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Global burden of diabetes mellitus
It is estimated by the International Diabetes Federation (IDF), that globally in 2017, 425 million people 
had diabetes. The vast majority (91%) of these people have type 2 diabetes.(1) The number of people 
with diabetes is expected to increase to 629 million in the year 2045.(1) Type 2 diabetes is a chronic 
illness with great negative impact on a person’s quality of life due to severe complications of both the 
disease and it’s treatment as well as the associated co-morbidities.(2-4) In accordance to the burden on 
individual level, the impact on a global public scale is also great. The global economic burden of type 2 
diabetes mellitus in 2015 was estimated to be 1.3 trillion US dollars, with two thirds of these total costs 
consisting of direct medical costs (857 billion US dollars).(5; 6) 

Type 2 diabetes mellitus & Cardiovascular disease
Type 2 diabetes mellitus is a well-established risk factor for cardiovascular disease. It was recently 
shown that approximately a third of all patients with type 2 diabetes are affected by cardiovascular dis-
ease.(7) Patients with type 2 diabetes are at increased risk for cardiovascular morbidity and mortality, 
with a fourfold higher incidence rate of cardiovascular events and an eightfold higher incidence rate of 
vascular interventions as compared to patients without type 2 diabetes.(8; 9) 

Patients with type 2 diabetes have not benefited as much as patients without diabetes from the advances 
in cardiovascular risk management, that could have resulted in a decrease in cardiovascular morbidity 
and mortality.(10; 11) The Framingham Heart Study showed that from 1970 up to 2005, individuals with 
type 2 diabetes have had declines in the established cardiovascular risk factors, however compared to 
individuals without type 2 diabetes, they are still at higher risk of cardiovascular disease.(12) 

Some of the excess cardiovascular risk therefore relates to an increased prevalence of established 
cardiovascular risk factors in patients with type 2 diabetes, such as hyperglycemia, dyslipidemia, and 
hypertension. The importance of these risk factors was highlighted in the Steno-2 trial, where it was 
shown that multi-factorial intervention aimed at these risk factors resulted in about 50% cardiovascular 
risk reduction.(13) 

Non-traditional risk factors in type 2 diabetes & Cardiovascular disease
Although advances have been made in cardiovascular risk management, traditional risk factors do not 
fully explain the excess risk of cardiovascular disease associated with diabetes, as only a third of the 
risk was found to be attributable to modifiable traditional risk factors.(14) Therefore, other nontra-
ditional risk factors may be important in people with type 2 diabetes. (14-16) Several studies have 
demonstrated the importance of some of these non-traditional risk factors in the pathogenesis of CVD 
in diabetes. (16-18) 
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For example, inflammation has been identified as a risk factor for cardiovascular disease and the recent 
CANTOS trial has shown that anti-inflammatory therapy significantly reduces recurrent cardiovascular 
events underlying the importance of low-grade systemic inflammation as a cardiovascular risk factor. 
(19-21) As patients with type 2 diabetes are more prone to low-grade inflammation due to insulin resis-
tance, inflammation might be an even more important non-traditional risk factor explaining at least part 
of the excess cardiovascular risk.(22; 23) 

Patients with type 2 diabetes have a specific lipid profile consisting of low HDL-cholesterol and elevated 
triglycerides.(24) The individual components of this lipid profile or the combination of the two might 
further explain part of the excess cardiovascular risk. Although HDL-cholesterol has been widely exam-
ined as a cardiovascular risk factor in cohort studies, there is still controversy as CETP-intervention trials 
failed to show benefit in reducing cardiovascular events. (25-27) Futhermore, it is unclear whether it is 
the absolute amount of HDL-cholesterol or HDL particle function that drives the increased cardiovascu-
lar risk. The notion that an increase in HDL-cholesterol concentration is not always beneficial and HDL 
particle function may be of greater importance is supported by the recent finding in the dal-OUTCOMES 
and HPS2-THRIVE (Treatment of HDL to Reduce the Incidence of Vascular Events) trials.(25; 28) These 
trials revealed that an increase in HDL-cholesterol was not associated with a reduction in recurrent car-
diovascular events. It is conceivable that HDL particle functionality may be of greater importance for the 
understanding of the relationship between HDL-c and cardiovascular events.(29) Indeed, HDL particle 
dysfunction as measured by low cholesterol efflux capacity has been implicated in the development of 
future cardiovascular events in the general population.(30) It has been shown that HDL-functionality is 
reduced in patients with type 2 diabetes which in turn can lead to diminished atheroprotective proper-
ties of HDL and increase the risk of cardiovascular events.(31; 32)

Hypertriglyceridemia in type 2 diabetes is a direct cause of the insulin resistant state, which precipitates 
a chain reaction from enhanced lipolysis in adipocytes, to increased supply of free fatty acids to the liver, 
resulting in triglyceride rich lipoproteins (e.g. very low-density lipoprotein (VLDL)) secreted by the liver. 
Due to CETP activity, triglycerides are transferred from VLDL particles to HDL particles by exchanging 
cholesteryl esters leading to low HDL-cholesterol.(33) This relationship between triglycerides and HDL-c 
complicates the assessment of the attributable risk of triglycerides and cardiovascular events. Several 
studies have shown a significant association between triglycerides and cardiovascular events, however 
this association disappeared when HDL-cholesterol levels were taken into account.(34-38) The FIELD 
study aimed to assess the effects of fibrate therapy in lowering triglycerides and therefore reduce cardio-
vascular events in patients with type 2 diabetes. The results of the FIELD trial showed that fibrate therapy 
did not reduce the risk of cardiovascular events.(39) Also, post-hoc subgroup analyses of other trials 
assessing fibrate therapy have shown significant reductions in cardiovascular events specifically in sub-
jects with insulin resistance or other aspects of the metabolic syndrome, such as dyslipidemia. (40-42)

1
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The vasculature in individuals with type 2 diabetes is characterized by increased arterial sti ff ness and 
is possibly caused by advanced glycati on endproduct formati on with collagen cross-linking, nitric oxide 
dysregulati on and vascular calcifi cati on.(43) Type 2 diabetes is not just associated with calcifi cati on and 
atheroscleroti c changes of the inti ma but also with calcifi cati on of the medial layer of the artery. (44) 
Although arterial sti ff ness may be a direct consequence of type 2 diabetes, it is more than an epiphe-
nomenon of diabetes and it is most likely directly causal in the development of cardiovascular disease. A 
possible mechanism by which arterial sti ff ness may be directly causal is exposure to increased mechan-
ical forces on the vessel wall. These mechanical forces have been implicated in the development of ath-
erosclerosis and plaque rupture.(45) Increased arterial sti ff ness has also been related to microvascular 
complicati ons.(46-49) However, current literature on arterial sti ff ness as a risk factor for cardiovascular 
events in type 2 diabetes is scarce, but the evidence does point towards a relati on between increased 
arterial sti ff ness and increased cardiovascular risk.(50-53) Therefore arterial sti ff ness might be another 
non-traditi onal risk factor explaining the excess cardiovascular risk observed in pati ents with type 2 dia-
betes. Although currently there is no acti ve treatment to reduce arterial sti ff ness, bisphosphonates have 
shown to reduce arterial calcifi cati on in PXE pati ents.(54) Whether bisphosphonate treatment in feasible 
and eff ecti ve in reducing arterial calcifi cati on and therefore reduce arterial sti ff ness is sti ll unknown. 

Objecti ve thesis
The general objecti ves of this thesis are to further elucidate and understand the observed increased 
cardiovascular morbidity and mortality risk in pati ents with type 2 diabetes, by assessing traditi onal and 
non-traditi onal risk factors as potenti al causes of cardiovascular events in pati ents with type 2 diabetes.

Figure 1. Schemati c overview of thesis outline

9	
	

Objective	thesis	

The	general	objectives	of	this	thesis	are	to	further	elucidate	and	understand	the	observed	increased	

cardiovascular	morbidity	and	mortality	risk	in	patients	with	type	2	diabetes,	by	assessing	traditional	and	

non-traditional	risk	factors	as	potential	causes	of	cardiovascular	events	in	patients	with	type	2	diabetes.	

		

Figure	1.	Schematic	overview	of	thesis	outline	

	

	

Thesis	outline	

The	thesis	focusses	on	traditional	and	non-traditional	risk	factors	for	cardiovascular	disease	in	patients	

with	type	2	diabetes.	The	thesis	aims	to:	

• Quantify	the	magnitude	and	specific	contributions	of	known	cardiovascular	risk	factors	to	

cardiovascular	risk	and	all-cause	mortality	in	patients	with	type	2	diabetes.	The	amount	of	the	

Proefschrift_Shahnam_Sharif.indd   10 2-2-2021   09:20:25



11

Thesis outline
The thesis focusses on traditi onal and non-traditi onal risk factors for cardiovascular disease in pati ents 
with type 2 diabetes. The thesis aims to:
• Quanti fy the magnitude and specifi c contributi ons of known cardiovascular risk factors to cardio-

vascular risk and all-cause mortality in pati ents with type 2 diabetes. The amount of the increased 
cardiovascular risk and all-cause mortality due to insulin resistance, systolic blood pressure, renal 
functi on, LDL-cholesterol, triglycerides and micro-albuminuria is evaluated. (Chapter 2)

• Evaluate HDL-cholesterol as a potenti al residual risk factor for cardiovascular events and all-cause 
mortality. Additi onally, demonstrate the infl uence of LDL-c levels and the intensity of lipid-lowering 
therapy on the relati onship between HDL-cholesterol and vascular events or all-cause mortality. 
(Chapter 3)

• Evaluate whether the characteristi c lipid profi le of elevated plasma triglycerides and reduced 
HDL-cholesterol confers an increased risk of cardiovascular disease in pati ents with type 2 diabetes. 
Furthermore, assess the infl uence of a pati ent’s gender on this relati onship. (Chapter 4)

• Examine the eti ology of vascular calcifi cati on in pati ents with type 2 diabetes by assessing the role 
of bone metabolism regulators osteoponti n, osteocalcin and osteonecti n in the pathophysiology of 
arterial sti ff ness in pati ents with type 2 diabetes. (Chapter 5)

• Assess arterial sti ff ness as a risk factor for cardiovascular events and all-cause mortality. Arterial sti ff -
ness is measured by brachial artery pulse pressure, normal range ankle–brachial index and caroti d 
artery distension. Furthermore, assess the presence of a history of cardiovascular as an eff ect 
modifi er of the relati on between increased arterial sti ff ness and increased cardiovascular risk and 
increased all-cause mortality risk. (Chapter 6)

• Evaluate low-grade infl ammati on as measured by hs-CRP as a risk factor for cardiovascular events an 
all-cause mortality in pati ents with type 2 diabetes. Additi onaly, assess whether the relati onship is 
infl uenced by presence of manifest vascular disease. (Chapter 7) 

The main fi ndings of this thesis are discussed in chapter 8. 

1
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Abstract

Background
Patients with type 2 diabetes (T2DM) are at higher risk of cardiovascular events and mortality. Multiple 
risk factors associated with T2DM have been identified which may confer this higher risk. The aim of 
this study is to quantify the magnitude and specific contributions of known cardiovascular risk factors 
leading to higher cardiovascular risk and all-cause mortality due to type 2 diabetes.

Methods 
Mediation analysis was performed to assess the relative contributions of known classical risk factors for 
vascular disease in T2DM (insulin resistance, systolic blood pressure, renal function, LDL-cholesterol, 
triglycerides and micro-albuminuria) and which proportion of the effect of T2DM on cardiovascular 
events and all-cause mortality these factors mediate in the Second Manifestations of ARTerial disease 
(SMART) cohort consisting of 1910 T2DM patients. 

Results
Only 35% (95%CI 15%-71%) of the excess cardiovascular risk due to T2DM is mediated by the classical 
cardiovascular risk factors. The largest mediated effect was through insulin resistance (proportion medi-
ated effect (PME) 18%, 95%CI 3%-37%), followed by elevated triglycerides (PME 8%, 95%CI 4%-14%) 
and micro-albuminuria (PME 7%, 95%CI 3%-17%). Only 42% (95%CI 18%-73%) of the excess mortality 
risk was mediated by the classical risk factors considered. The largest mediated effect was by micro- 
albuminuria (PME 18%, 95%CI 10%-29%) followed by insulin resistance (PME 15%, 95%CI 1%-33%).

Conclusions
A substantial amount of the increased cardiovascular risk and all-cause mortality due to T2DM cannot 
be explained by traditional vascular risk factors. Future research should focus on identifying non-classi-
cal pathways which might further explain the increased cardiovascular and mortality risk due to T2DM. 

Introduction
Despite significant advances in cardiovascular risk management, patients with type 2 diabetes are still 
at high risk for cardiovascular disease and mortality.(10) This higher risk in patients with type 2 diabetes 
compared to patients without diabetes is in part explained by traditional risk factors for cardiovascu-
lar disease including glycemic control, but the excess risk cannot be solely attributed to the higher 
prevalence of traditional vascular risk factors in patients with type 2 diabetes (e.g. hypercholesterol-
emia, hypertension). Other non-traditional risk factors, such as insulin resistance, micro-albuminuria 
or inflammation, may be important in the pathophysiology of cardiovascular disease and vascular mor-
tality.(55) Presence of micro-albuminuria has been associated with a two-fold increased risk of cardio-
vascular morbidity or mortality in patients with type two diabetes. (56) Insulin resistance, as measured 
by HOMA-IR, has been identified as an independent predictor of cardiovascular events in patients with 
type 2 diabetes. A one unit increase in HOMA-IR was related with 31% higher risk of cardiovascular 
events.(57) Inflammation, as assessed by elevated hs-CRP levels (>3 mg/l), has been related to an 
increased risk of coronary heart disease of 72%.(58) To improve cardiovascular risk management in 
patients with type 2 diabetes, it is of importance to elucidate and understand the causal pathways lead-
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ing from type 2 diabetes to cardiovascular disease and mortality, as this may direct therapy and quantify 
the need for future research to find unknown risk factors and treatment targets. While there have been 
many studies addressing the relation between different risk factors and cardiovascular disease in this 
specific population, the relative contribution of these risk factors to cardiovascular risk is unknown. 
In epidemiologic research, understanding causal pathways from an exposure to an outcome can be 
assessed using mediation analysis techniques. Mediation analysis offers a tool to assess the magnitude 
of different pathways (mediators) leading to the outcome.(59) The aim of this study is to quantify the 
magnitude and relative contributions of known cardiovascular risk factors in the pathway from type 2 
diabetes to increased cardiovascular risk and all-cause mortality.

Methods
Study population & Baseline measurements
The Second Manifestations of ARTerial disease (SMART) is an ongoing prospective cohort at the Uni-
versity Medical Center Utrecht, The Netherlands. Newly referred patients between ages 18-79 with 
vascular disease or with important risk factors for atherosclerosis (e.g. diabetes, hypertension or hyper-
lipidemia) are asked to participate. After inclusion, information on medical history, history of vascular 
disease (coronary artery disease, cerebrovascular disease, peripheral arterial disease, abdominal aortic 
aneurysm), medication use and cardiovascular risk factors (e.g. smoking, alcohol consumption, phys-
ical activity, hypertension, hyperlipidemia) are obtained with the use of questionnaires. Additionally, 
the patients underwent physical examination and traditional cardiovascular risk factors were measured 
(blood pressure, blood sample for plasma lipids, urine sample for albuminuria, and creatinine excre-
tion). LDL-c was calculated using the Friedewald formula up to plasma triglyceride levels of 9 mmol/L to 
avoid missing LDL-c.(60) A rationale and detailed description of the SMART study has been previously 
published.(61) The study was approved by the Medical Ethics Committee of the University Medical 
Center Utrecht and informed consent was obtained from all participants. 

Type 2 diabetes diagnosis
Type 2 diabetes was defined as self-reported type 2 diabetes, a referral diagnosis of type 2 diabetes, 
a glucose plasma concentration of ≥7.0 mmol/L at baseline with commencement of glucose-lowering 
therapy within 1 year after inclusion or the use of glucose-lowering medication at inclusion. 

Follow-up
During follow-up information on hospitalization and outpatient clinic visits was obtained through bian-
nual questionnaires. All available data on reported events was collected. Death was reported by rela-
tives, the general practitioner or treating specialist. All events were independently evaluated by three 
members of the SMART study end point committee. Primary outcomes for this study were a composite 
of major events (myocardial infarction (MI), stroke and vascular mortality) and all-cause mortality. MI 
was defined as at least two of the following criteria: 1) chest pain for at least 20 min, not disappearing 
after administration of nitrates; 2) elevation of the ST-segment >1 mm in two following leads on an elec-
trocardiogram or a left bundle branch block; and 3) cardiac enzyme elevation (troponin above clinical 
cutoff value or creatinine kinase of at least two times the normal value and a myocardial band fraction 
>5% of the total creatinine kinase). Sudden cardiac death was also considered as MI. Vascular mortality 
was defined as death due to MI, stroke, congestive heart failure, rupture of abdominal aortic aneurysm, 
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and vascular death from other causes. The period between patient inclusion and first cardiovascular 
event, death, loss to follow-up, or the predefined date of March 2015 was defined as the follow-up 
duration. In total, 655 patients (6.0%) in the SMART cohort were lost to follow-up due to relocation or 
discontinuation of the study. 

Data analyses
Mediation analysis using marginal structural models was performed, which is based on the counterfac-
tual framework.(62) In short, this type of analysis offers a tool to deconstruct the total effect of a given 
exposure on an outcome into a natural direct effect and an indirect effect. The total effect estimates 
the risk of cardiovascular events and all-cause mortality in type 2 diabetes patients compared to that in 
patients without type 2 diabetes. The natural direct effect compares the risk of cardiovascular events 
and all-cause mortality in type 2 diabetes patients with that of patients without type 2 diabetes, if the 
risk factor levels for type 2 diabetes patients were set to the levels which would have been observed if 
they had been patients without type 2 diabetes. This is done by constructing counterfactual values for 
the risk factor variables. To illustrate, imagine three versions of the same patient (i.e., except for the 
difference described hereafter, these three versions of the patient are exactly the same). In the first 
version, the patient has type 2 diabetes and the risk factor levels (mediators) have the natural levels of 
a patient with type 2 diabetes. In the second version, the patient has type 2 diabetes, but the risk factor 
levels are set to the value of a patient without type 2 diabetes. In the third version, the patient does 
not have type 2 diabetes and the risk factor levels have the natural levels of a patient without type 2 
diabetes. The total effect will be the difference in outcome between the patient in versions 1 and 3. The 
natural direct effect will be the difference in outcome between the patient in versions 2 and 3. The indi-
rect effect will be the difference in outcome between the patient in versions 1 and 2. The interpretation 
of these effects is as follows: the indirect effect is the (relative) difference in cardiovascular events that 
can be attributed to mediation through the risk factor, whereas the natural direct effect is the (relative) 
difference in cardiovascular events that can be attributed to a direct path from type 2 diabetes to car-
diovascular events. This path will include mediation through other risk factors which are not included in 
the analysis. Finally, the total effect is the (relative) difference in cardiovascular events between those 
who have type 2 diabetes compared to those without, which equals the sum of the natural direct effect 
and indirect effect. A summary of this approach can be found in Supplementary figure 1. The risk fac-
tors used as mediators in this model are insulin resistance assessed by triglyceride-glucose index (TyG 
index), systolic blood pressure, kidney function estimated by the Modification of Diet in Renal Disease 
(MDRD) formula, LDL-cholesterol, triglycerides and presence of micro-albuminuria. To ensure stability 
of the models, the mediators were dichotomized using target levels described in the European society 
of Cardiology (ESC) guidelines; systolic blood pressure <140 mmHg, glomerular filtration rate < 60 ml/
min/1.73 m2, LDL-c <2.6 mmol/l, triglycerides <1.7 mmol/l.(63) The mediator insulin resistance as mea-
sured by the TyG index was dichotomized using the lower bound of the fourth quartile as cutoff point 
(TyG index <9.3). 

Figure 1 shows the underlying model of this analysis. It assumes a causal relationship between the 
selected well established risk factors and cardiovascular events and all-cause mortality. Age and sex 
were included in the models to adjust for confounding of the type 2 diabetes-mediator, type 2 diabe-
tes-endpoint of interest, and mediator-endpoint of interest associations. Estimates of the direct and 
indirect effects were obtained from weighted Cox proportional hazards models for the outcome car-
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diovascular events and all-cause mortality. The proportional hazards assumption was visually checked 
by use of a hazard function plot and showed no signs of violation. The linearity assumption was visually 
checked by plotting martingale residuals. The plots showed no violation of the linearity assumption.

For determining the weights needed in the Cox model, inverse probability weighting was used by regress-
ing the binary mediators TyG index, systolic blood pressure, eGFR, LDL-c, triglycerides, and micro-albu-
minuria on type 2 diabetes, age and sex with separate binomial logistic regression models. The effect 
of all mediators was assessed simultaneously by multiplying the weights derived from the regression 
models. The total, direct and indirect effect are estimated as hazard ratios with 95% confidence inter-
vals and proportion mediated effect (PME) with 95% confidence intervals. The PME is a measure rela-
tive to the total effect which is defined as 100%. The contribution of direct and indirect effects to the 
total type 2 diabetes effect was estimated on the ln(hazard ratio) scale since the effects are additive 
on this scale. In order to obtain 95% confidence intervals for the total effect and (combined) indirect 
effect bootstrapping was used with 1000 bootstrap samples. The bounds of the 95% confidence interval 
were based on the 2.5- and 97.5-percentiles of the different distributions of effects. Single imputation 
methods were used to reduce missing covariate data for glucose (n=74; 0.7%), triglycerides (n=64; 
0.6%), systolic blood pressure (n=19; 0.2%), LDL-cholesterol (n=162; 1.5%), micro-albuminuria (n=512; 
4.7%), and eGFR (n=60; 0.5%). Given the very low percentages of missing data, multiple imputation was 
deemed unnecessary. To assess whether the relative contributions of the mediators were different for 
patients with and without previous cardiovascular disease, subgroup analyses were performed in strata 
of presence of cardiovascular disease. All analyses were performed using statistical package R 3.2.2. For 
all analyses, p <0.05 was considered significant. 

Results
Baseline characteristics
In total, 10.915 patients were included of which 1910 (17%) were identified as type 2 diabetes patients. 
The patients with type 2 diabetes were on average 60±10 years and were predominantly male (70%) 
(Table 1). Patients with type 2 diabetes had an average BMI of 29.0±5.0. Current smoking and alcohol 
use was 50% and 14%, respectively. (Table 1) 

Mediation analysis type 2 diabetes mellitus and cardiovascular events
During follow-up the event rate for patients without diabetes was 17.1 per 1000 person-years, while 
patients with type 2 diabetes had an event rate of 27.5 per 1000 person-years. The total effect of type 
2 diabetes on cardiovascular events was an increased risk with an adjusted hazard ratio of 1.46 (95%CI 
1.29-1.70). The direct effect and indirect effect contributions were 65% (95%CI 29%-85%) and 35% 
(95%CI 15%-71%) respectively (Table 2). The largest mediated effect contributing to the indirect effect 
was insulin resistance (PME 18%, 95%CI 3%-37%). The second largest mediated effect is through ele-
vated triglycerides (PME 8%, 95%CI 4%-14%), followed closely by presence of micro-albuminuria (PME 
7%, 95%CI 3%-17%) and reduced kidney function (PME 6%, 95%CI 2%-12%) (Table 2). The excess risk 
was not mediated through elevated systolic blood pressure or high LDL-cholesterol (PME 1%, 95%CI -1%-
4% and PME -5%, 95%CI -10%-0%) (Table 2). Subgroup analyses showed that the LDL-cholesterol >2.5 
mmol/l seems to be a mediator for patients without previous cardiovascular disease (PME 17%, 95%CI 
-3%-57%) and not for patients with previous cardiovascular disease (PME -8%, 95%CI -14%- -3%) (Table 4).
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Mediation analysis type 2 diabetes mellitus and all-cause mortality
During follow-up the event rate for patients without diabetes was 18.5 per 1000 person-years, while 
patients with type 2 diabetes had an event rate of 29.6 per 1000 person-years. The total effect of type 2 
diabetes on all-cause mortality was an increased risk with an adjusted hazard ratio of 1.37 (95%CI 1.20-
1.53). The direct effect and indirect effect contributions were 58% (95%CI 27%-82%) and 42% (95%CI 
18%-73%) respectively (Table. 3). The largest mediated effect contributing to the indirect effect was 
by presence of micro-albuminuria (PME 18%, 95%CI 10%-29%), followed closely by insulin resistance 
(PME 15%, 95%CI 1%-33%), and then by elevated triglycerides (PME 7%, 95%CI 2%-14%) and decreased 
kidney function (PME 7%, 95%CI 3%-13%) (Table 3). The excess risk was not mediated through the 
other mediators; elevated systolic blood pressure (PME 3%, 95%CI 0%-7%) or high LDL-cholesterol 
(PME -7%, 95%CI -15%- -2%). Subgroup analyses showed that the LDL-cholesterol >2.5 mmol/l seems to 
be a mediator for patients without previous cardiovascular disease (PME 20%, 95%CI 3%-54%) and not 
for patients with previous cardiovascular disease (PME -13%, 95%CI -25%- -5%) (Table 4). 

Discussion 
The aim of the current study was to assess and quantify the contribution of known risk factor pathways 
in the relation between type 2 diabetes and cardiovascular disease and all-cause mortality. The main 
findings are that 65% of the cardiovascular risk and 58% of the mortality risk could not be explained 
by traditional risk factors. Only 35% of the excess cardiovascular risk and 42% of the mortality can 
be attributed to the classical pathways leading to cardiovascular disease and mortality. The pathway 
contributing the most to cardiovascular disease was the presence of insulin resistance (18%), followed 
by elevated triglycerides (8%), presence of micro-albuminuria (7%) and reduced kidney function (6%), 
whereas the most contributing pathways to mortality were presence of micro-albuminuria (18%), insu-
lin resistance (15%), elevated triglycerides (7%) and reduced kidney function (6%). 

Even though there have been significant advances in cardiovascular risk management and treatment, 
there is still an excess risk of cardiovascular disease and mortality in patients with type 2 diabetes.(10; 
64) The results of the current study show that a substantial amount of the type 2 diabetes related car-
diovascular and mortality risk is unexplained by classical pathways. Many factors may contribute to the 
increased cardiovascular and mortality risk which is observed in patients with type 2 diabetes. The pres-
ent study assessed mediators in the relation between type 2 diabetes and cardiovascular events or all-
cause mortality, therefore known cardiovascular risk factors such as lifestyle (e.g. smoking, alcohol use, 
physical exercise, diet), which are not a causal consequence of type 2 diabetes, are not evaluated in this 
analysis and will contribute to the non-explained type 2 diabetes related cardiovascular and mortality risk. 

Non-traditional risk factors are potentially of importance and may contribute to non-explained type 2 
diabetes related cardiovascular and mortality risk, as only a quarter of the excess risk was explained 
by the traditional risk factors. These non-traditional risk factors were not evaluated in the mediation 
analysis because this analytical approach assumes non-intertwining pathways and most of the non- 
traditional risk factors have a common soil.

One of the non-traditional risk factors is adipose tissue dysfunction contributing to low-grade inflam-
mation. Adipose tissue is an active endocrine organ secreting hormones and cytokines. When excess 
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adipose tissue becomes dysfunctional, it produces tumor necrosis factor (TNF-α) and interleukin-6 (IL-
6), resulting in a state of systemic low-grade inflammation and insulin resistance.(65) Inflammation has 
been related to cardiovascular disease in an apparently healthy population, although the study popula-
tion included a small proportion of patients with type 2 diabetes.(19; 20) Part of the non-explained type 
2 diabetes cardiovascular risk may be due to adipose tissue dysfunction and low-grade inflammation. 
Impaired fibrinolysis and thrombosis may also be the result of adipose tissue dysfunction.(65) Insulin 
resistance has been linked to increased expression of plasminogen activator inhibitor-1 (PAI-1), leading 
to decreased fibrinolytic activity.(66-68) In addition markers of thrombosis (fibrinogen, von Willebrand 
factor, factor VIII) were found to be risk factors of coronary heart disease in patients with type 2 diabe-
tes.(16) Impaired fibrinolysis and thrombosis may therefore also contribute to the non-explained type 
2 diabetes related cardiovascular risk.

Patients with type 2 diabetes have high levels of advanced glycation end products (AGEs). These are a 
group of molecules produced by non-enzymatic glycation and oxidation of lipids, proteins and nucleic 
acids.(69) Glycation can alter the structure of low-density lipoprotein and thereby prevent it from clear-
ance from the circulation and subsequent higher uptake in monocytes causing formation of foam cells. 
Serum AGE levels are higher in patients with type 2 diabetes compared to patients without type 2 
diabetes and in addition serum AGE levels are in turn higher in patients with type 2 diabetes and cor-
onary heart disease when compared to patients with type 2 diabetes without coronary heart disease. 
(70) Also, increased serum AGE levels have been related to more severe coronary atherosclerosis.(71) 
A different route is through crosslinking of extracellular matrix proteins in the arterial wall (e.g. elastin, 
collagen) leading to arterial stiffness.(69) Indeed increased serum AGE levels are related to increased 
arterial stiffness which is thought to explain part of the increased cardiovascular risk in patients with 
type 2 diabetes.(72; 73). The formation of AGE’s and presence of arterial stiffness may also have con-
tributed to the non-explained type 2 diabetes related cardiovascular risk.

Glucose-lowering treatment might not be only beneficial but may also induce cardiovascular harm. Part 
of the unexplained risk related to type 2 diabetes maybe due to detrimental (side)effects of glucose-low-
ering pharmacotherapy. A recent meta-analysis consisting of 14 trials showed that glucose-lowering 
drugs (especially peroxisome proliferator-activated receptor agonists and dipeptidyl peptidase-4 inhib-
itors) increases the risk of heart failure in patients with type 2 diabetes. (74) Another meta-analysis 
showed that severe hypoglycemia, which is a common adverse effect of glucose-lowering treatment, is 
also related to a higher risk of cardiovascular events in patients with type 2 diabetes.(75) 

Besides non-traditional risk factors, a different explanation might be that the increased risk of cardio-
vascular disease and all-cause mortality has presumably already accumulated during the metabolic syn-
drome phase, preceding type 2 diabetes.(76-78) This would imply that cardiovascular risk management 
should be focused on preventing metabolic syndrome and the progression of patients with metabolic 
syndrome into type 2 diabetes. In case of patients with already established type 2 diabetes, a multifac-
torial approach should be considered where in addition of the traditional modifiable risk factors, also 
non-traditional risk factors are targeted. An example of such an approach is implemented in the Steno-2 
trial which resulted in a significant decrease in cardiovascular events.(13) 
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Even though there is a substanti al residual cardiovascular and mortality risk due to type 2 diabetes, it is 
important to emphasize that about a quarter of the risk is explained by traditi onal modifi able risk factors. 
Inherent to the mediati on analysis technique, the present study would imply that if the opti mal levels of 
the classical risk factors would be achieved, an additi onal 25% relati ve risk reducti on could be achieved.

The current study also showed that in pati ents with type 2 diabetes mellitus the remaining cardiovascu-
lar and mortality risk was not mediated through LDL-cholesterol <2.5 mmol/l or systolic blood pressure 
>140 mmHg. It is important to underline that the current study does not imply that LDL-cholesterol 
and hypertension are not important risk factors in cardiovascular disease and mortality, but they do 
not explain the increased risk in the relati on between type 2 diabetes and cardiovascular events. This 
is most likely due to the heterogeneity of the populati on as the subgroup analyses showed that LDL- 
cholesterol does explain part of the cardiovascular and mortality risk. 

Strength of this prospecti ve study is the large real world study populati on with a considerable number 
of type 2 diabetes pati ents with a standardized data collecti on. Another strength is that this analyti cal 
approach allows to decompose the relati on between type 2 diabetes and cardiovascular events or all-
cause mortality and is able to quanti fy the specifi c contributi ons of the mediators. Also the combined 
indirect eff ect for cardiovascular events was higher than for all-cause mortality, which is expected and 
therefore adds to the validity of the results. A study limitati on may be the assumpti on that all confound-
ers in the relati on between type 2 diabetes and the outcomes and all the confounders in the relati on 
between mediator and the outcomes were adjusted for in this analysis. Furthermore only baseline data 
of the mediators was available, knowing that they may have changed and fl uctuate over the course of 
follow-up. This may have amplifi ed or diminished the mediator eff ect. As also only baseline data was 
available for the diagnosis of type 2 diabetes, it could not be assessed as a ti me-varying variable, which 
may dilute the reference group and att enuate the results. Future research incorporati ng ti me-varying 
analysis is therefore needed. In additi on, with mediati on analysis it is assumed that pathways are non- 
intertwining and that the contributi ons of the specifi c mediators are additi ve. However, cardiovascular 
risk factors tend to cluster which can lead to some uncertainty around the precise esti mates in the medi-
ati on analysis. Also the subgroup of pati ents without previous cardiovascular disease consisted only of 
2745 pati ents which lead to wide confi dence intervals, making interpretati on more diffi  cult. In additi on 
the subgroup analyses may have been confounded by indicati on as the group of pati ents with cardio-
vascular disease will be treated to lower LDL-c levels. This may explain the reversed mediati on by LDL-c 
in the subgroup analyses. To stress further upon subgroups, it is known that cardiovascular risk factors 
may vary by ethnicity. Unfortunately no data was available on ethnicity in order to assess the possible 
infl uence of ethnicity on these analyses. Finally there may be risk of immortal ti me bias, as the defi niti on 
of type 2 diabetes needs survival of 1 year in order to establish whether the pati ents with glucose plasma 
concentrati on of ≥7.0 mmol/L at baseline commenced with glucose-lowering medicati on. However this 
would result in diluti on of the reference group and will have att enuated the current results.
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In conclusion, a substanti al amount of the increased cardiovascular risk and all-cause mortality due to 
T2DM cannot be explained by traditi onal vascular risk factors. Future research should focus on iden-
ti fying non-classical pathways which might further explain the increased cardiovascular and mortality 
risk due to T2DM. 

Figure 1. Path diagram of the relati on between type 2 diabetes mellitus (exposure), cardiovascular risk 
factors (mediators), and cardiovascular events / all-cause mortality (outcome) in the presence of mea-
sured confounders: age and sex.
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Table 1. Baseline characteristics patients without type 2 diabetes vs. patients with type 2 diabetes

No T2DM T2DM

N n= 9005 n= 1910

Men, n (%) 5912 (66) 1329 (70)

Age, years; mean (SD) 56 (12) 60 (10)

BMI, kg/m2; mean (SD) 26.5 (4.1) 29.0 (5.0)

Smoking current, n(%) 3885 (43) 946 (50)

Pack-years, median (IQR) 11 (0-28) 13 (0-31)

Alcohol use, n(%) 809 (9) 272 (14)

Systolic blood pressure, mmHg; mean (SD) 141 (22) 145 (21)

Diastolic blood pressure, mmHg; mean (SD) 83 (13) 83 (12)

Duration of diabetes, years; median (IQR) - - 4 (1-10)

Medication

Glucose-lowering, n(%) - - 1262 (66)

Insulin, n (%) - - 455 (24)

Lipid-lowering, n(%) 4906 (55) 1218 (64)

Blood pressure-lowering, n(%) 5927 (66) 1473 (77)

Type of vascular disease

Coronary artery disease, n(%) 3684 (41) 842 (44)

Cerebrovascular disease, n(%) 1857 (21) 364 (19)

Peripheral artery disease, n(%) 1114 (12) 269 (14)

Abdominal Aortic Aneurysm, n(%) 552 (6) 92 (5)

Laboratory measurements

Glucose, mmol/L; mean (SD) 5.7 (0.7) 8.7 (2.9)

HbA1c,%; mean (SD) 5.6 (0.4) 7.1 (1.3)

Triglyceride Glucose index; mean (SD) 8.8 (0.6) 9.4 (0.7)

eGFR, ml/min/1.73 m2; mean (SD) 78.5 (18.1) 78.5 (22.1)

Micro-albuminuria, n(%) 463 (9) 417 (23)

Total Cholesterol, mmol/L; mean (SD) 5.2 (1.4) 4.8 (1.4)

LDL-c, mmol/L; mean (SD) 3.2 (1.2) 2.7 (1.1)

HDL-c, mmol/L; mean (SD) 1.3 (0.4) 1.1 (0.3)

Non-HDL-c, mmol/L; mean (SD) 3.9 (1.4) 3.7 (1.4)

Triglycerides, mmol/L; median (IQR) 1.4 (1.0-2.0) 1.7 (1.2-2.5)

Continuous variables are depicted as mean ± SD, count variables as n(%), and non-normally distributed 
variables as median (interquartile range). 
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Table 2. Results of mediation analysis: total, direct, and indirect effects of DM2 on cardiovascular 
events; adjusted for age, sex and mediators

Effects DM2 vs no DM2 3 mediators 4 mediators

HR (95% CI) PME (95% CI) HR (95% CI) PME (95% CI)

Total effect 1.41 (1.25-1.58) 100% 1.44 (1.29-1.61) 100% 

Direct effecta 1.26 (1.11-1.43) 66.7% (45.4%-82.6%) 1.31 (1.16-1.48) 73.2% (54.5%-87.8%)

Indirect effect, combinedb 1.12 (1.06-1.17) 33.3% (17.4%-54.6%) 1.10 (1.05-1.16) 26.8% (12.2%-45.5%)

Indirect effect through:b

Insulin resistance 1.08 (1.04-1.13) 23.9% (9.6%-41.5%) 1.08 (1.04-1.14) 23.5% (11.0%-39.0%)

Systolic blood pressure 1.01 (1.00-1.02) 1.9% (-0.7%-5.2%) 1.01 (1.00-1.02) 2.0% (-0.4%-4.8%)

Kidney function 1.03 (1.01-1.04) 7.5% (3.2%-13.5%) 1.02 (1.01-1.04) 6.8% (3.0%-12.1%)

LDL-c - - 0.98 (0.96-0.99) -5.6% (-11.0%-1.7%)

Triglycerides - - - -

Micro-albuminuria - - - -

Effects DM2 vs no DM2 5 mediators 6 mediators

HR (95% CI) PME (95% CI) HR (95% CI) PME (95% CI)

Total effect 1.44 (1.29-1.62) 100%  1.46 (1.29-1.70) 100%  

Direct effecta 1.25 (1.09-1.42) 59.7% (32.8%-78.4%) 1.28 (1.08-1.52) 64.5% (29.3%-85.0%)

Indirect effect, combinedb 1.16 (1.09-1.23) 40.3% (21.6%-67.2%) 1.14 (1.06-1.23) 35.5% (15.0%-70.7%)

Indirect effect through:b

Insulin resistance 1.10 (1.05-1.15) 26,1% (13.5%-43.0%) 1.07 (1.01-1.12) 17.9% (3.0%-37.2%)

Systolic blood pressure 1.01 (1.00-1.02) 2.0% (-0.3%-5.2%) 1.00 (0.99-1.01) 0.8% (-1.4%-4.2%)

Kidney function 1.03 (1.01-1.04) 6.9% (2.8%-12.9%) 1.02 (1.01-1.05) 6.0% (2.4%-12.2%)

LDL-c 0.98 (0.97-1.00) -4.4% (-9.8%- -0.4%) 0.98 (0.97-1.00) -5.3% (-10.1%-0.3%)

Triglycerides 1.04 (1.02-1.05) 9.8% (5.1%-16.3%) 1.03 (1.01-1.05) 8.0% (3.6%-14.0%)

Micro-albuminuria - - 1.03 (1.01-1.05) 7.3% (2.6%-16.7%)

DM2: type 2 diabetes mellitus; HR: Hazard Ratio; CI: confidence interval; PME: proportion mediated effect
a Effect of type 2 diabetes mellitus not explained by mediators
b Effect of type 2 diabetes mellitus through mediator(s)
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Table 3. Results of mediation analysis: total, direct, and indirect effects of DM2 on all-cause mortality; 
adjusted for age, sex and mediators

Effects DM2 vs no DM2 3 mediators 4 mediators

HR (95% CI) PME (95% CI) HR (95%CI) PME (95% CI)

Total effect 1.35 (1.21-1.51) 100%  1.37 (1.50-2.07) 100%  

Direct effecta 1.24 (1.11-1.41) 71.0% (48.7%-86.5%) 1.28 (1.22-1.52) 78.6% (59.7%-93.2%)

Indirect effect, combinedb 1.09 (1.04-1.14) 29.0% (13.5%-51.3%) 1.07 (1.02-1.12) 21.4% (6.8%-40.3%)

Indirect effect through:b 

Insulin resistance 1.05 (1.02-1.10) 17,8% (5.2%-35.0%) 1.06 (1.02-1.10) 18,5% (5.0%-34.4%)

Systolic blood pressure 1.01 (1.00-1.02) 3.7% (0.8%-7.9%) 1.01 (1.00-1.02) 3.3% (0.6%-7.0%)

Kidney function 1.02 (1.01-1.04) 7.5% (3.1%-14.4%) 1.02 (1.01-1.04) 7.3% (3.1%-13.5%)

LDL-c - - 0.98 (0.96-0.99) -7.6% (-14.5%- -3.0%)

Triglycerides - - - -

Micro-albuminuria - - - -

Effects DM2 vs no DM2 5 mediators 6 mediators

HR (95% CI) PME (95% CI) HR (95% CI) PME (95% CI)

Total effect 1.37 (1.22-1.54) 100%  1.37 (1.52-2.13) 100%  

Direct effecta 1.25 (1.11-1.41) 70.8% (46.8%-89.5%) 1.21 (1.56-1.62) 57.8% (27.4%-81.7%)

Indirect effect, combinedb 1.09 (1.03-1.16) 29.2% (10.5%-53.2%) 1.13 (1.00-1.30) 42.2% (18.3%-72.6%)

Indirect effect through:b 

Insulin resistance 1.06 (1.02-1.10) 18,3% (5.9%-35.1%) 1.05 (1.02-1.06) 15,4% (0.8%-32.7%)

Systolic blood pressure 1.01 (1.00-1.02) 3.4% (0.4%-7.1%) 1.01 (0.98-1.02) 2.7% (-0.1%-6.9%)

Kidney function 1.02 (1.01-1.04) 7.3% (2.9%-13.1%) 1.02 (1.02-1.05) 6.7% (2.5%-13.0%)

LDL-c 0.98 (0.97-0.99) -7.1% (-13.6%- -2.3%)0.98 (0.98-1.01) -7.3% (-15.0%- -2.3%)

Triglycerides 1.02 (1.01-1.04) 7.3% (2.4%-14.0%) 1.02 (0.99-1.03) 7.0% (1.9%-13.9%)

Micro-albuminuria - - 1.05 (1.03-1.07) 17.6% (9.9%-29.0%)

DM2: type 2 diabetes mellitus; HR: hazard ratio; CI: confidence interval; PME: proportion mediated effect
a Effect of type 2 diabetes mellitus not explained by mediators
b Effect of type 2 diabetes mellitus through mediator(s)
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Table 4. Subgroup analyses; mediation analysis: total, direct, and indirect effects of DM2 on cardio-
vascular events and all-cause mortality; adjusted for age, sex and mediators

Effects DM2 vs no DM2 Cardiovascular events

Subgroup Presence of cardiovascular disease (n=7469) No cardiovascular disease (n=2745)

HR (95% CI) PME (95% CI) HR (95%CI) PME (95% CI)

Total effect 1.49 (1.29-1.71) 100%  1.71 (1.21-2.41) 100%  

Direct effecta 1.32 (1.14-1.55) 69.2% (43.1%-49.5%) 1.49 (0.98-2.24) 69.2% (-11.0%-100%)

Indirect effect, combinedb 1.13 (1.04-1.22) 30.8% (10.5%-56.9%) 1.15 (0.93-1.40) 30.8% (-16.1%-100%)

Indirect effect through:b 

Insulin resistance 1.06 (1.01-1.12) 16,0% (3.1%-31.3%) 1.06 (0.93-1.19) 12.1% (-14.5%-50.3%)

Systolic blood pressure 1.00 (0.99-1.02) 1.1% (-2.4%-4.7%) 0.97 (0.93-1.00) -6.3% (-19.9%-0.5%)

Kidney function 1.02 (1.01-1.04) 6.3% (2.0%-11.6%) 1.00 (0.97-1.03) 0.2% (-8.0%-8.1%)

LDL-c 0.97 (0.95-0.99) -7.8% (-13.8%- -3.0%)1.07 (0.98-1.18) 16.6% (-2.8%- 55.7%)

Triglycerides 1.03 (1.01-1.04) 6.4% (2.0%-11.7%) 1.02 (0.98-1.05) 3.5% (-4.7%-15.9%) 

Micro-albuminuria 1.03 (1.01-1.06) 8.8% (2.9%-16.6%) 1.02 (0.98-1.07) 4.7% (-4.0%-19.9%)

Effects DM2 vs no DM2 All-cause mortality

Subgroup Presence of cardiovascular disease (n=7469) No cardiovascular disease (n=2745)

HR (95% CI) PME (95% CI) HR (95% CI) PME (95% CI)

Total effect 1.35 (1.16-1.53) 100%  1.85 (1.33-2.57) 100%  

Direct effecta 1.20 (1.03-1.37) 59.1% (19.8%-84.5%) 1.45 (0.97-2.18) 59.7% (0%-99.3%)

Indirect effect, combinedb 1.12 (1.05-1.20) 40.9% (15.5%-80.2%) 1.28 (1.01-1.58) 40.3% (0.7%-100%)

Indirect effect through:b 

Insulin resistance 1.05 (1.00-1.09) 16.7% (1.7%-38.6%) 1.04 (0.92-1.17) 6.3% (-14.5%-29.3%)

Systolic blood pressure 1.01 (1.00-1.03) 4.7% (0.2%-10.9%) 0.99 (0.96-1.01) -2.2% (-8.7%-1.9%)

Kidney function 1.02 (1.01-1.04) 7.3% (2.95-15.7%) 1.00 (0.97-1.03) 0.2% (-5.0%-5.9%)

LDL-c 0.97 (0.95-0.98) -12.7% (-25.0%- -5.4%)1.12 (1.02-1.23) 20.2% (3.3%-53.9%)

Triglycerides 1.02 (1.00-1.03) 5.9% (0.2%-14.2%) 1.02 (0.98-1.06) 3.5% (-3.4%-12.5%)

Micro-albuminuria 1.05 (1.03-1.08) 19.1% (9.6%-36.8%) 1.08 (1.02-1.15) 12.3% (3.7%-27.1%)

DM2: type 2 diabetes mellitus; HR: hazard ratio; CI: confidence interval; PME: proportion mediated effect
a Effect of type 2 diabetes mellitus not explained by mediators
b Effect of type 2 diabetes mellitus through mediator(s)
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Figure	1.	Mediation	analysis	based	on	counterfactual	variables.	Three	versions	of	a	patient	are	created.	In	the	
first	version	the	patient	has	type	2	diabetes	and	the	risk	factor	levels	(mediators)	have	the	natural	levels	of	a	
patient	with	type	2	diabetes	(Real	T2DM).	In	the	second	version,	the	patient	has	type	2	diabetes,	but	the	risk		
factor	levels	are	set	to	the	value	of	a	patient	without	type	2	diabetes	(Counterfactual	T2DM).	In	the	third	
version,	the	patient	does	not	have	type	2	diabetes	and	the	risk	factor	levels	have	the	natural	levels	of	a	patient	
without	type	2	diabetes	(Real	no	T2DM).	

	

	 	

Figure 1. Mediation analysis based on counterfactual variables. Three versions of a patient are created. 
In the first version the patient has type 2 diabetes and the risk factor levels (mediators) have the natural 
levels of a patient with type 2 diabetes (Real T2DM). In the second version, the patient has type 2 dia-
betes, but the risk factor levels are set to the value of a patient without type 2 diabetes (Counterfactual 
T2DM). In the third version, the patient does not have type 2 diabetes and the risk factor levels have the 
natural levels of a patient without type 2 diabetes (Real no T2DM).
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Abstract

Background
To evaluate whether low HDL cholesterol (HDL-c) levels are a risk factor for cardiovascular disease and 
mortality in patients with type 2 diabetes and whether it remains a residual risk factor when attaining low 
LDL cholesterol (LDL-c) treatment goals or when LDL-c is treated with intensive lipid-lowering therapy.

Methods 
We performed a prospective cohort study of 1,829 patients with type 2 diabetes included in the Sec-
ond Manifestations of ARTerial disease (SMART) cohort. Cox proportional hazard models were used to 
evaluate the risk of HDL-c on cardiovascular events and all-cause mortality. Analyses were performed 
in strata of LDL-c levels (<2.0, 2.0–2.5, and >2.5 mmol/L) and lipid-lowering therapy intensity and were 
adjusted for age, sex, BMI, smoking, alcohol, LDL-c, triglycerides, systolic blood pressure, estimated 
glomerular filtration rate, glucose, and HbA1c.

Results 
A total of 335 new cardiovascular events and 385 deaths occurred during a median follow-up of 7.0 
years (interquartile range 3.9–10.4). No relation was found between plasma HDL-c and cardiovascular 
events (hazard ratio [HR] 0.97, 95% CI 0.93–1.01) or all-cause mortality (HR 0.99, 95% CI 0.96–1.03). 
Subgroup analysis supported effect modification by plasma LDL-c levels. In patients with LDL-c levels 
<2.0 mmol/L, higher HDL-c was related to higher risk for all-cause mortality (HR 1.14, 95% CI 1.07–
1.21). Higher HDL-c was also related to higher risk for cardiovascular events in patients with LDL-c levels 
<2.0 mmol/L (HR 1.10, 95% CI 1.07–1.21) in contrast to patients with LDL-c levels between 2.0 and 2.5 
mmol/L (HR 0.85, 95% CI 0.75–0.95) and >2.5 mmol/L (HR 0.96, 95% CI 0.91–1.00).

Conclusions
In high-risk patients with type 2 diabetes with LDL-c levels <2.0 mmol/L, higher HDL-c at baseline is 
unexpectedly related to a higher risk for cardiovascular events and all-cause mortality in contrast to 
high-risk patients with type 2 diabetes with LDL-c levels between 2.0 and 2.5 mmol/L.

Introduction
As a result of aging, urbanization, and associated lifestyle changes, the prevalence of type 2 diabetes is 
globally increasing (1). In an attempt to lower the high risk for cardiovascular disease in patients with 
type 2 diabetes, emphasis has been placed on improving glycemic control, lowering blood pressure, and 
improving the dyslipidemia characteristic of patients with type 2 diabetes (2). Although the dyslipidemia 
associated with type 2 diabetes is mainly characterized by high triglycerides (TGs), low HDL cholesterol 
(HDL-c), and elevated small-dense LDL cholesterol (LDL-c) particles (3), the primary lipid-lowering ther-
apy in patients with type 2 diabetes has been LDL-c lowering by inhibition of hydroxymethylglutaryl-coA 
reductase with a statin. This approach is mirrored in current cardiovascular prevention guidelines which 
mainly focus on LDL-c treatment goals or statin therapy in patients with type 2 diabetes both with and 
without vascular disease (2,4–6). However, despite the proven efficacy of LDL-c lowering in patients 
with type 2 diabetes, there is still a significant residual risk for cardiovascular events in these patients. 
For example, despite a 37% reduction in risk in patients randomized to 10 mg atorvastatin per day, in 
the CARDS trial, with a median follow-up duration of 3.9 years, the absolute risk for a cardiovascular end 
point remained 5.8% and 4.3% for all-cause mortality (7).
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Low HDL-c has been shown to be an independent risk factor for cardiovascular disease in patients with 
type 2 diabetes and remains a risk factor in patients with type 2 diabetes with stable coronary artery 
disease and optimal LDL-c control (LDL-c <2.6 mmol/L) (8). Elevating plasma HDL-c levels in patients with 
type 2 diabetes might be effective for further lowering cardiovascular risk, especially in patients with 
low HDL-c and high TG as shown in the Action to Control Cardiovascular Risk in Diabetes (ACCORD) and 
Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) trials (9,10). Recent trials with HDL-c 
elevating with a cholesteryl ester transfer protein inhibitor or with nicotinic acid, however, have failed to 
show a reduction in cardiovascular events (11,12). Whether HDL-c levels are indeed still an independent 
risk factor for (new) cardiovascular disease, even after efficacious LDL-c lowering, remains a matter of 
discussion (13). The aim of this study is therefore to evaluate whether low HDL-c levels remain a residual 
risk factor for cardiovascular disease and mortality in patients with type 2 diabetes and attainment of 
low LDL-c treatment goals and when LDL-c is treated with intensive lipid-lowering therapy.

Research Design and Methods
Patients and Baseline Measurements
For the current study, we used data from all patients with type 2 diabetes enrolled in the Second Man-
ifestations of ARTerial disease (SMART) cohort. This is a prospective ongoing single-center cohort study 
at the University Medical Center Utrecht among patients with clinically manifest vascular disease or 
with known important risk factors for atherosclerosis (e.g., diabetes, dyslipidemia, hypertension). All 
patients between ages 18 and 79 years who were newly referred to the University Medical Center 
Utrecht for atherosclerotic cardiovascular disease or treatment of cardiovascular risk factors were 
asked to participate. The rationale and a detailed description of the SMART study has previously been 
published (14). To summarize, after inclusion, all patients were asked to fill in a questionnaire on his-
tory of vascular disease (coronary artery disease, cerebrovascular disease, peripheral arterial disease, 
abdominal aortic aneurysm), cardiovascular risk factors (e.g., hypertension, hyperlipidemia, smoking, 
alcohol consumption, physical activity), and additional medical history. In addition to the questionnaire, 
the patients underwent physical examination and cardiovascular risk factors were measured (e.g., 
blood pressure, blood sample for plasma lipids, urine sample for albuminuria, and creatinine excretion). 
LDL-c was calculated using the Friedewald formula up to plasma triglyceride levels of 9 mmol/L to avoid 
missing LDL-c (15). Informed consent was obtained from all patients, and the study was approved by 
the Medical Ethics Committee of the University Medical Center Utrecht. In the current study, data were 
used from 1,829 patients with type 2 diabetes included between September 1996 and March 2014. 
Type 2 diabetes was defined as self-reported type 2 diabetes, a referral diagnosis of type 2 diabetes, the 
use of glucose-lowering medication, or a glucose plasma concentration of ≥7.0 mmol/L at baseline with 
commencement of glucose-lowering therapy within 1 year after inclusion. For exclusion of patients with 
possible monogenetic causes of very low HDL-c levels, patients with HDL-c levels <0.4 mmol/L were 
excluded (n = 19), leaving 1,810 patients for analyses.

Intensity of Lipid-Lowering Therapy
Data on lipid-lowering therapy were collected for all participants. Categorization in classes of intensity 
of lipid-lowering therapy was based on theoretical LDL-c reduction. In order to compare the inten-
sity of the different lipid-lowering medication, the theoretical percentage of LDL-c reduction was used. 
The theoretical percentage of LDL-c reduction was gathered from available literature on the efficacy 
of statins and other lipid-lowering drugs (16–18). The current study defined intensive lipid-lowering 
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therapy as therapy with a theoretical reduction of ≥40% in LDL-c levels (e.g., rosuvastatin in all doses, 
atorvastatin ≥20 mg, and simvastatin ≥40 mg). Combination therapy of a statin with ezetimib was taken 
into account and was regarded as intensive lipid-lowering therapy (e.g., simvastatin + ezetimib 10 mg). 
A detailed description of the categories in classes of lipid-lowering therapy intensity is shown in Sup-
plementary Table 1.

Follow-up
The study participants receive a questionnaire every 6 months during follow-up in order to obtain 
information on hospitalization and outpatient clinic visits. All available data were collected on reported 
events. Death was reported by the general practitioner, treating specialist, or relatives. Three members 
of the SMART study end point committee independently evaluated the events. Primary outcomes for 
this study were a composite of major events (myocardial infarction [MI], stroke [ischemic and hemor-
rhagic], vascular mortality) and all-cause mortality. MI was defined as at least two of the following crite-
ria: 1) chest pain for at least 20 min, not disappearing after administration of nitrates; 2) elevation of the 
ST-segment >1 mm in two following leads on an electrocardiogram or a left bundle branch block; and 3) 
cardiac enzyme elevation (troponin above clinical cutoff value or creatinine kinase of at least two times 
the normal value and a myocardial band fraction >5% of the total creatinine kinase). Sudden cardiac 
death was also considered as MI. Vascular mortality was defined as death due to MI, stroke, congestive 
heart failure, rupture of abdominal aortic aneurysm, and vascular death from other causes. The period 
between patient inclusion and first cardiovascular event, death, loss to follow-up, or the predefined 
date of March 2014 was defined as the follow-up duration. In total, 123 patients (6.8%) were lost to 
follow-up due to migration or discontinuation of the study.

Data Analyses
Baseline characteristics are presented in quartiles of HDL-c. As females tend to have higher levels of 
HDL-c, males and females were divided into quartiles of HDL-c and then combined in sex-pooled quar-
tiles. Continuous variables were tested using a one-way ANOVA, and count variables were tested using 
a χ2 test.

The association of HDL-c with cardiovascular events and all-cause mortality was evaluated by Cox pro-
portional hazard models. Hazard ratios (HRs) and 95% CIs were calculated for HDL-c as a continuous 
variable per 0.1 mmol/L increase in HDL-c as well as HDL-c as a group variable with the highest HDL-c 
quartile as reference category. Three models were used. In model I, the relation between HDL-c and the 
end point of interest was adjusted for age and sex. In model II, additional adjustment was performed for 
traditional cardiovascular risk factors: BMI, current smoking, pack-years, current alcohol use, amount of 
alcohol use, LDL-c, TGs, and systolic blood pressure. Model III was used to adjust for diabetes-specific 
characteristics: estimated glomerular filtration rate (assessed by MDRD), glucose levels, and HbA1c 
levels. The variables in the three models are a set of traditional and diabetes-related cardiovascular 
risk factors based on prior knowledge in literature. A further sensitivity analysis was performed with a 
model including additional adjustment for albuminuria and antithrombotic therapy at baseline. Patients 
were censored if they were lost to follow-up.
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As missing covariate data and incomplete case analysis lead to loss of statistical power and bias, single 
imputation methods were used to reduce missing covariate data for BMI (n = 3; 0.2%), current smoking 
(n = 15; 0.8%), pack-years (n = 14; 0.8%), current alcohol use (n = 19; 1.0%), LDL-c (n = 25; 1.4%), TG (n 
= 1; 0.06%), systolic blood pressure (n = 11; 0.6%), kidney function estimated by MDRD (n = 3; 0.2%), 
fasting glucose (n = 7; 0.4%) and HbA1c (n = 131; 7.2%).

For evaluation of whether the relationship between HDL-c and vascular events or all-cause mortality 
was influenced by intensity of lipid-lowering medication, plasma LDL-c levels, or history of vascular dis-
ease, analyses were performed in strata of these variables. For assessment of whether the relationship 
between HDL-c and cardiovascular events or all-cause mortality was modified by intensity of lipid-low-
ering medication, plasma LDL-c levels, or history of vascular disease, an interaction term was included 
in the Cox models. Effect modification was considered to be present if the P value of the interaction 
term was <0.05.

Analyses were performed using IBM SPSS Statistics and statistical package R 3.1.1. For all analyses, P < 
0.05 was considered significant.

Results
Baseline Characteristics
Over quartiles of HDL-c, smoking decreased while alcohol consumption increased. In addition, patients 
with a higher HDL-c had a lower BMI and plasma triglyceride level (Table 1). Medication use was fairly 
equal across quartiles, with ~60% of the patients receiving lipid-lowering therapy.

Relationship Between HDL-c and Cardiovascular Events and Mortality in Patients With Type 2 Diabetes
A total of 335 new cardiovascular events (MI, ischemic stroke, vascular death) and 385 deaths occurred 
during a median follow-up of 7.0 years (interquartile range [IQR] 3.9–10.4). In all patients with type 
2 diabetes, the risk of MI decreased, with 7% per 0.1 mmol/L increase in HDL-c (adjusted HR 0.93, 
95% CI 0.87–1.00), while there was no clear association with any other cardiovascular end point. No 
relationship was found between HDL-c and all-cause mortality (HR 0.99, 95% CI 0.96–1.03) (data not 
shown). Similar associations were found when the population was stratified in quartiles of HDL-c (Table 
2). The relationship between HDL-c and cardiovascular events or all-cause mortality was the same for 
patients with type 2 diabetes with and without a history of vascular disease (Pinteraction = 0.75 and 0.15, 
respectively). Additional adjustment for the diabetes-specific characteristics in model III did not change 
the results compared with adjustment for the traditional cardiovascular risk factors in model II (Table 2).

3
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Relationship Between HDL-c and Cardiovascular Events and Mortality According to Intensity of  
Lipid-Lowering Therapy and Plasma LDL-c Levels
Subgroup analyses showed effect modification by plasma LDL-c levels for the relation between HDL-c and 
cardiovascular events or all-cause mortality (P < 0.01 for linear interaction term HDL-c*LDL-c for both end 
points); therefore, the analyses were performed in strata of LDL-c (Table 3). Baseline characteristics for 
strata of LDL-c are shown in Supplementary Table 2. Major cause of death in all strata according to plasma 
LDL-c levels was vascular mortality, followed by fatal malignancy (Supplementary Table 3). Higher HDL-c 
was related to a higher risk of all-cause mortality (HR 1.14, 95% CI 1.07–1.22) in patients with LDL-c levels 
<2.0 mmol/L. In patients with LDL-c levels <2.0 mmol/L, a 0.1 mmol/L higher HDL-c is related to a higher 
risk of vascular mortality (HR 1.12, 95% CI 1.03–1.22). Higher HDL-c was also related to higher risk for 
cardiovascular events in patients with LDL-c levels <2.0 mmol/L (HR 1.10 95% CI 1.02–1.18) in contrast 
to patients with LDL-c levels between 2.0 and 2.5 mmol/L, where higher HDL-c was related to lower risk 
(HR 0.85, 95% CI 0.75–0.95). Subgroup analysis in strata of <2.0 mmol/L and >2.0 mmol/L yielded similar 
P values for interaction and HRs for the relation between HDL-c and cardiovascular events or mortality 
(data not shown). Sensitivity analysis with additional adjustment for albuminuria and antithrombotic 
therapy at baseline did not change the results. Subgroup analyses did not support effect modification by 
lipid-lowering therapy for the relation between HDL-c and cardiovascular events or mortality (P = 0.43 
and P = 0.12, respectively). In addition, subgroup analyses also did not support effect modification by 
intensity of lipid-lowering therapy (Supplementary Table 4). However, for the relationship between HDL-c 
and MI, the P for interaction was borderline significant (P = 0.07). In patients on intensive lipid-lower-
ing therapy, a 0.1 mmol/L increase in HDL-c was related with a 17% higher risk for MI (HR 1.17, 95% CI 
1.00–1.37), while in patients on usual dose lipid-lowering therapy a 0.1 mmol/L higher HDL-c was asso-
ciated with 15% lower risk for MI (HR 0.85, 95% CI 0.74–0.99) (Supplementary Table 4). Again, additional 
adjustment for the diabetes-specific characteristics in model III did not change the results compared with 
adjustment for the traditional cardiovascular risk factors in model II (Table 3 and Supplementary Table 4).

Conclusions
In patients with type 2 diabetes, higher HDL-c levels were related to a lower risk of MI, while there was 
no clear association with any other cardiovascular end point. The relationship between HDL-c levels 
and cardiovascular events was, however, dependent of LDL-c levels. In patients with LDL-c plasma levels 
between 2.0 and 2.5 mmol/L, higher HDL-c levels were related to a lower risk of cardiovascular events. 
In contrast, patients with type 2 diabetes and LDL-c plasma levels <2.0 mmol/L, higher HDL-c plasma 
levels increase the risk for cardiovascular events and all-cause mortality. Intensity of lipid-lowering ther-
apy did not influence the relationship between HDL-c and cardiovascular events or all-cause mortality.

Whether HDL-c remains a risk factor for cardiovascular disease and mortality in patients with type 2 
diabetes despite reaching very low LDL-c plasma levels has previously been described. In contrast to 
our findings, the study performed by Ogita et al. (8) found that low HDL-c is a risk factor for adverse 
cardiac events despite optimal LDL-c in patients with type 2 diabetes with stable coronary artery dis-
ease. However, an optimal LDL-c level was defined as <2.6 mmol/L, and the average LDL-c in that study 
was 2.1 mmol/L. In concordance, the current study also found that low HDL-c remains a risk factor for 
cardiovascular events in patients with LDL-c plasma levels between 2.0 and 2.5 mmol/L but not for all-
cause mortality. We reported earlier that the relation between HDL-c and vascular risk was irrespective 
of plasma LDL-c levels in patients with vascular disease, including 17% patients with type 2 diabetes 
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(13). Also, a post hoc analysis of the Treating to New Targets (TNT) trial showed that HDL-c is a risk factor 
for major cardiovascular events in patients with coronary artery disease treated with statins. The same 
relation was observed for patients with LDL-c levels <1.8 mmol/L (19). Higher risk for cardiovascular 
events and mortality with higher HDL-c in patients with type 2 diabetes and very low LDL-c levels, as 
shown in the current study, was unexpected, and this sharp contrast between our study and earlier 
findings needs explanation. An obvious clue may lie in the inclusion in our study of only patients with 
type 2 diabetes and the presumed impaired HDL function in these patients. The notion that an increase 
in HDL-c is not always beneficial and HDL function may be of greater importance is supported by the 
recent finding in the dal-OUTCOMES and HPS2-THRIVE (Treatment of HDL to Reduce the Incidence of 
Vascular Events) trials, in which an increase in HDL-c was not associated with a reduction in recurrent 
cardiovascular events (11,12). It is conceivable that HDL functionality may be of greater importance for 
the understanding of the relationship between HDL-c and cardiovascular events.

It has previously been described that the apolipoprotein (apo) composition of HDL is altered (20) and 
that the endothelial-vasoprotective effects of HDL are impaired in patients with type 2 diabetes (20–
23). ApoA1 plays a central role in reverse cholesterol transport from macrophages to the liver, and it is 
frequently reduced in patients with type 2 diabetes (20). This reduction in ApoA1 is caused by reduced 
synthesis of ApoA1 in the liver and replacement of ApoA1 by serum amyloid A in a chronic inflammation 
state present in patients with type 2 diabetes (20). Reduced apoA1 can lead to an increased HDL-c–to–
apoA1 ratio, which has been found to increase risk for cardiovascular, cancer, and all-cause mortality in 
the general population (24). Also, elevated plasma levels of serum amyloid A have been found to predict 
cardiovascular risk (25,26).

The higher risk for cardiovascular events with higher HDL-c in patients with type 2 diabetes and very low 
LDL-c levels might also be explained by hepatic lipase (HL) and its role in the metabolism of lipoproteins. 
HL can enhance the selective uptake of HDL-c esters by enzymatic modification of HDL (27). Lipid-lower-
ing treatment in the form of statins, however, not only reduces LDL-c levels but also reduces HL activity 
(28,29). Higher HDL-c in patients with low LDL-c might therefore be due to HL activity. In addition, low 
HL activity has been associated to coronary artery disease (30). Therefore, it is conceivable that the 
increase in HDL-c and increased risk for cardiovascular events both might be due to low HL activity 
caused by intensive lipid-lowering treatment. This might also explain the increased risk for MI in the 
intensive lipid-lowering treatment stratum (Supplementary Table 4).

The higher risk for cardiovascular events with higher HDL-c in patients with type 2 diabetes and very 
low LDL-c levels could also have been explained by differences in current alcohol use across the LDL-c 
plasma strata (Supplementary Table 2). Even though alcohol use and the amount of alcohol use were 
taken into account in analyses, it has to be noted that this was self-reported alcohol use, and there-
fore the difference in alcohol consumption might still have contributed to the observed relationship 
between high HDL-c and higher risk for all-cause mortality. Also noteworthy is the analysis based on 
lipid-lowering therapy intensity. Although not conclusive, this argues against interaction of the more 
“pleiotropic” effects of statin therapy and argues for a straightforward although not completely under-
stood interaction with reached LDL-c levels. We therefore expect, in a cohort with patients with type 2 
diabetes and lipid-lowering therapy consisting of PCSK9 or ezetimib, the presence of the same relation-
ship between HDL-c and cardiovascular events in patients with very low LDL-c.

3
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Strengths of this cohort study are the relevant group of patients with type 2 diabetes, sizeable number 
of vascular end points, and completeness of data, with a low number of missing data on covariates. Also 
notable is the low percentage of loss to follow-up (6.8%). In the current study, analyses were extensively 
adjusted for potential confounders. The third model, consisting of diabetes-specific characteristics, did 
not change the results, most likely due to overlap in risk factors with the traditional cardiovascular risk 
factors present in the second model. Study limitations need to be considered, including the fact that 
only baseline data are available, knowing that risk factor levels and lipid-lowering therapy may have 
changed over the course of follow-up. The study population consists of high-risk patients with type 2 
diabetes, and therefore index event bias could be presumed to play an important role. However, we 
think this to be less likely, as we found no interaction by presence of vascular disease at baseline on the 
relation between HDL-c and future cardiovascular disease. A further limitation of this study is the lack of 
information on HDL function, size, or composition of the HDL particle and HL. Stratification based on lip-
id-lowering therapy intensity and LDL-c levels resulted in strata with relatively small numbers of events, 
especially for MIs and ischemic stroke, which may have resulted in reduced precision of risk estimation.

In conclusion, in high-risk patients with type 2 diabetes and very low LDL-c levels, higher HDL-c is related 
to increased risk of cardiovascular events and all-cause mortality. This is in contrast to high-risk patients 
with type 2 diabetes and LDL-c levels between 2.0 and 2.5 mmol/L, where higher HDL-c is related to a 
decreased risk of cardiovascular events. Future studies are needed to confirm this finding and investi-
gate the causality as the issue of very low LDL-c– and HDL-c–dependent cardiovascular risk becomes 
more relevant in an upcoming era of even more potent LDL-c–lowering therapy.

Table 1. Baseline characteristics according to sex-pooled quartiles of HDL-c

Sex-pooled quartiles of HDL-c Q1 Q2 Q3 Q4

N=1810 n=466 n=471 n=437 n=436

Range HDL-c, mmol/l

• Men 0.41-0.88 0.88-1.04 1.04-1.22 1.22-2.85

• Women 0.46-1.02 1.02-1.20 1.20-1.45 1.45-3.00 p-value

Men, n (%) 326 (70) 334 (71) 295 (68) 304 (70) 0.73

Age (years) 58 ± 10 61 ±10 61 ± 10 61 ± 10 <0.01

Hypertension 316 (68) 339 (72) 310 (71) 285 (65) 0.19

Smoking current, n (%) 163 (35) 113 (24) 94 (21) 78 (18) <0.01

Pack-years 15 IQR(1-34) 14 IQR(1-32) 13 IQR(0-31) 10 IQR(0-28) 0.10

Current alcohol use, n (%) 156 (34) 197 (42) 203 (47) 259 (59) <0.01

Alcohol units per week, n (%)

<1 54   (12%) 61   (13%) 49   (11%) 43   (10%)

1-10 168 (36%) 180 (38%) 158 (36%) 153 (35%)

11-20 55   (12%) 62   (13%) 85   (20%) 86   (20%)

21-30 27   (6%) 21   (5%) 16   (4%) 36   (8%)

31-40 7     (2%) 8     (2%) 5     (1%) 9     (2%)

>40 6     (1%) 6     (1%) 11   (3%) 7     (2%)
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Duration of diabetes (years) 4 IQR(1-8) 4 IQR(1-10) 4 IQR(1-10) 4 IQR(1-10) 0.05

BMI (kg/m2) 30 ± 5 30 ± 5 29 ± 5 27 ± 4 <0.01

Systolic blood pressure, mmHg 142 ± 20 146 ± 20 147 ± 21 147 ± 22 <0.01

Diastolic blood pressure, mm Hg 81 ± 11 83 ± 11 83 ± 12 84 ± 12 <0.01

Laboratory measurements

Glucose, mmol/l 8.8 ± 3.0 8.8 ± 3.0 8.8 ± 2.9 8.4 ± 2.7 0.10

HbA1c, % 7.2 ± 1.3 7.2 ± 1.3 7.2 ± 1.4 6.9 ± 1.1 <0.01

HbA1c, mmol/mol 55.2 ± 14.2 55.2 ± 14.2 55.2 ± 15.3 51.9 ± 12.0

eGFR, ml/min/1.73 m2 79 ± 23 76 ± 22 78 ± 21 79 ± 20 0.07

Micro-albuminuria, n (%) 110 (24) 112 (24) 114 (26) 90 (21) 0.27

Total Cholesterol, mmol/l 4.7 ± 1.4 4.7 ± 1.2 5.0 ± 1.4 4.9 ± 1.3 <0.01

LDL-c, mmol/l 2.6 ± 1.1 2.7 ± 1.1 2.9 ± 1.2 2.7 ± 1.0 <0.01

HDL-c, mmol/l 0.8 ± 0.1 1.0 ± 0.1 1.2 ± 0.1 1.6 ± 0.3 <0.01

non-HDL-c, mmol/l 3.9 ± 1.4 3.7 ± 1.2 3.8 ± 1.3 3.4 ± 1.3 <0.01

Triglycerides, mmol/l 2.3 IQR(1.6-3.3) 1.8 IQR(1.4-2.5) 1.6 IQR(1.1-2.3) 1.2 IQR(0.9-1.7) <0.01

Medication

Oral glucose lowering medication, n (%) 314 (67) 309 (66) 292 (67) 268 (62) 0.24

Insulin, n (%) 112 (24) 119 (25) 93 (21) 104 (24) 0.55

Β-blockers, n (%) 240 (52) 248 (53) 192 (44) 149 (34) <0.01

ACE-inhibitors, n (%) 189 (41) 203 (43) 158 (36) 154 (35) 0.05

Fibrates, n (%) 22 (5) 18 (4) 10 (2) 7 (2) 0.03

Nicotinic acid, n (%) 0 (0) 3 (1) 3  (1) 1 (0) 0.28

Usual dose lipid lowering therapy, n (%) 119 (26) 149 (32) 133 (30) 127 (29) 0.20

Intensive lipid lowering therapy, n (%) 153 (33) 161 (34) 134 (31) 132 (30) 0.55

Type of vascular disease

Coronary artery disease, n (%) 216 (46) 221 (47) 185 (42) 176 (40) 0.14

Cerebrovascular disease, n (%) 89 (19) 91 (19) 89 (20) 76 (17) 0.74

Peripheral artery disease, n (%) 70 (15) 72 (15) 57 (13) 62 (14) 0.78

Abdominal Aortic Aneurysm, n (%) 27 (6) 18 (4) 25 (6) 17 (4) 0.31

*  BMI = body mass index, eGFR = estimated Glomerular Filtration Rate by the Modification of Diet in 
Renal Disease (MDRD) equation, HDL-c = high-density lipoprotein cholesterol, LDL-c = low-density 
lipoprotein cholesterol

**  Continuous variables are depicted as mean ± SD, count variables as n(%) and not normally distrib-
uted variables as median IQR, continous variables were tested using a one-way ANOVA, count vari-
ables were tested using a Chi2 test

Sex-pooled quartiles of HDL-c Q1 Q2 Q3 Q4

N=1810 n=466 n=471 n=437 n=436

Range HDL-c, mmol/l

• Men 0.41-0.88 0.88-1.04 1.04-1.22 1.22-2.85

• Women 0.46-1.02 1.02-1.20 1.20-1.45 1.45-3.00 p-value
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Table 2. Relation between HDL-c and cardiovascular events and mortality in quartiles of HDL-c

Q1 Q2 Q3 Q4

(n=466) (n=471) (n=437) (n=436)

Range HDL-c, mmol/L

• Men 0.41-0.88 0.88-1.04 1.04-1.22 1.22-2.85

• Women 0.46-1.02 1.02-1.20 1.20-1.45 1.45-3.00

Myocardial infarction

n 28 40 35 12

Model I 2.39 (1.21-4.71) 3.55 (1.86-6.76) 3.02 (1.45-5.43) 1.00 (ref)

Model II 2.02 (0.99-4.13) 3.29 (1.70-6.36) 2.75 (1.42-5.34) 1.00 (ref)

Model III 2.02 (0.99-4.15) 3.25 (1.67-6.30) 2.82 (1.45-5.49) 1.00 (ref)

Ischemic stroke

n 24 17 18 12

Model I 2.04 (1.02-4.10) 1.46 (0.70-3.05) 1.51 (0.73-3.13) 1.00 (ref)

Model II 1.90 (0.90-4.04) 1.36 (0.64-2.90) 1.39 (0.66-2.91) 1.00 (ref)

Model III 1.82 (0.86-3.87) 1.23 (0.57-2.63) 1.31 (0.62-2.76) 1.00 (ref)

Vascular mortality

n 55 67 43 49

Model I 1.21 (0.82-1.79) 1.48 (1.02-2.15) 0.89 (0.59-1.35) 1.00 (ref)

Model II 1.01 (0.66-1.55) 1.32 (0.90-1.95) 0.79 (0.52-1.20) 1.00 (ref)

Model III 0.98 (0.64-1.50) 1.21 (0.82-1.78) 0.76 (0.50-1.16) 1.00 (ref)

Composite of major vascular events

n 89 97 84 65

Model I 1.50 (1.09-2.08) 1.66 (1.21-2.27) 1.38 (1.00-1.92) 1.00 (ref)

Model II 1.31 (0.92-1.85) 1.53 (1.10-2.12) 1.26 (0.91-1.76) 1.00 (ref)

Model III 1.28 (0.90-1.82) 1.46 (1.05-2.02) 1.24 (0.89-1.73) 1.00 (ref)

All-cause mortality

n 102 109 87 87

Model I 1.21 (0.90-1.61) 1.35 (1.02-1.79) 1.01 (0.75-1.36) 1.00 (ref)

Model II 1.03 (0.75-1.41) 1.21 (0.90-1.63) 0.90 (0.66-1.22) 1.00 (ref)

Model III 1.01 (0.74-1.39) 1.12 (0.83-1.50) 0.87 (0.64-1.18) 1.00 (ref)

HDL-c per quartiles, Q1 = ref, hazard ratio (95% confidence interval)
Model 1: age + sex
Model 2: Model 1 + BMI, smoking, pack-years, alcohol, LDL-c, TG, systolic blood pressure
Model 3: Model 2 + eGFR, glucose, HbA1c
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Table 3. Relation between HDL-c and cardiovascular events and mortality according to plasma LDL-c level

LDL-c < 2.0 mmol/l LDL-c 2.0 – 2.5 mmol/l LDL-c > 2.5 mmol/l Interaction

(n=492) (n=363) (955) <2.0 vs. 2.0-2.5 /  
<2.0 vs. > 2.5

Myocardial infarction

n 17 21 77

Model I 0.99 (0.87-1.13) 0.85 (0.71-1.02) 0.90 (0.83-0.98)

Model II 1.01 (0.87-1.17) 0.80 (0.66-0.98) 0.93 (0.86-1.02)

Model III 1.01 (0.87-1.17) 0.80 (0.65-0.97) 0.94 (0.86-1.02) p= 0.07 / 0.08

Ischemic stroke

n 9 11 51

Model I 1.06 (0.89-1.25) 0.80 (0.61-1.05) 0.88 (0.79-0.98)

Model II 0.96 (0.77-1.20) 0.76 (0.57-1.02) 0.92 (0.82-1.02)

Model III 1.00 (0.79-1.27) 0.75 (0.55-1.02) 0.92 (0.82-1.03) p=0.13 / 0.14

Vascular mortality

n 39 26 149

Model I 1.07 (0.99-1.15) 0.98 (0.86-1.12) 0.93 (0.88-0.99)

Model II 1.10 (1.01-1.19) 0.96 (0.82-1.11) 0.96 (0.91-1.02)

Model III 1.12 (1.03-1.22) 0.94 (0.81-1.10) 0.96 (0.91-1.03) p=0.40 / 0.02

Composite of major vascular events

n 58 52 225

Model I 1.06 (0.99-1.13) 0.89 (0.80-0.99) 0.93 (0.88-0.97)

Model II 1.08 (1.01-1.16) 0.86 (0.77-0.97) 0.95 (0.90-1.00)

Model III 1.10 (1.02-1.18) 0.85 (0.75-0.95) 0.96 (0.91-1.00) p=0.01 / <0.01

All-cause mortality

n 68 62 255

Model I 1.09 (1.03-1.16) 0.98 (0.89-1.07) 0.92 (0.88-0.96)

Model II 1.13 (1.07-1.20) 0.98 (0.89-1.09) 0.94 (0.90-0.99)

Model III 1.14 (1.07-1.21) 0.98 (0.89-1.09) 0.94 (0.90-0.99) p=0.09 / <0.01

Hazard ratio (95% confidence interval) per 0.1 mmol/l increase in HDL-c, stratified according LDL-c 
plasma levels
Model 1: age + sex
Model 2: model 1 + BMI, smoking, alcohol, TG, systolic blood pressure
Model 3: model 2 + eGFR, Glucose, HbA1c

3

Proefschrift_Shahnam_Sharif.indd   45 2-2-2021   09:20:40



46

Acknowledgments 
The authors are grateful for the contribution of the SMART research nurses, R. van Petersen (data man-
ager), B.G.F. Dinther (vascular manager), and the participants of the SMART Study Group: A. Algra, Y. 
van der Graaf, D.E. Grobbee, and G.E.H.M. Rutten (Julius Center for Health Sciences and Primary Care), 
and F.L.J. Visseren, Department of Internal Medicine; G.J. de Borst, Department of Vascular Surgery; L.J. 
Kappelle, Department of Neurology; T. Leiner, Department of Radiology; and H.M. Nathoe, Department 
of Cardiology (University Medical Center Utrecht).

Duality of Interest
No potential conflicts of interest relevant to this article were reported.

Author Contributions. S.S. contributed to the conception and design of the work, analyzed data, con-
tributed to the interpretation of data, and wrote the manuscript. Y.v.d.G., F.L.J.V., and J.W. contributed to 
the conception and design of the work and acquisition and interpretation of data and critically revised 
the manuscript. H.M.N. contributed to the acquisition of data and critically revised the manuscript. 
H.W.d.V. contributed to the interpretation of data and critically revised the manuscript. All authors 
approved the final version of the manuscript for publication. J.W. is the guarantor of this work and, as 
such, had full access to all the data in the study and takes responsibility for the integrity of the data and 
the accuracy of the data analysis.

References
1. Chen, L., D.J. Magliano, and P.Z. Zimmet, The worldwide epidemiology of type 2 diabetes melli-

tus-present and future perspectives. Nature Reviews Endocrinology, 2012. 8(4): p. 228-236.
2. Cardiovascular disease and risk management. Diabetes Care, 2015. 38 Suppl: p. S49-57.
3. Mooradian, A.D., Dyslipidemia in type 2 diabetes mellitus. Nat Clin Pract Endocrinol Metab, 2009. 

5(3): p. 150-159.
4. Stone, N.J., J.G. Robinson, A.H. Lichtenstein, et al., 2013 ACC/AHA guideline on the treatment of 

blood cholesterol to reduce atherosclerotic cardiovascular risk in adults: a report of the American 
College of Cardiology/American Heart Association Task Force on Practice Guidelines. Circulation, 
2014. 129(25 Suppl 2): p. S1-45.

5. Reiner, Z., A.L. Catapano, G. De Backer, et al., ESC/EAS Guidelines for the management of dyslipi-
daemias: the Task Force for the management of dyslipidaemias of the European Society of Cardiol-
ogy (ESC) and the European Atherosclerosis Society (EAS). Eur Heart J, 2011. 32(14): p. 1769-1818.

6. Cleeman, J.I., S.M. Grundy, D. Becker, et al., Executive summary of the Third Report of the National 
Cholesterol Education Program (NCEP) expert panel on detection, evaluation, and treatment of 
high blood cholesterol in adults (Adult Treatment Panel III). Jama-Journal of the American Medical 
Association, 2001. 285(19): p. 2486-2497.

7. Colhoun, H.M., D.J. Betteridge, P.N. Durrington, et al., Primary prevention of cardiovascular disease 
with atorvastatin in type 2 diabetes in the Collaborative Atorvastatin Diabetes Study (CARDS): mul-
ticentre randomised placebo-controlled trial. Lancet, 2004. 364(9435): p. 685-696.

8. Ogita, M., K. Miyauchi, T. Miyazaki, et al., Low high-density lipoprotein cholesterol is a residual risk 
factor associated with long-term clinical outcomes in diabetic patients with stable coronary artery 
disease who achieve optimal control of low-density lipoprotein cholesterol. Heart Vessels, 2014. 
29(1): p. 35-41.

Proefschrift_Shahnam_Sharif.indd   46 2-2-2021   09:20:40



47

9. Ginsberg, H.N., M.B. Elam, L.C. Lovato, et al., Effects of combination lipid therapy in type 2 diabetes 
mellitus. N Engl J Med, 2010. 362(17): p. 1563-1574.

10. Keech, A., R.J. Simes, P. Barter, et al., Effects of long-term fenofibrate therapy on cardiovascular 
events in 9795 people with type 2 diabetes mellitus (the FIELD study): randomised controlled trial. 
Lancet, 2005. 366(9500): p. 1849-1861.

11. Schwartz, G.G., A.G. Olsson, M. Abt, et al., Effects of dalcetrapib in patients with a recent acute 
coronary syndrome. N Engl J Med, 2012. 367(22): p. 2089-2099.

12. Landray, M.J., R. Haynes, J.C. Hopewell, et al., Effects of extended-release niacin with laropiprant in 
high-risk patients. N Engl J Med, 2014. 371(3): p. 203-212.

13. van de Woestijne, A.P., Y. van der Graaf, A.H. Liem, M.J. Cramer, J. Westerink, and F.L. Visseren, Low 
high-density lipoprotein cholesterol is not a risk factor for recurrent vascular events in patients with 
vascular disease on intensive lipid-lowering medication. J Am Coll Cardiol, 2013. 62(20): p. 1834-1841.

14. Simons, P.C., A. Algra, M.F. van de Laak, D.E. Grobbee, and Y. van der Graaf, Second manifestations 
of ARTerial disease (SMART) study: rationale and design. Eur J Epidemiol, 1999. 15(9): p. 773-781.

15. Tremblay, A.J., H. Morrissette, J.M. Gagne, J. Bergeron, C. Gagne, and P. Couture, Validation of the 
Friedewald formula for the determination of low-density lipoprotein cholesterol compared with 
beta-quantification in a large population. Clin Biochem, 2004. 37(9): p. 785-790.

16. Weng, T.C., Y.H. Yang, S.J. Lin, and S.H. Tai, A systematic review and meta-analysis on the therapeu-
tic equivalence of statins. J Clin Pharm Ther, 2010. 35(2): p. 139-151.

17. Hou, R. and A.C. Goldberg, Lowering low-density lipoprotein cholesterol: statins, ezetimibe, bile 
acid sequestrants, and combinations: comparative efficacy and safety. Endocrinol Metab Clin 
North Am, 2009. 38(1): p. 79-97.

18. Mikhailidis, D.P., R.W. Lawson, A.L. McCormick, et al., Comparative efficacy of the addition of eze-
timibe to statin vs statin titration in patients with hypercholesterolaemia: systematic review and 
meta-analysis. Curr Med Res Opin, 2011. 27(6): p. 1191-1210.

19. Barter, P., A.M. Gotto, J.C. LaRosa, et al., HDL cholesterol, very low levels of LDL cholesterol, and 
cardiovascular events. N Engl J Med, 2007. 357(13): p. 1301-1310.

20. Kontush, A. and M.J. Chapman, Functionally defective high-density lipoprotein: a new therapeutic 
target at the crossroads of dyslipidemia, inflammation, and atherosclerosis. Pharmacol Rev, 2006. 
58(3): p. 342-374.

21. Sorrentino, S.A., C. Besler, L. Rohrer, et al., Endothelial-vasoprotective effects of high-density lipo-
protein are impaired in patients with type 2 diabetes mellitus but are improved after extended-re-
lease niacin therapy. Circulation, 2010. 121(1): p. 110-122.

22. Cavallero, E., F. Brites, B. Delfly, et al., Abnormal reverse cholesterol transport in controlled type 
II diabetic patients. Studies on fasting and postprandial LpA-I particles. Arterioscler Thromb Vasc 
Biol, 1995. 15(12): p. 2130-2135.

23. Mastorikou, M., B. Mackness, Y. Liu, and M. Mackness, Glycation of paraoxonase-1 inhibits its 
activity and impairs the ability of high-density lipoprotein to metabolize membrane lipid hydroper-
oxides. Diabet Med, 2008. 25(9): p. 1049-1055.

24. Sung, K.C., S. Ryu, S.H. Wild, and C.D. Byrne, An increased high-density lipoprotein cholesterol/
apolipoprotein A-I ratio is associated with increased cardiovascular and all-cause mortality. Heart, 
2015. 101(7): p. 553-558.

3

Proefschrift_Shahnam_Sharif.indd   47 2-2-2021   09:20:40



48

25. Ridker, P.M., C.H. Hennekens, J.E. Buring, and N. Rifai, C-reactive protein and other markers of 
inflammation in the prediction of cardiovascular disease in women. N Engl J Med, 2000. 342(12): 
p. 836-843.

26. Liuzzo, G., L.M. Biasucci, J.R. Gallimore, et al., The prognostic value of C-reactive protein and serum 
amyloid a protein in severe unstable angina. N Engl J Med, 1994. 331(7): p. 417-424.

27. Lambert, G., M.B. Chase, K. Dugi, A. Bensadoun, H.B. Brewer, Jr., and S. Santamarina-Fojo, Hepatic 
lipase promotes the selective uptake of high density lipoprotein-cholesteryl esters via the scavenger 
receptor B1. J Lipid Res, 1999. 40(7): p. 1294-1303.

28. Dergunov, A.D., S. Visvikis-Siest, and G. Siest, Statins as effectors of key activities involved in apoE- 
dependent VLDL metabolism: review and hypothesis. Vascul Pharmacol, 2008. 48(2-3): p. 70-75.

29. Hoogerbrugge, N. and H. Jansen, Atorvastatin increases low-density lipoprotein size and enhances 
high-density lipoprotein cholesterol concentration in male, but not in female patients with familial 
hypercholesterolemia. Atherosclerosis, 1999. 146(1): p. 167-174.

30. Dugi, K.A., K. Brandauer, N. Schmidt, et al., Low hepatic lipase activity is a novel risk factor for cor-
onary artery disease. Circulation, 2001. 104(25): p. 3057-3062.

Supplementary data Table 1. Coding of lipid-lowering therapy into usual dose / intensive therapy

Lipid-lowering therapy 
intensity

Category based on theoretical 
LDL-c reduction

Lipid-lowering medication in this category

Usual dose 1 (1- <30%) pravastatin 10-40 mg, fluvastatin 20-40 mg, 

monotherapy with ezetimib or bile acid sequestrants

2 (30 - <40%) simvastatin 10-20 mg, atorvastatin 10 mg

Intensive 3 (40 - <45%) simvastatin 40 mg, atorvastatin 20 mg, rosuvastatin 

5 mg, combination of simvastatin 10 mg and 

ezetimib 10 mg

4 (≥45%) simvastatin 80 mg, atorvastatin 40-80 mg, 

rosuvastatin 10-40 mg, combination of simvastatin 

>10 mg and ezetimib

Supplementary data Table 2. Patient Characteristics according to plasma LDL-c levels 

<2.0 mmol/l 2.0-2.5 mmol/l >2.5 mmol/l 

N (%) 492 (27) 363 (20) 955 (53)

Men, n (%) 376 (76) 268 (74) 615 (64)

Age (years) 60 ± 10 61 ± 10 60 ± 10

Smoking current, n (%) 106 (22) 74 (20) 269 (45)

Pack-years 15 IQR(0-34) 12 IQR(0-32) 13 IQR(0-30)

Current alcohol use, n (%) 290 (59) 184 (51) 341 (36)
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Alcohol units per week, n (%)

<1 53   (11%) 46   (13%) 108 (11%)

1-10 192 (39%) 140 (39%) 327 (34%)

11-20 88   (18%) 58   (16%) 142 (15%)

21-30 27   (6%) 20   (6%) 53   (6%)

31-40 9     (2%) 7     (2%) 13   (1%)

>40 8     (2%) 8     (2%) 14   (2%)

Duration of diabetes (years) 4 IQR(1-10) 4 IQR(1-10) 3 IQR(0-9)

BMI (kg/m2) 29 ± 5 29 ± 5 29 ± 5

Systolic blood pressure, mmHg 144 ± 19 143 ± 19 147 ± 22

Diastolic blood pressure, mm Hg 82 ± 11 81 ± 11 84 ± 12

Laboratory measurements

Glucose, mmol/L 8.6 ± 3.0 8.5 ± 2.5 8.9 ± 3.0

HbA1c,% 7.0 ± 1.2 7.0 ± 1.2 7.2 ± 1.4

HbA1c, mmol/mol 53.0 ± 13.1 53.0 ± 13.1 55.2 ± 15.3

eGFR, ml/min/1.73 m2 78.5 ± 22.4 77.2 ± 20.1 76.4 ± 20.6

Micro-albuminuria, n (%) 108 (22) 92 (25) 227 (24)

Total Cholesterol, mmol/L 3.8 ± 1.3 4.2 ± 0.5 5.6 ± 1.0

LDL-c, mmol/L 1.5 ± 0.4 2.3 ± 0.2 3.5 ± 0.8

HDL-c, mmol/l 1.1 ± 0.4 1.1 ± 0.3 1.2 ± 0.3

non-HDL-c, mmol/L 2.7 ± 1.3 3.1 ± 0.5 4.4 ± 1.1

Triglycerides, mmol/L 1.7 IQR(1.0-2.9) 1.6 IQR(1.1-2.3) 1.7 (IQR 1.3-2.4)

Medication

Glucose lowering medication, n (%) 347 (71) 247 (68) 589 (62)

Insulin, n (%) 125 (25) 86 (24) 217 (23)

Usual dose lipid-lowering therapy, n (%) 119 (24) 140 (39) 269 (28)

Intensive lipid-lowering therapy, n (%) 287 (58) 127 (35) 166 (17)

Type of vascular disease

Coronary artery disease, n(%) 271 (55) 190 (52) 337 (65)

Cerebrovascular disease, n(%) 98 (20) 60 (17) 187 (20)

Peripheral artery disease, n(%) 57 (12) 42 (12) 162 (17)

Abdominal Aortic Aneurysm, n(%) 27 (6) 15 (4) 45 (5)

Baseline characteristics based on lipid lowering therapy
*  BMI = body mass index, eGFR = estimated Glomerular Filtration Rate by the Modification of Diet in 

Renal Disease (MDRD) equation, HDL-c = high-density lipoprotein cholesterol, LDL-c = low-density 
lipoprotein cholesterol

**  Continuous variables are depicted as mean ± SD and count variables as n(%) and not normally dis-
tributed variables as median IQR

<2.0 mmol/l 2.0-2.5 mmol/l >2.5 mmol/l 

N (%) 492 (27) 363 (20) 955 (53)
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Supplementary Table 3. Causes of mortality according to plasma LDL-c levels

Causes of mortality LDL-c <2.0 mmol/l LDL-c 2.0-2.5 mmol/l LDL-c >2.5 mmol/l

Total death 68 (14%) 62 (17%) 255 (27%)

Vascular 39 (8%) 26 (7%) 149 (16%)

Malignancy 16 (3%) 21 (6%) 59   (6%)

Infection 4   (1%) 3   (1%) 16   (2%)

Unnatural causes 2   (0%) 0   (0%) 2     (0%)

Other non-vascular 3   (1%) 3   (1%) 14   (1%)

No classification 4   (1%) 9   (2%) 15   (2%)
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Supplementary Table 4. Relation between HDL-c and cardiovascular events and mortality according to 
intensity of lipid-lowering therapy 

No lipid lowering 
therapy

Usual dose therapy Intensive therapy Interaction

(n= 702) (n=528) (n=580) Intensive vs  
Usual dose

Myocardial infarction

n 49 42 24

Model I 0.91 (0.82-1.00) 0.86 (0.75-0.98) 1.05 (0.92-1.19)

Model II 0.90 (0.80-1.02) 0.86 (0.75-0.99) 1.15 (0.99-1.35)

Model III 0.91 (0.81-1.02) 0.85 (0.74-0.99) 1.17 (1.00-1.37) p=0.07

Ischemic stroke

n 35 15 21

Model I 0.85 (0.74-0.96) 0.97 (0.81-1.17) 1.01 (0.87-1.16)

Model II 0.86 (0.74-0.99) 0.98 (0.81-1.19) 0.95 (0.79-1.13)

Model III 0.85 (0.74-0.99) 1.00 (0.84-1.20) 0.94 (0.78-1.13) p=0.94

Vascular mortality

n 108 63 43

Model I 0.96 (0.90-1.02) 0.96 (0.87-1.05) 1.02 (0.92-1.13)

Model II 0.98 (0.91-1.05) 0.97 (0.88-1.07) 1.03 (0.91-1.16)

Model III 0.98 (0.92-1.05) 0.98 (0.88-1.08) 1.03 (0.91-1.16) p=0.59

Composite of major vascular events

n 158 98 79

Model I 0.95 (0.90-1.00) 0.93 (0.87-1.01) 1.01 (0.93-1.09)

Model II 0.96 (0.90-1.02) 0.95 (0.87-1.03) 1.02 (0.93-1.11)

Model III 0.97 (0.91-1.02) 0.95 (0.87-1.03) 1.02 (0.93-1.12) p=0.23

All-cause mortality

n 217 105 63

Model I 0.96 (0.91-1.00) 0.98 (0.92-1.06) 1.04 (0.95-1.13)

Model II 0.97 (0.92-1.02) 0.98 (0.91-1.06) 1.07 (0.97-1.18)

Model III 0.97 (0.93-1.02) 0.99 (0.92-1.07) 1.07 (0.97-1.19) p=0.55

Hazard ratio (95% confidence interval) per 0.1 mmol/l increase in HDL-c, stratified according to lipid 
lowering therapy
Model 1: age + sex
Model 2: Model 1 + BMI, smoking, pack-years, alcohol, LDL-c, TG, systolic blood pressure
Model 3: Model 2 + eGFR, glucose, HbA1c
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Supplement to chapter 3

Response to Comment on Sharif et al. HDL Cholesterol as a Residual Risk Factor for Vascular Events and 
All-Cause Mortality in Patients With Type 2 Diabetes.

Shahnam Sharif
Yolanda van der Graaf
Hendrik M. Nathoe
Harold W. de Valk
Frank L.J. Visseren
Jan Westerink
On behalf of the Second Manifestations of ARTerial disease (SMART) study group

Diabetes Care. 2016 Oct;39(10):e190-1. doi: 10.2337/dci16-0023.

We appreciate the thoughtful comments and suggestion by Aryan et al. (1) on our recent article on HDL 
cholesterol (HDL-c) as a residual risk factor for vascular events and all-cause mortality in patients with 
type 2 diabetes (T2D) (2). The findings of our study in the Second Manifestations of ARTerial disease 
(SMART) cohort showed that higher HDL-c is related to an unexpected higher risk of cardiovascular 
events (hazard ratio [HR] 1.10, 95% CI 1.07–1.21) and all-cause mortality (HR 1.14, 95% CI 1.07–1.21) 
in patients with very low levels of LDL cholesterol (LDL-c) (<2.0 mmol/L). In light of the findings in an 
ongoing cohort of 2,607 Iranian patients with T2D, Aryan et al. (1) suggest that this unexpected finding 
can be ascribed to chronic systemic inflammatory status, as they found that higher HDL-c was related 
to a lower risk of cardiovascular events in T2D patients with very low LDL-c levels (<2.0 mmol/L) after 
adjusting for hs-CRP (HR 0.771, 95% CI 0.664–0.895).

However, the addition of baseline hs-CRP as a confounder to the multivariable model is debatable. 
Inflammation is linked to the development of insulin resistance via various cytokines and molecular 
pathways (3). In turn, insulin resistance leads to dyslipidemia as seen in T2D, characterized by the triad 
of high triglycerides, low HDL-c, and small dense LDL-c (4,5). As inflammation therefore precedes insulin 
resistance, it can be argued that hs-CRP is part of the causal pathway in the relation between HDL-c and 
vascular events and is thus by definition not a confounding factor.

Nonetheless, we performed additional analyses in the strata of LDL-c by adding baseline hs-CRP to the 
Cox regression model, after imputing 299 missing hs-CRP values. The effect estimates did not change in 
magnitude or direction (stratum LDL-c <2.0 mmol/L: cardiovascular events HR 1.10, 95% CI 1.02–1.18; 
all-cause mortality HR 1.14, 95% CI 1.08–1.21). As lipid-lowering therapy intensity might also influence 
hs-CRP levels (6), we also studied the addition of baseline hs-CRP to the Cox regression model for anal-
ysis in the strata of lipid-lowering therapy intensity. Again, adding hs-CRP did not change these results.
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We speculate that the contrasting results in SMART cohort and the cohort of Aryan et al. (1) might 
be attributable to differences in study population and/or medication use. The SMART cohort (7) is a 
unique cohort consisting of 1,829 high-risk T2D patients of whom 61% receive lipid-lowering treatment 
(29% usual dose; 32% intensive lipid-lowering therapy) (2). These patients have a median duration of 
diabetes of 4 years (interquartile range [IQR] 1–9) and the majority (66%) has clinical manifest vascular 
disease (2). The cohort studied by Aryan et al. (1) seems to consist of a healthier study population com-
pared with the SMART cohort (e.g., age 55 ± 10 years vs. 60 ± 10 years; males 44% vs. 70%). Data on lip-
id-lowering therapy or vascular disease was not available (8). In the SMART cohort, 82% of the patients 
in the very low LDL-c stratum received statin treatment, which decreases both hs-CRP and LDL-c levels 
(6). Therefore, adding hs-CRP to the multivariable model in this stratum probably did not change the 
results as the inflammation is already substantially reduced by statin treatment (hs-CRP mg/L: LDL-c <2 
mmol/L, median 1.9 [IQR 0.8–4.5]; LDL-c 2.0–2.5 mmol/L, median 2.2 [IQR 1.0–5.4]; LDL-c >2.5 mmol/L, 
median 3.2 [IQR 1.0–7.7]).
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Abstract

Background
The high residual cardiovascular risk seen in patients with type 2 diabetes (T2DM) after intensive LDL-C 
lowering treatment might be caused by remaining high levels of triglycerides and low levels of HDL-C 
that are characteristic of diabetic dyslipidemia. 

Methods
A systematic search and meta-analysis was conducted, using the Medline and Embase databases. Data 
from observational cohort studies (n=16) focusing on the relationship between elevated triglycerides 
(n=12) and low HDL-C (n=11) levels and cardiovascular disease (combination of myocardial infarction, 
stroke, and cardiovascular mortality) in T2DM patients (n=145,034) were used to calculate pooled 
estimates, using a random-effects model. Meta-regression analyses were performed to assess the 
impact of sex.

Results
The pooled relative risk (RR) of cardiovascular disease (CVD) per 1 mmol/L increase in plasma tri-
glycerides was 1.00 (95% CI 0.99 – 1.02); it was 0.88 (95% CI 0.83–0.94) for each 0.1 mmol/L increase 
in HDL-C. Categorical analyses based on quantiles and using the lowest quantile as reference demon-
strated a pooled RR for CVD with regard to the highest quantile of 1.27 (95% CI 1.11-1.45) for plasma 
triglycerides and 0.68 (95% CI 0.58 – 0.79) for HDL-C. The results were independent of sex.

Conclusions
In T2DM patients, high plasma triglyceride levels are related to a higher risk of CVD in a non-linear 
manner and higher HDL-cholesterol levels are related to a lower risk of CVD. Specifically targeting the 
increased levels of plasma triglycerides and the decreased levels of HDL-C may reduce the residual risk 
of cardiovascular events in T2DM patients.

Introduction
Patients with type 2 diabetes (T2DM) are at increased risk of cardiovascular morbidity and mortality.
[1-3] Lowering levels of low-density lipoprotein cholesterol (LDL-C) with a statin reduces the risk of car-
diovascular disease (CVD) in these patients.[4, 5] However, residual vascular risk remains high post-sta-
tin therapy. This observation may reflect, at least in part, that the dyslipidemia of diabetes is typically 
characterized by raised plasma levels of triglycerides, lower levels of high-density cholesterol (HDL-C), 
and an increase in small dense LDL particles, as reflected by raised plasma levels of non-HDL-C and 
apolipoprotein (Apo) B, respectively.[6, 7] 

Treatment of diabetic dyslipidemia with a fibrate, a peroxisome proliferator-activated receptor (PPAR) 
alpha agonist, lowers plasma triglyceride levels and increases plasma HDL-C concentrations.[8] The 
Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) and the Action to Control Cardiovascu-
lar Risk in Diabetes (ACCORD-LIPID) studies investigated the effect of fenofibrate in combination with a 
statin on cardiovascular events in patients with T2DM.[9, 10] Although fenofibrate therapy did not lower 
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the risk of cardiovascular events overall, it did in a subgroup of diabetes patients with raised triglyceride 
levels and low HDL-C levels.[11, 12] A meta-analysis showed that fibrate therapy reduced the risk of 
cardiovascular events, but not cardiovascular mortality or all-cause mortality, in patients at high risk of 
cardiovascular events.[13] The meta-analysis included 18 trials, 6 of which solely involved patients with 
type 2 diabetes. While fibrate therapy was not beneficial in individuals with T2DM overall, it was most 
effective in those individuals with dyslipidemia. The ACCORD-LIPID trial also found that sex differences 
in CVD risk reduction.[9] The risk of cardiovascular events is higher in women than men with T2DM (HR 
9.54 95%CI 5.39-16.87 vs HR 2.75 95%CI 2.05-3.70), which might partially be due to the higher burden 
of risk factors, such as dyslipidemia, in women.[14] Indeed, diabetic dyslipidemia is more common in 
women than men after 60 years of age (76.8%, 95%CI 76.2-77.3 vs 70.8%, 95%CI 70.2-71.3).[15] 

Various mechanisms contribute to the development of diabetic dyslipidemia, with insulin resistance 
playing a central role (Figure 1). Excess calories lead to increased storage of triglycerides in adipocytes, 
resulting in adipocyte hypertrophy and hyperplasia.[16] It has been hypothesized that the enlarged 
adipose tissue compartment becomes hypoxic due to the increased demand for oxygen and nutrients 
with simultaneous hypoperfusion, initiating an inflammatory response [17]. This may have both a direct 
local effect on insulin resistance in adipose tissue and systemic effect on skeletal muscle and the liver. 
[18-21] In adipocytes, insulin has an anti-lipolytic effect, inhibiting hormone-sensitive lipase (HSL). 
Thus, insulin promotes the storage of triacylglycerols in adipocytes and reduces the secretion of cir-
culating non-esterified fatty acids (NEFA) from adipose tissue. The inhibition of HSL in adipose tissue is 
decreased by insulin resistance and leads to increased lipolysis, resulting in an increased release of free 
fatty acids (FFA) into the hepatic portal system.[6] The increased supply of FFA to the liver stimulates 
substrate-driven synthesis of triglycerides and promotes the production of very low-density lipoprotein 
(VLDL) particles.[22] The normal inhibitory effect of insulin on VLDL production in the liver is also dimin-
ished in insulin resistance.[23, 24] Moreover, insulin resistance impairs VLDL catabolism, because insu-
lin is a potent activator of lipoprotein lipase (LPL), which promotes the catabolism of triglyceride-rich 
lipoproteins such as VLDL. Also, insulin inhibits apoCIII, which in turn is an inhibitor of LPL. [25] 

The observed decrease in HDL-C levels is due to increased HDL particle catabolism by enhanced hepatic 
lipase activity.[26] Increased production and diminished catabolism of VLDL is associated with HDL 
catabolism in insulin resistance states.[27] The increased pool of triglycerides in VLDL stimulates circu-
lating cholesteryl ester transfer protein (CETP) activity, which exchanges triglycerides and cholesteryl 
esters between apoB-containing lipoproteins and HDL particles. HDL catabolism is stimulated as tri-
glyceride-rich HDL particles are preferred substrates for hepatic lipase.[26] The increased CETP activity 
also leads to a preferential formation of triglyceride rich, small dense LDL particles, which completes the 
lipid profile characteristic of type 2 diabetes.[28]

We performed a systematic review and meta-analysis to determine whether the characteristic profile of 
diabetic dyslipidemia, namely, elevated levels of plasma triglycerides and low levels of HDL-C, increases the 
risk of CVD in patients with T2DM. We also investigated whether the risk is greater in women than men. 

4
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Methods
Search Strategy
One investigator (S.S.) searched the Medline (PubMed) and Embase databases up to 29 September 
2019 using the following search terms and their synonyms: dyslipidemia, diabetes, and cardiovascular 
events (full search string is provided in Supplemental Table 1). The references of the retrieved articles 
were scanned manually for additional articles. If the full text was unavailable, the authors were con-
tacted by email.

Study selection
Eligibility criteria were original peer-reviewed studies involving patients with T2DM; specific investiga-
tion of diabetic dyslipidemia or plasma triglycerides or plasma HDL-C; cardiovascular event as outcome. 
Articles which provided insufficient data to retrieve effect measures for the analyses were excluded. As 
the aim of this study was to assess whether diabetic dyslipidemia is a risk factor for future cardiovascu-
lar disease, all studies with a cross-sectional design were excluded.

Data extraction & quality assessment
Two authors (S.S. and M.W.) independently extracted data. Discrepancies between the authors were 
discussed and resolved, and if the authors could not reach agreement, a third author (JW) was con-
sulted. The following information was extracted: first author surname, year of publication, study design, 
follow-up years, mean age or age range, number of cardiovascular events, number of participants, 
definition determinant, definition outcome, all reported risk estimates and their measures of precision 
(e.g. standard error or confidence intervals), and the number and type of confounders included in the 
analyses. Studies were included if they reported one or a combination of the following outcomes: cor-
onary artery disease, cerebrovascular disease, peripheral arterial disease or fatal cardiovascular events. 
Studies using the same study population to investigate different outcomes or different determinants 
(dyslipidemia, HDL-C, triglycerides) were included. 

All included studies were evaluated using the Newcastle–Ottawa quality assessment scales (NOS) for 
cohort studies. These scales comprise standard criteria for assessing the risk of bias using four main 
themes: selection, comparability, exposure, and outcome. A summary score ranging from 0 to 8 points 
can be calculated, with higher scores indicating a lower risk of bias.

Data analyses
The data were analyzed either continuously, with results presented as hazard ratios or odds ratios per 1 
unit increase in the determinant, or categorically based on quantiles (tertiles, quartiles or quintiles, as 
presented in the article). Pooled estimates were calculated using the generic inverse variance method 
and applying a random-effects model in order to account for heterogeneity in results between the 
studies. If the studies reported effect estimates per 1 standard deviation increase, it was recalculated 
to an effect estimate per 1-unit increase (1 mmol/L increase in triglycerides and 0.1 mmol/L increase in 
HDL-C). In the studies reporting effect estimates based on quantiles, the effect estimate comparing the 
highest quantile to the lowest quantile was used.
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Data analyses in a longitudinal design can be performed using different regression techniques, e.g. 
(logistic) linear regression, proportional Cox survival regression, Poisson regression, which can lead to 
different types of effect measure, such as relative risk (RR), odds ratio(OR), hazard ratios (HR). Since the 
rare disease assumption might not hold in this scenario, results of studies reporting ORs are first given 
separately and then pooled afterwards with the other effect measures. The included studies adjusted 
for different confounders, such as age, sex, lifestyle factors (e.g. smoking), and classical cardiovascular 
risk factors (e.g. LDL-C, body mass index, blood pressure). For the analyses, the effect estimates of the 
fully adjusted models were used.

Meta-regression analyses were performed to assess the impact of sex on the pooled estimate, using 
the proportion of females as moderator variable. A random-effects model was used with the restricted 
maximum-likelihood estimator (REML). The results are given in a β with 95% confidence interval, indi-
cating a change in log(RR) per 1% increase in the proportion of females.

Heterogeneity of results between the studies was assessed using the I2 statistic, which reflects the pro-
portion of the observed variance due to real differences in effect estimates between studies. However, 
visual inspection of the Forrest plots was also performed, because the I2 statistic may be influenced by 
inclusion of large studies.[29]

Potential publication bias was assessed by visually inspecting the funnel plots. Compared to observa-
tional cohort studies, trial populations are in general a healthier population due to strict inclusion and 
exclusion criteria. Therefore, a sensitivity analysis was performed to assess the robustness of the results 
by excluding one study which analyzed the follow-up period of the two arms of the Fenofibrate Inter-
vention and Event Lowering in Diabetes (FIELD) trial. 

The Meta-analysis of Observational Studies in Epidemiology (MOOSE) guidelines were used in this sys-
tematic review.[30] Statistical analyses were performed using Review Manager (RevMan), Version 5.3.5 
Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014 and statistical package 
R 3.2.2 with the “metafor” package.

Results
In total, 4311 potentially relevant studies were identified, 123 of which remained after screening based 
on title and abstracts. Of these, 107 were excluded for reasons shown in figure 2. No additional articles 
were found in the references of these 107 articles, leaving 16 articles[31-46] for the meta-analysis. Of 
these 16 articles, 2 were based on data from the Second Manifestations of ARTerial disease (SMART) 
cohort[41, 45] and 2 on data from the United Kingdom Prospective Diabetes Study[31, 44]. These stud-
ies were included because they used different outcomes, analyzed different determinants (HDL-C or 
TG), and were carried out at different times. The results of 3 studies were included multiple times in 
the meta-analysis because one article separately evaluated the relationship between the determinants 
HDL-C and TG and cardiovascular events in the two arms of the FIELD trial [43],the second article evalu-
ated the relationship in three strata of age [35], and the third article evaluated the relationship between 
the determinants HDL-C and TG and cardiovascular events separately in men and women [37].

4
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Description of the studies
The included articles were published between 1998 and 2016. Fifteen articles [31-42, 44-46] were 
observational cohort studies and one article evaluated the two arms of the FIELD study [43]. The num-
ber of patients per study ranged from 133 to 115,643, with a median of 1003 (IQR 593 – 2582). The 
study characteristics are presented in Table 1. Of the 16 articles, 10 reported a composite outcome of 
cardiovascular events; 3 reported cardiovascular mortality as outcome, 2 coronary heart disease, and 
1 peripheral arterial disease. Regarding the determinant, none of the articles investigated the combi-
nation of low levels of HDL-C and raised levels of triglycerides. Eight articles studied HDL-C and plasma 
triglyceride levels but separately, 4 articles HDL-C levels, and 4 articles triglyceride levels. All 16 articles 
adjusted for potential confounders, which included a combination of the following: age, sex, lifestyle 
factors, and classical cardiovascular risk factors; 2 articles did not adjust analyses for sex.

The studies had a New-Ottawa Scale (NOS) score ranging from 5 to 8, indicating low risk of bias. (Sup-
plementary Table 2)

Relationship between plasma triglycerides and risk of cardiovascular events
Pooling of the ORs and HRs resulted in a pooled RR for CVD of 1.00 (95% CI 0.99 – 1.02, I2 59%) per 1.0 
mmol/L increase in plasma triglycerides in patients with type 2 diabetes (Figure 3). Categorical analyses, 
based on the highest quantile (whether tertiles, quartiles, or quintiles) versus the lowest quantile as refer-
ence, demonstrated a pooled RR of 1.27 (95% CI 1.11-1.45, I2 =8%) (Figure 4). Sensitivity analyses without 
the data from the FIELD trial did not change the results (pooled RR 1.35, 95% CI 1.13 – 1.60). In meta- 
regression, the change in log(RR) per 1% increase in females was β 0.0007 (95% CI -0.0038 to 0.0052). 

Relationship between HDL-C and risk of cardiovascular events
Pooling of the ORs and HRs resulted in a pooled RR for CVD of 0.88 (95%CI 0.83 – 0.94, I2 78%) per 0.1 
mmol/L increase in HDL-C (Figure 5) The categorical analyses, based on the highest quantile (whether 
tertiles, quartiles or quintiles) versus the lowest quantile as reference, demonstrated a pooled RR for 
CVD of 0.68 (95%CI 0.58 – 0.79, I2 33%) (Figure 6). Sensitivity analyses with exclusion of the FIELD trial 
data did not change the results (pooled RR per 1-unit increase in HDL-C: 0.92, 95%CI 0.88 – 0.96). In 
meta-regression, the change in log(RR) per 1% increase in females was β 0.006 (95%CI -0.006 to 0.016).

Discussion
The present meta-analysis of cohort studies demonstrated that raised levels of triglycerides and lower 
levels of HDL-C are independently related to an increased risk of cardiovascular events in patients with 
T2DM. The relationship between triglycerides and cardiovascular risk appears nonlinear and appreciable 
risk in patients with the highest triglyceride levels. Furthermore, we found no evidence that female sex 
had an impact on the association between cardiovascular risk and plasma levels of triglycerides or HDL-C. 
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Several cohort and genome-wide association studies have indicated that elevated triglyceride levels are 
a risk factor for cardiovascular disease.[47] A meta-analysis of 68 studies by the Emerging Risk Factors 
Collaboration, showed elevated triglyceride levels to be significantly associated with increased cardio-
vascular risk, but the association was attenuated after adjustment for HDL-C and non-HDL-C, indicating 
that elevated triglyceride levels are not independently associated with higher cardiovascular risk.[48] 
Also, intervention studies have not shown that lowering triglyceride levels with long-chain n-3 fatty 
acids or fibrates has a beneficial effect on cardiovascular events.[9, 10, 49, 50] Two trials investigating 
fenofibrate in combination with a statin in patients with type 2 diabetes, the Fenofibrate Intervention 
and Event Lowering in Diabetes (FIELD) study and the Action to Control Cardiovascular Risk in Diabe-
tes (ACCORD-LIPID), did not demonstrate patients to have a lower cardiovascular risk.[9, 10] In these 
studies, fibrate therapy did reduce cardiovascular events in a subgroup of patients with both elevated 
triglyceride levels and low HDL-C levels.[11, 12] The present meta-analysis supports this finding by 
showing that elevated triglyceride levels were not associated with cardiovascular events, when ana-
lyzed continuously. However categorical analyses comparing the highest and lowest quantiles of data 
showed there to be an association, suggesting there might be a threshold level of triglycerides for risk 
of cardiovascular events. 

Various cohort studies have suggested an inverse association between HDL-C and cardiovascular events.
[51-58] However, considering the outcome of recent trials aimed at increasing HDL-C via CETP inhibi-
tion, it is debatable whether a low HDL-C level is a causal risk factor for cardiovascular events. Except 
for the Randomized EValuation of the Effects of Anacetrapib (REVEAL) trial [59], various studies have 
not found CETP inhibition to have a beneficial effect on cardiovascular events.[60-62] Also Mendelian 
randomization studies assessing the association between HDL-C and cardiovascular disease have not 
yielded conclusive findings because most genetic variants (with some exceptions: e.g. CETP variants) 
are not associated with a reduced risk of cardiovascular disease.[63] These findings indicate how com-
plex the relationship between HDL-C and cardiovascular risk is. To further illustrate the complexity, 
a subgroup analysis of one of the studies of this meta-analysis showed different results when data 
were analyzed in strata of LDL-C concentrations. In patients with type 2 diabetes with LDL-C levels <2.0 
mmol/L, a higher HDL-C level at baseline was unexpectedly associated with a higher risk of cardiovas-
cular events and all-cause mortality.[41]

In a subgroup analysis of the ACCORD-LIPID trial, sex was a determinant of the effect of fenofibrate 
treatment, with men benefiting from treatment, whereas treatment was possibly associated with harm 
in women.[9] In contrast, the FIELD study did not detect a significant interaction between treatment 
and sex .[10] In line with the results of the FIELD study, we found that the proportion of women did not 
alter the cardiovascular risk associated with elevated triglyceride or decreased HDL-C levels.

4
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Some limitations of this meta-analysis need to be considered. The first is heterogeneity across studies. 
Heterogeneity was low to moderate between studies, except for the studies included in the analysis of 
the effect of a 1-unit increase in HDL-C level (I2 78%). However, we used several analytical techniques, 
such as sensitivity analyses, to account for the (expected) heterogeneity in the pooled estimate calcu-
lation. We also decided a priori to use a random-effects model to account for the expected different 
real effect sizes between the studies. The use of different effect measures (HR and OR) in the included 
studies may also have increased heterogeneity in the magnitude of the association, but the direction of 
the association was not influenced. Separate analyses for ORs yielded results that were consistent with 
the pooled results, and the exclusion of the few studies reporting ORs did not change the results, but 
did decrease heterogeneity. Another potential source of heterogeneity is the difference in study pop-
ulation, follow-up time, and the use of different definitions of outcomes (e.g. composite outcome, use 
of intervention endpoints or only hard clinical endpoints, peripheral arterial disease). One study that 
analyzed risk per 1-unit increase in HDL level was performed in a trial population. Sensitivity analysis 
with exclusion of this study did not change the results, but heterogeneity did decrease from high to 
moderate (I2 78% to 59%). 

Heterogeneity may also be increased by using different statistical models to account for confound-
ing. The included studies used different approaches to identify confounders, which resulted in differ-
ent models for adjustment and might have therefore increased heterogeneity between the studies. 
Another limitation of this meta-analysis is that none of the studies assessed the combination of a low 
HDL-C level and increased plasma triglyceride level. Further, not all the studies adjusted for alcohol 
intake, which is known to reduce CETP concentration and activity.[64] 

In conclusion, higher levels of plasma triglycerides and lower levels of HDL-C are independently asso-
ciated with a higher risk of cardiovascular events in patients with type 2 diabetes. Directly targeting 
diabetic dyslipidemia may reduce the risk of cardiovascular events in these patients. The ongoing 
PROMINENT trial [65] evaluating the effect of a selective PPAR alpha modulator on cardiovascular risk 
in patients with diabetic dyslipidemia will reveal whether targeted treatment of diabetic dyslipidemia 
can lower vascular risk.
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Figure 1. Diabetic dyslipidemia 
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initiates	an	inflammatory	response,	resulting	in	systemic	low-grade	inflammation	and	insulin	resistance	in	
adipose	tissue.	Insulin	resistance	will	lead	to	increased	lipolysis	and	thus	an	increased	release	of	free	fatty	acids	
(FFA)	into	the	hepatic	portal	system.	The	increased	delivery	of	FFA	stimulates	the	synthesis	of	triglycerides	(TG)	
in	hepatocytes	and	promotes	the	production	of	very	low-density	lipoprotein	(VLDL)	particles	containing	TG.	The	
increased	pool	of	TG	in	VLDL	stimulates	cholesteryl	ester	transfer	protein	(CETP)	activity,	which	exchanges	TG	
and	cholesteryl	esters	(CE)	between	VLDL,	low-density	lipoprotein	(LDL),	and	high-density	lipoprotein	(HDL)	
particles.	This	exchange	results	in	HDL	particles	enriched	with	TG	and	low	cholesterol	content.	Increased	CETP	
activity	also	leads	to	a	preferential	formation	of	TG-rich,	small	dense	LDL	particles.		This	process	generates	the	
characteristic	lipid	profile	seen	in	patients	with	type	2	diabetes:	elevated	TG,	reduced	HDL-cholesterol	(HDL-C),	
and	small	dense	LDL	particles.	Elevated	levels	of	TG	contribute	to	atherosclerosis	by	causing	endothelial	
dysfunction,	and	small	dense	LDL	particles	are	more	susceptible	to	uptake	in	the	arterial	wall.	HDL-C	is	known	
for	its	atheroprotective	properties	(e.g.	reverse	cholesterol	transport)	and	lower	levels	of	HDL-C	result	in	
diminished	atheroprotection.	

FFA:	free	fatty	acids,	VLDL:	very	low-density	lipoprotein,	LDL:	low-density	lipoprotein,	HDL:	high-density	
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Mechanism of diabetic dyslipidemia. Excess adipose tissue will become hypoxic due to hypoperfusion 
and initiates an inflammatory response, resulting in systemic low-grade inflammation and insulin resis-
tance in adipose tissue. Insulin resistance will lead to increased lipolysis and thus an increased release 
of free fatty acids (FFA) into the hepatic portal system. The increased delivery of FFA stimulates the 
synthesis of triglycerides (TG) in hepatocytes and promotes the production of very low-density lipo-
protein (VLDL) particles containing TG. The increased pool of TG in VLDL stimulates cholesteryl ester 
transfer protein (CETP) activity, which exchanges TG and cholesteryl esters (CE) between VLDL, low-den-
sity lipoprotein (LDL), and high-density lipoprotein (HDL) particles. This exchange results in HDL parti-
cles enriched with TG and low cholesterol content. Increased CETP activity also leads to a preferential 
formation of TG-rich, small dense LDL particles. This process generates the characteristic lipid profile 
seen in patients with type 2 diabetes: elevated TG, reduced HDL-cholesterol (HDL-C), and small dense 
LDL particles. Elevated levels of TG contribute to atherosclerosis by causing endothelial dysfunction, 
and small dense LDL particles are more susceptible to uptake in the arterial wall. HDL-C is known for 
its atheroprotective properties (e.g. reverse cholesterol transport) and lower levels of HDL-C result in 
diminished atheroprotection.

FFA: free fatty acids, VLDL: very low-density lipoprotein, LDL: low-density lipoprotein, HDL: high-density 
lipoprotein, TG: triglycerides, CETP: cholesteryl ester transfer protein, CE: cholesteryl ester

4

Proefschrift_Shahnam_Sharif.indd   63 2-2-2021   09:20:47



64

Figure 2. Flowchart of study selection
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 1041 Review / editorial / protocol / 
guideline / expert opinion
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  64 Abstract / Poster / Conference paper 
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2  Full text not available

0 Articles found through reference check
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Table 1. Characteristics of the included studies

Author/year
Study  
design

Population FU-years
Mean age/ 
age range

Determinant Outcome
# CV-events/ 
# participants

Sharif et al,  
2016

cohort SMART study 7.0 IQR 3.9-10.4 60 ± 10 HDL-c
Cardiovascular 
events

335/1810

Wan et al,  
2016

cohort
Outpatient clinics 
Hong Kong

5.3 IQR 0.04-5.5 64.0 ± 11.4 TG
Cardiovascular 
events

9792/115643

Sone et al,  
2016

trial –  
post hoc

MEGA study 5.3 ± NA 58.7 ± 7.0 HDL-c, log(TG)
Cardiovascular 
events

70/668

Raffield et al, 
2015

cohort DHS study 9.6 ± 3.2 62.4 ± 9.1
Sqrt(HDL-c), 
log(TG)

CVD mortality NA/1003

Ina et al,  
2014

cohort JCDM study 2 ± NA 54.8 ± 7.2 HDL-c IHD, CVA NA/168

Ina et al,  
2014

cohort JCDM study 2 ± NA 70.0 ± 2.8 HDL-c IHD, CVA NA/190

Ina et al,  
2014

cohort JCDM study 2 ± NA 78.6 ± 3.2 HDL-c IHD, CVA NA/104

Van de  Woestijne 
et al, 2013

cohort SMART study 4.9 IQR 2.5-8.1 NA log(TG)
Cardiovascular 
events

NA/957

Taskinen et al, 
2010

trial –  
post hoc

FIELD study; inter-
vention group

5 IQR NA 62 ± 7 HDL-c, TG
Cardiovascular 
events

612/4895

Taskinen et al, 
2010

trial –  
post hoc

FIELD study;  
placebo group

5 IQR NA 62 ± 7 HDL-c, TG
Cardiovascular 
events

683/4900

Bruno et al,  
2006

cohort 
Casale Monferrato 
study

11 ± NA 68.7 ± 10.7 HDL-c, TG
Cardiovascular 
mortality

685/1565

Chan et al,  
2005

cohort
Diabetes clinic  
Hong Kong

4.6 ± 0.9 54.0 ± 14.0 log(TG)
Cardiovascular 
mortality

61/517

Jiang et al,  
2004

cohort
Health professionals 
Follow-up study

6 ± NA 63.1 ± 8.4 HDL-c, TG
Cardiovascular 
events

103/746

Schulze et al, 
2004

cohort Nurses’ health study 7.4 ± NA 58.3 ± 6.6 HDL-c, TG CHD 122/921

Bos et al,  
2003

cohort Hoorn study 10 ± NA 61.6 ± 7.3 Log(TG)
Cardiovascular 
events

408/1817

Lu et al,  
2003

cohort Strong heart study 9 ± NA 57.3 ± 8.0 HDL-c, log(TG)
Cardiovascular 
events

521/2108

Adler et al,  
2002

cohort UKPDS 59 8.9 ± NA 59.9 ± NA HDL-c
Peripheral 
 arterial disease

61/3834

Niskanen et al, 
1998

cohort Primary care Finland 15 ± NA 55.8 ± 0.7 Log(TG)
Cardiovascular 
events

48/133

Turner et al,  
1998

cohort UKPDS 23 10 ± NA 52,4 ± 9 HDL-c MI 335/3055

HDL-c: high-density lipoprotein cholesterol, TG: triglycerides, IHD: ischemic heart disease, CVA: cerebrovas-
cular accident, CHD: coronary heart disease, MI: myocardial infarction, NA: Not Available
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Figure 3. Relationship between triglyceride level and risk of cardiovascular events
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Figure	3.	Relationship	between	triglyceride	level	and	risk	of	cardiovascular	events	

	Adjusted	risk	of	cardiovascular	events	per	1	mmol/L	increase	in	triglycerides.	

	

Figure	4.	Relationship	between	triglyceride	level	and	risk	of	cardiovascular	events	(categorical	

analyses)	

		

Adjusted	risk	of	cardiovascular	events	for	highest	quantile	versus	lowest	quantile	of	triglycerides.	

Wan 2016 (1) 9.9% 1.02 (0.99 - 1.05)

Raffield 2015 0.8% 1.12 (0.94 - 1.33)

Ina 2014 (3) 24.0% 1.00 (0.98 - 1.01)

Ina 2014 (2) 26.6% 1.00 (0.99 - 1.01)

Ina 2014 (1) 24.0% 1.00 (0.98 - 1.01)

Chan 2005 0.0% 2.97 (1.01 - 8.77)

Bos 2003 0.4% 1.39 (1.10 - 1.76)

Niskanen 1998 0.0% 8.70 (1.04 - 73.0)

Overall estimate 1.00 (0.99 - 1.02)

0.1 1 10 100

Adjusted risk of cardiovascular events per 1 mmol/L increase in triglycerides.

Figure 4. Relationship between triglyceride level and risk of cardiovascular events (categorical analyses)
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Figure	3.	Relationship	between	triglyceride	level	and	risk	of	cardiovascular	events	

	Adjusted	risk	of	cardiovascular	events	per	1	mmol/L	increase	in	triglycerides.	

	

Figure	4.	Relationship	between	triglyceride	level	and	risk	of	cardiovascular	events	(categorical	

analyses)	

		

Adjusted	risk	of	cardiovascular	events	for	highest	quantile	versus	lowest	quantile	of	triglycerides.	

Van de Woestijne 2015 5.7% 1.11 (0.65 - 1.91)

Taskinen 2010 42.3% 1.17 (0.98 - 0.39)

Bruno 2006 10.6% 0.96 (0.65 - 1.42)

Schulze 2004 5.0% 1.42 (0.79 - 2.54)

Jiang 2004 4.6% 1.97 (1.08 - 3.61)

Lu 2003 (2) 15.3% 1.61 (1.17 - 2.22)

Lu 2003 (1) 12.8% 1.39 (0.98 - 1.98)

Overall estimate 1.27 (1.11 - 1.45)

0 1 2 3 4

Adjusted risk of cardiovascular events for highest quantile versus lowest quantile of triglycerides.
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Figure 5. Relationship between HDL-C level and risk of cardiovascular events
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Figure	5.	Relationship	between	HDL-C	level	and	risk	of	cardiovascular	events

		

Adjusted	risk	of	cardiovascular	events	per	0.1	mmol/L	increase	in	HDL-C.	

	

Figure	6.	Relationship	between	HDL-C	level	and	risk	of	cardiovascular	events	(categorical	analyses)	

	Adjusted	risk	of	cardiovascular	events	for	highest	quantile	versus	lowest	quantile	of	HDL-C.	

	 	

Sharif 2016 14.8% 0.97 (0.93 - 1.01)

Raffield 2015 6.9% 0.87 (0.73 - 1.04)

Ina 2014 (3) 12.1% 1.00 (0.92 - 1.09)

Ina 2014 (2) 12.2% 0.90 (0.83 - 0.98)

Ina 2014 (1) 12.3% 0.91 (0.84 - 0.99)

Taskinen 2010 (2) 2.1% 0.49 (0.33 - 0.73)

Taskinen 2010 (1) 3.1% 0.51 (0.37 - 0.92)

Adler 2002 9.6% 0.82 (0.72 - 0.93)

Turner 1998 12.6% 0.85 (0.79 - 0.92)

Overall estimate 0.88 (0.83 - 0.94)

0.0 0.5 1.0 1.5

Adjusted risk of cardiovascular events per 0.1 mmol/L increase in HDL-C.

Figure 6. Relationship between HDL-C level and risk of cardiovascular events (categorical analyses)
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Figure	5.	Relationship	between	HDL-C	level	and	risk	of	cardiovascular	events

		

Adjusted	risk	of	cardiovascular	events	per	0.1	mmol/L	increase	in	HDL-C.	

	

Figure	6.	Relationship	between	HDL-C	level	and	risk	of	cardiovascular	events	(categorical	analyses)	

	Adjusted	risk	of	cardiovascular	events	for	highest	quantile	versus	lowest	quantile	of	HDL-C.	

	 	

Bruno 2006 12.9% 0.66 (0.46 - 0.95)

Jiang 2004 5.8% 0.57 (0.31 - 1.04)

Schulze 2004 8.1% 0.85 (0.52 - 1.39)

Lu 2003 (2) 16.1% 0.97 (0.71 - 1.32)

Lu 2003 (1) 11.2% 0.59 (0.40 - 0.88)

Turner 1998 17.9% 0.55 (0.41 - 0.73)

Overall estimate 0.68 (0.58 - 0.79)

0.0 0.5 1.0 1.5

Adjusted risk of cardiovascular events for highest quantile versus lowest quantile of HDL-C.
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Supplemental table 1. Search strategy in Medline & Embase; syntax

Medline

(((((((((((“lipids”[Title/Abstract]) OR “dyslipidemia”[Title/Abstract]) OR “dyslipidaemia”[Title/Abstract]) OR 

“hdl”[Title/Abstract]) OR “high density lipoprotein”[Title/Abstract]) OR “ldl”[Title/Abstract]) OR “low density 

lipoprotein”[Title/Abstract]) OR “triglycerides”[Title/Abstract])) AND diabetes) AND (((((“cohort”[Title/Abstract]) OR 

“risk”[Title/Abstract]) OR “odds”[Title/Abstract]) OR relative[Title/Abstract]) OR “case control”[Title/Abstract])) AND 

((((((((((((((((((((((((“cardiovascular disease”[Title/Abstract]) OR “cardiovascular event”[Title/Abstract]) OR “coronary 

disease”[Title/Abstract]) OR “coronary ischemia”[Title/Abstract]) OR “coronary ischaemia”[Title/Abstract]) OR 

“coronary artery disease”[Title/Abstract]) OR “myocardial infarction”[Title/Abstract]) OR “stroke”[Title/Abstract]) 

OR “cerebrovascular disease”[Title/Abstract]) OR “cerebrovascular event”[Title/Abstract]) OR “cerebrovascular 

ischemia”[Title/Abstract]) OR “cerebrovascular ischaemia”[Title/Abstract]) OR “cerebrovascular accident”[Title/

Abstract]) OR “cerebrovascular infarction”[Title/Abstract]) OR “cerebral ischemia”[Title/Abstract]) OR “cerebral 

ischaemia”[Title/Abstract]) OR “cerebral infarction”[Title/Abstract]) OR “brain ischemia”[Title/Abstract]) OR “brain 

ischemia”[Title/Abstract]) OR “transient ischemic attack”[Title/Abstract]) OR “transient ischaemic attack”[Title/

Abstract]) OR “abdominal aortic aneurysm”[Title/Abstract]) OR “peripheral artery disease”[Title/Abstract]) OR 

“peripheral arterial disease”[Title/Abstract])

Embase

(‘lipids’:ab,ti OR ‘dyslipidemia’:ab,ti OR ‘dyslipidaemia’:ab,ti OR ‘hdl’:ab,ti OR ‘high density lipoprotein’:ab,ti 

OR ‘ldl’:ab,ti OR ‘low density lipoprotein’:ab,ti OR ‘triglycerides’:ab,ti) AND (‘type 2 diabetes’:ab,ti,au OR 

‘type 2 diabetes mellitus’:ab,ti,au) AND (‘cohort’:ab,ti,jt OR ‘risk’:ab,ti,jt OR ‘odds’:ab,ti,jt OR relative:ab,ti,jt 

OR ‘case control’:ab,ti,jt) AND (‘cardiovascular disease’:ab,ti OR ‘cardiovascular event’:ab,ti OR ‘coronary 

disease’:ab,ti OR ‘coronary ischemia’:ab,ti OR ‘coronary ischaemia’:ab,ti OR ‘coronary artery disease’:ab,ti OR 

‘myocardial infarction’:ab,ti OR ‘stroke’:ab,ti OR ‘cerebrovascular disease’:ab,ti OR ‘cerebrovascular event’:ab,ti 

OR ‘cerebrovascular ischemia’:ab,ti OR ‘cerebrovascular ischaemia’:ab,ti OR ‘cerebrovascular accident’:ab,ti 

OR ‘cerebrovascular infarction’:ab,ti OR ‘cerebral ischemia’:ab,ti OR ‘cerebral ischaemia’:ab,ti OR ‘cerebral 

infarction’:ab,ti OR ‘brain ischemia’:ab,ti OR ‘transient ischemic attack’:ab,ti OR ‘transient ischaemic attack’:ab,ti 

OR ‘abdominal aortic aneurysm’:ab,ti OR ‘peripheral artery disease’:ab,ti OR ‘peripheral arterial disease’:ab,ti)
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Supplemental table 2. Newcastle- Ottowa Scale (NOS) quality assessment

NOS Quality assessment scale

Selection Comparability Outcome Sum

Sharif et al, 2016 4 1 3 8

Wan et al, 2016 4 1 3 8

Sone et al, 2016 4 1 2 7

Raffield et al, 2015 4 1 2 7

Ina et al, 2014 3 0 2 5

Van de Woestijne et al, 2013 4 1 3 8

Taskinen et al, 2010 4 0 3 7

Bruno et al, 2006 4 1 2 7

Chan et al, 2005 4 1 1 6

Jiang et al, 2004 3 1 2 6

Schulze et al, 2004 3 1 2 6

Bos et al, 2003 4 1 3 8

Lu et al, 2003 4 1 2 7

Adler et al, 2002 4 0 2 6

Niskanen et al, 1998 4 0 1 5

Turner et al, 1998 4 1 2 7

Supplemental table 2. Risk of bias assessed with the Newcastle-Ottowa Scale. Scores range from  
1 to 8, with 1 indicating high risk of bias and 8 low risk of bias.
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Abstract

Background
Osteopontin (OPN), osteonectin (ON) and osteocalcin (OC) play an important role in the development 
of vascular calcifications, but it is unclear whether these bone metabolism regulators contribute to the 
development of arterial stiffness in type 2 diabetes patients. We therefore aim to determine the relation-
ship between plasma concentrations of OPN, ON, OC and arterial stiffness in type 2 diabetes patients.

Methods
Cross-sectional study of 1003 type 2 diabetes patients included in the Second Manifestations of ARTe-
rial disease (SMART)-cohort. Generalized linear models were used to evaluate the relation between 
plasma levels of OPN, ON and OC and arterial stiffness as measured by pulse pressure (PP), ankle-bra-
chial index (ABI) (≥0.9), carotid artery distension and an arterial stiffness summary score. Analyses were 
adjusted for age, sex, kidney function, diabetes duration and diastolic blood pressure.

Results
Higher OPN plasma levels were significantly related to a lower ABI (β-0.013; 95%CI -0.024 – -0.002) and 
a higher arterial stiffness summary score (OR1.24; 95%CI 1.03 – 1.49). OPN levels were not related to 
PP (β 0.59; 95%CI -0.63 – 1.81) or absolute carotid artery distention (β -7.03; 95%CI -20.00 – 5.93). ON 
and OC plasma levels were not related to any of the arterial stiffness measures.

Conclusions
Only elevated plasma levels of OPN are associated with increased arterial stiffness in patients with type 
2 diabetes as measured by the ankle-brachial index and arterial stiffness summary score. These findings 
indicate that OPN may be involved in the pathophysiology of arterial stiffness and call for further clinical 
investigation.

Introduction
The global prevalence of diabetes is rapidly increasing and estimates show that the worldwide preva-
lence of diabetes among adults (20-79 years) in the year 2015 was 8.8% (415 million adults) and will 
rise to 10.4% (642 million adults) in 2040.(79) The leading cause of morbidity and mortality in patients 
with type 2 diabetes (T2DM) is cardiovascular disease.(80) 

Vascular calcification is an important feature of vascular disease in T2DM patients.(43) T2DM is not just 
associated with calcification and atherosclerotic changes of the intima but also with calcification of the 
medial layer of the artery. Patients with T2DM and medial artery calcification (MAC) are at higher risk 
of vascular complications of diabetes (amputation rate ratio 5.5; 95%CI 2.1-14.4; heavy proteinuria rate 
ratio 2.4; 95%CI 1.3-4.5), vascular mortality (OR 1.6; 95%CI 1.2-2.2) and all-cause mortality (rate ratio 
1.5; 95%CI 1.0-2.1) than T2DM patients without MAC.(81-83) An important mechanism in the devel-
opment of medial vascular calcification is the osteogenic dedifferentiation of vascular smooth muscle 
cells (VSMCs) into osteoblast-like cells. Bone formation involves the secretion by these osteoblast-like 

Proefschrift_Shahnam_Sharif.indd   76 2-2-2021   09:20:50



77

cells of matrix vesicles which then develop into hydroxyapatite crystals.(84) These crystals change the 
properties of the arterial wall leading to arterial stiffness. Arterial stiffness is a subclinical marker for car-
diovascular risk and has shown to be an independent risk factor for cardiovascular events and all-cause 
mortality in the general population.(85) Osteopontin (OPN), osteonectin (ON) and osteocalcin (OC) are 
known regulators of bone metabolism and are considered to be involved in the development of vas-
cular calcifications.(86) However, conflicting results from several studies question whether these bone 
metabolism regulators play a causal role in arterial stiffness.(87-95) Therefore the aim of this study is to 
determine the relationship between OPN, ON, OC and arterial stiffness in patients with type 2 diabetes 
with and without vascular disease.

Patients & Methods
Study population
The Second Manifestations of ARTerial disease (SMART) is a prospective ongoing single center cohort at 
the University Medical Center Utrecht, The Netherlands. Newly referred patients, between ages 18-79, 
with vascular disease or with known important risk factors for atherosclerosis (e.g. diabetes, hyper-
lipidemia or hypertension) are asked to participate. After inclusion, information on history of vascular 
disease (coronary artery disease, cerebrovascular disease, peripheral arterial disease, abdominal aortic 
aneurysm), medical history, medication and cardiovascular risk factors (e.g. smoking, alcohol consump-
tion, physical activity, hypertension, hyperlipidemia) is collected through questionnaires. The study was 
approved by the Medical Ethics Committee of the University Medical Center Utrecht and informed 
consent was obtained from all participants. The rationale and a detailed description of the SMART study 
has been previously published(61). 

The current study is a cross-sectional sub-study, using baseline data from a sample of patients enrolled 
in SMART with type 2 diabetes at baseline in which subsequently plasma osteopontin, osteonectin and 
osteocalcin levels were measured. The sample selection was in order to obtain substantial follow-up 
duration for analyses and was based on the first 1035 patients with type 2 diabetes who were enrolled 
between January 1996 and March 2006. 

Arterial stiffness
Arterial stiffness was assessed by means of three different measures: brachial pulse pressure (PP), 
Ankle-Brachial Index (ABI) within the normal range (≥0.9) and the carotid artery distensibility coefficient 
using ultrasound. Pulse pressure was defined as the difference between brachial systolic and diastolic 
blood pressure. Blood pressure measurements were performed bilaterally at the brachial arteries using 
an automatic blood pressure monitor (Microlife Watch BP office). After the first measurement, the 
arm with the highest blood pressure was identified. The average blood pressure is then taken from a 
further two measurements from the arm with the highest blood pressure. (61) Although brachial pulse 
pressure might be inferior to central pulse pressure for the assessment of arterial stiffness, it is still 
significantly correlated to central pulse wave velocity which is considered to be the reference method 
of assessing arterial stiffness.(96)

5
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ABI is the ratio between systolic blood pressure in the ankle and systolic blood pressure in the brachial 
artery. ABI measurements were performed by experienced technicians at the Vascular Lab of the UMC 
Utrecht using a Vasoguard 8-Mhz Doppler probe for the posterior tibial artery and dorsal pedal artery. 
The highest systolic blood pressure of these 2 arteries was then used to compute the ABI by dividing it 
by the systolic blood pressure at the brachial artery. 

Carotid artery distension is a direct measurement of the change in diameter of the carotid artery during 
systole, relative to the diameter during diastole. The displacement of the artery walls was measured 
with a Wall Track System (Scanner 200, Pie Medical, Maastricht, The Netherlands) equipped with a 
7.5MHz linear array transducer and vessel wall moving detector system.(61) A more detailed descrip-
tion of the measurements has already been previously published.(97) To summarize, five measure-
ments were performed separately at the right and left carotid artery. Each assessment lasted four 
seconds and consisted of several cardiac cycles. Per measurement the average distension of the cardiac 
cycles was taken and the results of the five measurements were averaged. Then the average of the left 
and right carotid artery measurement was taken as the distension measurement for a participant. The 
lumen diameter was assessed according to the same procedure. 

The distensibility coefficient (DC) was derived from the carotid artery distension measurement and was 
defined as (2× distension/end-diastolic diameter)/pulse pressure and is given in 10−3×kPa−1. Distension 
of an artery due to pressure (compliance) is the inverse of arterial stiffness. Thus decreased distensibil-
ity and DC corresponds to increased arterial stiffness.(98)

An arterial stiffness summary score was calculated based on tertiles of brachial PP, ABI and absolute carotid 
artery distension. Per tertile corresponding to the degree of arterial stiffness one point is given to the par-
ticipants. The highest tertiles of brachial PP scores three points, while the second and lowest tertiles score 
respectively two and one point. As low ABI and low carotid artery distension corresponds to increased 
arterial stiffness, the lowest tertiles score three points, while highest score one point. The sum of these 
points yielded a score with a range of minimum three and maximum nine points. (Supplemental table 1) 

Measurement of osteopontin, osteocalcin and osteonectin
Osteopontin, osteocalcin and osteonectin were measured using the multiplex Human Bone Marker 
Panel II Kit of Meso Scale Discovery (MSD, Rockville MD, USA). In our laboratory, the intra- and interas-
say variation coefficients were for osteocalcin 4,2% and 7,0%, for osteonectin 8,5% and 9,5% and for 
osteopontin 4,2% and 7,7%, respectively. For 32 participants these three biomarkers were not mea-
sured, resulting in 1003 participants for analysis. A detailed description of the specific laboratory mea-
surements has been previously published.(61; 99) To summarize, fasting blood samples were collected 
to measure glucose, HbA1c, kidney function estimated by the Modification of Diet in Renal Disease 
(MDRD) equation and serum lipids (HDL-c, LDL-c, triglycerides). Also a urine sample was collected to 
measure micro-albuminuria.
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Data analyses
Baseline characteristics are presented in measures of location and dispersion. Normal distributed vari-
ables are given as mean ± standard deviation, skewed variables as median and interquartile range, 
count data as count and percentage. Due to the scarce knowledge on these bone metabolism regula-
tors, an exploratory analysis was performed in order to identify possible determinants of these bone 
metabolism regulators. Linear regression models were fitted for the bone metabolism regulators with a 
wide variety of patient characteristics as determinants, adjusted for age and sex. In order to be able to 
compare the betas, the different bone metabolism regulators were standardized by log-transformation 
followed by subtracting the mean and dividing by the standard deviation. Also, explorative analyses 
have been performed to assess the possible relation between lipid profile parameters (LDL-c, HDL-c and 
triglycerides) and arterial stiffness by linear regression models adjusted for age and sex.

The relation between the bone metabolism regulators and arterial stiffness measurements were 
assessed with multiple linear regression models. For the analysis with ABI measurements as outcome, 
only patients with ABI ≥0.9 were used (study population n=776) as ABI is an indicator of arterial stiffness 
in patients without peripheral artery disease (PAD).(100) For the arterial stiffness summary score a pro-
portional odds model was used. For both type of analyses three models were used. Model 1 consisted 
of the crude analysis. Model 2 adjusted for age and sex. Additional adjustment for estimated Glomerular 
Filtration Rate (eGFR) as estimated by the CKD-EPI formula, duration of diabetes and diastolic blood pres-
sure was performed in model 3. Assumptions of the linear models were assessed by examining QQ-plots 
for normality and residual plots for linearity and homogeneity of variances. All the assumptions were 
met. The proportional odds assumption was visually inspected and showed no violation. For evaluation 
of whether the relation between the bone metabolism regulators and arterial stiffness was different for 
men or women, patients with a history of vascular disease or for patients with metabolic syndrome, a 
multiplicative interaction term was included in the linear regression models. Effect modification was con-
sidered to be present if the p-value of the interaction term was <0.05. Single imputation methods were 
used to reduce missing covariate data for diastolic blood pressure (n=3; 0.3%) and eGFR (n=1; 0.1%). 

Analyses were performed using statistical package R 3.2.0. For all analyses, p <0.05 was considered 
significant.

Results
Baseline characteristics
The baseline characteristics of the 1003 participants with type 2 diabetes are shown in Table 1. The partic-
ipants consisted predominantly of males (69%) and were on average 59 ± 10 years old. In total, 35% of the 
patients had a history of coronary artery disease, 21% a history of cerebrovascular disease, 18% a history of 
peripheral artery disease and 8% a history of an abdominal aortic aneurysm. Explorative analyses showed 
no significant relation between lipid profile parameters LDL-c, HDL-c and triglycerides (data not shown).
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Determinants of bone metabolism regulators
Increasing age was related to higher levels of standardized osteopontin (OPN) and osteocalcin (OC) 
(linear regression coefficient (β) 0.03; 95%CI 0.02 – 0.03 and β 0.01; 95%CI 0.00 – 0.01), whereas no 
relation was found with osteonectin (ON) (Table 2). Standardized OC levels were markedly higher in 
females (β -0.14; 95%CI -0.28 – -0.01), but no relation was found for OPN or ON with sex. Current alcohol 
use was strongly related to lower levels of standardized OC (β -10.41; 95%CI 0.02 – 0.27) and higher 
levels of standardized ON (β 0.18; 95%CI 0.01 – 0.34) (Table 2). No relation was found between systolic 
blood pressure and the bone metabolism regulators, but diastolic blood pressure was related to higher 
levels of standardized ON (β 0.01; 95%CI 0.00 – 0.01) (Table 2). 

HbA1c and eGFR were both related to lower levels of standardized OPN, ON and OC (Table 2). Micro- 
albuminuria was only related to standardized ON levels (β 0.27; 95%CI 0.13 – 0.41) (Table 2). 

The relation between the bone metabolism regulators and arterial stiffness
Higher osteopontin levels were significantly related to a lower ABI (β -0.013; 95%CI -0.024 – -0.002) 
(Table 3) and a higher arterial stiffness summary score (OR 1.24; 95%CI 1.03 – 1.49) (Table 4). Oste-
opontin levels were not related to pulse pressure (β 0.59; 95%CI -0.63 – 1.81) or carotid artery DC (β 
-0.13; 95%CI -0.59 – 0.33) (Table3). Osteonectin and Osteocalcin levels were not related to any of the 
arterial stiffness measures (Table 3) or the arterial stiffness summary score (Table 4). Subgroup analyses 
did not support effect modification by history of vascular disease or presence of metabolic syndrome 
(all p-values for interaction >0.05). In addition, the relation between the bone metabolism regulators 
and arterial stiffness measures was not different for men or women (all p-values for interaction >0.05).

Discussion
The main finding of this study is the association between higher osteopontin (OPN) levels and increased 
arterial stiffness as measured by the Ankle Brachial Index (ABI) in the normal range (≥0.9) and the arte-
rial stiffness summary score. Although osteocalcin and osteonectin are markers related to (vascular) 
calcification, we found no relation between these biomarkers and any measure of arterial stiffness. 

A positive relation between OPN and increased arterial stiffness was already suggested in patients sus-
pected for coronary artery disease (CAD) and patients with rheumatoid arthritis.(87; 89) In patients 
suspected of CAD, a borderline significant positive relation was found between elevated logOPN (ng/
ml) levels and increased arterial stiffness as measured by carotid-femoral pulse wave velocity (β 0.011; 
95%CI -0.002-0.0226, p=0.056).(87) Although the results in that study were adjusted for the presence of 
diabetes mellitus, the total population of patients with diabetes mellitus was only 18%. In patients with 
type 2 diabetes and CAD, the relation between elevated levels of OPN and the presence of coronary 
artery calcification has already been described, but not with arterial stiffness. The highest quartile of 
circulating OPN in comparison to the lowest quartile was related to the Agatston score index (OR 3.23; 
95%CI 1.09-5.20) and calcified atherosclerotic plaques (OR 2.60; 95%CI 1.10-9.20).(90) 
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In the present study, it is shown that OPN is also related to arterial stiffness in patients with type 2 dia-
betes. OPN is a phosphoprotein which plays a role in bone mineralization and is secreted by osteocytes, 
osteoblasts and osteoclasts.(101) OPN inhibits calcification by blocking hydroxyapatite formation and 
also stimulates osteoclast activation.(102) It has also been reported that OPN is expressed in the neoin-
tima as well as in calcified atheromatous plaques, which suggests a role for OPN in classical atheroscle-
rosis.(103) On the other hand OPN is also highly expressed in the medial layers of forearm arteries of 
patients with diabetes mellitus and in the medial layers of the carotid arteries of streptozotocin-induced 
diabetic rats, which could imply a role for OPN in medial artery calcification, specifically in diabetes.
(104) Given the inhibitory nature of OPN on vascular calcification, high expression of OPN in the arterial 
wall and atheromatous plaques(103) and association of elevated OPN levels with increased arterial 
stiffness, the potential role of OPN in this mechanism might be one of the body’s defensive responses 
to prevent ectopic calcifications.(105; 106)

The absence of a relation between ON and OC with measures of arterial stiffness is noteworthy and in 
line with earlier studies describing the lack of a relation between these bone metabolism regulators 
and vascular calcification. ON is a calcium binding protein that demonstrates affinity for hydroxyapatite 
and has been shown to be associated with carotid artery atherosclerotic plaques.(93) However further 
research is needed to define its precise role in the calcification process and a possible role in arterial 
stiffness. The role of OC in vascular calcification also remains unclear as an inverse correlation was 
found between OC and aortic calcification in Asian women, but no relation was found between OC 
and vascular calcification in type 2 diabetes.(94; 95; 107) OC is a matrix protein with also affinity for 
hydroxyapatite and was generally thought to inhibit crystal growth and calcification, but several studies 
have also proposed the opposite mechanism.(108; 109) The findings of this study add to the previously 
mentioned studies that did not find any relation between OC and vascular calcification in patients with 
type 2 diabetes, that OC is also not related to arterial stiffness in patients with type 2 diabetes. 

In the present study we evaluated determinants of the plasma levels of these bone metabolism reg-
ulators. A point of interest is the association between all three bone metabolism regulators (OPN, ON 
and OC) and body mass index, HbA1c and kidney function, suggesting that these regulators might play 
an important role in the pathogenesis of patients with type 2 diabetes. Additional explorative analyses 
showed also a relation between OC and glucose lowering medication/insulin use, but not for OPN and ON 
(data not shown). OC and especially undercarboxylated OC has been implicated to play a role in the glu-
cose metabolism.(110) The positive association between female sex and serum OC and the inverse rela-
tion of alcohol use and serum OC are in line with previous studies in the general population.(111; 112)
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It must be noted that the found relation was only present between OPN and arterial stiffness mea-
sured by ABI and the arterial stiffness summary score. The ABI is a less well established measure of 
arterial stiffness compared to pulse wave velocity, artery distension measurements or pulse pressure. 
The utility of the ABI as a measure for arterial stiffness has some drawbacks as low ABI’s (<0.90) are 
commonly used to diagnose obstructive peripheral artery disease and stiff arteries are thought to result 
in non-compressible arteries and therefore high ABI’s (>1.3). However multiple studies have shown that 
a low ABI in the normal range is associated with arterial stiffness.(98; 100; 113-115) In an asymptomatic 
community based sample an association was shown between lower ABI’s and higher aortic augmen-
tation index, which is also a commonly used marker of arterial stiffness.(113) Therefore, as low ABI’s 
also indicate presence of peripheral artery disease, the relation between OPN and ABI could not only 
reflect a possible role of OPN in medial artery calcification but may also play a role in atherogenesis or 
plaque calcification. For that reason patients with an ABI <0.9 (and known peripheral artery disease) 
were excluded from analyses with ABI measurements in the present study. Therefore, the differences in 
ABI in this specific population with a normal ABI should not be explained in terms of peripheral artery 
disease but in terms of differing degrees of arterial stiffness.

A strength of this study is the assessment of arterial stiffness with three different techniques at three 
different vascular locations in the same patients. Also, the large number of participants allowed for 
interaction analyses in order to assess the influence of sex, history of vascular disease and the presence 
of metabolic syndrome. Although no difference was found for men or women in the relation between 
OPN and arterial stiffness, the results cannot be generalized to pre-menopausal women as the mean 
age of the cohort was 59 years. Unfortunately, information on menopausal state was not available. 
Study limitations need to be considered and include that vascular calcification is not measured directly, 
but the relation between bone metabolism biomarkers and arterial stiffness is assessed. Even though 
these bone metabolism biomarkers are not specific for vascular calcification, they do have an active role 
in vascular calcification. As mentioned before, OPN has been related to calcification as measured by the 
Agatston score. It would be of interest to check whether the bone metabolism regulators are related to 
a similar calcification score in this cohort, however unfortunately, a calcification score was not available. 
Additionally, although no association was found between OC and the arterial stiffness measurements, it 
has to be noted that only carboxylated OC plays a role in bone remodeling. The measurements consist 
of total OC and not specifically carboxylated which may therefore explain the lack of an association. 
Furthermore the present study has a cross-sectional design which precluded establishment of causality. 
Based on the results from this study, it cannot be concluded whether higher levels of OPN play a causal 
role in the development of arterial stiffness, or vice versa that the presence of arterial stiffness results 
in higher levels of OPN. Elevated levels of OPN may also be a response to calcification, however further 
research into the potential causal role of OPN in vascular calcification is required.(106) Furthermore, 
it has to be noted that OPN, ON and OC are a few bone metabolism regulators in the complex pro-
cess of vascular calcification. Unfortunately, data on essential calcium-phosphate metabolism markers 
and bone turnover markers were not available, which are also important in the vascular calcification 
process. Future causal research will need to take these markers into account. As multiple relations 
were analyzed, a chance finding cannot be ruled out. However all of the effect estimates, although not 
statistically significant, point in the direction of a relation between higher OPN and increased arterial 
stiffness. Also the arterial stiffness summary score which takes all of the measurements into consider-
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ation shows a significant positive relation, making a chance finding less likely. Another limitation is that 
carotid-femoral Pulse Wave Velocity (PWV) measurements, which is considered the reference standard 
for measuring arterial stiffness, was not available. Future studies with PWV measurements would be 
needed to confirm this current finding. In addition, in the calculation of the carotid artery distensibility 
coefficient, brachial pulse pressure was used as a surrogate for carotid artery pulse pressure. As brachial 
pulse pressure overestimates central pulse pressure, the presence of arterial stiffness may have been 
overestimated. However this error is likely to be non-differential and may therefore underestimate the 
true association between the bone metabolism regulators and arterial stiffness. 

In conclusion, elevated plasma levels of osteopontin are associated with increased arterial stiffness in 
patients with type 2 diabetes as measured by the ankle-brachial index and arterial stiffness summary 
score. These findings indicate that osteopontin may be involved in the pathophysiology of arterial stiff-
ness in patients with type 2 diabetes and call for further clinical investigation.
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Supplemental table 1. 

Arterial stiffness summary scoring table

Tertile 1 Tertile 2 Tertile 3

Brachial Pulse pressure 1 2 3
Ankle Brachial Index 3 2 1
Carotid artery distensibility coefficient 3 2 1

Tertile Range pp mmHg: (27-55); (55-70); (70-126) 
Tertile Range ABI: (0.94-1.16); (1.16-1.26); (1.26-1.81) 
Tertile Range distensbility coefficient 10-3 x kPa-1: (2.20-9.54); (9.54-14.78); (14.78-47.38) 
Example: tertile 3 pp + tertile 2 ABI + tertile 1 distension = 3+2+3 =8
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Abstract

Background
Increased arterial stiffness is a risk factor for cardiovascular events and mortality in the general popula-
tion. The prevalence of arterial stiffness is high in people with type 2 diabetes. We aimed to quantify the 
risk of different non-invasive arterial stiffness measurements on macrovascular disease and all-cause 
mortality in high risk people with type 2 diabetes.

Methods
Prospective cohort study of 1,910 people with type 2 diabetes included in the Second Manifestations 
of ARTerial disease (SMART) study. Arterial stiffness was assessed by brachial artery pulse pressure, 
normal range (≥0.9) ankle-brachial index (ABI) and carotid artery distension. Cox regression was used 
to evaluate the hazard of arterial stiffness on cardiovascular events (composite of myocardial infarction, 
stroke and vascular mortality) and all-cause mortality. 

Results
380 new cardiovascular events and 436 deaths occurred during a median follow-up of 7.5 years (IQR 
4.1-11.0). A 10 mmHg higher brachial pulse pressure was related to higher hazard of cardiovascular 
events (HR1.09, 95%CI 1.02 to 1.16) and all-cause mortality (HR1.10, 95%CI 1.03 to 1.16). A 0.1 lower 
ABI within the normal range was related to a higher hazard of cardiovascular events (HR1.13, 95%CI 
1.01 to 1.27) and all-cause mortality (HR1.17, 95%CI 1.04 to 1.31). One 10−3×kPa−1 lower carotid artery 
distensibility coefficient was related to a higher hazard of vascular mortality (HR1.04, 95%CI 1.00 to 
1.09) and all-cause mortality (HR1.04, 95%CI 1.00 to 1.07).

Conclusions
Increased arterial stiffness, as measured by either increased pulse pressure, normal range ABI or carotid 
artery distensibility coefficient, is related to increased hazard of cardiovascular events and all-cause 
mortality in people with type 2 diabetes. 

Background
Despite significant advances in both understanding and treatment of type 2 diabetes, people with 
type 2 diabetes are still at a markedly increased risk for (cardiovascular) mortality and morbidity. [1] 
Part of this increased risk is thought to be explained by increased arterial stiffness,[2] which is more 
prevalent in people with type 2 diabetes compared to patients without diabetes (39% vs. 12%)[3] and 
possibly caused by advanced glycation endproduct formation with collagen cross-linking, nitric oxide 
dysregulation and vascular calcification. [4-6] Although arterial stiffness may be a direct consequence 
of type 2 diabetes it is more than an epiphenomenon of diabetes and it is most likely directly causal 
in the development of cardiovascular disease. A possible mechanism by which arterial stiffness may 
directly be causal is exposure to increased mechanical forces on the vessel wall. There are two kinds of 
mechanical forces, namely shear stress and circumferential stress. In blood vessels, shear stress is the 
frictional force on the intimal layer due to blood flow and circumferential stress is the repeated pres-
sure and stretch as a consequence of each pulse wave. [7] While shear stress mainly affects endothelial 
cells, circumferential stress is implicated in the development of atherosclerosis and plaque rupture. [8] 
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Circumferential stress has two components, namely frequency (heart rate) and amplitude (pulse pres-
sure). Increased arterial stiffness leads to an increase in systolic blood pressure and decrease of diastolic 
blood pressure, thus increase in pulse pressure which in turn results in increased circumferential stress. 
[9] Presumably, smaller arteries and bifurcations might be more prone to damage by shear stress and 
circumferential stress and therefore the consequences of arterial stiffness may differ for arterial beds.

The vasculature in people with type 2 diabetes is characterized by increased arterial stiffness which in 
turn is related to microvascular complications. [10-13] Current literature on the relation between arte-
rial stiffness and macrovascular disease in people with type 2 diabetes however is scarce. A few studies 
have reported on the higher risk of arterial stiffness, measured by pulse pressure or pulse wave velocity, 
on cardiovascular events and all-cause mortality in people with type 2 diabetes. [14-17] 

The aim of this study is to quantify the hazard of different non-invasive arterial stiffness measurements 
at different arterial locations on macrovascular disease and all-cause mortality in high risk people with 
type 2 diabetes.

Methods
Study population
The Second Manifestations of ARTerial disease (SMART) study is an ongoing prospective cohort at the 
University Medical Center Utrecht, The Netherlands. People between ages 18-79 years with clinical 
manifest vascular disease or with important risk factors for atherosclerotic disease (e.g. diabetes, 
hyperlipidemia or hypertension), who were newly referred to the University Medical Center Utrecht, 
are asked to participate. After inclusion, information is obtained on history of vascular disease (coronary 
artery disease, cerebrovascular disease, peripheral arterial disease, abdominal aortic aneurysm), other 
medical history, medication use and cardiovascular risk factors (e.g. smoking, alcohol consumption, 
physical activity, hypertension, hyperlipidemia) with the use of questionnaires. The study was approved 
by the Medical Ethics Committee of the University Medical Center Utrecht and informed consent was 
obtained from all participants. A rationale and detailed description of the SMART study has been pre-
viously published. [18]

The current study uses data from a sample of participants enrolled in SMART with type 2 diabetes at 
baseline (n=1910) in whom arterial stiffness was assessed by brachial pulse pressure (n=1,910), by nor-
mal range ankle-brachial index (≥0.9) (n=1,460) and by measurement of the carotid artery distensibility 
coefficient (n=611). 

Arterial stiffness
Arterial stiffness was assessed by means of three different measures: brachial pulse pressure (PP), 
Ankle-Brachial Index (ABI) within the normal range (≥0.9) and the carotid artery distensibility coefficient 
using ultrasound. 
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Pulse pressure was defined as the difference between brachial systolic and diastolic blood pressure. 
Blood pressure measurements were performed bilaterally at the brachial arteries using an automatic 
blood pressure monitor (Microlife Watch BP office). After the first measurement, the arm with the high-
est systolic blood pressure was identified. The average systolic and average diastolic blood pressure is 
then taken from a further two measurements from the arm with the highest blood pressure. [18] Pulse 
pressure has been shown to be positively correlated to aortic pulse wave velocity, which is considered 
to be the reference standard measurement for arterial stiffness. [19]

ABI is the ratio between systolic blood pressure in the ankle and systolic blood pressure in the brachial 
artery. ABI measurements were performed by experienced technicians at the Vascular Lab of the UMC 
Utrecht using a Vasoguard 8-Mhz Doppler probe for the posterior tibial artery and dorsal pedal artery. 
The highest systolic blood pressure of these 2 arteries was then used to compute the ABI by dividing it 
by the systolic blood pressure at the brachial artery. The average ABI is then taken from the left and right 
leg. The ABI is a less well established measure of arterial stiffness, but in a asymptomatic community it 
is inversely associated with the aortic augmentation index, which is a commonly used marker of arterial 
stiffness. [20] Therefore participants without peripheral artery disease (PAD), (ABI ≥0.9) were used for 
this analysis. This resulted in 1,460 participants available for this analysis.

Carotid artery distension is a direct measurement of the change in diameter of the carotid artery during 
systole. The displacement of the artery walls was measured with a Wall Track System (Scanner 200, 
Pie Medical, Maastricht, The Netherlands) equipped with a 7.5MHz linear array transducer and vessel 
wall moving detector system. A more detailed description of the carotid artery distension and luminal 
diameter measurements has already been published. [21] To summarize, five measurements were per-
formed separately at the right and left common carotid artery, 2 cm proximal to the origin of the carotid 
bulb. Each assessment lasted four seconds and consisted of several cardiac cycles. Per measurement 
the average distension of the carotid artery during cardiac cycles was taken and the results of the five 
separate measurements were averaged. Finally, the average of the left and right carotid artery mea-
surement was taken as the distension measurement for a participant. 

The distensibility coefficient (DC), which is a distension measure taking into account pulse pressure and 
diastolic diameter, is defined as (2× distension/end-diastolic diameter)/pulse pressure and is given in 
10−3×kPa−1.[22] The ability of an artery to distend due to pressure (compliance) is the inverse of arterial 
stiffness. Thus decreased distensibility corresponds to increased arterial stiffness. Distensibility mea-
surements were available for 611 participants as the measurements were performed in a limited time 
period of the SMART study between 1996 and August 2003. 

Follow-up 
During follow-up, information on hospitalization and outpatient clinic visits was obtained through bian-
nual questionnaires. In case of a possible event, including death, all available data (hospital discharge 
letters and other correspondence and investigations including data from the general practitioner) on 
that particular events was collected. The available data on the event is then evaluated independently 
by three members of the SMART study Endpoint Committee. 
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Primary outcomes for the current study were a composite of major adverse cardiovascular events (con-
sisting of myocardial infarction (MI), stroke and vascular mortality), and all-cause mortality. 

MI was defined as at least two of the following criteria: (i) Chest pain for at least 20 minutes, not disap-
pearing after administration of nitrates (ii) ST-elevation > 1 mm in two following leads on ECG or a Left 
Bundle Branch Block (iii) Cardiac enzyme elevation (Troponin above clinical cut-off value or creatinine 
kinase (CK) of at least two times the normal value and a myocardial band fraction >5% of the total CK. 
Sudden cardiac death was also considered as MI. 

Stroke was defined as a definite stroke when relevant clinical features were present for at least 24 hours 
causing an increase in impairment of at least one grade on the modified Ranking scale, accompanied 
with a new cerebral infarction on CT or MRI. Stroke was defined as probable stroke when relevant clin-
ical features were present for at least 24 hours causing an increase in impairment of at least one grade 
on the modified Ranking scale, but without a new (hemorrhage) cerebral infarction on CT or MRI. 

Vascular mortality was defined as death due to MI, stroke, congestive heart failure, rupture of abdomi-
nal aortic aneurysm and vascular death from other causes. 

All-cause mortality was defined as death due to any cause. 

The period between patient inclusion and first cardiovascular event, death, loss to follow-up or the 
predefined date of March 2015 was defined as the follow-up duration. In total, 140 participants (7.3%) 
were lost to follow-up due to relocation or discontinuation of the study. 

Data analyses
The baseline characteristics are presented in quartiles of brachial pulse pressure in order to visualize 
potential differences in baseline characteristics in participants with different levels of brachial pulse 
pressure.

The relation between arterial stiffness and cardiovascular events and all-cause mortality was evaluated 
by Cox proportional-hazard models. Hazard ratios (HR) and 95% confidence intervals were calculated 
for brachial pulse pressure as a continuous variable per 10 mmHg increase, ABI as a continuous variable 
per 0.1 decrease, and carotid artery distensibility coefficient as a continuous variable per 10-3 x kPa-1 
decrease. The ABI and distension measurements are analyzed per decrease instead of increase as a 
lower value of these measurements corresponds to higher arterial stiffness. [20, 22-26] Three models 
were used. In model I the relation between arterial stiffness and the endpoint of interest was adjusted 
for age (in years) and sex. In model II additional adjustment was performed for diastolic blood pressure. 
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Model III was used to adjust for traditional cardiovascular risk factors: estimated glomerular filtration 
rate (assessed by CKD-EPI formula), non-HDL cholesterol and current smoking. The confounder vari-
ables in the three models are selected by using directed acyclic graphs based on previous knowledge in 
literature. The variables are a set of known traditional cardiovascular risk factors which are also known 
to be related to arterial stiffness. Adjustment for diastolic blood pressure was chosen above systolic 
blood pressure or mean arterial pressure, because diastolic blood pressure seems to be the most 
important determinant of pulse wave velocity (reference measurement method) and Augmentation 
index. Furthermore, because pulse pressure was used as a determinant in the analyses, adjusting for 
systolic blood pressure would lead to multicollinearity in the model and reduce precision of the effect 
estimates. The proportional hazards assumption was visually checked by use of a hazard function plot 
and showed no signs of violation. The linearity assumption was visually checked by plotting martingale 
residuals. The plots showed no violation of the linearity assumption. As missing data and complete case 
analysis can lead to bias, single imputation by weighted probability matching, using additive regres-
sion, bootstrapping and predictive mean matching was used to reduce missing covariate data. Single 
imputation was performed using the aregImpute function of the package Hmisc as part of the statistical 
software R. Missing data were imputed for diastolic blood pressure (n=13, 0.7%), kidney function (n=9, 
0.5%), non-HDL-c (n=15, 0.8%), smoking (n=14, 0.8%). 

For evaluation of whether the relation between arterial stiffness and cardiovascular events or all-cause 
mortality was different for participants with a history of vascular disease, an multiplicative interaction 
term was included in the Cox models. Effect modification was considered to be present if the p-value of 
the interaction term was <0.05. 

The use of blood pressure-lowering medication can influence arterial stiffness and in turn the non-in-
vasive measurements used to assess arterial stiffness. Therefore the relation between arterial stiffness 
and cardiovascular events or all-cause mortality may be different in participants already using blood 
pressure-lowering medication. Additional sensitivity analyses were performed to assess whether the 
results were influenced by the proportion of participants using blood pressure-lowering medication by 
excluding these participants. 

Analyses were performed using statistical package R 3.2.2 and for all analyses a p-value <0.05 was con-
sidered statistically significant.

Results
Baseline characteristics
The mean ankle-brachial index in the normal range was 1.2 ± 0.1 (range 0.9 – 1.8) and the mean carotid 
artery distensibility coefficient was 13.0 ± 6.2 10-3 x kPa-1 (range 2.2 – 47.4). The baseline characteristics 
are presented in quartiles of brachial pulse pressure (Table 1). Over the quartiles of pulse pressure, 
age and systolic blood pressure increased, while diastolic blood pressure remained the same. Kidney 
function decreased across the quartiles, while albuminuria increased. Medication use was fairly simi-
lar across the quartiles with the exception of blood pressure-lowering treatment which increased per 
quartile of brachial pulse pressure. 
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Relation between arterial stiffness and cardiovascular events
A total of 380 new cardiovascular events (composite of MI, stroke, vascular mortality) occurred during a 
median follow-up of 7.5 years (IQR 4.1 - 11.0). A 10 mmHg higher brachial pulse pressure was related to 
a higher hazard of stroke (HR 1.17, 95%CI 1.03 to 1.32), vascular mortality (HR 1.14, 95%CI 1.05 to 1.23), 
and cardiovascular events (HR 1.09, 95%CI 1.02 to 1.16). A 10 mmHg higher brachial pulse pressure 
was related to a higher hazard of myocardial infarction, however the relationship was not statistically 
significant (HR 1.05, 95%CI 0.95 to 1.15)(Table 2). 

A 0.1 lower ABI in the normal range was related to a higher hazard of vascular mortality (HR 1.24, 95%CI 
1.06 to 1.46) and cardiovascular events (HR 1.13, 95%CI 1.01 to 1.27). A 0.1 lower ABI was related to a 
higher hazard of MI and stroke, however the relationship was not statistically significant (respectively 
HR 1.09, 95%CI 0.92 to 1.28 and HR 1.10, 95%CI 0.88 to 1.38)(Table 3).

A 1 unit lower carotid artery distensibility coefficient was related to higher hazard of stroke (HR 1.07, 
95%CI 1.00 to 1.15) and vascular mortality (HR 1.04, 95%CI 1.00 to 1.09). However, the relationship 
between A 1 unit lower carotid artery distensibility coefficient and MI was inconclusive (HR 0.99, 95%CI 
0.95 to 1.04) (Table 4). Subgroup analyses did not support effect modification by history of vascular 
disease (Table 2, 3 and 4). 

Relation between arterial stiffness and all-cause mortality
A total of 436 deaths occurred during a median follow-up of 7.5 years (IQR 4.1 - 11.0). A 10 mmHg 
higher brachial pulse pressure was related to higher hazard of all-cause mortality (HR 1.10, 95%CI 1.03 
to 1.16)(Table 2). A 0.1 lower ABI and a 1 unit lower carotid artery distensibility coefficient were also 
related to a higher hazard of all-cause mortality (respectively HR 1.17, 95%CI 1.04 to 1.31 and HR 1.04,  
95%CI 1.00 to 1.07)(Table 2 and 3). Again subgroup analyses did not support effect modification by 
history of vascular disease (Table 2, 3 and 4). 

Sensitivity analyses excluding participants using blood pressure-lowering medication
The proportion of participants using blood pressure-lowering medication was 1,473 (77%) and exclu-
sion of these participants resulted in 437 (23%) participants for additional sensitivity analyses with 
brachial pulse pressure measurements. A 10 mmHg increase was still related to a higher hazard of vas-
cular mortality (HR 1.20, 95%CI 1.06 to 1.37), cardiovascular events (HR 1.12, 95%CI 1.00 to 1.26) and 
all-cause mortality (HR 1.16, 95%CI 1.06 to 1.28). Although, increased brachial pulse pressure did result 
in a higher hazard for stroke, the relation was no longer statistically significant (HR 1.15, 95%CI 0.90 to 
1.47) (supplemental table 1).

The proportion of participants without blood-pressure lowering medication and a ABI within the nor-
mal range (≥0.9) was 325 (17%) and carotid artery distensibility measurements were only available in 
221 (11%) participants without blood-pressure lowering medication. The relationship between a 0.1 
lower ABI within the normal range and MI, stroke, vascular mortality, cardiovascular events or all-cause 
mortality was inconclusive (supplemental table 1). The relationship between a 1 unit decrease in carotid 
artery distensibility coefficient and MI, stroke, vascular mortality, cardiovascular events or all-cause 
mortality was also inconclusive (supplemental table 1).
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Discussion
Increased arterial stiffness as measured by brachial pulse pressure, normal range ankle-brachial index 
(ABI) and the carotid artery distensibility coefficient, are independently related to higher hazard of 
cardiovascular events and all-cause mortality in people with type 2 diabetes with or without clinical 
manifest vascular disease. 

The results of this study are generally in line with previous studies that found a relationship between 
arterial stiffness and cardiovascular events and mortality in people with type 2 diabetes, although there 
are slight differences in study population and composite endpoints that were used. In a population-based 
study [14], similar results were observed with increased pulse pressure being related to a higher risk 
of cardiovascular mortality and all-cause mortality. In people with type 2 diabetes in primary care [15] 
increased arterial stiffness as measured by aortic pulse wave velocity, was related to a higher risk of car-
diovascular events. The study population consisted of people with type 2 diabetes without previous his-
tory of myocardial infarction or stroke and the relationship between arterial stiffness and cardiovascular 
events might be different in patients with a history of vascular disease. Atherosclerosis can be the cause 
of arterial stiffness through impairment of the elastic properties of the arterial wall, but as stated before it 
may also be a consequence of arterial stiffness and these two mechanisms can lead to a vicious circle. The 
composite endpoint that was used also differed from the current study as it is comprised of cardiovascular 
mortality, hospitalization due to myocardial infarction and hospitalization due to stroke. [15] In people 
with type 2 diabetes with either micro- or macrovascular complications, or at least two other modifiable 
cardiovascular risk factors, higher aortic pulse wave velocity was related to higher risk of cardiovascular 
events, but not with all-cause mortality. [16] Additional separate analyses showed an increased risk of car-
diac events and cerebrovascular-peripheral events with an increase in aortic stiffness. In the present study 
we did not find a relationship between increased arterial stiffness and myocardial infarction, however this 
difference might be attributed to the difference in the definition of cardiac events which did not include 
new onset heart failure and myocardial revascularization procedures. Another difference is that the cur-
rent study did find that increased arterial stiffness, as measured by brachial pulse pressure and carotid 
artery distensibility coefficient, is a risk factor for all-cause mortality. This difference is probably due to low 
power for analysis on all-cause mortality as the current study consisted of 1,910 people with type 2 dia-
betes and a total of 436 deaths occurring during follow-up in contrast to 565 people with type 2 diabetes 
with only 72 deaths occurring during follow-up. [16] The results of this study are in line with the results 
of another study in a random sample of people with type 2 diabetes from an outpatient clinic, which also 
found a relationship between increased aortic stiffness and higher risk of all-cause mortality. [17] 

These findings indicate that increased arterial stiffness in people with type 2 diabetes may be an import-
ant factor in the development of vascular disease and all-cause mortality. The current study shows that 
arterial stiffness can be used as a target factor in intervention research in order to confirm the causality 
of these findings and to assess the magnitude of cardiovascular risk reduction. Also these non-invasive 
techniques, especially brachial pulse pressure which can be easily derived from regular blood pressure 
measurements, can be used in future prognostic research in order to assess its usability in identifying 
people with type 2 diabetes at higher risk of cardiovascular events and all-cause mortality. 

A consequence of increased arterial stiffness is an increase in systolic blood pressure, which supports a 
blood-pressure driven mechanism in the pathogenesis of arterial stiffness and vascular events. There-
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fore, strict blood pressure control, might be imperative in this subpopulation of people with type 2 
diabetes with increased arterial stiffness. This is supported by the results of the ACCORD Blood pres-
sure trial, where strict blood pressure control did not reduce the composite outcome of cardiovascular 
events, but did reduce the rate of strokes in people with type 2 diabetes.[27] Whether specific classes of 
drugs such as calcium channel blockers or beta-blockers are more beneficial in people with type 2 diabe-
tes and arterial stiffness (due to a reduction in circumferential stress), remains however uncertain.[28] 

Strengths of this cohort study are the large number of high risk people with type 2 diabetes and the fol-
low up time making it feasible to perform analyses on the separate as well as the composite endpoints, 
which are well adjudicated. Another strength is that arterial stiffness was measured and examined by 
three different techniques at three different locations in the same participant. Smaller arteries and 
bifurcations might be more prone to damage by arterial stiffness and therefore the consequences may 
differ by location of affected arteries. Sensitivity analyses showed that brachial pulse pressure was still 
related to cardiovascular events and all-cause mortality after exclusion of participants using blood pres-
sure-lowering medication. Unfortunately by excluding these participants a small number of participants 
were available for analyses on normal range ankle-brachial index and the carotid artery distensibility 
coefficient, which may therefore have led to inconclusive results. Study limitations need to be consid-
ered and include that aortic pulse wave velocity measurements, which is considered the reference 
standard in measuring arterial stiffness, were not available. It also has to be noted that only baseline 
data are available, knowing that risk factor levels may have changed over the course of follow-up.

Conclusion
In conclusion, increased arterial stiffness as measured by brachial pulse pressure, normal range 
ankle-brachial index and carotid artery distensibility coefficient, is independently related to higher haz-
ard of cardiovascular events and all-cause mortality in people with type 2 diabetes. 

List of abbreviations
ABI Ankle-Brachial Index
BMI Body Mass Index
CI Confidence Interval
CK Creatinine Kinase
CKD-EPI Chronic Kidney Disease Epidemiology Collaboration
DC Distensibility coefficient
ECG Electrocardiogram
eGFR estimated Glomerular Filtration Rate
HDL high density lipoprotein
HR Hazard Ratio
kPa kilopascal
LDL Low density lipoprotein
MI Myocardial Infarction
PAD Peripheral Artery Disease
PP Pulse pressure
SMART-cohort Second Manifestations of ARTerial disease cohort
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Table 1. Baseline characteristics according to quartiles of brachial pulse pressure

Total (1,910) Q1 (n=343) Q2 (n=406) Q3 (n=506) Q4 (n=656)

Pulse pressure range, mmHg 5 – 177 15 – 51 52 – 61 62 – 72 73 – 131

Men, n(%) 1,329 (70%) 327 (70%) 325 (75%) 292 (70%) 378 (64%)

Age (years) 61 (54-68) 56 (47-62) 59 (54-66) 63 (56-69) 66 (60-71)

BMI (kg/m2) 29.0 ± 5 29.3 ± 5.3 29.1 ± 4.7 29.2 ± 5.2 28.3 ± 4.7

Smoking current, n(%) 466 (24%) 136 (29%) 113 (26%) 87 (21%) 104 (24%)

Pack-years 13 (0-31) 12 (0-28) 14 (1-32) 14 (0-33) 14 (0-33)

Alcohol use, n(%) 867 (45%) 204 (44%) 219 (50%) 193 (46%) 169 (39%)

Systolic blood pressure, mmHg 145 ± 21 126 ± 11 140 ± 12 150 ± 12 169 ± 18

Diastolic blood pressure, mmHg 83 ± 12 82 ± 10 83 ± 11 83 ± 12 84 ± 13

Duration of diabetes (years) 4 (1-10) 2 (0-6) 3 (1-9) 4 (1-10) 5 (1-11)

Medication

Glucose lowering, n(%) 1,262 (66%) 290 (62%) 286 (66%) 285 (68%) 286 (66%)

Insulin, n (%) 455    (24%) 98   (21%) 98   (23%) 106 (25%) 108 (25%)

Lipid-lowering, n(%) 1,218 (64%) 255 (54%) 274 (63%) 265 (63%) 263 (61%)

Blood pressure-lowering, n(%) 1,168 (62%) 237 (51%) 262 (60%) 274 (65%) 295 (68%)

Vascular disease

Coronary artery disease, n(%) 842 (44%) 175 (37%) 210 (48%) 197 (47%) 184 (42%)

Cerebrovascular disease, n(%) 364 (19%) 67 (14%) 64 (15%) 74 (18%) 128 (30%)

Peripheral artery disease, n(%) 269 (14%) 42 (9%) 49 (11%) 63 (15%) 99 (23%)

Abdominal Aortic Aneurysm, n(%) 92   (5%) 18 (4%) 28 (6%) 20 (5%) 16 (4%)

Laboratory measurements

Glucose, mmol/L 8.7 ± 2.9 8.6 ± 3.2 8.6 ± 2.7 8.8 ± 3.0 9.0 ± 2.8

HbA1c, % 7.1 ± 1.3 7.2 ± 1.5 7.0 ± 1.2 7.1 ± 1.2 7.2 ± 1.2

HbA1c, mmol/mol 54 ± 14 55 ± 16 52 ± 12 54 ± 12 55 ± 12 

eGFR, ml/min/1.73 m2 77.1 ± 22.5 82.6 ± 23.0 79.3 ± 20.8 76.3 ± 20.7 71.7 ± 20.6

Micro-albuminuria, n(%) 417 (23%) 90 (19%) 94 (22%) 108 (26%) 132 (30%)

Total Cholesterol, mmol/L 4.8 ± 1.4 4.8 ± 1.4 4.8 ± 1.5 4.8 ± 1.3 5.0 ± 1.4

HDL-c, mmol/L 1.1 ± 0.3 1.1 ± 0.3 1.1 ± 0.3 1.1 ± 0.3 1.2 ± 0.3

LDL-c, mmol/L 2.7 ± 1.1 2.8 ± 1.1 2.7 ± 1.0 2.7 ± 1.1 2.9 ± 1.1

Non-HDL-c, mmol/L 3.7 ± 1.4 3.7 ± 1.4 3.7 ± 1.4 3.6 ± 1.3 3.8 ± 1.5

Triglycerides, mmol/L 1.7 (1.2-2.5) 1.7 (1.1-2.5) 1.7 (1.1-2.6) 1.6 (1.2-2.4) 1.7 (1.2-2.5)

Continuous variables are depicted as mean ± SD, count variables as n(%), and non-normally distributed 
variables as median (interquartile range). 
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Table 2. Relation between brachial pulse pressure and vascular events and all-cause mortality 

Brachial pulse pressure (mmHg) p for interaction

n=1910 HR 95% CI History of vascular disease

Myocardial infarction (n=195)

Model 1 1.04 (0.95 to 1.14)

Model 2 1.07 (0.97 to 1.17)

Model 3 1.05 (0.95 to 1.15) 0.13

Stroke (n=97)

Model 1 1.19 (1.06 to 1.35)*

Model 2 1.19 (1.06 to 1.35)*

Model 3 1.17 (1.03 to 1.32)* 0.57

Vascular mortality (n=243)

Model 1 1.14 (1.05 to 1.23)*

Model 2 1.16 (1.07 to 1.25)*

Model 3 1.14 (1.05 to 1.23)* 0.88

Composite of major cardiovascular events (n=380)

Model 1 1.09 (1.02 to 1.16)*

Model 2 1.11 (1.04 to 1.18)*

Model 3 1.09 (1.02 to 1.16)* 0.90

All-cause mortality (n=436)

Model 1 1.10 (1.04 to 1.17)*

Model 2 1.12 (1.05 to 1.18)*

Model 3 1.10 (1.03 to 1.16)* 0.69

HR per 10 mmHg increase in brachial pulse pressure
Model 1: age + sex
Model 2: model 1 + diastolic blood pressure + body mass index
Model 3: model 2 + eGFR + non-HDL-c + smoking+ pack-years
*statistically significant, p<0.05
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Table 3. Relation between normal range Ankle-Brachial Index (≥0.9) and vascular events and all-cause 
mortality

Ankle Brachial Index (≥0.9) p for interaction

n=1460 HR 95% CI History of vascular disease

Myocardial infarction (n=122)

Model 1 1.14 (0.97 to 1.34)

Model 2 1.14 (0.97 to 1.34)

Model 3 1.09 (0.92 to 1.28) 0.17

Stroke (n=65)

Model 1 1.13 (0.91 to 1.41)

Model 2 1.14 (0.91 to 1.42)

Model 3 1.10 (0.88 to 1.38) 0.74

Vascular mortality (n=129)

Model 1 1.31 (1.12 to 1.54)*

Model 2 1.32 (1.12 to 1.54)*

Model 3 1.24 (1.06 to 1.46)* 0.43

Composite of major cardiovascular events (n=237)

Model 1 1.17 (1.04 to 1.31)*

Model 2 1.17 (1.04 to 1.31)*

Model 3 1.13 (1.01 to 1.27)* 0.17

All-cause mortality (n=254)

Model 1 1.23 (1.10 to 1.38)*

Model 2 1.24 (1.10 to 1.38)*

Model 3 1.17 (1.04 to 1.31)* 0.14

HR per 0.1 decrease in ABI
Model 1: age + sex
Model 2: model 1 + diastolic blood pressure + body mass index
Model 3: model 2 + eGFR + non-HDL-c + smoking + pack-years
*statistically significant, p<0.05
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Table 4. Relation between carotid artery distensibility coefficient and vascular events and all-cause 
mortality 

Distensibility coefficient (10-3 x kPa-1) p for interaction

(n=611) HR 95% CI History of vascular disease

Myocardial infarction (n=106)

Model 1 0.99 (0.95 to 1.03)

Model 2 1.00 (0.96 to 1.05)

Model 3 0.99 (0.95 to 1.04) 0.68

Stroke (n=51)

Model 1 1.09 (1.02 to 1.16)*

Model 2 1.13 (1.01 to 1.16)*

Model 3 1.07 (1.00 to 1.15)* 0.91

Vascular mortality (n=133)

Model 1 1.04 (0.99 to 1.09)

Model 2 1.06 (1.01 to 1.11)*

Model 3 1.04 (1.00 to 1.09)* 0.76

Composite of major cardiovascular events (n=195)

Model 1 1.01 (0.98 to 1.04)

Model 2 1.02 (0.99 to 1.06)

Model 3 1.01 (0.98 to 1.05) 0.51

All-cause mortality (n=244)

Model 1 1.04 (1.00 to 1.07)*

Model 2 1.05 (1.02 to 1.09)*

Model 3 1.04 (1.00 to 1.07)* 0.99

HR per 10-3 x kPa-1 decrease in distensibility coefficient
Model 1: age + sex
Model 2: model 1 + diastolic blood pressure + body mass index
Model 3: model 2 + eGFR + non-HDL-c + smoking + pack-years+ end-diastolic lumen diameter
*statistically significant, p<0.05
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Supplemental table 1. Sensitivity analyses; exclusion of patients using blood-pressure lowering medication

Sensitivity analyses HR 95% CI

Brachial pulse pressure (n=437)

Myocardial infarction (n=46) 1.13 (0.97 to 1.33)

Stroke (n=19) 1.15 (0.90 to 1.47)

Vascular mortality (n=61) 1.20 (1.06 to 1.37)*

Composite of major cardiovascular events (n=86) 1.12 (1.00 to 1.26)*

All-cause mortality (n=113) 1.16 (1.06 to 1.28)*

Ankle Brachial Index (≥0.9) (n=325)

Myocardial infarction (n=24) 1.08 (0.70 to 1.66)

Stroke (n=11) 0.65 (0.34 to 1.23)

Vascular mortality (n=30) 0.97 (0.65 to 1.45)

Composite of major cardiovascular events (n=45) 0.92 (0.67 to 1.26)

All-cause mortality (n=60) 1.14 (0.66 to 1.17)

Distensibility coefficient (n=221)

Myocardial infarction (n=29) 1.02 (0.93 to 1.12)

Stroke (n=14) 1.05 (0.89 to 1.23)

Vascular mortality (n=40) 1.09 (1.00 to 1.18)

Composite of major cardiovascular events (n=55) 1.04 (0.97 to 1.11)

All-cause mortality (n=80) 1.04 (0.97 to 1.10)

Hazard Ratio per 10 mmHg increase in pulse pressure, per 0.1 decrease in ankle brachial index, and per 
1 unit decrease in carotid artery distensibility coefficient
Adjusted for: age, sex, diastolic blood pressure, body mass index, eGFR, non-HDL-c, smoking, packyears
*statistically significant, p<0.05
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Abstract

Background
Type 2 diabetes is a condition associated with a state of low-grade inflammation caused by adipose 
tissue dysfunction and insulin resistance. High sensitive-CRP (hs-CRP) is a marker for systemic low-grade 
inflammation and higher plasma levels have been associated with cardiovascular events in various pop-
ulations. The aim of the current study is to evaluate the relation between hs-CRP and incident cardio-
vascular events and all-cause mortality in high-risk type 2 diabetes patients.

Methods
 Prospective cohort study of 1679 type 2 diabetes patients included in the Second Manifestations of 
ARTerial disease (SMART). Cox proportional hazard models were used to evaluate the risk of hs-CRP on 
cardiovascular events (composite of myocardial infarction, stroke and vascular mortality) and all-cause 
mortality. Hs-CRP was log-transformed for continuous analyses. Findings were adjusted for age, sex, 
BMI, current smoking and alcohol use, non-HDL-cholesterol and micro-albuminuria.

Results
307 new cardiovascular events and 343 deaths occurred during a median follow-up of 7.8 years (IQR 
4.2-11.1). A one unit increase in log(hs-CRP) was related to an increased vascular- and all-cause mor-
tality risk (HR 1.21, 95%CI 1.01-1.46 and HR 1.26, 95%CI 1.10-1.45 respectively). No relation was found 
between log(hs-CRP) and myocardial infarction or stroke. The relations were similar in patients with and 
without previous vascular disease. 

Conclusions
Low grade inflammation, as measured by hs-CRP, is an independent risk factor for vascular- and all-
cause mortality but not for cardiovascular events in high-risk type 2 diabetes patients. Chronic low-grade 
inflammation may be a treatment target to lower residual cardiovascular risk in type 2 diabetes patients.

Background
Cardiovascular disease is the leading cause for hospital admissions and mortality in patients with type 
2 diabetes.(1) Patients with type 2 diabetes are at higher risk of cardiovascular morbidity and mortality 
compared to patients without type 2 diabetes.(2-4) Most of the observed increased cardiovascular 
risk is attributed to clustering of known cardiovascular risk factors (e.g. hypertension, dyslipidemia and 
hyperglycemia), but even when treated according to international cardiovascular prevention guidelines, 
a substantial residual cardiovascular risk still remains in which low grade inflammation may play an 
important role.(5) 

Insulin resistance is a hallmark in patients with type 2 diabetes leading not just to hyperglycemia but 
also to low-grade inflammation. When excess adipose tissue becomes dysfunctional, it produces pro-in-
flammatory cytokines like tumor necrosis factor alpha (TNF-α) and interleukin-6 (IL-6) while the release 
of anti-inflammatory adipokines such as adiponectin is reduced.(6) The inflammatory adipocytokines 
TNF-α and IL-6 are related to elevated levels of circulating CRP.(7-9) These changes in the release of 
adipocytokines, from especially visceral adipose tissue, induces a state of systemic insulin resistance 
and low-grade inflammation.(6) 
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Proposed mechanisms through which low-grade inflammation might influence atherogenesis include 
accelerated foam cell formation by monocyte recruitment and native LDL-cholesterol uptake in the 
arterial wall.(10; 11) Elevated CRP levels are also associated with blunted systemic endothelial vasodi-
lator function and atherothrombosis is promoted via inducement of plasminogen activator inhibitor-1 
expression and activity in human endothelial cells.(12; 13) 

In various populations low-grade chronic inflammation has indeed been related to a higher risk of car-
diovascular events.(14; 15) Lowering low-grade inflammation reduces the residual risk for cardiovascu-
lar events in patients with coronary artery disease with or without type 2 diabetes.(16) In patients with 
type 2 diabetes a relation between higher plasma levels of hs-CRP and non-fatal and fatal cardiovascular 
events have been shown.(17; 18) In contrast however, in a case-cohort study nested within a type 2 
diabetes trial (ADVANCE trial), there was no relation between hs-CRP levels and the risk of macro-and 
microvascular complications nor with the risk of death.(19) 

The aim of the present study is to evaluate the relation between hs-CRP plasma levels and cardiovascu-
lar events and all-cause mortality in high-risk type 2 diabetes patients with and without clinical manifest 
vascular disease.

Methods
Study population
The Second Manifestations of ARTerial disease (SMART) study is an ongoing prospective cohort at the 
University Medical Center Utrecht, The Netherlands. A rationale and detailed description of the SMART 
study has been previously published.(20) Patients between ages 18-79, who were newly referred to the 
University Medical Center Utrecht with clinical manifest vascular disease or with important risk factors 
for atherosclerotic disease (e.g. diabetes, hyperlipidemia or hypertension), are asked to participate. At 
inclusion, information is obtained through questionnaires on medical history, history of vascular disease 
(coronary artery disease, cerebrovascular disease, peripheral arterial disease, abdominal aortic aneu-
rysm), cardiovascular risk factors (e.g. hypertension, hyperlipidemia, smoking, alcohol consumption, 
physical activity) and medication use. Blood pressure was measured using a semiautomatic oscillome-
tric device during 25 min in sitting position, three times at both upper arms with the highest mean of 
the last two measurements on one arm taken as the blood pressure. Height and weight were measured 
without shoes and in light clothing and are used to calculate body mass index (BMI). 

A detailed description of the specific laboratory measurements can also be found in the previously 
mentioned rationale.(20) To summarize, blood samples were collected in a fasting state to measure 
hs-CRP, HbA1c, glucose, kidney function estimated by Chronic Kidney Disease Epidemiology Collabora-
tion (CKD-EPI) equation and serum lipids: total cholesterol, HDL-cholesterol, triglycerides). LDL-c was 
calculated using the Friedewald formula up to plasma triglyceride levels of 9 mmol/l. A urine sample 
was also collected to measure albuminuria.

The study was approved by the Medical Ethics Committee of the University Medical Center Utrecht and 
informed consent was obtained from all participants. 
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The current study uses data from patients enrolled in SMART diagnosed with type 2 diabetes (n=1910). 
Before the year 2003, hs-CRP was not measured in a standardized manner and therefore hs-CRP was 
missing in 305 patients. These values were assumed to be missing at random and therefore single 
imputation methods were used to reduce missing data. To rule out inflammation due to other causes 
besides low-grade inflammation, all hs-CRP values above 10 mg/L were excluded, leaving 1679 patients 
for analysis.

Follow-up 
Biannual questionnaires were used to obtain information on outpatient clinic visits and hospitaliza-
tion. All available data on reported events was collected. Death was reported either by relatives, the 
general practitioner, or treating specialist. Three members of the SMART study Endpoint Committee 
independently evaluated all reported events. Primary outcomes for the current study were a composite 
of major adverse cardiovascular events (MACE), consisting of myocardial infarction (MI), stroke and vas-
cular mortality, and all-cause mortality. MI was defined as at least two of the following criteria: (i) Chest 
pain for at least 20 minutes, not disappearing after administration of nitrates (ii) ST-elevation > 1 mm in 
two following leads on ECG or a Left Bundle Branch Block (iii) Cardiac enzyme elevation (Troponin above 
clinical cut-off value or creatinine kinase (CK) of at least two times the normal value and a myocardial 
band fraction >5% of the total CK. Sudden cardiac death was also considered as MI. 

A definite stroke was diagnosed in case of relevant clinical features causing an increase in impairment 
of at least one grade on the modified Rankin scale, accompanied by an infarction of hemorrhage on a 
repeat CT-scan. A probable stroke was diagnosed in case of clinical deficits causing an increase in impair-
ment of at least one grade in the modified Rankin scale, without CT documentation.

Vascular mortality was defined as death due to MI, stroke, congestive heart failure, rupture of abdom-
inal aortic aneurysm and vascular death from other causes including heart failure. All-cause mortality 
was defined as death due to any cause. 

The period between patient inclusion and first cardiovascular event, death, loss to follow-up or the pre-
defined date of March 2015 was defined as the follow-up duration. In total, 124 patients (7.4%) were 
lost to follow-up due to relocation or discontinuation of the study. 

Data analyses
The baseline characteristics are presented in quartiles of hs-CRP in order to visualize potential differ-
ences in baseline characteristics in patients with different levels of hs-CRP.

As missing data and complete case analysis can lead to bias, single imputation methods were used to 
reduce missing covariate data for non-HDL-c (n=15; 0.9%), current smoking (n=16; 1.0%), alcohol use 
(n=19; 1.1%), and albuminuria (n=115; 6,8%).
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The relation between hs-CRP and cardiovascular events and all-cause mortality was evaluated by Cox 
proportional-hazard models. Due to its right skewed distribution, hs-CRP was analyzed after logarithmic 
transformation and in tertiles. Hazard ratios (HR) and 95% confidence intervals were calculated for 
hs-CRP as a continuous variable per 1 unit increase in log(hs-CRP) mg/l and as a categorical variable 
using tertiles of hs-CRP with the first tertile as reference. Three models were used. In model I the rela-
tion between hs-CRP and the endpoint of interest was adjusted for age and sex. In model II additional 
adjustment was performed for body mass index, current smoking, alcohol, non-HDL-cholesterol and 
micro-albuminuria. Model III is an exploratory model for additional adjustment of lipid-lowering ther-
apy and aspirin use as they might have anti-inflammatory properties and therefore influence hs-CRP 
values.(14; 21-23) The variables in the first two models are a set of traditional cardiovascular risk factors 
which are known to be related to inflammation based on literature. The proportional hazards assump-
tion was assessed by plotting and visual inspection of the Schoenfeld residuals and showed no signs of 
violation. Linear and non-linear relations were explored using restricted cubic splines. 

To evaluate whether the relation between hs-CRP and cardiovascular events or all-cause mortality was 
different for patients with or without manifest vascular disease a multiplicative interaction term was 
included in the Cox models and analyses were performed after stratification for cardiovascular disease. 
Effect modification was considered to be present if the p-value of the interaction term was <0.05. 

Analyses were performed using statistical package R 3.2.2 and for all analyses a p-value <0.05 was con-
sidered statistically significant.

Results
Baseline characteristics
The baseline characteristics are presented in tertiles of log(hs-CRP) in table 1. Over the tertiles of log(hs-
CRP), the percentage of men and current alcohol use decreased, while current smoking increased and 
age, systolic, and diastolic blood pressure were similar. Glucose, HbA1c, LDL-cholesterol, triglycerides 
and non-HDL-cholesterol all increased over the tertiles, while eGFR decreased.

Relation between hs-CRP and risk of cardiovascular events
A total of 307 new cardiovascular events occurred during a total follow-up of 15.9 years (median 7.8 
years, IQR 4.2-11.1). When analyzed categorically using the first tertile as reference, no relation was 
found for myocardial infarction (HR 1.23, 95%CI 0.85-1.85), stroke (HR 0.67, 95%CI 0.37-1.20) or car-
diovascular events (HR 1.24, 95%CI 0.91-1.68) (table 2). When analyzed per one unit increase in log(hs-
CRP), again no relation was found for myocardial infarction (HR 1.14, 95%CI 0.94-1.38), stroke (HR 0.83, 
95%CI 0.64-1.08) or cardiovascular events (HR 1.08, 95%CI 0.94-1.25) (Table 3). Subgroup analyses did 
not support effect modification by presence of manifest vascular disease (all p-values for interaction 
> 0.05). Additional adjustment for lipid-lowering therapy and aspirin use did not change the results 
(tables 2 and 3).
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Relation between hs-CRP and mortality
A total of 343 deaths occurred during a total follow-up of 15.9 years (median 7.8 years, IQR 4.2-
11.1). When analyzed categorically, patients in the third tertile had an 89% higher risk of mortality 
than patients in the first tertile (HR 1.89, 95%CI 1.39-2.57) (Table 2). Patients in the third tertile were 
also at increased vascular mortality risk as compared with patients in the first tertile (HR 1.87, 95%CI 
1.22-2.85) (Table 2). When analyzed continuously, a one unit increase in log(hs-CRP) was related to an 
increased mortality risk (HR 1.26, 95%CI 1.10-1.45) (Table 3). A one unit increase in log(hs-CRP) was also 
related to an increased vascular mortality risk (HR 1.21, 95%CI 1.01-1.46) (Table 3). Subgroup analyses 
did not support effect modification by presence of manifest vascular disease (all p-values for interaction 
> 0.05). Furthermore, additional adjustment for lipid-lowering therapy and aspirin use did not change 
the results (tables 2 and 3).

Discussion
In patients with type 2 diabetes with and without manifest vascular disease, every 1 mg/l increase in 
plasma hs-CRP is related to a 21% increased risk of vascular mortality and 26% increased risk of all-
cause mortality. Plasma hs-CRP levels were not related to cardiovascular events in patients with type 2 
diabetes mellitus.

The findings of the current study are partially in line with previous studies that assessed the relation 
between hs-CRP and cardiovascular events. In an apparent healthy population, hs-CRP had already 
been found to be related with increased risk of myocardial infarction and stroke.(14; 15) Healthy men 
in the highest quartile of hs-CRP levels had a 3 times higher risk of myocardial infarction and a 2 times 
higher risk of stroke as compared to healthy men in the lowest quartile.(14) Women in the highest 
quartile had a five-fold increase in risk of cardiovascular events.(15) In the present study we did not find 
any relation between hs-CRP levels and cardiovascular events such as myocardial infarction and stroke. 
An explanation for this discrepancy might lie within the difference in study population which consisted 
of type 2 diabetes patients already at high-risk of cardiovascular morbidity and mortality in contrast 
to a healthy population, as the relation between hs-CRP and cardiovascular morbidity might differ for 
a patient with or without type 2 diabetes. To illustrate, only patients at cardiovascular risk receive lip-
id-lowering therapy which may have anti-inflammatory effects and therefore affect CRP levels while also 
reducing cardiovascular risk by lowering LDL-cholesterol.(21-23) 

In a large Chinese prospective study, patients with type 2 diabetes without vascular disease were iden-
tified through health examinations among employees of Kai Lan Group. Participants in the highest quar-
tile of hs-CRP were found to be at increased risk of a first myocardial infarction or cerebral infarction 
as compared to patients in the lowest quartile.(24) Again an explanation for the discrepancy in results 
might lie within the study population as the current study consisted of high-risk type 2 diabetes patients 
referred to a tertiary center in contrast to asymptomatic type 2 diabetes patients identified during 
health examinations. In another study among patients with type 2 diabetes, higher plasma levels of 
hs-CRP were independently associated with non-fatal cardiovascular events.(17) However, in contrast 
to the current study, the definition of non-fatal cardiovascular events also included transient ischemic 
attacks and stable or unstable angina. These “soft” clinical endpoints are subject to bias as they require 
subjective assessment by investigators and patients and including these in a composite endpoint defi-
nition may influence the results. 
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Our findings are also in contrast to the results from a post-hoc analysis in the Action in Diabetes and 
Vascular Disease: Preterax and Diamicron Modified Release Controlled Evaluation (ADVANCE) popula-
tion. In this nested case-cohort study, hs-CRP was related to a composite of fatal and non-fatal macro-
vascular events but after adjustment for interleukin-6, the relation was abolished. Instead interleukin-6 
was found to be a significant independent predictor of macrovascular events and mortality in this study 
including patients with type 2 diabetes. (19). It is however debatable whether interleukin-6 should be 
adjusted for in a study with hs-CRP as the determinant, as it might be in the causal pathway leading 
from adipose tissue dysfunction to low-grade inflammation.(25) 

Increased hs-CRP plasma levels have also been related to increased mortality risk due to coronary heart 
disease in a cohort of type 2 diabetes patients.(18) Patients with hs-CRP plasma levels above 3 mg/l had 
an increased coronary heart disease mortality risk of 72% compared to patients with hs-CRP plasma 
levels below 3 mg/l. This is in accordance with the findings of the current study as patients with hs-CRP 
plasma levels above 3,2 mg/l corresponding to the third tertile were found to have an increased vascu-
lar mortality risk of 87% compared to patients with hs-CRP plasma levels of below 1.3 mg/l (correspond-
ing to the first tertile). Our results are similar to those found in the Casale Monferrato Study in which 
in type 2 diabetes patients with hs-CRP levels above 3 mg/l, an increased short term mortality risk was 
found when compared to patients with hs-CRP levels below 3 mg/l.(26)

Additionally, as mentioned before it has been stated that lipid-lowering therapy may have anti-inflam-
matory effects and may therefore affect CRP levels and reduce cardiovascular risk.(21-23) At least 50% 
of patients in the current study used lipid-lowering therapy which may have influenced the results. 
However as can be seen in the exploratory model of the analyses where additional adjustment was 
made for lipid-lowering therapy and aspirin use, the magnitude and direction of the estimates did not 
change and therefore the effect of lipid-lowering therapy can be dismissed. 

Strengths of this cohort study include a data collection in a standardized manner, a substantial number 
of cardiovascular end points and an endpoint committee which independently evaluated the endpoints. 
Study limitations need to be considered, including the fact that only baseline data was available, know-
ing that hs-CRP and risk factor levels may have changed over the course of follow-up. Also, after strat-
ification, the group of patients without manifest vascular disease resulted in a small group of patients 
with a low number of events.

The results of this study add to the evidence to show that low-grade inflammation plays an important 
role in the pathogenesis of cardiovascular disease in patients with type 2 diabetes. Whether low-grade 
inflammation in general can be used as a therapeutical target, has been recently evaluated in the CAN-
TOS trial.(16) The results showed that anti-inflammatory therapy targeting the interleukin-1β innate 
immunity pathway led to a lower rate of cardiovascular events in patients with a previous myocardial 
infarction. Although the CANTOS study population was not comprised of specifically type 2 diabetes 
patients, approximately 40% of the patients did have type 2 diabetes. 

In conclusion, low-grade inflammation, as measured by hs-CRP, is an independent risk factor for vascular- 
and all-cause mortality, in high-risk type 2 diabetes patients with and without manifest vascular disease. 
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Table 1. Baseline characteristics according to tertiles of hs-CRP

Tertiles of hs-CRP Tertile 1 Tertile 2 Tertile 3

N=1679 n=558 n=561 n=560

Range hs-CRP, mg/l 0.13 – 1.35 1.35 - 3.22 3.22 - 9.97

Men, n (%) 434 (78) 400 (71) 361 (65)

Age (years) 61 (10) 61 (10) 60 (10)

Hypertension 360 (65) 401 (71) 397 (71)

Smoking current, n (%) 80 (14) 129 (23) 188 (34)

Pack-years 9 IQR(0-26) 13 IQR(0-31) 16 IQR(2-33)

Current alcohol use, n (%) 324 (58) 258 (46) 213 (38)

Duration of diabetes (years) 4 IQR(1-10) 4 IQR(1-10) 4 IQR(0-9)

BMI (kg/m2) 28 (4) 29 (5) 30 (5)

Systolic blood pressure, mmHg 144 (21) 146 (22) 146 (20)

Diastolic blood pressure, mmHg 83 (12) 83 (12) 83 (11)

Laboratory measurements

Glucose, mmol/l 8.4 (2.6) 8.6 (2.9) 8.9 (3.1)

HbA1c, % 6.8 (1.1) 7.1 (1.3) 7.2 (1.3)

eGFR, ml/min/1.73 m2 80.3 (19.8) 79.5 (23.0) 77.5 (21.6)

Micro-albuminuria, n (%) 103 (20) 128 (24) 118 (23)

Total Cholesterol, mmol/l 4.5 (1.2) 4.9 (1.4) 5.0 (1.4)

LDL-c, mmol/l 2.5 (1.0) 2.8 (1.1) 2.9 (1.1)

HDL-c, mmol/l 1.2 (0.4) 1.1 (0.3) 1.1 (0.3)

non-HDL-c, mmol/l 3.3 (1.2) 3.4 (1.4) 3.9 (1.4)

Triglycerides, mmol/l 1.5 IQR(1.0-2.2) 1.7 IQR(1.2-2.5) 1.8 IQR(1.3-2.7)

Medication

Oral glucose lowering medication, n (%) 395 (71) 374 (67) 342 (61)

Insulin, n (%) 114 (20) 145 (26) 138 (25)

lipid lowering therapy, n (%) 407 (73) 369 (66) 321 (57)

Aspirin, n (%) 318 (57) 316 (56) 291 (52)

Type of vascular disease

Coronary artery disease, n (%) 270 (48) 269 (48) 226 (40)

Cerebrovascular disease, n (%) 101 (18) 97 (17) 125 (22)

Peripheral artery disease, n (%) 60 (11) 74 (13) 89 (16)

Abdominal Aortic Aneurysm, n (%) 21 (4) 27 (5) 29 (5)

* BMI = body mass index, eGFR = estimated Glomerular Filtration Rate by the CKD-EPI equation, HDL-c 
= high-density lipoprotein cholesterol, LDL-c = low-density lipoprotein cholesterol
** Continuous variables are depicted as mean (SD), count variables as n(%) and not normally distrib-
uted variables as median IQR
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Table 2. Relation between hs-CRP and cardiovascular events and mortality in tertiles of hs-CRP 

Tertiles of log(hs-CRP) Tertile 1 Tertile 2 Tertile 3

N=1679 n=558 n=561 n=560

Range hs-CRP, mg/l 0.13 – 1.35 1.35 - 3.22 3.22 - 9.97

Myocardial infarction

n 41 53 62

Model I 1.00 (ref) 1.22 (0.81-1.83) 1.46 (0.98-2.18) 

Model II 1.00 (ref) 0.91 (0.59-1.39) 1.07 (0.70-1.63)

Model III 1.00 (ref) 0.87 (0.57-1.32) 1.23 (0.81-1.85)

Stroke

n 24 33 28

Model I 1.00 (ref) 1.28 (0.76-1.17) 1.12 (0.76-2.17) 

Model II 1.00 (ref) 0.96 (0.55-1.68) 0.81 (0.45-1.47)

Model III 1.00 (ref) 0.71 (0.40-1.22) 0.67 (0.37-1.20)

Cardiovascular events

n 80 102 125

Model I 1.00 (ref) 1.19 (0.88-1.59) 1.52 (1.14-2.02) 

Model II 1.00 (ref) 0.93 (0.68-1.27) 1.16 (0.85-1.57)

Model III 1.00 (ref) 0.88 (0.65-1.21) 1.24 (0.91-1.68)

Vascular mortality

n 38 58 88

Model I 1.00 (ref) 1.47 (0.98-2.22) 2.34 (1.59-3.43)* 

Model II 1.00 (ref) 1.26 (0.81-1.95) 1.87 (1.23-2.84)*

Model III 1.00 (ref) 1.37 (0.89-2.10) 1.87 (1.22-2.85)*

All-cause mortality

n 74 113 156

Model I 1.00 (ref) 1.47 (1.09-1.97)* 2.11 (1.59-2.79)* 

Model II 1.00 (ref) 1.26 (0.92-1.72) 1.72 (1.27-2.33)*

Model III 1.00 (ref) 1.34 (0.98-1.84) 1.89 (1.39-2.57)*

hsCRP per tertiles, T1 = ref, hazard ratio (95% confidence interval); *statistically significant p<0.05
Model I: age + sex
Model II: Model I + BMI, smoking, alcohol, non-HDL-c, micro-albuminuria
Model III: Model II + lipid-lowering therapy, aspirin
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Table 3. Relation between log(hs-CRP) and cardiovascular events and mortality 

Total population Without manifest 
vascular disease

With manifest  
vascular disease

n= 1679 n=481 n=1124

HR (95%CI) HR (95%CI) HR (95%CI)

Myocardial infarction n=156 n=25 n=131

Model I 1.16 (0.97-1.39) 1.27 (0.77-2.09) 1.21 (1.00-1.48)

Model II 1.03 (0.85-1.25) 1.14 (0.67-1.93) 1.07 (0.86-1.32)

Model III 1.14 (0.94-1.38) 1.15 (0.68-1.96) 1.07 (0.86-1.33)

Stroke n=85 n=16 n=61

Model I 1.02 (0.81-1.30) 0.93 (0.53-1.62) 1.03 (0.93-1.15)

Model II 0.89 (0.68-1.15) 0.70 (0.38-1.29) 0.89 (0.65-1.22)

Model III 0.83 (0.64-1.08) 0.69 (0.37-1.28) 0.91 (0.66-1.25)

Cardiovascular events n=307 n=50 n=246

Model I 1.16 (1.02-1.33)* 1.11 (0.79-1.56) 1.18 (1.03-1.37)*

Model II 1.03 (0.90-1.19) 0.97 (0.67-1.39) 1.06 (0.91-1.25)

Model III 1.08 (0.94-1.25) 0.99 (0.68-1.44) 1.07 (0.91-1.25)

Vascular mortality n=184 n=29 n=154

Model I 1.36 (1.14-1.62)* 1.20 (0.77-1.86) 1.38 (1.14-1.66)* 

Model II 1.20 (1.00-1.45)* 1.18 (0.73-1.93) 1.18 (0.95-1.45)

Model III 1.21 (1.01-1.46)* 1.24 (0.75-2.06) 1.18 (0.95-1.46)

All-cause mortality n=343 n=64 n=270

Model I 1.10 (1.06-1.13)* 1.26 (0.94-1.69) 1.11 (1.06-1.17)*

Model II 1.20 (1.04-1.37)* 1.06 (0.95-1.18) 1.20 (1.04-1.37)*

Model III 1.26 (1.10-1.45)* 1.17 (0.83-1.63) 1.21 (1.03-1.41)*

hs-CRP continuous, HR per 1 mg/l increase, hazard ratio (95% confidence interval); 
* statistically significant p<0.05
Model I: age + sex
Model II: Model I + BMI, smoking, alcohol, non-HDL-c, micro-albuminuria
Model III: Model II + lipid-lowering therapy, aspirin
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How does type 2 diabetes lead to increased cardiovascular risk and all-cause mortality?
Type 2 diabetes is a well-established risk factor for cardiovascular disease and great advances have been 
made cardiovascular risk management resulting in a decrease in cardiovascular risk factors and cardio-
vascular mortality.(7-9) However, patients with type 2 diabetes are still at increased risk of cardiovas-
cular disease. The main findings of this thesis show that 65% of the cardiovascular risk and 58% of the 
mortality risk could not be explained by traditional risk factors. Only 35% of the excess cardiovascular 
risk and 42% of the mortality can be attributed to the “classical pathways” leading to cardiovascular 
disease and mortality. The pathways contributing the most to cardiovascular disease were respectively 
a high amount of insulin resistance, followed by elevated triglycerides, presence of micro-albuminuria 
and reduced kidney function. The pathways contributing the most to mortality were presence of micro-
albuminuria, high amount of insulin resistance, elevated triglycerides and reduced kidney function. As 
can be seen there are communalities in the pathways leading to cardiovascular disease and mortality. 
Strikingly the most contributing factor is different, where insulin resistance is the most contributing 
pathway to cardiovascular disease, the presence of micro-albuminuria is the most contributing pathway 
to mortality. This implicates that renal damage due to type 2 diabetes is an important pathophysio-
logical occurrence in the pathway leading to mortality. Indeed, there is evidence acknowledging that 
chronic kidney disease is a risk factor for mortality in general, but also in patients with type 2 diabetes. 
(116-118) As for the pathway to cardiovascular disease, insulin resistance was the most contributing 
pathway. This has already been examined before by assessing HbA1c as a risk factor for cardiovascu-
lar events and indeed a higher HbA1c is related to increased risk for cardiovascular events.(119-121) 
Although this alone might not be a novel finding, the quantification of the pathways that can be found 
in chapter two are unique findings. 

Classical cardiovascular risk factors
LDL-cholesterol lowering therapy has been demonstrated to be effective in reducing cardiovascular risk 
across a wide population, in primary and secondary prevention.(122; 123) A meta-analysis of 14 trials 
examining statin therapy, in 90,056 individuals, found that for each 1 mmol/l reduction in LDL-C, there 
was a reduction of 21% in cardiovascular events.(124) In patients with type 2 diabetes, LDL-c lowering 
therapy in the form of statin therapy, has also been demonstrated to be effective in lowering cardio-
vascular risk.(125; 126) Interestingly enough, in chapter two it was found that LDL-cholesterol was not 
a pathway in which type 2 diabetes confers into higher cardiovascular risk. To put this in perspective, 
high LDL-cholesterol is a cardiovascular risk factor, also in patients with type 2 diabetes. However, the 
pathway leading from type 2 diabetes does not lead through high LDL-cholesterol. 

The same principle holds for hypertension. Hypertension has been shown to affect more than 60% of 
patients with type 2 diabetes and has been identified as a modifiable cardiovascular risk factor.(127; 
128) The United Kingdom Diabetes Prospective Study (UKPDS) compared strict blood pressure control 
(< 150/85 mmHg) with less strict blood pressure control (< 180/105 mmHg).(129) It was found that 
strict blood pressure control decreased cardiovascular events by 24% and decreased diabetes related 
mortality by 32%. The ACCORD (Action to Control Cardiovascular Risk in Diabetes) trial, demonstrated 
that further intensive blood pressure lowering by targeting a systolic blood pressure of less than 120 
mm Hg, as compared with less than 140 mm Hg, did not reduce the rate of cardiovascular events (130)  
Nonetheless, The ADVANCE (Action in Diabetes and Vascular Disease: Preterax and Diamicron MR Con-
trolled Evaluation) trial showed that irrespective of initial blood pressure levels or the use of other 
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blood pressure lowering drugs, intensive blood pressure lowering by a combination of angiotensin con-
verting enzyme (ACE) inhibitor-diuretic, cardiovascular mortality was decreased by 18%.(131) Again, 
interestingly enough, in chapter two, systolic blood pressure was not a pathway in which type 2 diabe-
tes confers into higher cardiovascular risk. So even though high systolic blood pressure is an established 
cardiovascular risk factor, the pathway leading from type 2 diabetes to increased cardiovascular risk 
does not include high systolic blood pressure. 

Family history of cardiovascular disease and lifestyle factors including obesity, physical exercise, smok-
ing and alcohol consumption are all identified as classical cardiovascular risk factors. However, these 
risk factors were beyond the scope of this thesis and are therefore not discussed. In has to be noted 
though, that the amount of increased cardiovascular risk due to type 2 diabetes that was not explained 
by the classical pathways also includes life style factors. These factors were not evaluated as they are 
not a causal result of type 2 diabetes and therefore not type 2 diabetes related pathways leading to 
increased cardiovascular risk. 

The findings of this thesis have given more insight in the pathophysiology of type 2 diabetes and cardio-
vascular risk. These findings show, that observed increased cardiovascular risk due to type 2 diabetes is 
separate from high LDL-cholesterol and hypertension. Patients with type 2 diabetes and hypertension 
and / or high LDL-cholesterol are at even greater risk as the cardiovascular risk seems to be additive. 

Beyond traditional cardiovascular risk factors
As stated before, understanding the observed residual cardiovascular risk in patients with type 2 diabe-
tes needs further exploration of cardiovascular risk factors, beyond the traditional risk factors. 

There is much debate on whether HDL-cholesterol is a cardiovascular risk factor.(132) The ACCORD and 
Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) trials have demonstrated that increas-
ing plasma HDL-cholesterol levels in patients with type 2 diabetes might be effective in further lowering 
cardiovascular risk, especially in patients with low HDL-cholesterol and high triglycerides (a hallmark 
of diabetic dyslipidemia).(39; 133) However, trials in which HDL-cholesterol levels are increased by 
administering a cholesteryl ester transfer protein (CETP) inhibitor or nicotinic acid have failed to show a 
reduction in cardiovascular events.(25-28) In chapter three, HDL-cholesterol was examined as a cardio-
vascular risk factor in patients with type 2 diabetes. It was found that higher HDL-c levels were related 
to a lower risk of myocardial infarction, while there was no clear relation with stroke, cardiovascular 
mortality, composite of cardiovascular events or all-cause mortality. However, the relationship between 
HDL-cholesterol levels and cardiovascular events was dependent of LDL-cholesterol levels. In patients 
with LDL-cholesterol levels between 2.0 and 2.5 mmol/L, higher HDL-cholesterol levels were related to 
a lower risk of cardiovascular events. Surprisingly, in patients with type 2 diabetes and LDL-cholesterol 
levels below 2.0 mmol/L, higher HDL-cholesterol levels increased the risk for cardiovascular events 
and all-cause mortality. This unexpected finding is controversial as there is evidence pointing towards 
HDL-cholesterol as a risk factor irrespective of plasma LDL-cholesterol levels.(134; 135) To put in per-
spective, the unexpected findings of chapter three add to the debate whether HDL functionality may 
be of greater importance for the understanding of the relationship between HDL-c and cardiovascular 
events. Indeed, recent studies suggest that HDL function is impaired in patients with type 2 diabetes, 
which could explain why high HDL-cholesterol concentration per se might not be a cardiovascular risk 
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factor in patients with type diabetes.(136-140) This would suggest HDL-functionality is of more impor-
tance in patients with type 2 diabetes. HDL-functionality as measured by efflux capacity has indeed 
been associated with incident cardiovascular disease in the general population, but remains yet to 
investigated in patients with type 2 diabetes.(30; 141) 

The typical lipid profile seen in patients with type 2 diabetes is diabetic dyslipidemia characterized 
by elevated plasma triglycerides, lower high-density lipoprotein cholesterol (HDL-c) and an increase 
in small dense low-density lipoprotein (LDL) particles reflected by higher apolipoprotein B (apoB) or 
non-HDL-c plasma concentrations.(142; 143) Chapter four demonstrated that the results from cohort 
studies indicate that elevated triglycerides or reduced high-density cholesterol (HDL-c) are related to 
increased cardiovascular risk in patients with type 2 diabetes. Remarkably, the relation between ele-
vated plasma triglycerides and cardiovascular events in patients with type 2 diabetes seems not to be 
linear and therefore most evident in patients with very high triglyceride levels. This finding provides 
insight in the finding that lowering triglycerides by fibrate therapy was found to be effective in reducing 
cardiovascular risk specifically in subjects with markedly increased triglycerides.(39; 133; 144) While 
there are apparent differences in the prevalence and burden of cardiovascular disease based on sex/
gender differences, intriguingly, gender did not have any impact on the results found in chapter four.
(145; 146) This indicates that increased cardiovascular risk due to diabetic dyslipidemia holds for males 
as well as females.

Another hallmark of patients with type 2 diabetes is insulin resistance. When excess adipose tissue 
becomes dysfunctional, it produces pro-inflammatory cytokines (tumor necrosis factor alpha (TNF-α) and 
interleukin-6 (IL-6), while the release of anti-inflammatory adipokines (e.g. adiponectin) is reduced.(65) 

These changes in the release of adipocytokines, from especially visceral adipose tissue, induces a state 
of systemic insulin resistance and low-grade inflammation.(65) In various populations, low-grade chronic 
inflammation has indeed been related to a higher risk of cardiovascular events, however in patients with 
type 2 diabetes, the evidence is somewhat contradictory.(19; 20) While a few cohort studies demon-
strated a relation between higher plasma levels of hs-CRP and increased risk of cardiovascular events, 
the results are contradicted by a case-cohort study nested within a type 2 diabetes trial (ADVANCE 
trial), where there was no relation between hs-CRP levels and the risk of macro-and microvascular com-
plications nor with the risk of death.(58; 147; 148) Chapter seven, expands on the existing evidence 
by demonstrating that low-grade inflammation as measured by increased high sensitivity C-reactive 
protein (hs-CRP), is related to increased risk of vascular mortality and all-cause mortality. This result 
is somewhat confirmed by the results of the recent Canakinumab Antiinflammatory Thrombosis Out-
come Study (CANTOS) trial. The CANTOS trial demonstrated that anti-inflammatory therapy targeting 
the interleukin-1β innate immunity pathway led to a significantly lower rate of recurrent cardiovascular 
events including cardiovascular deaths.(21) Although the CANTOS study population was not comprised 
of specifically type 2 diabetes patients, approximately 40% of the patients did have type 2 diabetes. Con-
sidering patients with type 2 diabetes are more prone to increased systemic low-grade inflammation, 
it can be speculated, that the results can be applied to a population of patients with type 2 diabetes.

The vasculature in patients with type 2 diabetes is characterized by increased arterial stiffness and might 
partly explain the observed elevated cardiovascular risk in this population. Arterial stiffness occurs as 
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a consequence of biological aging and arteriosclerosis.(149) Arteriosclerosis is a direct consequence of 
type 2 diabetes, by advanced glycation endproduct formation with collagen cross-linking, nitric oxide 
dysregulation and vascular calcification.(150-152) Chapter five demonstrated the involvement of bone 
metabolism regulator osteopontin, which is involved in the vascular calcification process, to be asso-
ciated with increased arterial stiffness in patients with type 2 diabetes. This finding establishes the 
notion of a possible bone metabolism-vascular calcification axis and implicates a direct involvement 
of osteopontin in the pathophysiology of increased arterial stiffness in patients with type 2 diabetes. 
Interestingly, a similar bone metabolism – vascular calcification axis has been described in patients with 
chronic kidney disease.(153; 154) The involvement of osteopontin is further demonstrated as inclusion 
of osteopontin improved cardiovascular risk prediction in patients with type 2 diabetes beyond tradi-
tional risk factors, establishing osteopontin as a prognostic biomarker for cardiovascular risk.(99) These 
findings together suggest vascular calcification and arterial stiffness to be an important non-traditional 
cardiovascular risk factor in patients with type 2 diabetes. 

The degree of arterial stiffness can be measured in various ways, with invasive or non-invasive pulse 
wave velocity being recommended as the gold standard.(155; 156) However, brachial pulse pressure 
and ankle-brachial index are measurements that are more readily available in a clinical setting and also 
provide information on the extent of arterial stiffness, albeit on different specific vascular locations. 

Chapter six demonstrated that increased arterial stiffness as measured by different non-invasive modal-
ities (brachial pulse pressure, normal range ABI and carotid artery distensibility coefficient) are inde-
pendently related with increased risk of cardiovascular events and all-cause mortality in patients with 
type 2 diabetes. These findings indicate that arterial stiffness might be used as a target factor in inter-
vention research in order to confirm the causality of these findings and to assess the magnitude of car-
diovascular risk reduction. A consequence of increased arterial stiffness is an increase in systolic blood 
pressure, which supports a blood pressure-driven mechanism in the pathogenesis of arterial stiffness 
and vascular events; therefore, strict blood pressure control, might be imperative. This is supported by 
the results of the ACCORD blood pressure trial, in which strict blood pressure control did not reduce the 
composite outcome of cardiovascular events, but did reduce the rate of strokes in patients with type 
2 diabetes.(130) Whether specific classes of drugs, such as calcium channel blockers or β-blockers, are 
more beneficial in patients with type 2 diabetes and arterial stiffness remains uncertain and interesting 
for future intervention research.(157) 

Primary prevention setting versus secondary prevention 
According to American and European guidelines, all patients with documented cardiovascular disease are 
at very high risk of developing recurrent vascular events, warranting a different approach in cardiovascu-
lar risk management. (123; 158; 159) Established cardiovascular risk factors in the primary prevention set-
ting might behave differently in patients with previously manifest cardiovascular disease. Throughout this 
thesis the possible interaction effect was evaluated in assessing non-traditional cardiovascular risk factors. 

In chapter two, it was demonstrated that a substantial amount of the cardiovascular and mortality risk 
due to type 2 diabetes, could not be explained by traditional risk factors. Subgroup analyses in patients 
with and without manifest vascular disease showed similar results. However, within the quantifica-
tion of the pathways leading to cardiovascular disease and all-cause mortality, there was an interest-
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ing finding. In chapter two, elevated LDL-cholesterol was found not to be a mediator in the relation 
between type 2 diabetes and cardiovascular events or all-cause mortality. However, subgroup analyses 
in patients without manifest cardiovascular disease, demonstrated that LDL-cholesterol was a mediator 
between type 2 diabetes and all-cause mortality. In the relation between type 2 diabetes and cardiovas-
cular events, the effect estimate of LDL-cholesterol suggested LDL-cholesterol to be an mediator, but it 
was not statistically significant. These findings seem to suggest different pathways from type 2 diabetes 
leading to cardiovascular disease and all-cause mortality in patients with and without type 2 diabe-
tes. In chapter three, the influence of presence of manifest cardiovascular disease was assessed and 
was found that the relation between HDL-cholesterol and cardiovascular events and all-cause mortality 
was the same for patients with and without manifest cardiovascular disease. In chapter six, again the 
influence of presence of manifest cardiovascular disease was assessed and was found that the relation 
between arterial stiffness and cardiovascular events and all-cause mortality was the same for patients 
with and without manifest cardiovascular disease. The same result applies to chapter seven, where the 
relation between low-grade inflammation and cardiovascular events and all-cause mortality was the 
same for patients with and without manifest cardiovascular disease. 

These findings suggest that both in primary and secondary prevention settings, a substantial amount 
of the observed increased cardiovascular risk due to type 2 diabetes cannot be explained by traditional 
cardiovascular risk factors, however the individual contributions of the pathways may vary. Non-tra-
ditional risk factors may explain part of this increased cardiovascular risk not driven by traditional risk 
factors in primary as well as in secondary prevention settings. 

Clinical implications
The findings of this thesis underwrite that there is still much to be gained in cardiovascular risk man-
agement in patients with type 2 diabetes. Current prevention guidelines already adopt a multi-facto-
rial approach and focus on the traditional modifiable risk factors.(160) The current guidelines have 
recently also adopted intervention based on hypertriglyceridemia. It is recommended that it should be 
addressed with dietary and lifestyle changes including weight loss and abstinence from alcohol. Phar-
macological treatment however is only warranted in severe hypertriglyceridemia in order to prevent 
acute pancreatitis. The guidelines do not recommend pharmacological treatment yet for cardiovas-
cular risk prevention, but have adopted the notion that in a subgroup with high triglycerides and low 
HDL-cholesterol (diabetic dyslipidemia), fibrate therapy might have benefit and are awaiting the results 
of an ongoing trial in this specific population.(161)

As expected, HDL-cholesterol increasing therapies are not recommended as they have not shown to 
reduce cardiovascular risk. Increasing HDL function is also not recommended, as trials aimed at increas-
ing HDL function have not yielded beneficial results yet in reducing cardiovascular risk. Further inves-
tigation is ongoing as two intervention trials managed to increase cholesterol efflux, but showed no 
difference in atherosclerotic plaque burden.(162; 163) It has to be noted that the endpoint used (short 
term plaque regression) might not be an appropriate surrogate marker for reduction of cardiovascular 
events because it might be possible that the treatment has a stabilizing effect of the plaque size. The 
feasibility of intervention based on HDL function remains yet to be proven.

Proefschrift_Shahnam_Sharif.indd   126 2-2-2021   09:20:58



127

As mentioned before, management of arterial stiffness might be beneficial in treating the direct conse-
quence of arterial stiffness, which is hypertension. Although the current guidelines describe in extent 
hypertensive treatment in patients with type 2 diabetes, there is no mentioning of arterial stiffness as 
a specific subgroup. Although there is no hard evidence, it would conceivable that this subgroup might 
benefit from stricter treatment targets. Also, as stated before, arterial stiffness is a direct consequence 
of age and type 2 diabetes and therefore might also be seen as a proxy of vascular damage already 
sustained by having type 2 diabetes. Perhaps, this warrants more a prevention based strategy of arterial 
stiffness rather than treatment of arterial stiffness. 

Unfortunately, except for low-grade inflammation, the described non-traditional risk factors, have not yet 
yielded feasible intervention opportunities. Low-grade inflammation, is one of the few non-traditional risk 
factors, where a clinical trial has shown beneficial results and might be a useful addition in clinical practice. 
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Summary
It is estimated by the International Diabetes Federation (IDF), that globally in 2017, 425 million people 
had diabetes. The vast majority (91%) of these people have type 2 diabetes. The number of people with 
diabetes is expected to increase to 629 million in the year 2045. Type 2 diabetes is a chronic illness with 
great negative impact on a person’s quality of life due to severe complications of both the disease and 
its treatment as well as the associated co-morbidities. In accordance to the burden on individual level, 
the impact on a global public scale is also great. The global economic burden of type 2 diabetes mellitus 
in 2015 was estimated to be 1.3 trillion US dollars, with two thirds of these total costs consisting of 
direct medical costs (857 billion US dollars).

Type 2 diabetes mellitus is a well-established risk factor for cardiovascular disease. It was recently 
shown that approximately a third of all patients with type 2 diabetes are affected by cardiovascular dis-
ease. Although great advances have been made in cardiovascular risk management, patients with type 
2 diabetes have not benefited as much as patients without diabetes. Compared to individuals without 
type 2 diabetes, they are still at higher risk of cardiovascular disease. Some of the excess cardiovascular 
risk can be explained by an increased prevalence of established cardiovascular risk factors in patients 
with type 2 diabetes, such as hyperglycemia, dyslipidemia, and hypertension. However, these tradi-
tional risk factors do not fully explain the excess risk of cardiovascular disease associated with diabetes. 
The general objectives of this thesis are to further elucidate and understand the observed increased 
cardiovascular morbidity and mortality risk in patients with type 2 diabetes, by assessing traditional and 
non-traditional risk factors as potential causes of cardiovascular events in patients with type 2 diabetes.

In chapter 2 we quantified the magnitude and specific contributions of known cardiovascular risk fac-
tors to cardiovascular risk and all-cause mortality in patients with type 2 diabetes by performing medi-
ation analysis. The amount of the increased cardiovascular risk and all-cause mortality due to insulin 
resistance, systolic blood pressure, renal function, LDL-cholesterol, triglycerides and micro-albuminuria 
was evaluated. We found that a substantial amount of the increased cardiovascular risk and all-cause 
mortality due to type 2 diabetes cannot be explained by traditional vascular risk factors (65% & 58% 
respectively). The pathways contributing the most to cardiovascular disease were the presence of insu-
lin resistance, followed by elevated triglycerides and the presence of micro-albuminuria and reduced 
kidney function. These findings confirm the need on identifying non-classical pathways which might 
further explain the increased cardiovascular and mortality risk due to T2DM.

One of the non-classical risk factors we evaluated is HDL-cholesterol. There is a lot of debate whether 
HDL-cholesterol indeed is a risk factor for cardiovascular disease. In chapter 3 we assessed HDL-cho-
lesterol as a potential residual risk factor for cardiovascular events and all-cause mortality. We found 
that higher HDL-cholesterol levels were related to a lower risk of myocardial infarction, while there was 
no clear relation with any other cardiovascular end point. The relationship between HDL-cholesterol 
levels and cardiovascular events was, however, dependent of LDL-cholesterol levels. In patients with 
LDL-cholesterol levels between 2.0 and 2.5 mmol/L, higher HDL-cholesterol levels were related to a 
lower risk of cardiovascular events. In contrast, patients with type 2 diabetes and LDL-cholesterol levels 
<2.0 mmol/L, higher HDL-c plasma levels increase the risk for cardiovascular events and all-cause mor-
tality. Future studies are needed to confirm this finding and investigate the causality as the issue of very 
low LDL-cholesterol and HDL-cholesterol dependent cardiovascular risk becomes more relevant in an 
upcoming era of even more potent LDL-cholesterol lowering therapy.
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Due to insulin resistance, patients with type 2 diabetes develop a specific lipid profile characterized by 
raised plasma levels of triglycerides, lower levels of high-density cholesterol (HDL-C), and an increase 
in small dense LDL particles. This phenomenon is called diabetic dyslipidemia. Gender also plays a role 
as diabetic dyslipidemia is more prevalent in women. In chapter 4 we performed a systematic review 
and meta-analysis to determine whether the characteristic profile of diabetic dyslipidemia increases 
the risk of cardiovascular disease in patients with type 2 diabetes. We also investigated whether the risk 
is greater in women than men by performing a meta-regression. No studies were found investigating 
the combination of low levels of HDL-cholesterol and raised levels of triglycerides. However, HDL-cho-
lesterol and raised levels of triglycerides have been evaluated independently. The results of the meta- 
analysis demonstrated that raised levels of triglycerides and lower levels of HDL-C are independently 
related to an increased risk of cardiovascular events in patients with type 2 diabetes. The relationship 
between triglycerides and cardiovascular risk appears nonlinear and appreciable risk in patients with 
the highest triglyceride levels. Furthermore, we found no evidence that female sex had an impact on 
the association between cardiovascular risk and plasma levels of triglycerides or HDL-cholesterol. 

Vascular calcification is an important feature of vascular disease in type 2 diabetes patients and can 
develop into arterial stiffness. In chapter 5 we evaluated three proteins (steopontin, osteonectin and 
osteocalcin), which are known regulators of bone metabolism and are considered to be involved in 
the development of vascular calcifications, and assessed the relationship between these proteins and 
arterial stiffness in patients with type 2 diabetes. We found that only elevated levels of osteopontin are 
associated with increased arterial stiffness in patients with type 2 diabetes. These findings indicate that 
osteopontin may be involved in the pathophysiology of arterial stiffness in patients with type 2 diabetes 
and call for further clinical investigation.

Arterial stiffness is further evaluated in chapter 6, where we assess the relation between arterial stiff-
ness and cardiovascular events and mortality. In this chapter, different non-invasive arterial stiffness 
measurements at different locations are used to quantify the risk of cardiovascular events and mor-
tality. We found that increased arterial stiffness as measured by the different techniques, are all inde-
pendently related to higher risk of cardiovascular events and mortality in people with type 2 diabetes.

Insulin resistance is a hallmark in patients with type 2 diabetes leading not just to hyperglycemia but 
also to low-grade inflammation. Low-grade inflammation can accelerate the process of atherosclerosis 
by accelerating foam cell formation by monocyte recruitment and native LDL-cholesterol uptake in the 
arterial wall. Low-grade inflammation can be measured by plasma levels of hs-CRP. In chapter 7 we 
evaluate the relation between hs-CRP plasma levels and cardiovascular events and mortality in type 2 
diabetes patients. We found that increased plasma levels of hs-CRP levels were not related to cardio-
vascular events but were related to an increased risk of vascular mortality. 

Finally, in chapter 8 the findings of this thesis are put in broader perspective and potential clinical impli-
cations are discussed. 

9
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Samenvatting (voor niet ingewijden)
Volgens een schatting van de “International Diabetes Federation” waren er in 2017 wereldwijd 425 
miljoen mensen met diabetes. De meerderheid daarvan (91%) waren mensen met type 2 diabetes. De 
verwachting is dat dit aantal zal groeien naar 629 miljoen in het jaar 2045. Type 2 diabetes is een chro-
nische ziekte met een enorm negatieve impact op de kwaliteit van leven mede door de ziekte zelf en de 
behandeling, maar ook door de gevolgen van de ziekte. Patiënten met type 2 diabetes lijden aanzienlijk 
vaker aan hart- en vaatziekten, kanker, nierziekten en blindheid. Naast de impact op het individu heeft 
het ook op een globale schaal enorme impact. De zorgkosten voor patiënten met type 2 diabetes in 
Nederland werd in 2019 geschat op 6 miljard euro per jaar. 

Type 2 diabetes is een wel bekende risicofactor voor hart- en vaatziekten en er is veel vooruitgang 
geboekt in cardiovasculair risicomanagement bij deze patiënten. Echter blijft het risico op hart- en vaat-
ziekten hoger bij patiënten met type 2 diabetes, in vergelijking met patiënten zonder type 2 diabetes. 
Het verhoogde risico kan maar deels verklaard worden door het vaker voorkomen van andere klassieke 
cardiovasculaire risicofactoren bij patiënten met type 2 diabetes, zoals een hoge bloeddruk. Dit proef-
schrift richt zich op het verder bestuderen van het verhoogde risico op hart- en vaatziekten, door te 
richten op het aandeel van niet klassieke risicofactoren voor hart- en vaatziekten. 

In hoofdstuk 2 hebben we middels mediatie-analyse aangetoond dat het overgrote deel van het ver-
hoogde risico niet te verklaren is door de klassieke risicofactoren waar de behandeling grotendeels op 
gericht is. Maar liefst 65% van het verhoogde risico op hart- en vaatziekten en 58% van het verhoogde 
risico op overlijden werd niet verklaard door de klassieke risicofactoren (insuline resistentie, verhoogde 
bloeddruk, nier schade: verminderde nierfunctie en eiwit lekkage, verhoogd LDL-cholesterol of ver-
hoogde triglyceriden in het bloed). In hoofdstuk 2 hebben we ook aangetoond dat van deze factoren, 
de factoren insuline resistentie, verhoogde triglyceriden in het bloed en nier schade, het meeste bij-
dragen aan het verhoogde risico op hart- en vaatziekten en/of overlijden. Deze bevindingen bevestigen 
het belang van het bestuderen en betrekken van niet klassieke risicofactoren in het begrijpen en even-
tueel behandelen van hart- en vaatziekten bij patiënten met type 2 diabetes. 

Een van de niet klassieke risicofactoren die wij verder onderzocht hebben is HDL-cholesterol. Er is al 
enige tijd discussie of HDL-cholesterol, ook wel vaak “goed” of “beschermend” cholesterol genoemd, 
een risicofactor is voor hart- en vaatziekten. In hoofdstuk 3 is onderzocht of een verlaagd HDL-choles-
terol inderdaad leidt tot een hoger risico op hart- en vaatziekten en overlijden, specifiek bij patiënten 
met type 2 diabetes. Er bleek geen relatie te zijn tussen HDL-cholesterol en hart- en vaatziekten in zijn 
geheel of overlijden, maar mogelijk wel een relatie tussen een verhoogd HDL-cholesterol en een lager 
risico op hartinfarcten. De relatie bleek wel afhankelijk te zijn van het LDL-cholesterol in het bloed. 
Verrassend genoeg was er een relatie tussen een verhoogd HDL-cholesterol en een verhoogd risico op 
hart- en vaatziekten in de patiënten, waarbij het LDL-cholesterol laag was (< 2,0 mmol/l). Bij patienten 
met een hoger LDL-cholesterol was juist weer de relatie te zien tussen een laag HDL-cholesterol en een 
verhoogd risico op hart- en vaatziekten of overlijden. De bevindingen laten zien dat HDL-cholesterol 
als risicofactor mogelijk afhankelijk is van het LDL-cholesterol en dat meer onderzoek nodig is om deze 
bevinding te bevestigen. Dit is van belang aangezien een van de behandelingen gericht op het voor-
komen van hart- en vaatziekten juist het verlagen van LDL-cholesterol is. 
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Patiënten met type 2 diabetes ontwikkelen door insuline resistentie een specifiek profiel aan afwijkende 
vetten in het bloed, gekarakteriseerd door hoge triglyceriden, laag HDL-cholesterol en een verhoging 
in kleine LDL-cholesterol partikels. Dit fenomeen wordt diabetische dyslipidemie genoemd. Geslacht 
speelt hierin ook rol, waarbij gezien wordt dat bij vrouwen vaker diabetische dyslipidemie voorkomt. 
In hoofdstuk 4 is een meta-analyse en meta-regressie verricht, waarin onderzocht is in de literatuur 
of diabetische dyslipidemie een risicofactor is voor hart- en vaatziekten. Het bleek dat er geen onder-
zoeken te vinden waren die specifiek de combinatie van hoge triglyceriden en laag HDL-cholesterol 
hebben onderzocht. De factoren zijn wel los van elkaar onderzocht en de meta-analyse liet zien dat de 
een laag HDL-cholesterol in het bloed gerelateerd is aan een verhoogd risico op hart- en vaatziekten. 
De meta-analyse liet ook zien dat de relatie tussen triglyceriden en het risico op hart- en vaatziekten 
waarschijnlijk een niet lineair verband toont. Hele hoge waarden van triglyceriden in het bloed zijn 
gerelateerd aan een verhoogd risico op hart- en vaatziekten. Door middel van meta-regressie is onder-
zocht of de relatie anders zou zijn voor het vrouwelijk geslacht, maar hier bleek geen bewijs voor te zijn. 

Een ander fenomeen wat vaker optreedt bij patiënten met type 2 diabetes is vaatstijfheid. Een moge-
lijke oorzaak is het neerslaan van kalk in de wand van een slagaderlijk bloedvat. In hoofdstuk 5 zijn 
drie eiwitten (osteopontin, osteonectin en osteocalcin) onderzocht die betrokken zijn bij het bot-
metabolisme en mogelijk ook betrokken zijn bij het proces van vaatverkalking. Het is nog onduidelijk of 
ze ook een rol spelen bij het ontwikkelen van vaatstijfheid. In hoofdstuk 5 hebben we aangetoond dat 
een verhoogd osteopontin gehalte gerelateerd is aan verhoogde vaatstijfheid in patiënten met type 2 
diabetes. Dit impliceert dat osteopontin mogelijk betrokken is in de pathofysiologie van vaatstijfheid en 
meer onderzoek is nodig om aan te tonen of er ook een oorzakelijke relatie is. 

 Vaatstijfheid wordt verder onderzocht in hoofdstuk 6, waarin de relatie beschreven wordt tussen vaat-
stijfheid en het risico op hart- en vaatziekten in patiënten met type 2 diabetes. In dit hoofdstuk zijn 
verschillende metingen gebruikt om vaatstijfheid te meten op verschillende locaties in het lichaam. We 
hebben aangetoond dat een verhoging van vaatstijfheid gerelateerd is aan een hoger risico op hart- en 
vaatziekten en ook overlijden. 

Een ander kenmerk van patiënten met type 2 diabetes is dat zij door insuline resistentie in een staat 
van laaggradige ontsteking bevinden. Laaggradige ontsteking kan het proces van atherosclerose (slag-
aderverkalking) versnellen en daardoor sneller tot hart- en vaatziekten leiden. Laaggradige ontsteking 
is in het bloed te meten als verhoogd hs-CRP. In hoofdstuk 7 hebben we aangetoond dat een verhoogd 
hs-CRP in het bloed gerelateerd is aan een verhoogd risico op het overlijden door hart- en vaatziekten 
in patiënten met type 2 diabetes. 

In hoofdstuk 8 worden de bevindingen van dit proefschrift in perspectief geplaatst en de implicaties 
voor de dagelijkse praktijk besproken. 

9
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Dankwoord
Het is eindelijk zo ver! Het proefschrift is dan nu toch echt af! Het heeft even op zich laten wachten, 
maar het resultaat ligt er en daar ben ik ook erg trots op. In dit dankwoord wil ik daarom graag de ruimte 
nemen om iedereen te bedanken die een bijdrage heeft geleverd aan dit proefschrift. Hierbij wil ik een 
aantal mensen in het bijzonder noemen. 

Allereerst uiteraard mijn promotor Frank Visseren en co-promotor Jan Westerink. 

Prof. Dr. F.L.J. Visseren, beste Frank, graag wil ik je bedanken voor al je steun de afgelopen jaren en de 
begeleiding bij mijn traject. Ik heb ontzettend veel van deze periode geleerd en heb de ruimte gekregen 
om mij zowel wetenschappelijk als persoonlijk te ontwikkelen. Ik weet nog heel goed dat ik in het begin 
het erg spannend vond om mijn eerste versie van een manuscript op te sturen en het weer in het rood 
met opmerkingen er naast terug te krijgen. Gaandeweg heb ik daar enorm veel van geleerd en werd 
ik uitgedaagd om kritisch naar mijn eigen stukken te kijken. Bij mijn sollicatiegesprek weet ik nog dat 
je benoemde dat er bij de vasculaire geneeskunde, onderzoek op “Champions league” niveau werd 
uitgevoerd en dat was niet voor iedereen. Ik ben enorm blij en dankbaar om onderdeel te zijn geweest 
van deze onderzoeksgroep, wat mij nu een sterk wetenschappelijke basis heeft gegeven. Dit komt zeker 
van pas bij de ouderengeneeskunde waar er nog veel ruimte is voor wetenschap. Deelname aan de ESC 
in Rome was een kers op de taart, waar ik nog altijd erg mooie herinneringen aan heb. Dank voor al je 
begeleiding, adviezen en tips om dit proefschrift succesvol af te kunnen ronden.

Dr. J. Westerink, beste Jan, nadat mijn CETP avontuur in het lab toch niet veel vruchten ging afwerpen, 
mocht ik onder jouw begeleiding me verdiepen in de diabetes wereld. De samenwerking vond ik altijd 
erg prettig en jij hebt altijd het maximale uit mij weten te halen. Zonder jouw begeleiding en steun zou 
dit proefschrift er nu niet liggen. Een van mijn eerste indrukken van jou was: “Hoe kan iemand zoveel 
over zoveel onderwerpen weten?”. Ik heb gesprekken met je gehad van wetenschappelijk onderzoek, 
tot religie, series, tech-gadgets, ubuntu, noem maar op. Gezien we ook nog een mailwisseling om 1 uur 
‘s nachts hebben gehad, vroeg en vraag ik me nog steeds af waar jij de tijd vandaan haalt om overal over 
up-to-date te zijn. Ik heb daar veel respect voor en hoop ook zo up-to-date te zijn in mijn toekomstig vak-
gebied. Een van mijn favoriete herinneringen blijft toch ook één van de avonden tijdens het ESC in Rome. 
Ik denk dat je wel weet welke ik bedoel. Ik kan dit stuk in het dankwoord erg lang maken, maar ik hou het 
toch kort. Ik vind je oprecht één van de slimste en leukste mensen waarmee ik heb samen gewerkt. Ik wil 
je enorm bedanken voor al je steun, vertrouwen en begeleiding tijdens dit promotietraject.
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Leden van de beoordelingscommissie, prof. dr. M.L. Bots, prof. dr. G.J. de Borst, prof. dr. W.W. van 
Solinge, prof. dr. M.H. Emelot-Vonk en prof. dr. M. Nieuwdorp, bedankt voor jullie bereidheid om dit 
proefschrift te beoordelen. 

Uiteraard wil ik ook alle medeauteurs van de manuscripten in dit proefschrift hartelijk danken voor de 
waardevolle opmerkingen en feedback op de manuscripten. 

Dit proefschrift is mede mogelijk gemaakt door alle deelnemers van het SMART-cohort. Ik wil graag 
iedereen bedanken die heeft meegedaan en zich heeft ingezet voor het cohort. Ik wil ook alle mede-
werkers van de SMART-office bedanken voor hun samenwerking in de tijd dat ik SMART-studiearts was!

Ik wil ook graag alle collega’s van de Vasculaire Geneeskunde danken voor de prettige samenwerking. 
Beste Yolanda, Wilko, Stan, Gerben, Hendrina, Corien, en niet te vergeten Inge en Corina, bedankt voor 
de samenwerking!

Dan wil ik ook graag mijn collega vascu-onderzoekers bedanken voor de prettige samenwerking en 
leuke tijd samen! Beste Mariëtte, Rob, Joep, Maaike, Lotte, Lotte, Manon en Bas, bedankt voor jullie 
warme welkom in de groep en de mooie, leuke tijd samen. Joep, ik zal jouw office pranks en “trash-
can ball” nooit vergeten! Rob, bedankt voor de heerlijke etentjes die we gehad hebben bij jou. Lotte 
Koopal, ik vond het erg prettig samenwerken, helaas is er niet veel uit ons CETP avontuur gekomen. 
Lotte Kaasenbrood, jouw enthousiasme en vrolijkheid was altijd aanstekelijk. Bas, dank je wel voor 
de gezellige momenten en het opzetten van het hardloop clubje! Manon, Mais-non, dank je wel voor 
gezellige momenten en je behulpzaamheid. 

Beste Nico en Johanneke, Epi(c) fail buddies, we zijn ongeveer tegelijk gestart, dank jullie wel voor de 
gezelligheid en samenwerking! Johanneke, jij was degene die alles organiseerde en opzette, dank je 
wel voor alle leuke momenten samen. Ook bedankt voor het inbrengen van mediatie-analyse tijdens 
de journal club, hierdoor heb ik een mooi artikel uit kunnen halen! Nico, ik weet niet waar ik moet 
beginnen, maar wat hebben wij samen veel gelachen! Ik heb super veel leuke herinneringen aan onze 
tijd, bedankt daarvoor! 

Beste Monique, ik heb veel bewondering voor jouw arbeidsethos. Ook wil ik je bedanken voor de 
 gezellige momenten en het salsa dansen! Beste Tamar, Helena en Vivi (Queen V), ook jullie wil ik erg 
bedanken voor alle gezellige momenten. 
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Dan nog de Vascu-mannen groep, beste Guido, Gijs en Jonas, wat hebben wij toch een leuke tijd samen 
gehad. Bedankt voor de mooie mannen-avonden, koffiemomenten en samenwerking! Guido en Gijs, ik 
heb veel met jullie mogen lachen en een onvergetelijke reis naar Rome gehad met jullie als kamerge-
noten. Overdag naar de eerste praatjes op het congres, ‘s avonds een ander vol programma. Bedankt 
voor de mooie tijd samen!

Beste Maaike, door jou ben ik bij de vasculaire gekomen. Ik wil jou enorm bedanken voor je steun, 
samenwerking, gezellige momenten en niet te vergeten onze buitengewoon mooie vriendschap. We 
hebben elkaar leren kennen in het 3e jaar van geneeskunde en samen heel wat co-schappen door-
lopen. Ik ben erg blij dat we tot op de dag van vandaag nog steeds veel samen afspreken en leuke 
dingen doen. Karaoke zingen met jou blijft een favoriet en hoogtepunt! 

Beste Arno, wat ontzettend fijn dat je mijn paranimf wil zijn! Bedankt voor de gezelligheid, leuke  etentjes 
samen en je vriendschap de afgelopen jaren. 

Tot slot, wil ik nog al mijn vrienden en familie bedanken voor hun steun tijdens mijn promotie. Lieve 
mama en papa, dank jullie wel voor al jullie steun, niet alleen tijdens mijn promotie, maar ook  gedurende 
alles wat ik tot nu toe heb ondernomen. Jullie hebben altijd in me geloofd en mij uitgedaagd om het 
uiterste uit mijzelf te halen. Lieve Shahrzad, dank je wel voor al jouw steun en je hulp bij het ontwerp 
van mijn proefschrift! Lieve Shahram, dank je wel voor jouw steun en alle gesprekken die we samen 
hebben gehad. Onze gesprekken hebben mijn nieuwsgierigheid en daardoor interesse in promotie-
onderzoek aangewakkerd. Zoals Simon Sinek zegt: “start with why”. Lieve Suzan, dank je wel voor al je 
steun en aanmoedigingen die hebben geleid tot het succesvol afronden van mijn promotie.
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