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Abstract

Objectives: Mortality rates of 5-10% after pneumonectomy have remained constant during the
last decade. To understand the patterns of outcomes after pneumonectomy, we investigated the
time-varying risks of readmission and death during the first postoperative year and examined the
contributions of specific causes to these patterns over time.

Methods: We retrospectively reviewed all pneumonectomies for lung cancer at our institution
from 2000-2018. The time-varying instantaneous risk of all-cause readmission and mortality up to
1 year after pneumonectomy was estimated using parametric analyses, and was repeated for each
primary cause of readmission (oncologic, infectious, pulmonary, cardiac, or other) and death
(oncologic or nononcologic).

Results: In our cohort of 355 pneumonectomy patients, risk of readmission was highest
immediately after discharge and was halved by 14 days. This risk reached a nadir and remained
constant from 4-8 months, after which it gradually increased. Pulmonary causes accounted for
most readmissions within 90 days, after which oncologic causes predominated. Similarly, the
overall risk of death was highest immediately after surgery, was halved by 7 days, reached a nadir
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at 90 days, then increased throughout the remainder of the first year. All deaths during the first 90
days after surgery were attributable to nononcologic causes.

Conclusions: Nononcologic causes of readmission and death predominate in the first 90 days

after pneumonectomy, after which oncologic causes prevail. We also identify specific causes that
pose the highest risk of readmission immediately after discharge. Efforts are warranted to define
the effects of specific causes of readmission on overall mortality after pneumonectomy.

Central Message:

The risk of readmission and death varies during the first year after pneumonectomy. Nononcologic
causes predominate in the first 90 days, after which oncologic causes prevail.
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Central Picture: Instantaneous risk of readmission and death. Cause, solid line; 95% CI, dashed
line.

INTRODUCTION

Of all operations for primary lung cancer, pneumonectomy has the highest associated
mortality, with 30-day rates of 5% to 10% for simple pneumonectomy and 7% to 13% for
extrapleural pneumonectomy.!: 2 Although these rates are dramatically lower than those
from the 1980s and 76 1990s, mortality after pneumonectomy has not substantially
decreased during the last decade. National database studies have reported a 30-day mortality
of 5.6% in 2007 and 5.9% in 2014.34

Operative mortality is traditionally defined as deaths in or out of the hospital, regardless of
cause, within 30 days of surgery. This 30-day window is thought to encompass the majority
of postoperative complications that lead to death for most cancers (i.e., esophageal, colon/
rectal, breast, and renal).8 However, operations for lung cancer (as well as gastric and
bladder cancers) are associated with additional mortality of at least 3% between 31 and 90
days postsurgery.5-8 Schneider et al. reported a 90-day postdischarge mortality after
pneumonectomy of nearly 1.5 times the in-hospital rate (6.4% vs. 4.4%), with the highest
proportional mortality in the 60- to 90-day window.® Similarly, Kim and Boffa reported 90-
day mortality nearly double the rate at 30 days (12% vs. 7%).10 These and other studies have
proposed extending the definition of operative mortality to include time points past the
traditional 30-day mark, especially for high-risk operations such as pneumonectomy.
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Readmission rates after pulmonary resection are also highest in patients who underwent
pneumonectomy, with a recent study of the National Cancer Database reporting a 30-day
readmission rate of 6.2%, compared with 4.3% after lobectomy and 3.8% after sublobar
resection.11 Moreover, an association between 30-day readmission and 90-day mortality has
been described, with an up to 6-fold increase in 90-day mortality in those patients who
experienced readmission.12 13 Unlike mortality, however, few studies have assessed
readmissions beyond 30 days in pneumonectomy patients.

While prior publications have assessed the time-varying risk of readmission and death After
cardiac surgery,14-16 this has not been replicated in thoracic surgery—such an investigation
may help identify changes in the rates of these outcomes in the months after
pneumonectomy. We therefore performed an in-depth analysis of the timing and patterns of
readmission and death during the first year after pneumonectomy using a novel parametric
hazard decomposition approach and examined the contributions of specific causes to these
patterns over time.

METHODS

Patients

Outcomes

After approval from our institutional review board, we performed a retrospective review of
our prospectively maintained database to identify all patients who underwent
pneumonectomy for lung cancer at our institution between 2000 and 2018. Patients who
underwent extrapleural pneumonectomy, underwent pneumonectomy for benign disease, had
an extrapulmonary primary tumor with metastasis to the lung, or had no available follow-up
data after hospital discharge were excluded (Supplementary Figure 1). Preoperative
comorbidities were classified in accordance with the American Society of Anesthesiologists
(ASA) Physical Status Classification System.

Readmissions and associated causes (oncologic or nononcologic) were reported at 30 days,
90 days, and 1 year after discharge from initial hospitalization. Nononcologic causes were
further subdivided into pulmonary, cardiac, infectious, or other causes (mutually exclusive).
If multiple nononcologic causes of readmission were present, the cause with the highest
Clavien-Dindo grade was assigned as the “primary cause” for the purpose of analysis.1” For
patients who experienced multiple readmissions in the first year after discharge, only the
index readmission was included in the statistical analysis. Readmissions at other health-care
facilities, when noted in the electronic medical record, were captured. Deaths during initial
hospitalization and at 30 days, 90 days, and 1 year postsurgery were also reported. Causes of
death were reported for all patients who died within 1 year of surgery and were divided into
oncologic or nononcologic causes. Subcategories of nononcologic deaths were also reported
but were not included in the statistical analysis due to the low number of events in each
subcategory. If the cause of death was not available in the electronic medical record, the
patient’s emergency contact, relative, or previous treating physician was contacted. All
causes of death during the first year of surgery were able to be verified.
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Statistical Analysis

RESULTS

Patient demographic and clinicopathologic characteristics were summarized using frequency
(percentage) or median (interquartile range [IQR]). Time to readmission and time to death
within 1 year were generated from the time of hospital discharge and time of surgery,
respectively. Nonparametric survival estimates were generated using the Kaplan-Meier
approach. Patients were otherwise censored at the time of last follow-up or at the 1-year
mark, whichever occurred first. Median follow-up was calculated using the reverse Kaplan-
Meier method.18

To investigate the timing and pattern of readmission and death during the first year after
pneumonectomy, we applied a nonlinear parametric hazard decomposition approach, first
introduced by Blackstone et al.1® This method partitions instantaneous risk of an event
(hazard function), such as readmission or death, into three phases (early, constant, late). In
contrast to conventional, nonparametric (i.e., Kaplan-Meier) methods with step functions,
parametric survival models do not require the proportional hazards assumption and can be
used to estimate the smoothed hazard functions necessary for the decomposition approach.
This also enables the identification of causes of readmission and death that were
predominant in the early or late phases or causes that were constant throughout the follow-
up period. In this method, all events are assessed in a time-related fashion, in contrast to
methods, such as logistic regression, that ignore the timing of events. This is of particular
relevance for operations such as pneumonectomy, in which procedural risk appears to extend
farther in time than for other, lower-risk operations.

The time-varying instantaneous risk of all-cause readmission up to 1 year after hospital
discharge was estimated as described above.19 20 This estimation procedure was repeated
for readmissions by each primary cause (oncologic, infectious, pulmonary, cardiac, or
other). Only patients who were discharged alive from the index hospitalization were
included in readmission analyses. To investigate the timing and pattern of death after
surgery, the time-varying instantaneous risk of all-cause death up to 1 year postsurgery was
assessed in the same fashion. The hazard function for death was further investigated by
cause of death (oncologic vs nononcologic) using a competing risk approach.

Analyses were conducted using Stata 13.1 (Stata Corp, College Station, TX) and SAS 9.4
(SAS Institute, Cary, NC). A publicly available algorithm20 was adapted to conduct
nonlinear parametric temporal decomposition using SAS 9.4 (SAS Institute, Cary, NC).

Patient Characteristics and Outcomes

In total, 355 patients underwent pneumonectomy for lung cancer between 2000 and 2018,
with an equal proportion of men and women (Table 1). Median follow-up was 7.0 years
(IQR, 3.2-12.1). The majority of patients (n=303; 85%) had a history of tobacco use, with a
median of 31.3 pack-years. Nearly half of patients (n=174; 49%) underwent induction
therapy. Only 38% (n=135) had ASA class | or Il comorbidities. Seventeen percent of
operations (n=59) were completion pneumonectomies. Median operative time was 3.4 h,
with 16% of patients (n=57) requiring transfusion during the operation. On final pathology,
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there were nearly equal proportions of squamous cell carcinoma (n=134; 38%) and
adenocarcinoma (n=142; 40%), while 11 patients (3.1%) had no viable tumor, indicating a
complete pathologic response to induction therapy. Approximately half of tumors (n=170;
48%) were pathologic stage 111 (American Joint Committee on Cancer 8th Edition), and all
but 22 operations (6.2%) were RO resections. Sixty-one percent of patients (n=215)
underwent adjuvant therapy.

Readmission Within 1 Year of Index Hospital Discharge

Among the 342 patients who were discharged alive from the hospital, the 30-day
readmission rate was 13% (43/342), and the 90-day readmission rate was 19% (64/342)
(Table 2). Thirteen patients (3.8%) experienced readmission within both 0-30 days and 31—
90 days after initial hospital discharge. The causes of readmission during the first year after
discharge are listed in Supplementary Table 1. Readmission-free survival during the first
year after index discharge is shown in Figure 1A. The parametric versus nonparametric (i.e.,
Kaplan-Meier) readmission-free survival curves are presented in Supplementary Figure 2.
Based on Kaplan-Meier estimation, 1-year readmission-free survival was 71% (95% Cl,
66%—76%). The instantaneous risk of readmission for any cause within 1 year of index
discharge was composed of an early decreasing phase and a late increasing phase (Figure
1B). The risk of readmission was highest immediately after discharge (32 readmissions/100
patients per month; 95% CI, 20-52) and decreased to less than half the initial value by 14
days (13 readmissions/100 patients per month; 95% CI, 9-17). After 4 months, the risk of
readmission for any cause remained low and was relatively constant (1.2 readmission/100
patients per month; 95% CI, 0.7-2.0), until months 8 to 12, when a slight increase was noted
(12 months, 2.3 readmissions/100 patients per month; 95% ClI, 1.1-4.6).

The time-varying instantaneous risk of readmission by cause was also investigated (Figure
1C). The risk of readmission for all nononcologic causes was highest in the postdischarge
period and declined during the first year after index discharge; the risk of readmission for
oncologic causes slowly increased during the first year. More specifically, the risk of
readmission due to infectious causes (4.7 readmissions/100 patients per month; 95% ClI,
1.4-15) or “other” causes (3.5 readmissions/100 patients per month; 95% Cl, 0.8-16) was
highest immediately after discharge then sharply declined, reaching negligible values by 60
days. Pulmonary causes were the greatest contributor to overall readmissions immediately
after discharge (18 readmissions/100 patients per month; 95% CI, 9-34). The risk of
readmission for pulmonary causes followed a similar trend as above and had the slowest
decline, with risk persisting until 4 months after discharge. Interestingly, the risk of
readmission for cardiac causes was highest 4 days after discharge (4.6 readmissions/100
patients per month; 95% CI, 2.0-10) and persisted until 60 days after discharge. Seventy-
five percent (71/95) of all nononcologic readmissions in the first year after index discharge
occurred before 90 days. The hazard phases that compose each cause of readmission are
shown in Supplementary Figures 3 and 4.

Mortality Within 1 Year of Surgery

Mortality analysis included all 355 patients. In-hospital mortality was 3.7% (13/355), 30-day
mortality was 4.5% (16/355), and 90-day mortality was 6.8% (24/355) (Table 2). Of note,
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total 90-day mortality was lower for patients who received induction therapy (vs. no
induction therapy; 5.7% vs. 7.7%) and patients who underwent left pneumonectomy (vs.
right pneumonectomy; 5.0% vs. 9.0%). The causes of death during the first year after
pneumonectomy are listed in Supplementary Table 2. Overall survival for the first year after
surgery is shown in Figure 2A. The parametric versus nonparametric (i.e., Kaplan-Meier)
overall survival curves are presented in Supplementary Figure 5. Based on Kaplan-Meier
estimation, 1-year overall survival was 81% (95% CI, 77%—-85%). The instantaneous risk of
death due to any cause during the first year after surgery was again composed of an early
decreasing phase followed by a late increasing phase (Figure 2B). The risk of death was
highest immediately after surgery (12 deaths/100 patients per month; 95% ClI, 5.4-27) and
decreased to less than half the initial value by 7 days (5.6 deaths/100 patients per month;
95% Cl, 3.1-10). The risk of death from any cause reached its nadir at 90 days (1.1
deaths/100 patients per month; 95% CI, 0.6-2.0) then gradually increased throughout the
remainder of the first year (12 months, 2.1 deaths/100 patients per month; 95% Cl, 1.3-3.5).

The time-varying instantaneous risk of death by cause was also investigated (Figure 2C).
The risk of nononcologic death was highest immediately after discharge (12 deaths/100
patients per month; 95% CI, 5.4-25) then steadily declined, reaching values <1 by 90 days.
All patients who died within 90 days died of nononcologic causes. In contrast, the risk of
oncologic death was negligible until just before 90 days, after which a steady increase was
noted throughout the remainder of the first year after surgery (12 months, 2.0 deaths/100
patients per month; 95% CI, 1.4-3.1). The hazard phases for each cause of death are shown
in Supplementary Figure 6.

DISCUSSION

In our cohort of 355 pneumonectomy patients, readmission and death occurred in distinct
patterns during the first year after pneumonectomy. The use of a novel parametric hazard
decomposition approach enabled us to more comprehensively understand the time-varying
trends in these outcomes and allowed us to examine the contributions of specific causes to
these patterns over time. We found that the overall risk of readmission was highest
immediately after index discharge and decreased to less than half the original value by 14
days. This risk reached a nadir and remained constant between 4 and 8 months, after which
it gradually increased. The risk of readmission for cardiac causes peaked at 4 days after
discharge, whereas the risk of readmission for all other nononcologic causes was highest
immediately after discharge. Pulmonary causes were the most common cause of readmission
during the first 90 days; after 90 days, oncologic causes were most common. Similarly, the
overall risk of death was highest immediately after surgery and fell to half the original value
by 7 days. This risk reached a nadir at 90 days, then increased throughout the remainder of
the first year after surgery. All deaths were attributable to nononcologic causes until 90 days
after surgery, at which point deaths from oncologic causes began to occur.

Selecting the ideal time point to assess morbidity and mortality after pneumonectomy not
only has direct implications on patient care, but is also used as a quality metric for health
care institutions.2! Due to the magnitude of the operation, 90 days has been increasingly

chosen as the time point to encompass “operative” morbidity and mortality after
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pneumonectomy.?: 10. 13 Despite this, studies assessing readmissions after pneumonectomy
are characteristically limited to 30 days, and the causes of readmission are frequently not
reported. An analysis of the National Surgical Quality Improvement Program database by
Rajaram and colleagues found a 30-day readmission rate for pneumonectomy patients of
11.8%, with pulmonary causes accounting for 44% of readmissions.22 Our 30-day
readmission rate of 13% is slightly higher than this rate and rates in other studies23 24
though we reiterate that pulmonary causes (responsible for 56% of 30-day readmissions in
our study) are the primary contributor to early readmission. Few studies have attempted to
establish temporal trends for readmission after pneumonectomy. The Rajaram study noted
that half of readmissions during the first 30 days occurred before 10 days.22 Another study
by Hu and colleagues found that half of readmissions within the first 90 days occurred
before 30 days, although readmissions were noted to persist beyond 90 days.3 Although
these and other studies have characterized patterns of readmission, no study to date has
examined both the type and timing of readmissions up to 1 year after pneumonectomy. Our
study demonstrates that, at approximately 90 days, the predominant cause of readmission
shifts from nononcologic (i.e., procedure related) to oncologic. Additionally, 75% (71/95) of
all nononcologic readmissions that occurred during the first year after index discharge
happened before 90 days.

The 30- and 90-day mortality in our study of 4.5% and 6.8%, respectively, are notably lower
than those in other large-volume institution or database studies.3 4 24 25 Mortality between
31 and 90 days was also lower in our study (2.4%) than in other studies (4.8%-5.2%).
10,23, 25 Al deaths before 90 days (24/24; 100%) were attributable to nononcologic causes,
and these 24 deaths accounted for 73% of all nononcologic deaths (24/33) during the first
year after surgery In contrast, death from oncologic causes was absent until just before 90
days, yet by 4 months after surgery, oncologic death was the predominant contributor to
overall mortality. Taken together, although a small number of procedure-related events
occurred beyond 90 days, our findings provide evidence that 90 days after index discharge
(for readmission) or surgery (for death) is an appropriate time point to assess operative
morbidity and mortality after pneumonectomy.

Finally, few studies in thoracic surgery have explored the implications of readmission on
mortality.1113 A large study of the Medicare database demonstrated an association between
30-day readmission and 90-day mortality after lung resection, with the greatest risk of death
in patients who were readmitted in the first 5 days after discharge.12 Additionally, Kozower
and colleagues noted a 6-fold increase in 90-day mortality among patients who had been
readmitted.13 Both of these studies, however, included all anatomical lung resection
operations We found that 30% of patients (19/64) who experienced readmission within 90
days of index discharge eventually died within 1 year of surgery. Notably, 11 of these 19
deaths (58%) were due to nononcologic causes, and 10 of these 11 patients (91%) were
readmitted for nononcologic reasons before 90 days. This suggests a potential link between
the pattern of attributed cause of readmission and the cause of death.

This study is the first to characterize the timing and patterns of oncologic and nononcologic
causes of readmission and death after pneumonectomy. Additionally, due to a
comprehensive and detailed review, we were able to obtain accurate causes of nononcologic
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readmission in our cohort, enabling us to determine which causes were present at each time
point after discharge. Our study also has important limitations. Although we were able to
capture readmissions to other institutions (which constitute a large proportion of total
readmissions among patients originating from tertiary referral centers!3), some readmissions
that occurred at other health-care facilities were likely missed. Furthermore, although our
cohort is similar to other large, geographically diverse cohorts3: % 25 in terms of age, sex,
tumor laterality, and tumor histology, our cohort is from a single high-volume institution,
and a larger proportion of our patients received induction therapy, which may limit the
generalizability of our results. Finally, despite the large size of our cohort, there were few
nononcologic deaths, precluding the ability to draw robust conclusions with regard to
patterns of nononcologic death after pneumonectomy.

CONCLUSIONS

In this analysis, we describe the time-varying risk of readmission and death during the first
year after pneumonectomy. We show that nononcologic (i.e., procedure-related) causes of
readmission and death predominate in the first 90 days after pneumonectomy, while
oncologic causes are responsible for the majority of readmissions and deaths after this point.
We also identify specific causes that pose the highest risk of readmission in the early phase
after index discharge. Further efforts are warranted to link these outcomes and define the
potential impact of specific causes of readmission on overall risk of death after
pneumonectomy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Perspective Statement:

Mortality within 30 days of pneumonectomy has remained constant during the last
decade, in the range of 5% to 10%. To better understand the patterns of readmission and
death after pneumonectomy, we performed a thorough investigation of the time-varying
risk of these outcomes in the first postoperative year, with a focus on the contributions of
specific causes to these patterns over time.
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Figure 1.
Readmission-free survival and risk of readmission within 1 year of index hospital discharge

after pneumonectomy. (A) Readmission-free survival: the solid line is the parametric
estimate of readmission-free survival, along with the 95% confidence band. (B)
Instantaneous risk of readmission: parametric estimates (solid line) with corresponding 95%
confidence bands (dashed line). (C) Instantaneous risk (hazard function) of readmission
within 1 year of index hospital discharge by cause (solid lines). The dashed lines correspond
to the 95% confidence bands.
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Figure 2.

Ogerall survival and risk of death within 1 year of surgery after pneumonectomy. (A)
Overall survival: the solid line is the parametric estimate of overall survival, along with the
95% confidence band. (B) Instantaneous risk of death: parametric estimates (solid line) with
corresponding 95% confidence bands (dashed line). (C) Instantaneous risk (hazard function)
of death within 1 year of surgery by cause (solid lines). The dashed lines correspond to the
95% confidence bands.
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Demographic and clinicopathologic characteristics (N=355)

Table 1.

Variable No. (%) or Median (IQR)
Age at surgery, years 63 (54-70)
Sex
Female 176 (50)
Male 179 (50)
BMI (n=339) 27.2 (23.7-30.5)

Smoking status

Never 52 (15)

Ever 303 (85)
Pack-years (n=353) 31.3(15.0-50.0)
Tumor size on CT, cm (n=330) 4.4 (3.0-6.0)

Primary tumor SUVmax (n=275)

12.5 (8.0-17.2)

Preoperative histologic diagnosis (n=330)

Adenocarcinoma 119 (36)
Squamous cell carcinoma 120 (36)
Other 91 (28)

FEV1, % (n=353)

82.0 (70.0-91.0)

DLCO, % (n=350)

76.0 (63.0-90.0)

Induction therapy

None 181 (51)

Chemotherapy only 151 (43)

Chemoradiotherapy 23 (6.5)
ASA class

lorll 135 (38)

Ior IV 220 (62)
Total intravenous fluids, L 1.2(0.9-1.7)
Estimated blood loss, L 0.6 (0.4-1.0)
Transfusion required in OR

No 298 (84)

Yes 57 (16)
Surgery time, h 3.4 (2.7-4.6)
Completion pneumonectomy

No 296 (83)

Yes 59 (17)
Tumor location

Left 199 (56)

Right 156 (44)

Final pathologic diagnosis
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Variable No. (%) or Median (IQR)
Adenocarcinoma 142 (40)
Squamous cell carcinoma 134 (38)
Other 68 (19)
No viable tumor 11 (3.1)

Pathologic stage (AJCC 8t Edition)

0 11 (3.1)
1 49 (14)
n 119 (34)
1 170 (48)
v 6 (1.7)

Extent of resection
RO 333 (94)
R1 19 (5.4)
R2 3(0.8)

Adjuvant therapy
None 140 (39)
Chemotherapy only 110 (31)
PORT only 75 (21)
Chemotherapy + PORT 30 (8.5)

AJCC, American Joint Committee on Cancer; ASA, American Society of Anesthesiologists; BMI, body mass index; CT, computed tomography;
DLCO, diffusion capacity of the lungs for carbon monoxide; FEV1, forced expiratory volume in 1 second; OR, operating room; PORT,

postoperative radiotherapy; SUVmax, maximum standardized uptake value.
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Table 2.

Distribution of readmission and death during the first year after discharge and surgery, respectively

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Variable No. (%)
Readmission
Within 30 days of discharge (n=342) 43 (13)
From 31 to 90 days after discharge (n=339) 34 (10)
From 91 days to 1 year after discharge (n=331) | 45 (14)
Death
Within 30 days of surgery (N=355) 16 (4.5)
From 31 to 90 days after surgery (n=339) 8 (2.4)
From 91 days to 1 year after surgery (n=331) 41 (12)
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