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OBJECTIVEdLower-extremity amputation (LEA) is common among persons with diabetes.
The goal of this study was to identify geographic variation and the inﬂuence of location on the
incidence of LEA among U.S. Medicare beneﬁciaries with diabetes.
RESEARCH DESIGN AND METHODSdWe conducted a cohort study of beneﬁciaries of
Medicare. The geographic unit of analysis was hospital referral regions (HRRs). Tests of spatial
autocorrelation and geographically weighted regression were used to evaluate the incidence of
LEA by HRRs as a function of geographic location in the U.S. Evaluated covariates covered sociodemographic factors, risk factors for LEA, diabetes severity, provider access, and cost of care.
RESULTSdAmong persons with diabetes, the annual incidence per 1,000 of LEA was 5.0 in
2006, 4.6 in 2007, and 4.5 in 2008 and varied by the HRR. The incidence of LEA was highly
concentrated in neighboring HRRs. High rates of LEA clustered in contiguous portions of Texas,
Oklahoma, Louisiana, Arkansas, and Mississippi. Accounting for geographic location greatly
improved our ability to understand the variability in LEA. Additionally, covariates associated
with LEA per HRR included socioeconomic status, prevalence of African Americans, age, diabetes, and mortality rate associated with having a foot ulcer.
CONCLUSIONSdThere is profound “region-correlated” variation in the rate of LEA among
Medicare beneﬁciaries with diabetes. In other words, location matters and whereas the likelihood
of an amputation varies dramatically across the U.S. overall, neighboring locations have unexpectedly similar amputation rates, some being uniformly high and others uniformly low.

I

n 1969, W.R. Tobler, perhaps the most
inﬂuential geographer of the last century, stated what became known as the
ﬁrst law of geography, “Everything is related to everything else, but near things
are more related than distant things”
(1,2). However, one could expect that diabetic foot abnormalities such as lowerextremity amputation (LEA), should arise
as a function of an individual’s health and
not geography (3,4). It is estimated that
between 10 and 25% of patients with diabetes will develop a foot ulcer in their

lifetime (3,5,6). While the average annual
cost of care for a Medicare beneﬁciary with
diabetes is close to $10,000, about $33,000
is reimbursed annually for Medicare beneﬁciaries with diabetes and a foot ulcer (7).
Further, having a foot ulcer is the major risk
factor for an LEA (6,8). About 5% per year
of those patients with a foot ulcer require an
amputation (3).
While many LEAs are thought to be
preventable, an estimated 80,000 LEAs
are performed on patients with diabetes in
the U.S. each year (3,6,9). In 2008, more
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than 15,000 LEAs were performed on
Medicare beneﬁciaries with diabetes (3).
The annual incidence of LEA in Medicare
beneﬁciaries with diabetes was 5 per 1,000
in 2006 and 2007 and 4 per 1,000 in 2008
(3). About $52,000 is reimbursed annually
for a Medicare beneﬁciary with diabetes and
an LEA (7). Previous studies have shown
that the incidence of LEA among beneﬁciaries with diabetes in Medicare exhibits stark
geographic variation (3,7,10). The goal of
this study was to explore the nature of and
potential reasons for the geographic variation of incident LEA among diabetic beneﬁciaries of Medicare. In particular, ﬁnding
evidence that LEA rates are disproportionately similar within clusters of neighboring
locations could help identify causes and
thus opportunities for prevention.
RESEARCH DESIGN AND
METHODS
Population and study design
We performed a study of the full population of U.S. Medicare beneﬁciaries with
diabetes to explore geographic variation in
incident LEA. U.S. Medicare in essence is
the largest health care insurance provider in
the U.S. and the largest government-funded
medical entitlement program. Our cohort
was restricted to those individuals enrolled
in Medicare Parts A and B fee-for-service
with diabetes in 2006, 2007, or 2008. A
beneﬁciary was included if, at any time,
s/he had at least a 12-month period of
continuous enrollment. Beneﬁciaries were
considered alive up to and including the
month of their death. Enrollment was
determined using the Medicare Enrollment Database. Additional information
concerning the population studied is available online (http://www.effectivehealthcare.
ahrq.gov/) as summarized in the Data
Points publications series briefs produced
as part of the Developing Evidence to
Inform Decisions about Effectiveness
(DEcIDE) program funded by the U.S. Department of Health & Human Services
Agency for Healthcare Research and Quality (3,7,11).
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Location and amputation
Identiﬁcation of patients with
diabetes
Beneﬁciaries were deﬁned as having diabetes if they had two or more claims with
ICD-9 codes consistent with diabetes or at
least one inpatient claim with ICD-9 codes
consistent with diabetes in the 12-month
period of continuous enrollment, a method
similar to that used by the Centers for Disease Control and Prevention for the study
of large administrative datasets (Supplementary Appendix) (3,7,11).
Outcome of interest: LEA
A beneﬁciary was deﬁned as having an
incident LEA if s/he had any of a group of
speciﬁc Current Procedural Terminology
(CPT) codes and the immediate previous
6-month period without any of these CPT
codes or ICD-9 codes consistent with LEA
(Supplementary Appendix). Codes were
also created to separately study minor and
major amputations (3,7,11).
Unit of analysis: geographic units
The unit of analysis was the Dartmouth
Atlas of Health Care geographic units
(n = 306) called hospital referral regions
(HRRs). Subjects were assigned to an
HRR based on zip code of residence
(www.dartmouthatlas.org).
Explanatory or confounding
variables
Group-level explanatory variables, all of
which were measured at the level of the
HRR, included (measured per diabetic population): prevalence of diabetic foot ulcer
(DFU), size of the Medicare fee-for-service
population, prevalence of diabetes, mortality rate among those with diabetes and a
foot ulcer, history of peripheral arterial
disease (PAD), obesity, prevalence of microvascular complications of diabetes (3), prevalence rate of macrovascular complications
of diabetes (3), and Medicare-reimbursed
cost for the care of an individual with diabetes and cost for care of a foot ulcer.
Further, 2000 data from the Health Resources and Service Administration were
evaluated that estimated the number of
physicians per HRR (i.e., all physicians,
then separately endocrinologists, general
physicians, vascular surgeons, general surgeons, cardiovascular surgeons, and podiatrists) (12). The following HRR level
variables for the geographic regions were
based on 2000 census data (the most currently available data at the time of our
analysis): mean age; percent African
American; and a composite measure of socioeconomic status that was validated for a
2
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similar population and based on income,
housing value, monthly rent, education level,
and employment (13). All variables were
centered and standardized using z scores.
Analysis
Descriptive analysis. The incidence rate
of LEA by HRR was calculated per year.
These incidences were expressed as events
per 1,000 person-years and summarized as
means or medians across HRR per year.
Comparisons among HRRs were made
using linear regression. A goal of this study
was to evaluate the importance of Tobler’s
ﬁrst law of geography as an explanation for
geographic variation in LEA rates. To this
end, we evaluated spatial autocorrelation,
the condition in which outcomes at nearer
locations are more correlated than outcomes at locations that are farther apart.
To test for spatial autocorrelation, we
used Moran’s I test and local tests of spatial
autocorrelation using the local index of
spatial autocorrelation statistic (14,15).
These tests are more fully explained in the
Supplementary Appendix online.
Regression analysis. Ordinary least
squares (OLS) regression, both simple (unadjusted) and multiple (adjusted), and
spatially weighted OLS regression with a
spatial weights matrix were used. It is
important to realize that if any form of
autocorrelation exists, it is important to
account for it. For this study, our data were
potentially spatially autocorrelated. R2 (the
proportion of variation explained by the
model results) values are presented to reﬂect the proportion of LEA variability in
HRRs that was explained by the model.
Multiple regression models were ﬁt based
on purposeful variable selection, the inclusion of variables with a P value of ,0.10,
maximization of R2. Standard diagnostics
were used to make the decision to use spatially weighted regression rather than
spatial-lagged models and to assess the
model ﬁt (15). As part of sensitivity analyses, similar analyses were conducted based
on codes for minor and major LEA. All
analyses, including the production of
maps, were conducted using STATA 11
(StataCorp LP, College Station, TX), GeoDa
(Arizona State University, Tempe, AZ),
and/or ArcGIS 9 (Esri, Redlands, CA). Values were mainly reported for 2008 but
were similar for 2006 and 2007.
RESULTSdThere were about 5 million
beneﬁciaries with diabetes enrolled in
Medicare each year between 2006 and
2008 who met our inclusion criteria. The
annual incidence of LEA varied by calendar

year. The overall mean (median) annual
incidence per 1,000 persons trended
downward over time and was 5.0 (4.9)
in 2006, 4.6 (4.4) in 2007, and 4.5 (4.5) in
2008 (P , 0.0001). Among HRRs, the annual incidence varied approximately
three- and ﬁvefold within a year. As an
example, the rate of LEA in HRRs in
2008 ranged from 2.4 to 7.9 per 1,000
(P , 0.0001) (Fig. 1A).
In all years, using simple regression to
estimate crude associations, the incidence
of LEA increased within the HRR as a
function of increasing prevalence of diabetes, prevalence of microvascular or macrovascular complication associated with
diabetes, percentage of females, mortality
rate associated with having a DFU, and the
percentage of African Americans. The incidence of LEA was further increased
within the HRR with decreasing average
age, composite measure of socioeconomic
status, and concentration of physicians.
Surprisingly, LEA was not associated with
the reimbursement from Medicare for the
care of individuals with diabetes and a foot
ulcer or with reimbursement for medications used to treat diabetes (Table 1). Many
of these associations changed using regression models that accounted for spatial autocorrelation (Table 1 and below).
Spatial autocorrelation was found
across HRRs for LEA rate and for many of
the explanatory variables. That is, the LEA
rate in HRRs was more similar among
HRRs that were close together versus those
farther apart, with high HRRs where LEA
rates were high being generally nearby
HRRs with similar high rates and HRRs
with low rates being generally nearby HRRs
with rates that were similarly low. Spatial
autocorrelation was noted for LEA in HRRs
in all years studied (P , 0.0001). Figure 1B
provides a better visual understanding of
the speciﬁc pockets across the country
where HRRs and their neighbors had rates
of LEA that were similarly high or low. Disproportionately high rates (P , 0.0001)
of LEA existed in contiguous portions
of southeast Texas, southern Oklahoma,
Louisiana, Arkansas, and Mississippi. Additionally, disproportionately low rates
(P , 0.001) of LEA were localized through
contiguous portions of southern Florida
as well as parts of New Mexico, Arizona,
and eastern Michigan (Fig. 1B).
Finally, we created multiple regression
models to see if we could identify characteristics of the populations in and features of
HRRs that could explain our ﬁndings. The
HRR-based variables included in
these models were age, sex, percentage
care.diabetesjournals.org
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American, all measured within the HRR
(Table 1).

Figure 1dMaps of incidence of LEA among diabetic Medicare beneﬁciaries by HRR, 2008.
A: Map of LEA incidence per 1,000 persons on Medicare with diabetes by HRR in 2008. B: Local
index of spatial autocorrelation map of LEA incidence showing spatially correlated HRRs of
highest incidence of LEA and lowest incidence of LEA in 2008.

African American, prevalence of PAD, prevalence of diabetes, prevalence of DFU,
prevalence of microvascular complication,
prevalence of macrovascular complication, a
composite of socioeconomic status, reimbursement for medications used for diabetes care, reimbursement for foot ulcer
therapy, prevalence of physicians, prevalence of podiatrists, and yearly mortality
among those with diabetes and a foot ulcer
(Table 1). In all years, the ability of our regression models to properly predict LEA
incidence were markedly enhanced when
the geographic dependence in the data
were managed using statistical models
that accounted for spatial autocorrelation.
As an example, in 2008, the conventional
care.diabetesjournals.org

regression model composed of our ﬁnal
covariate set had an R2, which is a measure
of the accuracy of the regression model, of
0.35. The model that accounted for the
geographic nature of the data had an R2
of 0.46. Similar results were noted when
we conducted sensitivity analyses based
on minor and major LEA as our outcome.
Finally, in our “spatial” model, incidence of LEA was increased with decreasing size of the Medicare population,
prevalence of diabetes, mean age, and socioeconomic status all measured within the
HRR. Further, the incidence of LEA increased with increasing prevalence of
DFU, mortality rate associated with DFU,
and percentage of the HRR that is African

CONCLUSIONSdLEA often results
from a catastrophic failure to heal a
lower-extremity diabetic foot ulcer. Within
the Medicare population, the incidence of
LEA among patients with diabetes declined
between 2006 and 2008 from 5.0 to 4.5 per
1000 person-years. This gradual decline in
the rate of LEA has been observed by the
Centers for Disease Control and Prevention. However, regardless of the year that
we studied, the rate of LEA varied greatly,
with similar geographic patterns that were
statistically clustered within pockets of
neighboring HRRs in every year that we
studied. That is, individuals with diabetes
living in neighboring HRRs were more
similar in terms of their likelihood to have
an amputation than individuals living elsewhere. HRRs with high amputation rates
were surrounded by HRRs with similarly
high rates, and HRRs with low amputation
rates were surrounded by HRRs with similarly low rates. This characteristic of LEA is
indeed consistent with Tobler’s ﬁrst law of
geography. As a result, our ﬁndings suggest
that the risk of LEA among those Medicare
beneﬁciaries with diabetes is associated
with where people live. We tried to explain
this observation using spatially weighted
multiple regression techniques to identify
characteristics of individuals and locations
that could explain the clustering of LEA.
LEA appears to be less common in HRRs
with lower diabetes prevalence but appears
more common in HRRs with lower socioeconomic status, a higher percentage of
African Americans, a higher prevalence of
DFU, and a higher rate of mortality among
those with DFU. Somewhat unexpectedly,
the cost of care either to treat DFU (a precursor to LEA) or medically treat those with
diabetes was not associated with the prevention of LEA. However, the effect of location could not be fully explained, and
allowing the models to compensate for
the autocorrelation associated with location always resulted in a better statistical
model. In other words, Tobler’s law does
extend to amputation risk but the reasons
for this neighborly clustered effect are not
fully apparent. Potentially this effect might
be explained by physician or patient preferences common to neighboring regions,
but conﬁrmation will require further study.
Previous studies have shown wide
variation between and within countries in
the rates of LEA (3,5,6,16,17). For example, in the U.S. in 2001, a study by Wrobel
et al. (10) of Medicare beneﬁciaries using
DIABETES CARE

3

Location and amputation
Table 1dSelected standardized coefﬁcients (all initially measured as rate per 1,000 persons with diabetes and based on z score and
with 95% CIs) using simple, multiple, or spatially weighted regression to predict incidence of LEA among diabetic Medicare beneﬁciaries
by HRR for 2008*

Simple regression
Medicare population
Prevalence of diabetes
Prevalence of PAD
Prevalence of DFU
Total medical costs paid by Medicare
Mortality rate among those with a DFU
Total medical costs paid by Medicare
associated with DFU
Prevalence of macrovascular
complications
Prevalence of microvascular
complications
Age (mean)
Percent female
Percent African American
Prevalence of physicians
Prevalence of podiatrists
Socioeconomic status (13)

Multiple regression

Multiple regression with
spatial weights

20.06 (20.16 to 0.03)
0.12 (0.03–0.22)#
20.05 (20.15 to 0.04)
0.04 (20.05 to 0.14)
0.58 (20.04 to 0.16)
0.26 (0.17–0.36)^

20.16 (20.41 to 0.09)
20.09 (20.17 to 0.01)
0.01 (20.18 to 0.19)
0.14 (0.07–0.21)#
20.03 (20.12 to 0.07)
0.13 (0.04–0.23)+

20.11 (20.34 to 0.12)
20.18 (20.31 to 20.05)+
0.06 (20.18 to 0.30)
0.11 (0.02–0.20)#
20.01 (20.09 to 0.07)
0.11 (0.01–0.21)#

20.03 (20.12 to 0.06)

20.04 (20.17 to 0.08)

20.01 (20.10 to 0.08)

0.04 (20.09 to 0.16)

20.01 (20.13 to 0.11)

0.19 (0.09–0.28)^
0.14 (0.04–0.24)+
20.27 (20.36 to 20.17)^
0.10 (0.01–0.20)#
0.23 (0.14–0.33)+
20.17 (20.27 to 20.08)+
0.07 (20.02 to 0.17)
20.29 (20.38 to 20.20)^

0.09 (20.02 to 0.18)
20.29 (20.39 to 20.19)^
0.02 (20.08 to 0.13)
0.27 (0.16 to 0.39)^
0.07 (20.04 to 0.18)
0.02 (20.07 to 0.11)
20.48 (20.64 to -0.33)^

0.04 (20.05 to 0.13)
20.17 (20.27 to 20.07)+
0.01 (20.09 to 0.11)
0.18 (0.07–0.29)+
0.04 (20.06 to 0.14)
0.03 (20.01 to 0.07)
20.45 (20.53 to 20.38)^

*All listed variables were included in the multiple regression models. #P , 0.05. +P , 0.001. ^P , 0.0001.

data from 1996 to 1997 described an 8.6fold regional variation in the rate of LEA.
Their method for calculating rates were
adjusted for age, race, and sex, but proceeded without respect to the geographic nature of the data and thus may have led to
results that were biased due to spatial autocorrelation (10). They opined that one
reason for the observed variation in rates
of LEA could have stemmed from regional
variation in health care provider management decisions (10). Similarly, Moxey
et al. (17) analyzed variation in LEA of
patients treated by the U.K. National
Health Service. They also descriptively
evaluated LEA variation among distinct regions in the U.K. (17). Variation was noted
in the rate of LEA, but this variation was
not as profound (less than twofold variation) as that reported in the U.S. by Wrobel
et al. (10) or in our study.
There are many potential explanations
for our ﬁndings and limitations. First, it is
important to realize that our study is of the
Medicare population, one of the largest
entitlement programs offered by the U.S.
government, and may not generalize to
those who are not beneﬁciaries of this
program. In addition, our study focused
on any LEA and not separately on minor
and major amputations. Our results may
not generalize nor inform about practice
variation with respect to the level of LEA.
Second, it seems unlikely that the physical
4
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geographic area, as described by an HRR,
by itself is a risk factor for LEA. More
likely, the location of the HRR is a marker
for a factor that was not measured. While
some known factors were not accounted
for or could have been inaccurately measured, it is unlikely that many known
factors would have had a large impact on
our ﬁndings. For example, chronic kidney
disease is associated with LEA and may
be a reason for Medicare eligibility for
those ,65 years of age, and this was not
directly measured (18). HRRs that are correlated with increased risk of LEA span
parts of several states making it hard to
imagine the presence of a disease-based
risk factor that follows this precise geographic distribution. Further, some have
described an increased risk of LEA in Hispanic populations (6,19). Indeed, two
areas with large Hispanic populations
(southern Texas and southern Florida)
were located in spatially correlated highrisk and lower-risk of LEA zones. Access to
care and how care is used are often cited as
concerns with respect to severe complications (13,20–23). Our study population
included only Medicare beneﬁciaries
who, by deﬁnition, all have insurance
and therefore have access to some form
of care. The cost to treat DFU (a precursor
of LEA) was not associated with a decrease
in LEA incidence. In other words, treatment for DFU requires access to care,

and treatment is often thought to prevent
LEA; but in this study, treatment as represented by reimbursement was not associated with reduced rates of LEA, and
adjustment did not alter the ﬁnal results.
A potential and likely explanation
stems from the fact that health care
providers in different regions have differing management styles and thresholds for
performing an LEA as well as for treating
diabetes. Currently, there are no agreed
upon guidelines for the treatment of
DFUs or for determining when an LEA
is necessary (22–24). It is possible that
health care providers in adjacent HRRs
are more likely to manage patients in a
similar fashion. Management decisions
may correlate with training whereby
health care providers are likely to practice
geographically close to where they were
trained. Geographically associated clinical practices may even take precedence
over an individual physician’s experience.
With respect to LEA, the prevalence of
diabetes and the rate of DFU (i.e., markers
of increased disease experience) explained less of the variance in LEA rate
per HRR than spatial correlation.
Interestingly, a recent study on the incidence of the use of dialysis for end-stage
renal disease, which is often associated
with diabetes, revealed that those who
chose dialysis were less likely to be under
the care of a nephrologist or be prepared
care.diabetesjournals.org
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for dialysis (12). It is also possible that
patient-based cultural or educational differences are more similar in geographically adjacent areas, and these attributes
create preferences for certain medical therapies such as LEA. In addition, it is possible
that treatment variation, such as a tendency
to treat patients by diet alone or inadequately with medications and thereby increasing the risk of LEA, varies by the HRR.
We were not able to measure treatment variation or the effectiveness of treatment.
In conclusion, in this study we conﬁrm that there is regional variation in the
rate of LEA among those with diabetes
who are beneﬁciaries of Medicare. Further, and not previously described, the
variation in risk for those with diabetes
who are beneﬁciaries of Medicare is not
geographically random but is systematically high or low in many distinct locations in the U.S. We evaluated variations
in demographic factors, socioeconomic
factors, and disease-related factors within
HRRs. While some of the regional variation in the incidence of LEA was explained by these factors, a key predictor
of the LEA rate in a given HRR was simply
the rate of LEA observed among its
neighbors. Areas of the U.S. that are
high risk or low risk for LEA appear to
border each other, and there is a strong
neighborly inﬂuence on the rate of LEA in
adjacent areas. The ultimate reason for the
geographic-based variation and the existence of these clusters is not clear but
certainly could be related to several modiﬁable factors such as health care provider
management decisions and training, access and use of preventive care, and
patient health–based education and treatment preferences. However, with a more
than ﬁvefold variation in the incidence
of LEA, future studies to further reveal the
factors driving this high and low geographic
clustering of amputation rates are indicated.
To the degree that these differences are not
inherent to a patient’s disease process, development and implementation of practice
guidelines for the management of LEA
could have profound effects on the incidence of LEA among Medicare beneﬁciaries.
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