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Abstract
Aims—To determine the relationship between foot ulcers, arterial calcification, and peripheral
occlusive disease in patients with type 2 diabetes.

Methods—We performed a cross-sectional study on 162 patients with type 2 diabetes who
underwent assessment of tibial artery calcification (TAC) by non-contrasted CT scan. Peripheral
artery occlusive disease was assessed by angiography. Foot status including the presence or
absence of ulcers was documented at presentation. A multivariable logistic regression model was
used to evaluate the association between foot ulcers, arterial calcification, and the extent of
peripheral atherosclerotic occlusive disease.

Results—Patients with foot ulcers (n= 31) were more likely to be older and have a history of
tobacco use. They were also more likely to have higher TAC scores (median [IQR]: 4324.6
[609.9, 11163.6] vs. 9.4 [0.0, 343.9], P < 0.001) and more advanced peripheral artery occlusive
disease (occlusion index 5.5 [4.8, 6.4] vs. 2.2 [1.0, 3.6], P < 0.001. Foot ulcer was strongly
associated with elevated TAC scores in a multivariable regression model (Odds ratio [95% CI]
=2.76 [1.61, 4.75], P=0.0002).

Conclusions—There is a strong association between arterial calcification and diabetic foot
ulcers that persists after adjusting for the extent of atherosclerosis in patients with type 2 diabetes.
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Chronic, non-healing foot ulceration resulting in osteomyelitis or gangrene is the most
common cause of amputation in patients with diabetes.(1) The annual incidence of diabetic
foot ulcers is 1 to 4%, and lifetime risk is up to 25%.(2, 3) Diabetic foot ulcers significantly
increase the cost of care and only aggressive foot ulcer prevention measures have been
shown to decrease amputation rates.(4) Multiple factors are known to contribute to foot
ulcer development including peripheral neuropathy, foot deformity, and peripheral artery
disease.(5) Yet, the pathophysiology of foot ulcer development in patients with diabetes
remains incompletely understood.

One aspect of diabetes that has been linked with poor limb outcomes is the presence of
calcification in the arterial wall.(6) In the lower extremities, medial calcification predicts
poor cardiovascular outcomes and increased risk of amputation. (6–8) Data from clinical
investigations suggest that the relationship between arterial calcification and diabetic foot
ulcers is mediated by its strong association with neuropathy.(9–11) Another possibility that
must be considered, however, is that increased arterial calcification is associated with
diabetic foot ulcers because it signifies extensive atherosclerosis in lower extremity arteries.

Peripheral artery occlusion is a component cause in the pathway to foot ulcer development,
and it is a strong predictor of major amputation.(2, 12) In the coronary arteries, there is a
strong but inexact association between coronary artery calcification and the extent of
atherosclerosis.(13) The relationship between calcification in lower extremity arteries,
peripheral artery occlusive disease, and diabetic foot ulcers, however, is not known. We
therefore sought to determine whether elevated arterial calcification scores in patients with
foot ulcers could be explained by concomitant atherosclerosis in patients with type 2
diabetes.

Research Design and Methods
Study population

Between January 2004 and December 2009, a total of 316 patients were recruited to
participate in a prospective study on lower extremity arterial calcification from the vascular
and diabetes clinics of Vanderbilt Medical Center and the Nashville Veterans’ Affairs
Hospital. Clinic patients were asked to participate if they had evidence of peripheral
atherosclerosis by exam and non-invasive testing. We also recruited a group of community
volunteers without evidence of vascular disease to serve as controls and to obtain baseline
measures of arterial calcification. Ethical approval was obtained from the Institutional
Review Board and all patients provided written informed consent. Patients with a creatinine
over 1.7 mg/dL were excluded in order to prevent possible confounding from CKD-related
calciphylaxis as were patients with type 1 diabetes who were not included in the original
study. Also excluded were patients who presented with acute limb ischemia, and those who
had previously undergone major amputation, or more than two lower extremity
revascularization procedures. From the original cohort, we were able to identified 162
patients with a history of diabetes for the present study.

Procedures
At the time of study entry, patients underwent a standard medical history that included
specific questions about tobacco use, hyperlipidemia, hypertension, and diabetes. Patients
were asked about symptoms of peripheral artery disease (PAD) including claudication,
ischemic rest pain, and history of foot ulcers. Patients underwent evaluation of their lower
extremity vascular status by pulse exam and non-invasive arterial Doppler testing. Foot
examinations included assessment of pedal pulses, deformities, and ulcers. Skin lesions were
evaluated according to the Wagner scale and any patient with a Wagner Grade 1 or greater
foot ulcer at the time of initial study evaluation was considered positive.
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Non-contrast computed tomography (CT) scans of the lower extremities were performed
using standardized protocols on a single multi-slice CT scanner. All scoring was performed
by investigators who were blinded to the results of the clinical assessment. Tibial artery
calcium scoring was performed using standardized calcium scoring software as we have
previously reported.(6) Briefly, areas of calcification along the tibial arteries with a cross
sectional area greater than 1 mm2 and with a density of > 130 Hounsfield units (HU) were
identified automatically. Measurements were started at the bottom of the patella and ended
at the widest portion of the ankle malleoli. Calcium scores were determined as described by
Agatston et al. (14). This method was chosen because it is currently in widespread use and
because it provides a simple transition from calcium scoring in the heart to the leg.

To quantify the extent of atherosclerotic occlusive disease, we calculated a peripheral artery
occlusion index using Rutherford’s system.(15) This strategy grades the amount of occlusive
disease at each level on a scale of 1–10 where 1 denotes a widely patent artery and 10
denotes an occluded vessel. The method has been validated previously for lower extremity
interventions (16–18) and it is independent of the method used to visualize arteries. Patients
underwent CT angiography using 100 to 150 ml Visipaque contrast. For each leg,
longitudinal and cross sectional images of the superficial femoral, popliteal, and tibial
arteries were viewed and graded according to a standard scale(15). Numbers for each level
and for both lower extremities were then averaged to give a single value for each patient that
ranged from 1 – 10. For angiograms in patients with extensive calcification, contrasted scans
were compared with the corresponding non-contrast scans at each level under digital
magnification. This allowed confirmation of the patency status of each vessel. Selected
scans were reviewed by two independent investigators who were blinded to the patient’s
clinical status and each other’s findings to confirm the results.

Statistical analysis
Descriptive statistics were calculated as median with interquartile range (median [IQR]) for
continuous variables, and frequency and proportion for categorical variables. Wilcoxon’s
rank sum tests were used to compare continuous variables between patients with and without
foot ulcer, and Pearson’s chi-square test to compare categorical variables. Spearman’s rank
correlation coefficients (rho) were calculated to assess correlation between the tibial artery
calcification (TAC) score and continuous clinical variables. Because the TAC score was
known to be heavily skewed, relationships between it and clinical factors were further
assessed using a proportional odds logistic regression model with age, race, sex, BMI,
smoking status, hyperlipidemia and hypertension as covariates.

The effect of the TAC score and peripheral artery occlusion index on the presence of foot
ulcer at study entry was examined by applying a binary logistic regression model with foot
ulcer being a dependent variable and with adjustment for age, race, gender, BMI, smoking
history, hyperlipidemia and hypertension. Because ulcer presence was quantified as a binary
variable which has limited statistical power, we used the propensity score adjustment
method to avoid over fitting. The propensity score was computed as predicted values of
TAC score or occlusion index based on a linear regression as a function of the set of
covariates including age, gender, race, BMI, smoking history, hyperlipidemia and
hypertension. The final multivariable binary logistic regression was modeled separately for
TAC score, and for occlusion index, where each variable was included as a main variable
along with the corresponding propensity score. For propensity score computation, and also
for inclusion of TAC as a main exposure variable in the final model, TAC scores were
naturally logarithm-transformed to improve normality, and 1 unit was added to all patients’
TAC scores before transformation to avoid missing due to transforming zero.
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Statistical analyses were performed using R version 2.10.0 (http://www.r-project.org). 2-
sided P values less than 0.05 were considered statistically significant.

Results
The median and interquartile age for all patients was 57 (52, 65) years. There were 71
women (44%) and 122 Caucasians (75%). A history of tobacco use was present in 59%,
hypertension was present in 77%, and 65% had hyperlipidemia (Table 1). The cohort
included 131 patients without and 31 patients with a diabetic foot ulcer. Patients with and
without foot ulcers were similar with regard to sex, race, hypertension, and hyperlipidemia.
Compared to patients without foot ulcer, patients with foot ulcer were older (P< 0.001) had a
lower in BMI (P = 0.01) and were more likely to have a history of tobacco use (P = 0.02).
The TAC score was significantly higher among patients with ulcers (median (IQR): 4324.6
[609.9, 11163.6] vs. 9.4 [0.0, 343.9] (P<0.001), as was the amount of occlusive disease in
lower extremity arteries as measured by CT angiography (peripheral occlusion index) 5.5
[4.8, 6.4] vs. 2.2 [1.0, 3.6], P < 0.001).

The relationships between tibial artery calcification and clinical factors among patients with
type 2 diabetes are presented in Table 2. The TAC score was positively correlated with age
(rho=0.53, P < 0.001) and the peripheral artery occlusion index (rho=0.740, P < 0.001) while
it was negatively correlated with BMI (rho=−0.33, P < 0.001). Elevated TAC scores were
also observed among male patients (P<0.001) and those with a history of tobacco use
(P<0.001). Age, gender, non-Caucasian race, and the occlusion index yielded significant
associations after adjusting in a multivariable proportional odds model with TAC as the
outcome.

The effect of the TAC score and occlusion index on foot ulcer was examined by applying a
binary logistic regression model with foot ulcer being the dependent variable and adjustment
for age, race, gender, BMI, smoking history, hyperlipidemia and hypertension (Table 3).
TAC scores were significantly elevated in foot ulcer patients after adjusting for
cardiovascular risk factors and the peripheral artery occlusion index (odds ratio [95%CI]:
2.76 [1.61 to 4.75], P < 0.0002). The peripheral artery occlusion index was also
significantly, but less strongly higher among patients with foot ulcer when included in a
model with the TAC score (2.88 [1.21 to 6.82], P = 0.02). For a given amount of
atherosclerotic occlusive disease (peripheral occlusion index 25th percentile = 1.25, median
= 2.94, 75th percentile = 5.0) the probability of presenting with a foot ulcer increased as the
TAC score increased. (Figure 1)

Discussion
The main finding of this study is that there is an association between arterial calcification
and diabetic foot ulcer that is independent of peripheral artery occlusion. This suggests that
foot ulcers may be more common in patients with increased calcium scores because they
have a higher incidence of neuropathy or through other yet unknown mechanism. Multiple
factors are known to contribute to diabetic foot ulcer development and progression.
Neuropathy, trauma, foot deformity, edema, and PAD have been shown to have contributive
effects.(5) It is thought that neuropathy, though its ability to decrease protective sensation,
and arterial occlusion, though its resultant decrease in pedal perfusion, allow for the
development and progression of ulcers to a point where complete healing is not possible.

Another possibility that has been widely proposed is that calcification in lower extremity
arteries increases ulcer risk through its association with atherosclerotic occlusive disease. (8,
19–23) From this point of view, when arterial calcification is seen on x-rays, it can be
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viewed as a marker of extensive vascular occlusion. If this is correct, we would expect the
association between calcification and foot ulcers to weaken by including atherosclerosis in
the model. Our multivariable analysis, however, shows both the TAC score and occlusion
index continue to maintain a strong and independent association with foot ulcers after
adjusting for each other and cardiovascular risk markers. This suggests that calcification
does not contribute to foot ulcer development through associated atherosclerotic occlusive
disease.

The potential physiologic mechanisms that may link arterial calcification with limb events
are currently under investigation. It is possible if not likely that the association between
calcification and ulcers reflects concomitant neuropathy. Calcification in foot arteries was
more severe in patients with neuropathy and foot ulcers than in those without.(9, 10) And in
a longitudinal study, abnormal motor nerve conduction velocity predicted new foot
ulceration and death best over a 6-year follow-up period whereas medial artery calcification
was a better predictor of amputation, a consequence of ulceration.(11) A recent report by
Moon et al, however, suggests that medial artery calcification and diabetic polyneuropathy
may not be as strongly correlated as previously believed.(24) Further efforts to understand
this relationship are warranted. Calcification may also contribute to decreased pedal
perfusion by increasing arterial stiffness and evidence that decreased compliance can
decrease muscle perfusion has been presented recently.(25) It also remains possible that
calcification may be related to ulcers because of its association with increased systemic
inflammation or skin perfusion defects or via effects on the microcirculation. Further efforts
in this regard are needed.

Our study has several limitations. First, we employed a cross sectional analysis of patients
with type 2 diabetes comparing those with and without foot ulcers. We cannot, therefore,
make predictive statements about calcification and foot ulcer development. We have not
included all potential confounding variables in our analysis. In particular, we did not include
neuropathy, pedal edema, foot deformity, proteinuria, or previous ulceration. The
relationship between arterial calcification and foot ulcer has previously been noted, and a
complete assessment of the factors that contribute to their development was not our intent.
The patient population studied was derived, in part from a referral population for vascular
care and as such, it may represent a subpopulation with more extensive atherosclerosis.
However, we did not exclude any patient that met enrollment criteria which were broad.
This allowed us to obtain a patient population with more peripheral artery disease and,
likely, more calcification.

Based on these data, we believe that the clinical value of tibial artery calcification scoring
may be in the identification of a group of high risk, vulnerable patients with type 2 diabetes
who deserve more aggressive foot protection efforts. It is also hoped, however, that future
clinical efforts to reduce arterial calcification, either through risk factor modification or
pharmacologic intervention, may prevent foot ulcer development and its consequences.

Our findings reveal an association between arterial calcification and diabetic foot ulcers that
is independent of the extent of peripheral atherosclerosis. Further efforts to determine
whether calcification may independently contribute to foot ulcer development are needed, as
are attempts to prevent amputation in our patients with diabetes.
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Abbreviations

TAC tibial artery calcification

PAD peripheral artery disease

CT computed tomography
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Figure 1.
(A). Box and whiskers plot (whiskers denote min and max) of TAC scores in patients
without and with chronic foot ulcers at presentation. (B). Relationship between TAC score
and the probability of having foot ulcer among patients in the twenty-fifth (1.25), median
(2.94), and seventy-fifth (5.0) percentile of peripheral occlusion index.
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Table 1

Characteristics of Study Subjects

Characteristic Total Population (N=162) No Foot Ulcer (N=131) Foot Ulcer (N=31) P value*

Age, years 57 (52, 65) 56 (52, 64) 66 (61, 77) <0.001

Sex, no. (%) female 71 (44) 62 (47) 9 (29) 0.065

Race, no. (%) Caucasian 122 (75) 100 (76) 22 (71) 0.53

BMI, kg/m2 30.5 (27.2, 34.7) 31.1 (27.6, 35.0) 27.4 (23.6, 31.7) 0.01

Tobacco use, no. (%) 95 (59) 71 (54) 24 (77) 0.02

Hypertension, no. (%) 124 (77) 98 (75) 26 (84) 0.28

Hyperlipidemia, no. (%) 105 (65) 85 (65) 20 (65) 0.97

TAC score (Agatston units) 58 (0, 1018) 9.4 (0, 343.9) 4324 (609, 11163) <0.001

Peripheral occlusion index 2.9 (1.2, 5.0) 2.2 (1.0, 3.6) 5.5 (4.8, 6.4) <0.001

Values are shown as median and interquartile ranges for continuous variables and percentages (%) for categorical variables. TAC = tibial artery
calcification, BMI= Body Mass Index.

*
Wilcoxon’s rank sum test was used for comparing continuous variables, and percentages were compared using Pearson chi-square test in patients

with and without foot ulcers.
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Table 3

The adjusted effect of tibial artery calcification scores and peripheral occlusion index on foot ulcer.

Characteristic Odds Ratio (95%CI)* P value

TAC score 2.76(1.61, 4.75) 0.0002

Peripheral Occlusion Index 2.88 (1.21, 6.88) 0.02

*
Odds ratio for 1 unit increase. Age, sex, race, BMI, smoking history, hyperlipidemia and hypertension were adjusted through a propensity score

method.
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