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Summary

Background A comparison of pneumonias due to SARS-CoV-2 and influenza, in terms of clinical course and predic-
tors of outcomes, might inform prognosis and resource management. We aimed to compare clinical course and out-
come predictors in SARS-CoV-2 and influenza pneumonia using multi-state modelling and supervised machine
learning on clinical data among hospitalised patients.

Methods This multicenter retrospective cohort study of patients hospitalised with SARS-CoV-2 (March-December
2020) or influenza (Jan 2015-March 2020) pneumonia had the composite of hospital mortality and hospice dis-
charge as the primary outcome. Multi-state models compared differences in oxygenation/ventilatory utilisation
between pneumonias longitudinally throughout hospitalisation. Differences in predictors of outcome were modelled
using supervised machine learning classifiers.

Findings Among 2,529 hospitalisations with SARS-CoV-2 and 2,256 with influenza pneumonia, the primary out-
come occurred in 21% and 9%, respectively. Multi-state models differentiated oxygen requirement progression
between viruses, with SARS-CoV-2 manifesting rapidly-escalating early hypoxemia. Highly contributory classifier
variables for the primary outcome differed substantially between viruses.

Interpretation SARS-CoV-2 and influenza pneumonia differ in presentation, hospital course, and outcome predic-
tors. These pathogen-specific differential responses in viral pneumonias suggest distinct management approaches
should be investigated.
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Articles

Research in context

Evidence before this study

Pneumonia due to SARS-CoV-2 (Coronavirus Disease-
2019, COVID-19) has been compared to other viral
pneumonias, including influenza. Similarities between
COVID-19 and influenza pneumonia include heteroge-
neous presentation and severe complications, such as
acute respiratory distress syndrome (ARDS) and death.
Despite these similarities, outcomes in COVID-19 are,
overall, worse than for influenza.

Biological responses to SARS-CoV-2 and influenza
infection differ and are notable for heterogeneous but
overall decreased systemic inflammatory responses
among COVID-19 patients. Recent findings suggest
much of the underlying end-organ pathology in COVID-
19 is due to viral infection in the setting of comorbid
conditions, rather than specific immunological phenom-
ena. These findings raise the possibility that differences in
clinical outcomes in viral pneumonias represent observ-
able pathogen-specific differential host responses, rather
than differential risks for similar pathophysiologies.

Added value of this study

SARS-CoV-2 pneumonia and influenza pneumonia
patients present differently upon hospital admission,
progress differently through longitudinal oxygen
requirements, and have different predictors of mortality
among early clinical data.

Implications of all the available evidence

The findings emphasize the increased severity and
higher mortality with SARS-CoV-2 pneumonia versus
influenza pneumonia. Additionally, they suggest that
pathogen-specific factors are implicated in the develop-
ment of negative patient outcomes, conditional on hos-
pitalisationwith viral pneumonia. Future research
should investigate these possibilities and their implica-
tions for pneumonia management strategies.

Introduction

SARS-CoV-2 pneumonia has been compared to influ-
enza pneumonia,” > with similarities including hetero-
geneous presentation and severe complications such as
acute respiratory distress syndrome (ARDS) and death.’
Despite these similarities, SARS-CoV-2 pneumonia out-
comes are, overall, worse than for influenza." However,
granular evaluations of dynamic resource utilisation
during hospitalisation for these entities have not been
performed. Empirically comparing organizational
demands between these two pneumonias may inform
resource management in future scenarios where the
two viruses coexist,” particularly given ongoing resource
availability variation, including intensive care unit (ICU)
beds and appropriately trained staff.””® Further, by

studying important outcome predictors in addition to
trajectories of viral pneumonias, new insights into clini-
cal course heterogeneity can be made that may inform
future clinical trials.

Biological responses to SARS-CoV-2 and influenza
infection differ and are notable for heterogeneous but over-
all decreased systemic inflammatory responses among
Coronavirus Disease 2019 (COVID-19) patients.*>°" "
Recent findings also suggest much of the underlying end-
organ pathology in COVID-19 is due to viral infection in
the setting of comorbid conditions, rather than specific
immunological phenomena.” These findings raise the
possibility that different clinical outcomes in viral pneumo-
nias represent observable pathogen-specific differential
host responses, rather than differential risks for similar
pathophysiology, " and therefore may have different pre-
dictors of outcomes despite broadly similar clinical mani-
festations at the bedside.

Thus, we aimed to compare the clinical courses and
predictors of clinical outcomes due to SARS-CoV-2 to
those of the most ubiquitous viral pneumonia, influenza.
Specifically, by comparing SARS-CoV-2 to influenza
pneumonia, we sought to identify unique differentiating
features specific to each pathogen. To these ends, we
applied state-of-the-art modelling approaches to routinely
available clinical data to evaluate the hospital course and
clinical outcome predictors based on host response to
infection. We hypothesized that early hospital courses
and outcome predictors would differ between SARS-CoV-
2 and influenza pneumonia.

Methods

Population, setting

At Barnes-Jewish Hospital (BJH) and 10 BJC HealthCare
community hospitals, we performed a retrospective
cohort study of all adults hospitalised with SARS-CoV-2
pneumonia between 03/16/2020 (BJC’s first SARS-CoV-
2 hospitalisation) and 12/31/2020 and influenza between
or/or/2015 and 03/17/2020 (both by polymerase chain
reaction testing). We included hospitalisations with length
of stay (LOS) > 24 hours and requiring supplemental
oxygen (as a pneumonia surrogate).

Ethics

Washington University’s Institutional Review Board
approved this project (#202008041) with a waiver of
informed consent. Additional methodology details can
be found in the Supplement.

Data, measurements

Processing. We extracted electronic health record
(EHR) data from Washington University’s research data
warehouse.'®"7 For dynamic variables, we a priori
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selected the most extreme (highest/lowest) observation
during the first 24-hours of hospitalisation (Table-E1).
In discrete 12-hour windows from presentation, we
recorded each patient’s maximal oxygen support in six
ordinal groups: room air; 1-6 liters-per-minute (LPM);
7-15  LPM; humidified high-flow nasal cannula
(HHFNC); non-invasive ventilation (NIV); invasive
mechanical ventilation (IMV). Using diagnosis codes,
we identified Elixhauser comorbidities and estimated
comorbidity burdens as per van Walraven.'®

Chest radiographs. To ascertain differences in pneu-
monia severity, we randomly selected 100 hospitalisa-
tions each with SARS-CoV-2 pneumonia and influenza
from BJH hospitalisations. Two investigators reviewed
the latest chest radiographs from Day-o of hospitalisa-
tion to calculate the Radiographic Assessment of Lung
Edema (RALE) score, a validated index of pulmonary
edema severity in ARDS based on radiographic opacity
extent and density (range: o [none] - 48 [dense consoli-
dations >75% of each quadrant]).”” Based on our
planned use of medians as a measure of central ten-
dency, we estimated that 97 images per cohort would
yield 9o% power to detect a RALE difference of 2 with a
2-sided alpha of 0.05.

Outcomes. The primary outcome was the composite of
hospital mortality or hospice discharge. Secondary out-
comes were these endpoints plus hospital/ICU LOS,
ICU admission, HHFNC, NIV, and IMV, and 28-day
ventilator-free-days (VFD).>*'

Statistical analysis

Modelling. We evaluated all outcomes via hierarchi-
cal multivariable logistic regression, Fine-Gray (LOS
accounting for the competing risk of hospital
death)®* and zero-inflated negative binomial (VFD)
models.”" In each model, the primary exposure was
pathogen, and covariates were age, gender, BMI,
race, and individual Elixhauser comorbidities, with
hospital treated as a random effect. Because care
delivery practices and outcomes, including intuba-
tion, evolved rapidly at the COVID-19 pandemic’s
beginning,’® we used the SARS-CoV-2 cohort to fit a
multivariable logistic regression model with linear
time trends (by month) in which the outcome was
invasive mechanical ventilation and the aforemen-
tioned covariates remained the same. To explore the
relationship between intubation rates and SARS-
CoV-2 pneumonia outcomes over time, we modeled
the primary outcome as a function of monthly intu-
bation rates, ranked ordinally, using an analogous
multivariable logistic regression approach.
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Multi-state modelling. To investigate differential oxy-
gen requirement trajectories between pathogens, we
performed multi-state modelling on the ordinal level of
oxygen support for each patient over time. Within 12-
hour discrete-time windows, we categorised patients
into one of 8 mutually exclusive and exhaustive clinical
states consisting of their maximal oxygen support or dis-
charge/death (Figure-E1).

Using Alan-Johansen non-parametric analyses, we
evaluated clinical state-switching per patient.*> We esti-
mated the longitudinal probability of a patient having a
particular clinical status after entering one of four differ-
ent states: admission, supplemental oxygen, NIV, and
IMV. For each analysis, time-zero was entry into said
state. At each time-point, we also estimated instanta-
neous hazard rates for NIV, intubation, death, and
discharge. Finally, we estimated the duration of hospi-
talisation, IMV, NIV, and oxygen requirements and
assessed the cumulative incidence of NIV, IMV, and
death by Day-21 since hospitalisation.

Imaging. We used logistic regression to estimate the
independent relationship between RALE score and the
primary outcome, a priori adjusting for age and patho-
gen, which we expected to be important confounders.
Based on unadjusted analyses, we tested for pathogen-
RALE score interaction within this model.

Outcome prediction. To compare early predictors of
mortality, we trained supervised machine learning clas-
sifier models using “extreme gradient boosting”
(XGBoost) in each cohort to predict the primary out-
come.** We chose XGBoost due to its high discrimina-
tion and the algorithm’s ability to incorporate missing
data without requiring imputation or excluding missing
observations, both of which are encountered with more
traditional approaches such as logistic regression.

We selected candidate predictors from the initial
24 hours in-hospital a priori (Table-E2) based on litera-
ture review and our clinical experience.> ** We tuned
model hyperparameters (Supplement) to optimize area
under the receiver operator characteristic curve
(AUROC) through grid search in 1,000 bootstraps of
each cohort.*® We compared each model’s in-sample
AUROC to its discrimination in the alternate cohort (i.
e., compared the SARS-CoV-2 model’s bootstrap-repli-
cated internal AUROC to the SARS-CoV-2 model’s
AUROC in the influenza cohort, and vice-versa).

We used information gain (estimated variable contri-
butions for each tree in the model) to quantify variable
importance to predicting primary outcome risk. Under
the hypothesis that differential variable importance
would represent pathogen-specific differences in risk
for mortality, we used logistic regression — with the pri-
mary outcome as the dependent variable — to test for
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interaction between pathogen and each of the top-five
important variables in each classifier model.

To ensure that classifier models were not biased by
inclusion of patients presenting with mild respiratory
illness, we performed a sensitivity analysis in which we
excluded patients receiving < 4 LPM supplemental oxy-
gen within the first 24 hours of hospitalisation. In this
analysis, we refit classifiers and evaluated them in iden-
tical fashion to the primary analysis.

Statistical considerations. We reviewed univariate data
distributions via tabulations and density plots, visually
noting kurtosis (e.g., age, blood pressures) and skewing
(e.g., van Walraven comorbidity index, serum lactate
concentration, peripheral O2 saturation, LOS, and
VFDs) among a number of variables and outcomes. For
consistency, we chose to perform nonparametric statisti-
cal tests for all analyses, even though this risked lower
statistical power for some comparisons. Thus, we sum-
marized data using frequencies (proportions) or
medians (interquartile ranges [IQRs]) and compared
findings between viral cohorts using Kruskal-Wallis and

Chi-squared tests. We compared classifier model
AUROCs via the Hanley/McNeil method with 2000-rep-
lication bootstrapped confidence intervals.”® We used the
Wald test for logistic regression interaction term signifi-
cance. We evaluated variance inflation factors (VIFs) for
exposure variables to avoid multicollinearity, with plans to
exclude variables with VIF > 5. For all statistical tests, we
considered p-values <o.05 significant.

Role of funders

The study funders had no role in study design, data col-
lection, data analyses, interpretation, or writing this
report.

Results

Patient characteristics

We identified 2,529 hospitalisations with SARS-CoV-2
pneumonia and 2,256 with influenza pneumonia
(Figure-E2). SARS-CoV-2 patients were of similar age to
influenza (Table 1; 68 vs 67 years; p = 0.30), but more

Variable SARS-CoV-2 (n = 2529) Influenza (n = 2256) p-value
Age, years, median (IQR) 68 (56-77) 67 (57-77) 0.297
Female, n (%) 1224 (48.4) 1201 (53.2) <0.001
Race, n (%) <0.001

White 1387 (54.8) 1527 (67.7)

Black 1055 (41.7) 681 (30.2)

Other 56 (2.2) 48 (2.1)
BMI, kg/mz, median (IQR) 304 (25.6-36.4) 28.8 (23.8-35.1) <0.001
Van Walraven Comorbidity Index, median (IQR) 9.0 (2.5-17.0) 17.0 (8.0-27.0) <0.001
Congestive Heart Failure, n (%) 706 (27.9) 1129 (50.0) <0.001
Arrhythmias, n (%) 750 (29.7) 1159 (51.4) <0.001
Peripheral Vascular Disease, n (%) 344 (13.6) 537(23.8) <0.001
Chronic Lung Disease, n (%) 821 (32.5) 1461 (64.8) <0.001
Diabetes, n (%) 1120 (44.3) 1070 (47.4) 0.024
Chronic Kidney Disease, n (%) 683 (27.0) 889 (39.4) <0.001
Cancer, n (%) 453 (17.9) 390 (17.3) 0.872
Coagulopathy, n (%) 255(10.1) 544 (24.1) <0.001
Outcome
Composite of Death and Hospice Discharge, n (%) 535(21.2) 204 (9.04) <0.001
Hospital Death, n (%) 442 (17.5) 154 (6.83) <0.001
Hospice Discharge, n (%) 93 (3.7) 50 (2.22) 0.030
ICU Admission, n (%) 1050 (41.5) 909 (40.3) 0.406
Hospital LOS, days, median (IQR) 7.1 (4.5-13.0) 5.2(3.1-9.0) <0.001
ICU LOS, days, median (IQR) 7.2 (2.9-14.1) 0.0 (0.0-1.2) <0.001
HHFNC, n (%) 393 (15.5) 311 (13.8) 0.095
Noninvasive Ventilation, n (%) 791 (31.3) 330(14.6) <0.001
Mechanical Ventilation, n (%) 541 (21.4) 361 (16.0) <0.001
Ventilator-Free Days at Day 28, median (IQR) 28 (17-28) 28 (28-28) <0.001

Table 1: Baseline Characteristics and Outcomes for Patients with SARS-CoV-2 Pneumonia and Influenza Pneumonia.
IQR, interquartile range; BMI, body-mass index; ICU, intensive care unit; LOS, length of stay; HHFNC, humidified high flow nasal cannula.
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likely to be Black (42% vs 30%, p < o.oo0I). Patients
with SARS-CoV-2 pneumonia had significantly fewer
comorbidities than their influenza counterparts (van
Walraven Index 9 vs 17), including heart failure (28% vs
50%), chronic lung disease (33% vs 65%), and chronic
kidney disease (27% vs 39%; p < o.oo1 for all).

Outcomes

Admissions with SARS-CoV-2 pneumonia more fre-
quently ended with death or hospice (21% vs 9%, p <
o.001) and were longer (LOS 7.1 vs 5.2 days, p < 0.001)
than those with influenza pneumonia. ICU admission
rates were similar in the cohorts (p = 0.41); however,
SARS-CoV-2 patients had longer ICU stays and
more received NIV and IMV than influenza patients
(p < o.oor for both).

These differences remained significant after adjust-
ing for age, gender, BMI, race, Elixhauser comorbid-
ities, and potential hospital-level effects (primary
outcome: SARS-CoV-2 aOR 3.38 [95%CI 2.71—4.21,
p < 0.001]; IMV aOR 6.64 [5.05—8.74, p < 0.001]; hos-
pital LOS subdistribution hazard ratio 0.46 [0.42—0.50,
p < o.oo1]; VFD aOR for zero-inflation model 3.59
[2.89—4.48, p < o.001], VFD incident risk ratio for
count model 0.97 [0.96—0.99, p < 0.001]).

Among patients with SARS-CoV-2 pneumonia, the
adjusted odds for invasive mechanical ventilation
decreased monthly (with March 2020 as reference,

SARS-CoV-2, n = 2529

monthly aOR 0.34 [95% CI 0.21—-0.53], p < 0.00]I,
Figure-E3). Months in which mechanical ventilation
rates were lower demonstrated lower adjusted mortality
(with March 2020 as reference, monthly aOR o.47
[95% CI 0.31—0.71], p < 0.00I).

Multi-state models

Using multi-state models, we observed pathogen-spe-
cific differences in oxygen requirement trajectories with
differential rates of early levels of respiratory support
between viruses (Figures 1/2a, Tables-E3/4). For
instance, more SARS-CoV-2 pneumonia patients
received NIV or IMV in the first week after admission
compared to influenza pneumonia (Day-1: SARS-CoV-2
21.7% [CI:  19.8%—23.7%] vs influenza 16.7%
[15.2%—18.3%]; Day-3: SARS-CoV-2 22.3% [20.1%—24.
7%] vs influenza 12.2% [10.5%—13.9%]; Day-7, SARS-
CoV-2 19.2% [17.0%—21.5%] vs influenza 7.1%
[5.7%—8.6%]; p < o.oot1 for all). Overall, in SARS-CoV-
2, 44.1% received NIV or IMV, versus 27.3% in influenza
(p < o.001).

Among IMV patients, the primary outcome was
more common in SARS-CoV-2 (51.8%) than in influ-
enza pneumonia (28.0%; p < o.0o01). By day 77 post-
IMV, 14.6% (12.0%—17.3%) of SARS-CoV-2 patients
were discharged alive versus 28.9% (25.4%—32.5%) of
influenza patients. IMV-conditional trajectories diverged
by 7 days after intubation, at which point 52.7%

Influenza, n = 2256
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Figure 1. Oxygenation Trajectories of Hospitalised Patients with SARS-CoV-2 (n = 2,529) and influenza pneumonia (n = 2,256). The
alluvial plot depicts the oxygen requirement trajectories of patients over their hospital course after admission. Alluviums are color-
coded by patient status and their width represents the number of patients. All patients had 28 days of observation time (inclusive
of time after discharge or death). Abbreviations: IMV, invasive mechanical ventilation; NIV, noninvasive ventilation; HHFNC, humidi-
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point accounting for the transitions patients made between different clinical states over time (p < 0.001 between cohorts at days 1,
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mechanical ventilation; NIV, noninvasive ventilation; HHFNC, humidified high-flow nasal cannula; LPM, liters per minute.
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(47.9%—57.5%) of SARS-CoV-2 patients remained
mechanically ventilated, versus 30.2% (25.7%—34.8%) of
influenza patients.

Instantaneous hazards for initiating supplemental
oxygen were similar between cohorts from hospitalisa-
tion through day 7, but diverged thereafter (Figure 2b).
Regardless of oxygenation status, however, SARS-CoV-2
pneumonia patients were approximately twice as likely
to require next-day escalation on Days 1, 3, and 7 than
influenza pneumonia (p< = o.o1 for all).

Imaging

Of 100 randomly selected hospitalisations per cohort,
92 SARS-CoV-2 pneumonia admissions and 100 influ-
enza admissions had chest radiographs within the first
24 hours. SARS-CoV-2 pneumonia radiographs had sig-
nificantly higher RALE scores than influenza (median 8
[4-15] vs 0 [0-5], p < o.00T; Table-Es; Figure 3). This sub-
set was generally similar to the primary analysis cohort,
although more patients were Black (Table-EG). In this
subset, the primary outcome (29% vs 14%, p = 0.009)
and IMV (27% vs 6%, p < 0.001) were more frequent
in SARS-CoV-2 than influenza pneumonia. SARS-CoV-
2 pneumonia RALE scores were similar regardless
of whether the primary outcome occurred (9 vs 8§,
p = 0.99) but differed across IMV (14 vs 7, p = 0.003).
In contrast, influenza pneumonia RALE was signifi-
cantly higher for primary outcome patients (5 vs o,
p = o.o1; Figure-E4) but not IMV patients (3 vs o,
p = o.102). In an adjusted model with the primary out-
come as the dependent variable, we observed a signifi-
cant interaction between viral pathogen and RALE
(p = 0.002), indicating that the relationship between
RALE and the outcome differed based on pathogen.

Outcome prediction
Classifier models within each viral cohort had similar
discrimination for primary outcome (SARS-CoV-2
AUROC 0.81 [0.79—0.84]; influenza AUROC o0.84
[0.80—0.87]; p = 0.90). When each model was evalu-
ated on the alternative cohort (e.g., SARS-CoV-2
model + influenza patients), the influenza-derived mod-
el’s discrimination was statistically worse (p < o.001,
Figure-4a), suggesting that clinical outcome predictors
differ meaningfully between the two pathogens.
Predictor variable importance differed between the
models. In the SARS-CoV-2 model, the most contribu-
tory variables — in decreasing importance — were age,
systolic blood pressure (SBP), oxygen saturation, creati-
nine, and absolute neutrophil count (ANC) (Figure 4b).
Of these, age and SBP were among the top five contribu-
tory variables to the influenza model (Figure 4c); BMI,
albumin, and hematocrit comprised the remainder. Sig-
nificant outcome prediction interactions were present
between pathogen and oxygen saturation (p < o'oo1),
hematocrit (p < ooo1), ANC (p = ooo1), BMI
(p = 0018), and albumin (p = 0'022), but not creatinine

www.thelancet.com Vol 85 November, 2022

(p = 0'473). Although age was shared between the mod-
els’ top five predictors, it also demonstrated significant
interaction with pathogen (p < o'0o1), whereas SBP did
not (p = 0998).

In a sensitivity analysis excluding patients receiving
< 4 LPM oxygen, classifier models performed similarly
to the primary analysis (Table-Ey). The influenza-
derived model again had worse discrimination in
the SARS-CoV-2 cohort than in the influenza cohort
(p=o0.002).

Discussion

Across eleven hospitals, carefully applying several mod-
ern modelling approaches to EHR data demonstrated
significant differences between SARS-CoV-2 and influ-
enza pneumonia in terms of radiology, clinical courses,
and outcome predictors. Our results suggest these
pneumonias have less in common than might be
expected of two viral infections which cause acute hyp-
oxemic respiratory failure.

Uniquely, our study presents a detailed comparative
mapping of differences in transitions of oxygenation
support between SARS-CoV-2 and influenza pneumo-
nia. SARS-CoV-2 pneumonia patients required higher
levels and rapid escalation of support on, and shortly
after, presentation, and they sustained increased risk for
deterioration throughout hospitalisation. ICU require-
ments were similar between viruses; however, in SARS-
CoV-2 pneumonia, rates of IMV were substantially
higher and length of stay longer. Instantaneous hazard
for escalation of care showed a linear decline during
hospitalisation in influenza, whereas in SARS-CoV-2,
we observed an initial decline followed by a gradual
increase after Day 7. These findings suggest an impor-
tant subset of patients that decline later during hospital-
isation that is specific to SAR-CoV-2 pneumonia.

The evidence of greater radiological abnormalities at
baseline in SARS-CoV-2 pneumonia suggests greater
infection in the lower respiratory tract or alveoli and
implicates viral pathogenicity as an important differen-
tiator between the pneumonias.’® Importantly, our find-
ings validate recent work demonstrating that baseline
radiography does not correlate with clinical outcomes in
COVID-19 ARDS.* That influenza pneumonia patients
differ in this regard — paired with the clinical trajectory
patterns we observed — would indicate highly differen-
tial severity, rapidity, and resolution of respiratory
impairment between viral pneumonias.

These implications underscore the importance of
leveraging longitudinal and multidimensional clinical
data for informing both individual prognosis and, more
broadly, institution-level resource needs at a given time.
Understanding granular epidemiological data at an inter-
ventional-level may be important in settings where SARS-
CoV-2 and influenza are prevalent in the community con-
comitantly® and resources may be constrained (e.g., ICU
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a. RALE Score Distributions
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Figure 3. Viral differences in Radiographic Assessment of Lung Edema Scores. In (a), SARS-CoV-2 pneumonia patients (n = 92) had
higher RALE Scores than influenza pneumonia patients (n = 100; p < 0.001)). (b) depicts the two-dimensional radiographic projec-
tion of RALE consolidation by quadrant, oriented as per traditional chest radiography convention. Scattered points within each
quadrant reflect the relative breadth (size) and density (opacification) of airspace consolidations. While scattered points correspond
to specific quadrants of airspace opacities, the points do not correspond to locations within individual quadrants. Abbreviations:
RALE, radiographic assessment of lung edema; LUQ, left upper quadrant.

beds,** respiratory support devices® or appropriately
trained staff®). For example, in such settings, the shorter
lengths of stay coupled with lower levels of critical care
support in influenza pneumonia may warrant expansion
of high-dependency or step-down units, thereby freeing
higher-level critical resources for SARS-CoV-2.

Our work demonstrates distinct pathogen-specific
predictors of clinical outcomes between viral pneumo-
nias. SARS-CoV-2 pneumonia outcome prediction
relied most strongly on age and cardiorespiratory varia-
bles, in keeping with COVID-19’s well-described natural
history of severe disease involving respiratory failure
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Figure 4. Discrimination and relative variable importance from XGBoost classifier models indicate differential predictors of mortality
between pathogens. In (a), discrete XGBoost classifier models to predict the composite of hospital mortality or hospice discharge
showed similar discrimination on in-sample evaluation (SARS-CoV-2 AUROC 0.81 [purple, left; n = 2,529]; influenza AUROC 0.84 [yel-
low, right; n = 2,256]), but whereas the SARS-CoV-2 model did not have significantly different performance when evaluated in the
influenza cohort (AUROC 0.77 [yellow, left]; p = 0.9), the influenza model had significantly worse discrimination when evaluated in
the SARS-CoV-2 cohort (AUROC 0.74 [purple, right]; p < 0.001). Panels (b and c) show the relative variable importance, measured in
information gain, for the SARS-CoV-2 (b) and influenza model (c) classifier models. Purple shading indicates variables shared among
each model’s top-five, while yellow shading indicates variables not shared. Abbreviations: AUROC, area under receiver operator

characteristic curve.

and often shock.” Notably, ANC featured prominently
among these outcome predictors in SARS-CoV-2 pneu-
monia but not influenza, underscoring the increasingly
recognized role of neutrophil biology in COVID-19
pathophysiology.** *° By contrast, key predictors in
influenza pneumonia were closely related to patients’
baseline condition (e.g., BMI, serum albumin, anemia).

Diminishing performance when each pathogen’s
classifier model was evaluated on the alternative cohort
further substantiates these differences in outcome pre-
dictors. The SARS-CoV-2 pneumonia model had mod-
estly decreased performance in influenza, whereas the
influenza model — with hematologic and hepatic
markers providing substantial contributions — had a
larger drop in discrimination in SARS-CoV-2 pneumo-
nia. These findings suggest influenza outcomes may
relate to accrual of multiple organ failures, whereas
SARS-CoV-2 pneumonia may depend more on the
severity and refractory nature of a few specific organ fail-
ures. Moreover, these results underscore our evolving
understanding that SARS-CoV-2 pneumonia and
COVID-19 do not necessarily induce a systemic
“cytokine storm” of higher intensity than influenza
pneumonia. Indicators of pathophysiological cytokine
storm, such as temperature (inflammation),

www.thelancet.com Vol 85 November, 2022

hypotension (endothelial dysfunction), and serum bicar-
bonate (end-organ perfusion) were similarly repre-
sented as features of importance in both influenza and
SARS-CoV-2 classifier models. Notably, serum bicar-
bonate — which has been identified as a critical bio-
marker in the identification of the hypoinflammatory
ARDS phenotype®” — was not a variable of importance
in either pneumonia’s outcome classifiers, suggesting
that this particular phenotype may not be an important
determinant of mortality in this population. These find-
ings are further substantiated by lower levels of protein
biomarkers in COVID-19 compared other critical illness
syndromes.**39

An important question raised by our study is “what
are the distinct pathophysiological phenomena of
SARS-CoV-2 infection which underpin these observed
differences between viral pneumonias?” While our
study’s retrospective design limits interpretation of our
findings to hypothesis generation, several interesting
patterns have nevertheless emerged. Age being the
most important predictor of SARS-CoV-2 pneumonia
outcome - in the presence of fewer comorbidities than
influenza - suggests that age-dependent, rather than
acquired, immunosenescence may be more important
in SARS-CoV-2-driven disease,**"# a finding with
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particular relevance given analogous responses to
SARS-CoV-2 spike protein vaccines.** The degree to
which these hypothesized pathogen-specific differences
are due to variable virus-host cell receptor binding affin-
ity, immune evasion, host response variance, or some
combination thereof requires further investigation.

Our study’s strengths include modern modelling
approaches to generate data-driven insights about viral
pneumonias, with each technique lending important
benefits to our work. Second, we used readily available
EHR data to enhance generalizability and allow easier
identification of subphenotypes in future studies. Add-
ing to this generalizability is our inclusion of all hospi-
talised pneumonia patients rather than just those with
critical illness, since ICU triage practices vary. Finally,
our diverse mix of urban, suburban, and rural hospitals
reinforces our findings’ generalizability, given previ-
ously described sociodemographic determinants of
COVID-19 outcomes."®

Limitations include potential temporal confounding,
including data-acquisition changes (our cohort includes
periods when two different EHRs were used), viral
strain variation, and practice changes. While we address
these limitations for influenza by including several
years to diversify influenza strain mix, our data were col-
lected prior to the emergence of the SARS-CoV-2 Delta
and Omicron variants and before widespread availability
of SARS-CoV-2 vaccines, monoclonal antibody
therapy, and inflammatory pathway inhibitors such as
baricitinib.#>4® Further, influenza vaccine status was
not available in our data. Due to unavailability of micro-
biology data in the influenza cohort, we could not evalu-
ate differences in bacterial co-infection between cohorts;
co-infection may be an important determinant of the
clinical course and outcomes in these patients.*”4®

Our automated pneumonia definition - hospitalisa-
tion with supplemental oxygen - may lack the specificity
of a clinical diagnosis and could include some patients
receiving oxygen for non-pneumonia reasons including
chronic oxygen therapy. However, this operational defi-
nition benefitted our study by allowing standardized
identification of patients across several years of data.
Moreover, the observed rates of high-level oxygen sup-
port are more consistent with acute respiratory insuffi-
ciency rather than home oxygen continuation. Finally,
while a large proportion of radiographs among the
influenza population had no lung opacities, it is worth
noting that our review was limited to the first 24-hours
of admission and the accuracy of chest radiographs in
early viral pneumonia remains uncertain.*9>°

Conclusions

SARS-CoV-2 pneumonia and influenza pneumonia dif-
fer markedly in hospital trajectories, radiography, and
outcome predictors, with SARS-CoV-2 disease more
severe in all evaluated parameters. These findings

emphasize observable pathogen-specific differential
host responses in viral pneumonias, which may have
implications beyond SARS-CoV-2 and influenza.

Contributors

Lyons PG - conceptualization, data curation, formal
analysis, funding acquisition, investigation, methodol-
ogy, software, validation, visualization, writing - original
draft.

Bhavani SV - formal analysis, methodology, validation,
writing - review/editing.

Mody A - formal analysis, methodology, writing -
review/editing.

Bewley A - data curation, formal analysis, software, visu-
alization, writing - review/editing.

Dittman K - data curation, resources, writing - review/
editing.

Doyle A - data curation, resources, writing - review/editing.
Windham SL - data curation, resources, writing -
review/editing.

Patel TM - data curation, resources, writing - review/
editing.

Neelam Raju B - data curation, resources, writing -
review/editing.

Keller M - data curation, software, writing - review/editing.
Churpek MM - conceptualization, methodology, writing
- review/editing.

Calfee CS - conceptualization, methodology, writing -
review/editing.

Michelson AP - data curation, methodology, validation,
writing - review/editing.

Kannampallil T - methodology, writing - review/editing.
Geng EH - conceptualization, methodology, writing -
review/editing.

Sinha P - conceptualization, funding acquisition, method-
ology, resources, supervision, writing - review/editing.

PL, AB, and PS have directly accessed and verified the
underlying data reported in the manuscript.

All authors provided final approval of the version to be
published.

Data sharing statement

Due to patient privacy concerns, identified supporting
data cannot be made openly available; however, a de-
identified data set is available at https://doi.org/
10.48765/c7ar-6g49. This data set contain all data nec-
essary to replicate the complete set of unadjusted and
adjusted analyses from this report, including generation
of comparison tables, adjusted outcomes models, multi-
state models, and machine learning classifier models. A
data dictionary also resides within the repository. These
data will be made available beginning on the date of
publication and may be shared without investigator sup-
port. Additional data, such as limited identifiers (e.g.,
dates) or other relevant electronic health record data,

www.thelancet.com Vol 85 November, 2022


https://doi.org/10.48765/c7ar-6g49
https://doi.org/10.48765/c7ar-6g49

Articles

may be available within collaboration with the study
team. Investigators seeking to collaborate with the
investigators on research using these data should con-
tact the corresponding author to discuss a proposal and
a data access/use agreement.

Analysis code will be available on GitHub (github.
com/p-lyons) at the time of publication.

Declaration of interests

PGL- Present work: efforts were supported by, BJC
HealthCare Healthcare Innovation Lab “Big Ideas”
award, Doris Duke Charitable Foundation, and Fund to
Retain Clinical Scientists, # 2015215. Outside scope of
present work- CDC

MMC- Outside scope of present work, grants to insti-
tution:. DOD PRMRP W8IXWH-21-1-0009, NIH/
NIDDK Ro1-DKi126933A -o1, NIH/ NIGMS Rss-
13362546, NIH/NIGMS, Ro1-GM123193.

Patent pending ARCD. Pos535US.P2.

APM- Outside scope of present work: Pfizer personal
stock ownership.

TK- Outside scope of present work: Grants: NIA,
AHRQ, NLM, NCATS, NIMH; Licenses: Springer,
Elsevier; Consultant: Pfizer, Inc; Presentations and
Events: Department of Defense.

CCS- Outside scope of present work: Grants: NIH,
Department of Defense, Roche-Genentech, Quantum
Leap Healthcare Collaborative; Consultant: Vasomune,
Genze Life Sciences, Cellenkos, Janssen.

SLW. AD, KD, TMP, SVB, AB, PS, EHG, BNR, MK,
and AM have no conflicts of interest to report.

Acknowledgements

This project was supported by NIH/NCATS UL:
TRoo2345, NIH/NCATS KL2 TRo02346 (PGL), the
Doris Duke Charitable Foundation grant 2015215
(PGL), NIH/NHLBI R35 HLi40026 (CSC), and a Big
Ideas Award from the BJC HealthCare and Washington
University School of Medicine Healthcare Innovation
Lab and NIH/NIGMS R35 GM142992 (PS).

Supplementary materials

Supplementary material associated with this article can
be found in the online version at doi:ro.1016/j.
ebiom.2022.104295.

References

1 Cobb NL, Sathe NA, Duan KI, et al. Comparison of clinical features
and outcomes in critically ill patients hospitalised with COVID-19
versus influenza. Ann Am Thorac Soc. 2021;18:632—640.

2 Rouzé A, Martin-Loeches I, Povoa P, et al. Relationship between
SARS-CoV-2 infection and the incidence of ventilator-associated
lower respiratory tract infections: a European multicenter cohort
study. Intensive Care Med. 2021;47:188-198.

www.thelancet.com Vol 85 November, 2022

10

II

12

3

14

15
16

7

18

9

20

21

22

23

24

25

26

27

28

Verma AA, Hora T, Jung HY, et al. Characteristics and outcomes of
hospital admissions for COVID-19 and influenza in the Toronto
area. CMAJ. 2021;193:E410-E418.

Hariri LP, North CM, Shih AR, et al. Lung histopathology in Coro-
navirus disease 2019 as compared with severe acute respiratory
syndrome and HiN1 influenza: a systematic review. Chest.
2021;159:73-84.

Mudd PA, Crawford JC, Turner ]S, et al. Distinct inflammatory
profiles distinguish COVID-19 from influenza with limited contri-
butions from cytokine storm. Sci Adv. 2020;6:eabe3024.
Chotpitayasunondh T, Fischer TK, Heraud JM, et al. Influenza and
COVID-19: what does co-existence mean? Influenza Other Respir
Viruses. 2021;15:407—412.

Tacobucci G. Covid-19: NHS trusts declare “critical incidents”
because of staff shortages. BMJ. 2022;376:03.

Vranas KC, Golden SE, Mathews KS, et al. The influence of the COVID-
19 pandemic on ICU organization, care processes, and frontline clini-
cian experiences: a qualitative study. Chest. 2021;160:1714-1728.
Torjesen I. Covid-19: intensive care units asked to take extra
patients as hospitals struggle to find beds. BM]J. 2022;376:0125.

Lee JS, Park S, Jeong HW, et al. Immunophenotyping of COVID-
19 and influenza highlights the role of type I interferons in devel-
opment of severe COVID-19. Sci Immunol. 2020;5:eabd1554.
Choreno-Parra JA, ]iménez-Alvarez LA, Ramirez-Martinez G, et al.
Expression of surfactant protein D (SP-D) distinguishes severe pan-
demic influenza A(H1N1) from COVID-19. ] Infect Dis. 2021;224:21-30.
Margaroli C, Benson P, Sharma NS, et al. Spatial mapping of
SARS-CoV-2 and HiN1 lung injury identifies differential transcrip-
tional signatures. Cell Rep Med. 2021;2:100242.

Filbin MR, Mehta A, Schneider AM, et al. Longitudinal proteomic
analysis of plasma from patients with severe COVID-19 reveal
patient survival-associated signatures, tissue-specific cell death,
and cell-cell interactions. Cell Rep Med. 2021;2:100287.

Ryabkova VA, Churilov LP, Shoenfeld Y. Influenza infection, SARS,
MERS and COVID-19: cytokine storm - the common denominator
and the lessons to be learned. Clin Immunol. 2021;223:108652.
Buonaguro FM, Ascierto PA, Morse GD, et al. Covid-19: time for a
paradigm change. Rev Med Virol. 2020;30:€2134.

Mody A, Lyons PG, Guillamet CV, et al. The clinical course of
COVID-19 disease in a US hospital system: a multi-state analysis.
Am ] Epidemiol. 2021;190:539-552.

Yu SC, Betthauser KD, Gupta A, et al. Comparison of sepsis defini-
tions as automated criteria. Crit Care Med. 2021;49:€433—€443.

van Walraven C, Austin PC, Jennings A, Quan H, Forster AJ. A
modification of the Elixhauser comorbidity measures into a point
system for hospital death using administrative data. Med Care.
2009;47:626-633.

Warren MA, Zhao Z, Koyama T, et al. Severity scoring of lung
oedema on the chest radiograph is associated with clinical out-
comes in ARDS. Thorax. 2018;73:840-846.

Yehya N, Harhay MO, Curley MAQ, Schoenfeld DA, Reeder RW.
Re-appraisal of ventilator-free days in critical care research. Am |
Respir Crit Care Med. 2019;200:828-836.

Auriemma CL, Taylor SP, Harhay MO, Courtright KR, Halpern
SD. Hospital-free days: a pragmatic and patient-centered outcome
for trials among critically and seriously ill patients. Am J Respir Crit
Care Med. 2021;204:902-909.

Fine JP, Gray R]. A proportional hazards model for the subdistribu-
tion of a competing risk. ] Am Stat Assoc. 1999;94:496-509.

Aalen OO, Johansen S. An empirical transition matrix for non-
homogeneous Markov chains based on censored observations.
Scand Stat Theory Appl. 1978;5:141-150.

Chen T, Guestrin C. XGBoost. In: Proceedings of the 22nd ACM
SIGKDD International Conference on Knowledge Discovery and Data
Mining. ACM; 2016. https://doi.org/10.1145/2939672.2939785.
Leisman DE, Harhay MO, Lederer DJ, et al. Development and
reporting of prediction models: guidance for authors from editors
of respiratory, sleep, and critical care journals. Crit Care Med.
2020;48:623-633.

Steyerberg EW. Validation in prediction research: the waste by data
splitting. | Clin Epidemiol. 2018;103:131-133.

Keene AB, Admon AJ, Brenner SK, et al. Association of surge condi-
tions with mortality among critically ill patients with COVID-19. J Inten-
sive Care Med. 2021. [preprint] Dec 2021. Available at; https://doi.org/
10.1177/08850666211067509.

Churpek MM, Gupta S, Spicer AB, et al. Hospital-level variation in
death for critically ill patients with COVID-19. Am J Respir Crit
Care Med. 2021;204:403—411.

1


https://doi.org/10.1016/j.ebiom.2022.104295
https://doi.org/10.1016/j.ebiom.2022.104295
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0001
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0001
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0001
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0002
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0002
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0002
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0002
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0002
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0003
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0003
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0003
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0004
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0004
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0004
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0004
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0005
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0005
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0005
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0006
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0006
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0006
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0007
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0007
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0007
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0008
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0008
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0008
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0009
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0009
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0010
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0010
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0010
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0011
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0011
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0011
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0011
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0011
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0011
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0011
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0011
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0012
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0012
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0012
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0013
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0013
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0013
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0013
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0014
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0014
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0014
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0015
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0015
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0016
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0016
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0016
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0017
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0017
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0018
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0018
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0018
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0018
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0019
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0019
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0019
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0020
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0020
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0020
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0021
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0021
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0021
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0021
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0022
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0022
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0023
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0023
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0023
https://doi.org/10.1145/2939672.2939785
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0025
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0025
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0025
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0025
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0026
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0026
https://doi.org/10.1177/08850666211067509
https://doi.org/10.1177/08850666211067509
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0028
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0028
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0028

Articles

12

29

30

31

32
33

34

35

36

37

38

39

40

Hanley JA, McNeil BJ. A method of comparing the areas under
receiver operating characteristic curves derived from the same
cases. Radiology. 1983;148:839-843.

Lalueza A, Folgueira D, Munoz-Gallego I, et al. Influence of viral
load in the outcome of hospitalised patients with influenza virus
infection. Eur J Clin Microbiol Infect Dis. 2019;38:667-673.

Valk CMA, Zimatore C, Mazzinari G, et al. The prognostic capacity
of the radiographic assessment for lung edema score in patients
with COVID-19 acute respiratory distress syndrome — an interna-
tional multicenter observational study. Front Med. 2022;7:772056.
Bhavani SV, Luo Y, Miller WD, et al. Simulation of ventilator allo-
cation in critically ill patients with COVID-19. Am ] Respir Crit Care
Med. 2021;204:1224-1227.

Patel BK, Kress JP, Hall JB. Alternatives to invasive ventilation in
the COVID-19 pandemic. JAMA. 2020;324:43—44.

Wu C, Chen X, Cai Y, et al. Risk factors associated with acute respi-
ratory distress syndrome and death in patients with coronavirus
disease 2019 pneumonia in Wuhan, China. JAMA Intern. Med.
2020;180:934-943.

Cavalcante-Silva LHA, Carvalho DCM, de Almeida Lima E, et al.
Neutrophils and COVID-19: the road so far. Int Immunopharmacol.
2021;90:107233.

Wang J, Li Q, Yin Y, et al. Excessive neutrophils and neutrophil
extracellular traps in COVID-19. Front Immunol. 2020;11:2063.
Sinha P, Delucchi KL, McAuley DF, O’Kane CM, Matthay MA, Calfee
CS. Development and validation of parsimonious algorithms to classify
acute respiratory distress syndrome phenotypes: a secondary analysis of
randomized controlled trials. Lancet Respir Med. 2020;8(3):247-257.
Leisman DE, Ronner L, Pinotti R, Taylor MD, Sinha P, et al. Cyto-
kine elevation in severe and critical COVID-19: a rapid systematic
review, meta-analysis, and comparison with other inflammatory
syndromes. Lancet Respir Med. 202.0;8(12):1233-1244.

Sinha P, Matthay MA, Calfee CS. Is a “cytokine storm” relevant to
COVID-19? JAMA Intern. Med. 2020;180(9):1152-1154.

Bartleson JM, Radenkovic D, Covarrubias AJ, Furman D, Winer
DA, Verdin E. SARS-CoV-2, COVID-19 and the ageing immune
system. Nat Aging. 2021;1:769-782.

42

43

44

45

46

47

48

49

50

Cox LS, Bellantuono I, Lord JM, et al. Tackling immunosenescence
to improve COVID-19 outcomes and vaccine response in older
adults. Lancet Healthy Longev. 2020;1:€55-€57.

Bastard P, Gervais A, Le Voyer T, et al. Autoantibodies neutralizing
type I IFNs are present in ~4% of uninfected individuals over
70 years old and account for ~20% of COVID-19 deaths. Sci Immu-
nol. 2021;6:eabl4340.

Manry J, Bastard P, Gervais A, et al. The risk of COVID-19 death is
much greater and age-dependent with type I IFN autoantibodies.
Res Sq. 2022. [preprint] Jan 14. Available at; https://doi.org/
10.21203/18.3.15-1225906 /VI.

Miiller L, Andrée M, Moskorz W, et al. Age-dependent immune
response to the Biontech/Pfizer BNT162b2 coronavirus disease
2019 vaccination. Clin Infect Di. 2021;73:2065-2072.

Marconi VC, Ramanan AV, de Bono S, et al. Efficacy and safety
of baricitinib for the treatment of hospitalised adults with
COVID-19 (COV-BARRIER): a randomised, double-blind, paral-
lel-group, placebo-controlled phase 3 trial. Lancet Respir Med.
2021;9:1407-1418.

Dickerman BA, Gerlovin H, Madenci AL, et al. Comparative effec-
tiveness of BNT162b2 and mRNA-1273 vaccines in U.S. veterans.
N Engl ] Med. 2022;386:105-115.

Cambier S, Metzemaekers M, de Carvalho AC, et al. Atypical
response to bacterial coinfection and persistent neutrophilic bron-
choalveolar inflammation distinguish critical COVID-19 from
influenza. JCI Insight. 2022;7:€155055.

Rouze A, Martin-Loeches I, Povoa P, et al. Early bacterial identifica-
tion among intubated patients with COVID-19 or influenza pneu-
monia: a European Multicenter Comparative Cohort Study. Am |
Respir Crit Care Med. 2021;204:546-556.

Rubin GD, Ryerson CJ, Haramati LB, et al. The role of chest imag-
ing in patient management during the COVID-19 pandemic: a
multinational consensus statement from the Fleischner society.
Radiology. 2020;296:172-180.

Wong HYF, Lam HYS, Fong AHT, et al. Frequency and distribu-
tion of chest radiographic findings in patients positive for COVID-
19. Radiology. 2020;296:E72-E78.

www.thelancet.com Vol 85 November, 2022


http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0029
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0029
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0029
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0030
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0030
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0030
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0030
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0031
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0031
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0031
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0031
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0031
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0032
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0032
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0032
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0033
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0033
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0034
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0034
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0034
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0034
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0035
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0035
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0035
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0036
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0036
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0037
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0037
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0037
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0037
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0037
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0038
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0038
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0038
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0038
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0039
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0039
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0039
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0039
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0040
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0040
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0040
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0041
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0041
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0041
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0042
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0042
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0042
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0042
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0042
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0042
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0042
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0042
https://doi.org/10.21203/rs.3.rs-1225906/v1
https://doi.org/10.21203/rs.3.rs-1225906/v1
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0044
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0044
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0044
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0044
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0044
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0045
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0045
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0045
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0045
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0045
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0046
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0046
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0046
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0047
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0047
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0047
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0047
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0048
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0048
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0048
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0048
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0049
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0049
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0049
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0049
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0050
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0050
http://refhub.elsevier.com/S2352-3964(22)00477-7/sbref0050

	Hospital trajectories and early predictors of clinical outcomes differ between SARS-CoV-2 and influenza pneumonia
	Introduction
	Methods
	Population, setting
	Ethics
	Data, measurements
	Processing
	Chest radiographs
	Outcomes

	Statistical analysis
	Modelling
	Multi-state modelling
	Imaging
	Outcome prediction
	Statistical considerations

	Role of funders

	Results
	Patient characteristics
	Outcomes
	Multi-state models
	Imaging
	Outcome prediction

	Discussion
	Conclusions

	Contributors
	Data sharing statement
	Declaration of interests
	Acknowledgements
	Supplementary materials
	References



