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ABSTRACT

OBJECTIVE: To apply the Data Envelopment Analysis (DEA) methodology
for evaluating the performance of public hospitals, in terms of clinical medical
admissions.

METHODS: The efficiency of the hospitals was measured according to the
performance of decision-making units in relation to the variables studied for
each hospital, in the year 2000. Data relating to clinical medical admissions in
hospitals within the public system in Brazilian state capitals and Federal District
(mortality rate, mean length of stay, mean cost of stay and disease profile) were
analyzed. The canonical correlation analysis technique was introduced to restrict
the variation range of the variables used. The constant returns to scale model
was used to generate scores that would enable assessment of the efficiency of
the units. From the scores obtained, these cities were classified according to
their relative performance in the variables analyzed. It was sought to correlate
between the classification scores and the exogenous variables of the expenditure
on primary care programs per inhabitant and the human development index
for each state capital.

RESULTS: In the hospitals studied, circulatory diseases were the most prevalent
(23.6% of admissions), and the mortality rate was 10.3% of admissions. Among
the 27 state capitals, four reached 100% efficiency (Palmas, Macapa, Teresina
and Goiania), seven were between 85 and 100%, ten were between 70 and 85%
and ten had efficiency of less than 70%.

CONCLUSIONS: The tool utilized was shown to be applicable for evaluating
the performance of public hospitals. It revealed large variations among the
Brazilian state capitals in relation to clinical medical admissions.

KEYWORDS: National Health System (BR). Health services evaluation.
Hospital services. Efficiency, organizational. Information systems. Data
analysis.

INTRODUCTION

Data envelopment analysis (DEA), which was introduced by Charnes et al® in
1978 and extended by Banker et al' (1984), provides a representation of the
structure formed by decision-making units (DMUs), with inputs and outputs
that are defined in such a way as to be able to assess the relative efficiency of
these DMUs. This efficiency is defined from the observed performance of the
DMUs in relation to the variables analyzed. It is an empirical measurement and
not a theoretical or conceptual reference.!®!" This means that its scores are a
comparison measurement that is more appropriate than the more commonly used
indicators (e.g. number of procedures per time period or mortality rates), which
may be highly dependent on the specific characteristics of a population.



This method establishes a “common region” on the ba-
sis of the data (variables) of the DMUs, thereby creating
an efficiency index that reflects the importance of each
variable for each DMU. Thus, in the common region,
units with behavioral patterns that are most optimized
for these variables are sought. The maximum value
for this index (in each DMU) is then assumed to be an
“empirical maximum” efficiency, from which a relative
classification of the units becomes possible.° From this,
the method also provides “excellent” values that the
variables should attain, for the DMU to be able to move
from “inefficient” to “efficient”. DEA has recently
been used in the health sector for establishing refer-
ence standards for hospitals, clinics or health services,
particularly in developing countries.>*”%1213 In Brazil,
one of the rare studies using this methodology was
carried out in 2001, to compare university and general
hospitals in the municipality of Rio de Janeiro.!

In December 2000, there were 913 hospitals available
to the Brazilian national health system (Sistema Unico
de Saude — SUS) in the country’s state capitals (public,
university and philanthropic hospitals and those avail-
able through access agreements). During that year,
these hospitals were responsible for 742,833 admissions
relating to clinical medicine. Methodologies that allow
assessment of these hospitals’ performance urgently
need to be developed, both because of the scarcity of
resources in the health sector and because users demand
and have a right to a system with quality services.'

The objective of the present study was to apply DEA
in studying the efficiency of the a hospital network,
using the SUS hospitals in Brazilian state capitals as
an example.

METHODS

The database was formed by admissions to SUS hos-
pitals in the country’s state capitals in 2000, and the
data were obtained from the SUS hospital information
system (Datasus).* The DEA was performed using the
Frontier Analyst Professional software. ** The canoni-
cal weights, canonical correlation, restriction intervals
for the weights of the variables and the other statistical
procedures were generated in the Statistica software.

To comparatively assess the efficiency of the SUS hos-
pitals in the Brazilian state capitals, their admissions in
the clinical medical category were analyzed. In addi-
tion to clinical medical admissions in the strict sense,
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admissions in other clinical sub-specialties were also
included, such as: cardiology, endocrinology, clinical
oncology, infectology and pneumology. The following
variables were used:

Inputs: mortality rate (mortality) and mean length of
stay in hospital (mean length of stay).

Outputs: percentages of admissions relating to the
three chapters of the International Classification of
Diseases (ICD) with the greatest mortality percent-
ages, respectively: neoplasias; infectious and parasitic
diseases (IPD) and diseases of the circulatory system
(circulatory); and mean value paid through the Hospital
Admission Authorization (mean HAA).

The DEA used the Constant Returns to Scale (CRS)
model, in which efficiency was defined as the ratio of
the weighted sum of inputs and outputs, and the objec-
tive of the method was to maximize this ratio for each
DMU. A unit (capital) that obtained the maximum value
for this maximization (1, by definition) was considered
to be “efficient” and if not, it was said to be “inefficient”
“inefficient” (Annex).

Firstly, a canonical correlation analysis between the
input and output variables was used to identify restric-
tion intervals for the weights of these variables that were
needed for DEA (Annex).2%*** Next, the scores thus
obtained were correlated (Pearson’s coefficient) with
the exogenous variables “per capita expense of primary
healthcare programs” and “human development index
(HDI) for the cities studied”, for the year 2000.****

RESULTS

Diseases of the circulatory system were prominent, ac-
counting for 23.6% of the admissions in the hospitals
studied, with a range from 28.7% in Cuiaba to 8.9% in
Macapa. The infectious and parasitic diseases group,
which included AIDS and tuberculosis, corresponded to
9.9% of the admissions (maximum of 18.7% in Manaus
and minimum of 5.9% in Brasilia). The neoplasia
group represented 7.5% (maximum of 19.3% in Belo
Horizonte and minimum of 0.3% in Aracaju) (Table 1).
These three groups totaled 41% of all the admissions
within the system.

The mortality rate was 10.3% of the admissions
(maximum of 17.6% in Natal and minimum of 4.1% in
Macapa). The mean length of stay was 8.8 days (maxi-

* Database of the Brazilian national health system [homepage on the Internet]. Brasilia; 2005. Available at: http:/tabnet.datasus.gov.br/ tabnet/

tabnet.htm#AssistSaude [Accessed on March 3, 2005]

** Banxia Frontier Analyst Professional. Glasgow: Banxia Holdings Limited; 1998.

*#* | ins MPE, Gongalves AC, Gomes EG, Silva ACM. Performance assessment of dental clinics through PC-oriented Data Envelopment
Analysis. Accessibility and quality of health services. In: Proceedings of the 28th Meeting of the EURO Working Group Operational Research
Applied to Health Services; 2004; Frankfurt, Germany. Frankfurt: Peter Lang Publishing Group; 2004. v. p. 95-109.

##** Fundagao Nacional de Satde. Consulta de pagamentos. Brasilia; 2005. Available at: http://www.fns.saude.gov.br/consultafundoafundo.

asp [Accessed on March 3, 2005]
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Table 1. Input and output variables for the data envelopment analysis model for SUS hospitals. Brazil, 2000.

Capital Mortality Mean length Mean HAA Circulatory IPD (%) Neoplasia (%)
(%) of stay (days) (%)
Porto Velho 8.3 9.4 303.36 16.9 13.2 7.0
Rio Branco 6.0 7.9 256.01 11.7 12.6 1.6
Manaus 9.5 8.7 335.78 17.0 18.7 4.2
Boa Vista 7.7 10.4 277.39 22.1 16.1 0.6
Belém 11.0 7.9 341.66 14.2 17.2 0.8
Macapa 4.1 5.4 207.90 8.9 16.1 1.3
Palmas 5.9 4.7 323.91 19.3 8.0 0.9
Sao Luis 7.2 8.9 302.59 18.8 13.1 8.1
Teresina 5.3 6.5 267.43 16.0 14.8 8.6
Fortaleza 8.3 8.9 380.39 22.1 12.1 2.4
Natal 17.6 11.5 416.69 23.0 12.2 10.5
Joao Pessoa 10.2 9.8 398.74 25.4 9.4 8.8
Recife 14.1 9.6 403.59 23.0 9.8 8.7
Macei6 13.1 7.5 386.16 19.5 10.9 2.0
Aracaju 9.9 7.0 346.84 23.8 10.3 0.3
Salvador 17.4 11.8 449.27 24.6 12.2 7.9
Belo Horizonte 7.3 8.0 388.54 259 6.0 7.6
Vitdria 12.9 10.5 385.23 232 7.9 19.3
Rio Janeiro 16.0 12.6 446.84 27.7 12.5 12.4
S&o Paulo 12.4 8.0 485.10 25.8 7.9 9.4
Curitiba 6.1 6.2 374.56 22.3 6.0 8.0
Florianépolis 9.9 12.6 408.81 10.3 10.6 14.8
Porto Alegre 8.5 9.8 505.70 23.6 9.7 8.3
Campo Grande 10.3 10.0 542.23 23.4 18.6 4.8
Cuiaba 12.6 8.1 442.76 28.7 6.7 3.6
Goiania 5.7 5.8 337.97 27.9 7.3 5.4
Brasilia 5.8 8.3 316.35 259 5.9 3.7

SUS - Sistema Unico de Sadde (Brazilian national health system)

HAA: hospital admission authorization
IPD: infectious and parasitic diseases

Table 2. Restriction interval for the weights of the variables,
from canonical correlation analysis. Brazil, 2000.

Variable Restriction Canonical
interval weights

Inputs

Mean length of stay [68 — 84] -0,72

Mortality [16 —32] -0,36

Outputs

Mean HAA [27 —47] -0,46

Circulatory [7 - 27] -0,25

IPD [17 - 58] -0,58

Neoplasias [T - 37] -0,66

mum of 12.6 in Rio de Janeiro and Floriandpolis, and
minimum of 4.7 in Palmas). The mean amount for ad-
mission reimbursements via HAAs was R$ 405.34 for
all the admissions (maximum of R§ 542.23 in Campo
Grande and minimum of R$ 207.90 in Macapa).

Table 2 summarizes the results from the canonical cor-
relation analysis (canonical weights, canonical correla-
tion coefficients and restriction intervals for the weights
of the variables). Table 3 shows the classification of
the state capitals according to the efficiency attained
using DEA, the observed values and the estimated
values for minimization of the inputs. Among the 27
state capitals, four achieved 100% efficiency (Palmas,
Macapa, Teresina and Goiania), seven were between
85% and 100%, ten were between 70% and 85% and ten
presented less than 70%. Table 3 shows the estimated
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Table 3. Efficiency scores and observed and estimated values for mortality rate and mean length of stay. Brazil, 2000.

Mortality (%)

Mean length of stay (dias)

Capital Score
Observed Expected Observed Expected

Palmas 100.00 5.93 5.93 4.70 4.70
Macapa 100.00 4.13 4.13 5.40 5.40
Teresina 100.00 5.26 5.26 6.50 6.50
Goiania 100.00 5.74 5.74 5.80 5.80
Curitiba 95.05 6.07 5.24 6.20 6.00
Campo Grande 91.24 10.27 8.91 10.0 9.21
Sao Paulo 85.69 12.36 6.57 8.00 6.54
Manaus 82.42 9.53 6.41 8.70 7.42
Porto Alegre 79.77 8.47 6.83 9.80 7.79
Belém 79.52 10.99 6.35 7.90 6.69
Belo Horizonte 77.12 7.27 56.1 8.00 6.17
Sao Lufs 74.59 7.16 5.56 8.90 6.55
Fortaleza 74.09 8.34 6.71 8.90 6.37
Vitéria 72.64 12.9 6.56 10.50 8.11
Maceié 72.25 13.13 6.65 7.50 5.90
Joao Pessoa 71.80 10.25 6.74 9.80 7.15
Cuiaba 70.91 12.57 5.47 8.10 6.33
Aracaju 69.94 9.91 4.82 7.00 5.26
Recife 68.93 14.12 6.60 9.60 7.15
Rio Branco 67.75 6.00 4.42 7.90 5.20
Brasilia 67.43 5.84 4.68 8.30 5.28
Porto Velho 67.17 8.26 5.55 9.40 6.31
Rio Janeiro 66.51 16.03 7.63 12.60 8.90
Florianépolis 63.63 9.93 6.44 12.60 7.96
Natal 63.43 17.56 7.20 11.50 7.97
Boa Vista 63.01 7.68 5.34 10.40 6.34
Salvador 60.69 17.36 6.97 11.80 7.77

values for the inputs needed for each capital to achieve
100% efficiency. For example, Rio de Janeiro (66.5%
efficiency) has observed values for mortality and mean
length of stay of 16.0% and 12.6 days, respectively.
In this case, for the city to achieve 100% efficiency, it
would be necessary to reduce these rates to the levels
of 7.6% and 8.9 days, respectively.

No linear correlation was found between the classifi-
cation scores and the municipal HDI values (r=0.03;
p>0.05), or between the classification scores and ex-
penses per capita (r=0.03; p>0.05).

DISCUSSION

Contrary to other studies that utilized the DEA method-
ology in the field of health sector assessment in Brazil,
the present study was restricted to one specific specialty
(clinical medicine) and did not cover hospitals as a

whole. It was thus sought to ensure that comparisons
were made between entities with intrinsically greater
homogeneity. For this, classical indicators were used,
such as length of stay and mortality rate, and the ad-
missions relating to the three chapters of the ICD with
greatest weight in the system.

In the Brazilian public health system, admissions to
hospitals in the system are paid for through HAAs.
The amounts of these payments depend on the services
provided, the technological backup and the materials
used, excluding salaries and infrastructure expenditure.
In defining the DEA model, the disease profile and the
mean amount of the HAA payments were taken to be
“fixed”, since they represent real demands from affec-
tions that are prevalent among the population and the
hospital resources at a given time.

Contrary to what is commonly done in developing causal
models, in the present study the mortality variable was
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used as an input to the system, because of the differenti-
ated characteristics of the methodology used. In DEA,
the groups of variables called “inputs” and “outputs” are
used to generate the factor that is the great differential of
the method, i.e. the classification scores resulting from
the minimization of the inputs or the maximization of
the outputs. In the present study, the form that is consid-
ered most natural was used, i.e. minimizing the inputs
“mortality rate” and “length of stay”. Nonetheless, no
methodological or interpretative difference would arise
if these were used as outputs. Thus, if the inputs had been
considered to be outputs, and vice versa, and the analysis
had been undertaken such that outputs were maximized,
the same hierarchical classification (the scores) would
have been obtained, without introducing any alterations
of logic in the results obtained.

The mathematical structure of DEA models often
means that a DMU is considered to be efficient because
zero weight is attributed to variables that are then
disregarded in evaluating the unit. Defining restric-
tions from the canonical weights,® as introduced in the
present study not only allows the importance of the
variables for DEA to be evaluated, but also minimizes
the quantity of variables with zero weight. This is an
important methodological step, because it avoids re-
jecting variables that may be relevant in the process of
forming the efficiency scores. In the original concept for
DEA models (in economics) only “desirable” outputs
were considered, i.e. those for which maximization is
of interest (for example, maximizing production while
considering fixed supplies).® In the present study, the
percentages of admissions relating to the three ICD
chapters of greatest weight and the mean amounts of
HAA payments were considered to be outputs, and
the inputs (to be minimized) were the mortality rate
and mean length of stay. The mean amount of HAA
payments was used as a “proxy” for the complexity
of the procedures carried out, and this made it pos-
sible to reject the hypothesis that the results had been
influenced by the differentiated levels of complexity
of these procedures.

Some studies’ have used DEA to perform economic
assessments on health care units. The present study,
however, was not concerned with economic perfor-
mance, which in any case depends on parameters that
are difficult to measure in developing countries.'* Thus,
the central idea in applying it was to classify the perfor-
mance of the state capitals in relation to the mortality
rate and the mean length of stay, from fixed values for
the input variables. From this, the model described was
applied, in which the aim was to minimize inputs, i.e.
to answer the question of what proportional reduction
in the inputs (mortality rate and mean length of stay) it
was possible to achieve for a set of hospitals in one state
capital while still maintaining the observed disease pro-
file and the mean amounts of HAA reimbursements. The

units (capitals) for which it was not possible to reduce the
variables were considered to be efficient in comparison
with the others, thus generating efficiency scores.

The canonical correlation indicated that there was
greater dependence between the variables “mean length
of stay” (-0.724) and “neoplasia” (-0.656), which had
the highest canonical coefficients among the variables
analyzed (Table 2). Thus, it is inferred that, among the
population studied, this was the group of diseases with
the greatest impact on the patients’ length of stay. This
corroborates the hypothesis that neoplasias generally
require greater length of stay, particularly regarding
surgical conditions, and moreover, it shows that the
same HAA procedure requires a longer stay if associ-
ated with a neoplasia group.

Using the scores generated by DEA, it could be seen
that 16 state capitals were operating at less than 75%
relative efficiency. The four cities identified as “100%
efficiency” (Palmas, Macapa, Teresina and Goiania)
were not among the states with greatest per capita gross
domestic product (GDP) or in which the country’s ma-
jor technological and educational centers are located.
This indicates that, for the municipalities studied,
significant performance gains are still possible with
the existing supplies. This observation is reinforced by
the independence between the classification scores and
the variables “per capita expense on primary healthcare
programs” and “HDI of the capitals”. For example, the
city of Macapé has one of the worst HDI and per capita
expenses among the set of municipalities studied, but
was classified as an “efficient unit”. The HDI combines
schooling, income and longevity data and is widely used
as a quality-of-life indicator.

The capitals identified as having the worst performance
had the most complex characteristics, and they included
cities with a tradition of training healthcare human
resources and other cities that, similar to the ones with
the best performance, were distant from the country’s
main technological and educational centers.

One of the most important features of the methodology
presented is it compares efficiencies while taking real
functional conditions into consideration. Moreover,
one original characteristic of the present study is the
definition of weight limits for the variables, without
the need for a decision-maker to intervene, since the
restriction intervals were obtained from characteristics
of the classification variables themselves (the inputs
and outputs). The estimates for the mortality rate and
mean length of stay may help health administrators
by being a comparative reference point for clinical
medicine indicators.

On the other hand, the work to improve these indica-
tors does not dispense with identifying the intrinsic
features of the units studied or other evaluations. For



example, qualitative satisfaction surveys on the popula-
tion attended may serve as parameters for demarcating
the results. It is unlikely that any single reason for the
relative positions of the state capitals will be identified,
but the tool presented is a powerful and simple method
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ANNEX

Canonical correlation analysis and CRS model

I - Canonical correlation analysis (CCA)

CCA was developed by Hotelling in 1936. It studies
linear relationships between two groups of variables (a
and b), and its fundamental concern is to find the pair of
linear combinations of @ and b that has the maximum
linear correlation.>!! From the scheme shown in the
Table, the linear combination of the variables a and b
is defined as:

Z,=V, xU+V2x2j o +V X ]
j=1,..n
W, = Ulylj + UzyZj F o + UsySj

The coefficients V,i=1,...,m and U _r=1,....,s must be
such that the square of the correlation between z and w,
12 (z,w), presents its maximum value. It is assumed that
the variables of the two groups are linearly independent,
i.e. the rank X =m and the rank Y_ =s.A _ are the
orthogonal projectors of w_ and A, is the orthogonal
projector of z_, i.e. A, projects w in the subspace Z
and vice versa. The vector w must be collinear with the
orthogonal projection of z in W (the vector that makes
a minimum angle with z).

This condition is expressed as:
Az=1w

In which r = cos(z,w) and A, is the orthogonal projec-
tion operator in W.

Likewise:

A w=rz

From this, the following can be deduced:
AAz=rz and AAWwW =rw

In which A, = 1* = cos*(z,w)

Consequently, z and w are respectively eigenvectors of
the operators A A, and A A that are associated with
the greatest eigenvalue A, which is equal to its cosine
squared (its squared correlation).

After appropriate algebraic operations, and assuming
that A, can be inverted, the canonical variables z and
w can be written in the following form:

A A Aw  Aw

NN

7=

Table. Structure of the units and variables in a canonical
correlation analysis.

b
Units\Groups X Y
Xy Xope e Xy Yii YooYy
1 Xy Xy e X Yir,YarYa
P X,y Xppeoe X YiorYarrYa
N win Xon Xon VYo Ve

Likewise it can be deduced that:
Az
W=

A

The canonical variables are the eigenvectors of A A,
(A,A)) , which are associated with the eigenvalues
ranked in decreasing order. At each stage, a pair of
variables associated with the greatest eigenvalue
(7\,1.) is generated. The interest is in the canonical weights
of the variables from the first stage (greatest correla-
tion), which are used in the proportions:

CDrSSUriS‘Pr and (Diﬁﬂﬁ\lji
D> UYy
r=1

m
Z ViXi
i=1
The values of these weights indicate the importance
of each variable in obtaining the maximum correlation
between the combinations, and can thus be utilized to
generate restriction intervals for the inputs and outputs
ina DEA model. The matrixes A, and A, and the canoni-
cal weights are obtained by:

A, =X(XDX)" XD.
By analogy:

A, 'Y(YD'Y)' YD

I o

V:W §',S,, U

_ 1

U= T S, S,,V, where
A

S, = XDX

S, =YDY

S, =XDY="'S,

That is, V(m x 1) and U(s x 1) are deduced from each
other by linear transformation, such that D(n x n) is a
diagonal weighting matrix of the variables.



II - Constant Returns to Scale (CRS) model

In the case of a unit with a single input-output pair,
the efficiency of the unit can be defined simply as
the output/input ratio. In the case of several inputs
and/or outputs, the efficiency is the ratio between the
weighted sum of the outputs and the weighted sum of
the inputs, and the following is a measurement of this
efficiency:"

iUrer

MAX h , = 7=l
Z Vixio
Subject to:
z Ur yrj
r=1
Z Vix;
i=1
Urny' VLXVU

T <Y, and ®;< P E—
D UYy D ViX;
r=I1 i=l1

(additional restrictions for the weights, in accordance
with the output and input levels of the j» DMU, re-
spectively).

<1l,j=1,..,n

q)rg S\Pl
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U, V,>=0,1=1, ... s and i=1, .... m are the weights
(multipliers) to be determined and ey, x, >=0 are
the outputs and inputs known from the j® DMU. The
limits @, W are obtained a priori, by substituting the
canonical weights of the inputs and outputs in the above
proportions, and they generate a value for each DMU.
Consequently, there is a set of n values for each variable,
and the minimum and maximum for each set define the
limits and importance of each variable in the DEA,
without direct interference from a decision-maker.

The Figure illustrates the optimum input values that
would turn an inefficient unit into an efficient one, ac-
cording to this definition. In this particular case, points
A, B, C and E correspond to inefficient units. Point D is
an efficient unit, situated on the straight line that repre-
sents the efficient CRS frontier. The displacement of A
to the efficient frontier (point P) implies the optimum
input value that would make this unit efficient.

/ fronteira CRS
B

Eficiencia da DMU: A = OF
OA

oC
—— X of

entrada X
DMU - Decision Making Units
CRS - Constant Returns to Scale
Figure. Data envelopment analysis methodology: CRS frontier
with efficient.
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