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Abstract

Background: Age-dependent differences in clinical presentation and viral loads in infants and
young children with RSV infection, and their correlation with disease severity are poorly defined.

Methods: Previously healthy children <2 years old with mild (outpatients) and severe (inpatients)
RSV infection were enrolled and viral loads measured by PCR in nasopharyngeal swabs. Patients
were stratified by age in 0-<3, 3-6, and >6-24 months, and multivariable analyses were performed
to identify clinical and viral factors associated with severe disease.

Results: From 2014-2018 we enrolled 534 children with RSV infection, 130 outpatients with
mild RSV infection and 404 inpatients with severe RSV disease. Median duration of illness was 4
days for both groups, yet viral loads were higher in outpatients than in inpatients (p<0.001). In
bivariate analyses, wheezing was more frequent in outpatients of older age (>3 months) than in
inpatients (p<0.01), while fever was more common in inpatients than outpatients (p<0.01) and its
frequency increased with age. Adjusted analyses confirmed that increased work of breathing and
fever were consistently associated with hospitalization irrespective of age, while wheezing in
infants >3 months, and higher RSV loads in children >6-24 months were independently associated
with reduced disease severity.

Conclusions: Age had a significant impact defining the interactions among viral loads, specific
clinical manifestations and disease severity in children with RSV infection. These observations
highlight the importance of patient stratification when evaluating interventions against RSV.
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INTRODUCTION

Respiratory syncytial virus (RSV) is the most common cause of bronchiolitis leading to
hospitalization in infants worldwide, and the second cause of infant mortality in resource-
limited countries (1, 2). Despite the disease burden, no vaccines for RSV are currently
licensed. In addition, there are no specific therapeutic options for these patients which is due
in part to our limited understanding of the pathogenesis of the disease (3).

The variability of clinical manifestations caused by RSV in young children is wide and
range from mild upper respiratory tract infection to bronchiolitis when there is involvement
of the lower respiratory tract, with no consensus on its definition (4, 5). Nevertheless, RSV
disease represents a continuum in which the immaturity of the host immune response
appears to play a fundamental role (6). In fact, studies performed in otherwise healthy
infants have consistently identified young age as a risk factor for severe RSV disease (7). On
the other hand, the role of viral loads on clinical disease severity has also been thoroughly
studied in hospitalized infants with inconclusive results (8-12). These inconsistent findings
might be related to differences in study design, but also to other factors such as not including
adequate number of outpatients with mild disease, and not carefully assessing for the
influence of age. A better understanding of the relationship between demographic
characteristics, clinical manifestations, and RSV viral loads in young children with mild
(outpatients) and severe (inpatients) disease across different ages is particularly relevant for
evaluation of targeted interventions against RSV, and may help with patient stratification in
the clinical setting. We sought to define differences in demographic, clinical manifestations
and viral loads between children < 2 years of age with mild RSV infection evaluated as
outpatients versus those hospitalized with RSV bronchiolitis, stratified by age.

METHODS
Study design

Previously healthy children < 2 years of age with RSV infection were enrolled either at
Primary Pediatric Offices, the Emergency Department or Urgent Care (outpatients) or at
Nationwide Children’s Hospital (NCH) hospital units (inpatients) during four respiratory
seasons. RSV diagnosis was established per standard of care by rapid antigen testing (Sofia
RSV FIA; Quidel®) or a PCR panel (FilmArray Respiratory Viral Panel; BioFire,
BioMerieux) (12). Patients were excluded from the study if they were premature (<37
weeks’ gestation), had chronic underlying conditions, or congenital or acquired
immunodeficiency.

At enrollment we collected in all study patients: a) demographic and detailed clinical
manifestations, including a clinical disease severity score (CDSS) (12), b) a nasopharyngeal
swab for RSV typing and gquantitation by real-time PCR targeting the N gene as described
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(13), and c) a blood sample for white blood cell count (WBC) with differential. The CDSS
ranged from O (normal) to 15 (most abnormal) and comprised 5 parameters: respiratory rate,
auscultation, transcutaneous O2 saturation, retractions, and level of activity (see Table,
Supplemental Digital Content 1) (12—-14). The CDSS has been validated internally and has
shown to reliably categorize patients with mild and severe RSV disease in our previous
studies. It has also shown to consistently stratified patients according to standard disease
severity outcomes, such as need for hospitalization.

Inpatient status was defined as a hospital admission for > 24h. Demographic and clinical
information was collected by a study team member at enrollment using standardized
electronic questionnaires designed for the study, and information transferred to a secure
electronic database (REDCap) as described (12). As the study was conducted prospectively
the amount of missing data was negligible, and if needed, data was extracted from the
electronic health care records. Families were contacted at 2 and 4 weeks after enrollment to
confirm the lack of subsequent need for readmission in the inpatient group or hospitalization
in the outpatient cohort.

Statistical Analysis

Data are summarized using frequencies and percentages for categorical variables, means and
standard deviations for normally distributed continuous variables, and medians with
interquartile ranges for non-normally distributed continuous variables. Group comparisons
were evaluated with chi-square or Fisher’s exact tests, two-sample t-tests or Wilcoxon rank
sum tests, and one-way ANOVA or Kruskal-Wallis tests. Pairwise comparisons were
adjusted for multiplicity with Tukey or Benjamini-Hochberg corrections. Correlations were
computed using Spearman’s correlation coefficient.

To determine which factors were independently associated with disease severity defined by
the need for hospitalization according to age (0 - <3 months, 3 -6 months, and >6-24
months) we used multivariable logistic regression. For all multivariable analyses, variables
were entered into the model if they had a univariate p-value of <0.15, and were retained in
the model if they had an adjusted p-value of <0.1, or if their inclusion had a substantial
impact on model goodness of fit, based on Akaike’s information criterion (AIC)(15). RSV
loads were retained in all models as a key risk factor of interest. In addition, we evaluated
the association between age and RSV loads using polynomial regression and restricted cubic
spline regression. All analyses were conducted using GraphPad Prism v.8 (GraphPad
Software) and R for Statistical Computing with a two-sided p-value <0.05 considered
statistically significant.

Ethical Considerations

The study was approved by the Institutional Review Board (IRB) at Nationwide Children’s
Hospital and classified as a level 1 risk clinical study- no greater than minimal risk- pursuant
under 45 Code Federal Regulations (CFR) 46.404 and 21 CFR 50.51. Informed consent
procedures followed in compliance with Nationwide Children’s Research Responsible
Conduct Guidelines.
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RESULTS

Demographic and Clinical Characteristics of Study Patients

From October 2014 to March 2018 we enrolled a convenience sample of 534 previously
healthy children < 2 years of age with acute RSV infection. Of those 139 were originally
diagnosed with mild RSV infection in the outpatient setting (outpatients- OP-) and 395 were
hospitalized (inpatients -1P-) with RSV lower respiratory tract infection (LRTI). Nine of the
139 outpatients were subsequently hospitalized within 36—-40 hours of the outpatient visit
and thus included in the inpatient cohort, leaving a total of 130 RSV outpatients and 404
RSV inpatients hospitalized in the inpatient ward (n=305) or pediatric intensive care unit
(PICU; n=99, see Table, Supplemental Digital Content 2). Inpatients were enrolled within 20
[14-32] hours of admission. Median age of outpatients was 6.0 [3.2-10.1] months and 2.7
[1.5-5.7] months in the inpatient group (p<0.001). The majority of patients (478; 90%) were
<12 months of age at the time of study enrollment. Children in the inpatient cohort were
more frequently white, and those in the outpatient group had higher rates of breastfeeding
and daycare attendance (Table 1).

Median [25%—75% interquartile range-1QR] duration of symptoms at enrollment for
outpatients (4 [3-5] days) and inpatients (4 [3-6] days) was similar. Overall, 40% (211/534)
of children at enrollment had at least one previous medical visit for the same illness. The
frequency of these previous medical encounters was similar between inpatients 41%
(165/404) and outpatients (35% (46/130); p=0.30).

Among the signs and symptoms evaluated, cough (94%-98%) followed by nasal congestion
(83%—-89%) and decreased oral intake (45%-52%) were present in both groups irrespective
of disease severity. Rhinorrhea (75% vs 41%; p<0.001), and presence of wheezing both by
parental report (55% vs 41%; p=0.003) and physician report (65% vs 51%; p=0.006) were
more common in outpatients than among inpatients. Other symptoms such as vomiting (35%
vs. 25%; p=0.02), and diarrhea (24% vs. 13%; p=0.005) were more common in outpatients.
On the other hand, fever (62% vs 47%; p=0.003), and increased work of breathing (69% vs
43%; p<0.005) both by parental report or documented by the evaluating physician, were
more frequent in inpatients than in outpatients (Table 1). Increased work of breathing by
parental report was defined as the presence of fast breathing, if muscles between the ribs
were pulling inward or if parents had observed changes from basal respiratory rate, and by
physician report as the presence of retractions, use of accessory muscle or nasal flaring.
Hospitalized children also had higher clinical disease severity scores (CDSS) than
outpatients (median [25%—75% IQR]: 6[4-8] vs 3[2-4]; p<0.001). Within hospitalized
children CDSS were higher in those needing PICU vs ward care (10 [7-15] vs 5 [3-7]
respectively; p<0.001) (see Table, Supplemental Digital Content 2).

RSV loads at enrollment were higher in outpatients than in inpatients (median [25%-75%
IQR]: 7.97 [7.26-8.55] vs 7.44 [6.61-8.09] logyg copies/mL respectively; p<0.001; see
figure, Supplemental Digital Content 3a), and within hospitalized children viral loads were
higher in ward vs PICU patients (7.48 [6.69-8.14] vs 7.26 [6.11-7.87] logyo copies/mL
respectively; p<0.01). In addition, based on the CDSS infants with mild disease (CDSS < 5)
compared with those with moderate/severe disease (CDSS >6-15) had also significantly
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higher viral loads (see figure, Supplemental Digital Content 3b). There were no differences
in the proportion of RSV A or B types in these children or in the rates of viral co-detection
in inpatients (22%) or outpatients (28%). In both RSV cohorts, rhinovirus/enterovirus and
coronaviruses were the viruses most commonly co-detected.

Signs and Symptoms in Inpatients and Outpatients with RSV Infection According to Age

We then analyzed whether the frequency of specific signs and symptoms differed according
to age. To this end, RSV outpatients and inpatients were stratified in three different groups:
0-<3 months of age (n=252 (47%); OP, n=30; IP, n=222); 3 to 6 months of age (n=128
(24%); OP, n= 38; IP n=90) and >6-24 months of age (n=154 (29%) patients; OP, n=62; IP,
n=92) (Fig 1, see table, Supplemental Digital Content 4).

Fever was significantly more frequent in inpatients, and its frequency increased
proportionally with age, varying from 46% to 72% and 90% in inpatients <3, 3-6 and >6-24
months of age respectively, and from 10% to 55% and 66% in the OP age-matched
counterparts (p<0.05). Rhinorrhea was more common in outpatients than inpatients older
than 3 months, ranging from 74% to 85% among the older age groups. Cough, congestion
and decreased oral intake were common with no differences according to disease severity or
age. Vomiting in infants <6 months and diarrhea in children younger than 3 months were
more commonly identified in outpatients than in inpatients. Wheezing by parental report and
documented by a physician, was more frequent in outpatients >3 months, ranging from 68%
to 79% in these children and from 47% to 58% in inpatients (p<0.05). Increased work of
breathing was consistently identified by the evaluating physician in inpatients more
frequently than in outpatients and irrespective of age.

Viral loads and age in inpatients and outpatients with RSV infection

We also analyzed differences in RSV loads according to age in inpatients and outpatients,
and found that RSV loads among the three age groups were significantly higher in the
outpatient cohort compared with inpatients of the same age (Fig 2; see table, Supplemental
Digital Content 4). Further, we explored the association between age and RSV viral loads
using polynomial regression and restricted cubic spline regression. These analyses showed
that the association between age and RSV loads was roughly linear (p-value for non-
linearity >0.56 in all analyses) and might differ according to age (p-value for interaction =
0.059), with a decline in viral loads with increasing age among RSV inpatients and little
association between age and viral loads in RSV outpatients (Fig 3).

Adjusted Odds of Hospitalization

Last, we analyzed which factors, including viral loads, were independently associated with
increased disease severity defined by the need for hospitalization across the three age groups
(Table 2). Fever and increased work of breathing reported by a physician across age groups
were consistently associated with greater odds of hospitalization, while breastfeeding and
physician reported wheezing in infants > 3 months of age, and higher RSV loads in infants >
6 months of age were independently associated with lower odds of hospitalization.
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DISCUSSION

This study showed that age had a significant impact defining the interactions between viral
loads, specific clinical manifestations, and disease severity in children with RSV infection.
Overall, we found that differences in clinical signs and symptoms between mild and severe
RSV infection were more evident in infants of older age. Specifically, children with mild
RSV infection and older than 3 months of age, presented with wheezing more frequently. On
the other hand, fever was consistently more frequent in inpatients than outpatients and
proportionally increased with age. Adjusted analyses confirmed that while higher RSV loads
and wheezing were independently associated with reduced disease severity in older infants,
increased work of breathing and fever were consistently and independently associated with
hospitalization, irrespective of age. Overall, these data suggest that clinical characteristics
and viral loads differ in children with RSV infection, not only according to disease severity,
but also by age.

The clinical symptoms associated with severe RSV infection in children < 2 years of age
have been previously reported, and clinical scores developed with the hope of identifying
clinical characteristics predictive of clinical outcomes (13, 16-23). Nevertheless, assessment
of disease severity based on those scores have proven to be challenging, due to the
heterogeneous patient populations of different ages evaluated, and the evolving nature of the
disease. This heterogeneity likely mirrors the ability of the host immune response to modify
or contain the infection, and thus varies according to age (6). By carefully stratifying
otherwise healthy infants and young children according to both disease severity and age, we
found that among all clinical factors analyzed, increased work of breathing and fever were
independently associated with increased odds of hospitalization in all age groups. Although
fever has not been consistently identified as a marker of severity, studies showed that fever
may be present in children with a more severe disease phenotype, and associated with worse
clinical outcomes, such as prolonged length of hospitalization (19, 20, 24-27). In our study;,
fever proportionally increased with age and was more common in hospitalized infants with
severe disease. Among inpatients presence of fever ranged from 46% in infants <3 months to
90% in the older age group as compared to 10% in outpatients <3 months and 66% in those
>6-24 months of age. The proportional increase of fever according to age has been
previously reported in children with RSV infection, and thought to be related to immature
innate immune responses early in infancy (17, 28, 29). Wheeze, has been classically
identified as one of the main clinical criteria diagnostic for bronchiolitis, and considered as a
severity marker in children with RSV infection (12, 21, 30-33). In our study however, we
prospectively documented that wheezing at the time of presentation, was present in 51% of
inpatients and in 65% of outpatients with mild disease. Unexpectedly, in infants >3 months
of age physician-diagnosed wheezing was independently associated with lower odds of
hospitalization. Whether the older infants with RSV infection represent a different endotype
needs further understanding.

The spectrum of clinical manifestations in outpatients with a milder disease phenotype has
been less studied. A population-based cohort study conducted in children < 5 years of age
with and without risk factors for severe RSV infection, found that increased work of

breathing (95% vs 73%), and wheezing (78% vs 65%) were significantly more common in
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inpatients than outpatients, with fever rates that ranged from 69% in inpatients to 75% in
outpatients and no significant differences between groups (30). Nevertheless, none of the
clinical characteristics evaluated in that study were predictive of hospitalization, which
differs from our study as we found that breastfeeding, wheezing and higher RSV loads were
associated with decreased odds of admission.

The interaction between RSV loads and clinical disease severity is not well understood, and
data are contradictory (8, 10-12, 34-38). Most of the data have been derived from studies
conducted in hospitalized children with differences in study design and disease severity
outcomes. Recent data however, suggest that infants and young children with milder RSV
disease have higher viral loads than those hospitalized with severe RSV infection (10, 12,
35). In agreement with those studies we also found that viral loads were higher in RSV
outpatients. This observation of higher viral loads in children with mild RSV infection was
confirmed when patients were classified using a standardized clinical disease severity score
(6, 12-14), and by polynomial regression.

A recent study conducted in outpatients <2 years of age with RSV infection, did not find
significant associations between initial viral loads and symptom duration including cough,
rhinorrhea, wheezing, oral intake, increased work of breathing, or fever (29). On the other
hand, another study conducted in children 1-10 years of age with RSV infection also
evaluated in the outpatient setting, showed that viral loads were associated with the duration
of rhinitis, cough and fever in children over 2 years of age, but not in the youngest age group
(38). Although those studies are not directly comparable to ours, and we did not evaluate
duration of symptoms but rather differences in clinical presentation, we also found greater
differences in clinical symptoms in older patients. Nevertheless, whether higher RSV loads
elicit a more robust innate immune response earlier in the course of disease which hampers
the progression to severe disease (6, 12, 35, 39, 40), or whether it is the infant predisposition
to develop severe disease for any given viral load is not completely understood.

Our study has limitations. Patients were enrolled and data obtained at a single time point,
thus providing a snapshot of a continuous event. Families were contacted 2 and 4 weeks
after the acute RSV diagnosis to assure that patient’s classification as outpatients and
inpatients had not changed, but we did not capture duration of specific symptoms, limiting
our ability to assess the impact of initial viral loads on longer-term clinical manifestations.
Similarly, daily samples to assess viral load dynamics were not obtained, which also limited
our ability to assess associations between viral shedding and symptoms duration. Also, in
our study, the number of outpatients was smaller than those included in the inpatient group.
Nevertheless, by conducting a comprehensive analysis of age-matched outpatients and
inpatients with RSV infection, we identified important age-related differences in clinical
characteristics, viral loads and disease severity.

In conclusion, we found differences in specific disease manifestations and viral loads
between patients with mild and severe RSV infection. Higher RSV loads were associated
with a mild clinical disease phenotype based on both the need for hospitalization and the
clinical disease severity score. Also, differences in clinical findings that are routinely used in
the clinical setting to differentiate between mild and severe disease, appeared more evident
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in infants of older age. Our data emphasize the importance of age-specific assessments in
these children, and their potential utility when evaluating interventions for the prevention or
treatment of RSV infection in children.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sign and Symptoms according to disease severity and age in infants with RSV

infection.

Most relevant signs and symptoms were stratified in outpatients (orange) vs inpatients (blue)
by age in (A) <3 months, (B) between 3 and 6 months, and (C) > 6 to 24 months of age. The
Y axis represents the signs and symptoms in the two disease severity groups and the X axis
the frequency of that specific symptom (%). Numbers next to bars represent the exact
number of patients with that specific sign/symptom. Comparisons by Fisher exact test.
Symbol (*) indicate significant 2-sided p values. WOB: work of breathing; bP: by parental
report; PR: by physician report.
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Figure 2. Viral load differences according to age in infants with RSV infection.
The Y axis represents RSV loads in log10 copies/mL and the X axis differences in viral

loads in outpatients (orange) and inpatients (blue) in the three age groups. Comparisons by
Mann Whitney test, two-tailed p values are provided in the graphs.
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Figure 3. Association between viral loads and age in inpatients and outpatients with RSV

infection.

Viral loads for RSV inpatients (left panel; tile dots) and outpatients (right panel; orange
dots) according to age are represented using locally estimated scatterplot smoothing
(LOESS) curves (in blue), which summarize the association into a single line without
imposing constraints such as linearity. Based on polynomial and restricted cubic spline
regression there were no significant non-linearity associations, and so linear regression lines
(in black) were also fitted to the data. Mean RSV loads (log;g copies/mL) are lower by 0.02
per month for the inpatient cohort, and are higher by 0.02 per month among the outpatient

group.
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Table 1.

Demographic, Clinical, and virologic characteristics in infants with mild (outpatients) and severe (inpatients)
RSV infection

| Outpatients (n=130) | Inpatients (n=404) | p-value

Demographic Characteristics | | |

Age, months | 6.0 [3.2-10.1] | 2.7 [1.5-5.7] | <0.001
Age groups

< 3 months 30(23.1) 222 (55.0)

3-6 months 38(29.2) 90 (22.3) <0.001

>6-24 months 62 (47.7) 92 (22.8)
Sex (male) 66 (50.8) 219 (54.2) 0.54
Race

White 63 (48.5) 276 (68.3)

Black 49 (37.7) 64 (15.8) <0.001

Other 18 (13.8) 64 (15.8)
Vaginal delivery 88/118 (74.6) 278/397 (70.0) 0.36
Breastfed 81/130 (62.3) 166/360 (46.1) 0.002
Daycare attendance 49/130 (37.7) 90/360 (25.0) 0.009
Smoke exposure 42/129 (32.6) 128/360 (35.6) 0.59
Vaccines up to date 112/123 (91.1) 344/402 (85.6) 0.13
Asthma (family history) 56/130 (43.1) 199/404 (49.3) 0.23

Signs and Symptoms

| | |
Cough | 128ees | so@en | oos
Nasal congestion | 116 (89.2) | 337 (83.4) | 0.12
Decreased oral intake | 58 (44.6) | 209 (51.7) | 0.19
Fever | 61 (46.9) | 250 (61.9) | 0.003
Rhinorrhea | 97 (74.6) | 165008 | <000
Conjunctivitis | 20 (15.4) | 39(9.7) | 0.08
Vomiting | 46 (35.4) | wo0@ay | o0
Diarrhea | 1@ | 520299 | ooos
Wheezing (parental report) | 71 (54.6) | 165 (40.8) | 0.006
Wheezing (by physician) | 85 (65.4) | 208 (51.5) | 0.006
Increased WOB (parental report) | 56 (43.1) | 234 (57.9) | 0.003
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| Outpatients (n=130) | Inpatients (n=404) | p-value

Increased WOB (by physician)

46 (35.4)

278 (68.8) | <0.001

Laboratory/Virology data

WBC (10*3/uL)

9.90 [7.28-12.03] | 10.20 [7.90-13.48] | 0.075

Neutrophils (%)

32.0 [22.0-45.0] | 0.42

Lymphocytes (%)

54.3 [42.5-64.5]

53.0 [41.0-63.0] | 0.38

Monocytes (%)

11 [7-14]

12 [9-15] | 0.24

RSV viral loads (logyq copies/mL)

I
I
I
| 29.0 [22.0-43.0]
I
I
| 7.97 [7.26-8.55]

7.44[6.61-8.09] | <0.001

RSV viral type

A 60 (46.1) 223 (55.2) 0.09
B 70 (53.8) 181 (44.8)

Viral co-detection 17/59 (28.8) 75/343 (21.9) 0.24
RV/EV 8 (13.5) 47 (13.7)

Adenovirus 3(5.0) 9(2.6)

hMPV 2(3.3) 1(0.3)

Influenza virus 0(0.0) 3(0.9)

Parainfluenza virus 3(5.0) 4(1.2)

Coronavirus 5(8.4) 20 (5.8)

Page 15

Categorical data are expressed as frequencies (%) and analyzed using Fisher or chi-square test. Continuous data are expressed as median (25%-75%
interquartile range) and analyzed using Man-Whitney rank U test. Values in bold indicate significant 2-sided p values. WBC values were available
in 81% of infants in each cohort. The number of children who underwent multiplex testing is denoted in the denominator of the viral co-detection
section. RSV, respiratory syncytial virus; CDSS, Clinical disease severity score; WOB, work of breathing; WBC, white blood cell count; RV,

rhinovirus, EV, enterovirus; hMPV, human metapneumovirus
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Table 2.

Adjusted odds of hospitalization in patients with RSV infection stratified by age

< 3 months n=252

3 to 6 months n=128

> 6-24 months n=154

OR [95% ClI] p-value OR [95% ClI] p-value OR [95% CI] p-value
Fever 8.33 [2.74-36.41] 0.001 2.76 [1.03-7.74] 0.047 7.85 [1.65-59.48] 0.019
Increased WOB | 3.37 [1.37-8.85] 0.010 12.13[4.32-34.96] | <0.001 | 5.78[2.09-17.82] 0.001
Breastfeeding 0.71[0.29-1.72] 0.459 0.26 [0.09-0.72] 0.012 0.19 [0.06-0.53] 0.002
Rhinorrhea 0.30 [0.12-0.74] 0.010 0.40[0.14-1.12] 0.130 0.13 [0.04-0.40] 0.001
Wheezing 1.64 [0.69-4.01] 0.269 0.25[0.07-0.79] 0.025 0.25[0.08-0.72] 0.013
RSV loads 0.75 [0.49-1.09] 0.151 0.96 [0.61-1.50] 0.867 0.32[0.16-0.58] 0.001

RSV, respiratory syncytial virus; OR, odds ratio; Cl, confidence interval; WOB, work of breathing.
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