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H I G H L I G H T S

• Poorly controlled diabetes is associated with decline of ankle-brachial index (ABI).

• Diabetes newly diagnosed by HbA1c is not associated with ABI decline after 10 years.

• Incident Mönckeberg Disease is very rare in subjects with diabetes at baseline.
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A B S T R A C T

Background and aims: The ankle-brachial index (ABI) is a marker of atherosclerosis and a diagnostic criterion for
peripheral arterial disease (PAD). We studied the association between HbA1c and ABI in subjects with and
without diabetes.
Methods: In the Heinz Nixdorf Recall Study, a population-based cohort study in Germany (N=4,814, age 45–75
years), ABI was measured at baseline, at 5- and 10-year follow-up. Subjects with ABI<0.9, ABI> 1.4 or self-
reported PAD at baseline were excluded from analyses. In 3199 participants, we assessed associations between
HbA1c and incident PAD (ABI < 0.9) and change in ABI, respectively, using logistic and linear regression
models. Subjects without diabetes, with HbA1c<5.7% were used as reference group.
Results: Compared to the reference group, 10-year decline in ABI was −0.066 (95% confidence interval:
−0.117; −0.016) and −0.021 (−0.063; 0.021) in subjects with poorly (≥7.0% HbA1c) and well (< 7.0%
HbA1c) controlled previously known diabetes; −0.010 (−0.054; 0.034) in those with newly detected diabetes
diagnosed by HbA1c≥ 6.5%, and −0.005 (−0.023; 0.013) in those without diabetes, with HbA1c 5.7–6.4%.
For poorly controlled diabetes, odds ratios for low ABI (< 0.9) were 3.5 (1.6–7.9), and 3.1 (1.3–7.0) after 5- and
10-year follow-up, respectively. The incidence of Mönckeberg disease (ABI > 1.4) was low (6/288 (2.4%) over
5 years).
Conclusions: Decline in ABI was stronger in poorly than well-controlled diabetes. Subjects with newly detected
diabetes diagnosed by the new HbA1c criterion (≥6.5%) did not show an increased decline in ABI over 10 years.

1. Introduction

An increase in HbA1c is associated with an increased risk of cardi-
ovascular disease (CVD) in subjects with diabetes, but also in those
without diabetes [1–3]. In a meta-analysis of ten studies on persons
with type 2 diabetes, an increase of HbA1c by 1% was related to a

relative increase of CVD risk by 18% (relative risk (RR)= 1.18, 95%
confidence interval (CI): 1.10–1.26) [1]. In the Atherosclerosis Risk in
Communities (ARIC) study, an HbA1c increase was related to an in-
creased CVD risk even in the prediabetic range [3]. A related question
refers to the association of HbA1c with subclinical atherosclerosis.
Recently, it was shown that in subjects with diabetes, progression of
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coronary artery calcification was stronger in poor glycemic controls
(indicated by HbA1c≥ 7.0%) than in good glycemic controls [4–6]. In
a non-diabetic population, a cross-sectional positive association be-
tween HbA1c and carotid intima-media thickness was observed [7].

The ankle-brachial index (ABI) is a general marker of athero-
sclerosis, and, moreover, a diagnostic criterion for peripheral artery
disease (PAD) [8]. A low ABI indicates a high risk of myocardial in-
farction, stroke or death [9,10], and the risk of total mortality may even
increase in persons with ABI≤ 1.1 [11]. Several studies on ABI and
CVD events, and ABI and CVD mortality, respectively, showed U-shaped
associations [12–14]; in other studies, however, an increased CVD risk
was only found in low, but not high ABI [13,15]. So far, there are few
prospective studies on the HbA1c ABI association, which indicates that
higher levels of HbA1c are a risk factor for a decrease of ABI or an
increase of PAD incidence [16–19].

Patients with diabetes have a particular poor prognosis if they also
suffer from PAD [20]. Therefore, a first aim of our study was to assess
whether glycemic control has an impact on ABI change in patients with
diabetes. If so, good glycemic control might contribute to preventing
PAD in subjects with diabetes. A second aim of our study was to use the
new HbA1c based diagnostic criterion for diabetes [21], and to assess
whether persons with HbA1c defined prediabetes and newly detected
diabetes, respectively, have a higher risk of ABI decline. Third, ABI can
also increase over time in some persons and can result in Mönckeberg
disease (MD) [22,23]. Therefore, our third aim was to look at asso-
ciations between HbA1c and incident MD. Our analyses were done with
data from the German population-based Heinz Nixdorf Recall cohort
study with measurement of ABI at three points in time.

2. Materials and methods

2.1. Study population

The Heinz Nixdorf Recall study is a population-based prospective
cohort study conducted in three large adjacent cities (Bochum, Essen,
Mülheim) in the Ruhr-region in North-Rhine-Westphalia in Germany.
The study rationale and design have been described in detail elsewhere
[24]. In short, the cohort comprises a total of 4814 subjects (49.8%
men, aged 45–75 years). The baseline visits were performed between
2000 and 2003. The first follow-up visits took place between 2005 and
2008, and the second follow-up visits took place between 2011 and
2015. The median follow-up was 5.1 years for the first follow-up period,
and 5.2 years for the second follow-up period. Data assessment at
baseline and at follow-up visits included a self-administered ques-
tionnaire, face-to-face interviews, and a physical examination in-
cluding, among others,anthropometric measurements and comprehen-
sive laboratory tests. 3199 subjects formed the analysis set for
longitudinal analyses (cf. flow-chart in Fig. 1). In particular, we ex-
cluded persons with ABI< 0.9 or ABI> 1.4 at baseline, persons with
self-reported PAD, and those with a history of coronary artery disease.

The study was approved by the Ethical Committee of the Medical
Faculty of the University Clinic Essen. All participants gave their
written informed consent.

2.2. Measurement of exposure, outcome and covariates

HbA1c was measured using immunonephelometry at 340/700 nm
(BNII nephelometer, Dade-Behring, Deerfield, Illinois, USA). Previously
known diabetes was stated if subjects gave a self-report of physician's
diagnosis or took antidiabetic drugs (ATC code A10). In those with
previously known diabetes, duration of diabetes was calculated from
self-reported age at diagnosis.

The standard protocol for measurement of ABI was used at all three
visits to the study center [23]. ABI was calculated per leg as the ratio of
the highest ankle artery systolic pressure measured either in the pos-
terior tibial or the dorsalis pedis artery and the highest brachial

pressure measured either in the right or the left arm. The smaller of two
ABI values was used for this study. Medical history of PAD was de-
termined from a standardized interview, which included questions on
known PAD and on present or prior treatment of PAD [23].

Data on weight were collected with measuring systems of the
company ‘seca’ (seca gmbh & co. kg, Hamburg, Germany). Body mass
index (BMI) was calculated as a participant's weight in kilogram di-
vided by the height squared in meters. Blood pressure was determined
from the mean value of the 2nd and 3rd of three measurements taken at
least three minutes apart (Omron 705_CP, OMRON, Germany) and
classified according to JNC-VII threshold values. Hypertension was
defined as stage 1 or 2 hypertension or taking antihypertensive medi-
cation. Triglyceride and cholesterol serum concentrations were mea-
sured with an automatic analyzer (ADVIA 1650, Siemens Medical
Solutions, Erlangen, Germany). Information on kind and duration of
exercise performed in the preceding month was used to estimate me-
tabolic equivalents per week [25]. Smoking status, use of statins (ATC
code C10AA), and use of antihypertensives (ATC code C02) were
gathered from interviews at baseline examination. Smoking was
grouped into three categories (current, former, never smoker). Partici-
pants were asked to bring all packages of drugs they had taken during
the last 7 days, and drugs were recorded by scanning the bar codes of
the packages. Anatomical Therapeutical Chemical (ATC) codes were
obtained using the IDOM software.

2.3. Statistical analyses

For all regression models, the following five categories of HbA1c
were used for the exposure variable: previously known diabetes with
HbA1c≥7.0%; previously known diabetes with HbA1c<7.0%; no
previously known diabetes with HbA1c≥6.5%; no previously known
diabetes with HbA1c 5.7–6.4%; no previously known diabetes with
HbA1c<5.7% (reference category).

Separately for the 5-year and for the 10-year follow-up period, we
fitted two sets of linear regression models to estimate regression coef-
ficients for the association between HbA1c categories and change of
ABI. The data set for the 5-year follow-up included 3158 persons with
ABI data at baseline and at first follow-up, the data set for the 10-year
follow-up included 2331 persons with ABI data at baseline and at
second follow-up. Moreover, we fitted two sets of multinomial logistic
regression models to estimate odds ratios for the associations between
HbA1c categories and a trichotomous outcome (incident PAD
(ABI < 0.9) and incident Mönckeberg disease (ABI > 1.4) versus
0.9≤ABI≤1.4 (reference)) for the 5-year and the 10-year follow-up
period. In addition, a linear mixed effect model was fitted to assess
changes of ABI between the visits to the study center. This analysis
included all 3199 persons with ABI data either at the first or the second
follow-up visit to the study center. We used the SAS procedure PROC
MIXED, and among RANDOM and REPEATED statements, we chose
repeated measures with unstructured covariance, which had the lowest
value of Akaike Information Criterion.

In all regression analyses, two models were fitted: an age-sex ad-
justed model; and a model additionally adjusted for BMI, smoking,
physical activity, systolic blood pressure, diastolic blood pressure, tri-
glycerides, HDL cholesterol, LDL cholesterol, intake of statins, intake of
antihypertensive medication. Adjustment for diabetes duration does not
make sense for the whole study group because this variable cannot be
applied to persons without diabetes, and because diabetes duration is
the defining element to distinguish newly detected from previously
known diabetes. Therefore, we additionally adjusted for diabetes
duration in a sensitivity analysis, which only included participants with
previously known diabetes.

All statistical analyses were performed using SAS version 9.4. We
calculated and reported confidence intervals to assess the precision of
our estimates because our goal was estimation and not significance
testing [26,27]. We wish to avoid publication bias by preferential
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reporting of significant results. Instead, we judge the value of our es-
timates by their precision and validity.

3. Results

Among 193 persons with previously known diabetes, 76 (39.4%)
had HbA1c≥7.0% indicating poor glycemic control. Compared to
persons with well-controlled diabetes, those with poorly controlled
diabetes had higher BMI, higher systolic blood pressure, more often
used anti-hypertensives, less favorable cholesterol concentrations, and
higher concentrations of triglycerides (Table 1). Among 3006 persons
without previously known diabetes, 96 (3.2%) had newly detected
diabetes diagnosed by the new HbA1c criterion (≥6.5%). Subjects with
newly detected diabetes had higher BMI, higher systolic and diastolic
blood pressure, higher concentrations of triglycerides, and they more

often used anti-hypertensives and statins than those free of diabetes.
Patients with poorly controlled, previously known diabetes showed

the strongest decline in ABI (Fig. 2). Compared to those without dia-
betes and with HbA1c<5.7%, subjects with poorly controlled, pre-
viously known diabetes showed a large decline in ABI (−0.034 (95%
CI: −0.070 to 0.001) over 5 years; −0.066 (95% CI: −0.117 to
−0.016) over 10 years, respectively) (Table 2, model 2). The decline in
ABI was smaller in those with well-controlled, previously known dia-
betes, and newly detected diabetes (−0.021 (95% CI: −0.063 to
0.021), and −0.010 (95% CI: −0.054 to 0.034), respectively, over 10
years).

In the mixed linear model, the coefficient of interaction with time
was −0.036 (−0.059 to −0.014) for poorly, and −0.008 (−0.026 to
0.011) for well-controlled diabetes. These coefficients of interaction can
be interpreted as change of ABI per 5-year period of follow-up.

Fig. 1. Flow-chart of subjects entering the data analysis set.
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Compared to patients free of diabetes and HbA1c<5.7%, those
with poorly controlled, previously known diabetes had a larger odds of
incident PAD defined by ABI< 0.9 (OR=3.5 (95% CI: 1.6 to 7.9) over
5 years, and OR=3.1 (95% CI: 1.3 to 7.0) over 10 years) (Table 3,
model 2). Over 10 years, subjects with well-controlled, previously
known diabetes and newly detected diabetes did not have larger odds of
ABI shifting below 0.9 than those without diabetes and HbA1c<5.7%
(OR=0.9 (95% CI: 0.3 to 2.7), and OR=0.4 (95% CI: 0.1 to 1.7),
respectively).

In patients with previously known or newly detected diabetes, the
incidence of Mönckeberg disease was very low. In 288 with diabetes at
baseline, 6 (2.4%) had incident ABI > 1.4 at 5-year follow-up, and in
166 with diabetes at baseline, three (1.8%) had incident ABI > 1.4 at
10-year follow-up.

In a sensitivity analysis, we compared poorly controlled, previously
known diabetes to well-controlled, previously known diabetes with
additional adjustment for duration of diabetes. In the linear regression
model with change of ABI as dependent variable, decline in ABI was
stronger in previously known diabetes compared to well controlled
diabetes (−0.045 (95% CI: −0.095 to 0.004) over 5 years; −0.031
(95% CI: −0.100 to 0.037) over 10 years). Diabetes duration was as-
sociated with ABI decline (−0.0024 (95% CI: −0.005 to 0.000) per
year for the 5-year follow-up; −0.0048 (95% CI: −0.0095 to −0.0001)
for the 10-year follow-up).

In sex-specific analyses of the 5-year follow-up, the adjusted odds
ratios for the associations between poorly and well controlled diabetes
and incident ABI< 0.9 were 3.4 (95% CI: 1.0 to 11.5), and 2.0
(0.6–7.4), respectively, in men, and they were 4.5 (1.4–14.3) and 1.1

Table 1
Baseline characteristics stratified by category of glucose regulation: the Heinz Nixdorf Recall study.

Glucose regulation (HbA1c)

No previously known diabetes Previously known diabetes

< 5.7% 5.7–6.4% ≥6.5% <7.0% ≥7.0%

N 2304 606 96 117 76
Age (years) 58.1 ± 7.4 60.6 ± 7.5 61.1 ± 6.9 60.2 ± 7.5 61.4 ± 7.7
Sex (males) (%) 45.0 46.5 60.4 53.9 54.0
BMI (kg/m2) 27.0 ± 4.1 28.6 ± 4.7 30.2 ± 4.6 30.2 ± 5.7 31.1 ± 5.8
Systolic blood pressure (mmHg) 129.9 ± 19.8 132.1 ± 19.6 141.1 ± 23.9 135.7 ± 17.9 140.3 ± 19.7
Diastolic blood pressure (mmHg) 80.9 ± 10.6 81.3 ± 10.8 85.3 ± 13.0 81.2 ± 9.5 81.7 ± 10.4
Use of anti-hypertensives (%) 26.3 34.7 43.8 53.0 64.5
HDL cholesterol (mg/dl) 60.6 ± 17.1 55.9 ± 15.9 52.8 ± 14.5 52.6 ± 15.1 48.9 ± 15.0
LDL cholesterol (mg/dl) 146.4 ± 35.8 151.1 ± 36.3 149.3 ± 34.9 135.8 ± 35.3 140.2 ± 35.4
Triglycerides (mg/dl) 115.0 (84.0; 162.0) 133.0 (99.0; 184.0) 160.0 (111.5; 217.5) 150.0 (100.0; 216.0) 173.0 (117.0; 238.0)
Use of statins (%) 5.4 9.4 16.7 12.8 7.9
Smoking
Never (%) 44.1 46.4 35.4 42.7 48.7
Former (%) 33.5 31.7 47.9 41.0 25.0
Current (%) 22.4 22.0 16.7 16.2 26.3
Physical activity (metabolic equivalents/week) 31.3 (14.7; 56.8) 33.0 (16.0; 59.1) 39.3 (22.3; 63.3) 22.5 (10.5; 54.8) 24.7 (9.0; 46.1)
Duration of diabetes (years) – – 0 4 (2; 9) 7 (3; 12)
ABI at baseline (%) 1.14 ± 0.11 1.14 ± 0.11 1.15 ± 0.11 1.15 ± 0.12 1.12 ± 0.13

ABI: ankle brachial index.
Values are expressed as mean ± standard deviation, median (first quartile, third quartile), or proportion (%).

Fig. 2. Ankle-brachial index (± standard error) at baseline, first and second follow-up visit by HbA1c level of subjects with and without previously known diabetes.
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(0.3–5.1), respectively, in women. For the 5-year follow-up, the re-
gression coefficients for the association between HbA1c categories and
change of ABI were −0.021 (−0.074 to 0.033), and −0.035 (−0.078
to 0.009), respectively, in men, and −0.050 (−0.098 to −0.002), and
+0.037 (−0.002 to 0.076), respectively, in women.

4. Discussion

In the prospective Heinz Nixdorf Recall Study, previously known
diabetes with poor glycemic control (indicated by HbA1c≥ 7.0%) was
strongly associated with ABI decrease and incident PAD over a 5-year
and 10-year follow-up. For prediabetes and newly detected diabetes
(indicated by HbA1c 5.7–6.4, and HbA1c≥6.5%, respectively, in
persons without previously known diabetes), and for well-controlled,
previously known diabetes (indicated by HbA1c < 7.0%), barely any
associations with ABI decrease or incident PAD were observed.
Moreover, the incidence of Mönckeberg disease (defined by ABI > 1.4)
was very low in subjects with diabetes at baseline.

4.1. Patients with previously known diabetes

In patients with previously known diabetes, all our analyses showed
that ABI decrease is much less pronounced in well-controlled than in
poorly controlled diabetes. This result supports recommendations by
the American Diabetes Association (ADA) on standards of medical care
in diabetes [28]. The ADA suggests a goal of HbA1c< 7.0% for most
adults with diabetes. Only for patients with long life expectance, short
diabetes duration and no advanced microvascular and macrovascular
complications, an even lower target of HbA1c<6.5% is suggested. For
patients in a poor condition, with short life expectancy, history of hy-
poglycemia or advanced microvascular or macrovascular complica-
tions, less severe HbA1c targets (< 8.5%) are suggested.

Our study is in line with recent results from the ARIC study in which
adjusted hazard ratios were 6.00 (95% CI: 3.73–9.66) and 1.74 (95%
CI: 0.94–3.22), respectively, for poorly and well-controlled previously
known diabetes (outcome: hospitalization with PAD diagnosis, re-
ference: no diagnosed diabetes with HbA1c < 5.7%) [19]. There are a
few further earlier prospective studies on the association between
HbA1c and ABI. However, in these studies the new HbA1c based cut-
offs for glycemic targets and for diagnosis of diabetes were not used. In
a study of 82 Asian diabetes patients with a mean follow-up of 27.6
months, Hoe et al. found that a 1% increase in HbA1c was associated
with an ABI decrease> 0.1 (HR=1.47, 95%: 1.10–1.97) [17]. Earlier
results from the ARIC study with a mean follow-up of 9.8 years showed
that diabetes patients with HbA1c≥ 7.5% were at a larger risk of in-
cident ABI< 0.9 than diabetes patients with HbA1c<6.0%
(RR=1.64, 95% CI: 0.94–2.87) [16]. With cross-sectional data from
the NHANES study, Muntner et al. found about equal associations of
poorly and well-controlled diabetes with prevalent PAD (defined by
ABI < 0.9) (odds ratios= 2.33 (95% CI: 1.15–4.70), and 2.74 (95% CI:
1.25–6.02), respectively, for patients with diabetes and
HbA1c≥7.0%/<7.0%, versus those without diabetes and HbA1c <
5.3%) [29].

The comparability of the aforementioned studies on HbA1c and ABI
with our study is compromised by the use of different measurement
methods for ABI, e.g., Muntner et al. measured blood pressure only on
the right brachial artery [29], and in the ARIC study, blood pressure
was measured using an oscillometric device instead of standard Doppler
technique [16]. In the recent study by Ding et al. the outcome was
hospitalization because of incident PAD [19], which may also be due to
microangiopathy, in particular in patients with critical limb ischemia
(CLI) [30].

Contrary to earlier findings [31], we could not confirm that diabetes
is a risk factor for Mönckeberg disease (defined by ABI > 1.4). Even in
poorly controlled diabetes, only one out of 76 persons developed MD
during follow-up. Thus, from our data, poorly controlled diabetes is aTa
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risk factor for ABI decrease and for PAD, not for MD.
In sex-stratified analyses, the decline of ABI in poorly controlled

diabetes was somewhat stronger in women than men. Due to the small
number of subjects in the sex-specific strata, this result needs con-
firmation from further studies.

4.2. Patients with prediabetes or newly detected diabetes

In patients with prediabetes (HbA1c 5.7–6.4%) or newly detected
diabetes (HbA1c≥6.5%), barely any associations with ABI decrease or
incident PAD were found in our study. Several explanations why ABI
decline is not stronger in newly detected diabetes (HbA1c≥6.5%) than
in non-diabetic persons are conceivable.

First, in Germany, disease management programs were introduced
in 2003, and strong improvements of diabetes care were observed by
the National Health Surveys in the period of our study [32]. Moreover,
the aims of the St Vincent declaration have at least partly been achieved
in Germany: e.g., there was a stronger decrease of the risks of lower foot
amputation and stroke in the diabetic than non-diabetic population
[33,34]. Thus, improved diabetes care may be a reason why we did not
observe ABI decline in newly detected diabetes.

Second, HbA1c is mainly associated with microvascular associa-
tions; the 6.5% cut-off for diagnosis of diabetes by HbA1c is largely
based on studies which assessed associations between HbA1c and pre-
valence of retinopathy and found a somewhat sharp inflection point for
HbA1c values of about 6.5% [35]. ABI, however, is mainly related to
macrovascular complications like myocardial infarction, stroke or PAD.
So the HbA1c 6.5% cut-off may be more sensitive for microvascular
than macrovascular complications and their precursors.

Associations between prediabetes and ABI were rarely examined. In
the Cardiovascular Health Study, baseline diabetes, but not impaired
fasting glucose, was associated with ABI decline, which is in line with
our study where HbA1c in the prediabetic range (5.7–6.4%) was not
associated with ABI [37].

In recent analyses of ARIC data, associations of prediabetes and
newly detected diabetes with hospitalization due to PAD diagnosis were
observed (HR=1.56, 95% CI: 1.17–2.06, and HR=3.53, 95% CI:
2.39–5.22, respectively, compared to no diabetes and HbA1c < 5.7%)
[19]. There are two explanations why these results differed from our
results: first, the mean follow-up in the ARIC study was 20.7 years
compared to 10 years in the HNR study. Second, as mentioned already
above, in the ARIC study, hospitalization due to PAD was used as the
outcome, which is a more severe endpoint than ABI< 0.9 and includes
cases of critical limb ischemia in the development of which micro-
vascular processes play a larger role [30].

In the HNR study, we have recently assessed associations between
HbA1c in subjects with and without known diabetes and progression of
coronary artery calcification, which is another measure of subclinical
atherosclerosis [4]. Interestingly, results for ABI decrease and CAC
progression were alike, i.e., we found associations with poorly con-
trolled diabetes, but not with well-controlled or newly detected

diabetes. Both results suggest that meeting the HbA1c 7.0% goal in
diabetes might help delay atherosclerotic processes.

In addition to diabetes, further components of the metabolic syn-
drome are associated with ABI. In several cross-sectional and long-
itudinal studies, positive associations between hypertension and dysli-
pidemia and low ABI were reported [36–39]. Accordingly, in some
prospective studies, patients with metabolic syndrome (mostly defined
by NCEP ATP III criteria) were found to be at higher risk of developing
peripheral arterial disease [40–42]. Thus, to avoid or delay ABI decline,
prevention should not focus on diabetes alone, but also on other com-
ponents of the metabolic syndrome.

4.3. Strengths and limitations

Strengths of our study are its population-based study group, its
prospective design with extensive phenotyping of participants, and
measurement of ABI at three points in time. One limitation of our study
is the rather small number of patients with diabetes at baseline: in total,
288 patients had either newly detected or previously known diabetes at
the first visit to the study center. Finally, even a 10-year follow-up
might be insufficient to observe higher risks of ABI decrease in subjects
with prediabetes or newly detected diabetes.

4.4. Conclusions

Our study confirms the ADA recommendation of meeting a 7.0%
target goal in most adults with diabetes. Meeting this goal might help
prevent PAD in subjects with diabetes, which is important considering
that subjects with PAD and diabetes have a particularly poor prognosis.

Conflict of interest

The authors declared they do not have anything to disclose re-
garding conflict of interest with respect to this manuscript.

Author contributions

Study concept and design: R.E., A.S., S.M.; Acquisition of data: R.E.,
K.K., A.S., S.M.; Analysis of data: B.K., N.L.; Drafting of the manuscript:
B.K.; all authors reviewed and edited the manuscript.

Financial support

We thank the Heinz Nixdorf Foundation [Chairman: Martin Nixdorf;
Past Chairman: Dr Jur Gerhard Schmidt (deceased)], for their generous
support of this study. This study is also supported by the German
Ministry of Education and Science (BMBF) that transferred the mon-
itoring of the study to the German Aero-space Center [Deutsches
Zentrum für Luft- und Raumfahrt (DLR)], Bonn, Germany. An inter-
national advisory board and quality control as well as event committee
were established, but had no role concerning the study design, data

Table 3
Odds ratios (95% confidence intervals) for the associations between HbA1c categories and incidence of ABI < 0.9 at 5-year and 10-year follow-up.

Previously known diabetes HbA1c (%) OR (95% CI) for 5-year follow-up OR (95% CI) for 10-year follow-up

N n Model 1 Model 2 N n Model 1 Model 2

Yes ≥7.0 76 9 (11.8%) 4.3 (2.1–9.2) 3.5 (1.6–7.9) 44 10 (22.7%) 4.6 (2.2–9.7) 3.1 (1.3–7.0)
Yes <7.0 116 5 (4.3%) 1.5 (0.6–3.9) 1.5 (0.6–3.9) 65 4 (6.2%) 1.1 (0.4–3.1) 0.9 (0.3–2.7)
No ≥6.5 96 3 (3.1%) 1.1 (0.3–3.5) 0.8 (0.3–2.8) 57 2 (3.5%) 0.6 (0.1–2.3) 0.4 (0.1–1.7)
No 5.7–6.4 596 31 (5.2%) 1.8 (1.2–2.9) 1.6 (1.0–2.5) 421 40 (9.5%) 1.6 (1.1–2.4) 1.4 (0.9–2.1)
No <5.7 (ref) 2274 61 (2.7%) 1 1 1744 93 (5.3%) 1 1

Model 1: adjusted for age and sex.
Model 2: adjusted for age, sex, BMI, smoking, physical activity, systolic blood pressure, diastolic blood pressure, triglycerides, HDL cholesterol, LDL cholesterol,
intake of statins, intake of antihypertensive medication.

B. Kowall, et al. Atherosclerosis 284 (2019) 37–43

42



collection, analysis, interpretation, or writing the report. The Deutsche
Forschungsgemeinschaft (DFG) supported the study (DFG project: ER
155/6-1 and ER 155/6-2). Prof. Stang receives a grant from the German
Federal Ministry of Education and Science (BMBF), grant number
01ER1704.

Acknowledgements

We are indebted to the all study participants and to the dedicated
personnel of both the study center of the HNR study and the EBT-
scanner facilities Prof. D. Grönemeyer, Bochum and Dr. R Seibel,
Mülheim, as well as to the investigative group, in particular to U.
Roggenbuck, U. Slomiany, E.M. Beck, A. Öffner, S. Münkel, M. Bauer, S.
Schrader, R. Peter, and H. Hirche. We acknowledge the support of the
SarstedtAG&Co. (Nümbrecht, Germany) concerning laboratory equip-
ment. We thank Prof. K. Lauterbach (Adjunct Professor, Harvard School
of Public Health, Boston, USA) for his valuable contributions in an
earlier phase of the study. Scientific advisory board: T. Meinertz,
Hamburg (Vorsitzender); C. Bode, Freiburg; P. J. de Feyter, Rotterdam/
Niederlande; B. Güntert, Hall i.T., Österreich; F. Gutzwiller, Bern,
Schweiz; H. Heinen, Bonn; O. Hess, Bern, Schweiz; B. Klein, Essen; H.
Löwel, Neuherberg; M. Reiser, München; M. Schwaiger, München; C.
Steinmüller, Bonn; T. Theorell, Stockholm, Schweden; S. N. Willich,
Berlin. Primary and neurological endpoint committee C. Bode, Freiburg
(Vorsitzender); K. Berger, Münster; M. Dichgans, München; HR. Figulla,
Jena; C. Hamm, Bad Nauheim; P. Hanrath, Aachen; W. Köpcke,
Münster; EB. Ringelstein, Münster; C. Weimar, Essen; A. Zeiher,
Frankfurt.

References

[1] E. Selvin, S. Marinopoulos, G. Berkenblit, et al., Meta-analysis: glycosylated he-
moglobin and cardiovascular disease in diabetes mellitus, Ann. Intern. Med. 141
(2004) 421–431.

[2] E. Selvin, J. Coresh, S.H. Golden, F.L. Brancati, A.R. Folsom, M.W. Steffes, Glycemic
control and coronary heart disease risk in persons with and without diabetes. the
atherosclerosis risk in communities study, Arch. Intern. Med. 165 (2005)
1910–1965.

[3] E. Selvin, M.W. Steffes, H. Zhu, et al., Glycated hemoglobin, diabetes, and cardio-
vascular risk in nondiabetic adults, N. Engl. J. Med. 362 (2010) 800–811.

[4] B. Kowall, N. Lehmann, A.A. Mahabadi, S. Moebus, T. Budde, R. Seibel, et al.,
Progression of coronary artery calcification is stronger in poorly than in well con-
trolled diabetes: results from the heinz nixdorf recall study, J. Diabet. Complicat. 31
(2017) 234‐40.

[5] K.B. Won, D. Han, J.H. Lee, et al., Impact of optimal glycemic control on the pro-
gression of coronary artery calcification in asymptomatic patients with diabetes,
Int. J. Cardiol. 266 (2018) 250–253.

[6] B. Kowall, HbA1c target goals in type 2 diabetes: novel arguments from measure-
ment of coronary artery calcification, Int. J. Cardiol. 266 (2018) 256–257.

[7] M.J. McNeely, R.L. McClelland, D.E. Bild, et al., The association between A1C and
subclinical cardiovascular disease, Diabetes Care 32 (2009) 1727–1733.

[8] V. Aboyans, M.H. Criqui, P. Abraham, et al., Measurement and interpretation of the
ankle-brachial index. a scientific statement from the American Heart Association,
Circulation 126 (2012) 2890–2909.

[9] C. Diehm, S. Lange, H. Darius, et al., Association of low ankle brachial index with
high mortality in primary care, Eur. Heart J. 27 (2006) 1743–1749.

[10] B. Qu, Q. Liu, J. Li, Systematic review of association between low ankle-brachial
index and all-cause cardiovascular, or non-cardiovascular mortality, Cell Biochem.
Biophys. 73 (2015) 571–575.

[11] F.G. Fowkes, G.D. Murray, I. Butcher, et al., Ankle brachial index combined with
Framingham risk score to predict cardiovascular events and mortality: a meta-
analysis, J. Am. Med. Assoc. 300 (2008) 197–208.

[12] H.E. Resnick, R.S. Lindsay, M.M. McDermott, et al., Relationship of high and low
ankle brachial index to all-cause and cardiovascular disease mortality. the strong
heart study, Circulation 109 (2004) 733–739.

[13] A.M. O'Hare, R. Katz, M.G. Shlipak, M. Cushman, A.B. Newman, Mortality and
cardiovascular risk across the ankle-arm index spectrum. results from the cardio-
vascular health study, Circulation 113 (2006) 388–393.

[14] M.H. Criqui, R.L. McClelland, M.M. McDermott, et al., The ankle-brachial index and
incident cardiovascular events in the Multi-Ethnic Study of Atherosclerosis (MESA),
J. Am. Coll. Cardiol. 56 (2010) 1506–1512.

[15] B.D. Weatherley, J.J. Nelson, G. Heiss, et al., The association of the ankle-brachial

index with incident coronary heart disease: the Atherosclerosis Risk in Communities
(ARIC) study, 1987-2001, BMC Cardiovasc. Disord. 16 (7) (2007) 3.

[16] E. Selvin, K. Wattanakit, M.W. Steffes, J. Coresh, A.R. Sharrett, HbA1c and per-
ipheral arterial disease in diabetes: the Atherosclerosis Risk in Communities study,
Diabetes Care 29 (2006) 877–882.

[17] J. Hoe, W.P. Koh, A. Jin, C.F. Sum, S.C. Lim, S. Tavintharan, Predictors of decrease
in ankle‐brachial index among patients with diabetes mellitus, Diabet. Med. 29
(2012) e304–307.

[18] S.C. Chen, M.Y. Lee, J.C. Huang, et al., Association of diabetes mellitus with decline
in ankle-brachial index among patients on hemodialysis: a 6-year follow-up study,
PLoS One 12 (4) (2017) e0175363.

[19] N. Ding, L. Kwak, S.H. Ballew, et al., Traditional and nontraditional glycemic
markers and risk of peripheral artery disease: the Atherosclerosis Risk in
Communities (ARIC) study, Atherosclerosis 274 (2018) 86–93.

[20] E.B. Jude, S.O. Oyibo, N. Chalmers, A.J.M. Boulton, Peripheral arterial disease in
diabetic and nondiabetic patients, Diabetes Care 24 (2001) 1433–1437.

[21] American Diabetes Association, Executive summary: standards of medical care in
diabetes – 2012, Diabetes Care 35 (Suppl 1) (2012) S4–S10.

[22] M.A. Allison, M. Cushman, C. Solomon, et al., Ethnicity and risk factors for change
in the ankle-brachial index: the multi-ethnic study of atherosclerosis, J. Vasc. Surg.
50 (2009) 1049–1056.

[23] K. Kröger, A. Stang, J. Kondratieva, S. Moebus, E. Beck, A. Schmermund, et al.,
Prevalence of peripheral arterial disease ‐ results of the Heinz Nixdorf recall study,
Eur. J. Epidemiol. 21 (2006) 279–285.

[24] A. Schmermund, S. Möhlenkamp, A. Stang, et al., Assessment of clinically silent
atherosclerotic disease and established and novel risk factors for predicting myo-
cardial infarction and cardiac death in healthy middle-aged subjects: rationale and
design of the Heinz Nixdorf RECALL Study. Risk factors, evaluation of coronary
calcium and lifestyle, Am. Heart J. 144 (2002) 212–218.

[25] B.E. Ainsworth, W.L. Haskell, S.D. Herrmann, et al., Compendium of physical ac-
tivities: a second update of codes and MET values, Med. Sci. Sports Exerc. 43 (2011)
1575–1581 2011.

[26] J.A.C. Sterne, G. Davey Smith, Sifting the evidence – what's wrong with significance
tests? BMJ 322 (2001) 226–231.

[27] T.L. Lash, Heuristic thinking and inference from observational epidemiology,
Epidemiology 18 (2007) 67–72.

[28] American Diabetes Association, Standards of medical care in diabetes – 2016.
Glycemic targets, Diabetes Care 39 (Suppl.1) (2016) S39–S46.

[29] P. Muntner, R.P. Wildman, K. Reynolds, K.B. Desalvo, J. Chen, V. Fonseca,
Relationship between HbA1c level and peripheral arterial disease, Diabetes Care 28
(2005) 1981–1987.

[30] S.M. Krishna, J.V. Moxon, J. Golledge, A review of the pathophysiology and po-
tential biomarkers for peripheral artery disease, Int. J. Mol. Sci. 16 (2015)
11294–11322.

[31] P. Lanzer, M. Boehm, V. Sorribas, et al., Medical vascular calcification revisited:
review and perspectives, Eur. Heart J. 35 (2014) 1515–1525.

[32] Y. Du, C. Heidemann, A. Schaffrath Rosario, et al., Changes in diabetes care in-
dicators: findings from German national Health interview and examination Surveys
1997-1999 and 2008-2011, BMJ Open Diabetes Res Care 3 (2015) e000135, ,
https://doi.org/10.1136/bmjdrc-2015-000135.

[33] H. Claessen, M. Narres, B. Haastert, et al., Lower-extremity amputations in people
with and without diabetes in Germany, 2008-2012 – an analysis of more than 30
million inhabitants, Clin. Epidemiol. 10 (2018) 475–488.

[34] A. Icks, H. Claessen, T. Kvitkina, et al., Incidence and relative risk of stroke in the
diabetic and the non-diabetic population between 1998 and 2014: a community-
based stroke register, PLoS One 12 (2017) e0188306https://doi.org/10.1371/
journal.pone.0188306.

[35] B. Kowall, W. Rathmann, HbA1c for diagnosis of type 2 diabetes. Is there an optimal
cut point to assess high risk of diabetes complications, and how well does the 6.5%
cutoff perform? Diabetes Metab. Syndr. Obes. 6 (2013) 477–491.

[36] E. Selvin, T.P. Erlinger, Prevalence of and risk factors for peripheral arterial disease
in the United States. results from the national health and nutrition examination
survey, 1999-2000, Circulation 110 (2004) 738–743.

[37] M. Kennedy, C. Solomon, T.A. Manolio, et al., Risk factors for declining ankle-
brachial index in men and women 65 years and older, Arch. Intern. Med. 165
(2005) 1896–1902.

[38] M.A. Allison, M. Cushman, C. Solomon, et al., Ethnicity and risk factors for change
in the ankle-brachial index: the multi-ethnic study of atherosclerosis, J. Vasc. Surg.
50 (2009) 1049–1056.

[39] D. Krause, I. Burghaus, U. Thiem, et al., The risk of peripheral artery disease in older
adults – seven-year results of the getABI study, Vasa 45 (2016) 403–410.

[40] D. Conen, K.M. Rexrode, M.A. Creager, P.M. Ridker, A.D. Pradhan, Metabolic
syndrome, inflammation and risk of symptomatic peripheral artery disease in
women: a prospective study, Circulation 120 (2009) 1041–1047.

[41] P.K. Garg, M.L. Biggs, M. Carnethon, et al., Metabolic syndrome and risk of incident
peripheral artery disease: the cardiovascular health study, Hypertension 63 (2014)
413–419.

[42] H. Vidula, K. Liu, M.H. Criqui, et al., Metabolic syndrome and incident peripheral
artery disease – the multi-ethnic study of atheroslerosis, Atherosclerosis 243 (2015)
198–203.

B. Kowall, et al. Atherosclerosis 284 (2019) 37–43

43

http://refhub.elsevier.com/S0021-9150(19)30107-8/sref1
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref1
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref1
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref2
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref2
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref2
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref2
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref3
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref3
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref4
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref4
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref4
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref4
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref5
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref5
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref5
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref6
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref6
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref7
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref7
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref8
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref8
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref8
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref9
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref9
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref10
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref10
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref10
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref11
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref11
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref11
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref12
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref12
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref12
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref13
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref13
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref13
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref14
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref14
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref14
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref15
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref15
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref15
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref16
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref16
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref16
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref17
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref17
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref17
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref18
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref18
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref18
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref19
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref19
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref19
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref20
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref20
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref21
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref21
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref22
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref22
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref22
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref23
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref23
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref23
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref24
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref24
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref24
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref24
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref24
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref25
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref25
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref25
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref26
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref26
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref27
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref27
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref28
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref28
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref29
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref29
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref29
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref30
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref30
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref30
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref31
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref31
https://doi.org/10.1136/bmjdrc-2015-000135
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref33
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref33
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref33
https://doi.org/10.1371/journal.pone.0188306
https://doi.org/10.1371/journal.pone.0188306
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref35
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref35
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref35
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref36
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref36
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref36
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref37
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref37
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref37
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref38
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref38
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref38
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref39
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref39
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref40
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref40
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref40
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref41
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref41
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref41
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref42
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref42
http://refhub.elsevier.com/S0021-9150(19)30107-8/sref42

	Decline in ankle-brachial index is stronger in poorly than in well controlled diabetes: Results from the Heinz Nixdorf Recall cohort study
	Introduction
	Materials and methods
	Study population
	Measurement of exposure, outcome and covariates
	Statistical analyses

	Results
	Discussion
	Patients with previously known diabetes
	Patients with prediabetes or newly detected diabetes
	Strengths and limitations
	Conclusions

	Conflict of interest
	Author contributions
	Financial support
	Acknowledgements
	References




