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Abstract

Background: Although the incidence of hospital-associated respiratory virus infection (HARVI)
is well recognized, the risk factors for infection and impact on patient outcomes are not well
characterized.

Methods: We identified a cohort of all inpatient admissions =24 hours duration at a single
academic medical center from 2017 to 2020. HARVI were defined as respiratory virus detected

in a test ordered after the 95th percentile of the virus-specific incubation period. Risk factors

for HARVI were assessed using Cox proportional hazards models of the competing outcomes of
HARVI and discharge. The associations between time-varying HARVI status and the rates of ICU
admission, discharge, and in-hospital death were estimated using Cox-proportional hazards models
in a competing risk framework.

Results: HARVI incidences were 8.8 and 3.0 per 10,000 admission days for pediatric and adult
patients, respectively. For adults, congestive heart failure, renal disease, and cancer increased
HARVI risk independent of their associations with length of stay. HARVI risk was also elevated
for patients admitted in September—June relative to July admissions. For pediatric patients,
cardiovascular and respiratory conditions, cancer, medical device dependence, and admission in
December increased HARVI risk. Lengths of stay were longer for adults with HARVI compared
to those without, and hospital-associated influenza A was associated with increased risk of death.
Rates of ICU admission were increased in the 5 days after HARVI identification for adult and
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pediatric patients. HARVI was not associated with length of stay or death among pediatric

patients.

Conclusions: HARVI is associated chronic health conditions and increases morbidity and

mortality.

Methods

Respiratory viruses are common causes of adult and pediatric hospitalization due to
community-acquired pneumonia, exacerbation of chronic conditions, and other sequelae
of infection.1=4 Although influenza, respiratory syncytial virus (RSV), and now SARS-
CoV-2 are notable causes of severe illness, a large proportion of respiratory virus-
associated hospitalizations are caused by other species.® Healthcare-associated outbreaks
have been described for influenza, RSV, common-cold coronaviruses (ccCoV), adenovirus,
parainfluenza, rhinovirus, and human metapneumovirus (hMPV).8 The total burden of
hospital-associated respiratory virus infections (HARVI), not just those related to sizeable
outbreaks, has increasingly been recognized given the availability and utilization of
multiplex respiratory pathogen panels.’-10

Although characterization of HARVI incidence has improved, risk factors for infection have
not been well characterized, and the impact of HARVI on hospitalized patient outcomes

is not entirely clear.11-13 Analysis of risk factors for and outcomes of hospital-acquired
infections, in general, is difficult because of methodologic challenges such as competing
risks, time-dependent bias, and confounding by baseline health status.141> Although
statistical methods are well developed to address these challenges, they have not been
applied to HARVI. Studies of HARVI outcomes have typically been descriptive: reporting
average lengths of stay, and numbers of intensive care unit (ICU) admissions and deaths.”+16
These descriptive analyses are useful, but they do not provide evidence for the extent to
which these adverse outcomes are attributable to HARVI.

In this retrospective cohort study, we sought (1) to estimate the overall and species-specific
incidences of HARVI, (2) to identify risk factors for acquisition of HARVI, and (3) to
determine whether HARVI is associated with increased length of stay, ICU admission, and
in-hospital mortality.

Study population and data sources

We identified a cohort of all inpatient admissions of =24 hours duration to University of
Michigan adult and pediatric hospitals over 3 study periods. The first 2 periods (2017-2018
and 2018-2019) were defined from July 1 through June 30 of each year. The third period
(2019-2020) was truncated at the start of the COVID-19 pandemic and was defined from
July 1, 2019 through February 28, 2020. All analyses were performed separately for adult
(=18 years) and pediatric (<18 years) patients. This research was approved by the University
of Michigan Medical School Institutional Review Board under a waiver of informed consent.

We obtained the following information from the electronic health record: demographics
including age, sex, and race and ethnicity; inpatient encounter data including admission
and discharge dates, and /nternational Classification of Disease, Tenth Revision (ICD-10)
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diagnosis codes; vital signs including temperature, heart rate, and respiratory rate; and
dates and results of white blood cell counts and respiratory virus diagnostic tests. Charlson
comorbidity index (CCl) and pediatric complex chronic condition (CCC) scores were
calculated for adult and pediatric patients, respectively, using all available inpatient ICD-10
diagnosis codes in a given study period.1718 Patients were also categorized based on
whether or not they had a diagnosis from each chronic condition category used in the
calculation of CCI (acute myocardial infarction, congestive heart failure, peripheral vascular
disease, cerebrovascular disease, chronic pulmonary disease, rheumatic disease, peptic
ulcer disease, liver disease, diabetes, hemiplegia or paraplegia, renal disease, and cancer)
and CCC scores (cardiovascular disease, respiratory disease, neurologic or neuromuscular
disease, renal disease, gastrointestinal disease, hematologic or immunologic disease,
metabolic disease, congenital or genetic disease, malignancy, neonatal conditions (eg,
premature, low birth weight, etc), medical device dependence (eg, ventilator, gastrostomy;,
wheel chair, etc), and history of transplantation. Adults were defined as having systemic
inflammatory response syndrome (SIRS) if they met >2 of the following criteria within

48 hours of admission: body temperature >38°C or <36°C, respiratory rate >20 breaths

per minute, heart rate >90 beats per minute, or white blood cell count >12,000 or <4,000
per mm3. Missing SIRS criteria data were imputed to the mean for each criterion (ie, the
criterion was not met).

HARVI case definition

Respiratory virus infection was defined as a positive result from either (1) influenza or RSV-
specific reverse-transcription polymerase chain reaction or (2) molecular respiratory virus
panel (FilmArray respiratory panel) testing for the following: adenovirus; ccCoV 229E,
HKU1, NL63, and OC43; hMPV; human rhinovirus-enterovirus; influenza A(HLN1pdm09),
A(H3N2), and B; parainfluenza viruses 1, 2, 3, and 4; and RSV.

For each virus, those first identified in a test ordered more than a threshold number of days
after hospital admission were defined as HARVIs. Those before the threshold were defined
as community acquired. Virus-specific thresholds were defined based on the 50th, 75th, and
95th percentiles of the virus-specific incubation periods estimated in Lessler et al.1® Because
the incubation period of hMPV is not well characterized, hMPV thresholds were imputed as
those of RSV given the similarity of the 2 viruses.1® Adenovirus, ccCoV, and parainfluenza
viruses did not have 95th percentile incubation periods estimated; for these viruses, the

95th percentile threshold was imputed as the 75th percentile plus one day. Virus-specific
incidence is reported for each of the 50th, 75th, and 95th percentile thresholds. The 95th
percentile threshold is used in subsequent risk-factor and outcomes analysis.

Statistical methods

Overall and virus-specific incidence was calculated as the number of HARVIs per 10,000
patient admission days. Individual patients could contribute multiple admissions to the
analysis. For virus-specific analyses, readmissions within 180 days of a community- or
hospital-associated viral infection were not considered at risk for reinfection with the same
virus and were excluded. Binomial 95% confidence intervals (95% CI) were calculated
using the Wilson method in the “Hmisc” package in R software (R Foundation for Statistical
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Computing, Vienna, Austria). Patients were characterized in terms of age, sex, race and
ethnicity, CCI conditions and score (adults), CCC conditions and score (children), meeting
>2 SIRS criteria (adults), study period, and month of admission. Patient characteristics were
compared by HARVI status using Xz tests for categorical variables and Wilcoxon rank-sum
tests for continuous variables.

Direct and indirect effects of patient characteristics on the rate of HARVI were assessed

by estimating the cause-specific relative hazards of the competing outcomes of HARVI and
hospital discharge in Cox proportional hazards models.2° Patient characteristics significantly
associated with increased or decreased rates of HARVI outcomes were considered direct
risk or protective factors. Characteristics significantly associated with increased or decreased
length of stay were considered indirect risk or protective factors for HARVI because they
modify the time at risk of infection in the hospital. The combined direct and indirect effect
of patient characteristics on the rate of incident HARVI was assessed by estimating the
subdistribution relative hazard in Fine-Gray models.?! Age, sex, race and ethnicity, CCI
conditions and score (adults), CCC conditions and score (children), meeting =2 SIRS criteria
(adults), and month of admission were assessed as risk factors in multivariable models.

The association between HARVI and the competing outcomes of discharge and death

was estimated in covariate-adjusted Cox-proportional hazards models with HARVI status
modeled as a time-varying covariate. Death was defined as occurring within 30 days of

first HARVI identification or within 2 days of hospital discharge for those without HARVI
identification. The association between HARVI and first intensive care unit (ICU) admission
was similarly estimated in covariate-adjusted Cox-proportional hazards models with time-
varying HARVI status (categorically defined as: uninfected [referent], and HARVI identified
0-5, 6-10, and >10 days ago) and competing outcome of discharge (alive or deceased).
Outcome models were adjusted for age, sex, non-Hispanic Black race and ethnicity, CCI
score (adults), CCC score (children), meeting =2 SIRS criteria (adults), and peak season
admission (December, January, February, or March).

Results

The 2017-2018 study period included 41,616 adult and 12,445 pediatric inpatient
encounters; the 2018-2019 study period included 42,277 adult and 12,386 pediatric
encounters; and the abbreviated 2019-2020 period included 27,622 adult and 8,365 pediatric
encounters (Supplementary Fig. 1 online). In each study period, 10% of adult encounters
received respiratory virus testing. For pediatric patients, the proportion of encounters with
testing was higher and increased over time (12%, 13%, and 16%).

For adults, overall incidence of HARVI across the 3 periods was 4.52, 3.85, and 3.04
infections per 10,000 admission days based on the 50th, 75th, and 95th incubation period
percentile thresholds, respectively (Table 1). For pediatric patients, HARVI incidence was ~3
times higher than for adults with each case definition: 13.17, 10.69, and 8.75 infections per
10,000 admission days, respectively. Rhinovirus-enterovirus and influenza A were the most
common viruses identified in adults, accounting for >50% of all HARVIs. Among pediatric
patients, rhinoviruses-enteroviruses were identified in 56% of HARVI cases using the 95th
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incubation period percentile definition. Compared to adults, pediatric patients were more
likely to have HARVIs with adenovirus, ccCoV, parainfluenza, and rhinovirus-enterovirus.
The confidence intervals of incidence estimates for all other viruses overlapped.

The median time from hospital admission to HARVI identification for adults was 9
(interquartile range, 6-16) days (Fig. 1). In bivariate analyses, adult HARVI cases were
older, more likely to be male, to have higher CCI scores, to meet =SIRS criteria within

48 hours of admission, and to have been admitted during December—March compared to
patients who did not have a HARVI (Table 2). Adult HARVI patients were also more
likely to have a comorbidity from each CCI category, except for rheumatoid disease and
hemiplegia or paraplegia. Only influenza A-associated HARVI cases were significantly
older than uninfected patients, and only hMPV- and rhinovirus-enterovirus—associated
HARVI cases were more likely to be male. Significant differences in incidence by study
period were only observed for influenza A; parainfluenza and rhinovirus-enterovirus were
notably not associated with month of admission consistent with increased transmission in
the spring, summer, and early fall relative to other viruses. With the exception of influenza
B, patients with all virus species were more likely to have higher CCI scores compared to
patients without HARVI. However, the patterns of association varied by virus for specific
comorbidity categories.

Among pediatric patients, the median time from hospital admission to HARVI identification
was 14 (interquartile range, 7-37) days (Fig. 1). Non-Hispanic black patients were over-
represented among pediatric HARVI cases compared to those without HARVI (Table 3).
Pediatric HARVI cases were more likely to have any of the chronic conditions that comprise
the CCC score and had higher median CCC scores (5 vs 0) than patients without HARVI. In
contrast to adults, the incidence of pediatric HARVI did vary significantly by study period
with HARVI cases overrepresented in the 2018-2019 season. Also unlike adults, overall
HARVI status was not associated with month of admission for pediatric patients. However,
HARVI with ccCoV, influenza A, and RSV identification was significantly more likely
among patients admitted during the winter months. Patterns of association were otherwise
fairly similar by virus species among pediatric patients.

We used competing risks models to estimate direct and indirect risk factors for HARVI.

In adults, congestive heart failure, renal disease, and cancer comorbidities were estimated
to directly increase the rate of HARVI by 65%, 45%, and 124%, respectively (Fig. 2 and
Supplementary Table 1 online). Risk of HARVI was also elevated for patients admitted
September through June relative to July admissions with hazard ratios above 5 from
December to April. Men, non-Hispanic black patients, those with all comorbidities except
myocardial infarction, and those meeting =2 SIRS criteria had significantly lower rates of
discharge (ie, longer hospital stays), an indirect risk factor for HARVI. Fine-Gray model
estimates combining these direct and indirect effects indicated that congestive heart failure,
cerebrovascular disease, renal disease, and cancer comorbidities increased the overall risk
of HARVI. Patients meeting =2 SIRS criteria also had higher overall risk of HARVI, and
admission in December—April remained a strong overall risk factor.
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Chronic conditions including cardiovascular disease, respiratory disease, cancer, and
medical device dependence were directly associated with increased rates of HARVI among
pediatric patients (Fig. 3 and Supplementary Table 2 online). The direct hazard of HARVI
decreased with increasing age and was lower among pediatric patients with neonatal
conditions. In contrast to adults, the direct hazard of HARVI was only elevated for children
admitted in the month of December. Increasing age, non-Hispanic black race and ethnicity,
all chronic conditions (except renal disease and transplantation), and admission between
October and February were all associated with decreased hazard of discharge (ie, longer
hospital stays). Combining direct and indirect hazards of HARVI, chronic conditions
including cardiovascular disease, respiratory disease, metabolic disease, cancer, medical
device dependence, and transplantation all increased the overall hazard of HARVI as did
admission in the month of December. Increasing age decreased the overall hazard of HARVI
in pediatric patients.

Overall, HARVI reduced the daily hazard of discharge by 30% significantly increasing
lengths of stay among adult inpatients (Table 4). All viruses had hazard ratios <1 for
discharge (range, 0.66-0.97); however, longer lengths of stay were only statistically
significant for ccCoV, influenza A, influenza B, and rhinovirus-enterovirus. HARVI was
associated with a 55% increase in the hazard of death in adults within 30 days of infection
overall. In virus-specific analyses, only influenza A was significantly associated with an
increased hazard of death relative to patients without HARVI (135% increase). Moreover,
10 deaths (20%) occurred among the 50 influenza HARVI cases. The hazard ratios for first
ICU admission were 2.16 (95% CI, 1.20-3.89) 0 to 5 days, 1.93 (95% Cl, 0.81-4.60) 6

to 10 days, and 2.39 (95% ClI, 1.05-5.46) >10 days post-HARVI identification relative to
patients without HARVI. Species-specific hazard ratios for first ICU admission could not be
estimated due to small sample sizes.

No HARVIs were associated with increased length of stay or risk of death for pediatric
patients. However, pediatric patients were at increased risk of first ICU admission shortly
after HARVI identification. Relative to pediatric patients without a HARVI, the hazard
ratios for first ICU admission were 5.76 (95% ClI, 2.84-11.65) for 0-5 days after HARVI
identification; 1.49 (95% Cl, 0.21-10.87) for 6-10 days after HARVI identification; and
0.94 (95% ClI, 0.26-3.39) for >10 days after HARVI identification.

Discussion

HARVI incidence varied by viral species and was higher among pediatric patients, similar to
previous studies.”10.22.23 For adults, HARVI increased the length of hospital stays and
hazard of ICU admission after infection. Hospital-associated influenza infections were

also associated with increased risk of in-hospital death for adults. HARVIs were not
associated with increased length of stay or mortality in pediatric patients, but the rate of

ICU admission in the first 5 days after HARVI identification was >5-fold higher compared
to patients without HARVI. Relative to adults, pediatric patients were infected later in

their hospitalization; 25% of HARV s were identified >37 days after admission. It may be
that the absence of an observed effect of HARVI on increased length of stay in pediatric
patients was because those infected were likely to have long lengths of stay regardless of
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infection. Overall, these results suggest that HARVIs are a significant source of morbidity
and mortality for hospitalized patients.

Lengths of stay were longer for adults with hospital-associated influenza A and B, ccCoV,
and rhinovirus—enterovirus compared to those who were not infected. Although this is

not a surprising outcome for influenza, ccCoV and rhinovirus—enterovirus infections are
mainly associated with common-cold symptoms.24:25 Despite the perceived lack of severity,
rhinoviruses and ccCoV have been associated with severe outcomes in published health-
care-associated outbreaks, and rhinoviruses have been reported to be the common cause

of community-acquired pneumonia.l:2:26-29 Both rhinoviruses and ccCoV, as well as other
respiratory viruses, have also been demonstrated to have the potential to cause severe illness
in adults and children following community-acquired infection.>12:30

In adults, the rate of HARVI was higher among those with congestive heart failure, renal
disease, and cancer. Similarly among children, cardiovascular and respiratory conditions,
cancer, and medical device dependence were all associated with increased rate of HARVI.
The impact of these conditions was more pronounced and additional risk factors were
identified when considering the indirect effect that chronic conditions had on HARVI risk
through extended duration of hospital stays, and thus time at risk. These findings highlight
the importance of accounting for competing risks when evaluating risk factors for and
outcomes associated with hospital-acquired infections.3! We also observed strong seasonal
time dependence in the rates of HARVI among adults, with the highest rates among those
admitted during the winter months. Interestingly, time dependence was not observed for
pediatric patients. We hypothesize that this is because rhinoviruses comprised a larger
proportion of HARVIs among pediatric patients than adults, and rhinovirus seasonality is
less pronounced than that of other respiratory viruses.%24

This study had several limitations. Sample sizes were small, particularly for analyses of
specific viruses and ICU outcomes, thereby increasing the risk that we may have missed
detecting true associations. In contrast, we did not adjust for multiple testing; thus, we

may have detected chance associations. We focused on a single health system over 3 years
prior to the COVID-19 pandemic. Our results may not be completely generalizable to other
settings or other periods. The COVID-19 pandemic led to dramatic changes in healthcare
utilization and delivery, and infection prevention strategies have continued to evolve.32-36
Also, we did not review patient charts to assess the timing of onset of new symptoms relative
to HARVI detection. This may have resulted in overestimation of HARVI incidence if
diagnosis of community-acquired infections was delayed. However, our use of virus-specific
95th percentile incubation period thresholds to define HARVI is more conservative than
most previous studies.19 In contrast, we may have missed HARVI cases if clinical testing
was not performed. Finally, other risk factors for infection and severe outcomes may exist
that were not assessed, such as smoking status.

Institutional policies during this study period aligned with CDC infection prevention
guidance, including placing individuals with acute respiratory illness under droplet

precautions, a preference for private rooms for patients with acute respiratory illness,
mandatory staff influenza vaccination, and symptom screening of visitors during the
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influenza season. HARVI still occurred despite these policies, and our results suggest that
these infections increased patient morbidity and mortality. Much research has been carried
out in recent years aimed at identifying HARVI transmission pathways and interventions to
reduce transmission to patients from healthcare workers, other patients, and visitors to the
hospital.3” However, more research is needed to optimize infection prevention strategies and
use of diagnostics to accurately evaluate and reduce the burden of HARVI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Days from hospital admission to the order date of the first positive respiratory virus

test among adult (A) and pediatric (B) patients with hospital-associated respiratory virus
infections (HARVI) defined by the 95th percentile of the virus specific incubation period
threshold.
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Figure 2.

Risk factors for hospital-associated respiratory virus infection (HARVI) among adult
inpatients. Competing risks analysis estimates direct and indirect (through length of

stay) effects of factors on risk of HARVI; Fine-Gray analysis estimates absolute effects
(combining direct and indirect effects) of factors on risk of HARVI.
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Risk factors for hospital-associated respiratory virus infection (HARVI) among pediatric
inpatients. Competing risks analysis estimates direct and indirect (through length of
stay) effects of factors on risk of HARVI; Fine-Gray analysis estimates absolute effects
(combining direct and indirect effects) of factors on risk of HARVI.
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