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This study investigates the causal effect of hospital volume on health gains from hip re-
placement surgery in the English National Health Service. We exploit a unique dataset,
which links routine hospital records and patient-reported outcome measures (PROMs) for
all public hospitals in England between 2011 and 2015. PROMs assess patients’ health
along key dimensions of pain and mobility shortly before and six months after the surgery.
We investigate whether higher hospital volume increases patient health six months post-
surgery, conditioning on severity through an accurate measure of pre-surgery health, other
patient medical and socioeconomic indicators and a rich set of hospital characteristics. We
address possible reverse-causality bias due to hospital demand being responsive to qual-
ity by constructing a measure of predicted hospital volumes based on a patient choice
model, in line with approaches adopted in the hospital competition literature. Results from
a pooled OLS model show that the observed effect of volume on health outcomes in hip
replacement surgery is positive and clinically small, but no longer statistically significant
once we account for the endogeneity of volume. Results from an alternative specification
with hospital fixed effects further confirm that hospital volume does not have a causal

effect on health outcomes.
© 2021 Published by Elsevier B.V.

1. Introduction

Improving quality of care is a key policy objective in health systems across high-income countries (OECD, 2017). Pol-
icy initiatives commonly rely on the premise that high-volume healthcare providers are able to deliver better care, by ex-
ploiting economies of scale or learning-by-doing effects often cited in the economics literature (Argote and Epple, 1990;
Benkard, 2000; Mukoyama, 2006; Thompson, 2010; Ho, 2014). For instance, the Leapfrog group, a coalition of healthcare pur-
chasers in the United States, has set minimum volume standards for hospital referrals since the early 2000s (Birkmeyer and
Dimick, 2004). Similarly, France, Germany and the Netherlands have introduced minimum volume regulations in certain
surgeries (Com-Ruelle et al., 2008; Bauer and Honselmann, 2017; Mesman et al., 2017).

Despite a large literature investigating the relation between volume and health outcomes across a range of procedures
and countries (Ferguson et al., 1997; Halm et al., 2002; Gutacker et al., 2017), evidence of a causal effect of volume on
quality remains limited due to the potential endogeneity of volume (Luft et al., 1987). Specifically, volume-outcome studies
are prone to a reverse causality bias if patients’ choice of hospital responds to quality via reputation or public reporting
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(Brekke et al., 2014; Gutacker et al., 2016). Yet, understanding the mechanisms behind the volume-outcome association is
essential in the context of policies seeking to improve quality of care by concentrating the provision of care.

If the volume-outcome association is driven by demand’s responsiveness to quality, sometimes referred to as ‘selective-
referral’, concentrating surgical activity will not improve quality and may have adverse effects on patients’ access to care
(Blanco et al., 2017). Alternatively, a higher volume of operations can lead to better outcomes through personnel effects,
e.g. by increasing surgeons’ technical proficiency via repetition (learning-by-doing), through fostering coordination within
clinical teams (Bartel et al., 2014; Chan, 2016, 2018; Chan and Gruber, 2020; Chan, 2021), or by making it economically
viable for hospitals to invest time and resources in more streamlined production processes that follow patient pathway and
to invest in better infrastructure. In contrast to the selective-referral hypothesis, these mechanisms capture different forms
of economies of scale.! In these instances, more concentrated hospital markets may lead to improved patient outcomes
(Gaynor and Town, 2011; Brekke et al., 2017).

This study investigates the effect of hospital volume on the health gains of patients receiving a primary (i.e. non-revision)
planned hip replacement procedure in the English NHS between 2011/12 and 2015/16. Hip replacement surgery is a com-
mon planned procedure, which involves replacing the damaged part of a hip joint by an artificial one. Hip replacement
is well suited to studying economies of scale given the importance of peri-operative, rehabilitation and follow-up care?
(Reagans et al., 2005). Hospitals with higher volumes of hip replacement patients may exert effort to design better pre-
surgery and discharge protocols or build up relationships with healthcare or other providers during patient care pathway
(Kizer, 2003; Ho, 2014), which we measure here through hospital volume due to unavailability of more disaggregate data
on pre-surgery or rehabilitation care activity. Further, unexplained variations in patient-reported outcomes after hip re-
placement have been reported at the hospital (Street et al.,, 2014) and surgeon level (Varagunam et al., 2015a), while fixa-
tion methods and implant types are associated with differences in revision rates (Healthcare Quality Improvement Partner-
ship, 2018). Therefore, we allow for surgeons’ activity to influence health outcomes, separately from hospital volume. Even
modest improvements in the health gains for individual patients would sum to important gains at the health system level
given the high incidence of hip surgeries in an ageing population.

To test for the presence of economies of scale in health outcomes, we use two alternative strategies. First, we run a
pooled OLS model, exploiting the variation in volume across all public hospitals in England and over time (2011-2015).
Variation in volumes can be driven by geographical differences in population density or the organisation of hospital ser-
vices. To address possible reverse-causality bias due to higher quality increasing hospital demand, we employ a measure of
predicted volumes, rather than actual volumes. Predicted volumes are derived from a conditional logit choice model where
patients’ choice of hospital is a function of exogenous determinants, including the distance between patient residence and
each hospital. In doing so, we apply a method commonly used in the literature on hospital competition following the semi-
nal study by Kessler and McClellan, 2000, which uses predicted volumes (patient flows) to construct Herfindahl-Hirschman
indices based on hospital market shares (Gaynor and Town, 2011; Gaynor et al., 2013; Cooper et al., 2018). We also control
for a rich set of hospital variables and characteristics of the catchment area around the hospital to minimise the risk of
omitted variable due to hospital related variables.

Second, we implement a hospital fixed effects model to account for remaining unobserved time-invariant hospital factors
beyond our set of hospital control variables. This specification tests for the effect of increasing volumes within hospitals over
time on patient health outcomes. Notice that even with hospital fixed effects, a possible concern about reverse causality
remains, as hospitals that experience an increase in quality over time may experience an increase in demand.

The results from a pooled OLS model show that the effect of actual volume on health outcomes in hip replacement
surgery is positive and clinically small, but no longer statistically significant once we account for the endogeneity of volume
by using predicted volumes. Results from an alternative specification with hospital fixed effects further confirm that hospital
volume does not have a causal effect on health outcomes, neither with actual or predicted volumes. We therefore conclude
that we do not find evidence that economies of scale affect quality to support the argument for concentrating the provision
of care in this setting.

Our contribution to the literature (reviewed briefly in Section 1.1) is threefold. First, we use patient-reported outcome
measures (PROMs) to estimate the effect of volume in terms of improvements in patients’ health status. The English NHS is
one of the first healthcare systems to routinely collect these novel data, which permit an examination of the benefit of treat-
ment as perceived by the patient. In contrast, post-operative mortality is low for planned hip replacement patients (0.06% in
our data), thus rendering commonly used health outcomes (mortality or complication rates) insensitive to finer variations
in quality (Shojania and Forster, 2008; Varagunam et al., 2015a). Second, the availability of rich patient-reported data on
functional status collected just before the surgery ensures a more thorough control for patient severity and minimise the
risk of omitted variable bias through unobserved severity (Tsai et al., 2006; Kahn et al., 2009). Third, we address the reverse
causality bias by employing a measure of predicted volumes, rather than actual volumes, as outlined above, following the

1 Rapid increases in volume may also lead to lower quality of care if less clinical time is spent with each patient (i.e. congestion effect).

2 Patients who undergo a planned hip replacement procedure are typically referred to the hospital by their family physician (called general practitioner
in the UK) or after being assessed by a musculoskeletal clinic. They have a pre-surgery assessment with nurse practitioners before being seen by an
anaesthetist and operated by an orthopaedic surgeon or one of the team members. After care can be supervised by an occupational therapist or a phys-
iotherapist (Healthcare Quality Improvement Partnership, 2018b). Because of data availability however, we are only able to observe surgeon volumes. The
role of pre-surgery, rehabilitation or follow-up care personnel cannot be separately investigated from hospital volumes.

705



L. Rachet-Jacquet, N. Gutacker and L. Siciliani Journal of Economic Behavior and Organization 190 (2021) 704-729

literature on hospital competition (Kessler and McClellan (2000); Gaynor and Town, 2011; Gaynor et al., 2013; Cooper et al.,
2018). We also control for a rich set of hospital variables and characteristics of the catchment area around the hospital to
minimise the risk of omitted variable due to hospital related variables.

By addressing these two sources of endogeneity, i.e. insufficient risk-adjustment and reverse causality, and controlling
for a rich set of hospital characteristics including hospital fixed effects, we obtain causal estimates of the effect of hospital
volume on patients’ health benefits following planned hip replacement surgery. Our findings suggest that failing to account
for hospital volume endogeneity generates a spurious positive relationship whereby hospitals of higher quality also face a
higher demand and thus higher volumes. We also show that controlling for surgeon volumes does not change our results at
the hospital level, suggesting that the relation between hospital volumes and outcomes does not reflect surgeon effects.

In the remainder of this section, we give a brief account of the literature. Section 2 introduces the data. Section 3 lays
out the methods and Section 4 presents the results. Section 5 concludes.

1.1. Related literature

Quality improvements driven by volume of practice may occur through different channels. At the hospital level,
economies of scale may take place through better collaboration between surgeons and nursing staff, familiarity with
the operating theatre, the presence of specialists and technology-based services or more standardised processes of care
(Kizer, 2003; Ho, 2014). A recent literature has stressed the importance of teamwork and peer effects in surgical settings
in increasing productivity and efficiency of care (Chan, 2018; Chan and Gruber, 2020). These studies suggest that high vol-
umes of patients can contribute to better quality of care via more effective work routines and through better coordination
between nursing staff and surgeons, a better allocation of patients across surgeons, or through more frequent learning op-
portunities from senior colleagues in the surgical team (Reagans et al., 2005; Chan, 2016, 2021). At the surgeon level, the
volume-outcome effect is more readily understood as a learning-by-doing effect in surgical skills or a better choice of treat-
ment, with higher volumes leading to better outcomes through improved surgical technique or ability to detect and prevent
complications (Chowdhury et al., 2007).

Previous causal studies have used hospital fixed effects to control for time-invariant unobserved hospital quality, us-
ing within-hospital variation in volumes over time to estimate learning effects (Hamilton and Hamilton, 1997; Ho, 2002;
Sfekas, 2009). Using a quasi-natural experiment in bariatric surgery in the US, several studies exploit the increase in patient
referrals to high-volume hospitals after a policy restricted coverage to hospitals with certain minimum volume for Medicare
patients (Livingston, 2009; Nguyen et al., 2010; Dimick et al., 2013). Alternatively, the previous literature has exploited the
geographical distribution of patients in an IV setting (Gaynor et al., 2005 for cardiac care in the US), or used the variation
in volume caused by the closure/opening of surrounding clinics (Avdic et al., 2019 for cancer care in Sweden).

The limited causal literature on orthopaedic surgery suggests mixed results. Luft et al. (1987) find evidence of both
demand’s response to quality (‘selective-referral’) and practice-makes-perfect effect in hip replacement using simultane-
ous equation methods with US data. Hamilton and Hamilton (1997) find no effect of volume on in-hospital mortality for
hip fracture patients in Canada, after controlling for unobserved time-invariant hospital quality with hospital fixed effects.
Hentschker and Mennicken (2018) use the distribution of patients and hospital competitors around the hospital as an in-
strument for hospital volumes in Germany. They find that hospital volume reduces in-hospital mortality for emergency hip
replacement after hip fracture.

Medical studies in orthopaedic surgery find a positive association between hospital volume and health outcomes after
primary hip replacement surgery. Hospitals with high volume of planned and emergency hip replacement patients are as-
sociated with lower mortality rates or complication rates in England, in the US and in the Netherlands (Judge et al., 2006;
De Vries et al, 2011; Singh et al.,, 2011). Previous studies find a negative relation between surgeon volumes and rate of
revisions or complications after primary planned hip replacement, using data from the US (Losina et al., 2004) or Canada
(Paterson et al., 2010; Ravi et al., 2014). These studies further show that patients treated by low-volume surgeons are associ-
ated with higher rates of revision, at both low and high-volume hospitals (Losina et al., 2004; Ravi et al,, 2014). In a setting
close to ours, Varagunam et al. (2015b) use administrative data from England for 2011/2012 and patient-reported outcome
measures for planned hip replacement. They report no association between hospital volume and outcome' but find a signif-
icant and positive association between surgeon volume and PROMs scores. The authors, however, implicitly assume volume
to be exogenously determined.

Our study relates also to an older literature which estimates scale economies of volume on costs while controlling for
quality using hospital-level data (e.g. Dranove (1998), Preyra and Pink (2006), Gaynor et al. (2015), Kittelsen et al. (2018);
see Giancotti et al. (2017) for a recent review). It also relates to the literature on estimating hospital efficiency indicators
through stochastic frontier techniques or Data Envelopment Analysis, which again needs to control for differences in quality
to isolate differences in costs that are due to higher efficiency as opposed to lower quality (Jacobs, 2006. Other studies
have instead focused on identifying a potential trade-off between providing high quality and high volumes of care with a
given set of factor inputs. For example, Grieco and Mcdevitt (2017) estimate a Cobb Douglas cost function for dialysis care

1 Qur results here differ from theirs, potentially because we exclude private hospitals as their reported volumes do not include all treated patients (see
Section 2.1).
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in the US and identify a negative elasticity of quality to quantity of approximately —0.2. However, these studies do not
explore the feedback effects from volume to quality via e.g. learning or re-organisation of inputs that we seek to uncover in
our study.

2. Data
2.1. Sample

We extract data from the Hospital Episodes Statistics (HES) on all planned (i.e. non-emergency) hip replacement surgeries
in England performed between April 2011 and March 2016. HES is an administrative dataset on hospital admissions in Eng-
land, which includes detailed patient demographic and medical information. The original sample consists of about 360,000
surgeries. To ensure sample homogeneity, we exclude revision surgeries, which are rare and more complex procedures.?
Patients who are younger than 50 years are also excluded from the sample as they represent infrequent (i.e. approximately
five percent of planned hip replacements) and atypical medical cases who require replacement of a damaged hip joint much
earlier than expected given usual wear. We further exclude uncommon types of hip replacement (e.g., total prosthetic re-
placement of the head of the femur or resurfacing arthroplasty of the joint, which count for less than 0.01% of the sample).
Hospitals reporting an unusually low number of cases (below 20 annual hip replacements) are also excluded to ensure that
our results are estimated on a sufficient number of cases and to attenuate the risk of coding errors. Relaxing these sample
restrictions based on patient age or hospital size does not affect our results (Table A1 in Appendix).

Since April 2009, a national programme requires hospitals in England to collect patient-reported outcome measures
(PROMs) from patients who undergo certain planned surgeries (hip or knee replacement, varicose vein and groin hernia
repair). Participation in this programme is voluntary for patients but mandatory for all hospitals that treat NHS-funded pa-
tients. All eligible orthopaedic patients are asked to report through a paper-based survey their health status, functioning
and health-related quality of life immediately before and six months after surgery. We use data collected via the Oxford Hip
Score (OHS) questionnaire, which is a hip-specific instrument that has been clinically validated as an accurate measure of
health status for patients with problems of the hip joint (Dawson et al., 1996; Ostendorf et al., 2004) (see Section 2.2 below
for more detail).

The PROMs and HES data are linked based on a number of identifying characteristics, including their unique NHS num-
ber (NHS Digital, 2017). 66% of all hip patient admissions are successfully matched for at least one PROM record, which
corresponds to about 235,000 admission records. We discuss potential risks of attrition bias in Section 4.5.

We further exclude private hospitals from our sample. Our dataset includes all patient admissions (privately and NHS-
funded) in NHS hospitals, but only admissions for NHS-funded patients in private hospitals. The observed volumes for pri-
vate hospitals would therefore underestimate their actual volume of activity. The degree of measurement error depends on
each hospital’s unobserved volume of private patients, such that the relative distribution of the observed volumes for private
hospitals will also differ from the distribution of their actual volumes. Results from a volume-outcome analysis based on
the observed volumes will therefore be biased. After sample cleaning, restriction to complete PROMs records and exclusion
of private hospitals, our final sample includes 105,229 patients.

Table A2 in Appendix indicates that patients in the final sample are slightly older, have more comorbidities and lower
pre- and post-surgery Oxford Hip Score than in the sample after sample cleaning but before exclusion of private providers.
Though the difference is quantitively small, this suggests that private providers in England treat a healthier population over-
all (Moscelli et al., 2018a). This would impact the external validity of our results only if the potential for scale economies
varies across levels of pre-operative health. However, this also means that we focus on the upper end of the severity distri-
bution of hip replacement patients for which health gains are more likely to occur.

2.2. Dependant variable

Our measure of patient health, the OHS, contains 12 items relating to functional status (mobility) and pain, each of which
is evaluated on a scale from O to 4. Patients are asked to rate the degree or frequency of pain felt (“During the past four
weeks, have you had any sudden severe pain (shooting, stabbing, or spasms) from your affected hip?”), their ability to walk
(“During the past four weeks, have you been limping when walking because of your hip?”), use public transportation (“Have
you had any trouble getting in and out of a car or using public transportation because of your hip?”), climb stairs or do
household shopping autonomously, amongst other items.> The OHS is the sum of the scores obtained for each item and
goes from zero (worst) to 48 (best health status). The same OHS questions are distributed to the patients shortly before and
six-month after surgery. We use patients’ post-surgery OHS as our dependant variable but control for the pre-surgery OHS,
thereby assessing patient’s health gain from the surgery.

2 Revision surgeries represented around 10% of total planned hip patient admissions in our data.
3 The full questionnaire can be found online at: http://www.orthopaedicscore.com/scorepages/oxford_hip_score.html (accessed 02.04.2020).
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2.3. Independent variables

Our key independent variables are the annual hospital volumes, measured as the number of patients who have under-
gone a planned primary hip replacement at a given hospital during each financial year from 2011/12 to 2015/16. In the
English NHS, hospitals are organised into legal entities, formally called NHS trusts. We measure volume at the more disag-
gregated hospital (site) level rather than at the trust level to obtain the physical concentration of activity in a facility, which
we assume to be more relevant to economies of scale.

We control for patients’ demographic characteristics (age, gender and ethnic group) and socio-economic deprivation,
where the latter is based on the quintiles of the 2010 or 2015 index of multiple deprivation (IMD)* measured at the small
residence area level (lower-level super output area, LSOA) of the patients. Our model includes pre-surgery OHS grouped in
narrow bands to capture potential non-linear effects. Our model also controls for the patient’s self-assessed disability status
prior to the surgery, symptom duration and living arrangements, as well as self-reported depression and assistance in filling
the questionnaire (Department of Health, 2012). We count the Elixhauser comorbidities reported in a patient’s hospital stays
up to one year prior to the admission for hip replacement (Elixhauser et al., 1998; Gutacker et al., 2016). We also control
for whether the patient has previously undergone hip surgery on the other hip in the past year, the primary diagnosis (e.g.
osteoarthritis) (Losina et al., 2004) and the type of surgery (i.e. total hip replacement vs hybrid prosthetic replacement).

We control for a large set of hospital characteristics that may be associated with higher quality (e.g. via medical expertise
or better resources) independently of volumes. We include controls for hospitals’ teaching status, whether the hospital is a
specialist (orthopaedic) hospital® or a NHS foundation trust (FT) as the latter have greater financial autonomy (Gravelle et al.,
2014).

Hospitals located in more affluent areas may enjoy better facilities or find it easier to recruit healthcare staff. We proxy
for these exogenous geographical differences by using the market forces factor (MFF) which reflects unavoidable differences
in hospital costs of labour or capital and is used to adjust hospital reimbursement tariffs.

To further ensure that we isolate the effect of hip replacement volumes on health outcomes from potential confounders,
we also control for the average socio-economic and demographic characteristics of the population who lives in the hospi-
tals’ catchment area. Hospitals that serve a more frail or deprived population may have poorer outcomes, independently of
volume, and hospitals may face higher demand pressure. We define the hospital catchment area as the area within 30 km
of the hospital (in line with the competition literature mentioned above) and measure the proportion of over 65-year-olds
and the average deprivation score of the population in the catchment area. Poorer access and availability of primary care
for the population in the hospital catchment area may result in lower coordination of care in the community and put more
strain on the hospital services as a whole. We therefore include the mean distance to the closest family physician practice,
the General Practitioner (GP), for the population who lives in the hospital catchment area.®

Robustness check analyses also include controls for the degree of competition in the hospital catchment area, proxied
by the number of equivalent public hospitals whose headquarters lie within 30 km of the hospital, for the overall size of
the hospital and for hospital staff composition. Hospital size is measured by the total number of beds for general acute
care (including overnight and day-only beds) at the trust level. We construct dummies corresponding to seven categories of
hospital size: less than 400 beds, 400-549 beds, 550-699 beds, 700-849 beds, 850-999 beds, 1000-1149 beds and over 1150
beds. Data are published quarterly by NHS England and averaged across quarters to obtain hospitals’ yearly average number
of total beds. Data on hospital staff are reported monthly through the Electronic Staff Records and published quarterly by
NHS digital. We construct the proportion of consultants (i.e. senior NHS doctors), the ratio of nursing staff to doctors in full
time equivalent (FTE) and the ratio of nursing staff to beds as the yearly mean across quarters.

3. Methods
3.1. Baseline model with observed volumes

We study the effect of hospital volume on health gains after hip replacement surgery. Our econometric model is specified
as follows:

Yine = o + voly, B1 + Xjy, B2 + Xy B3 + 8¢ + Eipe. (1)

where y;, is the post-surgical OHS of patient i in hospital h at time of admission t, X, is a vector of patient characteris-
tics (age in 10-year bands, gender, comorbidities, the pre-surgery OHS, socio-economic status) to adjust for differences in
case-mix across hospitals, and kp, is a vector of time-varying controls for hospital characteristics (i.e. NHS foundation trust,

4 The index of multiple deprivation measures deprivation across seven domains, including income, employment and education.

5 We extract information on teaching and specialist status from the Estates Returns Information Collection, available at: https://digital.nhs.uk/
data-and-information/publications/statistical/estates-returns-information-collection.

8 We construct these variables based on population statistics from the Office for National Statistics for small homogenous geographic areas (over 32,000
in England) called Lower Super Output Areas (LSOAs). The hospital catchment area comprises all the LSOAs whose centroid falls within 30 km of the
hospital’s headquarters.
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specialist orthopaedic, teaching hospitals and market forces factor in given year t)° and control for characteristics of hospi-
tals’ catchment area (proportion of population over 65 year-old, mean deprivation and distance to closest GP). §; is a vector
of year dummies which account for aggregate change in quality over time. g;,, is a random error term.

Our main interest is in the effect of hospital volume on patients’ post-surgery health status. Hospital volume voly, is en-
tered as a vector of four dummy variables corresponding to volume categories: voly (150, 150 > vol,)200, 200 > vol,, > 300
and voly,, > 300. This allows for a non-linear relationship due to decreasing marginal returns to scale; especially at the lower
end of the volume distribution where scale economies are likely to occur. To our knowledge, there is no evidence on the
safety threshold for planned hip replacement using PROMs. Using volume quartiles would not permit comparability of the
results across specifications given that observed and predicted volumes follow different distributions. We therefore define
category thresholds that allow for more weight to be placed on the lower volume categories given expected diseconomies
of scale, whilst ensuring that we have enough hospitals in each category and both volume distributions for consistent esti-
mation.” We also present results using the log of hospital volume.

We estimate Eq. (1) with pooled OLS. We also estimate a second model where we add hospital fixed effects, denoted
with yp, to control for unobserved time-invariant hospital factors. We adjust standard errors for clustering at the hospital
level 8

3.2. Endogeneity concerns

Regression models, such as that defined in Eq. (1), may provide a biased estimate of the volume-outcome relationship
in the presence of reverse causality from quality to volume, or omitted variables linked to unobserved patient severity or
hospital characteristics.

First, low (high) quality hospitals will face a lower (higher) demand, thus inducing a positive correlation in our esti-
mates of Eq. (1). To address this, we draw from the literature on the effect of competition on hospital quality. A similar
challenge in this literature arises since hospitals’ market share, measuring the hospital market structure via the Herfindahl-
Hirschman Index (HHI), may be potentially (endogenously) determined by the quality of the hospital and of its competitors
(Gowrisankaran and Town, 2003; Gaynor et al., 2013). These studies use discrete patient choice models, based on patients’
distance to the hospital and hospital characteristics, to obtain predicted patient volumes and thus predicted market shares
to derive an exogenous measure of hospital market structure (i.e. exogenous HHI).

We follow a similar approach but focus on predicted hospital volumes rather than market shares. This amounts to
constructing the volumes that would be observed if patients were choosing hospitals based on proximity.® Our identifi-
cation strategy is therefore based on assumptions commonly made in the literature that i) patients’ residential choices are
not based on the quality of the surgical interventions provided by the surrounding hospitals, and ii) that patients derive
higher disutility and costs from travelling further (Kessler and McClellan, 2000; Gaynor et al., 2005; Gutacker et al., 2016;
Hentschker and Mennicken, 2018; Moscelli et al., 2018a). Whilst residential sorting is plausible in the context of education,
as families may choose to live close to a charter school for instance (Horowitz et al.,, 2009; Chung, 2015), this is unlikely
in the context of acute hospital care in high-income countries. Residential sorting in our case would imply that patients
anticipate their future need for a specific healthcare procedure, here orthopaedic surgery, when choosing where to live,
and have a good knowledge of this specific aspect of hospital quality. This is even less plausible in the context of a hip
replacement, which is a one-off acute treatment, for relatively healthy individuals (as opposed to patients with chronic
conditions who may require repeated treatment for the rest of their lives). Further, hospital quality has been shown to be
only weakly correlated across conditions (low-risk vs high-risk conditions) and types of care (emergency vs planned care)
(Gravelle et al., 2014; Skellern, 2017) and is likely to vary over time. In particular, Gravelle et al. (2014) test for correlation
between different measures of quality for a sample of English hospitals and find that hospitals’ overall mortality rates are
not correlated with any measures of quality related to planned orthopaedic activity (i.e., readmission or revisions after hip
or knee replacements). A formal presentation of the choice model is given in Section 3.3.

Second, family physicians may refer their most severely ill patients to hospitals with better quality and higher volumes
(Geweke et al., 2003; Hentschker and Mennicken, 2018). We control for differences in hospitals’ case-mix with patients’ self-
reported pre-surgery health and a comprehensive set of comorbid conditions. Pre-surgery measures of functional status and
pain allow us to adjust more thoroughly for differences in patients’ ability to benefit from surgery than has been possible
in previous studies. Any remaining differences between hospitals in terms of unobserved patient severity are limited.

Finally, hospitals may be able to provide higher quality through unobserved determinants of quality that also correlate
with volume. By failing to control for these, parameter estimates in Eq. (1) will suffer from omitted variable bias. We address
these concerns by running specifications with hospital fixed effects. Results from a hospital fixed effects model estimate the

6 These characteristics are defined at the trust level. For simplicity, we use the same subscript h for hospitals and trusts. Hospital status may change over
time.

7 The smallest volume category accounts for 10% of the volume distribution and a minimum of 21 hospitals.

8 Technically, we cluster at the trust (i.e. legal entity) level, given possible correlation across hospitals within a trust.

12 There is an analogy between our method and previous instrumental variable strategies (Gaynor et al., 2005; Hentschker and Mennicken, 2018) because
both rely on the exogeneity of patient’s distance to the hospitals. However, the conditional logit model allows for non-linear effects whereas the first stage
in an IV strategy is estimated by OLS and thus assumes linearity in the parameters.
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effect of change in volume within hospitals over time on patient health outcomes. While using hospital fixed effects may
also curtail relevant variation in volume, e.g. across hospitals, it allows for a thorough control of potential unobserved time-
invariant hospital factors, and thus mitigates further the risk of omitted variable bias. Notice that even after controlling for
hospital fixed effects, reverse-causality bias may still remain if hospitals that experience improvements in quality over time
attract more patients leading to an increase in volume. We therefore use both observed and predicted volume in the fixed
effects specification. In addition, we test the sensitivity of our results to the inclusion of additional time-varying hospital
control variables that may be potentially correlated with volume (degree of competition) or endogenous to volume (overall
size of the hospital, or hospital staff composition) in the robustness checks reported in Section 4.5.

3.3. A model of patient choice of hospital

To implement the empirical strategy outlined above, we estimate a conditional logit model of patient choice of hospital
McFadden (1974). We include in the choice set all public and private hospitals that treat NHS patients. The sample includes
the whole population of planned hip replacement patients who had surgery, regardless of whether they participated in the
PROM survey. The utility of patient i choosing hospital h at time t can be written as:

Uine = Vine + Vine, (2)

where Vj,; is the utility of patient i derived from observed characteristics of hospital h and vy, is the unobserved utility.
We specify Vy, as:

K
Vie = Y1dine + J/zd?m + )’3d31t + yaclosey, +Z}lt)/z+ inkt( Yirdine + )/de,-zm + V3kdﬁn) (3)
k=1
where d;j,; represents the distance between patient i and hospital h at time ¢, measured as the straight-line distance between
hospital’s postcode and the centroid of patient’s LSOA of residence, and y; is the associated (dis)utility of travel. We include
quadratic and cubic terms of distance to allow for a non-linear effect on patient’s choice utility. We add a dummy variable,
close j;, to capture the utility of avoiding any excess travel past the closest hospital. The vector zp, consists of dummy
variables for hospital characteristics at time ¢ (i.e. NHS foundation trusts, specialist (orthopaedic) hospital, teaching hospital,
private hospital) as well as the number of hospitals (sites) within a trust and whether the hospital is a treatment centre.
Hospital groups (trusts) may direct their patients to a specific hospital (site). Treatment centres typically do not admit
complex patients. We therefore control for these two admission restrictions. We add interaction terms between all the
distance terms and x = (x;¢, k=1,.., K), a vector of K patient characteristics (age, sex, socio-economic status, Elixhauser
comorbidities, and whether the patient lives in a rural area”) as the impact of distance on hospital choice also depends on
patients’ socioeconomic and clinical factors.! Standard errors are clustered at the family physician practice level to account
for correlation in hospital choice across patients of the same practice.
Assuming that the unobserved utility terms vy, are iid extreme-value (Train, 2009), the probability that patient i chooses
hospital h at time t can be estimated by maximum likelihood and is given by:

exp (Vi)
Ywew, P (Vi)

where M;; is the patient choice set containing patient i’s fifty closest hospitals. The predicted volume of hospital h is equal
to the sum of the estimated probabilities p;, across all patients of choosing hospital h:

—~ N N exp (V;
voly = Zﬁim = Z LW)A .
io1 = Ywem, exp (Vinr)
We estimate Eq. (4) for the whole sample of planned primary hip replacement patients in England for all years between
2011/12 and 2015/16, after exclusion of patients under 50-years old who are atypical medical cases for planned hip replace-
ment and hospitals with less than 20 hip replacement cases per year. In the robustness check presented in Table Al in
Appendix, we also relax these sample restrictions when estimating the choice model. Preferences in hospital choice may
vary across years. We therefore estimate the choice model separately for each year before merging all years to obtain the
final sample.
Appendix Table A3, Table A4 and Fig. A1 present summary statistics for the choice model sample, consisting of 261,743
patients.!! Predicted hospital volumes are less dispersed than observed volumes (Fig. A2, Appendix). We use the same s