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Abstract

Background

The impact of cardiovascular and neurologic complications on infective endocarditis (IE) are

well studied, yet the prevalence and significance of pulmonary complications in IE is not

defined. To better characterize the multifaceted nature of IE management, we aimed to

describe the occurrence and significance of pulmonary complications in IE, including among

persons with IE related to drug use.

Methods

Hospitalizations of adult (�18 years old) patients diagnosed with IE were identified in the

2016 National Inpatient Sample using ICD-10 codes. Multivariable logistic and linear regres-

sion were used to compare IE patient outcomes between those with and without pulmonary

complications and to identify predictors of pulmonary complications. Interaction terms were

used to assess the impact of drug-use IE (DU-IE) and pulmonary complications on inpatient

outcomes.

Results

In 2016, there were an estimated 88,995 hospitalizations of patients diagnosed with IE. Of

these hospitalizations,15,490 (17%) were drug-use related. Drug-use IE (DU-IE) had the

highest odds of pulmonary complications (OR 2.97, 95% CI 2.50, 3.45). At least one pulmo-

nary complication was identified in 6,580 (7%) of IE patients. DU-IE hospitalizations were

more likely to have a diagnosis of pyothorax (3% vs. 1%, p<0.001), lung abscess (3% vs.

<1%, p<0.001), and septic pulmonary embolism (27% vs. 2%, p<0.001). Pulmonary compli-

cations were associated with longer average lengths of stay (CIE 7.22 days 95% CI 6.11,
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8.32), higher hospital charges (CIE 78.51 thousand dollars 95% CI 57.44, 99.57), more fre-

quent post-discharge transfers (acute care: OR 1.37, 95% CI 1.09, 1.71; long-term care: OR

2.19, 95% CI 1.83, 2.61), and increased odds of inpatient mortality (OR 1.81 95% CI 1.39,

2.35).

Conclusion and relevance

IE with pulmonary complications is associated with worse outcomes. Patients with DU-IE

have a particularly high prevalence of pulmonary complications that may require timely tho-

racic surgical intervention, likely owing to right-sided valve involvement. More research is

needed to determine optimal management strategies for complications to improve patient

outcomes.

Introduction

Infective endocarditis (IE) is a severe infection of one or more heart valves that confers a high

rate of morbidity and mortality if left untreated [1]. A common risk factor of IE is injection

drug use that can introduce bacteria or fungi into the bloodstream, and ultimately cause vege-

tation and/or abscesses of the heart valves that often requires surgical intervention [1].

Drug use-related IE (DU-IE) primarily affects the tricuspid valve. As a result, vegetation

and septic emboli are introduced into the pulmonary circulation. This in turn can lead to pul-

monary complications, such as empyema, septic pulmonary emboli, and lung abscesses (Figs 1

and 2). At our institution, we have observed an increase in both DU-IE and the incidence of

pulmonary complications associated with IE (IE-PC) requiring general thoracic surgical con-

sultation and intervention. Nearly one-third of our IE patients have required thoracic surgical

intervention, such as pulmonary decortications, lung resections, and/or percutaneous drainage

of the pleural space between 2015 and 2019 (pending publication).

The impact of cardiovascular complications, such as valvular damage, cardiac abscess, con-

duction abnormalities, and stroke on IE outcomes are well-studied [1–5]. However, a recent

literature search regarding the effect and management of pulmonary complications (empyema,

lung abscesses, and septic pulmonary emboli) on outcomes of IE consists mainly of case

reports [6–15]. There are no large scale epidemiological, retrospective, or prospective studies

on the subject and the epidemiology of IE-PC is largely unknown. Further, the optimal timing

of intervention for pulmonary complications and the need for cardiac surgical intervention for

cardiac complications (damaged/insufficient valves, cardiac abscess/perforation) remains

unknown. Therefore, we sought to assess the following: (1) determine the incidence of pulmo-

nary complications in IE; (2) identify predictors of pulmonary complications in patients with

IE; (3) characterize the short-term outcomes including length of stay (LOS), hospital charges,

and discharge disposition (including inpatient mortality) in IE patients with pulmonary com-

plications with and without drug use.

Materials and methods

Data source and patient population

Between July and November 2019, we identified all patients admitted for IE between January

1, 2016 and December 31, 2016 in the Healthcare Cost and Utilization Project National Inpa-

tient Sample (NIS). We focused on 2016 in order to facilitate usage of International
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Classification of Disease, 10th edition, clinical modification (ICD-10-CM) codes, which had

been implemented in late 2015, and NIS 2017 was not available at the time of the study analy-

sis. The NIS is a publicly available all-payer database in the United States and includes roughly

7 million hospitalizations (35 million weighted hospitalizations) from community hospitals in

the US. Discharge weights were used to obtain national estimates, and appropriate methods

were used to account for the complex sample design. Discharge weights were calculated and

provided by HCUP and account for changes in the stratified sampling approach. Sampling

strata include Census division, location (urban vs. rural), teaching status, hospital control (i.e.

government or private), and bed size.

Inclusion and exclusion criteria

Hospitalizations of adult (�18 years old) patients diagnosed with IE were identified using

ICD-10-CM codes and included in the study population, S1 Table in S1 File [16–20]. Patients

discharged against medical advice (n = 768, 4%, unweighted) or with unknown disposition

(n = 90, <1%, unweighted) were excluded since their course of care and clinical outcomes

could not be reliably assessed. IE-PC of interest included pyothorax (used in place of empyema

as empyema does not have a diagnosis code), lung abscess, and septic pulmonary embolism

(S1 Table in S1 File). Drug use was also identified using ICD-10-CM diagnosis codes (S1

Table in S1 File). Drug use was defined as either a) the presence of a code for abuse, depen-

dence or toxicity of a drug prone to injection or B) a diagnosis of Hepatitis C in adults�50

years old [16]. Only secondary diagnosis codes (i.e. DX2 –DX30) were used to capture

complications.

Fig 1. Diffuse septic pulmonary emboli. Coronal computed tomography scan depicting diffuse septic pulmonary

emboli in a patient with tricuspid valve endocarditis and history of injection drug use.

https://doi.org/10.1371/journal.pone.0256757.g001
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Outcomes of interest

The primary outcome of interest, as specified in our aims, was inpatient mortality in IE-PC

patients (with and without drug use). The secondary outcomes of interest included predictors

of pulmonary complications, undergoing a thoracic and/or heart valve procedure (identified

through ICD-10-CM procedure codes, S2 Table in S1 File), discharge disposition, LOS, total

hospital charges, and time to thoracic or heart valve procedure (among those who underwent

procedure only).

Statistical analyses

Multivariable generalized logistic, logistic and linear regression were used to compare IE

patient outcomes between those with and without pulmonary complications (pyothorax, lung

abscess, septic pulmonary embolism). Multivariable generalized logistic regression was also

used to identify the predictors of having any pulmonary complication. All models were

adjusted for patient age, gender, race/ethnicity, primary insurance, median income in the

patient’s ZIP code, Charlson Comorbidity Index (CCI), drug use, hospital bed size, teaching

status, region, ownership, elective admission, ED status, transfer status, and presence of a cere-

bral complication. Age and CCI were modeled as restricted quadratic splines [21]. We opted

to not highlight specific comorbidities given the likely low prevalence of these comorbidities in

our patient population and the potential that many multisystem comorbidities may impact

outcomes in patients with endocarditis or those undergoing surgery. We instead relied on the

CCI as a summative measure. CCI was calculated using codes identified through forward and

backward mapping of Deyo et al. algorithms using the CMS Generalized Equivalence

Fig 2. Bilateral cavitary lesions. Axial computed tomography scan depicting bilateral cavity lung lesions consistent

with lung abscesses and empyema in a patient with tricuspid valve endocarditis and history of injection drug use.

https://doi.org/10.1371/journal.pone.0256757.g002

PLOS ONE Pulmonary complications and infective endocarditis

PLOS ONE | https://doi.org/10.1371/journal.pone.0256757 September 3, 2021 4 / 16

https://doi.org/10.1371/journal.pone.0256757.g002
https://doi.org/10.1371/journal.pone.0256757


Mappings. These codes have been used previously [22]. Cerebral complications (abscess, hem-

orrhage, infarction, ischemia) were identified using ICD-10-CM codes G06.0, I60.00-I60.9,

I61.0-I63.9, and I67.82. Appropriate survey-specific analysis methods were used to account for

clustering and stratification and weighted to obtain national estimates. Potential effect measure

modification by drug use was also assessed. Interaction terms between pulmonary complica-

tion and drug use were added to the models above to obtain effect estimates for IE with and

without drug use. To gauge potential effect of large sample size on multivariate estimates of

group comparisons, secondary inferential analyses were conducted to assess crude associations

between outcomes and hospital regions.

All analyses were performed using SAS 9.4 (SAS Inc., Cary, NC). All reported results are

weighted unless otherwise noted.

Results

Patient characteristics

In 2016, there were an estimated 88,995 hospitalizations of patients diagnosed with IE—the

majority of which were non-elective, non-transfer hospital admissions (Table 1). Within the

IE hospitalized cohort, 15,490 (17%) were found to be DU-IE. DU-IE was most common

among adults between 30–39 years old (4,710, 30%) and least common among adults between

65–79 years old (605, 4%). The most common drug associated with DU-IE was opioids (inclu-

sive of opiates), reported in 64% of the DU-IE population. Other drugs (without concurrent

opioid use), including benzodiazepines, amphetamines or stimulants, and hallucinogens, were

reported in 22% of the DU-IE population. Cocaine and Hepatitis C were the only drug-related

diagnoses in 6% and 8% of this population, respectively. Among all IE patients, 6,580 (7%) had

at least one pulmonary complication: 5,895 had a septic pulmonary embolism, 845 had an

empyema, and 720 had a lung abscess. Of those with pulmonary complications, the median

age was 34, 48% were male, 81% were non-Hispanic white, 67% used drugs and the median

CCI score was 0.

Predictors of pulmonary complications

Overall, DU-IE patients had the highest odds of pulmonary complications (OR 2.97, 95% CI

2.50, 3.45) of all variables analyzed, S3 Table in S1 File. Other predictors of pulmonary compli-

cations included elective admission to the hospital (OR 1.46, 95% CI 1.10, 1.94), acute transfer

status (OR 1.76, 95% CI 1.40, 2.21), self-paying status (OR 1.36, 95% CI 1.08, 1.72), and treat-

ment at an urban institution (non-teaching: OR 1.48, 95% CI 1.06, 2.07; teaching: OR 1.58,

95% CI 1.16, 2.15). A one-year increase in age was associated with a 5% decrease in the odds of

having any pulmonary complication (OR 0.95, 95% CI 0.95, 0.95). Similarly, a one point

increase in CCI was associated with a 16% decrease in the odds of pulmonary complications

(OR: 0.84, 95% CI 0.80, 0.88). Compared to non-Hispanic (NH) White patients, NH Black and

Hispanic patients had lower odds of pulmonary complications (OR 0.75, 95% 0.59, 0.96; OR:

0.71, 95% CI 0.54, 0.95). A similar result was also observed with the presence of a cerebral com-

plication (OR 0.58, 95% CI 0.45, 0.76).

Pulmonary complications and patient outcomes

Overall, patients hospitalized with IE-PC had an increased odds of inpatient mortality (OR

1.81, 95% CI 1.39, 2.35), compared to those without pulmonary involvement. IE-PC patients

were also associated with, on average, a 7-day longer LOS (change in estimate [CIE] 7.22 days,

95% CI 6.11, 8.32), higher hospital charges (CIE 78.51 thousand dollars, 95% CI 57.44, 99.57),
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Table 1. Patient demographics and hospital characteristics, stratified by inpatient pulmonary complication.

Pulmonary Complicationa 6,580 (7%) No Pulmonary Complication 82,415 (93%) p-value

Age, years, median (IQR) 34 (27–46) 66 (52–78) <0.0001

Male, n (%) 3,145 (48) 44,630 (54) <0.0001

Race/ethnicity, n (%)

Non-Hispanic White 5,025 (81) 57,115 (72) <0.0001

Non-Hispanic Black 560 (9) 10,725 (14)

Hispanic 420 (7) 7,090 (9)

Otherb 195 (3) 4,065 (5)

Missing 380 3,420

Primary insurance, n (%)

Medicare/Medicaid 4,275 (66) 63,330 (77) <0.0001

Private 1,070 (17) 13,990 (17)

Self-pay/other 1,120 (17) 4,690 (6)

Median ZIP code incomec, n (%)

<$43,000 2,620 (41) 26,735 (33)

$43,000-$53,999 1,725 (27) 21,115 (26) <0.0001

$54,000-$70,999 1,230 (19) 17,630 (22)

�$71,000 875 (13) 15,205 (19)

CCI, median (IQR) 0 (0–1) 2 (0–3) <0.0001

IV drug use, n (%)d 4,395 (67) 11,095 (13) <0.0001

Opioid 3165 (72) 6670 (60)

Cocaine 145 (3) 855 (8)

Other drugse 760 (18) 2600 (23)

Hepatitis C only 325 (7) 970 (9)

Hospital bed size, n (%)

Small 930 (14) 13,625 (17) 0.0030

Medium 1,625 (25) 23,305 (28)

Large 4,025 (61) 45,485 (55)

Hospital location/type, n (%)

Rural, non-teaching 375 (6) 7,575 (9) <0.0001

Urban, non-teaching 1,325 (20) 20,195 (25)

Urban, teaching 4,880 (74) 54,645 (66)

Hospital region, n (%)

Northeast 1,030 (16) 15,650 (19) 0.0750g

Midwest 1,325 (20) 17,235 (21)

South 3,015 (46) 34,670 (42)

West 1,210 (18) 14,860 (18)

Hospital ownership, n (%)

Government, nonfederal 1,000 (15) 9,570 (12) <0.0001

Private, non-profit 4,870 (74) 59,370 (72)

Private, invest-own 710 (11) 13,475 (16)

Elective admission, n (%) 375 (6) 8,360 (10) <0.0001

ED services, n (%) 4,170 (63) 55,990 (68) <0.0001

Admission source, n (%)

Acute care transfer 1,795 (28) 11,680 (14) <0.0001

Other transfer 220 (3) 3,695 (5)

Non-transfer 4,530 (69) 66,720 (81)

(Continued)
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and more frequent post-discharge transfers (acute care: OR 1.37, 95% CI 1.09, 1.71; long-term

care: OR 2.19, 95% CI 1.83, 2.61), Table 2. However, there was no difference in the likelihood

of whether IE patients with or without pulmonary complications underwent a heart valve

operation (OR 0.81, 95% CI: 0.63, 1.05). When a heart valve operation was performed, IE-PC

patients were delayed by an average of 3 days compared to IE patients without pulmonary

complications (CIE 2.83 days, 95% CI 1.54, 4.13).

The secondary inferential analyses showed some regional variations in all outcomes except

heart valve surgery, even though the presence of pulmonary complications did not vary by

Table 1. (Continued)

Pulmonary Complicationa 6,580 (7%) No Pulmonary Complication 82,415 (93%) p-value

Cerebral complication, n (%)f 480 (7) 8,780 (11) <0.0001

Abbreviations: ED, emergency department; CCI, Charlson comorbidity index
a Complications included pyothorax, lung abscess, and septic pulmonary embolism; patients were able to have more than one complication
b Other race includes Asian/Pacific Islander, Native American, and ‘Other’ as categorized by HCUP; races were collapsed due to small cell sizes
c Quartile classification of the estimated median household income of residents in the patient’s ZIP Code
d Drug use was categorized as opioid use (with or without other drugs), cocaine (with or without other non-opioid drugs), other drugs (no opioid or cocaine), and

Hepatitis C only
e Other drugs include benzodiazepines, amphetamines or stimulants, and hallucinogens.
f Includes cerebral abscess, hemorrhage, infarction, and ischemia
g Results from secondary analyses showed some regional variations in all outcomes except heart valve surgery, even though the presence of pulmonary complications did

not vary by hospital region (S3 Table in S1 File).

https://doi.org/10.1371/journal.pone.0256757.t001

Table 2. Association of pulmonary complications and inpatient outcomes.

Pulmonary Complication No Pulmonary Complication

N (%) N (%) OR (95% CI)a p-value

Discharge disposition

Routine 2,155 (33) 25,125 (30) 1.0 (ref) –

Home health care 675 (10) 15,720 (19) 1.10 (0.89, 1.37) 0.37

Transfer, acute care 875 (13) 7,705 (9) 1.37 (1.09, 1.71) 0.006

Transfer, long-term care 2,330 (35) 26,625 (32) 2.19 (1.83, 2.61) <0.0001

Died 545 (8) 7,240 (9) 1.81 (1.39, 2.35) <0.0001

Inpatient procedure

Thoracic procedure 1,545 (23) 3,365 (4) 6.14 (5.01, 7.53) <0.0001

Heart valve surgery 875 (13) 6,610 (8) 0.99 (0.79, 1.26) 0.96

Valve replacement 650 (10) 6,010 (7) 0.81 (0.63, 1.05) 0.11

Other 225 (3) 70 (1) 2.41 (1.57, 3.69) <0.0001

Median (IQR) Median (IQR) CIE (95% CI)a p-value

Length of stay, days 15 (7–29) 6 (3–12) 7.22 (6.11, 8.32) <0.0001

Hospital charges, thousands 129 (61–275) 61 (29–137) 78.51 (57.44, 99.57) <0.0001

Thoracic procedureb, days 7 (3–14) 5 (2–12) 0.69 (0.31, 1.07) 0.0004

Heart valve surgeryb, days 8 (4–14) 5 (1–10) 2.83 (1.54, 4.13) <0.0001

Abbreviations: OR, odds ratio; CI, confidence interval; IQR; interquartile range; CIE, change in estimate
a Adjusted for age, sex, race/ethnicity, primary insurance, median income in the patient’s ZIP code, Charlson Comorbidity Index (CCI), IV drug use, hospital bed size,

teaching status, region, ownership, elective admission, ED status, transfer status, and presence of cerebral complication; complex survey design and weighting were

accounted for in analysis; age and CCI were modeled as restricted quadratic splines
b Among patients who underwent the procedure only

https://doi.org/10.1371/journal.pone.0256757.t002
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hospital region (S4 Table in S1 File). These results demonstrate that the differences seen in the

outcomes of interest, such as length of stay, hospital charges, and discharge disposition

(including inpatient mortality), are not only due to the differences seen in the baseline charac-

teristics of our study population or a large sample size.

Surgical order and patient outcomes

Only 995 of the IE hospitalizations underwent both a thoracic procedure and heart valve oper-

ation: 235 had a listed diagnosis of IE-PC and 760 did not. The majority of thoracic procedures

were pleural drainages (4,520, 92%). Only seven percent of patients had operative pulmonary

decortications (n = 365), while the remaining 1% had a lung resection (n = 25). Eighty-nine

percent of patients who underwent a heart valve operation had a valve replacement

(n = 6,660). In this patient subset, 270 (27%) underwent thoracic and cardiac procedures con-

currently, 165 (17%) had the thoracic procedure first, and 560 (56%) had the heart valve sur-

gery first. Thirty-five percent of those undergoing both thoracic and valve surgeries had

DU-IE (n = 355). After adjustment, compared to those undergoing concurrent surgery,

patients undergoing either the thoracic procedure or heart valve surgery first had a longer

average LOS (CIE 6.28, 95% CI 2.87, 9.69 and CIE 4.46, 95% CI 1.28, 7.64, respectively).

Patients undergoing thoracic procedures first also had higher hospital charges (CIE 91.3 thou-

sand dollars, 95% CI 35.1,147.6). The surgical order of procedures did not result in a signifi-

cant difference in mortality (6% of patients died who underwent heart valve surgery first

compared to 3% for those who underwent a thoracic procedure first and 5% who underwent

concurrent surgery).

Pulmonary complications and drug use on patient outcomes

There was an estimated 15,490 hospitalizations of patients diagnosed with DU-IE (Table 3).

Drug use-related hospitalizations more commonly had a diagnosis of pyothorax (3% vs. 1%,

p<0.001), lung abscess (3% vs.<1%, p<0.001), and septic pulmonary embolism (27% vs. 2%,

p<0.001). Even after accounting for patient characteristics, hospital characteristics, and cere-

bral complications (cerebral complications occurred 10% of both DU-IE (n = 1615) and non-

DU-IE patients (n = 7645)), drug-related hospitalizations had greater odds of pulmonary com-

plications (OR: 2.80, 95% CI 2.39, 3.30). They also demonstrated a trend of being more likely

to undergo a thoracic procedure (OR 1.23, 95% CI 0.99, 1.52) or heart valve surgery (OR: 1.17,

95% CI: 0.98, 1.39), Table 4.

While pulmonary complications appeared to increase post-discharge transfers, inpatient

mortality and hospital charges in both patients with and without DU-IE, the magnitude of the

association between pulmonary complications and discharge disposition was more substantial

in patients with DU-IE, compared to those with non-DU-IE (S5 Table in S1 File). For example,

in patients with non-DU-IE, pulmonary complications were associated with a 48% increase in

the odds of inpatient mortality (OR 1.48, 95% CI 1.05, 2.10), but among patients with DU-IE a

pulmonary complication was associated with a 160% increase in the odds of inpatient mortal-

ity (OR 2.60, 95% CI 1.72, 3.83), p = 0.04.

Discussion

To the best of our knowledge, this is the first analysis to describe the incidence and short-term

outcomes of IE in patients with pulmonary complications with and without drug use using a

comprehensive national database. Our data demonstrates that IE patients who develop pulmo-

nary complications had a longer LOS, higher hospital charges, more frequent post-discharge
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Table 3. Patient demographics and hospital characteristics, stratified by drug use.

Drug Usea 15,490 (17%) No Drug Use 73,505 (83%) p-value

Age, years, median (IQR) 35.9 (28–59) 68.4 (56–79) <0.0001

Male, n (%) 7,840 (16) 39,935 (84) 0.0003

Race/ethnicity, n (%)

Non-Hispanic White 11,570 (78) 50,570 (72) <0.0001

Non-Hispanic Black 1,500 (10) 9,785 (14)

Hispanic 1,195 (8) 6,315 (9)

Otherb 525 (4) 3,735 (5)

Missing 700 3,100

Primary insurance, n (%)

Medicare/Medicaid 10,895 (72) 56,710 (77) <0.0001

Private 1,955 (13) 13,105 (18)

Self-pay/other 2.370 (15) 3,440 (5)

Median ZIP code incomec, n (%)

<$43,000 6.350 (42) 23,005 (32)

$43,000-$53,999 3,840 (25) 19,000 (26) <0.0001

$54,000-$70,999 2,915 (19) 15,945 (22)

�$71,000 2,000 (13) 14,080 (20)

CCI, median (IQR) 0 (0–1) 2 (0–4) <0.0001

Hospital bed size, n (%)

Small 2,330 (15) 14,555 (17) 0.02

Medium 3,990 (26) 24,930 (28)

Large 9,170 (59) 49,510 (55)

Hospital location/type, n (%)

Rural, non-teaching 1,065 (7) 6,885 (9) 0.001

Urban, non-teaching 3,530 (23) 17,990 (25)

Urban, teaching 10,895 (70) 48,630 (66)

Hospital region, n (%)

Northeast 2,755 (18) 13,925 (19) <0.0001

Midwest 2,645 (17) 15,915 (22)

South 6,865 (44) 30,820 (42)

West 3,225 (21) 12,845 (17)

Hospital ownership, n (%)

Government, nonfederal 2,340 (15) 8,230 (11) <0.0001

Private, non-profit 11,065 (71) 53.175 (72)

Private, invest-own 2,085(14) 12,100 (17)

Elective admission, n (%) 905 (6) 7,830 (11) <0.0001

ED services, n (%) 10,805 (70) 49,335 (67) 0.02

Admission source, n (%)

Acute care transfer 3,200 (14) 10,275 (21) <0.0001

Other transfer 490 (5) 3,425 (3)

Non-transfer 11,720 (81) 59,350 (76)

Cerebral complication, n (%)d 1,615 (10) 7,645 (10) 0.97

Abbreviations: ED, emergency department; CCI, Charlson comorbidity index
a Drug use was categorized as opioid use (with or without other drugs), cocaine (with or without other non-opioid

drugs), other drugs (no opioid or cocaine), and Hepatitis C only. Other drugs include benzodiazepines,

amphetamines or stimulants, and hallucinogens.
b Other race includes Asian/Pacific Islander, Native American, and ‘Other’ as categorized by HCUP; races were

collapsed due to small cell sizes
c Quartile classification of the estimated median household income of residents in the patient’s ZIP Code
dIncludes cerebral abscess, hemorrhage, infarction, and ischemia

https://doi.org/10.1371/journal.pone.0256757.t003
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transfers, and an increased risk of death compared to IE patients without pulmonary

complications.

Concordant with these findings, our results demonstrate drug use was the strongest predic-

tor of pulmonary complications. Although this was expected, the downstream effects may

have profound implications. In addition to drug use, our study has also identified other predic-

tors of pulmonary complications in IE patients. Predictors associated with increased odds of

pulmonary complications included elective admission, acute transfer status, self-pay status,

and treatment at an urban institution. Predictors associated with decreased odds of pulmonary

complications included older age, higher CCI, NH Black and Hispanic patients, and the pres-

ence of cerebral complications. Further study is needed to examine these associations in more

detail.

The frequency of DU-IE pulmonary complications remains highest in IE patients between

27–46 years old, similar to the age at highest risk for DU-IE [23]. Hospitalizations for IE have

increased in parallel with opioid overdoses with a rising prevalence of injection drug use and

has emerged as a rapidly growing public health concern [24]. In this large, national cohort of

inpatient hospitalizations, we found that the proportion of DU-IE hospitalizations have

remained high and extends the findings of Wurcel et al. and Rudasil et al., which showed a

72% increase between 2000 and 2013 and 190% increase between 2010 and 2015, respectively

[25, 26].

In patients with DU-IE, the incidence of septic pulmonary embolism was 27%, while both

empyema and lung abscesses were 3%, all of which was higher compared to the non-DU-IE

population. These complications also had a more substantial association with poor outcomes

(i.e. higher costs, inpatient mortality) when they occurred in a patient with DU-IE compared

Table 4. Association between drug use, compared to no drug use, on inpatient outcomes.

DU-IE 15,490 (17%) Non-DU IE 73,505 (83%)

N (%) N (%) OR (95% CI)a p-value

Discharge disposition

Routine 6,010 (39) 21,270 (29) 1.0 (ref) –

Home health care 1,260 (8) 15,135 (21) 0.47 (0.39, 0.57) <0.0001

Transfer, acute care 2,175 (14) 6,405 (9) 1.15 (0.96, 1.37) 0.12

Transfer, long-term care 4,865 (31) 24,090 (33) 1.60 (1.40, 1.84) <0.0001

Died 1,180 (8) 6,605 (9) 1.17 (0.95, 1.44) 0.15

Inpatient procedure

Thoracic procedure 1,600 (10) 3,310 (5) 1.23 (0.99, 1.52) 0.05

Heart valve surgery 1,955 (13) 5,530 (8) 1.17 (0.98, 1.39) 0.08

Valve replacement 1,670 (11) 4,990 (7) 1.18 (0.98, 1.42) 0.09

Other 285 (2) 540 (1) 1.11 (0.70, 1.76) 0.64

Median (IQR) Median (IQR) CIE (95% CI)a p-value

Length of stay, days 10 (4–21) 6 (3–12) 2.42 (1.59, 3.25) <0.0001

Hospital charges, thousands 90 (38–201) 60 (29–135) -4.20 (-20.56, 12.15) 0.61

Thoracic procedureb, days 7 (3–13) 6 (2–12) 0.14 (-0.61, 0.89) 0.71

Heart valve surgeryb, days 7 (3–12) 5 (1–9) 2.23 (1.36, 3.10) <0.0001

Abbreviations: OR, odds ratio; CI, confidence interval; IQR; interquartile range; CIE, change in estimate
a Adjusted for age, sex, race/ethnicity, primary insurance, median income in the patient’s ZIP code, Charlson Comorbidity Index (CCI), pulmonary complications,

hospital bed size, teaching status, region, ownership, elective admission, ED status, transfer status, and presence of cerebral complication; complex survey design and

weighting were accounted for in analysis; age and CCI were modeled as restricted quadratic splines
b Among patients who underwent the procedure only

https://doi.org/10.1371/journal.pone.0256757.t004
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to a patient with non-DU-IE. One potential explanation for the higher incidence of pulmonary

complications seen in DU-IE compared to non-DU-IE patients may be the higher incidence of

right-sided valve disease associated with intravenous drug use [27, 28]. Weber et al. also

reported that 27% of right-sided IE patients in their study population suffered from pulmonary

complications [29]. Because right-sided IE primarily occur in younger persons, who may have

fewer comorbidities and more cardiopulmonary reserve, the diagnosis is often delayed. Addi-

tionally, patients who use drugs may delay seeking medical care [30]. This feature may contrib-

ute to the longer time to cardiac surgery in right-sided IE compared to left-sided IE patients

[29]. In fact, tricuspid IE should be suspected in patients who present with persistent fever,

pulmonary symptoms, anemia, and microscopic hematuria—also known as tricuspid syn-

drome [31]. Future studies are warranted to determine if drug-use is independently associated

with pulmonary complications, or whether it is due to differences in disease presentation (left-

vs. right-sided IE). We suspect that it is the latter, as right-sided IE is associated with pulmo-

nary complications due to septic pulmonary emboli, resultant abscesses, and pyothorax [32].

Pulmonary complications such as septic pulmonary emboli, empyema, and lung abscess

may lead to sepsis and respiratory failure requiring mechanical ventilation and the need for

thoracic surgical intervention. Examples include timely treatment of empyema (designated as

pyothorax in this study) and ruptured lung abscesses with thoracoscopic versus open pulmo-

nary decortication, pulmonary resection for infarcted or damaged lung, and management of

complicated pleural effusions with percutaneous drains and/or thoracostomy tube placement

using tPA and DNAse [33–40]. Though not readily identifiable in this database, septic sterno-

clavicular joint has been associated with intravenous drug use and endocarditis, and we have

found this to be not uncommon in our patient population and in need of surgical management

[41–43]. Anecdotally, we have observed a notable increase in thoracic surgical consults for sep-

tic pulmonary emboli, empyema and lung abscesses in patients admitted with IE at our own

institution. Treatment for these patients is complex and complicated, and decisions regarding

timing of operation have been based more on anecdotal experience than data due to a paucity

of research in this patient population. Between 2015 and 2019 at our institution, 17 (11%) and

34 (21%) of 158 IE patients required pulmonary decortications or percutaneous drains and

thoracostomy tube placements, respectively (unpublished data).

These sequelae can ultimately delay definitive cardiac surgical treatment. As noted in the lit-

erature, cerebrovascular complications can also impact the timing of cardiac surgery in IE

patients, as there is concern that cardiopulmonary bypass (CPB) can exacerbate neurological

deficits [44]. For example, systemic anticoagulation needed for CPB may worsen cerebral hem-

orrhages or convert ischemic infarctions to hemorrhagic infarctions, while hypotension during

CPB can aggravate pre-existing neurological injury [44, 45]. However, the current study dem-

onstrated that those with pulmonary complications still waited three days longer for a heart

valve operation even after accounting for cerebral complications.

In addition, the timing of surgery could impact the mortality of IE patients, as early cardiac

surgical intervention for IE is associated with lower risk of mortality [46]. In our study, we

found that, when thoracic and cardiac operations are necessary, performing the operations

concurrently was associated with decreased LOS and hospital charges. It is unclear from our

study whether concurrent or separate operations represent a surrogate measure of severity of

illness. Thus, we can only speculate that the decrease in LOS, and ultimately decreased costs, is

attributable to the decrease waiting times between surgeries. Future studies are warranted to

determine if an optimal sequence in thoracic procedures and heart valve surgery exists. Cur-

rent guidelines on the treatment of endocarditis do not address pulmonary complications in

the setting of endocarditis nor specify the order in which interventions are performed [47].
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The current treatment paradigm for endocarditis includes cardiac surgeons, cardiologists

and infectious disease physicians who play a critical role caring for IE patients. However, our

study highlights a role for thoracic surgical intervention in patients with IE-PC that is tempo-

rally important. We found that patients with pulmonary complications were at increased risk

of mortality, particularly DU-IE patients, and optimal thoracic surgical management and guid-

ance could decrease the already high mortality, morbidity and costs associated with IE. How-

ever, future study examining the readmission, follow-up, and long-term survival of patients

with IE-PC is still needed.

Further, we found that the crude percentage of IE patients without pulmonary complica-

tions who died was one percentage point greater than the percentage of IE patients with pul-

monary complications who died (9% vs. 8%). However, patients hospitalized with IE and

pulmonary complications still had an increased odds of inpatient mortality compared to those

without pulmonary involvement after adjustment. This small but reversed association in mor-

tality is likely explained by differences in patient and clinical characteristics. We posit a poten-

tial confounding factor that could explain this finding. The Charleson Comorbidity Index

(CCI) is a measure of comorbidities at the time of admission and includes diseases such as

myocardial infarction, congestive heart failure, peripheral vascular disease, cerebrovascular

disease, dementia, chronic pulmonary disease, rheumatologic disease, peptic ulcer disease,

liver disease, diabetes mellitus without complications, diabetes complications, hemiplegia/

paraplegia, renal disease, metastatic tumor, HIV/AIDS. In our study sample, those with pul-

monary complications had a median CCI of 0 (IQR: 0–1), suggesting half of them had no

comorbidity, compared to a median CCI of 2 (IQR: 0–3) among those with no pulmonary

complications. In addition, 14% of all patients in our sample who died had a CCI of 0. Several

studies have shown that hospitalized patients with a higher comorbidity index, suggesting

higher number of comorbidities, also tend to have higher mortality rates [48, 49]. Therefore,

patients were likely to die of other causes as well. This analysis does not suggest that having

pulmonary complications was the cause of death as cause of death is not reported in NIS data.

Whereas our analysis accounted for differences in demographics, some clinical and hospital

characteristics, and comorbidities between groups, including CCI, we cannot account for all

the group-differences reported in Table 1, and it is likely that some residual confounding that

we are unable to account for still exists.

Limitations

Although our study was large and nationally representative, there are several limitations. First,

this was an observational study and cannot access causality. We were also limited by the poten-

tial for unreported diagnoses (i.e., pulmonary complications and drug use) and potential cod-

ing errors within the administrative discharge data; however, this missing data is expected to

bias results towards the null (i.e., underestimate the true magnitude of our estimates). This

may also explain why a proportion of our patients with no reported thoracic complication

underwent a thoracic procedure.

While studies have validated the use of ICD-10 codes for IE, no studies have validated the

complications of IE using a “gold standard” medical record review. Additionally, defining

drug use as a diagnosis of Hepatitis C in adults�50 years old is not a validated method. We

pursued this to capture persons with HCV born after the high-prevalence “birth cohort”,

which ended in 1965, given that contemporary diagnoses of HCV in the US are primarily

attributed to injection drug use and we reasoned that HCV infection may serve as a surrogate

for injection drug use [50]. This definition has been used previously to best approximate this

patient population [16]. Further, specific IE data, such as information on valve location in
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non-surgical patients, vegetation size, severity of valvular regurgitation, or cardiac function, as

well as the activity status of a patient’s drug abuse, identification of the etiologic microorgan-

ism, and new or recurrent infections, were not available. Missing data can limit comprehensive

inferential analysis and contribute to omitted variable bias. However, our estimates were

adjusted for relevant and available variables, which mitigated the effects of omitted variables

[51]. Also, because the NIS only captures data during a patient’s hospitalization, hospital read-

mission and survival or follow-up data after patient discharge were not available. Future study

using multi-institutional data or the STS National Database is needed for more granular clini-

cal data of patients with IE-PC. And lastly, we were unable to determine the specific indication

for surgery, even in patients with identified complications, although we can assume that the

majority underwent surgery for complications of interest. Despite these limitations, we believe

that our study provides valuable and robust information in the context of pulmonary compli-

cations and drug use in the current, rapidly evolving IE population.

Conclusion

Compared to IE without PC, IE-PC is associated with longer average LOS, higher hospital

charges, more frequent post-discharge transfers, and increased odds of death. Patients with

DU-IE have a particularly high prevalence of pulmonary complications of IE and was the

strongest predictor of pulmonary complications. Moreover, pulmonary complications had a

greater impact on poor outcomes in DU-IE patients. Given the significant impact on outcomes

we observed in IE-PC patients, future efforts will examine optimal management strategies for

patients with IE-PC.

Supporting information

S1 File. Contains all the supporting tables.

(DOCX)

Author Contributions

Conceptualization: Jenny T. Bui, Asher J. Schranz, Jason M. Long.

Formal analysis: Paula D. Strassle, Chris B. Agala.

Methodology: Paula D. Strassle, Chris B. Agala.

Software: Paula D. Strassle.

Supervision: Jason M. Long.

Writing – original draft: Jenny T. Bui, Asher J. Schranz, Jason M. Long.

Writing – review & editing: Jenny T. Bui, Asher J. Schranz, Paula D. Strassle, Chris B. Agala,

Gita N. Mody, John S. Ikonomidis, Jason M. Long.

References
1. Holland TL, Baddour LM, Bayer AS, Hoen B, Miro JM, Fowler VG. Infective endocarditis. Nat Rev Dis

Primer. 2016 Sep 1; 2:16059.

2. Dickerman SA, Abrutyn E, Barsic B, Bouza E, Cecchi E, Moreno A, et al. The relationship between the

initiation of antimicrobial therapy and the incidence of stroke in infective endocarditis: an analysis from

the ICE Prospective Cohort Study (ICE-PCS). Am Heart J. 2007 Dec; 154(6):1086–94. https://doi.org/

10.1016/j.ahj.2007.07.023 PMID: 18035080

PLOS ONE Pulmonary complications and infective endocarditis

PLOS ONE | https://doi.org/10.1371/journal.pone.0256757 September 3, 2021 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256757.s001
https://doi.org/10.1016/j.ahj.2007.07.023
https://doi.org/10.1016/j.ahj.2007.07.023
http://www.ncbi.nlm.nih.gov/pubmed/18035080
https://doi.org/10.1371/journal.pone.0256757


3. Rabkin DG, Mokadam NA, Miller DW, Goetz RR, Verrier ED, Aldea GS. Long-Term Outcome for the

Surgical Treatment of Infective Endocarditis With a Focus on Intravenous Drug Users. Ann Thorac

Surg. 2012 Jan 1; 93(1):51–7. https://doi.org/10.1016/j.athoracsur.2011.08.016 PMID: 22054655

4. Emilio Garcı́a-Cabrera, Nuria Fernández-Hidalgo, Benito Almirante, Radka Ivanova-Georgieva, Mar-

iam Noureddine, Antonio Plata, et al. Neurological Complications of Infective Endocarditis. Circulation.

2013 Jun 11; 127(23):2272–84. https://doi.org/10.1161/CIRCULATIONAHA.112.000813 PMID:

23648777

5. Morita Y, Haruna T, Haruna Y, Nakane E, Yamaji Y, Hayashi H, et al. Thirty-Day Readmission After

Infective Endocarditis: Analysis From a Nationwide Readmission Database. J Am Heart Assoc [Inter-

net]. 2019 May 7 [cited 2019 Dec 28]; 8(9). Available from: https://www.ahajournals.org/doi/10.1161/

JAHA.118.011598 PMID: 31020901

6. Fujino T, Amari Y, Mohri M, Noma M, Yamamoto H. MRSA tricuspid valve infective endocarditis with

multiple embolic lung abscesses treated by combination therapy of vancomycin, rifampicin, and sulfa-

methoxazole/trimethoprim. J Cardiol. 2009 Feb; 53(1):146–9. https://doi.org/10.1016/j.jjcc.2008.06.007

PMID: 19167651

7. Wiedemann D, Velik-Salchner C, Laufer G, Muller L. Simultaneous mitral valve and lung surgery for

complicated endocarditis. Interact Cardiovasc Thorac Surg. 2009 Sep 1; 9(3):549–50. https://doi.org/

10.1510/icvts.2009.210849 PMID: 19520705

8. Bamford P, Soni R, Bassin L, Kull A. Delayed diagnosis of right-sided valve endocarditis causing recur-

rent pulmonary abscesses: a case report. J Med Case Reports. 2019 Dec; 13(1):1–4. https://doi.org/10.

1186/s13256-019-2034-7 PMID: 30999926

9. Cheng Y-F, Hsieh Y-K, Wang B-Y, Cheng C-Y, Huang C-L. Tricuspid valve infective endocarditis com-

plicated with multiple lung abscesses and thoracic empyema as different pathogens: a case report. J

Cardiothorac Surg [Internet]. 2019 Feb 26 [cited 2020 Feb 20]; 14. Available from: https://www.ncbi.

nlm.nih.gov/pmc/articles/PMC6390298/ https://doi.org/10.1186/s13019-019-0867-1 PMID: 30808391

10. Wu W, Ye S, Chen GH. Right-sided infective mural endocarditis complicated by septic pulmonary

embolism and cardiac tamponade caused by MSSA. Heart Lung J Crit Care. 2018 Aug; 47(4):366–70.

https://doi.org/10.1016/j.hrtlng.2018.05.010 PMID: 29803298

11. Galili Y, Lytle M, Carlan S, Madruga M. Bilateral Pneumothoraces: A Rare Complication of Septic Pul-

monary Emboli in Intravenous Drug Abusers. Am J Case Rep. 2018 Jul 14; 19:829–32. https://doi.org/

10.12659/AJCR.910371 PMID: 30006503

12. Goswami U, Brenes JA, Punjabi GV, LeClaire MM, Williams DN. Associations and outcomes of septic

pulmonary embolism. Open Respir Med J. 2014; 8:28–33. https://doi.org/10.2174/

1874306401408010028 PMID: 25184008

13. Weymann A, Schmack B, Rosendal C, Rauch H, Karck M, Tochtermann U, et al. Tricuspid valve endo-

carditis with septic pulmonary emboli in a drug addict. Ann Thorac Cardiovasc Surg Off J Assoc Thorac

Cardiovasc Surg Asia. 2012; 18(5):481–4.

14. Müller KAL, Zürn CS, Patrik H, Heuschmid M, Hetzel J, Henning A, et al. Massive haemoptysis in an

intravenous drug user with infective tricuspid valve endocarditis. BMJ Case Rep. 2010 Aug 24;2010.
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