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IMPORTANCE Meta-analyses have suggested that initiating pulmonary rehabilitation after an
exacerbation of chronic obstructive pulmonary disease (COPD) was associated with
improved survival, although the number of patients studied was small and heterogeneity was
high. Current guidelines recommend that patients enroll in pulmonary rehabilitation after
hospital discharge.

OBJECTIVE To determine the association between the initiation of pulmonary rehabilitation
within 90 days of hospital discharge and 1-year survival.

DESIGN, SETTING, AND PATIENTS This retrospective, inception cohort study used claims data
from fee-for-service Medicare beneficiaries hospitalized for COPD in 2014, at 4446 acute
care hospitals in the US. The final date of follow-up was December 31, 2015.

EXPOSURES Initiation of pulmonary rehabilitation within 90 days of hospital discharge.

MAIN OUTCOMES AND MEASURES The primary outcome was all-cause mortality at 1 year. Time
from discharge to death was modeled using Cox regression with time-varying exposure to
pulmonary rehabilitation, adjusting for mortality and for unbalanced characteristics and
propensity to initiate pulmonary rehabilitation. Additional analyses evaluated the association
between timing of pulmonary rehabilitation and mortality and between number of sessions
completed and mortality.

RESULTS Of 197 376 patients (mean age, 76.9 years; 115 690 [58.6%] women), 2721 (1.5%)
initiated pulmonary rehabilitation within 90 days of discharge. A total of 38 302 (19.4%) died
within 1 year of discharge, including 7.3% of patients who initiated pulmonary rehabilitation
within 90 days and 19.6% of patients who initiated pulmonary rehabilitation after 90 days or
not at all. Initiation within 90 days was significantly associated with lower risk of death over 1
year (absolute risk difference [ARD], –6.7% [95% CI, –7.9% to –5.6%]; hazard ratio [HR], 0.63
[95% CI, 0.57 to 0.69]; P < .001). Initiation of pulmonary rehabilitation was significantly
associated with lower mortality across start dates ranging from 30 days or less (ARD, –4.6%
[95% CI, –5.9% to –3.2%]; HR, 0.74 [95% CI, 0.67 to 0.82]; P < .001) to 61 to 90 days after
discharge (ARD, –11.1% [95% CI, –13.2% to –8.4%]; HR, 0.40 [95% CI, 0.30 to 0.54]; P < .001).
Every 3 additional sessions was significantly associated with lower risk of death (HR, 0.91
[95% CI, 0.85 to 0.98]; P = .01).

CONCLUSIONS AND RELEVANCE Among fee-for-service Medicare beneficiaries hospitalized for
COPD, initiation of pulmonary rehabilitation within 3 months of discharge was significantly
associated with lower risk of mortality at 1 year. These findings support current guideline
recommendations for pulmonary rehabilitation after hospitalization for COPD, although the
potential for residual confounding exists and further research is needed.
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A pproximately 15.5 million individuals in the US re-
ported having chronic obstructive pulmonary disease
(COPD) in 2015, and exacerbations resulted in more

than 1.5 million emergency department visits and nearly
700 000 hospitalizations annually between 2001 and 2012.1,2

The period after hospital discharge is marked by high levels
of health care utilization and elevated risk of mortality. In 2008-
2014, among Medicare beneficiaries, mortality within 1 year
of discharge was estimated to be 26%.3

Pulmonary rehabilitation involves exercise training
and self-management education to improve physical and
psychological well-being.4 It is effective at relieving dysp-
nea, increasing exercise tolerance, and improving health-
related quality of life for individuals with all stages of
COPD, and may also reduce health care utilization.4-6 Prior
research has shown that few patients with COPD complete a
course of pulmonary rehabilitation because of lack of physi-
cian referral, lack of access to facilities, and a variety of
patient-related barriers.7 While pulmonary rehabilitation
has traditionally been viewed as beneficial for symptomatic,
medically stable patients, recent attention has turned to its
role after an exacerbation, when patients are at high risk of
experiencing a self-reinforcing spiral of dyspnea-related
deconditioning.8,9 Although the mechanisms are uncertain,
2 recent meta-analyses of randomized trials found that ini-
tiation of pulmonary rehabilitation soon after COPD exacer-
bation was associated with reduced risk of readmission
and death.10,11 However, the total number of patients stud-
ied remains small. Current guidelines recommend that
patients begin pulmonary rehabilitation within 3 to 4 weeks
of a COPD exacerbation.4,12,13

Because results of randomized trials are not always gen-
eralizable to routine settings, this study investigated out-
comes associated with pulmonary rehabilitation among a na-
tional sample of older adults hospitalized for COPD.14-16 The
primary objective was to determine the association between
initiation of pulmonary rehabilitation within 90 days of dis-
charge and 1-year survival.

Methods
Design, Setting, Patients
This study was approved by the institutional review board of
Baystate Health, which granted a waiver of informed con-
sent. We conducted a retrospective cohort study of all fee-
for-service Medicare beneficiaries older than 65 years who
were hospitalized for COPD in 2014, with a final date of
follow-up of December 31, 2015, the most recent year for
which data were available. We defined the cohort using Inter-
national Classification of Diseases, Ninth Revision, Clinical
Modification (ICD-9-CM) codes in accordance with methods
used by the Centers for Medicare & Medicaid Services (eTable
in the Supplement). We identified the first hospitalization
in the year as the index hospitalization. To create an incep-
tion, or new-user, cohort, we excluded beneficiaries
who had received pulmonary rehabilitation during the previ-
ous year.17,18 To emulate criteria used in previous trials we

excluded patients with dementia, metastatic cancer, and
acute myocardial infarction/acute coronary syndrome. We
also excluded patients we thought would be unlikely to initi-
ate pulmonary rehabilitation within 90 days of discharge and
to have a high risk of mortality. These included patients with
an index hospital stay longer than 31 days, those transferred
to another acute care hospital, individuals discharged to
skilled nursing facilities who remained in the facility for
more than 30 days, and individuals who died within 30 days
of discharge (Figure 1).

Participation in Pulmonary Rehabilitation
We used the Medicare outpatient and carrier files to identify
patients who received pulmonary rehabilitation, using com-
mon procedure coding system codes G0424 (COPD-specific
pulmonary rehabilitation) and G0237, G0238, and G0239
(nonspecific pulmonary rehabilitation). We counted the
number of days from the index hospitalization discharge to
the first session and the number of sessions completed
within the year after discharge.

Primary Outcome
The primary outcome was death due to any cause within 1
year of discharge from the index hospitalization. Vital status
was obtained from the Medicare Beneficiary Summary File,
which includes a date of death for all beneficiaries but not
cause of death.

Patient and Hospital Factors
Sociodemographic characteristics included age, sex, race/
ethnicity, Medicaid dual eligibility (a proxy for lower socio-
economic status), current tobacco use, and distance to the
nearest pulmonary rehabilitation facility.19 Race/ethnicity
was included as we have noted variation in access to and use
of pulmonary rehabilitation associated with race in prior
research.20 Race/ethnicity was determined using an enhance-
ment to the Social Security Administration categorical race
variable, which uses an algorithm to assign beneficiaries
to Hispanic or Asian based on last name when race was
unknown. Asian/Pacific Islander and American Indian/Alaska
Native were grouped into the “other” category because of

Key Points
Question Is initiation of pulmonary rehabilitation after
hospitalization for chronic obstructive pulmonary disease (COPD)
associated with better survival?

Findings In this retrospective observational study that included
197 376 Medicare beneficiaries discharged after hospitalization for
COPD, initiation of pulmonary rehabilitation within 3 months of
discharge, compared with later or no initiation of pulmonary
rehabilitation, was significantly associated with lower risk of
mortality at 1 year (hazard ratio, 0.63).

Meaning These findings support current guideline
recommendations for pulmonary rehabilitation after
hospitalization for COPD, although the potential for residual
confounding exists and further research is needed.
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small numbers. We assessed individual comorbidities using
Agency for Healthcare Research and Quality (AHRQ) comor-
bidity software and computed a longitudinal Charlson
Comorbidity Index score.21,22 We calculated each patient’s
risk of frailty using methods described by Segal et al.23 Mark-
ers of COPD severity included a count of hospitalizations in
the prior 12 months, receipt of home oxygen within 90 days
before admission, and receipt of mechanical ventilation dur-
ing the index hospitalization. Additionally, we assessed
emergency department visits and readmissions after hospital
discharge but before the initiation of pulmonary rehabilita-
tion. Hospital characteristics included number of beds, Cen-
sus region, teaching status, and rurality.

Statistical Analysis
Our primary analysis focused on the association between
initiation of pulmonary rehabilitation within 90 days of an
index hospital discharge and 1-year survival; additional
analyses explored the relationships of timing of initiation

and the number of sessions completed with survival. Given
the large size of our sample, we calculated absolute stan-
dardized differences (ASDs) to compare patients who initi-
ated pulmonary rehabilitation within 90 days of discharge
with those who never initiated or who initiated between
days 91 and 365 after discharge.24 We developed a nonparsi-
monious propensity model to predict initiation of pulmo-
nary rehabilitation within 90 days of discharge using gener-
alized estimating equations (GEE) logistic regression,
accounting for clustering of patients within hospitals. The
model included all patient sociodemographic characteris-
tics, Medicaid dual eligibility, tobacco use, comorbidities,
frailty, markers of disease severity, features of the index
admission, and selected interaction terms. In propensity
model development, we excluded patients discharged from
hospitals where pulmonary rehabilitation was not provided
because such patients had no possibility of receiving it. We
then applied model coefficients to estimate a propensity for
treatment for patients at all hospitals.

Figure 1. Patient Selection in a Study of Pulmonary Rehabilitation After Hospitalization for COPD

253 072 Medicare fee-for-service patients with first
hospitalization in 2014 for principal diagnosis
of COPD or ARF with secondary diagnosis of
COPD with exacerbation, aged ≥66 y,
continuously enrolled in Medicare for ≥1 y

197 376 Eligible patients (4446 hospitals)

2710 Included in propensity-matched cohort (894 hospitals)

194 655 Initiated pulmonary rehabilitation after 90 d of index discharge
or not at all (3071 hospitals) and eligible for 1-1 propensity
score matching with patients who initiated within 90 da

3161 Initiated pulmonary rehabilitation between
days 91 and 365

191 494 Did not initiate pulmonary rehabilitation

2721 Initiated pulmonary rehabilitation within 90 d of index discharge
(1375 hospitals) and eligible for 1-1 propensity score matching
with patients who initiated after 90 d or not at alla

2710 Included in propensity-matched cohort (1372 hospitals)

55 696 Excluded
16 752 Not alive 30 d after discharge from index hospitalization
10 444 Admitted from hospice/discharged to hospice/long-term care

6504 Dementia
5002 Acute myocardial infarction/acute coronary syndrome
4439 Pulmonary rehabilitation in the year before index hospitalization
3841 Admission to psychiatric or long-term care hospitals
3550 Metastatic cancer
2696 Paralysis
1391 Discharged to skilled nursing facility with length of stay ≥30 d

735 Residing in US territories
342 Hospital length of stay >31 d during index hospitalization

COPD indicates chronic obstructive pulmonary disease; ARF, acute respiratory
failure.
a Propensity scores were calculated using a logistic regression model accounting

for patient clustering within hospitals in the cohort. This was a
nonparsimonious logistic (generalized estimating equations) model that
included patient demographics, tobacco use, Medicaid dual-eligibility,
comorbidities, claims-based frailty indicator, markers of disease severity,
features of index admission, characteristics of hospitals to which patients were
admitted (including size, rural/urban status, teaching status, and Census
region), and selected interaction terms. Patients discharged from hospitals
where pulmonary rehabilitation was not provided were excluded from model

development because such patients had no possibility of receiving pulmonary
rehabilitation. Parameter estimates were then applied to all patients at all
hospitals to compute the propensity score. Based on this score and using a
greedy match algorithm, patients who received pulmonary rehabilitation
within 90 days of discharge were matched 1-to-1 with patients who never
initiated or initiated within days 91 and 365. To avoid immortal time bias, the
matched control was required to be alive on the day of the pulmonary
rehabilitation participant’s first session. In the matched cohort, distance to
nearest pulmonary rehabilitation facility, hospital rural/urban status, and
hospital size were imbalanced between the groups.
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Association Between Initiation of Pulmonary Rehabilitation
and Survival
To assess the association between initiation of pulmonary re-
habilitation and survival, we modeled time from hospital dis-
charge to death, using Cox regression. We evaluated the pro-
portionality assumption by adding an interaction term for
pulmonary rehabilitation with time; the test for proportion-
ality was not met. We then modeled survival with time-
varying pulmonary rehabilitation exposure. This approach at-
tributed days alive after discharge, but before pulmonary
rehabilitation initiation, as “unexposed” or “untreated” time;
it also addressed nonproportionality. Patients who initiated pul-
monary rehabilitation after 90 days, but before 365 days, con-
tributed time until initiation toward survival among those who
never initiated and then were censored when they started pul-
monary rehabilitation. We computed an E-value to quantify
the minimum strength of association necessary for an unmea-
sured confounder to negate any significant association ob-
served between pulmonary rehabilitation and survival.25,26

We performed additional analyses to evaluate whether our
primary analytic strategy was robust to different methodo-
logic approaches and to explore potential interactions associ-
ated with selected patient characteristics. First, rather than treat-
ing pulmonary rehabilitation as a time-varying exposure, we
restricted the cohort to individuals who survived at least 90 days
from discharge to eliminate overlap of exposure and outcome
assessment periods. We fit GEE logistic regression models for
mortality within the year after discharge, adjusting for unbal-
anced covariates and propensity to start pulmonary rehabilita-
tion. Second, within this same cohort we fit models using
stabilized inverse probability of treatment weighting (SIPTW),
as well as standardized mortality rate weighting (SMR).27,28

Third, we repeated this analysis adding interaction terms
with pulmonary rehabilitation initiation for age group, frailty,
comorbid heart failure, tertiles of overall comorbidity bur-
den, and receipt of home oxygen before the index admission.
Fourth, we conducted a propensity-matched analysis, match-
ing each individual who initiated pulmonary rehabilitation
within 90 days of discharge to an individual with a similar
propensity who had not initiated within 90 days using a
greedy matching algorithm. To avoid immortal time bias, we
required that the matched control be alive on the day of the
pulmonary rehabilitation participant’s first session.29

Kaplan-Meier curves were then used to compare mortality of
those who initiated pulmonary rehabilitation within 90 days
of discharge with those matched who never initiated or did
so after 90 days. Differences in mortality within 1 year of dis-
charge among the matched pairs were assessed using the
McNemar test. In addition, in the propensity-matched
cohort, we used Cox regression to model time from pulmo-
nary rehabilitation initiation to death, adding adjustment for
hospital readmissions and emergency department visits that
occurred after the index hospitalization but before initiation
of pulmonary rehabilitation.

Timing of Pulmonary Rehabilitation Initiation
We carried out exploratory analyses to investigate whether the
timing of pulmonary rehabilitation initiation in relation to hos-

pital discharge moderates its association with survival. Rec-
ognizing that mortality risk is highest in the early days after
discharge, and because it is common for patients to experi-
ence readmission after an index discharge, we computed the
number of days between a patient’s first pulmonary rehabili-
tation visit and the closest COPD discharge. Then, using our
full study cohort, we developed a Cox model with time-
varying exposure to pulmonary rehabilitation, adjusting for all
patient factors including propensity to start within 90 days and
adding interaction terms allowing for a change in hazard for
initiation after 30 days and after 60 days.

Number of Pulmonary Rehabilitation Sessions Completed
In an additional exploratory analysis, to evaluate a potential
dose-response relationship, we created a new cohort re-
stricted to individuals who initiated pulmonary rehabilita-
tion and survived at least 90 days after discharge. We defined
the exposure period as the first 90 days after the most recent
COPD discharge and assessed outcomes in the subsequent 9
months. We counted the number of sessions completed in the
exposure period and then modeled survival from 91 days to
death (or censoring at 1 year), evaluating the number of ses-
sions completed as a continuous variable.

Missing Data
Files received from the CMS have minimal missing data.
A few fields include an “unknown” category; however, use
was rare, and cases categorized as unknown were excluded
from analysis.

We present absolute risk differences from the adjusted
models for all analyses. No adjustment for multiple compari-
sons was made; thus, the findings of the timing of initiation
and number of sessions completed analyses should be inter-
preted as exploratory.

All statistical testing was 2-sided, using a .05 level of sig-
nificance. All analyses were performed using SAS version 9.4
(SAS Institute Inc) and figures were created using Stata re-
lease 16 (StataCorp).

Results
Of 197 376 patients assessed from 4446 hospitals, 2721 (1.5%)
initiated pulmonary rehabilitation within 90 days of dis-
charge and 3161 (1.6%) initiated within days 91 and 365. Com-
pared with those who never participated or who initiated pul-
monary rehabilitation after 90 days of discharge, those who
initiated within 90 days were younger (mean, 74.5 vs 77 years;
ASD, 0.36), more often men (47.6% vs 41.3%; ASD, 0.13), more
often non-Hispanic white (92.6% vs 85.1%; ASD, 0.24), and
lived closer to a pulmonary rehabilitation facility (mean, 5.8
vs 9.8 miles; ASD, 0.35). Those who initiated pulmonary re-
habilitation within 90 days of discharge had less comorbidity
(mean, 3.5 vs 4.2; ASD, 0.25), a lower risk of frailty (mean, 13%
vs 20%; ASD, 0.51), and were more likely to have no prior-
year admissions (61.9% vs 52.4%; ASD, 0.24) but were more
likely to receive home oxygen before hospitalization (39.4%
vs 31.7%; ASD, 0.16) (Table 1). A total of 38 302 beneficiaries
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Table 1. Patient Characteristics by Pulmonary Rehabilitation Status

Characteristic

Full cohort Propensity-matched cohorta

Pulmonary rehabilitation, No. (%)

ASDb

Pulmonary rehabilitation, No. (%)

ASDb

Within 90 d
of discharge
(n = 2721)

91-365 d
after discharge
or not at all
(n = 194 655)

Within 90 d
of discharge
(n = (2710)

91-365 d
after discharge
or not at all
(n = 2710)

Demographics

Age, mean (SD), y 74.5 (6.1) 77.0 (7.6) 0.359 74.5 (6.1) 74.6 (6.3) 0.018

Sex 0.126 0.034

Women 1427 (52.4) 114 263 (58.7) 1422 (52.5) 1376 (50.8)

Men 1294 (47.6) 80 392 (41.3) 1288 (47.5) 1334 (49.2)

Race/ethnicityc 0.244 0.031

Non-Hispanic white 2520 (92.6) 165 594 (85.1) 2510 (92.6) 2493 (92)

Black or African American 126 (4.6) 16 759 (8.6) 125 (4.6) 138 (5.1)

Hispanic 46 (1.7) 8038 (4.1) 46 (1.7) 44 (1.6)

Other 29 (1.1) 4264 (2.2) 29 (1.1) 35 (1.3)

Claims-based frailty indicator, %d 0.506 0.021

Mean (SD) 13 (10) 20 (16) 13 (10) 13 (10)

Median (IQR) 9.9 (6.3-16.7) 14.7 (8.1-26.7) 9.9 (6.3-16.8) 9.8 (6.1-16.0)

Distance to nearest pulmonary
rehabilitation, mean (SD), mie

5.8 (6.4) 9.8 (14.8) 0.350 5.8 (6.4) 8.9 (12.1) 0.319

Dual eligibility (Medicaid buy-in) 304 (11.2) 51980 (26.7) 0.404 304 (11.2) 313 (11.5) 0.011

Current tobacco user 595 (21.9) 45 922 (23.6) 0.041 591 (21.8) 634 (23.4) 0.038

Weighted Charlson Comorbidity Index,
mean (SD)f

3.5 (2.9) 4.2 (3.2) 0.251 3.5 (2.9) 3.4 (2.9) 0.008

Comorbiditiesg

Hypertension 1947 (71.6) 145 673 (74.8) 0.074 1942 (71.7) 1921 (70.9) 0.017

Fluid and electrolyte disorders 700 (25.7) 56 675 (29.1) 0.076 696 (25.7) 641 (23.7) 0.047

Diabetes 685 (25.2) 62 999 (32.4) 0.159 683 (25.2) 675 (24.9) 0.007

Congestive heart failure 556 (20.4) 61 874 (31.8) 0.261 556 (20.5) 508 (18.7) 0.045

Pneumonia 486 (17.9) 39 705 (20.4) 0.065 483 (17.8) 483 (17.8) 0.000

Obstructive sleep apnea 466 (17.1) 25 320 (13.0) 0.115 464 (17.1) 412 (15.2) 0.052

Hypothyroidism 432 (15.9) 34 724 (17.8) 0.074 415 (15.3) 387 (14.3) 0.029

Obesity 427 (15.7) 29 003 (14.9) 0.022 427 (15.8) 356 (13.1) 0.075

Depression 415 (15.3) 29 629 (15.2) 0.001 332 (12.3) 311 (11.5) 0.024

Deficiency anemias 337 (12.4) 36 071 (18.5) 0.171 337 (12.4) 331 (12.2) 0.007

Kidney failure 332 (12.2) 35 387 (18.2) 0.167 430 (15.9) 385 (14.2) 0.047

Peripheral vascular disease 271 (10) 20 784 (10.7) 0.024 269 (9.9) 257 (9.5) 0.015

Valvular disease 215 (7.9) 17 545 (9) 0.040 213 (7.9) 176 (6.5) 0.053

Other neurologic disorders 128 (4.7) 14 261 (7.3) 0.110 127 (4.7) 116 (4.3) 0.020

Hospital admissions in year before
index admission

0.240 0.039

None 1684 (61.9) 101 992 (52.4) 1678 (61.9) 1634 (60.3)

1 584 (21.5) 45 062 (23.1) 582 (21.5) 615 (22.7)

2 266 (9.8) 22 452 (11.5) 263 (9.7) 259 (9.6)

≥3 187 (6.9) 25 149 (12.9) 187 (6.9) 202 (7.5)

Home oxygen use in 90 d before
index hospitalizationh

1073 (39.4) 61 761 (31.7) 0.162 1068 (39.4) 1079 (39.8) 0.008

Principal diagnosis 0.029 0.015

Acute respiratory failure 469 (17.2) 31 423 (16.1) 465 (17.2) 450 (16.6)

COPD 2252 (82.8) 163 232 (83.9) 2245 (82.8) 2260 (83.4)

Noninvasive ventilation during
index admission

215 (7.9) 14 960 (7.7) 0.008 214 (7.9) 186 (6.9) 0.040

Invasive ventilation during
index admission

84 (3.1) 6248 (3.2) 0.007 80 (3) 81 (3) 0.002

Admitted from skilled nursing facility 141 (5.2) 24 341 (12.5) 0.260 138 (5.1) 165 (6.1) 0.043

(continued)
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(19.4%) died within a year of hospital discharge, including 198
(7.3%) among those who initiated pulmonary rehabilitation
within 90 days and 38 104 (19.6%) among those who initiated
after 90 days or not at all. Eighteen hospitals (0.4%) with un-
known region (with 25 patients total) were excluded from
analyses (Table 2).

Association Between Initiation of Pulmonary Rehabilitation
and Survival
In the full study cohort, attributing time before initiation of
pulmonary rehabilitation as untreated time, and adjusting for
unbalanced covariates and propensity to start pulmonary
rehabilitation, participation was significantly associated with
a lower risk of death within 1 year of discharge (absolute risk
difference [ARD], –6.7% [95% CI, –7.9% to -5.6%]; hazard
ratio [HR], 0.63 [95% CI, 0.57 to 0.69]; P < .001). The E-value
for this model was 2.1 (eFigure in the Supplement). Multiple
alternative analytic approaches restricted to survivors of the
first 90 days yielded similar effect estimates (Figure 2). There

was no statistically significant heterogeneity of association
based on age (P = .85 for interaction), frailty (P = .13 for inter-
action), or comorbid heart failure (P = .50 for interaction),
but there was a significant interaction of pulmonary rehabili-
tation with prior home oxygen use (among users: crude mor-
tality rates, 8.8% vs 15.9%; ARD, –5.7% [95% CI, –7.4% to
–3.5%]; odds ratio [OR], 0.60 [95% CI, 0.49 to 0.75]; P < .001;
among nonusers: crude mortality rates, 4.5% vs 12.7%; ARD,
–6.8% [95% CI, –8.0% to –5.4%]; OR, 0.43 [95% CI, 0.34 to
0.54]; P < .001) and comorbidity burden (low: crude mortal-
ity rates, 2.6% vs 10.7%; ARD, –7.6% [95% CI, –8.6% to
–6.2%]; OR, 0.27 [95% CI, 0.19 to 0.39]; P < .001; medium:
crude mortality rates, 6.1% vs 12.5%; ARD, –5.0% [95% CI,
–6.7% to –2.8%]; OR, 0.57 [95% CI, 0.43 to 0.75]; P < .001;
high: crude mortality rates, 13.8% vs 18.6%; ARD, –3.8% [95%
CI, –6.7% to –0.5%]; OR, 0.76 [95% CI, 0.59 to 0.97]; P = .03).

In the sample matched on propensity and survival to
pulmonary rehabilitation initiation, a high level of covariate
balance was achieved, with the exceptions of distance to

Table 1. Patient Characteristics by Pulmonary Rehabilitation Status (continued)

Characteristic

Full cohort Propensity-matched cohorta

Pulmonary rehabilitation, No. (%)

ASDb

Pulmonary rehabilitation, No. (%)

ASDb

Within 90 d
of discharge
(n = 2721)

91-365 d
after discharge
or not at all
(n = 194 655)

Within 90 d
of discharge
(n = (2710)

91-365 d
after discharge
or not at all
(n = 2710)

Discharged to skilled nursing facility 109 (4) 27 919 (14.3) 0.364 108 (4.0) 99 (3.7) 0.017

Readmission before pulmonary
rehabilitation initiation or match date
(in matched cohort)i

NA NA NA 461 (17.0) 505 (18.6) 0.042

Emergency department encounter
before rehabilitation initiation
or match date (in matched cohort)i

NA NA NA 323 (11.9) 357 (13.2) 0.038

Abbreviations: ASD, absolute standardized difference; COPD, chronic
obstructive pulmonary disease; NA, not applicable.
a Propensity scores were calculated using a logistic regression model

accounting for patient clustering within hospitals in the cohort. This was a
nonparsimonious logistic (generalized estimating equations) model that
included patient demographics, tobacco use, Medicaid dual-eligibility,
comorbidities, claims-based frailty indicator, markers of disease severity,
features of index admission, characteristics of hospitals where the patients
were admitted (including size, rural/urban status, teaching status and Census
region), and selected interaction terms. We excluded patients discharged from
hospitals where pulmonary rehabilitation was not provided from model
development because such patients had no possibility of receiving pulmonary
rehabilitation. We then applied the parameter estimates to all patients at all
hospitals to compute the propensity score. Based on this score and using a
greedy match algorithm, patients who received pulmonary rehabilitation
within 90 days of discharge were matched 1-to-1 with patients who never
initiated or initiated within days 91 and 365. To avoid immortal time bias,
we required that the matched control was alive on the day of the pulmonary
rehabilitation participant’s first session. In the matched cohort, distance to
nearest pulmonary rehabilitation facility, hospital rural/urban status, and
hospital size were imbalanced between the groups.

b For continuous variables: absolute standardized difference = 100*
(x_bar_treatment – x_bar_control)/sqrt[(s^2_treatment + s^2_control)/2],
where x_bar indicates sample mean in respective groups and s^2 indicates
sample variance in respective groups. For binary variables:
100*(P_treatment – P_control)/sqrt{[P_treatment*(1 – P_treatment) +
P_control*(1 – P_control)]/2}, where P indicates the prevalence of binary
variable in treatment and control groups, respectively. For categorical
variables, the standardized difference is computed using a multivariable
Mahalanobis distance method. We used this method from a macro generated
from Yang and Dalton.30

c Determined using an enhancement to the social security administration
categorical race variable that uses an algorithm to assign beneficiaries to
Hispanic or Asian based on last name when race was unknown. “Asian/Pacific
Islander” and “American Indian/Alaska Native” were grouped into the “other”
category because of small numbers.

d Claims-based frailty indicator for predicting the frailty phenotype; enables
assessment of frailty using a combination of diagnoses. Probability score that
ranges between 0% and 100%, with greater values meaning higher likelihood
of frailty. The indicator was used as a continuous variable and patients were
not categorized into frail vs not frail. In the Segal study, the threshold was set
at 20%.

e From centroid of patient’s home zip code. To convert miles to kilometers,
multiply values by 1.6.

f Accounts for number and seriousness of comorbid conditions that might alter
the risk of mortality among medical patients. The weights were assigned to
the conditions based on adjusted relative risks from the model where
conditions with relative risk 1.2 or greater and less than 1.5 were assigned a
weight of 1; conditions with a risk 1.5 or greater and less than 2.5, a weight of 2;
conditions with a relative risk of 2.5 or greater and less than 3.5, a weight of 3;
and conditions with relative risk greater than 6, a weight of 6.

g Comorbidites are computed using Agency for Healthcare Research and Quality
(AHRQ) comorbidity software based on patients' Medicare Severity-Diagnosis
Related Group (MS DRG), principal diagnosis, and all secondary diagnoses.
Patients are assigned indicators for 30 conditions as comorbidities.

h Indicates that Centers for Medicare & Medicaid Services (CMS) paid a claim for
home oxygen use for eligible patients within 90 days of index admission.

i Hospital readmissions and emergency department visits occurring after index
hospitalization but prior to the day of pulmonary rehabilitation initiation are
computed in the propensity-matched cohort.
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pulmonary rehabilitation facility, hospital size, and urban
location (Table 1 and Table 2). Kaplan-Meier curves showed
pulmonary rehabilitation initiation within 90 days was sig-
nificantly associated with lower mortality compared with ini-
tiation after 90 days or not at all (P < .001), as did the McNe-
mar test (P < .001) (Figure 3). Mortality within 1 year of
pulmonary rehabilitation initiation was 7.3% among those
who initiated pulmonary rehabilitation within 90 days and
14.1% among those matched who initiated after 90 days or not
at all. Modeling the time from initiation of pulmonary reha-
bilitation in the propensity-matched cohort, pulmonary reha-
bilitation was significantly associated with lower risk of death
(ARD, –6.8% [95% CI, –8.4% to –5.2%]; HR, 0.50 [95% CI, 0.42
to 0.59]; P < .001).

Timing of Initiation
Among individuals who initiated pulmonary rehabilitation
within 90 days of discharge from their most recent COPD hos-
pitalization, 1020 (37.5%) initiated rehabilitation within 30 days
and 115 (11.3%) died within 1 year; 1075 (39.5%) between 31 and
60 days, with 59 (5.5%) deaths within 1 year, and 626 (23.0%)
between 61 and 90 days, with 24 (3.8%) deaths within 1 year.
In exploratory analysis, allowing a change in hazard at differ-
ent start dates relative to discharge, initiation of pulmonary
rehabilitation within 30 days (ARD, –4.6% [95% CI, –5.9% to
–3.2%]; HR, 0.74 [95% CI, 0.67 to 0.82]; P < .001), 31 to 60 days
(ARD, –10.6% [95% CI, –12.4% to –8.4%]; HR, 0.43 [95% CI, 0.34
to 0.54]; P < .001), and 61 to 90 days (ARD, –11.1% [95% CI,
–13.2% to –8.4%]; HR, 0.40 [95% CI, 0.30 to 0.54]; P < .001)

Table 2. Hospital Characteristics by Patient Pulmonary Rehabilitation Status

Characteristic

Full cohort Propensity-matched cohorta

Pulmonary rehabilitation, No. (%)

ASDc

Pulmonary rehabilitation, No. (%)

ASDc

Within 90 d
of discharge
(n = 2721)

91-365
after discharge
or not at all
(n = 194 655)b

Within 90 d
of discharge
(n = (2710)

91-365 d
after discharge
or not at all
(n = 2710)

Patients Hospitals Patients Hospitals
Patients,
No. (%)

Hospitals,
No. (%)

Patients,
No. (%)

Hospitals,
No. (%)

Regiond 0.321e

0.295f
0.059e

0.152f

Northeast 442 (16.3) 234 (17.0) 35 050 (18) 330 (10.8) 440 (16.2) 234 (17.1) 387 (14.3) 113 (12.6)

Midwest 1056 (38.8) 483 (35.1) 48 170 (24.7) 843 (27.5) 1048 (38.7) 481 (35.1) 1050 (38.7) 294 (32.9)

South 891 (32.8) 456 (33.2) 86 687 (44.5) 1222 (39.8) 891 (32.9) 456 (33.2) 916 (33.8) 335 (37.5)

West 331 (12.2) 201 (14.6) 24 724 (12.7) 659 (21.5) 331 (12.2) 201 (14.7) 357 (13.2) 152 (17.0)

Urban/rural 0.011e

0.496f
0.163e

0.356f

Urban 2099 (77.1) 996 (72.4) 149 255 (76.7) 1502 (48.9) 2093 (77.2) 996 (72.6) 1899 (70.1) 499 (55.8)

Rural 622 (22.9) 379 (27.6) 45 400 (23.3) 1569 (51.1) 617 (22.8) 376 (27.4) 811 (29.9) 395 (44.2)

Teaching status 0.049e

0.377f
0.090e

0.221f

Nonteaching 1629 (59.9) 865 (62.9) 121 214 (62.3) 2447 (79.7) 1620 (59.8) 863 (62.9) 1738 (64.1) 654 (73.2))

Teaching 1092 (40.1) 510 (37.1) 73 441 (37.7) 624 (20.3) 1090 (40.2) 509 (37.1) 972 (35.9) 240 (26.9)

No. of beds 0.069e

0.685f
0.202e

0.418f

≤200 1004 (36.9) 629 (45.8) 72 280 (37.1) 2365 (77.0) 997 (36.8) 627 (45.7) 1265 (46.7) 583 (65.2)

201-400 878 (32.3) 427 (31.1) 67 870 (34.9) 464 (15.1) 877 (32.4) 426 (31.1) 747 (27.6) 205 (22.9)

≥401 839 (30.8) 319 (23.2) 54 505 (28.0) 242 (7.9) 836 (30.8) 319 (23.3) 698 (25.8) 106 (11.9)

Abbreviations: ASD, absolute standardized difference; COPD, chronic
obstructive pulmonary disease.
a Propensity scores were calculated using a logistic regression

model accounting for patient clustering within hospitals in the cohort.
This was a nonparsimonious logistic (generalized estimating equations) model
that included patient demographics, tobacco use, Medicaid dual-eligibility,
comorbidities, claims-based frailty indicator, markers of disease severity,
features of index admission, characteristics of hospitals where the patients
were admitted (including size, rural/urban status, teaching status
and Census region), and selected interaction terms. We excluded patients
discharged from hospitals where pulmonary rehabilitation was not provided
from model development because such patients had no possibility
of receiving pulmonary rehabilitation. We then applied the parameter
estimates to all patients at all hospitals to compute the propensity score.
Based on this score and using a greedy match algorithm, patients who
received pulmonary rehabilitation within 90 days of discharge were
matched 1-to-1 with patients who never initiated or initiated within days 91
and 365. To avoid immortal time bias, we required that the matched control
was alive on the day of the pulmonary rehabilitation participant’s first session.
In the matched cohort, distance to nearest pulmonary rehabilitation facility,

hospital rural/urban status, and hospital size were imbalanced between
the groups.

b Pulmonary rehabilitation initiation between days 91 and 365 of index
discharge

c For continuous variables: absolute standardized difference = 100*
(x_bar_treatment – x_bar_control)/sqrt[(s^2_treatment + s^2_control)/2],
where x_bar indicates sample mean in respective groups and s^2 indicates
sample variance in respective groups. For binary variables:
100*(P_treatment – P_control)/sqrt{[P_treatment*(1 – P_treatment) +
P_control*(1 – P_control)]/2}, where P indicates the prevalence of binary
variable in treatment and control groups, respectively. For categorical
variables, the standardized difference is computed using a multivariate
Mahalanobis distance method. We used the method from a macro generated
from Yang and Dalton.30

d Eighteen hospitals (0.4%) with unknown region (with 25 patients total) were
excluded from analyses.

e Patient-level difference.
f Hospital-level difference.
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were each significantly associated with lower mortality com-
pared with initiation after 90 days or no initiation (Figure 2).

Number of Sessions Completed
Among the group of patients who initiated pulmonary reha-
bilitation within 90 days of the index hospitalization, 2689
(98.8%) survived at least 90 days from discharge and 166 (6.2%)
died within 1 year. These patients completed a median of 9 ses-
sions (interquartile range, 4-14) during the 90-day period from
their most recent COPD discharge. In exploratory analysis
evaluating the number of sessions as a continuous factor, af-

ter adjusting for age, comorbidity, prior home oxygen use, and
frailty, every 3 additional sessions (a suggested weekly dose)
in the first 90 days was significantly associated with lower mor-
tality (HR, 0.91 [95% CI, 0.85 to 0.98]; P = .01).

Discussion
In this large, population-based cohort of more than 190 000
Medicare fee-for-service patients hospitalized for COPD in the
US, initiation of pulmonary rehabilitation within 90 days of

Figure 2. Risk of Mortality Associated With Initiation of Pulmonary Rehabilitation After Hospital Discharge

Favors
pulmonary

rehabilitation

Favors pulmonary
rehabilitation after
90 d or none at all

0.1 71
HR/OR (95% CI)

No./total (%)

Pulmonary
rehabilitation
within 90 d

Pulmonary
rehabilitation after
90 d or none at alla

Among 90-d survivorsd

HR/OR (95% CI)
Absolute risk
difference (95% CI)

198/2721 (7.3) 38 104/194 655 (19.6)Full cohort, adjustedb,c HR, 0.63 (0.57 to 0.69)–6.7 (–7.9 to –5.6)

198/2710 (7.3) 382/2710 (14.1)Matched cohortk,l HR, 0.50 (0.42 to 0.59)–6.8 (–8.4 to –5.2)

166/2689 (6.2) 24 826/181 377 (13.4)Adjusted OR, 0.54 (0.46 to 0.63)–5.8 (–6.9 to –4.6)
166/2689 (6.2) 24 826/181 377 (13.4)SIPTW, adjustedc,e OR, 0.51 (0.43 to 0.62)–6.2 (–7.3 to –4.8)
166/2689 (6.2) 24 826/181 377 (13.4)SMRW, adjustedc,f OR, 0.53 (0.43 to 0.65)–5.9 (–7.3 to –4.4)

Timing of pulmonary rehabilitation initiation,daysj

115/1020 (11.3) 38 104/194 655 (19.6)≤30 HR, 0.74 (0.67 to 0.82)–4.6 (–5.9 to –3.2)
59/1075 (5.5) 38 104/194 655 (19.6)31-60 HR, 0.43 (0.34 to 0.54)–10.6 (–12.4 to –8.4)
24/626 (3.8) 38 104/194 655 (19.6)61-90 HR, 0.40 (0.30 to 0.54)–11.1 (–13.2 to –8.4)

Subgroup analyses, adjustedc

Home oxygen useg,h

73/1629 (4.5) 15 720/124 155 (12.7)No OR, 0.43 (0.34 to 0.54)–6.8 (–8.0 to –5.4)
93/1060 (8.8) 9106/57 222 (15.9)Yes OR, 0.60 (0.49 to 0.75)–5.7 (–7.4 to –3.5)

Comorbidity burdenh,i

32/1212 (2.6) 6825/63 589 (10.7)Low OR, 0.27 (0.19 to 0.39)–7.6 (–8.6 to –6.2)
56/912 (6.1) 7892/63 308 (12.5)Medium OR, 0.57 (0.43 to 0.75)–5.0 (–6.7 to –2.8)
78/565 (13.8) 10 109/54 480 (18.6)High OR, 0.76 (0.59 to 0.97)–3.8 (–6.7 to –0.5)

Abbreviations: HR, hazard ratio; OR, odds ratio.
a Pulmonary rehabilitation initiation between days 91 and 365 of index

discharge. This group combined with those who never initiated pulmonary
rehabilitation is the referent group for all models.

b Survival (Cox regression) models; modeling time from index discharge, with
time-varying exposure.

c All models adjusted for patient demographics, severity markers during
hospitalization, prior admissions, prior 90-day home oxygen use,
comorbidities, claims-based frailty indicator, and propensity score.

d Logistic (generalized estimating equations) model among 90-day survivor
cohort.

e Stabilized inverse probability of treatment-weighted (SIPTW) logistic
(generalized estimating equations) model.

f Standardized mortality ratio–weighted (SMRW) logistic (generalized
estimating equations) model; odds ratio.

g Claim of home oxygen in 90 days before index admission.
h Logistic (generalized estimating equations) models.
i Comorbidity burden: weighted Charlson Comorbidity Index accounts for

number and seriousness of comorbid conditions that might alter the risk of
mortality among medical patients. The weights were assigned to the
conditions based on adjusted relative risks from the model where conditions
with relative risk 1.2 or greater and less than 1.5 were assigned a weight of 1;
conditions with a risk 1.5 or greater and less than 2.5, a weight of 2; conditions
with a relative risk of 2.5 or greater and less than 3.5, a weight of 3; and
conditions with relative risk greater than 6, a weight of 6.

j In full cohort, in which timing of pulmonary rehabilitation start is counted from
patients’ most recent chronic obstructive pulmonary disease discharge;
survival (Cox regression) models; hazard ratio.

k Propensity score–matched cohort. Propensity scores were calculated using a
logistic regression model accounting for patient clustering within hospitals in
the cohort. This was a nonparsimonious logistic (generalized estimating
equations) model that included patient demographics, tobacco use, Medicaid
dual-eligibility, comorbidities, claims-based frailty indicator, markers of disease
severity, features of index admission, characteristics of hospitals to which the
patients were admitted (including size, rural/urban status, teaching status, and
Census region), and selected interaction terms. Patients discharged from
hospitals where pulmonary rehabilitation was not provided were excluded
from model development because such patients had no possibility of receiving
pulmonary rehabilitation. Parameter estimates were then applied to all
patients at all hospitals to compute the propensity score. Based on this score
and using a greedy match algorithm, patients who received pulmonary
rehabilitation within 90 days of discharge were matched 1-to-1 with patients
who never initiated or initiated within days 91 and 365. To avoid immortal time
bias, the matched control was required to be alive on the day of the
pulmonary rehabilitation participant’s first session. In the matched cohort,
distance to nearest pulmonary rehabilitation facility, hospital rural/urban
status, and hospital size were imbalanced between the groups.

l Survival (Cox regression models) modeling time from pulmonary rehabilitation
initiation after adjusting for hospital readmissions and emergency department
visits occurring after the index hospitalization, but prior to the day of
pulmonary rehabilitation initiation.
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discharge, while rare, was significantly associated with bet-
ter 1-year survival compared with initiation after 90 days or
not at all. The strength of association was similar to estimates
reported in recent meta-analyses of randomized trials. In ex-
ploratory analyses, initiation of pulmonary rehabilitation was
significantly associated with lower mortality across a range of
potential start times relative to discharge, and there was a sta-
tistically significant association between the number of ses-
sions completed and survival. These observations corrobo-
rate the results of multiple small randomized trials within
routine clinical settings and thus lend additional support to cur-
rent guideline recommendations produced by professional so-
cieties in the US and Europe that recommend pulmonary re-
habilitation after hospitalization for COPD.

A 2016 Cochrane meta-analysis pooled the results of 6
trials, involving 670 patients, in which pulmonary rehabilita-
tion after an exacerbation of COPD was compared with con-
ventional care and in which mortality was reported. While early
pulmonary rehabilitation had a pooled OR for mortality of 0.68
(95% CI, 0.28 to 1.67), the nature of the intervention varied be-
tween trials, and results demonstrated high levels of hetero-
geneity and study bias.10 A more recent meta-analysis of 13
clinical trials, involving 801 participants, reported lower mor-
tality associated with early pulmonary rehabilitation that
reached statistical significance (relative risk, 0.58 [95% CI, 0.35
to 0.98]).11 By contrast, this study included more than 2700
patients treated with pulmonary rehabilitation, allowing the
production of more precise estimates, and the investigation
of heterogeneity related to patient characteristics. Addition-
ally, because of uncertainty surrounding the optimal timing
of initiation,31 and with current guidelines recommending ini-
tiation within 3 to 4 weeks of an exacerbation, this study ex-
plored the association between pulmonary rehabilitation start
date relative to discharge date and mortality. In these analy-
ses, estimates were fairly similar across a set of start dates rang-
ing from less than 30 days to more than 60 days, allaying con-
cern that delayed initiation may be ineffective. A unique finding
from this analysis is the significant association between the
number sessions completed within the first 90 days of dis-
charge and 1-year survival.

Given the significant association of postexacerbation pul-
monary rehabilitation with lower mortality suggested by this
and prior studies, it is notable that less than than 2% of pa-
tients initiated treatment within 90 days of hospital dis-
charge. To put this into broader context, noninvasive ventila-
tion and long-term oxygen therapy are the only treatments
shown to improve survival for patients requiring hospitaliza-
tion for COPD. As such, the results of this study reinforce the
importance of developing more effective strategies for increas-
ing participation in rehabilitation.32 Furthermore, earlier re-
search has demonstrated that this is especially true for women,
members of racial and ethnic minority groups, and individu-
als with lower socioeconomic status.22

Limitations
This study has several limitations. First, treatment assign-
ment was not random. Although this study adjusted for nu-
merous potential confounders, and while several alternative

analytic approaches yielded similar results, there is likely re-
sidual bias due to unmeasured confounding. Individuals who
initiated pulmonary rehabilitation were younger and less frail,
and may have differed in other ways that contributed toward
their better outcomes, a phenomenon known as healthy user
bias.33 Second, this study accounted for multiple factors that
serve as proxies for disease severity (eg, use of home oxygen,
receipt of mechanical ventilation); however, pulmonary func-
tion tests results or physiologic measures such as those used
to compute the BODE (Body Mass Index, Airflow Obstruc-
tion, Dyspnea and Exercise Capacity) index, a tool for predict-
ing the risk of mortality among patients with COPD, were not
available.34 Nevertheless, the E-value of 2.1 in the primary
analysis, a measure of the minimum strength of association
with both treatment and outcome for an unmeasured con-
founder to render the result nonsignificant, suggests that the
observed association between pulmonary rehabilitation and
1-year survival was robust. To provide additional perspec-
tive, for an unmeasured confounder to negate the associa-
tion observed between pulmonary rehabilitation and sur-
vival, it would need to have a stronger relationship to mortality

Figure 3. One-Year Mortality After Initiation of Pulmonary Rehabilitation
in the Propensity-Matched Cohorta
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a Propensity scores were calculated using a logistic regression model accounting
for patient clustering within hospitals in the cohort. This was a
nonparsimonious logistic (generalized estimating equations) model that
included patient demographics, tobacco use, Medicaid dual-eligibility,
comorbidities, claims based frailty indicator, markers of disease severity,
features of index admission, characteristics of hospitals to which the patients
were admitted (including size, rural/urban status, teaching status, and Census
region), and selected interaction terms. Patients discharged from hospitals
where pulmonary rehabilitation was not provided were excluded from model
development because such patients had no possibility of receiving pulmonary
rehabilitation. Parameter estimates were then applied to all patients at all
hospitals to compute the propensity score. Based on this score and using a
greedy match algorithm, patients who received pulmonary rehabilitation
within 90 days of discharge were matched 1-to-1 with patients who never
initiated or initiated within days 91 and 365. To avoid immortal time bias, the
matched control was required to be alive on the day of the pulmonary
rehabilitation participant’s first session. In the matched cohort, distance to
nearest pulmonary rehabilitation facility, hospital rural/urban status, and
hospital size were imbalanced between the groups.

b Pulmonary rehabilitation initiation between days 91 and 365 of index
discharge.
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than receipt of home oxygen and also would need to be much
more unevenly distributed across the treatment and control
groups. Third, because this study relied on claims data, infor-
mation about the individual components of pulmonary reha-
bilitation delivered during sessions, such as education, exer-
cise training, nutrition counseling, or smoking cessation were
not available. Therefore, it was not possible to determine
whether and how these components contributed to the ob-
served mortality association. Potential mechanisms through
which pulmonary rehabilitation may improve survival in-
clude increased physical activity, medication adherence, and
improved care coordination.35 Because pulmonary rehabili-
tation programs are heterogeneous, these results should be in-
terpreted as representing the association of treatment with sur-
vival across all US programs.36

Fourth, more patient-centered outcomes, such as exer-
cise capacity or quality of life, were not available. Fifth,
receipt of physical therapy or cardiac rehabilitation as an
alternative to pulmonary rehabilitation was not assessed. To
the extent that such interventions are beneficial and were
disproportionately received by patients who did not initiate

pulmonary rehabilitation, this would have biased the find-
ings toward the null. Sixth, the study was restricted to the
70% of Medicare beneficiaries in the traditional fee-for-
service program who were older than 65 years. Caution is
thus warranted before extrapolating the findings to younger
patients or those in Medicare Advantage Plans. Seventh,
because of lack of availability of cause of death, it cannot be
established whether pulmonary rehabilitation is associated
with a lower risk of death because of COPD or because of
other causes.

Conclusions
Among fee-for-service Medicare beneficiaries hospitalized
for COPD, initiation of pulmonary rehabilitation within 3
months of discharge was significantly associated with lower
risk of mortality at 1 year. These findings support current guide-
line recommendations for pulmonary rehabilitation after hos-
pitalization for COPD, although the potential for residual con-
founding exists and further research is needed.
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