY AND HEMATOLOGY.  Elevated white blood
cell counts (WBCs;  10,800/mm?>) were reported in
about 40% of cases in a recent Israeli outbreak, and
several US series have reported mild elevations in mean
WBC (10,400—10,800/mm?>).8%? In one small series,
patients with meningitis had a higher mean WBC
(13,900/mm?) compared with those with AFP
(11,800/mm?>) and encephalitis (7,600/mm?>).°" WBCs
greater than 20,000/mm> are not usually seen,®l:%?
Prolonged lymphocytopenia has been described,®' and
thrombocytopenia ( 135,000/mm?®) occurs in 15%.°°
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Mild depression of hemoglobin (Male  13.5gm/dl;
Female  12gm/dl) was reported in 41% of cases in
an Israeli outbreak.® Hyponatremia ( 135mM/L) is
seen in 33 to 50% of patients.*>**® Abnormal liver
function tests (aspartate aminotransferase, alanine ami-
notransferase, alkaline phosphatase, bilirubin) occur in
up to 21 to 24% of patients.®>*® Elevated creatine ki-
nase levels also can occur.®”"®? In one small series, 65%
of patients were reported to have transienty elevated
serum lipase levels, with 24% having levels more than
two times normal. None of the patients had signs or
symptoms of pancreatitis.®

CEREBROSPINAL FLUID.  CSF findings in a large series
(250 cases) of serologically confirmed WNND recently
have been described.** Ninety-seven percent of patients
with meningitis had a CSF pleocytosis (5 cells/mm?)
with a mean cell count of 226/mm?. Results were
nearly identical in patients with encephalitis, with 95%
having a pleocytosis with a mean cell count of 227/
mm’. Forty-eight percent of meningitis and 41% of
encephalitis cases had a neutrophil predominance on
their initial CSF examination. Among all patients, the
mean percentage of neutrophils was 45% for meningi-
tis and 41% for encephalitis cases. A glucose level less
than 40mg/dl was seen in only 1 of 238 cases. Ninety
percent of meningitis and 99% of encephalitis patients
had elevated protein levels ( 40mg/dl), with a mean
value of 76mg/dl in meningitis and 101mg/dl in en-
cephalitis cases. In smaller series, the mean cell count has
ranged between 24 and 566 cells/mm® and mean pro-
tein concentration between 57 and 126mg/dL.*"¢'~>¢7
Cells resembling plasma® and Mollaret cells®”>*® have

been found in CSF (Fig 2).

Virological and Serological Tests for Diagnosis
WNV infection can be diagnosed by virus isolation, by
detection of viral nucleic acid or antigens, or by serol-
ogy (Table 2, Fig 3). Virus isolation is rarely performed
due to biosafety issues. Detection of viral nucleic acid
has been extremely useful in screening donated blood
products for potential WNV infection (see catlier). Se-
rum nucleic acid amplification tests are of only limited
utility in diagnosis of WNND, because viremia is typ-
ically over at the onset of symptomatic CNS discase.
Less than 15% of blood samples from patients with
WNND are polymerase chain reaction—positive.®” In
patients with WNND, CSF polymerase chain reaction
is 100% specific but relatively insensitive (57-70%)
compared with detection of WNV IgM in CSF.*’
Diagnosis of WNND typically is based on detection
of WNV-specific antibodies in serum, CSF, or both
using commercially available enzyme-linked immu-
nosorbent assays®® (see Table 2, Fig 3). WNV enzyme-
linked immunosorbent assays can detect heterologous
cross-reacting antibodies resulting from infection with



Fig 2. Cerebrospinal fluid cytospin preparation (Wright—Gi-
emsa stain) from a patient with West Nile virus meningoen-
cephalitis showing the wide variety of cells that can be seen,
including neutrophils, lymphocytes, small mononuclear cells
with a plasmacytoid appearance, and larger mononuclear cells.

other flaviviruses, including St Louis encephalitis, Jap-
anese encephalitis, dengue 2, yellow fever, and Powas-
san viruses.®® In addition, individuals recently vacci-
nated with yellow fever or Japanese encephalitis
vaccines may develop WNV cross-reacting antibodies.
It may be necessary to confirm positive enzyme-linked
immunosorbent assay tests by plaque reduction neu-
tralization

assays (performed by many state public health labora-
tories and the CDC) for definitive diagnosis to exclude
cross-reactions.

The kinetics of CSF WNV IgM and IgG responses
have not been completely characterized. Immunosup-
pressed patients may exhibit delayed serum or CSF se-
roconversion, or both.”>® False-positive serum WNV
IgM antibody tests can occur in patients with rheuma-
toid factor or other inflammatory processes.*® WNV
IgM may occasionally appear in CSF before serum in
patients with WNND.*”? The cumulative percentage
of patients who are seropositive increases by approxi-
mately 10% per day during the first week of illness,”
and specimens obtained early after onset may need to
be repeated to avoid misdiagnosis. In one study,”® the
relative frequency of IgG and IgM antibodies was ex-
amined as a function of time after illness onset. Fifty-
eight percent of seropositive CSF specimens and 51%
of seropositive serum specimens obtained at days 2 to 7
of illness had WNV IgM but not IgG (the remainder
were [gG  and IgM ). During days 8 to 20 of illness,
98% of seropositive serum specimens have both WNV
IgG and IgM. Fifty-one percent of seropositive speci-
mens obtained at days 21 to 98 of illness were IgG-

positive and IgM-positive, 41% were IgG-positive but
IgM-negative, and only about 1% were IgM-positive
but IgG-negative.”

Serum WNV IgM may persist for more than 2
months in more than 50% of patients, although titers
decline over time.”® In one small study, 7 of 12 pa-
tients with WNV encephalitis still had IgM antibody
detectable at more than 500 days after onset of ill-
ness.”’ Because of persistence of IgM antibody even in
asymptomatic individuals, it may be necessary to dem-
onstrate an increase in IgG antibodies between acute
and convalescent sera or obtain sequential paired IgG
and IgM serum and/or CSF serology to unequivocally
establish acute infection.

Electrodiagnosis
Seizures, including rare cases of status epilepticus, are
reported in less than 10% of cases of WNND.*?¢3¢7
Despite the rarity of clinical seizures, electroencephalo-
graphic abnormalities have been reported in 57 to 86%
of cases.”®'"%>>92 In one selected series of 13 hospi-
talized patients with WNND, the electroencephalo-
gram was abnormal in 85% (11/13), with the most
common abnormalities being generalized slowing with
anterior (n 8) or temporal (n 2) prominence and
intermittent temporal slowing (n 1).°? In another
small series, electroencephalographic abnormalities
were found in 57% of cases (4/7), with the most com-
mon patterns being generalized slowing with anterior
or temporal predominance.® In a third small series of
seven patients with encephalitis, diffuse, irregular slow
waves were noted in 86%, and one patient each had
electrographic seizures and focal sharp waves.®!

EMG and nerve conduction velocity studies are ab-

Fig 3. Schematic of typical time course for development of
West Nile virus (WNV) IgG and 1gM antibodies in humans
after WNV infection. (Courtesy CDC’s Arbovirus Disease
Branch, Diagnostic and Reference Laboratory, Fort Collins,
CO).
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Table 2. Criteria for Clinical and Definite Diagnoses of West Nile Neuroinvasive Disease

Possible Clinical Diagnosis of West Nile Neuroinvasive Disease (before serology results available)

Requirements: 1, 2, 3 (A, B, or C), 5 with 4 supportive

New onset of:
1. Fever  38°C or subjective fever by patient when temperature never taken
2. Acute systemic symptoms (1 lasting 48 hours)

Headache

Nausea or vomiting

Myalgias

Transient erythematosus maculopapular rash

3. Acute neurological signs and symptoms (A, B, or C required)
A. Altered mental status for 48 hours (1 below are required)
Marked lethargy that often incapacitates the individual
Delirium or agitation
Marked disorientation or confusion that often incapacitates the individual
Profound sleepiness (sleeping all day for 2 days)
Stupor or coma

B. Brainstem or spinal cord signs that persist 48 hours (1 below are required)
Cranial nerve palsies
Myelitis

i. New focal weakness in one or more limbs that is not due to arthritis or limb pains lasting
ii. Respiratory failure requiring intubation that is not solely due to pneumonia
iii. Electromyographic evidence of recent denervation in more than one nerve root
C. Cerebrospinal fluid (CSF) (all required if examined)
Pleocytosis (rarely may be absent if lumbar puncture performed within first 2 days of central nervous system symptoms)
Cerebrospinal fluid IgM antibody for West Nile virus
Negative cultures for bacteria and negative Gram stain (if mycobacterial, fungal, or viral cultures were done, they
should be negative)
4. Supportive criteria
A. Focal neurological signs of acute onset (1 desired but not required)
Hemiparesis
Visual field loss or chorioretinitis
Hyperactive deep-tendon reflexes or Babinski sign
Seizure
Tremor or myoclonus
Bradykinesia, spasticity, or rigidity
Photophobia
Severe generalized weakness and fatigue that keeps patient in bed
B. Mosquitoes as vector (1 desired unless patient received transfusion or transplant organ)
Positive West Nile virus (WNV) mosquito pools or infected horses in region within past 3 weeks or
Recent cases of acute WNV infection in region or
Travel within past 3 weeks to regions with positive WNV mosquito pools or cases of WNV infection
5. Exclusion criteria (required)

Underlying dementia, congestive heart failure, or chronic obstructive pulmonary disease that could cause altered mental

status and no known other neurological disease that could cause the neurological signs
Definite or Confirmed Diagnosis of West Nile Neuroinvasive Disease

Above criteria plus WNV serologylvirology (A and B pluslor C or D)

A. Demonstration of WNV IgM antibody in serum without vaccination with yellow fever or Japanese B viral vaccines in
past 5 years or recent infection with other flavivirus, such as St Louis encephalitis virus. Note: If WNV has occurred
in region in prior years, criterion B is needed because previously infected individuals may have prolonged persistence of
IgM in serum.

B. Fourfold or greater increase in serum WNV IgG or IgM antibody titer between acute and convalescent samples taken
10 to 28 days apart.

C. Demonstration of WNV IgM antibody in CSF

D. Identification of WNV in CSF by viral culture or of WNV nucleic acid by polymerase chain reaction

48 hours

normal in patients with myelitis. During the first 2
weeks after onset, patients may have normal studies;
subsequently, signs of denervation including fibrilla-
tions and positive sharp waves are found that predom-
inate in the weakest muscles.”””?™”> Compound mus-
cle action potential amplitudes are decreased and
parallel the location and severity of weakness. There is
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no motor nerve conduction block, although motor
conduction velocities may be slowed in patients with
significant reduction in compound muscle action po-
tential amplitudes. Sensory nerve action potentials are
normal. EMG results show reduced recruitment in in-
volved muscles, as well as signs of denervation (fibril-
lation potentials, positive sharp waves). Studies months



to years after illness show evidence of collateral sprout-
ing with reduced numbers of large-amplitude, long-
duration polyphasic motor unit action potentials.”®

Neuroimaging
Neuroimaging studies are frequently normal in patients
with WNND. Cranial computed tomography abnor-
malities are not seen in patients with WNND., 16367
Surprisingly, magnetic resonance imaging (MRI) is also
relatively insensitive, and abnormalities are reported in
only 20 to 70% of patients with acute WNND, the
variability depending, in part, on the timing and na-
ture of the imaging sequences used.®"*>*”**?” In one
recent series, 29% (5/17) of patients had completely
normal studies and an additional 24% (4/17) had ab-
normalities seen only on diffusion-weighted imaging.””
Although not studied systematically, the frequency of
lesions identified by MRI appears to increase over the
first week of illness, and late studies may show abnor-
malities not identified acutely. Lesions, when present,
typically are hyperintense on T2-weighted and fluid-
attenuated inversion recovery images and of normal in-
tensity and nonenhancing on T1-weighted images®”
(Fig 4). Restricted water diffusion may be seen on
diffusion-weighted images in up to 50% of patients’’
and can assist in confirmation of subtle abnormalities
seen on T2- or fluid-attenuated inversion recovery se-
quences.®”?>?7 When present, lesions have a predilec-
tion for deep gray matter structures including the basal
ganglia and thalami, as well as the brainstem and cer-
ebellum.®"?*” Some patients with parkinsonism have
had striking abnormalities in the substantia nigra.
Periventricular hyperintensity also has been reported in
6 to 14% of cases.”® In one retrospective review of
17 WNV cases, 5 of 8 cases with MRI abnormalities
had involvement of the mesial temporal lobes(s), and
in 3 cases, it was an isolated abnormality.”® Cerebral
leptomeningeal enhancement on MRI has been re-
ported in 6 to 31% of cases.”®>¢>7%%7

MRI abnormalities involving the anterior horns and
anterior roots have been reported in some patients with
WNV-associated AFP, although neuroimaging studies
are commonly normal.®>*”782¢7%8 In some patients,
there is gadolinium enhancement of the conus med-
ullaris, cauda equine, or both.6"¢77826:97

Neuropathology

The gross appearance of the brain is normal in patients
with WNND. Microscopically, almost all patients with
encephalitis are found to have glial nodules, perivascu-
lar cuffing with mononuclear cells, and a variable de-
gree of neuronal loss.”> Neuronophagia and, rarely, fo-
cal areas of brain necrosis occasionally can be
seen.”>?>1% In a review of 23 autopsy cases, inflam-
mation was noted in the brainstem in 100% (20/20),
in the cortex in 69% (11/16), and in the cerebellum in

Fig 4. Magnetic resonance images at day 6 of illness from a
patient with West Nile virus (WNV) encephalitis showing
increased signal (representing restricted diffusion confirmed by
apparent diffusion coefficient maps) in the thalamus (A) and
substantia nigra (B).

60% (6/10). The severity of inflammation was also
typically greater in brainstem compared with cortex or
cerebellum.”” Inflammatory changes were also found in
all (17/17) spinal cords examined.®®> Within the spinal
cord, inflammatory changes were more prominent in
the anterior horn in 53% and equal in anterior and
posterior horns in 47%.%> Twenty-two percent of pa-
tients had lymphocytic infiltrates involving cranial or
spinal nerves.”> CD8 T cells predominated in the pa-
renchymal and glial nodules and CD20 B cells in
perivascular cuffs.®%1°!

WNV antigen was detected by immunohistochemis-
try in only 60% of brainstem, 12.5% of cortex, and
41% of spinal cords examined,” and was often focal
and sparse when found. The intensity of antigen stain-
ing was maximal in patients dying during the first
week of encephalitis, but positive staining was seen as
late as 3 weeks after onset in two patients who were
immunosuppressed.”> In contrast with neurons, glial
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cells only rarely contain detectable WNV antigen, and
endothelial and meningeal cells are antigen-negative.

Prognosis and Outcome

Patients with WINND often experience prolonged re-
covery times from both constitutional and neurological
symptoms. In one study, patients were interviewed 5 to
6 months after symptoms, and they reported it took 60
days (median) to return to normal.'®” Fifty-three per-
cent of those surveyed reported difficulty concentrating
for 2 weeks post-infection (median). Telephone inter-
views of patients infected during the New York City
outbreak in 1999 indicated that only 37% had
achieved a full recovery at 1 year after illness.'’
Younger patients tended to make better recoveries than
older ones.'®® Physical sequelaec found to be signifi-
cantly more prevalent at 1 year after infection com-
pared with before infection baseline included: fatigue
(64%), muscle weakness (56%), insomnia (47%), dif-
ficulty walking (42%), muscle pain (39%), and head-
ache (36%). Cognitive sequelac at 1 year included:
memory loss (44%), depression (44%), irritability
(39%), lightheadedness (37%), loss of concentration
(33%), and confusion (31%). These physical and cog-
nitive signs and symptoms impacted on activities of
daily living. About 30 to 56% of patients reported im-
pairments in ability to shop, prepare meals, do laundry
and housekeeping, and use transportation.'?

In the study of 15 surviving patients with
WNND,®!' at 8 months after infection, 73% (11/15)
were home and functioning independenty, 20%
(3/15) were home but dependent on assistance, and
7% (1/15) remained in rehabilitation. Surprisingly, the
severity of initial illness did not correlate well with out-
come, and five of seven cases with severe encephalitis
(Glasgow Coma Score  12) returned to their premor-
bid functional level. In general, recovery occurred
within 4 months of illness. Persistent symptoms were
common among the WNND patients and included fa-
tigue (67%), cognitive difficuldes (27%), myalgia
(13%), and headache (13%). Neurological examination
was normal at 8 months in all five patients with men-
ingitis. The three patients with AFP showed no im-
provement in limb weakness and remained wheelchair
dependent for ambulation. Parkinsonism was still
present at 8 months in 45% (5/11) and tremor in 33%
(5/15) of patients in whom it was initially noted. Two
of five patients had persisting myoclonus.

In a large series of 221 hospitalized patients from
Colorado in 2003, 18% of encephalitis patients died,
46% were discharged to rehabilitation or long-term
care facilities, 15% returned home with assistance, and
20% returned home with no assistance.”" Results were
significantly better in the meningitis group, in which
there were no deaths, 9% of patients were discharged
to rechabilitation or long-term care facilities, 11% re-
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turned home with assistance, and 80% returned home
with no assistance.”" Risk factors for fatal outcome in
patients with encephalitis included intubation (OR,
12.7; range, 1.2-139), previous stroke (OR, 42.7;
range, 2.4-756), immunosuppression (OR, 26.5;
range, 3-234), and age 50 years or older (OR of 1.14
for each year over age 50; range, 1.02-1.29).”"

One recent series reviewed outcome in 11 patients
with AFP.'®* The degree of motor recovery at 18
months after illness was quite variable. Improvement
correlated with motor wunit number estimation
(MUNE), as determined on initial EMG study. Pa-
tients with more than 50% of normal MUNE made
better recoveries than those with less than 50%. Inter-
estingly, MUNE did not always correlate with degree
of acute clinical weakness, and patients with severe
weakness but preserved MUNE had a generally good
prognosis for recovery.'

The severity of MRI abnormalities may also predict
outcome. Patients with normal studies or lesions seen
only on diffusion-weighted imaging sequences appear
to have a higher likelihood of full recovery than those
with abnormalities seen on T1- and T2-weighted and
fluid-attenuated inversion recovery sequences.””

Treatment
Currently, there is no treatment of proven efficacy for
WNV infection. In murine models of WNV, IFN
treatment reduced mortality when administered before
viral challenge, but not when given 2 days after infec-
tion.'” Human studies with IFN treatment of WNV
infection are limited. Two patients with chronic hepa-
titis C infection developed WNF despite receiving
IEN- 2b and ribavirin for treatment of their chronic
hepatitis C.'°® Noncontrolled and nonblinded anec-
dotal reports of treatment®>>'*” include examples of
both improvement and no benefit in patients receiving
IFN- 2b. A randomized, double-blind, clinical trial of
IFN- -n3 (alferon; 3 million units administered intra-
venously once, then subcutancously every day for 7
days) for treatment of WNV meningoencephalitis has
been initiated,'*® although accrual has been limited.

Ribavirin, a guanosine analogue, inhibits WINV rep-
lication and cytopathic effect in tissue culture.”"'"’
However, WNV infection has developed in patients
being treated with ribavirin for hepatitis C.'® In a
noncontrolled, nonrandomized trial during an out-
break of WNV infection in Israel in 2000, mortality
was 41% (15/37) in patients receiving ribavirin com-
pared with 10% (18/178) among those not receiving
ribavirin (OR of 6.7 for death; p  0.0001), although
this negative result may have been biased by selection
of more seriously ill patients for treatment.

Both polyclonal antisera and monoclonal antibodies
directed against the WNV envelope glycoprotein can
protect mice against WNV encephalitis,>??4¢-110-112



Protection also occurs in mice after passive transfer of
human intravenous immunoglobulin containing high
titers of anti-WNV antibody.""" In murine models of
WNV infection, protection depends on the dose, fre-
quency of administration, and timing of antibody
treatment. Protection is maximal when antibody is
given before virus has reached the CNS, although some
protection still occurs even after the virus has entered
the CNS.""? An intravenous immunoglobulin from Is-
rael (Omr-IgG-am) contains high titers of anti-WNV
IgG and has been reported to be of benefit in treat-
ment of WNV encephalitis in some,"'*'* but not
all,'*® noncontrolled, nonblinded case reports. These
studies prompted the National Institutes of Health/
Collaborative Antiviral Study Group (CASG) to insti-
tute a phase I/II multicenter, randomized, double-
blind, placebo-controlled trial (CASG 210) of the
safety and efficacy of Omr-IgG-am in treatment of
WNV encephalitis and myelitis. Enrollment in the trial
began in September 2003 and will be finished in 2006.

The role, if any, for steroid treatment in patients
with WNV infection is unknown. There is one case
report of a patient with AFP who improved after treat-
ment with intravenous methylprednisolone (500mg qd
for 4 days)."'®

Antisense oligomers that bind to WNV RNA can
inhibit the translation of viral proteins and viral RNA
replication. Small, interfering RNA directed against
WNV envelope protein sequences afforded partial pro-
tection to mice when injected intravenously 24 hours
before viral challenge, but not when injected 24 hours
after viral challenge."'” A proprietary WNV antisense
oligomer (AVI-4020; AVI BioPharma, Portland, OR;
see the AVI BioPharma Web site for more informa-
tion: http://www.avibio.com)'"® has undergone phase I
safety evaluation in a group of nine WNV-infected pa-
tients, with no reports of significant toxicity and effi-
cacy (phase II) trials planned.

Prevention of West Nile Virus Infection
Prevention of WNV infection involves reduction in
risk for exposure to infected mosquitoes both through
personal protection and community-wide mosquito
eradication measures. Personal protection includes re-
ducing outdoor exposure time during peak mosquito
biting periods at dusk and dawn, using mosquito re-
pellent when outdoors for more than 30 minutes, and
covering exposed skin. Personal protective measures
can reduce the risk for WNV infection during an epi-
demic by 50%.'"” N,N-diethyl-m-toluamide (DEET)
and picaridin applied to exposed skin are effective and
relatively nontoxic mosquito deterrents. Unfortunately,
utilization of personal protection is suboptimal despite
intensive publicity during WNV outbreaks.'"”

Two WNV vaccines have been approved for equine
use.'?>"*! Vaccines under development and testing in

humans include inactivated subunit vaccines; attenu-
ated WNV vaccines; chimeric vaccines based on vac-
cine strains of YFV, dengue, measles, or canarypoxvi-
rus; and naked DNA vaccines.'??"'?°  Chimeric
vaccines typically contain the WNV genes encoding
the E and PrM/M proteins inserted into a vaccine virus
genome. A chimeric WNV/dengue vaccine was shown
to protect rhesus monkeys against WNV challenge.'?”
A randomized, double-blind, placebo-controlled phase
II trial in 200 subjects of a chimeric vaccine
(ChimeriVax-West Nile) constructed from the YFV
17D vaccine strain and containing WNV prM/E genes
was recently initiated after phase I safety and immuno-
genicity studies found the vaccine to be safe and to
generate detectable WNV antibody titers in greater
than 96% of immunized subjects by 28 days after im-
munization.'”” A phase I trial of a chimeric dengue
4-W/NV vaccine also has been initiated.'?®

Chronic/Persistent and Postinfectious Immune-
Mediated West Nile Virus Central Nervous

System Disease

WNV can persist in the brains of infected monkeys
who recovered from encephalitis for 5 to 6 months af-
ter peripheral inoculation, even in the absence of clin-
ically overt illness.'*” Brain tissue and CSF from fatal
WNV cases has contained virus even 3 weeks after
acute infection,” and in one immunocompromised pa-
tient, virus RNA and antigens were detectable at au-
topsy 99 days after illness onset.'*® To date, there are
no proven cases of chronic or relapsing WNV CNS
disease in immunocompetent individuals, nor are there
definitive cases of WNV-associated postinfectious
immune-mediated encephalomyelitis.
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Additional Description of my Research:

My research has focused upon the neuroanatomical and cognitive correlates of complex
movement through the study of limb apraxia, response sequencing, procedural learning, and
kinematics of arm reaching. | have primarily studied brain damaged patients to delineate the
neural correlates of various aspects of movement including advance planning (Harrington &
Haaland, Brain, 115: 857-874, 1992) and the effect of context on the neural correlates of
procedural learning (Haaland, Harrington, & O’Brien, Neuropsychology, 11:180-186, 1997), but
functional MRI has also been used in collaboration with scientists at the Medical College of
Wisconsin to determine if the same areas that are involved with advance planning in brain
damaged patients are activated while performing similar tasks during functional imaging
(Haaland, K.Y., Elsinger, C., Mayer, A., Durgerian, S., Rao, S., Journal of Cognitive
Neuroscience, 16, 621-636, 2004).

| have always had a strong interest in ipsilesional motor deficits after stroke. Ipsilesional deficits
are present, and are particularly important in patients with right hemiparesis who must rely on
their non-dominant, ipsilesional, left arm to perform daily activities. Our early work showed that
the two hemispheres were specialized for controlling different aspects of movement. More
recent work has used kinematic analyses of reaching to further demonstrate this finding with the
conclusion that the left hemisphere is more specialized for dynamic control of movement, while
the right hemisphere is more specialized for position (Haaland, K.Y., Prestopnik, J., Lee, R.R.,
and Adair, J., Brain, 127, 1145-1158, 2004). While these different aspects of movement are
associated respectively with open loop, feedforward, or pre-programmed movements and
closed loop or feedback processing, current work in collaboration with Robert Sainburg at Penn
State University is examining this issue with more precision. In fact, we have recently shown



that the left hemisphere is particularly important for controlling the dynamic aspects of
movement (e.g., joint coordination) while the right hemisphere is more important for controlling
the steady state positional aspects of movement (Schaefer, Haaland, & Sainburg, 2007), and
the dynamic control from the left hemisphere is particularly dependent on the motor system, as
evidenced by dynamic deficits in the hemiparetic patients with left hemisphere damage relative
to those who are not hemiparetic (Haaland, et al., In Press).

We have also begun to examine the impact of ipsilesional deficits on real world functioning
(Wetter, Poole, & Haaland, 2005, Chestnut & Haaland, 2008, Poole, Sadek, & Haaland, In
Press), and we are currently looking at the relationship between kinematic measures and real
world functioning with the goal of developing better rehabilitation for stroke patients. We have
recently shown that hand preference influences arm use in stroke patients. When arm use of
right handed, paretic patients with right or left hemisphere damage is examined, patients with
right hemisphere damage use their ipsilesional, preferred right arm more than patients with left
hemisphere damage use their ipsilesional, non-preferred left arm. In contrast left hemisphere
damaged patients use both arms more frequently suggesting that they use their paretic arm in
concert with their ipsilesional non-paretic limb to perform daily skills. This finding may have
implications regarding physical therapy, which recently has focused on the hemiparetic arm
using constraint induced movement therapy.
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