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Abstract
OBJECTIVES—The aim of this study was to evaluate current American College of Cardiology/
American Heart Association (ACC/AHA) hospital percutaneous coronary intervention (PCI) volume
minimum recommendations.

BACKGROUND—In order to reduce procedure-associated mortality, ACC/AHA guidelines
recommend that hospitals offering PCIs perform at least 400 PCIs annually. It is unclear whether
this volume standard applies to current practice.

METHODS—We conducted a retrospective analysis of the Agency for Healthcare Research and
Quality’s Nationwide In-patient Sample hospital discharge database to evaluate in-hospital mortality
among patients (n = 362,748) who underwent PCI between 1998 and 2000 at low (5 to 199 cases/
year), medium (200 to 399 cases/year), high (400 to 999 cases/year), and very high (1,000 cases or
more/year) PCI volume hospitals.

RESULTS—Crude in-hospital mortality rates were 2.56% in low-volume hospitals, 1.83% in
medium-volume hospitals, 1.64% in high-volume hospitals, and 1.36% in very high-volume hospitals
(p < 0.001 for trend). Compared with patients treated in high-volume hospitals (odds ratio [OR] 1.00,
referent), patients treated in low-volume hospitals remained at increased risk for mortality after
adjustment for patient characteristics (OR 1.21, 95% confidence interval [CI] 1.06 to 1.28). However,
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patients treated in medium-volume hospitals (OR 1.02, 95% CI 0.92 to 1.14) and patients treated in
very high-volume hospitals (OR 0.94, 95% CI 0.85 to 1.03) had a comparable risk of mortality.
Findings were similar when high- and very high-volume hospitals were pooled together.

CONCLUSIONS—We found no evidence of higher in-hospital mortality in patients undergoing
PCI at medium-volume hospitals compared with patients treated at hospitals with annual PCI
volumes of 400 cases of more, suggesting current ACC/AHA PCI hospital volume minimums may
merit reevaluation.

There is growing interest in the use of procedure volumes as a means of identifying hospital
quality of care (1). At the forefront of this effort is the Leapfrog Group, a collection of large
health care purchasers that recommends, as part of a broader safety initiative, using hospital
volume as an explicit criterion when contracting for selected procedures (2). Matching current
American College of Cardiology/American Heart Association (ACC/AHA) percutaneous
coronary intervention (PCI) clinical practice guidelines (3), Leapfrog has established a
minimum institutional volume requirement of 400 cases per year for hospitals offering PCI
(2,4–6). This volume threshold is based primarily on studies of PCI use in the late 1980s and
early 1990s that identified an increased mortality risk for patients treated at hospitals with
annual PCI volumes of fewer than 400 cases (7–13). In the past 5 to 10 years, however, there
have been notable changes in PCI practice, including the adoption and widespread use of stents,
new pharmacologic therapies such as glycoprotein IIb/IIIa inhibitors, and an increase in the
overall use of PCI (14,15). These changes in technology and practice patterns raise the
possibility that the currently recommended hospital PCI volume threshold of 400 cases may
no longer be appropriate. However, no published study, to our knowledge, has assessed national
PCI practice patterns after 1997.

To address this issue, we evaluated the association between hospital PCI volume and mortality
in a contemporary, national cohort of patients who underwent PCI between 1998 and 2000.
We sought to determine specifically whether patients treated at hospitals that conducted fewer
PCIs than the current annual PCI volume minimum had higher mortality rates than patients
treated at higher volume hospitals. This is particularly important, considering purchasers’
proposed efforts to limit PCI services to hospitals meeting annual PCI volume criteria (2).

METHODS
National In-patient Sample

We utilized data from the National In-patient Sample (NIS), a hospital discharge database
created as part of the Agency for Healthcare Research and Quality’s (AHRQ) Health Care
Utilization Project (16). The NIS is the largest publicly available all-payer inpatient database
in the U.S., consisting of administrative billing records for all hospitalizations that occurred in
a national, randomly selected set of acute care, non-governmental hospitals (17). For the year
2000, the NIS contains information on more than 7.5 million discharges occurring at nearly
1,000 hospitals in 28 states (18), or approximately 20% of all community hospitals in the U.S.
The AHRQ compiles a public use, de-identified, hospitalization-level data set containing
information on primary and secondary diagnoses, demographic characteristics, procedure use,
length of stay, payer, total charges, and admission and discharge status from data collected by
participating state health data organizations (16). For the purposes of our study, we pooled data
from 1998, 1999, and 2000, the three most recent years of the NIS.

Study sample
We restricted our analysis to hospitalizations in which a patient had a primary or secondary
procedure code indicating a PCI (International Classification of Diseases-9th Edition-Clinical
Modification [ICD-9] procedure codes 36.00 to 36.06 and 36.09). Of the 21 million patient
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records in the 1998, 1999, and 2000 NIS, 363,155 indicated that a PCI occurred during
hospitalization. From this set, we excluded patients under the age of 18 (n = 153) and neonatal
or obstetric admissions (n = 23) in order to restrict our evaluation to the use of PCI in a typical
adult population. Records missing data for gender (n = 14), age (n = 11), or mortality during
hospitalization (n = 26) were also excluded. Of the 362,928 remaining records, we excluded
records of patients (n = 180) treated at hospitals with fewer than five PCIs coded in any year
in order to limit the influence of administrative data coding errors (12,19–21). The final study
cohort consisted of 362,748 admissions at 457 hospitals.

Hospital PCI volume groups
To assess the validity of the annual hospital PCI volume threshold of 400 cases recommended
by current ACC/AHA PCI guidelines (3) and by the Leapfrog Group (2), we divided our cohort
into four groups. Hospitals with fewer than 400 annual cases were divided into those with 5 to
199 cases (hereafter referred to as low-volume) and 200 to 399 cases (medium-volume) to
distinguish true low providers from mid-volume providers that approached the volume
requirement (8,10,12,13,21–26). Hospitals with at least 400 annual cases were divided into
those with 400 to 999 cases (high-volume) and those with 1,000 cases or more (very high-
volume) to distinguish hospitals with sufficient PCI capability from centers with dedicated,
high-volume PCI services (11,27).

Statistical analysis
Patient characteristics, including demographics, admission type, comorbidities, and payer,
were compared across the four hospital PCI volume groups using global chi-square analyses
for categorical variables, and analyses of variance for continuous variables.

The principal study outcome was in-hospital mortality. We compared crude rates of in-hospital
mortality across all four hospital PCI volume groups using global chi-square and test of trend
analyses. Unadjusted logistic regression analyses were used to evaluate the consistency of the
association between hospital PCI volume and mortality when stratifying by gender, age, single-
vessel versus multiple-vessel PCI, history of diabetes, myocardial infarction (MI) during
admission, admission type, admission source, and year.

Multivariable logistic regressions employing generalized estimating equations were conducted
to assess the independent association of hospital PCI volume and patient mortality accounting
for the clustered nature of the study sample (admissions within year-specific hospital clusters).
Patient characteristics incorporated in the multivariable model were identified on the basis of
a review of prior studies of PCI volume and outcomes and clinical judgment. These variables
included gender, admission source, urgency of admission, age, year, multiple vessel PCI
(ICD-9 procedure code 36.05), stent, MI as a principal diagnosis (ICD-9 diagnosis code 410),
MI as a secondary diagnosis, any other non-MI coronary disease diagnosis (ICD-9 diagnosis
codes 411 to 414), diabetes (ICD-9 diagnosis code 250), chronic obstructive pulmonary disease
(ICD-9 diagnosis codes 490 to 496), hypertension (ICD-9 diagnosis codes 401 to 405), and
renal dysfunction (ICD-9 diagnosis codes 580 to 586). Because we specifically sought to
examine the value of the current hospital PCI volume minimum of 400 cases, mortality rates
and risks among patients treated in medium-volume (200 to 399 cases) and high-volume (400
to 999 cases) hospitals were compared directly. We also compared the experience of patients
treated at medium-volume hospitals (200 to 399 cases) with that of patients treated at the
combined group of high- and very high-volume hospitals (400 cases and higher).

Standardized mortality ratios (SMRs) were calculated for each hospital by dividing the
hospital’s observed mortality rate by its expected mortality rate, as predicted by the covariates
employed in our multivariable model (excluding hospital PCI volume). Hospitals with SMRs
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of <1.0 had better outcomes than expected, while hospitals with SMRs >1.0 had worse
outcomes than expected. Box and whisker plots were used to present the distribution of hospital
SMRs for each of the four hospital PCI volume groups.

This study was approved by the University of Pennsylvania Institutional Review Board. All
analyses were conducted using the SAS 8.2 (SAS Institute Inc., Cary, North Carolina) and
Stata 7.0 (Stata Corp., College Station, Texas) software packages.

RESULTS
Patient characteristics

Of the 362,748 admissions in the study cohort, 14,575 (4%) were treated at low-volume
hospitals, 42,054 (12%) at medium-volume hospitals, 152,500 (42%) at high-volume hospitals,
and 153,619 (42%) at very high-volume hospitals (Table 1). Patients treated at lower volume
hospitals were on average younger, and larger proportions were female, non-white, and had
Medicaid insurance. Lower volume hospitals treated higher risk cases, on average, as reflected
by the larger proportion of patients with MI and smaller proportions of elective admissions and
patients who arrived by interhospital transfer. The proportions of procedures utilizing stents
and involving multiple vessels were greater across successively larger hospital PCI volume
groups. The proportions of patients with hypertension, diabetes, and chronic obstructive
pulmonary disease were comparable across the four hospital PCI volume groups.

PCI volume and crude in-hospital mortality
Crude in-hospital morality rates were associated with PCI volume, ranging from 2.56% for
patients treated in low-volume hospitals to 1.36% for patients treated in very high-volume
hospitals (p < 0.001 for trend). Patients treated in medium-volume hospitals had higher in-
hospital mortality rates than patients treated in high-volume hospitals (1.83% vs. 1.64%, p =
0.008) (Table 2).

The association between hospital PCI volume category and crude in-hospital mortality varied
by patient age; mortality rates were markedly higher for patients age 75 years and older treated
in low-volume hospitals (p = 0.007 for interaction). Differences in in-hospital mortality across
hospital volume groups were greater for patients with an MI (low-volume hospital 4.52% vs.
very high-volume hospital 3.35%) than for patients who did not have an MI (low-volume
hospitals 0.79% vs. very high-volume hospital 0.41%; p = 0.04 for interaction). Crude mortality
for patients at medium-, high-, and very high-volume hospitals combined was 1.54%, which
was significantly lower than the mortality for patients at low-volume hospitals excluding
centers with <100 (2.44%, p < 0.001), <50 (2.44%, p < 0.001), and <25 (2.48%, p < 0.001)
cases. The crude association of hospital PCI volume and mortality was otherwise consistent
across patient gender, diabetes status, multiple-vessel PCI, arrival by transfer, type of
admission, and year. No significant interactions were observed when mortality rates were
compared only between patients treated at medium-volume and high-volume hospitals (Table
2).

Adjusted analysis
Patients treated at low-volume hospitals remained at increased risk for in-hospital mortality
(odds ratio [OR] 1.21, 95% confidence interval [CI] 1.06 to 1.38) after multivariable adjustment
compared with patients treated in high-volume hospitals (referent) (Table 3). However, patients
treated at medium-volume hospitals (OR 1.02, 95% CI 0.92 to 1.14) and patients treated at
very high-volume hospitals (OR 0.94, 95% CI 0.85 to 1.03) had a mortality risk similar to
patients treated in high-volume hospitals after multivariable adjustment. In-hospital mortality
risks were also similar when comparing patients treated in medium-volume hospitals with
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patients treated at very high-volume hospitals (p = 0.29 for test of equality of odds ratios).
Patients treated in medium-volume hospitals continued to have a mortality risk comparable to
that of patients treated at high- and very high-volume hospitals when those hospitals were
pooled together (OR 1.05, 95% CI 0.95 to 1.16). Findings were unchanged when analyses were
repeated evaluating interactions for patient gender, age, number of vessels, acute MI admission,
history of diabetes, type and urgency of admission, and year.

The box and whisker plot showed large variation in the distribution of hospital SMRs within
and across the four hospital PCI volume groups (Fig. 1). The median hospital SMR ranged
from 0.99 for low-volume hospitals down to 0.92 for high-volume hospitals. A sizeable
proportion of hospitals in each PCI volume group had SMRs above 1.0, indicating higher
mortality rates than predicted.

DISCUSSION
Our evaluation of patients undergoing PCI in a national, random sample of hospitals between
1998 and 2000 demonstrates that patients treated at medium-volume hospitals (200 to 399
cases annually) and patients treated at hospitals with 400 or more PCI cases had statistically
comparable mortality rates. These findings challenge earlier reports of poorer outcomes for
patients undergoing PCI at middle-volume centers (7–13,19,21,24,26). Our results further
suggest that efforts by the Leapfrog Group advocating a minimum annual hospital PCI volume
of 400 cases are unlikely to achieve sizable reductions in PCI-related patient mortality (4–6).
Moreover, our findings do not support current ACC/AHA PCI clinical practice guidelines
recommending hospitals maintain a minimum annual PCI volume of 400 cases (3).

Our findings should not be interpreted as evidence that there is no association between hospital
PCI volume and mortality. Indeed, we found that patients treated at hospitals that performed
fewer than 200 PCI procedures annually had a higher risk of mortality than patients at hospitals
in any other PCI volume group. At the same time, we noted substantial heterogeneity in hospital
SMRs within each of the hospital PCI volume groups, and failed to find a statistically
significant difference in mortality risks among patients treated in medium, high, or very high
PCI volume hospitals. Given that we evaluated over 360,000 admissions at 457 hospitals
throughout the U.S. over a three-year period, we believe this analysis, unlike previous reports
of a neutral volume-outcome association (22,28), was sufficiently powered to detect even a
modest difference between hospital PCI volume groups (3). If our analysis failed to detect a
volume-mortality association, the magnitude of any such effect would have been so small as
to be virtually meaningless from either a clinical or policy perspective. Finally, the similarity
in mortality rates between medium, high, and very high hospitals across a variety of clinical
strata suggests these results are robust and not limited to selected patient groups.

There are several potential explanations for the comparable mortality rates among patients
treated in medium, high, and very high PCI volume hospitals. Percutaneous coronary
intervention technology has changed markedly since the first studies of hospital PCI volume
and outcomes (14,29,30). Although the adoption of coronary stents during the mid-1990s
improved patient outcomes (13,14,30–32), previous studies indicated that patients undergoing
PCIs involving stents at higher volume centers continued to have lower mortality rates than
patients undergoing PCIs involving stents at lower volume centers (13,19,23,32,33). However,
these studies evaluated procedure use before 1998. Stents may have attenuated the hospital
PCI volume-mortality difference between medium-, high-, and very high-volume hospitals in
subsequent years as additional operators were trained in their use, operators became more
experienced, and newer stent designs were incorporated into practice. In addition, the increased
use of new adjunctive pharmacologic therapies in the late 1990s, including glycoprotein IIb/
IIIa receptor inhibitors (34) may have reduced the mortality difference between medium, high,
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and very high PCI volume hospitals. As in the case of stents, the full beneficial effect of these
therapies may not have been observed in previous studies (13,19,23,32,33).

Technological improvements in PCI have been accompanied by significant changes in PCI
practice patterns in the past decade (14,15,24,26,29). The substantial increase in the number
of PCIs performed reflects a rise not only in the number of providers performing PCIs (i.e.,
diffusion), but also in the total number of procedures ever performed by each provider (i.e.,
accumulated experience) (26). This cumulative gain in provider experience may explain why
mortality rates are now similar across medium, high, and very high PCI volume hospital groups.
Additionally, the clinical threshold for PCI use has changed over time (14,24,30). To the extent
that increases in PCI volume have occurred as a result of the treatment of a lower risk patient
pool, any mortality difference between hospital PCI volume groups would have become
smaller as the overall absolute mortality rate decreased. Alternatively, data from California
indicate that some smaller PCI volume hospitals stopped providing PCIs during the 1990s
(24,25). The lack of a difference in this study in mortality rates between medium, high, and
very high PCI volume hospitals may be because medium-volume hospitals that stopped
providing PCI were, on average, hospitals with higher mortality rates. Finally, differences in
mortality between hospital PCI volume groups may be both smaller and less well established
than commonly acknowledged. A recent literature review noted that nearly half of the published
studies evaluating hospital PCI volume and outcomes had reported no association with in-
hospital mortality, while the remainder suggested only a modest mortality difference (35).

We believe our findings have important implications concerning the use of hospital volume as
a proxy for PCI quality. Our findings, along with evidence of the benefits of hospital
competition (36), the economic consequences of restricting PCI provision (37), and patients’
documented willingness to tolerate increased mortality rates at local hospitals rather than travel
to lower mortality rate regional hospitals for treatment (38) challenge the benefit of a hospital
PCI volume standard of 400 annual cases (4). Further, the current PCI volume minimum
criterion would unfairly affect the majority of hospitals in the medium-volume group with
outcomes that are better than or comparable to what would be expected given their patient case-
mix (i.e., SMR ≤1).

Our findings also underscore the importance of periodic reevaluation of the volume-outcome
association in order to allow for changes in technology and practice patterns. Recent data
supporting the increased use of interventional strategies in the management of unstable angina
(39), benefits provided by new pharmacologic therapies (40), and the promise of drug-eluting
stents (41) make it apparent that PCI practice is continuously evolving. This is consistent with
the pattern of decreasing differences in mortality between hospital PCI volume groups (24,
26). Thus, the suggestion that there is sufficient evidence to “move ahead” with existing volume
standards (42) may, in the case of PCI, be premature given the dated information upon which
those standards are based. Future studies of the PCI volume-outcome association will be needed
to identify and test new volume thresholds, and ultimately to determine the process(es) through
which volume and outcomes are linked.

There are four potential limitations of our evaluation that merit specific consideration. First,
our analysis used administrative data, and thus may not have captured the full clinical detail
of a patient’s risk profile. However, it is unclear whether having additional clinical data would
have led us to uncover a meaningful difference in mortality between medium- and high-volume
PCI hospitals. Given that patients treated at low- and medium-volume hospitals had a higher
risk profile based on this administrative data, it is likely that more detailed clinical risk
adjustment would have further narrowed any putative hospital PCI volume-associated
mortality difference.
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Second, we evaluated in-hospital mortality alone and could not assess other patient outcomes,
including periprocedural complications, repeat revascularization rates, or longer-term
outcomes. However, current ACC/AHA PCI clinical practice guidelines recommend hospital
PCI volume minimums primarily on the basis of prior studies demonstrating a reduction in
procedure-related mortality (3). Similarly, the Leapfrog Group explicitly justifies hospital PCI
volume minimums as a means of reducing mortality (4). In addition, long-term outcomes are
reportedly comparable for patients treated at different PCI volume hospitals, suggesting that
any differences in outcomes between PCI volume hospitals are observed during hospitalization
(22,43).

Third, the NIS does not track the experience of individual physicians. Thus, we cannot account
for the influence of individual operator PCI volume on the association between hospital PCI
volume and mortality. Physician PCI volume may modify the association between hospital
PCI volume and outcomes, particularly if physicians at low-volume hospitals practice at more
than one hospital. However, prior studies suggest both volume measures influence patient
outcomes independently (9,11,19), and current ACC/AHA guidelines recommend separate
operator and hospital annual PCI volume minimums (3). More importantly, if individual
physician PCI volumes account primarily for the association between hospital PCI volume and
outcomes, then efforts to reduce PCI mortality should focus on operator, and not hospital,
volume. In addition, patients undergoing PCI who did not require hospitalization would not
be represented in our sample, although it is uncertain what proportion of patients are in this
group and how they are distributed across hospital PCI volume groups.

Finally, the NIS database does not contain unique patient identifiers. The inclusion of multiple
patient admissions in our cohort may violate the statistical assumption of independence of
observations. However, patient readmissions would alter our findings substantively only if
readmissions were not randomly distributed across hospital PCI volume groups, and if
readmission constituted an independent mortality risk beyond that measured by our current
covariates.

Conclusions
Our evaluation of more than 360,000 PCIs from a national random sample of U.S. hospitals
between 1998 and 2000 found no difference in mortality rates for patients treated at medium
(200 to 399 cases/year), high (400 to 999 cases/year), and very high (≥1,000 cases/year) PCI
volume hospitals after accounting for differences in case-mix. Moreover, within each of the
hospital PCI volume groups, we detected substantial heterogeneity in hospital mortality. These
results contradict current ACC/AHA clinical practice guidelines recommending all hospitals
perform 400 PCIs each year. Our findings also question the usefulness of efforts by the
Leapfrog Group to adopt PCI hospital volume minimums as a means of improving quality of
care. Future evaluations of hospital PCI volume thresholds will be needed to assess recent and
pending changes in PCI technology and practice.

Acknowledgments
Mr. Epstein is supported by a National Research Service Award (T32-HS00009) from the Agency for Healthcare
Research and Quality, Rockville, Maryland. Mr. Rathore was supported by NIH/National Institute of General Medical
Sciences Medical Scientist Training Grant GM07205.

Abbreviations and Acronyms
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CI confidence interval

ICD-9-CM International Classification of Diseases-9th Revision-Clinical Modification

MI myocardial infarction

NIS Nationwide In-patient Sample

OR odds ratio

PCI percutaneous coronary intervention

SMR standard mortality ratio
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Figure 1.
Box and whisker plot of hospitals’ standardized mortality ratios by percutaneous coronary
intervention (PCI) volume groups. X-axis: hospital PCI volume groups (1 = low-volume, 2 =
medium-volume, 3 = high-volume, 4 = very high-volume). Y-axis: standardized mortality
ratio. smr = standardized mortality ratio.
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Table 3

Hospital Annual PCI Volume and Odds of In-Hospital Mortality

Hospital Annual PCI
Volume Groups
(Cases/Year Volume Cut Points) Unadjusted Adjusted*

Low (<200) 1.58 (1.39–1.80) 1.21 (1.06–1.38)

Medium (200–399) 1.12 (1.00–1.25) 1.02 (0.92–1.14)

High (400–999) 1.00 (referent) 1.00 (referent)

Very high (≥1,000) 0.84 (0.76–0.93) 0.94 (0.85–1.03)

P comparing medium and very high volume hospitals   <0.0001   0.16

P comparing medium, high, very high volume hospitals   <0.0001   0.29

Low (<200) 1.68 (1.47–1.90) 1.24 (1.09–1.41)

Medium (200–399) 1.18 (1.06–1.32) 1.05 (0.95–1.16)

High and very high (≥400) 1.00 (referent) 1.00 (referent)

Data are presented as odds ratios with 95% confidence intervals.

*
Analyses adjusted for age, gender, race, payer, myocardial infarction, coronary artery disease, diabetes, hypertension, chronic obstructive pulmonary

disease, admission acuity, interhospital transfer, stent use, single versus multiple vessel procedure, and renal disease.

PCI = percutaneous coronary intervention.
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