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BACKGROUND:Deaths frompneumoniawere decreasing
globally prior to the COVID-19 pandemic, but it is unclear
whether this was due to changes in patient populations,
illness severity, diagnosis, hospitalization thresholds, or
treatment. Using clinical data from the electronic health
record among a national cohort of patients initially diag-
nosed with pneumonia, we examined temporal trends in
severity of illness, hospitalization, and short- and long-
term deaths.
DESIGN: Retrospective cohort
PARTICIPANTS: All patients >18 years presenting to
emergency departments (EDs) at 118 VA Medical Cen-
ters between 1/1/2006 and 12/31/2016 with an initial
clinical diagnosis of pneumonia and confirmed by chest
imaging report.
EXPOSURES: Year of encounter.
MAIN MEASURES: Hospitalization and 30-day and 90-
day mortality. Illness severity was defined as the prob-
ability of each outcome predicted by machine learning
predictive models using age, sex, comorbidities, vital
signs, and laboratory data from encounters during
years 2006–2007, and similar models trained on en-
counters from years 2015 to 2016. We estimated the
changes in hospitalizations and 30-day and 90-day
mortality between the first and the last 2 years of the
study period accounted for by illness severity using
time covariate decompositions with model estimates.
RESULTS: Among 196,899 encounters across the study
period, hospitalization decreased from 71 to 63%, 30-day
mortality 10 to 7%, 90-day mortality 16 to 12%, and 1-
year mortality 29 to 24%. Comorbidity risk increased, but
illness severity decreased. Decreases in illness severity
accounted for 21–31% of the decrease in hospitalizations,
and 45–47%, 32–24%, and 17–19% of the decrease in 30-
day, 90-day, and 1-year mortality. Findings were similar

among underrepresented patients and those with only
hospital discharge diagnosis codes.
CONCLUSIONS: Outcomes for community-onset pneu-
monia have improved across the VA healthcare system
after accounting for illness severity, despite an increase
in cases and comorbidity burden.
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INTRODUCTION

Pneumonia is the leading cause of death from infectious
disease in the USA.1 While the COVID-19 pandemic saw a
dramatic increase in deaths in 2020, studies prior to the pan-
demic had observed a decrease in pneumonia mortality over
time,2 particularly among hospitalized patients.3 However, the
cause of the observed decreases in death is unclear. Changes in
patient characteristics, diagnostic labeling,4 and care processes
have all been proposed to contribute to changes in outcomes.
Large population studies have previously been limited by
characterizing patients with administrative claims data, which
are imprecise.5–7 The purpose of this study was to examine
temporal trends in severity of illness, hospitalization, and
mortality among patients initially diagnosed with pneumonia
at 118 Veterans Affairs (VA) emergency departments (EDs)
using clinical data from the electronic health record (EHR).
We sought to determine the extent to which temporal trends in
these three outcomes could be accounted by changes in illness
severity between 2006–2007 and 2015–2016, and conversely.
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METHODS

Setting

TheVAnetwork is the largest integrated healthcare network in
the USA, serving nearly 8.5 million veterans at more than
1700 clinics, 152 VA Medical Centers (VAMCs), and 21
regional VA Integrated Service Networks (VISNs) with over
500,000 hospitalizations annually.8 All health care settings in
the VA share the same clinical electronic health record (EHR),
Veterans Health Information Systems and Technology Archi-
tecture (VistA). All VA emergency departments have access
to radiology and laboratory, and the ability to hospitalize
patients to acute care beds at an adjoined VA hospital, with
over 1M visits per year. Data were accessed through the
Veterans Informatics and Computing Infrastructure, a com-
puting environment that stores clinical data for research pur-
poses.9 The research was approved by VA and University of
Utah Institutional Review Boards.

Participants

We identified all patient encounters at EDs from 1 January
2006 to 31 December 2016 that underwent chest imaging,
including chest X-rays or computerized tomography (CT)
scans within 24 h before and after the encounter time and with
at least one clinical document signed by a physician, nurse
practitioner, or physician assistant associated with the ED
visit. To capture only new diagnoses, we included only the
first encounter for a given patient within a 3-month period. To
define cases of pneumonia, we avoided hospital discharge
diagnosis codes because it limits the ability to examine outpa-
tients among patients who were not hospitalized, and can lack
confirmation of pneumonia in chest imaging up to 30% of the
time;10 however, we also conducted a secondary analysis
among cohorts using this definition (Appendix C). We first
defined a clinical diagnosis as one with either (1) an ED-
assigned pneumonia diagnosis based upon established diag-
nostic codes 3,4 or (2) a clinical diagnosis of pneumonia within
the assessment and plan section of the ED physician document
identified by natural language processing (NLP), developed in
previous work.11 We then applied NLP of chest imaging
reports to include only those cases with a report containing a
radiographic assertion of pneumonia. Appendix A described
NLP tool development and validation.

Measurements
Clinical Outcomes. We identified deaths from any cause
occurring within 30, 90, and 365 days from the initial
encounter using the VA Vital Status file. We defined a
hospitalization as admission to an acute medical, surgical, or
intensive care unit (ICU) that occurred within 24 h of the ED
encounter.

Patient Characteristics Contributing to Illness Severity. We
extracted baseline patient characteristics as well as clinical

data from the EHR that have been identified as important to
this construct for pneumonia by previous literature and clinical
experience. We extracted demographics including age,
gender, marital status, homelessness, nursing home
residence, 38 comorbid conditions, 5 vital signs, and 21
laboratory values. To define each comorbidity, we extracted
all International Classification of Disease (ICD)-9-CM12 and
ICD-10-CM13 codes given to each patient within the year
prior to the ED encounter. We classified them according to
categories developed by the Agency for Healthcare Research
and Quality.14,15 We also classified psychosocial
comorbidities including psychiatric diseases, substance use,
and demographics including homelessness and marital status.
Each comorbidity was treated as an independent covariate in
the illness severity model. We extracted the first vital sign
(temperature, respiratory rate, heart rate, systolic blood
pressure, diastolic blood pressure) and pulse oximetry
reading recorded between 6 h before and 12 h after the initial
encounter time. We extracted the first laboratory result within
6 h before and 12 h after the initial encounter time, and
included laboratory values previously proposed to predict
pneumonia or sepsis severity,16–20 including albumin,
bilirubin, blood urea nitrogen, creatinine, C-reactive peptide,
glucose, hematocrit, lactic acid, arterial pH, PaO2, PaCO2,
serum bicarbonate, platelet count, potassium, sodium, tropo-
nin, white blood cell count, brain natriuretic peptide, erythro-
cyte sedimentation rate (ESR), and liver transaminases.

STATISTICAL ANALYSIS

Temporal Trends in Patient Characteristics,
Hospitalizations, and Outcomes

Patient characteristics, hospitalizations, and outcomes were
summarized overall, and results from the earliest 2 calendar
years were compared to the latest 2 calendar years in the study
period. The proportion and 95% CI of patient encounters with
each comorbidity, median and interquartile range of each vital
sign and laboratory result, and proportion and 95% CI of
encounters meeting the criteria for systemic inflammatory
response syndrome (SIRS—temperature > 100.4°F (38°C),
pulse > 90 bpm, respiratory rate > 20 bpm, white blood cell
count > 12 or < 4 K/μL) with the exception of mental status21

were calculated for the combined years of 2006–2007 and for
the years 2015–2016.

Temporal Trends in Illness Severity

We explored several representations of patient illness severity,
which is generally accepted as an impression composed of
observable clinical manifestations, including baseline patient vul-
nerability as well as physiologic measures, that portend risk of an
undesired event for a given patient.22,23 Therefore, we calculated
the predicted risk for each event of interest—hospitalization and
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30-day, 90-day, and 1-year mortality—based upon observable
patient characteristics from the EHR for each patient.
We modeled temporal trends in illness severity by using a

2-step process. In the first step, we used the Extreme Gra-
dient Boosting algorithm (XGBoost),24 a machine learning
approach that we previously validated to be highly accurate
for our population,25 to develop cross-sectional models to
predict the probabilities of hospitalization, 30-day mortali-
ty, 90-day mortality, and 1-year mortality for each encoun-
ter based on extracted patient factors during a particular
index time period. In the second step, we applied the pre-
dictive models developed in the first step to data extracted
from patient visits occurring during successive 1-year in-
tervals from 2006–2007 through 2015–2016. The changes
in the average predicted probabilities of the respective out-
comes (hospitalization, 30-day mortality, 90-day mortality,
and 1-year mortality) over the successive 1-year intervals
summarize the temporal trend in predicted illness severity
using the extracted patient factors under the cross-sectional
models developed in step 1.
For each event of interest, we developed cross-sectional

predictive models using three different sets of extracted
patient characteristics as predictor variables. The three sets
of patient characteristics were as follows: (a) 69 extracted
characteristics including demographics, comorbidities, and
labs (the “complete” model); (b) a restricted set of 28 of the
69 extracted patient characteristics including age, sex, vital
signs, and labs (“physiologic model”); and (c) a restricted
set of 43 of the 69 extracted characteristics including dem-
ographics and comorbidities (“comorbidity model”). We
considered the physiologic model to evaluate trends in
predicted illness severity that are independent of drifts in

coding of comorbidities over time. We considered the co-
morbidity model to provide predictions that do not require
vitals and lab measurements, which are not always avail-
able. Because we observed changes in laboratory ordering
(increase in ordering lactate, decrease in ABG ordering) and
comorbidities across the time period, we explored whether
the modeled trends in illness severity were robust to cross-
sectional models derived from the beginning versus the end
of the study period by selecting two extreme index time
periods: for the development of the cross-sectional models
in step 1: 2006–2007 and 2015–2016. Performance of all
models is reported in Appendix C.
We jointly displayed the longitudinal changes in observed

versus predicted mortality based on the six models in Figs. 2
and 3, with similar displays for other outcomes. Visual com-
parisons of the trends in observed versus predicted mortality
indicate the extent to which changes in observed mortality
were accompanied by changes in comorbidities and physio-
logic derangements over the same period. We conducted the
same analysis among different case definitions of pneumonia
and underrepresented patient subgroups (> 80 years, immuno-
compromised, self-identifying as black, rural, female, and
presenting to small hospitals) in Appendix C.
We then decomposed the longitudinal change in ob-

served mortality over the study period into two compo-
nents: (1) the ratio of the change in predicted mortality to
the change in observed mortality and (2) the difference
between 1 and the above quantity. This decomposition
was defined for each outcome (30-day mortality, 90-day
mortality, 1-year mortality, and hospitalization) and for
each of the six models defined by the three sets of extracted
patient factors (69-variable, 28-variable, and 43-variable)

With chest imaging, only first encounter in 3 months

N=3.98 Million

Initial diagnosis of pneumonia

(Natural language processing plus diagnosis codes)

N=297,498

Evidence of pneumonia on chest imaging report

(Natural language processing)

N=196,899

All encounters to 118 VA

Emergency Departments, 2006-2016

N=24 Million

Figure 1 Study population.
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and the two index time periods (2006–2007 and 2015–
2016). The ratio for the first term in the decomposition is
equal to:

Predicted Mortality in 2015–2016j2006–2007 Modelð Þ– Observed mortality in 2006–2007ð Þ
Observed mortality in 2015–2016ð Þ− Observed mortality in 2006–2007ð Þ ;

where (Predicted Mortality in 2015 – 2016 ∣ 2006 –
2007 Model) represents the average mortality that would
result in 2015–2016 based on the changes in the extracted
patient characteristics included in the model between 2006–
2007 and 2015–2016 if the relationship between mortality
and the predictor variables in the model remained un-
changed between these two time periods. Thus, we refer
to this first component of the decomposition as the propor-
tion of the observed mortality change accounted for by

change in patient characteristics under the model, and to
the second component as the proportion of the observed
mortality change that was not accounted for by change in
extracted patient characteristics under the model. Similar
interpretations apply for the other outcomes. Missing vital
signs (occurred in <5% of all cases) were treated as missing
at random and replaced with single imputation of median
values; missing pulse oximetry (in 15%) and lab values
(occurred in <10% for routine labs) were replaced with a
normal value similar to previous work25 and other studies,26

since these were not missing at random and represented
patients for whom providers perceived a lower illness se-
verity. A secondary analysis using models that include an
indicator variable for missing data25 was also conducted
(Appendix C).

Table 1 Patient Characteristics Overall, During Years 2006–2007, and During Years 2015–2016. Comorbidities with >2% Change or Notable
Stability and Most Commonly Used Physiologic Measures Shown. For Complete List of Patient Characteristics, Please See Appendix B.

Frequency (Percent Confidence Intervals) and Median (Confidence Intervals) Are Shown

All patients
N=196,899

Year 2006–07:
N=17,227

Year 2015–16:
N=46,629

Demographics
Age 68 (68, 69) 68 (67, 68) 69 (69, 69
Male gender 188,522 (96–96%) 21997 (96–97%) 44333 (95–95%)
Married 8,9050 (45–45%) 10502 (43.5%, 45%) 21140 (45%)
Homelessness 1,0905 (5.4–5.6%) 1658 (3.1–3.6%) 3513 (7.3–7.8%)
Nursing home resident 3,398 (1.7–1.8%) 393 (1.4–1.8%) 775 (1.5–1.8%)

Comorbidities*
Diabetes without complications 6,0721 (31–31%) 4630 (26–28%) 15214 (32–33%)
Diabetes with complications 2,0957 (10–11%) 1308 (7–8%) 7194 (15–16%)
Renal disease 2,7610 (14–14%) 1778 (10–11%) 7482 (16–16%)
Coronary artery disease 4,5915 (23–24%) 3503 (20–21%) 11988 (25–26%)
Congestive heart failure 34,770 (18–18%) 2790 (16–17%) 8559 (18–19%)
Myocardial infarction 5,1304 (26–26%) 4372 (25–26%) 11822 (25–26%)
Chronic obstructive pulmonary disease 7,7968 (39–40%) 6828 (39–40%) 18383 (39–40%)
Tobacco use disorders 4,6332 (23–24%) 3578 (20–21%) 10774 (23–24%)
Mood disorders 50,064 (25–26%) 3443 (19–21%) 12592 (27–27%)
Anxiety 38,194 (19–20%) 2426 (14–15%) 10707 (23–23%)
Delirium disorders 20,785 (10–11%) 1478 (8–9%) 5598 (12–12%)

Physiologic measures % missing
Temperature (°F) 3.4 98.7 (98.7–98.7) 98.9 (98.9–98.9) 98.6 (98.6–98.6)
Pulse (beats/min) 2.8 92.7 (92.6, 92.7) 94.4 (94.1, 94.7) 91.9 (91.8, 92.1)
Respiration rate (breaths/min) 3.1 20.4 (20.3, 20.4) 21.3 (21.3, 21.4) 19.8 (19.8, 19.9)
Systolic blood pressure (mmHg) 2.9 132.4 (132.3, 132.5) 130.3 (129.9, 130.7) 134.3 (134, 134.5)
Pulse oximetry (%) 15 93.6 (93.6, 93.7) 93.3 (93.3, 93.4) 93.8 (93.8, 93.9)
PaO2 (mmHg) 78.7 73.9 (73.5, 74.2) 71.4 (70.4, 72.4) 75.1 (74.3, 75.9)
Arterial pH 78 7.4 (7.4, 7.4) 7.4 (7.4, 7.4) 7.4 (7.4, 7.4)
Blood urea nitrogen (mg/dL) 8.7 23.3 (23.2, 23.4) 24.1 (23.8, 24.3) 22.7 (22.5, 22.8)
Creatinine (mg/dL) 8.3 1.4 (1.4, 1.4) 1.5 (1.5, 1.5) 1.4 (1.4, 1.4)
C-reactive peptide (mg/dL) 97.2 92.3 (89.7, 94.9) 136.9 (117, 156.9) 82.3 (78, 86.6)
Lactic acid (mmol/L) 78.7 2 (2, 2) 2.3 (2.2, 2.4) 1.9 (1.9, 1.9)
Bilirubin (mg/dL) 28.7 0.9 (0.9, 0.9) 0.9 (0.9, 1) 0.9 (0.9, 0.9)
Albumin (g/L) 29 3.4 (3.4, 3.4) 3.4 (3.4, 3.4) 3.4 (3.4, 3.5)
Glucose (mg/dL) 8.1 139.4 (139, 139.7) 139.8 (138.8, 140.9) 139.9 (139.2, 140.5)
Platelet count (K/μL) 8.7 237.3 (236.8, 237.8) 264.9 (263, 266.8) 232.3 (231.3, 233.3)
White blood cell (K/μL) 8 11.9 (11.8, 11.9) 12.6 (12.5, 12.7) 11.5 (11.4, 11.5)
Systemic inflammatory response syndrome

(SIRS)*
87,738 (44–45%) 9249 (53–54.4%) 18228 (39–40)

Outcomes
30-day mortality 15,574 (7.8–8%) 1659 (9.2–10%) 3229 (6.7–7.2%)
90-day mortality 27,192 (14–14%) 2818 (16–17%) 5751 (12–13%)
1-year mortality 50,718 (26–26%) 4999 (28–30%) 11117 (24–24%)
Hospitalization 131,307 (67–67%) 12167 (70–71%) 29233 (62–63%)
7-day secondary hospitalization (among

outpatients)
4,919 (7.3%, 7.7%) 405 (7.3–8.8%) 1165 (6.3–7.1%)

ICU admission (among inpatients) 19433 (14.6%, 15%) 1812 (14.2%, 15.5%) 4268 (14.2%, 15%)

*SIRS, systemic inflammatory response syndrome27 with the exception of mental status changes. Patients deemed to have SIRS if any two of the criteria
were met: temperature > 100.4°F (38°C), pulse > 90 bpm, respiratory rate > 20 bpm, white blood cell count > 12 or < 4 K/μL
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RESULTS

Among 24M ED encounters during the study period, 3.98M
had chest imaging; 297,498 had an initial diagnosis of pneu-
monia, of which 196,899 had a radiographic report consistent
with pneumonia (Fig. 1). The median (interquartile range) age
was 68 (61–80) years; 96% were male. Overall 30-day mor-
tality was 8%, 90-day mortality 14%, 1-year mortality 26%,
and hospitalization 67%.
Several recorded comorbidities increased between 2006–

2007 and 2015–2016 (Table 1, Appendix B), most notably
renal disease (10% versus 16%), diabetes with (8% versus
15%) and without (27% versus 33%) complications, mood
disorders (20% versus 27%), and coronary artery disease
(20% versus 26%); notably, there was no change in myocar-
dial infarction and only a slight increase in congestive heart
failure. Despite the increase or stability in identified comor-
bidities, illness severity predicted by model estimates de-
creased. While most median physiologic variables were un-
changed, median pulse and platelet count decreased, brain
natriuretic peptide increased, and encounters meeting criteria
for SIRS decreased from 54 to 39% (Table 1).
Hospitalization and mortality decreased steadily between

2006–2007 and 2015–2016 and in excess of model predictions
regardless of the patient characteristics used (Table 1, Figs. 2
and 3). Thirty-day mortality decreased from 10 to 7%, 90-day
mortality 16 to 12%, 1-year mortality 29 to 24%, and hospital-
ization 71 to 63%. Predicted 30-day mortality risk decreased
across years for the complete model and the physiologic model
but increased for the comorbidity model (Fig. 2). This finding
was similar for hospitalization as well as 90-day and 1-year

mortality. The observed decreases exceeded the predicted de-
creases (Fig. 3): 30-day mortality decreased by an absolute 3%,
compared to predicted decrease of 1.3%; 90-day mortality
decreased by 4%, compared to predicted decrease of 1.5%; 1-
year mortality decreased by an absolute 5%, compared to
predicted decrease of 1.4–2.2%; and hospitalization decreased
by an absolute 8%, compared to predicted decrease of 5.6–
6.4%. Results were similar among patient subgroups, with the
exception of a steeper decrease in observed mortality for pa-
tients identified by hospital discharge codes for pneumonia,
smaller improvements for patients > 80 years of age and a rural
address, and increases in severity of illness, hospitalization, and
mortality for patients with immunocompromising comorbidi-
ties (Appendix C). Decomposition of time-varying covariates
(Table 2) revealed that 45–47% of the decrease in 30-day
mortality was explained for by changes in patient characteris-
tics. Meanwhile, 32–34% of the decrease in 90-day mortality,
17–19% of the decrease in 1-year mortality, and 21–31% of the
decrease in hospitalizations were explained by patient
characteristics.

CONCLUSION/DISCUSSION

In a national cohort of Veterans presenting to emergency
departments with initial diagnoses of pneumonia that were
radiographically confirmed, we found a significant decrease
in deaths and hospitalizations between 2006 and 2016. While
illness severity, but not comorbidity burden, also decreased
during this period, it accounted for less than half of the
observed decrease in deaths and hospitalizations.

Figure 2 Observed versus predicted 30-day mortality by three different models trained on early years (2006–2007—panel A) and later years
(2015–2016—panel B). Complete model using all 69 patient factors (gray line); physiologic model using age, sex, vitals, and laboratory results
(black dotted line); and comorbidity model using age, sex, and baseline patient demographics and comorbidities (gray dotted line). Observed

30-day mortality is represented as a black line.
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Prior to the COVID-19 pandemic, other studies had also
observed overall declines in short-term mortality attributed
to pneumonia over the past 20 years,28,29 although the
trend was not consistent for all settings.30,31 Without de-
tailed clinical data, these studies were unable to explore the
mechanism of the observed reduced mortality. Most popu-
lation studies in pneumonia use inpatient administrative
claims data to identify cases, which are codes assigned
retrospectively at hospital discharge, have only moderate
accuracy identifying cases5–7 and limit the ability to exam-
ine outcomes in patients treated as outpatients. Further,
increased attention to hospital performance measures has
caused a shift from coding pneumonia as a principal diag-
nosis to sepsis or respiratory failure.4 Our study is the first
population-based study that used only information avail-
able upon initial presentation, verified the population with
radiographic confirmation of pneumonia, and had

sufficient clinical detail to decompose trends in outcomes
that may be associated with patient comorbidity and phys-
iologic burden.
The comorbidity of the cohort increased slightly, suggesting

a more chronically ill population. This is also suggested by
other Veteran population studies,32 specifically with increases
in obesity and diabetes,33 kidney disease,34 and lung disease
among younger Veterans,35 although hospitalizations for car-
diovascular events have decreased.36 To interpret these trends,
it is important to recognize that comorbidities identified in the
EHR are a function of diagnosis. Certain comorbid illnesses
may be increasingly identified and managed due to an increase
in access and recognition. For example, coronary artery dis-
ease and congestive heart failure increased, but myocardial
infarction remained stable, suggesting more diagnoses of heart
disease, but not more heart attacks. Cardiovascular events are
an increasingly recognized complication of pneumonia that

Figure 3 Observed trends in 30-day, 90-day, and 1-year mortality and hospitalization (solid line) versus predicted trends in same outcomes
based on the complete model using all patient features trained on early years (2006–2007—dotted line) and later years (2015–2016—dashed

line).
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contributes to long-term mortality.37 Early recognition and
management of heart disease could modify this risk, produc-
ing better outcomes in pneumonia. The mismatch between
comorbidity-based predictions and clinical illness severity is
similar to other studies38 and has important implications for
research and quality efforts: using risk predictions based only
on comorbidities can lead to important inaccuracies when it
comes to understanding changes in outcomes.
The decreased in illness severity could be explained by

several trends. First, the use of VA care has increased dramat-
ically since 2006, due to recession, loss of private insurance,
increases in Veteran enrollment, and use of outpatient ser-
vices.32,39 ED use increased accordingly, which may also be
subject to shifting preferences or availability of primary care.40

Widespread vaccination or better controlled comorbidities
may manifest in milder acute disease. Adoption of childhood
pneumococcal vaccines41 and more comprehensive influenza
vaccination programs for adults have previously been pro-
posed as an important mechanism of lower severity and de-
creased admissions and deaths.42

Illness severity accounted for less than half of the decrease
in mortality we observed. Several improvements of care may
have led to this change, including pneumonia-specific care
processes,43,44 implementation of performance measures for
sepsis,45,46 and bundled care including early mobilization.47,48

The decrease in acute hospitalization was also not explained
by lower illness severity and was more dramatic than the
decrease in deaths. This finding may be due to greater provider
and patient preference toward outpatient management of pneu-
monia, possibly motivated by quantitative assessments of
illness severity,49 more out-of-hospital care support sys-
tems,50,51 or reduced inpatient capacity.52 The potential

consequences of this decrease are unclear, but 7-day second-
ary admissions were stable, suggesting that this trend toward
outpatient management may be safe or even beneficial com-
pared to hospitalization for many patients with pneumonia.
We recognize several limitations to the study. It was retro-

spective, using clinical data from the electronic health record.
While our cohort selection approach avoided the instability of
discharge ICD codes, has previously demonstrated high accu-
racy,11 and included chest imaging reports, our results can still
be subject to sampling, measurement error, and missing data
compared to a prospective study. On the other hand, prospec-
tive studies requiring consent can under-represent those pa-
tients less likely to participate. The trends in illness severity
were seen using models at both ends of the study period,
across multiple subgroups, leading us to conclude that the
findings were not simply a function of changes in data quality,
attenuation bias, or patient populations. However, our decom-
positions did not attempt to identify and include all confound-
ing factors in the predictive models and are not equivalent to
causal analyses. More work must be done to shed light on the
mechanisms of better outcomes in pneumonia, including
which patient factors are modifiable, which acute interven-
tions are critical, and which processes of care should be more
widely adopted. However, this study indicates that rates of
death and hospitalization for community-onset pneumonia
have decreased across the VA healthcare system after account-
ing for illness severity, which adds to the existing evidence
that pneumonia care and outcomes have been improving.

Corresponding Author: Barbara E. Jones, MD, MSc; Division of
Pulmonary & Critical Care, University of Utah, 50 North Medical
Drive, Salt Lake City, UT 84132, USA (e-mail: Barbara.jones@hsc.
utah.edu).

Table 2 Model-Predicted Outcomes and Estimated Proportion of Change Explained by Patient Characteristics

Outcome and Model Probability of
outcome predicted by
2006–2007 model

Probability of
outcome predicted by
2015–2016 model

Percent of change explained by patient
characteristics*

Year Year

2006 2016 2006 2016 2006–2007 model 2015–2016 model

30-day mortality
Observed 9.6% 7.2% 9.6% 7.2%
Complete model 9.7% 8.4% 8.2% 6.9% 47% 45%
Physiologic model 9.7% 8.4% 8.0% 6.9% 44% 39%
Comorbidity model 9.5% 10.4% 6.2% 7.0% −35% −30%

90-day mortality
Observed 16.4% 12.3% 16.4% 12.3%
Complete model 16.5% 15.1% 13.7% 12.2% 32% 34%
Physiologic model 16.7% 13.7% 14.0% 12.3% 68% 39%
Comorbidity model 16.3% 17.2% 11.7% 12.8% −28% −32%

1-year mortality
Observed 29.0% 23.8% 29.0% 23.8%
Complete model 29.1% 28.1% 24.7% 23.6% 17% 19%
Physiologic model 29.2% 27.5% 25.4% 23.7% 31% 31%
Comorbidity model 28.8% 31.0% 21.3% 23.7% −44% −47%

Hospitalization
Observed 70.6% 62.7% 70.6% 62.7%
Complete model 71.0% 69.2% 65.1% 62.5% 21% 31%
Physiologic model 71.1% 68.6% 65.6% 62.6% 29% 36%
Comorbidity model 62.6% 62.8% 61.0% 62.6% −12% −79%

*Negative values denote that the model predicted an increase in the outcome

Jones et al.: Trends in Severity and Outcomes for Community-Onset PneumoniaJGIM



Supplementary Information The online version contains supple-
mentary material available at https://doi.org/10.1007/s11606-022-
07413-8.

Funding This work was supported by the VA HSR&D Informatics,
Decision-Enhancement, and Analytic Sciences (IDEAS) Center of
Innovation (CIN 13-414). BE Jones and MM Jones are supported by
VA HSR&D career development awards (150HX001240 and
IK2HX001165, respectively). The views expressed in this article are
those of the authors and do not necessarily reflect the position or
policy of the Department of Veterans Affairs or the United States
government.

Declarations:

Conflict of Interest: The authors have no conflicts of interest to
disclose.

REFERENCES
1. Centers For Disease Control And Prevention, National Center For Health

Statistics. Underlying Cause Of Death 1999-2015 On Cdc Wonder Online
Database, Released December, 2016. Data Are From The Multiple Cause
Of Death Files, 1999-2015, As Compiled From Data Provided By The 57
Vital Statistics Jurisdictions Through The Vital Statistics Cooperative
Program. Accessed At http://Wonder.Cdc.Gov/Ucd-Icd10.html On
Oct 23, 2017 1:06:11 Am.

2. Jones B, Waterer G. Advances In Community-Acquired Pneumonia. Ther
Adv Infect Dis. 2020/01/01 2020;7:2049936120969607. https://doi.
org/10.1177/2049936120969607

3. Ruhnke GW, Coca-Perraillon M, Kitch BT, Cutler DM. Trends In Mortality
And Medical Spending In Patients Hospitalized For Community-Acquired
Pneumonia: 1993-2005. Med Care. Dec 2010;48(12):1111-6. https://doi.
org/10.1097/Mlr.0b013e3181f38006

4. Lindenauer PK, Lagu T, Shieh MS, Pekow PS, Rothberg MB. Association
Of Diagnostic Coding With Trends In Hospitalizations And Mortality Of
Patients With Pneumonia, 2003-2009. JAMA. Apr 4 2012;307(13):1405-
13. https://doi.org/10.1001/Jama.2012.384

5. Aronsky D, Haug PJ, Lagor C, Dean NC. Accuracy Of Administrative Data
For Identifying Patients With Pneumonia. Am J Med Qual. Nov-Dec
2005;20(6):319-28. https://doi.org/10.1177/1062860605280358

6. Van De Garde EM, Oosterheert JJ, Bonten M, Kaplan RC, Leufkens Hg.
International Classification Of Diseases Codes Showed Modest Sensitivity
For Detecting Community-Acquired Pneumonia. J Clin Epidemiol.
Aug 2007;60(8):834-8. https://doi.org/10.1016/J.Jclinepi.2006.10.018

7. Whittle J, Fine MJ, Joyce DZ, et al. Community-Acquired Pneumonia:
Can It Be Defined With Claims Data? Am J Med Qual. Winter
1997;12(4):187-93. https://doi.org/10.1177/0885713x9701200404

8. Last Accessed 11 Feb 2022.https://www.Va.Gov/Health/Docs/Vha_
Quality_And_Safety_Report_2013.pdf

9. Last Accessed 11 Feb 2022. https://www.hsrd.research.va.gov/For_
Researchers/Vinci/

10. Basi SK, Marrie TJ, Huang JQ, Majumdar SR. Patients Admitted To
Hospital With Suspected Pneumonia And Normal Chest Radiographs:
Epidemiology, Microbiology, And Outcomes. Am J Med. Sep 1
2004;117(5):305-11. https://doi.org/10.1016/J.Amjmed.2004.03.029

11. Jones BE, South BR, Shao Y, et al. Development And Validation Of A
Natural Language Processing Tool To Identify Patients Treated For
Pneumonia Across Va Emergency Departments. Appl Clin Inform.
Jan 2018;9(1):122-128. https://doi.org/10.1055/S-0038-1626725

12. World Health Organization. Basic Tabulation List With Alphabetical
Index. World Health Organization; Obtainable From Who Publications
Centre; 1978:331 P.

13. World Health Organization. International Statistical Classification Of
Diseases And Related Health Problems. 10th Revision, 2nd Edition.
World Health Organization; 2004.

14. Davies SM, Geppert J, McClellan M et al. Refinement of the HCUP Quality
Indicators. Rockville (MD): Agency for Healthcare Research and Quality
(US); 2001 May. (Technical Reviews, No. 4.) Available from: https://www.
ncbi.nlm.nih.gov/books/NBK43831/

15. Romano PS, Roos LL, Jollis JG. Adapting A Clinical Comorbidity Index
For Use With Icd-9-Cm Administrative Data: Differing Perspectives. J Clin
Epidemiol. Oct 1993;46(10):1075-9; Discussion 1081-90. https://doi.
org/10.1016/0895-4356(93)90103-8

16. Singer M, Deutschman CS, Seymour CW, et al. The Third International
Consensus Definitions For Sepsis And Septic Shock (Sepsis-3). JAMA.
Feb 23 2016;315(8):801-10. https://doi.org/10.1001/Jama.2016.0287

17. Charles PG, Wolfe R, Whitby M, et al. Smart-Cop: A Tool For Predicting
The Need For Intensive Respiratory Or Vasopressor Support In
Community-Acquired Pneumonia. Clin Infect Dis. Aug 1 2008;47(3):375-
84. https://doi.org/10.1086/589754

18. Vincent JL, Moreno R, Takala J, et al. The Sofa (Sepsis-Related Organ
Failure Assessment) Score To Describe Organ Dysfunction/Failure. On
Behalf Of The Working Group On Sepsis-Related Problems Of The
European Society Of Intensive Care Medicine. Intensive Care Med.
Jul 1996;22(7):707-10. https://doi.org/10.1007/Bf01709751

19. Angus DC, Linde-Zwirble WT, Lidicker J, Clermont G, Carcillo J, Pinsky
MR. Epidemiology Of Severe Sepsis In The United States: Analysis Of
Incidence, Outcome, And Associated Costs Of Care. Crit Care Med.
Jul 2001;29(7):1303-10.

20. Fine MJ, Auble TE, Yealy DM, et al. A Prediction Rule To Identify Low-Risk
Patients With Community-Acquired Pneumonia. N Engl J Med. Jan 23
1997;336(4):243-50. https://doi.org/10.1056/Nejm199701233360402

21. Bone RC, Balk RA, Cerra FB, et al. Definitions For Sepsis And Organ
Failure And Guidelines For The Use Of Innovative Therapies In Sepsis.
Chest. 1992/06/01/ 1992;101(6):1644-1655. https://doi.org/10.1378/
Chest.101.6.1644

22. Horn SD, Horn RA, Sharkey PD. The Severity Of Illness Index As A
Severity Adjustment To Diagnosis-Related Groups. Health Care Financ
Rev. 1984;1984(Suppl):33-45.

23. Brewster AG, Jacobs CM, Bradbury RC. Classifying Severity Of
Illness By Using Clinical Findings. Health Care Financ Rev.
1984;1984(Suppl):107-108.

24. Chen T, Guestrin C. Xgboost: A scalable tree boosting system. 2016:
Proceedings of the 22nd ACM SIGKDD International Conference on
Knowledge Discovery and Data Mining August 2016 Pages 785–794.
https://doi.org/10.1145/2939672.2939785

25. Jones BE, Ying J, Nevers M, et al. Computerized Mortality Prediction
For Community-Acquired Pneumonia At 117 Va Medical Centers.
Ann Am Thorac Soc. Feb 26 2021;https://doi.org/10.1513/
Annalsats.202011-1372oc

26. Agor J, Özaltın OY, Ivy JS, Capan M, Arnold R, Romero S. The Value Of
Missing Information In Severity Of Illness Score Development. J Biomed
Inform. 2019/09/01/ 2019;97:103255. https://doi.org/10.1016/J.Jbi.
2019.103255

27. Bone RC, Balk RA, Cerra FB, et al. Definitions For Sepsis And Organ
Failure And Guidelines For The Use Of Innovative Therapies In Sepsis.
The Accp/Sccm Consensus Conference Committee. American College Of
Chest Physicians/Society Of Critical Care Medicine. Chest.
Jun 1992;101(6):1644-55. https://doi.org/10.1378/Chest.101.6.1644

28. Marshall DC, Goodson RJ, Xu Y, et al. Trends In Mortality From
Pneumonia In The Europe Union: A Temporal Analysis Of The European
Detailed Mortality Database Between 2001 And 2014. Respir Res. May 4
2018;19(1):81. https://doi.org/10.1186/S12931-018-0781-4

29. Chang DH, Bednarczyk RA, Becker ER, et al. Trends In U.S. Hospitali-
zations And Inpatient Deaths From Pneumonia And Influenza, 1996-
2011. Vaccine. Jan 20 2016;34(4):486-494. https://doi.org/10.1016/J.
Vaccine.2015.12.003

30. De Miguel-Diez J, Jimenez-Garcia R, Hernandez-Barrera V, et al. Trends
In Hospitalizations For Community-Acquired Pneumonia In Spain: 2004
To 2013. Eur J Intern Med. May 2017;40:64-71. https://doi.org/10.
1016/J.Ejim.2016.12.010

31. Bordon J, Wiemken T, Peyrani P, et al. Decrease In Long-Term Survival
For Hospitalized Patients With Community-Acquired Pneumonia. Chest.
Aug 2010;138(2):279-83. https://doi.org/10.1378/Chest.09-2702

32. Farmer CM, Hosek SD, Adamson DM. Balancing Demand and Supply for
Veterans' Health Care: A Summary of Three RAND Assessments Con-
ducted Under the Veterans Choice Act. Rand Health Q. 2016;6(1):12.

33. Liu Y, Sayam S, Shao X, et al. Prevalence Of And Trends In Diabetes
Among Veterans, United States, 2005-2014. Prev Chronic Dis. Dec 14
2017;14:E135. https://doi.org/10.5888/Pcd14.170230

34. Singh M, Raghavan D, Williams JS, et al. Prevalence Of Chronic Kidney
Disease, Thrombotic Cardiovascular Events, And Use Of Oral P2y12
Inhibitors Among Veterans. Am J Nephrol. 2018;47(2):67-71. https://doi.
org/10.1159/000486647

Jones et al.: Trends in Severity and Outcomes for Community-Onset Pneumonia JGIM

http://dx.doi.org/10.1007/s11606-022-07413-8
http://dx.doi.org/10.1007/s11606-022-07413-8
http://dx.doi.org/http://wonder.cdc.gov/Ucd-Icd10.html
http://dx.doi.org/10.1177/2049936120969607
http://dx.doi.org/10.1177/2049936120969607
http://dx.doi.org/10.1097/Mlr.0b013e3181f38006
http://dx.doi.org/10.1097/Mlr.0b013e3181f38006
http://dx.doi.org/10.1001/Jama.2012.384
http://dx.doi.org/10.1177/1062860605280358
http://dx.doi.org/10.1016/J.Jclinepi.2006.10.018
http://dx.doi.org/10.1177/0885713x9701200404
http://dx.doi.org/https://www.va.gov/Health/Docs/Vha_Quality_And_Safety_Report_2013.pdf
http://dx.doi.org/https://www.va.gov/Health/Docs/Vha_Quality_And_Safety_Report_2013.pdf
http://dx.doi.org/https://www.hsrd.research.va.gov/For_Researchers/Vinci/
http://dx.doi.org/https://www.hsrd.research.va.gov/For_Researchers/Vinci/
http://dx.doi.org/10.1016/J.Amjmed.2004.03.029
http://dx.doi.org/10.1055/S-0038-1626725
http://dx.doi.org/https://www.ncbi.nlm.nih.gov/books/NBK43831/
http://dx.doi.org/https://www.ncbi.nlm.nih.gov/books/NBK43831/
http://dx.doi.org/10.1016/0895-4356(93)90103-8
http://dx.doi.org/10.1016/0895-4356(93)90103-8
http://dx.doi.org/10.1001/Jama.2016.0287
http://dx.doi.org/10.1086/589754
http://dx.doi.org/10.1007/Bf01709751
http://dx.doi.org/10.1056/Nejm199701233360402
http://dx.doi.org/10.1378/Chest.101.6.1644
http://dx.doi.org/10.1378/Chest.101.6.1644
http://dx.doi.org/10.1145/2939672.2939785
http://dx.doi.org/10.1513/Annalsats.202011-1372oc
http://dx.doi.org/10.1513/Annalsats.202011-1372oc
http://dx.doi.org/10.1016/J.Jbi.2019.103255
http://dx.doi.org/10.1016/J.Jbi.2019.103255
http://dx.doi.org/10.1378/Chest.101.6.1644
http://dx.doi.org/10.1186/S12931-018-0781-4
http://dx.doi.org/10.1016/J.Vaccine.2015.12.003
http://dx.doi.org/10.1016/J.Vaccine.2015.12.003
http://dx.doi.org/10.1016/J.Ejim.2016.12.010
http://dx.doi.org/10.1016/J.Ejim.2016.12.010
http://dx.doi.org/10.1378/Chest.09-2702
http://dx.doi.org/10.5888/Pcd14.170230
http://dx.doi.org/10.1159/000486647
http://dx.doi.org/10.1159/000486647


35. Pugh MJ, Jaramillo CA, Leung KW, et al. Increasing Prevalence Of
Chronic Lung Disease In Veterans Of The Wars In Iraq And Afghanistan.
Mil Med. May 2016;181(5):476-81. https://doi.org/10.7205/Milmed-D-
15-00035

36. Krishnamurthi N, Francis J, Fihn SD, Meyer CS, Whooley MA. Leading
Causes Of Cardiovascular Hospitalization In 8.45 Million Us Veterans.
Plos One. 2018;13(3):E0193996. https://doi.org/10.1371/Journal.Pone.
0193996

37. Restrepo MI, Reyes LF. Pneumonia As A Cardiovascular Disease.
Respirology. Mar 2018;23(3):250-259. https://doi.org/10.1111/Resp.
13233

38. Silva GC, Jiang L, Gutman R, et al. Mortality Trends For Veterans
Hospitalized With Heart Failure And Pneumonia Using Claims-Based Vs
Clinical Risk-Adjustment Variables. JAMA Intern Med. 2020;180(3):347-
355. https://doi.org/10.1001/Jamainternmed.2019.5970

39. Lane BH, Mallow PJ, Hooker MB, Hooker E. Trends In United States
Emergency Department Visits And Associated Charges From 2010 To
2016. Am J Emerg Med. 2020;38(8):1576-1581. https://doi.org/10.
1016/J.Ajem.2019.158423

40. Chang ET, Zulman DM, Nelson KM, et al. Use Of General Primary Care,
Specialized Primary Care, And Other Veterans Affairs Services Among
High-Risk Veterans. JAMA Netw Open. 2020;3(6):E208120-E208120.
https://doi.org/10.1001/Jamanetworkopen.2020.8120

41. Griffin MR, Zhu Y, Moore MR, Whitney CG, Grijalva CG. U.S. Hospital-
izations For Pneumonia After A Decade Of Pneumococcal Vaccination. N
Engl J Med. Jul 11 2013;369(2):155-63. https://doi.org/10.1056/
Nejmoa1209165

42. Jha AK, Wright SM, Perlin JB. Performance Measures, Vaccinations, And
Pneumonia Rates Among High-Risk Patients In Veterans Administration
Health Care. Am J Public Health. 2007;97(12):2167-2172. https://doi.
org/10.2105/Ajph.2006.099440

43. Martin GS, Mannino DM, Eaton S, Moss M. The Epidemiology Of Sepsis
In The United States From 1979 Through 2000. N Engl J Med. Apr 17
2003;348(16):1546-54. https://doi.org/10.1056/Nejmoa022139

44. Arise, Committee AAM. The Outcome Of Patients With Sepsis And Septic
Shock Presenting To Emergency Departments In Australia And New
Zealand. Crit Care Resusc. Mar 2007;9(1):8-18.

45. Levy MM, Dellinger RP, Townsend SR, et al. The Surviving Sepsis
Campaign: Results Of An International Guideline-Based Performance
Improvement Program Targeting Severe Sepsis. Crit Care Med.
Feb 2010;38 (2 ) :367-74. ht tps ://do i .o rg/10.1097/Ccm.
0b013e3181cb0cdc

46. Bradley SM, Kaboli P, Kamphuis LA, Chan PS, Iwashyna TJ,
Nallamothu BK. Temporal Trends And Hospital-Level Variation Of
Inhospital Cardiac Arrest Incidence And Outcomes In The Veterans
Health Administration. Am Heart J. 2017;193:117-123. https://doi.
org/10.1016/J.Ahj.2017.05.018

47. Hastings SN, Choate AL, Mahanna EP, et al. Early Mobility In The
Hospital: Lessons Learned From The Stride Program. Geriatrics (Basel).
Dec 2018;3(4):61 https://doi.org/10.3390/Geriatrics3040061

48. Waterer G, Bennett L. Improving Outcomes From Community-Acquired
Pneumonia. Curr Opin Pulm Med. May 2015;21(3):219-25. https://doi.
org/10.1097/Mcp.0000000000000155

49. Aujesky D, Auble TE, Yealy DM, et al. Prospective Comparison Of Three
Validated Prediction Rules For Prognosis In Community-Acquired Pneu-
monia. Am J Med. Apr 2005;118(4):384-92. https://doi.org/10.1016/J.
Amjmed.2005.01.006

50. Mader SL, Medcraft MC, Joseph C, et al. Program At Home: A Veterans
Affairs Healthcare Program To Deliver Hospital Care In The Home. J Am
Geriatr Soc. Dec 2008;56(12):2317-22. https://doi.org/10.1111/J.1532-
5415.2008.02006.X

51. Cooper DF, Granadillo OR, Stacey CM. Home-Based Primary Care: The
Care Of The Veteran At Home. Home Healthc Nurse. May 2007;25(5):315-
22. https://doi.org/10.1097/01.Nhh.0000269965.16119.E5

52. Busby J, Purdy S, Hollingworth W. A Systematic Review Of The
Magnitude And Cause Of Geographic Variation In Unplanned Hospital
Admission Rates And Length Of Stay For Ambulatory Care Sensitive
Conditions. BMC Health Serv Res. Aug 13 2015;15:324. https://doi.org/
10.1186/S12913-015-0964-3

Publisher’s Note: Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Jones et al.: Trends in Severity and Outcomes for Community-Onset PneumoniaJGIM

http://dx.doi.org/10.7205/Milmed-D-15-00035
http://dx.doi.org/10.7205/Milmed-D-15-00035
http://dx.doi.org/10.1371/Journal.Pone.0193996
http://dx.doi.org/10.1371/Journal.Pone.0193996
http://dx.doi.org/10.1111/Resp.13233
http://dx.doi.org/10.1111/Resp.13233
http://dx.doi.org/10.1001/Jamainternmed.2019.5970
http://dx.doi.org/10.1016/J.Ajem.2019.158423
http://dx.doi.org/10.1016/J.Ajem.2019.158423
http://dx.doi.org/10.1001/Jamanetworkopen.2020.8120
http://dx.doi.org/10.1056/Nejmoa1209165
http://dx.doi.org/10.1056/Nejmoa1209165
http://dx.doi.org/10.2105/Ajph.2006.099440
http://dx.doi.org/10.2105/Ajph.2006.099440
http://dx.doi.org/10.1056/Nejmoa022139
http://dx.doi.org/10.1097/Ccm.0b013e3181cb0cdc
http://dx.doi.org/10.1097/Ccm.0b013e3181cb0cdc
http://dx.doi.org/10.1016/J.Ahj.2017.05.018
http://dx.doi.org/10.1016/J.Ahj.2017.05.018
http://dx.doi.org/10.3390/Geriatrics3040061
http://dx.doi.org/10.1097/Mcp.0000000000000155
http://dx.doi.org/10.1097/Mcp.0000000000000155
http://dx.doi.org/10.1016/J.Amjmed.2005.01.006
http://dx.doi.org/10.1016/J.Amjmed.2005.01.006
http://dx.doi.org/10.1111/J.1532-5415.2008.02006.X
http://dx.doi.org/10.1111/J.1532-5415.2008.02006.X
http://dx.doi.org/10.1097/01.Nhh.0000269965.16119.E5
http://dx.doi.org/10.1186/S12913-015-0964-3
http://dx.doi.org/10.1186/S12913-015-0964-3

	Trends...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	INTRODUCTION
	METHODS
	Setting
	Participants
	Measurements
	Clinical Outcomes
	Patient Characteristics Contributing to Illness Severity


	STATISTICAL ANALYSIS
	Temporal Trends in Patient Characteristics, Hospitalizations, and Outcomes
	Temporal Trends in Illness Severity

	RESULTS
	CONCLUSION/DISCUSSION

	References


