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A two-step planning method to increase accessibility to medium 
complexity procedures for public secondary healthcare 

Um método de planejamento em duas etapas para aumentar 
a acessibilidade a procedimentos de média complexidade para 
serviços de saúde pública em cuidados secundários

Resumo  A atenção especializada do sistema 
público de saúde brasileiro é crítica e subfinan-
ciada. Poucos estudos avaliaram o planejamento 
da atenção secundária em um nível estratégico, 
portanto ainda há questões em aberto a serem 
examinadas. Este estudo objetiva determinar a 
localização de centros médicos e a quantidade 
de equipamentos com base em um processo de 
otimização em duas etapas para atender a pop-
ulação. Balanceamos decisões conflitantes de 
propensão dos médicos em trabalharem em 
metrópoles e de pacientes em mudarem o míni-
mo de seus municípios para fornecer a localização 
dos centros médicos, e equipamentos a esses locais 
e as horas adicionais de especialistas para atender 
aos padrões oficiais de demanda. Para a demanda 
restante, a segunda etapa do modelo de otimização 
sugere a aquisição de equipamento para os centros 
médicos eleitos, para atender às necessidades. A 
localização proposta das unidades de atendimento 
secundário abrange 834 municípios, correspon-
dendo a 97,77% do estado, com um deslocamento 
médio de pacientes de 58,73 km (IC95%: 56,18 
km - 61,28 km). Em geral, 39 das 77 regiões de 
saúde devem contratar horas adicionais de espe-
cialidades médicas. Pediatria e ginecologia repre-
sentam a maior lacuna.
Palavras-chave  Planejamento da saúde públi-
ca, Cuidados secundários, Localização de centros 
médicos

Abstract  The specialized care level of the public 
Brazilian national health system is critical and 
chronically underfunded. Few studies have eval-
uated public secondary care planning on a strate-
gic level, so there are open issues yet to examine. 
This study aims at locating medical centers and 
sizing equipment based on a two-step optimiza-
tion process to meet the population’s needs. The 
models consider physicians’ propensity for work-
ing on a metropolis and the patients’ choice on 
moving the least from their municipalities, there-
fore, conflicting decisions. The models provide 
the location of medical centers, the assignment of 
equipment to such locations, and the additional 
hours of specialists required to meet official stan-
dards of demand. Available equipment with idle 
capacity should partly satisfy the requirement for 
exams within the current infrastructure. For the 
remaining uncovered demand, the second step of 
the optimization model suggests the acquisition of 
additional equipment for the elected medical cen-
ters to meet established needs. The proposed lo-
cation of secondary care facilities covers 834 mu-
nicipalities, corresponding to 97.77% of the estate, 
with an average patient displacement of 58.73 km 
(CI95%: 56.18 km - 61.28 km). In general, 39 out 
of 77 health regions should hire additional hours 
of medical specialties. Pediatrics and gynecology 
represent the major gap.
Key words  Public health planning, Secondary 
care, Location of medical centers
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Introduction

The location of healthcare units in a hierarchical 
system is critical on setting the population access 
to health services, consequently, the size of health 
units, hospitals, and medical centers have been 
a topic of political and scientific relevance. In 
Brazil, the decreasing economic growth impos-
es challenges to the deployment of good public 
healthcare planning. While fast aging commu-
nities raise services demand and increase the 
health system’s federal law1 establishes even tight-
er bounds on the public health budget. Conse-
quently, leaders have strived on setting priorities 
in allocating resources. This study aims at recog-
nizing and solving a location-allocation problem 
on public secondary care in Minas Gerais using 
mathematical programming models. Health 
needs are based on demographic projections2 
and the Ministerial Decree3. 

Since the 1988’s Federal Constitution4, a na-
tional health system (Sistema Único de Saúde - 
SUS) have established free healthcare at the pri-
mary, secondary and tertiary level to all Brazilian. 
The system follows principles of universalization, 
equity, and integrality5, where citizen should have 
access to primary, secondary and tertiary care in 
an integrated and decentralized health system6. 
Over the past years, SUS has amplified access 
to primary and tertiary care. The primary care 
is organized and decentralized including health 
promotion and diseases’ prevention by low-cost 
events, reaching 74.76% of municipalities7 in De-
cember 2019. The tertiary care, which compris-
es high-costs procedures, is executed by county, 
public teaching hospitals and contracted private 
sectors providers, paid by the SUS at about mar-
ket value. The secondary care consists of special-
ized services at the outpatient and hospital levels, 
with intermediate technological density between 
primary and tertiary care, where procedures of 
medium complexity are performed. The three 
services levels are interdependent8. 

The provision of secondary care, however, is 
problematic. At the second level, healthcare has 
little regulation and SUS is highly reliant on the 
private sector, therefore, medium complexity 
procedures are often limited to individuals with 
private health plans. Less than one-fourth of 
Computed Tomography scanners and Magnetic 
Resonance Imaging scanners in Brazil are public5.  

The healthcare location models are an exten-
sion of the classic p-median, p-centers9, set-cov-
ering10, and the max-covering model11, and the 
location-allocation model12. Such problems have 

been an active research area13. The p-centers and 
the location-allocation models are of particular 
importance to this work because, collectively, 
they address issues of equity, minimizing the 
distance between remote patients, and the equip-
ment allocation to facilities.

For a historical insight, we refer the attracted 
readers to a comprehensive review14, efficacious 
case studies15 and recent surveys16,17. Applications 
embrace a 3-level location perinatal facilities18; a 
maximal covering location problem for health 
care planning adopting genetic algorithm19; the 
inclusion of physicians preferences for a primary 
care system facility location problem20; the inte-
gration of community based organizations with 
health care providers addressed by an hierarchi-
cal location model in a multi-objective frame-
work21; a developed support system to optimize 
the equipment allocation22; the tactical workforce 
capacity planning23; geographical accessibility by 
a p-median location model24 and a performance 
assessment of primary care health units25. Solu-
tions also approach location-allocation by a two-
phase procedure26-28. Notwithstanding the vast 
literature, most studies address the primary care 
problem within a municipality geographic scope. 
Studies regarding location-allocation problems 
for secondary care are scarce, with few works ad-
dressing realistic problems17,20.

The study aims at proposing a method for sec-
ondary care services location-allocation by eval-
uating the primary and tertiary’s system capabil-
ities. In this labor-intensive service, workforce 
costs are nearly 70% of the total costs. Medical 
procedures are often performed in equipment. 
We elect the number of equipment per inhabi-
tants according to official standards, presented 
on Ministerial Decree 1,6313. The following steps 
consists in describing the adopted method for 
health care planning problem on strategic level, 
and use it to discuss planning scenarios in a Bra-
zilian state. 

Methods

We study the healthcare planning at the state 
level of Minas Gerais, in which the planner must 
select secondary care facilities locations and des-
ignate equipment to them. The planner must 
combine patients and physician’s preferences, ad-
equately size workload, and assure service quali-
ty to justify the public infrastructure financing. 
Medical procedures are often accomplished on 
equipment; therefore, we evaluate this recourse 
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considering Ministerial Decree 1,6313 health pa-
rameters of required number of equipment per 
thousand inhabitants. Finally, the planner must 
consider, simultaneously, (i) patients’ multiple 
medical service needs, (ii) the available idle ca-
pacity of equipment on servers, and (iii) the ra-
tionally use of infrastructure in the context of a 
hierarchical health care system with limited re-
sources availability. 

Minas Gerais is the second most populous 
Brazilian state, with more than 20 million in-
habitants, it is the most numerous in terms of 
municipalities and districts, 853 and 1,633, and 
it is the fourth biggest state, with 586.528 km². 
The first medical center, in the proposed new 
arrangement, was established in 201629. In this 
study, 51 medical centers would be installed pro-
viding 9 medical specialties. The selection of 116 
candidate municipalities resulted from the con-
tribution of experts in medicine, engineering, 
demography, and the government, representing 
patients and would ponder physicians’ predilec-
tion and patient’s choice of maximal displace-
ment resulting in municipalities with over 30 
thousand inhabitants offering at least three med-
ical specialties services.

The purpose is twofold: (i) minimizing the 
weighted sum of distances between patients’ de-
mand, clustered on districts and physicians’ ser-
vice supply, located on municipalities, and (ii) 
minimizing the number of equipment to meet 
secondary care centers’ need according to official 
criteria of equipment per inhabitants. Official 
parameters set specialists and medical equipment 
per inhabitants. The number of professionals is 
given in terms of specialists’ available hours per 
micro healthcare region. Remark that there are 
numerous primary cares and tertiary care spe-
cialists and equipment in a hierarchical system, 
so we decrease the available capacity from the es-
timated demand set on Ministerial Decree 1,6313. 
The records are provided by a history of outpa-
tient and hospital production provided by Data-
sus Outpatient and Hospital Information System 
and Applications30,31. Further, the model should 
provide the additional hiring hours of specialties 
if the number of professionals per medical center 
is not capable of satisfying the local demand.

While a cost-based method has been ap-
proached32, the main goal of this study is differ-
ent, which is to minimize the displacement of 
patients to physicians, setting location medical 
specialties centers. Once patients and physicians’ 
goal are satisfied, we optimize the allocation of 
equipment, therefore, equipment acquisition 

does not guide patients and physician’s displace-
ment. Therefore, we introduce a two-step process 
to solve this problem by mathematical optimi-
zation. On the first step, we analyze physicians’ 
preferences for selecting several candidate mu-
nicipalities with minimum infrastructure as mu-
nicipalities with more than 30,000 inhabitants, 
since this is the number of inhabitants for munic-
ipality for installing small-sized hospitals; next, 
we develop a MILP model to elect medical cen-
ters facilities which minimize the weighted sum 
of demand and distances between patients and 
physicians of all specialties. The offer of medical 
specialties services is mainly provided by health-
care micro-regions. Each healthcare micro region 
represents a set of municipalities. Hub munici-
palities in micro-regions are separated within 
a range of 150 to 200 kilometers. If additional 
hours of medical specialties need to be hired due 
to the lack of physicians on such micro-region, 
we apply a penalty AD~U[a,b] where AD follows 
a uniform distribution within the continuous in-
terval [a, b] for physicians’ average displacement 
from different micro-regions to supply the lack 
of medical specialties.

For the second step, we propose a MILP mod-
el to meet the patient’s requirement for exams on 
equipment. Before procuring new equipment for 
the chosen medical centers, the demand for ex-
ams on equipment is partly met by the available 
idle capacity of existing equipment in medical 
centers and hospitals. Following, new devices 
are allocated to the medical centers elected on 
the first step. The model minimizes the weighted 
sum of demand for exams and distances between 
patients and medical centers. The equipment al-
location depends on demand parameters and the 
distance from elected medical centers, with new 
equipment, to patients. The equipment types do 
not share the same resources. They are indepen-
dent of each other. This circumstance enables the 
adoption of one equipment allocation model for 
each type of equipment.

We represent a state with I districts and J mu-
nicipalities. A secondary care facility j is located 
in a municipality j, therefore, the index j refers to 
a single location as facility of a municipality.  K ⊂ 
(I x J)

 
are the accessible path between I and J. Pa-

tients move from local districts to municipalities 
to be assisted by E specialties. These specialties 
are distributed over M health care micro-regions. 
We consider D

ij 
as the distance between district i 

and facility j, which is limited by D
max

. H
ie 

is the 
demand of patients of district i by medical spe-
cialties e. Due to budgeting constraints, the cen-
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tral planner limits number of secondary health 
care facilities by P. We consider the availability of 
physicians to set A

me  
 as the service offer for each 

medical specialties e form a micro health region m 
for secondary care services. The additional binary 
parameters R

jm 
and T

j 
, indicate if municipality j is 

located on region m, and if municipality j has in-
frastructure. Eventually, the physicians’ displace-
ment between micro regions may occur to satis-
fy the demand or additional hours of specialties 
should be temporarily hired with the private sec-
tor, therefore, a penalty AD is applied. The model 
is developed to solve the following questions: (i) 
The demand of district i is met by specialty e on 
municipality j (represented by the binary variable 
x

iej
)?; (ii) Should a health care facility be located 

at municipality j (represented by the binary vari-
able y

j
)?; and (iii) How many additional hours of 

specialties e should be hired for region m (repre-
sented by the variable w

me
)? The MILP model of 

centers location is formulated as follows.

      minimize ∑
ij∈k

|D
ij 
≤ D

max 
Σ

e∈E 
D

ij 
H

ie 
x

 eij 

+
 
∑

m∈M 
Σ

e∈E 
w

me 
AD  

                                                                 
(1.0)

The objective function (1.0), minimizes the 
distances, limited by D

max
 between patients, on 

districts and physician, on medical centers, and 
the additional hiring hours of medical special-
ties. Distance is weighted by patients demand 
and weighted by an average physicians’ displace-
ment from one micro region to the other to pro-
vide incentives for selecting districts close to each 
medical center. This function is subject to the 
following constraints:

    ∑
j∈J 

| 
(ij)∈k  

x
 eij  

= 1     ∀e∈ E, i ∈ I                   (1.1)

On equation (1.1), the request for medical 
services of each district must be attended by only 
one medical center.

∑
j∈J 

| T
j 
= 1  y

j 
= P                                           (1.2)

In equation (1.2), the quantity of medical 
centers is set according to the planner finan-
cial-economic condition, that can change by 
planning strategy.

x
eij 

≤
  
y

j
    ∀e ∈ E, i ∈ I, j ∈ J                        (1.3)

Constraint (1.3) set the circumstances for al-
locating specialties of districts to medical centers, 
which occurs only if a municipality is designated 
to receive a medical center.

∑(ij)∈k
|R

jm 
= 1 H

ie 
x

 eij 
≤

  
A

me 
+

 
w

me    
  

      

   ∀e ∈ E, m ∈ M   
                                                                     

(1.4)

Constraint (1.4) establishes that the demand 
for each medical service of municipalities that 
belongs to a health care region is limited by the 
available workforce of each medical specialties 
for each health care region. If demand exceeds 
the accessible capacity, additional hours of spe-
cialists should be required from another mi-
cro-region or should be hired from private sec-
tor, for instance. Constraints (1.5)-(1.7) set the 
domain of the decision variables: 

y
j
 ∈ {0,1}         ∀j ∈ J                                         (1.5)

x
eij

 ∈ {0,1}       ∀e ∈ E, i ∈ I, j ∈ J                  (1.6)

w
me  

≥
  
0              ∀e ∈ E, m ∈ M                       (1.7)

For the equipment allocation model used 
in the second step of the two-step optimization 
process we consider the demand H

i  
 for image 

exams that exceeds the available equipment ca-
pacity K

i 
. Distances between municipalities i and 

j are presented by D
ij 

 and limited by D
max

, while 
P is the purchase limit of additional equipment. 
A facility overall efficiency E

i
 on municipality i 

is considered. Equipment, with nominal capacity 
W, may be acquired to medical centers, therefore, 
we adopt a binary parameter C

i 
 to select the mu-

nicipality i that received a Medical Center on the 
previous model. Each municipality i has B

i   
in-

habitants. We also include empirical parameters 
F

ij 
 and A

 
representing the historical flow of pa-

tients from municipalities i to j, and a percent-
age of destiny population for evaluating patients’ 
flow, respectively. However, such parameters can 
be adjusted for scenarios evaluation. Parameter 
T is a penalty for displacement over maximum 
distance and avoid the model infeasible solu-
tions, therefore, it is also a parameter for scenario 
evaluation. The proposed second-stage model 
should help answering the following questions: 
(i) Is the demand of municipality i met by equip-
ment of municipality j (represented by binary 
variable α

ij
)?; (ii) How many equipment should 

be acquired for municipality j (represented by 
variable

 
β

j
)?; and (iii) How many patients may 

have to move over the maximum distance from 
a municipality (represented by variable r

i
)? We 

adopt a simplifying assumption that image ex-
ams are converted in the time of equipment use. 
The MILP model is presented as follows:
  
minimize ∑(ij)∈I

 (D
ij 
H

i                     
+

 
(           ) H

i 
)

   
(2.0)

α
ij

1 + F
ij
 

r
i 
T

1 + F
ij
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The objective function, on equation (2.0), 
minimizes the number of patients’ exams on 
equipment, considering the displacement from 
patients’ districts to medical centers. The flows 
of patients can be influenced by the historical 
flow. In case of moving beyond the maximum 
distance, a penalty is applied. This function is 
subject to constraints (2.1)-(2.10):

∑
j∈I

 α
ij 
= 1     ∀i ∈ I                                    (2.1)

On equation (2.1), the demand for examina-
tions of each municipality must be attended by 
only one medical center of a municipality or at-
tended the same municipality i.

∑
i∈I

 H
i
 α

ij 
≤

 
K

j 
E

j 
H

i 
+ β

J 
C

j 
W     ∀j ∈ I       (2.2)

On constraint (2.2), the demand for exams is 
met by available idle capacity or by the allocation 
of new equipment on the medical centers select-
ed on the first step of the optimization process.

∑
j∈I

 (K
j 
E

j
 + β

J 
C

j 
W) ≥  ∑

i∈I
 H

j
                     (2.3)

Constraints (2.3) guarantee that the overall 
capacity, provided by available capacity and new 
equipment, is greater than the demand for exams 
of all municipalities.

∑
j∈I

 β
J  
≤ P                                                       (2.4)

Constraint (2.4) limits the amount of equip-
ment acquisition according to economic circum-
stances.

∑
i∈I

 α
ij  

≥ 
 
1         ∀j ∈ I ∨

 
K

j 
> 0 |

 
C

j 
 > 0     (2.5)

On constraint (2.5) the demand for exams 
is met preferably to the municipality with idle 
equipment capacity by a new medical center.

B
i
 α

ij  
≥

  
AB

i
 α

ij
    ∀j ∈ I, j

  
∈ I ∨ D

ij 
< D

max
  (2.6)

Constraint (2.6) denotes a historical move of 
patients to municipalities with a bigger population. 
Although this is not a mandatory rule in practice, 
it was suggested by decision makers to avoid un-
usual policies and facilitate an initial discussion.

D
ij 
α

ij  
-

 
r

i
 ≤ D

max  
   ∀j ∈ I, j

  
∈ I                    (2.7)

Constraints (2.7) relax the condition of max-
imum distance and penalize this situation on the 
objective function.

βj ∈ Z +  ∀j ∈ I                                           (2.8)

α
ij 
∈ {0,1}  ∀i ∈ I,  j ∈ I                                 (2.9)

r
i 
∈ Z + ∀i ∈ I                                               (2.10)

Constraints (2.8)-(2.10) set the domain of the 
decision variables. The results of the proposed 
method are presented in section 4. The inclusion 
of parameters F

ij
, A, and T

 
was suggested by deci-

sion makers to facilitate an initial discussion. Of 
course, parameters F

ij
, and A can be set to zero, 

and parameter T can be set to one in order to 
evaluate the optimal mathematical solution.

Results

The optimization set municipalities listed in 
Chart 1. Our facility location model presents a 
configuration considering accessibility to facili-
ties over the state, therefore, to compare the re-
sults with the current situation in the state, we 
highlight the actual medical centers that should 
have its capacity expanded. The selected medical 
centers are spread over the geographic state area 
since the optimization set geographic balance 
locations of medical centers considering max-
imal displacement from patients on districts to 
medical centers on municipalities. Following, 
additional optimization would be run to allocate 
medical equipment to each unit. The models’ pa-
rameters were sourced from IBGE33, DATASUS31 
and Ministerial Decree3. The maps were gener-
ated in Tabwin34. The MILP models were imple-
mented in MathProg (GLPK35) in a Linux Mint 
17.3 64-bit, RAM of 8 GB, Intel Core I5 2.50 GHz 
x 2 processor. The first mathematical program-
ming model comprises 342,624 constraints and 
327,202 variables, all of which are binary. The 
second mathematical programming model com-
prises 337,200 constraints and 896,627 variables, 
with 46,504 integers from which 45,650 are bina-
ry. Instances of each model reached an optimality 
gap of 2% within two hours.

The analysis revealed that the proposed loca-
tion strategy can provide the coverage to 834 mu-
nicipalities (97.77%). For this solution, the aver-
age patient displacement is 58.73 km, residing in 
the interval 56.18 km and 61.28 km for 95% sta-
tistic confidence. The standard deviation is 37.50 
km. The shortest distance between two medical 
centers is 19 km, while the longest distance be-
tween two medical centers is 230 km. While 25 
hours of mastologist supply the municipality of 
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Frutal, the highest number of hours of medical 
specialty resides in the capital, Belo Horizonte, 
with 11,792 hours of pediatric service. The mod-
el also set the minimum number of additional 
hours to be hired to meet the official standards 
for each medical specialty. In general, 39 out of 
77 health regions should hire additional hours 
of medical specialties. Pediatrics and gynecology 
represent the major gap of 27 thousand hours on 
average, while urology, cardiology, nephrology, 
ophthalmology, angiology, endocrinology, and 
mastology require about one thousand addition-
al hours per week to be hired for each medical 
specialty for MG.

The selection of medical centers considers 
all 853 municipalities and 1,633 districts of MG. 
These locations are arranged in 77 micro health 
regions that establish the availability of profes-
sionals. Consequently, the gap of each medical 
specialty is calculated for each micro health re-
gion considering both, the demand of 1,633 dis-
tricts and the assignment of specialists to the 51 
medical centers. The major lack of medical spe-
cialties hours resides in the north and in the mid-
west region of the state.

We evaluate scenarios by changing input pa-
rameters concerning patients, physicians, and 
government. For patients, we change the num-
ber of new medical centers in case the user mi-
grates at most 100 km to 200 km, for example. 
For physicians, we modify criteria of minimum 
infrastructure, varying the candidate munici-
palities’ population from 30 to 60 thousand in-
habitants. On the government plane, we create 
scenarios altering the number of medical centers, 

from 10 to 80. The state government has recently 
faced a serious financial crisis36, and much of the 
health resource has been used for working capital 
expenditures rather than investments37. For this 
reason, we propose a range of scenarios with a 
low, medium and high amount of investment in 
this sector. Figure 1 presents the results.

The following step concerns in allocating 
equipment to the selected medical centers. The 
Decree 1,6313 sets official parameters for each 
type of equipment. According to the document, 
an MRI scanner can perform 5,000 exams per 
year. Demand estimates consist of 30 exams/1,000 
inhabitants per year. Mammographs can per-
form 6.758 exams per year. The demand for this 
type of equipment is estimated as a percentage 
of women between 40 and 59 years. CT scanners, 
which are used on different body parts, and can 
perform 7,000 exams per year. Demand estimates 
consist of 2,307 exams/100,000 inhabitants. Con-
ventional ultrasounds and Doppler ultrasounds 
can perform 3,024 exams per year. A demand 
of 150 exams/1,000 inhabitants is estimated per 
year for conventional ultrasound, while for Dop-
pler ultrasound it is estimated 15% of this value, 
equivalent to high-risk pregnant women. The 
model can be used for each type of equipment. 
For the sake of didactics, we present the graphical 
analysis of the MRI and CT scanners, however, 
the evaluation for additional types of equipment 
is similar. Optimization results revealed that 
MRI scanners idle capacity could fulfill almost 
three-quarter of the demand. The purchase of an 
additional 20 MRI scanners, 10 CT scanners, 1 
Mammograph, 330 Ultrasound, and 5 Doppler 

Chart 1. Municipalities selected to receive or expand* a medical center. 

Item Municipality Item Municipality Item Municipality Item Municipality

1 Alfenas* 14 Curvelo 27 Lavras 40 Sabara

2 Almenara 15 Diamantina* 28 Leopoldina* 41 Santo Antonio do Monte

3 Aracuai 16 Divinopolis 29 Manhuacu* 42 Sao Joao del Rei*

4 Araxa 17 Frutal* 30 Montes Claros 43 Sao Lourenco

5 Barbacena 18 G. Valadares* 31 Muriae* 44 Sete Lagoas*

6 B. Horizonte* 19 Ipatinga 32 Paracatu 45 Taiobeiras*

7 Betim 20 Itabira* 33 Passos* 46 Teofilo Otoni*

8 B. de Minas* 21 Itabirito* 34 Patos de Minas 47 Uberaba

9 Campo Belo* 22 Ituiutaba* 35 Patrocinio* 48 Uberlandia*

10 Capelinha* 23 Janauba* 36 Pirapora* 49 Unai

11 Caratinga* 24 Januaria* 37 Pocos de Caldas 50 Varginha

12 C. Lafaiete 25 Jequitinhonha* 38 Pouso Alegre 51 Vicosa

13 Contagem 26 Juiz de Fora* 39 Ribeirao das Neves*
Source: Elaborated by the authors.
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Ultrasound for new medical centers would cover 
the exams’ demand for a maximum displacement 
of 200 km. Such results are acceptable since the 
state presents large areas with low demographic 
density. Figures 2 and 3 shows the percentage of 

demand satisfaction by changing the maximum 
displacement and the number of new MRI and 
CT scanners.

A system was developed to provide flexibility 
and automate the optimization process. The first 

Figure 1. The average distance traveled by patients decreases considerably from 135 km to approximately 80 km 
with the investment on at least 40 new Medical Centers.

Source: Elaborated by the authors.

 

 

 

Figure 2. The percentage of demand fulfillment for MRI scanner changes with at distances of 100, 150 and 200 
km.

Source: Elaborated by the authors.
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step consists in providing the location of medical 
centers, the size of medical specialties teams, and 
allocate patients’ demand, on districts to medi-
cal centers on municipalities. Following, a data 
analysis process is conducted to assign part of 
patients’ demand for exams to the available idle 
capacity of existing health care infrastructure. 
The optimization model proposes the location 
and acquisition of new equipment to meet the 
remaining demand within a maximum distance. 
The system enables scenario analyses by varying 
the number of new equipment and a maximum 
distance of coverage. 

The need for efficient resource allocation in 
the public health care network38 of MG is evi-
dent. Important constraints of supply of special-
ized services within the SUS have exacerbated the 
dependence of the system on purchasing second-
ary care services from the private sector. Howev-
er, the accessibility of health care on the second-
ary level can be reached combining the rational 
use of the infrastructure with the appropriate 
selection of medical centers location and equip-
ment allocation. Equipment costs vary from ap-
proximately 20, 100, and 200 thousand dollars 
for ultrasounds, CT scanners, and MRI scanners, 
respectively. After allocating part of the demand 

Figure 3. The percentage of demand fulfillment for CT scanners changes with at distances of 100, 150 and 200 
km. 

Source: Elaborated by the authors.

to idle capacity on municipalities, the acquisition 
of 333 ultrasound scanners, and 5 Doppler scan-
ners, one mammography, 10 CT scanners, and 20 
MRI scanners would fulfill most of the demand 
for exams on these types of equipment, as pre-
sented in Chart 2.

The results can directly contribute to health 
care planning by supporting knowledge-based 
policymaking and providing scenario analyses. 
Furthermore, it provides the integration and in-
teraction of the decision makers into a solution 
procedure. The proposed method follows flexi-
bility principles39, and represents an unstudied 
component of real health care location-alloca-
tion problems40. The two-step process proposed 
accessibility by locating medical centers based 
on specialties service needs and allocating equip-
ment to the medical centers based on the uncov-
ered demand for official planning criteria.

Conclusion

Recently, the low accessibility to medium com-
plexity procedures has been pointed out by spe-
cialists as one of SUS bottlenecks41. In line with 
the system’ requirements, this study proposed a 
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Chart 2. Percentage of demand fulfillment for a 
suggested amount of equipment within the distances.

Equipment # 100 km 150 km 200 km

MRI Scanners 20 75.71% 92.08% 98.57%

CT scanners 10 93.57% 98.67% 99.70%

Mammograph 1 96.85% 99.26% 99.94%

Ultrasound 333 96.75% 97.11% 100.0%

Doppler Ultras. 5 96.98% 99.38% 99.76%
Source: Elaborated by the authors.

two-step optimization method for setting out 
the location of medical centers and the equip-
ment allocation for secondary care taking into 
account the tradeoff between patients’ desire for 
minimum displacement, and physicians’ prefer-
ence for working on developed municipalities on 
the state of Minas Gerais. The proposed meth-
od considers the primary and tertiary’s system 
capabilities. The bibliographic examination pre-
sented classical formulations enabling the selec-
tion of models’ constraints similar to the studied 
problem. However, the literature showed a lack 
of location-allocation studies considering the 
context of the hierarchical health care system, 
the motivation of this study. Although the meth-
od was implemented in a case study for the state 
of Minas Gerais, it was recognized that the set-
ting was of a generic character, representing an 
unstudied component of real health care loca-
tion-allocation problems.

The first model found the optimal location 
of medical centers according to the demand for 
services of medical specialties and provided the 
required additional hours of specialists. The cen-
ters are dispersed over the state area and locat-
ed in municipalities that meet minimum infra-
structure requirements. Municipalities that do 
not host secondary care services are assigned to 
the selected municipalities as a reference for the 
region. The attribution strategy generated by the 
model is aligned with the Intermunicipal Health 
Consortiums and provided for in the Organic 
Law of the SUS42 in order to guarantee integral 
care to the population of the associated munici-
palities. A second model establishes the allocation 
of equipment to the medical centers. Demand for 
exams is assigned a priori to equipment with idle 
capacity on the current hierarchical infrastruc-
ture, as medical centers or hospitals. For the re-
maining uncovered demand, it is proposed the 
acquisition of the minimum amount of equip-

ment for the medical centers to meet official 
standards. The expansion of 28 existing medical 
care facilities and the installation of new 23 of 
secondary care facilities in the proposed location 
is what is necessary to cover 834 municipalities 
(97.77% of the estate) with an average patient 
displacement of 58.73 km (CI95%: 56.18 km-
61.28 km). States not covered by this approach 
should have a special attention with customized 
solution from the state government. In general, 
39 out of 77 health regions should hire additional 
hours of medical specialties. Pediatrics and gyne-
cology represent the major gap.

In general, the findings suggested that the 
proposed two-step optimization process is a 
potential method to promote the interaction 
and integration of public health, medicine, 
and engineering teams, strengthening the deci-
sion-making process. The web system developed 
is a potential tool to support knowledge-based 
policymaking. It is important to highlight those 
mathematical models do not replace managers. 
On the contrary, it contributes to management 
decisions by providing the integration and inter-
action of the decision makers into a solution pro-
cedure by evaluating scenarios. The results need 
to be scrutinized by managers, who are expected 
to have a deeper understanding of the system 
results in a broader context of healthcare. The 
findings also contribute to recent debates about 
the use of analytic tools for health care system 
integration in the legal and regulatory landscape.

Some limitations of the study are worth men-
tioning. First, accurate overall efficiency levels 
of the current infrastructure are not effectively 
available on databases. Second, we did not explic-
itly consider indexes for physician’s preference 
for municipalities with infrastructure, nor gov-
ernment preferences for municipalities including 
social vulnerability into the mathematical model. 
Such an analysis would have provided answers to 
questions of political aspects. Although geosta-
tistical modeling is not within the scope of the 
work, the current deterministic method adopted 
can be further improved with the inclusion of 
stochastic variables for geostatistical modeling43, 
besides, gain in efficiency can contribute to re-
duce equity gaps without the need to redesign 
all healthcare systema44. Finally, despite the data 
simplification with deterministic values of of-
ficial standards and databases parameters, the 
large-scale model still provides a detailed level of 
information for health care planning on the state 
level. Accordingly, the approach adopted in this 
work is suitable but will be overstrained if sto-
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chastic data and probabilistic scenarios are con-
sidered simultaneously, which is desirable.

For future related works, it is recommended 
(i) extending the formulation to model the pri-
mary and the tertiary care in an integrated health 
network (ii) expanding the model from a state 
boundary to the entire country, considering in-
ter-state existing flows (iii) improving the quality 
of medical specialties offer parameters, adopting 
kernel density estimation45 based on historical 
observations, and (iv) including accessibility46 
parameters on the model objective function.

Collaborations

JFF Almeida worked on models’ design, analysis 
and final text. FCC Campos worked on the re-
search and methodology.
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