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IMPORTANCE West Nile virus (WNV), a neurotropic flavivirus spread by Culex species
mosquitoes, is the leading cause of mosquito-borne disease in the contiguous US. From 2014
to 2023, a mean of 1298 WNV neuroinvasive disease cases and 129 deaths were reported
annually in the US.

OBSERVATIONS Almost all WNV infection occurs via mosquito bites, but transmission can
rarely occur via blood transfusion, organ transplantation, and transplacental, perinatal,
breastmilk, percutaneous, and conjunctival exposure. Since 2018, large WNV outbreaks have
been reported in Europe, Tunisia, Israel, and the US. In 2021, the largest county-level US
outbreak occurred in Arizona, with 1487 disease cases and 101 deaths reported. Based on
seroprevalence surveys, approximately 80% of human WNV infections are asymptomatic,
20% cause a febrile illness (West Nile fever), and less than 1% cause neuroinvasive disease
(eg, meningitis, encephalitis, acute flaccid myelitis). Mortality of patients with neuroinvasive
disease is approximately 10% overall but is 20% in individuals 70 years or older and 30% to
40% in patients with hematologic malignancies, solid organ transplants, and those receiving
B-cell–depleting monoclonal antibodies. Among patients hospitalized for WNV disease, 30%
to 40% are discharged to long-term care facilities, and more than 50% have long-term
sequelae such as fatigue, weakness, myalgia, memory loss, and depression. WNV
transmission during solid organ transplantation was identified in 14 clusters in the US
and Italy from 2002 to 2023. Since WNV screening of the US blood supply began in 2003,
14 cases of WNV transmission through blood transfusion have been reported. For patients
with fever or neurologic symptoms during summer and fall months, WNV should be
considered; IgM testing of serum and/or cerebrospinal fluid is recommended, followed by
confirmatory neutralizing antibody testing in cases of possible exposure to cross-reacting
flaviviruses, atypical presentation or death, or suspected unusual transmission modes such as
organ transplantation. Reverse transcription–polymerase chain reaction testing is often more
sensitive than IgM testing in patients with severe immunocompromise. There are no
evidence-based therapies or human vaccines for WNV disease. Preventive methods include
personal protective behaviors, such as using Environmental Protection Agency–registered
mosquito repellents, wearing protective clothing, and limiting outdoor exposure from dusk
to dawn, and community mosquito control measures.

CONCLUSIONS AND RELEVANCE WNV causes more than 1200 neuroinvasive disease cases
and 120 deaths annually in the US. People who are older or immunocompromised are
at higher risk of severe disease and death. Since there are no therapies or human vaccines,
prevention relies on personal protective measures, WNV surveillance, and mosquito
control interventions.

JAMA. doi:10.1001/jama.2025.8737
Published online July 7, 2025.

Multimedia

JAMA Patient Page

Supplemental content

CME at jamacmelookup.com

Author Affiliations: Division of
Vector-Borne Diseases, National
Center for Emerging and Zoonotic
Infectious Diseases, Centers for
Disease Control and Prevention,
Ft Collins, Colorado.

Corresponding Author: Lyle R.
Petersen, MD, MPH, Division of
Vector-Borne Diseases, Centers for
Disease Control and Prevention,
3156 Rampart Rd, Ft Collins, CO
80521 (LRPetersen@cdc.gov).

Clinical Review & Education

JAMA | Review

(Reprinted) E1

© 2025 American Medical Association. All rights reserved, including those for text and data mining, AI training, and similar technologies.

Downloaded from jamanetwork.com by UERJ user on 07/09/2025

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2025.8737?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2025.8737?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2025.9137?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2025.8737?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737
https://edhub.ama-assn.org/jn-learning/module/10.1001/jama.2025.8737?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737
https://edhub.ama-assn.org/jn-learning/module/10.1001/jama.2025.8737?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737
mailto:LRPetersen@cdc.gov


T wenty-five years since its emergence in the US, West Nile
virus (WNV) has become the leading cause of domestic
mosquito-borne disease. Recent large WNV outbreaks have

occurred in Europe, the US,1 Tunisia,2 and Israel. Despite develop-
ment and expansion of vector control programs since 1999 when
WNV was first detected in the US, WNV disease incidence has not
decreased and remains high in the central and western regions,
where local and regional outbreaks continue to occur.1,3,4 From 2014
to 2023, a mean of 1298 WNV neuroinvasive disease cases and 129
deaths were reported annually. Milder winters, longer summers, and
higher levels of precipitation can increase the distribution, propa-
gation, and longevity of vectors, increasing the likelihood and mag-
nitude of outbreaks.1,4-6 However, WNV outbreaks remain difficult
to predict using environmental factors such as temperature and
precipitation7,8 and can occur suddenly after years of low activity
in a region.1,4

Aging of US and European populations and more frequent use
of immunosuppressive therapies increase the risk of severe dis-
ease and death from WNV infection.9-11 No evidence-based thera-
pies or approved human vaccines for WNV currently exist, and long-
term symptoms and disability following WNV disease occur among
more than 50% of patients after hospitalization.12 This review sum-
marizes current evidence regarding epidemiology, diagnosis, treat-
ment, and prevention of WNV disease.

Methods
A PubMed search was conducted using the search term West Nile
virus from January 1, 2000, through May 9, 2025, limited to full-
text and English-language publications. The search retrieved 8117
articles. We focused on the most recent articles and those from the
start of the US epidemic; of those, 95 were included, consisting of
23 public health surveillance and investigation reports, 18 review ar-
ticles, 11 observational studies, 11 case series/reports, 5 nonhuman
studies, 5 systematic reviews, 5 blood donor studies, 4 seropreva-
lence surveys, 4 modeling studies, 3 clinical laboratory studies, 3 ran-
domized clinical trials, 1 systematic review and meta-analysis, 1 case-
control study, and 1 survey. Data from US patients with disease onset
from 1999 through 2023 were obtained from ArboNET (the na-
tional arboviral diseases surveillance system of the US Centers for
Disease Control and Prevention) and organ transplant investiga-
tions. Non-US surveillance data were obtained from ministries of
health, the World Health Organization, and the European Centre for
Disease Prevention and Control websites.

Virus and Transmission
WNV is a single-stranded positive RNA virus in the Flaviviridae fam-
ily. Although genotypic analysis suggests at least 9 distinct lineages
of WNV, only lineage 1 and 2 have previously been associated with
human disease.13 In 2023, the first human infection with lineage 3
was documented in the US in a patient co-infected with lineage 1.14

WNV is maintained in an enzootic cycle involving mosquito-
bird-mosquito transmission.15 Certain passerine (perching) birds are
the primary amplifying hosts because they develop sufficient vire-
mia to infect mosquitoes.16 Species in the Corvidae family (eg, crows,
jays, ravens) are the most susceptible to illness and death, and dis-
ease outbreaks among birds can precede human outbreaks.17,18 In

the US, WNV transmission is driven primarily by the mosquito spe-
cies Culex pipiens in northern regions, C quinquefasciatus in south-
ern regions, and C tarsalis in western regions.19 Humans, horses, and
most other vertebrates are generally considered dead-end hosts be-
cause they have low levels and brief periods of viremia, so are un-
likely to infect mosquitoes.20,21

Although almost all WNV transmission occurs via mosquito bites,
less common routes of transmission include transfusion of blood
products,22 organ transplantation,23 and transplacental,24

perinatal,25 breastmilk,26 percutaneous,27 and conjunctival28 ex-
posure. WNV transmission by blood transfusion was first identified
in the US in 2002,22 and nationwide screening of all blood donations
with nucleic acid amplification testing started in 2003, diminishing
the risk of transmission.29,30 Since 2003, 14 cases of WNV trans-
mitted by blood transfusion have been reported, the last occurring
in 2016.31

During 2002-2023, WNV transmission by solid organ transplan-
tation resulted in 14 identified disease clusters, 12 in the US and 2 in
Italy, involving 32 infected recipients.23,32 Although living tissue
donors in the US are screened for WNV on a seasonal basis (June
1-October 31), no US policy for screening organ donors for WNV cur-
rently exists. Only 18 of 46 (39%) surveyed organ procurement or-
ganizations performed WNV screening as of 2020.33

WNV can be transmitted during pregnancy, and 1 case of trans-
placental transmission associated with fetal abnormalities has been
reported.24 However, in a prospective cohort study of 28 women
infected with WNV during the first, second, and third trimesters of
pregnancy, no adverse outcomes in the infants were observed com-
pared with an uninfected cohort.34 In another cohort of 77 women
infected with WNV during pregnancy, none of the 72 infants fol-
lowed up had conclusive evidence of congenital WNV infection;
among 3 infants who developed WNV disease within 1 week of de-
livery, the timing of symptoms in the mothers suggested peripar-
tum transmission.25

Transmission via puncture wounds with sharp instruments con-
taminated with WNV-infected animal brain tissue in 2 laboratory per-
sonnel and face/eye exposure to infected body fluid and brain of an
injured crow in a field worker have been documented.27,28

Epidemiology
WNV is widely dispersed globally. First isolated from a patient from
the West Nile subregion of Uganda in 1937, WNV was previously as-
sociated with relatively mild febrile illness in parts of Africa until the
1990s, when it began to emerge as a cause of severe neurologic dis-
ease in North Africa, Europe, Israel, North America, and Australia.15

In 2018, Europe experienced its largest WNV outbreak on rec-
ord, driven by lineage 2, with 2083 locally-acquired WNV cases re-
ported in European Union/European Economic Area Member States
and European Union neighboring countries. Most European cases
have been reported from Italy, Greece, and Romania, but the geo-
graphic range of WNV began to expand northward into Germany in
201835 and the Netherlands in 2020,36 likely associated with in-
creases in temperatures, precipitation, and intensity of agricultural
land use.37,38 Although few comparative analyses of strain type and
human virulence have been performed, a new WNV lineage 1 strain
detected in Italy in 2021 was associated with more severe disease
in humans and more rapid expansion in birds and mosquitoes than
the circulating WNV lineage 2 strain.13 Recent WNV outbreaks in
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Tunisia were reported in 2018 and 20232 and in Israel in 2024, with
more than 930 reported cases and 73 deaths.

In the US, WNV is the most prevalent and widespread endemic
arbovirus, with cases reported from all 48 contiguous states, the
District of Columbia, and Puerto Rico. In 2023, 1738 human WNV neu-
roinvasive disease cases associated with 179 deaths (10%) were re-
ported to ArboNET. The number of cases of nonneuroinvasive dis-
ease is unknown because patients are less likely to seek medical care,
and clinicians may not consider WNV in the differential diagnosis.39,40

Using seroprevalence estimates of 140 to 250 WNV infections for ev-
ery neuroinvasive disease case reported9,41,42 and 26% of infections
leading to clinical disease (febrile or neuroinvasive),43 an estimated
4.3 to 7.6 million WNV infections and 1.1 to 2.0 million resulting dis-
ease cases (≈46 000-83 000 disease cases per year) occurred in the
US from 1999 to 2023, with only 3% to 6% of total disease cases re-
ported. Therefore, reported cases of neuroinvasive disease are a more
reliable indicator of WNV incidence.

From 2014 to 2023, cumulative WNV neuroinvasive disease in-
cidence per 100 000 population in the US has remained highest in
the western and central regions, with most cases occurring July to
October (Figure 1). In 2021, 51% of WNV disease cases reported na-
tionally were from Maricopa County, Arizona, which experienced the
largest US outbreak on record in a single county, including 1487 re-
ported human disease cases (956 neuroinvasive disease) and 101
deaths.1 Extreme weather patterns, including increases in rainfall and
higher winter temperatures, have been associated with outbreaks
in the southwest.1,4 However, WNV outbreaks in the US have been
difficult to predict on the basis of climatic variables; the strongest
predictor nationally or regionally is the occurrence of historical neu-
roinvasive disease cases, emphasizing the need to understand geo-
graphic patterns of human disease to focus preseason vector sur-
veillance and control interventions.4,7,8

Host Susceptibility to Disease
Although individuals of any age can develop neuroinvasive dis-
ease, advanced age is the strongest risk factor, with incidence in-
creasing with each decade of life.11,17,44,45 Among those infected with
WNV, about 2% of persons 65 years or older develop neuroinva-
sive disease vs 0.1% to 0.4% of persons younger than 65 years.9 Mor-
tality of patients with neuroinvasive disease also increases with age,
from 2% for those younger than 50 years to 21% for those 70 years
or older.11 Age-related impairment in immune responses, such as de-
fects in receptor signaling, innate and adaptive immunity, and regu-
lation of blood-brain barrier permeability, likely contribute to in-
creased risk of neuroinvasive disease and mortality.46,47

Other risk factors for severe disease include male sex, diabe-
tes, hypertension, chronic kidney disease, cancer, and immuno-
suppression.9,48 Patients with hematologic malignancies and re-
cipients of stem cell and solid organ transplants have a high risk of
neuroinvasive disease and death.23,49-51 Among 14 WNV clusters
from solid organ transplant transmission, 32 of 38 total recipients
(84%) were infected with WNV, 24 of 32 infected recipients (75%)
developed encephalitis, and 9 of 24 patients with encephalitis (38%)
died.23 Severe WNV disease may occur among patients receiving
B-cell depleting chimeric anti-CD20 monoclonal antibodies, such as
rituximab and ocrelizumab.10,52,53 Among 38 patients with WNV
neuroinvasive disease who were receiving anti-CD20 therapies,
29% died, and long-term disability occurred in many survivors.10,52,53

In 1 study, incidence of WNV neuroinvasive disease among patients
with multiple sclerosis receiving ocrelizumab was estimated to be
201 per 100 000 population, compared with 0.78 per 100 000 in
the general population of the region.53

Host genetic factors such as polymorphisms in genes involved in
antiviral activity can increase susceptibility to disease.47,54 In addi-
tion, the presence of anti–type I interferon (IFN) antibodies are asso-
ciated with worse outcomes and were present in 40% of 348 pa-
tients with WNV neuroinvasive disease compared with approximately
1% of uninfected people.55

Infection with WNV is generally believed to confer lifelong pro-
tection from reinfection for most people, based on a lack of docu-
mented reinfections with WNV, although sustained infection or rein-
fection may occur in patients with immunocompromising conditions.

Pathophysiology
WNV infection most often is caused by cutaneous inoculation of vi-
ral particles from saliva of infected mosquitoes (Figure 2). Follow-
ing inoculation, the virus replicates in epidermal keratinocytes and
dendritic (antigen-presenting) cells, which migrate to draining lymph
nodes, where the virus replicates and spreads to the bloodstream
and subsequently to visceral organs. In susceptible persons, the vi-
rus can invade the central nervous system.54,56

Infection with WNV typically leads to activation of an early in-
nate immune response involving proinflammatory cytokines, par-
ticularly type I IFNs, which limit viral replication. Other proinflam-
matory cytokines, such as tumor necrosis factor and interleukin 1β,
innate cell-mediated responses, chemotactic cytokines (chemo-
kines), and complement, control WNV during early infection.57 Al-
though proinflammatory cytokines are important for controlling viral
replication, they can cause worsening disease from inflammation-
induced damage.57 Activation of the adaptive immune response, in-
cluding humoral (B cell) and T-cell–mediated responses, allows for
clearance of WNV and prevents damage caused by inflammation.54

Neuroinvasion is mediated by several possible routes, includ-
ing penetration of endothelial cells, cytokine-mediated damage to
the blood-brain barrier, migration of infected immune cells across
tight junctions (“Trojan Horse” mechanism), or axonal transport from
olfactory or peripheral nerves.54 WNV infects neurons and causes
cell death, with tropism for extrapyramidal structures, including the
brainstem, basal ganglia, thalami, and cerebellum.

Clinical Presentation
Most WNV infections do not result in clinically apparent disease. Se-
roprevalence surveys indicate that approximately 80% of WNV in-
fections are asymptomatic, 20% cause a self-limited febrile illness
(West Nile fever), and 0.4% to 0.7% lead to neuroinvasive disease
(Figure 3).9,41,42 The typical incubation period of WNV disease fol-
lowing a mosquito bite is 2 to 6 days (up to 14 days)15 but can be lon-
ger for patients with immunocompromise, including stem cell and
organ transplant recipients infected by blood transfusion (median,
13.5 days [range, 10-16 days])22 and patients infected during organ
transplantation (median, 15 days [range, 7-46 days]).

Among 98 patients with WNV disease without neurologic signs
or symptoms (WNV fever), the most common symptoms were fa-
tigue (96%; median duration, 36 days), fever (81%; median, 5 days),
headache (71%; median, 10 days), myalgia (62%; median, 14 days),
muscle weakness (61%; median, 28 days), and rash (57%; median,
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7 days). Other symptoms included arthralgia (37%; median, 14 days),
vomiting (28%; median, 3 days), and diarrhea (27%; median, 5 days).58

Frequency of rash ranges from 14% to 60%, and it is most com-
monly maculopapular, typically appearing on the trunk and extremi-
ties (Figure 4).59 WNV-associated rash is indistinguishable from other
viral exanthems, drug eruptions, or hypersensitivity reactions.

WNV neuroinvasive disease can present as meningitis, encepha-
litis/meningoencephalitis, and/or acute flaccid myelitis. WNV men-
ingitis is characterized by headache, stiff neck, and photophobia,

often with gastrointestinal symptoms such as nausea, vomiting, and
diarrhea.60 Patients with WNV encephalitis can develop confu-
sion, stupor, or coma. Movement disorders, such as tremors, my-
oclonus, parkinsonism, and cerebellar ataxia, are associated with se-
vere WNV encephalitis. Seizures occur in 3% to 6% of patients with
WNV encephalitis.60 Acute flaccid myelitis (sometimes called WNV
poliomyelitis) is caused by viral infection of lower motor neurons of
the spinal cord (anterior horn cells) and typically presents within 24
to 48 hours of illness onset, often concurrently with meningitis or

Figure 1. West Nile Virus Human Neuroinvasive Disease Incidence and Cases, 2014-2023
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encephalitis.60,61 Patients typically present with acute onset of asym-
metric limb weakness, ranging from monoplegia to generalized quad-
riplegia. Absence of reflexes and lack of sensory symptoms are char-
acteristic, although patients can have severe pain in the affected
limbs. Cranial neuropathies causing facial weakness can also occur.

Dysarthria and dysphagia may precede diaphragmatic and intercos-
tal muscle paralysis, leading to respiratory failure and prolonged ven-
tilatory dependence.60,61

Other less common neurologic manifestations of WNV infec-
tion include brachial plexus neuropathy, transverse myelitis,

Figure 2. West Nile Virus Pathogenesis and Predisposing Factors for Neuroinvasive Disease
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Following the bite of an infected mosquito, West Nile virus replicates in
epidermal keratinocytes and immune cells. Infected immune cells migrate to
draining lymph nodes, where the virus replicates further and disseminates to
the bloodstream and visceral organs. Central nervous system invasion can occur
by several potential mechanisms. Viral infection leads to activation of the innate
immune system with secretion of cytokines, important for early control of viral

replication. Activation of the adaptive immune system is important for viral
clearance and regulation of inflammation. Genetic and acquired immune
deficiencies and age-related effects can increase the risk of severe West Nile
virus disease and neuroinvasion. IFN indicates interferon; IL, interleukin;
NK, natural killer; TNF, tumor necrosis factor.
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myasthenia gravis, and demyelinating neuropathies.15,61 Acute de-
myelinating polyradiculoneuropathy, known as Guillain-Barré syn-
drome (GBS), can occur and is characterized by ascending, symmet-
ric weakness and sensory and autonomic dysfunction. Symptoms
begin 1 to 8 weeks following acute WNV infection. Guillain-Barré syn-
drome can be distinguished from acute flaccid myelitis based on clini-
cal, cerebrospinal fluid (CSF), and electrodiagnostic studies.

Other clinical manifestations of WNV disease include ocular dis-
ease (eg, chorioretinitis, anterior uveitis, vitritis, optic neuritis)62 and,
rarely, myocarditis, pancreatitis, hepatitis, rhabdomyolysis, stiff per-
son syndrome, and autonomic instability.15

Laboratory Findings
Among 250 patients with serologically confirmed WNV neuroinva-
sive disease, CSF demonstrated a similar pleocytosis in cases of
meningitis and encephalitis (mean, 226 white blood cells/mm3

[range, 1-7950]).63 Mean neutrophil percentage was 43% (range,
0%-98%) and declined in most patients with subsequent lumbar
puncture. Glucose level is generally normal, and protein levels are
elevated. Patients with encephalitis tended to have higher protein

concentrations (mean, 101 mg/dL [range, 32-295]) than those with
meningitis (mean, 76 mg/dL [range, 21-207]).63 In cases of GBS, CSF
typically has elevated protein levels without pleocytosis (cytoalbu-
minologic dissociation).60

Imaging and Electrodiagnostic Studies
Brain magnetic resonance imaging findings may be normal in pa-
tients with neuroinvasive disease or show abnormalities on diffusion-
weighted images or hyperintensity on fluid-attenuated inversion re-
covery (FLAIR) and T2-weighted images.64,65 In patients with
encephalitis, the brain stem and/or deep gray matter, including basal
ganglia, thalami, mesial temporal structures, and cerebellum can
demonstrate hyperintensity on FLAIR and T2-weighted imaging. Pa-
tients with acute flaccid myelitis can have hyperintensity on FLAIR
and T2-weighted imaging and enhancement on contrast-
enhanced T1-weighted imaging in the anterior horns or around the
conus medullaris and cauda equina.64 Worse clinical outcomes may
occur in patients with signal intensity abnormalities, meningeal in-
volvement, and intraspinal abnormalities vs normal magnetic reso-
nance imaging findings or isolated diffusion restriction.64 Electro-
encephalographic abnormalities such as generalized slowing and
triphasic sharp waves may be present and are generally nonspe-
cific in patients with WNV encephalitis.60

Electromyography and nerve conduction studies can help dif-
ferentiate acute flaccid myelitis from GBS. In patients with acute flac-
cid myelitis, a motor axonopathy and/or anterior horn cell process
with preservation of sensory nerve potentials is seen, in contrast to
the demyelinating sensorimotor neuropathy observed with GBS.61

Assessment and Diagnosis
WNV disease should be considered in the differential diagnosis for any
person with an acute febrile or neurologic illness who has had recent
exposure to mosquitoes, blood transfusion, or organ transplanta-
tion, especially during the summer and fall months in areas where the
virus has been reported. In patients who are immunocompetent,

Figure 3. West Nile Virus Clinical Disease Manifestations

Suspected West Nile virus (WNV) disease

Febrile or neurologic illness in a patient who had recent (within 2-14 days) exposure to mosquitoes, 
blood transfusion, or organ transplantation, especially during the summer and fall months in areas 
where WNV has been reported. (Incubation may be prolonged in patients with immunocompromise.) 

WNV neuroinvasive disease
<1% of infections, 10% fatality

Viral infection of lower motor neurons 
of the spinal cord (anterior horn cells) 
that occurs 24-48 h after fever onset
• Asymmetrical limb weakness
   (can be associated with pain)
• Possible respiratory failure
• Cranial neuropathies may occur

Acute flaccid myelitis
• Headache
• Neck stiffness
• Photophobia

Meningitis

• Altered mental status
• Lethargy
• Movement disorders
• Focal neurologic deficits
• Seizures (uncommon)

Encephalitis or
meningoencephalitis

• Myocarditis
• Rhabdomyolysis

• Uveitis
• Vitritis

• Autonomic instability
• Stiff person syndrome

• Chorioretinitis
• Optic neuritis

• Pancreatitis
• Hepatitis

Other possible complications

Disease manifestations

• Fever
• Headache
• Fatigue
• Myalgia

• Nausea
• Vomiting
• Diarrhea
• Rash

WNV fever
20% of infections

Asymptomatic
80% of infections

Source: https://www.cdc.gov/west-nile-virus/hcp/diagnosis-testing/diagnostic-testing-algorithm.html

Figure 4. Diffuse Maculopapular Rash on Chest, Abdomen, and Arms
of a Patient With West Nile Virus Disease

Clinical Review & Education Review West Nile Virus: A Review

E6 JAMA Published online July 7, 2025 (Reprinted) jama.com

© 2025 American Medical Association. All rights reserved, including those for text and data mining, AI training, and similar technologies.

Downloaded from jamanetwork.com by UERJ user on 07/09/2025

https://www.cdc.gov/west-nile-virus/hcp/diagnosis-testing/diagnostic-testing-algorithm.html
http://www.jama.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737


testing for WNV-specific IgM antibodies in serum and/or CSF using
either the IgM antibody-capture enzyme-linked immunosorbent as-
say or duplex microsphere-based immunoassay is the most sensi-
tive approach to detecting acute WNV infection.66 If results of initial
IgM testing are negative during the acute phase of illness, repeat IgM
testing on or after day 8 is recommended, because IgM antibodies can
be detected by day 8 of illness in more than 98% of patients67

(Figure 5). Because IgM antibodies do not cross an intact blood-
brain barrier, detection of IgM in a nonbloody CSF specimen usually
indicates central nervous system infection. A caveat in interpreting
IgM results is the prolonged persistence of WNV IgM antibodies de-
scribed in several longitudinal studies. Although the mean time to IgM
negativity among 22 viremic blood donors was approximately 5
months,20 studies of patients with WNV disease reported persis-
tence of IgM antibodies in serum for more than 16 months in 23% to
60% of patients68,69 and in CSF as long as 6 months after onset.70

IgM testing can be performed at commercial or public health labora-
tories. IgG testing is not helpful to diagnose acute WNV disease, be-
cause a positive result in the absence of IgM antibodies suggests a prior
WNV or related flavivirus infection.

If a WNV IgM test result is positive, confirmatory testing for WNV-
specific neutralizing antibodies by plaque reduction neutralization
test (PRNT) of serum or CSF should be considered in certain pa-
tients. PRNT is not commercially available but can be performed at
US Centers for Disease Control and Prevention and some state pub-
lic health laboratories. PRNT is recommended if the patient was pos-
sibly exposed to another circulating flavivirus (eg, St. Louis encepha-
litis, Powassan, dengue71 viruses) or was recently (eg, within 6
months) vaccinated against another flavivirus (eg, yellow fever vi-

rus, Japanese encephalitis virus), if disease presentation is atypical
or leads to death, if non–mosquito-borne transmission is sus-
pected (eg, solid organ transplantation, blood transfusion, labora-
tory), or if the patient presents outside of the usual arboviral sea-
son (typically June to October or longer in warmer regions). WNV
infection is confirmed if neutralizing antibody titers are at least 4-fold
greater than those for other related flaviviruses tested. At least a
4-fold change in titer between paired acute and convalescent speci-
mens also confirms a recent WNV infection.

In patients who are immunocompetent, reverse transcription
polymerase chain reaction (RT-PCR)72 is of limited diagnostic value
because viremia is only detected early in the course of disease and
is usually resolved before neurologic symptoms develop.41,67,73 Sen-
sitivity of RT-PCR for diagnosing acute WNV disease varies by speci-
men type; among 105 patients with serologically confirmed acute
WNV disease, RT-PCR sensitivity was 26% (20/77) for serum, 20%
(7/35) for plasma, and 17% (11/66) for CSF.73

In patients with immunocompromising conditions, RT-PCR and
other molecular methods, such as metagenomic sequencing, may
be more sensitive than serologic testing and are often required to
diagnose acute WNV disease in patients receiving B-cell inhibiting
monoclonal antibody therapy because of an inability to mount a hu-
moral immune response.10,52,53

Tissues obtained on biopsy or autopsy can identify histopatho-
logic changes consistent with WNV infection and detect WNV an-
tigens by immunohistochemical staining or RNA by RT-PCR. In pa-
tients with encephalitis, histopathologic changes include microglial
nodules and perivascular lymphocytic inflammation, predomi-
nantly in the brain stem, basal ganglia, thalami, and cerebellum;

Figure 5. West Nile Virus Diagnostic Algorithm
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   (MAC-ELISA) or duplex microsphere-based immunoassay (MIA)

Suspected West Nile virus (WNV) disease

Febrile or neurologic illness in a patient who had recent (within 2-14 days) exposure to mosquitoes, blood transfusion, 
or organ transplantation, especially during the summer and fall months in areas where WNV has been reported. 
(Incubation may be prolonged in immunocompromised patients.)
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aIndications for confirmatory testing by plaque reduction neutralization test: possible
exposure to cross-reactive flaviviruses (eg, St. Louis encephalitis virus, Powassan
virus, dengue virus); atypical or unusually severe presentation or death; suspected
unusual route of transmission (eg, organ transplant, blood transfusion, laboratory);
presentation outside of the typical WNV transmission season (ie, July-October).

bWNV-specific neutralizing antibody titers 4-fold or greater than for other
flaviviruses tested.

Source:
https://www.cdc.gov/west-nile-virus/hcp/diagnosis-testing/diagnostic-testing-algorithm.html
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leptomeningeal inflammation is present in patients with meningi-
tis or meningoencephalitis.74 See the Box for commonly asked ques-
tions about testing for WNV.

Treatment
No specific therapies have been proven effective against WNV dis-
ease, and supportive care is recommended. Patients with encepha-
litis require close monitoring in an intensive care unit setting for de-
velopment of elevated intracranial pressure, seizures, or inability to
protect the airway. Patients with acute flaccid myelitis should be moni-
tored closely for symptoms or signs of acute neuromuscular respira-
tory failure (eg, development of dysarthria and dysphagia),60 by his-
tory, physical examination, and bedside pulmonary function testing.

Limited data from case reports, case series, observational
studies, and phase 1 and 2 clinical trials are available on efficacy of
various therapeutics to treat patients with WNV disease (eTable in
the Supplement). Treatments assessed include passive antibody
transfer (polyclonal intravenous immunoglobulin [IVIG], IVIG
containing high titers of WNV neutralizing antibodies, and WNV re-
combinant humanized monoclonal antibodies),75,76 IFN,77

corticosteroids,78,79 and ribavirin.80 Reports were generally incon-
clusive (case reports or underpowered) or showed no benefit. See
the Box for commonly asked questions about treatment.

Prognosis
Among patients hospitalized with WNV disease, 30% to 40% are dis-
charged to a long-term care or rehabilitation facility.4,81,82 A system-
atic review of 29 studies (12 cohort, 4 cross-sectional, 13 case se-
ries) including 2135 patients examining long-term sequelae following
WNV disease reported that at least one-half of patients experi-
enced long-term symptoms and functional disabilities.12 The re-

view noted heterogeneity in studies with variable patient popula-
tions, study designs, follow-up periods, and outcome assessments.

The most common physical sequelae in patients with WNV dis-
ease were muscle weakness (7%-73% of patients with WNV neu-
roinvasive disease 3-18 months after discharge; 12%-24% of pa-
tients with WNV fever 1-6 months after discharge), fatigue (48%-
75% for WNV neuroinvasive disease at 8-18 months; 48% for WNV
fever at 30 days), and myalgia (19%-49% for WNV neuroinvasive
disease at 6-12 months; 12%-13% for WNV fever at 1-6 months).12

The most common cognitive and psychological sequelae were
memory loss (25%-49% for WNV neuroinvasive disease at 3-18
months), depression (23%-41% for WNV neuroinvasive disease at
12-16 months), and difficulty concentrating (34%-48% for WNV neu-
roinvasive disease at 13-18 months; 13% for WNV fever at 30 days).12

Approximately 9% to 29% of patients with WNV neuroinvasive dis-
ease had difficulties with activities of daily living at 1 to 18 months
after discharge.12

Patients with acute flaccid myelitis commonly have prolonged
weakness and other neurologic deficits from spinal motor neuron
damage such as tremors and myoclonus, although outcomes vary.
In a cohort of 27 patients with WNV acute flaccid myelitis, two-
thirds had some improvement in strength at 1-year follow-up, with
most improvement occurring within the first 4 months after illness.83

Prevention
Prevention of WNV disease is important because of the absence of
effective treatment (Table). Nonhuman surveillance of WNV, includ-
ing dead birds, mosquitoes, sentinel chickens, and equines have been
evaluated as early indicators of WNV activity and human disease risk.
Early in the US epidemic, bird surveillance had the highest success in
predicting human infections, followed by mosquitoes.18,93 How-
ever, more recently, WNV-positive mosquitoes have become the most
frequent first indicator of WNV activity,1,4 since decreases in dead bird
reports, avian host factors, and reductions in bird surveillance pro-
grams have limited the utility of dead bird surveillance.93

When local human or nonhuman surveillance indicates early
evidence of WNV activity, public health professionals and clini-
cians should increase messaging to raise awareness and recom-
mend personal protective behaviors, such as avoiding outdoor ex-
posure from dusk to dawn, using screens on windows and doors,
removing standing water, wearing protective clothing, and using
Environmental Protection Agency–registered insect repellents. How-
ever, adherence to these measures is often low; a systematic re-
view (17 survey studies on WNV knowledge, attitudes, percep-
tions, and practices) reported that use of personal protective
measures varied by an individual’s concern about WNV, age, and edu-
cational level; repellent use ranged from 29% to 73%, with the low-
est use reported among persons older than 60 years (29%) and preg-
nant women (33%).84

Community mosquito-control activities, such as application of
compounds that target developing and adult mosquitoes (ie, larvi-
cides and adulticides), can prevent WNV outbreaks or reduce the
size of outbreaks once they occur. However, few studies have evalu-
ated the effectiveness of these activities on public health out-
comes, and local mosquito surveillance thresholds (ie, vector indi-
ces) for initiating control activities before human cases occur need
to be defined.3,4,94 Effective use of vector indices has also been ham-
pered by the short interval (eg, 1-2 weeks) between recognition of

Box. Commonly Asked Questions About West Nile Virus

Who Should Be Tested for WNV and What Testing
Should Be Performed?
WNV disease should be considered in the differential diagnosis for
any person with an acute febrile or neurologic illness who has had
recent exposure to mosquitoes, blood transfusion, or organ
transplantation, especially during the summer and fall months in
areas where the virus has been reported. For patients who are
immunocompetent, WNV IgM antibody testing of serum or CSF
should be performed to diagnose a recent WNV infection. For
patients who are immunocompromised, WNV IgM and RT-PCR
testing should be considered, particularly in patients receiving
B-cell inhibiting monoclonal antibody treatment.

Are There Any Treatments for WNV Disease?
There are no treatments proven effective for WNV disease, and
management is supportive.

How Should Patients Be Counseled About Preventing
WNV Infection in Areas With Elevated Risk?
Patients can decrease their risk of WNV infection by avoiding
outdoor exposure from dusk to dawn, wearing protective clothing,
using EPA-registered insect repellents, and controlling mosquitoes
indoors and outdoors by using screens on windows and doors and
removing standing water.

CSF indicates cerebrospinal fluid; EPA, Environmental Protection Agency;
RT-PCR, reverse transcription polymerase chain reaction; WNV, West Nile virus.
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an elevated vector index and onset of human disease cases, fol-
lowed by the time needed to diagnose and report cases to public
health authorities.4 See the Box for commonly asked questions about
preventing WNV infection.

Future Directions
Although serum and CSF have been the main specimen types used
to diagnosis WNV infection, validating molecular assays for addi-
tional specimen types, such as urine and whole blood, should be con-
sidered, because these specimens have a higher sensitivity (87% and
58%, respectively).73 At least 7 different WNV vaccine candidates
have been studied in phase 1 or 2 clinical trials.90,95 Development
of phase 3 efficacy trials has been limited by the unpredictable na-
ture of WNV outbreaks, which makes it challenging to select geo-
graphic areas and prepare for trials before WNV activity is de-
tected. Alternative pathways for licensure may be needed to have
an approved human WNV vaccine.90,95 Additional barriers to vac-
cine development include potential safety concerns and cost of a vac-
cine program without commercial incentive or partnership. Prophy-

lactic WNV monoclonal antibody administration has been
investigated in preclinical studies but is not currently available for
human use.91,92

Limitations
This review has several limitations. First, some relevant studies may
have been missed. Second, few clinical trials were available on treat-
ment and prevention of WNV disease, precluding more specific rec-
ommendations. Third, WNV surveillance data likely underestimate
infection risk, because ArboNET is a passive surveillance system.

Conclusions
WNV causes more than 1200 neuroinvasive disease cases and 120
deaths annually in the US. People who are older or immunocompro-
mised are at higher risk of severe disease and death. Since there are no
therapies or human vaccines, prevention relies on personal protective
measures, WNV surveillance, and mosquito control interventions.

ARTICLE INFORMATION

Accepted for Publication: May 12, 2025.

Published Online: July 7, 2025.
doi:10.1001/jama.2025.8737

Conflict of Interest Disclosures: None reported.

Disclaimer: The findings and conclusions in this
report are those of the author(s) and do not
necessarily represent the official position of the
Centers for Disease Control and Prevention.

Submissions: We encourage authors to submit
papers for consideration as a Review. Please
contact Kristin Walter, MD, at kristin.walter@
jamanetwork.org.

REFERENCES

1. Kretschmer M, Ruberto I, Townsend J, et al.
Unprecedented outbreak of West Nile
virus—Maricopa County, Arizona, 2021. MMWR
Morb Mortal Wkly Rep. 2023;72(17):452-457. doi:10.
15585/mmwr.mm7217a1

2. Ouni A, Aounallah H, Rebai WK, et al. The role of
ruminants as sentinel animals in the circulation of
the West Nile virus in Tunisia. Pathogens. 2025;14
(3):267. doi:10.3390/pathogens14030267

3. Nasci RS, Mutebi JP. Reducing West Nile virus
risk through vector management. J Med Entomol.
2019;56(6):1516-1521. doi:10.1093/jme/tjz083

4. Chung WM, Buseman CM, Joyner SN, et al. The
2012 West Nile encephalitis epidemic in Dallas,
Texas. JAMA. 2013;310(3):297-307. doi:10.1001/
jama.2013.8267

5. Phillips MC, LaRocque RC, Thompson GR III.
Infectious diseases in a changing climate. JAMA.
2024;331(15):1318-1319. doi:10.1001/jama.2023.27724

6. Rosenberg R, Lindsey NP, Fischer M, et al. Vital
signs: trends in reported vectorborne disease
cases—United States and territories, 2004-2016.
MMWR Morb Mortal Wkly Rep. 2018;67(17):496-501.
doi:10.15585/mmwr.mm6717e1

7. Holcomb KM, Mathis S, Staples JE, et al.
Evaluation of an open forecasting challenge to
assess skill of West Nile virus neuroinvasive disease
prediction. Parasit Vectors. 2023;16(1):11. doi:10.
1186/s13071-022-05630-y

8. Holcomb KM, Staples JE, Nett RJ, et al.
Multi-model prediction of West Nile virus
neuroinvasive disease with machine learning for
identification of important regional climatic drivers.

Table. West Nile Virus Prevention Measures

Prevention measure Anticipated effectiveness Limitations Comments
Personal protective behaviors
(eg, using EPA-registered repellent,
avoiding outdoor exposure from dusk
to dawn, removing standing water,
using screens on windows and doors,
wearing long sleeves and pants)

Varies by user, number of personal
protective behaviors used,
environmental conditions, and other
factors84,85

Low adherence by public Currently available; need improved
messaging focused on people most
susceptible to severe WNV disease
(older persons and those with
immunocompromise)

Community mosquito control
(application of insecticides to kill adult
mosquitoes [adulticides] and larvicide)

Evidence that adulticides decrease
WNV entomologic indicators
(eg, measures of infected Culex spp
mosquitoes); limited evidence that
larvicides decrease WNV entomologic
indicators in drainage systems and
other larval habitats; limited data that
adulticides are safe and reduce
likelihood of WNV disease cases86-89

Negative public perceptions of using
pesticides; lack of uniform mosquito
control program infrastructure in US;
delays in adulticide application because of
time lags in identification and reporting of
human cases; lack of defined thresholds
for initiating mosquito control activities

Currently available; need to define
mosquito surveillance thresholds for
initiating mosquito control activities;
improve messaging to the public
about safety of use of adulticides;
assess alternative mosquito control
strategies (eg, mosquito sterilization,
genetically modified mosquitoes)

Human WNV vaccine Seven vaccine candidates assessed in
phase 1 or 2 human clinical trials;
safety and/or immunogenicity
demonstrated for several vaccines90

Perceived lack of profitability hinders
further investments in research and
development; geographical and temporal
variability are challenging for designing
traditional phase 3 clinical trials

Not currently available; need to
conduct sales forecast analysis;
identify immune correlate of
protection for potential alternative
licensing pathway

Prophylactic WNV monoclonal
antibodies for people at high risk of
severe WNV disease

Efficacy data limited to preclinical
animal studies91,92

Perceived lack of profitability hinders
further investments in research and
development; geographical and temporal
variability are challenging for designing
traditional phase 3 clinical trials

Not currently available; need to
identify immune correlate of
protection; develop a target product
profile

Abbreviations: EPA, Environmental Protection Agency; WNV, West Nile Virus

West Nile Virus: A Review Review Clinical Review & Education

jama.com (Reprinted) JAMA Published online July 7, 2025 E9

© 2025 American Medical Association. All rights reserved, including those for text and data mining, AI training, and similar technologies.

Downloaded from jamanetwork.com by UERJ user on 07/09/2025

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2025.8737?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737
mailto:kristin.walter@jamanetwork.org
mailto:kristin.walter@jamanetwork.org
https://dx.doi.org/10.15585/mmwr.mm7217a1
https://dx.doi.org/10.15585/mmwr.mm7217a1
https://dx.doi.org/10.3390/pathogens14030267
https://dx.doi.org/10.1093/jme/tjz083
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2013.8267?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2013.8267?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2023.27724?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737
https://dx.doi.org/10.15585/mmwr.mm6717e1
https://dx.doi.org/10.1186/s13071-022-05630-y
https://dx.doi.org/10.1186/s13071-022-05630-y
https://www.cdc.gov/mosquitoes/prevention/index.html
https://www.epa.gov/insect-repellents
http://www.jama.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737


Geohealth. 2023;7(11):e2023GH000906. doi:10.
1029/2023GH000906

9. Carson PJ, Borchardt SM, Custer B, et al.
Neuroinvasive disease and West Nile virus
infection, North Dakota, USA, 1999-2008. Emerg
Infect Dis. 2012;18(4):684-686. doi:10.3201/
eid1804.111313

10. Kapadia RK, Staples JE, Gill CM, et al. Severe
arboviral neuroinvasive disease in patients on
rituximab therapy: a review. Clin Infect Dis. 2023;76
(6):1142-1148. doi:10.1093/cid/ciac766

11. McDonald E, Mathis S, Martin SW, Staples JE,
Fischer M, Lindsey NP. Surveillance for West Nile
virus disease—United States, 2009-2018. MMWR
Surveill Summ. 2021;70(1):1-15. doi:10.15585/mmwr.
ss7001a1

12. Patel H, Sander B, Nelder MP. Long-term
sequelae of West Nile virus-related illness:
a systematic review. Lancet Infect Dis. 2015;15(8):
951-959. doi:10.1016/S1473-3099(15)00134-6

13. Barzon L, Pacenti M, Montarsi F, et al. Rapid
spread of a new West Nile virus lineage 1 associated
with increased risk of neuroinvasive disease during
a large outbreak in northern Italy, 2022: One Health
analysis. J Travel Med. 2022;31(8):taac125. doi:10.
1093/jtm/taac125

14. Davis E, Velez J, Hamik J, et al. Evidence of
lineage 1 and 3 West Nile virus in person with
neuroinvasive disease, Nebraska, USA, 2023. Emerg
Infect Dis. 2024;30(10):2090-2098. doi:10.3201/
eid3010.240595

15. Petersen LR, Brault AC, Nasci RS. West Nile
virus: review of the literature. JAMA. 2013;310(3):
308-315. doi:10.1001/jama.2013.8042

16. Komar N, Langevin S, Hinten S, et al.
Experimental infection of North American birds
with the New York 1999 strain of West Nile virus.
Emerg Infect Dis. 2003;9(3):311-322. doi:10.3201/
eid0903.020628

17. Nash D, Mostashari F, Fine A, et al; 1999 West
Nile Outbreak Response Working Group. The
outbreak of West Nile virus infection in the New
York City area in 1999. N Engl J Med. 2001;344(24):
1807-1814. doi:10.1056/NEJM200106143442401

18. Patnaik JL, Juliusson L, Vogt RL. Environmental
predictors of human West Nile virus infections,
Colorado. Emerg Infect Dis. 2007;13(11):1788-1790.
doi:10.3201/eid1311.070506

19. Rochlin I, Faraji A, Healy K, Andreadis TG. West
Nile virus mosquito vectors in North America. J Med
Entomol. 2019;56(6):1475-1490. doi:10.1093/jme/
tjz146

20. Busch MP, Kleinman SH, Tobler LH, et al. Virus
and antibody dynamics in acute west nile virus
infection. J Infect Dis. 2008;198(7):984-993.
doi:10.1086/591467

21. Schwarz ER, Long MT. Comparison of West Nile
virus disease in humans and horses: exploiting
similarities for enhancing syndromic surveillance.
Viruses. 2023;15(6):1230. doi:10.3390/v15061230

22. Pealer LN, Marfin AA, Petersen LR, et al; West
Nile Virus Transmission Investigation Team.
Transmission of West Nile virus through blood
transfusion in the United States in 2002. N Engl J
Med. 2003;349(13):1236-1245. doi:10.1056/
NEJMoa030969

23. Soto RA, McDonald E, Annambhotla P, et al.
West Nile virus transmission by solid organ

transplantation and considerations for organ donor
screening practices, United States. Emerg Infect Dis.
2022;28(2):403-406. doi:10.3201/eid2802.211697

24. Centers for Disease Control and Prevention
(CDC). Intrauterine West Nile virus infection—
New York, 2002. MMWR Morb Mortal Wkly Rep.
2002;51(50):1135-1136.

25. O’Leary DR, Kuhn S, Kniss KL, et al. Birth
outcomes following West Nile Virus infection of
pregnant women in the United States: 2003-2004.
Pediatrics. 2006;117(3):e537-e545. doi:10.1542/peds.
2005-2024

26. Centers for Disease Control and Prevention
(CDC). Possible West Nile virus transmission to an
infant through breast-feeding—Michigan, 2002.
MMWR Morb Mortal Wkly Rep. 2002;51(39):877-878.

27. Centers for Disease Control and Prevention
(CDC). Laboratory-acquired West Nile virus
infections—United States, 2002. MMWR Morb
Mortal Wkly Rep. 2002;51(50):1133-1135.

28. Fonseca K, Prince GD, Bratvold J, et al. West
Nile virus infection and conjunctival exposure.
Emerg Infect Dis. 2005;11(10):1648-1649. doi:10.
3201/eid1110.040212

29. Busch MP, Caglioti S, Robertson EF, et al.
Screening the blood supply for West Nile virus RNA
by nucleic acid amplification testing. N Engl J Med.
2005;353(5):460-467. doi:10.1056/NEJMoa044029

30. Stramer SL, Fang CT, Foster GA, Wagner AG,
Brodsky JP, Dodd RY. West Nile virus among blood
donors in the United States, 2003 and 2004.
N Engl J Med. 2005;353(5):451-459. doi:10.1056/
NEJMoa044333

31. Groves JA, Shafi H, Nomura JH, et al.
A probable case of West Nile virus transfusion
transmission. Transfusion. 2017;57(3pt2):850-856.
doi:10.1111/trf.14018

32. Sutter RA, Lyons S, Gould CV, Staples JE,
Lindsey NP. West Nile virus and other nationally
notifiable arboviral diseases—United States, 2022.
MMWR Morb Mortal Wkly Rep. 2024;73(21):484-488.
doi:10.15585/mmwr.mm7321a2

33. Theodoropoulos NM, Greenwald MA,
Chin-Hong P, Ison MG. Testing deceased organ
donors for infections: an organ procurement
organization survey. Am J Transplant. 2021;21(5):
1924-1930. doi:10.1111/ajt.16552

34. Pridjian G, Sirois PA, McRae S, et al. Prospective
study of pregnancy and newborn outcomes in
mothers with West nile illness during pregnancy.
Birth Defects Res A Clin Mol Teratol. 2016;106(8):
716-723. doi:10.1002/bdra.23523

35. Ruscher C, Patzina-Mehling C, Melchert J, et al.
Ecological and clinical evidence of the
establishment of West Nile virus in a large urban
area in Europe, Berlin, Germany, 2021 to 2022. Euro
Surveill. 2023;28(48):2300258. doi:10.2807/
1560-7917.ES.2023.28.48.2300258

36. Vlaskamp DR, Thijsen SF, Reimerink J, et al.
First autochthonous human West Nile virus
infections in the Netherlands, July to August 2020.
Euro Surveill. 2020;25(46):2001904. doi:10.
2807/1560-7917.ES.2020.25.46.2001904

37. Erazo D, Grant L, Ghisbain G, et al. Contribution
of climate change to the spatial expansion of West
Nile virus in Europe. Nat Commun. 2024;15(1):1196.
doi:10.1038/s41467-024-45290-3

38. Lu L, Zhang F, Oude Munnink BB, et al. West
Nile virus spread in Europe: phylogeographic
pattern analysis and key drivers. PLoS Pathog.
2024;20(1):e1011880. doi:10.1371/journal.ppat.
1011880

39. Vanichanan J, Salazar L, Wootton SH, et al. Use
of testing for West Nile virus and other arboviruses.
Emerg Infect Dis. 2016;22(9):1587-1593. doi:10.
3201/eid2209.152050

40. Weber IB, Lindsey NP, Bunko-Patterson AM,
et al. Completeness of West Nile virus testing in
patients with meningitis and encephalitis during an
outbreak in Arizona, USA. Epidemiol Infect. 2012;
140(9):1632-1636. doi:10.1017/S0950268811002494

41. Busch MP, Wright DJ, Custer B, et al. West Nile
virus infections projected from blood donor
screening data, United States, 2003. Emerg Infect
Dis. 2006;12(3):395-402. doi:10.3201/eid1205.
051287

42. Mostashari F, Bunning ML, Kitsutani PT, et al.
Epidemic West Nile encephalitis, New York, 1999:
results of a household-based seroepidemiological
survey. Lancet. 2001;358(9278):261-264. doi:10.
1016/S0140-6736(01)05480-0

43. Zou S, Foster GA, Dodd RY, Petersen LR,
Stramer SL. West Nile fever characteristics among
viremic persons identified through blood donor
screening. J Infect Dis. 2010;202(9):1354-1361. doi:
10.1086/656602

44. Yeung MW, Shing E, Nelder M, Sander B.
Epidemiologic and clinical parameters of West Nile
virus infections in humans: a scoping review. BMC
Infect Dis. 2017;17(1):609. doi:10.1186/s12879-017-
2637-9

45. Abroug F, Ouanes-Besbes L, Letaief M, et al.
A cluster study of predictors of severe West Nile
virus infection. Mayo Clin Proc. 2006;81(1):12-16.
doi:10.4065/81.1.12

46. Brien JD, Uhrlaub JL, Hirsch A, Wiley CA,
Nikolich-Zugich J. Key role of T cell defects in
age-related vulnerability to West Nile virus. J Exp Med.
2009;206(12):2735-2745. doi:10.1084/jem.
20090222

47. Montgomery RR. Age-related alterations in
immune responses to West Nile virus infection. Clin
Exp Immunol. 2017;187(1):26-34. doi:10.1111/cei.12863

48. Lindsey NP, Staples JE, Lehman JA, Fischer M.
Medical risk factors for severe West Nile Virus
disease, United States, 2008-2010. Am J Trop Med
Hyg. 2012;87(1):179-184. doi:10.4269/ajtmh.2012.
12-0113

49. Visentin A, Nasillo V, Marchetti M, et al. Clinical
characteristics and outcome of West Nile virus
infection in patients with lymphoid neoplasms: an
Italian multicentre study. HemaSphere. 2020;4(3):
e395. doi:10.1097/HS9.0000000000000395

50. Kumar D, Drebot MA, Wong SJ, et al.
A seroprevalence study of West Nile virus infection
in solid organ transplant recipients. Am J Transplant.
2004;4(11):1883-1888. doi:10.1111/j.1600-6143.2004.
00592.x

51. Abbas A, Qiu F, Sikyta A, Fey PD, Florescu DF.
Neuroinvasive West Nile virus infections after solid
organ transplantation: single-center experience and
systematic review. Transpl Infect Dis. 2022;24(6):
e13929. doi:10.1111/tid.13929

52. Ardakani R, Crane P, Alvarez E, et al.
Neuroinvasive West Nile virus associated with
anti-CD20 therapies in a university health system.

Clinical Review & Education Review West Nile Virus: A Review

E10 JAMA Published online July 7, 2025 (Reprinted) jama.com

© 2025 American Medical Association. All rights reserved, including those for text and data mining, AI training, and similar technologies.

Downloaded from jamanetwork.com by UERJ user on 07/09/2025

https://dx.doi.org/10.1029/2023GH000906
https://dx.doi.org/10.1029/2023GH000906
https://dx.doi.org/10.3201/eid1804.111313
https://dx.doi.org/10.3201/eid1804.111313
https://dx.doi.org/10.1093/cid/ciac766
https://dx.doi.org/10.15585/mmwr.ss7001a1
https://dx.doi.org/10.15585/mmwr.ss7001a1
https://dx.doi.org/10.1016/S1473-3099(15)00134-6
https://dx.doi.org/10.1093/jtm/taac125
https://dx.doi.org/10.1093/jtm/taac125
https://dx.doi.org/10.3201/eid3010.240595
https://dx.doi.org/10.3201/eid3010.240595
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2013.8042?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737
https://dx.doi.org/10.3201/eid0903.020628
https://dx.doi.org/10.3201/eid0903.020628
https://dx.doi.org/10.1056/NEJM200106143442401
https://dx.doi.org/10.3201/eid1311.070506
https://dx.doi.org/10.1093/jme/tjz146
https://dx.doi.org/10.1093/jme/tjz146
https://dx.doi.org/10.1086/591467
https://dx.doi.org/10.3390/v15061230
https://dx.doi.org/10.1056/NEJMoa030969
https://dx.doi.org/10.1056/NEJMoa030969
https://dx.doi.org/10.3201/eid2802.211697
https://www.ncbi.nlm.nih.gov/pubmed/12537289
https://www.ncbi.nlm.nih.gov/pubmed/12537289
https://dx.doi.org/10.1542/peds.2005-2024
https://dx.doi.org/10.1542/peds.2005-2024
https://www.ncbi.nlm.nih.gov/pubmed/12375687
https://www.ncbi.nlm.nih.gov/pubmed/12537288
https://www.ncbi.nlm.nih.gov/pubmed/12537288
https://dx.doi.org/10.3201/eid1110.040212
https://dx.doi.org/10.3201/eid1110.040212
https://dx.doi.org/10.1056/NEJMoa044029
https://dx.doi.org/10.1056/NEJMoa044333
https://dx.doi.org/10.1056/NEJMoa044333
https://dx.doi.org/10.1111/trf.14018
https://dx.doi.org/10.15585/mmwr.mm7321a2
https://dx.doi.org/10.1111/ajt.16552
https://dx.doi.org/10.1002/bdra.23523
https://dx.doi.org/10.2807/1560-7917.ES.2023.28.48.2300258
https://dx.doi.org/10.2807/1560-7917.ES.2023.28.48.2300258
https://dx.doi.org/10.2807/1560-7917.ES.2020.25.46.2001904
https://dx.doi.org/10.2807/1560-7917.ES.2020.25.46.2001904
https://dx.doi.org/10.1038/s41467-024-45290-3
https://dx.doi.org/10.1371/journal.ppat.1011880
https://dx.doi.org/10.1371/journal.ppat.1011880
https://dx.doi.org/10.3201/eid2209.152050
https://dx.doi.org/10.3201/eid2209.152050
https://dx.doi.org/10.1017/S0950268811002494
https://dx.doi.org/10.3201/eid1205.051287
https://dx.doi.org/10.3201/eid1205.051287
https://dx.doi.org/10.1016/S0140-6736(01)05480-0
https://dx.doi.org/10.1016/S0140-6736(01)05480-0
https://dx.doi.org/10.1086/656602
https://dx.doi.org/10.1186/s12879-017-2637-9
https://dx.doi.org/10.1186/s12879-017-2637-9
https://dx.doi.org/10.4065/81.1.12
https://dx.doi.org/10.1084/jem.20090222
https://dx.doi.org/10.1084/jem.20090222
https://dx.doi.org/10.1111/cei.12863
https://dx.doi.org/10.4269/ajtmh.2012.12-0113
https://dx.doi.org/10.4269/ajtmh.2012.12-0113
https://dx.doi.org/10.1097/HS9.0000000000000395
https://dx.doi.org/10.1111/j.1600-6143.2004.00592.x
https://dx.doi.org/10.1111/j.1600-6143.2004.00592.x
https://dx.doi.org/10.1111/tid.13929
http://www.jama.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737


Neurology. 2024;103(suppl 1):S95-S96. doi:10.1212/
01.wnl.0001051648.25214.05

53. Thebault S, Gandelman S, Lane C, et al. Severe
neuroinvasive West Nile virus in association with
anti-CD20 monotherapy for multiple sclerosis.
Neurol Neuroimmunol Neuroinflamm. 2023;10(5):
e200154. doi:10.1212/NXI.0000000000200154

54. Suthar MS, Diamond MS, Gale M Jr. West Nile
virus infection and immunity. Nat Rev Microbiol.
2013;11(2):115-128. doi:10.1038/nrmicro2950

55. Gervais A, Rovida F, Avanzini MA, et al.
Autoantibodies neutralizing type I IFNs underlie
West Nile virus encephalitis in �40% of patients.
J Exp Med. 2023;220(9):e20230661. doi:10.1084/
jem.20230661

56. Samuel MA, Diamond MS. Pathogenesis of
West Nile virus infection: a balance between
virulence, innate and adaptive immunity, and viral
evasion. J Virol. 2006;80(19):9349-9360.
doi:10.1128/JVI.01122-06

57. Pavesi A, Tiecco G, Rossi L, et al. Inflammatory
response associated with West Nile neuroinvasive
disease: a systematic review. Viruses. 2024;16(3):383.
doi:10.3390/v16030383

58. Watson JT, Pertel PE, Jones RC, et al. Clinical
characteristics and functional outcomes of West
Nile fever. Ann Intern Med. 2004;141(5):360-365.
doi:10.7326/0003-4819-141-5-200409070-
00010

59. Ferguson DD, Gershman K, LeBailly A,
Petersen LR. Characteristics of the rash associated
with West Nile virus fever. Clin Infect Dis. 2005;41
(8):1204-1207. doi:10.1086/444506

60. Sejvar JJ. Clinical manifestations and outcomes
of West Nile virus infection. Viruses. 2014;6(2):
606-623. doi:10.3390/v6020606

61. Sejvar JJ, Bode AV, Marfin AA, et al. West Nile
virus–associated flaccid paralysis. Emerg Infect Dis.
2005;11(7):1021-1027. doi:10.3201/eid1107.040991

62. Rousseau A, Haigh O, Ksiaa I, Khairallah M,
Labetoulle M. Ocular manifestations of West Nile
virus. Vaccines (Basel). 2020;8(4):641. doi:10.
3390/vaccines8040641

63. Tyler KL, Pape J, Goody RJ, Corkill M,
Kleinschmidt-DeMasters BK. CSF findings in 250
patients with serologically confirmed West Nile
virus meningitis and encephalitis. Neurology. 2006;
66(3):361-365. doi:10.1212/01.wnl.0000195890.
70898.1f

64. Ali M, Safriel Y, Sohi J, Llave A, Weathers S.
West Nile virus infection: MR imaging findings in
the nervous system. AJNR Am J Neuroradiol. 2005;
26(2):289-297.

65. Petropoulou KA, Gordon SM, Prayson RA,
Ruggierri PM. West Nile virus meningoencephalitis:
MR imaging findings. AJNR Am J Neuroradiol. 2005;
26(8):1986-1995.

66. Johnson AJ, Noga AJ, Kosoy O, Lanciotti RS,
Johnson AA, Biggerstaff BJ. Duplex
microsphere-based immunoassay for detection of
anti-West Nile virus and anti-St. Louis encephalitis
virus immunoglobulin m antibodies. Clin Diagn Lab
Immunol. 2005;12(5):566-574. doi:10.1128/CDLI.12.
5.566-574.2005

67. Tilley PA, Fox JD, Jayaraman GC, Preiksaitis JK.
Nucleic acid testing for West Nile virus RNA in
plasma enhances rapid diagnosis of acute infection

in symptomatic patients. J Infect Dis. 2006;193(10):
1361-1364. doi:10.1086/503577

68. Roehrig JT, Nash D, Maldin B, et al. Persistence
of virus-reactive serum immunoglobulin m
antibody in confirmed West Nile virus encephalitis
cases. Emerg Infect Dis. 2003;9(3):376-379. doi:10.
3201/eid0903.020531

69. Staples JE, Gibney KB, Panella AJ, et al.
Duration of West Nile virus immunoglobulin M
antibodies up to 81 months following West Nile
virus disease onset. Am J Trop Med Hyg. 2022;106
(6):1721-1724. doi:10.4269/ajtmh.21-1234

70. Kapoor H, Signs K, Somsel P, Downes FP, Clark
PA, Massey JP. Persistence of West Nile virus (WNV)
IgM antibodies in cerebrospinal fluid from patients
with CNS disease. J Clin Virol. 2004;31(4):289-291.
doi:10.1016/j.jcv.2004.05.017

71. Adams LE, Wong JM, Paz-Bailey G. Dengue.
JAMA. 2024;332(24):2109-2110. doi:10.1001/jama.
2024.21094

72. Lanciotti RS, Kerst AJ, Nasci RS, et al. Rapid
detection of West Nile virus from human clinical
specimens, field-collected mosquitoes, and avian
samples by a TaqMan reverse transcriptase–PCR
assay. J Clin Microbiol. 2000;38(11):4066-4071.
doi:10.1128/JCM.38.11.4066-4071.2000

73. Lustig Y, Mannasse B, Koren R, et al. Superiority
of West Nile virus RNA detection in whole blood for
diagnosis of acute infection. J Clin Microbiol. 2016;
54(9):2294-2297. doi:10.1128/JCM.01283-16

74. Sejvar JJ, Marfin AA. Manifestations of West
Nile neuroinvasive disease. Rev Med Virol. 2006;16
(4):209-224. doi:10.1002/rmv.501

75. Beigel JH, Nordstrom JL, Pillemer SR, et al.
Safety and pharmacokinetics of single intravenous
dose of MGAWN1, a novel monoclonal antibody to
West Nile virus. Antimicrob Agents Chemother.
2010;54(6):2431-2436. doi:10.1128/AAC.01178-09

76. Gnann JW Jr, Agrawal A, Hart J, et al; National
Institute of Allergy and Infectious Diseases
Collaborative Antiviral Study Group. Lack of efficacy
of high-titered immunoglobulin in patients with
West Nile virus central nervous system disease.
Emerg Infect Dis. 2019;25(11):2064-2073. doi:10.
3201/eid2511.190537

77. Wehbeh W. Treatment of West Nile virus
central nervous system infections with interferon
alpha-2b. Presented at: 44th ICAAC Meeting of the
American Society for Microbiology; 2004;
Washington, DC.

78. Colaneri M, Lissandrin R, Calia M, et al. The
WEST study: a retrospective and multicentric study
on the impact of steroid therapy in West Nile
encephalitis. Open Forum Infect Dis. 2023;10(3):
ofad092. doi:10.1093/ofid/ofad092

79. Hodzic E, Hasbun R, Granillo A, et al. Steroids
for the treatment of viral encephalitis: a systematic
literature review and meta-analysis. J Neurol. 2023;
270(7):3603-3615. doi:10.1007/s00415-023-11715-0

80. Chowers MY, Lang R, Nassar F, et al. Clinical
characteristics of the West Nile fever outbreak,
Israel, 2000. Emerg Infect Dis. 2001;7(4):675-678.
doi:10.3201/eid0704.017414

81. Klee AL, Maidin B, Edwin B, et al. Long-term
prognosis for clinical West Nile virus infection.
Emerg Infect Dis. 2004;10(8):1405-1411. doi:10.
3201/eid1008.030879

82. Murray KO, Baraniuk S, Resnick M, et al. Clinical
investigation of hospitalized human cases of West
Nile virus infection in Houston, Texas, 2002-2004.
Vector Borne Zoonotic Dis. 2008;8(2):167-174.
doi:10.1089/vbz.2007.0109

83. Sejvar JJ, Bode AV, Marfin AA, et al. West Nile
virus–associated flaccid paralysis outcome. Emerg
Infect Dis. 2006;12(3):514-516. doi:10.3201/eid1203.
050643

84. Fonzo M, Bertoncello C, Tudor L, et al.
Do we protect ourselves against West Nile Virus?
a systematic review on knowledge, attitudes, and
practices and their determinants. J Infect Public
Health. 2024;17(5):868-880. doi:10.1016/j.jiph.2024.
03.012

85. Gibney KB, Colborn J, Baty S, et al. Modifiable
risk factors for West Nile virus infection during an
outbreak—Arizona, 2010. Am J Trop Med Hyg. 2012;
86(5):895-901. doi:10.4269/ajtmh.2012.11-0502

86. Kuczynski Lange S, Connelly CR, Tai Z, et al.
A scoping review to determine if adverse human
health effects are associated with use of
pyrethroids for mosquito control. J Med Entomol.
2025;62(2):277-288. doi:10.1093/jme/tjaf012

87. McMillan JR, Harden CA, Burtis JC, et al. The
community-wide effectiveness of municipal larval
control programs for West Nile virus risk reduction
in Connecticut, USA. Pest Manag Sci. 2021;77(11):
5186-5201. doi:10.1002/ps.6559

88. Ruktanonchai DJ, Stonecipher S, Lindsey N,
et al. Effect of aerial insecticide spraying on West
Nile virus disease—North-Central Texas, 2012. Am J
Trop Med Hyg. 2014;91(2):240-245. doi:10.4269/
ajtmh.14-0072

89. Tai Z, Connelly CR, Kuczynski Lange S, et al.
A scoping review to determine if adverse human
health effects are associated with use of
organophosphates for mosquito control. J Med
Entomol. 2025;62(1):8-18. doi:10.1093/jme/tjae130

90. Gould CV, Staples JE, Huang CYH, Brault AC,
Nett RJ. Combating West Nile virus disease—time to
revisit vaccination. N Engl J Med. 2023;388(18):
1633-1636. doi:10.1056/NEJMp2301816

91. Morrey JD, Siddharthan V, Olsen AL, et al.
Humanized monoclonal antibody against West Nile
virus envelope protein administered after neuronal
infection protects against lethal encephalitis in
hamsters. J Infect Dis. 2006;194(9):1300-1308.
doi:10.1086/508293

92. Wessel AW, Doyle MP, Engdahl TB, Rodriguez J,
Crowe JE Jr, Diamond MS. Human monoclonal
antibodies against NS1 protein protect against
lethal West Nile virus infection. mBio. 2021;12(5):
e0244021. doi:10.1128/mBio.02440-21

93. Foss L, Feiszli T, Kramer VL, Reisen WK,
Padgett K. Epidemic versus endemic West Nile virus
dead bird surveillance in California: changes in
sensitivity and focus. PLoS One. 2023;18(4):
e0284039. doi:10.1371/journal.pone.0284039

94. Moore TC, Tang X, Brown HE. Assessing the
relationship between entomological surveillance
indices and West Nile virus transmission, United
States: systematic review. Vector Borne Zoonotic Dis.
2025;25(5):317-328. doi:10.1089/vbz.2024.0072

95. Kaiser JA, Barrett ADT. Twenty years of
progress toward West Nile virus vaccine
development. Viruses. 2019;11(9):823. doi:10.
3390/v11090823

West Nile Virus: A Review Review Clinical Review & Education

jama.com (Reprinted) JAMA Published online July 7, 2025 E11

© 2025 American Medical Association. All rights reserved, including those for text and data mining, AI training, and similar technologies.

Downloaded from jamanetwork.com by UERJ user on 07/09/2025

https://dx.doi.org/10.1212/01.wnl.0001051648.25214.05
https://dx.doi.org/10.1212/01.wnl.0001051648.25214.05
https://dx.doi.org/10.1212/NXI.0000000000200154
https://dx.doi.org/10.1038/nrmicro2950
https://dx.doi.org/10.1084/jem.20230661
https://dx.doi.org/10.1084/jem.20230661
https://dx.doi.org/10.1128/JVI.01122-06
https://dx.doi.org/10.3390/v16030383
https://dx.doi.org/10.7326/0003-4819-141-5-200409070-00010
https://dx.doi.org/10.7326/0003-4819-141-5-200409070-00010
https://dx.doi.org/10.1086/444506
https://dx.doi.org/10.3390/v6020606
https://dx.doi.org/10.3201/eid1107.040991
https://dx.doi.org/10.3390/vaccines8040641
https://dx.doi.org/10.3390/vaccines8040641
https://dx.doi.org/10.1212/01.wnl.0000195890.70898.1f
https://dx.doi.org/10.1212/01.wnl.0000195890.70898.1f
https://www.ncbi.nlm.nih.gov/pubmed/15709126
https://www.ncbi.nlm.nih.gov/pubmed/15709126
https://www.ncbi.nlm.nih.gov/pubmed/16155147
https://www.ncbi.nlm.nih.gov/pubmed/16155147
https://dx.doi.org/10.1128/CDLI.12.5.566-574.2005
https://dx.doi.org/10.1128/CDLI.12.5.566-574.2005
https://dx.doi.org/10.1086/503577
https://dx.doi.org/10.3201/eid0903.020531
https://dx.doi.org/10.3201/eid0903.020531
https://dx.doi.org/10.4269/ajtmh.21-1234
https://dx.doi.org/10.1016/j.jcv.2004.05.017
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2024.21094?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2024.21094?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737
https://dx.doi.org/10.1128/JCM.38.11.4066-4071.2000
https://dx.doi.org/10.1128/JCM.01283-16
https://dx.doi.org/10.1002/rmv.501
https://dx.doi.org/10.1128/AAC.01178-09
https://dx.doi.org/10.3201/eid2511.190537
https://dx.doi.org/10.3201/eid2511.190537
https://dx.doi.org/10.1093/ofid/ofad092
https://dx.doi.org/10.1007/s00415-023-11715-0
https://dx.doi.org/10.3201/eid0704.017414
https://dx.doi.org/10.3201/eid1008.030879
https://dx.doi.org/10.3201/eid1008.030879
https://dx.doi.org/10.1089/vbz.2007.0109
https://dx.doi.org/10.3201/eid1203.050643
https://dx.doi.org/10.3201/eid1203.050643
https://dx.doi.org/10.1016/j.jiph.2024.03.012
https://dx.doi.org/10.1016/j.jiph.2024.03.012
https://dx.doi.org/10.4269/ajtmh.2012.11-0502
https://dx.doi.org/10.1093/jme/tjaf012
https://dx.doi.org/10.1002/ps.6559
https://dx.doi.org/10.4269/ajtmh.14-0072
https://dx.doi.org/10.4269/ajtmh.14-0072
https://dx.doi.org/10.1093/jme/tjae130
https://dx.doi.org/10.1056/NEJMp2301816
https://dx.doi.org/10.1086/508293
https://dx.doi.org/10.1128/mBio.02440-21
https://dx.doi.org/10.1371/journal.pone.0284039
https://dx.doi.org/10.1089/vbz.2024.0072
https://dx.doi.org/10.3390/v11090823
https://dx.doi.org/10.3390/v11090823
http://www.jama.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2025.8737

