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Abstract

Background—Although conventional wisdom suggests that differences in patient risk profiles
drive variability in postoperative pneumonia rates after coronary artery bypass grafting (CABG),
this teaching has yet to be empirically tested. We determined to what extent patient risk factors
account for hospital variation in pneumonia rates.

Methods—We studied 324,085 patients undergoing CABG between July 1, 2011, and December
31, 2013, across 998 hospitals using The Society of Thoracic Surgeons Adult Cardiac Database.
We developed 5 models to estimate our incremental ability to explain hospital variation in
pneumonia rates. Model 1 contained patient demographic characteristics and admission status,
while Model 2 added patient risk factors. Model 3 added measures of pulmonary function, Model
4 added measures of cardiac anatomy and function and medications, and Model 5 further added
measures of intraoperative and postoperative care.

Results—Although 9,175 patients (2.83%) experienced pneumonia, the median estimated
distribution of pneumonia rates across hospitals was 2.5% (25th to 75th percentile: 1.5% to 4.0%).
Wide variability in pneumonia rates was evident, with some hospitals having rates more than 6
times higher than others (10th to 90th percentile: 1.0% to 6.1%). Among all five models, Model 2
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accounted for the most variability at 4.24%. In total, 2.05% of hospital variation in pneumonia
rates was explained collectively by traditional patient factors, leaving 97.95% of variation
unexplained.

Conclusions—Our findings suggest that patient risk profiles only account for a fraction of
hospital variation in pneumonia rates; enhanced understanding of other contributory factors (eg,
processes of care) is required to lessen the likelihood of such nosocomial infections.

Hospital-acquired infections are among the most common type of complications after
coronary artery bypass grafting (CABG) operation [1]. Patients presenting postoperatively
with such infections are more likely to experience major morbidity and death [2-4].
Although patients may be exposed to many infections in this setting, pneumonia is the most
prevalent, affecting 3% of patients [4].

Prior work has documented center-level variability in rates of postoperative pneumonia [4,
5]. Conventional wisdom suggests that differences in patient risk profiles are the
predominant driver of variability in postoperative pneumonia after CABG operation.
Nonetheless, center-level variation in pneumonia rates persists even after adjusting for
patient risk [5]. Variation in pneumonia rates may be attributable in part to discrete and to
potentially modifiable practices (eg, red blood cell transfusion rates, duration of intubation,
antibiotic management). Although many risk factors for developing postoperative
pneumonia have been identified, factors helping explain center-level differences in
postoperative pneumonia rates have not been well elucidated.

We determined the contribution of patient and modifiable factors before, during, and after
operations in explaining hospital variation in pneumonia rates. We hypothesized that
variation in center-level pneumonia rates may be explained by preoperative presentation, as
well as intraoperative and postoperative care.

Patients and Methods

The Society of Thoracic Surgeons Adult Cardiac Surgery Database

We included 365,686 patients undergoing isolated CABG operation between July 1, 2011,
and December 31, 2013, at 1,084 hospitals participating in The Society of Thoracic
Surgeons Adult Cardiac Surgery Database (STS-ACSD; version 2.73). We excluded patients
undergoing cardiac operation for infectious endocarditis, heart transplantation, or ventricular
assist device insertion or removal, and patients missing any of the following data fields: (1)
pneumonia, (2) sepsis, (3) deep sternal wound infection, (4) mediastinitis, (5) harvest or
cannulation site infection, and (6) thoracotomy. After exclusions, 324,085 patients,
representing 998 hospitals, were available for subsequent analysis (Fig 1).

Study Variables

The primary outcome for this analysis was the postoperative development of pneumonia.
The STS-ACSD bases pneumonia diagnosis on laboratory findings (eg, positive sputum
culture results from transtracheal fluid, bronchial washings, or both), radiologic evidence
(eg, chest roentgenogram diagnostic of pulmonary infiltrates), or both.
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Rates of pneumonia were compared across hospitals based on adjusted postoperative
pneumonia rates (see model 1 below).

Statistical Analysis

Continuous variables are presented as means, medians (25th, 75th percentile), and
differences compared using the Wilcoxon rank-sum test. Categorical variables are presented
as counts and percentages with differences being compared using the Pearson Xz test. To
ensure that hospitals did not drop out of the analysis during the sequential modeling process,
we performed median and mode imputation for continuous and categorical covariates,
respectively.

We followed the approach of Xian and colleagues [6] to quantify the degree to which
demographic characteristics, risk factors, pulmonary function, cardiac anatomy and function,
medications and laboratory findings, and intraoperative and postoperative care influence
hospital-level postoperative pneumonia variability. Therefore, a series of multivariable
hierarchical logistic regression models, with a random intercept for hospital, were built. The
first model we considered was the unadjusted (or empty) model (Model 0) that contained
only hospital-specific random intercepts and no covariates. Then, we fit subsequent models
by incrementally adjusting for demographic characteristics, body mass index, and some
patients’ characteristics at the time of presentation (Model 1); additional risk factors (Model
2); pulmonary function (Model 3); cardiac anatomy and function and medications and
laboratory findings (Model 4); and intraoperative and postoperative care (Model 5)
(Supplemental Table 1). The list of variables explored but not incorporated into our models
are included in Supplemental Table 2.

The empty Model 0 assumes that the rate of pneumonia is similar for every patient and
estimates the hospital- and patient-level variations of pneumonia. Model 1 consisted of
patient covariates, including admission source and status, preoperative length of stay, age,
race, sex, and body mass index. We calculated risk-adjusted hospital postoperative
pneumonia rates for each hospital using estimated hospital-specific variables from the
respective model (Model 1). These rates were defined as the ratio of predicted-to-expected
postoperative pneumonia, multiplied by the overall unadjusted postoperative pneumonia rate
[7]. For descriptive purposes, we further divided the hospitals into quartiles according to
adjusted postoperative pneumonia rates.

Model 2 consisted of covariates in Model 1 plus risk factors. Model 3 consisted of covariates
in Model 2 plus measures of pulmonary function. Model 4 consisted of covariates in Model
3 plus measures of cardiac anatomy and function, and medications and laboratory findings.
Model 5 consisted of Model 4 covariates plus intraoperative and postoperative care. Adding
intraoperative and postoperative care in Model 5 allowed us to capture any variations that
may be explained by these additional covariates beyond and above those explain by the
covariates in Model 4.

For two sequential consecutive models A and B, we estimated the proportional change in
variance (PCV) as the ratio
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where estimates of the variances V4 and V/j, respectively, for the initial model and the
model with additional covariates, are calculated using estimates of random effect variances
of their respective sequential models (ie, variation in log-odds attributable to between-
hospital differences) as indicated by Merlo and colleagues [8, 9]. To limit sampling variation
due to hospitals with a small number of patients, we reported estimated distributions rather
than observed distributions of postoperative pneumonia rates. Based on the moadus operandri
of Xian and colleagues [6], for each set of adjustment covariates we used a hierarchical
model to estimate the distribution of hospital rates of postoperative pneumonia after
subtracting out the effect of random sampling variation. In that regard, we typically assumed
that the log-odds for random hospital were normally distributed with mean equal to the
intercept and variance equal to the random effect variance. We first estimated the mean and
the variance of the distribution of postoperative pneumonia rates for the unadjusted model
using the corresponding variable estimates and transformed from the log-odds scale to the
probability scale. Then, for the subsequent models M1 to M5, we replaced the random effect
variance along with new estimates based on the adjusted models to derive their
corresponding mean and variance. Finally, we overlaid on a single plot the estimated
distribution of hospital-specific postoperative pneumonia rates for each hospital to represent
the relative reduction in variation (Fig 2), using previously published methods [6].

Statistical analyses were performed using SAS version 9.3 (SAS Institute, Inc, Cary, NC)

and R version 2.15.2 (R Foundation for Statistical Computing, Vienna, Austria). The two-
tailed tests were considered significant at p less than 0.05. This study was approved by the
Duke University Health System Institutional Review Board.

Among 324,085 isolated CABG patients across 998 hospitals (median patients per hospital
255, interquartile range [IQR]: 145 to 419), 9,175 patients (2.83%) experienced pneumonia
(Table 1). The median estimated distribution of pneumonia rates across hospitals was 2.5%
(IQR: 1.5% to 4.0%), with some hospitals having rates more than six times higher than
others (10th to 90th percentile: 1.0% to 6.1%).

Differences in case mix and processes of care across increasing quartiles of center-based—
adjusted pneumonia rates are displayed in Supplemental Table 1. More than 50% of patients
were urgent, median age was 65 years, 74.36% were men, median white blood cell count
before operation was 7.60x10%/L, and 2.31% were receiving immunosuppressive treatment.
For risk factors, 1.47% were on home oxygen, 9.13% were using oral bronchodilator
therapy, 32.73% were cigarette smokers, 9.80% had moderate-to-severe chronic lung
disease, 2.93% underwent previous CABG, 32.75% had left main disease 50% or greater,
75.40% had three-vessel disease, and 15.96% had congestive heart failure. Intraoperative
and postoperative characteristics, also across increasing quartiles of adjusted pneumonia
rates, are also shown in Supplemental Table 1. The median bypass and crossclamp times
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were 90 and 64 minutes, respectively. Almost one-half (49.88%) of patients received
transfusions; 9.12% had prolonged ventilation. Most patients had the appropriate antibiotic
selection (97.93%), timing (98.96%), and discontinuation (97.70%) of antibiotics.

Small differences in patient demographic, preoperative, intraoperative, and postoperative
characteristics were noted across hospital quartiles. (Supplemental Table 1). Measures of
pulmonary function were qualitatively similar across hospital quartiles. Mitral valve disease
was qualitatively similar in the top three quartiles but lowest in the fourth quartile (35.72%,
38.57%, 36.50%, 29.15% for quartile 4 to quartile 1, respectively; p < 0.0001). Patients in
higher quartiles had longer median operating room duration (308, 303, 295, 289 minutes for
quartile 4 to quartile 1, respectively; p < 0.0001) and increased rate of intraoperative or
postoperative transfusions (55.48%, 49.11%, 47.74%, 47.62% for quartile 4 to quartile 1,
respectively; p < 0.0001), although similar median lowest intraoperative hematocrit. Bypass
and cross-clamp durations were similar across quartiles. Patients in the highest quartile were
more likely to experience prolonged ventilation (11.59%, 9.73%, 8.38%, 7.09% for quartile
4 to quartile 1, respectively; p< 0.0001). Similar antibiotic selection, timing, and
discontinuation were observed.

The estimated median odds ratios (MORs) remained almost constant and substantially high
from Model 0 to Model 5, oscillating between 2.00 and 2.03. It was equal to 2.03 in Model
0, 2.02 in Model 1, 2.00 in Model 2, 2.01 in models 3 and 4, and equal to 2.02 in Model 5.
The MOR defined the median value of the distribution of odds ratios that would be obtained
if we randomly picked two patients with identical covariates but treated in two different
hospitals and comparing their propensity to acquire pneumonia from the higher risk hospital
with the one from a lower risk hospital [10]. Therefore, an MOR of 2.00 indicates
substantial heterogeneity between hospitals in rates of pneumonia. The propensity by a
patient to acquire pneumonia varies enormously from one hospital to another, above, and
beyond that of patient demographic characteristics and risk factors.

Estimated distribution of pneumonia rates corresponding to each sequential model is
displayed in Figure 3. A 1.95% reduction in PCV{o, m1) Was observed when comparing
model 1 adjusted for demographic characteristics with the unadjusted model (ie, model 0).
Compared with the unadjusted model, incorporation of patient risk factors was associated
with a 4.24% reduction in PCV. When all models are considered collectively, 2.05% of
hospital variation in pneumonia rates was attributable to demographic characteristics, risk
factors, pulmonary function, cardiac anatomy and function, medications and laboratory
findings, and intraoperative and postoperative care.

An incremental reduction of 2.34% in pneumonia variation was observed after adjusting for
risk factors. Further incorporation of pulmonary function was associated with a 0.79%
increase in variation. Similar findings were observed when incorporating cardiac anatomy
and function, medications and laboratory findings, and intraoperative and postoperative care
into the model.
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Comment

We determined the contribution of preoperative, intraoperative, and postoperative patient and
modifiable factors in explaining hospital variation in pneumonia rates. Our results contradict
conventional thinking, namely that variation in pneumonia rates across hospitals is driven by
differences in baseline risk factors. We found that only 2.05% of hospital variation is
explained when accounting for traditional measures of patient risk and quality. Our findings
also suggest that traditional measures do not incrementally explain variation in hospital
pneumonia rates. Even after accounting for these known factors, only 2.05% of center-level
variability in postoperative pneumonia rates could be explained. Future areas of investigation
should focus on enhancing our understanding of other factors, including processes of care
that may lessen the likelihood of such nosocomial infections.

We cannot rule out systematic bias in reporting pneumonia rates. Nonetheless, STS-ACSD
participants are subject to random external audits. Furthermore, our reported rate of
pneumonia is similar to other series [4]. We do not report the ascertainment of all
pneumonia, namely those identified after discharge. Any underestimation in the true rate
will not inherently bias our findings, given that STS-ACSD participants uniformly adhere to
the same data elements. Our study was observational; thus, it is subject to unmeasured
confounding (eg, socioeconomic status).

Recent attention has focused on health care-associated infections, given their relationship
with patient safety and expenditures. The Centers for Medicare and Medicaid Services
implemented a policy in 2008 to withhold payment for preventable conditions [11]. The
Agency for Healthcare Research and Quality estimates that a 17% reduction in infections
occurred between 2010 and 2013, including 50,374 averted deaths and $11.98 billion in
savings [12]. Although the focus of this effort was broader than cardiac operations,
identifying modifiable practices associated with preventable infections was a likely
contributor [13].

Prior reports have contributed to our understanding about the epidemiologic factors
underlying infections after CABG. Although not including pneumonia, Fowler and
colleagues [3] reported a 3.51% rate of major infections among 331,429 patients undergoing
any CABG between 2002 and 2003. Shih and colleagues [4] investigated hospital-level
variability in infection rates among 20,896 isolated CABG patients between 2009 and 2012
at Michigan hospitals. Pneumonia accounted for most infections (overall rate 5.1%) across
low-, medium-, and high-rate hospitals. Similar findings were noted using STS-ACSD data

[5].

Investigators have developed prediction models using a variety of cardiac surgical
populations and methodologic approaches [14-16]. These models often include patient-level
characteristics (eg, age, body mass index, smoking history, white blood cell count, acuity,
preoperative length of stay, home oxygen use, history of pneumonia, moderate or severe
chronic lung disease), although potentially modifiable intraoperative (eg, blood transfusions)
and postoperative (eg, mechanical ventilation longer than 1 day) factors as well [14]. Even
after accounting for these patient-level factors, nearly 96% of inter-hospital variation in
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pneumonia rates remains unexplained. Additional measures of cardiac anatomy, function,
medications, infection control, and intraoperative and postoperative care further decrease our
ability to account for hospital variation. These findings, although perhaps surprising, suggest
that other explanatory factors exist (ie, unmeasured confounding).

Donabedian [17] defined a hospital’s performance as the by-product of processes of care and
a hospital’s structure. Our findings validate this framework, given that only 2% of hospital-
level variation in pneumonia rates are explained by differences in patient factors. Although
counter-intuitive for some, opportunities may exist to diminish unwarranted variation in
pneumonia rates by identifying processes and systems of care that increase a patient’s risk of
this adverse sequelae.

These processes and systems begin with preoperative optimization, or prehabilitation.
Preoperative decolonization therapy using chlorhexidine body washes, intranasal mupirocin,
or both, reduces surgical site infections [18]. Preoperative optimization (eg, abstinence of
cigarette smoking before the operation, use of an incentive spirometer, and walking 1 to 3
miles per day) has been well described in patients preparing for esophagectomy for reducing
pneumonia [19]. Patients achieving more than 1 week of preoperative nonsmoking have 10-
fold increased odds of continued nonsmoking 1 year after CABG [20] and a considerable
reduced risk of mortality at 5 years [21]. The Michigan Surgical Home and Optimization
Program was developed to provide a structured prehabilitation routine, including smoking
cessation, with 79% of enrollees remaining smoke-free at first follow-up visit [22].
Structured smoking cessation programs may help reduce pneumonia rates for elective
CABG patients.

Intraoperative strategies for decreasing pneumonia rates may include lung protective
ventilation and the use of low tidal volumes and positive end-expiratory pressure. The
increased importance of these practices has been identified for cardiac operations because of
the relatively longer mechanical ventilation periods, frequent comorbidities, and
proinflammatory cofactors (eg, cardiopulmonary bypass) [23]. Although intraoperative lung
protective strategies benefit abdominal surgical patients, a standard lung protective ventilator
strategy for cardiac operations has not yet been established [24]. A recent report showed that
cardiac surgical patients receiving continuous aspiration of subglottic secretions (relative to
a standard endotracheal tube) had lower 30-day mortality, median ventilation time, intensive
care unit length of stay, and incidence of pneumonia [25]. A similar prospective analysis
showed a lower incidence of ventilatorassociated pneumonia, cost of antibiotics, and days of
ventilation [26].

In addition, implementation of fast-track extubation protocols with subsequent early
extubation have been shown to reduce intensive care unit length of stay and prolonged
ventilation. Prolonged ventilation occurred in 11.59% of patients in the highest pneumonia
quartile in our analysis, compared with 7.09% in the lowest quartile. Reducing fluid
retention with hemoconcentration and minimizing time on cardiopulmonary bypass may
help achieve earlier extubation [27]. A recent Cochrane review suggested no evidence of
benefit of incentive spirometry in reducing pulmonary complications; nonetheless,
appropriately powered trials are warranted [28].
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It is unclear what is driving differences in pneumonia rates across centers. Some have argued
it is patient demographic characteristics (eg, older age), whereas others argue it is driven by
risk factors, pulmonary function, or ischemic time. As such, we explored each of these using
a statistical approach that has previously been used in the setting of acute myocardial
infarction. This approach enables the investigators to quantify the unique contribution of
each of these potential variables in explaining center-level differences in pneumonia rates.

A variety of more complex practices have been studied, and have identified that high-
performing centers more often (1) have strong organizational leadership and (2) focus on
adopting effective prevention activities [29, 30]. The use and incorporation of these
practices, although not currently captured through clinical registries, may help to explain
some of the observed differences in pneumonia rates.

A number of quality improvement collaboratives have emerged whose mission is to improve
the quality and safety of cardiac operations. These collaboratives, which have had
noteworthy successes [31, 32], often leverage benchmarking site visits to improve their
understanding of processes of care that may help explain differences in performance. These
efforts are well under way in Michigan through our statewide collaborative. We have
embarked on site visits to help elucidate best practices that may be protective of
postoperative pneumonia. A mixed methods approach, including site visiting, may help
explain differences in pneumonia rates across hospitals. Early findings suggest that adoption
of these practices may afford opportunities to reduce the rate of health care—associated
infections.

In this large, nationally representative study, traditional measures of patient risk and quality
explain only 2.05% of variation in pneumonia rates across hospitals. Our findings suggest
the need to enhance our understanding of other factors that may lessen the likelihood of such
nosocomial infections. These additional processes of care have been masked by our limited
lens of analysis through national databases. Differences in outcomes and improvement in
pneumonia rates would not be expected without changes in the way that we care for patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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365,686 patients undergoing isolated CABG
according to the STS version 2.73 database
between July 1, 2011 and December 31%, 2013.

41,601 patients excluded sequentially:

7129 undergoing cardiac surgery for infectious endocarditis, or heart
transplantation, or VAD implanted or removed

1233 with missing data on pneumonia, sepsis, deep sternal wound infection,
mediastinitis, harvest or cannulation site infection, or thoracotomy

h 4

30,708 patients with missing, recent or remote pre-operative pneumonia
1305 from non-North American (foreign) sites

1226 in hospitals with fewer than 40 admissions (57 hospitals)

h 4

324,085 patients undergoing isolated CABG from
998 hospitals in North America

Fig 1.

Selection criteria schema for coronary artery bypass grafting (CABG) patients from The
Society of Thoracic Surgeons Adult Cardiac Surgery Database (STS-ACSD). (VAD =
ventricular assist device.)

Ann Thorac Surg. Author manuscript; available in PMC 2019 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Brescia et al. Page 12

20

0.30
= Unadjusted
- = Model 1
f - = Model 2
0.25 — ] - = Model 3
' f - =  Model 4
‘r Model 5
I
0.20 - ;
f
f
=
€ 0.15 -
(=]
\
5
\
0.05 Median| 2 5%
. ——— ———————
0.00 T T T T 1
0 5 10 15
Post-operative Pneumonia Rate, %
Fig 2.

Estimated distribution of hospital-specific postoperative pneumonia rates. The area between
any two points on the x-axis represents the proportion of hospitals within that range.
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Model estimates explaining factors of hospital variation in

pneumonia rates
m Unexplained Factors ® Traditonal Patient Factors
1.95%

Model 1: Patient demographics and admission status

4.248%

Model 2: Model 1 + patient risk factors

3.49%

Medel 3: Model 2 + measure of pulmonary function

2.86%

Meodel 4: Model 3 + cardiac anatomy and function and T
rmedications

2.05%

Model 5: Model 4 + measures of intra- and post-operative care

2U% A0%, bl 50% 10085

Proportion of variaton explained by each model

Fig 3.
Model estimates explaining factors of hospital variation in pneumonia rates.
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