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Background: Recent studies have reported mixed findings regarding the inverse provider volume-outcome rela-
tionship for percutaneous coronary interventions (PCIs).

Methods: We included patients who underwent PCls in New York during December 2012-November 2015. Using
risk-adjusted in-hospital/30-day mortality rate and appropriateness of PCI, we tested for a continuous relation-
ship and a variety of annual PCI volume cut points at hospital and operator levels in investigating volume-
outcome relationships.

Results: There were 144,196 patients undergoing PCI procedures from 63 non-federal hospitals. There was a sig-
nificant inverse association between risk-adjusted mortality and both annual hospital PCI volume and annual op-
erator PCI volume. However, we did not find that there was an inverse hospital volume-outcome relationship for
the 2013 ACCF/AHA/SCATI's hospital PCI volume cutoff value of 200 per year (AOR, 1.15, 95% CI, 0.88-1.51, P =
0.32) or a significant inverse operator volume-outcome relationship using the operator PCI volume cutoff
value of 50 per year (AOR, 0.89, 95% CI, 0.70-1.12, P = 0.32) or for any other practical volume cutoffs. There
was also no significant volume-outcome relationship for STEMI patients. Higher volume hospitals (>400) and op-
erators (>200) tended to perform a higher percentage of inappropriate PCI procedures than their lower volume
counterparts.

Conclusion: There were no significant PCI volume-mortality relationships for either hospitals or operators for any
practical volume cuts. Higher volume hospitals and operators were associated with higher percentages of inap-

propriate PCls.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Coronary artery disease (CAD) is one of the most widespread and
costly public health concerns in the United States. There are 16.5 million
Americans suffering from CAD with an estimated annual total cost of
$199.6 billion [1]. Percutaneous coronary intervention (PCI) is a viable
non-surgical treatment option for CAD that has been commonly used
by interventional cardiologists. Approximately 954,000 inpatient PCI
procedures are performed annually in America although PCI volumes
have slightly declined during recent years [1-3]. During the past

Abbreviations: ACS, acute coronary syndrome; CABG, coronary artery bypass graft;
CAD, coronary artery disease; PCI, percutaneous coronary intervention; LVEF, left
ventricular ejection fraction; AOR, adjusted odds ratio; RAMR, risk adjusted mortality
rate; STEMI, ST-segment elevation myocardial infarction; NYSDOH, New York State
Department of Health.
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25 years, numerous studies have reported that both hospital PCI volume
and operator PCI volume are inversely associated with short-term ad-
verse outcomes for patients undergoing PCI [4-9]. These findings have
led to the 2013 ACCF/AHA/SCAI minimum requirements for PCI perfor-
mance at hospital level (2200 PCIs per year per hospital) and operator
level (>50 PCIs per year per operator) [10].

Recently, a study using the U.S. National Cardiovascular Data Regis-
try CathPCI database reported that an inverse relationship between
PCI operator volume and in-hospital mortality exists [11]. However,
three national studies using either the British Cardiovascular Interven-
tion Society Registry or the Japanese PCI Registry failed to detect a sig-
nificant inverse relationship between PCI operator volume and short-
term mortality and/or an inverse relationship between hospital PCI vol-
ume and short-term mortality [12-14]. These mixed findings raise the
question of whether inverse volume-outcome relationship still holds
true at the hospital and operator level in contemporary real-world PCI
practice. In this study, we aimed to address the question by using the
statewide high-quality New York State PCI Registry [15]. We also ex-
panded on these findings by separately examining volume-mortality re-
lationships for patients with and without STEMI, and by examining the
volume-appropriateness of PCI relationship.
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2. Methods
2.1. Study population

All patients who underwent PCI in all 63 non-federal hospitals in New York State be-
tween December 1, 2012 and November 30, 2015 were eligible study subjects. Cases were
excluded due to the following reasons: (1) patients resided outside the United States,
(2) patients' cardiac data validation process was incomplete due to hospital closure, (3) pa-
tients' 30-day mortality could not be attributed to a single PCI procedure, (4) patients had
pre-procedure refractory cardiogenic shock, and (5) patients had hypoxic brain injury and
expired under certain conditions.

2.2. Databases

An aggregated dataset was generated by linking the New York State's Percutaneous
Coronary Intervention Reporting System (PCIRS) registry, the New York State Vital Statis-
tics file and the National Death Index database with the goal of capturing both the post-PCI
in-hospital mortality (from the PCIRS registry) and 30-day mortality following the index
procedure (from the New York State Vital Statistics file and the National Death Index da-
tabase). New York State's PCIRS database is an ongoing mandatory clinical registry devel-
oped by the New York State Department of Health. Since its inception in 1992, the PCIRS
registry has been used to publish regular statewide public reports on cardiovascular care
quality and outcomes for PCI procedures [15]. The PCIRS registry contains important infor-
mation on patient demographics, baseline characteristics, pre-procedure risk factors, he-
modynamic status, left ventricular function, coronary vessels diseased and attempted,
coronary lesion information, procedure details, provider identifiers, post-procedure com-
plications and discharge status. The advantages of the PCIRS registry include its complete-
ness, real-world representation, accuracy, and reliability. Also, critical clinical variables are
audited and their accuracy is ensured through well-structured systematic efforts [15]. The
PCIRS registry has been continuously supervised by the New York State Cardiac Advisory
Committee consisting of renowned cardiologists, cardiac surgeons, and experts in cardio-
vascular quality and outcomes research. The New York State Vital Statistics file contains
death information for New York State residents, and the National Death Index as a central-
ized database of death record information provides death status for patients who were not
New York State residents.

2.3. Outcomes

We chose in-hospital/30-day all-cause mortality (death at any time in the index ad-
mission, or within 30 days of the discharge date of the index procedure for patients
discharged alive) as the primary outcome because it arguably represents the most impor-
tant post-PCI short-term outcome. Also, it has been widely used in prior studies that inves-
tigated the inverse volume-outcome relationship for PCI procedures. We also looked at
appropriateness of PCI as an outcome because inappropriate use of PCI has recently
been demonstrated to be a concern [16-18].

2.4. Statistical analysis

We examined the distribution of patient demographics, pre-procedure risk factors,
comorbidities, and coronary vessels affected for included patients. For hospital volume,
we first examined the relationship between annul hospital PCI volume in hundreds and
risk-adjusted short-term mortality. Then, we repeated our analysis to evaluate the rela-
tionship between annual operator PCI volume in fifties and risk-adjusted short-term mor-
tality. Next, we calculated the mean annual PCI volume for each hospital and categorized
annual hospital PCI volume using the cutoff value recommended by the 2013 ACCF/AHA/
SCAI (as the new minimum requirement volume of 200 PCIs per year per hospital). Simi-
larly, we calculated the mean annual PCI volume for each operator and then categorized it
using the 2013 ACCF/AHA/SCAI recommended minimum volume of 50 PCIs per year.
Moreover, we tested a variety of different annual hospital and operator PCI volume cut
point values in creating the volume category variables to identify the optimal cut points
as well as to determine whether multiple cut points yielded significant volume-
mortality relationships. In addition, we examined the difference in risk adjusted mortality
rates (RAMRs) when we used different simultaneous volume cut points at the hospital/op-
erator level to define high-volume and low-volume categories. Annual PCI volume at hos-
pital or/and operator level was used as a binary variable in the models for each of the cut-
off points that were tested.

Cross-validated (using a 50% sample to build the model and the other half to validate)
method was applied in our risk factor selection procedure. In both model building and
model validating steps, logistic regression models with backward stepwise elimination
were used to identify significant pre-procedural risk factors for in-hospital/30-day mortal-
ity following PCI. Candidate risk factors included age, body mass index, hemodynamic sta-
tus, left ventricle ejection fraction, previous myocardial infarction, chronic lung disease,
congestive heart failure, renal failure, and whether the patient had left main disease or
not. All significant risk factors were used as control variables in the final logistic regression
model. The generalized estimating equation (GEE) method was used to account for clus-
tering within same hospital and within same operator.

Because ST-elevation myocardial infarction (STEMI) is associated with especially high
mortality among PCI patients, we conducted separate analyses for patients with and with-
out STEMI. According to New York Codes, Rules and Regulations for cardiac services, the
annual threshold volume requirement for providing PCI procedure for patients with
STEMI was 36/year at hospital level and 11/year at operator level, respectively [19]. Also,

we looked at the “appropriateness” of the PCI procedures according to 2014 Appropriate
Use Criteria (AUC) to examine whether high-volume operators and high-volume hospitals
performed more inappropriate PCI procedures since appropriateness has been demon-
strated to be an important concern in recent studies [16-18]. Our inappropriateness anal-
ysis was limited to patients without acute coronary syndrome (ACS) or previous coronary
artery bypass graft (CABG) surgery because this is the group most likely to experience in-
appropriate PCls and the group that was the subject of earlier studies [16-18].

We used SAS version 9.4 software (SAS Institute, Cary, North Carolina) for all descrip-
tive and regression analyses, and 2-sided tests with a 0.05 significance level were used for
hypothesis testing.

3. Results

The final study sample consisted of 144,196 patients undergoing PCI
procedures from 63 non-federal hospitals in New York State during the
study period of December 2012-November 2015. We sequentially ex-
cluded 112 cases because patients resided outside the United States,
331 cases because patients' data validation was incomplete due to hos-
pital closure, 41 cases because patients' 30-day mortality could not be
attributed to a single PCI procedure, 837 cases because patients had
pre-procedure refractory cardiogenic shock, and 168 patients with hyp-
oxic brain injury who expired under specified conditions.

The in-hospital/30-day mortality rate was 1.15%. About 30% of the
patients were women and over 75% were either overweight or obese.
>70% of patients had a LVEF of 50% or greater. Nearly 18% of the patients
had a pre-procedural myocardial infarction within the last 24 h and 44%
had a previous PCI. Nearly 20% of these patients had renal failure, 10%
had peripheral vascular disease, 9% had cerebrovascular disease, 7%
had congestive heart failure, and 6% had chronic lung disease (see
Table 1).

Treating annual hospital PCI volume in hundreds or annual physi-
cian volume in fifties as a continuous variable in the multiple logistic re-
gression model, we found that there was a significant inverse
association between annual hospital volume (AOR, 0.987, 95% (I,
0.981-0.994, P < 0.001) or annual operator volume (AOR, 0.966, 95%
(I, 0.952-0.982, P < 0.001) and short-term mortality (Table 1). How-
ever, Figures 1 and 2, which present risk-adjusted mortality rates for dif-
ferent ranges of hospital volumes and operator volumes, respectively,
do not suggest evident inverse volume-outcome relationships (see
Appendix Figures 1-2).

Also, we did not find that there was an inverse hospital volume-
outcome relationship using the 2013 ACCF/AHA/SCAI's hospital PCI vol-
ume cutoff value of 200 per year (AOR, 1.15,95% CI,0.88-1.51, P = 0.32)
or an inverse operator volume-outcome relationship using their cardiol-
ogist PCI volume cutoff value of 50 per year (AOR, 0.89, 95% CI, 0.70-
1.12, P = 0.32). When we examined a variety of cut points, we found
that hospital volume cut points between 700 and 1000 (Table 2), and
operator volume cut points between 200 and 350 (Table 2) were asso-
ciated with significant mortality differences between higher-volume
and lower volume providers. From the standpoint of lowest P-values,
the optimal cut point was 900 for hospitals (high-volume vs. low vol-
ume: AOR, 0.83, 95% CI, 0.73-0.94, P = 0.004) and 225 for operators
(high-volume vs. low volume: AOR, 0.81, 95% CI, 0.69-0.95, P =
0.011). Also, the adjusted odds ratio did not decrease as the annual
hospital/operator PCI volume cutoff value increased. When we exam-
ined the interactions between annual hospital and operator PCI volumes
using 200/300/400 at hospital level and 75/100 at operator level, we did
not find any statistically significant differences between other groups
compared with the low-hospital and low-operator PCI volume combi-
nation reference group.

For the STEMI group analysis, there were a total of 17,049 patients
(11.82% of full sample). We used the NYSDOH required minimum
annual PCI volume of 36 at the hospital level and 11 at the operator
level as initial cut points. We failed to detect a significant difference
using these thresholds at the hospital level (236 vs <36: AOR: 0.61,
95% CI, 0.22-1.73, P = 0.36) or at the operator level (211 vs <11:
AOR: 1.15, 95% CI, 0.85-1.56, P = 0.36) (see Table 3). In addition,



Table 1

Characteristics of 144,196 PCI patients in New York and PCI volume-outcome relationship with volume being a continuous variable (Dec 2012-Nov 2015).
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Patient characteristics Number Percent/prevalence (%)
Demographic
Age
Less than 50 13,297 9.22
50-59 33,315 23.10
60-69 44,427 30.81
70-79 35,088 24.33
80 and above 18,069 12.53
Gender
Female 42,831 29.70
Male 101,365 70.30
Body mass index (kg/m2)
<18.5 kg/m2 1162 0.81
>18.5 and <25 kg/m2 30,225 20.96
>25 and <35 kg/m2 90,152 62.52
>35 kg/m2 22,657 15.71
Hemodynamic status
Non-refractory shock 678 047
Ventricular function
Ejection fraction
Ejection fraction 50% or greater 103,309 71.64
Ejection fraction less than 20% 1216 0.84
Ejection fraction 20-29% 5870 4,07
Ejection fraction 30-39% 11,459 7.95
Ejection fraction 40-49% 22,342 15.49
Pre-procedural MI
No MI 68,750 47.68
MI with ST elevation
Mi<6h 14,363 9.96
MI6-11h 2397 1.66
MI 12-23 h 1194 0.83
MI without ST Elevation
MI<6h 1155 0.80
MI6-11h 2045 1.42
MI 12-23 h 4427 3.07
MI with or without ST Elevation
MI 1-14 days 23,445 16.26
MI > 14 days 26,420 18.32
Comorbidities
Previous PCIs 63,200 43.83
Cerebrovascular disease (not TIA only) 11,833 8.21
Peripheral vascular disease 13,360 9.27
Congestive heart failure (CHF) (within 2 weeks) 9958 6.91
Chronic lung disease
None 135,214 93.77
Mild 4912 341
Moderate 3552 2.46
Severe 518 0.36
Renal failure
No renal dialysis and creatinine <1.2 mg/dL 102,206 70.88
Creatinine >1.2 and <1.5 mg/dL 28,093 19.48
Creatinine >1.5 and <2.0 mg/dL 6963 4.83
Creatinine >2.0 and <3.0 mg/dL 2231 1.15
Creatinine >3.0 mg/dL 772 0.54
Renal dialysis 3931 2.73
Contraindication to antiplatelet therapy 0.29
Vessels
Left main disease 6434 4.46
Number of vessels diseased
Fewer than two vessels diseased 78,508 54.44
Two vessels diseased 46,274 32.09
Three vessels diseased 19414 13.46
Annual PCI volume Adjusted odds ratio 95% confidence interval Pvalue
Hospital volume 0.987 (0.981, 0.994) <0.001
(in hundreds)
Operator volume 0.966 (0.952, 0.982) <0.001

(in fifties)

we examined several other volume cut points for annual hospital PCI
volume for STEMI patients and did not find any significant associa-
tion between hospital volume and mortality for PCI with STEMI pa-
tients. We also found no significant relationship at the required

minimum operator volume of 11 per year, or at any of several other

cut points that were tested.

There were 127, 147 patients without STEMI, which was 88.18%
of the total patient population. Our regression analysis suggested
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that for patients without STEMI, the annual PCI volume at the operator level, the annual PCI volume needs to reach 300 or
hospital level needs to be as high as 700 or higher to show a signif- above to demonstrate a significant inverse volume-outcome asso-
icant inverse volume-outcome relationship. Similarly, at the ciation. (Table 4).

Table 2
Empirical data exploration of optimal cut point for annual hospital/operator PCI volume.

Annual hospital volume cut point Number of patients (%) Number of hospitals (%) Adjusted odds ratio (high-volume vs. low-volume) 95% confidence interval P value

200° 1.15 (0.88,1.51) 0.32
<200 3043 (2.11) 10 (15.87)
2200 141,153 (97.89) 53 (84.13)

300 0.91 (0.75,1.10) 0.32
<300 10,019 (6.95) 19 (30.16)
2300 134,177 (93.05) 44 (69.84)

400 0.91 (0.77,1.06) 0.22
<400 13,833 (9.59) 23 (3651)
2400 130,363 (90.41) 40 (63.49)

500 0.99 (0.87,1.14) 0.90
<500 24,763 (17.17) 31(49.21)
2500 119,433 (82.83) 32 (50.79)

600 0.94 (0.82,1.07) 0.36
<600 31,391 (21.77) 35 (55.56)
>600 112,805 (78.23) 28 (44.44)

700 0.85 (0.75,0.97) 0.02
<700 43,565 (30.21) 41 (65.08)
>700 100,631 (69.79) 22 (34.92)

800 0.84 (0.74, 0.96) 0.01
<800 45958 (31.87) 42 (66.67)
>800 98,238 (68.13) 21(33.33)

900 0.83 (0.73,0.94) 0.004
<900 53,417 (37.04) 45 (71.43)
>900 90,779 (62.96) 18 (28.57)

1000 0.86 (0.76,0.98) 0.03
<1000 59,174 (41.04) 47 (74.60)
>1000 85,022 (58.96) 16 (25.40)

Annual operator volume cut point Number of patients (%) Number of operators (%) Adjusted odds ratio (high-volume vs. low-volume) 95% confidence interval P value

50° 0.89 (0.70,1.12) 0.32
<50 6949 (4.82) 132 (28.82)
50 137,247 (95.18) 326 (71.18)

75 0.86 (0.74, 1.00) 0.05
<75 16,608 (11.52) 193 (42.14)
75 127,588 (88.48) 265 (57.86)

100 0.94 (0.82,1.06) 0.32
<100 29,963 (20.78) 255 (55.68)
2100 114,233 (79.22) 203 (44.32)

125 1.01 (0.89, 1.15) 0.85
<125 42,088 (29.19) 297 (64.85)
2125 102,108 (70.81) 161 (35.15)

150 0.91 (0.80, 1.03) 0.12
<150 57,837 (40.11) 339 (74.02)
150 86,359 (59.89) 119 (25.98)

175 0.94 (0.82,1.07) 0.35
<175 73,497 (50.97) 374 (81.66)
2175 70,699 (49.03) 84 (18.34)

200 0.87 (0.75,0.99) 0.04
<200 80,534 (55.85) 389 (84.93)
200 63,662 (44.15) 69 (15.07)

225 0.81 (0.69, 0.95) 0.0105
<225 91,799 (63.66) 408 (89.08)
225 52,397 (36.34) 50 (10.92)

250 0.83 (0.70,0.98) 0.03
<250 98,918 (68.60) 418 (91.27)
250 45278 (31.40) 40 (8.73)

275 0.82 (0.69, 0.97) 0.02
<275 108,222 (75.05) 430 (93.89)
2275 35,974 (24.95) 28 (6.11)

300 0.77 (0.64,0.94) 0.011
<300 114,218 (79.21) 437 (95.41)
2300 29,978 (20.79) 21 (4.59)

325 0.78 (0.62,0.98) 0.03
<325 117,931 (81.79) 441 (96.29)
2325 26,265 (18.21) 17 (3.71)

350 0.75 (0.58,0.96) 0.02
<350 119,940 (83.18) 443 (96.72)
2350 24,256 (16.82) 15 (3.28)

@ Current guidelines' recommended minimum PCI volume at hospital/operator level.



F. Qian et al. / International Journal of Cardiology 293 (2019) 91-100 95

Finally, we examined the appropriateness of PCI as a function of
hospital and operator volumes. There were 28,832 patients included
in the inappropriateness analysis and the overall inappropriateness
rate was 10.01%. Based on our analysis of the association between
hospital/operator annual PCI volume and PCI inappropriateness, we
found that very high volume hospitals (e.g., >400) and operators
(e.g., >200) were more likely to perform inappropriate PCls
(Appendix Table 5).

4. Discussion

Although volume-mortality relationships for many surgical pro-
cedures and specifically cardiac procedures have been demonstrated
for >3 decades, some of the more recent studies have not found sig-
nificant volume-outcome relationships [12-14]. For example, in a
study using the British Cardiovascular Society Intervention Registry
with 427,467 patients receiving PCI procedures between 2007 and
2013, O'Neill et al. did not find significant evidence of worse, or bet-
ter 30-day mortality in low volume hospitals after adjustment for
differences in case mix and clinical presentation [12]. In a study
using the 2014-2015 Japanese national PCI registry with 323,322
PCls, Inohara et al. found that after adjusting for patient level risk fac-
tors, the adjusted odds ratio for in-hospital mortality for hospitals in
the lowest decile (10-149 annual hospital volume) was significantly
higher than those in hospitals in the remaining deciles [13].

However, they did not detect significant volume-outcome relation-
ship across volume deciles of operators. Most recently, Hulme et al.
used the British Cardiovascular Intervention Society Registry data
and found no relationship between 30-day mortality and operator
PCI volume after adjusting for patient characteristics, hospital PCI
volume, and interactions between operator PCI volume and hospital
PCI volume [14].

One recent U.S. study did find an inverse PCI volume-outcome as-
sociation at the operator level [11]. Fanaroff et al. analyzed July
2009-March 2015 National Cardiovascular Data Registry with
3,747,866 PCI procedures in 1584 sites. After risk adjustment, they
found that patients receiving PCIs from low-volume (<50/year) and
intermediate-volume (50-100/year) operators had significantly
higher risk of in-hospital mortality than patients receiving PCls
from high-volume operators (AOR, 1.16, 95% CI: 1.12-1.21 for low-
volume vs. high-volume; AOR, 1.05, 95% CI: 1.02-1.09 for
intermediate-volume vs. high-volume). To compare our results
with the ones from Fanaroff's study, we conducted extra analysis
by using the same annual operator PCI volume categories (<50, 50-
99, and >100). We found that patients receiving PCIs from low vol-
ume (<50/year) and intermediate-volume (50-100/year) operators
did not have a significantly higher risk of risk-adjusted in-hospital/
30-day mortality than patients receiving PCIs from high-volume
(2100/year) operators (AOR, 1.14, P = 0.29 for low-volume vs.
high-volume; AOR, 1.06, P = 0.50 for intermediate-volume vs.

Table 3
STEMI data exploration of optimal cut point for annual hospital/operator PCI volume.

Annual hospital STEMI Number of patients (%) Number of hospitals (%) Adjusted odds ratio 95% confidence interval Pvalue

volume cut point (high-volume vs. low-volume)

367 0.61 (0.22,1.73) 0.36
<36 98 (0.57) 3(4.76)
236 16,951 (99.43) 60 (95.24)

50 0.98 (0.65, 1.46) 091
<50 721 (4.23) 10 (15.87)
250 16,328 (95.77) 53 (84.13)

75 0.87 (0.71,1.07) 0.20
<75 3948 (23.16) 29 (46.03)
275 13,101 (76.84) 34 (53.97)

100 0.93 (0.76,1.13) 0.47
<100 6492 (38.08) 39 (61.90)
2100 10,557 (61.92) 24 (38.10)

150 0.94 (0.74,1.20) 0.63
<150 11,556 (67.78) 54 (85.71)
>150 5493 (32.22) 9 (14.29)

200 1.19 (0.88,1.61) 0.25
<200 14,767 (86.62) 60 (95.24)
2200 2282 (13.38) 3(4.76)

Annual operator STEMI Number of patients (%) Number of operators (%) Adjusted odds ratio 95% confidence interval Pvalue

volume cut point (high-volume vs. low-volume)

10 1.06 (0.76, 1.48) 0.73
<10 1080 (6.33) 99 (26.26)
210 15,969 (93.67) 278 (73.74)

11?2 1.15 (0.85,1.56) 0.36
<11 1429 (8.38) 113 (29.97)
211 15,620 (91.62) 264 (70.03)

20 0.88 (0.73,1.08) 0.22
<20 4366 (25.61) 222 (58.89)
>20 12,683 (74.39) 155 (41.11)

30 0.93 (0.76, 1.14) 0.47
<30 8411 (49.33) 288 (76.39)
>30 8638 (50.67) 89 (23.61)

40 1.02 (0.76, 1.38) 0.88
<40 13,409 (78.65) 345 (91.51)
>40 3640 (21.35) 32 (8.49)

50 1.01 (0.57,1.78) 0.98
<50 15,856 (93.00) 367 (97.65)
>50 1193 (7.00) 10 (2.65)

o

Current NYS hospital/operator level required minimum PCI volume for patients with STEMI.
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Table 4
Patients without STEMI optimal cut point for annual hospital/operator PCI volume.

Annual hospital volume cut point Number of patients (%) Number of hospitals (%) Adjusted odds ratio (high-volume vs. low-volume) 95% confidence interval P value

2007 1.02 (0.66, 1.56) 0.95
<200 2153 (1.69) 10 (15.87)
2200 124,994 (98.31) 53 (84.13)

300 0.84 (0.64,1.10) 0.20
<300 7618 (5.99) 19 (30.16)
>300 119,529 (94.01) 44 (69.84)

400 0.84 (0.67,1.05) 0.12
<400 10,678 (8.40) 23 (36.51)
>400 116,469 (91.60) 40 (63.49)

500 0.96 (0.85,1.27) 0.67
<500 19,577 (15.40) 31 (49.21)
>500 107,570 (84.60) 32 (50.79)

600 0.91 (0.82,1.20) 0.28
<600 25,157 (19.79) 35 (55.56)
>600 101,990 (80.21) 28 (44.44)

700 0.84 (0.71,0.98) 0.03
<700 35,347 (27.80) 41 (65.08)
>700 91,800 (72.20) 22 (34.92)

800 0.82 (0.70, 0.96) 0.0136
<800 37,458 (29.46) 42 (66.67)
>800 89,689 (70.54) 21 (33.33)

900 0.83 (0.71,0.96) 0.0138
<900 43,985 (34.59) 45 (71.43)
2900 83,162 (65.41) 18 (28.57)

1000 0.84 (0.72,0.97) 0.02
<1000 48,867 (38.43) 47 (74.60)
21000 78,280 (61.57) 16 (25.40)

Annual operator volume cut point Number of patients (%) Number of operators (%) Adjusted odds ratio (high-volume vs. low-volume) 95% confidence interval P value

50° 0.93 (0.68, 1.27) 0.63
<50 6244 (4.91) 131 (28.67)
250 120,903 (95.09) 326 (71.33)

75 0.86 (0.71,1.05) 0.14
<75 14,581 (11.47) 192 (42.01)
>75 112,566 (88.53) 265 (57.99)

100 0.93 (0.79, 1.09) 0.36
<100 25,467 (20.03) 254 (55.58)
>100 101,680 (79.97) 203 (44.42)

150 091 (0.79, 1.06) 0.22
<150 49,608 (39.02) 338 (73.96)
>150 77,539 (60.98) 119 (26.04)

200 0.89 (0.76, 1.04) 0.15
<200 69,131 (54.37) 388 (84.90)
>200 58,016 (45.63) 69 (15.10)

250 0.84 (0.69,1.01) 0.06
<250 84,990 (66.84) 417 (91.25)
>250 42,157 (33.16) 40 (8.75)

300 0.80 (0.64, 0.99) 0.04
<300 98,994 (77.86) 436 (95.40)
>300 28,153 (22.14) 21 (4.60)

350 0.72 (0.57,0.93) 0.01
<350 104,030 (81.82) 442 (96.72)
2350 23,117 (18.18) 15 (3.28)

400 0.69 (0.52,0.90) 0.007
<400 108,179 (85.08) 446 (97.59)
>400 18,968 (14.92) 11 (2.41)

450 0.57 (0.42,0.78) 0.0004
<400 115,366 (90.73) 452 (98.91)
2400 11,781 (9.27) 5(1.09)

2 Current guidelines' recommended hospital/operator minimum PCI volume.

high-volume). However, it should be noted that the magnitudes of
the AORs using our data were close to those reported in Fanaroff's
(1.14 vs. 1.16, 1.06 vs. 1.05). Thus, we cannot rule out the possibility
that our findings differed because of a lack of statistical power com-
pared to the power in Fanaroff's national NCDR database.

The strengths of our study are that we included all patients re-
ceiving PCI from all non-federal hospitals in New York State and
that we examined both the hospital level and operator level PCI vol-
umes. Our main finding was that there were significant continuous
relationships between mortality and both annual hospital volume

and annual operator volume, but there were no significant relation-
ships using the 2013 Guideline's recommended 200/year and 50/
year volumes at the hospital and operator levels. Further analysis
of different hospital and operator volume cut points showed that
900/year at the hospital level and 225/year at the operator level
were the optimal volume cut points.

Since 900/year and 225/year cut points are more than four times
higher than what is recommended by the guidelines and since
these cut points are unrealistic in terms of having a high percent-
age of hospitals and operators with volumes that high, we
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compared their impact on overall mortality with the impact of
>300/year at the hospital level and 75/year at the operator level,
both of which had reasonable (although not statistically signifi-
cant) mortality benefits for higher volume providers. Our examina-
tion of the RAMR for of patients undergoing PCIs in hospitals with
volumes of at least 900/year rather than 300/year showed that
the former cut point could lead to one less short-term death per
1667 patients undergoing PCI procedures from high-volume hospi-
tals. Also, using 225/year rather than 75/year to define high-
volume operators would lead to one fewer short-term deaths per
834 patients receiving PCIs from high-volume operators. Thus,
the added short-term mortality benefit of using unrealistically
high volume cut points is minimal. Our further analysis including
interaction term of annual hospital volume and annual operator
volume did not show that compared with patients receiving PCI
from both low-volume hospital and low-volume operators, pa-
tients receiving PCIs from other combination groups had signifi-
cantly different short-term mortality.

We also conducted separate analyses for patients with and
without STEMI to examine the volume-outcome relationship. We
did not observe any significant inverse volume-outcome associa-
tion using various volume cutoff values for STEMI patients. For pa-
tients without STEMI, similar to our main findings using the full
sample, only very high cutoff values (700 and above at the hospital
level and 300 and above at the operator level) showed a significant
inverse volume-outcome relationship. Finally, we applied 2014
AUC criteria to investigate whether inappropriate use of PCI was
related to hospital or operator volume. We found that there was a
tendency for higher volume hospitals (>400 PCls/year) and higher
volume operators (>200 PCls/year) to perform a higher percentage
of inappropriate PCI procedures than their lower volume
counterparts.

There are several possible explanations for our negative findings
using the Guidelines' recommended minimum volume cutoffs.
First, the quality and outcome improvement could result from effec-
tive education and training, enhanced compliance with the practice
guidelines, and continuous quality improvement effort. Second, pro-
cedure volume might be most pertinent when the new procedure
begins to diffuse into real practice. As PCI procedures have been
widely used, the recommended minimum volume cutoffs at hospital
and operator level might not be able to distinguish low-quality care
from high-quality care in the real-world setting. Using empirical
data-driven higher volume cutoffs allowed us to detect the inverse
volume-outcome relationship at very high volume levels, although
it is practically impossible to recommend such high volume criteria
as a requirement for offering PCI procedures. Third, short-term mor-
tality rates are quite low for PCI and other measures such as target
vessel revascularization would have to be used to detect volume-
outcome relationships. Also, it should be noted that when examining
short-term mortality for patients with STEMI at the NYSDOH re-
quired minimum hospital volume of 36/year, we found that only 3
hospitals had PCI STEMI volumes below 36, and only 0.6% of patients
with STEMI underwent PCI in those hospitals. Thus, it was impossible
to accurately compare performance for hospitals on either side of
that cut point, and the cut point may be quite effective in achieving
high-quality outcomes.

Our study has several limitations. First, this project was a
nonrandomized retrospective observational study. We cannot
rule out the possibility of selection bias and residual confounders
although we adjusted for available patient-level risk factors in
our analysis. Second, the study was limited to patients receiving
PCI procedures in New York State, and our findings may not be re-
producible in other states. Third, we defined annul PCI volume by
calendar year, which might not be able to fully capture the most re-
cent experience/skills of the hospital/operator. A better alternative
approach might be to define the annual volume by using the

volume from the previous 365 days for the hospital/operator. How-
ever, when we used the previous 365 days' volume for hospital/op-
erator in our regression analysis, we obtained similar findings.
Fourth, we focused on the in-hospital/30-day mortality after PCI
procedure and did not examine other relevant outcomes such as
30-day hospital readmission and post procedural complications.
Future research is suggested to include a more comprehensive set
of outcome measures in studying the volume-outcome relation-
ship in PCIL

Our study suggests that there is no practical cutoff value for min-
imum hospital or operator volume to use by federal or state govern-
ments for quality and outcomes regulatory purposes. This finding
itself is valuable because prior studies in New York and elsewhere
did find that there were minimum volume cutoff points for which
significant mortality differences occurred. Thus, our study has
found a change in the volume-mortality relationship for PCI in con-
temporary practice. Our additional finding that volume-outcome re-
lationships do occur at volumes too high to use for regulatory
purposes (because the impact on current hospitals would be too dis-
ruptive and because patients’ travel times would increase substan-
tially) is also important. It implies that individual patients could
have higher survival probabilities by using very high-volume PCI
hospitals and operators if the travel distance is not too daunting for
them.

In conclusion, this study examined the volume and outcome re-
lationship at both hospital and operator levels for PCI procedures
using a contemporary PCI registry in New York. We found a contin-
uous volume-outcome relationship for both hospital volume and
operator volume, but we failed to detect significant inverse
volume-outcome relationship at the 2013 ACCF/AHA/SCAI Guide-
lines' recommended minimum PCI volume cutoff values for hospi-
tals and operators or at any other practical volume cutoff points.
And, we observed significant inverse volume-outcome associations
at both hospital and operator levels when much higher PCI volume
cut points were selected. Overall, our findings are consistent with
some recent large-scale registry-based observational studies that
found no volume-mortality differences at lower volume levels.
Nevertheless, we think it is critically important to keep monitoring
the PCI volume-outcome relationship as PCI procedures evolve
over time. Further studies are needed using longer-term outcomes
as well as other clinically meaningful measures.
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Appendix A
Table 5
Annual hospital/operator PCI volume and inappropriate PCI rate.
Annual hospital volume cut point Number of patients (%) Number of hospitals (%) Inappropriateness rate (%) Pvalue
200° 0.29
<200°¢ 378 (1.31) 10 (15.87) 9.98
>200 28,454 (98.69) 53 (84.13) 11.64
300 0.09
<300 1382 (4.79) 19 (30.16) 8.68
>300 27,450 (95.21) 44 (69.84) 10.07
400 0.0022
<400 1940 (6.73) 23 (36.51) 7.99
>400 26,892 (93.27) 40 (63.49) 10.15
500 <0.0001
<500 3484 (12.08) 31(49.21) 7.52
>500 25,348 (87.92) 32 (50.79) 10.35
600 <0.0001
<600 4415 (15.31) 35 (55.56) 7.36
>600 24,417 (84.69) 28 (44.44) 10.48
700 0.006
<700 6166 (21.39) 41 (65.08) 9.07
>700 22,666 (78.61) 22 (34.92) 10.26
800 <0.0001
<800 6547 (22.71) 42 (66.67) 8.71
2800 22,285 (77.29) 21 (33.33) 10.39
900 <0.0001
<900 7975 (27.66) 45 (71.43) 8.54
>900 20,857 (72.34) 18 (28.57) 10.57
1000 <0.0001
<1000 9366 (32.48) 47 (74.60) 8.54
>1000 19,466 (67.52) 16 (25.40) 10.71
Annual operator volume cut point Number of patients (%) Number of operators (%) Inappropriateness rate (%) Pvalue
50? 0.46
<50 1506 (5.22) 109 (25.17) 10.56
250 27,326 (94.78) 324 (74.83) 9.98
75 0.06
<75 3135 (10.87) 169 (39.03) 10.94
275 25,697 (89.13) 264 (60.97) 9.89
100 0.30
<100 5343 (18.53) 231 (53.35) 10.39
2100 23,489 (81.47) 202 (46.65) 9.92
150 0.82
<150 10,639 (36.90) 314 (72.52) 9.95
2150 18,193 (63.10) 119 (27.48) 10.04
200 0.0004
<200 15,243 (52.87) 364 (84.06) 9.42
>200 13,589 (47.13) 69 (15.94) 10.66
250 0.002
<250 18,767 (65.09) 393 (90.76) 9.60
>250 10,065 (34.91) 40 (9.24) 10.77
300 0.0002
<300 22,462 (77.91) 413 (95.15) 9.65
>300 6370 (22.09) 21 (4.85) 11.26
350 <0.0001
<350 23,085 (80.07) 418 (96.54) 9.66
>350 5747 (19.93) 15 (3.46) 11.41
400 0.0003
<400 23,793 (82.52) 422 (97.46) 9.71
>400 5039 (17.48) 11 (2.54) 11.41
450 <0.0001
<400 25,774 (89.39) 428 (98.85) 9.52
2400 3058 (10.61) 5(1.15) 14.13

2 Current guideline's recommended hospital/operator minimum PCI volume.

" The correlation between hospital inappropriate rate and hospital volume: Pearson
Correlation Coefficient r = —0.0733 (P = 0.57).

¢ The correlation between operator inappropriate rate and operator volume: Pearson
Correlation Coefficient r = —0.0129 (P = 0.79).
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Fig. 1. Risk-adjusted mortality rate for hospitals with different annual PCI volume (Dec 2012-Nov 2015). *Annual hospital PCI volume and the number of hospitals (in the parenthesis) are
listed under each bar.
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Fig. 2. Risk-adjusted mortality rate for operators with different annual PCI volume (Dec 2012-Nov 2015). *Annual operator PCI volume and the number of operators (in the parenthesis)
are listed under each bar.
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