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Respiratory Syncytial Virus Genomic Load and
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Background. We investigated whether children with a higher respiratory syncytial virus (RSV) genomic load are
at a higher risk of more-severe bronchiolitis.

Methods. Two multicenter prospective cohort studies in the United States and Finland used the same protocol
to enroll children aged <2 years hospitalized for bronchiolitis and collect nasopharyngeal aspirates. By using real-
time polymerase chain reaction analysis, patients were classified into 3 genomic load status groups: low, intermediate,
and high. Outcome measures were a length of hospital stay (LOS) of >3 days and intensive care use, defined as ad-
mission to the intensive care unit or use of mechanical ventilation.

Results. Of 2615 enrolled children, 1764 (67%) had RSV bronchiolitis. Children with a low genomic load had a
higher unadjusted risk of having a length of stay of >3 days (52%), compared with children with intermediate and
those with high genomic loads (42% and 51%, respectively). In a multivariable model, the risk of having a length of
stay of >3 days remained significantly higher in the groups with intermediate (odds ratio [OR], 1.43; 95% confidence
interval [CI], 1.20-1.69) and high (OR, 1.58; 95% CI, 1.29-1.94) genomic loads. Similarly, children with a high ge-
nomic load had a higher risk of intensive care use (20%, compared with 15% and 16% in the groups with low and
intermediate genomic loads, respectively). In a multivariable model, the risk remained significantly higher in the
group with a high genomic load (OR, 1.43; 95% CI, 1.03-1.99).

Conclusion. Children with a higher RSV genomic load had a higher risk for more-severe bronchiolitis.

Keywords.
stay; intensive care unit; mechanical ventilation; cohort study.

bronchiolitis; infants; children; genomic load; respiratory syncytial virus; hospitalization; length of

Bronchiolitis is a significant public health problem in
the United States and worldwide [1-3]. In the United
States, bronchiolitis is the leading cause of hospitali-
zation for infants, accounting for 18% of all infant
hospitalizations [4], and it creates an even greater out-
patient burden [5]. Among many infectious pathogens,
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respiratory synctial virus (RSV) is the most common
pathogen associated with severe bronchiolitis (ie, bron-
chiolitis requiring hospitalization), accounting for
50%-80% of all cases [5, 6].

Despite the substantial burden of RSV bronchiolitis,
treatment remains largely supportive, and no antiviral
agents are available for immunocompetent children
with RSV bronchiolitis. One of the reasons for the lack
of RSV treatment options is insufficient existing evi-
dence of RSV pathogenesis that might support the pu-
tative efficacy of anti-RSV agents [7]; that is, if disease
caused by RSV is the direct result of viral replication
rather than the result of RSV triggering delayed and ab-
errant pathogenic immune response [7], then reducing
RSV loads with antiviral agents might decrease RSV

1550 o JID 2015:211 (15 May) e Hasegawa et al


mailto:khasegawa1@partners.org
mailto:journals.permissions@oup.com

morbidity [8]. The limited literature about RSV-related diseases
from adult and pediatric populations is conflicting, with the se-
verity among those with higher viral load found to be no differ-
ent from [9-12] or greater than [7, 13-18] that among those
with a lower viral load. Moreover, data are scarce on the role
of viral load in acute severity in the most relevant population:
children with bronchiolitis [18-21].

To address this knowledge gap, we investigated the impact of
RSV genomic load on bronchiolitis severity, using the data from
2 multicenter prospective cohort studies of children hospitalized
for bronchiolitis. We used genomic load as an indirect measure of
viral load. We hypothesized that children with a higher RSV ge-
nomic load have worse severity, as demonstrated by a longer
length of hospital stay (LOS), admission to the intensive care
unit (ICU), and increased use of mechanical ventilation.

METHODS

Study Design, Setting, and Participants

The present analysis combines the data from 2 multicenter pro-
spective cohort studies of children hospitalized for bronchio-
litis. The studies used a similar protocol, with one performed
in the United States and the other performed in Finland.
Both studies were performed as part of the Multicenter Air-
way Research Collaboration (MARC). The MARC is a program
of the Emergency Medicine Network (EMNet; http://www.
emnet-usa.org), a collaboration with >225 participating hos-
pitals. The design, setting, participants, and methods of data
collection used in the studies have been reported previously
[6,22-27].

In summary, using a standardized protocol [6, 22], we con-
ducted the US study (MARC-30 USA; Supplementary Table 1)
at 16 sites across 12 US states during the 2007-2010 winter sea-
sons. The Finland study (MARC-30 Finland) was conducted at
3 Finnish sites during the 2008-2010 winter seasons. We en-
rolled children aged <2 years who were hospitalized for an at-
tending physician’s diagnosis of bronchiolitis and had a parent/
guardian with the ability to give informed consent. We excluded
children with previous enrollment and those who were trans-
ferred to a participating hospital >48 hours after the original
hospitalization. Site investigators enrolled a target number of
consecutive patients from the inpatient wards and the ICU,
with a goal of enrolling 20% of the total sample from the
ICU. To oversample children in the ICU, the ward and ICU
enrollments were separate. Once the site reached their target en-
rollment for that month, the investigators would stop enroll-
ment until the beginning of the following month. All patients
were treated at the discretion of the treating physician. The in-
stitutional review board at each of the participating hospitals
approved the study. Informed consent was obtained from the
parents or guardians.

Data Collection

Investigators conducted a structured interview that assessed pa-
tients” demographic characteristics, medical and environmental
history, symptom duration, and details of the acute illness.
Emergency department and daily hospital chart review provid-
ed further clinical data, including vital signs, physical examina-
tions, medical management, and disposition. We also collected
follow-up data by telephone interview 2 weeks after the hospital
discharge. These data were reviewed at the EMNet coordinating
center, and site investigators were queried about missing data
and discrepancies identified by manual data checks.

Nasopharyngeal Aspirate (NPA) Sample Collection and
Virologic Testing

NPAs were collected using a standardized protocol [6, 22].
Designated site personnel were trained using a lecture, written
instructions, and video. All sites used the same collection
equipment (Medline Industries, Mundelein, Illinois) and col-
lected the samples <24 hours after a child’s arrival on the med-
ical ward or ICU. For the collection, the child was placed supine,
1 mL of normal saline was instilled into one naris, and mucus
was removed by means of an 8 French suction catheter. This
procedure was performed once on each nostril. After sample
collection from both nares, 2 mL of normal saline was suctioned
through the catheter to clear the tubing and ensure that a stan-
dard volume of aspirate was obtained. Once collected, the NPA
sample was added to transport medium at a 1:1 ratio. The sam-
ples were immediately placed on ice within 1 hour of collection
and then stored at —80°C within 24 hours of collection. Frozen
samples were shipped in batches on dry ice to Baylor College of
Medicine, where they were stored at —80°C.

Polymerase Chain Reaction (PCR) Assay

Viral identification was performed by using singleplex or duplex
2-step real-time PCR analysis. Real-time reverse transcription
PCR analysis was performed to detect RNA respiratory viruses,
such as RSV types A and B; rhinovirus; coronaviruses NL-63,
HKU1, OC43, and 229E; enterovirus; human metapneumovi-
rus; influenza virus type A, type B, and 2009 novel A(HIN1),
and parainfluenza virus types 1-3. Real-time PCR was used for
the detection of DNA pathogens which included adenovirus,
Mycoplasma pneumoniae, and Bordetella pertussis.

These tests are routinely conducted in the laboratory of one
of the investigators (P. A. P.), and details of the primers and
probes have been described elsewhere [28-30]. All real-time
PCR assays were tested in duplicate, and samples with incon-
gruent values (ie, those for which 1 well was positive) were re-
tested. To reduce carryover contamination, sample preparation,
RNA/DNA extraction, complementary DNA and amplification
were performed in separate areas. All PCR runs had extraction
and reagent positive and negative controls. These methods al-
lowed us to detect viral pathogens in 2418 of 2615 enrolled
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children (93%) with a 28% prevalence of viral coinfection in the
2 original cohorts [6, 22].

RSV genomic load was quantified by real-time reverse tran-
scription PCR as the number of amplification cycles needed for
a positive PCR test (ie, the threshold cycle [CT] value). CT val-
ues provide a semiquantitative measure of viral load, with a
highly significant inverse linear relationship between viral
load and CT value [16, 31]. Therefore, the lower the CT
value, the higher the amount of genomic material, and vice
versa. For reference, a CT value of 17 equals approximately
6.4 log;o plaque-forming units (PFU)/mL of infectious RSV, a
CT value of 35 equals approximately 1 log;o PFU/mL of infec-
tious RSV, and a CT value of >40 is considered negative.

Outcome Measures

The primary outcome measure was a LOS of >3 days, defined
using the median LOS of 2 days and similar to the approach
used in prior studies [6, 22], as LOS was not normally distribu-
ted in the study population. The secondary outcome measure
was intensive care use, defined as admission to ICU and/or
use of mechanical ventilation (continuous positive airway pres-
sure and/or intubation during inpatient stay, regardless of loca-
tion) at any time during the index hospitalization [26].

Statistical Analyses

Our analyses focused on RSV, the most commonly detected
virus in children with severe bronchiolitis. For the primary anal-
ysis, we combined CT values from RSV-A with those from RSV-
B since the clinical distinction between the 2 subtypes of RSV
was unremarkable. We categorized CT values into tertiles to
classify patients into 3 RSV genomic load status groups:
low, >24.3; intermediate, 20.8-24.2; and high, <20.8. In cases
in which a subject was coinfected with RSV-A and RSV-B
(n=15), the lowest CT value (indicative of larger viral loads)
was used.

We compared patient demographic characteristics, medical
history, and hospital course, by RSV load status, using x> or
Kruskal-Wallis tests as appropriate. We used a nonparametric
technique for continuous variables, as these were not normally
distributed in the study population. To examine the association
of RSV genomic load status with the outcomes, we constructed
2 logistic regression models. First, we fitted an unadjusted
model that included only RSV genomic load status as the inde-
pendent variable. Second, we constructed a multivariable model
controlling for 10 patient-level variables (ie, age, sex, race/eth-
nicity, gestational age, maternal smoking during pregnancy, his-
tory of wheezing, history of eczema, comorbid medical disorder,
duration of difficulty breathing before hospitalization, and viral
coinfection status [RSV plus rhinovirus and RSV plus nonrhi-
novirus pathogens]). We chose these potential confounders on
the basis of clinical plausibility and a priori knowledge [6, 22,
23]. We did not adjust for markers of acute severity (eg, vital

signs and retractions) because these were considered intermedi-
ate factors in the association of interest. In both models, we used
generalized estimating equations to account for patient cluster-
ing at the hospital level.

We performed a series of sensitivity analyses to assess the ro-
bustness of our findings. First, we examined the association of
RSV genomic load and the primary outcome, modeling the CT
value as a continuous variable, in the US and Finnish cohort
separately. Second, after confirming a similar association in
the both cohorts, we combined the US and Finnish data set
and then repeated the analysis by using a more restrictive defi-
nition of children with bronchiolitis (ie, those younger than 12
months with a gestational age of >37 weeks) [6]. Third, we re-
peated the analysis by classifying patients into 4 RSV genomic
load groups, using CT values split into quartiles, as follows: 1
(lowest quartile), >25.9; 2, 22.5-25.8; 3, 20.2-22.4; and 4 (high-
est quartile), <20.2. Fourth, we stratified the analysis by RSV
subtype (RSV-A and RSV-B). Last, we repeated the analysis
in the subgroup of children with RSV monoinfection. All anal-
yses were performed using SAS 9.3 (SAS Institute, Cary, NC).
Results are presented as proportions with 95% confidence inter-
vals (CIs), medians with interquartile ranges (IQRs), and odds
ratios (ORs) with 95% ClIs. All P values were 2-tailed, with a
P value of <.05 considered statistically significant.

RESULTS

Patient Characteristics

Of 2615 enrolled children with severe bronchiolitis from 19
sites, 1764 (67%; 1589 in the US study and 175 in the Finnish
study) had RSV bronchiolitis and were eligible for the current
analysis. Among this analytic cohort, the median age was 3
months (IQR, 2-7 months), 58% were male, and 44% were
non-Hispanic white. Additionally, 1219 children (69%) had
bronchiolitis with RSV only, and 545 (31%) had bronchiolitis
with RSV and another virus. More specifically, 297 (17%) had
RSV plus rhinovirus and 248 (14%) had RSV plus nonrhinovi-
rus pathogens. The median LOS was 2 days (IQR, 1-4 days).

Of the 1764 children in the analytic cohort, 587 (33%) were
categorized into the low RSV genomic load group, 598 (34%)
into the intermediate genomic load group, and 579 (33%)
into the high genomic load group. Demographic characteristics
differed across the genomic load groups (Table 1). Compared
with children with low genomic load, children with high geno-
mic load were younger and more likely to be male and non-
Hispanic white (P <.01 for both comparisons). In contrast,
other factors did not differ across the groups.

Table 2 summarizes the clinical course, by RSV genomic load
status. There was no statistically significant difference in the du-
ration of symptoms and no clinically significant difference in
vital signs across the groups. By contrast, children with a high
genomic load were more likely to have apnea and lower weight

1552 ¢ JID 2015:211 (15 May) e Hasegawa et al



Table 1.
by RSV Genomic Load Tertile

Demographic Characteristics and Medical History of Children Hospitalized with Respiratory Syncytial Virus (RSV) Bronchiolitis,

RSV Genomic Load,? Children, No. (%)

Characteristic Low (n=587) Intermediate (n = 598) High (n=579) P Value®
Age, mo° <.001

<2 165 (28) 195 (33) 208 (36)

2-5.9 225 (38) 198 (33) 231 (40)

6-11.9 115 (20) 133 (22) 85 (15)

12-23.9 82 (14) 72 (12) 55 (10)
Male sex 321 (55) 341 (57) 369 (64) .005
Race/ethnicity <.001

Non-Hispanic white 201 (34) 270 (45) 301 (52)

Non-Hispanic black 123 (21) 109 (18) 110 (19)

Hispanic 238 (41) 193 (32) 142 (25)

Other 25 (4) 26 (4) 26 (5)
Insurance <.001

Nonprivate 443 (75) 389 (65) 381 (66)

Private 144 (25) 209 (35) 198 (34)
Family history of asthma .23

Neither parent 411 (70) 396 (66) 390 (67)

Either mother or father 143 (24) 168 (28) 163 (28)

Both parents 22 (4) 25 (4) 14 (2)

Unknown/missing 11(2) 9(2) 12 (2)
Maternal smoking during pregnancy 76 (13) 93 (16) 96 (17) 19
Gestational age, wk

<32 29 (5) 18 (3) 20 (4)

32-36 83 (14) 103 (17) 95 (16)

>37 or full term 453 (77) 465 (78) 453 (78)
Is or was breast-fed 378 (64) 386 (65) 377 (65) .98
History of wheezing 113 (19) 105 (18) 115 (20) .68
History of eczema 94 (16) 96 (16) 71 (12) 1
History of intubation 42 (7) 44 (7) 39 (7) 91
Major, relevant, comorbid medical disorder® 87 (15) 103 (17) 88 (15) 45
Cohort .004

United States 546 (93) 538 (90) 505 (87)

Finland 41 (7) 60 (10) 74 (13)

Percentages may not equal 100, because of rounding.

@ Threshold cycle tertiles for RSV genomic loads were defined as follows: low, >24.3; intermediate, 20.8-24.2; and high, <20.8.

© By the 2 test.
¢ Spearman correlation was also performed (P< .001).

9 Defined by respiratory, cardiac, neurologic, gastrointestinal, and immunologic diseases.

at presentation (P <.01 for both comparisons). Similarly, chil-
dren with high genomic load were more likely to have sole RSV
infection, particularly RSV-A infection; by contrast, they were
less likely to have coinfections with rhinovirus (P <.001 for
both comparisons).

Risk of Longer LOS

Overall, there was a positive relationship between RSV genomic
load (an inverse of the CT value) and risk of a LOS of >3 days
(Figure 1); this positive, nonlinear relationship was observed in

both the US and Finnish cohort (Supplementary Figures 1 and 2).
Compared with children with a low genomic load, the unadjust-
ed risk of a LOS of >3 days was higher in children with an in-
termediate genomic load (42% vs 51%) and those with a high
genomic load (42% vs 52%; P <.001 for both comparisons;
Table 2). In the multivariable model controlling for 10 patient
characteristics and clustering at the hospital level, the risk re-
mained significantly higher in both children with an intermedi-
ate genomic load (OR, 1.43; 95% CI, 1.20-1.69) and those with
a high genomic load (OR, 1.58; 95% CI, 1.29-1.94; P <.001 for
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Table 2. Clinical Course of Children Hospitalized with Respiratory Syncytial Virus (RSV) Bronchiolitis, by RSV Genomic Load Tertile

RSV Genomic Load?

Intermediate

Characteristic Low (n=587) (n=598) High (n =579) P Value®
Onset of difficulty breathing, d before hospitalization® .93
>1 141 (24) 135 (23) 136 (24)
<1 432 (74) 446 (75) 425 (73)
No difficulty 14 (2) 17 (3) 8 (3)
Apnea documented in medical record 42 (7) 27 (5) 109 .01
Weight, kg 5.9 (4.3-8.2) 5.6 (4.1-8.1) 5.5 (3.8-7.4) .004¢
Pulse, beats/min 163 (148-177) 160 (147-175) 160 (145-174) .034
Respiratory rate, breaths/min 48 (40-60) 48 (40-60) 48 (40-60) 324
Oxygen saturation, %, by pulse oximetry or ABG test .15
<90 64 (11) 56 (9) 54 (9)
90-93.9 114 (19) 106 (18) 83 (14)
>94 401 (68) 423 (71) 428 (74)
Retractions A48
None 130 (22) 107 (18) 122 (21)
Mild 256 (44) 263 (44) 241 (42)
Moderate or severe 169 (29) 184 (31) 173 (30)
Missing 32 (6) 44 (7) 3(7)
Oral intake .50
Adequate 270 (46) 254 (43) 257 (44)
Inadequate 21 (43) 271 (45) 245 (42)
Missing 66 (11) 73 (12) 77 (13)
Coinfection®" <.001
No coinfection 388 (66) 391 (65) 440 (76)
Rhinovirus 121 (21) 113 (19) 63 (11)
Nonrhinovirus
Overall 78 (13) 94 (16) 76 (13)
Coronavirus (NL-63, HKU1, OC43, 229E) 29 () 56 (9) 30 (5) .002
Enterovirus 24 (4) 21 (4) 15 (3) .36
Human metapneumovirus 13 (2) 5 (1) 6 (1) .09
Influenza virus (type A, type B, 2009 novel H1N1) 2 (<1) 2 (<1) 0 (0) .38
Parainfluenza virus (types 1-3) 5 (1) 6 (1) 6 (1) .94
Adenovirus 38 (6) 47 (8) 27 (5) .08
M. pneumoniae 3(1) 2 (<1) 4 (1) .69
B. pertussis 0 (0) 0 (0) 0 (0) ND
RSV subtype® <.001
RSV-A 315 (54) 371 (62) 377 (65)
RSV-B 278 (47) 232 (39) 206 (36)
Outcome
LOS, d° 2 (1-4) 3 (1-4) 3(1-4) .007¢
LOS >3 d" 244 (42) 302 (51) 300 (52) <.001
Intensive care use 87 (15) 93 (16) 115 (20) .03
Intubation and/or CPAP during hospitalization 35 (6) 29 (5) 5 (10) .003
ICU admission 83 (14) 90 (15) 110 (19) .06

Data are no. (%) of children or median value (interquartile range). Percentages may not equal 100, because of rounding.

Abbreviations: ABG, arterial blood gas; B. pertussis, Bordetella pertussis; CPAP, continuous positive airway pressure; CT, threshold cycle; ICU, intensive care unit;
LOS, length of hospital stay; M. pneumoniae, Mycoplasma pneumoniae; ND, not done.

@ CT tertiles for RSV genomic loads were defined as follows: low, >24.3; intermediate, 20.8-24.2; and high, <20.8.

® By the %2 test, unless otherwise indicated.

¢ Spearman correlation was also performed with duration of difficulty breathing (P =.98) and LOS (P =.001).

9 By the Kruskal-Wallis test.

¢ Median CT values for rhinovirus, human metapneumovirus, and adenovirus did not differ across the RSV genomic load categories (all P> .40).
f Children may have had >3 detected.

9 Fifteen children had RSV-A and RSV-B infection.

" The proportion of children with a LOS of >3 days did not differ significantly between the US and Finnish cohorts (P =.11).
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Figure 1. Unadjusted association of respiratory syncytial virus genomic
load with the risk of a length of hospital stay (LOS) of >3 days in children
hospitalized for bronchiolitis. The fitted line represents locally weighted
scatterplot smoothed (lowess) curve. Lower threshold cycle (CT) values
indicate higher RSV genomic loads. There was a positive relationship
between RSV genomic load (an inverse of the CT value) and the risk
of a LOS of >3 days (P<.001).

both comparisons; Table 3). Likewise, in sensitivity analyses, the
significant association between genomic load and a risk of a LOS
of >3 days persisted with the use of the stricter definition of bron-
chiolitis (n = 1223; Table 3), different categories of RSV genomic
load (Table 4), stratification by RSV subtype (Table 5), and in the
subgroup of children with sole RSV infection (n = 1219; Table 6).

Risk of Intensive Care Use
Similar to the analysis of primary outcome, compared with chil-
dren with a low RSV genomic load, those with a high genomic

load had a higher risk of intensive care use (15% vs 20%;
P =.003). In the multivariable model, the risk remained signifi-
cantly higher in children with a high genomic load (OR, 1.43;
95% CI, 1.03-1.99; P =.03; Table 3). In sensitivity analyses with
a limited statistical power, children with a high genomic load
had a nonsignificantly increased odds of intensive care use
among those with the more restrictive definition of bronchiolitis
(Table 3) and those with RSV-A infection (Table 5). With the
use of different categories of genomic load, among children
with RSV-B infection and those with sole RSV infection, the
adjusted association remained significant (Tables 4-6).

DISCUSSION

In this multicenter analysis based on 2 multiyear prospective co-
hort studies of children hospitalized for bronchiolitis in the Unit-
ed States and Finland, we identified 1764 children with RSV
infection. In this analytic cohort, using a standardized approach
to NPA sample collection and relative quantification of viral load,
we found that children with high RSV genomic loads had a sig-
nificantly higher risk of a longer LOS and of intensive care use
than their counterparts with low genomic loads. To our knowl-
edge, this is the largest study to have examined the association
between RSV genomic load and acute severity in children with
bronchiolitis. Our data corroborate and build on previous reports
about the association between viral load and bronchiolitis out-
comes [18, 20, 21], a finding of clinical and research importance.

Previous studies on acute respiratory infection with RSV in
children [10-13, 15-18], adults [19, 20], and healthy volunteers
[7] have reported inconsistent associations between RSV loads
and severity of illness. Moreover, data are scarce in children
with bronchiolitis. Single-center studies with small sample

Table 3.

Unadjusted and Multivariable Associations of Respiratory Syncytial Virus (RSV) Genomic Loads With Bronchiolitis Outcomes

Unadjusted Model®

Adjusted Model® Sensitivity Analysis?

Outcome, RSV Genomic Load Category® OR (95% Cl) P Value OR (95% Cl) P Value OR (95% Cl) P Value
LOS >3d

Low Reference Reference Reference

Intermediate 1.42 (1.23-1.65) <.001 1.43 (1.20-1.69) <.001 1.40 (1.16-1.69) <.001

High 1.55 (1.31-1.83) <.001 1.58 (1.29-1.94) <.001 1.46 (1.09-1.94) .01
Intensive care use

Low Reference Reference Reference

Intermediate 1.09 (.87-1.36) 46 1.06 (.84-1.34) .62 1.24 (.85-1.82) .26

High 1.49 (1.14-1.95) .003 1.43 (1.03-1.99) .03 1.36 (.91-2.03) 14

Abbreviations: Cl, confidence interval; LOS, length of hospital stay; OR, odds ratio.

@ Threshold cycle tertiles for RSV genomic loads were defined as follows: low, >24.3; intermediate, 20.8-24.2; and high, <20.8.

® Unadjusted model controlling for clustering of patients within the sites, using the generalized estimating equations.

¢ Multivariable model controlling for 10 patient-level variables (age, sex, race/ethnicity, gestational age, maternal smoking during pregnancy, history of wheezing,
history of eczema, comorbid medical disorder, duration of difficulty breathing before hospitalization, viral coinfection status [RSV plus rhinovirus and RSV plus

nonrhinovirus pathogens]) and clustering of patients within the sites.

4 Multivariable model using a restrictive definition of children with bronchiolitis (ie, those younger than 12 months with gestational age of >37 weeks; n = 1223).
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Table 4. Unadjusted and Multivariable Associations of Respiratory Syncytial Virus (RSV) Genomic Loads With Bronchiolitis Outcomes

Unadjusted Model®

Adjusted Model

Outcome, RSV Genomic Load Quartile® OR (95% CI) P Value OR (95% Cl) P Value
LOS >3d
1 Reference - Reference .
2 1.29 (.93-1.78) 13 1.26 (.92-1.74) 15
3 1.65 (1.35-2.00) <.001 1.65 (1.33-2.04) <.001
4 1.69 (1.31-2.19) <.001 1.73 (1.29-2.32) <.001
Intensive care use
1 Reference - Reference A
2 1.09 (.77-1.53) .64 1.07 (.77-1.48) .69
3 1.15 (.78-1.70) 49 1.07 (.70-1.64) .76
4 1.60 (1.11-2.31) .01 1.51 (1.00-2.28) .048

Abbreviations: Cl, confidence interval; LOS, length of hospital stay; OR, odds ratio.
@ Threshold cycle quartiles for RSV genomic loads were defined as follows: 1 (lowest quartile), >25.9; 2, 22.5-25.8; 3, 20.2-22.4; and 4 (highest quartile), <20.2.
® Unadjusted model controlling for clustering of patients within the sites, using the generalized estimating equations.

¢ Multivariable model controlling for 10 patient-level variables (age, sex, race/ethnicity, gestational age, maternal smoking during pregnancy, history of wheezing,
history of eczema, comorbid medical disorder, duration of difficulty breathing before hospitalization, and viral coinfection status [RSV plus rhinovirus and RSV plus

nonrhinovirus pathogens]) and clustering of patients within the sites.

sizes (77-219 children) have shown that the severity of RSV
bronchiolitis with higher viral loads is no different from [19]
or greater than [18, 20, 21] that for those with lower viral
loads. Potential explanations of the inconsistency across studies
include differences in study design, patient populations, and/or
outcomes. Furthermore, the studies that did not find a signifi-
cant association may have been confounded by the nonstandar-
dized technique used in specimen collections within the studies
[11, 12, 19] and the use of different analytic techniques (eg,

quantitative culture) for viral load measurement [19]. Real-
time PCR has added another dimension to the quantitation
of virus replication. Genomic load might be a better marker
than quantitative culture of virus replication in the respiratory
tract because it is not impacted by neutralizing activity found in
respiratory secretions [7]. In contrast, the validity of our find-
ings is buttressed by the use of a standardized protocol for
NPA collection and processing [6, 22] and by the use of real-
time PCR for measurement of RSV genomic loads.

Table 5. Unadjusted and Multivariable Associations of Respiratory Syncytial Virus (RSV) Genomic Loads with Bronchiolitis Outcomes,
According to RSV Subtype

RSV-A RSV-B
Unadjusted Model® Adjusted Model® Unadjusted Model® Adjusted Model®

Outcome, RSV
Genomic Load Tertile® OR (95% Cl) P Value OR (95% Cl) P Value OR (95% CI) P Value OR (95% ClI) P Value
LOS >3d

Low Reference Reference Reference Reference

Intermediate 1.33 (1.02-1.73) .04 1.32 (.97-1.80) .08 1.54 (1.14-2.07) .004 1.57 (1.09-2.26) .02

High 1.41 (1.05-1.91) .03 1.47 (1.02-2.10) .04 1.77 (1.24-2.52) .002 1.85(1.32-2.58)  <.001
Intensive care use

Low Reference Reference Reference Reference

Intermediate 0.93 (.73-1.19) .57 0.89 (.66-1.20) 44 1.31 (.82-2.12) .26 1.39 (.82-2.36) 22

High 1.15 (.90-1.45) .26 1.09 (.81-1.47) .57 2.13 (1.16-3.93) .02 2.12 (1.05-4.27) .04

Abbreviations: Cl, confidence interval; LOS, length of hospital stay; OR, odds ratio.
@ Threshold cycle tertiles for RSV genomic loads were defined as follows: low, >24.3; intermediate, 20.8-24.2; and high, <20.8.
® Unadjusted model controlling for clustering of patients within the sites, using the generalized estimating equations.

¢ Multivariable model controlling for 10 patient-level variables (age, sex, race/ethnicity, gestational age, maternal smoking during pregnancy, history of wheezing,
history of eczema, comorbid medical disorder, duration of difficulty breathing before hospitalization, and viral coinfection status [RSV plus rhinovirus and RSV plus
nonrhinovirus pathogens]) and clustering of patients within the sites.
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Table 6. Unadjusted and Multivariable Associations of Respiratory Syncytial Virus (RSV) Genomic Loads With Bronchiolitis Qutcomes in

Children With RSV Monoinfection

Unadjusted Model®

Adjusted Model®

Outcome, RSV Genomic Load Tertile OR (95% Cl) P Value OR (95% Cl) P Value
LOS >3d

Low Reference Reference

Intermediate 1.53 (1.17-1.99) .002 1.43 (1.06-1.95) .02

High 1.76 (1.36-2.28) <.001 1.70 (1.30-2.23) <.001
Intensive care use

Low Reference Reference

Intermediate 1.37 (1.03-1.82) .03 1.24 (.93-1.65) 15

High 1.87 (1.37-2.56) <.001 1.69 (1.21-2.36) .002

Abbreviations: Cl, confidence interval; LOS, length of hospital stay; OR, odds ratio.

@ Threshold cycle tertiles for RSV genomic loads were defined as follows: low, >24.3; intermediate, 20.8-24.2; and high, <20.8.

® Unadjusted model controlling for clustering of patients within the sites, using the generalized estimating equations.

¢ Multivariable model controlling for 9 patient-level variables (age, sex, race/ethnicity, gestational age, maternal smoking during pregnancy, history of wheezing,
history of eczema, comorbid medical disorder, and duration of difficulty breathing before hospitalization) and clustering of patients within the sites.

While it may seem intuitive that children with a higher RSV
load would have a more severe clinical course, diseases caused
by RSV have long been thought to be the result of RSV trigger-
ing of an exaggerated T-helper type 2 (Th2) response, based on
the results of rodent model studies [32, 33]. However, a human
experimental model of RSV infection demonstrated that the
RSV loads are positively correlated not only with the amount
of non-Th2 proinflammatory markers (eg, interleukin 6 and in-
terleukin 8), but also with disease severity [7]. Similarly, a recent
clinical trial in healthy adults experimentally infected with RSV
also demonstrated that treatment with an antiviral agent (GS-
5806) reduced both viral load and symptom score [8]. In studies
of infants with RSV bronchiolitis, researchers reported a strong
activation of the interferon system (types I and II) [34] and pos-
itive associations between high RSV genomic load and expres-
sions of interferon-stimulated gene 56 (ISG56) in the airways
and alonger LOS [21]. Our multicenter prospective studies, with
a sample size many times larger than any other prior study on
this topic, corroborate these findings and extend them by dem-
onstrating the robustness of the associations between RSV ge-
nomic load and acute severity of illness in the real-world
setting of children hospitalized with bronchiolitis. Now, several
rigorously designed studies have arrived at similar conclusions,
despite the apparent inconsistencies in the literature. Collective-
ly, these observations argue against a pathogenesis hypothesis
involving RSV triggering delayed pathogenic immune response
and, conversely, lend significant support to the concept that re-
ductions of viral load with a robust antiviral agent may decrease
disease severity in children with bronchiolitis.

We acknowledge several potential limitations. First, bron-
chiolitis is a clinical diagnosis without a common international
definition [3, 35]. Thus, it is possible that we enrolled children

with other respiratory disorders. However, the significant asso-
ciation of high genomic load with a longer LOS persisted even
when the data were restricted to children with classic bronchio-
litis (ie, those younger than 12 months with a gestational age of
>37 weeks). Second, we evaluated RSV genomic loads only in
the upper respiratory tract. However, previous studies have
shown that RSV load in nasal wash among intubated infants
closely resembles that in tracheal aspirate [36, 37]. Therefore,
the nasopharyngeal RSV load in children may well be indicative
of the viral load in the lower respiratory tract. Third, we mea-
sured genomic loads in the first 24 hours of hospitalization.
Longitudinal studies are warranted to address questions regard-
ing the relationship between persistence of RSV nucleic acids
and clinical course. However, prior studies indicate that the
peak RSV loads in hospitalized infants are seen shortly after
hospitalization [18, 38]. Therefore, the genomic loads measured
in our 2 cohorts likely reflect the maximum viral loads. Fourth,
we did not adjust the RSV CT values on the basis of the quality
of the sample. It is likely that poor-quality samples will result in
genomic CT values that underestimate their true genomic CT
value. Poor-quality samples will add to the variability in CT val-
ues, making it more difficult to identify a significant association
between genomic load and severity of RSV bronchiolitis, there-
by biasing our conclusions toward the null. Furthermore, we at-
tempted to minimize the collection of poor-quality samples by
training site personnel with lecture, written instructions, and
video to collect NPA by means of a standardized protocol.
Fifth, in these multicenter observational studies, we did not
use standard criteria for hospital discharge or intensive care
use. Therefore, institutional variability in care is possible. How-
ever, the association of RSV genomic load with LOS was ob-
served in the both cohorts, and the significant association
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persisted after adjustment for clustering at the hospital level.
Last, our study populations consisted of children hospitali-
zed for bronchiolitis in academic centers. Therefore, our infer-
ences may not be generalizable to children with bronchiolitis in
community medical centers or those in the ambulatory care set-
ting. Nevertheless, our inferences are of direct relevance to hun-
dreds of thousands of children with severe bronchiolitis every
year [4].

In summary, on the basis of 2 multicenter prospective studies
of 1764 children hospitalized for RSV bronchiolitis in the Unit-
ed States and Finland, we found that children with high geno-
mic loads had a significantly higher risk of a longer LOS and of
intensive care use. For clinicians, evidence to predict the disease
course in children with severe bronchiolitis remains limited [4],
which is well documented by marked variability in acute man-
agement and disposition in this population [39]. Our findings
suggest a new line of research using genomic loads as a means to
improve the ability of clinicians to predict the disease course
and outcomes in children with bronchiolitis. Furthermore,
our data support the concept that reductions of RSV (genomic)
load may decrease disease severity in children with bronchioli-
tis. Our findings, therefore, should facilitate further research to
develop robust antiviral agents that reduce viral load and could
thereby decrease bronchiolitis morbidity.
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