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Abstract
Aims/hypothesis The study aimed to evaluate toe–brachial in-
dex (TBI) and ankle–brachial index (ABI) as determinants of
incident cardiovascular disease (CVD) and all-cause mortality
in people with type 2 diabetes and microalbuminuria.
Methods This was a prospective study including 200 partici-
pants. Unadjusted and adjusted (traditional risk factors and
additional inclusion of N-terminal pro-brain natriuretic pep-
tide [NT-proBNP] and coronary artery calcification) Cox re-
gression models were performed. C statistics and relative in-
tegrated discrimination improvement (rIDI) evaluated risk
prediction improvement.
Results Median follow-up was 6.1 years; 40 CVD events and
26 deaths were recorded. Lower TBI was associated with
increased risk of CVD (HR per 1 SD decrease: 1.55 [95%
CI 1.38, 1.68]) and all-cause mortality (1.41 [1.22, 1.60]) un-
adjusted and after adjustment for traditional risk factors (CVD
1.50 [1.27, 1.65] and all-cause mortality 1.37 [1.01, 1.60]).

Lower ABI was a determinant of CVD (1.49 [1.32, 1.61])
and all-cause mortality (1.37 [1.09, 1.57]) unadjusted and after
adjustment for traditional risk factors (CVD 1.44 [1.23, 1.59]
and all-cause mortality 1.39 [1.07, 1.60]). After additional
adjustment for NT-proBNP and coronary artery calcification,
lower TBI remained a determinant of CVD (p = 0.023). When
TBI was added to traditional risk factors, the AUC increased
significantly for CVD, by 0.063 (95% CI 0.012, 0.115) from
0.743 (p = 0.016), but not for all-cause mortality; adding ABI
did not improve the AUC significantly. The rIDI for TBI was
46.7% (p < 0.001) for CVD and 46.0% (p = 0.002) for all-
cause mortality; for ABI, the rIDI was 51.8% (p = 0.004) for
CVD and 53.6% (p = 0.031) for all-cause mortality.
Conclusions/interpretation Reduced TBI and ABI were asso-
ciated with increased risk of CVD and all-cause mortality,
independent of traditional risk factors in type 2 diabetes, and
improved prognostic accuracy.
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TBI Toe–brachial index
UAER Urinary AER

Introduction

Cardiovascular disease (CVD) is among the leading causes of
morbidity and mortality in type 2 diabetes, and accurate risk
stratification of these high-risk individuals is important.
Currently, risk prediction is often based on established cardio-
vascular risk factors. However, there is increasing recognition
of the imprecision in relying only on these risk factors, and
cardiovascular risk prediction may be improved by adding a
measure of atherosclerosis.

Assessment of toe–brachial index (TBI) and ankle–brachi-
al index (ABI) is non-invasive, inexpensive and easily per-
formed in the clinical setting [1, 2]. TBI and ABI are diagnos-
tic tests for peripheral arterial disease and prognostic for
healing of foot ulcers; they are also markers of systemic ath-
erosclerosis and thus could improve the identification of high-
risk individuals.

Current evidence of the value of TBI in risk stratification in
type 2 diabetes is sparse. Two recent studies investigated the
predictive role of TBI in people with type 2 diabetes; in 81
participants included after acute coronary syndrome, low TBI
(<0.6) was associated with increased risk of recurrent CVD
[3]. A study with 17.2 years of follow-up, including a sub-
group of 155 type 2 diabetic individuals, found no association
between TBI and cardiovascular or all-cause mortality after
adjustment [4].

ABI has been shown to predict cardiovascular morbidity
and mortality in the general population [5] and in type 2 dia-
betes [6]. However, the validity of ABI in diabetes is still
debated as people with diabetes often have medial arterial
calcification, which might cause false elevated or false normal
ankle pressure [7, 8]. The vessels in the toe are less susceptible
to calcification; thus, TBI may only be slightly affected by
calcification and therefore perform as a better marker of ath-
erosclerosis compared with ABI [9].

Measurement of carotid intima–media thickness is also a
non-invasive examination of atherosclerosis, but needs to be
performed by a trained technician in designated clinical set-
tings. Conflicting results have been published on the added
value of carotid intima–media thickness in cardiovascular risk
prediction in the general population [10] and in type 2 diabetes
[11].

The aim of this prospective study was to determine the
added value of TBI and ABI as well as carotid intima–media
thickness in risk prediction for CVD and all-cause mortality in
individuals with type 2 diabetes and microalbuminuria, but
without the clinical features of coronary artery disease.

As has been recently published, N-terminal pro-brain na-
triuretic peptide (NT-proBNP) level and coronary artery

calcification score are powerful predictors of outcome, but
are also complicated and expensive to assess [12]. We inves-
tigated the added value of TBI, ABI and carotid intima–media
thickness to the traditional risk factors with and without NT-
proBNP level and coronary artery calcification score.

Methods

Participants and study procedures

In 2007–2008, we identified a cohort of 200 people with type
2 diabetes treated in a secondary care setting at the Steno
Diabetes Center Copenhagen, Gentofte, Denmark. The selec-
tion process has previously been described in detail [13]. This
follow-up was described in the original study protocol and
members of the original study group are authors of this paper.
Participants had type 2 diabetes according to WHO criteria
without history or symptoms suggestive of coronary artery
disease or other cardiac disease (assessed from medical re-
cords, interviews and questionnaires). Participants had persis-
tent (two out of three consecutive measurements) urinary
AER (UAER) >30 mg/24 h. Participants received multifacto-
rial intervention (glycaemic, lipid and blood pressure control,
anti-thrombotic therapy and lifestyle modification) in line
with the findings from the Steno-2 Study [14].

The study complied with the Declaration of Helsinki. The
research protocol was approved by the local ethics committee
and all participants gave written informed consent.

Investigations of the peripheral and coronary arteries

Systolic blood pressure in the ankle and first toe were mea-
sured on both legs by the strain gauge technique and the low-
est pressures were used for calculation of TBI and ABI, re-
spectively [15]. Measurements were taken in a temperature-
controlled room after participants had rested for 10 min in the
supine position. The reliability of TBI and ABI has been eval-
uated in previous studies. The reproducibility of ABI is be-
tween 0.10 and 0.15. For TBI, the variability is greater, rang-
ing from the same to about twice that of ABI [16]. Brachial
blood pressure was measured in the dominant arm with an
appropriately sized cuff after 10 min rest in the supine posi-
tion. Two measurements were obtained and averaged.
Baseline measures of TBI and ABI were available for 191
and 178 participants, respectively.

Carotid intima–media thickness was measured by an expe-
rienced technician at the posterior wall 20 mm proximal to the
bifurcation of the common carotid artery bilaterally, taken as
the distance between the luminal intima interface and the ad-
ventitial media interface (Acuson Cypress ultrasound scanner
with a linear probe 7–10 MHz 7L3, Siemens, OH, USA).
Carotid intima–media thickness was measured on both sides
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and averaged [17]. Thickness measurements were available
for 182 participants.

Coronary artery calcification scanning was performed as
previously described [13]. For each participant, the total
Agatston coronary artery calcification score was determined,
including intimal and medial calcification of the left main, left
anterior descending artery, circumflex artery and right coro-
nary artery.

Biochemical and other analyses

UAER was measured in 24 h urine samples using an enzyme
immunoassay (Vitros, Raritan, NJ, USA). PlasmaNT-proBNP
was analysed by immunoassay, as previously described [18].
Current smoking was defined as one or more cigarettes, cigars
or pipes per day.

Follow-up

All participants were traced on 1 January 2014 through the
Danish National Death Register and the Danish National
Health Register to obtain information on cause of death and
hospital admissions as previously described in detail [12].
Unless an unequivocal non-cardiovascular cause was
established, all deaths were classified as cardiovascular. No
participants were lost to follow-up.

The primary endpoint consisted of cardiovascular mortali-
ty, non-fatal myocardial infarction (ICD-10 codes I20–I25);
(www.who.int/classifications/icd/en/), stroke (ICD-10 codes
I61 or I63), ischaemic CVD (ICD-10 code I70) and heart
failure (ICD-10 code I50). The analysis included only the first
endpoint for participants who experienced multiple endpoints.
The secondary endpoint was all-cause mortality.

Statistical analyses

Non-normally distributed variables (UAER, NT-proBNP,
coronary artery calcification score) are reported as median
with interquartile range (IQR), other continuous variables as
means ± SD; categorical variables are summarised as total
numbers with corresponding percentages.

The correlations between measures of peripheral arterial
disease, coronary artery calcification score and carotid inti-
ma–media thickness were calculated from unadjusted and ad-
justed linear regression models and presented as standardised
β coefficients. Adjustment included sex, age, systolic blood
pressure, LDL-cholesterol, smoking, HbA1c, plasma creati-
nine and UAER.

We applied Cox regression models to estimate the HRs
with 95% CIs for the CVD endpoint and all-cause mortality
per 1 SD decrease in TBI, ABI and carotid intima–media
thickness. TBI and ABI were also analysed as categorical
variables using established cut-off points [19–21]. In contrast

to the well-defined and evidence-based limits of the ABI, the
diagnostic criterion for a pathologic TBI remains ambiguous
and is not strictly evidence based [1].

Carotid intima–media thickness was not dichotomised as
no cut-off point is established.

First, we investigated whether any association existed be-
tween TBI, ABI and carotid intima–media thickness and our
two pre-defined endpoints in the unadjusted model (Model 1).
Subsequent adjustment included traditional cardiovascular
risk factors based on existing evidence: sex, age, systolic
blood pressure, LDL-cholesterol, smoking, HbA1c, plasma
creatinine and UAER (Model 2). A third model included these
traditional cardiovascular risk factors plus NT-proBNP level
and coronary artery calcification score (Model 3). Kaplan–
Meier failure function was applied to compare the risks of
the CVD endpoint and all-cause mortality according to TBI
(above or below 0.64) and ABI (above or below 0.9) at
baseline.

Next, we calculated the potential additional predictive abil-
ity of TBI and ABI over traditional cardiovascular risk factors
using receiver operating characteristic (ROC) curves based on
logistic regressionmodels. The AUCwas calculated in a mod-
el including only the traditional cardiovascular risk factors,
and in the same model with TBI or ABI added.

We calculated the integrated discrimination improvement
(IDI) statistics between the model including traditional cardio-
vascular risk factors vs the new model including traditional
cardiovascular risk factors plus TBI or ABI. IDI assesses the
ability of a new marker to improve the average sensitivity
without sacrificing average specificity. Compared with
AUC, the IDI may be a more powerful method to demonstrate
improved diagnostic performance [22]. Relative IDI (rIDI) is
provided, reported as a percentage, for ease of interpretation of
the contribution of TBI and ABI. rIDI is defined as the in-
crease in discrimination slope divided by the slope of the
model including only the traditional cardiovascular risk fac-
tors [22].

Only participants with TBI (n = 193) and ABI (n = 179)
baseline measurements available were included in the statisti-
cal analyses. A two-tailed p value <0.05 was considered sig-
nificant. Statistical analyses were performed using SPSS for
Windows (version 23.0, Chicago, IL, USA), SAS software
(version 9.3, SAS Institute, Cary, NC, USA) and Stata/IC
version 14.1 for Windows (StataCorp, College Station, TX,
USA).

Results

Participant characteristics

A total of 200 participants were included in the study. Of
these, 151 (76%) were men, mean ± SD age was 59 ± 9 years
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and mean diabetes duration was 13 ± 7 years. Most partici-
pants were treated with oral glucose-lowering agents, insulin
and cardiovascular medication (anti-hypertensive drugs
[99%], renin–angiotensin–aldosterone system-blocking treat-
ment [98%], statins [95%] and aspirin [90%]). Peripheral ar-
terial disease, defined as ABI < 90 and/or TBI < 0.64 and/or
prior surgery for peripheral arterial disease, was demonstrated
in 20% of the participants at baseline. A higher detection rate
for peripheral arterial disease was found applying TBI < 0.64
compared with ABI < 0.9 (15% vs 11%).

Table 1 lists the baseline characteristics of participants,
categorised according to TBI below or above 0.64 and ABI
below or above 0.90.

The unadjusted and adjusted correlations between mea-
sures of peripheral arterial disease, coronary artery calcifica-
tion score and carotid intima–media thickness are shown in
Table 2.

Incidence of the CVD endpoint and mortality

During the follow-up period (median [IQR] 6.1 [5.9–
6.6 years]) 40 participants experienced at least one event from
the combined cardiovascular endpoint: 11 cardiovascular
events were fatal (two cases of acute myocardial infarction,
one case of ischaemic CVD, six sudden and otherwise unex-
plained deaths and two cases of heart failure) and 29 cardio-
vascular events were non-fatal events leading to hospital ad-
mission (three cases of acute myocardial infarction, three
strokes, 19 cases of ischaemic CVD and four cases of heart
failure); 26 participants died (11 deaths were classified as
CVD related, nine as cancer related and six as related to other
causes).

TBI as a risk marker

Table 3 shows the associations for TBI with the composite
cardiovascular endpoint and all-cause mortality with TBI
modelled as a continuous and a binary variable.

Determinant modelled as a continuous variable In the
crude analysis (Model 1), lower TBI was associated with
higher risk of both the composite cardiovascular endpoint
and all-cause mortality (Table 3). In Model 2, TBI remained
associated with both endpoints (Table 3).

In Model 3 (Model 2 plus NT-proBNP and coronary artery
calcification), TBI remained associated with the composite car-
diovascular endpoint, but not with all-cause mortality (Table 3).

As shown in Table 4, in relation to the composite cardio-
vascular endpoint, the AUC increased from 0.743 (95% CI
0.661, 0.825) to 0.806 (0.730, 0.882) after adding TBI to the
model including traditional risk factors. The improvement in
AUC was significant (0.063 [0.012, 0.115]). In relation to all-
cause mortality, the AUC increased from 0.736 (0.632, 0.840)

to 0.752 (0.639, 0.865) after adding TBI to the model includ-
ing traditional risk factors. The improvement in AUC was
0.016 (−0.055, 0.088).

The rIDI for TBI was 46.7% (p < 0.001) for the cardiovas-
cular endpoint, and 46.0% (p = 0.002) in relation to all-cause
mortality.

Determinant modelled as a binary variable The cumulative
incidence of the composite cardiovascular endpoint and all-
cause mortality was higher in participants with TBI < 0.64
(Table 3 and Fig. 1). In Model 2, TBI < 0.64 remained asso-
ciated with the composite cardiovascular endpoint and all-
cause mortality (Table 3). After further adjustment (Model
3), TBI was no longer significant for the cardiovascular end-
point, but the risk of all-cause mortality remained higher in
participants with TBI < 0.64 (Table 3).

ABI as a risk marker

Table 3 shows the associations for ABI with the composite
cardiovascular endpoint and all-cause mortality with ABI
modelled as a continuous and a binary variable.

Determinant modelled as a continuous variable In the
crude analysis (Model 1), lower ABI was associated with
higher risk of both the composite cardiovascular endpoint
and all-cause mortality (Table 3). In Model 2, ABI remained
associated with both endpoints. However, in Model 3 (Model
2 plus NT-proBNP and coronary artery calcification), ABI
was no longer significant for the two endpoints (Table 3).

As shown in Table 4, in relation to the composite cardio-
vascular endpoint, the AUC increased from 0.761 (95% CI
0.670, 0.852) to 0.816 (0.725, 0.908) after adding ABI to the
model including traditional risk factors. The improvement in
AUC was 0.055 (−0.003, 0.113). In relation to all-cause mor-
tality, the AUC increased from 0.746 (0.628, 0.865) to 0.766
(0.639, 0.894) after adding ABI to the model including tradi-
tional risk factors. The improvement in AUC was 0.020
(−0.059, 0.099).

The rIDI for ABI was 51.8% (p = 0.004) in relation to the
cardiovascular endpoint and 53.6% (p = 0.031) for all-cause
mortality.

Determinant modelled as a binary variable The cumulative
incidence of the composite cardiovascular endpoint and all-
cause mortality was higher in participants with ABI < 0.90
(Table 3 and Fig. 1). In Model 2, ABI < 0.90 remained asso-
ciated with both endpoints (Table 3). However, in Model 3,
after comprehensive adjustment, ABI < 0.90 was not associ-
ated with the risk of CVD or all-cause mortality (Table 3).
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Sensitivity analyses

The conclusions were unaffected after exclusion of people
with ABI > 1.3 when applying 0.70 as cut-off for TBI and

in analyses omitting adjustment for systolic blood pressure
(electronic supplementary material [ESM] Table 1).

Carotid intima–media thickness as a risk marker

Table 3 shows the associations between carotid intima–media
thickness and the composite cardiovascular endpoint and all-
cause mortality with determinant modelled as a continuous
variable.

In the unadjusted analysis (Model 1), lower carotid intima–
media thickness was associated with lower risk of the com-
posite cardiovascular endpoint and all-cause mortality
(Table 3). In Model 2, carotid intima–media thickness was
not associated with the composite cardiovascular endpoint or
all-cause mortality (Table 3).

Discussion

The current prospective study, including 200 individuals with
type 2 diabetes, microalbuminuria and no clinical features of
coronary artery disease followed for 6 years, demonstrates TBI

Table 2 Correlations between measures of peripheral arterial disease,
coronary artery calcification score and carotid intima–media thickness

Measurement TBI ABI

Coronary artery calcification

Unadjusted −0.39 (−0.25, −0.52)*** −0.36 (−0.21, −0.50)***

Adjusted −0.27 (−0.10, −0.43)** −0.33 (−0.15, −0.49)***

Carotid intima–media thickness

Unadjusted −0.22 (−0.07, −0.37)** −0.26 (−0.11, −0.42)**

Adjusted −0.12 (−0.27, 0.03) −0.21 (−0.05, −0.37)*

Values represent standardised β coefficients with 95% CIs

Adjustment included sex, age, systolic blood pressure, LDL-cholesterol,
smoking, HbA1c, plasma creatinine and urinary albumin excretion rate
* p < 0.05, ** p < 0.01 and *** p < 0.001 for correlations between TBI and
coronary artery calcification and carotid intima–media thickness, respec-
tively; and correlation between ABI and coronary artery calcification and
carotid intima–media thickness, respectively.

Table 1 Clinical characteristics of the study population at baseline categorised according to TBI below or above 0.64 and ABI below or above 0.90

Characteristic TBI ABI

(<0.64; n = 30) (≥0.64; n = 163) (<0.90; n = 22) (≥0.90; n = 157)

Male, n (%) 25 (83) 119 (74) 19 (86) 115 (74)

Age (years) 63 ± 6 58 ± 9 63 ± 4 58 ± 9

Known duration of diabetes (years) 16 ± 7 12 ± 7 15 ± 7 12 ± 7

BMI (kg/m2) 31 ± 5 33 ± 6 30 ± 5 32 ± 6

HbA1c (%) 7.9 ± 1.3 7.9 ± 1.4 8.0 ± 1.1 7.8 ± 1.4

HbA1c (mmol/mol) 63 ± 14.2 63 ± 15.3 64 ± 12.0 62 ± 15.3

UAER (mg/24 h) 123 (46–214) 93 (38–230) 153 (75–541) 95 (38–223)

P-creatinine (μmol/l) 84 ± 16 75 ± 19 76 ± 16 75 ± 18

eGFR (ml min−1 1.73 m−2) 81 ± 14 91 ± 18 88 ± 15 91 ± 18

Systolic blood pressure (mmHg) 131 ± 16 129 ± 16 131 ± 19 129 ± 16

LDL-cholesterol (mmol/l) 2.0 ± 0.7 1.8 ± 0.8 2.2 ± 0.9 1.8 ± 0.8

Current smoker, n (%) 9 (30) 47 (29) 7 (32) 45 (29)

NT-proBNP (ng/l) 59.4 (26.3–165.2) 45.8 (16.9–88.8) 59.4 (28.3–179.6) 42.4 (15.3–88.5)

Coronary artery calcium score (Agatston units) 545 (199–1207) 130 (2–478) 679 (224–1971) 94 (1–433)

Carotid intima–media thickness (mm) 0.8 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 0.7 ± 0.2

Treatment with:

Oral glucose-lowering agents, n (%) 23 (77) 140 (87) 18 (82) 132 (85)

Insulin, n (%) 21 (70) 98 (61) 16 (73) 91 (58)

Anti-hypertensive drugs, n (%) 30 (100) 161 (100) 22 (100) 155 (99)

Statin, n (%) 28 (93) 155 (96) 19 (86) 149 (96)

Aspirin, n (%) 27 (90) 148 (92) 21 (95) 141 (90)

Non-normally distributed variables (UAER, NT-proBNP, coronary artery calcification score) are reported as median with IQR; other continuous
variables as means ± SD

Categorical variables are shown as total numbers with corresponding percentages
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and ABI as determinants of CVD and all-cause mortality after
adjustment for traditional cardiovascular risk factors. After ad-
ditional adjustment for NT-proBNP level and coronary artery
calcification score, lower TBI remained associated with CVD.

Analyses of the added discriminatory ability of TBI and
ABI demonstrated a significant increase in the AUC for the
cardiovascular endpoint when adding TBI to a model includ-
ing traditional cardiovascular risk factors. The IDI statistics

Table 3 TBI and ABI in relation to risk of fatal and non-fatal cardiovascular events and all-cause mortality

Measurement/model Cardiovascular events (n = 40) All-cause mortality (n = 26)

HR (95% CI) p value HR (95% CI) p value

TBI (n = 193; SD = 0.23)

1 1.55 (1.38, 1.68) <0.0001 1.41 (1.22, 1.60) 0.010

2 1.50 (1.27, 1.65) <0.0001 1.37 (1.01, 1.60) 0.049

3 1.36 (1.06, 1.56) 0.023 1.24 (0.78, 1.53) 0.25

ABI (n = 179; SD = 0.17)

1 1.49 (1.32, 1.61) <0.0001 1.37 (1.09, 1.57) 0.015

2 1.44 (1.23, 1.59) <0.0001 1.39 (1.07, 1.60) 0.021

3 1.27 (0.95, 1.48) 0.087 1.27 (0.81, 1.55) 0.20

Carotid intima–media thickness (n = 182; SD = 0.15 mm)

1 0.63 (0.19, 0.96) 0.028 0.48 (0.01, 0.88) 0.008

2 0.93 (0.53, 1.22) 0.68 0.64 (0.06, 1.05) 0.096

3 0.85 (0.46, 1.19) 0.43 0.60 (0.01, 1.06) 0.097

TBI (<0.64; n = 30)

1 3.4 (1.7, 6.9) <0.0001 3.8 (1.6, 8.8) 0.002

2 2.5 (1.2, 5.2) 0.016 3.5 (1.4, 8.6) 0.008

3 1.8 (0.8, 4.0) 0.18 3.2 (1.2, 8.5) 0.017

ABI (<0.90; n = 22)

1 4.9 (2.2, 10.5) <0.0001 3.9 (1.5, 10.3) 0.007

2 3.2 (1.4, 7.5) 0.007 3.7 (1.3, 10.6) 0.002

3 2.1 (0.9, 5.1) 0.10 3.2 (1.0, 10.8) 0.058

HRs for the determinant modelled as a continuous variable represents risk related to 1 SD decrease

HRs for the determinant modelled as a binary variable represents risk compared with TBI ≥ 0.64 (n = 163) or ABI ≥ 0.90 (n = 157) group

Model 1 is unadjusted; Model 2 is adjusted for sex, age, systolic blood pressure, LDL-cholesterol, smoking, HbA1c, plasma creatinine and UAER

Model 3 is as Model 2, but with coronary artery calcium score and NT-proBNP added

Table 4 C statistics for TBI and ABI in relation to risk of fatal and non-fatal cardiovascular events and all-cause mortality

Panel/model AUC (95% CI) Improvement AUC (95% CI) p value

Panel a: composite CVD endpoint

Base model 0.743 (0.661, 0.825) 0.0632 (0.0116, 0.1147) 0.016
Base model + TBI 0.806 (0.730, 0.882)

Panel b: all-cause mortality

Base model 0.736 (0.632, 0.840) 0.0162 (−0.0553, 0.0876) 0.66
Base model + TBI 0.752 (0.639, 0.865)

Panel c: composite CVD endpoint

Base model 0.761 (0.670, 0.852) 0.0553 (−0.00270, 0.113) 0.061
Base model + ABI 0.816 (0.725, 0.908)

Panel d: all-cause mortality

Base model 0.746 (0.628, 0.865) 0.0201 (−0.0592, 0.0993) 0.62
Base model + ABI 0.766 (0.639, 0.894)

Base model includes sex, age, systolic blood pressure, LDL-cholesterol, smoking, HbA1c, plasma creatinine and UAER
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show that adding TBI or ABI to traditional cardiovascular risk
factors significantly improves the predictive capability for
both CVD and all-cause mortality.

Recently, a study in 81 individuals with type 2 diabetes
included after acute myocardial infarction and followed for
3.7 years demonstrated that low TBI (<0.6) and low toe blood
pressure (<50 mmHg) predicted major cardiovascular events
defined as a new episode of myocardial infarction, ischaemic
cerebrovascular disease or peripheral arterial disease in appro-
priately adjusted models (low TBI, HR [95% CI] 2.92 [1.04,
8.19]; low toe blood pressure 3.83 [1.45, 10.1]) [3]. A study
including 155 type 2 diabetic and 469 non-diabetic partici-
pants demonstrated low ABI (<0.90) to be associated with
cardiovascular (HR [95% CI] 2.57 [1.50, 4.40]) and all-
cause (2.02 [1.47, 2.76]) mortality after adjustment for risk
factors included in the Framingham risk score. However, these
associations were no longer significant (HR [95% CI] 1.74
[0.97, 3.14] and 1.30 [0.46, 3.62]) in analyses restricted to
the diabetic subgroup [4]. The authors reported lower TBI to
be associated with cardiovascular and all-cause mortality after
adjustment for age, sex and glucose metabolism status, but the
association was no longer significant after adjustment for the
Framingham risk factors. Results for the predictive value of
TBI restricted to the diabetic subgroup were not presented. In
contrast to our study, individuals with prior CVD were

included and follow-up was longer (median 17.2 years). A
study by Hyun et al demonstrated TBI < 0.40 (TBI categories
<0.40, 0.40–0.61, 0.62–1.08 and >1.08, with 0.62–1.08 as the
reference category) to predict high risk of cardiovascular mor-
tality in analysis adjusted for traditional cardiovascular risk
factors (HR [95% CI] 2.25 [1.47, 3.43]). The study included
469 participants with clinically suspected atherosclerotic pe-
ripheral arterial disease, of whom 168 had diabetes; similar
associations were demonstrated in the diabetic subgroup
(2.28 [1.15, 4.55]). Median follow-up was 7.0 years [23].

Our present study provides support for the use of TBI as a
tool refining risk prediction in type 2 diabetes. The addition of
TBI to traditional cardiovascular risk factors improved risk
prediction for CVD applying C statistics, and for CVD and
all-cause mortality calculated as rIDI.

Recently, we demonstrated that a simple screening algo-
rithm combining the NT-proBNP level and coronary artery
calcification score added substantially to the risk information
provided by traditional cardiovascular risk factors in the cur-
rent cohort [12]. TBI remained associated with the composite
cardiovascular endpoint even after adjustment for these pow-
erful risk markers.

Our study expands on the existing literature by demonstrat-
ing that ABI –when modelled as a continuous and as a binary
variable – was associated with incident CVD and all-cause
mortality in asymptomatic people with type 2 diabetes and
microalbuminuria independently of traditional risk factors.
Continuous analysis has the greatest statistical power.
However, cut-offs have greater applicability in the clinic.

The addition of ABI to traditional cardiovascular risk fac-
tors improved risk prediction for CVD and all-cause mortality
evaluated by rIDI. The Fremantle Diabetes Study followed
1294 individuals with type 2 diabetes and previous CVD
and demonstrated that low (≤0.90) compared with normal
(0.91–1.40) ABI was associated with cardiovascular mortality
[6]. In 2368 people with type 2 diabetes and coronary artery
disease included in the Bypass Angioplasty Revascularization
Investigation 2 Diabetes Trial, low ABI (<1.0) conferred an
increased risk of mortality and major cardiovascular events
during follow-up of a median 5.2 years [24].

Despite the existing literature, ABI has not been broadly
implemented in daily practice for risk assessment in type 2
diabetes. This may be because of the reliability of ABI in
people with diabetes in whom medial arterial calcification is
frequently observed [7, 9, 25]. In a study including 83 people
with diabetes (type 2, 83%) defined to be at high risk of pe-
ripheral arterial disease, examination with colour-flow duplex
ultrasound demonstrated the presence of peripheral arterial
occlusive disease in 57% of those with ABI between 0.9 and
1.3. This study confirmed that ABI often is incorrectly normal
because of vessel stiffness in diabetes [7]. The vessels in the
toe are less susceptible to medial calcification [9], therefore
TBI may be more reliable for risk assessment in diabetes.
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Fig. 1 Kaplan–Meier failure function estimates with two categories of
TBI, above or below a cut-off of 0.64, for (a) the composite cardiovascular
endpoint (HR 3.4 [95% CI 1.7, 6.9], p < 0.001) and (b) all-cause mortality
(3.8 [1.6, 8.8], p = 0.002), and with two categories of ABI, above or below
cut-off of 0.9, for (c) the composite cardiovascular endpoint (4.9 [2.2,
10.5], p < 0.001) and (d) all-cause mortality (3.9 [1.5, 10.3], p = 0.007).
Numbers refer to participants in each category at risk at the beginning of
each 2 year interval. Dashed line, below cut-off; solid line, above cut-off
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However, the association was similar in a sub-analysis exclud-
ing participants with ABI > 1.3.

Measurement of carotid intima–media thickness has been
proposed to improve risk assessment beyond established car-
diovascular risk factors. However, a meta-analysis including
14 population-based cohorts (45,828 individuals) demonstrat-
ed that adding carotid intima–media thickness to the
Framingham risk score was associated with only a small im-
provement in 10 year risk prediction of first-time myocardial
infarction or stroke (increase in AUC from 0.757 to 0.759)
[10]. Similarly, a retrospective study including 783 people
with type 2 diabetes, but without a history of CVD, demon-
strated that adding carotid intima–media thickness to
Framingham risk score resulted in a small increase in AUC
from 0.645 to 0.656 [11]. In our analysis, carotid intima–me-
dia thickness was associatedwith the development of the com-
bined cardiovascular endpoint and all-cause mortality in the
crude analysis, but these associations were no longer signifi-
cant after adjustment for traditional cardiovascular risk fac-
tors. However, our study was much smaller and thus had less
power. Our results suggest no added value of carotid intima–
media thickness measurements in cardiovascular risk predic-
tion in type 2 diabetes. However, carotid intima–media thick-
ness remains of interest in pathophysiological studies and as
an endpoint in clinical trials.

The finding that both TBI and ABI were correlated with
carotid intima–media thickness as well as coronary artery cal-
cification illustrates that atherosclerosis is often a universal
disease affecting different arterial beds. Despite this correla-
tion, TBI was able to predict CVD in addition to the risk
information provided by coronary artery calcification, further
highlighting the strength of TBI.

Clinical implications

TBI is a relatively simple test easily performed in the clinical
setting. Our findings of the added predictive value on top of
traditional risk factors for both CVD and all-cause mortality
highlight the great potential impact of implementing TBI mea-
surement in type 2 diabetes in the clinical setting. Identifying
individuals with the highest risk can enhance guidance of
intensive management of vascular risk factors, including
tighter goal setting for blood pressure, LDL-cholesterol and
other cardiovascular risk factors.

Strengths and limitations

The strengths of our study include the prospective design,
which included careful assessment of cardiovascular risk fac-
tors. This allowed extensive adjustment for these factors, in-
cluding levels of NT-proBNP and coronary artery calcification
score. Moreover, no participants were lost to follow-up. The

significant results of the continuous models of ABI and TBI,
without applying arbitrary thresholds, are other strong points.

Limitations include the relatively small sample size and
that the study only included people with type 2 diabetes
and microalbuminuria recruited from a single centre,
limiting the generalisation of our findings. Individuals with
microalbuminuria can be considered to be at a higher CVD risk
and the lack of people with normoalbuminuria may have influ-
enced the results.

Moreover, the inter- and intra-rater reliability of the ABI
and TBI were not evaluated in our study. The larger variability
of TBI might have impacted on the performance of TBI on the
AUC models.

Conclusion

In people with type 2 diabetes and microalbuminuria but with-
out clinical features of coronary artery disease, lower levels of
TBI were associated with increased risk of CVD and all-cause
mortality independently of traditional risk factors. After fur-
ther adjustment for NT-proBNP level and coronary artery cal-
cification score, lower TBI remained a significant predictor of
CVD. The addition of TBI to traditional cardiovascular risk
factors improved risk prediction for CVD and all-cause mor-
tality. Lower ABI levels were associated with increased risk of
CVD and all-cause mortality after adjustment for traditional
cardiovascular risk factors, and improved risk prediction.
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