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Influenza-Associated Neurologic Complications in Hospitalized Children

Sarah Frankl, BA1, Susan E. Coffin, MD, MPH2,4, Jacqueline B. Harrison, BA1, Sanjeev K. Swami, MD2,4,

and Jennifer L. McGuire, MD, MSCE1,3,4

Objectives To define the incidence and characteristics of influenza-associated neurologic complications in a
cohort of children hospitalized at a tertiary care pediatric hospital with laboratory-confirmed influenza and to identify
associated clinical, epidemiologic, and virologic factors.
Study design This was an historical cohort study of children aged 0.5-18.0 years old hospitalized between 2010
and 2017 with laboratory-confirmed influenza. Children with immune compromise or a positive test due to recent
receipt of live virus vaccine or recently resolved illness were excluded. Influenza-associated neurologic complica-
tions were defined as new-onset neurologic signs/symptoms during acute influenza illness without another clear
etiology.
Results At least 1 influenza-associated neurologic complication was identified in 10.8% (95% CI 9.1-12.6%,
n = 131 of 1217) of hospitalizations with laboratory-confirmed influenza. Seizures (n = 97) and encephalopathy
(n = 44) were the most commonly identified influenza-associated neurologic complications, although an additional
20 hospitalizations had other influenza-associated neurologic complications. Hospitalizations with influenza-
associated neurologic complications were similar in age and influenza type (A/B) to those without. Children with
a pre-existing neurologic diagnosis (n = 326) had a greater proportion of influenza-associated neurologic compli-
cations compared with those without (22.7% vs 6.4%, P < .001). Presence of a pre-existing neurologic diagnosis
(aOR 4.6, P < .001), lack of seasonal influenza vaccination (aOR 1.6, P = .020), and age £5 years (aOR 1.6, P = .017)
were independently associated with influenza-associated neurologic complications.
Conclusions Influenza-associated neurologic complications are common in children hospitalized with influenza,
particularly those with pre-existing neurologic diagnoses. A better understanding of the epidemiology and factors
associated with influenza-associated neurologic complications will direct future investigation into potential neuro-
pathologic mechanisms and mitigating strategies. Vaccination is recommended and may help prevent influenza-
associated neurologic complications in children. (J Pediatr 2021;239:24-31).
See editorial, p 14 and
related articles, p 32 and p 39
nfluenza is a major cause of acute respiratory tract illness in children, infecting approximately 10% of all children in the US
Iannually,1 and hospitalizing up to 1 in 140 children.2 Influenza-associated neurologic complications are common, occur-
ring in up to 7%-10% of children hospitalized with influenza.3,4 The most commonly reported influenza-associated neuro-

logic complication is seizure, followed by influenza-associated encephalopathy or encephalitis.3,4 Other less common, but
potentially more severe, influenza-associated neurologic complications include acute demyelinating syndromes, ischemic
and hemorrhagic stroke, cerebral edema, Reye syndrome, and Guillain-Barr�e syndrome (GBS).3-7 Precise estimates of the inci-
dence, detailed clinical characterization, and risk factors associated with these influenza-associated neurologic complications
have been difficult to determine due to small sample sizes, variable influenza types examined, and heterogeneous study designs.8

However, a better understanding of the spectrum of influenza-associated neurologic complications and associated features is
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critically important to develop testable hypotheses about
neuropathogenesis and to design potential prevention and
mitigation strategies.

We therefore aimed to define the frequency and character-
istics of influenza-associated neurologic complications in
children hospitalized at a tertiary care pediatric hospital
with laboratory-confirmed influenza and to identify associ-
ated clinical, epidemiologic, and virologic factors.
Methods

We performed an historical cohort study of children with
laboratory-confirmed (polymerase chain reaction [PCR]
positive) influenza hospitalized at the Children’s Hospital
of Philadelphia (CHOP), a large academic tertiary care chil-
dren’s hospital that had 466 beds and more than 28 000 inpa-
tient admissions in 2017. All data collection was approved by
the CHOP institutional review board (December 20, 2017).

Data Collection
We queried the electronic medical record (EMR) for any
child aged 0.5-18.0 years hospitalized at CHOP between
August 1, 2010, and June 30, 2017, with laboratory-
confirmed influenza. Children <0.5 years old were not
included because of a concern that they may have a unique
set of risk factors for influenza-associated neurologic compli-
cations, given a relatively immature immune system, and that
they may be hospitalized for reasons differing than those in
older children (eg, observation for isolated fever). Some chil-
dren were hospitalized with laboratory-confirmed influenza
multiple times during this study time period, contributing
multiple data points over time to the analysis. Medical record
number, demographic, and clinical data were extracted from
the EMR. We then manually reviewed the EMR to confirm
accuracy of extracted data and to abstract additional clinical
data onto a standardized collection form. Children with no
symptoms of active infection but positive influenza testing
due to a recent receipt of live vaccine or recently resolved
illness during the same season were excluded. Children
with documented primary and secondary immune defi-
ciencies, and those on immunosuppressant medications
(including chronic steroids), were excluded.

Study Definitions
Laboratory-confirmed influenza was defined by a positive
PCR test performed at our institution. Multiplex PCR panel
testing for influenza virus types A and B, and other respira-
tory viral pathogens were performed using laboratory
developed, in-house, real-time, qualitative assays on naso-
pharyngeal swab specimens. Nosocomial infection was
defined when first positive influenza testing was sent
³3 days after admission. Date of influenza onset was defined
as either the first day of typical influenza symptoms or the
first day of fever if the child had ongoing upper respiratory
symptoms for greater than 1 week before presentation. Hos-
pitalization was defined as either admission to an inpatient
unit or observation in the emergency department extended
care unit. Concurrent infections were defined by positive
PCR, direct immunofluorescence assay, culture, or by anti-
biotic administration for a clinically diagnosed bacterial
infection (eg, otitis media). Influenza season was defined as
August 1 through July 31; when seasons are referred to by
year in the Results, the year designated refers to the year at
the start of the season (eg, anything between August 1,
2010 and July 31, 2011, was counted as the 2010 season).
Influenza vaccine was defined as received if administration
was recorded at our institution or if caregivers reported the
child received annual vaccine during a given influenza sea-
son; data regarding type of vaccine (eg, intranasal vs inject-
able) was not consistently available. If EMR stated
“immunizations up to date” without specific reference to
influenza vaccine, this variable was defined as “not received.”
If a child received only 1 of 2 recommended doses for first-
time vaccination, they were defined as “received.”
Influenza-associated neurologic complications were docu-

mented only when there was no alternative explanation to
neurologic signs or symptoms other than influenza infection.
Influenza-associated seizures were defined as any clinical or
electrographic seizure occurring in a child without a known
seizure disorder, or seizures above baseline frequency in a
child with a known seizure disorder. Febrile seizures were
defined as a seizure occurring concurrent with body tempera-
ture ³38.0�C, in a typically developing child aged 0.5-6.0 years
oldwithout history of a neurologic disorder. Status epilepticus
was defined as a single seizure (febrile or afebrile) lasting
longer than 5 minutes, a cluster of seizures requiring anticon-
vulsant therapy to abort the cluster, or EMRdocumentation of
status epilepticus. Encephalopathy was defined as docu-
mented parental or clinician concern for persistent altered
mental status, confusion, or irritability out of proportion to
medical illness. Pleocytosis was defined as cerebrospinal fluid
(CSF) white blood cells (WBCs) > 7 cells/mL or the serum
WBC multiplied by the ratio of CSF/serum red blood cells
in CSF specimenswith elevated red blood cells.Meningitis/en-
cephalitis were defined as presence of pleocytosis, magnetic
resonance imaging (MRI) findings consistent with meningitis
or encephalitis (eg, leptomeningeal enhancement, T2 hyperin-
tense, gadolinium enhancing lesions, others), or a clinical
diagnosis of meningitis by the treating team when lumbar
puncture and MRI were unable to be performed, in the
absence of alternative explanations (eg, a concurrent central
nervous system infection). Pre-existing neurologic diagnoses
recorded included epilepsy, current/ongoing developmental
delay and/or intellectual disability (not including isolated
expressive speech delay or specific learning disorders, such
as dyslexia, reading comprehension deficits, others), central
nervous system (CNS) causes of weakness, congenital struc-
tural brain differences, cerebrovascular disease, anoxic brain
injury, neuromuscular disorders, and others.

Data Analyses
Data were analyzed using STATA, version 14.2 (Stata Corp).
Nonparametric methods were used because not all
25
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continuous variables (such as age) were normally distributed
and to minimize the effect of outliers with statistical associa-
tions. Continuous variables were described using medians
and IQR, and intergroup differences compared using the
Wilcoxon rank-sum test. Categorical variables were
described using counts and frequencies and intergroup dif-
ferences compared using the c2 test. Statistical significance
was determined a priori as a 2-tailed P value < .05.

Our a priori analytic plan included examining the impact
of pre-existing neurologic diagnoses on the outcome of
influenza-associated neurologic complications. Multivari-
able logistic regression models were built to determine the
relationship between influenza-associated neurologic com-
plications and associated factors overall and stratified by
presence of a pre-existing neurologic diagnosis. Initial
models were constructed using age, sex, race, and other
candidate predictor variables with a P value 0.2 on univari-
able analysis (Table I). Stepwise elimination was then
performed based on model-fit measured by the Akaike
information criteria. Variables that did not retain statistical
significance in the adjusted model but whose elimination
worsened overall model fit were retained as confounders.
Presence of a pre-existing neurologic diagnosis was
explored a priori as a potential effect modification term in
the relationship between influenza-associated neurologic
complications and other candidate predictor variables.
Table I. Demographics, clinical, and virologic features of ho
2017

Characteristics*

All

n = 1217 No neurologic co

Demographics
Age, y 5.5 (2.2, 9.8) 5.6
Male sex 641 (53) 569
African American 644 (53) 587
Hispanic or Latino ethnicity 139 (11) 126

Comorbidities
Pre-existing neurologic diagnosis 326 (27) 252
Coinfection at the time of influenza 400 (35) 354

Influenza data
Influenza vaccine up to date 608 (50) 551
Influenza strain

A 805 (66) 727
B 412 (33) 359

Hospital-acquired (nosocomial) influenza 46 (4) 40
Treatment
Oseltamivir 920 (76) 808
Steroids 444 (36) 406

Hospital course
Length of stay, d 2 (1, 4) 2
Time from influenza symptom onset to

neurologic symptom onset, d
Time from neurologic symptom onset to

confirmed influenza infection, d
EDECU admission 94 (8) 92
PICU or CICU admission 243 (20) 178
Neurologic morbidity at discharge
Mortality 4 (0.3) 4

CICU, cardiac intensive care unit; EDECU, emergency department extended care unit; PICU, pediatr
Bold values indicate a P value < .05 (statistically significant).
*Categorical variables are described using No. (%). Continuous variables are described using media
†P values to compare characteristics between children who had neurologic complications and childre
variables and Wilcoxon rank-sum tests for continuous variables.
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To calculate population incidence of children hospitalized
with influenza-associated neurologic complication, we
defined a neighborhood cohort using 13 contiguous ZIP
code areas (19023, 19032, 19050, 19082, 19103, 19104,
19106, 19131, 19139, 19143, 19145, 19146, 19153) from
which ³85% of all children <18 years of age are admitted
to CHOP for common respiratory and gastrointestinal con-
ditions.9 Data from US Census Factfinder (2017 American
Community Survey) were used to estimate the number of
overall and age-specific, child-years of observation during
the study period (www.census.gov). To calculate a popula-
tion incidence of influenza-associated neurologic complica-
tion, we estimated the prevalence of epilepsy in children to
be 0.7%, consistent with previous reports.10
Results

Demographic and Clinical Characteristics of the
Cohort
We identified 1217 hospitalizations for 1156 unique children
during the study period (Figure 1 [available at www.jpeds.
com] and Table I). The median age at influenza symptom
onset was 5.6 years (IQR 2.2, 9.8). Approximately one-
quarter (23.2%, 95% CI% 21-26%) of hospitalizations were
in children 2 years old or younger. Only 50% (95% CI
spitalizations with laboratory confirmed influenza, 2010-

By neurologic complication

P value†mplication (n = 1086) Neurologic complication (n = 131)

(2.3, 9.8) 4.7 (1.9, 9.3) .17
(52) 72 (55) .58
(54) 57 (44) .027
(12) 13 (10) .24

(23) 74 (56) <.001
(33) 47 (36) .87

(51) 57 (44) .12

(67) 78 (60) .09
(33) 53 (40)
(4) 6 (5) .61

(74) 112 (86) .005
(37) 38 (29) .06

(1, 3) 3 (2, 8) <.001
1 (0, 3)

1 (1, 2)

(9) 2 (2) .005
(16) 65 (49) <.001

15 (11)
(0.4) 0 (0) .49

ic intensive care unit.

n (IQR).
n who did not have neurologic complications and were calculated using c2 tests for categorical
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47%-53%) of the cohort had documented receipt of that
season’s annual influenza vaccine before hospitalization.

Prevalence and Characteristics of Influenza-
Associated Neurologic Complications
Nearly 11% of both hospitalizations (131/1217, 10.8%, 95%
CI 9.1%-12.6%) and unique children (126/1156, 10.9%) with
acute laboratory-confirmed influenza had an influenza-
associated neurologic complication. The proportion of
hospitalizations with an influenza-associated neurologic
complication did not vary significantly by season (P = .10;
Figure 2 [available at www.jpeds.com]). Seizures (n = 97,
74%) were the most common influenza-associated
neurologic complication, followed by encephalopathy
(n = 44, 34%), ataxia (n = 8, 6%), and meningitis/
encephalitis (n = 8, 6%). Other influenza-associated
neurologic complications, such as cerebral edema (n = 3),
arterial ischemic stroke (n = 1; cerebellar), posterior
reversible encephalopathy syndrome (PRES; n = 1), and
others, were less common (Table II). Some hospitalizations
included more than one influenza-associated neurologic
complication (Figure 3, A). Onset of neurologic symptoms
began a median of 1 day after influenza symptom onset.

Among the hospitalizations that had seizure, status epilep-
ticus occurred in more than one-half (50/97, 52%). Most
status epilepticus was convulsive (42/50, 84%), and anticon-
vulsant therapy was required by 39 (78%) to abort the
ongoing seizure. Among the hospitalizations with meningi-
tis/encephalitis, 4 were diagnosed based on pleocytosis
(CSF WBC range 10-39 cells per microliter), 3 based on
MRI changes, and 1 who was not clinically stable for lumbar
puncture or MRI, based on a clinical diagnosis by the treating
team. None of the 8 hospitalizations with ataxia had an
Table II. Frequency of neurologic complications

Complications Frequency* Age, y
Days
ons

Any neurologic complication‡ 131 (100) 4.7 (1.9, 9.3)
Seizures 97 (74) 4.3 (1.7, 8.2)
Febrile seizures 29 (22) 1.6 (1.2, 2.4)
Status epilepticus 50 (38) 3.3 (1.6, 6.4)

Encephalopathy 44 (34) 7.0 (3.1, 11.3)
Any neurologic complication other than

seizure or encephalopathy
20 (15) 7.3 (3.7, 12.4)

Meningitis/encephalitis 8 (6) 11.6 (4.6, 15.2)
Ataxia 8 (6) 7.7 (2.4, 11.9)
Cerebral edema 3 (2) 6.4 (2.8, 14)
Arterial ischemic stroke 1 (1) 5.7
CIDP flare 1 (1) 12.1
Clonus 1 (1) 4.7
Demyelinating disorder 1 (1) 6.9
Motor deficit 1 (1) 2.8
Mutism 1 (1) 2.8
PRES 1 (1) 7.4

CIDP, chronic inflammatory demyelinating polyneuropathy; IANC, influenza-associated neurologic c
*Some hospitalizations had ³1 neurologic complication, so percentages do not add up to 100%.
†Percentages calculated with total number of each neurologic complication as denominator; some
‡Categorical variables are described using No. (%). Continuous variables are described using medi
§None of the children with a pre-existing neurologic disorder had a CSF-diversion device (eg, ventr

Influenza-Associated Neurologic Complications in Hospitalized C
associated MRI finding. Among the 3 hospitalizations with
cerebral edema, 2 had diffuse fulminant edema requiring
hyperosmolar therapy, and 1 had right-sided cerebellar
edema. All 3 of these children had concurrent encephalopa-
thy and a diagnosis of encephalitis based on MRI findings.
The 1 patient with PRES presented clinically with encepha-
lopathy and seizures. PRES, in this case, was thought to be
secondary to an influenza-induced hypertension. Notably,
there were no cases of GBS or Reye syndrome in our cohort.
No child in this cohort with an influenza-associated neuro-
logic complication died, but 15 had not yet returned to pre-
admission neurologic baseline by the time of hospital
discharge.

Estimated Incidence of Influenza-Associated
Neurologic Complications in Neighborhood Cohort
To estimate a local population incidence of influenza-
associated neurologic complications, we examined
influenza-associated neurologic complications in our neigh-
borhood cohort. Based on a calculated 754 091 child-years of
observation, we estimated that the incidence of influenza-
associated neurologic complications (n = 27) in this cohort
was 3.6 per 100 000 child-years. We also calculated the age-
specific incidence of influenza-associated neurologic compli-
cations in our neighborhood cohort, and found that children
<5 years old had the greatest incidence of influenza-
associated neurologic complication (n = 15; 7.7 per 100 000
child-years).
To estimate a local population incidence of influenza-

associated neurologic complications among children with
epilepsy, a common pre-existing neurologic diagnosis, we
examined influenza-associated neurologic complications
among the estimated number of children with epilepsy in
between influenza
et and IANC onset

Presence of pre-existing
neurologic disorder†

Not back to neurologic
baseline at discharge†

1 (0, 3) 74 (56) 15 (11)
1 (0, 2) 58 (60) 9 (7)
1 (0, 2) 1 (3) 1 (33)

0.5 (0, 2) 32 (64) 4 (8)
2 (0, 4) 27 (61) 8 (18)

2.5 (1, 4) 9 (45) 8 (40)

0.5 (0, 2.5) 5 (63)§ 4 (50)
2.5 (1, 3) 4 (50) 2 (25)
1 (0, 2) 2 (67) 3 (100)

7 0 0
11 1 1
11 0 0
16 0 1
2 0 1
2 0 1
5 0 1

omplication.

children had more than 1 neurologic complication.
an (IQR).
iculoperitoneal shunt) or any identified coinfections.
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Figure 3. Frequency of neurologic complications. A, Among the overall cohort (n = 1217); B, among those with a pre-existing
neurologic diagnosis (n = 326);C, among thosewithout a pre-existing neurologic diagnosis (n = 876). Of the seizures (n = 39) inC,
29 were febrile seizures.
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our neighborhood cohort. Based on a calculated 5279 child-
years of observation (0.7% of 754 091), we estimated that the
incidence of influenza-associated neurologic complications
(n = 5) among local children with epilepsy was 94.7 per
100 000 child-years, 26-fold greater compared with the over-
all neighborhood cohort.

Risk Factors for Influenza-Associated Neurologic
Complications
On univariable analysis, there was no association between
age, sex, influenza type, lack of seasonal influenza vaccine,
community vs nosocomial infection, or the presence of a co-
infection and influenza-associated neurologic complication
in the overall cohort (Table I). There was a smaller
proportion of Black children among the hospitalizations
with an influenza-associated neurologic complication,
compared with those without (44% vs 54%, P = .027), a
difference likely driven by greater rates of sickle cell disease
among Black children, and our institutional practice of
admitting children with influenza for observation in the
setting of sickle cell disease. When children with sickle cell
disease were removed from analysis (n = 147, 138 of whom
were Black), there was no longer a difference in influenza-
associated neurologic complications by race (P = .29).
Hospitalizations with an influenza-associated neurologic
complication, compared with those without, were more
likely to have a history of a pre-existing neurologic
diagnosis (56% vs 23.2%, P < .001).

Oseltamivir was used more commonly in hospitalizations
with an influenza-associated neurologic complication
compared with those without (86% vs 74.4%, P = .005;
Table I). However, only 8% of hospitalizations that had an
influenza-associated neurologic complication and received
28
oseltamivir did so before the onset of neurologic symptoms,
making it difficult to determine whether oseltamivir
use influenced risk of influenza-associated neurologic
complication. Corticosteroids may have been used slightly
less often in hospitalizations with an influenza-associated
neurologic complication compared with those without
(29% vs 37.4%, P = .06). However, similar to oseltamivir
timing, only 32% of hospitalizations that had an influenza-
associated neurologic complication and received
corticosteroids did so before the onset of neurologic
symptoms, making determination of whether corticosteroid
use influenced risk of influenza-associated neurologic
complication difficult. Corticosteroid use was much more
common among children with asthma than those without
(OR 17.0, 95% CI 12.5-23.1). Neither oseltamivir nor
corticosteroid use were included in multivariable model
building, given these data on timing of use.
On multivariable analysis, independent factors associated

with an influenza-associated neurologic complication
included presence of a pre-existing neurologic diagnosis
(aOR 4.6, P < .001), age £5 years old (aOR 1.6, P = .017),
and lack of seasonal influenza vaccine (aOR 1.6, P = .020),
when adjusting for influenza type (A/B) in the overall cohort
(Table III, section A).

Evaluation for Referral Bias (Sensitivity Analysis)
To explore the possibility that our overall cohort data were
influenced by a referral bias, we performed a sensitivity anal-
ysis of all influenza-associated neurologic complication prev-
alence estimates using children from our neighborhood
cohort only (n = 320/1217). We found a similar proportion
of influenza-associated neurologic complications among
hospitalizations from the neighborhood cohort, compared
Frankl et al



Table III. Multivariate analysis of factors associated
with influenza-related neurologic complications

Factors aOR 95% CI P value

A: Among the entire cohort (n = 1217)
Presence of a pre-existing neurologic

diagnosis
4.6 3.2-6.7 <.001

No annual influenza vaccine* 1.6 1.1-2.3 .020
Age £5 years old† 1.6 1.1-2.3 .017
Influenza strain B‡ 1.4 0.9-2.0 .10

B: Among children without pre-existing
neurologic diagnosis (PND; n = 326)

No annual influenza vaccine 2.1 1.2-3.7 .013
Age £5 years old 3.1 1.7-5.7 <.001
Influenza strain B 0.8 0.5-1.6 .60

C: Among children with pre-existing
neurologic diagnosis (PND; n = 891)

No annual influenza vaccine 1.3 0.7-2.1 .39
Age £5 years old 0.9 0.5-1.6 .75
Influenza strain B 2.0 1.2-3.4 .012

Effect modification of the presence of a pre-existing neurologic diagnosis was examined a
priori.
*P = .27.
†P = .002.
‡P = .017.
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with those outside the neighborhood cohort (27/320, 8.5% vs
104/897, 11.6%; P = .12). Seizures were again most common
(19/27, 70%), followed by encephalopathy (7/27, 26%), and
others (4/27, 15%), suggesting that our results were not
significantly impacted by a referral bias.

Analysis of Influenza-Associated Neurologic
Complications, Stratified by Pre-existing
Neurologic Diagnosis
Approximately one-quarter of the overall cohort hospitaliza-
tions were for children with pre-existing neurologic diagno-
ses (n = 326/1217, 26.7%, 95%CI 24%-29%). Developmental
delay and/or intellectual disability were the most common
pre-existing neurologic diagnoses (236/326, 72.4%), fol-
lowed by epilepsy (104/326, 31.9%). Among hospitalizations
that had at least 1 pre-existing neurologic diagnosis, 63% had
more than one pre-existing neurologic diagnosis (median 2
[range 1-6]). Compared with hospitalizations without a
pre-existing neurologic diagnosis, hospitalizations with a
pre-existing neurologic diagnosis were more often admitted
to the intensive care unit (31.6% vs 15.7%, P < .001), had a
longer length of stay (median 3 days [IQR 2, 6] vs 2 days
[IQR 1, 3], P < .001), and had a greater incidence of
influenza-associated neurologic complications (22.7% vs
6.4%, P < .001; Figure 4 [available at www.jpeds.com]).
Seizures (17.8% vs 4.4%, P < .001) and encephalopathy
(8.3% vs 1.9%, P < .001) in particular were more common
in hospitalizations with a pre-existing neurologic diagnosis,
but other influenza-associated neurologic complications
occurred in comparable proportions with those without
(2.8% vs 1.2%, P = .088) (Figure 3, B and C). Among
those with influenza-associated neurologic complications,
51% (38/74) of those with pre-existing neurologic
diagnoses were vaccinated for influenza, and 33% (19/57)
without a pre-existing neurologic diagnosis were vaccinated.
Influenza-Associated Neurologic Complications in Hospitalized C
The potential effect modification of the presence of a pre-
existing neurologic diagnosis in our multivariable analysis
was examined a priori. Effect modification terms between
pre-existing neurologic diagnosis and younger age (£5 years
old, P = .002) and influenza strain (P = .017) were significant,
but lack of seasonal influenza vaccine (P = .27) was not.
Multivariable analysis stratified on the presence of pre-
existing neurologic diagnoses (Table III, sections B and C),
demonstrated that the independent factors associated with
the presence of an influenza-associated neurologic
complication among hospitalizations without a pre-existing
neurologic diagnosis were lack of seasonal influenza
vaccine (aOR 2.1, 95% CI 1.2-3.7, P = .013) and age
£5 years old (aOR 3.1, 95% CI 1.7-5.7, P < .001), when we
controlled for influenza type (A/B). Among hospitalizations
with a pre-existing neurologic diagnosis, influenza type B
(aOR 2.0, 95% CI 1.2-3.4, P = .012) was the only
independent factor associated with the presence of
influenza-associated neurologic complications.
Discussion

Influenza-associated neurologic complications were com-
mon in this large sample of children hospitalized at a single
institution with laboratory-confirmed influenza, particularly
among children with a pre-existing neurologic diagnosis.
Although seizures and encephalopathy occurred most
frequently, other influenza-associated neurologic complica-
tions occurred in 2% (20/1217) of the overall cohort.
Independent factors associated with occurrence of an
influenza-associated neurologic complication differed
among hospitalizations with and without a pre-existing
neurologic diagnosis, suggesting that the pathophysiology
of some influenza-associated neurologic complications may
vary between children with and without a pre-existing neuro-
logic diagnosis. The prevalence of influenza-associated
neurologic complications was similar in hospitalizations
from our neighborhood cohort compared with our overall
cohort, suggesting our findings should be generalizable
outside a tertiary care referral hospital.
The influenza-associated neurologic complications

observed in this study were heterogeneous. Although seizures
and encephalopathy are well described in the litera-
ture,3,4,9,11-13 other complications of influenza that we
observed, such as arterial ischemic stroke, ataxia, PRES,
and cerebral edema, have been less frequently described.
Any type of recent infection has been demonstrated to in-
crease risk of arterial ischemic strokes in children by 6-
fold,14 whichmay account for the one arterial ischemic stroke
that we observed. Case reports exist of influenza-triggered
mild encephalopathy with a reversible splenial lesion result-
ing in ataxia.15 Although we did not have any children with
mild encephalopathy with a reversible splenial lesion, we
did have 8 children with ataxia without neuroimaging corre-
late, a phenotype that has not previously been reported. Case
reports of PRES in adults, but not in children, with influenza
hildren 29
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have rarely been reported.16 Multiple previous groups have
reported cerebral edema in the context of acute influenza
infection,17,18 but these each have been single case reports,
one of which described a patient with an interleukin-10 re-
ceptor mutation thought to have increased the systemic in-
flammatory response. The lack of Reye syndrome in this
cohort likely reflects the dropping number of cases since
the Federal Drug Administration placed a warning on aspirin
in 1980.19,20

The neuropathophysiology of influenza-associated neuro-
logic complications remains poorly understood but may be
related to systemic cytokine release with secondary CNS
dysfunction.18,21-24 and specific host genetic susceptibil-
ities.18,25 Influenza is not thought to infect the CNS and has
not typically been found in brain tissue or CSF,26 so the path-
ophysiology behind our 8 cases ofmeningitis and encephalitis
remains unknown. In addition, influenza has been associated
with a greater incidence of febrile seizures, and of repeated
seizures in the same febrile episode, than other febrile illnesses
of childhood27; the reasons for this are unknown.Whether we
could mitigate or prevent influenza-associated neurologic
complications using anti-inflammatory or antiviral therapies
is unknown. Unfortunately, only a small proportion of chil-
dren in this cohort received corticosteroids or oseltamivir
before the onset of neurologic complications, limiting our
ability to address this question.

Our finding that prevalence and factors associated with
influenza-associated neurologic complications were funda-
mentally different among children with and without pre-
existing neurologic diagnoses in this cohort is clinically
significant. Although younger age was associated with
influenza-associated neurologic complication in hospitaliza-
tions without a pre-existing neurologic diagnosis, this
association was not observed among hospitalizations with
pre-existing neurologic diagnoses. This difference may be
because common influenza-associated neurologic complica-
tions (seizure and encephalopathy) in children with a pre-
existing neurologic diagnosis can occur when underlying
neurologic dysfunction is exacerbated by infection (eg, a
breakthrough seizure in the context of illness in a child
with epilepsy), despite age. Although vaccination status was
not statistically significant in stratified models among
children without a pre-existing neurologic diagnosis
(Table III, section C, P = .39), the effect modification term
between vaccination status and pre-existing neurologic
diagnosis in the overall cohort was not significant
(P = .27). We interpret these data to suggest that influenza-
associated neurologic complication risk conferred by lack
of vaccine is likely applicable to all children, as suggested in
the non-stratified overall model (Table III, section A). This
benefit of vaccine is analogous to the reduced risk of death
from influenza conferred by vaccine.28 Unfortunately, only
50% of overall hospitalizations and 55.8% of
hospitalizations with a pre-existing neurologic diagnosis
were vaccinated, demonstrating opportunities for
improvement in both overall and targeted vaccination
strategies. For unimmunized children with a pre-existing
30
neurologic diagnosis, the role of postexposure influenza
antiviral chemoprophylaxis also could be considered to
prevent infection in this very vulnerable population.29

Our study had several limitations. First, the study was con-
ducted at a single, pediatric tertiary care center, which may
introduce referral bias. However, a sensitivity analysis of hos-
pitalizations from neighborhood ZIP codes only generated
similar estimates of influenza-associated neurologic compli-
cation prevalence, supporting the generalizability of our find-
ings. Second, our study was retrospective, and thus, subtle
details may have been lost or influenza-associated neurologic
complications misclassified. For example, it is difficult to
define accurately encephalopathy retrospectively, particu-
larly in a young child or a child with developmental disabil-
ities. Future prospective studies of influenza-associated
neurologic complications would address this limitation.
Third, children presented to our institution at variable times
in their acute illness, frequently after onset of their influenza-
associated neurologic complication. Therefore, it is not
possible to determine whether oseltamivir and/or corticoste-
roids may have prevented influenza-associated neurologic
complications in this cohort. Randomized controlled clinical
trials would address these limitations but are logistically diffi-
cult in a rare disorder. Fourth, not all children with influenza
are hospitalized, and among those who are, influenza-
associated neurologic complications may drive the indication
for admission, limiting generalizability outside the hospital
of those factors identified with influenza-associated neuro-
logic complication. However, understanding these factors
in hospitalized children specifically remains valuable. Fifth,
we aimed to estimate a local population incidence of
influenza-associated neurologic complication among chil-
dren with epilepsy, a common pre-existing neurologic diag-
nosis. However, these data are based on local population
prevalence estimates of epilepsy, so are gross estimates
only. Finally, we elected to look specifically for neurologic
complications during the hospitalization with acute
laboratory-confirmed influenza infection. We may have
therefore missed later neurologic complications that
occurred as an outpatient, or during a subsequent admission,
such as GBS.
In conclusion, influenza-associated neurologic complica-

tions were common in this large cohort of children hospital-
ized with laboratory-confirmed influenza, although their
pathophysiology is not well understood. The presence of a
pre-existing neurologic diagnosis was significantly indepen-
dently associated with influenza-associated neurologic
complications, but influenza-associated neurologic compli-
cations occurred in children without pre-existing neurologic
diagnoses as well, particularly those who were younger.
Vaccination to prevent illness remains critically important
for all children and may additionally protect against
influenza-associated neurologic complications in the context
of illness. Future study of complication-specific and
population-specific influenza-associated neurologic compli-
cation pathogenesis will drive development of prevention
and mitigation strategies. n
Frankl et al
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Figure 2. Proportion (y-axis) and number (*) of hospitaliza-
tions with an influenza-associated neurologic complication by
season. +P value represents difference in proportion by year.

Figure 4. Proportion (y-axis) and number (*) of hospitaliza-
tions with an influenza-associated neurologic complication by
pre-existing neurologic disorder. DD, developmental delay;
ID, intellectual disability;metab,metabolic;NG, neurogenetic;
PND, pre-existing neurologic diagnosis.

Figure 1. Flow diagram of study population.
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