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Peripheral oscillometric arterial
performance does not depict coronary
status in patients with type 2 diabetes
mellitus

Magdalene Jaeger1, Bernd Stratmann1 and Diethelm Tschoepe1,2

Abstract

Background: Arterial stiffness is associated with cardiovascular events. Matrix metalloproteases (MMPs), their tissue
inhibitors (TIMPs) and galectin-3 are involved in the pathogenesis of end organ damage. This study aimed to evaluate the
contribution of arterial stiffness, MMPs, TIMPs and galectin-3 with the current vascular status in type 2 diabetes mellitus
(T2DM).
Methods: 74 patients with T2DM, 36 with coronary heart disease (CHD) (T2DM +CHD) and 38 without CHD (T2DM�
CHD) were included. Aortic pulse wave velocity (PWVao), aortic and brachial augmentation indices (AIx aortic and AIx
brachial) and central-aortic blood pressure values were determined by non-invasive arteriography. MMPs, TIMPs and
galectin-3 plasma concentrations were analysed by ELISA.
Results: Patients with T2DM and CHD presented with significantly increased arterial stiffness determined as AIx and
significantly elevated values for TIMP-4 and galectin-3. Heterogeneous peripheral vascular status regardless of the CHD
status was observed, and increasing severity of CHD was associated with an increased arterial stiffness. TIMP-4 correlated
significantly with an elevated PWVao in the whole cohort independently from CHD status.
Conclusion:Determination of arterial stiffness is an effective and, compared to laboratory markers, more reliable method
for determining the peripheral vascular situation in patients with T2DM, but it does not clearly depict coronary situation.
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Key messages

• In patients with T2DM, peripheral vascular status does
not necessarily correspond to the coronary status.

• In T2DM, TIMP-4 is significantly elevated in patients
with atherosclerotic disease.

• In T2DM, TIMP-4 levels are in correlation to pe-
ripheral artery status irrespective of CHD status.

Introduction

Patients with diabetes mellitus (DM) are at high risk of de-
veloping micro- and macrovascular complications.1 The risk
of developing cardiovascular diseases (CVDs) is increased in
patients with type 2 diabetes mellitus (T2DM) even after

consideration of common cardiovascular risk factors
(CVRFs), nominating DM as CVRF.2 Patients with T2DM
without previous myocardial infarction (MI) have the same
risk of MI as non-diabetics with previous MI. The presence

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons
Attribution-NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use,
reproduction and distribution of the work without further permission provided the original work is attributed as specified on the

SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

1Herz- und Diabeteszentrum NRW, Ruhr Universität Bochum, Bad
Oeynhausen, Germany
2Stiftung DHD (Der herzkranke Diabetiker) Stiftung in der Deutschen
Diabetes-Stiftung, Bad Oeynhausen, Germany

Corresponding author:
Diethelm Tschoepe, Herz- und DiabeteszentrumNRWRuhr Universität
Bochum Diabeteszentrum Georgstrasse 11, Bad Oeynhausen 32545,
Germany.
Email: diethelm.tschoepe@ruhr-uni-bochum.de

https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/14791641211046522
https://journals.sagepub.com/home/dvr
https://orcid.org/0000-0001-5777-3715
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage
mailto:diethelm.tschoepe@ruhr-uni-bochum.de


of both risk factors, T2DM and past MI, is associated with
an even higher incidence of re-MI.3 Despite this well-
known fact, DM is not routinely analysed in many pa-
tients with coronary heart disease (CHD), but it appears as a
common comorbidity after screening.4

As a result of biological ageing and arteriosclerosis,
arterial stiffness is associated with the risk of cardiovas-
cular events, which has been shown in several studies.5 The
European Society of Hypertension (ESH) and the European
Society of Cardiology (ESC) have recommended the
measurement of the aortic pulse wave velocity (PWVao) as
a marker of end organ damage since 2007.6 In patients with
DM, PWVao is advocated due to its additive predictive
value for cardiovascular risk stratification.6

In addition to common CVRFs, the arteriosclerotic
markers matrix metalloproteases (MMPs) and their tissue
inhibitors (TIMPs), as well as the fibrosis marker galectin-3
are involved in the pathogenesis of arterial stiffness.5,7,8

The arterial stiffness can be determined by non-invasive
arteriography which is based on an oscillometric measurement
method.9 The PWVao is a directmeasure and the gold standard
for measuring arterial stiffness.10 The indirect parameters of
arterial stiffness include the aortic and brachial augmentation
indices (AIx aortic and AIx brachial), as well as the central
systolic blood pressure near the aortic root (SBPao) and the
aortic pulse pressure (PPao), both as central-aortic blood
pressure values. They belong to the pulse wave reflection
quantifying as well as to the central hemodynamic indices.11

MMPs are zinc-containing, proteolytic metalloenzymes
that are involved in the remodelling of extracellular
macromolecules such as collagen and elastin.12 Specific to
MMP-2 and MMP-9 (gelatinase A and B) are the degra-
dation of type IV collagen, vascular remodelling, angio-
genesis and involvement in the inflammatory process and
rupture of atherosclerotic plaques.13 The family of TIMPs
comprises four members regulating MMP-activity.

Galectins, proteins of the lectin family, specifically bind
ß-galactosidases by means of the C-terminal carbohydrate
recognition domain (CRD).14,15 A total of 14 galectins
have been identified in mammals. In addition to the CRD,
galectin-3 is characterised by an atypical N-terminal do-
main (ND).15 It is localised both intracellular in the nucleus
and in the cytoplasm and extracellular on the cell surface or
in the ECM. Therefore, it is involved in various biological
processes such as immune reactions, carcinomas, meta-
bolic disorders including DM and inflammation through to
fibrogenesis.15-17 Galectin-3 is present to an increased
extent in atherosclerotic plaques and mediates aldosterone-
induced vascular fibrosis.18,19

According to the current state of knowledge, the data
that can prove the relationship between arterial stiffness,
measured by arteriography, and MMPs, TIMPs and
galectin-3 is limited in patients with T2DM. Therefore, the
primary aim was to look for a correlation between the

arteriography parameters and the coronary status in these
patients to access the correlation between peripheral vas-
cular and coronary status. Secondary, we aimed to analyse
the correlation of laboratory markers with the peripheral
vascular status in patients with T2DM.

Methods

Study population

Between July 2012 and April 2013, a total of 74 subjects with
T2DM were recruited of whom 36 had additionally CHD
based on clinical criteria. These patients were in inpatient or
outpatient treatment at the Diabetes Centre of the HDZ NRW,
Bad Oeynhausen, Germany. Two clinical groups were built,
38 patients with T2DM and without CHD (T2DM � CHD)
and 36 patients with T2DM and with CHD (T2DM + CHD).

Participants with a body mass index (BMI) <40.0 kg/m2,
HbA1c <10.5% and blood pressure (with and without
pharmacological therapy) <160/100 mmHg were eligible.
Participants with peripheral arterial disease (PAD), de-
pression, tumour disease and active nicotine abuse were
excluded from the study.

All subjects gave written informed consent for the study
after extensive verbal and written information. The ethics
committee of the Medical Faculty of the Ruhr-Universität
Bochum, based in Bad Oeynhausen, approved the study
protocol according to the ethics application (Reg. No. 33/
2012), and the study was carried out in accordance with the
Helsinki principles.

Study design

This study is a cross-sectional study. Additional blood
samples were taken as part of a regular blood sampling and
analysed for relevant markers. Patient data such as age and
gender, medical history, medication information and blood
parameters (HbA1c, LDL-cholesterol, HDL-cholesterol,
adiponectin, proinsulin, BNP and CRP) were recorded.

The non-invasive vascular examination was performed
using the TensioClinic Arteriograph® (TenisoMed, Buda-
pest, Hungary).

Commercially available enzyme-linked immunosorbent
assays (ELISAs) were used for the selective determination of
the concentration of the markers MMP-2, MMP-9, TIMP-1,
TIMP-2, TIMP-4 (R&D Systems, Abingdon, UK) and
galectin-3 (BGM, Inc., Waltham, MA, USA). These were
carried out in accordancewith themanufacturer’s instructions.

Determination of arterial stiffness
using arteriography

The non-invasive arteriography measurement is an oscil-
lometric measurement method that is comparable to
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conventional blood pressure measurement in terms of
scope and duration. The measurement is based on pleth-
ysmography and registers pulsatile pressure fluctuations in
the arterial vascular system of the upper arm. Fluctuations
in the pulsatile pressure in the artery below the inflated
blood pressure cuff induce periodic pressure fluctuations
(oscillations) in the inflated cuff as an indirect measure of
the pulsatile pressure fluctuations in the artery below the
cuff. After the upper arm cuff has been inflated, the indi-
vidual parameters are analysed via the cuff. The registered
signals reflect the arterial and aortic circulation system. All
arteriography measurements were carried out with the
TensioClinic Arteriograph® (TenisoMed, Budapest, Hun-
gary) according to the manufacturer’s instructions.

The blood pressure cuff acts as a sensor through which
the arteriograph can oscillometrically measure the current
blood pressure. The cuff is then inflated to a systolic blood
pressure which is 35 mmHg higher than the initial value
measured. The pressure fluctuations in the brachial artery
are now detected by the cuff. This information is recorded
and analysed as pulse waves.

The arteriograph calculates the pulse wave velocity
(PWV) from the time difference between the start of the
initial wave and the start of the second reflected wave, in
relation to the aortic length, which is determined by the
distance between the jugulum and the symphysis.9

To determine the augmentation index (AIx), the arte-
riograph relates the difference in amplitude between the
reflected (P2) and initial (P1) waves to the pulse pressure
(PP). The basis is the formula AIx = [(P2�P1)/PP] x 100.9

The aortic parameters of arterial stiffness, that is, the AIx
aortal, the central-aortic blood pressure values and the
PWVao are calculated on the basis of a linear relationship to
the brachial recorded parameters.20

The measurement results of the PWVao (Figure S1) and
the AIx brachial (Figure S2) are classified in four value
ranges according to the consentual publication of the
Arterial Stiffness’ Collaboration.21 For the sake of sim-
plicity, the evaluation of the measurement results of the
PWVao was parametrically combined to “normal” and
“elevated.”

Statistical analysis

Data were analysed using GraphPad Prism 8.3.0 (Graph-
Pad Software) and SPSS Vers.24 (IBM Statistics). All
measured values were shown as mean value (MV) and
standard deviation (±SD). The non-parametric two-sample
t-test with Mann–Whitney post-test was used to analyse the
MV of the two cohorts examined. Multivariate analysis
taking patient specific parameters (age, diastolic blood
pressure (DBP), diabetes duration, LDL-cholesterol and
BNP for comparison of T2DM � CHD versus T2DM +
CHD; age, DBP, diabetes duration, BMI, LDL-cholesterol,

HDL-cholesterol and BNP for comparison after grouping
for PWVao result) into account was performed to analyse
differences between the two groups. In the case of a three-
group comparison, a Kruskal–Wallis test for independent
samples was carried out if there was no normal distribution
of all tested groups. If there was a significant difference,
Dunn’s post hoc test was carried out to determine signif-
icant differences between the groups. Pearson correlations
were calculated on one side if the effect was known and on
both sides if the outcome was open. A p-value <0.05 was
regarded as statistically significant.

Results

Evaluation according to coronary
heart disease-status

Of the total of 74 patients with T2DM, 36 had CHD in
addition to T2DM. This group is referred to below as
T2DM + CHD, patients without CHD as T2DM � CHD.
The demographic and clinical characteristics of the patient
population are shown in Table 1. Patients with T2DM +
CHD showed a higher median age (62.6 ± 9.5 years vs.
67.8 ± 8.1 years; p < 0.05), a lower DBP (79.4 ± 8.4 mmHg
vs. 74.7 ± 9.4 mmHg; p < 0.05) and a longer duration of
diabetes (10.8 ± 9.0 years vs. 14.4 ± 7.8 years; p < 0.05)
compared to patients without CHD. LDL-cholesterol was
significantly lower in patients with T2DM + CHD (105.7 ±
35.4 mg/dL vs. 88.2 ± 25.1 mg/dL; p < 0.05). BNP was
increased in patients with T2DM + CHD (26.6 ± 21.9 pg/dL
vs. 66.0 ± 56.2 pg/dL; p < 0.001). Consequently, these
parameters were included in the multivariate analysis for
marker analysis. HbA1c values were balanced in both
groups depending on the coronary status (Table 1).

When comparing the laboratorymarkersMMPs-2 and -9,
TIMPs-1, -2, and -4 and galectin-3, by multivariate analysis
considering age, DBP, diabetes duration, LDL-cholesterol
and BNP, T2DM + CHD patients presented with elevated
TIMP-4 (1346.7 ± 385.7 pg/mL vs. 1592.8 ± 709.4 pg/mL;
p < 0.01) and galectin-3 (12.7 ± 3.6 ng/mL vs. 14.4 ±
5.2 ng/mL; p < 0.05) levels. The remaining analysed lab-
oratory markers were comparable in both groups (Table 2).

No statistically significant difference was shown for
PWVao between both groups although patients with T2DM
presented with slightly elevated but still normal PWVao of
9.6 ± 1.8 m/s in contrast to the patients with additional
CHD, who had an elevated PWVao of 10.7 ± 2.2 m/s (p =
ns) (Table 2).

The augmentation indices were elevated in patients with
T2DM + CHD; this applies to both the AIx brachial (�20.2
± 26.0% vs. �8.5 ± 27.2%; p < 0.001) and the AIx aortic
(27.2 ± 13.2% vs. 33.2 ± 14.0%; p < 0.001). Central-aortic
blood pressure values were significantly elevated in the
presence of CHD in addition to T2DM for SBPao (127.8 ±
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13.7 mmHg vs. 128.0 ± 16.1 mmHg; p < 0.001) and PPao
(48.9 ± 11.4 mmHg vs. 54.1 ± 12.3 mmHg; p < 0.01) (Table
2). PWVao and AIx brachial increased nonsignificantly
with the grade of CHD within the T2DM + CHD group
(Table 3). In patients with T2DM + CHD, TIMP-4 cor-
related each with AIx aortic (r = 0.33; p < 0.05) and PPao
(r = 0.42; p < 0.05).

Evaluation according to aortic pulse
wave velocity-status

A further statistical evaluation was carried out ad hoc using
the PWVao as discriminator. Of the total of 74 patients, 43
had elevated PWVao (11.4 ± 1.6 ms) and 31 had normal-
ranged PWVao (8.4 ± 0.9 ms). Patients with elevated
PWVao had a significant higher BMI (29.4 ± 3.9 kg/m2 vs.
31.6 ± 3.3 kg/m2; p < 0.05). HDL-cholesterol was in-
creased in patients with normal PWVao compared to those
with elevated PWVao (45.8 ± 11.6 mg/dl vs. 39.6 ± 9.7 mg/
dl; p < 0.05). Other laboratory parameters were balanced in
both groups (Table 4).

In the population with elevated PWVao, 23 (53.5%)
patients were T2DM + CHD and 20 (46.5%) were T2DM
� CHD. In the group with normal PWVao, the proportion
of patients with T2DM-CHD was 18 (58.1%), and 13
(41.9%) were T2DM+CHD (Table 4). Further, statistically
significant differences in the parameter comparison of
arterial stiffness were shown for all other parameters, the
AIx aortic (31.0 ± 13.8% vs. 29.4 ± 13.9%; p < 0.001), AIx
brachial (�12.4 ± 26.7% vs. �16.1 ± 27.4%; p < 0.001),
SBPao (131.0 ± 15.6 mmHg vs. 125.7 ± 14.0 mmHg; p <
0.001) and PPao (53.0 ± 12.9 mmHg vs. 49.3 ±
10.6 mmHg; p < 0.001) (Table 5).

Multivariate analysis considering age, DBP, diabetes
duration, BMI, LDL-cholesterol, HDL-cholesterol and
BNP revealed that the laboratory marker TIMP-4 (1363.7 ±
487.7 pg/mL vs. 1540.5 ± 627.5 pg/mL; p < 0.01) was
increased in patients with elevated PWVao, and for galectin-
3 (13.4 ± 3.7 ng/mL vs. 13.6 ± 4.9 ng/mL; p = 0.065) and
MMP-9 (364.3 ± 186.3 ng/mL vs. 398.2 ± 148.1 ng/mL; p =
0.056), a trend to increased values was detectable. MMP-2
and TIMP-1 and -2 were comparable in patients with normal
and elevated PWVao (Table 5). Depending on a normal

Table 1. Demographic and clinical characteristics of the patient population according to the coronary heart disease-status.

Population (N = 74)

p

Variable T2DM � CHD T2DM + CHD

Number of patients (N) 38 36

Males/females [n (%)] 32 (84.2)/6 (15.8) 31 (86.1)/5 (13.9)
Age (years) 62.6 ± 9.5 67.8 ± 8.1 0.014*
SBP (mmHg) 132.0 ± 11.2 129.3 ± 13.2 0.317
DBP (mmHg) 79.4 ± 8.4 74.7 ± 9.4 0.010*
DM-duration (years) 10.8 ± 9.0 14.4 ± 7.8 0.015*
BMI (kg/m2) 31.1 ± 3.5 30.2 ± 4.0 0.300
Medication
OAD only [n (%)] 15 (40) 7 (19)
OAD + insulin [n (%)] 19 (50) 21 (58)
Insulin only [n (%)] 4 (11) 8 (22)
Lipid-lowering therapy [n (%)] 25 (66) 33 (92)
Antihypertensives [n (%)] 28 (74) 36 (100)
Laboratory
HbA1c (%) 7.6 ± 1.1 7.9 ± 1.3 0.328
LDL-cholesterol (mg/dL) 105.7 ± 35.4 88.2 ± 25.1 0.027*
HDL-cholesterol (mg/dL) 42.5 ± 11.3 41.9 ± 10.6 0.700
Adiponectin (mg/L) 4.4 ± 4.1 3.5 ± 2.1 0.765
Proinsulin (pmol/L) 10.5 ± 9.2 11.1 ± 8.1 0.431
BNP (pg/dL) 26.6 ± 21.9 66.0 ± 56.2 <0.001***
CRP (mg/dL) 1.2 ± 4.5 0.4 ± 0.7 0.653

Data are shown as mean values (MV) ± standard deviation (SD), binary variables as n (%). The statistical evaluation is based on the non-parametric two-
sample t-test, followed by the Mann–Whitney post-test (p < 0.05 *, p < 0.01 **, p < 0.001 ***).
T2DM - CHD, patients with type 2 diabetes mellitus and without coronary heart disease; T2DM + CHD, patients with type 2 diabetes mellitus and with
coronary heart disease; SBP, systolic blood pressure; DBP, diastolic blood pressure; DM-duration, Diabetesmellitus duration; BMI, bodymass index; OAD,
oral antidiabetic:

4 Diabetes & Vascular Disease Research 18(6)



PWVao, correlations with all indirect parameters of arteri-
ography were shown for TIMP-4: TIMP-4 correlated with
AIx aortic (r = 0.47; p < 0.01), AIx brachial (r = 0.44;
p < 0.05), SBPao (r = 0.48; p < 0.01) and PPao (r = 0.59;
p < 0.001). In the population with elevated PWVao, a
positive association of PWVao with both TIMP-4 (r = 0.32;
p < 0.05) and galectin-3 (r = 0.33; p < 0.05) was shown.

Discussion

Patients with T2DM per se are at increased risk for CVDs.
Presence of CHD multiplies the risk for future vascular
events.3 Assuming that the peripheral vascular situation

reflects the coronary situation, as previously shown in the
Clopidogrel for High Atherothrombotic Risk and Ischemic
Stabilization, Management, and Avoidance (CHARISMA)
trial, the aim of the study was to investigate arteriosclerotic
status of patients with T2DM with and without CHD by
arteriography and biochemical risk markers.22 In any case,
following the CHARISMA result, we would have expected
that the presence of CHD would lead to higher arterial
stiffness and increased marker concentrations of MMPs,
TIMPs and galectin-3 in terms of generalised atheroscle-
rosis. Therefore, the correlation between the arteriography
parameters and the coronary status in patients with T2DM
was primarily analysed. Secondly and exploratively, the

Table 3. Severity of CHD and the parameters of arteriography.

T2DM � CHD T2DM + CHD

n = 38 n = 36

no CHD 1 � vessel + CHD 2 � vessel + CHD 3 � vessel + CHD

Number of patients [(N (%)] 38 (100) 11 (30.6) 9 (25) 16 (44.4)
PWVao (m/s) 9.6 ± 1.8 9.8 ± 1.4 10.1 ± 1.9 (ns) 11.6 ± 2.5 (ns)
AIx brachial (%) �20.2 ± 26.0 �18.6 ± 12.7 �11.4 ± 37.0 (ns) 0.0 ± 26.9 (ns)

Data are given as mean value (MV) ± standard deviation (SD). The statistical evaluation is based on the non-parametric Kruskal–Wallis test, followed by the
Dunn’s Multiple Comparison Test for independent samples with ns = not significant in relation to the group 1-vessel CHD.
T2DM� CHD, patients with type 2 diabetes mellitus and without coronary heart disease; T2DM + CHD, patients with type 2 diabetes mellitus and with
coronary heart disease; CHD, coronary heart disease; PWVao, aortic pulse wave velocity; AIx brachial, brachial augmentation index.

Table 2. Additional exploratory parameters collected for the patient population according to the coronary heart disease-status.

Population (N = 74)

p

Variable T2DM � CHD T2DM + CHD

Number of patients (N) 38 36

Arteriography
PWVao (m/s) 9.6 ± 1.8 10.7 ± 2.2 0.591
AIx aortic (%) 27.2 ± 13.2 33.2 ± 14.0 <0.001***
AIx brachial (%) �20.2 ± 26.0 �8.5 ± 27.2 <0.001***
SBPao (mmHg) 127.8 ± 13.7 128.0 ± 16.1 <0.001***
PPao (mmHg) 48.9 ± 11.4 54.1 ± 12.3 0.001**
Laboratory
MMP-2 (ng/mL) 173.9 ± 52.6 158.2 ± 43.3 0.342
MMP-9 (ng/mL) 368.6 ± 137.7 409.9 ± 183.4 0.065
TIMP-1 (ng/mL) 194.8 ± 57.5 197.9 ± 40.7 0.081
TIMP-2 (ng/mL) 85.0 ± 12.1 85.1 ± 13.5 0.646
TIMP-4 (pg/mL) 1346.7 ± 385.7 1592.8 ± 709.4 0.001**
Galectin-3 (ng/mL) 12.7 ± 3.6 14.4 ± 5.2 0.042*

Data are shown as mean values (MV) ± standard deviation (SD). The statistical evaluation is based on a multivariate analysis considering the following
factors: age, diastolic blood pressure, DM-duration, LDL-cholesterol, and BNP (p < 0.05 *, p < 0.01 **, p < 0.001 ***).
T2DM� CHD, patients with type 2 diabetes mellitus and without coronary heart disease; T2DM + CHD, patients with type 2 diabetes mellitus and with
coronary heart disease; PWVao, aortic pulse wave velocity; AIx aortic, aortic augmentation index; AIx brachial, brachial augmentation index; SBPao,
central systolic blood pressure near the aortic root; PPao, aortic pulse pressure; MMPs, matrix metalloproteases; TIMPs, tissue inhibitors of
metalloproteinase.
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Table 4. Demographic and clinical characteristics of the patient population according to the aortic pulse wave velocity-status.

Population (N = 74)

p

Variable PWVao (m/s) normal PWVao (m/s) elevated

Number of patients (N) 31 43

T2DM � CHD/T2DM + CHD [n (%)] 18 (58.1)/13 (41.9) 20 (46.5)/23 (53.5)
Males/females [n (%)] 24 (77.4)/7 (22.6) 39 (90.7)/4 (9.3)
Age (years) 66.6 ± 9.2 64.1 ± 9.1 0.179
SBP (mmHg) 133.3 ± 13.1 128.8 ± 11.3 0.157
DBP (mmHg) 78.1 ± 8.8 76.4 ± 9.4 0.427
DM-duration (years) 12.7 ± 8.7 12.4 ± 8.6 0.881
BMI (kg/m2) 29.4 ± 3.9 31.6 ± 3.3 0.024*
Medication
OAD only [n (%)] 11 (36) 11 (26)
OAD + insulin [n (%)] 16 (52) 24 (56)
Insulin only [n (%)] 4 (13) 8 (19)
Lipid-lowering therapy [n (%)] 23 (74) 35 (81)
Antihypertensives [n (%)] 26 (84) 38 (88)
Laboratory
HbA1c (%) 7.6 ± 1.1 7.8 ± 1.2 0.701
LDL-cholesterol (mg/dL) 98.2 ± 35.6 96.5 ± 29.3 0.963
HDL-cholesterol (mg/dL) 45.8 ± 11.6 39.6 ± 9.7 0.016*
Adiponectin (mg/L) 4.6 ± 4.1 3.5 ± 2.4 0.146
Proinsulin (pmol/L) 10.2 ± 8.4 11.2 ± 8.8 0.611
BNP (pg/dL) 43.6 ± 36.2 47.3 ± 52.9 0.851
CRP (mg/dL) 0.3 ± 0.5 1.2 ± 4.2 0.151

Data are shown as mean values (MV) ± standard deviation (SD), binary variables as n (%). The statistical evaluation is based on the non-parametric two-
sample t-test, followed by the Mann–Whitney post-test (p < 0.05 *, p < 0.01 **, p < 0.001 ***).
PWVao, aortic pulse wave velocity; T2DM�CHD, patients with type 2 diabetes mellitus and without coronary heart disease; T2DM+CHD, patients with
type 2 diabetes mellitus and with coronary heart disease; SBP, systolic blood pressure; DBP, diastolic blood pressure; DM-duration, Diabetes mellitus
duration; BMI, body mass index; OAD, oral antidiabetic.

Table 5. Additional exploratory parameters collected for the patient population according to the aortic pulse wave velocity-status.

Population (N = 74)

pVariable PWVao (m/s) normal PWVao (m/s) elevated

Number of patients (N) 31 43
Arteriography
PWVao (m/s) 8.4 ± 0.9 11.4 ± 1.6 0.025*
AIx aortic (%) 31.0 ± 13.8 29.4 ± 13.9 <0.001***
AIx brachial (%) �12.4 ± 26.7 �16.1 ± 27.4 <0.001***
SBPao (mmHg) 131.0 ± 15.6 125.7 ± 14.0 <0.001***
PPao (mmHg) 53.0 ± 12.9 49.3 ± 10.6 <0.001***
Laboratory
MMP-2 (ng/mL) 168.1 ± 50.5 165.0 ± 47.8 0.528
MMP-9 (ng/mL) 364.3 ± 186.3 398.2 ± 148.1 0.056
TIMP-1 (ng/mL) 185.2 ± 31.1 204.3 ± 58.8 0.224
TIMP-2 (ng/mL) 85.6 ± 11.5 84.7 ± 13.6 0.350
TIMP-4 (pg/mL) 1363.7 ± 487.7 1540.5 ± 627.5 0.002**
Galectin-3 (ng/mL) 13.4 ± 3.7 13.6 ± 4.9 0.065

Data are shown as mean values (MV) ± standard deviation (SD). The statistical evaluation is based on a multivariate analysis considering the following
factors: age, diastolic blood pressure, DM-duration, BMI, LDL-cholesterol, HDL-cholesterol, and BNP (p < 0.05 *, p < 0.01 **, p < 0.001 ***).
PWVao, aortic pulse wave velocity; AIx aortic, aortic augmentation index; AIx brachial, brachial augmentation index; SBPao, central systolic blood pressure
near the aortic root; PPao, aortic pulse pressure; MMPs, matrix metalloproteases; TIMPs, tissue inhibitors of metalloproteinase.
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correlation between the arteriography parameters and
MMPs, TIMPs and galectin-3 was examined indepen-
dently from CHD status.

However, this study showed that patients with addi-
tional CHD had a pathologically increased arterial stiffness
in terms of AIx but not PWVao as measured by arteri-
ography supporting the primary assumption, but it also
became clear that only selective laboratory markers (TIMP-
4 and galectin-3) were associated with the coronary status
in patients with T2DM. Secondly, this study revealed that
patients with T2DM independently from CHD already
present with atherosclerosis, underlying the fact that dia-
betes mellitus per se independent from metabolic control is
a driver of the disease. In this study, patients with vascular
disease – either on the peripheral or the coronary level – are
present in every group following our analysis scheme.
Thus, peripheral does not depict coronary status and vice versa
in T2DM as it was shown previously for the patient population
of the CHARISMA-trial leading to the assumption that
atherothrombosis should be regarded as a systemic disorder
with various local manifestations.22 Nevertheless, with the
grade of severity of CHD, PWVao increased in our study.

It has already been shown in several studies that arterial
stiffness measured on the basis of elevated PWVao is as-
sociated with the risk of CVDs, particularly in patients with
T2DM.5,23 In this study, additional parameters of arterial
stiffness were investigated, and elevated values for AIx
aortic and AIx brachial as well as elevated values for
SBPao and PPao could be detected in our cohort sub-
stantiating the presence of arterial stiffness.

The demographic and clinical characteristics of the pa-
tients with T2DM and those with additional CHD showed
some statistically significant but expected differences which
were considered in the statistical analysis. Data from the
cross-sectional analysis of the InnovativeMedicine Initiative
SUrrogate markers for Micro- and Macro-vascular hard
endpoints for Innovative diabetes Tools (SUMMIT) project
revealed patient-dependent differences in PWV. Compared
to patients without CHD, patients with T2DM and additional
CHD had a higher age, a longer duration of diabetes and a
lower diastolic blood pressure,23 comparable to our cohort.
Effects become less pronounced with increased age – from
around 60 years of age. The systolic blood pressure in the
subgroups of patients was in the normal or high-normal
range not at least because of the higher age and the strict
antihypertensive treatment.6 In our study, all patients with
T2DM + CHD were on antihypertensive medication com-
pared to 74% of patients with T2DM � CHD. Regarding
quality of metabolic control and obesity grade, no differ-
ences between the two groups were detected. The signifi-
cantly increased BNP in patients with T2DM + CHD could

be due to the underlying cardiac disease despite the BNP
values being far below the upper limit of normal in both
groups. The more aggressive metabolic treatment of CHD-
patients and the higher proportion of prescribed lipid-
lowering therapy in T2DM + CHD (92%) compared to in
T2DM � CHD (66%) might account for the statistically
significantly lower LDL-cholesterol in patients with T2DM
+ CHD. The influence of statin therapy on the concentration
of MMPs and TIMPs is controversial. In a meta-analysis of
clinical data from 2017, however, it was shown that statin
therapy reduces TIMP-1 levels, but it does not influence
MMP-9 and MMP-3 concentrations.24

MMP and TIMP concentrations were increased in pa-
tients with T2DM compared to healthy adults.25 Increased
concentrations of the markers analysed in this study have
also been described in acute coronary events (MMPs and
TIMPs) or chronic heart failure (galectin-3). Loftus et al.26

described increased concentrations of these markers in the
context of atherosclerosis, in particular in acute athero-
sclerotic plaque rupture sustaining the assumption markers
are elevated in acute events and are reduced to near normal
values after convalescence. This might explain comparably
low values of markers in our T2DM + CHD cohort.

For the first time, the correlation between the markers
MMPs, TIMPs as well as galectin-3 and arterial stiffness in
patients with T2DM with CHD was investigated. In other
studies, in different populations such as healthy adults,
patients with T2DM and patients with high blood pressure,
it could be proven that MMPs and TIMPs are involved in
arteriosclerotic processes and arterial stiffness.27-29 The
participation of galectin-3 in the fibrotic process in the
vessel wall and thus the contribution to arterial stiffness has
been investigated in the general population.30 Lorenzo-
Almorós et al.31 showed that galectin-3 is suitable as a
marker for predicting cardiovascular events, especially in
patients with CHD and additional T2DM.

Assuming that the markers of the ECM and galectin-3 depict
different pathophysiological processes on the peripheral vessels,
further analyses were carried out depending on the PWVao.
Strong correlations between TIMP-4 and all indirect parameters
of arterial stiffness were detectable in case of normal PWVao. In
case of elevated PWVao, TIMP-4 and galectin-3 were correlated
to PWVao although galectin-3 is only trendwise different be-
tween the PWVao groups (p for difference = 0.065). A previous
study also showed an independent association between elevated
PWVao and galectin-3 in a large cohort and thus confirms the
findings obtained here.30 In summary, TIMP-4 rather than
galectin-3 and even the established atherosclerosis marker
MMP-9 may represent the stiffening process in the pe-
ripheral vessels and may therefore be suitable for pre-
dicting increased vascular stiffness.
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Limitations

This cross-sectional study recruited not optimally treated
patients in a real-life clinical setting, and the patients were
in inpatient treatment in order to optimise metabolic
treatment. Thus, no rigorous inclusion and exclusion cri-
teria were applied.

The arterial stiffness was measured using arteriography,
a newer oscillometric method. Other non-invasive proce-
dures are based on a tonometric or piezo-electric method
and determine the arterial stiffness using the carotid-
femoral PWVao as an indicator.10 The comparability of
the measurement methods is controversial, so the data
should be compared depending on the method.9

The number of cases should be mentioned as a limiting
factor. In particular, the analysis between the severity of
CHD and the parameters of the arteriography has only
limited informative value.

Conclusion

Determination of arterial stiffness seems to be an effective
and, compared to laboratory markers, more reliable mea-
surement method for determining the peripheral vascular
situation in patients with T2DM, but it does not clearly
depict the coronary situation. Diabetes per se contributes to
arterial stiffening, pronouncing its role as a CVRF. TIMP-4
should be further investigated as potential marker for
predicting increased vascular stiffness as there is a sig-
nificant correlation to PWVao independent from CHD
status in T2DM.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with re-
spect to the research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

ORCID iD

Bernd Stratmann  https://orcid.org/0000-0001-5777-3715

Supplemental Material

Supplemental material for this article is available online.

References

1. American Diabetes Association. 2. Classification and di-
agnosis of diabetes: standards of medical care in diabetes-
2020. Diabetes Care 2020; 43: S14–s31.

2. Fox CS, Coady S, Sorlie PD, et al. Increasing cardiovascular
disease burden due to diabetes mellitus: the Framingham
heart study. Circulation 2007; 115: 1544–1550.

3. Haffner SM, Lehto S, Ronnemaa T, et al. Mortality from
coronary heart disease in subjects with type 2 diabetes and in
nondiabetic subjects with and without prior myocardial in-
farction. New Engl J Med 1998; 339: 229–234.

4. Taubert G, Winkelmann BR, Schleiffer T, et al. Prevalence,
predictors, and consequences of unrecognized diabetes
mellitus in 3266 patients scheduled for coronary angiogra-
phy. Am Heart J 2003; 145: 285–291.

5. Palombo C and Kozakova M. Arterial stiffness, athero-
sclerosis and cardiovascular risk: Pathophysiologic mecha-
nisms and emerging clinical indications. Vascul Pharmacol
2016; 77: 1–7.

6. Williams B, Mancia G, Spiering W, et al. ESC/ESH
guidelines for the management of arterial hypertension:
The task force for the management of arterial hypertension of
the European Society of Cardiology and the European So-
ciety of Hypertension. J Hypertens 2018; 36: 1953–2041.

7. Loftus IM, Naylor AR, Goodall S, et al. Increased matrix
metalloproteinase-9 activity in unstable carotid plaques. A
potential role in acute plaque disruption. Stroke A J Cerebral
Cir 2000; 31: 40–47.

8. de Boer RA, Voors AA, Muntendam P, et al. Galectin-3: a
novel mediator of heart failure development and progression.
Eur J Heart Failure 2009; 11: 811–817.

9. Baulmann J, Schillings U, Rickert S, et al. A new oscillometric
method for assessment of arterial stiffness: comparison with
tonometric and piezo-electronicmethods. JHypertens 2008; 26:
523–528.

10. Laurent S, Cockcroft J, Van Bortel L, et al. Expert consensus
document on arterial stiffness: methodological issues and
clinical applications. Eur Heart Journal 2006; 27: 2588–2605.

11. Vlachopoulos C, Xaplanteris P, Aboyans V, et al. The role of
vascular biomarkers for primary and secondary prevention.
A position paper from the European Society of Cardiology
working group on peripheral circulation: endorsed by the
association for research into arterial structure and physiology
(ARTERY) society. Atherosclerosis 2015; 241: 507–532.

12. Visse R and Nagase H. Matrix metalloproteinases and tissue
inhibitors of metalloproteinases: structure, function, and
biochemistry. Circ Research 2003; 92: 827–839.

13. Jaiswal A, Chhabra A,Malhotra U, et al. Comparative analysis
of human matrix metalloproteinases: Emerging therapeutic
targets in diseases. Bioinformation 2011; 6: 23–30.

14. Barondes SH, CastronovoV, Cooper DN, et al. Galectins: a family
of animal beta-galactoside-binding lectins. Cell; 76: 597–598.

15. Dumic J, Dabelic S and Flogel M. Galectin-3: an open-ended
story. Biochim Biophys Acta 2006; 1760(4): 616–635.

16. Menini S, Iacobini C, Blasetti Fantauzzi C, et al. Role of
galectin-3 in obesity and impaired glucose homeostasis. Oxi
Med Cell Long 2016; 2016: 9618092.

8 Diabetes & Vascular Disease Research 18(6)

https://orcid.org/0000-0001-5777-3715
https://orcid.org/0000-0001-5777-3715


17. Henderson NC and Sethi T. The regulation of inflammation
by galectin-3. Immu Rev 2009; 230: 160–171.

18. Nachtigal M, Al-Assaad Z, Mayer EP, et al. Galectin-3
expression in human atherosclerotic lesions. Am J Path
1998; 152: 1199–1208.

19. Calvier L, Miana M, Reboul P, et al. Galectin-3 mediates
aldosterone-induced vascular fibrosis. Arterio Thromb Vas
Bio 2013; 33: 67–75.

20. Horvath IG, Nemeth A, Lenkey Z, et al. Invasive validation
of a new oscillometric device (Arteriograph) for measuring
augmentation index, central blood pressure and aortic pulse
wave velocity. J Hypertens 2010; 28: 2068–2075.

21. Arterial Stiffness Collaboration. Determinants of pulse wave
velocity in healthy people and in the presence of cardio-
vascular risk factors: establishing normal and reference
values. Eur Heart J 2010; 31: 2338–2350.

22. Cacoub PP, Bhatt DL, Steg PG, et al. Patients with peripheral
arterial disease in the charisma trial. Eur Heart J 2009; 30:
192–201.

23. Shore AC, Colhoun HM, Natali A, et al. Measures of ath-
erosclerotic burden are associated with clinically manifest
cardiovascular disease in type 2 diabetes: a European cross-
sectional study. J Intern Med 2015; 278: 291–302.

24. Ferretti G, Bacchetti T, Banach M, et al. Impact of statin
therapy on plasma MMP-3, MMP-9, and TIMP-1 concen-
trations: a systematic review and meta-analysis of ran-
domized placebo-controlled trials. Angiology 2017; 68:
850–862.

25. Kuliczkowski W, Banaszkiewicz M, Mysiak A, et al. Does
arterial hypertension affect plasma levels of matrix metal-
loproteinases and their tissue inhibitors in patients with stable
coronary artery disease? A preliminary study. Cardiol Res
Pract 2019; 2019: 6921315.

26. Loftus IM, Naylor AR, Bell PR, et al. Matrix metal-
loproteinases and atherosclerotic plaque instability. Br J Surg
2002; 89: 680–694.

27. Vlachopoulos C, Aznaouridis K, Dima I, et al. Negative as-
sociation between serum levels of matrix metalloproteinases-2
and -9 and aortic stiffness in healthy adults. Int J Card 2007;
122: 232–238.

28. Yasmin, McEniery CM, Wallace S, et al. Matrix
metalloproteinase-9 (MMP-9), MMP-2, and serum elas-
tase activity are associated with systolic hypertension and
arterial stiffness. Arterios Thromb Vas Bio 2005; 25: 372.

29. Papazafiropoulou A, Perrea D, Moyssakis I, et al. Plasma
levels of MMP-2, MMP-9 and TIMP-1 are not associated
with arterial stiffness in subjects with type 2 diabetes mel-
litus. J Diabetes Its Comp 2010; 24: 20–27.

30. Libhaber E, Woodiwiss AJ, Raymond A, et al. Independent
associations of circulating galectin-3 concentrations with
aortic pulse wave velocity and wave reflection in a com-
munity sample. Hypertension 2015; 65: 1356–1364.

31. Lorenzo-Almorós A, Pello A, Aceña Á, et al. Galectin-3 is
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Appendix

List of abbreviations

AIx augmentation index
AIx aortic aortic augmentation index

AIx brachial brachial augmentation index
BMI body mass index
CHD coronary heart disease
CRD carbohydrate recognition domain
CVD cardiovascular disease

CVRF cardiovascular risk factor
DBP diastolic blood pressure
DM diabetes mellitus
ESC European Society of Cardiology
ESH European Society of Hypertension

MMPs matrix metalloproteases

MI myocardial infarction
MV mean value
PAD peripheral arterial disease
PPao aortic pulse pressure
PWV pulse wave velocity

PWVao aortic pulse wave velocity
SBP systolic blood pressure

SBPao central systolic blood pressure near the
aortic root

SD standard deviation
TIMPs tissue inhibitors of metalloproteinase
T2DM type 2 diabetes mellitus

T2DM � CHD type 2 diabetes mellitus and without
coronary heart disease

T2DM + CHD type 2 diabetes mellitus and with
coronary heart disease
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