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Abstract

This paper analyzes the effects of hospital volume on outcomes of patients
undergoing percutaneous transluminal angioplasty (PTA) with stent im-
plant in Slovakia between 2014-2019. The volume-outcome relationship is
estimated jointly using a discrete factor approach, where choice of hospital
is correlated with durations until readmission or death, accounting for ob-
served and unobserved characteristics. The results reveal the importance of
controlling for between-hospital differences and selectivity in patient refer-
ral. Estimates without hospital fixed effects overstate the positive effect of
volume on outcomes, but the results remain statistically significant. Once
selectivity is accounted for in the joint correlated model, the positive volume-
outcome relationship is not different from zero. Overall, the main driver of
the volume-outcome relationship for PTA procedures appears to be related
to selective referral and differences in quality of health care providers.
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1 Introduction

The hospital volume-outcome relationship is a relatively well-researched topic in
the health economics literature, with most studies finding that an increase in the
volume of procedures is associated with better outcomes for patients. The out-
comes are usually measured as mortality, hospital length of stay (LOS) or readmis-
sion. The explanation of this observed positive relationship is that “practice makes
perfect” or “learning by doing” – hospitals with a higher volume of procedures im-
prove over time thanks to an accumulated knowledge, skills and repetitive routine
(Luft et al. (1987)). These findings, combined with increasing returns to scale
(i.e. average costs fall as volume increases) prompted policymakers in many coun-
tries to reorganize health care systems by imposing minimum procedural volume
standards for providers. This policy is known as evidence-based hospital referral
(EBHR) limits.1 Similar policies for the centralization of procedures into special-
ized hospitals and the introduction of volume limits are currently being proposed
as part of health care reform in Slovakia.

From an economic perspective, the rationale behind these proposals are clear –
if increased volume of procedures actually leads to better outcomes for patients, the
setting of minimum standards and closure of providers not meeting them should
lead to an increase in welfare and decrease in costs. If, however, the perceived
volume-outcome relationship reflects other mechanisms such as quality differences
between hospitals, the closure of providers may restrict access to health care. Al-
though the positive relationship between volume and outcomes is well established,
relatively few studies accounted for potential endogeneity or reverse causality in
their analyses.

There are several caveats associated with a naive comparison of low-volume
hospitals with high-volume hospitals over time. If an econometrician simply re-
gresses the volume of hospital procedures on an outcome indicator, the coefficient
capturing the volume effects is likely to be biased due to several issues. First,
it is conceivable that perceived quality of health care providers is known among

1EBHR limits are a quality metric based primarily on hospital procedural vol-
ume. See https://ratings.leapfroggroup.org/measure/hospital/complex-adult-and-
pediatric-surgery.
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patients or doctors referring them from primary care. This leads to a “selective
referral” (Luft (1980)), where the volume of procedures becomes inflated, masking
the information about quality. Second, the observed differences between hospitals
may be explained by cohort effects, also referred to as a case mix. Therefore,
using an inadequate set of observed characteristics capturing patient’s health sta-
tus, comorbid conditions as well as ignoring unobserved heterogeneity may lead
to biased estimates and incorrect causal conclusions. The volume-outcome rela-
tionship could also be explained by self-selection (i.e. surgeons or hospitals more
confident or more skilled in the procedures will take on a larger volume of the
procedures). Furthermore, large-volume hospitals may seek more skilled or expe-
rienced surgeons, while more experienced surgeons may seek busier hospitals.

The main contribution of this paper to the volume-outcome literature is the
econometric framework, in which hospital choice is jointly estimated with the ef-
fects of volume on patient outcomes to address the issue with selectivity in patient
referral. First, a conditional logit model is specified, in which patients face choice of
a provider for percutaneous transluminal angioplasty2 (PTA) with a stent implant.
The outcomes of the procedure, measured as 30-day mortality and readmission are
then analyzed using similar survival models as used by Hamilton and Hamilton
(1997) and jointly estimated with hospital choice using a discrete mixture of unob-
served heterogeneity affecting both processes. The joint discrete factor approach
was previously used to account for selectivity in labor market studies analyzing
effects of sanctions on job search and duration of unemployment (van den Berg
et al. (2004), van der Klaauw and van Ours (2013)), and in health economics to
analyze effects of drug use on health (van Ours and Williams (2012)).

I use a detailed administrative dataset on all PTA procedures in Slovakia be-
tween 2014-2019, which includes detailed information about patient characteris-
tics, comorbid conditions and the type of procedure. Compared to several previous
studies on the volume-outcome relationship which mostly focus on in-hospital sur-

2PTA is a minimally-invasive vascular procedure, in which a balloon catheter is inserted
into a narrowed artery or vessel to improve blood flow. To ensure that the vessel remains
open, a stent (either a plastic or a metal tube) is sometimes inserted. PTA with stent implant
is most ofted used to threat atherosclerosis (clogging of arteries due to build-up of plaque).
Untreated atherosclerosis can lead to coronary artery disease, stroke, myocardial infarction or
kidney problems.
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vival or length of stay, the dataset used in this paper allows for the tracking of
patients after hospital discharge. This could alleviate concerns of a possible bias
due to discharge patterns, where high volume hospitals would transfer patients
shortly before they die or discharge them early. As will be shown in the following
sections, the risk of death or readmission to hospital is highest within the first
days after a procedure, therefore focusing solely on in-hospital outcomes might
not reveal the full picture.

The results reveal that ignoring selectivity overstates the effect of hospital vol-
ume on both 30-day mortality and readmissions. In single-equation models, the
estimated volume-outcome effect suggests that a 10% increase in volume of pro-
cedures decreases mortality by almost 2.4%. Once differences between hospitals
are accounted for, the effect decreases to 1.4%. In the full model, where hospital
choice and outcomes are estimated jointly, the effect further drops to 0.9% and is
no longer statistically significant. A similar story unfolds for 30-day readmissions,
where the volume effect decreases from 1.7% to 0.5% and becomes indistinguish-
able from zero. This is an important result from the policy perspective, where
regionalization of health care and imposition of minimum volume standards may
not always achieve the desired outcomes of improved quality. The remainder of the
paper is organized as follows: section two summarizes the volume-outcome litera-
ture, section three describes the dataset and provides summary statistics, section
four describes the econometric framework, section five presents results while sec-
tion six provides concluding remarks.

2 Review of literature

The results reported in the literature vary substantially and are mostly depen-
dent on the type of procedure as well as on statistical techniques used to estimate
the effects. One of the first publications analyzing volume-outcome relationship
is a work by Luft et al. (1979), who analyzed 12 types of surgical procedures
from more than 1500 hospitals in the United States between 1974-1975. Their
findings suggest that mortality of patients undergoing open heart surgery, coro-
nary artery bypass, vascular surgery, transurethral resection of prostate declined
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by 25 to 41 percent with an increase in volume of procedures. They also report
that these effects flatten out at a volume of 10 to 50 procedures per year. No
significant effects were observed for vagotomy and cholecystectomy. One of the
shortcomings of the analysis is that it used relatively simple, descriptive methods
to analyze the relationship between volume and mortality. In a follow-up paper,
Luft (1980) extends the analysis and examines the relationship using regression
techniques to control for potential confounders. To explore the direction of causal-
ity, the authors also estimate a model where the volume and outcome equations
are modelled simultaneously. The findings in the single-equation models confirm a
positive volume-outcome relationship for procedures as open heart surgery or vas-
cular surgery. However, once the relationship is estimated simultaneously, most of
the statistically significant effects disappear, supporting the fact that part of the
observed correlation between surgical volume and outcomes can be explained by
selective referrals. The authors also note the importance of other factors omitted
in their analysis, such as hospital or surgeon fixed effects, which are later explored
by other papers and following publications.

Hannan et al. (1992) in their analysis exploit longitudinal data from New York
covering a period of six years, allowing for comparison between hospitals as well
as within hospitals over time. The effects on in-hospital mortality of patients
undergoing surgeries of ruptured and non-ruptured aneurysm are first analyzed
using a logistic regression, controlling for hospital and surgeon volume and other
observed characteristics. The results suggest a significantly positive effect of higher
surgeon volume on in-hospital mortality for ruptured aneurysms, and a positive
effect of hospital volume on unruptured aneurysms. To test for a selective referral
hypothesis, the authors then track and compare changes in volume of low and
high-mortality surgeons over time. They conclude that there is some evidence of
an increased volume of surgeries per year for low-mortality surgeons who increased
their volume by 43.6 percent, compared to 14 percent for high-mortality surgeons.

Farley and Ozminkowski (1992) analyze volume-outcome relationships using a
dataset of almost 500 community hospitals in the USA over eight years. Their
econometric framework uses instrumental variables (IV) to control for potential
selectivity in referral of patients and exploits the panel structure of the data using
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hospital fixed effects to control for hospital-specific unobservables. Results suggest
that a higher volume leads to lower in-hospital mortality for procedures involving
acute myocardial infarction, hernia repair and neonatal respiratory distress syn-
drome. The positive effect was also observed for coronary artery bypass grafts,
however the authors conclude that the result is mostly caused by referral pat-
terns. No significant effects were observed for patients undergoing hip replacement
surgery. Similar results reports Hamilton and Hamilton (1997) in their analysis of
hip replacement surgeries in the Canadian province of Quebec between 1991-1993.
They analyze the effects of hospital volume on LOS using competing-risk duration
models with a discrete mixture of unobserved heterogeneity. The authors first
present estimates without hospital fixed effects, which suggest a highly significant
and positive effect on LOS. However, once the hospital fixed-effects are included,
the relationship disappears, suggesting that the effect rather reflects quality dif-
ferences between hospitals.

Phillips et al. (1995) estimate the effects of hospital volume on outcomes of
patients undergoing PTA procedure, focusing on in-hospital mortality, emergency
bypass surgery after PTA (indicative of post-procedural complications), LOS and
total charges of hospital stay. Their sample includes cross-sectional data from 110
hospitals in California and more than 25,000 patients undergoing the procedure
in 1989. Results show that low-volume hospitals had significantly higher rate of
adverse events, whereas high-volume hospitals significantly lower. Similar associ-
ations are reported for LOS and charges.

Somewhat different results for coronary artery bypass surgery are reported by
Gaynor et al. (2005). The authors also employ IV techniques to estimate the effects
of volume on in-hospital mortality on a dataset of more than 360,000 surgeries in
California between 1983-1999. Contrary to Farley and Ozminkowski (1992), their
results suggest a positive effect. The study also explores whether the volume-
outcome effect can be attributed to “learning by doing” or to economies of scale,
suggesting it is rather the latter. IV regressions are also employed by Tsai et al.
(2006), who analyze the relationship on a dataset of patients older than 65 years
hospitalized in Ohio between 1991-1997 due to congestive heart failure (CHF).
By comparing the simple regressions with IV estimates, their findings reveal that
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ignoring the selective referral leads to biased results. Once the selectivity was ac-
counted for, no significant effects of higher hospital volume on survival of patients
with CHF was observed. The patterns suggestive of selective referral observed
by Hannan et al. (1992) are also reported by Barker et al. (2011), who compared
specialized and general hospitals in the USA in their analysis of more than 330,000
cardiac revascularizations between 2000 and 2001. This paper also finds evidence
that hospitals with lower mortality rates were able to attract more patients. Em-
ploying IV regressions to estimate the effects of volume on mortality, their findings
reveal that specialized hospitals did not perform better than general hospitals.

A different approach is used by Avdic et al. (2019), who analyze a policy change
in budget restrictions of Swedish municipalities. Following a passage of federal
law, which effectively forbid local governments to run budget deficits, several can-
cer clinics had to be closed to cut costs. Closures of providers in affected regions
generated sharp changes in the number of cancer surgeries performed at other
remaining clinics in the same region, while creating a natural control group in re-
gions in which no clinics were closed. The authors exploit this quasi-experimental
variation in hospital volume as instruments in their empirical framework. The re-
sults suggests that for complex cancer surgeries involving full/partial mastectomy,
colectomy and prostatectomy, the clinics increasing their volume from 70 to 130
procedures per year had lower mortality by approximately 2.7 percentage points.
In addition, by examining cumulative volume over several years, subsequent cancer
surgeries and complications during surgery, they also find evidence for “learning
by doing” effects.

3 Data and descriptive statistics

The analysis is based on administrative data from the National Health Information
Center of Slovakia (NHIC). NHIC administers several national health registries,
including a claims database on all health expenditure reimbursements. The dataset
used in the analysis combines patient-level data on all procedures provided by
public health insurance. The databases are linkable through a unique patient
identifier obtained at birth. Public health insurance is in general mandatory for
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every individual who has permanent residency in the Slovak Republic, thus the
databases are effectively covering the whole population.

All patients admitted to hospitals who underwent a non-emergency procedure
of PTA with stent implant between 1st July 2013 and 31st December 2019 are
included in the sample. This includes PTA of carotid and vertebral arteries, pe-
ripheral arteries of the extremities and pelvic arteries, renal arteries, celiac or
mesenteric artery and arch of the aorta. For each patient, the date of proce-
dure, hospital performing the procedure and other individual characteristics such
as age, gender and residence are included. Information on comorbidities was ex-
tracted from other registries including primary care procedures and pharmaceutical
prescriptions following Bannay et al. (2016) in order to construct a Charlson co-
morbidity index according to an algorithm for administrative data developed by
Quan et al. (2005). PTA is a minimally invasive procedure, where most patients
are monitored overnight after the procedure and discharged on next day if there are
no complications. The main outcome evaluated in the analysis is 30-day mortality
following the PTA procedure. The mortality data are linked to the procedure data
from the central death registry. The second outcome considered in the analysis is
all-cause 30-day readmission, defined as any readmission to an acute care hospital
occurring at least a day or later following discharge3 after the PTA procedure.
Volume of procedures V in each hospital is measured as a number of procedures
prior to the current patient, similarly as in Hamilton and Hamilton (1997). More
precisely, it is equal to the number of procedures performed in hospital h within the
12-month period prior to the date τ of the current patient’s procedure. Therefore,
procedures occurring before 1st July 2014 are excluded from the analysis, since it
is not possible to determine the hospital volume in the preceding 12 months.

The data related to hospital choice are collected from a ranking maintained
by Institute for Social and Economic Reforms (INEKO).4 Each year since 2014,
INEKO publishes quality indicators and rankings as a part of a patient-oriented
project for comparison of hospital and health care providers.5 For each health

3Centers for Medicaid and Medicare provide a similar definition of 30-day read-
mission rate. See https://www.cms.gov/Medicare/Medicare-Fee-for-Service-Payment/
PhysicianFeedbackProgram/Downloads/2015-ACR-MIF.pdf

4https://www.ineko.sk/about/about-us
5https://kdesaliecit.sk The name of the website translates as “where to get treated?”.
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care provider, several statistics such as readmission rate, number of physicians
per patient, average LOS or total number of patients per year are depicted in the
profile. Furthermore, patient satisfaction with the services provided, collected by
insurance companies using a standardized questionnaire is also reported in the
rankings.6

3.1 Descriptive statistics

The following section provides summary statistics and simple comparisons of hos-
pitals included in the sample. In total, 19 hospitals performed PTA stent implants
during the sample period, with an average of almost 194 procedures per calendar
year. The distribution of hospital volume is depicted in figure 1.
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Figure 1: Empirical Distribution of Hospital Volume per Year

Figure 2 plots the relationship between hospital volume and fraction of patients
dying within 30 days of procedure for a given hospital-year combination. The solid
line represents fit from a fractional polynomial regression. The depiction of this

6Appendix A.1 provides a detailed description of all variables included in the analysis.
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simple correlation between hospital volume and mortality appears to be in line
with “practice makes perfect” hypothesis, although the trend seems to reverse at
very high annual volumes.
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Figure 2: 30-day Mortality and Hospital Volume

Notes: Dots represent hospital/year combinations. Solid line represents fit from a fractional
polynomial regression.

Figure 3 depicts the relationship between hospital volume and 30-day readmis-
sion rates for each hospital-year. As in the previous graph, the solid line represents
fit from a fractional polynomial regression. A similar pattern is observed, in which
hospitals performing higher volume of procedures in a given calendar year seem
to have lower readmission rates until a certain volume threshold, where the trend
reverses again.
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Figure 3: 30-day Readmissions and Hospital Volume

Notes: Dots represent hospital/year combinations. Solid line represents fit from a fractional
polynomial regression.

A significant part of the debate within the volume-outcome literature is focused
on the fact whether the observed differences rather reflect quality differences be-
tween hospitals, or if variations in volume of procedures within hospitals have
effects on outcomes – as predicted by practice makes perfect hypothesis. To pro-
vide a prima facie summary of differences between hospitals, their outcomes and
case mix, I follow Hamilton and Hamilton (1997), who first calculate the aver-
age number of procedures performed per 12-month period (each calendar year) at
each hospital. The average volume is then used to split the providers into three
groups: low volume hospitals performing less than 40 procedures per year (≈ 25%
of sample), average volume hospitals performing between 40 and 228 procedures
(≈ 50% of sample) and high volume performing more than 228 procedures per
year (≈ 25% of sample).
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Table 1: Betweeen Hospital Comparison of
Outcomes by Volume

Averages

Readmission Mortality Number of Charlson
Average number of rate (%) rate (%) comorbidities index
procedures performed (1) (2) (3) (4)

Low (< 40) 36.9 7.3 2.60 3.13
Average (40-228) 32.1 5.7 2.76 3.37
High (> 228) 22.1 2.6 2.96 3.58

Significance test:
p-value 0.000 0.000 0.000 0.000

Note: p-value is from a test of the null hypothesis of equality of means across categories.

Table 1 provides the overview of differences in readmission rate, mortality rate,
the average number of comorbidities and Charlson index of patients undergoing
the procedure. Looking at the first column, hospitals performing less than 40
procedures per year have an average readmission rate of almost 37%, compared to
32% rate of hospitals performing an average volume of procedures. High volume
hospitals performing more than 228 PTA stent implants per year appear to have
somewhat lower rate of readmission, with an average of 22%. A similar trend is
observed when examining mortality rates between different volume groups. Low
volume hospitals have mortality of around 7.3%, while mid volume hospitals have
a slightly lower mortality rate of 5.7%. Again, high volume hospitals appear to
perform the best, with an average mortality rate of around 2.6%. Interestingly,
the differences in outcomes do not seem to be driven by differences in case mix
between the volume groups. High volume hospitals with lower readmission and
mortality rates also have patients with significantly more comorbidities and higher
Charlson index. In summary, the descriptive properties of the sample confirm
what is depicted in figures 2 and 3 and provide some indication about high volume
hospitals performing better.

To provide insights on within-hospital differences, the volume of procedures
in the past 12 months prior to the procedure date τ at a hospital is calculated
and compared to the average number of procedures for the given hospital over the
entire sample. Hospital performance is then divided into three groups – hospitals at
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time τ performing at 20% or less below their average number of procedures per 12
months (approximately 20% of the sample), hospitals within ±20% of their average
12-month procedure volume (≈ 60% of the sample), and hospitals performing more
than 20% of volume at date τ compared to their average (≈ 20% of the sample).
Based on the ranking, the differences between the mean outcomes for each hospital
within 12-month period at time τ and the mean outcome for the hospital are
calculated. Table 2 summarizes the comparisons by groups of hospitals as defined
in Table 1.

Table 2: Within-Hospital Comparison of Outcomes
by Volume Change

Period τ difference from hospital sample average

Percentage difference
in period τ volume Readmission Mortality Number of Charlson
from hospital rate (pp) rate (pp) comorbidities index
sample average (1) (2) (3) (4)

Panel A. Low-volume hospitals
Below (< −20%) −0.19 3.34∗ −0.24∗ −0.37∗

Average (20% to 20%) 0.38 0.03 −0.04∗ −0.08∗

Above (> 20%) −3.00∗ −2.64∗ −0.04 −0.13∗

Panel B. Average-volume hospitals
Below (< −20%) −5.43∗ −2.57∗ 0.24∗ 0.28∗

Average (20% to 20%) 0.02 0.20∗ −0.02∗ −0.02∗

Above (> 20%) 1.60∗ 0.65∗ −0.14∗ −0.19∗

Panel C. High-volume hospitals
Below (< −20%) −0.34∗ −0.36∗ −0.04∗ −0.09∗

Average (20% to 20%) 0.50∗ 0.03∗ 0.02∗ 0.02∗

Above (> 20%) 0.01 0.24∗ 0.01∗ 0.03∗

Notes: ∗ significantly different from zero at the 5 percent level. pp = percentage points.

The evidence provided is somewhat surprising given the proposed direction of
volume-outcome relationship. Only low-volume hospitals performing 20% or more
procedures above their sample average appear to have lower readmission rate by
approximately three percentage points. A similar outcome is observed for 30-day
mortality rate, where low-volume hospitals during periods of 20% higher volume
compared to their average have mortality rates lower by almost 2.6 percentage
points. On the contrary, for average- and high-volume hospitals, an increase in
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procedural volume by 20% or more compared to the hospital average was associated
with an increase in mortality by 0.6 and 0.2 percentage points respectively. There
are also differences in case mix, as shown in columns (3) and (4). For average-
volume hospitals, periods of average and above-average volume are associated with
a decrease in the number of comorbidities by 0.02 and 0.14 respectively, while
periods of low volume are associated with an increase of 0.24. For high-volume
hospitals, below-average periods are associated with less ill patients, while average-
and above-average volume periods are associated with patients with slightly more
comorbidities and a higher Charlson index. The observation that both rehospi-
talization and mortality rate increase in average and high-volume hospitals which
perform above their sample average may be explained by increased personnel de-
mands, leading to fatigue and overwork. Patterns shown in table 2 indicate some
evidence of selective referral, where less sick patients appear to be sorted into
hospitals performing higher volume of procedures at the time, compared to their
sample average. This could be explained by a scenario where hospitals with extra
capacity for procedures are admitting fewer sick patients.

Another possible mechanism driving selective referral may be related to per-
ceived quality of health care providers by patients. Under this scenario, hospitals
with higher quality ratings may be able to attract more patients, increasing the
volume of procedures performed. Figure 4 depicts a simple relationship between
the index of perceived quality by patients and the volume of procedures performed
by hospital in the respective calendar year. Despite the fact that there is more
variation between the two, higher quality seems to be correlated with higher vol-
ume. Similarly as in previous graphs, the relationship reverses at high volumes
approaching 700 and more procedures per year.
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Figure 4: Perceived Quality and Hospital Volume

Notes: Dots represent hospital/year combinations. Solid line represents fit from a fractional
polynomial regression.

4 Set-up of the analysis

As outlined in previous sections, analysis of causal effects between hospital volume
and performance is complicated by several factors possibly affecting the relation-
ship, such as referral patterns or differences in case mix. Other unobservables
determining the outcomes may also play an important role. The analysis em-
ployed in this paper estimates the effects in a joint framework, in which hospital
choice is correlated with patient outcomes using a discrete mixture of unobserved
heterogeneity.

4.1 Hospital choice

The first part of the framework employs a conditional logit model, in which patients
face a choice of a hospitals for the PTA procedure. The traditional conditional
logit model was first introduced by McFadden (1973) and became a standard in
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the analysis of choice behavior. The model rests on a set of assumptions, mainly
on the independence from irrelevant alternatives (IIA), which stipulates that in-
troduction of further alternatives in the choice does not affect the odds between
the initial set. The IIA assumption makes the standard conditional logit model
rather restrictive in many applications. Over time, this led to adoption of a more
flexible mixed logit model, for which the random coefficients are assumed to follow
parametric distributions, most commonly the normal or log-normal distribution.
However, as with any parametric approach, the correct specification of the under-
lying distribution is crucial and also carries drawbacks, as pointed out by Train
(2008) and Pacifico (2013). A different approach relaxing assumptions of the stan-
dard conditional logit model is based on a non-parametric discrete mixture of
unobserved heterogeneity as proposed by Heckman and Singer (1984), where the
agent’s preferences are allowed to vary depending on a class membership. These
specifications were first explored in discrete choice models by Swait (1994) and
Bhat (1997), and later employed in analysis of labor supply by Pacifico (2013).

The model for hospital choice is based on a utility function as in Varkevisser
et al. (2012), who use conditional and mixed logit models to analyze the effects
of quality ratings on hospital choice of patients undergoing angioplasty in the
Netherlands. Under the public health insurance scheme, patients in Slovakia are
free to choose a health care provider. Thus, for each patient in the dataset, there
is no restriction in their choice set based on distance to hospital, and each hospital
performing at least one PTA procedure during the particular year of a patient’s
procedure is assumed to be a possible alternative. The utility of patient i at
hospital j is determined by the distance of the hospital and its perceived quality
and is formally defined as:

Uij = δdij +
n∑

k=1
ϕkHkj + ϵij (1)

where dij denotes distance from patient’s residence to hospital j, Hkj is a vector of
observed attributes of hospital j observed by patient and ϵij represents the error
term. The main idea behind choice models with a discrete mixture of unobserved
heterogeneity is that agents are sorted in a number of classes which differ in their
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preferences.7 Thus, the conditional probability that patient i within a class ν

chooses hospital j is defined as:

Pr(Ji = j | zij, γν) =
exp(z′

ijγν)∑Ji
k=1 exp(z′

ikγν)
(2)

where z′ denotes vector of hospital attributes including travel distance, Ji is a
choice set of available hospitals for a given patient i and γν is a vector of preference
parameters allowed to differ between classes.

4.2 Duration models

To estimate the effects of volume on 30-day mortality and readmission rates, I use a
duration analysis framework, where both observed and unobserved characteristics
are allowed to affect the hazard rates. Similar duration models were used previ-
ously by Hamilton and Hamilton (1997) to analyze the hospital volume-outcome
relationship, or by van Ours et al. (2013) to study drug use dynamics. Figure 5
plots the empirical hazard rates for both 30-day mortality and readmissions.

7The number of classes is usually determined in a stepwise manner, where the researcher starts
estimation with two classes and increases the number until convergence of the log-likelihood
function fails to improve.
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Figure 5: Empirical Hazard Rates

Both hazard rates clearly peak within first days after discharge and substan-
tially decay for the remainder of the 30-day window following the PTA procedure,
with both rates displaying some degree of non-monotonicity. Duration models al-
low for a variety of parametric and non-parametric specifications to describe the
functional form of underlying baseline hazard. I use a mixed proportional hazard
(MPH) rate model with a flexible (stepwise) duration dependence, which should
approximate the baseline hazard rate with a sufficient number of intervals. More
formally, the hazard rate of death within 30 days of the PTA procedure (omitting
the individual subscripts) at time td conditional on vector of observed character-
istics x8, volume of procedures Vhτ and unobserved characteristics υ is specified
as:

θd(td | x, Vhτ , υ) = λd(td) exp(x′βd + Vhτ ζd + αhd + υ) (3)

where Vhτ is a measure of procedural volume for past 12 months at the given
hospital h prior to the admission of the patient at calendar time τ , αhd repre-
sents hospital-specific fixed effect and υ represents a random effect capturing the

8For notational simplicity, the vector x also includes an indicator for the hospital.
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Heckman and Singer (1984) type of unobserved heterogeneity. λd(td) represents
individual duration dependence, which is flexibly modelled using a step function:

λd(td) = exp
(∑

k

λd,kIk(td)
)

(4)

where k(= 1, ..., K) is a subscript for day-intervals and Ik(td) are time-varying
dummy variables for subsequent day-intervals when the event (death) occurs. The
intervals are defined for days 0-2, 3-6, 7-10, 11-16, 17-22 and more than 22 days.
I estimate a constant and normalize λ0 = 0. The conditional density function of
completed durations until death can be written as:

f(td | x, Vhτ , υ) = θd(td | x, Vhτ , υ) exp
(

−
∫ td

0
θd(s | x, Vhτ , υ) ds

)
(5)

The hazard rate of being rehospitalized at time tr, conditional on observed
characteristics x, volume of procedures Vhτ and unobserved characteristics ω is
specified similarly as the hazard rate of death:

θr(tr | x, Vhτ , ω) = λr(tr) exp(x′βr + Vhτ ζr + αhr + ω) (6)

where λr represents stepwise duration dependence with intervals defined for days
as previously. The model for 30-day readmissions is specified as a competing risk,
where the competing event is the risk of death. Therefore, the conditional density
function of completed durations until readmission or death is defined as:

f(tr | x, Vhτ , ω, υ) = [θr(tr | x, Vhτ , ω) + θd(tr | x, Vhτ , υ)]

exp
(

−
∫ tr

0
[θr(u | x, Vhτ , ω) + θd(u | x, Vhτ , υ)] du

) (7)

Durations where neither readmission nor death is observed within 30 days are
considered right-censored.

4.3 Specification of unobserved heterogeneity

Selection of hospital and patient outcomes may be jointly affected by unobserved
characteristics. For example, the unobserved health status of a patient may affect
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choice of a hospital as well as the probability of readmission or death after the
procedure. It is conceivable that patients in a worse health status are referred
to hospitals with a higher perceived quality, or to specialized cardiac centers in
order to obtain better care. These patients may be characterized by willingness
to travel further to a hospital with better quality ratings. Also, a prior belief and
expectations about receiving higher quality care, as well as interactions during
hospital stay may have an effect on post-surgical outcomes.9 If such unobserved
factors are not accounted for in the empirical framework, estimates capturing the
relationship between volume of procedures and hospital performance are likely to
be biased. Specification of heterogeneity distribution where the unobserved factors
in both hospital choice and patient outcomes are allowed to be correlated between
each other should capture these hidden differences.

I assume that the random effects υ, ω and latent classes γν come from a discrete
mixing distribution G, where each of the components has two points of support.
The joint density function for 30-day mortality is then specified as:

g(J = j, td | zj, x, Vhτ ) =
∫

γν

∫
υ

Pr(J = j | zj, γν)f(td | x, Vhτ , υ) dG(γν , υ) (8)

while for 30-day readmissions it is defined as:

g(J = j, tr | zj, x, Vhτ ) =
∫

γν

∫
ω

∫
υ

Pr(J = j | zj, γν)

f(tr | x, Vhτ , ω, υ) dG(γν , ω, υ)
(9)

Therefore, the full mixing distribution yields four and eight possible combinations
respectively, each describing two types of patients with different hazard rates of
death and readmission (high hazard rate and low hazard rate) and two types of
patients with different preferences for hospital choice. The probabilities associated
with four mass points of the unobserved heterogeneity distribution for hospital

9Associations between patient satisfaction and outcomes were explored for example by Bould-
ing et al. (2011)
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choice and 30-day mortality are denoted as:

Pr(υ = υ1, γν = γν1) = p1, Pr(υ = υ1, γν = γν2) = p2

Pr(υ = υ2, γν = γν1) = p3, Pr(υ = υ2, γν = γν2) = p4
(10)

with p4 = 1−p1−p2−p3, where pn (n = 1, ..., 4) is assumed to follow a multinomial
logistic distribution:

pn = exp(αn)∑
n exp(αn) , n = 1, ..., 4 (11)

with α4 normalized to zero. The probabilities associated with eight mass points
of the distribution for hospital choice and 30-day readmissions are defined as:

p1 = Pr(υ = υ1, ω = ω1, γν = γν1), p2 = Pr(υ = υ1, ω = ω1, γν = γν2)

p3 = Pr(υ = υ1, ω = ω2, γν = γν1), p4 = Pr(υ = υ1, ω = ω2, γν = γν2)

p5 = Pr(υ = υ2, ω = ω1, γν = γν1), p6 = Pr(υ = υ2, ω = ω1, γν = γν2)

p7 = Pr(υ = υ2, ω = ω2, γν = γν1), p8 = Pr(υ = υ2, ω = ω2, γν = γν2)

(12)

and modelled as a multinomial logit similarly as in equation 11, with p8 defined
analogously to p4.10 The likelihood functions are optimized over all unknown
parameters using a method of maximum likelihood.

5 Results

The following pages present results of the empirical model outlined in the previous
section of the paper. The results of the model are also presented as independent
processes, i.e. without the correlated unobserved heterogeneity and then estimated
jointly. The main parameter of interest is the variable capturing the volume of
procedures at the hospital within last 12 months prior to the current patient, de-
fined as natural logarithm ln(Vhτ ) to follow previous publications. Other covariates
included in the hospital choice equation are distance to the hospital, overall read-
mission rate, total number of patients per year, overall satisfaction and dummy

10Note that equations 10 and 12 describe full mixing distributions, where only some of the
probability mass points may be identified during estimation.
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variables for a university hospital and specialized cardiac centre. For the 30-day
mortality and readmissions, region of residence11 age and gender of the patient,
type of procedure (depending on the affected artery), categorical Charlson index
and also respective dummy variables for the 16 comorbidity categories of Charlson
index are included as explanatory variables. Furthermore, the outcome equations
also include fixed effects for the hospital.12

5.1 30-day mortality

Table 3 summarizes the results for 30-day mortality after the PTA procedure.
Column (1) of Panel A. reports estimates of the conditional logit model for hospital
choice without latent classes for comparison. The results show that patients are
more likely to choose health care providers with higher ratings, as well as hospitals
whcih admit more patients per year. They are also more likely to choose specialized
cardiology centers and hospitals closer to their residence.

Columns (2) and (3) in Panel B. report estimates from the duration model
with and without hospital fixed effects. Not surprisingly, the results reveal that
older patients are more likely to die within 30 days. There are also differences
between arteries involved in PTA procedures. Compared to the reference category
of PTA involving peripheral arteries of extremities, procedures involving celiac,
mesenteric or carotid artery carry a significantly higher risk of death. Panel C.
reports parameters of the duration dependence, revealing that the risk of death is
highest within first two days after the procedure. Turning to the main parameter
of interest, the coefficient capturing the effects of hospital volume on 30-day mor-
tality is negative and statistically significant in the model without fixed effects,
suggesting a positive effect of higher volume of procedures on 30-day mortality
after the PTA procedure. In numerical terms, the point estimate reveals that an
increase of procedural volume by 10% is associated with approximately 2.4% de-
crease of mortality rate.13 Once hospital fixed effects are included, the estimated
coefficient nearly halves in magnitude to 1.4%, but remains statistically significant

11Alternative specifications of the model with variables capturing median income of patient’s
residence were also estimated (results not reported), finding the same conclusions.

12See appendix A.1 for a full description of variables.
13(exp(−0.26 × ln(1.1)) − 1) × 100 ≈ −2.4
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at the 10% level. This is similar to results by Hamilton and Hamilton (1997) in
their analysis of volume-outcome relationship of patients undergoing hip surgery.
The fact that the volume-outcome effects disappear once time-invariant hospital
characteristics are controlled for suggests that the results to a large extent reflect
differences in quality between low and high volume hospitals. The penultimate row
of table 3 reports log-likelihood values of respective models. A likelihood-ratio test
comparing models (2) and (3) suggests that model with fixed effects provides a
significant improvement.

Finally, column (4) reports estimates from the model where selection of hospital
and mortality outcomes are estimated jointly. Panel A. summarizes estimates
related to hospital choice. There are two classes of patients who differ in their
preferences for hospital choice. The results are best interpreted by comparison of
the two classes between each other and within the context of how health care is
organized in most countries. The first group of patients is more likely to travel
farther to the hospital of their choice, and also is more likely to choose university
affiliated hospital or a specialized cardiac center. This likely reflects the fact that
university hospitals and cardiac centers are located in large cities and therefore
require travel for patients from rural areas. This group of individuals is also more
concerned about the quality of hospital, and also has a higher mortality rate. For
the other group of patients, the distance to hospital is more of a problem, while
they also show a lower preference for university hospitals and specialized cardiac
centers. Coefficients related to unobserved heterogeneity distribution also reveal
that this group is represented by approximately 36% of patients and also has a zero
mortality rate. The most striking difference between independent models and the
joint model is that once the correlated unobservables between hospital choice and
mortality are taken into account, the effect of hospital volume on outcomes further
decreases to 0.9% and is no longer statistically significant at the conventional
significance levels. This result suggests that ignoring selectivity in hospital choice
overestimates the volume-outcome relationship. A likelihood-ratio test comparing
log-likelihood values between models with and without unobserved heterogeneity
confirms that the model with correlated error structure provides a better fit.
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Table 3: Parameter Estimates 30-day Mortality Rate

(1) (2) (3) (4)

Panel A. Hospital choice
Rehospitalization rate 0.02 (5.4)∗ −0.08 (9.1)∗∗∗ 0.28 (16.0)∗∗∗

Overall satisfaction 0.03 (11.5)∗∗∗ 0.08 (18.5)∗∗∗ −0.02 (2.3)∗∗

Number of patients per year 0.00 (1.7)∗ −0.01 (3.2)∗∗ 0.02 (5.7)∗∗∗

University hospital −0.01 (0.3) 0.82 (8.8)∗∗∗ −1.64 (11.4)∗∗∗

Cardiac center 1.34 (43.3)∗∗∗ 2.12 (42.8)∗∗∗ −0.70 (4.1)∗∗∗

Distance to hospital −0.02 (106.8)∗∗∗ −0.02 (61.4)∗∗∗ −0.09 (16.8)∗∗∗

Panel B. Mortality
ln(Vhτ ) −0.26 (6.9)∗∗∗ −0.15 (1.7)∗ −0.09 (0.9)

Other characteristics
Age 0.05 (10.3)∗∗∗ 0.05 (9.9)∗∗∗ 0.05 (9.8)∗∗∗

Female 0.09 (1.0) 0.05 (0.6) 0.08 (0.9)
PTA of the arch of aorta 0.49 (1.1) 0.43 (0.9) 0.44 (0.9)
PTA of carotid and vertebral arteries 1.38 (10.3)∗∗∗ 1.09 (7.6)∗∗∗ 1.03 (6.9)∗∗∗

PTA of renal arteries −0.98 (2.1)∗∗ −1.14 (2.5)∗∗ −0.96 (2.0)∗∗

PTA of celiac or mesenteric artery 1.42 (5.2)∗∗∗ 1.31 (4.7)∗∗∗ 1.48 (4.9)∗∗∗

Duration dependence
Days 3-6 −0.66 (5.1)∗∗∗ −0.66 (5.0)∗∗∗ −0.59 (4.5)∗∗∗

Days 7-10 −1.32 (8.3)∗∗∗ −1.31 (8.2)∗∗∗ −1.18 (7.4)∗∗∗

Days 11-16 −1.19 (8.8)∗∗∗ −1.18 (8.7)∗∗∗ −1.01 (7.3)∗∗∗

Days 16-22 −1.46 (9.9)∗∗∗ −1.45 (9.8)∗∗∗ −1.24 (8.3)∗∗∗

Days 22+ −1.58 (11.6)∗∗∗ −1.56 (11.5)∗∗∗ −1.31 (9.5)∗∗∗

Unobserved heterogeneity
υ1 −7.84 (18.5)∗∗∗ −6.08 (7.0)∗∗∗ −4.39 (4.3)∗∗∗

υ1 − υ2 −∞
α1 0.55 (12.4)∗∗∗

Hospital FE - No Yes Yes
Unobserved heterogeneity No No No Yes
p-value hospital FEa - - 0.000 0.000
p-value comorbiditiesb - 0.000 0.000 0.000
-Log likelihood 25,402.1 3,984.2 3,950.0∗∗∗ 27,789.4∗∗∗

Observations 16,599 16,599 16,599 16,599
Notes: Absolute t statistics in parentheses. FE = fixed effects. Coefficients for regional and comorbidity indicator variables not reported. Full set of results for
the main specification is available in Appendix B.1, Table B1.
a Test of the null hypothesis that the coefficients on the hospital indicators are jointly zero.
b Test of the null hypothesis that the coefficients on the comorbidity indicators are jointly zero.
∗ p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < 0.001



5.2 30-day readmissions

Results for 30-day readmissions are presented in the same fashion, where column
(1) of table 4 repeats estimates from the model of hospital choice without latent
classes, while columns (2) and (3) present estimates from the competing risk model
with and without fixed effects. Finally, column (4) reports estimates from the joint
correlated model.

A similar story emerges as reported in the previous section once the effects of
hospital volume are estimated with and without fixed effects. Patients are at the
highest risk of being rehospitalized within the first two days after discharge, after
which the hazard rate decreases, as shown in Panel C. The model without fixed
effects finds a highly significant effect of hospital volume on 30-day readmissions,
suggesting that an increase in volume of PTA procedures is related to lower rates of
readmission. However, once fixed differences between hospitals are accounted for,
the coefficient shrinks from −0.18 to −0.08, but remains statistically significant.
The penultimate row of table 4 confirms that the model with fixed effects presents
a significant improvement over the model in column (2). Looking at column (4),
where the correlated error structure is taken into account, the coefficient further
decreases to −0.05 and again loses statistical significance. The distribution of
unobserved heterogeneity reveals that there are two types of patients – the first
type represented by 80% of patients is characterized by a higher willingness to
travel farther to a hospital and a higher preference for an university affiliated
hospital or a specialized cardiology center. This group is also characterized by a
higher readmission rate and a lower mortality rate. The other group represented by
20% of patients shows less preference for university hospitals and special centres,
is less concerned about quality of hospitals in terms of readmission rates, and
also has a lower willingness to travel farther. Furthermore, these patients have
zero rates of readmission compared to the first group and higher mortality rates.
The fact that the coefficient related to hospital volume further decreases and loses
statistical significance once the correlation between unobserved components in
hospital choice and hazard rates of readmission is accounted for suggests evidence
of selective referral.
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Table 4: Parameter Estimates 30-day Readmission Rate

(1) (2) (3) (4)

Panel A. Hospital choice
Rehospitalization rate 0.02 (5.4)∗∗∗ 0.01 (0.9) 0.16 (3.6)∗∗∗

Overall satisfaction 0.03 (11.5)∗∗∗ 0.05 (16.1)∗∗∗ 0.05 (2.7)∗∗

Number of patients per year 0.00 (1.7)∗ 0.00 (1.3) 0.06 (4.6)∗∗∗

University hospital −0.01 (0.3) 0.33 (6.2)∗∗∗ −6.85 (6.1)∗∗∗

Cardiac center 1.34 (43.3)∗∗∗ 1.67 (45.9)∗∗∗ −3.10 (5.1)∗∗∗

Distance to hospital −0.02 (106.8)∗∗∗ −0.02 (83.7)∗∗∗ −0.37 (7.0)∗∗∗

Panel B. Readmissions
ln(Vhτ ) −0.18 (12.5)∗∗∗ −0.08 (2.0)∗∗ −0.05 (1.2)

Other characteristics
Age 0.01 (5.8)∗∗∗ 0.01 (5.0)∗∗∗ 0.01 (5.0)∗∗∗

Female 0.06 (1.9)∗ 0.05 (1.5) 0.03 (1.0)
PTA of the arch of aorta 0.16 (1.3) 0.27 (2.2)∗∗ 0.24 (1.9)∗

PTA of carotid and vertebral arteries 0.54 (10.7)∗∗∗ 0.55 (10.4)∗∗∗ 0.43 (7.7)∗∗∗

PTA of renal arteries −0.72 (5.9)∗∗∗ −0.65 (5.3)∗∗∗ −0.56 (4.3)∗∗∗

PTA of celiac or mesenteric artery 0.19 (1.4) 0.16 (1.2) 0.11 (0.7)

Duration dependence
Days 3-6 −0.06 (1.3) −0.04 (0.9) 0.06 (1.4)
Days 7-10 −0.71 (13.4)∗∗∗ −0.68 (12.8)∗∗∗ −0.51 (9.5)∗∗∗

Days 11-16 −1.14 (20.8)∗∗∗ −1.10 (20.1)∗∗∗ −0.89 (16.0)∗∗∗

Days 16-22 −1.37 (23.0)∗∗∗ −1.33 (22.3)∗∗∗ −1.08 (17.7)∗∗∗

Days 22+ −1.80 (29.5)∗∗∗ −1.76 (28.8)∗∗∗ −1.47 (23.5)∗∗∗

Unobserved heterogeneity
ω1 −3.31 (23.1)∗∗∗ −3.04 (5.1)∗∗∗ −2.35 (3.2)∗∗

υ1 −6.27 (4.4)∗∗∗

ω1 − ω2 −∞
υ1 − υ2 −4.49 (3.2)∗∗∗

α1 1.40 (41.8)∗∗∗

Hospital FE - No Yes Yes
Unobserved heterogeneity No No No Yes
p-value hospital FEa - - 0.000 0.000
p-value comorbiditiesb - 0.000 0.000 0.000
-Log likelihood 25,402.1 23,692.3 23,504.6∗∗∗ 47,736.6∗∗∗

Observations 16,599 16,599 16,599 16,599
Notes: Absolute t statistics in parentheses. FE = fixed effects. Competing risk of death estimates not reported. Coefficients for regional and comorbidity indicator
variables not reported. Full set of results for the main specification is available in Appendix B.1, Table B2.
a Test of the null hypothesis that the coefficients on the hospital indicators are jointly zero.
b Test of the null hypothesis that the coefficients on the comorbidity indicators are jointly zero.
∗ p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < 0.001



It is conceivable that the first type of unobserved heterogeneity individuals with
higher rates of readmission and lower mortality rates, and also higher preference
for university hospitals and specialized cardiac centres represents patients more
concerned about their health. These are likely willing to seek the highest qual-
ity health care provided by specialized cardiac centers and university hospitals.
Comparison of log-likelihood values between models with and without unobserved
heterogeneity confirms that the joint model provides a better fit.

5.3 Sensitivity analysis

Estimates presented in the previous section considered all-cause readmission within
30-day period as an outcome. A potential drawback of this measure is that not all
readmissions are necessarily related to complications after PTA with stent implant.
The most common risks associated with the procedure are narrowing of the affected
artery, forming of blood clots within stents and bleeding. Other complications
include acute myocardial infarction, arterial damage, kidney problems, stroke or
abnormal heart rhythms. Therefore, only readmissions with discharge diagnoses
related to skin or wound lesions, stroke, certain kidney syndromes, circulatory
system and complications following surgical or medical care are considered in the
sensitivity analysis. Full list of diagnoses included is provided in Appendix A.2,
table A1. Table 5 summarizes the results of the model. For the sake of brevity,
only the main parameters of interest are reported.

As in previous sections, column (1) presents estimates of the competing risk
model without hospital fixed effects, column (2) with hospital fixed effects and
column (3) reports the joint correlated model with unobserved heterogeneity. The
results to a great extent resemble all-cause 30-day readmissions, despite being
based on a more restrictive set of discharge diagnoses. Without hospital fixed
effects, the parameter estimate of hospital volume is negative and highly signifi-
cant, with a point estimate of −0.14. Once the differences between hospitals are
accounted for, the estimate shrinks to −0.10, but remains significant. In the cor-
related model, the estimated effect further decreases to −0.06 and is no longer
significant at the conventional levels.
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Table 5: Parameter Estimates 30-day Readmission Rate –
Sensitivity Analysis

(1) (2) (3)

Hospital volume
ln(Vhτ ) −0.14 (7.4)∗∗∗ −0.10 (2.2)∗∗ −0.06 (1.3)

Unobserved heterogeneity
ω1 −4.36 (24.0)∗∗∗ −3.54 (4.8)∗∗∗ −3.86 (8.1)∗∗∗

ω1 − ω2 −∞
υ1 −9.43 (7.6)∗∗∗

υ1 − υ2 −8.01 (6.5)∗∗∗

α1 −1.15 (34.4)∗∗∗

Hospital FE No Yes Yes
Unobserved heterogeneity No No Yes
p-value hospital FEa - 0.000 0.000
p-value comorbiditiesb 0.000 0.000 0.000
-Log likelihood 17,815.1 17,636.5∗∗∗ 41,714.4∗∗∗

Observations 16,599 16,599 16,599
Notes: Absolute t statistics in parentheses. FE = fixed effects. Coefficients for hospital choice,
personal characteristics, regional, comorbidity, and hospital fixed effects indicator variables not
reported. Competing risk of death estimates not reported.
a Test of the null hypothesis that the coefficients on the hospital indicators are jointly zero.
b Test of the null hypothesis that the coefficients on the comorbidity indicators are jointly zero.
∗ p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < 0.001

6 Conclusions

Relationship between volume of hospital procedures and outcomes is a relatively
well researched topic in the health economics literature, with a large number of
studies finding a positive relationship between the two. However, only few ac-
knowledge the difficulty in attributing causal effects to the proposed “practice
makes perfect” hypothesis. This paper analyzes the universe of patients undergo-
ing percutaneous transluminal angioplasty with stent implant in Slovakia over 6
year period. The main contributions of this paper are twofold. First, the empir-
ical model used exploits the variation in the volume of procedures over time and
controls for potential selectivity in hospital choice by using a correlated discrete
factor approach. Compared to previous studies, selection into hospital is estimated
jointly with patient outcomes measured as 30-day readmission and mortality. Sec-
ond, the analysis is focused on short-term post-procedural outcomes rather than
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on outcomes related to in-hospital stay.
To some extent, conclusions from the empirical models confirm those previously

reported by Hamilton and Hamilton (1997). Once the effect of volume on outcomes
is estimated solely on between-hospital variation of procedures, the relationship
appears highly significant and supportive of “practice makes perfect” hypothesis.
However, if controls for time-invariant hospital characteristics are included, the
effect reduces in size. This suggests that the volume-outcome relationship to some
extent reflects differences in quality between health care providers. Still, even after
controlling for the hospital fixed effects, there is a statistically significant, positive
effect of higher volume on outcomes. However, the estimated positive volume-
outcome relationship further shrinks and is no longer statistically significant once
selection of patients into hospital is taken into account in the joint correlated
model. The results also reveal that the risk of death or readmission is highest
within the first days after the procedure, confirming that focusing solely on in-
hospital outcomes may yield biased results. The findings are also robust to the
specification when 30-day readmissions are considered on a more restrictive set of
diagnoses.

Most of the results in the hospital volume-outcome literature appear to be
specific to the type of procedure or specialization, where positive effects of larger
volume on outcomes were found, for example, for advanced cancer surgeries, while
no effects were reported for cardiac revascularizations. Within the context of
cardiac procedures, the findings presented in this paper are in contrast to those
reported by Phillips et al. (1995), who find that hospitals performing more PTA
procedures had significantly better outcomes, measured as lower mortality and
shorter LOS. However, compared to the results presented in this study, their anal-
ysis relied on cross-sectional data covering one year and focused on in-hospital
outcomes. Furthermore, the analysis did not control for hospital fixed effects and
potential selectivity.

All in all, these findings should serve as a caution for strict proponents of EBHR
limits and regionalization of hospital care. If the volume-outcome relationship
indeed mostly reflects selective referral and differences in quality between hospitals
for certain procedures, a closure and transformation of low-volume providers into
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high-volume providers might not lead to better health outcomes for patients, but
to worse access to health care.
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Appendix A

A.1 Definition of variables

• Hospital choice

– Readmission rate: ratio of patients discharged from a given hospital and
rehospitalized within 30 days for a diagnosis in the same group, to all patients
hospitalized in the same hospital for the respective diagnosis group.

– Overall satisfaction: A composite index of 12 standardized indicators related
to perceived quality of health care by patient. Includes subjective ratings
of health care, patient-doctor communication, accommodation, cleanliness,
nutrition and subjective assessment of treatment. Collected by insurance
companies using telephone surveys, anonymous on-line questionnaires or by
standard post service. Hospitals and health care providers are sorted accord-
ing to the rating, with the best hospital receiving 100 points, while the lowest
ranked hospital receiving 0. Remaining hospitals receive points relative to
the best ranked provider.

– Patients per year: total number of patients hospitalized at the hospital during
a calendar year.

– University hospital: hospital is an university affiliated (teaching) hospital.

– Cardiac center: Hospital is a specialized cardiac center.

– Distance to hospital: calculated as a point-to-point distance in kilometres
from patient’s residence to the hospital.

• Outcomes

– Duration until death: measured in days since the date of procedure. Patients
dying on the same day are coded with a duration of 0.5.

– Duration until readmission: measured in days since discharge from hospi-
tal. Readmissions considered if they occur at least 24 hours or later after
discharge.

• Other characteristics

– Age: age in years.
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– Region: indicator variables for region of residence.

– Residence: observed on the level of town/city, in the case of larger cities on
city district.

– Female: indicator variable for female gender.

– Type of procedure: indicator variables for type of PTA procedure depending
on the involved artery. Baseline category - PTA of peripheral arteries of
extremities and pelvic arteries.

– Charlson index: Charlson comorbidity index, categorical variable. Baseline
category: 0-1.

– Comorbidity indicator variables: 16 indicator variables for Charlson comor-
bidity index categories. Metastatic cancer and HIV/AIDS categories are
merged into one due to low number of outcomes observed for HIV/AIDS
category.

– ln(Vhτ ): Natural logarithm of volume of procedures performed in the preced-
ing 12 months at a given hospital, prior to the current patient’s procedure.
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A.2 Readmission diagnoses

Table A1: List of Diagnoses Considered in Sensitivity Analysis

Diagnosis code Description
A40, A41 Streptococcal sepsis, other sepsis
G45 Transient cerebral ischemic attacks and related syndromes
J95 Intraoperative and postprocedural complications and disor-

ders of respiratory system, not elsewhere classified
L02 Cutaneous abscess, furuncle and carbuncle
L03 Acute lymphangitis
L08 Other local infections of skin and subcutaneous tissue
L76 Intraoperative and postprocedural complications of skin and

subcutaneous tissue
L98 Other disorders of skin and subcutaneous tissue, not elsewhere

classified
N01, N04 Rapidly progressive nephritic syndrome, nephritic syndrome
N17, N19 Acute kidney failure, unspecified kidney failure
R58 Hemorrhage, not elsewhere classified
R60 Edema, not elsewhere classified
I10-I16 Hypertensive diseases
I20-I25 Ischemic heart diseases
I26-I28 Pulmonary heart disease and diseases of pulmonary circula-

tion
I30-I52 Other forms of heart disease
I60-I69 Cerebrovascular diseases
I70-I79 Diseases of arteries, arterioles and capillaries
I80-I89 Diseases of veins, lymphatic vessels and lymph nodes, not

elsewhere classified
I95-I99 Other and unspecified disorders of the circulatory system
R00-R09 Symptoms and signs involving the circulatory and respiratory

systems
T80-T88 Complications of surgical and medical care, not elsewhere clas-

sified
T98 Sequelae of other and unspecified effects of external causes
Z48 Encounter for other postprocedural aftercare
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Appendix B

B.1 Additional results and tables

Table B1: Parameter Estimates 30-day Mortality Rate

(1) (2) (3) (4)

Panel A. Hospital choice
Rehospitalization rate 0.02 (5.4)∗ −0.08 (9.1)∗∗∗ 0.28 (16.0)∗∗∗

Overall satisfaction 0.03 (11.5)∗∗∗ 0.08 (18.5)∗∗∗ −0.02 (2.3)∗∗

Number of patients per year 0.00 (1.7)∗ −0.01 (3.2)∗∗ 0.02 (5.7)∗∗∗

University hospital −0.01 (0.3) 0.82 (8.8)∗∗∗ −1.64 (11.4)∗∗∗

Cardiac center 1.34 (43.3)∗∗∗ 2.12 (42.8)∗∗∗ −0.70 (4.1)∗∗∗

Distance to hospital −0.02 (106.8)∗∗∗ −0.02 (61.4)∗∗∗ −0.09 (16.8)∗∗∗

Panel B. Mortality
ln(Vh) −0.26 (6.9)∗∗∗ −0.15 (1.7)∗ −0.09 (0.9)

Other characteristics
Trnavský region 0.52 (2.9)∗∗ 0.04 (0.2) 0.42 (2.1)∗∗

Trenčiansky region 0.27 (1.4) 0.14 (0.7) −0.56 (2.7)∗∗

Nitriansky region 0.26 (1.3) 0.18 (0.9) 0.06 (0.3)
Žilinský region 0.51 (2.8)∗∗ 0.44 (1.7)∗ 0.53 (2.3)∗∗

Banskobystrický region 0.40 (2.2)∗∗ 0.45 (1.7)∗ 0.51 (2.2)∗∗

Prešovský region 0.19 (0.9) 0.24 (0.7) −0.29 (0.9)
Košický region 0.44 (2.2)∗∗ 0.61 (1.7)∗ 0.25 (0.8)
Age 0.05 (10.3)∗∗∗ 0.05 (9.9)∗∗∗ 0.05 (9.8)∗∗∗

Female 0.09 (1.0) 0.05 (0.6) 0.08 (0.9)
PTA of the arch of aorta 0.49 (1.1) 0.43 (0.9) 0.44 (0.9)
PTA of carotid and vertebral arteries 1.38 (10.3)∗∗∗ 1.09 (7.6)∗∗∗ 1.03 (6.9)∗∗∗

PTA of renal arteries −0.98 (2.1)∗∗ −1.14 (2.5)∗∗ −0.96 (2.0)∗∗

Continued on next page
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Table B1 – Continued From Previous Page

(1) (2) (3) (4)

PTA of celiac or mesenteric artery 1.42 (5.2)∗∗∗ 1.31 (4.7)∗∗∗ 1.48 (4.9)∗∗∗

Comorbidities
Recent AMI 0.09 (0.7) 0.13 (1.0) 0.18 (1.3)
Congestive heart failure 0.45 (4.4)∗∗∗ 0.45 (4.5)∗∗∗ 0.45 (4.2)∗∗∗

Peripheral vascular disease −0.69 (6.1)∗∗∗ −0.62 (5.4)∗∗∗ −0.55 (4.6)∗∗∗

Cerebrovascular disease −0.89 (9.3)∗∗∗ −0.75 (7.6)∗∗∗ −0.69 (6.7)∗∗∗

Dementia 0.66 (4.4)∗∗∗ 0.62 (4.1)∗∗∗ 0.80 (4.8)∗∗∗

COPD −0.11 (1.0) −0.11 (1.0) −0.08 (0.7)
Rheumatoid disease 0.32 (1.6) 0.34 (1.7)∗ 0.49 (2.4)∗∗

Peptic ulcer disease −0.27 (1.4) −0.27 (1.4) −0.42 (2.1)∗∗

Mild liver disease −0.01 (0.1) 0.01 (0.1) −0.04 (0.3)
Diabetes 0.10 (1.0) 0.12 (1.1) 0.15 (1.3)
Diabetes + complications 0.16 (1.4) 0.16 (1.4) 0.12 (0.9)
Hemiplegia or paraplegia −0.26 (0.6) −0.19 (0.5) −0.09 (0.2)
Renal disease 0.29 (2.2)∗∗ 0.26 (1.9)∗ 0.29 (2.0)∗∗

Cancer 0.09 (0.7) 0.09 (0.8) 0.02 (0.1)
Severe renal disease −0.09 (0.1) −0.08 (0.1) 0.08 (0.1)
Metastatic cancer/AIDS 0.62 (2.1)∗∗ 0.57 (2.0)∗ 0.97 (2.9)∗∗

Duration dependence
Days 0-2 −0.66 (5.1)∗∗∗ −0.66 (5.0)∗∗∗ −0.59 (4.5)∗∗∗

Days 3-6 −1.32 (8.3)∗∗∗ −1.31 (8.2)∗∗∗ −1.18 (7.4)∗∗∗

Days 11-16 −1.19 (8.8)∗∗∗ −1.18 (8.7)∗∗∗ −1.01 (7.3)∗∗∗

Days 16-22 −1.46 (9.9)∗∗∗ −1.45 (9.8)∗∗∗ −1.24 (8.3)∗∗∗

Days 22+ −1.58 (11.6)∗∗∗ −1.56 (11.5)∗∗∗ −1.31 (9.5)∗∗∗

Unobserved heterogeneity
υ1 −7.84 (18.5)∗∗∗ −6.08 (7.0)∗∗∗ −4.39 (4.3)∗∗∗

υ1 − υ2 −∞

Continued on next page
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Table B1 – Continued From Previous Page

(1) (2) (3) (4)

α1 0.55 (12.4)∗∗∗

Hospital FE - No Yes Yes
Unobserved heterogeneity No No No Yes
p-value hospital FEa - - 0.000 0.000
p-value comorbiditiesb - 0.000 0.000 0.000
-Log likelihood 25,402.1 3,984.2 3,950.0∗∗∗ 27,789.4∗∗∗

Observations 16,599 16,599 16,599 16,599

Notes: Absolute t statistics in parentheses.
a Test of the null hypothesis that the coefficients on the hospital indicators are jointly zero.
b Test of the null hypothesis that the coefficients on the comorbidity indicators are jointly zero.
∗ p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < 0.001

Table B2: Parameter Estimates 30-day Readmission Rate

(1) (2) (3) (4)

Panel A. Hospital choice
Rehospitalization rate 0.02 (5.4)∗∗∗ 0.01 (0.9) 0.16 (3.6)∗∗∗

Overall satisfaction 0.03 (11.5)∗∗∗ 0.05 (16.1)∗∗∗ 0.05 (2.7)∗∗

Number of patients per year 0.00 (1.7)∗ 0.00 (1.3) 0.06 (4.6)∗∗∗

University hospital −0.01 (0.3) 0.33 (6.2)∗∗∗ −6.85 (6.1)∗∗∗

Cardiac center 1.34 (43.3)∗∗∗ 1.67 (45.9)∗∗∗ −3.10 (5.1)∗∗∗

Distance to hospital −0.02 (106.8)∗∗∗ −0.02 (83.7)∗∗∗ −0.37 (7.0)∗∗∗

Panel B. Readmissions
ln(Vh) −0.18 (12.5)∗∗∗ −0.08 (2.0)∗∗ −0.05 (1.2)

Other characteristics
Trnavský region 0.27 (3.9)∗∗∗ −0.04 (0.5) 0.05 (0.7)

Continued on next page
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Table B2 – Continued From Previous Page

(1) (2) (3) (4)

Trenčiansky region 0.57 (8.8)∗∗∗ 0.18 (2.3)∗∗ −0.10 (1.3)
Nitriansky region 0.05 (0.7) 0.08 (1.1) −0.23 (2.9)∗∗

Žilinský region 0.63 (9.7)∗∗∗ 0.13 (1.4) 0.10 (1.2)
Banskobystrický region 0.33 (5.0)∗∗∗ −0.00 (0.1) 0.00 (0.0)
Prešovský region 0.38 (5.7)∗∗∗ 0.12 (1.0) −0.07 (0.6)
Košický region 0.37 (5.6)∗∗∗ 0.25 (2.0)∗∗ 0.13 (1.1)
Age 0.01 (5.8)∗∗∗ 0.01 (5.0)∗∗∗ 0.01 (5.0)∗∗∗

Female 0.06 (1.9)∗ 0.05 (1.5) 0.03 (1.0)
ln(Vh) −0.18 (12.5)∗∗∗ −0.08 (2.0)∗∗ −0.05 (1.2)
PTA of the arch of aorta 0.16 (1.3) 0.27 (2.2)∗∗ 0.24 (1.9)∗

PTA of carotid and vertebral arteries 0.54 (10.7)∗∗∗ 0.55 (10.4)∗∗∗ 0.43 (7.7)∗∗∗

PTA of renal arteries −0.72 (5.9)∗∗∗ −0.65 (5.3)∗∗∗ −0.56 (4.3)∗∗∗

PTA of celiac or mesenteric artery 0.19 (1.4) 0.16 (1.2) 0.11 (0.7)

Comorbidities
Recent AMI 0.00 (0.0) 0.02 (0.4) 0.03 (0.5)
Congestive heart failure 0.18 (4.5)∗∗∗ 0.19 (4.7)∗∗∗ 0.15 (3.6)∗∗∗

Peripheral vascular disease −0.60 (13.1)∗∗∗ −0.54 (11.8)∗∗∗ −0.51 (10.4)∗∗∗

Cerebrovascular disease −0.55 (14.8)∗∗∗ −0.49 (13.0)∗∗∗ −0.42 (10.8)∗∗∗

Dementia 0.31 (4.2)∗∗∗ 0.27 (3.6)∗∗∗ 0.33 (4.1)∗∗∗

COPD 0.01 (0.3) 0.03 (0.7) 0.04 (1.0)
Rheumatoid disease −0.18 (2.1)∗∗ −0.16 (1.9)∗ −0.11 (1.1)
Peptic ulcer disease 0.11 (1.8)∗ 0.11 (1.7)∗ 0.08 (1.2)
Mild liver disease −0.01 (0.3) 0.00 (0.1) −0.03 (0.6)
Diabetes −0.03 (0.8) −0.02 (0.6) 0.00 (0.1)
Diabetes + complications 0.26 (6.1)∗∗∗ 0.26 (6.0)∗∗∗ 0.22 (4.8)∗∗∗

Hemiplegia or paraplegia −0.06 (0.4) −0.08 (0.6) 0.01 (0.0)
Renal disease 0.29 (6.0)∗∗∗ 0.27 (5.6)∗∗∗ 0.28 (5.5)∗∗∗

Continued on next page
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Table B2 – Continued From Previous Page

(1) (2) (3) (4)

Cancer 0.07 (1.6) 0.08 (1.9)∗ 0.11 (2.3)∗∗

Severe renal disease 0.05 (0.2) 0.05 (0.2) 0.18 (0.8)
Metastatic cancer/AIDS 0.34 (2.6)∗∗ 0.35 (2.6)∗∗ 0.36 (2.6)∗∗

Duration dependence
Days 0-2 −0.06 (1.3) −0.04 (0.9) 0.06 (1.4)
Days 3-6 −0.71 (13.4)∗∗∗ −0.68 (12.8)∗∗∗ −0.51 (9.5)∗∗∗

Days 11-16 −1.14 (20.8)∗∗∗ −1.10 (20.1)∗∗∗ −0.89 (16.0)∗∗∗

Days 16-22 −1.37 (23.0)∗∗∗ −1.33 (22.3)∗∗∗ −1.08 (17.7)∗∗∗

Days 22+ −1.80 (29.5)∗∗∗ −1.76 (28.8)∗∗∗ −1.47 (23.5)∗∗∗

Unobserved heterogeneity
ω1 −3.31 (23.1)∗∗∗ −3.04 (5.1)∗∗∗ −2.35 (3.2)∗∗

υ1 −6.27 (4.4)∗∗∗

ω1 − ω2 −∞
υ1 − υ2 −4.49 (3.2)∗∗∗

α1 1.40 (41.8)∗∗∗

Hospital FE - No Yes Yes
Unobserved heterogeneity No No No Yes
p-value hospital FEa - - 0.000 0.000
p-value comorbiditiesb - 0.000 0.000 0.000
-Log likelihood 25,402.1 23,692.3 23,504.6∗∗∗ 47,736.6∗∗∗

Observations 16,599 16,599 16,599 16,599

Notes: Absolute t statistics in parentheses. a Test of the null hypothesis that the coefficients on the hospital indicators are jointly zero.
b Test of the null hypothesis that the coefficients on the comorbidity indicators are jointly zero.
∗ p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < 0.001
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Table B3: Descriptive Statistics

Variable Mean SD Min Max

Hospital choice
Rehospitalization rate 8.32 3.54 2.71 21.89
Overall satisfaction 79.61 8.44 61 96.00
Number of patients per year 24.14 17.56 0.53 86.45
University hospital 0.19 0.39 0 1
Cardiac center 0.19 0.39 0 1
Distance to hospital 182.94 115.27 0.60 511.60

Hospital volume
ln(Vhτ ) 5.82 0.97 -4.61 6.83

Other characteristics
Rehospitalized 0.25 0.43 0 1
Died 0.03 0.18 0 1
Days until rehospitalization 9.30 10.22 1 30
Days until death 11.61 4.39 1 30
Trnavský region 0.12 0.32 0 1
Trenčiansky region 0.11 0.32 0 1
Nitriansky region 0.10 0.30 0 1
Žilinský region 0.10 0.30 0 1
Banskobystrický region 0.13 0.33 0 1
Prešovský region 0.15 0.36 0 1
Košický region 0.16 0.36 0 1
Age 66.69 11.45 0 100
Female 0.35 0.48 0 1
PTA of peripheral arteries of extremities 0.63 0.48 0 1
PTA of the arch of aorta 0.02 0.14 0 1
PTA of carotid and vertebral arteries 0.31 0.46 0 1
PTA of renal arteries 0.03 0.18 0 1
PTA of celiac or mesenteric artery 0.01 0.11 0 1

Comorbidities
Recent AMI 0.12 0.32 0 1
Congestive heart failure 0.19 0.39 0 1
Peripheral vascular disease 0.77 0.42 0 1
Cerebrovascular disease 0.47 0.50 0 1

Continued on next page
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Table B3 – Continued From Previous Page

Variable Mean SD Min Max

Dementia 0.04 0.19 0 1
COPD 0.19 0.39 0 1
Rheumatoid disease 0.04 0.19 0 1
Peptic ulcer disease 0.06 0.24 0 1
Mild liver disease 0.12 0.33 0 1
Diabetes 0.35 0.48 0 1
Diabetes + complications 0.30 0.46 0 1
Hemiplegia or paraplegia 0.01 0.11 0 1
Renal disease 0.10 0.30 0 1
Cancer 0.13 0.33 0 1
Severe renal disease 0.01 0.07 0 1
Metastatic cancer/AIDS 0.01 0.10 0 1

Observations 16,599
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