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ORIGINAL RESEARCH

Outcomes of Patients Hospitalized With 
Cardiovascular Implantable Electronic 
Device– Related Infective Endocarditis, 
Prosthetic Valve Endocarditis, and Native 
Valve Endocarditis: A Nationwide Study, 
2003 to 2017
Pegah Khaloo, MD, MPH;* Uwajachukwumma A. Uzomah , MD, MPH;* Ayman Shaqdan, MBBS;  
Pablo A. Ledesma , MD; Jennifer Galvin, PA; Leon M. Ptaszek , MD, PhD; Jeremy N. Ruskin , MD

BACKGROUND: Most published reports describing outcomes of patients with cardiovascular implantable electronic device– 
related infective endocarditis (CIED- IE) are single- center studies with small patient sample sizes. The goal of this study was to 
utilize population- based data to assess trends in CIED- IE hospitalization and to compare outcomes between patients hospi-
talized with CIED- IE, prosthetic valve endocarditis (PVE), and native valve endocarditis (NVE).

METHODS AND RESULTS: A query of the National (Nationwide) Inpatient Sample (NIS) database between 2003 and 2017 identi-
fied 646 325 patients hospitalized with infective endocarditis in the United States of whom 585 974 (90%) had NVE, 27 257 
(4.2%) had CIED- IE, and 26 111 (4%) had PVE.

There was a 509% increase in CIED- IE hospitalizations in the United States from 2003 to 2017 (P trend<0.001). In- hospital 
mortality and length of stay associated with CIED- IE decreased during the study period from 15% and 20 days in 2003 to 
9.7% and 19 days in 2017 (P trend=0.032 and 0.018, respectively). The in- hospital mortality rate was lower in patients hospital-
ized with CIED- IE (9.2%) than in patients with PVE (12%) and NVE (12%). Length of stay was longest in the CIED- IE group (17 
compared with 14 days for both NVE and PVE). Hospital costs were highest for the CIED- IE group ($56 000 compared with 
$37 000 in NVE and $45 000 in PVE).

CONCLUSIONS: Despite the fact that the number of comorbidities per patient with CIED- IE increased during the study period, 
mortality rate and hospital length of stay decreased. The mortality rate was significantly lower for patients with CIED- IE than 
for patients with NVE and PVE. Patients with CIED- IE had the longest lengths of stay and highest hospital costs.

Key Words: electronic cardiac device ■ infective endocarditis ■ mortality ■ prosthetic valve endocarditis ■ trends

The implantation rate of cardiovascular implantable 
electronic devices (CIEDs) in the United States 
has increased steadily over the past 3 decades.1– 6 

This trend has been associated with a disproportion-
ate increase in CIED infection rates, largely attribut-
able to the aging of the general population and the 
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expansion in clinical indications for use of CIEDs.1, 3, 7– 10 
The infection rate for CIEDs is estimated to be 2% to 
2.5% per annum, with CIED- related infective endocar-
ditis (CIED- IE) accounting for 10% to 40% of all CIED 
infections.11– 14 CIED- IE is a serious complication asso-
ciated with significantly higher morbidity and mortal-
ity rates compared with other CIED- related infections 
and usually requires extraction of the device and pro-
longed antibiotic therapy.15, 16 Published reports show 
that CIED infection is associated with up to 10% of 

all endocarditis cases.15, 16 As a result of the unique 
problems associated with the population of patients 
with CIED- IE compared with patients with noncardiac 
device– related native and prosthetic valve endocar-
ditis (PVE), a better understanding of CIED- IE is im-
portant to inform prompt diagnosis and treatment.17 
However, most published studies are single- center 
studies with smaller sample sizes and less diverse 
populations, limiting the generalizability of their results 
and conclusions.

The goal of this study was to utilize population- 
based data to compare demographics and outcomes 
of patients hospitalized with CIED- IE with those of pa-
tients hospitalized with PVE and native valve endocar-
ditis (NVE). This study also included an analysis of the 
predictors of mortality for patients hospitalized with 
CIED- IE, PVE, and NVE.

METHODS
Data Source
A query of the National (Nationwide) Inpatient Sample 
(NIS) was performed to obtain data on infective endo-
carditis (IE)– related hospitalizations in the United States 
between 2003 and 2017. The NIS is sponsored by the 
Agency for Healthcare Research and Quality (AHRQ) 
and is one of a group of databases developed by the 
Healthcare Cost and Utilization Project (HCUP). It is cur-
rently the largest publicly available database of all- payer 
data on inpatient hospitalizations in the United States 
and represents ≈20% of all inpatient discharges from 
US hospitals. In 2012, the NIS expanded to include dis-
charges from all hospitals participating in the HCUP.18 
Data in the NIS are grouped based on hospital size, 
teaching status, location (urban versus nonurban), and 
geographic region. All entries in the NIS database are 
deidentified and contain patient information for each 
hospital stay regardless of payer. All of the NIS data 
used in this study are deidentified. Therefore, this study 
was exempt from institutional review by the Human 
Research Committee. All data utilized in this study are 
publicly available and can be accessed through the NIS 
database (https://www.hcup- us.ahrq.gov/).

Study Design
This study included data from the NIS database cor-
responding to hospitalizations in the United States 
from 2003 to 2017. The query of the NIS database was 
performed with diagnosis and procedure codes as 
defined in the International Classification of Diseases, 
Ninth Revision, Clinical Modification (ICD- 9- CM) for 
entries before October 1, 2015, and the International 
Classification of Diseases, Tenth Revision, Clinical 
Modification (ICD- 10- CM) for entries after September 
30, 2015. Each data entry represented a unique 

CLINICAL PERSPECTIVE

What Is New?
• This retrospective study of the National 

(Nationwide) Inpatient Sample demonstrated a 
reduction in mortality rate and hospital length of 
stay for patients hospitalized with cardiovascu-
lar implantable electronic device– related infec-
tive endocarditis (CIED- IE) from 2003 to 2017.

• Patients hospitalized with CIED- IE had a lower 
risk of in- hospital mortality than patients admit-
ted with either prosthetic valve endocarditis or 
native valve endocarditis, but hospital length of 
stay and hospitalization costs were higher for 
CIED- IE than for the prosthetic valve endocardi-
tis or native valve endocarditis.

What Are the Clinical Implications?
• The progressive increase in the number of 

CIED- IE– related hospitalizations and dispropor-
tionate increases in hospital length of stay and 
costs for CIED- IE (as compared with prosthetic 
valve endocarditis and native valve endocarditis) 
emphasize the need for more efficient strategies 
for the prevention and management of CIED- IE.

Nonstandard Abbreviations and Acronyms

AHRQ Agency for Healthcare Research 
and Quality

CIED- IE cardiovascular implantable electronic 
device– related infective endocarditis

HCUP Healthcare Cost and Utilization 
Project

ICE- PC International Collaboration on 
Endocarditis– – Prospective Cohort 
Study

IE infective endocarditis
NIS National (Nationwide) Inpatient 

Sample
NVE native valve endocarditis
PVE prosthetic valve endocarditis
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hospitalization record and was associated with a prin-
cipal discharge diagnosis, up to 29 possible second-
ary diagnoses, and up to 25 procedure entries.19

All patients aged ≥18 years hospitalized with a princi-
pal or secondary discharge diagnosis of IE in the United 
States between 2003 and 2017 were identified using the 
ICD- 9- CM (421, 4210, 4211, 4219, 03642, 09884, 11 281, 
11 504, 11 514, 11 594, and 07422) and ICD- 10- CM (I33, 
I330, I339, A3282, A3951, B3321, B376, and 088.81) 
codes. Patients with syphilitic endocarditis, acute rheu-
matic endocarditis, and nonspecific cardiac infections 
were excluded. Using International Classification of 
Diseases (ICD) codes to identify IE has been previously 
validated, and specificity, sensitivity, and positive predic-
tive values of 99%, 94%, and 94%, respectively, were re-
ported.20 Additional patient- level data retrieved from the 
NIS database included comorbidities, demographics, 
and outcomes, including mortality and hospital length 
of stay. Additional hospital- level data retrieved included 
location, size (number of beds), region (urban versus 
nonurban), teaching status, and health economic data. 
The Elixhauser comorbidity index (designed to predict 
the risk of readmission and in- hospital mortality) was 
calculated for each patient.21, 22

In this study, cases of CIED- IE were characterized 
as: (1) patients hospitalized with a diagnosis of IE in the 
setting of a CIED infection (an ICD- CM code for cardiac 
device– , graft- , or implant- related infection (996.61, 
T827, T827XXA, T827XXD, T827XXS) along with any 
ICD- CM diagnosis code indicating presence of CIED 
in patients), or (2) patients who were diagnosed with 
IE and assigned a CIED removal ICD- CM procedure 
code. Cases of PVE were characterized as patients 
hospitalized with IE who were also diagnosed with a 
prosthetic valve infection (an ICD- CM code for cardiac 
device– , graft- , or implant- related infection (996.61, 
T82.6, T826XXA, T826XXD, T826XXS) along with any 
ICD- CM diagnosis code indicating presence of pros-
thetic valve in patients). The remaining patients with IE 
were characterized as having NVE.

Study Outcomes
The primary study outcome was in- hospital mortality for 
patients hospitalized with IE. Predictors of in- hospital 
mortality were analyzed. These included patient age, 
stroke, central nervous system (CNS) abscess, cardiac 
valve replacement, pulmonary embolism, and acute 
renal failure. Exploratory outcomes included mean 
length of hospital stay and cost of hospital stay.

Statistical Analysis
All analyses for temporal trends were performed by ap-
plying the nonparametric test for trends by Cuzick.23 All 
patients aged <18 years were excluded from the study 
and age was formatted as a categorical variable with 

the following categories: 18 to 44, 45 to 64, 65 to 74, 75 
to 84, and ≥85 years. Patients with both CIED- IE and 
PVE were excluded from the comparison analyses. For 
univariable analyses, ANOVA was used for continuous 
variables and chi- square test was used for categorical 
variables. A 2- level mixed- effects multivariable logistic 
regression model with random hospital- level intercept 
was constructed to identify predictors of in- hospital 
mortality. This regression model adjusted for race, cal-
endar year, median household income, primary payer, 
hospital bed size, teaching status, location, and re-
gion. For each identified predictor of mortality, inter-
actions among the 3 categories of endocarditis were 
tested with a multivariable logistic regression model. 
In this model, in- hospital mortality was treated as the 
dependent variable and confounders were treated as 
independent variables.

Survey estimation was utilized in all analyses to ac-
count for the complex survey design of the NIS da-
tabase. According to the instructions provided by the 
NIS database, the discharge weight (DISCWT) was 
used as sampling weight (pweight) for years 2012 and 
after. The HCUP NIS was redesigned beginning with 
2012 data to improve national estimates. To facilitate 
the analysis of trends using multiple years of NIS data, 
AHRQ developed new discharge trend weights for 
the 1993 to 2011 NIS (TRENDWT). Therefore, trend 
weight files provided by AHRQ were used as sampling 
weights for years before 2012.18 For all analyses, a P 
value <0.05 was considered significant. All analyses 
were performed using the Stata/SE software package, 
version 12.1 (StataCorp LLC).

RESULTS
IE- Related Hospitalization
Query of the NIS database from 2003 to 2017 revealed 
646 325 patients who were hospitalized with IE in the 
United States (Figure  1). Of these patients, 27 257 
(4.2%) were hospitalized with CIED- IE. PVE was identi-
fied in 26 111 patients (4%) and NVE was identified in 
585 974 (90%).

Baseline Characteristics of Patients With 
CIED- IE
Baseline characteristics of all patients admitted with 
CIED- IE in the United States between 2003 and 2017 
as identified in the NIS database are summarized in 
Table 1. There was a 509% increase in CIED- IE hos-
pitalizations in the United States, from 568 in 2003 to 
2845 in 2017 (P trend<0.001). The proportion of CIED- IE 
cases among all patients with IE also increased from 
1.7% in 2003 to 4.8% in 2017 (P Trend<0.001). The me-
dian age of patients was 67 years (interquartile range, 
56– 77 years) and the median age decreased from 70 
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to 66 years over the study period (P trend=0.004). The 
majority of patients hospitalized with CIED- IE were 
aged <74 years (70%), 69% of the patients were men, 
and 72% were of White race. There was no significant 
trend in sex distribution of patients over the duration of 
the study. Medicare was the primary payer in a major-
ity (67%) of the cases.

The most prevalent comorbidities among patients 
with CIED- IE were hypertension (53%), chronic kid-
ney disease (CKD; 38%), diabetes (34%), congestive 
heart failure (CHF; 30%), chronic pulmonary disease 
(24%), valvular disease (17%), peripheral vascular dis-
ease (14%), and drug abuse (5.4%). The most common 
causative organisms associated with CIED- IE were 
Staphylococcus aureus (43%), other Staphylococcus 
species (18%), Streptococcus species (14%), and 
Enterococcus species (10%).

Longitudinal Trends in CIED- Related 
Hospitalization
During the study period, there was a 509% increase in 
CIED- IE hospitalizations in the United States (from 568 
in 2003 to 2845 in 2017, P trend<0.001). The propor-
tion of CIED- IE cases among all patients hospitalized 
with IE also increased during this period from 1.7% in 
2003 to 4.8% in 2017 (P trend <0.001).

The prevalence of several comorbidities increased 
during the study period. Greater than 5- fold increases 
in prevalence were observed for CHF (12% to 68%, 
P trend=0.001) and liver disease (1.5% to 7.6%, P 
trend=0.004). Greater than 3- fold increases were ob-
served for drug abuse (2.6% to 7.8%, P trend=0.003) 
and valvular disease (8.1% to 29%, P trend=0.002). 
The increases in prevalence observed for periph-
eral vascular disease (6.7% to 15.4%, P trend<0.001) 
and CKD (20% to 42%, P trend=0.001) were >2- fold 
and significant increases in diabetes (23% to 44%, P 

trend=0.001) and chronic pulmonary disease (16% to 
25%, P trend=0.024) were also observed.

Most patients in this study (76%) had Elixhauser co-
morbidity scores >3. The proportion of patients with an 
Elixhauser score >3 increased during the study period 
from 52% in 2003 to 91% in 2017 (P trend <0.001).

Longitudinal Trends in Complications 
Associated With CIED- IE
Acute complications associated with CIED- IE were 
commonly observed during the study period (Table 2, 
Figure  2). For many types of complications, the ob-
served frequency increased during the study period. 
The percentage of patients with acute renal fail-
ure increased from 20% in 2003 to 49% in 2017 (P 
trend=0.001). This corresponded to an average of 38% 
of patients who developed acute renal failure over the 
course of the study period. Increases were also ob-
served for CNS abscess from 0% in 2003 to 1.4% in 
2017 (P trend=0.031) and pulmonary embolism from 
3.2% in 2003 to 17% in 2017 (P trend<0.001). The av-
erage frequency of pulmonary embolism during the 
study period was 10%. Stroke occurred in 4.5% of pa-
tients with CIED- IE. There was no significant change in 
the frequency of stroke during the study period.

Cardiac valve replacement was required in a total 
of 9.3% of all patients with CIED- IE during the study 
period, and the total CIED extraction rate was 75%. 
There was no statistically significant trend in the 
frequency of either cardiac valve replacement or CIED 
extraction during the study period.

Hospital Length of Stay and Cost of 
Hospitalization for Patients With CIED- IE
The average length of stay for patients with CIED- IE 
was 17 days. A decrease in the length of stay was ob-
served during the study period from 20 days in 2003 to 

Figure 1. Description of the patient populations included in this study.
The total number of patients with infective endocarditis (IE) included in this study were separated into 3 
different groups, represented in the flow chart. Outcomes were analyzed for each group separately. CIED 
indicates cardiovascular implantable electronic device.

All patients aged  ≥18 years
hospitalized with a primary or 

secondary diagnosis of IE in the 
United States between 2003

and 2017 (n=646,325) 

Patients with IE with an 
additional diagnosis of CIED 
infection or CIED extraction 

(n=27,127 [4.2%])

Patients with prosthetic 
valve IE

(n=26,111 [4%])

Patients with native valve IE
(n=586,043 [91.8%])
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19 days in 2017 (P trend=0.018). The average in- hospital 
mortality rate during the study period was 9.2%. In- 
hospital mortality decreased during the study period 
from 15% in 2003 to 9.7% in 2017 (P trend=0.032). The 
average cost of hospitalization for patients admitted 
with CIED- IE in the United States was $56 000. The 
highest average cost was observed in 2017 ($70 000, 
Table 2).

Patients With Both CIED- IE and PVE
PVE coexisted in 3224 patients (0.5% of the total study 
population). The median age of this subset of patients 
was 70 years (interquartile range, 58– 79 years), and 
67% were men. The mortality rate was 9.2%, and the 
mean length of stay was 15 days. The incidence rates 
of other complications including stroke, acute renal 
failure, pulmonary embolism, CNS abscess, and valve 
replacement were 6.7%, 37%, 4.5%, 0.7%, and 9.3%, 
respectively. This small group of patients was excluded 
from the comparison analysis.

Comparison of Outcomes of Patients 
Hospitalized With CIED- IE, NVE, and PVE
Baseline characteristics of patients with NVE, PVE, and 
CIED- IE are displayed in Table  3. Patients with NVE 
were younger (median age, 60 years) than patients 
with PVE (median age, 66 years) or CIED- IE (median 
age, 67 years), while male predominance was greater 
with PVE (67%) and CIED- IE (69%) compared with 
those with NVE (58%). The proportion of patients with 
Elixhauser scores >3 (reflective of overall comorbid-
ity burden) was highest in patients with PVE (78%). 
However, compared with patients with NVE and PVE, 
a larger proportion of patients with CIED- IE had a his-
tory of hypertension (53%), CHF (30%), CKD (38%), 
and chronic pulmonary disease (24%). S aureus was 
the most prevalent causative organism in patients hos-
pitalized with CIED- IE (43%) and NVE (40%), while the 
most prevalent cause of PVE was Streptococcus spe-
cies (24%, Table 4).

Outcomes of patients with NVE, PVE, and CIED- IE 
are summarized in Table 5 and Figure 3. Comparison 
of these groups revealed that patients with CIED- IE had 
the highest incidence of acute renal failure (38%) and 
the lowest incidence of stroke (4.5%) and CNS abscess 
(0.7%). Patients with NVE had the highest incidence of 
CNS abscess (2.3%) and pulmonary embolism (10%). 
Cardiac valve replacement surgery was required in 
9.3% of patients with CIED- IE, which was compara-
ble to that in patients with NVE (10%) but lower than 
that in patients with PVE (18%). The average in- hospital 
mortality rate for patients with IE during the study pe-
riod was 12%. Comparative mortality rates for patients 
with CIED- IE, NVE, and PVE are shown in Table 5. This 
comparison revealed a significantly lower mortality B
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rate for patients hospitalized with CIED- IE (9.2%) than 
for patients with PVE (12%) and NVE (12%, P < 0.001). 
Longitudinal analysis revealed a reduction in the mor-
tality rate associated with CIED- IE and NVE during the 
study period (P trend=0.032 and < 0.001, respectively). 
There was no significant trend in the mortality rate as-
sociated with PVE (P trend=0.229).

Predictors of in- Hospital Mortality in 
Patients With CIED- IE, PVE, and NVE
The results of the multivariable logistic regression anal-
yses performed to determine predictors of in- hospital 
mortality in patients hospitalized with IE are shown in 
Table 6. For patients with CIED- IE, the strongest pre-
dictors of in- hospital mortality were acute kidney injury 
(odds ratio [OR], 2.5; 95% CI, 2.0– 3.1 [P < 0.001]) and 
incident stroke (OR, 2.3; 95% CI, 1.5– 3.6 [P < 0.001]). 
Additional independent predictors of in- hospital mor-
tality included age (OR per year, 1.02; CI, 1.01– 1.02 
[P < 0.001]), CHF (OR, 1.7; 95% CI, 1.3– 2.2 [P < 0.001]), 
coagulopathy (OR, 2.1; 95% CI, 1.6– 2.7 [P  < 0.001]), 
CKD (OR, 1.3; 95% CI, 1.1– 1.7 [P=0.011]), and abnor-
mal weight loss (OR, 1.4; 95% CI, 1.1– 1.9 [P=0.009]). 
Patients with Elixhauser scores ≥3 had higher odds of 
in- hospital mortality than patients with scores <3 (OR, 
2.0; 95% CI, 1.2– 2.7 [P=0.003]). Compared with other 
patients hospitalized with CIED- IE from other causative 
organisms, infection with S aureus was associated with 
higher odds of in- hospital mortality (OR, 1.4; 95% CI, 
1.2– 1.7 [P=0.001]). Sex was not a predictor of mortality 
in patients with CIED- IE. Interaction analysis revealed 
that the risk of mortality associated with age ≥75 years, 
Elixhauser score ≥3, and CKD was significantly differ-
ent among patients with CIED- IE, NVE, and PVE. The 
association of age ≥75 years, Elixhauser score ≥3, and 
CKD with mortality was stronger in CIED- IE and NVE 
than PVE (Table 6).

Length of Hospital Stay, Cost of 
Hospitalization, and Disposition at 
Discharge
For patients hospitalized with IE, the average hospi-
tal stay was longer for patients with CIED- IE (17 days) 
than for patients with NVE (14 days) and PVE (14 days, 
P  < 0.001; Table  5). Increased length of hospitaliza-
tion for patients with CIED- IE was associated with 
increased cost of hospitalization. The mean cost of 
hospitalization for patients with CIED- IE was $56 000, 
which was 1.3-  and 1.5- fold higher than the hospitaliza-
tion costs for patients with PVE and NVE, respectively 
(Table  5). For patients who survived hospitalization, 
the most common discharge disposition was transfer 
to other skilled- nursing or intermediate- care facilities: 
37% of patients with NVE, 35% of patients with PVE, 
and 40% of patients with CIED- IE (Table  7). Among Ta
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patients with CIED- IE, 19% were discharged routinely, 
compared with 25% of patients with NVE and 21% of 
patients with PVE.

DISCUSSION
This study, which analyzes outcomes of patients with 
CIED- IE over a 15- year period, is the first nationwide 
study of IE that compares patients hospitalized with 
CIED- IE, PVE, and NVE. Most previously published 
studies of CIED- IE reported single- center experiences 
with small numbers of patients.24– 26 Although some na-
tionwide studies have reported on the incidence and 
outcomes of CIED infections in general,5, 27 none spe-
cifically addressed trends in incidence and outcomes 
of CIED- IE, the most dangerous type of CIED- related 
infection.

Our analysis of the NIS database revealed a 5- fold 
increase in hospitalizations for CIED- IE from 2003 to 
2017. The proportion of CIED- IE cases among all pa-
tients hospitalized with IE also increased during this 
period. In this study, CIED- IE accounted for 4.3% of 
all cases of IE, which is comparable to rates reported 
in prior studies.20, 24 The proportion of patients with 
CIED- IE increased from 1.7% in 2003 to 4.8% in 2017. 
The increase in CIED infections has been attributed 
to the combined impact of higher rates of CIED im-
plants and the aging of the general population.9 The 

prevalence of most comorbidities increased during the 
study period, as did the incidence of in- hospital com-
plications including renal failure, pulmonary embolism, 
and CNS abscess.

In- hospital mortality was lower for patients with 
CIED- IE than for patients with PVE and NVE. The rate 
of other complications, such as in- hospital CNS infec-
tion and stroke, were also less common in patients with 
CIED- IE than in patients with PVE and NVE. However, 
patients with CIED- IE had longer lengths of stay and 
higher hospitalization costs than patients with PVE and 
NVE.

In- hospital mortality for patients with CIED- IE de-
creased during the study period, despite increases in 
the number of comorbidities and the rate of in- hospital 
complications. Our study does not reveal a specific 
reason for the observed decline in mortality, but analy-
sis of trends revealed some possibilities. One potential 
explanation for decreased mortality during the study 
period is patient age: the median patient age was sig-
nificantly lower at the end of the study period than at 
the start. It is also possible that device extraction, which 
has been shown to improve outcomes in CIED- IE, 
played a role. In this study, the total number of device 
extractions performed per annum increased during 
the study period, but this change was not statistically 
significant. Although the guidelines for CIED- IE man-
agement were updated during the study period, there 

Figure 2. Trends in outcomes of patients hospitalized with cardiovascular implantable electronic device– related infective 
endocarditis (CIED- IE) in the United States, 2003 to 2017.
Line graph representing the percentage of patients with CIED- IE in whom the included outcomes were observed during the study 
period. CNS indicates central nervous system.
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Table 3. Baseline Characteristics of Patients Hospitalized With NVE, PVE, and CIED- IE From 2003 to 2017

General characteristics NVE PVE CIED- IE P value

Weighted, no. 585 974 26 111 27 257

Median age (IQR), y 60 (45– 74) 66 (49– 76) 67 (56– 77)

Age group, y, % <0.001

18– 44 24 21 11

45– 64 35 29 33

65– 74 18 23 27

75– 84 16 21 23

≥85 7 7 7

Sex, % <0.001

Women 42 33 32

Race or ethnicity, % <0.001

White 71 80 72

Black 16 9.4 15

Hispanic 8.2 7 7.3

Asian/Pacific Islander 2 1.6 1.7

Native American 0.7 0.5 0.6

Other 2.6 2.1 2.8

Comorbidities, %

Hypertension 45 42 53 <0.001

CHF 20 27 30 <0.001

PVD 13 17 14 <0.001

Valvular disease 20 42 17 <0.001

Diabetes 27 22 22 <0.001

CKD 28 24 38 <0.001

CPD 19 16 24 <0.001

Liver disease 9.2 6.8 5 <0.001

HIV 0.6 0.2 0.3 0.002

Drug abuse 17 16 5.4 <0.001

Elixhauser score <0.001

≥3 72 78 76

Payer, % <0.001

Medicare 51 56 67

Medicaid 18 17 11

Private 21 21 18

Self- pay 6.3 3.3 1.4

No charge 0.7 0.4 0.4

Others 2.8 2.5 2.1

Income percentile, % <0.001

0– 25 31 26 30

26– 50 25 25 26

51– 75 23 23 23

76– 100 21 25 22

Hospital type, % <0.001

Rural 7.4 4.7 2.7

Urban nonteaching 35 27 19

Urban teaching 58 68 78

Hospital region, % <0.001

Northeast 23 28 25

Midwest 21 21 24

South 36 30 35

West 20 22 16

The category “other” was provided by the database and no further information is available. CHF indicates congestive heart failure; CIED- IE, cardiovascular 
implantable electronic device– related infective endocarditis; CKD, chronic kidney disease; CPD, chronic pulmonary disease; IQR, interquartile range; NVE, 
native valve endocarditis; PVD, peripheral valvular disease; and PVE, prosthetic valve endocarditis.
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were no significant changes in the trends of CIED- IE 
outcomes (eg, hospitalization rate and mortality rate) 
after publication of these updates.

Previously published studies of CIED- related infec-
tions in general reported an increased mortality rate 
and stable hospital length of stay during an overlap-
ping time interval (1993 to 2011).5, 27 These studies do 
not specifically address trends in outcomes of CIED- IE. 
No single factor definitively explains the discrepancy in 
mortality trends between our study and prior reports. It 
is possible that differences in the target population and 
patient demographics contributed to this. The current 
study analyzed only the subset of patients with endo-
carditis, as opposed to prior reports, which included 
patients with pocket infection and any other signs of 
systemic infection such as fever, bacteremia, or sepsis.

Prior studies identified the outcomes and predic-
tors of mortality in IE but did not address differences 
among the 3 different categories of IE. The only cohort 
that describes clinical characteristics of patients within 
different categories of IE is the ICE- PC (International 
Collaboration on Endocarditis– – Prospective Cohort 
Study). In the ICE- PC, patients were enrolled from 28 
countries between 2000 and 2006 (both the location 

and the time frame were different from our study of 
the NIS database). Moreover, ICE- PC did not include 
a population- based cohort. In addition, the number 
of patients with CIED- IE in the ICE- PC (177) was far 
smaller than the number included in our study (27 257).

Categorization of patients in our study with respect 
to the type of IE present (CIED- ED, PVE, NVE) also fa-
cilitated analysis of the differential impact of individual 
in- hospital complications (eg, neurologic events) on 
patient outcomes.28 In our study, the stroke rate was 
significantly lower in patients with CIED- IE (4.5%) than 
in patients with PVE (12%) and NVE (12%). We also ob-
served lower rates of CNS infection in CIED- IE (0.7%) 
compared with PVE (1.2%) and NVE (2.3%). Data re-
garding strokes in patients with CIED infection are 
scarce and sourced primarily from studies of patients 
who underwent lead extraction.29

Most embolic events in patients with CIED- IE are 
observed in the pulmonary circulation as a result of the 
predominance of right- sided heart involvement of IE.29, 

30 A smaller proportion of patients with CIED- IE pres-
ent with systemic events, attributable to either a right- 
to- left shunt or direct involvement of structures in the 
left heart. This difference could explain the observed 
lower rate of neurological complications in patients 
with CIED- IE compared with PVE and NVE.

Pulmonary embolism is the dominant type of em-
bolic event in right- sided IE.31 In our study, pulmonary 
embolism occurred in 9.5% of patients with CIED- IE. 
Comparable rates were observed in other studies.24, 

32 In our study, pulmonary embolism was observed in 
9.9% of patients with NVE, which was twice the rate 
observed in patients with PVE. In the NVE group, the 
higher prevalence of reported drug use, known to be a 
risk factor for right- sided IE,31, 33 could partially explain 
the higher incidence of pulmonary embolism in NVE 
compared with PVE.

More than one third of patients with CIED- IE and 
patients with PVE developed acute renal failure during 
time of hospitalization, while the incidence of acute 
renal failure was lower in patients with NVE. Increased 
age and history of hypertension were reported as 
risk factors for acute renal failure in patients with IE.34 
Therefore, increased age and a higher rate of hyper-
tension among patients with CIED- IE and PVE may ex-
plain this observation.

IE is historically a disease associated with high mor-
bidity that requires intensive inpatient management. 
Hospital length of stay was longest for the CIED- IE 
group in our study (17 days), likely driven by the fre-
quent requirement for CIED extraction and reimplant.35, 

36 Hospital costs were also highest in patients with 
CIED- IE: mean cost per hospitalization was $56 000 
for CIED- IE, which was 1.3 and 1.5 times greater than 
that in PVE and NVE, respectively. In addition, the dis-
position plan for a majority of CIED- IE patients involved 

Table 4. Organisms Responsible for Patients Hospitalized 
With IE in the United States From 2003 to 2017

Organism NVE, % PVE, % CIED- IE, %

Staphylococcus aureus 40 20 43

Other Staphylococcus 12 19 18

Streptococcus 24 24 14

Enterococcus 9.6 17 10

Gram negatives 7.2 5.8 6.9

Anaerobic bacteria 0.4 0.8 0.4

Other bacterial infection 5.5 12 5.4

Fungal 1.9 2.7 2.2

CIED- IE indicates cardiovascular implantable electronic device– 
related infective endocarditis; IE, infective endocarditis; NVE, native valve 
endocarditis; and PVE, prosthetic valve endocarditis.

Table 5. Outcomes of Patients Hospitalized With NVE, 
PVE, and CIED- IE in the United States From 2003 to 2017

Outcome NVE PVE CIED- IE P value

Mortality, % 12 12 9.2 <0.001

Cardiac valve replacement, % 10 18 9.3 <0.001

Stroke, % 12 12 4.5 <0.001

CNS abscess, % 2.3 1.2 0.7 <0.001

Pulmonary embolism, % 10 4.5 10 <0.001

Acute renal failure, % 28 36 38 <0.001

Mean cost/patient, $ 37K 45K 56K <0.001

Length of stay, d 14 14 17 <0.001

CIED- IE indicates cardiovascular implantable electronic device– related 
infective endocarditis; CNS, central nervous system; NVE, native valve 
endocarditis; and PVE, prosthetic valve endocarditis.
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transfer from the inpatient facility to other health care 
facilities. Despite more hospital care needs, older age, 
and higher rates of comorbidities, in- hospital mortality 
was lower in patients with CIED- IE, compared to NVE 
and PVE. The lower stroke rate in CIED- IE, being one 

of the most important predictors of mortality in patients 
with IE, may have contributed to the lower mortality 
rate in this population.

Comparable differences in patient characteristics 
and outcomes among 3 categories of IE were reported 

Figure 3. Outcomes of patients hospitalized with native valve endocarditis (NVE), prosthetic valve endocarditis (PVE), and 
cardiovascular implantable electronic device– related infective endocarditis (CIED- IE) in the United States, 2003 to 2017.
Bar graph in which key patient outcomes are displayed for each type of infective endocarditis included in this study. CNS indicates 
central nervous system.
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Table 6. Predictors of In- Hospital Mortality in Patients With CIED- IE, PVE, and NVE in the United States From 2003 to 2017

Predictors of mortality

CIED- IE PVE NVE

OR 95% CI P value OR 95% CI P value OR 95% CI P value

Age groups, y

18– 44 (reference)

45– 64 1.5 0.9– 2.5 0.085 1.3 0.8– 2.0 0.385 1.6 1.5– 1.7 <0.001

65– 74 2.0 1.2– 3.5 0.009 1.4 0.8– 2.5 0.167 1.9 1.7– 2.0 <0.001

75– 84 2.6 1.7- 4.2 <0.001 1.2 0.8– 1.8 0.261 2.2 2.0– 2.4 <0.001

≥85 2.3 1.3- 3.9 0.003 1.6 1.06– 2.5 0.026 2.2 2.0– 2.5 <0.001

Sex 1.2 0.9– 1.5 0.212 1.2 1.0– 1.5 0.042 1.1 1.0– 1.1 <0.001

Elixhauser score ≥3 2.0 1.2– 2.7 0.003 1.6 1.1– 2.4 0.019 1.9 1.8– 2.0 <0.001

CHF 1.7 1.3– 2.2 <0.001 1.2 1.0– 1.4 0.134 1.4 1.4– 1.5 <0.001

Coagulopathy 2.1 1.6– 2.7 <0.001 1.7 1.4– 2.0 <0.001 2.0 1.9– 2.1 <0.001

CKD 1.3 1.1– 1.7 0.011 0.9 0.8– 1.2 0.612 1.2 1.2– 1.3 <0.001

Abnormal weight loss 1.4 1.1– 1.9 0.009 1.3 1.0– 1.7 0.037 1.2 1.2– 1.3 <0.001

Staphylococcus aureus 
infection

1.4 1.2– 1.7 0.001 1.4 1.1– 1.8 0.003 1.2 1.2– 1.3 <0.001

Incident acute kidney 
injury

2.5 2.0– 3.1 <0.001 2.6 2.1– 3.1 <0.001 2.6 2.5– 2.8 <0.001

Incident stroke 2.3 1.5– 3.6 <0.001 1.9 1.5– 2.5 <0.001 2.4 2.3– 2.5 <0.001

Interaction terms were statistically significant (association of mortality with age ≥75 years, Elixhauser score ≥3, and chronic kidney disease [CKD] was 
stronger in cardiovascular implantable electronic device– related infective endocarditis [CIED- IE] and native valve endocarditis [NVE] than in prosthetic valve 
endocarditis [PVE]). CHF indicates congestive heart failure; and OR, odds ratio (models were adjusted for race, calendar year, median household income, 
primary payer, hospital bed size, teaching status, location, and region).



J Am Heart Assoc. 2022;11:e025600. DOI: 10.1161/JAHA.122.025600 12

Khaloo et al Infective Endocarditis: Outcomes by Cause

in the ICE- PC studies. However, the adverse event 
rates observed in our study were lower than in ICE- PC, 
which can be explained by differences in the study 
design. As recognized by the investigators, ICE- PC 
is not a population- based study and referral bias was 
likely because the contributors to the study were well- 
known, locally and internationally, for expertise in man-
agement of IE.16

The reported mortality rates in patients with CIED- IE 
vary widely among studies, ranging from 7% to 17%.24, 

26, 32, 37, 38 Prior studies of IE identified predictors of 
mortality but did not identify which predictors were sig-
nificantly different among the categories of IE (CIED- IE, 
PVE, or NVE).39– 41 In the current study, S aureus was 
associated with a 40% increase in mortality risk for 
patients with CIED- IE. Other comorbidities were also 
found to be associated with increased mortality risk in 
patients with CIED- IE, including CHF (70% increase), 
CKD (30% increase), coagulopathy (2- fold increase), 
and abnormal weight loss (40% increase). In- hospital 
mortality was >2- fold higher in patients with CIED who 
presented with acute renal failure or stroke.

This study included an interaction analysis, which 
revealed that age ≥75 years, Elixhauser score ≥3, and 
CKD are stronger predictors of mortality in CIED- IE 
and NVE than in PVE. Given the observed increase 
in the incidence of acute renal failure among patients 
with CIED- IE during the study period, it is possible that 
careful monitoring and management of renal function 
in these patients (especially in those with CKD) could 
improve outcomes.

LIMITATIONS
NIS is an administrative database that uses ICD 
codes, which are subject to coding inaccuracies. The 
NIS database does not include the time of events, so 
it is difficult to ascertain the timing of clinical events 
and interventions/procedures relative to one another. 
Because the NIS database is a discharge- level da-
tabase, it does not provide information regarding 
any postdischarge complications. The change from 

ICD- 9- CM to ICD- 10- CM codes in 2015 may have af-
fected the trend analyses. Although medical treatment 
could have impacted the outcomes observed in this 
study, the absence of information regarding medica-
tion use in the NIS database made correlation between 
medical treatment and outcomes impossible.

CONCLUSIONS
This study reports outcomes of patients hospitalized 
with CIED- IE, NVE, and PVE during a 15- year period. A 
steady increase in the proportion of patients hospital-
ized with CIED- IE from 2003 to 2017 was observed. 
The rates of mortality for patients hospitalized with 
NVE and PVE were 1.3- fold higher than patients hos-
pitalized with CIED- IE. In addition, rates of neurologic 
complications in patients with CIED- IE were less than 
half of the rates observed in patients with PVE or NVE. 
However, patients with CIED- IE had the longest lengths 
of stay and highest hospital costs on average. A de-
cline in CIED- IE– related mortality was observed during 
the study period despite the increased prevalence of 
CIED- IE and of medical comorbidities. This study does 
not pinpoint a specific reason for the reduced mor-
tality rate over time, put potential explanations include 
decreased patient age and an increase in the rate of 
device extraction.
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Table 7. Disposition of Patients Hospitalized With NVE, PVE, and CIED- IE in the United States From 2003 to 2017

Disposition, % NVE PVE CIED- IE

Routine 25 21 19

Transfer to a short- term hospital 12 14 12

Transfer other: including skilled nursing facility, intermediate care 
facility

37 35 39

Home health care 22 28 29

Against medical advice 3.5 2.2 0.8

Discharge alive, destination unknown 0.1 0.1 0.04

CIED- IE indicates cardiovascular implantable electronic device– related infective endocarditis; NVE, native valve endocarditis; and PVE, prosthetic valve 
endocarditis.
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