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Abstract

Objective—To determine the frequency of neurologic complications associated with influenza in
hospitalized children.

Stud desigh—We performed a cross-sectional study of children (2 months through 17 years of
age) with influenza discharged from 49 children’s hospitals in the Pediatric Health Information
System during the influenza seasons of 2015-2020. Neurologic complications were defined as
encephalopathy, encephalitis, aseptic meningitis, febrile seizure, nonfebrile seizure, brain abscess
and bacterial meningitis, Reye syndrome, and cerebral infarction. We assessed length of stay
(LOS), intensive care unit (ICU) admission, ICU LOS, 30-day hospital readmissions, deaths, and
hospital costs associated with these events. Patient-level risk factors associated with neurologic
complications were identified using multivariable logistic regression.

Results—Of 29 676 children hospitalized with influenza, 2246 (7.6%) had a concurrent
diagnosis of a neurologic complication; the most frequent were febrile seizures (5.0%),
encephalopathy (1.7%), and nonfebrile seizures (1.2%). Hospital LOS, ICU admission, ICU LOS,
deaths, and hospital costs were greater in children with neurologic complications compared with
those without complications. Risk factors associated with neurologic complications included male
sex (aOR 1.1, 95% CI 1.02-1.21), Asian race/ethnicity (aOR 1.7, 95% CI 1.4-2.1) (compared
with non-Hispanic White), and the presence of a chronic neurologic condition (aOR 3.7, 95% CI
3.1-4.2).

Conclusions—Neurologic complications are common in children hospitalized with influenza,
especially among those with chronic neurologic conditions, and are associated with worse
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outcomes compared with children without neurologic complications. These findings emphasize
the strategic importance of influenza immunization and treatment, especially in high-risk
populations.

Methods

According to statistics from the Centers for Disease Control and Prevention (CDC), 8% of
the US population is infected with influenza, and up to 1 million individuals are hospitalized
each season.12 The disease burden among young children is disproportionally high and
severe.3 For example, the rate of influenza-related acute respiratory tract illness in children
is almost twice the rate in elderly patients. Influenza results in approximately 27 visits

to the emergency department and 1 hospitalization per 1000 infected children.3 In the US,
approximately 25 000 children are hospitalized annually, accounting for up to 10% of all
pediatric hospitalizations during the winter season.>:6

The most common complications of influenza include lower respiratory tract infection,
pneumonia, acute respiratory failure, and acute respiratory distress syndrome.” During

the 2009 pandemic, there were several reports of neurologic complication in children

with influenza.8.9 Since that time, there has been increasing awareness of, and

concern for, neurologic complications associated with influenza infection, particularly in
children.”10.11 Neurologic complications associated with influenza include seizures (febrile
and nonfebrile), encephalitis, encephalopathy, acute necrotizing encephalopathy, aseptic
meningitis, myelitis, secondary bacterial meningitis and brain abscess, and, rarely, cerebral
infarction or Reye syndrome.10-12

Recent studies attempting to characterize neurologic complications of influenza in children
have reported conflicting results and were limited by small sample size or narrowly

defined populations that may not be generalizable.”13-21 A single-center study of the
2000-2004 influenza seasons in the US found that 8.6% of children hospitalized with
influenza had a neurologic complication. In this study, younger age, concurrent neurologic
condition, and influenza B infection were associated with neurologic complications.” In
contrast, 2 large retrospective studies performed in Japan during the 1997-200116 and 2012—
201615 influenza seasons found that influenza A infection was more common among those
hospitalized with neurologic complications.

Because previous studies have been limited in scope and have yielded conflicting results,
the objectives of this study were to determine the prevalence of influenza-associated
neurologic complications in hospitalized children and determine the risk factors and
outcomes associated with these complications.

We conducted a multicenter cross-sectional study of children admitted (inpatient and
observation status) to children’s hospitals that contribute data to the Pediatric Health
Information System (PHIS) database. The PHIS administrative database includes billing
and use data from 49 tertiary care children’s hospitals across the US that are affiliated with
the Children’s Hospital Association. Data quality and reliability are ensured through a joint
effort between the Children’s Hospital Association and participating hospitals. Hospitals
submit discharge data including demographics, diagnoses, procedures using /nternational
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Classification of Diseases, 10th Revision, Clinical Modification (ICD-10-CM), as well as
detailed daily resource use.

Study Population

We included children from 2 months through 17 years of age hospitalized at a PHIS hospital
with a discharge ICD-10-CM diagnosis of influenza (Table I; available at www.jpeds.com)
during influenza seasons (see Influenza Season Definition section) from 2015 through 2020.
Laboratory confirmation of influenza diagnosis was not available in the PHIS database.
Children cared for in the neonatal intensive care unit (ICU) and those with a surgical
primary diagnosis were excluded. Children younger than 2 months of age were excluded, as
there are special considerations for hospitalization in this age group.

Influenza Season Definition

Seasonal influenza activity, obtained from the CDC Flu Activity & Surveillance program
and stratified by week and geographic census division, was used to define the influenza
season for each year of the study.? The specificity of influenza diagnosis is directly related
to circulating prevalence of the virus.22:23 To increase the specificity of influenza cases

and mitigate the potential for misclassification of influenza diagnoses included in the study,
the influenza season comprised the 13 consecutive weeks that contained the maximum
number of influenza cases for each geographic census division, similar to previous published
studies (Table I1; available at www.jpeds.com).3 The maximum number of influenza cases
per geographic region was defined as the calendar week with the greatest frequency of
laboratory-confirmed cases for the referenced season.

Risk Factors for Neurologic Complications

Outcomes

Potential risk factors for influenza complications include age, sex, race/ethnicity (non-
Hispanic White, non-Hispanic Black, Hispanic, Asian, Other [defined as Pacific Islander,
American Indian, multiracial, and other unspecified race/ethnicity]), geographic region
(based on census division), chronic neurologic conditions (neurologic conditions defined
using the pediatric complex chronic conditions classification system version 2),24 other
complex chronic conditions, ICU status, and predominant influenza type or subtype.
Influenza type/subtype (A/H1N1, A/H3N2, or B) was extrapolated from each patient’s
census division during the week of admission for each encounter, identified by CDC Flu
Activity & Surveillance on week of admission.

The primary outcome was a neurologic complication identified during the hospitalization

by ICD-10-CM diagnostic codes. Neurologic complications were categorized as
encephalopathy, encephalitis, aseptic meningitis, febrile seizure, nonfebrile seizure, brain
abscess and bacterial meningitis, Reye syndrome, or cerebral infarction (Table I11; available
at www.jpeds.com). Our secondary, hospital-based outcomes included length of stay (LOS),
admission to the ICU, ICU LOS, in-hospital death, and costs associated with hospitalizations
in which an influenza-associated neurologic complication occurred. Costs were estimated
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from charges using hospital-specific cost-to-charge ratios and adjusted for hospital location

using the Centers for Medicare and Medicaid price wage index.

Statistical Analyses

Results

Demographic characteristics were summarized using frequencies and percentages for
categorical variables and geometric means with SDs for continuous variables. Bivariate
comparisons using )(2 tests were made between children with and without neurologic
complications. The proportion of children with neurologic complications was calculated by
dividing the number of influenza-associated hospitalizations with neurologic complications
by the total number of influenza-associated hospitalizations. Results were stratified

by neurologic complication category. Factors independently associated with neurologic
complications were evaluated using multivariable logistic regression incorporating the
following covariates: age, sex, race/ethnicity, payer, number of complex chronic
conditions,24 neurologic complications status, and predominant circulating influenza strain.
aOR for each risk factor were generated using generalized linear mixed effects models

with a binomial distribution and random intercepts for each hospital. Febrile seizures, by
definition, occur in children <6 years in age and are a known complication of viral illnesses.
Therefore, we conducted analyses stratified by age <6 years and =7 years of age to account
for the frequent occurrence of febrile seizures among younger children. We also performed a
sensitivity analysis excluding febrile seizures from the outcome definition. All analyses were
performed using SAS, version 9.4 (SAS Institute), and £ < .05 was considered statistically
significant.

Study Population

A total of 29 676 influenza-associated hospitalizations were included in the study. Of these,
15 406 (51.9%) had a primary diagnosis of influenza. The most common primary diagnoses
recorded when influenza was listed as a secondary diagnosis included dehydration (2151,
10.5%), acute respiratory failure with hypoxia (8.1%), and sepsis (3.8%). The majority of
influenza-associated hospitalizations occurred in male patients (16,627, 56%), children <6
years of age (19 644; 66.2%), and those with government insurance (18 336; 61.8%). Most
patients (7509; 74.7%) received an antiviral medication during the hospitalization. More
than one-third (37.1%) of children had a complex chronic condition, and 8.1% had at least 1
neurologic complex chronic condition. Additional demographic characteristics are shown in
Table IV.

Prevalence of Neurologic Complications

Of the 29 676 influenza-associated hospitalizations, 2246 (7.6%) children had a neurologic
complication. The most common neurologic complication was febrile seizure (1477; 5.0%)
followed by encephalopathy (514; 1.7%) and nonfebrile seizure (364; 1.2%). The least
common neurologic complications were brain abscess and bacterial meningitis (29; 0.1%),
cerebral infarction (16; 0.05%), and Reye syndrome (2; 0.01%) (Table V). The proportion
of children receiving antiviral therapy was greater in children with neurologic complications
compared with those with influenza without neurologic complication (78.6% vs 74.4%, P
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<.001). Oseltamivir accounted for more than 99.9% of antiviral agents used (Table VI,
available at www.jpeds.com).

Hospital-Based Outcomes

In unadjusted analysis, compared with children without neurologic complications, children
with neurologic complications had longer hospital LOS (2.5 vs 2.2 days, < .001), longer
ICU LOS (2.7 vs 2.2 days, P< .05), more ICU admissions (24.5% vs 15.3%, £<.001),
more in-hospital deaths (0.7% vs 0.2%, £ < .001), and greater hospital costs ($6013 vs
$5282, P< .001). When stratified by age, all reported hospital outcomes were worse in
children >6 years old compared with younger children (Table VII).

Factors Associated with Neurologic Complications

In multivariable analyses including all ages, children with neurologic complications were
more likely to be male (aOR 1.1, 95% CI 1.0-1.2), Asian (aOR 1.7, 95% CI 1.4-

2.1), or other race (which includes Pacific Islander, American Indian, multiracial, and

other unspecified race/ethnicities) (aOR 1.2, 95% CI 1.03-1.4), and have a chronic
neurologic condition (aOR 3.7, 95% CI 3.1-4.2) compared with children without neurologic
complications. Children with 2—-3 complex chronic conditions had lower odds of neurologic
complications compared with children with no complex chronic conditions (aOR 0.6, 95%
Cl1 0.5-0.7). This association was not significant in children with 4 or more non-neurologic
complex chronic conditions. There were no significant differences in age, payor types,

or predominant circulating influenza strain between those with and without neurologic
complications (Figure and Table VIII [available at www.jpeds.com]).

To account for the greater prevalence of febrile seizures in younger children, results were
stratified by those <6 and =7 years. Among children <6 years old, age (aOR 0.97, 95%

Cl 0.96-0.98), Asian (aOR 1.7, 95% CI 1.3, 2.1) and other race (aOR 1.2, 95% CI 1.03-
1.4), and chronic neurologic conditions (aOR 3.7, 95% CI 3.2-4.2) were associated with
neurologic complications. Among children =7 years old, male sex (aOR 1.3 95% CI 1.1-
1.6), other race (aOR 1.4, 95% CI 1.05-1.9), and chronic neurologic conditions (aOR 4.0,
95% CI 3.2-4.8) were associated with neurologic complications, but Asian race was not
(Figure and Table VIII).

Sensitivity Analysis

A sensitivity analysis excluding febrile seizures from the outcome definition was performed.
Removing febrile seizures resulted in an overall reduction of neurologic compilations (1181;
4.0%). Hospital outcomes in children >6 years were unchanged and remained overall worse
than children <6 years (Table IX; available at www.jpeds.com). When evaluating risk
factors for neurologic complications, there was no association between race/ethnicity and
neurologic complications (Table X; available at www.jpeds.com).

Discussion

In this large, multicenter study evaluating neurologic complications among children
hospitalized with influenza in the US, we conclude that neurologic complications
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are common and are associated with prolonged LOS, increased hospital costs, and
increased in-hospital mortality compared with influenza hospitalizations without neurologic
complications. Factors associated with neurologic complications included Asian and other
races, male sex, and chronic neurologic conditions.

Much of the literature on influenza associated neurologic complications has involved a
small number of cases (eg, 6 children,! 8 children,8 14 children,1® and 23 children20).

In a study of 72 children hospitalized with influenza during the 2002—2004 influenza
seasons, 10% had neurologic complications.” A similar study of 59 children hospitalized
with influenza, neurologic complications were present in 9.7%.17 We found a slightly lower
7.6% prevalence during more recent influenza seasons, which is consistent with a single
center study including 23 children with influenza and neurologic complications.20

Although our study had similar rates for encephalopathy and seizures compared with other
studies,”:17 there were differences in the proportion of seizures by type. Whereas the
Newland study documented a similar proportion of febrile and nonfebrile seizures (3.2%
and 3.4%, respectively), our study found a clear predominance of febrile seizures (5%)
compared with nonfebrile seizures (1.2%), which is similar to the study of Khandaker et

al (4.5% and 3%, respectively).8 The reason for these differences is unclear but may be
related to population differences and sample size. A smaller (72 neurologic complications)
single-center study did not report Table V. Influenza-associated neurologic complications
in hospitalized children with influenza patient demographics.’” The study of Khandaker

et al was performed in Australia with a relatively high proportion of Asian, Aboriginal
Australian, and Pacific Islander patients. It is possible that these study populations had a
different composition of sociodemographic and clinical characteristics, which were found to
be risk factors for neurologic complications in our study.

We found that medical care for children with influenza and neurologic complications

was uniformly more resource intense, with more ICU admissions, greater hospital costs,
and longer hospital stays as well as more deaths than in children without neurologic
complications. When stratified by age, the differences in outcomes were magnified in
children =7 years of age. This may be due to the greater frequency of febrile seizures

in the younger age group, which are self-limited and relatively benign compared with
other neurologic complications. Therefore, the decreased LOS and lower costs found in
children <6 years of age may be driven by short hospitalizations in children admitted for
febrile seizures. It also is possible that younger children may recover more quickly or have
less severe complications than children in older age groups. In addition, there likely is
variability in admission rate for febrile seizures and some overlap in diagnosis of febrile and
non-febrile seizures.

We found that Asian race was a risk factor for neurologic complications; however, this was
only observed in children <6 years and likely driven by the frequent occurrence of febrile
seizures in this age group. Febrile seizures are known to occur more frequently in the Asian
population?> and with influenza,28 and febrile seizures were a very common neurologic
complication in our population. We also found an increased risk of neurologic complications
in children =7 years in the Other race/ethnicity cohort, which comprised Pacific Islander,
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American Indian, multiracial, and other unspecified race/ethnicities.2” The reason for this

is unclear but social determinants have been linked to influenza outcomes.28 Data from the
CDC demonstrate that American Indians and Pacific Islanders have a lower rate of influenza
immunization compared with Asian and non-Hispanic White persons. Non-Hispanic Black,
American Indian, and Alaska Natives also have greater rates of influenza hospitalizations
compared with other race ethnicities.?

Unlike previous studies,”16:30 we did not find an association between age or influenza type/
subtype and neurologic complications. Our definition of influenza season was also highly
specific, which likely minimized the inclusion of false-positive influenza cases. However,
influenza subtype and strain information were not available for individual patients; thus,

we categorized each influenza-associated hospitalization using the predominant regional
circulating virus at the time of admission. It is possible that weak associations between
neurologic complications and less common circulating influenza strains were not measured
using this strain definition.

Children with chronic neurologic conditions have a diverse array of conditions including
epilepsy, neuromuscular disorders, and cerebral palsy.24:31 Many of these children

also have concurrent cardiac and respiratory conditions and represent a broad range

of functional impairment.32:33 Children with underlying neurologic conditions are a
particularly vulnerable population that is at high risk for influenza infection and resulting
influenza associated complications, including hospitalization and death.”:8:13:34.35 Ag jn
other studies,”1” we identified a strong association with underlying neurologic conditions.
Acute respiratory infections are known to elicit seizures in children and fever can lower the
seizure trigger threshold in those with epilepsy.36-39 These factors may contribute to the
observed association between chronic neurologic conditions and neurologic complications.

The number of chronic non-neurologic conditions was negatively associated with risk of
influenza complications, although the reasons for this are unclear. It is possible that children
with chronic conditions have a lower clinical threshold for admission to the hospital than
children without chronic condition. Children with chronic conditions also may have an
increased rate of non-neurologic symptoms that precipitate admission, such as dehydration
or inability to take oral medications.

Limitations of our findings include the retrospective nature of the study and that we only
included children’s hospitals, which may limit the generalizability of our results to the
outpatient setting. Diagnosis codes were used to identify our population and outcomes,
which may have led to misclassification. For example, some mild influenza cases or
neurologic complications, such assimple febrile seizures, not identified by ICD-10-CM code
may have been excluded from the study, thus potentially underestimating the proportion of
neurologic complications associated with influenza. It is also possible that mild influenza
cases were not captured resulting in an overestimate of neurologic complications. However,
our specific definition of the influenza season, limiting the season to peak influenza
incidence, likely mitigated misclassification. Due to limitation of the PHIS databases,

we were unable to ascertain use of antiviral medications or immunization status before
hospitalization and were unable to account for these covariates in our analysis. Similarly, a
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history of febrile seizures is not included in the definition of chronic neurologic condition
but is a predictor of febrile seizure. History of febrile seizures would not be accounted for in
this analysis.

Chronic neurologic conditions are associated with poor influenza outcomes, including
influenza associated complications and death.8 Our findings emphasizing the strategic
importance of influenza immunization and treatment in this high-risk population*? provide
targets for immediate, actionable changes in clinical practice.
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Table V.

Influenza-associated neurologic complications in hospitalized children with influenza

Neurologic complications No. (%) Percent of encounters with neurologic complications (95% CI)
Febrile seizure 1477 (53.7) 4.98 (4.73-5.22)

Encephalopathy 514 (18.7) 1.73 (1.58-1.88)

Nonfebrile seizure 364 (13.2) 1.23 (1.1-1.35)

Other 283 (10.3) 0.95 (0.84-1.06)

Encephalitis 35 (1.3) 0.12 (0.08-0.16)

Aseptic meningitis 29 (1.1) 0.1 (0.06-0.13)

Brain abscess and bacterial meningitis 29 (1.1) 0.1 (0.06-0.13)

Cerebral infarction 16 (0.6) 0.05 (0.03-0.08)

Reye syndrome 2(0.1) 0.01 (0-0.02)
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Antiviral prescribing in hospitalized children with and without neurologic complications

Table VI.

Antivirals All patients ~ No neurologic complications  Neurologic complications P value
Any 22167 (74.7) 20 401 (74.4) 1766 (78.6) <.001
Oseltamivir 22 145 (74.6) 20 381 (74.3) 1764 (78.5) <.001
Zanamavir 3(0) 3(0) 0(0.0) 620
Peramivir 70 (0.2) 53 (0.2) 17 (0.8) <.001
Baloxavir 6 (0) 6 (0) 0(0.0) 483
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Table X.

Risk factors associated with neurological complications in children hospitalized with influenza in sensitivity
analysis population ™
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Risk factors

aOR (95% Cl)

Non-Hispanic Black

No
Yes

Chronic neurologic condition

Predominant influenza strain

Age 1.05 (1.04-1.06)
Sex

Male 1.16 (1.03-1.3)

Female Reference
Race

Non-Hispanic White Reference

1.02 (0.87-1.2)

Hispanic 0.9 (0.76-1.08)

Asian 0.98 (0.68-1.41)

Other 1.18 (0.95-1.46)
Payor

Government Reference

Private 0.98 (0.86-1.13)

Other 1.01 (0.77-1.33)
Non-neurologic complex chronic condition

0 Reference

1 0.88 (0.76-1.02)

2-3 1.04 (0.87-1.24)

>3 1.26 (0.82-1.96)

Reference
4,91 (4.24-5.68)

H1 1.09 (0.9-1.31)
H3 0.92 (0.78-1.09)
B Reference

*
Excludes febrile seizures from the outcome definition.
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