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ABSTRACT
Objective The aim of this observational cross- sectional 
study was to analyse the spatial distribution of major 
lower limb amputation (MLLA) rates and associate them 
to socioeconomic, demographic and public healthcare 
access- related variables in the State of Paraná, Brazil, 
from 2012 to 2017.
Method Data on MLLA, revascularisation surgeries, 
diagnostic exams and healthcare coverage were 
obtained from the Brazilian Public Hospital Information 
System. Socioeconomic data were obtained from the 
Brazilian Institute of Geography and Statistics. Spatial 
autocorrelation of the MLLA rates was tested using 
Moran’s I method. Multivariate spatial regression models 
using ordinary least squares regression (OLS) and 
geographically weighted regression (GWR) were used to 
identify the variables significantly correlated with MLLA.
Results A total of 5270 MLLA were included in the 
analysis. Mean MLLA rates were 24.32 (±18.22)/100 
000 inhabitants, showing a positive global spatial 
autocorrelation (Moran’s I=0.66; p<0.001). Queen 
contiguity matrix demonstrates that MLLA rates ranged 
from 7.6 to 46.6/100 000 with five large clusters of high 
MLLA rates. OLS showed that four of the nine studied 
variables presented significant spatial correlation with 
MLLA rates. Colour Doppler ultrasound showed a negative 
association (p<0.001), while revascularisation surgeries 
and illiteracy showed a positive correlation (p<0.01). GWR 
presented the best model (adjusted R2=0.77) showing 
that the predictors differentially affect the MLLA rates 
geographically.
Conclusion The high MLLA rates in some regions of 
the state are influenced by the high rate of illiteracy and 
low utilisation rate of colour Doppler, indicating a social 
problem and difficulty in accessing health. On the other 
hand, the high rates of revascularisation surgeries are 
related to higher MLLA rates, possibly due to delayed 
access to specialised hospitals. This indicates that 
attention must be given to population access to public 
healthcare in the State of Paraná in order to ensure proper 
and timely medical attention.

INTRODUCTION
The last few decades have been marked by 
important technological advances in the 
treatment of occlusive peripheral arterial 
disease (PAD). While early diagnosis and 
treatment can improve prognosis and avoid 
limb amputation, delayed care continues to 

result in unnecessary amputations, even in 
developed countries.1–4

Risk factors associated with PAD such 
as diabetes mellitus, hypertension, dyslip-
idaemia, heart diseases and smoking have 
been extensively studied to define preven-
tive measures against amputation.2 5 6 None-
theless, these diseases may receive different 
forms of attention, depending on the struc-
ture where the patient lives.7 Health resources 
may not be evenly distributed, and the socio-
economic status of the population may vary 
from place to place. As a result, the ecolog-
ical/spatial impact that these factors have on 
the treatment of PAD and lower limb ampu-
tation rates, as a health system performance 
concern, is still largely unknown.2

Geospatial analysis of chronic diseases has 
been used to study local versus global factors 
(geographically distributed within a given 
space, municipality vs a whole country) that 
influence the occurrence of certain diseases 
in different regions or geographical areas 
(such as municipalities or census tracts).8 
In search of geographical patterns, previous 
authors have focused their efforts on regional 
(local) differences in lower limb amputation 
rates in their respective countries, correlating 
their findings with spatial- area- specific risk 
factors, preventive actions, and accessibility 

Strengths and limitations of this study

 ► It is the first research on major lower limb ampu-
tations rates and the spatial- area differences and 
socioeconomic disparities in Brazil.

 ► A large volume of information and variables on the 
diagnostic and surgical procedures performed by 
the public health system were analysed.

 ► Different multivariate regression models (ordinary 
least squares regression and geographically weight-
ed regression) were used to find the one with the 
best fit.

 ► The limitations mainly concern the fact that our 
data were obtained from the Brazilian Healthcare 
System database (DATASUS), which may be subject 
to underreporting.
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to healthcare services, in both quantitative and distance 
terms.8–12 In Brazil, regional disparities in the incidence 
of issues such as coronary disease and cancer have already 
been studied.13 14 These studies have shown important 
geographical inequities in access to healthcare (avail-
ability of tests, treatments, surgical procedures and 
primary care) or social determinants (literacy, unem-
ployment and Human Development Index) of care 
throughout Brazil. However, lower limb amputation rates, 
especially those conducted above the ankle (major), and 
the spatial- area differences and socioeconomic disparities 
have yet to be identified.

As such, the aim of this study was to analyse the spatial 
distribution of major lower limb amputation (MLLA) 
rates and correlate them to public healthcare access- 
related variables in the treatment of PAD in a population 
in the State of Paraná, Brazil.

METHODS
This observational cross- sectional ecological study based 
on secondary data was designed to analyse the number of 
MLLA performed by the National Unified Health System 
in the State of Paraná. Data were abstracted from January 
2012 to December 2017.

This study did not require ethical approval and consent 
from each individual since the data used were secondary 
and were publicly available on the government data-
bases (DATASUS). This study followed the Brazilian 
national guidelines for research with human subjects and 
is reported according to Strengthening the Reporting 
of Observational Studies in Epidemiology (STROBE) 
guidelines.15

Area of study
The State of Paraná is located in southern Brazil and has 
a population of 11.34 million inhabitants. Of those, 31% 
live in the metropolitan area of its capital city, Curitiba. 
The state is administratively composed of 399 municipal-
ities, distributed in 10 independent administrative health 
regions (figure 1), and holds the fifth highest Human 
Development Index (HDI=0.749) among the 27 Brazilian 
states.16 17

Data source
Data on the number of MLLA, open and endovascular 
revascularisation procedures, diagnostic exams (colour 
Doppler ultrasound and arteriography), public primary 
healthcare coverage and private medical insurance 
coverage were compiled for each of the 399 municipal-
ities from Brazilian Public Hospital Information System 
(DATASUS).18

Demographic and socioeconomic data such as 
number of inhabitants, illiteracy and income ratio per 
inhabitant per municipalities were obtained from the 
Brazilian Institute of Geography and Statistics.16 The 
State of Paraná cartographic data were obtained from 
the State of Paraná Institute of Land, Cartography and 
Geology.19

We included all MLLA procedures (DATASUS code 
04.08.05.001-2) performed in patients 40 years old or 
older, listing the following ICD-10 diagnoses: A48, E10, 
E11, E12, I70, I73, I74, I77, I79 and R02. Procedures 
related to trauma and oncological diagnosis (ICD-10 chap-
ters II, XIX and XX) were excluded from the analysis.18 
To reduce extreme behaviour in cities with very small or 
very large populations, the MLLA rates per 100 000 inhab-
itants, adjusted to age over 40 years old, were calculated 
for each of the 399 cities in the State of Paraná using the 
empirical Bayesian estimate with the queen contiguity 
matrix (GeoDa software, v.1.12.0).20 21

Open surgical and endovascular revascularisation 
procedure data were collected for patients over 40 
years old (DATASUS codes from 04.06.02.012-4 to 
04.06.02.045-0 and from 04.06.04.002-8 to 04.06.04.028-1, 
respectively). Diagnostic exam data were collected for 
all patients over 15 years old (colour Doppler ultra-
sound code 02.05.01.004-0 and arteriography codes from 
02.10.01.006-1 to 02.10.01.015-0). Rates were calculated 
per 100 000 inhabitants. Public primary health coverage is 
presented as a percentage as well as private medical insur-
ance coverage.18

Patient and public involvement
No patient involved.

Figure 1 (A) Spatial distribution of major lower limb amputation (MLLA) rates between 2012 and 2017 in the State of Paraná. 
(B) Univariate local indicators of spatial autocorrelation clusters of MLLA rates.
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Data analysis
Spatial analysis
Exploratory spatial data analysis was performed with 
Moran’s I index to determine global spatial autocorrela-
tion and local indicators of spatial autocorrelation (LISA) 
to verify the influence of spatiality on MLLA rates using 
GeoDa software.21 Moran’s I coefficient (univariate) 
and LISA coefficients were considered significant when 
p<0.05.

Moran’s I index ranges from −1 to +1. Values higher or 
lower than the expected Moran’s I value (E (I)=−1/(n−1)) 
refer to positive or negative autocorrelation, respectively. 
A positive spatial autocorrelation indicates that a given 
area has similar pattern with the surrounding areas; for 
example, an area with high MLLA rates has similar neigh-
bouring areas with high MLLA rates. A negative spatial 
autocorrelation indicates that a given area has an inverse 
association with the surrounding areas; for instance, an 
area with high MLLA rates has neighboring areas with 
low MLLA rates. The zero Moran’s I value indicates the 
spatial independence hypothesis.20

However, Moran’s I identifies only spatial association 
globally. To verify significant association patterns to each 
specific analysed area, LISA was used because it observes 
the existence of spatial groups (clusters) with high or low 
values, identifying the regions that most contribute to the 
existence of spatial autocorrelation.20

Spatial clusters were categorised according to the 
patterns and characteristics of adjacent municipalities. 
High- high spatial clusters are sets of municipalities with 
high MLLA rates surrounded by other municipalities also 
with high MLLA rates. On the other hand, low- low spatial 
clusters represent the municipalities with low MLLA rates 
surrounded by other municipalities with low MLLA rates.

Spatial regression
Because Global and Local Moran’s I are univariate 
statistical analysis techniques, multivariate regression 
models with spatial dependence control were used to 
associate the dependent variable (MLLA rate) with nine 
public healthcare access- related independent variables 
(colour Doppler ultrasound rate, general and lower limb 

arteriography exam rates, open surgery rates, endovas-
cular procedure rates, income ratio, illiteracy percentage, 
public primary healthcare coverage and private medical 
insurance coverage). The models used were ordinary least 
squares regression (OLS) and geographically weighted 
regression (GWR).

In the OLS analysis, all the nine variables associated 
with MLLA rates were included in the model to obtain 
the combination of variables that presented significant 
spatial correlation with MLLA rates with the most appro-
priate values of the Akaike information criterion (AIC)/
Bayesian information and smaller multicollinearity. The 
coefficients of each predictor that were significant in the 
OLS model were then tested by the GWR model to iden-
tify the association of MLLA rates and the predictors in 
space evaluated. Model performance was evaluated using 
adjusted R2, AIC and Moran’s I index residuals.22 Spatial 
data exploratory analysis was performed using GeoDa 
(V.1.12.0), QGIS (V.2.14) and Rstudio (V.1.1.463).21 23 24

Choropleth maps were built with the data obtained 
showing the distribution of MLLA and the GWR spatial 
correlation analysis.

RESULTS
During the study period, 6936 MLLA were identified 
in the national records. Of those, 1666 (24%) were 
performed in patients under 40 years old or due to trau-
matic or oncological reasons. As a result, a total of 5270 
MLLA were included in the analysis. The mean age of 
patients was 67.8 (±11.97) years, of whom 63.62% were 
male. The number of diagnostic and surgical procedures 
performed during the studied period is presented in 
table 1.

Between 2012 and 2017, the mean MLLA rates in the 
State of Paraná were 24.32 (±18.22)/100 000 inhabitants. 
Queen contiguity matrix demonstrated that MLLA rates 
ranged from 7.6 to 46.6/100 000. Approximately 25% of 
the municipalities in the State of Paraná presented MLLA 
rates ranging between 26.3 and 46.6/100 000 (figure 1A).

Table 1 Diagnostic and surgical procedures performed and sociodemographic and access- related variables analysed 
between 2012 and 2017 in the State of Paraná

Variable Total Annual mean Rate/100 000 Mean % SD

Amputations 5270 878.33 24.32 – 18.22

Open surgery 6057 1009.50 13.86 – 10.40

Endovascular procedures 4905 817.50 9.56 – 9.45

Total arteriography 7890 1315 11.66 – 15.78

Lower limb arteriography 2272 378.66 3.40 – 4.68

Colour Doppler ultrasound 207 189 34 531.50 357.47 – 472.26

Illiteracy – – – 10.2 3.92

Public primary healthcare coverage – – – 88.7 19.40

Private medical insurance coverage – – – 10.4 9.00
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Global Moran’s I univariate analyses showed a positive 
spatial autocorrelation for MLLA rates (I=0.66, p<0.001). 
Univariate LISA clusters for MLLA rates demonstrated 
five high- high clusters of municipalities with high MLLA 
rates surrounded by other municipalities with high MLLA 
rates, containing 62 municipalities (15.5%). The largest 
high- high cluster of municipalities was concentrated 
in the central- west region of the state, extending from 
the west to the north regions. Other high- high clusters 
were located in the capital city of the state and in the 
surrounding metropolitan area and in parts of the central- 
south and south- east regions. Nine low- low clusters were 
observed, and the main one was located in parts of the 
north, central- east and south- east regions (figure 1B).

We used the OLS linear regression model to identify the 
factors with possible influences on AMI rates in different 
municipalities. Among the nine public healthcare access- 
related variables controlled by the multicollinearity tests, 
four presented significant spatial correlation with MLLA 
rates: colour Doppler ultrasound, open surgery, endo-
vascular procedures and illiteracy rates. Colour Doppler 
ultrasound showed a significant negative correlation with 
MLLA rates, demonstrating that the less this exam was 
performed, the higher the MLLA rates in the municipali-
ties (p=0.00042). On the contrary, open surgery, endovas-
cular procedures and illiteracy were positively correlated 
with MLLA, that is, the more these variables were present, 
the higher the MLLA rates in the municipalities. The 
GWR model was able to better explain the spatial correla-
tion between MLLA rates and the predictors as demon-
strated in table 2. The GWR model was able to explain 
77% (R2=77) of events in space, and their residues did not 
demonstrate spatial autocorrelation (residual Moran’s 
I=0132) (table 2).

Figure 2 illustrates the spatial distribution of the coef-
ficients of the association between MLLA rates and their 
predictors and their uncertainty obtained with the GWR 
model. MLLA rates were most negatively associated 
with colour Doppler ultrasound rate in the southern, 
northern, central and metropolitan regions (figure 2A). 

MLLA rates were positively associated with open revascu-
larisation surgery in the central, northwest, west, southern 
and metropolitan regions (figure 2B). MLLA rates were 
most positively associated with endovascular revasculari-
sation procedures in the central- south, west, north and 
metropolitan regions (figure 2C). Finally, figure 2D 
demonstrates a positive association between LLA rates 
and illiteracy in the central- north, northwest, west and 
central- south regions.

DISCUSSION
To the best of our knowledge, this is the first analysis of 
its kind in Brazil. This study investigated the spatial auto-
correlation of MLLA rates and public healthcare access- 
related variables in the treatment of PAD. The results 
clearly demonstrated that MLLA rates were higher in 
some geographical regions in the State of Paraná than 
others, forming high- high clusters, where neighbouring 
municipalities tended to show similar rates. The findings 
also demonstrated a negative association between MLLA 
rates and colour Doppler ultrasound and a positive asso-
ciation between MLLA rates and open surgery, endovas-
cular procedures and illiteracy.

Although the State of Paraná presents one of the 
highest HDI in Brazil, the average MLLA rates from 
the state (24.32/100 000 inhabitants) were shown to be 
among the eight highest in the country, contradicting the 
expectation of a better medical structure and access.25 
The fact that MLLA rates ranged from 7.6 to 46.6/100 000 
suggests important disparities among the municipalities. 
The five high–high clusters identified indicate the areas 
where access to treatment of PAD in the public healthcare 
should receive more attention by health managers.

Among the socioeconomic variables included in the 
present study, only illiteracy was positively associated with 
MLLA rates, indicating that the lack of proper education 
can have a significant negative effect on access to public 
healthcare and in the adherence of patients to proposed 
treatments, in accordance with previous studies.8 26 27 

Table 2 Comparison of the OLS and GWR multivariate spatial regression models

Variable

OLS model (global model) GWR model (local 
model)Coefficient SD t P value

Constant 1866 0.08747 21,33 0 –

Colour Doppler ultrasound −0,002 0.00062 −3.56 0.00042 –

Endovascular procedures 0.097 0.03376 2.88 0.0042 –

Open surgery 0.141 0.03052 4.62 0.00001 –

Illiteracy 0.019 0.00767 2.42 0.01606 –

AIC 696.35 295.11

Adjusted R2 0.14 0.77

Sum of residual squares 129.83 34.01

Moran’s I (residual) 0.54 0.132

GWR, geographically weighted regression; OLS, ordinary least squares regression.



5Franco RdL, et al. BMJ Open 2020;10:e038980. doi:10.1136/bmjopen-2020-038980

Open access

Although income was not shown to be significant, the 
finding that illiterate people are more likely to undergo 
MLLA seems to indicate that more attention should be 
given to public primary healthcare coverage and atten-
tion in order to ensure the most vulnerable members of 
the population are properly served.

Colour Doppler ultrasound has become an important 
tool in the decision- making process for the treatment of 
patients with obstructive PAD in a manner comparable 
with arteriography.28 Colour Doppler ultrasound showed 
a significant negative spatial correlation with the MLLA, 
that is, areas where less exams were performed were 
also areas where higher MLLA rates were observed in 
the municipalities. This indicates that this type of exam 
does not seem to be readily available in many municipal-
ities, hindering PAD early diagnosis and treatment and 
resulting in more MLLA.

On the other hand, open surgery and endovascular 
procedures showed a significant positive spatial associa-
tion with the MLLA rates. While it cannot be said that 
open surgery and endovascular procedures are ineffec-
tive, from geographical standpoint, areas with higher 
procedure rates are also areas with high MLLA rates. A 
potential explanation to this result is patients could be 
arriving at specialist services at a very late stage of the 
disease, diminishing the effectiveness of limb salvage 
surgeries, leading to more amputations, as suggested in 
prior clinical studies.29 Moreover, the present analysis 

showed that arteriography and surgical procedures were 
collinear, that is, arteriography was frequently performed 
as part of surgical planning.

Prior literature on open surgery and endovascular 
interventions is controversial regarding their correlation 
with lower limb amputation rates. While some studies 
showed decreased lower limb amputation rates following 
these procedures,29–32 some authors have shown that this 
expected benefit often does not occur at very advanced 
stages of the disease.30 Moreover, a recent study showed 
that patients initially treated with open surgery presented 
higher lower limb amputation rates than those treated 
with endovascular techniques.33 The authors concluded 
that the choice for open surgery was possibly being made 
for those patients with PAD at more advanced stages when 
prognosis is poorer. Although the correlation between 
MLLA rates and endovascular procedures was also signifi-
cantly positive, it was 40% lower than the correlation with 
open surgeries, in agreement with a previous study that 
suggested that patients undergoing endovascular treat-
ment will evolve with fewer MLLA rates.33

It has been previously suggested that developing coun-
tries should focus their efforts on primary intervention 
(prevention) in order to reduce the occurrence of lower 
limb amputation34; in a second step, investment should 
be made in early diagnosis and clinical treatment; and 
finally, accessibility to surgical/interventional treatments 
should be improved.34 The findings of this study suggest 

Figure 2 (A) Geographically weighted regression (GWR) analysis showing the negative correlation coefficients (blue) between 
major lower limb amputation (MLLA) rates and color Doppler ultrasound rates.(B) GWR analysis showing the positive correlation 
coefficients (red) between MLLA rates and open revascularisation surgery rates. (C) GWR analysis showing the positive 
correlation coefficients (red) between MLLA rates and endovascular revascularisation procedure rates. (D) GWR analysis 
showing the positive correlation coefficient (red) between MLLA and illiteracy.
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that the State of Paraná is presently at the second stage, 
in which more investment should be made in early diag-
nosis and clinical treatment. But the first stage must be 
improved also, with a better effectiveness of primary 
healthcare to reduce MLLA rates.

The main limitations of this study include our data. 
First, we used the national DATASUS database; therefore, 
it is not possible to know whether a patient who has under-
gone lower limb amputation has undergone previous 
diagnostic or surgical procedures. However, DATASUS 
is the largest national dataset with nearly a 70% pene-
trance and therefore is the best data available to eval-
uate the health system performance. Second, as this was 
a retrospective analysis, we don’t have access to personal 
treatment plans, and as such, we do not know if MLLA 
patients had previous surgery or diagnostics. Patients 
under 40 years old and those who underwent MLLA due 
to trauma and oncological reasons were excluded in an 
attempt to decrease bias since patients under 40 years old 
are rarely affected by PAD, and MLLA is usually related to 
other causes.35 36 While it is the best we can do, this choice 
could underrepresent the association of MLLA with 
septic patients who die without an amputation surgery. 
Another limitation concerns the fact that procedures 
performed by the private healthcare network were not 
accounted for, which would have resulted in even higher 
MLLA rates. Finally, because public healthcare in Brazil is 
universal, many patients may have originated from other 
states within the federation, and many patients from small 
municipalities may have travelled to larger cities within 
the state for treatment, introducing bias on the spatial 
distribution of the results. To mitigate this, we used the 
municipality of residence of each patient. Considering 
the high number of procedures analysed in the present 
study, external influences tended to be minimised without 
significantly compromising the findings.

CONCLUSIONS
The present study demonstrated that elevated lower limb 
amputation rates are concentrated in some regions of the 
state. Colour Doppler ultrasound is negatively associated 
with MLLA rates, while limb revascularisation surgery and 
illiteracy showed a positive association. Thus, taking into 
consideration the results, we can conclude that we should 
give more attention to the capacity of the municipalities 
to offer diagnostic tests or increase the infrastructure to 
improve access to population in order to reduce the need 
for invasive treatment.
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