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Abstract
This paper focuses on acute-care local public hospitals in Japan and evaluates differences in hospital technology, as reflected
in the productivity of labor specialties, physical capital and medicines, and in the impact of teaching activities and other
hospital characteristics on hospital output. We use panel data quantile regressions with fixed effects to model a range of
technologies for the multi-product output function of hospitals. The analysis reveals technological heterogeneity across high-
output and low-output hospitals. We discover inexpedient labor/capital and labor/medicines mix, and vast opportunities for
cost savings. The results contribute to scant empirical literature on variation in the hospital production.
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1 Introduction

The rapidly growing field of productivity analysis in health
economics tends to neglect heterogeneity in hospital tech-
nology by focusing on mean tendencies or on most efficient
hospitals (Hollingsworth 2008). Accordingly, evidence on
input productivity, defined as marginal product of output
with respect to a given input (Jensen and Morrisey 1986), is
barely documented in the literature for hospitals with dif-
ferent output levels. However, variations in practices for
managing human resources, for providing clinical proce-
dures and for operating a hospital as an economic unit were
recently quantified at large samples of hospitals in different

countries (Bloom et al. 2014, 2015; Dorgan et al. 2010).
Combined with the finding of a direct association between
management and productivity (Bloom et al. 2007; Bloom
2019; Cleverley and Harvey 1992; Hames 1991; Lee et al.
2013; Otto 1996; Tersigni 1992), heterogeneity in man-
agerial practices points to different values of input pro-
ductivity at hospitals with different level of output.

The recent technique of quantile regression analysis may
be viewed as a convenient tool for formal quantification of
heterogeneity of technology in hospital production. The
analysis is based on the premise that different types of
technology (interpreted as productivity of hospital inputs
and as partial effects of hospital characteristics) correspond
to different output quantiles, so hospital technology has
consequences for the ability to maximize output. Statisti-
cally different values of the coefficients for hospital inputs
and hospital characteristics, obtained in regressions for low-
output and high-output quantiles, would indicate the pre-
sence of different types of hospital technology (Koenker
2005). The quantile regression approach does not extra-
polate the mean tendency to the tails of the distribution and
thereby avoids bias, which is inherent to groupwise post-
estimation under conventional mean regression (Hendricks
and Koenker 1992; Koenker and Bassett 1978). Another
merit of the approach is equivalence of the linear quantile
regression to a monotonically increasing transformation,
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which is a useful feature for estimating log-linearized pro-
duction functions.1 Despite its advantages, the use of
quantile regression for purposes of productivity analysis in
health economics has to date been limited to studies of the
highest output quantiles and has concentrated primarily on
nursing homes, which are a very specific type of healthcare
facility (Christensen 2004; Knox et al. 2007; Liu et al. 2008;
Martin and Jérôme 2016). Another shortcoming of the
existing health economics literature is the inability to deal
with panel data quantile regression models without impos-
ing any restrictions: either the data are only pooled (Knox
et al. 2007) or hospital effects are introduced in the model as
a function of a potentially misspecified list of covariates
(Hsu et al. 2017).

The purpose of this paper is to measure heterogeneity in
hospital productivity by estimating the longitudinal pro-
duction function of hospitals and evaluating marginal pro-
ducts of labor, capital, and medicines across conditional
quantiles of output. The novelty of the present paper is
severalfold. To the best of our knowledge, the paper is the
first application of a quantile regression approach for mea-
suring a general form of longitudinal production function in
the hospital industry. We use a panel data quantile regres-
sion model with fixed effects for estimating productivity of
capital, medicines, physicians, nurses, technicians, admin-
istrators and other staff. Next, the paper assesses optimality
of input mix and quantifies potential cost savings across
conditional quantiles of hospital output. Finally, using a
second-stage sensitivity analysis, the paper ties public reg-
ulation, demand patterns and heterogeneity to the produc-
tion function. For this purpose, we examine the association
between production efficiency and a range of regional and
municipal variables.

Our sample consists of acute-care regional and municipal
public hospitals in Japan in 1999–2018. It should be noted that
many productivity studies estimate hospital cost functions, but
their approach is based on the assumption of cost minimizing
behavior which is not necessarily exhibited by public hospitals
(Blank and van Hulst 2017). Therefore, our paper follows the
strand in the health economics literature that estimates input
productivity through the analysis of production function
(Jensen and Morrisey 1986; Thurston and Libby 2002).

Japanese local public hospitals are often criticized for
inefficient models of production, and in particular, for an
excessive emphasis on capital and medicines. On average
total factor productivity and labor productivity have chan-
ged negligibly or decreased at these hospitals in the past
decade (Kaneko et al. 2018; Zhang et al. 2018) and there
has been little if any improvement in the average measures

of technical efficiency (Kawaguchi et al. 2014; Kawaguchi
2008). However, this analysis is vitiated by not focusing on
productivity of capital and medicines and it lacks estima-
tions that would quantitatively address suboptimality of the
labor-capital or labor-medicines mix.

Our findings are novel in establishing technological het-
erogeneity of Japanese local public hospitals, reflected in dif-
ferent relationships between the quantile index of hospital
output, on the one hand, and, on the other hand, hospital
technology (proxied by productivity of labor specialties,
physician capital and medicines), quality (the fact of hospital
accreditation and the status of a designated hospital as a
reflection of the high referral rate), and teaching activity
(training of nurse students and internship of young doctors).

The results of the statistical tests show that there is a
more efficient production path (high-output quantiles) and a
less efficient production path (low-output quantiles), and
that there is a statistical difference in the values of input
elasticities, input productivities and the partial effects of
hospital variables across high- and low-output hospitals.
Our analysis demonstrates that technological heterogeneity
may be linked to different values of potential cost savings in
the changeover to optimal combination of hospital inputs.

A possible explanation for the technological hetero-
geneity is a higher degree of labor specialization and better
assignment of labor tasks at high-output hospitals, which
serve larger local markets. Technology differences are also
associated with managerial opportunities for efficient pro-
duction. Indeed, we find that the values and time profiles of
many managerial performance indicators, which are mon-
itored as part of the managerial reform of Japanese local
public hospitals, differ statistically across high-output and
low-output hospitals.

The findings may be employed for answering a range of
questions on the role of physicians and nurses at high-
output and low-output hospitals and on the effective use of
the labor of medical specialties, physical capital and med-
icines. The results about excess (or lack) of certain hospital
inputs and of potential cost savings at each quantile of
hospital output in each year over the past two decades may
provide recommendations for adjusting the policy reforms
by diversifying the regulation for high-output and low-
output hospitals.

The remainder of this paper is structured as follows. The
section “Background on Japanese prefectural and municipal
hospitals” reviews the institutional background for Japanese
local public hospitals. The section “Methodology” outlines
the quantile regression model with fixed effects for esti-
mating the longitudinal hospital production function. The
explanation of data and variables is provided in the section
“Data”. The section “Results” presents the findings on the
typology of hospitals technologies, which are discussed in
the section “Discussion”.

1 Specifically, in this paper we use the fact that
Qτðln yjxÞ ¼ lnðQτðyjxÞÞ, where Qτ is the conditional τth quantile of
the dependent variable y under fixed x.
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2 Background on Japanese prefectural and
municipal hospitals

Japanese local public hospitals are operated by local gov-
ernments of prefecture, city, town, village or a union of
towns and villages. Local public hospitals show the highest
deficit of all industries run by local government in Japan.
The poor financial performance of these healthcare institu-
tions has two main causes. Firstly, in an attempt to com-
pensate for lack of physicians, Japanese local public
hospitals overinvest in capital by acquiring expensive
equipment, which is often underutilized (Campbell and
Ikegami 1998; Kawabuchi and Kajitani 2003; Yamada et al.
1997). Moreover, hospitals often spend funds for unneces-
sary improvements to facilities (Hisamichi 2010). Secondly,
local public hospitals suffer from ineffective management
(Ikegami and Campbell 1999; Iwane 1976), reflected in
large potential to improve the efficiency of capital
accounting (Hisamichi 2010), to review structure of hospital
beds (Kanagawa 2008) and speed up healthcare provision
(Higuchi 2010; Kumazawa 2010; Nabemi 2010).

In line with the hospital productivity literature, Japanese
local public hospitals have attracted academic and policy
attention in respect of their undesirable trends in productive
efficiency (Besstremyannaya 2013; Kawaguchi et al. 2014;
Kawaguchi 2008; Takatsuka and Nishimura 2008). How-
ever, estimates of input productivity are commonly based
on mean tendencies (Kaneko et al. 2018; Morikawa 2010),
which do not fully capture differences between high- and
low-output hospitals.

In a regulatory attempt to improve managerial perfor-
mance of Japanese local public hospitals round-table dis-
cussions were held by the Ministry of Internal Affairs and
Communications in 2007 and led to the ratification of
guidelines for a first wave of reform of these healthcare
institutions, which was launched in 2008–2013 (Ministry of
Internal Affairs and Communications 2007).

The reform aimed to raise productivity and weaken the
soft budget constraints of local public hospitals. A list of
managerial performance indicators was designed in order
to monitor hospital improvement: (1) share of ordinary
revenues in ordinary expenses; (2) share of medical
revenues in medical expenses; (3) share of the cost of
medicines and medical materials in medical revenues; (4)
share of the labor cost in medical revenues; (5) bed
occupancy. The share of ordinary revenues in ordinary
expenses and the share of medical revenues in medical
expenses, which varied at local public hospitals from 70
to 99%, were recommended to be raised to 100% (the
level, achieved at private hospitals). Bed occupancy was
to be increased. At the same time, hospitals were
expected to cut the shares of cost of medicines/medical
materials and labor costs in medical revenues.

The reform was only partially successful, so it was fol-
lowed by a second wave in 2015–2020, and new guidelines
emphasized the continuation of performance monitoring
(Ministry of Internal Affairs and Communications 2015).
Specifically, the share of the cost of capital depreciation in
medical revenues and the share of consignment fee in
medical revenues were added to the list of monitored
indicators. The values of both indicators were to be lowered
to the levels achieved at private hospitals.

It should be noted that both the first and the second
reform waves put insufficient emphasis on heterogeneity in
hospital production. Target values differed only based on
hospital size (total number of beds) and acute-care status.

Each hospital was obliged to develop its own plan and
set its own targets. A case-by-case evaluation of the early
effect of reform in a survey by Ministry of Internal Affairs
and Communications showed that most hospitals did not
achieve their target values (Kawaguchi et al. 2014). The
reform also had only a short-term effect on hospital sol-
vency: the share of local public hospitals with deficits
dropped from 71% in 2008 to 48% in 2011, but subsequent
years saw a steady reverse trend, reaching 63% by 2016
(Mandai and Watanabe 2019).

3 Methodology

3.1 Panel data smoothed quantile regression with
quantile-dependent fixed effects

In this paper we employ panel data quantile regression
model with fixed effects. These fixed effects reflect the
unobserved characteristics of Japanese local public
hospitals, such as treatment styles or managerial prac-
tices (Ikegami and Campbell 1999; Ikegami et al. 2011;
Kawabuchi and Kajitani 2003; Kodera and Yoneda
2019), which could not be fully captured by the covari-
ates available in the data. The fixed effects may be
expressed in different ways for more productive and less
productive hospitals, so we adhere to a general model
which allows for potentially different values of fixed
effects across output quantiles (i.e., quantile-dependent
fixed effects).

It should be noted that the asymptotic theory for the
panel data quantile regression with quantile-dependent fixed
effects requires long panels (Koenker 2004) and the ratio n/
T of sample size to the length of panel must be small. In this
case the bias of the estimator may be neglected in inference
procedures. At the same time, relatively short panels are
commonly available for analysis of hospital production, and
as the number of hospitals in the industry tends to be large,
the ratio n/T becomes large. So the bias of the estimator in
quantile regression analysis in short panels would lead to
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incorrect inference. Accordingly, it becomes necessary to
eliminate or reduce the bias. But the usual approach to
modeling quantile-dependent fixed effects (e.g., Kato et al.
2012; Koenker 2004; Harding and Lamarche 2014) does
not derive the rate of convergence of the bias to zero and
hence does not provide the knowledge, which would enable
reduction of the bias.

Therefore, most attempts to incorporate short panels in the
quantile regression analysis with quantile-dependent fixed
effects impose restrictions on the model. For instance, Li et al.
(2003) require strong assumptions about the distribution of
the dependent variable. Other approaches require that the
expected value and standard deviation of the dependent
variable were linear in covariates (Machado and Santos Silva
2019) or that the fixed effects were functions of covariates
(Harding and Lamarche 2016; Hsu et al. 2017).

The methodology of Galvao and Kato (2016) offers a
solution to the problem of estimating quantile-dependent
fixed effects in case of short panels without imposing any
restrictions on the model: the Koenker (2004) quantile
regression objective function is modified through
smoothing, and this method of estimation enables com-
putation of the bias and provides an approach for elim-
inating bias. Specifically, the Dhaene and Jochmans
(2015) jackknife split-panel correction is proposed for
dealing with the problem of asymptotic bias, arising from
the short length of panel.2

In this paper we employ the Galvao and Kato (2016)
approach which can be formulated as follows. Consider the
model

yit ¼ αiðUitÞ þ x0itβðUitÞ; Uit � U½0; 1�; ð1Þ

τ 7!αiðτÞ þ x0itβðτÞ is monotonically increasing; ð2Þ

where τ∈ (0, 1), mapping (2) is the conditional quantile of
the dependent variable yit, xit is a vector of covariates and
αi(τ) are fixed effects, which vary across quantiles. The
estimates of the fixed effects α̂iðτÞ and of the coefficients
β̂ðτÞ are found by solving the Galvao and Kato (2016)
optimization problem:

min
α1;¼ ;αn;β

1
nT

Xn
i¼1

XT
t¼1

ðyit � αi � x0itβÞðτ � Gðyit � αi � x0itβÞ=hÞ;

ð3Þ

where GðvÞ ¼ R1
u KðvÞdv is a smoothed analog of the step

function I(u ≤ 0), K(v) is a kernel function, and h is a
suitable bandwidth.3

In order to reduce the bias of the estimator above
obtained in case of short panels Galvao and Kato (2016)
suggest using the split-panel jackknife estimator from
Dhaene and Jochmans (2015). In case of balanced panels
the Dhaene and Jochmans (2015) procedure requires split-
ting the panel into two: i∈ {1,… , n} in each panel, while
the time index is t∈ {1,… , T/2} in the first panel and
t∈ {T/2+ 1,… , T} in the second panel. The split-panel
estimator is computed as

β̂1=2ðτÞ ¼ 2β̂ðτÞ � ðβ̂1ðτÞ þ β̂2ðτÞÞ=2;

where β̂ðτÞ, β̂1ðτÞ, β̂2ðτÞ are respectively, estimators for the
full panel, the first part of the panel and the second part of
the panel. The split-panel estimator under the Dhaene and
Jochmans (2015) approach has the same asymptotic
variance as the original β̂ estimator and allows for reliable
inference under short panels.

Dhaene and Jochmans (2015) generalize the approach for
the unbalanced panels as follows. Suppose there are Ti
longitudinal observations for each i. For each T 2
fmin1� i� n Ti; ¼ ;max1� i� n Tig a balanced panel PT=
{(i, t): Ti= T} is chosen and an estimate β̂1=2;TðτÞ is computed
for this panel. Note that each panel PT includes all individuals
with observations over T periods. Weights, which are equal to
the shares of observations of each panel PT in the total sample
(i.e., NT/N), are applied to β̂1=2;TðτÞ. The estimator becomes:

β̂1=2ðτÞ ¼
1
N

X
T

NT β̂1=2;TðτÞ;

where NT is the number of observations in panel PT and N is
the total number of observations. The asymptotic variance
matrix of the estimator is computed as the sum of the
covariance matrices for each estimate with weights equal to
ðNT=NÞ2.

3.2 Production function, input elasticities, marginal
products and input mix

It should be noted that public hospitals commonly operate
under soft budget constraints. So models which focus on the
hospital production function and do not impose solution of
the cost optimization problem seem better suited for the
analysis of these institutions (Biorn et al. 2003). This2 The Galvao and Kato (2016) smoothing technique for reducing the

asymptotic bias of the estimator is applicable for a more restricted
model with quantile-independent fixed effects: it is used in the Chen
and Huo (2020) estimator. Note that a different approach for creating a
quantile-independent fixed effects estimator, which could apply to
short panels, was proposed by Canay (2011), but the estimator was
shown to have asymptotic bias (Besstremyannaya and Golovan 2019).

3 Galvao and Kato (2016) do not touch on the choice of the band-
width. So our estimations follow the methodology of Koenker (2005),
section 4.10.1 for computing the asymptotic covariance matrix, which
specifies the bandwidth as h= κ(Φ(τ+ h1)−Φ(τ− h1)). We take h1
from Bofinger (1975) and κ from Koenker (2005).
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approach also permits us to test whether hospitals choose
their inputs optimally under given input prices.

To estimate input elasticities in a multi-product hospital
we use the Panzar and Willig (1977) production transfor-
mation function F(y, x)= 1, which specifies the production
possibilities frontier. It can be treated as an output distance
function under the Coelli and Perelman (1999) restriction of
F(y, x) being homogeneous of degree 1 in y.4 We employ
the translogarithmic form of F(y, x), which is a widely used
example of a flexible function for the analysis of hospital
production (Vita 1990).

lnFðy; xÞ ¼ PM
m¼1

βm ln ym þ PM
m¼1

PM
m0¼1

βmm0 ln ym ln ym0 þ PK
k¼1

γk ln xk

þ PK
k¼1

PK
k0¼1

γkk0 ln xk ln xk0 þ
PM
m¼1

PK
k¼1

ηmk ln ym ln xk þ
PJ
j¼1

δjhj þ α;

ð4Þ

βmm0 ¼ βm0m; γkk0 ¼ γk0k;

β1 þ � � � þ βM ¼ 1;

β1m þ � � � þ βMm ¼ 0; m ¼ 1; ¼ ;M;

η1k þ � � � þ ηMk ¼ 0; k ¼ 1; ¼ ;K;

ð5Þ

where m is the index for output, M ¼ dimðyÞ, k indicates
inputs, K ¼ dimðxÞ, h are hospital control variables, and α
is a constant. After rearranging terms in (4) under
conditions (5) we obtain:5

ln yM ¼ � PM�1

m¼1
βm ln ym

yM
� PM�1

m¼1

PM�1

m0¼1
βmm0 ln ym

yM
ln ym0

yM
� PK

k¼1
γk ln xk

� PK
k¼1

PK
k0¼1

γkk0 ln xk ln xk0 �
PM�1

m¼1

PK
k¼1

ηmk ln
ym
yM
ln xk �

PJ
j¼1

δjhj

�αþ lnFðy; xÞ:
ð6Þ

Equation (6) can be used to calculate the elasticity of the
production function with respect to a given input:

ϵk ¼ ∂ ln yM
∂ ln xk

¼ �γk � 2
XK
k0¼1

γkk0 ln xk0 �
XM�1

m¼1

ηmk ln
ym
yM

: ð7Þ

Marginal product of an input k, which is interpreted as
productivity of input k, is derived as MPk ¼ � ∂yM

∂xk
¼

� ∂ ln yM
∂ ln xk

� yMxk ¼ ϵk � yMxk . The marginal rate of technical sub-
stitution between inputs xk1 and xk2 , which is defined as

MRTSk1;k2 ¼ MPk1=MPk2 (Mas-Colell et al. 1995, p. 130;
Chiang 1984, p. 210), becomes

MRTSk1;k2 ¼
MPk1
MPk2

¼ ϵk1
ϵk2

� xk2
xk1

: ð8Þ

Under the assumption of cost minimization behavior by
hospitals, the marginal rate of technical substitution equals the
ratio of input prices (Mas-Colell et al. 1995, p. 137; Chiang
1984, p. 419). The inequality implies that Japanese hospitals
do not minimize costs through the optimal choice of inputs.

For instance, if MRTSk1;k2>
pk1
pk2
, then the ratio

xk1
xk2

is less than

optimal and input k2 is overutilized relative to input k1.

3.3 Empirical model

3.3.1 Specification for quantile regression analysis

For a given hospital i at time t the value Fit= F(yit, xit)∈
(0, 1]. Treating lnFit as a random error term (Coelli and
Perelman 2000), (6) can be transformed into the regression
specification, where the higher the quantile index, the larger
the hospital’s output:6

Qτðln yMitjxit; hitÞ

¼ PM�1

m¼1
βmðτÞ ln ymit

yMit
þ PM�1

m¼1

PM�1

m0¼1
βmm0 ðτÞ ln ymit

yMit
ln ym0 it

yMit
þ PK

k¼1
γkðτÞ ln xkit

þ PK
k¼1

PK
k0¼1

γkk0 ðτÞ ln xkit ln xk0it þ
PM�1

m¼1

PK
k¼1

ηmkðτÞ ln ymit
yMit

ln xkit

þPJ
j¼1

δjðτÞhjit þ αiðτÞ þ dtðτÞ:

ð9Þ

Here Qτðln yM jx; hÞ is the conditional τth quantile of ln yM ,
αi(τ) denotes fixed effects and dt(τ) are annual dummies which
capture time effects associated with technological progress in
the hospital industry. Control variables hjit include the binary
variable for the use of electronic data systems,7. We also add
the interaction terms for Tohoku region and 2010 year, as
well as the interaction term for Tohoku region and 2011 year
to capture potential impact on production of the Great East
Japan Earthquake of March 2010.

4 An alternative approach is the use of normalization that requires
homogeneity of degree 1 in inputs. Consideration of an input distance
function under this approach leads to very similar results, as both
approaches approximate the same production possibility frontier.
5 The numerical values of the estimated coefficients depend on the
order of outputs, but qualitative results concerning the typology of
technologies and other findings related to the analysis with the output
distance function hold regardless of the order of outputs.

6 The use of the translog function may cause a multicollinearity
problem. Our analysis deals with the panel data regression with fixed
effects, so to assess the problem we compute correlation coefficients
after the within-group transformation: the subtraction of the per-
hospital mean from each regressor. The values of the correlation
coefficients do not exceed 0.48.
7 The approach assumes that the use of an electronic data system has a
multiplicative effect on production. A more detailed analysis requires
the inclusion of interaction terms of the variable and each input (as
well as the products of pairs of inputs). However, it substantially
increases the degrees of freedom and so the approach becomes
unfeasible given the size of the sample available for estimations.
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3.3.2 Estimation and inference

Equation (9) is used to estimate the conditional quantile of the
dependent variable for each value of τ.8 This way we avoid a
multiple testing issue inherent to multiple quantile models and
the estimates at quantiles outside of the extreme of (0,1) are
not influenced by potential failure of the standard asymptotic
theory to provide an accurate representation of the finite
sample distribution. We use 13 values of τ∈ [0.2, 0.8], starting
with τ= 0.2 at the 0.05–step for detailed analysis. The
potential tendencies across quantiles are established by con-
sideration of the relative values of coefficients at several
quantile points, adjacent to the extremes of this interval. The
size of our sample (5845 observations) together with the total
count of parameters (382 comprising 32 coefficients for cov-
ariates in the translog specification, 330 fixed effects for each
hospital and 20 time effects for each year) restrict the expan-
sion of the interval’s bounds, so we are unable to consider
τ < 0.2 or τ > 0.8.9

The fit of each regression is assessed using an equivalent
of the R2 statistic computed for pairs of quantile regressions:
with a restricted set of covariates and with a full set of
covariates (Koenker and Machado 1999). Owing to the
panel data structure of our model, we compute two variants
of this pseudo R2 statistic, which resemble the within R2 for
the linear model for panel data: the first compares the full
model with the model with only hospital fixed effects, and
the second contrasts the full model to the model with hos-
pital fixed effects and time effects.10

The Galvao and Kato (2016) asymptotic variance matrix is
used for making inference about the coefficients. Standard
errors for elasticities and other indicators which are functions
of the coefficients are computed using the delta method.

The Wald test is employed to assess hypotheses about
the differences between coefficients estimated in regressions
for different values of τ. Specifically, we use the Koenker
(2005) approach for applying Wald tests in order to assess
linear hypotheses in quantile regressions.11

3.3.3 Second-stage analysis

The value of the log distance function lnFit can be inter-
preted as productive efficiency of hospital i at time t (Knox
et al. 2007), and higher values represent higher efficiency.
The approach provides more robust estimates than the
classic methods of efficiency analysis, which model optimal
technology with nonparametric or parametric frontier ana-
lysis (Bernini et al. 2004; Liu and Tone 2008).12

We use the estimated distance function for high quantile
values (0.75, 0.8) as an approximation of the production
possibility frontier (Koenker 2005; Liu and Tone 2008), and
calculate the residuals

ûitðτÞ ¼ ln yMit þ
PM�1

m¼1
β̂mðτÞ ln ymit

yMit

þ PM�1

m¼1

PM�1

m0¼1
β̂mm0 ðτÞ ln ymit

yMit
ln ym0 it

yMit
þ PK

k¼1
γ̂kðτÞ ln xkit

þPK
k¼1

PK
k0¼1

γ̂kk0 ðτÞ ln xkit ln xk0it

þ PM�1

m¼1

PK
k¼1

η̂mkðτÞ ln ymit
yMit

ln xkit þ
PJ
j¼1

δ̂jðτÞhjit:

Note that the residuals correspond to the value of the log
distance function together with the individual effects and
annual effects, since these quantile-dependent effects cannot
be identified separately in the analysis that has the general
form of the fixed-effect panel data quantile regression model.

The second-stage analysis of hospital productive efficiency
scores ûit employs covariates that are associated with com-
petition, regulation and demand patterns in the hospital
industry (Blank and Valdmanis 2010; Ferrier and Valdmanis
1996; Jacobs et al. 2006; Rosko 1999, 2004). The variables for
regulation proxy the stringency of financial constraints of the
hospital: specifically, we use the share of subsidies and
transfers in hospital medical revenues (Yamada et al. 1997)
(denoted in the equation below subsidiessh) and the binary
variable dpc for involvement in the prospective payment
system (Rosko 1999).13 The available data do not allow
construction of the Herfindahl–Hirschman index, but we proxy
the index by the share of the hospital’s beds in the total
number of beds in a municipality (bedshare) and by the share
of the hospital’s doctors in the total number of doctors in the

8 It may be noted that the Wooldridge (2007) approach for such
independent models can be generalized for joint estimates. For
instance, Wang and He (2007) derive asymptotic properties of rank
scores tests in a multiple quantile model.
9 The asymptotic inference works poorly for extreme quantiles outside
the (0.2, 0.8) range, as it is shown in Chernozhukov (2005).
10 Additionally, we compute the pseudo R2 statistic, which compares
the full model with the model with only a constant term (the statistic is
employed for evaluating the fit of pooled models in the quantile
regression approach and is calculated solely for reference purposes).
11 The general linear hypothesis H0 : R½β0ðτÞ; β0ðτ0Þ�0 ¼ r can be
evaluated using the Wald statistic (Koenker 2005; section 3.3):

W ¼ ðR½β0ðτÞ; β0ðτ0Þ�0 � rÞ0ðRV̂R0Þ�1ðR½β0ðτÞ; β0ðτ0Þ�0 � rÞ, where the
matrix V̂ is constructed by estimating the covariance function of the

stochastic process β(τ): V̂ ¼ V̂ðτ; τÞ V̂ðτ; τ0Þ
V̂ðτ0; τÞ V̂ðτ0; τ0Þ

� �
.

12 Nonparametric methods construct a hull of observations (Charnes
et al. 1978) and hence consider the observations on the constructed
frontier as fully efficient, do not account for measurement error, are
sensitive to outliers and require large samples estimations. An alter-
native parametric method, that of stochastic frontier analysis, imposes
distributional or other restrictions on the error term (Aigner et al.
1977). See the debate in the Journal of Health Economics 1994:13(3).
13 Japanese per diem variant of the prospective payment system, based
on diagnosis-procedure combinations, DPCs.

Journal of Productivity Analysis



municipality (docshare). The demographic component of
demand pattern is proxied by the share of the population over
65 (shareover65) in the total population of the municipality
(Morikawa 2010) while the socio-economic and geographic
components are proxied by the standard financial need, which
is the product of unit cost of public services, demand for
public services and an adjustment coefficient which accounts
for socio-economic and geographic factors. (We use log of per
capita standard financial need, which is denoted lpstfinneed.)

The estimated equation becomes:

ûitðτÞ ¼ λ1subsidiesshit þ λ2dpcit
þ λ3docshareit þ λ4bedshareit
þ λ5shareover65it þ λ6profitabilityit
þ λ7lpstfinneedit þ κi þ μt þ εit;

ð10Þ

where κi are hospital effects, μt are time effects and εit is a
stochastic error term.

3.4 Counterfactual policy analysis: optimal values of
inputs and potential cost savings

Suboptimal choice of inputs is associated with excessive costs
of a hospital. So using the results of estimation of Eq. (9), we
conduct a counterfactual policy analysis: an evaluation of
potential cost savings in case of changeover from the values
of inputs observed in the data to optimal values.

The optimal values are defined as follows: these values
minimize total cost of inputs and provide for the production of
a given amount of output under fixed elasticities of the pro-
duction function and under fixed values of the hospital control
variables.

Consider a quantile τ∈ (0, 1). The following approach is
used to find the optimal values of inputs.14 Using Eq. (11),
we compute the mean elasticities for each input in the
regression for conditional τth quantile of hospital output.

Next we focus on a given hospital i and find its optimal
amount of inputs through a two-step procedure. (For brevity
we omit argument τ in all variables in the description.) First,
we compute the residual Âit left after subtracting the linear
combination of log inputs ln xkit with corresponding coef-
ficients ϵ̂k from log output:15

Âit ¼ ln yMit �
XK
k¼1

ϵ̂k ln xkit

(note that hospital controls are included in Â).

The mean elasticity ϵ̂k comes from the estimates of Eqs.
(7) and (9) as follows.

ϵ̂k ¼ �γ̂k � 2
XK
k0¼1

γ̂kk0 ln xk �
XM�1

m¼1

ln
ym
yM

; ð11Þ

Second, we solve the cost minimization problem:

min
x1; ¼ ;xK

PK
k¼1

pkitxk;

s:t: Âit þ
PK
k¼1

ϵ̂k ln xk � ln yMit;

ð12Þ

where p1it, … , pKit are the values of input prices at the
hospital. Here the boundary condition ensures that the
hospital produces the same amount of output as is found in
the data.16

The solution of the cost minimization problem con-
stitutes the optimum tuple of inputs x�1it, … , x�Kit .

The optimum value of the hospital costs is calculated as:

C�
it ¼

XK
k¼1

pkitx
�
kit:

So the potential percentage reduction in hospital costs in
case of changeover from the actually employed amounts of
inputs to the optimal values becomes

%ΔCit ¼ Cit � C�
it

Cit
; ð13Þ

where the cost of actually used inputs Cit is computed as

Cit ¼
XK
k¼1

pkitxkit:

Similarly to the input elasticities, we report the values of
cost savings for 1999–2018 and for the whole period.

For each τ, the optimal costs are compared with the
factual costs through the standard t-test. For this purpose,
we find hospitals where production is close to production in
the τth quantile. This is done by considering the group of

14 We focus on a group of hospitals, which may comprise the whole
sample or a certain category of hospitals in terms of the number of
beds: small, medium-sized, and large.
15 This residual is the log of total factor productivity.

16 The boundary condition in the cost minimization problem is
essentially the equation for the production function and it ensures the
production of a given amount of output. It should be noted that the
estimated log of the translog production function is not globally
quasiconvex, so the optimum allocation of inputs in the cost mini-
mization problem with translog production function does not exist
(Boisvert 1982). Accordingly, the approximation of the translog pro-
duction function is employed in the cost minimization problem: we use
the Cobb–Douglas production function which has the returns to each
input equal to the mean factor returns estimated under the
translog model.
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hospitals in (τ− 0.1, τ+ 0.1) according to residuals
obtained in the regression for the conditional τth quantile of
hospital output. For example, for τ= 0.2 we consider the
interval of hospitals with residuals in (0.1, 0.3). The point of
the intervals is to avoid unstable results due to small sub-
samples of hospitals. Similarly, the t-test is applied to
hospitals in (τ− 0.1, τ+ 0.1) to evaluate the hypothesis
about the equality of %ΔC to zero.

4 Data

4.1 Sources

The analysis uses data for Japanese local public hospitals
from several sources. The main data source is annual sur-
veys of all local public hospitals in Japan, published in
digital form by the Department of Local Finance of the
Ministry of Internal Affairs and Communications (Chihou
Kouei Kigyou Kessan), with available variables for fiscal
years 1999–2018. Participation in the prospective payment

system is taken from an administrative database by the
Ministry of Health, Labor and Welfare (2020). We use the
Japan Council for Quality Health Care (2020) data on
hospital accreditation. The names of designated local hos-
pitals (hospitals with high referral rate and an additional
subsidy per inpatient)17 and the dates when they obtained
this status come from the Ministry of Health, Labor and
Welfare (2012) and the annual Survey of Finances of
Hospital Enterprises (Byouin Jigyou Kessan Joukyou) by
the Ministry of Internal Affairs and Communications
(2020). We use hospital participation on the market for
medical school graduates, taking data from the web portal
of the Japan Residency Matching Program (2020). The
binary variable for the use of electronic data systems—

Table 1 Universe and samples of Japanese local public hospitals

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

Universe, of which 998 1002 1006 1007 1004 1001 987 977 962 955 944

with acute-care beds only 615 628 626 636 426 397 383 380 374 371 365

and with positive number of outpatients 614 626 625 635 425 395 383 378 371 369 362

and with positive number of discharges 613 625 624 634 424 395 383 378 371 369 362

and with positive number of doctors 602 609 603 613 413 385 370 365 355 350 343

and with positive number of nurses 602 608 602 612 412 384 369 364 355 350 342

and with positive number of technical and admin staff 602 608 602 612 412 384 369 364 355 350 342

and with positive capital value 587 592 588 597 394 360 351 355 351 344 335

and with positive medicines expenses 586 591 587 596 392 359 350 354 350 343 334

and with restricted average length of stay 581 586 584 589 390 358 347 353 326 340 331

and with restricted bed occupancy 581 586 584 589 390 358 347 353 326 340 331

and with found EMR date 300 307 311 316 297 290 291 314 302 318 312

and with T ≥ 10 292 298 301 305 289 280 282 305 293 314 308

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 Total

Universe, of which 932 924 919 913 902 898 892 883 884 887 19877

with acute-care beds only 352 343 339 335 321 319 311 310 318 320 8469

and with positive number of outpatients 348 338 333 330 317 317 310 309 317 318 8420

and with positive number of discharges 348 337 332 328 317 317 309 309 316 317 8408

and with positive number of doctors 326 315 306 299 291 285 279 279 286 284 7958

and with positive number of nurses 326 312 304 296 288 282 277 278 284 282 7929

and with positive number of technical and admin staff 325 312 304 296 288 282 277 277 284 282 7927

and with positive capital value 320 308 297 292 282 277 272 272 279 275 7728

and with positive medicines expenses 318 307 296 292 281 276 271 271 278 274 7706

and with restricted average length of stay 317 307 293 289 280 275 269 269 276 272 7632

and with restricted bed occupancy 317 307 292 289 280 275 269 269 276 271 7630

and with found EMR date 301 295 281 277 268 262 255 251 247 239 6034

and with T ≥ 10 299 292 277 274 265 258 250 246 242 234 5904

17 The prefecture grants the status of designated hospital and financial
support of 10,000 yen per each admission to a local hospital that
satisfies the following requirements: (1) has over 200 beds; (2) the
share of patients referred from other facilities is over 60–80%; (3)
shares its beds and expensive equipment (e.g., MRI and CT scanner)
with other hospitals; (4) trains local healthcare officials; and (5) has
emergency status.
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electronic medical records or electronic ordering system—is
constructed using the date of the introduction of these
systems at hospitals, published on the web portal of Soft-
ware Service, Inc. (2021).

The data for Japanese prefectures and municipalities
(population, number of acute-care beds and number of phy-
sicians at prefectural and municipal healthcare facilities) come
from the Statistics Bureau of Japan, the Portal Site of Official
Statistics of Japan (2020). The standard financial need of the
prefecture or municipality (Kijun Zaisei Juuyougaku)18 is
taken from the annual Surveys of Prefectural and Municipal
Finances (Toudoufuken Kessan Joukyouchou. Shichouson-
betsu) carried out by the Ministry of Internal Affairs and
Communications (2020). Data on the budgets of prefectures
and municipalities from the annual Surveys of Local Public
Finance (Chihou Zaisei Joukyouchousa), reported by the
Statistics Bureau of Japan, are used to construct the pre-
fectural/municipal profitability variable.

Hospital addresses are retrieved from the Tokyo’s Insti-
tute for Health Economics and Policy database on health-
care providers in Japan (Zenkoku Hokensya Iryoukikan.
Byouin, Shinryoujo), available since 2015. Websites of
hospitals which has ceased to exist by 2015 were used to
restore the historic data on hospital location.

4.2 Sample

The non-anonymous character of the databases allows us to
merge them by year, hospital name and the name of the
prefecture or municipality.

The universe of Japanese local public hospitals includes
884–1007 institutions in 1999–2018.19 To guarantee a certain
homogeneity of hospital production in the absence of any
variable directly related to the prevalence of patients with dif-
ferent diagnoses (case mix) we follow the common strategy of
taking only hospitals with acute-care beds (Fujii 2001; Kawa-
guchi et al. 2014; Yamada et al. 1997). The group of hospitals
with only acute-care beds constitutes 615–636 healthcare
institutions in 1999–2003, but only 310–426 institutions in
subsequent years. This fall in numbers since 2003 reflects the
introduction of a long-term care bed category, which was
formally embedded into the acute-care beds (Table 1).

We discard hospitals which fail to report the numbers of
outpatients or hospital discharges. Next, we exclude data
with missing numbers of doctors, nurses and other hospital
staff (missing values for these hospital inputs account for
5–6% of observations), and where the values depreciable

fixed capital or of on medicines are not reported (5–9% of
observations in various years).

Furthermore, we omit data with average length of stay
below 6 days20 or over 90 days21 (1% of the sample), and
data with bed occupancy falling below 0.1.22 Finally, we
impose a technical condition by which a hospital must be
present in the database of at least 11 years out of the analyzed
20. The condition enables identification of hospital fixed
effects. Note that imposing this condition automatically
adjusts for the change in the definition of acute-care beds in
2003: hospitals that where classified as having only acute-care
beds in 1999–2002 but lost this classification in 2003 (after a
part of these beds became long-term care) would not have
T ≥ 11 and would not be included in our sample. Our final
sample consists of 246–322 hospitals in various years (5845
longitudinal observations with 330 hospital clusters).

4.3 Variables

Since administrative databases commonly suffer from lack of
hospital-level variables on the actual outputs of hospital
activity (such as improvement of patient’s health after com-
pletion of medical treatment), we follow a common approach
in the hospital productivity literature and use proxies for
hospital outputs. A list of such proxies often includes out-
patient visits, inpatient admissions and discharges (Jacobs
et al. 2006; Rosko and Mutter 2008; Worthington 2004). The
Japanese local public hospital database reports the daily
number of outpatients which we use as an output in the
absence of other, more detailed data. Following the approach
by Takatsuka and Nishimura (2008) we compute another
output as the mean of admissions and discharges for acute-
care hospitals with acute-care beds.23 It should be noted that
hospitals may pursue other activities as well as treating
patients, notably scientific research, and we follow the Jacobs
et al. (2006) approach, which captures it by adding the share
of research expenditure in hospital revenues.

Labor inputs are doctors, nurses and other hospital
staff.24 The number of nurses is the sum of licensed

18 The standard financial need is the product of unit cost of public
services, the demand for public services and adjustment coefficient
(which accounts for socio-economic and geographic factors), see
https://www.soumu.go.jp/main_content/000363663.pdf.
19 The number of hospitals is steadily decreasing since 2003 owing to
merging of municipalities and restructuring of hospitals.

20 Commonly, hospitalization in Japan lasts no less than a week, so
shorter hospital stays may reflect only preliminary diagnostics or an
anticipated transfer to specialized hospital facility (Nawata et al. 2006).
21 Hospital stays corresponding to long-term care.
22 We choose 0.1 as the minimal bound for bed occupancy in order for
a hospital to be considered as providing inpatient care. Mean bed
occupancy in our sample is 0.75.
23 Takatsuka and Nishimura (2008) propose reconstructing the arith-
metic mean of the number of admissions and discharges using the
MHLW definitions of average length of stay (available for acute-care
beds only) and bed occupancy.
24 Our data show that pairwise correlation coefficients between the
logarithms of the numbers of physicians, nurses and other staff—after
subtraction of hospital means from each variable as we deal with
panel-data fixed effects regression—are in a range of 0.33–0.48 in
various years.
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practical nurses (the Japanese term is “assistant nurses”) and
registered nurses.25 Other hospital staff26 includes techni-
cians (59%), administrative personnel (29%) and all other
staff (12%).

Capital input is depreciable fixed capital (buildings
and equipment). Owing to the emphasis of Japanese
healthcare on pharmaceuticals, medicines (medical
materials and medicines per se, proxied by their costs) are
treated as an additional input (Motohashi 2009). This
approach follows studies using data from the US and UK,
where medicines are viewed as an input in the production
function (Pauly 1980; Feldstein et al. 1974).

Regarding input prices, the proxy for labor price is total
labor cost of a given labor input divided by the amount of
this input. Capital price is proxied by the share of depre-
ciation and real interest expenditure in the book value of
depreciable fixed capital (Fujii 2001). The data allow us to
construct the proxy for the price of a component of medical
materials (medicines per se). The proxy is the retail cost
divided by revenue – the inverse of the so-called drug
margin rate (Yamada et al. 1997). We implicitly assume that
managerial attitude towards medicines and medical mate-
rials is similar, so this proxy price for medicines is expan-
ded in our analysis to relate to all medical materials.27

As regards hospital characteristics, the quality of care can
be proxied by the referral rate. The values of the variable are
unavailable, but we use data for the binary status of
designated local hospitals (such hospitals must have a
referral rate above 60–80%). Other dichotomous hospital
characteristics are binary variables for having student nurses
and for attracting residents through participating in the
Japan Residency Matching Program.

We use bed occupancy to proxy a hospital’s uncertainty
about output and openness for emergency care. Bed occu-
pancy may be viewed as “a measure of demand for hospital
services” (Ferrier and Valdmanis 1996) and lower bed
occupancy indicates willingness to accept more emergency
patients (Doi et al. 2005; Yamada et al. 1997).

As regards patient characteristics, we follow Yamada
et al. (1997) and use the mean number of examinations per

patient as the only available proxy for the severity of
diagnosis. The list of variable names and the descriptive
statistics are given in Table 2.

We add binary variables for each year to account for
annual effects. Annual changes in aggregate medical prices
are negligible within the analyzed period, so explicit
introduction of a medical consumer price index along with
annual dummies would not affect our results.

5 Results

5.1 Typology of technologies

The results of estimating Eqs. (9), (11), (8), (12), (13) for
different quantiles τ are given in Table A.1 (coefficients for
inputs and hospital characteristics), Table A.2 (input elas-
ticities), Table A.3 (marginal products), Table B.3 (mar-
ginal rate of technical substitution), Supplementary Tables
S46–S47, and Figs. 4 and 5 (optimal values of inputs and
potential cost savings).

To establish technological heterogeneity we test for the
statistical difference of the values of coefficients, obtained in
quantile regression for pairs of low- and high-output quantiles
(0.2 and 0.8, 0.25 and 0.75). We also test whether the coef-
ficients in each of these low- and high-output quantiles differ
from the estimates in the median regression. Similar com-
parison is conducted for input elasticities, input productivity
(evaluated at sample means) and potential cost savings.

The results of the tests, which are given in Supple-
mentary Tables S5–S24 and summarized in Table 3, show
technological distinctions across high-output and low-
output hospitals, reflected in the effect of the hospital
control variables (teaching activity, accreditation, the
status of designated hospital, the use of electronic data), in
elasticity and productivity of labor of technicians,
administrators and other staff, capital and medicines, and
in potential cost savings.

5.2 Input productivity

5.2.1 Labor specialties

Physicians are most productive among labor specialties at
Japanese local public hospitals, which differs from findings
in US and European data, where the highest productivity is
observed among nurses (Blank and van Hulst 2017; Jensen
and Morrisey 1986). Production at the highest quantiles of
hospital output is associated with lower elasticity of phy-
sician labor but higher elasticity of technicians, adminis-
trators and other staff. However, the labor of technicians
and other staff is insignificant in explaining hospital output
in low-output quantiles.

25 According to Ikegami and Buchan (2014), there are certain dif-
ferences in requirements for qualifying as a registered nurse or a
licensed practical nurse (3 years of medical education and a national
exam versus 2 years of education and a prefectural exam), but the
skills of the two types are very similar overall.
26 This composite group of all non-doctor and non-nurse labor spe-
cialties is used in the analysis owing to the size of our sample and the
total count of estimated parameters: the inclusion of technicians,
administrative personnel and other workers as separate inputs would
considerably increase the number of covariates due to the appearance
of numerous interaction terms.
27 The cost of medicines per se constitutes about 70% of all medical
materials at local public hospitals, and the correlation between cost of
medicines and cost of all medical materials is 0.96.
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5.2.2 Capital and medicines

There is an inverse relationship between productivity of
capital and hospital output: the higher the output, the lower
the returns to capital. An inverse relationship is observed
between productivity of medicines and hospital output.

Arguably, high-output hospitals do not overinvest in
capital and medicines for treating patients. Instead, they
demonstrate higher labor productivity, which is largely
attributed to the highest productivity of technicians,
administrators and other staff.

5.2.3 Time profiles

Note that input elasticity as well as marginal product of each
input are functions of the estimated coefficients in Eq. (11)
and the time-varying variables (outputs, inputs, input prices,
hospital characteristics). Evaluation of time-varying variables
at annual values of the sample means enables the computation
of input elasticities (Supplementary Tables S7, S10, S13, S19
and S22), input productivities (Fig. 1 and Supplementary
Tables S26, S29, S32, S38 and S41), marginal rate of tech-
nical substitution (Table B.3), optimal inputs (Fig. 4 and

Table 2 Descriptive statistics for Japanese acute-care local public hospitals in 1999–2018

Variable Description Obs Mean Std. dev. Min. Max.

Inputs and outputs

Y1 Mean number of admissions and discharges 5904 3353.207 3435.76 66 18,003

Y2 Number of outpatients 5904 428.205 349.82 9 2404

L1 Number of doctors 5904 24.776 26.59 1 164

L2 Number of nurses (licensed practical nurses and registered nurses) 5904 128.086 121.57 9 707

L3 Number of administrative and technical staff 5904 55.116 43.87 3 259

L Number of employees 5904 207.978 188.83 14 1092

K Depreciable fixed capital: buildings and equipment (deflated by gross capital
formation deflator)

5904 4.008 4.90 0.0012 50.83

M Cost of medicines (deflated by medicines CPI) and medical materials (deflated
by medical materials CPI)

5904 0.907 1.12 0.0122 12.34

Hospital characteristics

BO Bed occupancy 5904 0.730 0.16 0.10 1.03

pexam Mean number of examinations per patient 5904 3.151 2.06 0 14.45

research Percentage of total revenue spent on research 5904 0.341 0.51 0.0079 7.98

teaching = 1 if has student nurses 5904 0.039 0.19 0 1

accredited = 1 if accredited 5904 0.153 0.36 0 1

designated = 1 if designated local hospital 5904 0.074 0.26 0 1

JRMP = 1 if ever participated in the Japan Residency Matching Program 5904 0.221 0.42 0 1

EMR = 1 if used electronic medical records in the fiscal year 5904 0.284 0.45 0 1

tohoku2010 = 1 if located in Tohoku and year is 2010 5904 0.008 0.09 0 1

tohoku2011 = 1 if located in Tohoku and year is 2011 5904 0.008 0.09 0 1

bedtot Number of beds 5904 192.838 151.06 20 715

alos Average length of stay (days) 5904 20.614 9.93 6.10 89.90

dpc = 1 if introduced inpatient prospective payment system by the beginning of the
fiscal year

5904 0.164 0.37 0 1

subsidiessh Share of revenues from other sources (i.e., transfers and subsidies) in medical
revenues

5387 0.213 0.21 0 2.61

patshare = (patients in the hospital)/(total number of patients in municipality) 5409 0.092 0.09 0.0025 0.69

bedshare = (beds in the hospital)/(total number of beds in municipality) 5409 0.450 0.36 0.0019 1.00

docshare = (doctors in the hospital)/(total number of doctors in municipality) 5409 0.323 0.26 0.0008 1.00

Municipal characteristics

lpstfinneed Log of standard financial need per capita 4961 5.425 0.47 4.69 7.18

profitability = (revenues minus expenses)/revenues 5901 0.031 0.02 –0.27 0.32

Input prices

PL1 Mean salary of a doctor (deflated by CPI) 5904 0.0182 0.0046 0.0005 0.0552

PL2 Mean salary of a nurse (deflated by CPI) 5903 0.0060 0.0006 0.0005 0.0089

PL3 Mean salary of administrative and technical staff (deflated by CPI) 5902 0.0064 0.0010 0.0005 0.0361

PL Mean salary of an employee (deflated by CPI) 5904 0.0097 0.0014 0.0021 0.0235

PK Price of capital = (depreciation and interest)/capital 5853 0.1345 1.9346 0.0008 97.1473

PM Price of medicines = (retail cost of medicines)/(revenue from medicines) 5904 0.9563 0.2867 0.1121 5.9880

Values of variables are given on an annual basis. Financial variables are in billion yen. Fewer observations for input prices and several financial
variables are due to non-reporting of data by hospitals or local governments. Fewer observations for standard financial need are explained by
availability of the variable only since 2002
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Supplementary Table S47) and potential cost savings in
1999–2018 (Fig. 5 and Supplementary Table S46).

As regards time profiles of productivity of physicians and
nurses, the patterns below are generally observed at all quan-
tiles of hospital output. The marginal product of physician labor
goes up in 1999–2004.28 The rise in productivity may be linked
to the biennial revisions of the unified fee schedule in 2002 and
2004, which were the first historic instances of reduction of the
price for healthcare services. However, the productivity of
physicians has seen a steady fall since 2004.

Productivity of nurses declines over the analyzed period.
Falling productivity of doctors and nurses at Japanese local
public hospitals can be largely explained by shortage of spe-
cialized personnel and resulting excessive workloads. Number
of nurses in Japanese local public hospitals in the 1900s and
2000s were insufficient by international standards and there
was a particular shortage of highly qualified and experienced

nurses with lengthy tenure (Ikegami and Buchan 2014).
Shortages of doctors at Japanese local public hospitals has
been long observed in the academic and policy literature
(Ikegami 2014).

Hospitals vary as to annual trends in the productivity of
technicians, administrators and other staff, as well as pro-
ductivity of capital and medicines. The productivity of
technicians, administrators and other staff at high- and
median-output hospitals increases in 1999–2011 and then
falls in subsequent years. However, the productivity of this
input at high-output hospitals declines throughout the per-
iod 1999–2018. Nonetheless, the value at high-output hos-
pitals is several times larger than at low-output hospitals.

Productivity of capital decreases in 1999–2002 but then
remains flat in low-output quantiles. High-output quantiles
show a rise in the productivity of this input in 1999–2004,
followed by steady values in subsequent years (Supple-
mentary Tables S38, S39, S41 and S42).

Productivity of medicines goes up in 1999–2002, but
then falls in 2003 and remains steady at median- and low-
output hospitals. At high-output hospitals, the fall in pro-
ductivity of medicines continues from 2003 until 2018.

The reform of local public hospitals launched in 2008
must have had a temporary positive effect by increasing the
elasticity of physicians, technicians, administrators and
other staff in 2008–2013. But the elasticity either remained
flat or fell in subsequent years. As regards input pro-
ductivity, the reform only succeeded in boosting pro-
ductivity of technicians, administrators and other staff at
median- and low-output hospitals in 2008–2011. The tem-
porary effect of the reform on productivity is similar to
temporary improvement of solvency of local public hospi-
tals in 2008–2013 (Mandai and Watanabe 2019).

Significant changes in technology over time are observed
with respect to the productivity of physicians and aggregate
labor at both high- and low-output quantiles: there is sta-
tistical difference in the values of productivity of these
inputs in case of each group of hospitals.

The finding contrasts with absence of differences in labor
productivity at US hospitals from the mid-1960s to the late
1980s (Thurston and Libby 2002).

In addition, statistically significant annual changes in
productivity of nurses and capital are observed at low-
output quantiles, while high-output quantiles show annual
changes in productivity of technicians, administrators and
other staff.29

Table 3 Difference across hospitals in low-, high- and median-output
quantiles

Low
vs. high

Low
vs. median

High
vs. median

Input elasticities

L1 ✓ ✓

L2 ✓

Input productivity
(marginal products)

L1 ✓ ✓

L2 ✓

Hospital
characteristics

teaching ✓ ✓

accredited ✓ ✓ ✓

designated ✓ ✓

JRMP ✓ ✓

EMR ✓ ✓ ✓

Potential cost savings

%ΔCosts ✓ ✓ ✓

The check mark in the “low vs. high” cell in the row for each
parameter implies statistical difference of the estimates in at least one
pair of regressions: for output quantiles 0.2 and 0.8, or 0.25 and 0.75

The check mark in the “low vs. median” (or respectively “high vs.
median”) cell indicates statistical difference of the estimates in at least
one pair of regressions: for output quantiles 0.2 and 0.5, or 0.25 and
0.5 (or respectively 0.75 and 0.5, or 0.8 and 0.5)

For elasticities, marginal products, and cost savings the typology holds
for the estimates in the original longitudinal models (over the whole
period 1999–2018) and for the estimates of the annual values (usually
in almost half of the years)

See Supplementary Tables S9, S12, S15, S21, S24, S28, S31, S34, S40
and S43

28 Although there is a slight fall in 2003.

29 See Supplementary material: productivity of physicians (Supple-
mentary Tables S26 and S27), other staff (Supplementary Tables S32
and S33), capital (Supplementary Tables S38 and S39), medicines
(Supplementary Tables S41 and S42). We use the criterion that the
differences across the values in adjacent years were observed at least 7
pairs of years out of 19. This way the differences across annual values
cannot be attributed to random variation.
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5.3 Effect of hospital characteristics

Estimation of the Eq. (9) shows that each of the teaching
variables—the fact of having student nurses and participa-
tion in the Japan Residency Matching Program—has a
negative effect on production in the first-stage Eq. (9). The
result is in line with the findings for US hospitals and may
be explained by additional workload on physicians and
nurses, who have to act as supervisors (Jensen and Morrisey
1986). However, the negative effect is less pronounced in
high-output hospitals than in low-output hospitals.

The use of electronic data systems has a positive and
significant effect on production at low-output quantiles. But
the effect of the variable is insignificant at high-output
hospitals and at some hospitals with medium values of the
quantile index. Arguably, these hospitals have already
employed efficient patterns of medical treatment, so the
introduction of electronic data systems did not have an
additional impact on productivity. Our result that finds
heterogeneity of the effect of the variable is in line with the
findings about differential impact of the use of electronic
medical records on labor productivity at groups of Japanese
local public hospitals and absence of the positive mean
effect on multi-factor productivity (Kaneko et al. 2018).

Research activity reduces hospital output in low- and
median-output quantiles, but does not affect production at
high-output quantiles. Similarly, binary variables for
healthcare quality—hospital accreditation and designation
—have negative estimated coefficients. Arguably, higher
quality care requires additional workload and intensive
diagnostics, so ceteris paribus the number of treated inpa-
tients and outpatients may decrease.

The results of the second-stage regression (10) reveal
that productive efficiency is negatively affected by the
share of subsidies in hospital revenue and by profitability
of local government (Table B.2). Concerning the
demographic component of the demand for healthcare at
local public hospitals, the share of people below 65 in
the total population of a municipality is negatively sig-
nificant in explaining productive efficiency of a hospital.
This result may be linked to relatively higher severity of
medical cases among the elderly population, leading to
loss of productive efficiency. Per capita standard finan-
cial need, embracing the demand for public services,
adjusted for socio-economic and geographic factors, has
a negative effect on efficiency. So hospitals may
demonstrate lower efficiency in conditions of higher
demand for their services.

Fig. 1 Input productivity by output quantile and year
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As regards the proxy variable for the
Herfindahl–Hirschman index, there is a positive relationship
between the share of the hospital’s beds in the total number
of beds of a municipality and the hospital’s productive
efficiency. The findings is in line with the results of studies
using the US data (Blank and Valdmanis 2008; Rosko
1999) and may be explained by the fact that healthcare
markets are seldom competitive (Hollinsworth and Peacock
2008).

5.4 Optimal amounts of inputs and potential cost
savings

The difference between marginal rate of technical sub-
stitution and price ratios is not statistically significant for
pairs of labor inputs (doctors, nurses, technicians,
administrators and other staff), so the mix of labor spe-
cialties does not statistically differ from optimal in all
quantiles. However, the input mix between physical
capital and total labor staff, between physical capital and
medicines, and between medicines and total labor staff is
suboptimal (Table B.3).30

Accordingly, there are substantial opportunities for
cost savings through changeover to an optimal combina-
tion of inputs. Decrease of the amount of capital is
required for this purpose at all quantiles (Supplementary
Table S47). High-output hospitals need to increase the
number of technicians, administrators and other staff, but
cut the amount of medicines and slightly reduce the
number of doctors. Low- and median-output hospitals
needed to increase the number of doctors, reduce the
number of technicians, administrators and other staff,
reduce the amount of medicines in 1999–2014 but
increase the amount of medicines in 2015–2018.

For each output quantile the number of nurses required
in the optimal combination of inputs is smaller than the
actual number, so the number of nurses has to be reduced.
This apparently counterintuitive finding might be
explained if, due to the shortage of physicians at Japanese
local public hospitals,31 nurses have to take on the role of
physicians, at least in part. This could explain the shortage
of nurses in the current situation. But in the optimum
situation the number of doctors is increased, so the
number of nurses may need to be reduced.

Potential reduction of hospital costs thanks to change-
over to optimal inputs varies from 10 to 25%, and the lar-
gest cost reductions in percentage terms may be expected at
the lowest output quantile. However, high-output quantiles

also have vast opportunities for cost reduction. In some
years the potential percentage reduction of their costs
exceeds that of low- and median-output hospitals.

5.5 Performance indicators in the reform of local
public hospitals

To examine the impact of technological heterogeneity in
hospital response to the reform, we estimate average values
of the performance indicators at high-, low- and median-
output quantiles.

With the exception of the share of depreciation in med-
ical revenues, differences across high- and low-output
quantiles are observed for all managerial indicators (Figs. 2
and 3 and Table 4). The differences are most salient for the
share of medical revenues in medical expenses and the
share of labor costs in medical revenues. For both indica-
tors, the higher the output quantile, the closer the value of
the indicator to the recommended target.

As regards time profiles of the indicators, the reform of
local public hospitals can be regarded as successful with
respect to the share of cost of medicines in medical rev-
enues. The indicator, which was considered to be exces-
sively high, is decreasing and falls below the
recommended target in the groups of high- and median-
output hospitals in 2009 and in the group of low-output
hospitals in 2016.

Desirable trends were observed for a time in the share
of ordinary revenues in ordinary expenses, which was
below 100% and needed to increase. It rose in all quantile
groups in 2006–2011. However, the values remained
below the recommended targets and started falling
slightly in later years. As stated by the reform guidelines,
the share of labor costs in medical revenues decreased in
2008–2012. But the trend was then reversed: the value of
the indicator began to increase from 2011 to 2015 in
different output quantiles.

5.6 Analysis for hospitals of different size

Since the fixed-effect model does not enable us to explicitly
include time-invariant covariates, such as groups of hospi-
tals by size, we classified hospitals according to the number
of their beds for purposes of the post-estimation analysis:
small (20–99), medium-sized (from 100 to 299) and large
(300 and above).32 We then estimated average values of
input elasticities, input productivities and other parameters
for high-, low- and median-output quantile in groups of
small, medium-sized and large hospitals.

30 The only exception is one value of the highest output quantile for
two input pairs: total labor and physical capital; and physical capital
and medicines.
31 Observed in all output quantiles with the exception of τ= 0.8

32 The choice of only three groups is justified by the desire to have a
sufficient number of observations in each group and to make the size
of groups comparable in terms of number of hospitals.
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The results show that difference in the productivity of
inputs at large hospitals exists across high- and low-output
quantiles for the labor of technicians, administrators and other
staff, and across high- and median-output quantiles for capital.

Medium-sized hospitals show differences in the values of
productivity of both capital and the labor of technicians,
administrators and other staff inputs across high- and low-
output hospitals as well as across high- and median-output

Fig. 2 Performance indicators targeted since the 2008–2013 reform wave, by output quantile and year. Target values for bed occupancy are only
available for all hospitals and not separately for hospitals with acute-care beds

Fig. 3 Performance indicators
added in the 2015–2020 reform
wave, by output quantile
and year
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hospitals (Supplementary Tables S59–S64 and Supplemen-
tary Figs. S1–S3). The values of potential cost savings after
changeover to an optimal amount of inputs differ between
high-output and low-output hospitals within each category of
small, medium-sized and large hospitals (Supplementary
Tables S77, S79 and S81).

Statistically significant differences in the values and
time profiles of five managerial indicators, monitored
since the first wave of the reform of local public hospi-
tals, are observed at high- and low-output hospitals in
each category of hospitals, classified by their size. These
indicators are: the share of ordinary revenues in ordinary
expenses, the share of medical revenues in medical
expenses, the share of labor costs in medical revenues,
the share of costs of medicines in medical revenues, and
bed occupancy. The finding supports the cause of further
policy diversification, since currently the reform guide-
lines set different targets only for groups of hospitals of
different size (Supplementary Tables S83–S109 and
Supplementary Figs. S10–S15).

5.7 Limitations

We note several limitations of the analysis. Firstly, we
follow the common approach in health productivity
analysis to use a multi-output production function
(Hollinsworth and Peacock 2008; Jacobs et al. 2006),
which imposes assumptions about additivity across
inputs. However, the alternatives of combining all out-
puts (e.g., adding inpatients and outpatients) or con-
centrating on one output only may not fully capture the
multi-product character of hospital operations. Secondly,
inability to directly observe the quality of labor may
result in underestimation of labor returns in high-output
hospitals, where human capital is substantial. Thirdly,
there is no variable directly related to the case mix of
Japanese hospitals, except for those which are involved
in the prospective payment system. To proxy homo-
geneity of patient cases, we follow the general trend in

the Japanese hospital literature and limit our sample to
hospitals with acute-care beds.

6 Discussion

The results of the estimations point to technology distinctions
across high- and low-output acute-care local public hospitals
in Japan. Specifically, heterogeneity in hospital technology is
reflected in statistically different values of productivity of
physicians, technicians, administrators and other staff, phy-
sical capital and medicines; it is also apparent in partial effects
on production of teaching variables, the status of accreditation
and designation; and also in cost savings after changeover to
optimal input mix.

The discrete typology of technologies associated with
production at Japanese local public hospitals goes in line
with findings about the discrete typology of hospital
managerial practices (Bloom et al. 2015). Indeed, input
productivity can be regarded as a function of managerial
efforts (Bloom et al. 2017), and poor management and
lack of information can be viewed as major reasons for
the existence of inferior technologies (Tsionas 2002).

High-output hospitals are characterized by higher pro-
ductivity of the labor of technicians, administrators and
other staff, probably explained by managerial efforts such
as organizational support for team work of physicians and
technicians on data management and diagnosis coding
(Saito 2007; Shima et al. 2006), revision of occupancy of
operating theatres and of the workload at inpatient/out-
patient divisions (Doi et al. 2005; Tomioka et al. 2008),
and faster reporting of the results of medical tests
(Suwabe 2004).

Lower productivity of physicians’ labor at high-output
hospitals may be related to a higher degree of labor spe-
cialization, possibly owing to larger size of the local
market. This supposition can be linked to the theory of
local demand shifters of labor specialization in service
industries, developed in Baumgardner (1988a) as an

Table 4 Difference in
managerial performance
indicators across hospitals in
low-, high- and median-output
quantiles

Low vs. high Low vs. median High vs. median

Performance indicators

Share of medical revenues in medical expenses ✓

Share of labor costs in medical revenues ✓

Share of cost of medicines in medical revenues ✓

The check mark in the “low vs. high” cell implies statistical difference of the parameter estimates in at least
one pair of regressions: for output quantiles 0.2 and 0.8, or 0.25 and 0.75

The check mark in the “low vs. median” (or respectively, “high vs. median”) cell indicates statistical
difference of the estimates in at least one pair of regressions: for quantiles 0.2 and 0.5, or 0.25 and 0.5 (or
respectively, 0.75 and 0.5, or 0.8 and 0.5)
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extension of the Stigler (1951) model of the impact of
market size, originally stemming from the seminal theo-
rem of Adam Smith. The empirical proof for the hospital
industry can be found in Baumgardner (1988b).33 Simi-
larly, Acemoglu and Autor (2011) allow for an assign-
ment of labor tasks, which may be linked to labor
specialization.

High-output hospitals show better values of many man-
agerial performance indicators that were monitored during
the reform of local public hospitals in Japan. The values of
these indicators are statistically different between groups of
high- and low-output hospitals. The finding supports the
argument about interrelation between management and
production.

Low-output hospitals show higher productivity of capital
and medicines, while the productivity of technicians,
administrators and other staff is most often insignificant.

7 Conclusion

Innovations in hospital technology are often targeted at a
particular input, so it is important to examine the pro-
ductivity of labor specialties, capital and medicine at hos-
pitals (Blank and van Hulst 2017). Moreover, the
technology distinction caused by the productivity of labor
specialties, capital and medicines is crucial for disen-
tangling best and worst practices and for making judgments
about the differential impact of policy reforms (Acemoglu
and Finkelstein 2008; Weisbrod 1992). However, empirical
evidence on the issue is insufficient and there is a gap in the
literature as regards quantification of differences in input
productivity across groups of hospitals.

Our paper addresses technology differences at hospitals
using a conditional quantile regression approach applied to
analysis of the production function. The novel finding of the
paper, which employs longitudinal data for Japanese local
public hospitals in 1999–2018, is technological hetero-
geneity expressed as different levels of productivity of
labor, capital and medicines at high- and low-output hos-
pitals. Secondly, changes in the values of productivity of
labor and capital are discovered over the analyzed period.
Finally, differences in the values of input productivity,
potential cost savings in case of changeover to optimal
amount of inputs, and managerial performance indicators
across high- and low-output hospitals persist even after
controlling for hospital size.

The establishment of technological heterogeneity
underlines the importance of input productivity analysis
in the hospital sector. We believe that the quantification
of technological heterogeneity of Japanese local public
hospitals offers helpful guidance for regulatory changes.
In particular, different values of the productivity of
labor, capital and medicines at high-output and low-
output hospitals may imply different values for the
marginal rate of technical substitution and hence differ-
ent conclusions about the optimality of input mix and
potential cost savings.

Data availability

The links to all publicly available datasets used in the
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8 Appendix

8.1 Data sources

Figures 4 and 5 and Tables A.1, A.2 and A.3

33 Additionally, Becker and Murphy (1994) state that the extent of
labor specialization is explained by the balance between higher pro-
ductivity (owing to the division of labor) and increased costs of labor
coordination.
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Fig. 4 Changes in the amount of inputs in case of changeover to the optimal combination of inputs, by output quantile and year

Fig. 5 Potential cost savings in
case of changeover to the
optimal combination of inputs
by output quantile and year
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Table A.1 Variables from annual surveys of local public hospitals

Variable Description

Inputs and outputs

Y1 Mean number of admissions and discharges

Y2 Number of outpatients

L1 Number of doctors

L2 Number of nurses (licensed practical nurses and registered nurses)

L3 Number of administrative and technical staff

L Number of employees

K Depreciable fixed capital: buildings and equipment (deflated by gross capital formation deflator)

M Cost of medicines (deflated by medicines CPI) and medical materials (deflated by medical materials CPI)

Input prices

PL1 Mean salary of a doctor (deflated by CPI)

PL2 Mean salary of a nurse (deflated by CPI)

PL3 Mean salary of administrative and technical staff (deflated by CPI)

PL Mean salary of an employee (deflated by CPI)

PK Price of capital = (depreciation and interest)/capital

PM Price of medicines = (retail cost of medicines)/(revenue from medicines)

Hospital characteristics

teaching = 1 if has student nurses

bedtot Number of beds

research Percentage of total revenue spent on research

subsidiessh Share of revenues from other sources (i.e., transfers and subsidies) in medical revenues

alos Average length of stay (days)

BO Bed occupancy

pexam Mean number of examinations per patient

Table A.2 Data sources for the local public hospital variables

Year Source

1999 Ministry of Internal Affairs and Communications. Annual Survey of Local Public Enterprises. Hospitals (Chihoukoueikigyounenkan. Byouinhen). Heisei 11
nen shigatsu tsuitati – heisei 12 nen san gatsu 31 nichi. Volume 47. CDROM. Courtesy of Keio University Library

2000 Ministry of Internal Affairs and Communications. Annual Survey of Local Public Enterprises. Hospitals (Chihoukoueikigyounenkan. Byouinhen). Heisei 12
nen shigatsu tsuitati – heisei 13 nen san gatsu 31 nichi. Volume 48. CDROM. Courtesy of Keio University Library.

2001 Ministry of Internal Affairs and Communications. Annual Survey of Local Public Enterprises. Hospitals (Chihoukoueikigyounenkan. Byouinhen). Heisei 13
nen shigatsu tsuitati – heisei 14 nen san gatsu 31 nichi. Volume 49. CDROM. Courtesy of Keio University Library.

Web Archiving Project of the National Diet Library (Tokyo)

2002 (Volume 50) https://warp.da.ndl.go.jp/info:ndljp/pid/235321/www.soumu.go.jp/c-zaisei/kouei/index.html

2003 (Volume 51) https://warp.da.ndl.go.jp/info:ndljp/pid/283520/www.soumu.go.jp/c-zaisei/kouei15/index.html

2004 (Volume 52) https://warp.da.ndl.go.jp/info:ndljp/pid/283520/www.soumu.go.jp/c-zaisei/kouei16/index.html

2005 (Volume 53) https://warp.da.ndl.go.jp/info:ndljp/pid/283520/www.soumu.go.jp/c-zaisei/kouei17/index.html

2006 (Volume 54) https://warp.da.ndl.go.jp/info:ndljp/pid/283520/www.soumu.go.jp/c-zaisei/kouei18/index.html

2007 (Volume 55) https://warp.da.ndl.go.jp/info:ndljp/pid/11254124/www.soumu.go.jp/main_sosiki/c-zaisei/kouei19/index.html

2008 (Volume 56) https://warp.da.ndl.go.jp/info:ndljp/pid/11453473/www.soumu.go.jp/main_sosiki/c-zaisei/kouei20/index.html

2009 (Volume 57) https://warp.da.ndl.go.jp/info:ndljp/pid/11453473/www.soumu.go.jp/main_sosiki/c-zaisei/kouei21/index.html

2010 (Volume 58) https://warp.da.ndl.go.jp/info:ndljp/pid/11453473/www.soumu.go.jp/main_sosiki/c-zaisei/kouei22/index.html

2011 (Volume 59) https://warp.da.ndl.go.jp/info:ndljp/pid/11453473/www.soumu.go.jp/main_sosiki/c-zaisei/kouei23/index.html

2012 (Volume 60) https://warp.da.ndl.go.jp/info:ndljp/pid/11453473/www.soumu.go.jp/main_sosiki/c-zaisei/kouei24/index.html

2013 (Volume 61) https://warp.da.ndl.go.jp/info:ndljp/pid/11453473/www.soumu.go.jp/main_sosiki/c-zaisei/kouei25/index.html

Ministry of Internal Affairs and Communications

2014 (Volume 62) https://www.soumu.go.jp/main_sosiki/c-zaisei/kouei26/index.html

2015 (Volume 63) https://www.soumu.go.jp/main_sosiki/c-zaisei/kouei27/index.html

2016 (Volume 64) https://www.soumu.go.jp/main_sosiki/c-zaisei/kouei28/index.html

2017 (Volume 65) https://www.soumu.go.jp/main_sosiki/c-zaisei/kouei29/index.html

2018 (Volume 66) https://www.soumu.go.jp/main_sosiki/c-zaisei/kouei30/index.html
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8.2 Results of the estimation

Tables B.1, B.2, B.3, B.4, B.5, B.6, B.7, B.8 and B.9

Table A.3 Hospital and prefectural/municipal variables from other sources

Variable Description Source URL

Hospital characteristics

dpc = 1 if introduced inpatient
prospective payment system by the
beginning of the fiscal year

Ministry of Health, Labor and Welfare https://www.mhlw.go.jp/stf/seisakunitsuite/bunya/
0000049343.html, http://www.mhlw.go.jp/shingi/
2006/04/s0427-3.html

accredited
= 1 if accredited Japan Council for Quality Health Care http://www.report.jcqhc.or.jp/

designated
= 1 if designated local hospital Ministry of Internal Affairs and

Communications, Survey of
Management of Local Public Hospitals

https://www.soumu.go.jp/main_sosiki/c-zaisei/
hospital/kessan-bunseki/

JRMP = 1 if ever participated in the Japan
Residency Matching Program

JRMP https://jrmp2.s3-ap-northeast-1.amazonaws.com/da
ta.htm

EMR = 1 if used electronic medical
records in the fiscal year

Websites of individual local public
hospitals

Municipal characteristics

Secondary medical zone for
municipalities

Statistics Bureau of Japan https://www.e-stat.go.jp/stat-search/files?page=
1&layout=datalist&toukei=00450021&tstat=
000001030908&cycle=7&tclass1=
000001144570&tclass2=000001144573&tclass3va
l=0

Variable Description Source URL

Municipal characteristics

pop beds docs Municipal population total number of
beds total number of physicians at
medical care facilities

Statistics Bureau
of Japan

https://www.e-stat.go.jp/stat-search/files?toukei=
00200251&tstat=000001077755&cycle=7&tclass1=
000001078091&tclass2=000001078092&result_page=
1&tclass3val=0, https://www.e-stat.go.jp/stat-search/files?
toukei=00200251&tstat=000001077755&cycle=7&tcla
ss1=000001077756&tclass2=000001077757&result_pa
ge=1&tclass3val=0

Characteristics for secondary medical zones

patientsperday Number of inpatients and outpatients
per day

Statistics Bureau
of Japan

https://www.e-stat.go.jp/stat-search/files?page=1&layout=
datalist&toukei=00450023&tstat=000001030749&cycle=
7&tclass1=000001144167&tclass2=000001144179&tcla
ss3=000001144183&tclass4val=0

profitability = (revenues minus expenses)/revenues Ministry of Internal
Affairs and
Communications,

http://www.soumu.go.jp/iken/kessan_jokyo_1.html,
http://www.soumu.go.jp/iken/kessan_jokyo_2.html

lpstfinneed Log of standard financial need per capita Annual Surveys of
Local Public Finance

Regional characteristics (price indices)

CPI CPI Japan Statistical
Yearbook

https://www.stat.go.jp/english/data/nenkan/

CDefl Gross capital formation deflator Japan Statistical
Yearbook

https://www.stat.go.jp/english/data/nenkan/

CPImedicines

CPImedmaterials

CPI for medicines and medical materials Statistics Bureau
of Japan

https://www.e-stat.go.jp/stat-search/files?page=1&layout=
datalist&toukei=00200573&tstat=000001084976&cycle=
0&tclass1=000001085995&tclass2=000001085937&tcla
ss3val=0
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Table B.4 Marginal rates of technical substitution for pairs of inputs

Quantile 0.80 0.75 0.70 0.65 0.60 0.55 0.50 0.45 0.40 0.35 0.30 0.25 0.20

Pairs of labor inputs

lnMRTSL1 ;L2 1.168 0.917 1.022 1.214 1.165 1.356 1.435 1.463 1.352 1.166 1.273 1.175 1.171

(0.217) (0.192) (0.247) (0.145) (0.221) (0.275) (0.223) (0.227) (0.178) (0.150) (0.316) (0.327) (0.490)

lnðPL1=PL2 Þ 1.115 1.115 1.115 1.115 1.115 1.115 1.115 1.115 1.115 1.115 1.115 1.115 1.115

P value 0.805 0.304 0.706 0.495 0.820 0.380 0.150 0.124 0.184 0.735 0.617 0.854 0.909

lnMRTSL1 ;L3 0.651 0.480 0.552 0.598 0.805 0.727 0.741 0.706 1.001 1.032 1.068 1.100 1.145

(0.236) (0.245) (0.244) (0.133) (0.245) (0.214) (0.185) (0.196) (0.199) (0.176) (0.296) (0.268) (0.473)

lnðPL1=PL3 Þ 1.049 1.049 1.049 1.049 1.049 1.049 1.049 1.049 1.049 1.049 1.049 1.049 1.049

P value 0.092 0.020 0.042 0.001 0.320 0.132 0.095 0.081 0.809 0.922 0.948 0.849 0.838

lnMRTSL2 ;L3 −0.517 −0.437 −0.469 −0.616 −0.360 −0.629 −0.694 −0.757 −0.351 −0.134 −0.205 −0.075 −0.025

(0.212) (0.186) (0.176) (0.146) (0.180) (0.171) (0.193) (0.178) (0.209) (0.185) (0.165) (0.195) (0.247)

lnðPL2=PL3 Þ −0.066 −0.066 −0.066 −0.066 −0.066 −0.066 −0.066 −0.066 −0.066 −0.066 −0.066 −0.066 −0.066

P value 0.033 0.046 0.022 0.000 0.102 0.001 0.001 0.000 0.173 0.712 0.399 0.962 0.870

Doctors and other inputs

lnMRTSL1 ;K −0.043 −0.306 −0.475 −0.305 −0.350 −0.459 −0.167 −0.077 −0.146 −0.417 −0.186 −0.038 −0.200

(0.405) (0.385) (0.273) (0.238) (0.303) (0.186) (0.231) (0.307) (0.299) (0.257) (0.252) (0.272) (0.374)

lnðPL1=PK Þ −1.993 −1.993 −1.993 −1.993 −1.993 −1.993 −1.993 −1.993 −1.993 −1.993 −1.993 −1.993 −1.993

P value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

lnMRTSL1 ;M −3.113 −3.106 −3.094 −2.849 −2.833 −2.879 −2.980 −2.989 −2.960 −2.877 −2.749 −2.860 −2.893

(0.188) (0.193) (0.250) (0.169) (0.223) (0.187) (0.185) (0.197) (0.185) (0.187) (0.198) (0.175) (0.252)

lnðPL1=PMÞ −3.961 −3.961 −3.961 −3.961 −3.961 −3.961 −3.961 −3.961 −3.961 −3.961 −3.961 −3.961 −3.961

P value 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Nurses and other inputs

lnMRTSL2 ;K −1.211 −1.223 −1.497 −1.519 −1.515 −1.815 −1.602 −1.540 −1.498 −1.583 −1.459 −1.213 −1.371

(0.320) (0.337) (0.239) (0.223) (0.279) (0.323) (0.313) (0.320) (0.303) (0.249) (0.439) (0.424) (0.795)

lnðPL2=PK Þ −3.108 −3.108 −3.108 −3.108 −3.108 −3.108 −3.108 −3.108 −3.108 −3.108 −3.108 −3.108 −3.108

P value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.029

lnMRTSL2 ;M −4.281 −4.023 −4.116 −4.063 −3.998 −4.236 −4.416 −4.452 −4.311 −4.043 −4.022 −4.036 −4.064

(0.160) (0.156) (0.168) (0.166) (0.178) (0.238) (0.194) (0.197) (0.182) (0.170) (0.243) (0.247) (0.308)

lnðPL2=PMÞ −5.075 −5.075 −5.075 −5.075 −5.075 −5.075 −5.075 −5.075 −5.075 −5.075 −5.075 −5.075 −5.075

P value 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.000 0.000 0.000 0.001

Other staff and other inputs

lnMRTSL3 ;K −0.694 −0.786 −1.028 −0.902 −1.155 −1.186 −0.908 −0.783 −1.147 −1.449 −1.254 −1.138 −1.345

(0.365) (0.349) (0.235) (0.225) (0.270) (0.271) (0.281) (0.328) (0.376) (0.320) (0.427) (0.402) (0.768)

lnðPL3=PK Þ −3.042 −3.042 −3.042 −3.042 −3.042 −3.042 −3.042 −3.042 −3.042 −3.042 −3.042 −3.042 −3.042

P value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.027

lnMRTSL3 ;M −3.764 −3.586 −3.647 −3.447 −3.638 −3.607 −3.721 −3.695 −3.960 −3.909 −3.817 −3.960 −4.039

(0.167) (0.183) (0.177) (0.145) (0.199) (0.179) (0.157) (0.172) (0.199) (0.198) (0.232) (0.217) (0.333)

lnðPL3=PMÞ −5.009 −5.009 −5.009 −5.009 −5.009 −5.009 −5.009 −5.009 −5.009 −5.009 −5.009 −5.009 −5.009

P value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004

Labor and other inputs

lnMRTSL;K −0.844 −0.942 −1.182 −1.108 −1.195 −1.360 −1.103 −1.012 −1.125 −1.320 −1.147 −0.961 −1.130

(0.336) (0.333) (0.213) (0.212) (0.256) (0.240) (0.255) (0.297) (0.303) (0.252) (0.356) (0.346) (0.647)

lnðPL=PKÞ −2.625 −2.625 −2.625 −2.625 −2.625 −2.625 −2.625 −2.625 −2.625 −2.625 −2.625 −2.625 −2.625

P value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.021

lnMRTSL;M −3.914 −3.742 −3.801 −3.652 −3.678 −3.781 −3.917 −3.924 −3.938 −3.780 −3.710 −3.783 −3.824

(0.114) (0.131) (0.149) (0.138) (0.156) (0.161) (0.138) (0.149) (0.151) (0.155) (0.168) (0.157) (0.182)

lnðPL=PMÞ −4.592 −4.592 −4.592 −4.592 −4.592 −4.592 −4.592 −4.592 −4.592 −4.592 −4.592 −4.592 −4.592

P value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Capital and medicines

lnMRTSK;M −3.069 −2.801 −2.619 −2.544 −2.483 −2.421 −2.813 −2.912 −2.813 −2.460 −2.563 −2.822 −2.694

(0.323) (0.327) (0.226) (0.224) (0.278) (0.213) (0.258) (0.309) (0.323) (0.280) (0.285) (0.282) (0.533)

lnðPK=PMÞ −1.967 −1.967 −1.967 −1.967 −1.967 −1.967 −1.967 −1.967 −1.967 −1.967 −1.967 −1.967 −1.967

P value 0.001 0.011 0.004 0.010 0.063 0.034 0.001 0.002 0.009 0.079 0.036 0.002 0.173

Standard errors calculated using delta method are in parentheses

We compare log of MRTS and log of the ratio of prices as this approach does not depend on the order of inputs. Specifically, P value computed for
the results of the t-test with the null hypothesis: lnðMRTSijÞ ¼ lnðPi=PjÞ would coincide with P value for the t-test with the null hypothesis:
lnðMRTSjiÞ ¼ lnðPj=PiÞ
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Table B.5 The results of the second-stage regression

Quantile 0.75 0.80 0.75 0.80 0.75 0.80 0.75 0.80

subsidiessh –0.235*** –0.230*** –0.235*** –0.230*** –0.237*** –0.232*** –0.237*** –0.232***

(0.0131) (0.0134) (0.0131) (0.0134) (0.0131) (0.0133) (0.0131) (0.0133)

dpc 0.0145** 0.0147** 0.0140** 0.0144** 0.0148** 0.0149** 0.0149** 0.0155**

(0.00655) (0.00666) (0.00652) (0.00663) (0.00655) (0.00666) (0.00651) (0.00662)

patshare 0.493*** 0.535*** 0.489*** 0.534*** 0.493*** 0.535*** 0.494*** 0.539***

(0.0536) (0.0545) (0.0534) (0.0543) (0.0536) (0.0545) (0.0534) (0.0543)

docshare –0.0180 –0.00733 0.00208 0.0123

(0.0187) (0.0190) (0.0170) (0.0172)

bedshare 0.0444** 0.0435** 0.0374** 0.0407**

(0.0174) (0.0177) (0.0158) (0.0160)

shareover65 –0.142 –0.0700 –0.150 –0.0733 –0.101 –0.0305 –0.0993 –0.0184

(0.143) (0.146) (0.143) (0.145) (0.142) (0.145) (0.141) (0.144)

profitability –0.158 –0.190* –0.160 –0.191* –0.149 –0.181* –0.148 –0.178*

(0.102) (0.104) (0.102) (0.104) (0.102) (0.104) (0.102) (0.104)

lpstfinneed –0.0357** –0.0418** –0.0365** –0.0421** –0.0340* –0.0401** –0.0338* –0.0392**

(0.0178) (0.0181) (0.0178) (0.0181) (0.0178) (0.0181) (0.0178) (0.0181)

Hospital effects Yes Yes Yes Yes Yes Yes Yes Yes

Time effects Yes Yes Yes Yes Yes Yes Yes Yes

Observations 4548 4548 4548 4548 4548 4548 4548 4548

Hospitals 307 307 307 307 307 307 307 307

Standard errors in parentheses

*, **, *** denote significance at levels 10%, 5%, 1%, respectively

The dependent variable is residual from the first-stage quantile regression (9)

Table B.6 Optimal combination of inputs

Quantile 0.80 0.75 0.70 0.65 0.60 0.55 0.50 0.45 0.40 0.35 0.30 0.25 0.20

Costs 3.18 3.06 2.97 3.08 3.21 3.20 3.10 3.24 3.22 3.14 2.90 2.78 2.68

Costs* 2.58 2.48 2.48 2.48 2.62 2.57 2.52 2.66 2.72 2.66 2.44 2.35 2.28

%ΔCosts −13.61 −13.80 −12.40 −14.88 −13.75 −13.98 −13.68 −14.09 −12.41 −12.29 −13.37 −13.21 −12.89

t-test −41.16 −41.86 −42.96 −47.26 −42.79 −41.57 −43.72 −48.42 −44.90 −43.79 −48.02 −48.98 −45.68

P value 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

For each input X, X denotes the actual value observed in the data, X* is the optimal value, %ΔX= 100 ⋅ (X*− X)/X, and t-test is conducted for the
null hypothesis: %ΔX= 0

Table B.7 Optimal costs

Quantile 0.80 0.75 0.70 0.65 0.60 0.55 0.50 0.45 0.40 0.35 0.30 0.25 0.20

Costs 3.18 3.06 2.97 3.08 3.21 3.20 3.10 3.24 3.22 3.14 2.90 2.78 2.68

Costs* 2.58 2.48 2.48 2.48 2.62 2.57 2.52 2.66 2.72 2.66 2.44 2.35 2.28

%ΔCosts −13.61 −13.80 −12.40 −14.88 −13.75 −13.98 −13.68 −14.09 −12.41 −12.29 −13.37 −13.21 −12.89

t-test −41.16 −41.86 −42.96 −47.26 −42.79 −41.57 −43.72 −48.42 −44.90 −43.79 −48.02 −48.98 −45.68

P value 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Costs denotes the actual value observed in the data, Costs* is the value in case of changeover to optimal combination of inputs, %
ΔCosts= 100 ⋅ (Costs*− Costs)/Costs, and t-test is conducted for the null hypothesis: %ΔCosts= 0
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