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General Introduction
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Life expectancy in the Netherlands and much of the rest of the world has dramatically
increased and will continue to do so in the next decades.! Indeed, in 2013, 2.8 million people
in the Netherlands were aged 65 years or older, whereas in 2040, 4.7 million people will be
aged 65 years or older (26.5% of the total population).? Ageing is associated with a greatly
increased risk of vascular-related diseases of the heart and brain.>* These include coronary
heart disease, heart failure and stroke (cardiovascular diseases) and (vascular) dementia
and depression. These diseases pose an enormous burden to patients, their families and
health care systems and there is, thus, a growing need to understand their causes.
Investigation of such causes will help to identify targets for treatment and prevention
strategies. The present thesis represents an effort to investigate causes of cardiovascular
disease, cognitive impairment and depressive symptoms, with a focus on the (interrelated)
role of dysfunction of various elements of the vascular system (vascular dysfunction). This
includes dysfunction of large arteries (due to arterial stiffness), the microcirculation
(microvascular dysfunction) and endothelium (endothelial dysfunction). Emerging evidence
indicates that dysfunction of these various elements is an important pathway through which
ageing and other risk factors, such as type 2 diabetes and obesity, can lead to diseases of
both the heart and brain.>*

Organization of the vascular system

The vascular system branches out from a single large artery into the microvasculature,
which consists of a network of arterioles, capillaries and venules. The endothelium, a single,
continuous monolayer of endothelial cells, forms the inner layer of all blood vessels. The
endothelium is closely related to the microvasculature, because most (98%) of the
endothelium is located in the microcirculation.® The various elements of the vascular system
have different functions. Large arteries have two main functions: to deliver blood to tissues
according to their needs (conduit function) and to smooth flow pulsations imposed by the
intermittent contracting heart so that blood is directed through the microcirculation in a
steady stream (cushioning function).” The microcirculation, in turn, provides a large surface
area between the plasma compartment and tissue interstitium for the exchange of gases,
nutrients and metabolites. In addition, the microcirculation and endothelium are involved
in the regulation of many processes, including vasomotor tone, hemostatic balance, blood
cell trafficking and innate and adaptive immunity.%°

Adverse effects of vascular dysfunction: underlying mechanisms

Dysfunction of the various elements of the vascular system may lead to diseases of the heart
and brain via different, but interrelated, mechanisms. Arterial stiffness leads to an
impairment of the cushioning function of the arterial tree. As a consequence, pressure and
flow pulsatility increase, which can manifest as increased systolic blood pressure and
decreased coronary perfusion.1®1? Thereby, arterial stiffness can cause coronary heart
disease, heart failure and stroke.'° In addition, the increased pulsatile load transmits distally
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and may damage the microcirculation.'®* The brain may be especially vulnerable for this
increased load, as its microcirculation is characterized by low impedance, allowing the
pulsatile load to penetrate deeply into its microvascular bed.*** In addition, microvascular
and endothelial dysfunction, defined by an impairment of any of their functions,>!® are

7" Microvascular and

systemic phenomena involving vascular beds in various organs.
endothelial dysfunction can lead to end-organ damage of the heart and brain via, amongst
others, impairment of local tissue perfusion and blood-tissue barrier dysfunction.® In
addition, (large artery) endothelial dysfunction plays a key role in the process of

atherothrombosis.*®

Adverse effects of vascular dysfunction: missing links

Previous studies'®?® have shown a strong association between endothelial dysfunction, as
measured by brachial artery flow-mediated dilatation!®?° or endothelium-derived
circulating biomarkers,?"23 and, a higher cardiovascular event incidence. Furthermore, it has
been hypothesized that individuals with type 2 diabetes are particularly prone to the
detrimental effects of endothelial dysfunction on the development of cardiovascular
events.?*? However, no studies have evaluated interaction, with regard to incident
cardiovascular events, between type 2 diabetes and flow-mediated dilatation, a key
functional measure of endothelium-dependent, nitric oxide-mediated dilatation.?® From a
clinical point of view, detection of interaction is, however, important as this identifies key
therapeutic targets: interventions aimed at such risk factors are potentially more efficacious
than treatment of risk factors which do not interact.

In addition, previous meta-analyses?’?® have shown a strong association between greater
aortic stiffness, as measured by carotid-femoral pulse wave velocity, and a higher
cardiovascular event incidence and greater mortality risk. However, whether stiffness of
other parts of the arterial tree is also associated with incident cardiovascular events is
unknown. Evaluation of such associations is important, because stiffness is not uniform
along the arterial tree. There are substantial differences in properties between elastic (e.g.
carotid) and muscular (e.g. femoral and brachial) arteries. Stiffening of elastic and muscular

7,10

arteries may lead to cardiovascular events via different mechanisms”® and, therefore,

stiffness of these arteries may be differentially associated with cardiovascular events.

Arterial stiffness may also lead to microvascular dysfunction and damage in the brain.'>%*
This can manifest itself as cerebral small vessel disease,?® and may ultimately result in
cognitive impairment, including dementia.?®32 Neuroimaging markers of cerebral small
vessel disease include white matter hyperintensities, cerebral microbleeds, lacunar infarcts,
Virchow-Robin spaces and cerebral atrophy.3® The strength of the association between
arterial stiffness and markers of cerebral small vessel disease and cognitive impairment is,
however, still a matter of debate. In addition, it has been suggested3*3> that cerebral
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microvascular damage can lead to depression via disruption of deep and frontal brain
structures or their connecting pathways involved in mood regulation, in particular in older
individuals (vascular depression hypothesis). However, this hypothesis is controversial.3®
Longitudinal data on the association between markers of cerebral small vessel disease and
incident depressive symptoms are limited and inconsistent. Furthermore, the association
between arterial stiffness and depressive symptoms and the potential mediating role of
cerebral small vessel disease therein are yet to be determined.

Finally, it has been hypothesized that arterial stiffness leads to generalized microvascular
dysfunction, i.e. dysfunction not limited to microvascular beds characterized by low
impedance, such as the cerebral microcirculation.3” Such a phenomenon, if it exists, may
explain the association between arterial stiffness and different diseases, including
peripheral neuropathy,®® type 2 diabetes,*® and osteoporosis.*® However, evidence of an
association between arterial stiffness and markers of generalized microvascular dysfunction
is lacking. The skin microcirculation is a representative vascular bed to examine generalized

41

microvascular phenomena.*! The association between arterial stiffness and skin

microvascular dysfunction is, however, unknown.

Cohort studies used in this thesis

In this thesis, data are used of four cohort studies: The Hoorn Study, The Age,
Gene/Environment Susceptibility (AGES)-Reykjavik Study, The Maastricht Study and The
SUpplemenation en Vitamines et Mineraux AntioXydants 2 (SUVIMAX2) Study. The Hoorn
Study is a population-based cohort study of glucose metabolism and cardiovascular risk
among the inhabitants of the municipality of Hoorn in the Netherlands.*?® For the present
thesis, baseline and follow-up data are used of The 2000 Hoorn Study examination
(n=648).%2 The AGES-Reykjavik Study is a population-based cohort study originating from
The Reykjavik Study.** From 2002 to 2006, 5,764 individuals were examined, randomly
chosen from survivors of The Reykjavik Study. From 2007 to 2011 a follow-up examination
was done in 3,316 of all surviving participants who agreed to participate. For the present
thesis, data are used of individuals whom participated in both the baseline and follow-up
examinations (n=2,058). The Maastricht Study is an ongoing population-based cohort study
that focuses on the etiology and pathophysiology of type 2 diabetes and the development
of other chronic diseases in the general population.* The Maastricht Study aims to include
10,000 participants from the southern part of the Netherlands. The present thesis includes
data from the first 866 participants, whom completed the baseline survey between
November 2010 and March 2012. Finally, The SUVIMAX Study (n=12,749) was a prevention
trial designed to investigate the effect of antioxidant supplementation on cardiovascular
disease and cancer, and was conducted in France between 1994 and 2002.¢ In 2006 to
2007, 7,200 participants of The SUVIMAX trial participated in The SUVIMAX2 Study, an
observational prospective cohort study on diet and ageing. In the present thesis, data are
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used of a subset of 291 individuals of The SUVIMAX2 Study, without type 2 diabetes,
hypertension and cardiovascular disease, whom underwent measurements on arterial
stiffness and skin microvascular function.*’

Outline of this thesis
Figure 1.1 summarizes the investigated associations in this thesis (see below).

In chapter two, we investigated, in The Hoorn Study, the association between endothelial
dysfunction and incident cardiovascular events, and investigated whether any such
association was stronger in individuals with type 2 diabetes, impaired glucose metabolism
or insulin resistance as compared to individuals with normal glucose metabolism or normal
insulin sensitivity.

In chapter three, we investigated, in The Hoorn Study, the association between, on the one
hand, multiple arterial stiffness indices (i.e. carotid, femoral and brachial artery stiffness,
carotid-femoral pulse wave velocity, systematic arterial compliance and aortic
augmentation index) and, on the other, incident cardiovascular events and all-cause
mortality.

In chapter four, we conducted a systematic review and meta-analyses based on aggregate
and individual participant data. We evaluated the association between carotid stiffness and
incident cardiovascular events and mortality, and evaluated whether any such associations
were independent of carotid-femoral pulse wave velocity. In addition, we quantified the
incremental value of carotid stiffness for cardiovascular risk prediction beyond Framingham
risk score factors and carotid-femoral pulse wave velocity.

In chapter five, we conducted a systematic review and an aggregate data meta-analysis of
the association between, on the one hand, arterial stiffness and, on the other, markers of
cerebral small vessel disease and cognitive impairment.

In chapter six, we investigated, in The AGES-Reykjavik Study, the longitudinal association
between markers of cerebral small vessel disease and incident depressive symptoms.

In chapter seven, we investigated, in The AGES-Reykjavik Study, the association between
arterial stiffness and depressive symptoms, and additionally investigated whether any such
association was mediated by cerebral small vessel disease.

In chapter eight, we investigated, in The Hoorn Study, the association between endothelial
dysfunction and depressive symptoms.

In chapter nine, we investigated the association between arterial stiffness and skin
microvascular function. For this chapter, data were used of both The SUVIMAX2 Study and
The Maastricht Study.
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Finally, in chapter ten we discussed the key findings of the present thesis and their clinical
implications. In addition, methodological considerations and directions for future research
were addressed.

Endothelial dysfunction Arterial stiffness 9P Skin microvascular

5,7

~a

8 3,4 7 Cerebral small 5
vessel disease
/\ /
6,7
v v ¥ v

Cardiovascular events Depressive symptoms Cognitive impairment

function

Figure 1.1. Schematic representation of the investigated associations in the present thesis.
Numbers indicate corresponding chapters.



14 | Chapter 1

References

1. Vaupel JW. Biodemography of human ageing. Nature. 2010;464:536-542.

2. Prognose bevolking kerncijfers, 2012-2060. Centraal Bureau voor de Statistiek. 2012.

3. Lakatta EG, Levy D. Arterial and cardiac aging: major shareholders in cardiovascular disease enterprises:
Part I: aging arteries: a "set up" for vascular disease. Circulation. 2003;107:139-146.

4, Lakatta EG, Levy D. Arterial and cardiac aging: major shareholders in cardiovascular disease enterprises:
Part II: the aging heart in health: links to heart disease. Circulation. 2003;107:346-354.

5. Stehouwer CD, Henry RM, Ferreira I. Arterial stiffness in diabetes and the metabolic syndrome: a
pathway to cardiovascular disease. Diabetologia. 2008;51:527-539.

6. Wolinsky H. A proposal linking clearance of circulating lipoproteins to tissue metabolic activity as a basis
for understanding atherogenesis. Circ Res. 1980;47:301-311.

7. Nichols WW, O'Rourke MF, Vlachopoulos C. McDonald's blood flow in arteries: Theoretical,
Experimental and Clinical Principles, 6th edition. London: Hodder Arnold; 2011.

8. Aird WC. Phenotypic heterogeneity of the endothelium: Il. Representative vascular beds. Circ Res.
2007;100:174-190.

9. Aird WC. Phenotypic heterogeneity of the endothelium: I. Structure, function, and mechanisms. Circ
Res. 2007;100:158-173.

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

11. Kaess BM, Rong J, Larson MG, et al. Aortic stiffness, blood pressure progression, and incident
hypertension. JAMA. 2012;308:875-881.

12. Weisbrod RM, Shiang T, Al Sayah L, et al. Arterial stiffening precedes systolic hypertension in diet-
induced obesity. Hypertension. 2013;62:1105-1110.

13. Mitchell GF. Effects of central arterial aging on the structure and function of the peripheral vasculature:
implications for end-organ damage. J Appl Physiol (1985). 2008;105:1652-1660.

14. O'Rourke MF, Safar ME. Relationship between aortic stiffening and microvascular disease in brain and
kidney: cause and logic of therapy. Hypertension. 2005;46:200-204.

15. Schalkwijk CG, Stehouwer CD. Vascular complications in diabetes mellitus: the role of endothelial
dysfunction. Clin Sci (Lond). 2005;109:143-159.

16. Muris DM, Houben AJ, Schram MT, Stehouwer CD. Microvascular dysfunction: an emerging pathway in
the pathogenesis of obesity-related insulin resistance. Rev Endocr Metab Disord. 2013;14:29-38.

17. Vita JA. Endothelial function. Circulation. 2011;124:€906-912.

18. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N Engl J Med. 2005;352:1685-
1695.

19. Yeboah J, Crouse JR, Hsu FC, Burke GL, Herrington DM. Brachial flow-mediated dilation predicts incident
cardiovascular events in older adults: the Cardiovascular Health Study. Circulation. 2007;115:2390-
2397.

20. Yeboah J, Folsom AR, Burke GL, et al. Predictive value of brachial flow-mediated dilation for incident
cardiovascular events in a population-based study: the multi-ethnic study of atherosclerosis.
Circulation. 2009;120:502-509.

21. Blankenberg S, Rupprecht HJ, Bickel C, et al. Circulating cell adhesion molecules and death in patients
with coronary artery disease. Circulation. 2001;104:1336-1342.

22. Empana JP, Sykes DH, Luc G, et al. Contributions of depressive mood and circulating inflammatory
markers to coronary heart disease in healthy European men: the Prospective Epidemiological Study of
Myocardial Infarction (PRIME). Circulation. 2005;111:2299-2305.

23. Jager A, van Hinsbergh VW, Kostense PJ, et al. von Willebrand factor, C-reactive protein, and 5-year
mortality in diabetic and nondiabetic subjects: the Hoorn Study. Arterioscler Thromb Vasc Biol.
1999;19:3071-3078.

24, de Jager J, Dekker JM, Kooy A, et al. Endothelial dysfunction and low-grade inflammation explain much
of the excess cardiovascular mortality in individuals with type 2 diabetes: the Hoorn Study. Arterioscler
Thromb Vasc Biol. 2006;26:1086-1093.

25. Frankel DS, Meigs JB, Massaro JM, et al. Von Willebrand factor, type 2 diabetes mellitus, and risk of
cardiovascular disease: the framingham offspring study. Circulation. 2008;118:2533-2539.

26. Flammer AJ, Anderson T, Celermajer DS, et al. The assessment of endothelial function: from research

into clinical practice. Circulation. 2012;126:753-767.



27.

28.

29.

30.

31

32.

33.

34,

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Introduction | 15

Ben-Shlomo Y, Spears M, Boustred C, et al. Aortic pulse wave velocity improves cardiovascular event
prediction: an individual participant meta-analysis of prospective observational data from 17,635
subjects. J Am Coll Cardiol. 2014; 25:636-646

Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of cardiovascular events and all-cause mortality
with arterial stiffness: a systematic review and meta-analysis. J Am Coll Cardiol. 2010;55:1318-1327.
Wardlaw JM, Smith C, Dichgans M. Mechanisms of sporadic cerebral small vessel disease: insights from
neuroimaging. Lancet Neurol. 2013;12:483-497.

Mitchell GF, van Buchem MA, Sigurdsson S, et al. Arterial stiffness, pressure and flow pulsatility and
brain structure and function: the Age, Gene/Environment Susceptibility--Reykjavik study. Brain.
2011;134:3398-3407.

Tsao CW, Seshadri S, Beiser AS, et al. Relations of arterial stiffness and endothelial function to brain
aging in the community. Neurology. 2013;81:984-991.

Hanon O, Haulon S, Lenoir H, et al. Relationship between arterial stiffness and cognitive function in
elderly subjects with complaints of memory loss. Stroke. 2005;36:2193-2197.

Wardlaw JM, Smith EE, Biessels GJ, et al. Neuroimaging standards for research into small vessel disease
and its contribution to ageing and neurodegeneration. Lancet Neurol. 2013;12:822-838.

Alexopoulos GS, Meyers BS, Young RC, Campbell S, Silbersweig D, Charlson M. 'Vascular depression'
hypothesis. Arch Gen Psychiatry. 1997;54:915-922.

Krishnan KR, Hays JC, Blazer DG. MRI-defined vascular depression. Am J Psychiatry. 1997;154:497-501.
Newson RS, Hek K, Luijendijk HJ, Hofman A, Witteman JC, Tiemeier H. Atherosclerosis and incident
depression in late life. Arch Gen Psychiatry. 2010;67:1144-1151.

Mitchell GF, Vita JA, Larson MG, et al. Cross-sectional relations of peripheral microvascular function,
cardiovascular disease risk factors, and aortic stiffness: the Framingham Heart Study. Circulation.
2005;112:3722-3728.

Kim ES, Moon SD, Kim HS, et al. Diabetic peripheral neuropathy is associated with increased arterial
stiffness without changes in carotid intima-media thickness in type 2 diabetes. Diabetes Care.
2011;34:1403-1405.

Yasuno S, Ueshima K, Oba K, et al. Is pulse pressure a predictor of new-onset diabetes in high-risk
hypertensive patients?: a subanalysis of the Candesartan Antihypertensive Survival Evaluation in Japan
(CASE-)) trial. Diabetes Care. 2010;33:1122-1127.

Giallauria F, Ling SM, Schreiber C, et al. Arterial stiffness and bone demineralization: the Baltimore
longitudinal study of aging. Am J Hypertens. 2011;24:970-975.

Holowatz LA, Thompson-Torgerson CS, Kenney WL. The human cutaneous circulation as a model of
generalized microvascular function. J Appl Physiol (1985). 2008;105:370-372.

Henry RM, Kostense PJ, Spijkerman AM, et al. Arterial stiffness increases with deteriorating glucose
tolerance status: the Hoorn Study. Circulation. 2003;107:2089-2095.

Mooy JM, Grootenhuis PA, de Vries H, et al. Prevalence and determinants of glucose intolerance in a
Dutch caucasian population. The Hoorn Study. Diabetes Care. 1995;18:1270-1273.

Harris TB, Launer LJ, Eiriksdottir G, et al. Age, Gene/Environment Susceptibility-Reykjavik Study:
multidisciplinary applied phenomics. Am J Epidemiol. 2007;165:1076-1087.

Schram MT, Sep SJ, van der Kallen CJ, et al. The Maastricht Study: an extensive phenotyping study on
determinants of type 2 diabetes, its complications and its comorbidities. Eur J Epidemiol. 2014;29:439-
451.

Hercberg S, Galan P, Preziosi P, et al. The SU.VI.MAX Study: a randomized, placebo-controlled trial of
the health effects of antioxidant vitamins and minerals. Arch Intern Med. 2004;164:2335-2342.

Karatzi K, Protogerou A, Kesse-Guyot E, et al. Associations between dietary patterns and skin
microcirculation in healthy subjects. Arterioscler Thromb Vasc Biol. 2014;34:463-469.






Chapter 2

Endothelial dysfunction plays a key role
in increasing cardiovascular event risk in

_type 2 diabetes: The Hoorn Study

TT van Sloten, RMA Henry, JM Dekker, G Nijpels, T Unger, MT Schram,
CDA Stehouwer

Hypertension 2014; 64: 1299-1305




18 | Chapter 2

Abstract

Background

In the pathogenesis of cardiovascular events, interaction between risk factors has seldom
been identified. However, endothelial dysfunction on the one hand and type 2 diabetes,
impaired glucose metabolism and insulin resistance on the other may act synergistically (i.e.
interact) in the development of cardiovascular disease. We therefore investigated the
interaction between endothelial dysfunction and type 2 diabetes, impaired glucose
metabolism and insulin resistance with regard to risk of cardiovascular events.

Methods

In a prospective population-based cohort (n=445; mean age 69 years; 55% women; 23%
type 2 diabetes, and 28% impaired glucose metabolism (by design)), endothelial dysfunction
(brachial artery flow-mediated dilatation), glucose tolerance (oral glucose tolerance test)
and insulin sensitivity (homeostasis model assessment for insulin resistance, HOMAZ2-IR)
were determined.

Results

After a median follow-up of 7.6 years, 106 participants had had a cardiovascular event. After
adjustments, one standard deviation less flow-mediated dilatation was associated with
cardiovascular events in type 2 diabetes (hazard ratio 1.69 [95% confidence interval 1.14 to
2.52]) and impaired glucose metabolism (1.50 [0.95 to 2.37]), and among those in the
highest HOMA2-IR tertile (1.92 [1.42 to 2.60]), but not in normal glucose metabolism (0.85
[0.63 to 1.16]) or among those in the lower two HOMA2-IR tertile tertiles combined (0.85
[0.65 to 1.12]). Interaction between flow-mediated dilatation and type 2 diabetes, impaired
glucose metabolism or insulin resistance was present on an additive (relative excess risk due
to interaction >0) and a multiplicative scale (P-interaction <.05).

Conclusion

Endothelial dysfunction and type 2 diabetes, impaired glucose metabolism or insulin
resistance synergistically increase cardiovascular event risk. This identifies endothelial
dysfunction as a key therapeutic target in these individuals.
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Introduction

In the pathogenesis of cardiovascular (CV) events, true interaction (i.e. synergy) between
risk factors appears rare, i.e. most studies find that risk factors act, and thus increase CV
event risk, independently of each other.’ However, it has been hypothesized that
individuals with type 2 diabetes mellitus (DM2) are particularly prone to the detrimental
effects of endothelial dysfunction,® a key mechanism in the pathogenesis of
atherothrombosis, and that this may explain the increased CV events risk in DM2. If true,
this implies that DM2 and endothelial dysfunction interact with regard to the pathogenesis
of CV events. That is, DM2 and endothelial dysfunction may act more strongly in the
presence of the other variable than in its absence. From a clinical point of view, detection
of interaction between risk factors is important as this identifies key therapeutic targets:
interventions aimed at such risk factors are potentially more efficacious than treatment of
risk factors which do not interact.

The mechanism that may underlie this phenomenon is a bidirectional association between
endothelial dysfunction and DM2, in which endothelial dysfunction may act as both cause®’
and consequence®® of DM2. On the one hand, DM2 leads to endothelial dysfunction via,
amongst others, formation of advanced glycation end products (AGEs), intra-endothelial
accumulation of glucose and increased oxidative stress.®® On the other hand, endothelial
dysfunction causes or aggravates DM2 by impairing the timely access of glucose and insulin
to their target tissues.” Consequently, a vicious circle may exist between endothelial
dysfunction and DM2. In addition, DM2 may amplify the detrimental effects of endothelial
dysfunction on atherothrombosis via multiple pathways, including (mitochondrial)
overproduction of reactive oxygen species, low-grade inflammation and increased
procoagulant activity and platelet aggregation.® Similar mechanisms may be operative in
individuals with impaired glucose metabolism (IGM; i.e. impaired fasting glucose and/or
impaired glucose tolerance) or with insulin resistance but with normal glucose tolerance, in
whom an increased risk of CV events is also apparent.’%!?

If the above hypothesis is correct, then the co-occurrence of endothelial dysfunction and
DM2 will increase CV event risk more than expected on the basis of the presence of these
processes alone. This phenomenon is called causal interaction or interaction on an additive
scale,'!3 and can be formally tested in observational data through the calculation of the
relative excess risk due to interaction (RERI).?

To date, two previous studies, an earlier report of The Hoorn Study* and The Framingham
Offspring Study,” have evaluated the joint effects of endothelial dysfunction, as determined
by plasma biomarkers, and DM2 on incident CV events. In agreement with the above
hypothesis, these studies showed that endothelial dysfunction was most strongly
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associated with incident CV events in individuals with DM2 as compared to those without
DM2. However, these studies did not evaluate causal interaction (i.e. interaction on an
additive scale). In addition, these studies did not measure flow-mediated dilatation (FMD),
a key functional measure of endothelium-dependent, nitric oxide (NO)-mediated
dilatation.'

In view of the above, we investigated, in a general elderly population, the association
between endothelial dysfunction, as determined by FMD, and incident CV events, and
formally tested, for the first time, whether any such association was stronger in individuals
with DM2, IGM and/or insulin resistance as compared to individuals with normal glucose
metabolism (NGM) or normal insulin sensitivity (i.e. the presence of causal interaction).

Methods

Study design

For the present study, we used data from The 2000 Hoorn Study follow-up examination.
The Hoorn Study is a population-based cohort study of glucose metabolism and CV risk
among inhabitants of the municipality of Hoorn in the Netherlands. Details of the study
have been described elsewhere.*%%> The Hoorn Study was approved by the Ethical Review
Committee of the VU University Medical Centre. Informed consent was obtained from all
participants.

Brachial artery FMD
A detailed description of the measurement of FMD and nitroglycerin-mediated dilatation
(NMD) is provided in the supplemental material.

Determination of glucose metabolism and insulin resistance status

All participants, except those with previously diagnosed diabetes, underwent a standard
75-g oral glucose tolerance test and were classified as having either NGM, IGM or DM2
according to the 1999 World Health Organization criteria.'® Insulin resistance was estimated
using the homeostasis model assessment for insulin resistance (HOMA2-IR) calculator
(www.dtu.ox.ac.uk).

Other measurements
CV risk factors and prior cardiovascular disease (CVD) were assessed as described
previously. #1415
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Follow-up

Follow-up was complete until January 1, 2009. Information on CV morbidity and mortality
was extracted from medical records of general practitioners and the local hospital, and
classified according to the International Classification of Disease (9t edition; ICD-9). We
defined incident CV events (non-fatal and fatal combined) as ICD-9 codes: 410-414
(coronary heart disease, CHD), 427-428 (heart failure), 431-438 (cerebrovascular disease),
440-443 (arterial disease), 798 (sudden death), and ICD-9 clinical modification code 36
(coronary arterial procedures). Data on the participants’ vital status were collected from
the municipal population register. We determined for each participant whether or not
death had occurred during follow-up, and if so, the date when death occurred.

Statistical analysis

All analyses were performed with R statistical software (version 2.15.2). For insulin
resistance status, individuals were classified by the highest HOMA2-IR tertile vs. the lower
tertiles combined. The lower tertiles were combined, because results for these tertiles did
not materially differ from each other in all analyses (i.e. there was a non-linear interaction
between FMD and HOMAZ2-IR levels, see below). In all analyses, FMD was adjusted for
baseline diameter, flow increase after cuff release and NMD. Results were adjusted for
NMD, a measure of endothelial-independent vasodilatation, because less FMD may be due
to impaired endothelial and/or endothelial-independent (smooth muscle cell) function.*
Cox proportional hazard models were used to estimate the association between FMD and
incident CV events. First, the association between FMD and CV events was evaluated in the
total study population. This association was adjusted for age and sex (cohort stratifying
variables, model 1); and additionally for prior CVD, body mass index (BMI), total/HDL
cholesterol, triglycerides, hypertension, estimated glomerular filtration rate (eGFR),
physical activity, smoking habits, the use of anti-hypertensive and lipid-lowering medication
(potential confounders, model 2); glucose metabolism status (i.e. DM2, IGM and NGM)
(model 3); and insulin resistance status (i.e. highest HOMA2-IR tertile and lower two tertiles
combined) (model 4). Second, analyses were repeated after stratification for glucose
metabolism or insulin resistance status. Third, we investigated the presence of potentially
causal interactions on an additive scale (i.e. when risk factors act synergistically in causing
disease®3). In Cox regression analysis, however, statistical interaction is exponential and,
therefore, multiplicative. To nevertheless evaluate the presence of additive interaction, we
calculated the RERI.* RERI represents the risk that is in excess of what would be expected
if there had been no additive interaction. A RERI >0 indicates positive additive interaction.'?
In these analyses, adjustments were made for the same sets of potential confounders as
described for the Cox regression models. Confidence intervals of the RERI were estimated
by using a bootstrap method with 10,000 samples.? Finally, we also calculated the presence
of any multiplicative interaction by adding, to our Cox regression models, product terms
between FMD and DM2, IGM and insulin resistance.
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Results

Study population

Of the 648 participants, qualitatively sufficient ultrasound examinations were obtained in
492 individuals. Data were missing for logistical reasons (n=49) and poor definition of the
arterial wall due to obesity (n=107). In addition, participants were excluded when data on
glucose metabolism status (n=8) or CV event follow-up were missing (n=39; of whom 6 had
moved out of town and could not be contacted; and 33 did not give permission to access
their medical files or to contact their general practitioner). Thus, 445 participants were
eligible for the present analyses. Individuals without follow-up data did not differ from the
study population (data not shown).

Clinical characteristics

Table 2.1 shows the baseline characteristics of the study population according to CV event
status. The median duration of follow-up was 7.6 years (range 0.2 to 8.9). A total of 106
participants (42 NGM, 33 IGM, 31 DM2) had a CV event, 12 (11.3%) of which were fatal. A
total of 48 participants had a CHD event (16 NGM, 19 IGM, 13 DM2), 35 had a
cerebrovascular event (16 NGM, 10 IGM, 9 DM2) and 23 had a CV event other than a CHD
or cerebrovascular event (e.g. peripheral arterial disease or heart failure). The incidence
rate of CV events was 3.1% per year. Individuals with an incident CV event were older and
more often men. In addition, these individuals suffered more often from DM2, had greater
insulin resistance as determined by HOMAZ2-IR and a less favorable CV risk profile (Table
2.1). In addition, individuals with a CV event had less FMD, a smaller baseline diameter and
a lower flow increase after cuff release (Table 2.1).

Association between FMD and incident CV events

Multivariable cox regression analysis showed that FMD was not significantly associated with
incident CV events in the overall population (Table 2.2, models 1 to 4). However, when the
analyses were repeated stratified according to glucose metabolism or insulin resistance
status, the results showed that, after adjustment for potential confounders, less FMD was
associated with CV events in individuals with DM2 and IGM, but not in individuals with NGM
(Table 2.2, model 2; also illustrated in Figure 2.1, panel A). Similarly, less FMD was
associated with CV events among those in the highest HOMA2-IR tertile, but not among
those in the lower two tertiles combined (Table 2.2, model 2; also illustrated in Figure 2.1,
panel B). These results did not materially change when we additionally adjusted glucose
metabolism and insulin resistance status for each other (models 3).
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Table 2.1. Clinical characteristics of the study population at baseline according to incident cardiovascular event

status

Participants without a
cardiovascular event

n=339 (76.2%)

Participants with
a cardiovascular event

n=106 (23.8%)

General characteristics
Age (years)
Women
Smoking habits
Current smoker
Former smoker
Non-smoker
Physical activity (MET hours / week)
Prior cardiovascular disease
Glucose metabolism status
Type 2 diabetes
Impaired glucose metabolism
Normal glucose metabolism
Insulin resistance status
HOMA2-IR
HOMAZ2-IR tertile 3
HOMAZ2-IR tertile 2
HOMAZ2-IR tertile 1
Body mass index (kg/m?)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Hypertension
HbA1c (mmol/mol)
HbAlc (%)
Total cholesterol (mmol/L)
LDL cholesterol (mmol/L)
HDL cholesterol (mmol/L)
Triglycerides (mmol/L)
Estimated glomerular filtration rate (ml/min/1.73 m?)
(Micro)albuminuria (albumin/creatinine ratio >2 mg/mmol)
Medication use
Lipid-lowering medication
Anti-hypertensive medication
Flow-mediated dilatation
Flow-mediated dilatation (mm)
Flow-mediated percentage change in diameter (%)
Baseline diameter (mm)
Flow increase after cuff release (%)
Flow increase after cuff release (cm/s)

68.5+6.2
55.5

10.9
44.0
45.1

82 (49-128)
47.5

20.9
26.8
523

1.00 (0.80-1.50)
31.0
38.8
30.2

26.7+3.3
14120
82+11
62.8
41+7
59+0.7
58+1.0
3.7£0.9
1.5+0.4
1.2(0.9-1.7)
62.7 +10.0
10.9

12.4
28.9

0.19+0.15
43+3.7

4.59 £0.75
91+45
11.3+6.0

714+6.1
35.8

21.7
49.1
29.2

77 (48-125)
63.2

29.2
31.1
39.7

1.20(0.80-1.63)
37.3
31.4
313
27.2+3.4
148 +21
83+11
79.2
44+9
6.2+0.8
58+1.1
3.8+0.9
1.3+04
1.4(1.1-1.8)
60.2+11.0
20.0

19.8
443

0.14+0.20
3.1+40

4.83 +£0.69
7940
9.6 +4.8

Values are %, mean + SD or median (interquartile range).

HOMA2-IR = homeostasis model assessment for insulin resistance; HbAlc = glycated hemoglobin; LDL = low density
lipoprotein; HDL = high density lipoprotein; MET = metabolic equivalent of task.
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Figure 2.1. Associations of flow-mediated dilatation with incident cardiovascular events stratified according to
glucose metabolism status (type 2 diabetes mellitus (DM2), impaired glucose metabolism (IGM) and normal
glucose metabolism (NGM)) (panel A) and insulin resistance status (HOMAZ2-IR tertiles) (panel B). All results are
adjusted for potential confounders (see text). Solid lines indicate estimated effect; dashed lines indicate
corresponding 95% confidence intervals.

Interaction analyses

When the analyses were repeated to test for additive interaction between FMD and glucose
metabolism status, the results showed that, after adjustment for potential confounders, the
RERI, per one standard deviation (SD) less FMD, was 0.64 (95% confidence interval -0.35 to
1.32) for DM2 vs. NGM and 0.68 (-0.07 to 1.93) for IGM vs. NGM, respectively (Table 2.2,
model 2). This means that the HRs for incident CV events in DM2 and IGM were, per one SD
less FMD, 0.64 and 0.68 higher, respectively, than if there had been no interaction between
FMD and DM2 or IGM. Similarly, the RERI, per one SD less FMD, was 0.73 (0.30 to 1.34) for
the highest HOMA2-IR tertile vs. the lower two tertiles combined (Table 2.2, model 2).

When the analyses were repeated to test for multiplicative interaction, the results showed
that, after adjustment for potential confounders, the HRs, per one SD less FMD, for the
product terms between FMD and DM2 or IGM vs. NGM were 1.96 (1.21 to 3.17) and 1.76
(1.03 to 2.98), respectively (Table 2.2, model 2). This means that the HRs for incident CV
events in DM2 and IGM were, per one SD less FMD, 1.96 and 1.76 times higher, respectively,
than if there had been no multiplicative interaction between FMD and DM2 or IGM.
Similarly, the HR, per one SD less FMD, for the product terms between FMD and the highest
HOMAZ2-IR tertile vs. the lower two tertiles combined was 2.25 (1.53 to 3.32) (Table 2.2,
model 2). These results did not materially change when we additionally adjusted glucose
metabolism and insulin resistance status for each other (models 3).
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Table 2.2. Association between flow-mediated dilatation and incident cardiovascular events: analyses in the
total study population and stratified analyses (A), and interaction analyses with glucose metabolism and insulin
resistance status (B)

Models (A) Analyses in the total study (B) Interaction analyses
population and stratified analyses
Additive scale Multiplicative scale
HR (95% CI)* RERI (95% CI)* HR of product terms
(95% Cl)*
Total study population
Model 1 1.31(1.01; 1.70) - -
Model 2 1.18 (0.89; 1.55) - -
Model 3a 1.19 (0.90; 1.57) - -
Model 3b 1.18 (0.88; 1.57) - -

Glucose metabolism status (DM2, IGM and NGM)

Model1  DM2 1.56 (1.13; 2.17) DM2vs. NGM  0.69 (-0.34; 1.87) 1.61 (1.03; 2.53)
IGM 1.49 (0.97; 2.29) IGM vs. NGM 0.68 (-0.17; 1.98) 1.54 (0.92; 2.59)
NGM 0.96 (0.68; 1.36)

Model 2 DM2 1.69 (1.14; 2.52) DM2 vs. NGM 0.64 (-0.35; 1.32) 1.96 (1.21; 3.17)
IGM 1.50 (0.95; 2.37) IGM vs. NGM 0.68 (-0.07; 1.93) 1.76 (1.03; 2.98)
NGM 0.85 (0.63; 1.16)

Model 3b DM2 1.73 (1.14; 2.62) DM2 vs. NGM 0.74 (-0.45; 1.57) 2.03 (1.23; 3.33)
IGM 1.57 (0.96; 2.57) IGMvs. NGM  0.76 (-0.01; 2.06) 1.88 (1.07; 3.30)
NGM 0.84 (0.61; 1.14)

Insulin resistance status (HOMAZ2-IR tertiles)

Model 1 T3 1.70 (1.32; 2.20) T3 vs. T1-28 0.79 (0.37; 2.01) 1.75(1.21; 2.51)
T1-2¢ 0.98 (0.73; 1.30)

Model 2 T3 1.92 (1.42; 2.60) T3 vs. T1-28 0.73 (0.30; 1.34) 2.25(1.53; 3.32)
T1-2¢ 0.85 (0.65; 1.12)

Model3a T3 1.93 (1.42; 2.62) T3vs. T1-28 0.73 (0.30; 1.39) 2.25 (1.52; 3.32)
T1-2¢ 0.86 (0.65; 1.12)

Model 1: adjusted for age, sex, baseline diameter, flow increase after cuff release and nitroglycerin-mediated
dilatation; model 2: model 1 plus prior cardiovascular disease, body mass index, total/HDL cholesterol,
triglycerides, hypertension, estimated glomerular filtration rate, physical activity, smoking habits, the use of anti-
hypertensive and lipid-lowering medication; model 3a: model 2 plus glucose metabolism status; model 3b: model
2 plus insulin resistance status.

A Hazard ratios (HRs) and relative excess risk due to interactions (RERIs) are indicated per 1 SD (0.17 mm) less flow-
mediated dilatation. RERI >0 indicates the presence of positive additive interaction, and HR of product term >1
indicates positive multiplicative interaction.

B Lower two HOMA2-IR tertiles were combined, because these tertiles did not materially differ in the analyses.

Cl = confidence interval; DM2 = type 2 diabetes; IGM = impaired glucose metabolism; NGM = normal glucose
metabolism; HOMAZ2-IR = homeostasis model assessment for insulin resistance; T = tertile.
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Additional analyses

There was no additive or multiplicative interaction between FMD and HbAlc, fasting or
postload glucose in the association with CV events (data not shown). In addition, the results
of the interaction analyses between FMD and DM2, IGM and insulin resistance did not
materially change when we additionally adjusted for HbAlc, fasting or postload glucose
(data not shown).

All analyses were then repeated with incident CV events as the outcome, but with incident
heart failure (n=9) excluded from the definition of CV events. The results of these analyses
were qualitatively similar to the analyses with total incident CV events as the outcome (see
supplemental material, Table S2.1)

Next, all analyses were repeated with all-cause mortality as outcome. These analyses
showed that FMD was not associated with all-cause mortality. In addition, there was no
additive or multiplicative interaction between FMD and DM2, IGM or insulin resistance in
the association with all-cause mortality (see supplemental material, Table S2.2).

Endothelial function is closely linked to low-grade inflammation. Any association of
endothelial dysfunction with incident CV events and/or mortality may, thus, be dependent
on low-grade inflammation. We therefore determined circulating biomarkers of low-grade
inflammation (high-sensitivity C-reactive protein, serum amyloid A, interleukin-6,
interleukin-8, tumor necrosis factor-a. and soluble intracellular adhesion molecule-1), and
constructed a summarizing low-grade inflammation Z-score as described previously.'’
When we additionally adjusted the results for this Z-score, results did not materially change
(data not shown).

Estimation of insulin resistance based on HOMA2-IR may be less accurate in individuals
treated with insulin.®® When we excluded these individuals (n=10) from the analyses,
however, results did not materially change (data not shown).

The associations between FMD and incident CV events may differ according to the presence
of prior CVD. However, no interaction was observed on an additive (RERI -0.17 [-1.09 to
0.74]) or a multiplicative scale (HR for the product term between FMD and prior CVD vs. no
prior CVD was 0.82 [0.50 to 1.33]).

Finally, the associations between FMD and incident CV events may differ according to DM2
duration. However, no interaction was observed on an additive (RERI -0.03 (-0.25 to 0.32))
or a multiplicative scale (HR for the product term between FMD and DM2 duration was 0.96
(0.90 to 1.04).
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Discussion

This population-based study is the first that formally tests the joint effect, on incident CV
events, of FMD on the one hand and DM2, IGM and insulin resistance on the other. We
observed that FMD was most strongly associated with CV events in individuals with DM2 or
insulin resistance, less strongly in IGM and not associated with incident CV events in
individuals with NGM or normal insulin sensitivity. Importantly, the increased CV events risk
of the joint effect of endothelial dysfunction and DM2, IGM or insulin resistance was greater
than what would have been expected had the effect of FMD on the one hand and glucose
metabolism or insulin resistance status on the other acted independently of each other (as
indicated by a RERI >0), demonstrating the presence of interaction or synergy between
endothelial dysfunction and impairment of glucose metabolism with respect to CV event
risk.

The present study defined endothelial dysfunction as impaired endothelium-dependent
FMD, which is a key functional estimate of endothelial function.'* The study thereby extends
previous studies*® on the joint effects of endothelial dysfunction and DM2, IGM or insulin
resistance on incident CV events, which used plasma biomarkers to define endothelial
dysfunction and showed multiplicative interaction between endothelial dysfunction and
DM2. No information was, however, provided on an additive interaction scale (i.e.
potentially causal interaction!?3), The present study therefore provides additional and
strong evidence in favor of a causal interaction between endothelial dysfunction on the one
hand and DM2, IGM and insulin resistance on the other in the pathogenesis of CV events.

Causal interaction between two factors means mutual dependence in causing disease, i.e.
such factors are component causes in the same causal model. Rothman?? and others!? have
argued that potentially causal interaction needs to be evaluated as departure from
additivity rather than departure from multiplicativity. In the present study, interaction was
present on an additive (as indicated by RERI) as well as on a multiplicative scale (as indicated
by interaction terms in regression analyses). Not all interaction tests were, however,
statistically significant. This may be due to the fact that, in general, these tests are limited
by relatively low statistical power.

The mechanism that may underlie this interaction is the presence of a vicious circle between
endothelial dysfunction and DM2, IGM and insulin resistance,® with, on the one hand, DM2,
IGM and insulin resistance causing endothelial dysfunction and, on the other, endothelial
dysfunction causing insulin resistance, IGM and DM2.78 There is abundant evidence that
DM2, IGM and insulin resistance cause endothelial dysfunction,® but evidence for the
reverse process is relatively recent.” However, insulin normally can redirect blood flow in
skeletal muscle from non-nutritive capillaries to nutritive capillaries and, thereby, increase
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insulin-mediated glucose uptake.!® These processes are impaired by endothelial
dysfunction.” In addition, endothelial dysfunction may also cause apoptosis of beta-cells in
the pancreas,?® which decreases insulin secretory capacity and, therefore, may, further
impair glucose metabolism. In addition, DM2 may amplify the detrimental effects of
endothelial dysfunction on atherothrombosis.® Hence, the co-occurrence of these
processes may accelerate atherothrombosis and, thus, increase CV event risk more than
expected from the presence of these processes alone.

In the present study, glucose metabolism and insulin resistance states interacted with
endothelial dysfunction independently of each other. This suggests that mechanisms
associated with DM2 and IGM other than insulin resistance may play a role in the interaction
with endothelial dysfunction, such as AGEs, oxidative stress and diabetic dyslipidemia.’

Somewhat surprisingly, estimates of hyperglycemia (i.e. HbAlc, fasting or postload glucose)
did not interact with endothelial dysfunction in the association with CV events. This finding
may have several explanations. First, only a single measurement of (baseline) variables was
available in the present study. Baseline glucose levels may not accurately reflect exposure
during follow-up. Second, glucose levels may not accurately reflect the mechanisms by
which hyperglycemia leads to endothelial dysfunction and/or CV events (i.e. AGEs, and/or
oxidative stress).’ Third, it has been suggested that glucose variability?* and episodes of
hypoglycemia?? may be more strongly associated with endothelial dysfunction than mean
blood glucose levels (i.e. HbAlc). Nevertheless, we cannot exclude the play of chance.

From a clinical point of view, the synergistic association between endothelial dysfunction
and DM2 is important as endothelial dysfunction may act at least partially as the underlying
phenomenon which might explain the two to three times higher CV events risk seen in DM2.
This suggests that endothelial dysfunction is a key therapeutic target for lowering of CVD
risk in DM2. In addition, the fact that an interaction was already present in individuals with
IGM and insulin resistance identifies endothelial dysfunction as an early therapeutic target
even before DM2 is present. This is in accordance with the hypothesis that insulin
resistance, IGM and DM2 are manifestations of a continuous disease process to increase
the risk of CV events (“ticking clock hypothesis”).0!

Our study had some limitations. First, it is likely that survival bias affected our results, i.e. it
is probable that individuals who died before the start of the present study were those with
the strongest association between endothelial dysfunction and/or DM2 and incident CV
events. Such bias would, however, have led to an underestimation of the reported
associations and may explain why we did not find an association between FMD and incident
CV events in individuals with NGM. Second, the CV event rate in the present study
population at high CV risk was in accordance with previous studies.'® However, a relatively
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low number (11.3%) of participants died of a CV event, which may reflect a survival effect
and/or may be due to the high quality of CVD management in the Netherlands. This low
fatal CV event rate may explain the lack of an interaction between endothelial dysfunction
and glucose metabolism or insulin resistance in the association with all-cause mortality.
Third, the present study had insufficient power to evaluate interaction, with regard to
specific CV events, between FMD on the one hand and glucose metabolism status en insulin
resistance on the other. Finally, only a single (baseline) measurement of FMD was available.
Baseline FMD may not accurately reflect exposure during follow-up, and this may have led
to an underestimation of the reported associations.

In conclusion, the present study shows that individuals with DM2, IGM or insulin resistance
are particularly sensitive to the adverse cardiovascular effects of endothelial dysfunction.

Perspectives

In the pathogenesis of cardiovascular events, true interaction between risk factors has
rarely been identified. The present study shows, for the first time, the presence of
interaction (i.e. synergy) between endothelial dysfunction and DM2, IGM and insulin
resistance with respect to CV event risk. This suggests that endothelial dysfunction is a key
therapeutic target for the prevention of CV events in individuals with DM2, IGM or insulin
resistance.
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Supplemental Material
Supplemental methods

Brachial artery flow-mediated dilatation

The measurement protocol has been described in detail.>? All individuals underwent the
ultrasound examination according to the guidelines of the International Brachial Artery
Reactivity Task Force.® All measurements were done by one investigator. The diameter of
the right brachial artery (20 mm proximal to the antecubital fossa) was assessed with use
of an ultrasound scanner equipped with a 7.5 MHz linear probe (350 series, Pie Medical,
Maastricht, the Netherlands). The scanner was connected to a PC equipped with vessel wall
movement detection software and an acquisition system (Wall Track System, Pie Medical,
Maastricht, the Netherlands). This set-up enables measurement of artery diameter, as
described previously.** Blood flow (peak systolic velocity) was estimated by pulsed-wave
Doppler from a sample volume in the centre of the artery at a 60° angle. To secure the
ultrasound image and measurement position throughout the study, we used a stereotactic
probe-holding device, while the subject’s arm was positioned over a foam cast to inhibit
movement. Baseline diameter and peak flow velocity were determined. A pressure cuff,
placed on the forearm, was then automatically inflated and kept constant at supra-systolic
pressure (brachial systolic pressure +100 mmHg) in order to induce forearm ischemia. After
5 min the cuff was released, which was followed by an increase in blood flow. This increase
in blood flow increased shear stress, which served as the stimulus for FMD. After cuff
release, maximum peak flow velocity was measured within 15 s, and diameter at 45, 90,
180 and 300 s. The maximum diameter in any of these four measurements was used in the
statistical analysis. In addition, endothelium-independent, nitroglycerin-mediated
dilatation (NMD) was determined. After 15 min of rest to re-establish baseline conditions,
baseline diameter (mean of three measurements) and peak flow velocity (mean of two
measurements) were re-determined. Nitroglycerin (400 pg, Nitrolingual Spray, Pohl-
Boskamp, Germany) was then sublingually administered; after 5 min, diameter (mean of
three measurements) and peak flow velocity (mean of two measurements) were again
determined.

Reproducibility was assessed in ten individuals (five men; 58.2 + 9.5 years) whom were
examined twice, two weeks apart. The intra-observer intersession coefficients of variation
were 4.3% for diameter, 14.7% for FMD and 10.3% for NMD (the latter two expressed as
absolute diameter change).
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Supplemental results

Table S2.1. Association between flow-mediated dilatation and incident cardiovascular events: stratified (A),
and interaction (B) analyses — incident heart failure (n=9) excluded from the definition of cardiovascular events

Models

(A) Stratified analyses (B) Interaction analyses
Additive scale

RERI (95% CI)*

Multiplicative scale
HR of product terms
(95% CI)*

HR (95% CI)*

Glucose metabolism status (DM2, IGM and NGM)

Model 1 DM2 1.57(1.13; 2.19) DM2 vs. NGM 0.73 (-0.39; 2.14) 1.65 (1.04; 2.63)
IGM 1.45(0.93; 2.26) IGM vs. NGM 0.68 (-0.28; 2.10) 1.53 (0.90; 2.61)
NGM 0.95 (0.66; 1.36)

Model2  DM2 1.72 (1.17; 2.54) DM2 vs. NGM 0.72 (-0.39; 1.67) 2.00 (1.24; 3.25)
IGM 1.40 (0.88; 2.23) IGM vs. NGM 0.64 (-0.19; 2.03) 1.67 (0.96; 2.84)
NGM 0.84 (0.61; 1.16)

Model3b  DM2 1.75(1.18; 2.59) DM2 vs. NGM 0.81 (-0.44; 1.94) 2.06 (1.26; 3.36)
IGM 1.49 (0.89; 2.48) IGM vs. NGM 0.73 (-0.11; 2.25) 1.78 (0.99; 3.19)
NGM 0.83 (0.60; 1.15)

Insulin resistance status (HOMAZ2-IR tertiles)

Model 1 T3 1.71(1.32; 2.22) T3 vs. T1-28 0.89 (0.43; 2.39) 1.82(1.25; 2.64)
T1-28 0.94 (0.70; 1.27)

Model 2 T3 1.93(1.43; 2.60) T3 vs. T1-28 0.86 (0.42; 1.92) 2.34 (1.59; 3.45)
T1-28 0.83 (0.63; 1.08)

Model 3a T3 1.93(1.43; 2.61) T3 vs. T1-28 0.85 (0.41; 1.95) 2.33(1.58;3.43)
T1-28 0.83 (0.63; 1.09)

Model 1: adjusted for age, sex, baseline diameter, flow increase after cuff release and nitroglycerin-mediated

dilatation;

model 2: model 1 plus prior cardiovascular disease, body mass index, total/HDL cholesterol,

triglycerides, hypertension, estimated glomerular filtration rate, physical activity, smoking habits, the use of anti-
hypertensive and lipid-lowering medication; model 3a: model 2 plus glucose metabolism status; model 3b: model
2 plus insulin resistance status.

AHazard ratios (HRs) and relative excess risk due to interactions (RERIs) are indicated per 1 SD (0.17 mm) less
flow-mediated dilatation. RERI >0 indicates the presence of positive additive interaction, and HR of product term
>1 indicates positive multiplicative interaction.

& Lower two HOMA2-IR tertiles were combined, because these tertiles did not materially differ in the analyses.

Cl = confidence interval; DM2 = type 2 diabetes; IGM = impaired glucose metabolism; NGM = normal glucose
metabolism; HOMAZ2-IR = homeostasis model assessment for insulin resistance; T = tertile.
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Table S2.2. Association between flow-mediated dilatation and all-cause mortality: stratified (A), and
interaction (B) analyses with glucose metabolism and insulin resistance status

Models  (A) Stratified analyses

(B) Interaction analyses

HR (95% CI)*

Additive scale
RERI (95% CI)

Multiplicative scale
HR of product terms

(95% CI)*

Glucose metabolism status (DM2, IGM and NGM)

Model 1 DM2 0.94 (0.64; 1.37) DM2 vs. NGM
IGM 1.34 (0.74; 2.39) IGM vs. NGM
NGM 0.97 (0.64; 1.47)

Model 2 DM2 0.95 (0.61; 1.46) DM2 vs. NGM
IGM 1.32(0.73; 2.39) IGM vs. NGM
NGM 0.90 (0.59; 1.38)

Model 3b DM2 0.95 (0.60; 1.50) DM2 vs. NGM
IGM 1.32(0.73; 2.37) IGM vs. NGM
NGM 0.90 (0.59; 1.38)

Insulin resistance status (HOMAZ2-IR tertiles)

Model 1 T3 1.06 (0.79; 1.42) T3 vs. T1-28
T1-28 1.04 (0.73; 1.50)

Model 2 T3 1.09 (0.77; 1.55) T3 vs. T1-28
T1-28 0.99 (0.69; 1.42)

Model 3a T3 1.05 (0.74; 1.51) T3 vs. T1-28

T1-2° 0.97 (0.68; 1.40)

-0.08 (-1.14; 1.78)
0.38 (-0.50; 1.50)

0.02 (-1.20; 1.78)
0.41 (-0.51; 1.72)

0.01 (-1.26; 1.91)
0.44 (-0.49; 1.86)
0.02 (-0.60; 1.24)
0.09 (-0.56; 1.23)

0.07 (-0.58; 1.02)

0.97 (0.70; 1.65)
1.38 (0.57; 2.73)

1.05 (0.59; 1.88)
1.47 (0.73; 2.95)

1.05 (0.58; 1.90)
1.47 (0.73; 2.94)
1.02 (0.66; 1.56)
1.10 (0.69; 1.77)

1.08 (0.68; 1.75)

Model 1: adjusted for age, sex, baseline diameter, flow increase after cuff release and nitroglycerin-mediated
dilatation; model 2: model 1 plus prior cardiovascular disease, body mass index, total/HDL cholesterol,
triglycerides, hypertension, estimated glomerular filtration rate, physical activity, smoking habits, the use of anti-
hypertensive and lipid-lowering medication; model 3a: model 2 plus glucose metabolism status; model 3b: model
2 plus insulin resistance status.

A Hazard ratios (HRs) and relative excess risk due to interactions (RERIs) are indicated per 1 SD (0.17 mm) less
flow-mediated dilatation. RERI >0 indicates the presence of positive additive interaction, and HR of product term
>1 indicates positive multiplicative interaction.

8 Lower two HOMA2-IR tertiles were combined, because these tertiles did not materially differ in the analyses.
Abbreviations as in Table S2.1
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Abstract

Background

The association of different stiffness indices, in particular of carotid, brachial and femoral
stiffness, with cardiovascular disease and mortality is currently unknown. This study
therefore sought to investigate the association of local and segmental arterial stiffness with
incident cardiovascular events and all-cause mortality.

Methods

In a population-based cohort (n=579; mean age 67 years; 50% women; 23% with type 2
diabetes (by design)), we assessed local stiffness of carotid, femoral and brachial arteries
(by ultrasonography), carotid-femoral pulse wave velocity (cfPWV), aortic augmentation
index and systemic arterial compliance.

Results

After a median follow-up of 7.6 years, 130 participants had had a cardiovascular event and
96 had died. Hazard ratios (95% confidence intervals) per 1 standard deviation for
cardiovascular events and all-cause mortality, respectively, were: 1.22 (0.95 to 1.56) and
1.51 (1.11 to 2.06) for lower carotid distensibility; 1.19 (1.00 to 1.41) and 1.28 (1.07 to 1.53)
for higher carotid elastic modulus; 1.08 (0.88 to 1.31) and 1.43 (1.10 to 1.86) for lower
carotid compliance; 1.39 (1.06 to 1.83) and 1.27 (0.90 to 1.79) for lower femoral
distensibility; 1.25 (0.96 to 1.63) and 1.47 (1.01 to 2.13) for lower femoral compliance; and
1.56 (1.23t01.98) and 1.13 (0.83 to 1.54) for higher cfPWV. These results were adjusted for
age, sex, mean arterial pressure and cardiovascular risk factors. Mutual adjustments for
each of the other stiffness indices did not materially change these results. Brachial stiffness,
augmentation index and systemic arterial compliance were not associated with
cardiovascular events or mortality.

Conclusion

Carotid and femoral stiffness indices are independently associated with incident
cardiovascular events and all-cause mortality. The strength of these associations with
events may differ per stiffness parameter.
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Introduction

Stiffening of the arterial vasculature leads to increased systolic pressure, decreased
coronary perfusion and an increased pulsatile load on the microcirculation. Thereby, arterial
stiffness can cause stroke, coronary heart disease (CHD) and heart failure.>? Stiffness can
be measured at different arterial segments or sites, and by use of different techniques.
These include segmental carotid-femoral pulse wave velocity (cfPWV); local carotid,
femoral or brachial artery stiffness; and assessment of systemic arterial compliance (SAC).!
In addition, aortic augmentation index (Aix) is used as a surrogate for wave reflections.!

Measurement of arterial stiffness at different sites is important, as stiffness is not uniform
along the arterial tree. For example, there are substantial differences in properties between
elastic and muscular arteries. Stiffening of elastic and muscular arteries may cause
cardiovascular disease (CVD) via different mechanisms,%? and, therefore, may be
differentially associated with CV events and mortality. However, the association of
stiffening of different parts of the arterial tree with incident CV events or mortality has not
yet been investigated.

Previous studies®** have shown an independent association of cfPWV with incident CVD.
CfPWV, however, reflects the properties of a mixed elastic and muscular part of the arterial
tree; thus, cfPWV does not discriminate between these segments.! In contrast, local
distensibility measurements of the carotid (a predominantly elastic artery) and the femoral
and brachial arteries (predominantly muscular arteries) enable the study of stiffening of
elastic and muscular sites.'? To date, no study has evaluated the association of local
stiffness of the femoral and brachial artery and CV events or mortality, and prospective
studies on local carotid stiffness are scarce. Some of these studies reported an association
between carotid stiffness and incident CVD>7 and/or mortality’, whereas others®*? did not.
However, most studies (but not all®) were relatively small®”112 and/or had a relatively short
follow-up (<5 years).”!! In addition, previous studies®®'%*2 used brachial derived pulse
pressure (PP) to calculate distensibility coefficients. The use of brachial instead of local PP
may underestimate the predictive value of carotid stiffness due PP amplification (i.e. the
increase in PP along the arterial tree).%? The magnitude of amplification, however,
diminishes with age.l? Consequently, it has been suggested that, in elderly populations,®?*?
local stiffness indices calculated with brachial or local PP may yield similar results. This,
however, has not yet been investigated.

In view of the above, we investigated the association of, on the one hand, local stiffness of
the carotid, brachial and femoral artery, segmental stiffness of the aorta, Aix and SAC with,
on the other hand, incident CV events and all-cause mortality, during a median follow-up of
7.6 years in a population-based study of elderly individuals (The Hoorn Study). We
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additionally investigated whether the associations for local stiffness were different when
calibrated local PP instead of brachial PP was used.

Methods

Study design

For the present study, we used data from The 2000 Hoorn Study examination (n=648). The
Hoorn Study is a population-based cohort study of glucose metabolism and CVD risk among
the inhabitants of the municipality of Hoorn in the Netherlands. Details of the study have
been described elsewhere.'>4

Local stiffness indices of the carotid, femoral and brachial arteries

Carotid, femoral and brachial arterial properties were determined according to
international guidelines.’® A detailed description of the assessment of local arterial stiffness
is provided in the supplemental material. Local arterial stiffness indices were calculated
according to the following formulas®>:

e Distensibility Coefficient (DC) = (2AD x D + AD?) / (PP x D?) (103/kPa)
e Young's elastic modulus (YEM) (carotid artery only) =D / (IMT x DC) (10°kPa)
e Compliance Coefficient (CC) = m x (2D x AD + AD?) / 4PP (mm?/kPa)

Where D is arterial diameter; AD is distension; IMT is intima-media thickness; and PP is
brachial pulse pressure (calculated as systolic minus diastolic blood pressure). DC
represents arterial stiffness; YEM represents the stiffness of the arterial wall material at
operating pressure; and CC represents arterial buffering capacity.

CfPWV, Aix, SAC

CfPWV, that is, the ratio of travelled distance divided by transit time, was estimated using
body height (to estimate the travel distance®) and continuous measurement of the
distension curves of the carotid and femoral artery (to estimate transit time!#). The Aix was
determined by radial applanation tonometry (Sphygmocor, Atcor Medical, Sydney,
Australia).»** SAC was determined according to two methods: the exponential decay
method based on the Windkessel method, and the ratio of stroke volume to aortic PP.** A
detailed description of the assessment of cfPWV, Aix and SAC is provided in the
supplemental material.
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Other measurements
CVD risk factors were assessed as described previously.**** Physical activity was assessed
by questionnaire.'’

Follow-up

Follow-up was complete as of January 1, 2009. Information on morbidity was extracted from
individuals’ medical records from their general practitioners and from the local hospital,
and classified according the International Classification of Disease (9t edition; ICD-9). We
defined incident CV events (non-fatal and fatal combined) as ICD-9 codes: 410 to 414 (CHD),
427 and 428 (heart failure), 431 to 438 (cerebrovascular disease), 440 to 443 (arterial
disease), 798 (sudden death), and ICD-9 clinical modification code 36 (coronary arterial
procedures). Data on the participants’ vital status were collected from the municipal
population register of Hoorn. The cause of death was extracted from the medical records
of the general practitioners and the hospital of Hoorn. Information on cause of death could
not be obtained for 21 (22%) of the deceased participants.

Statistical analysis

All analyses were performed with PASW Statistics (version 21, IBM, Chicago, lllinois, USA).
Characteristics of the study population at baseline were compared between participants
with and without incident CV events, and between those who did and did not survive, with
the use of Student t test or Mann—Whitney U test for continuous variables, and a chi-square
test for discrete variables. Cox proportional hazard models were used to estimate the
associations between, on the one hand, arterial stiffness indices, and, on the other hand,
incident CV events and all-cause mortality. The associations were first adjusted for the
stratification variables of The Hoorn Study cohort: age, sex and glucose metabolism?*3
(model 1); additionally for MAP (model 2); and for CVD risk factors: prior CVD, body mass
index (BMI), triglycerides, total/high-density lipoprotein cholesterol, estimated glomerular
filtration rate, (micro)albuminuria, physical activity and smoking habits (model 3). CfPWV,
Aix, and SAC were additionally adjusted for heart rate. Finally, mutual adjustments were
made for each of the individual stiffness indices. The associations are given as standardized
hazard ratios (HRs) and corresponding 95% confidence intervals (Cls). We used interaction
terms to explore whether any association differed according to sex, prior CVD and/or
glucose metabolism status.'318

We tested 12 hypotheses (i.e. whether, on the one hand, local carotid, femoral and brachial
stiffness, cfPWV, Aix and SAC, are associated with, on the other, CV events and mortality),
each at the .05 level. All other tests (i.e. interactions and additional analyses) were
considered to be hypothesis generating and were also conducted at the .05 or, for
interaction analyses, .10 level.
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Results

Study population

For the present analyses, all participants were included in whom data were available on the
carotid, femoral or brachial stiffness indices, cfPWV, Aix or SAC. Figure 3.1 shows the
number of participants per stiffness measurement. The main reason for missing data on
local stiffness indices was poor definition of the arterial wall due to obesity (the BMI of those
with qualitatively sufficient examinations vs. those without was 26.4 + 3.1 kg/m?vs. 30.4
5.2 kg/m?). Missing data on Aix and SAC was due to device availability, which was not related
to the clinical status of the participants. Missing data on cfPWV was due to technical reasons
(i.e. no qualitatively acceptable distension curve available for both the carotid and femoral
artery), as well as due to later addition of the (automatic) calculation of carotid-femoral
transit time to the vascular ultrasound protocol than the local stiffness measurements.

Participants were excluded when data on glucose metabolism status (n=10) or follow-up
were missing. CV event follow-up was missing for 46 participants either because they had
moved out of the town of Hoorn and could not be contacted (n=7), or because they had not
given permission to access their medical files (n=39). Individuals without follow-up data did
not differ from the study population (data not shown). None of the participants were lost
to follow-up for all-cause mortality.
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Hoorn Study population
n=648

Y
Available arterial stiffness data
Local arterial stiffness indices

- Carotid artery n=589

- Femoral artery n=505

- Brachial artery n=525
CfPWV n=239
Aortic augmentation index n=550
Systemic arterial compliance

- Time-decay method n=499

- SV/aortic PP n=488

:I Missing data on glucose metabolism status n=10"

—>| Missing data on incident CV events n=46" |

A 4 A 4
Eligible for all-cause mortality Eligible for incident CV event
analyses analyses
Local arterial stiffness indices Local arterial stiffness indices
- Carotid artery n=579 - Carotid artery n=533
- Femoral artery n=498 - Femoral artery n=461
- Brachial artery n=517 - Brachial artery n=478
CfPWV n=237 CfPWV n=215
Aortic augmentation index n=543 Aortic augmentation index n=500
Systemic arterial compliance Systemic arterial compliance
- Time-decay method n=492 - Time-decay method n=457
- SV /aortic PP n=482 - SV /aortic PP n=448

Figure 3.1. Flow diagram of the study.
A Number varies per measurement, maximum number of missing values indicated.
cfPWV = carotid-femoral pulse wave velocity; SV = stroke volume; PP = pulse pressure; CV = cardiovascular.

Clinical characteristics

Table 3.1 shows baseline characteristics of the study population according to CV event and
mortality status. A total of 130 participants had a CV event (non-fatal and fatal combined)
(median follow-up 7.6 years, [range 0.2 to 8.9 years), of whom 40 had a cerebrovascular
event, 58 had a CHD event (7 persons had both a cerebrovascular and a CHD event), and 39
had a CV event other than a cerebrovascular or CHD event (e.g. peripheral arterial disease
or heart failure). In addition, 96 participants died (median follow-up 7.8 years [range 0.02
to 8.9 years]), of whom 22 (23%) died of a CVD, 31 (32%) of cancer, 22 (23%) of other causes
and 21 (22%) of causes unknown. The incidence rates per year were 3.1% for CV events,
1.4% for CHD events, 1.0% for cerebrovascular events and 2.1% for all-cause mortality.
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Table 3.1. Clinical characteristics of the study population at baseline according to cardiovascular event and

mortality status”

Participants

Participants

without incident  with incident Survivorso Decease(:
CV event CV event n=483(83.4%) n=96(16.6%)
n=403 (75.6%) n=130 (24.4%)
General characteristics
Women 54.8 354 53.4 36.5
Age (years) 69.0+6.4 71.9+6.2 68.9 + 6.0 73.3+6.9
Smoking habits
Current smoker 11.7 22.3 13.7 20.8
Former smoker 44.3 51.5 44.2 51.0
Non-smoker 44.0 26.2 42.1 28.1
Physical activity (MET h/week) 82 (47-127) 69 (41-125) 82 (50-130) 69 (30-121)
Prior cardiovascular disease 47.0 63.8 49.1 60.9
Glucose metabolism status
Type 2 diabetes mellitus 22.1 25.8 19.7 39.6
Impaired glucose metabolism 27.5 34.8 29.0 29.2
Normal glucose metabolism 50.4 39.4 51.3 31.3
Body mass index (kg/m?) 27.0+3.6 27.0+3.4 27.0+3.6 27.2+3.5
Systolic blood pressure (mmHg) 140+ 20 148 + 21 141+ 20 147 +21
Diastolic blood pressure (mmHg) 82+11 83+12 83+11 83+12
Hypertension (%) 62.9 80.6 65.1 77.9
HbAlc (mmol/mol) 42+8 44+8 41+7 46+9
HbAlc (%) 5.9+0.7 6.2+0.8 59+0.7 6.3+0.9
Total cholesterol (mmol/L) 57+10 5711 5.8+1.4 5.6+1.0
LDL cholesterol (mmol/L) 3.6+0.9 3.7+09 3.7+0.9 3.6+0.9
HDL cholesterol (mmol/L) 1.5+0.4 1.3+0.4 1.5+0.4 1.3+0.4
Triglycerides (mmol/L) 1.2 (0.9-1.7) 1.4(1.1-1.8) 1.3(1.0-1.7) 1.5(1.1-1.9)
eGFR (ml/min/1.73 m?) 62.5+10.3 60.4 £ 11.6 63 £ 10.0 59+12.5
(M!cro)albumlnurla (albumin /creatinine 114 217 116 26.0
ratio >2 mg/mmol)
Lipid-lowering medication 14.4 20.0 15.6 16.7
Anti-hypertensive medication 31.3 46.9 34.9 46.9
Arterial stiffness indices
Carotid artery
Distensibility coefficient (103 /kPa) 11.2+4.2 9.7+4.0 113+4.1 8.6+3.8
Young’s elastic modulus (10° x kPa) 0.98 £ 0.46 1.20+0.84 0.96 £ 0.46 1.36 +0.89
Compliance coefficient (mm?/kPa) 0.53+0.21 0.52+0.23 0.54£0.22 0.45+0.17
Femoral artery
Distensibility coefficient (103 /kPa) 54+24 44+1.8 53+24 4.1+2.0
Compliance coefficient (mm? /kPa) 0.43+£0.22 0.37+0.17 0.43+0.21 0.32+0.17
Brachial artery
Distensibility coefficient (10 /kPa) 7.9+4.3 7.9+4.2 7.9+4.2 74+4.1
Compliance coefficient (mm? /kPa) 0.13 £0.07 0.14 £0.08 0.13 £0.07 0.13 £0.07
Carotid-femoral PWV (m/s) 10.0+£3.5 12.4+5.9 9.7+35 124 +6.0
Aortic augmentation index (% point) 32+9 33+9 32+9 33+9
Systemic arterial compliance (ml/mmHg)
Time-decay method 0.74+0.31 0.71+£0.33 0.74+0.31 0.66 +0.33
SV /aortic PP 1.07 £0.35 1.02 £0.36 1.07+£0.34 0.97 +0.36

Values are %, mean + SD or median (interquartile range).
A Numbers correspond with the number of participants with available carotid artery ultrasound data.

CV = cardiovascular; eGFR = estimated glomerular filtration rate; HbAlc = glycosylated hemoglobin; HDL = high-
density lipoprotein; LDL = low-density lipoprotein; MET = metabolic equivalent of task; PP = pulse pressure;

PWV = pulse wave velocity; SV = stroke volume.
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Figure 3.2. Kaplan-Meier curves for incident cardiovascular (CV) events and all-cause mortality according to
tertiles of distensibility coefficients (DC) of the carotid (A and C) and femoral artery (B and D).

Local arterial stiffness indices and incident CV events

Figure 3.2 shows Kaplan-Meier curves for incident CV events according to tertiles of the
carotid (panel A) and femoral DC (panel B). Cox regression analyses adjusted for age, sex
and glucose metabolism showed that lower carotid DC, higher YEM and lower femoral DC
and CC were associated with a higher CV event incidence (Table 3.2, model 1). The carotid
CC and the brachial DC and CC were not associated with incident CV events (Table 3.2,
model 1). Further adjustments for MAP (model 2) and CVD risk factors (model 3) did not
materially change the associations between YEM and femoral DC, on the one hand, and
incident CV events, on the other, whereas the association was attenuated for the carotid
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DC and the femoral CC. In addition, the associations between the carotid, femoral and
brachial DC or CC and incident CV events did not materially change after mutual
adjustments for each of the other stiffness indices (for adjustments for cfPWV, see
supplemental material, Table S3.1).

Local stiffness indices and all-cause mortality

Figure 3.2 shows Kaplan-Meier curves for all-cause mortality according to tertiles of the
carotid (panel C) and femoral DC (panel D). Cox regression analyses adjusted for age, sex
and glucose metabolism showed that lower carotid DC and CC, higher YEM and lower
femoral DC and CC were associated with greater all-cause mortality (Table 3.2, model 1).
Brachial DC and CC were not associated with all-cause mortality (Table 3.2, model 1).
Further adjustments for MAP (model 2) and CVD risk factors (model 3) did not materially
change the associations between carotid DC, CC and YEM and all-cause mortality, whereas
the association was attenuated for femoral DC and CC. In addition, the associations
between the carotid, femoral and brachial DC or CC and all-cause mortality did not
materially change after mutual adjustments for each of the other stiffness indices (for
adjustments for cfPWV, see supplemental material, Table $3.1).

Table 3.2. Associations between arterial stiffness indices of the carotid, femoral and brachial artery with
incident cardiovascular events and all-cause mortality

Model Carotid artery Femoral artery Brachial artery
DC YEM CcC DC CcC DC CcC
Incident cardiovascular events
1 1.27 1.22 1.07 1.39 1.29 0.90 0.84
(1.02;1.57)  (1.04;1.42) (0.88;1.30) (1.07;1.81) (0.99;1.67) (0.74;1.08) (0.71;1.01)
2 1.24 1.20 1.04 1.37 1.26 0.87 0.84
(0.98;1.58) (1.02;1.42) (0.86;1.28) (1.04;1.80) (0.97;1.65) (0.72;1.06) (0.70; 1.00)
3 1.22 1.19 1.08 1.39 1.25 0.88 0.85
(0.95;1.56)  (1.00; 1.41) (0.88;1.31) (1.06;1.83) (0.96;1.63) (0.72;1.07) (0.71;1.02)
All-cause mortality
1 1.62 1.33 1.50 1.35 1.59 0.98 1.06
(1.24;2.13)  (1.15;1.55) (1.16;1.95) (0.97;1.88) (1.11;2.28) (0.77;1.25) (0.84;1.33)
1.52 1.27 1.41 1.27 1.52 0.92 1.02
(1.13;2.05)  (1.08;1.50) (1.08;1.84) (0.90;1.78) (1.06;2.19) (0.72;1.17)  (0.82; 1.28)
1.51 1.28 1.43 1.27 1.47 0.90 0.99

(1.11; 2.06) (1.07; 1.53) (1.10; 1.86) (0.90; 1.79) (1.01; 2.13) (0.70; 1.15) (0.78; 1.25)
Values are hazard ratio (95% confidence interval). Hazard ratios are indicated per 1 SD lower distensibility (DC) and
compliance coefficient (CC) and per 1 SD higher Young's elastic modulus (YEM). Model 1: adjusted for age, sex and
glucose metabolism status; model 2: model 1 plus mean arterial pressure; model 3: model 2 plus prior
cardiovascular disease, BMI, triglycerides, total/HDL cholesterol ratio, eGFR, (micro)albuminuria, physical activity
and smoking habits.
The number of participants and events available for analysis with incident cardiovascular events / all-cause
mortality: for carotid DC, CC and YEM 533 (130 events) / 579 (96 events); for femoral DC and CC 461 (111 events)
/ 498 (77 events); and for brachial DC and CC 478 (116 events) / 517 (81 events).
Abbreviations as in Table 3.1.
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CfPWV, incident CV events and all-cause mortality

Higher cfPWV was associated with a higher CV event incidence (Table 3.3, models 1 to 3).
In addition, the association between cfPWV and incident CV events did not materially
change after adjustments for each of the other stiffness indices (data not shown). CfPWV
was not significantly associated with all-cause mortality (Table 3.3, models 1 to 3).

Aix, SAC and incident CV events and all-cause mortality

Aix and SAC, either determined via the time-decay method or by the stroke volume to aortic
PP ratio, were not associated with CV events or all-cause mortality (Table 3.3, models 1 to
3).

Table 3.3. Associations between the cfPWV, Aix and systemic arterial compliance with incident cardiovascular
events and all-cause mortality

SAC (time-decay

Model cfPWV Aix method) SAC (SV/aortic PP)
Incident cardiovascular events
1 1.57(1.29; 1.92) 1.08 (0.89; 1.31) 1.09 (0.88; 1.35) 1.15 (0.90; 1.47)
2 1.56 (1.27; 1.93) 1.05 (0.86; 1.28) 1.03 (0.81; 1.30) 1.09 (0.84; 1.43)
3 1.56 (1.23; 1.98) 0.99 (0.81; 1.22) 1.00 (0.79; 1.26) 1.13 (0.87; 1.47)
All-cause mortality
1 1.27 (0.99; 1.63) 1.05 (0.84; 1.32) 1.22 (0.92; 1.61) 1.05 (0.70; 1.58)
2 1.18 (0.88; 1.57) 1.19 (0.92; 1.54) 1.06 (0.78; 1.43) 1.05 (0.67; 1.65)
3 1.13 (0.83; 1.54) 0.93(0.73; 1.18) 1.04 (0.76; 1.41) 1.01 (0.73; 1.41)

Values are hazard ratio (95% confidence interval). Hazard ratios are indicated per 1 SD higher carotid-femoral pulse
wave velocity (cfPWV) and aortic augmentation index (Aix) and per 1 SD lower systemic arterial compliance (SAC).
Model 1: adjusted for age, sex and glucose metabolism status; model 2: model 1 plus mean arterial pressure and
heart rate; model 3: model 2 plus prior cardiovascular disease, BMI, triglycerides, total/HDL cholesterol ratio, eGFR,
(micro)albuminuria, physical activity and smoking habits.

The number of participants and events available for analysis with incident cardiovascular events / all-cause
mortality: for cfPWV 215 (53 events) / 237 (36 events); for Aix 500 (120 events) / 543 (87 events); for systemic
arterial compliance (time-decay method) 457 (110 events) / 492 (77 events); and for systemic arterial compliance
(SV/aortic PP) 448 (106 events) / 482 (70 events).

Abbreviations as in Table 3.1.

Additional analyses

Analyses were repeated with distension-waveform-calibrated local PP*° in a subsample of
the study population (data on carotid and femoral PP were not available in 68 and 8
participants, respectively). The results of these analyses (see supplemental material, Table
S3.2) were qualitatively similar to the results that used brachial PP.

We additionally adjusted all analyses for systolic pressure and PP instead of MAP and for
IMT. After these adjustments, results did not materially change (see supplemental material,
Table $3.3). In addition, further adjustments for the use of anti-hypertensive and/or lipid-
lowering medication did not materially change the results (data not shown).

Analyses with specific cerebrovascular and CHD events did not show statistically significant
associations (see supplemental material, Table S3.4). When we analysed the association
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between arterial stiffness indices and CV events defined as ICD-9 codes 390 to 459 and 798,
results did not materially change (data not shown).

The elastance-wall thickness product of the carotid artery was significantly associated with
incident CV events and all-cause mortality (see supplemental material, Table S3.5).

Finally, associations of the stiffness indices with incident CV events and all-cause mortality
may differ according to sex, presence of prior CVD, or glucose metabolism status.?>® We
found no such interactions (P for interactions >.10), except for the associations between
brachial CC with CV events. A significant association was present between lower brachial CC
and incident CVD in persons with prior CVD (HR per 1 SD: 0.78 [95%Cl 0.64 to 0.94]), but not
in persons without prior CVD (0.90 [0.64 to 1.26]) (P for interaction =0.07), after adjustment
for all potential confounders. In addition, significant associations between lower brachial
DC and CC and incident CV events were present in persons with impaired glucose
metabolism (IGM) (0.68 [0.50 to 0.93] and 0.69 [0.51 to 0.93], respectively), and in persons
with type 2 diabetes (DM2) (0.68 [0.43 to 1.09] and 0.53 [0.33 to 0.84], respectively) but
not in persons with normal glucose tolerance (NGM) (0.94 [0.67 to 1.32] and 0.93 [0.70 to
1.24], respectively) (P for interactions <.10), after adjustment for all potential confounders.
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Discussion

This population-based study is the first to show an association between local stiffness of
both the carotid and femoral artery and incident CV events and all-cause mortality. These
associations were independent of age, sex, blood pressure, glucose metabolism and CVD
risk factors. Furthermore, the associations between carotid and femoral stiffness indices
and incident CV events and mortality did not materially change after adjustments for each
of the other stiffness indices. In addition, cfPWV was associated with a higher CV event
incidence, but not with all-cause mortality, whereas Aix, SAC and brachial stiffness were not
associated with either incident CV events or mortality.

Our study is in accordance with previous studies which showed an association between
cfPWV and CV events®*; therefore, cfPWV can be regarded as an internal validation marker
of the present study. In addition, the present study extends these findings as it shows that
local carotid and femoral stiffness is also independently associated with incident CV events
and mortality. Advantages of the present study are the comprehensive assessment of
multiple stiffness indices, both local and segmental and at different arterial sites, the use of
both brachial and calibrated local PP to compute local stiffness indices, and the long
duration of follow-up.

Currently, two population-based studies>*° have evaluated the association of local carotid
stiffness and incident CVD and/or mortality, whereas no studies have evaluated the
association of local femoral or brachial stiffness and incident CVD or mortality. The ARIC
(Atherosclerosis Risk in Communities) Study® indicated an independent association
between carotid stiffness and stroke. The Rotterdam Study?? also observed an association
between carotid stiffness and incident CVD and all-cause mortality, although this
association was attenuated and became statistically nonsignificant after adjustments for
potential confounders. This study, however, did not measure concurrent blood pressures
(i.e. during the time of the stiffness measurement) which may have led to an
underestimation of the observed associations.

Associations of local stiffness with CV events and all-cause mortality

In the present study, local carotid stiffness indices were more strongly associated with all-
cause mortality than with incident CV events. This finding is difficult to interpret, and may
have several explanations. First, incident CVD is more likely subject to misclassification than
is all-cause mortality. Second, arterial stiffness may be a marker of biological aging,? and,
thus, may affect the risk of an individual to die of any age-related disease, not just CVD. In
the elderly population that we studied, this mechanism may well be operative.
Nevertheless, we cannot exclude the play of chance, and this issue needs further study.
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Carotid vs. femoral artery stiffness

The present study showed that stiffness of the carotid and femoral artery is associated with
incident CV events and mortality independently of each other. This may suggest that
stiffening of these arteries increases CVD and mortality risk via distinct pathways. The ARIC
study® indicated that carotid stiffness is more strongly associated with cerebrovascular
disease compared with CHD, possibly because stiffening of this artery (or of other elastic
arteries for which this artery might serve as a proxy) leads to a high pressure load on the
brain. In contrast, femoral stiffness may be more strongly associated with CHD compared
with cerebrovascular disease, because femoral and coronary arteries show similar wall
characteristics (i.e. both are muscular vessels? and have a high collagen/elastin ratio?°), and,
therefore, stiffening of the femoral artery may serve as a proxy for stiffening of the coronary
vasculature. The present study had insufficient power to detect associations with specific
CV events, and this issue requires further study.

Clinical relevance

Carotid and femoral stiffness are potential separate therapeutic targets for CVD risk
lowering therapy. CVD risk factors have different impacts on stiffening of carotid vs. femoral
arteries.’>'821 This may be attributed to the marked differences in the architecture of elastic
vs. muscular arteries, and suggests that stiffness of elastic and muscular arteries may be
specifically targeted. Of the current available drugs, organic nitrates lower stiffness of
muscular arteries.?? No therapy is yet available that specifically targets stiffness of elastic
arteries. In addition, carotid and femoral stiffness were associated with CV events and
mortality even after adjustments for CVD risk factors, IMT, systolic pressure, PP, and other
stiffness indices (including cfPWV) and, therefore, may carry additional value with regard to
CVD prediction.

Aix and SAC

In the present study, Aix and SAC were not associated with incident CV events or mortality.
With regard to Aix, this is in contrast to a recent meta-analysis,?® in which Aix independently
predicted CVD, and studies?*?* which showed an association between Aix and CVD in men
only (in the present study, no interaction with sex was present). More recent data from the
Framingham Heart Study® and MESA (Multi-Ethnic Study of Atherosclerosis),®® however,
indicated that Aix was not3 or weakly?®> associated with CVD, respectively. In addition to
magnitude and timing of wave reflections, Aix is also influenced by hemodynamic
phenomena unrelated to wave reflections,>?* and these phenomena may be different in
DM2/IGM as compared with NGM.2® This may result in an underestimation of the
association between wave reflections and CVD. Reflection estimates derived from wave
separation analysis may more accurately indicate wave reflections than the Aix. In
accordance, recent data of MESA% showed that these estimates were more strongly
associated with CVD than Aix. With regard to SAC, a possible explanation for the lack of an
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association might be that the assessment of this estimate has a relatively large
measurement error.!

Brachial artery stiffness

In the total study population, local brachial stiffness was not associated with CV events and
mortality. In accordance, a previous study?’ showed that segmental stiffness of the brachial
artery (i.e. brachial artery pulse wave velocity) was not associated with CVD mortality. The
lack of this association can be explained by the fact that there is no arterial aging of the
brachial artery.?! In accordance, in the present study population, the carotid and femoral
arteries were stiffer in older participants, whereas brachial stiffness was not associated with
age (data not shown). Somewhat surprisingly, however, the results of the interaction
analysis showed that, in individuals with, but not in those without prior CVD, lower stiffness
of the brachial artery was associated with greater risk of CV events. In addition, a similar
association between lower brachial stiffness and incident CVD was present in individuals
with DM2 and IGM, but not in individuals with NGM. A plausible underlying explanation for
these observations is lacking and these findings may represent the play of chance. Further
studies are needed to clarify this issue.

Use of brachial derived PP in the calculation of local stiffness indices

The present study supports the hypothesis that, in elderly people (i.e. age >60 years),
calculation of local stiffness indices with brachial derived PP is as accurate as the use of local
PP. The use of brachial derived vs. local PP is an important methodological issue in the
assessment of local stiffness, because of the phenomenon of PP amplification.>? This
phenomenon, however, may play a less important role in elderly people, as the magnitude
of amplification diminishes with age.>? In accordance, the results of the present analyses
were qualitatively similar when brachial or calibrated local PP were used.

Limitations

First, unavoidable survival bias will, in general, have led to an underestimation of the
reported associations. Second, the present study had insufficient power to quantify the
additive predictive value of local stiffness beyond standard CVD risk factors. Studies are
needed to further clarify this issue. Third, data on cfPWV were available in a subsample of
the study population only (cfPWV analysis: n=237; 53 CV events and 36 deaths). This may
explain why we did not observe an association between cfPWV and all-cause mortality. To
our knowledge, carotid-femoral transit time as determined by distension curves has not
been validated against any other method. Nevertheless, it has been shown that this method
is highly reproducible?® and the present results are in accordance with studies that used
applanation tonometry to determine cfPWV.* Finally, a relatively large number of statistical
tests were done. The aim of the present study was to evaluate the prognostic value of
multiple stiffness indices, which, as a consequence, involves carrying out multiple tests. The
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associations with CV events and mortality, were, however, consistent across the different
stiffness indices studied. It is therefore unlikely that these findings are the result of the play
of chance.

Conclusions

The present study shows that local stiffness of the carotid and femoral artery is associated
with incident CV events and all-cause mortality, independently of CVD risk factors and each
of the other stiffness indices. These data suggest that local carotid and femoral stiffness
indices may serve as a target for lowering of CVD risk and can have predictive value. Further
studies are needed to quantify the predictive value of local stiffness beyond standard CVD
risk factors.
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Supplemental Material
Supplemental methods

Determination of local arterial stiffness indices

A single observer unaware of the participants’ clinical or glucose tolerance status obtained
properties of the right common carotid (10 mm proximal to the carotid bulb), the right
common femoral (20 mm proximal to the flow divider), and the right brachial (20 mm
proximal to the antecubital fossa) arteries, with the use of an ultrasound scanner equipped
with an 7.5-MHz linear probe (350 Series, Pie Medical, Maastricht, the Netherlands).! The
scanner was connected to a PC equipped with vessel wall movement detection software
and an acquisition system (Wall Track System, Pie Medical, Maastricht, the Netherlands).
This setup enables measurements of diameter, distension, and intima-media thickness
(IMT).%2 The temporal resolution of this system was approximately 10 ms. Briefly, after a
15-minute supine rest, the artery was visualized in B-mode. An M-line was then placed at
the measurement site. After switching to M-mode, data acquisition in a real-time A-mode
presentation on the computer screen was enabled after trackball-assisted identification of
the arterial lumen. Data were then obtained during 3 consecutive 4 seconds measurements,
triggered by the R-top of a simultaneously recorded ECG. The first radiofrequency signal
was displayed on the screen, enabling the observer to check if the markers, positioned by
the Wall Track System, coincided with the anterior and posterior wall reflections in the
diastolic phase of the cardiac cycle. The cumulative radiofrequency signals were then
digitized and stored. The change in diameter as a function of time (distension) was
estimated and presented on the computer screen (distension waveform). Diastolic
diameter was calculated as the difference in position between the anterior and posterior
wall markers. Additionally, the carotid posterior wall IMT was calculated as the distance
from the leading edge interface between lumen and intima to the leading edge interface
between media and adventitia. The mean diameter, distension, and IMT of the 3
measurements were used in the analyses.

Reproducibility was assessed in 10 individuals (5 men; 58.2 + 9.5 years) who were examined
twice, 2 weeks apart. The intraobserver intersession coefficients of variation (CV = [standard
deviation of the mean difference /v2] / pooled mean) were as follows: carotid IMT: 10.9%;
diameters: 2.9% (carotid), 2.5% (femoral), and 4.3% (brachial); distension: 5.3% (carotid),
11.6% (femoral), and 12.8% (brachial); DC: 7.0% (carotid), 11.3% (femoral), and 12.8%
(brachial); CC: 6.3% (carotid), 13.1% (femoral), and 13.9% (brachial); carotid YEM, 11.6%;
and aortic pressures: 5.2% (systolic), 3.4% (diastolic), 3.8% (pulse), and 3.2% (mean).
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Determination of cfPWV, Aix and SAC

Segmental aortic stiffness was determined by assessment of cfPWV (i.e. the ratio of
travelled distance divided by transit time). The travel distance was estimated using body
height according to the formula proposed by Weber et al.* Carotid-femoral transit time was
determined by continuous measurement of the distension curves of the carotid and femoral
artery.® To obtain carotid-femoral transit time, we assessed the average time delay (mean
of 3 recordings of 4 seconds per artery) from the ECG trigger to 10% of the ascending slope
of the distension curve of both arteries and subtracted the carotid value from the femoral
value. The Aix was determined by radial applanation tonometry (Sphygmocor, Atcor
Medical, Sydney, Australia).>® SAC was determined according to two methods: the
exponential decay method based on the Windkessel method, and the ratio of stroke volume
to aortic PP, as described previously.® The first method used data obtained by applanation
tonometry. The second method used the ratio of stroke volume to aortic PP to determine
total arterial compliance. Stroke volume was calculated as cardiac output (determined by
echocardiography’) divided by heart rate. Aortic PP was calculated by calibration.®
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Supplemental results

Additional analysis femoral DC and CC

The results were somewhat inconsistent for the femoral DC and CC (i.e. DC was significantly
associated with CV events, but not with all-cause mortality, whereas CC was significantly
associated with mortality, but not with CV events). To further explore these findings, we
evaluated the association between, on the one hand, the individual elements of DC and CC
(i.e. femoral diameter, distension and PP), and, on the other, CV events and all-cause
mortality. The results showed that all individual elements contributed to the association
with CV events and mortality (data not shown). Therefore, we believe that the discrepancy
between the DC and CC may be the result of the play of chance, and cannot be explained
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by a particular remodelling pattern (e.g. a change primarily in diameter which impacts more
on the CC).

Table S3.1. Associations between arterial stiffness indices of the carotid, femoral and brachial artery with

incident cardiovascular events and all-cause mortality; additional adjustments for carotid-femoral pulse wave

velocity®
Model

Carotid artery Femoral artery
DC YEM cC DC CcC
Incident cardiovascular events
1 1.10(0.78; 1.54)
2 1.00 (0.69; 1.45)

1.12 (0.85; 1.49)
1.05 (0.76; 1.46)

0.99 (0.74; 1.36)
0.97 (0.71; 1.32)

1.69 (1.12; 2.46)
1.65 (1.12 ;2.42)

1.43 (1.00; 2.05)
1.39 (0.96; 2.01)

3 0.95 (0.64; 1.41)

4 0.89 (0.61; 1.31)
All-cause mortality

1 1.84 (1.16; 2.92)

2 1.76 (1.04; 2.97)

3 1.70 (1.01; 2.85)

4 1.67 (1.00; 2.81)

1.02 (0.72; 1.45)
1.00 (0.69; 1.46)

1.72 (1.32; 2.24)
1.69 (1.26; 2.25)
1.65 (1.22; 2.22)
1.66 (1.23; 2.27)

1.03 (0.75; 1.40)
1.03 (0.75; 1.40)

1.75 (1.12; 2.74)
1.64 (1.05; 2.57)
1.64 (1.07; 2.52)
1.63 (1.06; 2.50)

1.63 (1.10; 2.41)
1.64 (1.11; 2.42)

1.48 (0.94; 2.34)
1.37 (0.86; 2.20)
1.40 (0.87; 2.24)
1.40 (0.87; 2.24)

1.45 (0.98; 2.14)
1.47 (0.98; 2.20)

1.30 (0.85; 2.00)
1.20 (0.77; 1.87)
1.08 (0.69; 1.67)
1.07 (0.68; 1.66)

Values are hazard ratio (95% confidence interval). Hazard ratios are indicated per 1 SD lower distensibility (DC) and
compliance coefficient (CC) and per 1 SD higher Young's elastic modulus (YEM). Model 1: adjusted for age, sex and
glucose metabolism status; model 2: model 1 plus mean arterial pressure; model 3: model 2 plus prior
cardiovascular disease, BMI, triglycerides, total/HDL cholesterol ratio, eGFR, (micro)albuminuria, physical activity,
and smoking habits; model 4: model 3 + cfPWV.

Number of events for incident cardiovascular events / all-mortality: 53 / 35.

AAnalyses done in a subsample (n=237) of the study population with available data on cfPWV. The effect estimates,
therefore, differ from those obtained in the total study population. Participants with missing cfPWV data were, as
compared to those without, older (71 years vs. 68 years), had a higher BMI (27.7 kg/m? vs. 25.6 kg/m?), a higher
HbAlc (6.1% vs. 5.9%), more often had hypertension (73.5% vs. 62.1%), and had stiffer carotid arteries
(distensibility coefficient 10.5 103 /kPa vs. 11.4 103 /kPa); P for all <.05.

Table S3.2. Associations between arterial stiffness indices of carotid and femoral arteries with incident
cardiovascular events and all-cause mortality; indices calculated with distension-waveform-calibrated pulse
pressure instead of brachial pulse pressure
Model Carotid artery Femoral artery
DC YEM cC DC CcC
Incident cardiovascular events

1 1.24 (0.98; 1.58)

2 1.21(0.93; 1.57)

3 1.16 (0.89; 1.51)
All-cause mortality

1 1.44 (1.07; 1.95)

2 1.38(0.99; 1.93) 1.27 (1.04; 1.55) 1.40(1.03; 1.90) 1.45(1.03; 2.04) 1.53 (1.06; 2.23)

3 1.38 (0.98; 1.94) 1.27 (1.03; 1.57) 1.45 (1.06; 1.97) 1.46 (1.03; 2.06) 1.50 (1.02; 2.20)
Values are hazard ratio (95% confidence interval). Hazard ratios are indicated per 1 SD lower distensibility (DC) and
compliance coefficient (CC) and per 1 SD higher Young's elastic modulus (YEM). Model 1: adjusted for age, sex and
glucose metabolism status; model 2: model 1 plus mean arterial pressure; model 3: model 2 plus prior
cardiovascular disease, BMI, triglycerides, total/HDL cholesterol ratio, eGFR, (micro)albuminuria, physical activity
and smoking habits.

Number of participants and events available for analysis with incident cardiovascular events / all-cause mortality:
for carotid DC, CC and YEM 473 (115 events) / 511 (79 events); and for femoral DC and CC 453 (110 events) / 490
(76 events).

1.24 (1.04; 1.47)
1.23 (1.02; 1.47)
1.17 (0.97; 1.40)

1.08 (0.87; 1.35)
1.06 (0.85; 1.32)
1.11 (0.89; 1.38)

1.38 (1.07; 1.77)
1.35 (1.05; 1.75)
1.37 (1.06; 1.76)

1.28 (0.99; 1.65)
1.25 (0.96; 1.62)
1.23 (0.95; 1.59)
1.30(1.09; 1.55)  1.46 (1.08; 1.97)

1.51(1.08; 2.11) 1.60 (1.11; 2.31)




58 | Chapter 3

Table S3.3. Associations between arterial stiffness indices of the carotid and femoral artery and the aorta with
incident cardiovascular events and all-cause mortality; additional adjustments for intima-media thickness, and
systolic and pulse pressure instead of mean arterial pressure

Model Carotid artery Femoral artery Aorta
DC YEM CcC DC cC cfPWV

Incident cardiovascular events

1: fully adjusted model 1.22 1.19 1.08 1.39 1.25 1.56

(0.95;1.56) (1.00;1.41) (0.88;1.31) (1.06;1.83) (0.96;1.63) (1.23;1.98)

1.17 1.25 1.10 1.37 1.23 1.56

2: model 1 +IMT (0.90; 1.50) (1.05;1.48) (0.90;1.35) (1.04;1.79) (0.94;1.61) (1.23; 1.98)

3: model 1 + SBP instead of 1.15 1.16 1.07 1.32 1.19 1.50

MAP (0.91; 1.45) (0.97;1.38) (0.88;1.30) (1.01;1.73) (0.92;1.55) (1.17;1.93)

4: model 1 + PP instead of 1.15 1.16 1.07 131 1.18 143

MAP (0.92;1.45) (0.97;1.37) (0.89;1.30) (1.00;1.72) (0.91;1.54) (1.12;1.83)

All-cause mortality

1: fully adjusted model 1.51 1.28 1.43 1.27 1.47 1.13

(1.11; 2.06) (1.07;1.53) (1.10;1.86) (0.90;1.79) (1.01;2.13) (0.83;1.54)

1.52 1.30 1.45 1.40 1.51 1.15

2: model 1 +IMT (1.13;2.05) (1.09;1.55) (1.10;1.90) (0.97;2.00) (1.03;2.22) (0.84;1.57)

3: model 1 + SBP instead of 1.58 1.32 1.48 1.32 1.52 1.09

MAP (1.18;2.12) (1.12;1.56) (1.14;1.92) (0.94;1.85) (1.05;2.20) (0.80; 1.48)

4: model 1 + PP instead of 1.57 1.33 1.48 1.29 1.49 1.07

MAP (1.17;2.10) (1.13;1.56) (1.14;1.92) (0.93;1.81) (1.03;2.15) (0.78;1.47)

Values are hazard ratio (95% confidence interval). Hazard ratios are indicated per 1 SD lower distensibility (DC) and
compliance coefficient (CC) and per 1 SD higher Young’s elastic modulus (YEM) and carotid-femoral pulse wave
velocity (cfPWV). Model 1: adjusted for age, gender and glucose metabolism status, mean arterial pressure (MAP),
heart rate, prior cardiovascular disease, BMI, triglycerides, total/HDL cholesterol ratio, eGFR, (micro)albuminuria,
physical activity and smoking habits.

Number of participants and events available for analysis with incident cardiovascular events / all-cause mortality:
for carotid DC, CC and YEM 533 (130 events) / 579 (96 events), for femoral DC and CC 461 (111 events) / 498 (77
events), and for cfPWV 215 (53 events) / 237 (36 events).

Table S3.4. Associations between arterial stiffness indices of carotid and femoral arteries and the aorta with
incident cerebrovascular and coronary heart disease events
Model Carotid artery Femoral artery Aorta
DC YEM CcC DC cCc cfPWV

Incident cerebrovascular events

1 1.33(0.90; 1.95) 1.08 (0.78; 1.49) 1.01(0.72; 1.41) 1.34(0.85; 2.13) 1.01 (0.67; 1.54) 1.03 (0.64; 1.68)

2 1.36 (0.89; 2.08) 1.05 (0.73; 1.50) 0.99 (0.71; 1.40) 1.33(0.88;2.01) 0.99 (0.64; 1.52) 1.15 (0.70; 1.89)
Incident coronary heart disease events

1 1.06(0.77; 1.45) 1.07 (0.84; 1.37) 0.96 (0.74; 1.26) 1.27 (0.86; 1.87) 1.30 (0.87; 1.94) 1.34 (0.78; 2.29)

2 1.14 (0.81; 1.62) 1.14 (0.89; 1.47) 0.99 (0.75; 1.30) 1.33 (0.88; 2.01) 1.35(0.89; 2.04) 1.19 (0.65; 2.19)
Values are hazard ratio (95% confidence interval). Hazard ratios are indicated per 1 SD lower distensibility (DC) and
compliance coefficient (CC) and per 1 SD higher Young’s elastic modulus (YEM) and carotid-femoral pulse wave
velocity (cfPWV). Model 1: adjusted for age, sex and glucose metabolism status; model 2: model 1 plus mean
arterial pressure.
Number of events for incident cerebrovascular events / coronary heart disease (CHD) events: for carotid DC, CC
and YEM 40 / 57, for femoral DC and CC 33 / 49 and cfPWV 24 / 12.
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Table S3.5. Associations between elastance-thickness product of the carotid artery with incident
cardiovascular events and all-cause mortality

Model Eh
Incident cardiovascular events

1 1.23 (1.06; 1.44)
2 1.22 (1.04; 1.44)
3 1.21(1.02; 1.43)
All-cause mortality

1 1.33(1.15; 1.54)
2 1.27 (1.08; 1.49)
3 1.27 (1.07; 1.50)

Values are hazard ratio (95% confidence interval). Hazard ratios are indicated per 1 SD higher elastance-wall
thickness product (Eh). Model 1: adjusted for age, sex and glucose metabolism status; model 2: model 1 plus
mean arterial pressure; model 3: model 2 plus prior cardiovascular disease, BMI, triglycerides, total/HDL
cholesterol ratio, eGFR, (micro)albuminuria, physical activity and smoking habits. Number of participants and
events available for analysis with incident cardiovascular events / all-cause mortality 533 (130 events) / 579 (96
events).
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Abstract

Background

Carotid stiffening is considered a key element in the pathogenesis of stroke. However,
results of studies on the association between carotid stiffness and incident stroke have been
inconsistent. We therefore investigated whether carotid stiffness (as determined by
ultrasonography) is associated with incident stroke, and whether this association is
independent of aortic stiffness as estimated by carotid-femoral pulse wave velocity
(cfPWV). In addition, we evaluated the incremental value of carotid stiffness for stroke risk
prediction beyond Framingham stroke risk score factors and cfPWV.

Methods

We performed a systematic review and meta-analyses of aggregate and individual
participant data (IPD). We searched MEDLINE and EMBASE for prospective studies on
carotid stiffness and incident cardiovascular events and/or mortality, published between
inception and September 2014. For the IPD meta-analysis, we requested individual level
data of all studies with available data on carotid stiffness and cfPWV. Main outcomes and
measures were hazard ratios (HRs) and risk reclassification measures (integrative
discrimination improvement [IDI] and continuous net reclassification improvement [NRI])
for incident stroke, CHD events, total cardiovascular events and mortality.

Results

Ten studies (n=22,472; 219,386 person-years follow-up) were included in the aggregate
data meta-analysis and four (n=4,540; 52,476 person-years follow-up) in the IPD meta-
analysis. The aggregate data meta-analysis showed that, after adjustment for
cardiovascular risk factors, greater carotid stiffness (per SD) was associated with incident
stroke (HR 1.18 [95% confidence interval 1.05 to 1.33]). In addition, carotid stiffness was
associated with incident total cardiovascular events (HR 1.16 [1.07 to 1.26] and
cardiovascular (1.30 [1.15 to 1.46]) and all-cause mortality (1.22 [1.22 to 1.34]), but not with
coronary heart disease events (1.03 [0.98 to 1.10]). The IPD meta-analysis showed that
additional adjustment for cfPWV did not materially change these associations. Carotid
stiffness improved stroke risk prediction beyond Framingham stroke risk score factors and
cfPWV (IDI: 0.4%-point [0.1 to 0.6%-point]); continuous NRI: 18.6% [5.8 to 31.3%])).

Conclusion

Carotid stiffness is associated with incident stroke independently of aortic stiffness and
cardiovascular factors. In addition, carotid stiffness improves stroke risk prediction beyond
Framingham stroke risk score factors and aortic stiffness. This supports the concept that
carotid stiffening is important in the pathogenesis of stroke and constitutes a potential
target for stroke prevention strategies.
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Introduction

Stroke is one of the leading causes of disability and death worldwide.* The global burden of
stroke has greatly increased in the last decades, and will continue to increase in the coming
years.? Therefore, effective prevention strategies need to be developed, which requires a
better understanding of the risk factors for stroke.?

Aging and cardiovascular disease (CVD) risk factors lead to stiffening of the common carotid
artery,® which can be quantified non-invasively by measurement of local distensibility.>*
Stiffening of carotid arteries impairs their cushioning function and increases pressure and
flow pulsatility, which transmits distally into the cerebral circulation and, thus, may increase
the risk of stroke.>® In addition, carotid stiffening may lead to stroke through development
of (rupture-prone) atherosclerotic carotid plaques.” However, results of studies®3° on the
association between carotid stiffness and incident stroke have not been consistent. One
study® reported a statistically significant association between carotid stiffness and incident
stroke, whereas other, smaller, studies®>° did not.

We therefore performed a systematic review and aggregate data meta-analysis of cohort
studies on the association between carotid stiffness and incident stroke. Because carotid-
femoral pulse wave velocity (cfPWV), a measure of aortic stiffness,® is the most often used
arterial stiffness measurement and is associated with incident CVD,**? we additionally
performed an individual participant data (IPD) meta-analysis with data from cohorts with
measures of both carotid stiffness and cfPWV, and evaluated whether the association
between carotid stiffness and stroke (if any) is independent of cfPWV. In addition, to
evaluate whether carotid stiffness has any potential of being used as a risk predictor of
stroke, we quantified the incremental value of carotid stiffness for stroke risk prediction
beyond Framingham stroke risk score factors and cfPWV. Finally, we evaluated the
association between carotid stiffness and other cardiovascular outcomes than stroke,
including coronary heart disease (CHD) events, non-fatal and fatal cardiovascular events,
and all-cause mortality.
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Methods

This review is reported in accordance with the preferred reporting items for systematic
reviews and meta-analyses (PRISMA) statement (see supplemental material, Appendix A).13

Evaluation procedure

Two independent reviewers (TVS and SS) selected all relevant studies based on title and
abstract, retrieved selected full texts, performed an eligibility assessment, extracted data
and assessed risk of bias (described below). A third reviewer was available to solve any
persisting disagreements.

Data sources and search strategy

We identified relevant studies through a search of Medline and Embase from inception to
September 15, 2014, without any language restriction (search terms are provided as
supplemental material, Appendix B). In addition, we identified studies by reviewing the
reference lists of all relevant articles identified and by discussion with researchers to
identify unpublished data.

Eligibility criteria and study selection

For the systematic review and aggregate data meta-analysis, we considered eligible all
prospective cohort studies in humans (of any age) that investigated the association
between, on the one hand, carotid stiffness and, on the other, (non-fatal and/or fatal)
incident stroke, CHD events and/or total cardiovascular events, and/or all-cause mortality.
We selected all studies that measured common carotid artery properties (diameter and
distention) by ultrasound, together with brachial or local carotid pulse pressure (PP), and
calculated carotid artery distensibility coefficient (DC), Young’s elastic modulus (YEM),
compliance coefficient (CC) or beta-stiffness index (Sl). DC represents arterial stiffness (the
lower DC, the greater the stiffness).>* The other indices are closely related to the DC: higher
YEM represents greater stiffness of the arterial wall material; lower CC represents lower
arterial buffering capacity; and higher Sl represents greater stiffness and takes into account
the non-linear relation between pressure and carotid artery diameter.>*

Data extraction

We used a predesigned data abstraction form to extract information on the following items:
study size, location, population characteristics, measures of arterial stiffness, follow-up
duration, type and number of events, reported risk estimates, and variable(s) that were
adjusted for in the analyses. In the case of multiple publications,®#6 we included the most
up-to-date or comprehensive information. For the aggregate data meta-analysis, additional
information for two studies'”*® was requested from corresponding authors; none provided
the requested data.
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Risk of bias assessment

Risk of bias was evaluated with the Newcastle-Ottawa Scale (NOS) (NOS is provided as
supplemental material, Appendix C).1° The NOS includes items on participant selection,
validity of measurements, whether or not results were adjusted for age and blood pressure,
plus duration and completeness of follow-up.

Individual participant data meta-analysis

For the IPD meta-analysis, we requested individual level data of all studies eligible for the
aggregate data meta-analysis with available data on cfPWV. All eligible studies provided the
requested data. Individual data from these studies were collected and harmonized for the
statistical analysis using PASW statistics (version 21, IBM, Chicago, lllinois, USA).

Outcome definitions

In both the aggregate data and IPD meta-analysis, outcome definitions were used as
reported in the originally published articles (see supplemental material, Table S4.1). Stroke
included non-fatal and fatal cerebral infarction and intracerebral hemorrhage; CHD events
included non-fatal and fatal acute myocardial infarction, angina pectoris, coronary artery
bypass grafting, percutaneous coronary intervention and sudden death; total
cardiovascular events included non-fatal and fatal CHD events, stroke, congestive heart
failure and peripheral arterial disease; cardiovascular mortality included all fatal
cardiovascular events (as defined above); and all-cause mortality included death from any
cause.

Data synthesis and analysis
All analyses were performed with Cochrane Review Manager (version 5.2) and R statistical
software (version 2.15).

Aggregate data meta-analysis

Results were pooled for the association between one standard deviation (SD) greater
carotid stiffness and incident stroke. In addition, we evaluated the association of carotid
stiffness with CHD events, total cardiovascular events, and cardiovascular and all-cause
mortality. Results were included for lower DC or, if not available, higher YEM, lower CC or
higher Sl. For studies that reported results on carotid stiffness calculated with brachial as
well as local PP, we included the results on carotid stiffness calculated with brachial PP in
the main analysis, because these were available in the largest number of participants. In a
sensitivity analysis, results were pooled for carotid stiffness calculated with local PP. All
included studies calculated hazard ratios (HRs), except one study?® which calculated an odds
ratio. We treated this odds ratio as a HR. Pooled HRs were calculated using the random-
effects inverse variance method. For each study, we included the fully adjusted value for
the HR. Heterogeneity between studies was investigated with Higgins |12 statistic. Several
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sensitivity analyses were done: analyses were repeated after exclusion of studies with a
relatively high risk of bias (NOS score <7); analyses were repeated with studies which
obtained carotid stiffness data by echotracking, which is considered the “gold standard”
measurement technique to assess common carotid artery properties®?>22; and results were
pooled for each stiffness index separately (for lower DC, higher YEM, lower CC and higher
SI, respectively).

Individual participant data meta-analysis

Missing values on covariates were imputed using the expectation maximization method
(single imputation) for each cohort separately. Percentage of missing values on covariates
was minimal (total 2.0%). We first used a two-stage analysis approach?® with estimates of
association calculated separately within each study before pooling across studies by the
random-effects inverse variance method. We used Cox proportional hazard models with
one SD lower carotid DC as the determinant and incident stroke as the outcome.
Additionally, we evaluated the association of carotid stiffness with CHD events, total
cardiovascular events, and cardiovascular and all-cause mortality. The associations were
first adjusted for the following potential confounders: age, sex, mean arterial pressure,
heart rate, body mass index, total/high density lipoprotein cholesterol ratio, triglycerides,
current smoking, diabetes, prior CVD, the use of anti-hypertensive and lipid-modifying
medication (model 1); and additionally for cfPWV (model 2). We checked whether the
associations of carotid stiffness with outcomes were linear by visual inspection of graphs of
carotid stiffness quartiles against the corresponding HR and formal testing for nonlinearity
using cubic restricted splines.?* The proportional hazards assumption was assessed by tests
and visual inspection of graphs based on Schoenfeld residuals.?*

We then evaluated whether carotid stiffness has any potential of being used as a risk
predictor of stroke. We considered this a “proof of concept” analysis rather than an analysis
of clinical relevance, because the study populations included in the IPD analysis had a high
absolute baseline risk of stroke (see below). This greatly limits the possibility of identifying
clinically relevant improvement of risk estimation. Therefore, we used the integrated
discrimination improvement (IDI) and the continuous (category-free) net reclassification
index (NRI) to quantify the incremental value of carotid DC for prediction of stroke risk
beyond Framingham risk score factors and cfPWV. We used a one-stage approach.?® The IDI
is @ measure that reflects the average improvement, in percent point, in predicted
probabilities summed across events and nonevents.?> The continuous NRI is a measure of
reclassification that quantifies the sum of the percentages, for events and nonevents
separately, of individuals in whom the directional change in predicted risk was consistent
with observed events; values can range between -200% and +200%.2° These analyses were
done in individuals without a prior CVD and limited to a time horizon of 10 years. We first
fitted a Cox proportional hazards model to the data using the Kaplan-Meier estimate?® on
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the basis of cfPWV and the Framingham stroke risk score factors,?” i.e. age, sex, systolic
blood pressure, total and high density lipoprotein cholesterol, current smoking, diabetes,
the use of anti-hypertensive medication and left ventricular hypertrophy. We refer to this
model as the “base model”. This base model was then extended by carotid DC, and the base
and extended model were compared using the IDI and continuous NRI. Additionally, we
calculated the (change in) C-statistic, a measure of risk discrimination.?* Confidence
intervals for the IDI, NRI and C-statistic were calculated by bootstrapping (1,000
repetitions). Finally, we evaluated the incremental value of carotid DC beyond Framingham
cardiovascular risk score factors?® (i.e. age, sex, systolic blood pressure, total and high
density lipoprotein cholesterol, current smoking, diabetes and the use of anti-hypertensive
medication) and cfPWV for risk prediction of CHD events, total cardiovascular events, and
cardiovascular and all-cause mortality.

Results

Selection process and study characteristics

Figure 4.1 shows the selection process of included studies. Of the ten studies®810:1520,29-32
included in the aggregate data meta-analysis, four®31? evaluated stroke (n=17,662 with 898
events), five®81030 CHD events (n=21,080 with 2,113 events), ten®81015202932 gpy
cardiovascular events (n=22,214 individuals with 3,010 events), seven®°®015293132
cardiovascular mortality (n=8,534 with 806 events) and five®!%1>2932 3||l-cause mortality
(n=5,991 with 2,062 events). For the Rotterdam Study® and the study of Blacher et al.® the
original investigators were able to provide an update of previously published results with
unpublished data on a higher number of participants and longer follow-up duration. The
updated results of the Rotterdam Study were based on 4,713 individuals and a median
follow-up duration of 12.0 years (previously published results*® were based on n=2,835 and
4.1 years follow-up), and the updated results of Blacher et al. were based on 156 individuals
and a median follow-up duration of 5.1 years (previously published results’® were based on
n=110 and 4.4 years follow-up). The studies included were conducted in the general
population (five studies®®193032) or in individuals with chronic kidney disease (four
studies?>?%2%31) or prior CVD (one study®). The follow-up duration ranged from 2.8 to 13.8
years (full study characteristics are provided in the supplemental material, Tables S4.1-
S4.3). Four studies (the study of Blacher et al.’>, and the Rotterdam!’, Hoorn® and
Nephrotest?® Studies) had data available on cfPWV and were included in the IPD meta-
analysis. Of these, two studies (Rotterdam and Hoorn Studies) had data available on
incident stroke (n=4,075 with 351 events) and all four had data available on total

cardiovascular events (n=4,395 with 763 events).
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2,278 articles identified using
Medline and EMBASE, and
reference list search

2,259 articles excluded after
title/abstract scan

v
19 full texts screened

9 studies excluded
——— P - Overlapping study populations (n=2)
- Did not measure local carotid stiffness (n=3)
v - Not a prospective study (n=2)
10 studies included in - Did not provide sufficient data (n=2)
aggregate data meta-analysis

6 studies excluded: did not

—————————D
measure cfPWV

A 4

4 studies included in
individual participant data
meta-analysis

Figure 4.1. Flow chart of selection process of eligible studies.

Risk of bias of individual studies
Risk of bias among the included studies is presented in the supplemental material, Table
S4.4. Overall, risk of bias was low (mean NOS score was 7 out of 8).

Aggregate data meta-analysis

Greater carotid stiffness was associated with a higher stroke incidence (Figure 4.2, Panel A).
In addition, greater carotid stiffness was associated with a higher incidence of total
cardiovascular events, and with greater cardiovascular and all-cause mortality, but not with
CHD events (Figure 4.2, Panels B to E). The statistical heterogeneity between studies was
low to moderate (range of 1> was 0% to 55%; see also Figure 4.2, Panels A to E). Results did
not materially change when data were pooled of carotid stiffness calculated with local PP;
after exclusion of studies with a relatively high risk of bias; or when data were pooled of
studies which obtained carotid stiffness data by echotracking (supplemental material,
Figure S4.1). In addition, results were qualitatively similar for each carotid stiffness index,
except for carotid CC, which was not statistically significantly associated with stroke or any
of the other outcomes (Figure S4.1).
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Hazard ratio (95% confidence interval)

A. Stroke

n for this analysis 17,662 with 898 events and 208,301 person-years of follow-up
ARIC Study —— 1.19 (1.02; 1.39)
Hoorn Study — 1.36 (0.89; 2.08)
Rotterdam Study —— 1.24 (1.07; 1.44)
SMART Study —_— T 0.88 (0.62; 1.24)
R =17% > 1.18 (1.05; 1.33)

B. Coronary heart disease events

n=21,080 with 2,113 ewents; follow-up: 211,830 person-years

3City Study 1.03 (0.86; 1.23)
ARIC Study I 1.01 (0.94; 1.09)
Hoorn Study — 1.14 (0.81; 1.62)
Rotterdam Study T 1.07 (0.95; 1.21)
SMART Study R 1.06 (0.87; 1.29)
2 = 0% » 1.03 (0.98; 1.10)

C. Total cardiovascular events

n=22,214 with 3,010 ewents: follow-up: 216,959 person-years

3City Study

1.03 (0.86; 1.23)

ARIC Study Ja— 1.04 (0.97; 1.11)
Barenbrock, 2002 —_— 1.21 (1.05; 1.40)
Blacher, 2001 1.72 (1.11; 2.65)
Hoorn Study _ 1.22 (0.95; 1.56)
Nephrotest Study 0.99 (0.55; 1.79)
Rotterdam Study —e— 1.15(1.04; 1.27)
Shaji, 2010 e e— 1.36 (1.08; 1.71)
SMART Study - 1.06 (0.92; 1.23)
Stork, 2004 —_— 1.42 (1.17; 1.73)
12 = 55% <& 1.16 (1.07; 1.26)

D. Cardiovascular mortality

n=8,534 with 806 events; follow-up: 73,768 person-years

Blacher, 2001
Hoorn Study

Nephrotest Study

1.72 (1,11; 2.65)
2.14 (0.99; 4.61)
2.47 (0.53;11.60)

Rotterdam Study —a 1.16 (0.99; 1.35)
Shaji, 2010 —e 1.36 (1.08; 1.71)
SMART Study +u— 1.12 (0.95; 1.32)
Stork, 2004 — 1.42 (1.17; 1.73)
P = 38% <> 1.30 (1.15; 1.46)

E. All-cause mortality

n=5,991 with 2,062 events; follow-up: 65,771 person-years

Blacher, 2001

1.44 (1,03; 2.01)

Hoorn Study 1.51 (1.11; 2.06)

Nephrotest Study 1.95 (0.76; 4.97)

Rotterdam Study Eg 1.18 (1.10; 1.26)

Stork, 2004 - 1.17 (0.97; 1.40)

?=15% <o 1.22 (1.12; 1.34)
05 07 15 2

Figure 4.2. Results of aggregate data meta-analysis. Forest plot for the association between, on the one hand,
one standard deviation (SD) greater carotid stiffness and, on the other, incident stroke (A), coronary heart
disease events (B), total cardiovascular events (C), cardiovascular mortality (D) and all-cause mortality (E). For
each study, the hazard ratio was pooled for, if available, one SD lower carotid distensibility coefficient; if not
available, the hazard ratio was pooled for one SD higher Young’s elastic modulus (for SMART Study; 3City
Study; and Stork, 2004), or one SD higher beta-stiffness index (for Shoji, 2010).

ARIC = atherosclerosis risk in communities; SMART = second manifestations of arterial disease.
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Individual participant data meta-analysis

After adjustment for potential confounders, lower carotid DC was associated with higher
stroke incidence (Table 4.2, panel A, model 1). Further adjustment for cfPWV did not
materially change this association (model 2). In addition, lower carotid DC was associated
with a higher incidence of total cardiovascular events, and greater cardiovascular and all-
cause mortality, but not with CHD events (supplemental material, Table S4.3). The baseline
stroke risk was high as estimated by the base model (including Framingham stroke risk score
factors and cfPWV) for individuals included in the IPD meta-analysis (i.e. 50.2% of individuals
included had an estimated stroke risk higher than 5.0%). This was due to the inclusion of
older individuals,®° and/or individuals with diabetes® or chronic kidney disease.*>?° When
carotid DC was added to the base model, the IDI and continuous NRI for incident stroke
improved statistically significantly with 0.4%-point (95% confidence interval 0.1 to 0.6%-
point) and 18.6% (5.8 to 31.3%), respectively (Table 4.2, panel B). The C-statistic also
improved, but this was not statistically significant (Table 4.2, panel B). In addition, the IDI
and continuous NRI improved statistically significantly for cardiovascular mortality (0.3%-
point [0.1 to 0.5%-point] and 17.5% [3.2 to 31.7%], respectively) and all-cause mortality
(0.6%-point [0.4 to 0.9%-point] and 19.0% [12.3 to 25.7%], respectively), but not for CHD
events (-0.0%-point [-0.1 to 0.1%-point] and 3.9% [-7.3 to 15.1%], respectively) and total
cardiovascular events (0.1%-point [-0.2 to 0.3%-point] and 5.0% [-4.6 to 15.0%],
respectively) (supplemental material, Table S4.3). The C-statistic did not statistically
significantly improve for any of these outcomes (Table S4.3).

Table 4.1. Results of individual participant data meta-analysis. Association between carotid stiffness and
incident stroke: additional adjustments for carotid-femoral pulse wave velocity (cfPWV) (A) and analysis of risk
improvement (B)

Models Carotid DC (per one lower SD) as the determinant and
incident stroke as the outcome”

A. Cox regression analysis Hazard ratio (95% confidence interval)

Model 18 1.24 (1.05; 1.47)

Model 18 + cfPWV 1.24 (1.05; 1.46)

B. Risk improvement analysis® Effect estimate (95% confidence interval)

IDI (%-point) 0.4 (0.1; 0.6)

Continuous NRI (%) 18.6 (5.8; 31.3)

C-statistic base model 0.747 (0.710; 0.784)

C-statistic extended model 0.750 (0.713; 0.787)

Change in C-statistic 0.003 (-0.003; 0.009)

ANumber of participants for this analysis (n) 4,075 with 351 events and 47,881 person-years of follow-up.

8 Model 1: results adjusted for age, sex, mean arterial pressure, heart rate, body mass index, smoking habits,
diabetes, triglycerides, total / high density lipoprotein cholesterol ratio, prior cardiovascular disease, the use of
lipid-modifying and anti-hypertensive medication.

¢Base model for risk improvement analysis included Framingham stroke risk score factors and cfPWV. Model was
extended by carotid distensibility coefficient (DC) (per one lower standard deviation).

IDI = integrated discrimination improvement; NRI = net reclassification index; SD = standard deviation.



Carotid stiffness and incident stroke | 71

Discussion

The present systematic review and meta-analysis of aggregate and individual participant
data showed that greater carotid stiffness was associated with a higher stroke incidence.
This association was independent of age, sex, blood pressure and CVD risk factors, and did
not materially change after adjustment for cfPWV, a measure of aortic stiffness. In addition,
estimation of carotid stiffness modestly improved stroke risk prediction beyond
Framingham stroke risk score factors and cfPWV, as indicated by a statistically significant
improvement of the IDI and continuous NRI. Finally, carotid stiffness was associated with a
higher incidence of total cardiovascular events, and greater cardiovascular and all-cause
mortality, but not with CHD events.

This is the first systematic review and meta-analysis on the association between carotid
stiffness and incident cardiovascular disease and mortality. The findings are in agreement
with, and further extend, previous observational studies®®2%2° that reported an association
between carotid stiffness and incident CVD,%%2%2% including stroke.® The aggregate data
meta-analysis enabled us to examine these associations in greater detail with enhanced
power. In addition, the IPD meta-analysis allowed us to do a comprehensive range of
additional analyses, including adjustment for cfPWV and quantification of stroke risk
improvement beyond Framingham risk score factors and cfPWV.

Some methodological issues warrant consideration. First, the results were consistent across
different study populations notwithstanding differences in methods to quantify carotid
stiffness, and were not related to the risk of bias of included studies, which strengthens the
validity of the findings. Second, the results were consistent for all carotid stiffness indices,
except for carotid CC, which was not statistically significantly associated with stroke. To
further explore this finding, we evaluated the association between individual elements of
the stiffness indices (diameter, distension and PP) and stroke. The results showed that
greater carotid diameter, lower distension and higher PP were each associated with a higher
stroke incidence (data not shown). The association between greater carotid diameter and
incident stroke is in accordance with previous studies,?*** and may reflect arterial
remodeling in response to atherosclerosis or increased arterial stiffness.'* However, arterial
diameter enlargement leads to greater compliance, and this may explain that we did not
find an association between (lower) carotid CC and stroke. Third, the present study had
insufficient power to formally test the potential influence of publication bias. Nevertheless,
a broad systematic search was done to identify all relevant studies, and we were able to
include published as well as unpublished data. This limits the possibility of the presence of
(substantial) publication bias.
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The present study showed that greater carotid stiffness is associated with a higher stroke
incidence, independently of aortic stiffness, and supports the concept that carotid stiffening
is important in the pathogenesis of stroke.® The underlying mechanism may be that
stiffening of the carotid artery (or of other elastic arteries for which the carotid artery may
serve as a proxy) leads to a higher pulsatile pressure and flow load on the brain.>*3> This
increased load can penetrate distally into the cerebral microcirculation and may directly
cause cerebral ischemia and hemorrhage.>3>3¢ |n addition, the increased pulsatile load may
induce a hypertrophic remodeling response and rarefaction of small cerebral arteries,
which, in turn, may lead to chronic ischemia. Furthermore, stiffening of the carotid artery
may lead to stroke through local development of rupture-prone atherosclerotic plaques.
Indeed, previous studies’?” have shown that arterial stiffness is associated with presence’*’
and a rupture-prone phenotype’ (e.g. intraplaque hemorrhage) of atherosclerotic plaques
in the internal carotid artery.

In the present study, carotid stiffness, in contrast to aortic stiffness (as determined by
cfPWV)12 was not associated with incident CHD events. A possible explanation for these
observations may be that stiffening of the aorta, but not of the carotid artery, leads to a
higher left ventricular load and reduced diastolic coronary perfusion.>*

In addition, carotid stiffness was associated with total (non-fatal and fatal) cardiovascular
events and with all-cause mortality. This suggests that stiffening of carotid arteries
additionally increases the risk of diseases other than stroke. For example, it is conceivable
that stiffening of the carotid artery is associated with risk of congestive heart failure, as
stiffening of the carotid artery could act as a proxy for stiffening of the proximal elastic
segment of the aorta, which increases cardiac afterload and is associated with risk of
congestive heart failure.3®3° [In addition, carotid stiffness may be a marker of biological
aging and, thus, be associated with mortality of age-related diseases other than
cardiovascular disease.® These possibilities require further investigation.

From a clinical point of view, the observation that carotid stiffness was associated with
incident stroke independently of aortic stiffness is important, as this, together with
experimental data, identifies carotid stiffness as a potential separate target for stroke risk
lowering therapy. CVD risk factors have different impacts on stiffening of elastic versus
muscular arteries.*®*! This may be attributed to the marked differences in the architecture
of these arteries, and suggests that stiffness of elastic arteries may be specifically targeted.
Currently, no therapy is available that specifically targets stiffness of elastic arteries.

In the present study, carotid stiffness improved risk prediction of stroke beyond
Framingham stroke risk score factors and cfPWV, as indicated by improvement of IDI and
continuous NRI. This finding provides proof of principle that carotid stiffness can have
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additional value as a risk predictor of stroke. The improvement of stroke risk prediction by
carotid stiffness was, however, modest, and, in high-risk populations such as those included
in the current analyses, such an improvement may not be clinically relevant.*> Nevertheless,
the current data provide a framework for investigating whether assessment of carotid
stiffness can improve stroke risk prediction in younger individuals and in those at
intermediate risk, in whom improvement of risk prediction may be of greater importance.*

A limitation of the present study is that (unavoidable) survival bias may have led to an
underestimation of the associations observed. In addition, we did not evaluate the
association between carotid stiffness and stroke subtypes, i.e. ischemic versus hemorrhagic.
However, it is likely that stiffening of the carotid artery increases the risk of both ischemic
and hemorrhagic stroke.>3>36

In conclusion, the present study shows that greater carotid stiffness is associated with a
higher stroke incidence independently of cfPWV. In addition, carotid stiffness modestly
improved risk prediction of stroke beyond Framingham stroke risk score factors and cfPWV.
This identifies carotid stiffness as a potential separate target for prevention strategies of
stroke. Further studies are needed to quantify the predictive value of carotid stiffness in
individuals at intermediate risk in whom reclassification improvement may be of greatest
clinical importance.
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Supplemental Material
Supplemental methods section

Appendix A: PRISMA 2009 checklist

Section/topic Checklist item Reported on
page:
TITLE
Title 1 |ldentify the report as a systematic review, meta-analysis, or 61
both.
ABSTRACT
Structured 2 |Provide a structured summary including, as applicable: 62
summary background; objectives; data sources; study eligibility criteria,

participants, and interventions; study appraisal and synthesis
methods; results; limitations; conclusions and implications of key
findings; systematic review registration number.

INTRODUCTION

Rationale 3 |Describe the rationale for the review in the context of what is 63
already known.

Objectives 4 |Provide an explicit statement of questions being addressed with (63
reference to participants, interventions, comparisons, outcomes,
and study design (PICOS).

METHODS

Protocol and 5 |Indicate if a review protocol exists, if and where it can be -

registration accessed (e.g., Web address), and, if available, provide
registration information including registration number.

Eligibility 6 |Specify study characteristics (e.g., PICOS, length of follow-up) 64

criteria and report characteristics (e.g., years considered, language,

publication status) used as criteria for eligibility, giving rationale.
Information 7 |Describe all information sources (e.g., databases with dates of |64

sources coverage, contact with study authors to identify additional
studies) in the search and date last searched.
Search 8 |Present full electronic search strategy for at least one database, |[Supplemental
including any limits used, such that it could be repeated. Material
Study 9 |State the process for selecting studies (i.e., screening, eligibility, |64
selection included in systematic review, and, if applicable, included in the

meta-analysis).
Data collection|10|Describe method of data extraction from reports (e.g., piloted |64

process forms, independently, in duplicate) and any processes for
obtaining and confirming data from investigators.
Data items 11|List and define all variables for which data were sought (e.g., 64
PICOS, funding sources) and any assumptions and simplifications
made.
Risk of biasin |12 |Describe methods used for assessing risk of bias of individual 65,
individual studies (including specification of whether this was done at the [Supplemental
studies study or outcome level), and how this information is to be used [Material

in any data synthesis.
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Summary 13 [State the principal summary measures (e.g., risk ratio, difference|65-66
measures in means).
Synthesis of 14 |Describe the methods of handling data and combining results of |65-66
results studies, if done, including measures of consistency (e.g., I?) for
each meta-analysis.
Risk of bias 15 [Specify any assessment of risk of bias that may affect the 65-66
across studies cumulative evidence (e.g., publication bias, selective reporting
within studies).
Additional 16 |Describe methods of additional analyses (e.g., sensitivity or 65-66
analyses subgroup analyses, meta-regression), if done, indicating which
were pre-specified.
RESULTS
Study 17 |Give numbers of studies screened, assessed for eligibility, and Figure 4.1
selection included in the review, with reasons for exclusions at each stage,
ideally with a flow diagram.
Study 18 [For each study, present characteristics for which data were 67, Tables
characteristic extracted (e.g., study size, PICOS, follow-up period) and provide |S4.1-54.3
the citations.
Risk of bias 19 [Present data on risk of bias of each study and, if available, any |68,
within studies outcome level assessment (see item 12). Table S4.4
Results of 20 |For all outcomes considered (benefits or harms), present, for Figure 4.2
individual each study: (a) simple summary data for each intervention
studies group (b) effect estimates and confidence intervals, ideally with

a forest plot.

Synthesis of

21

Present results of each meta-analysis done, including confidence

68, Figure 4.2

results intervals and measures of consistency.
Risk of bias 22 |Present results of any assessment of risk of bias across studies |68,
across studies (see Item 15). Figure S4.1
Additional 23 |Give results of additional analyses, if done (e.g., sensitivity or 68,71
analysis subgroup analyses, meta-regression [see ltem 16]). Figure S4.1
DISCUSSION
Summary of |24 [Summarize the main findings including the strength of evidence |71
evidence for each main outcome; consider their relevance to key groups

(e.g., healthcare providers, users, and policy makers).
Limitations 25 |Discuss limitations at study and outcome level (e.g., risk of bias), |71, 73

and at review-level (e.g., incomplete retrieval of identified

research, reporting bias).
Conclusions 26 |Provide a general interpretation of the results in the context of |73

other evidence, and implications for future research.
FUNDING
Funding 27 |Describe sources of funding for the systematic review and other |n/a

support (e.g., supply of data); role of funders for the systematic
review.
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Appendix B: Search strategy

We used Medline and Embase (from inception to September 15, 2014) to identify relevant
articles. The searches performed in Medline and Embase were essentially similar, except
for the subject headings (see below).

Search strategy for Medline

(("carotid arteries" [MeSH Terms] OR "carotid artery diseases" [MeSH Terms] OR carotid
[Tiab] OR local [Tiab]) AND ("elastic modulus" [MeSH Terms] OR "vascular stiffness" [MeSH
Terms] OR "compliance" [MeSH Terms] OR wall characteristics [Tiab] OR "elastic modulus"
[Tiab] OR disten* OR “compliance” OR stiff*)) AND (("CV diseases" [MeSH Terms] OR
("Cardiovascular" [Tiab] AND ("disease" [MeSH Terms] OR disease* [Tiab] OR event*
[Tiab])) OR "atherosclerosis" [MeSH Terms] OR "atherosclerosis" [Tiab]) OR ("stroke"
[MeSH Terms] OR "cerebrovascular disorders" [MeSH Terms] OR "ischemic attack,
transient" [MeSH Terms] OR ("Cerebrovascular"[Tiab] AND ("disease" [MeSH Terms] OR
disease* [Tiab] OR event* [Tiab])) OR ("Transient ischemic" [Tiab] AND (accident* [Tiab]
OR attack* [Tiab] OR incident™* [Tiab])) OR "coronary disease" [MeSH Terms] OR
"myocardial infarction" [MeSH Terms] OR "myocardial ischemia" [MeSH Terms] OR
"coronary artery disease" [MeSH Terms] OR "heart diseases" [MeSH Terms] OR ("heart"
[Tiab] OR "coronary" [Tiab] OR "myocardial" [Tiab]) AND ("disease" [MeSH Terms] OR
disease* [Tiab] OR event* [Tiab] OR "syndrome" [MeSH Terms] OR syndrome* [Tiab])) OR
CVD [Tiab] OR CHD [Tiab]) OR (Mortality [MeSH] OR Death [MeSH] OR "Mortality" OR
"Death")) AND ("longitudinal studies" [MeSH Terms] OR "prospective studies" [MeSH
Terms] OR "cohort studies" [MeSH Terms] OR "follow-up studies" [MeSH Terms] OR
"survival" [MeSH Terms] OR Survival Rate [MeSH] OR "Longitudinal" [Tiab] OR
"Prospective" [Tiab] OR "Observational" [Tiab] OR "Cohort" [Tiab] OR "Follow-up" [Tiab]
OR "Survival analysis" [Tiab])

Search strategy for Embase

. exp CV disease/

. atherosclerosis/ or carotid atherosclerosis/
. (CV and (disease* or event*)).ti,ab.
.lor2or3

. exp cerebrovascular accident/

U1 W N

. exp transient ischemic attack/

~

. (cerebrovascular and (disease* or event*)).ti,ab.

8. (Transient ischemic and (accident* or attack* or incident*)).ti,ab.
9.50r6o0r70r8

10. exp coronary artery disease/

11. exp heart infarction/
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12. exp heart muscle ischemia/

13. exp heart disease/

14. ((heart or coronary or myocardial) and (disease* or event* or syndrome* or
infarct*)).ti,ab.

15. (cvd or chd).ti,ab.

16.100r110or12o0r 13 0or 14 0or 15

17. exp mortality/

18. exp death/

19. exp survival rate/

20. (mortality or death or survival rate).ti,ab.
21.17 or 18 or 19 or 20

22.40r9o0rl6or21

23. exp longitudinal study/

24. exp prospective study/

25. exp cohort analysis/

26. exp follow up/

27. exp survival/

28. (longitudinal or prospective or observational or cohort or follow-up or survival
analysis).ti,ab.

29.23 or 24 or 25 0r 26 or 27 or 28

30. exp carotid artery/

31. carotid.ti,ab.

32. local.ti,ab.

33. exp arterial stiffness/

34. exp artery compliance/

35. exp Young modulus/

36. (wall characteristics or elastic modulus or disten* or compliance or stiff*).ti,ab.
37.(30 or 31 or32) and (33 or 34 or 35 or 36)
38.22 and 29 and 37

39. limit 38 to (English)

40. 39 and "Journal: Article".sa_pubt
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Appendix C: Newcastle-Ottawa scale

For the present study, items 2 and 3 (selection) of the original Newcastle-Ottawa scale
(NOS)* for cohort studies were combined. The original items evaluated the quality of the
assessment of the exposed and non-exposed cohorts, respectively. In the present study,
however, the total study was “exposed” to the risk factor under study (carotid stiffness). A
study can be awarded a maximum of one star for each numbered item within the
selection and outcome categories. A maximum of two stars can be given for comparability.
The individual items of the scale are described below.

Selection
1) Representativeness of the cohort:

a) truly representative of the general population *

b) somewhat representative of the general population *

c) selected group of users e.g. nurses, volunteers

d) no description of the derivation of the cohort
2) Ascertainment of determinant (carotid stiffness):

a) used validated echotracking technique to assess carotid stiffness *

b) other method

¢) no description
3) Demonstration that outcome of interest was not present at start of study (i.e. no prior
cardiovascular disease at baseline, or study adjusted for prior cardiovascular disease in the
regression analysis)

a) yes *

b) no

Comparability

1) Comparability of cohorts on the basis of the design or analysis
a) study controls for systolic, pulse and(or) mean blood pressure *
b) study controls for age *

Outcome

1) Assessment of outcome
a) Assessment by health care professional *
b) record linkage *
c) self-report
d) no description

2) Was follow-up long enough for outcomes to occur
a) yes (median/mean follow-up duration > 5 year) *
b) no
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3) Adequacy of follow-up of cohorts
a) complete follow-up - all subjects accounted for *
b) subjects lost to follow-up unlikely to introduce bias (small number lost: > 80%
follow-up, or description provided of those lost) *
c) follow up rate < 80% and no description of those lost to follow-up
d) no statement
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Table S4.3. List of variables adjusted for in the studies included the aggregate data meta-analysis

Study Variables adjusted for in the aggregate data-meta-analysis

Age, sex, MAP, HR, BMI, smoking, DM, triglycerides, total/HDL ratio, anti-hypertensive
medication

Age, sex, MAP, HR, prior CVD, BMI, smoking, DM, triglycerides, total/HDL cholesterol ratio,
eGFR, albuminuria, physical activity

Age, sex, MAP, HR, prior CVD, BMI, smoking, DM, triglycerides, total/HDL cholesterol ratio,
anti-hypertensive and lipid-modifying medication

Age, sex, MAP, HR, prior CVD, BMI, smoking, DM, triglycerides, total/HDL cholesterol ratio,
anti-hypertensive and lipid-modifying medication

Age, sex, study site, education, MAP, HR, DM, BMI, prior CVD, smoking, LDL cholesterol,
triglycerides, anti-hypertensive and lipid-modifying medication, IMT, carotid plaques

Age, sex, race, study site, SBP, height, weight, smoking, DM, total and HDL cholesterol, anti-
hypertensive medication, IMT

Age, sex, SBP, DBP, HR, smoking, creatinine, total cholesterol, Hb, carotid diameter, HD
duration (prior to renal transplantation)

Age, sex, SBP, prior CVD, smoking, DM, HDL cholesterol, creatinine, albumin, PTH, CRP,

Blacher, 2001
Hoorn Study
Nephrotest Study
Rotterdam Study
3City Study

ARIC Study

Barenbrock, 2002

shoji, 2010 calcium carbonate use, HD duration
SMART Study Age, age?, sex, MAP, smoking, anti-hypertensive medication
Stork, 2004 Age, diuretics, carotid plaques

MAP = mean arterial pressure; LDL = low density lipoprotein; SBP = systolic blood pressure; DBP = diastolic blood
pressure; Hb = hemoglobin; PTH = parathyroid hormone; CRP = C-reactive protein.
Other abbreviations as in Table S4.1.

Table S4.4. Newcastle-Ottowa Scale (NOS) scores for included studies in the present review”

Study S1 S2 S3 Cla Clb 01 02 03 Total score

Blacher, 2001 0 1 1 1 1 0 1 1 6
Hoorn Study 1 1 1 1 1 1 1 1 8
Nephrotest Study 0 1 1 1 1 1 1 1 7
Rotterdam Study 1 1 1 1 1 1 1 1 8
3City Study 1 0 1 1 1 1 0 1 6
ARIC study 1 0 1 1 1 1 1 1 7
Barenbrock, 2002 0 1 1 1 1 1 1 1 7
Shoji, 2010 0 1 1 1 1 1 1 1 7
SMART Study 0 1 0 1 1 1 0 1 5
Stork, 2004 1 1 0 0 1 1 0 1 5

AFor an explanation of the individual items on selection (S), comparability (C) and outcome (0), see the provided
NOS. Maximal NOS score is 8.
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Table S4.5. Results of the individual participant meta-analysis. Association between one standard deviation
lower carotid distensibility coefficient (DC) and incident cardiovascular events and mortality” : additional
adjustments for carotid-femoral pulse wave velocity (cfPWV) (panel A) and analysis of risk improvement
(panel B)

Models Coronary heart Total cardiovascular Cardiovascular All-cause
disease events events mortality mortality
A Cox.regressmn Hazard ratio (95% confidence interval)
analysis
Model 18 1.02 (0.90; 1.16) 1.14 (0.94; 1.37) 1.36 (0.95; 1.95) 1'3;1 ((3]2")11;
Model 18 + cfPWV 1.02 (0.90; 1.16) 1.10(0.92; 1.33) 1.39(0.92; 2.10) 1'3; é17..)10;
B. Rlskhlrcnprovement Effect estimate (95% confidence interval)
analysis'
IDI (%-point) -0.0(-0.1;0.1) 0.1(-0.2;0.3) 0.3(0.1; 0.5) 0.6 (0.4; 0.9)
19.0
i 0, _ . . . .
Continuous NRI (%) 3.9(-7.3;15.1) 5.0 (-4.6; 15.0) 17.5(3.2:31.7) (12.3; 25.7)
C-statistic base model 0.698 0.721 0.812 0.778
(0.673; 0.723) (0.690; 0.752) (0.773; 0.851) (0.760; 0.796)
C-statistic extended 0.699 0.721 0.813 0.779
model (0.674; 0.724) (0.690; 0.752) (0.774; 0.852) (0.761; 0.797)
Chanee in C-statistic 0.001 0.001 0.001 0.001
g (-0.003; 0.005) (-0.003;0.004) (-0.003; 0.004)  (-0.001; 0.003)

ANumber of participants (n) for incident coronary heart disease events: 4,114 with 482 events and 40,207
person-years of follow-up; for total cardiovascular events: n=4,395 with 763 events and 41,060 person-years of
follow-up; for cardiovascular mortality: n=4,540 with 351 events and 50,711 person-years of follow-up; and for
all-cause mortality: n=4,545 with 1,545 events and 52,622 person-years of follow-up.

8 Model 1: results adjusted for age, sex, mean arterial pressure, heart rate, body mass index, smoking habits,
diabetes, triglycerides, total / high density lipoprotein cholesterol ratio, prior cardiovascular disease, the use of
lipid-modifying and anti-hypertensive medication.

¢Base model for risk improvement analysis included Framingham cardiovascular risk score factors and cfPWV.
Model was extended by carotid DC (per one lower standard deviation).

IDI = integrated discrimination improvement ; NRI = net reclassification index.
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Abstract

Background

Arterial stiffness may be a cause of cerebral small vessel disease and cognitive impairment.
We therefore performed a systematic review and meta-analysis of studies on the
association between stiffness, cerebral small vessel disease and cognitive impairment.

Methods

For the associations between stiffness (i.e. carotid-femoral pulse wave velocity (cfPWV),
brachial-ankle PWV (baPWV), carotid stiffness and pulse pressure) on the one hand and
cerebral small vessel disease and cognitive impairment on the other, we identified 23
(n=15,666; 20 cross-sectional; 1 longitudinal; 2 combined cross-sectional/longitudinal) and
41 studies (n=57,671; 26 cross-sectional; 11 longitudinal; 4 combined cross-
sectional/longitudinal), respectively.

Results

Pooled analysis of cross-sectional studies showed that greater stiffness was associated with
markers of cerebral small vessel disease with odds ratios, per one higher standard deviation,
of 1.29 to 1.32 (P<.001). Studies on cognitive impairment could not be pooled due to large
heterogeneity. Nevertheless, these studies showed an association between greater
stiffness and cognitive impairment, although the strength of this association was relatively
weak.

Conclusion
The present study supports the hypothesis that greater arterial stiffness is a cause of
microvascular brain disease, which may result in cognitive impairment.
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Introduction

Increased arterial stiffness leads to an increased pulsatile pressure load, which can damage
the microcirculation.? The brain is more vulnerable for this increased pressure load,
because its microcirculation is characterized by low impedance, allowing the pressure load
to penetrate deeply into its microvascular bed.>? In the brain, microvascular damage can
manifest itself as white matter hyperintensities (WMH), cerebral microbleeds and lacunar
infarcts,® which may ultimately result in cognitive impairment, including dementia.*

Currently, consistent evidence is lacking, however, to support an association between
increased arterial stiffness on the one hand and cerebral small vessel disease and cognitive
impairment on the other, despite the fact that in recent years a growing number of studies
have been done on this issue. Existing studies were done in diverse study populations and
evaluated different measures of cerebral small vessel disease, cognitive function and
arterial stiffness. Measures of arterial stiffness included carotid-femoral pulse wave velocity
(cfPWV), brachial-ankle PWV (baPWV) and local distensibility measurements of the carotid
artery (i.e. local carotid stiffness). These indices reflect stiffening of different parts of the
arterial tree, and may be differentially associated with cerebral small vessel disease and
cognitive impairment. In addition, some studies used pulse pressure (PP) (i.e. the difference
between systolic and diastolic blood pressure) as a surrogate measure of arterial stiffness.
PP is, however, determined by factors other than arterial stiffness, including stroke volume
and wave reflections.” This may affect the association between arterial stiffness and
cerebral small vessel disease and cognitive impairment.

Three previous reviews®® have examined the association between arterial stiffness and
microvascular brain disease. However, these studies evaluated only cognitive
impairment,®” included a limited number of measures of arterial stiffness and cognitive
impairment,®’ included only studies done in healthy individuals,® did not perform a study
quality assessment®® and/or did not do a meta-analysis.®

In view of the above, we performed a systematic review and meta-analysis of the literature
on the association between, on the one hand, arterial stiffness (i.e. cfPWV, baPWV, and
local carotid stiffness and PP) and, on the other, markers of cerebral small vessel disease
and cognitive impairment.
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Methods

This systematic review and meta-analysis is reported in accordance with preferred reporting
items for systematic reviews and meta-analyses (PRISMA) statement (see supplemental
material, Appendix A).°

Data sources

We identified relevant studies through a search of Medline and Embase from inception to
July 18, 2014 (search terms are provided as supplemental material, Appendix B). In addition,
we identified studies by reviewing the reference lists of all relevant articles identified.

Study selection and evaluation procedure

Two reviewers (TVS and AP) selected independently all relevant studies based on title and
abstract, retrieved selected full texts, performed an eligibility assessment and assessed risk
of bias (described below). Any disagreements between the reviewers were resolved by
consensus.

Eligibility criteria

Human studies were eligible if they met the following criteria: 1) cross-sectional or
longitudinal in design; 2) sample size n=150; 2) investigated an association between, on the
one hand, arterial stiffness and, on the other, markers of cerebral small vessel disease
and/or cognitive function; and 3) measured arterial stiffness by cfPWV, baPWV or local
carotid arterial stiffness, and/or measured PP, either at the level of the brachial artery (i.e.
peripheral PP) or carotid artery or aorta (i.e. central PP). Case-control studies were
excluded. For cerebral small vessel disease, we selected all studies with data on any of the
following magnetic resonance imaging (MRI)-detected markers: WMH, cerebral
microbleeds and lacunar infarcts.? In addition, most silent infarcts (i.e. infarcts detected in
individuals without a history of stroke/transient ischemic attack) and subcortical infarcts
(i.e. cerebral infarcts in the deep brain regions not extending into the cortex) are lacunar,?
and were also included. Studies that used computed tomography (CT) to detect markers of
cerebral small vessel disease were excluded, because CT is less sensitive than MRI.3 For
cognitive function, we selected all studies with data on any measure of global and/or
domain-specific cognitive function. Only papers written in English were included. For
studies that published more than one article based upon overlapping groups of participants,
with the same outcome measure and study design, we included only the study with the
largest number of participants.
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Assessment of risk of bias

Risk of bias was evaluated with a slightly modified version of the Newcastle Ottawa Scale
(NOS)*¥ (NOS is provided as supplemental material, Appendix C). The NOS includes items on
participant selection, validity of measurements, whether or not results were adjusted for
age, systolic and/or mean blood pressure, and (for studies on cognitive function) education,
plus (for longitudinal studies) duration and completeness of follow-up.

Data extraction

One reviewer (TVS) extracted data with use of a standardized form and a second reviewer
(AP) verified data for accuracy and completeness. Any disagreements were resolved by
consensus. Information on the following items was extracted from each study: design,
sample size, population characteristics, measures of arterial stiffness, cerebral small vessel
disease and cognitive impairment, unadjusted and/or adjusted results and variable(s) that
were adjusted for in the original analyses. Classification of cognitive domains and included
cognitive function tests are described in the supplemental material, Table S5.1. Additional
data were requested for two studies!*? from corresponding authors; one!? provided the
requested data.

Statistical analysis

We intended to pool results of studies that were sufficiently homogeneous with regard to
study methodology and statistical analysis. However, such a meta-analysis was
methodologically possible only for the cross-sectional association between cfPWV, baPWV
and local carotid stiffness on the one hand and markers of cerebral small vessel disease on
the other. Results of studies on PP or cognitive impairment could not be pooled due to a
large heterogeneity between studies (see below).

For the meta-analysis, results were pooled for the association between cfPWV, baPWV and
local carotid stiffness on the one hand and a categorical measure of cerebral small vessel
disease on the other. When more than two categories were present for WMH, we used the
odds ratio (OR) for the highest compared to the lowest category. For studies that measured
deep and periventricular WMH separately and did not provide a measure of total WMH, we
included the results for periventricular WMH only, because periventricular WMH is more
closely related to total WMH.®® For studies that measured lobar and deep cerebral
microbleeds separately and did not provide a measure of total microbleeds, we included
the results for deep microbleeds only, because deep microbleeds are more strongly
associated with microvascular damage.* Pooled standardized ORs were calculated with the
use of the random-effects inverse variance method. If available, we included the fully
adjusted value for the OR. Heterogeneity between studies was investigated with Higgins I
statistic and Cochran’s Q test. An 1>>50% and/or a Q test P-value <.05 indicated statistical
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heterogeneity. Funnel plots were used to evaluate potential publication bias. The meta-
analysis was performed with Cochrane Review Manager (version 5.2).1> 51>

Results

Selection process and study characteristics

Figure 5.1 shows the selection process of included studies. Of the 23 studies included on
cerebral small vessel disease (n=15,666; 22 cross-sectional, 3 longitudinal), 8 evaluated
cfPWV (n=5,017), 7 baPWV (n=3,176), 1 local carotid stiffness (n=912) and 12 PP (n=10,775;
8 office PP, 2 ambulatory PP, 3 central PP). Of the 41 studies on cognitive impairment
(n=57,671; 30 cross-sectional, 15 longitudinal), 13 evaluated cfPWV (n=12,578), 4 baPWV
(n=1,313), 1 local carotid stiffness (n=3,714) and 28 PP (n=50,408; 26 office PP, 3 central
PP). Markers of cerebral small vessel disease studied were WMH (17 studies), microbleeds
(6 studies) and infarcts (10 studies). Measures of cognitive function included dementia (8
studies) and tests of global cognitive function (26 studies), memory (14 studies), processing
speed (13 studies) and executive function/attention (16 studies). The studies were
conducted in the general population, or in selected clinical populations (e.g. individuals with
diabetes, hypertension, stroke or Alzheimer’s disease) (full study characteristics are
provided as supplemental material, Tables S5.2 to S5.5).

A: cerebral small vessel disease

472 citations identified using
Medline and EMBASE 416 excluded after title/abstract scan

162 No relevant determinant or outcome data

65 Reviews, letter, editorial or protocol

85 Case reports

104 In vitro/functional/animal studies

A 4

v
56 full texts screened

35 excluded
2 case-control studies
1 Did hot use brain MRI
2 Overlapping study populations
17 Did not study association of interest
13 Sample size n<150

4—{ 2 studies included via reference list search

A 4
23 unique studies included in
systematic review®

8 cfPWV

7 baPWV

1 Local carotid stiffness

12 Pulse pressure

A 4

22 Cross-sectional
3 Longitudinal

v

14 studies included in meta-
analysis

6 Carotid-femoral PWV

7 Brachial-ankle PWV

1 Local carotid stiffness
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B: cognitive impairment

2,463 citations identified using
Medline and EMBASE 2,397 excluded after title/abstract scan

1,621 No relevant determinant or outcome data

374 Reviews, letter, editorial or protocol

73 Case reports

329 In vitro/functional/animal studies

66 full texts screened

28 excluded
8 case-control studies
1 Overlapping study populations
9 Did not study association of interest
10 Sample size n<150

.—{ 3 studies included via reference list search

41 unique studies included in
systematic review®

13 cfPWV

4 baPWV

1 Local carotid stiffness

28 Pulse pressure

30 Cross-sectional
15 Longitudinal

l

No meta-analysis performed
(too large heterogeneity)

Figure 5.1. Flow diagram of selection process of eligible studies on the association between arterial stiffness and
cerebral small vessel disease (panel A) and cognitive impairment (panel B). #Some studies evaluated multiple
stiffness indices and included both a cross-sectional and a longitudinal data analysis.

Association between arterial stiffness and cerebral small vessel disease

CfPWV, baPWYV and local carotid stiffness (Figure 5.2)

Of the fifteen cross-sectional studies included on the association between cfPWV, baPWV
and local carotid stiffness on the one hand and markers of cerebral small vessel disease on
the other, eleven (73%) showed a statistically significant association between greater
arterial stiffness and cerebral small vessel disease.

The one longitudinal study*® (Health Aging and Body Composition study; n=303, mean
follow-up duration 7 years) showed a significant association between baseline cfPWV and
WMH volume in the left superior longitudinal fasciculus at follow-up (for = vs. < median
WMH volume in this region, standardized OR 1.47 (95% confidence interval 1.10 to 1.95)).

For the pooled analysis, fourteen cross-sectional studies (n=8,618) were included, of which
six had measured cfPWV, seven baPWV and one local carotid stiffness. One cross-sectional
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study (n=184)! was excluded from this analysis because this study did not provide sufficient
data. The pooled analyses showed that arterial stiffness was statistically significantly
associated with WMH (Figure 5.2, panel A), cerebral microbleeds (panel B) and cerebral
infarcts (panel C). There was no significant statistical heterogeneity (Figure 5.2). In addition,
there was no funnel plot asymmetry (see supplemental material, Figures $5.1). When we
performed the pooled analyses separately for baPWV and cfPWV, both indices were
associated with markers of cerebral small vessel disease (ORs for +1SD cfPWV 1.39 (1.21 to
1.60) and for +1SD baPWV 1.26 (1.08 to 1.46)) (see supplemental material, Figure S5.2). In
addition, when we repeated the analysis after excluding studies with a relatively high risk
of bias (NOS score <3; two studies), results did not materially change (data not shown).

Study reference n Age Odds ratio (95% confidence interval)
A. White matter hyperintensities (5 studies)
Brisset, 2013* 912 41 — 1.27 (1.07; 1.51)
Coutinho, 2011 638 58 1.12 (0.87; 1.44)
Henskens, 2008 167 52 1.53 (0.88; 2.66)
Laugesen, 2013 178 59 —_— 1.60 (1.10; 2.28)
Saji, 20117 240 67 —_— 1.40 (1.06; 1.86)
= 0% <D 1.30 (1.16; 1.46)
B. Cerebral microbleeds (4 studies)
Henskens, 2008 167 52 1.13 (0,67; 1.91)
Poels, 2012 1,460 58 —_1— 1.25 (0.90; 1.75)
Seo, 2008 255 64 . — 1.53 (1.05; 2.24)
Song, 2013 1,137 65 —— 1.31 (1.06; 1.62)
2= 0% S 1.32 (1.13; 1.53)
B. Cerebral infarcts (10 studies)
Brisset, 2013* 912 41 — - 1.12 (0.92; 1.36)
Hashimoto, 2007 351 66 —_— 1.37 (1.03; 1.83)
Henskens, 2008 167 52 1.78 (1.06; 2.99)
Matsumoto, 2008 476 52 ———1— 0.83 (0.60; 1.14)
Mitchell, 2011 668 75 —_— 1.62 (1.20; 2.20)
Nomura, 2010 217 67 1.00 (0.66; 1.52)
Ochi, 2010 500 67 S — 1.43 (1.10; 1.93)
Poels, 2012 1,460 58 N I — 1.26 (0,92; 1.73)
Saji, 20124 240 67 - 1.44 (1.06; 1.95)
Tsao, 2013 1,419 61 - 1.45 (1.10; 1,90)
12 =45% . - ) . 1.29 (1.13; 1.46)
0.7 15 2

Figure 5.2. Results of the pooled analysis of the association between arterial stiffness and white matter
hyperintensities (panel A), cerebral microbleeds (panel B) and cerebral infarcts (panel C). Odds ratios are
expressed per one standard deviation (SD) of each stiffness index. * All included studies had adjusted the results
for age and mean or systolic blood pressure, with the exception of Brisset, 2013; Ochi, 2010; and Saji, 2011 /
2012, which had not adjusted for mean or systolic blood pressure.

YEM = Young's elastic modulus; cfPWV = carotid-femoral pulse wave velocity; baPWV = brachial-ankle pulse
wave velocity.
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Pulse pressure (Table 5.1)

Studies on the association between PP and cerebral small vessel disease differed markedly
with regard to the statistical analysis performed. For instance, studies modelled PP as a
continuous and categorical variable and calculated standardized and unstandardized effect
estimates. Hence, a pooled analysis was not possible. Nevertheless, six of the twelve (50%)
cross-sectional studies included showed a statistically significant association between
higher PP and markers of cerebral small vessel disease. The reported standardized
regression coefficients ranged from -0.02 to 0.08, and the standardized ORs from 0.90 to
2.17.

Of the two longitudinal studies, one'” (Rotterdam Study; n=655, mean follow-up duration
3.5 years) showed a statistically significant association between higher baseline PP and
increase in WMH over time (regression coefficient per +1 SD PP for decline in ml WMH
volume/year: -0.04 (0.00; 0.08)). The other study (Van Dooren, 2014) included individuals
with hypertension (n=169; mean follow-up duration 2 years) and showed a not statistically
significant association between higher baseline ambulatory PP and progression of CMB over
time (standardized OR 1.95 (0.95; 3.90)).
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Table 5.1. Summary of study results on the association between pulse pressure and cerebral small vessel
disease

Reference Index n Age Standardized effect estimate or direction of Adjustments
(y) association®
WMH Microbleeds Infarcts Age Blood
pressure
Cross-sectional studies (12 studies)
Poels, 2010/ off 3,979 60 B 0.08* OR 1.09 X
Verhaaren, 2013®
Tsao, 2013 cent 1,419 61 B 0.002 OR0.97 X X
Liao, 1997 (1)¢ off 843 63 OR 1.32 X
Liao, 1997 (2)¢ off 728 61 OR 2.17* X
Aribisala, 2014 off 694 73 3 0.04 X
Kim, 2011 off 692 63 +* X
Mitchell, 2011 cent 668 75 B-0.02 OR1.71% X
Ochi, 2010° off 500 67 OR1.10 X
Kim, 2012 off 236 66 +* X
Naganuma, 2011 off 179 58 OR1.73*
Kwon, 2014 amb 169 66 + X
Henskens, 2008 amb 167 52 OR 0.90 OR0.93 OR0.93 X X
De Leeuw, 2004 off 152 68 + X
Longitudinal studies (2 studies)
Verhaaren, 2013 off 655 62 +* X
Van Dooren, 2014 amb 169 53 OR1.95 X

Studies are ordered from largest to smallest sample size.

AIf available, (fully adjusted) standardized effect estimates are presented. If not, direction of association is
presented.

+: higher pulse pressure (PP) associated with higher prevalence/incidence of markers of cerebral small vessel
disease

—: higher PP associated with lower prevalence/incidence of markers of cerebral small vessel disease

=: no association between PP and cerebral small vessel disease; direction of association not indicated in original
manuscript.

* P <.05

8 Studies based on an overlapping population (Rotterdam study). Poels, 2010 describes the association between
PP and microbleeds in the total population (n=3,979). Verhaaren, 2013 describes in a subsample (n=655) the
association between PP and white matter hyperintensities (WMH).

¢ Analyses stratified for European-Americans (1) and African-Americans (2). Results not available for the total
study population.

®Ochi, 2010 also evaluated the association between office PP and WMH; results for office pulse pressure were
qualitatively similar to results for central pulse pressure.

y = years; OR = odds ratio; off = office pulse pressure; amb = ambulatory pulse pressure; cent = central pulse
pressure.

Risk of bias and heterogeneity between studies

Risk of bias among the included studies is presented in detail in Table S5.6 (supplemental
material). There was a moderate risk of bias of across the studies on cerebral small vessel
disease (79% of the studies scored >80% of the total points on the NOS). A lower NOS score
was primarily due to the failure to adjust in the analysis for systolic or mean blood pressure
(46% of the studies). In general, the directionality of the effects did not relate to risk of bias.
Studies that found a significant association between greater arterial stiffness and cerebral
small vessel disease as compared to those studies which did not find such an association did
not differ with regard to the variables that they adjusted for in the analysis (i.e. 50% of
significant studies had adjusted for age and blood pressure vs. 54% of the nonsignificant
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studies, P-value=.83). In addition, there were no differences between significant and
nonsignificant studies with regard to sample size (mean n=778 vs. n=521), age of the study
population (mean age: 65.5 vs. 60.8 years), type of population studied (56% and 44% of
significant studies were conducted in general healthy populations and selected clinical
populations, respectively, vs. 31% and 69% of the nonsignificant studies), and total NOS
score (for cross-sectional studies, mean score: 4.1 vs. 3.8 points; for longitudinal studies,
mean score: 6.0 vs. 4.0 points) (P-values >.07).

Association between arterial stiffness and cognitive impairment

CfPWV, baPWV and local carotid stiffness (Table 5.2)

Studies on the association between cfPWV, baPWV and local carotid stiffness on the one
hand and cognitive impairment on the other differed markedly with regard to the
methodology used. For instance, studies used many different tests of cognitive function and
performed different statistical analyses. Hence, a pooled analysis was not possible. Of the
eleven cross-sectional studies included on global cognitive impairment (i.e. assessment of
dementia or global cognition test), six (55%) showed a statistically significant association
with greater arterial stiffness. In addition, memory was studied in eight cross-sectional
studies: two found a statistically significant negative association with greater arterial
stiffness. For processing speed, two out of seven, and for executive function/attention, one
out of seven cross-sectional studies reported a statistically significant negative association.
The reported standardized regression coefficients ranged from -0.05 to 0.20.

Of the four longitudinal studies included (mean follow-up duration ranged from 1 to 11
years), three showed a significant association between greater arterial stiffness and global
cognitive decline. Three longitudinal studies also reported data on cognitive decline in
specific domains. Only one study found a statistically significant association between
greater arterial stiffness and decline in memory. Associations with cognitive decline in other
specific domains (i.e. processing speed and executive function/attention) were not
statistically significant. The reported standardized ORs ranged from 0.91 to 1.10.
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Table 5.2. Summary of study results on the association between cfPWV, baPWV and local carotid stiffness on
the one hand and cognitive impairment on the other
Reference Index n  Age Standardized effect estimate or direction of association® Adjustments

(y)

Dementia Global Memory Processing EF/A Age  Blood

score speed pressure
Cross-sectional studies (15 studies)
Poels, 20078 cfPWV 3,714 72 + + +* X
Tsao, 2013 cfPWV 1,578 61 B-0.01 B 0.07 X
Zhong, 2013 cfPWV 1,433 75 +* +* + + X
Mitchell, 2011  c¢fPWV 668 75 B 0.10* B-0.03 B 0.08 X
Watson, 2011 cfPWV 552 73 BO0.11* B 0.07 Bo0.12* X
Elias, 2009 cfPWV 409 61 = = B 0.13* X
Muller, 2007 cfPWV 396 60 B 0.01 B 0.02 B 0.01 X
Sugawara, 2010 baPWV 388 69 + X X
Kim, 2009 baPWV 370 55 =
Fuijwara, 2005 baPWV 352 77 +* X
Singer, 2013 cfPWV 319 80 B-0.05 PB0.20 B 0.05 B-0.03  «x
Hanon, 2005 cfPWV 308 78 OR2.63* +* X X
Scuteri, 2013 cfPWV 280 78 +* X
Fukuhara, 2006 baPWV 203 85 +* X X
Kearney- cfPWV 198 69 = =
Schwartz, 2009
Longitudinal studies (4 studies)
Poels, 20078 cfPWV 2,767 71 HR0.91 ORO0.93¢ OR1.09° OR1.10° X
Zeki Al Hazzouri, cfPWV 2,488 74 +* + - X X
2013/
Watson, 2011°
Benetos, 2012 cfPWV 873 88 +*
Waldstein, 2008 cfPWV 582 54 +* +* + +

Studies are ordered from largest to smallest sample size.

AIf available, (fully adjusted) standardized effect estimates are presented. If not, direction of association is
presented. Mean effect estimates are presented if multiple results were available for the same cognitive domain.
+: greater arterial stiffness associated with worse cognitive function

—: greater arterial stiffness associated with better cognitive function

=: no association between arterial stiffness and cognitive function; direction of association not indicated in
original manuscript.

*: P <.05

BPoels, 2007 also evaluated the association between carotid stiffness and cognitive impairment; results for
carotid stiffness were qualitatively similar to results for carotid-femoral pulse wave velocity (cfPWV).

¢ Cognitive decline specified as >-1SD change of the mean difference between examinations.

PStudies based on an overlapping study population (health, aging, and body composition study). Zeki Al Hazzouri,
2013 describes the association between cfPWV and global cognitive decline in the total population (n=2,488).
Watson, 2011 describes in a subsample (n=522) the association between cfPWV and global cognitive decline,
memory and processing speed.

y = years; EF/A = executive function/attention; OR = odds ratio; HR = hazard ratio; carotid = local carotid stiffness;
baPWV = brachial-ankle pulse wave velocity.

Pulse pressure (Table 5.3)

In general, studies on the association between PP and cognitive impairment had more
heterogeneous results than those on cfPWV, baPWV and local carotid stiffness and
cognitive impairment. Of the thirteen cross-sectional studies included on global cognitive
impairment, four (31%) showed a statistically significant association with greater PP. In
addition, memory was studied in seven cross-sectional studies: four found a statistically



Arterial stiffness, cerebral small vessel disease and cognitive impairment | 105

significant negative association with greater PP. For processing speed, two out of six, and
for executive function/attention, two out of nine cross-sectional studies reported a
statistically significant negative association. The reported standardized regression
coefficients ranged from -0.02 to 0.16. In contrast, three studies'®?° found a statistically
significant association, but in the opposite direction, i.e. between higher PP and better
(global and(or) domain-specific) cognitive function (Table 5.3). These studies were done in
individuals with Alzheimer’s disease'®? or in the oldest old (i.e. individuals >85 years).°

Of the thirteen longitudinal studies on global cognitive decline (mean duration of follow-up
ranged from 1 to 14 years), three (23%) showed a statistically significant association with
greater PP. In addition, three longitudinal studies also reported data on cognitive decline in
specific domains. All studies found a significant association with decline in executive
function/attention and one with decline in memory, but none found a statistically
significant association with processing speed. In addition, one study?! found a U-shaped
association between PP and cognitive decline, whereas one study?? found a statistically
significant association between higher PP and lower cognitive decline. The latter two
studies were both done in older individuals (mean age 82 and 85 years, respectively) (Table
5.3). The reported standardized ORs ranged from 0.85 to 1.21.
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Table 5.3. Summary of study results on the association between pulse pressure and cognitive impairment

Reference Index n Age Standardized effect estimate or direction of Adjustments
(y) association®
Dementia Global Memory Processing EF/A  Age Blood
score speed pressure

Cross-sectional studies (17 studies)

Tsivgoulis, 2009 off 19,836 65 OR 0.98 X
Obisesan, 2008 off 5,408 71 +* X

Tsao, 2013 cent 1,578 61 B 0.07* f0.02 X X
Robbins, 2005 off 1,563 49 +* +* +* = X X
Mitchell, 2011 cent 668 75 B0.11* B -0.02 B 0.09 X X
Davis, 2003 off 609 74 —* —* = —* X
Sabayan, 2012 off 572 85 - X
Chrysohoou, 2012 off 535 75 OR 1.41* X

Pase, 2013 cent 493 53 B0.12* B0.14* B0.16* «x X
Molander, 2010 off 476 90 —* X
Fuijwara, 2005 off 352 77 +* X

Yasar, 2011 off 337 74 - = + + X

van Bruchem- off 327 77 —* X

Visser, 2009

Giang, 2005 off 314 63 + + + - X
Kalaitzidis, 2013 off 256 53 + +* X
Fukuhara, 2006 off 203 85 + X X
Raz, 2011 off 158 52 = X
Longitudinal studies (13 studies)

Peters, 2013 off 3,337 84 +*

Freitag,2006 (1)° off 2,505 58 + X
Freitag,2006 (2)¢  off 2,505 77 - X

Lee, 2013 off 1,925 73 + X X
Ogunniyi, 2011 off 1,753 76 OR1.21* X
Waldstein, 2008 off 1,749 57 +* +* + +* X X
Taylor, 2013 off 1,484 50 - X

Qiu, 2003 off 1,270 82 y*P X X
Benetos, 2012 off 873 88 = X X
Morris, 2001 off 634 72 ORO0.85 X

McFall, 2014 off 599 71 +*

Yang, 2011 off 594 76  OR1.00 X
Sabayan, 2012 off 572 85 —* X

Yasar, 2011 off 337 74 + + + +* X

Studies are from largest to smallest sample size.

AIf available, (fully adjusted) standardized effect estimates are presented. If not, direction of association is
presented. Mean effect estimates are presented if multiple results were available for the same cognitive domain.
+: higher PP associated with worse cognitive function

—: higher PP associated with better cognitive function

=: no association between PP and cognitive function; direction of association not indicated in original manuscript.
*:P<.05

8 Pase, 2013 also evaluated the association between office PP and cognitive impairment; results for office PP
were qualitatively similar to results for central PP.

€ Study evaluated PP measured at a mean age of 58 (1) and 72 years (2), respectively.

P U-shaped association between PP and cognitive decline.

Abbreviations as in Table 5.2 .
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Risk of bias and heterogeneity between studies

There was a moderate risk of bias of across the studies on cognitive impairment (62% of the
studies scored 280% of the total points on the NOS) (individual NOS scores are provided as
supplemental material, Table S5.6). A lower NOS score was primarily due to the failure to
adjust in the analysis for systolic or mean blood pressure (52% of the studies). Studies that
found a significant association between arterial stiffness and cognitive impairment as
compared to those studies which did not find such an association had a smaller sample size
(mean n=1,190 vs. n=1,737), but this difference was not statistically significant (P-value
=.49). There were no differences between significant and nonsignificant studies with regard
to the variables that they adjusted for in the analysis (i.e. 58% of significant studies had
adjusted for age, education and blood pressure vs. 39% of the nonsignificant studies), age
of the study population (mean age: 70.0 vs. 71.4 years), type of population studied (62%
and 38% of significant studies were conducted in general healthy populations and selected
clinical populations, respectively, vs. 79% and 21% of the nonsignificant studies), total NOS
score (for cross-sectional studies, mean score: 3.9 vs. 3.6 points; for longitudinal studies,
mean score: 6.0 vs. 6.8 points) and, for longitudinal studies, duration of follow-up (7.5 vs.
7.9 years) (P-values >.13).
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Discussion

Main findings

The present systematic review and meta-analysis had two main findings. First, with regard
to the systematic review, most studies showed an independent association between
greater arterial stiffness, as measured by cfPWV, baPWV, local carotid stiffness and PP, and
markers of cerebral small vessel disease. In addition, studies found an association between
higher cfPWV, baPWV and local carotid stiffness on the one hand and cognitive impairment
on the other, but the strength of this association was relatively weak. In addition, results on
the association between PP and cognitive impairment were inconsistent. Second, with
regard to the meta-analysis, pooled analysis showed a statistically significant and strong
association between greater arterial stiffness and markers of cerebral small vessel disease.

Association between arterial stiffness and cerebral small vessel disease

The results of the pooled analysis of cross-sectional studies showed that higher cfPWV,
baPWYV and local carotid stiffness were statistically significantly associated with markers of
cerebral small vessel disease with standardized ORs of 1.29 to 1.32. These results strongly
suggests that arterial stiffness is an important risk indicator of microvascular disease, with
a strength of the association comparable to that of the association between arterial stiffness
and measures of atherosclerosis (e.g. ankle-brachial index and coronary calcium score®).

Association between arterial stiffness and cognitive impairment

Studies also showed an association between higher cfPWV, baPWV and local carotid
stiffness on the one hand and cognitive impairment on the other. Estimated effect sizes
were, however, relatively small and this association was statistically significant in a relatively
low number of studies. This relatively weak association may be due to the fact that
mechanisms other than microvascular disease play a role in the pathobiology of cognitive
impairment, including neurodegenerative pathology and the process of atherothrombosis.

In addition, PP was less consistently associated with cognitive impairment than cfPWV,
baPWYV and local carotid stiffness. Some studies showed an association between higher PP
and worse cognitive function, whereas other studies found an inverted association, i.e.
higher PP was associated with better cognitive function. These studies'®2%22 were all done
in (biologically) older individuals. The presence of an inverted association in these
individuals may have several explanations. Possibly, cognitive impairment or the process of
neurodegeneration may cause dysregulation of blood pressure and, thereby, a decline in
PP.2 Alternatively, in frail older individuals low blood pressure (including low PP) may, as a
result of a dysfunctional vascular system, comprise perfusion of the brain, which may
manifest as cognitive impairment.?®
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Methodological considerations

Some methodological issues warrant consideration. First, the associations found might have
been overestimated due to publication bias. The funnel plot of studies on the association
between arterial stiffness and cerebral small vessel disease did not show (substantial)
asymmetry (such asymmetry may indicate the presence of publication bias). However,
studies on the association between arterial stiffness and cognitive impairment that found a
significant association as compared to those studies which did not find such association had
a relatively smaller sample size. This may indicate the presence of publication bias, and
suggests that the association between arterial stiffness and cognitive impairment may have
been overestimated in earlier research. Second, most of the included studies were cross-
sectional by design, which precludes a conclusion about the temporality of the studied
associations. Nevertheless, the few studies with a longitudinal design did show that greater
arterial stiffness was present before the occurrence of cerebral small vessel disease and
cognitive impairment. Third, a relatively high number of the studies did not adjust for
systolic or mean blood pressure. Blood pressure is an important confounder in the
association between arterial stiffness and microvascular disease. In those studies that did
adjust for blood pressure, however, the association between arterial stiffness and cerebral
small vessel disease/cognitive impairment remained. Fourth, results of studies on PP or
cognitive impairment could not be pooled due to a large heterogeneity. Fifth, due to the
design of the present systematic review and (aggregate-data) meta-analysis, it was not
possible to make a direct comparison between different stiffness indices with regard to the
strength of their association with cerebral small vessel disease/cognitive impairment. Sixth,
only a limited number of studies measured local carotid stiffness, ambulatory PP or central
PP. Evidence for an association between these indices and microvascular brain disease is,
therefore, weak and this issue requires further study. Finally, it is not fully clear why some
studies found a significant association between arterial stiffness and cerebral small vessel
disease/cognitive impairment and others did not. There were no differences between
significant and nonsignificant studies with regard to the populations studied (i.e. general
healthy populations versus selected clinical populations and age of the study population)
and risk of bias (NOS scores).

Assumptions underlying the studied associations

Important assumptions underlying the associations evaluated in the present review are that
markers of cerebral small vessel disease are valid indicators of cerebral microvascular
damage, and that microvascular damage is involved in the pathobiology of cognitive
impairment. Previous studies®***?¢ have indeed demonstrated that markers of cerebral
small vessel disease represent both abnormal cerebral microvascular structure and
function. For instance, studies have demonstrated that WMH, cerebral microbleeds and
lacunar infarcts are associated with disruption and a greater permeability of the blood-brain
layer as well as arteriosclerotic changes in small arteries/arterioles. In addition, previous
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studies>*?7 have shown a consistent association between cerebral small vessel disease and
cognitive impairment.

Underlying mechanisms

The mechanism that may underlie the observed associations is that greater arterial stiffness
leads to microcirculatory damage via an increased pulsatile pressure load. This increased
pressure load may directly cause cerebral microvascular damage, despite blood-pressure-
related protective autoregulatory mechanisms.*? Alternatively, the increased pressure load
may induce a microvascular remodelling response, which initially serves to limit the
penetration of the pressure load on the microcirculatory system by raising vascular
resistance. Yet, this protective response may ultimately become unfavourable, leading to
impaired vasoreactivity and microvascular ischemia. It is, moreover, likely that these
mechanisms operate simultaneously.

Conclusion

The present systematic review and meta-analysis shows a consistent association across
different cross-sectional studies between greater arterial stiffness and markers of cerebral
small vessel disease. This supports the hypothesis that greater arterial stiffness is a cause of
microvascular brain disease. In addition, the present review shows that greater arterial
stiffness is associated with cognitive impairment, but the strength of this association was
relatively weak, and might have been overestimated due to publication bias. Arterial
stiffness may be a therapeutic target for the prevention of microvascular brain disease and
cognitive impairment. However, further well-powered longitudinal studies are warranted
that investigate the temporality of the association between arterial stiffness, cerebral small
vessel disease and cognitive impairment.
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Supplemental Material

Supplemental methods section

Appendix A: PRISMA 2009 checklist

Section/topic

Checklist item

Reported on
page:

TITLE
Title | 1 |Identify the report as a systematic review, meta-analysis, or both. |93
ABSTRACT
Structured 2 |Provide a structured summary including, as applicable: 94
summary background; objectives; data sources; study eligibility criteria,
participants, and interventions; study appraisal and synthesis
methods; results; limitations; conclusions and implications of key
findings; systematic review registration number.
INTRODUCTION
Rationale 3 |Describe the rationale for the review in the context of what is 95
already known.
Objectives 4 |Provide an explicit statement of questions being addressed with 95
reference to participants, interventions, comparisons, outcomes,
and study design (PICOS).
METHODS
Protocoland | 5 |Indicate if a review protocol exists, if and where it can be -
registration accessed (e.g., Web address), and, if available, provide
registration information including registration number.
Eligibility 6 |Specify study characteristics (e.g., PICOS, length of follow-up) and |96
criteria report characteristics (e.g., years considered, language,
publication status) used as criteria for eligibility, giving rationale.
Information 7 |Describe all information sources (e.g., databases with dates of 96
sources coverage, contact with study authors to identify additional
studies) in the search and date last searched.
Search 8 |Present full electronic search strategy for at least one database, [Supplemental
including any limits used, such that it could be repeated. Material
Study 9 |State the process for selecting studies (i.e., screening, eligibility, (96
selection included in systematic review, and, if applicable, included in the
meta-analysis).
Data 10 |Describe method of data extraction from reports (e.g., piloted 96, 97
collection forms, independently, in duplicate) and any processes for
process obtaining and confirming data from investigators.
Data items 11 [List and define all variables for which data were sought (e.g., 97
PICOS, funding sources) and any assumptions and simplifications
made.
Risk of bias in |12 |Describe methods used for assessing risk of bias of individual 97,
individual studies (including specification of whether this was done at the  |Supplemental
studies study or outcome level), and how this information is to be used in |Material

any data synthesis.
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Summary 13 [State the principal summary measures (e.g., risk ratio, difference |97
measures in means).
Synthesis of |14 |Describe the methods of handling data and combining results of [97-98
results studies, if done, including measures of consistency (e.g., I?) for
each meta-analysis.
Risk of bias 15 [Specify any assessment of risk of bias that may affect the 97,
across studies cumulative evidence (e.g., publication bias, selective reporting Supplemental
within studies). Material
Additional 16 |Describe methods of additional analyses (e.g., sensitivity or 97, 100
analyses subgroup analyses, meta-regression), if done, indicating which Supplemental
were pre-specified. Material
RESULTS
Study 17 |Give numbers of studies screened, assessed for eligibility, and Figure 5.1
selection included in the review, with reasons for exclusions at each stage,
ideally with a flow diagram.
Study 18 [For each study, present characteristics for which data were 98, Tables
characteristics extracted (e.g., study size, PICOS, follow-up period) and provide |S5.2-S5.5

the citations.

Risk of bias 19 [Present data on risk of bias of each study and, if available, any 102-103, 107
within studies outcome level assessment (see item 12). Table S5.6
Results of 20 |For all outcomes considered (benefits or harms), present, for each|Figure 5.2,
individual study: (a) simple summary data for each intervention group (b) Tables 5.1-
studies effect estimates and confidence intervals, ideally with a forest 5.3

plot.

Synthesis of |21 |Present results of each meta-analysis done, including confidence (100, Figures
results intervals and measures of consistency. 5.2 and S5.2
Risk of bias 22 |Present results of any assessment of risk of bias across studies 102-103, 107
across studies (see Item 15). Figure S5.1
Additional 23 |Give results of additional analyses, if done (e.g., sensitivity or 100, Figure
analysis subgroup analyses, meta-regression [see Item 16]). S5.2
DISCUSSION
Summary of |24 [Summarize the main findings including the strength of evidence [108
evidence for each main outcome; consider their relevance to key groups

(e.g., healthcare providers, users, and policy makers).
Limitations 25 [Discuss limitations at study and outcome level (e.g., risk of bias), (109

and at review-level (e.g., incomplete retrieval of identified

research, reporting bias).
Conclusions |26 |Provide a general interpretation of the results in the context of 110

other evidence, and implications for future research.
FUNDING
Funding 27 |Describe sources of funding for the systematic review and other |n/a

support (e.g., supply of data); role of funders for the systematic
review.
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Appendix B: Search strategy

Two searches were done in which the search terms for arterial stiffness were combined
with those for cerebral small vessel disease and cognitive impairment, respectively. All
terms were searched in the title and abstract. Search terms are provided below.

Search terms Medline

Arterial stiffness: elasticity [MeSH] OR vascular stiffness [MeSH] OR elastic modulus
[MeSH] OR pulse wave analysis [MeSH] OR arterial compliance OR distensibility OR elastic
modulus OR elasticity OR stiffness OR pulse wave velocity OR pulse pressure

Cerebral small vessel disease: cerebral small vessel diseases [MeSH] OR stroke, lacunar
[MeSH] OR leukoaraiosis [MeSH] OR white matter OR leukoencephalopathy OR
leukoaraiosis OR lacun* OR ((infarct* OR stroke*) AND (subcortical OR silent OR small
vessel)) OR ((microbleed* OR microhemorrhage OR dot-like hemosiderin) AND (cerebral
OR Brain))

Cognitive impairment: cognition [MeSH] OR cognition disorders [MeSH] OR mild cognitive
impairment [MeSH] OR dementia [MeSH] OR cognit* OR neurocognit* OR
neuropsychologic* OR memory OR dementia OR Alzheimer*

Search terms Embase

Arterial stiffness: blood vessel parameters [exp] OR pulse wave [exp] OR arterial
compliance OR distensibility OR elastic modulus OR elasticity OR stiffness OR pulse wave
velocity OR pulse pressure

Cerebral small vessel disease: cerebral small vessel disease [mp] OR lacunar stroke [exp]
OR leukoaraiosis [exp] OR leukoencephalopathy [exp] OR white matter lesion [exp] OR
white matter OR leukoencephalopathy OR leukoaraiosis OR lacun* OR ((infarct* OR
stroke*) AND (deep OR subcortical OR silent)) OR ((microbleeds OR microhemorrhage OR
dot-like hemosiderin) AND (cerebral OR brain))

Cognitive impairment: cognitive defect [exp] OR mild cognitive impairment [exp] OR
Alzheimer disease [exp] OR neuropsychological test [exp] OR memory [exp] OR dementia
[exp] OR cognition [exp] OR cognit* OR neurocognitive OR neuropsychologic* OR memory
OR dementia OR Alzheimer*
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Appendix C: Newcastle-Ottawa scale (NOS)

For the present study, items 2 and 3 (selection) of the original NOS for cohort studies were
combined (for the individual items, see below). The original items evaluated the quality of
the assessment of the exposed and nonexposed cohorts, respectively. In the present
study, however, the total study was “exposed” to the risk factor under study (i.e. arterial
stiffness). For cross-sectional studies, the same NOS was used as applied for longitudinal
studies, but items 4 (selection) and 2 and 3 (outcome) were not scored. A study can be
awarded a maximum of one star for each numbered item within the selection and
outcome categories. A maximum of two stars can be given for comparability. The
individual items of the scale are described below.

Selection
1) Representativeness of the cohort
a) truly representative of the general population *
b) somewhat representative of the general population *
c) selected group of users e.g. nurses, volunteers
d) no description of the derivation of the cohort
2) Ascertainment of determinant (arterial stiffness)
a) use of an approved device, for cfPWV: Spyghmocor, Complior, Vicorder, Pulsetrace,
Pulsepen, Millar tonometry, Cardiovascular Engineering tonometry; for baPWV: VP-
1000, VP-2000, Form ABI/PWV, VS-2000; for local carotid stiffness: wall-tracking echo
device; for brachial pulse pressure: validated device (see www.dableducational.com for
validated devices); for central pulse pressure: Spyghmocor, Millar tonometry,
HEM9000, Cardiovascular Engineering tonometry *
b) not an approved device
¢) no description
3) Demonstration that outcome of interest was not present at start of study (at start of
the study no or lower burden of cerebral small vessel disease or better performance on
cognitive function tests)
a)yes *
b) no

Comparability
1) Comparability of cohorts on the basis of the design or analysis
a) study controls for systolic and(or) mean blood pressure *
b) study controls for age and (for studies evaluating cognitive impairment) education *
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Outcome
1) Assessment of outcome
a) Objective measurements *
- For cerebral small vessel disease: MRI scanner with a field strength of 1.5
Tesla or higher and the following (minimal) sequences: for white matter
hyperintensities: T2-weighted and fluid-attenuated inversion recovery (FLAIR);
for lacunar/subcortical infarcts: T1- and(or) T2-weighted; for cerebral
microbleeds: T2*-weighted gradient echo sequence
- For cognitive function: validated cognitive tests
b) record linkage (for dementia only) *
c) self-report
d) no description
2) Was follow-up long enough for outcomes to occur
a) yes (median/mean follow-up duration >4 year) *
b) no
3) Adequacy of follow-up of cohorts
a) complete follow-up - all subjects accounted for *
b) subjects lost to follow-up unlikely to introduce bias: >80 % follow-up, or description
provided of those lost *
c) follow up rate <80% and no description of those lost to follow-up
d) no statement
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Table S5.1. Classification of cognitive domains and included tests*

Cognitive domain Included tests

Global score Mini mental state examination
Cognitive efficiency profile
Blessed information-memory-concentration test

Memory Auditory verbal learning test
California verbal learning test
Benton visual retention test
Digit span forward (item of Wechsler adult intelligence scale)
Logical memory-delayed (item of Wechsler Memory Scale)
Hopkins verbal learning test

Processing speed Letter digit substitution test (item of Wechsler adult intelligence scale)
Stroop test part | and Il
Trail making test-part A

Executive function and attention Verbal fluency test
Word fluency test
Category fluency test
Trail making test-part B
Stroop test part Il
Digit span backward (item of Wechsler adult intelligence scale)
Clock drawing test

A For tests on domain-specific cognitive function, (composite) scores per domain were extracted as classified in
the original study. If classifications were not reported, tests were classified as described in the table.
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Table S5.6. Newcastle-Ottowa Scale scores for studies on the association between arterial stiffness on the one
hand and manifestations of cerebral small vessel disease and measures of cognitive function on the other”
Reference Design S1 S2 S3 Cla Cib 0O1 02 O3 Total
score

Cerebral small vessel disease
Carotid-femoral pulse wave velocity

Coutinho, 2011* cs 0o 1 1 1 1 4
Henskens, 20082 CS 0 1 1 1 1 4
Kearney-Schwartz, 20093 CS 0 1 1 0 0 2
Laugesen, 2013* Cs 0 1 1 1 1 4
Mitchelll, 2011° cs 1 1 1 1 1 5
Poels, 20128 cs 1 1 1 1 1 5
Tsao, 2013° cs 1 1 1 1 1 5
Rosano, 2013% L 1 0 0 1 1 1 1 0 5
Brachial-ankle pulse wave velocity

Hashimoto, 2008 / Hatanaka, cS 1 1 1 1 0 4
20118

Matsumoto, 20072 cs 0 1 1 1 1 4
Nomura, 2010*® cs 0 1 1 1 1 4
Ochi, 2009 / Ochi, 2010%°® cs 1 1 0 1 1 4
Saji, 2011%*/ Saji, 201278 cs 0 1 0 1 1 3
Seo, 2008 cs 0 1 1 1 1 4
Song, 2013%° cs 0 1 1 1 1 4
Local carotid stiffness

Brisset, 2013%° cs 1 1 0 1 1 4
Brachial pulse pressure

Aribisala, 2014 cs 1 1 1 0 1 4
De Leeuw, 2004 cs 0 1 0 1 0 2
Kim, 20122 cs 1 1 0 1 1 4
Kim, 20112 cs 1 1 1 1 1 5
Kwon, 2014% cs 0 1 1 1 1 4
Liao, 1997% cs 1 1 0 1 1 4
Naganuma, 2011% cs 0 0 1 0 1 2
Ochi, 2010* cs 1 1 0 1 1 4
Poels, 2010° cs 1 1 0 1 1 4
Verhaaren, 20137 (&) 1 1 0 1 1 4
Henskens, 20082 cs 0 1 1 1 1 4
Van Dooren, 2014%° L 0 1 1 1 0 1 0 1 5
Verhaaren, 20137 L 1 1 1 0 1 1 0 1 6
Central pulse pressure

Mitchell, 2011° cs 1 1 1 1 1 5
Ochi, 2010* cs 0 1 1 4
Tsao, 2013° cs 1 1 1 5
Cognitive function

Carotid-femoral pulse wave velocity

Elias, 2009%° Cs 1 1 1 1 1 5
Hanon, 2005% cs 0 1 1 0 1 3
Kearney-Schwartz, 20093 cs 0 1 0 0 1 2
Mitchell, 2007° cs 1 1 1 1 1 5
Muller, 200732 cS 1 1 0 1 1 4
Poels, 2007% cs 1 1 1 1 1 5
Scuteri, 20133 cs 0 1 1 0 1 3
Singer, 2013% cs 1 1 1 1 1 5
Tsao, 2013° cs 1 1 1 1 1 5
Watson, 20113%¢ cs 1 0 1 1 1 4
Zhong, 2013% cs 1 1 0 1 1 4
Benetos, 20125 L 0 1 1 1 1 1 0 1 6
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Table S5.6 (continued)

Reference Designnk S1 S2 S3 Cla Cilb O1 02 O3 Total
score
Poels, 20073 L 1 1 1 1 1 1 1 1 8
Waldstein, 2008%¢ L 1 0 1 1 1 1 1 0 6
Watson, 20113 L 1 0 0 1 1 1 1 0 5
Zeki Al Hazzouri, 2013%7 L 1 0 1 1 1 1 1 0 6
Brachial-ankle pulse wave velocity
Fujiwara, 2005% (& 0 1 1 1 1 4
Fukuhara, 2006 cS 0 1 1 1 1 4
Kim, 2009 CS 1 0 0 0 1 2
Suguwara, 2010% Cs 1 1 1 1 1 5
Local carotid stiffness
Poels, 2007 (o 1 1 1 1
Poels, 2007% L 1 1 1 1 1 1 1
Brachial pulse pressure
Chrysohoou, 20124 cs 1 0 0 1 1 3
Davis, 2003 CS 0 1 0 1 1 3
Fujiwara, 2005% CS 1 0 0 1 1 3
Fukuhara, 2006 cS 1 0 1 1 1 4
Giang, 2013% CS 0 0 0 1 1 2
Kalaitzidis, 2013 CS 0 0 0 0 1 1
Molander, 2010% CcS 1 1 0 1 1 4
Obisesan, 2008%7 cS 1 1 0 1 1 4
Pase, 2013% CS 1 1 1 1 0 4
Raz, 2011% Ccs 1 1 0 0 1 3
Robbins, 2005%° CS 1 1 1 1 1 5
Sabayan, 2012% cS 1 1 0 1 1 4
Tsivgoulis, 20092 CS 1 1 0 1 1 4
Van Bruchem-Visser, 20095 cS 0 1 0 0 1 2
Yasar, 2011>* CS 1 1 0 1 1 4
Benetos, 2012%® L o 1 1 1 1 1 0 1 6
Freitag, 20068 L 1 1 1 0 1 1 1 1 7
Lee, 2013%° L 1 1 1 1 1 1 1 0 7
Morris, 2001%° L 1 1 1 0 1 1 1 1 7
Ogunniyi, 2011% L 1 1 1 0 1 1 1 1 7
Peters, 2013%2 L 0 1 1 0 0 1 1 0 4
Qiu, 2013 L 1 1 1 1 1 1 1 1 8
Sabayan, 2012%* L 1 1 1 0 1 1 0 1 6
Taylor, 2013% L 1 1 o0 0 1 1 1 1 6
Waldstein, 2008%¢ L 1 1 1 1 1 1 1 0 7
Yang, 20115 L 0o 1 1 0 1 1 1 0 5
Yasar, 2011%* L 1 1 1 0 1 1 1 1 7
Central pulse pressure
Mitchell, 2011° CSs 1 1 1 1 1 5
Pase, 2013 cs 11 . 1 1 0 4
Tsao, 2013° CS 1 1 . 1 1 1 5

A For an explanation of the individual items, see the provided Newcastle-Ottowa Scale. Maximal NOS score for a
longitudinal study is 8 and for a cross-sectional study 5. ® Hashimoto, 2008° and Hatanaka, 2011**; Ochi, 2009**
and Ochi, 2010%; and Saji, 2011 and Saji, 2012%, respectively are based on the same study population.

S = selection, C = comparability, O = outcome, CS = cross-sectional, L = longitudinal.
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Figure S5.1. Funnel plot for the pooled association between arterial stiffness and white matter hyperintensities
(panel A), cerebral microbleeds (panel B) and cerebral infarcts (panel C). Funnel plot indicate odds ratios (OR)
against the standard error (SE) of each study.
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Study reference Age Odds ratio (95% confidence interval)

A. Carotid-femoral pulse wave velocity (per SD)

Tsao et al., 2013 1,419 61 —t 1.45 (1.10; 1.90)
Poels et al., 2012 1,460 58 1.26 (0.92; 1.73)
Mitchell et al., 2011 668 75 —_— 1.62 (1.20; 2.20)
Coutinho et al., 2011 638 58 —_— 1.12 (0.87; 1.44)
Laugesen et al., 2013 178 59 T 1.60 (1.10; 2.28)
Henskens et al., 2008 167 52 - 1.78 (1.06; 2.99)
2= 13% > 1.39 (1.21; 1.60)
B. Brachial-ankle pulse wave velocity (per SD)

Song et al., 2013 1,137 65 — - 1.31 (1.06; 1.62)
Matsumoto et al., 2007 476 52 ——a—o"1— 0.83 (0.60; 1.14)
Ochi et al., 2010 500 67 E— 1.43 (1.10; 1.93)
Hashimoto et al., 2008 351 66 S E— 1.37 (1.03; 1.83)
Seo et al., 2008 255 64 —_— 1.53 (1.05; 2.24)
Saji et al., 2011 240 67 I 1.40 (1.06; 1.86)
Nomura et al., 2010 217 67 - 1.00 (0.66; 1.52)
2 = 43% . > 1.26 (1.08; 1.46)

07 15 2

Figure S5.2. Association between carotid-femoral pulse wave velocity (panel A) and brachial-ankle pulse wave
velocity (panel B) on the one hand and manifestations of cerebral small vessel disease on the other. For these
analyses, the results for different manifestations of cerebral small vessel disease were pooled together. When
multiple manifestations were evaluated in the same study population, only the manifestation was included with
the highest prevalence. Included studies for carotid-femoral pulse wave velocity evaluated the association with
white matter hyperintensity volumes (Coutinho, 2011%; Laugesen, 2013%), or presence of infarcts (Henskens,
2008%; Mitchell, 2011°%; Poels, 20128; Tsao, 2013°). Included studies for brachial-ankle pulse wave velocity
evaluated the association with white matter hyperintensities (Saji, 2012'¢), microbleeds (Seo, 2008%; Song,
2013%), or infarcts (Hashimoto, 2008°; Matsumoto, 2007*%; Ochi, 2010*°; Nomura, 20073).
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Abstract

Background

The vascular depression hypothesis postulates that cerebral small vessel disease (CSVD)
leads to depressive symptoms via disruption of brain structures involved in mood
regulation. However, longitudinal data on the association between CSVD and depressive
symptoms are scarce. We investigated the association between CSVD and incident
depressive symptoms.

Methods

Longitudinal data are from the AGES-Reykjavik study of 1,949 participants free of
dementia and without baseline depressive symptoms (74.6 years; 56.6% women). MRI
markers of CSVD, detected at baseline (2002 to 2006) and follow-up (2007 to 2011),
included white matter hyperintensity volume (WMHV), subcortical infarcts, cerebral
microbleeds, Virchow-Robin spaces and total brain parenchyma volume. Incident
depressive symptoms were defined by the 15-item Geriatric Depression Scale (GDS-15)
score 26 and/or use of antidepressant medication.

Results

Depressive symptoms occurred in 10.1% of the participants. The association for a greater
onset of depressive symptoms was significant for participants having a 1 standard
deviation (SD) increase in WMHV over time, new subcortical infarcts, new Virchow-Robin
spaces, a 1 SD lower total brain volume at baseline, or a 1 SD decreased total brain volume
over time, after adjustments for cognitive function, socio-demographic and cardiovascular
factors. Results were qualitatively similar when change in the GDS-15 over time was used
as the outcome instead of incident depressive symptoms.

Conclusion

Most markers of progression of CSVD over time and some markers of baseline CSVD are
associated with concurrently developing new depressive symptoms. This study supports
the vascular depression hypothesis.
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Introduction

Depressive symptoms are often present in older individuals,** and are associated with an
increase in morbidity and risk for mortality.>® The pathobiology of late-life depressive
symptoms is incompletely understood, but it has been suggested that cerebral small
vessel disease (CSVD) is involved.”® The vascular depression hypothesis postulates that
CSVD leads to depressive symptoms via disruption of deep and frontal brain structures or
their connecting pathways involved in mood regulation.”®

However, longitudinal data®!’ on the association between CSVD and depressive symptoms
are limited and findings are mixed. Two previous studies'>*3 found an association between
markers of CSVD and incident depressive symptoms. In addition, three studies®!0!>16
showed an association with increased severity or recurrence of depressive symptoms at
follow-up, but not with incident depressive symptoms, whereas two other studies'''” did
not find any association with depressive symptoms. These mixed findings may be due to
study differences in sample size, follow-up duration, method of depression assessment
(clinical interview!??> vs. questionnaire®111617) evaluation of different symptom clusters,
and/or the source of populations investigated (selected®!%'%'7 vs, community-based
samples¥!318) |n addition, some studies did not adjust the results for potential important
confounders, such as cognitive function!131417 and cardiovascular factors.'>1>17

In view of the above, we investigated, in a large well characterized cohort, the prospective
association between, on the one hand, markers of CSVD (white matter hyperintensity
volume [WMHV], subcortical infarcts, cerebral microbleeds, Virchow-Robin spaces and
lower total brain parenchyma volume) and, on the other, incident depressive symptoms.
We additionally investigated whether any such association was stronger for CSVD in brain
regions involved in mood regulation (deep and frontal) as compared to other regions
(temporal and occipitoparietal).
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Methods

Participants

For the present study, we used longitudinal data from the Age, Gene/Environment
Susceptibility (AGES)-Reykjavik Study. The AGES-Reykjavik Study is a population-based
cohort study originating from the Reykjavik Study, as described fully elsewhere.'® Briefly,
from 2002 to 2006, 5,764 surviving participants of the Reykjavik Study were examined.
From 2007 to 2011 there was a follow-up examination of all surviving participants who
agreed to participate (n=3,316). Reasons for not attending the follow-up examination
included: death (n=1,039); refusal (n=1,198); and lost to follow-up (could not be contacted
by any means; n=211). The AGES-Reykjavik Study was approved by the National Bioethics
Committee in Iceland (approval number: VSN-00-063), and by the National Institute on
Aging Intramural Institutional Review Board. After complete description of the study to
the subject, written informed consent was obtained.

Depressive symptoms

Depressive symptoms were assessed on all participants, with the 15-item Geriatric
Depression Scale (GDS-15; score range, 0-15).**2% Incident depressive symptoms were
defined as a predefined GDS-15 cut-off score of 6 or higher'®2° at follow-up and/or new
use of antidepressant medication (tricyclics, selective serotonin reuptake inhibitors, other
nontricyclics and monoamino oxidate inhibitors) assessed from medication bottles
brought to the clinic. Individuals were excluded for the present analysis if they had
depressive symptoms at baseline (GDS-15 score of 6 or higher and/or use of
antidepressant medication at baseline).

Brain MRI measures

Image acquisition. All eligible participants were offered a high-resolution brain MRI
acquired on a study-dedicated 1.5-T system (Signa Twinspeed, General Electric Medical
Systems). The same imaging protocol was used in the 2002-2006 and 2007-2011
examinations, described elsewhere,??? and included the following sequences: 3D spoiled-
gradient recalled T1-weighted, proton density/T2-weighted fast spin-echo, fluid-
attenuated inversion recovery (FLAIR) and T2*-weighted gradient-echo type echoplanar
(GRE-EPI). All images were acquired to give full brain coverage with slices angled parallel
to the anterior commissure—posterior commissure line in order to give reproducible image
views in the oblique-axial plane.

Image analysis. Several markers of CSVD were evaluated. WMHV and total brain
parenchyma volume (an indicator of cerebral atrophy) were computed automatically with
a previously described image analysis pipeline?® and were expressed as the percentage of
total intracranial volume. Lower total brain parenchyma volume was considered to be a
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marker of CSVD, as CSVD leads to generalized loss of brain parenchyma via, amongst
others, microinfarcts®* and loss of white matter integrity.?> Subcortical infarcts were
evaluated as described previously?® and defined as brain parenchyma defects not
extending into the cortex, with a minimum diameter of 4 mm and a signal intensity equal
to cerebrospinal fluid on all pulse sequences (T2-weighted, proton density-weighted and
FLAIR), and surrounded by an area of high signal intensity on FLAIR images. Parenchymal
defects in the subcortical area with evidence of hemosiderin on the T2*-weighted GRE-EPI
scan were labelled as resorbed hematomas and were excluded from the definition of
subcortical infarcts. Virchow-Robin spaces were evaluated separately and defined as
defects in the subcortical area without a rim or area of high signal intensity on FLAIR and
without evidence of hemosiderin on the T2*-weighted GRE-EPI scan. Presence of Virchow-
Robin spaces was considered to be a marker of CSVD, as they are associated with
endothelial dysfunction, which may play a role in the pathogenesis of CSVD.?® Cerebral
microbleeds were defined as focal areas of signal void within the brain parenchyma visible
on T2*-weighted GRE-EPI scans and were identified as described previously.??

Potential confounding variables

As described elsewhere,'® dementia case-finding was conducted at baseline and at follow-
up according to a three step procedure. Diagnosis of dementia (all sub-types) was made
according to the Diagnostic and Statistical Manual of Mental Disorders (4t edition) by a
panel that included a geriatrician, a neurologist, a neuropsychologist and a
neuroradiologist. The following variables were assessed by questionnaire: education
(categorized into primary, secondary and college/university education), smoking history
(ever vs. never), alcohol intake (high [>median] vs. low consumers [<median]; median for
women 3.2 and for men 8.0 g/week, respectively) and anxiety symptoms (presence vs.
absence). Presence of anxiety symptoms was defined by a positive response to any of the
following questions: “In the past month, have you felt anxious or frightened?”; “Were
there times lately that you felt anxious?”; “Are there special situations that make you
anxious?”; and “Have you ever had attacks of fear or panic?”. Presence of anxiety
symptoms is a potential confounder, because anxiety symptoms are frequently present in
individuals with depression, and are associated with cerebrovascular disease
independently of depression.?”?® Gait speed, a measure of physical performance,?® was
the time needed to walk 6 meters at a usual pace. Hypertension was defined as systolic
pressure >140 mmHg, diastolic pressure >90 mmHg and/or use of anti-hypertensive
medication. Body mass index (BMI) was calculated as measured weight divided by height
squared. Diabetes was defined as a self-reported doctor’s diagnosis of diabetes, use of
blood glucose-lowering medication and/or fasting blood glucose level >7.0 mmol/I.
Coronary calcium score (categorized into sex-specific quartiles)) a measure of
atherosclerosis, was based on Computed Tomography.3° The Digit Symbol Substitution
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Test (DSST), a measure of psychomotor speech, and the Mini Mental State Examination
(MMSE), a measure of global cognitive function, were also administered.®3°

Analytic sample

Of the 3,316 participants who attended the follow-up examination, 709 had missing MRI
data and another 195 had missing data on depressive symptoms at baseline or at follow-
up. Missing MRI data was due to contraindications (n=278), refusal/nonattendance
(n=360), or technical reasons (no qualitatively acceptable data available for all necessary
sequences; n=71). In the remaining 2,412 participants, 138 were excluded because of a
diagnosis of dementia at baseline (n=31) or follow-up (n=107). Finally, participants were
excluded with presence of depressive symptoms at baseline (n=325). The final study
sample thus consisted of 1,949 participants. Participants excluded for the present analysis
were more likely to be older (75.6 vs. 74.6 years), female (60.8 vs. 56.6%), less educated
(for primary school or less: 23.3 vs. 18.9%) and to have diabetes (12.4 vs. 9.1%),
hypertension (82.0 vs. 76.9%) and/or stroke (9.1 vs. 5.2%) (P-value for all <.05).

Statistical analysis

The percentage of missing values on potential confounders was minimal (maximum,
1.7%). We imputed those data using multiple imputation chained equations (10
datasets).3 WMHYV was logarithmically transformed to normalize its skewed distribution.

The statistical analysis proceeded in several stages. Logistic regression analysis was used
to estimate the association between markers of baseline CSVD (baseline WMHYV,
expressed per 1 higher standard deviation [per +1 SD], presence of any (coded 0, 1)
subcortical infarcts, cerebral microbleeds and Virchow-Robin spaces and total brain
parenchyma volume, expressed per 1 lower SD [per -1 SD]) and incident depressive
symptoms. Analyses were repeated looking prospectively at change in, or progression of,
markers of CSVD as the determinant and development of depressive symptoms over the
same period. These markers were an increase in WMHV from baseline values (per +1 SD),
any incident (coded 0, 1) subcortical infarcts, cerebral microbleeds and Virchow-Robin
spaces, and a decrease in total brain parenchyma volume from baseline values (per -1 SD).

We repeated the above analyses for a priori selected brain regions: deep (sub-cortical)
areas (internal and external capsules, thalamus, striatum, hippocampus and amygdala
combined), and frontal, temporal and occipitoparietal lobes. To efficiently summarize the
pathology in each of these regions, we created a dichotomous composite score. This was
calculated by assigning one point per CSVD marker based on the following cut-offs:
regional WMHYV, quartile 4 vs. quartiles 1 to 3; subcortical infarcts, cerebral microbleeds
and Virchow-Robin spaces, 21 vs. 0 lesion(s) per region; and regional brain parenchyma
volume, quartile 1 vs. quartiles 2 to 4. The points for each marker were combined to
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compute a dichotomous composite score per region, which indicated high (22 points) or
low (0 or 1 point(s)) burden of CSVD. A separate composite score was computed for
baseline and progression over time of CSVD, respectively.

In addition, linear regression was used to evaluate the association between markers of
CSVD and change of the GDS-15 score over time as the outcome

All models were adjusted for the following potential confounders: baseline age, sex, DSST
score, MMSE score, education level, presence of anxiety symptoms, gait speed, alcohol
use, smoking, diabetes, BMI, hypertension, coronary calcium score, head coil and follow-
up time (model 1); and additionally for baseline GDS-15 score (model 2). The composite
scores for each region were additionally mutually adjusted for each other, with the
exception of the scores for the frontal and deep brain region, which were not adjusted for
each other, because both regions are thought to be involved in mood regulation.”® We did
not adjust the results for total disease load, because total disease load includes the load
per investigated region (as indicated by the composite scores) and, thus, can be
considered an overadjustment.3?

To test the robustness of the results, several sensitivity analyses were done. Logistic
regression analyses were repeated with incident depressive symptoms defined only as
GDS-15 score of 6 or higher as the outcome, irrespective of new use of antidepressant
medication. To minimize the potential confounding effect of stroke, analyses were
repeated after excluding individuals with baseline stroke or incident stroke during follow-
up. In addition, to assess the possibility that depressive symptoms lead to CSVD (reverse
‘causality’), analyses were repeated with baseline presence of depressive symptoms as the
exposure variable (we did not exclude individuals with baseline depressive symptoms;
n=325) and markers of progression of CSVD over time as the outcome. All analyses were
conducted with PASW Statistics (version 21, IBM, Chicago, Illinois, USA).

Results

The mean age of the study population at baseline was 74.6 years and 56.6% were women
(Table 6.1). In total, 10.1% (n=197) of the participants had incident depressive symptoms,
of whom 38.1% (n=75) had a GDS-15 score of 6 or higher and 70.6% (n=139) had started
using antidepressant medication (22 used tricyclics, 85 selective serotonin reuptake
inhibitors and 43 other antidepressant medication). The mean time between the baseline
and follow-up examination was 5.2 £ 0.2 years.
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Table 6.1. Characteristics of both the total study population (n=1,949) and according to incident depressive
symptoms

Total study Individuals without Individuals with
population incident depressive incident depressive
(n=1,949) symptoms (n=1,752) symptoms (n=197)
General baseline characteristics
Age (years) 74.6+4.6 74.5+4.6 75.2+4.9
Women 56.6(1,103) 55.4 (971) 67.0 (132)
Education level
Primary 18.9 (367) 18.5 (324) 21.9 (43)
Secondary 51.3 (996) 51.3 (897) 50.5 (99)
College / University 29.9 (580) 30.1(526) 27.6 (54)
Presence of anxiety symptoms 26.7 (521) 24.8 (435) 43.7 (86)

Gait speed (m/s)
Baseline

0.98 (0.92-1.13)

0.98 (0.91-1.13)

0.92 (0.84-1.08)

Change over time -0.09£0.23 -0.08 £ 0.22 -0.13+£0.25
Digit Symbol Substitution Test score

Baseline score 33+10 33+10 31+11

Change over time -3%5 -3%5 416
Mini Mental State Examination score

Baseline score 28 (27-29) 28 (27-29) 28 (26- 29)

Change over time -1(-3-1) -1(-3-1) -2 (-4-1)
Smoking status

Ever 55.9 (1,090) 55.2 (967) 62.4 (123)

Never 44.1 (859) 44.8 (785) 37.6 (74)
Alcohol use (g/week) 3 (0-16) 3 (0-16) 3 (0-16)
Body mass index (kg/m?) 27.2+4.0 27.1+4.0 27.5+4.3
Diabetes 9.1(177) 9.1 (160) 8.6 (17)
Hypertension 76.9 (1,499) 76.9 (1,347) 77.2 (152)
Coronary calcium score (Agatston score) 212 (28-744) 211 (30-751) 193 (26-693)
Stroke 5.0 (98) 4.9 (85) 6.6 (13)
Brain MRI markers
Total white matter hyperintensity
volume (ml) 11 (6-21) 11 (6-20) 12 (6-22)

Baseline volume 6+8 5+8 7+8

Change over time
Subcortical infarcts

Baseline presence of any infarct(s) 7.1(139) 6.7 (117) 11.2 (22)

Any new infarct(s) over time 4.0(77) 3.6 (63) 7.1(14)
Cerebral microbleeds

Baseline presence of any microbleed(s) 17.3 (337) 17.2 (301) 18.3 (36)

Any new microbleed(s) over time 17.9 (348) 17.6 (308) 20.3 (40)
Virchow-Robin spaces

Baseline presence of any space(s) 15.9 (309) 15.8 (277) 16.2 (32)

Any new space(s) over time 2.6 (51) 2.2 (39) 6.1(12)
Total brain parenchyma volume (ml)

Baseline volume 1099 + 104 1100 + 104 1087 + 106

Change over time -31+23 -31+24 -35+20

Data are presented as percentage of participants (n), mean + standard deviation or median (interquartile range).
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The results of the analysis with markers of baseline CSVD showed that subcortical infarcts
and a lower total brain parenchyma volume were statistically significantly associated with
a higher incidence of depressive symptoms, after adjustment for potential confounders
(Table 6.2, model 1). Further adjustment for baseline GDS-15 scores did not materially
change these results (model 2).

In addition, the results of the analysis with markers of progression of CSVD over time
showed that an increase in WMHV over time, incident subcortical infarcts and Virchow-
Robin spaces and a decrease in total brain parenchyma volume over time were statistically
significantly associated with a higher incidence of depressive symptoms (Table 6.2, models
1and 2).

Table 6.2. Associations between markers of baseline and progression over time of cerebral small vessel disease
and incident depressive symptoms

Determinants Model Incident depressive symptoms

Odds ratio (95%Cl) P-value

White matter hyperintensity volume (% ICV)

Per +1 SD volume at baseline 1 1.04 (0.89; 1.21) .67
2 1.02 (0.88; 1.19) .78
Per +1 SD volume change over time 1 1.24 (1.09; 1.42) .002
2 1.21(1.06; 1.39) .007
Subcortical infarcts
Baseline presence of any infarct(s) vs. no infarcts 1 1.90 (1.15; 3.14) .012
2 1.83(1.10; 3.05) .021
Any new infarct(s) over time vs. no new infarcts 1 2.39(1.28; 4.48) .007
2 2.31(1.21; 4.39) .011
Cerebral microbleeds
Baseline presence of any microbleed(s) vs. no microbleeds 1 1.15(0.77; 1.72) .50
2 1.10(0.73; 1.66) .64
Any new microbleed(s) over time vs. no new microbleeds 1 1.31(0.92; 1.87) .16
2 1.36 (0.98; 1.86) 12
Virchow-Robin spaces
Baseline presence of any space(s) vs. no spaces 1 1.09 (0.73; 1.61) .69
2 1.08 (0.70; 1.66) 71
Any new space(s) over time vs. no new spaces 1 3.44 (1.71; 6.91) .001
2 3.75(1.83; 7.68) <.001
Total brain parenchyma volume (% ICV)
Per -1 SD volume at baseline 1 1.23(1.05; 1.45) .012
2 1.23(1.04; 1.45) .017
Per -1 SD volume change over time 1 1.30(1.08; 1.57) .006
2 1.32(1.09; 1.59) .004

Model 1: adjusted for baseline age, sex, Digit Symbol Substitution Test score, Mini Mental State Examination
score, education level, presence of anxiety symptoms, gait speed, alcohol use, smoking, diabetes, body mass
index, hypertension, coronary calcium score, head coil and follow-up time. Model 2: additionally adjusted for
baseline 15-item geriatric depression scale (GDS-15) score.

Cl = confidence interval; SD = standard deviation; ICV = intracranial volume.
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The composite scores of baseline (Figure 6.1, Panel A) and the change in pathology over
time (Panel B) in the deep brain region was most strongly and statistically significantly
associated with a higher incidence of depressive symptoms. In addition, the composite
baseline score of the frontal brain region was statistically significantly associated with a
higher incidence of depressive symptoms.

A
Odds ratio (95% CI)
Deep region 2.25(1.53;3.31)
Frontal region - s 1.86 (1.46; 2.37)
Temporal region| +———r——— 0.78 (0.44; 1.40)
Occipitoparietal region{ +—————— 0.76 (0.45; 1.28)
1 2 3
B
Deep region - 2.11(1.30;3.42)
Frontal region | 1.39 (0.85; 2.28)
Temporal region{ ————— 0.78 (0.44; 1.39)
Occipitoparietal region 1.62 (0.95; 2.75)
1 2 3

Figure 6.1. Associations between brain region-specific composite scores of baseline (panel A) and progression
over time (panel B) of cerebral small vessel disease and incident depressive symptoms. Composite scores
indicate high versus low burden of cerebral small vessel disease per region. The composite scores were mutually
adjusted for each other (except for the frontal and deep brain region which were not associated for each other)
and for all potential confounders. For further explanation: see text.

The results of the analyses with change of the GDS-15 score over time as the outcome
were qualitatively similar to the results of the analyses with incident depressive symptoms
(Table 6.3, models 1 and 2). The association for a greater GDS-15 score over time was
statistically significant for higher baseline WMHV, an increase in WMHV over time,
baseline and incident subcortical infarcts, incident cerebral microbleeds, baseline and
incident Virchow-Robin spaces and a decrease in total brain parenchyma volume over
time (Table 6.3, models 1 and 2).
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Table 6.3. Associations between markers of baseline and progression over time of cerebral small vessel disease
and change of the GDS-15 score over time

Determinants Model Incident depressive symptoms

B coefficient (95%Cl) P-value

White matter hyperintensity volume (% ICV)

Per +1 SD volume at baseline 1 0.11 (0.04; 0.18) .003
2 0.11 (0.04; 0.18) .001
Per +1 SD volume change over time 1 0.16 (0.09; 0.24) <.001
2 0.20 (0.13; 0.26) <.001
Subcortical infarcts
Baseline presence of any infarct(s) vs. no infarcts 1 0.27 (-0.01; 0.54) .05
2 0.34(0.08; 0.59) .01
Any new infarct(s) over time vs. no new infarcts 1 0.34 (-0.02; 0.70) .07
2 0.40 (0.06; 0.74) .02
Cerebral microbleeds
Baseline presence of any microbleed(s) vs. no microbleeds 1 -0.03 (-0.22; 0.15) .73
2 -0.02 (-0.18; 0.17) .98
Any new microbleed(s) over time vs. no new microbleeds 1 0.20 (0.02; 0.38) .03
2 0.18 (0.01; 0.36) .04
Virchow-Robin spaces
Baseline presence of any space(s) vs. no spaces 1 0.19 (-0.00; 0.38) .05
2 0.18 (0.00; 0.36) <.05
Any new space(s) over time vs. no new spaces 1 0.80(0.37; 1.22) <.001
2 0.74 (0.34; 1.13) .001
Total brain parenchyma volume (% ICV)
Per -1 SD volume at baseline 1 0.04 (-0.04; 0.12) .32
2 0.06 (-0.01; 0.14) A1
Per -1 SD volume change over time 1 0.08 (0.02; 0.15) .02
2 0.08 (0.01; 0.15) .02

Model 1: adjusted for baseline age, sex, Digit Symbol Substitution Test score, Mini Mental State Examination
score, education level, presence of anxiety symptoms, gait speed, alcohol use, smoking, diabetes, body mass
index, hypertension, coronary calcium score, head coil and follow-up time. Model 2: additionally adjusted for
baseline 15-item geriatric depression scale (GDS-15) score. Abbreviations as in Table 6.2.

Sensitivity analyses

Results were qualitatively similar when we repeated the analyses with incident depressive
symptoms defined only as a GDS-15 score of 6 or higher, irrespective of new use of
antidepressant medication (see supplement material, Table S6.1). When we excluded
individuals with baseline stroke or incident stroke during follow-up (n=152), results did not
materially change (see supplemental material, Table S6.2). Presence of depressive
symptoms at baseline was not statistically significantly associated with markers of
progression of CSVD (see supplemental material, Table $6.3).



148 | Chapter 6

Discussion

The present study investigated the association between markers of CSVD and incident
depressive symptoms and had two main findings. First, various markers of CSVD were
associated with a higher incidence of depressive symptoms. This association was
statistically significant for an increase in WMHV over time, baseline and incident
subcortical infarcts, incident Virchow-Robin spaces, a lower total brain parenchyma
volume at baseline and a decrease in total brain parenchyma volume over time. These
results were independent of cognitive function, education level, physical performance,
anxiety symptoms and cardiovascular factors. In addition, results were qualitatively similar
when change in the GDS-15 score over time was used as the outcome instead of incident
depressive symptoms. Second, CSVD located in the deep brain region was, as compared to
other brain regions, more strongly associated with a higher incidence of depressive
symptoms. To our knowledge, this is the clearest demonstration to date that CSVD is a risk
factor for depressive symptoms.

Our findings are in accordance with previous cross-sectional studies!®'*33 which
consistently have shown an association between markers of CSVD and depression. In
addition, two previous, smaller longitudinal studies, the 3City-Dijon study®® and the
LADIS,*2 found an association between higher WMHYV at baseline and a higher incidence of
depressive symptoms after a follow-up of 4 and 3 years, respectively. Furthermore, the
SMART-Medea study® found an association between lacunar infarcts in deep white matter
tracts and an increased severity and more fluctuating course of depressive symptoms, in
particular motivational/apathy related-symptoms of depression, during a follow-up of 3.5
years. In addition, the Cardiovascular Health Study?® and a neuroimaging substudy of the
Rotterdam Study'®> showed an association between higher WHMYV and/or cerebral infarcts
on the one hand and worsening and recurrence of depressive symptoms on the other
after 4 years of follow-up. In contrast, two other longitudinal studies, a post-hoc analysis
of a clinical trial’” and the Baltimore Longitudinal Study of Aging,** did not find any
association between WMHV at baseline and incident depressive symptoms. The latter
studies were, however, relatively small (n <550)'*17 and/or had a relatively short follow-up

7 which may have led to an underestimation of the association

duration (<3 years),
between CSVD and depressive symptoms. The present study extends previous research
because of its large population-based sample of older individuals, long follow-up duration,
the comprehensive brain MRI assessment of a wide spectrum of CSVD markers
determined at baseline and at follow-up, and the extensive characterization of

participants which enabled us to adjust for a series of potential confounders.

CSVD may lead to depressive symptoms via damage to deep and frontal brain structures
involved in mood regulation.”® In accordance, the present study found that CSVD in the
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deep brain region was, as compared to other regions, more strongly associated with a
higher incidence of depressive symptoms, although the 95%Cl of the OR for disease in the
deep brain region did overlap with those of other regions.

Other underlying mechanisms may, however, explain the observed associations. First, it
has been suggested that the association between CSVD and depressive symptoms exists
because late-life depressive symptoms represent an early manifestation of (vascular)
dementia.3* For the present study, however, we excluded individuals with dementia at
baseline or at follow-up. In addition, results were adjusted for scores on the DSST and the
MMSE, tests that evaluate multiple cognitive functions.>> Second, other factors may be
independently related to both CSVD and depressive symptoms, such as anxiety,
cardiovascular factors and stroke. The associations between CSVD and incident depressive
symptoms were, however, independent of anxiety symptoms and cardiovascular factors.
In addition, the associations did not materially change when we excluded individuals with
stroke. Third, we cannot exclude the possibility that the observed associations reflect
reverse causation. Indeed, previous studies®®3” have shown an association between
depression and incident cardiovascular disease, including cerebrovascular disease.
Although it is not fully understood how depression might lead to vascular disease, possible
mechanisms include low-grade inflammation, endothelial dysfunction, platelet
dysfunction and unfavorable lifestyle habits.3® It is unclear, however, why depression
would lead to vascular disease in specific brain regions, e.g. the deep brain region involved
in mood regulation. In addition, presence of depressive symptoms at baseline was not
statistically significantly associated with markers of progression of CSVD over time in the
present study, although the 95%Cls of the effect estimates do not exclude the possibility
of such an association. Fourth, it has been suggested that associations between CSVD and
depression may be (partially) attributable to apathy.3® Apathy overlaps with depression,
but may be a distinct syndrome.*® In the present study, we did not evaluate apathy and
this issue needs further study.

The present study showed that most markers of progression of CSVD over time were
associated with incident depressive symptoms, but only some markers of baseline CSVD.
This may be due to the design of the present study with exclusion of individuals with
depressive symptoms at baseline. This may have led to an underestimation of the
association between baseline CSVD and development of depressive symptoms, but not
between progression of CSVD over time and depressive symptoms, because individuals
with depressive symptoms at baseline were most likely those with the strongest
association between lifetime accumulation of CSVD (which is reflected by baseline CSVD)
and depressive symptoms.
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We analyzed depressive symptoms both as a dichotomous and a continuous outcome. The
results of these analyses were qualitatively similar, except that more associations were
statistically significant with change in the continuous GDS-15 score than with the
dichotomous incident depressive symptoms variable. This difference may be due to the
fact that, in general, analyses with a continuous outcome have higher statistical power
than analyses with a dichotomous outcome. Indeed, studying depression on a continuum
has the merit that not only information on extremes is used, but that all available
information is exploited.

There are a number of limitations to the present study. First, incident depressive
symptoms were assessed by questionnaire and use of antidepressant medication, but not
by a structured interview. Therefore, no information was available on clinical depression.
Nevertheless, the sensitivity and specificity of questionnaire measures as compared to a
depression diagnosis based on a structured interview are high (>80%).2° Yet, the
prevalence of depressive symptoms is greater, in particular in older individuals.?*
Furthermore, late-life depressive symptoms, even in the absence of a diagnosis of a major
depressive disorder, are associated with a greatly increased morbidity and mortality risk.>®
Second, misclassification of incident depressive symptoms may have occurred because
antidepressant medication is also prescribed for other reasons. The results were,
however, qualitatively similar when GDS-15 scores alone were used as the outcome. Third,
the present study is the first to evaluate the association between brain region-specific
composite scores and depressive symptoms, and further study is, therefore, needed to
confirm the present findings (e.g. using voxel-based morphometric analysis). Fourth, a
limitation of the analysis with markers of progression of CSVD over time as the
determinant is that progression of CSVD and incident depressive symptoms occur in the
same time interval and cannot be assigned to a given time point within this interval.
Finally, we used cerebral atrophy and Virchow-Robin spaces as markers of CSVD. Cerebral
atrophy is, however, an indirect measure of vascular disease and is also strongly
determined by other factors, in particular the process of neurodegeneration. We
therefore cannot exclude the possibility that the association between lower total brain
parenchyma volume and depressive symptoms is due to factors other than CSVD. In
addition, the etiology of Virchow-Robin spaces is currently incompletely understood, and
this issue requires further study.

In conclusion, the present study shows that most markers of progression of CSVD over
time and only some markers of baseline CSVD are independently associated with a
concurrent development of higher incident depressive symptoms. From a clinical point of
view, this association is important as it suggests that CSVD is a target for treatment and
prevention strategies of late-life depression. Further study is needed to elucidate which
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factors contribute to CSVD and whether such factors can be therapeutic targets for late-
life depression.
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Supplemental Material

Table S6.1. Associations between markers of baseline and progression of cerebral small vessel disease and
incident depressive symptoms — depressive symptoms defined by a GDS-15 score 26 (n=75)

Determinants

Incident depressive symptoms

B coefficient (95%Cl) P-value

White matter hyperintensity volume (% ICV)

Per +1 SD volume at baseline 1.04 (0.80; 1.35) 77

Per +1 SD volume change over time 1.19 (0.96; 1.47) 11
Subcortical infarcts

Baseline presence of any infarct(s) vs. no infarcts 1.62 (0.74; 3.55) .23

Any new infarct(s) over time vs. no new infarcts 1.43 (0.53; 3.83) .50
Cerebral microbleeds

Baseline presence of any microbleed(s) vs. no microbleeds 1.24 (0.66; 2.32) .50

Any new microbleed(s) over time vs. no new microbleeds 1.98 (1.11; 3.50) .02
Virchow-Robin spaces

Baseline presence of any space(s) vs. no spaces 1.40 (0.76; 2.63) .27

Any new space(s) over time vs. no new spaces 5.81(2.19; 15.41) <.001
Total brain parenchyma volume (% ICV)

Per -1 SD volume at baseline 1.10 (0.84; 1.45) .49

Per -1 SD volume change over time 1.13(0.84; 1.51) 42

All associations are adjusted for baseline age, sex, Digit Symbol Substitution Test score, Mini Mental State
Examination score, education level, presence of anxiety symptoms, gait speed, alcohol use, smoking, diabetes,
body mass index, hypertension, coronary calcium score, head coil, follow-up time and baseline 15-item geriatric

depression scale (GDS-15) score.

Cl: confidence interval; SD: standard deviation; ICV: intracranial volume.

Table S6.2. Associations between markers of baseline and progression over time of cerebral small vessel
disease and incident depressive symptoms — individuals excluded with baseline stroke and/or incident stroke

during follow-up (n=152)

Determinants

Incident depressive symptoms

B coefficient (95%Cl) P-value

White matter hyperintensity volume (% ICV)

Per +1 SD volume at baseline 1.07 (0.91; 1.27) 42

Per +1 SD volume change over time 1.18 (1.01; 1.38) <.05
Subcortical infarcts

Baseline presence of any infarct(s) vs. no infarcts 1.98 (1.14; 3.45) .02

Any new infarct(s) over time vs. no new infarcts 2.04 (0.97; 4.29) .06
Cerebral microbleeds

Baseline presence of any microbleed(s) vs. no microbleeds 1.18 (0.76; 1.82) .46

Any new microbleed(s) over time vs. no new microbleeds 1.22 (0.80; 1.86) .36
Virchow-Robin spaces

Baseline presence of any space(s) vs. no spaces 0.97 (0.61; 1.53) .88

Any new space(s) over time vs. no new spaces 3.55(1.65; 7.67) .001
Total brain parenchyma volume (% ICV)

Per -1 SD volume at baseline 1.25 (1.05; 1.50) .01

Per -1 SD volume change over time 1.33 (1.08; 1.64) .008

All associations are adjusted for baseline age, sex, Digit Symbol Substitution Test score, Mini Mental State
Examination score, education level, presence of anxiety symptoms, gait speed, alcohol use, smoking, diabetes,
body mass index, hypertension, coronary calcium score, head coil, follow-up time and baseline 15-item geriatric

depression scale (GDS-15) score.
Abbreviations as in Table S6.1.
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Table S6.3. Associations between presence of depressive symptoms at baseline (i.e. GDS-15 score of 6 or
higher and/or use of antidepressant medication at baseline; n=325) and markers of progression over time of
cerebral small vessel disease

Outcome variables B coefficient (95%Cl) P-value
+1 SD change of white matter hyperintensity volume over time (% ICV) -0.01 (-0.12; 0.12) .94
-1 SD change of total brain parenchyma volume over time (% ICV) -0.06 (-0.18; 0.06) .30
Odds ratio (95% Cl) P-value
Any incident subcortical infarct(s) vs. no incident infarcts 1.47 (0.81; 2.66) .20
Any incident cerebral microbleed(s) vs. no incident microbleeds 1.37(0.99; 1.89) .05
Any incident Virchow-Robin space(s) vs. no incident spaces 1.67 (0.82; 3.42) .16

All associations are adjusted for baseline age, sex, Digit Symbol Substitution Test score, Mini Mental State
Examination score, education level, presence of anxiety symptoms, gait speed, alcohol use, smoking, diabetes,
body mass index, hypertension, coronary calcium score, head coil, follow-up time and corresponding marker of
baseline cerebral small vessel disease.

Abbreviations as in Table S6.1.
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Abstract

Background

Arterial stiffness may contribute to depression via cerebral microvascular damage. We
investigated the association between arterial stiffness and depressive symptoms and the
potential mediating role of cerebral small vessel disease therein.

Methods

Cross-sectional data of the AGES-Reykjavik study: n=2,058, mean age 79.6 years and
59.0% women. Arterial stiffness (carotid-femoral pulse wave velocity, cfPWV), depressive
symptoms (15-item Geriatric Depression Score, GDS-15 score) and manifestations of
cerebral small vessel disease (MRI) were determined.

Results

Higher cfPWV was associated with a higher GDS-15 score, after adjustment for potential
confounders. Additional adjustment for white matter hyperintensity volume or subcortical
infarcts attenuated the association between cfPWV and the GDS-15 score. The mediating
effects of white matter hyperintensity volume and subcortical infarcts were statistically
significant. Virchow-Robin spaces, microbleeds and cerebral atrophy did not mediate the
association between cfPWV and depressive symptoms.

Conclusion
Arterial stiffness is associated with depressive symptoms; this association is partly
mediated by white matter hyperintensity volume and subcortical infarcts.
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Introduction

Depression and depressive symptoms are frequently encountered in older individuals.?
Depressive symptoms in older populations, even in the absence of a clinical diagnosis of
depression, are associated with a greatly increased morbidity and mortality risk.>® The
pathobiology of late-life depression is incompletely understood, but it has been suggested
that arterial stiffness is involved.*

Arterial stiffness impairs the cushioning function of large arteries, reduces wave reflection,
and increases pressure and flow pulsatility, which transmits distally and damages the
microcirculation.>® Microvascular damage can manifest itself as cerebral small vessel
disease, including white matter hyperintensities, subcortical infarcts, Virchow-Robin
spaces, cerebral microbleeds and cerebral atrophy.”® Cerebral small vessel disease, in
turn, may predispose to depression via disruption of frontal and subcortical structures
involved in mood regulation.®!° In accordance, previous studies®!*'> have shown an
association between arterial stiffness and depression on the one hand and manifestations
of cerebral small vessel disease on the other, independently of potential confounders
(such as age, hypertension and other cardiovascular risk factors).

To date, only three studies*'®!” have, however, evaluated the association between
arterial stiffness and depression, and these studies showed inconsistent results. The
Rotterdam Study* and a small case-control study,*® which both included older individuals
(mean age of both study samples 72 years), showed an association between higher
arterial stiffness and presence of depression. In contrast, the Netherlands Study of
Depression and Anxiety (NESDA) did not find an association between arterial stiffness and
depression.r” However, NESDA included a relatively young study sample (mean age 47
years). Yet, it has been suggested that in particular in older individuals arterial stiffness
and cerebral small vessel disease may contribute to depression. Importantly, these studies
did not evaluate whether cerebral small vessel disease mediates the association (if any)
between arterial stiffness and depression.

In view of the above, we investigated, in a large population-based cohort of older men and
women, whether arterial stiffness is associated with depressive symptoms and whether
any such association is mediated by manifestations of cerebral small vessel disease,
including white matter hyperintensities, subcortical infarcts, Virchow-Robin spaces,
cerebral microbleeds and cerebral atrophy.
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Methods

Participants

For the present study, we used cross-sectional data from the Age, Gene/Environment
Susceptibility (AGES)-Reykjavik Study second examination (2007 to 2011). The AGES-
Reykjavik Study is a population-based cohort study originating from the Reykjavik Study,
as described fully elsewhere.!® This study aimed to investigate genetic and environmental
factors and biological mechanisms leading to major clinical and subclinical disorders in old
age, including those prevalent in neurocognitive, vascular, musculoskeletal, body
compositional and metabolic symptoms. Briefly, from 2002 to 2006, 5,764 surviving
participants in the Reykjavik Study were examined. From 2007 to 2011 there was a follow-
up examination of all surviving participants who agreed to participate (n=3,316). Reasons
for not attending the follow-up examination included: death (n=1,039); refusal (n=1,198);
and lost to follow-up (could not be contacted by any means) (n=211). The AGES-Reykjavik
Study was approved by the National Bioethics Committee in Iceland (approval number:
VSN-00-063), and by the National Institute on Aging Intramural Institutional Review Board.

Arterial stiffness

Arterial stiffness was assessed by determining carotid-femoral pulse wave velocity
(cfPWV), as previously described.® Briefly, after 15-20 minutes of supine posture, brachial
blood pressure was measured and arterial tonometry with electrocardiogram was
obtained from the carotid and femoral arteries using a custom transducer (Cardiovascular
Engineering, Inc., Norwood, MA).® Transit distance from the carotid to femoral arteries
was assessed by body surface measurements from the suprasternal notch to the carotid
and femoral pulse recording sites. CfPWV was computed as the pulse wave transit
distance divided by the transit time of the pulse wave from the carotid to femoral arteries,
with adjustment for parallel transmission of the arterial pulse wave in the brachiocephalic
artery and aortic arch.®

Depressive symptoms

Depressive symptoms were assessed by the 15-item Geriatric Depression Scale (GDS-15;
score range, 0 to 15).2° Higher GDS-15 scores indicate the presence of more depressive
symptoms. The GDS-15 score can be used as a continuous as well as a dichotomous
variable.’® In the present study, we used the continuous variable as the primary outcome,
because this offers the highest power to detect associations.

Brain MRI measures

Image acquisition. All eligible participants were offered a high-resolution brain MRI
acquired on the same study-dedicated 1.5-T system (Signa Twinspeed, General Electric
Medical Systems). The same imaging protocol was used as in the first examination of the
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AGES-Reykjavik Study, described elsewhere,®2%21 and included the following sequences:
3D spoiled-gradient recalled T1-weighted, proton density/T2-weighted fast spin-echo,
fluid-attenuated inversion recovery (FLAIR) and T2*-weighted gradient-echo type
echoplanar (GRE-EPI). All images were acquired to give full brain coverage with slices
angled parallel to the anterior commissure—posterior commissure line in order to give
reproducible image views in the oblique-axial plane.

Image analysis. Several manifestations of cerebral small vessel disease were evaluated.
White matter hyperintensity volume (WMHV) and total brain parenchyma volume (an
indicator of cerebral atrophy) were computed automatically with a previously described

22 and were calculated as the percentage of total intracranial

image analysis pipeline,
volume (ICV). Lower total brain parenchyma volume was considered to be a manifestation
of cerebral small vessel disease, as cerebral small vessel disease leads to generalized loss
of brain parenchyma via, amongst others, microinfarcts®®> and loss of white matter
integrity.* Subcortical infarcts were evaluated as described previously,?® and defined as a
brain parenchyma defect with a minimum diameter of 4 mm, not extending into the
cortex with a signal intensity equal to cerebrospinal fluid on all pulse sequences (i.e. T2-
weighted, proton density-weighted and FLAIR) and surrounded by an area of high signal
intensity on FLAIR images. Parenchymal defects in the subcortical area with evidence of
hemosiderin on the T2*-weighted GRE-EPI scan were labeled as resorbed hematomas and
were excluded from the definition of subcortical infarcts. In addition, Virchow-Robin
spaces were evaluated separately and defined as defects in the subcortical area without a
rim or area of high signal intensity on FLAIR and without evidence of hemosiderin on the
T2*-weighted GRE-EPI scan. Presence of Virchow-Robin spaces was considered to be a
manifestation of cerebral small vessel disease, as they are associated with endothelial
dysfunction, which may play a role in the pathogenesis of cerebral small vessel disease.”
Cerebral microbleeds were defined as a focal area of signal void within the brain
parenchyma visible on T2*-weighted GRE-EPI scans and were identified as described
previously.?!

Confounding variables

Dementia (all sub-types) was diagnosed according to international guidelines® by a panel
that included a geriatrician, a neurologist, a neuropsychologist and a neuroradiologist as
described elsewhere.’® Education (categorized into primary, secondary and college /
university education) and smoking history (categorized into none, former and current
smoker) were assessed by questionnaire. Gait speed, a measure of physical
performance,?® was determined as the time in seconds needed to walk 6 meters at a usual
pace. Diabetes mellitus was defined as a self-reported doctor’s diagnosis of diabetes, use
of blood glucose lowering drugs or fasting blood glucose level > 7.0 mmol/l. Coronary
calcium score (categorized into sex specific quartiles), a measure of atherosclerosis, was
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based on Computed Tomography.?” The Digit Symbol Substitution Test (DSST), a measure
of cognitive function, was also administered.*®

Analytic sample

The final study sample consisted of 2,058 participants. Of the 3,316 participants of the
second examination of the AGES-Reykjavik Study, 648 had missing brain MRI data, another
419 had missing data on arterial tonometry and another 77 had missing data on
depressive symptoms. Missing MRI data was due to contraindications (n=272),
refusal/nonattendance (n=337), or technical reasons (no qualitatively acceptable MRI data
available for all necessary sequences, n=39). Missing data on tonometry was due to
logistical or technical reasons. In the remaining 2,172 participants, 114 had a diagnosis of
dementia and were excluded. Participants excluded for the present analysis were more
likely to be older (81.2 vs. 76.6 years), less educated (for primary school or less: 23.6 vs.
18.9%) and to have a higher BMI (27.3 vs. 26.5 kg/m?) and a higher prevalence of diabetes
(17.6 vs. 11.6%) and/or stroke (11.5 vs. 8.2%) (P-value for all <.05).

Statistical analysis

Analyses were conducted with PASW statistics (version 21, IBM, Chicago, lllinois, USA).
CfPWV was inverse-transformed to reduce heteroscedasticity and multiplied by -1,000 to
restore directionality and to convert the units to milliseconds/meter. In addition, cfPWV
was entered as a sex-specific Z-score in all models. WMHV was logarithmically
transformed to normalize the skewed distribution and WMHV and lower total brain
parenchyma volume were entered as Z-scores in all models.

We used mediation analysis to test the hypothesis that higher arterial stiffness and more
depressive symptoms are associated, and that manifestations of cerebral small vessel
disease (that is, higher WMHYV, presence of subcortical infarcts, Virchow-Robin spaces and
cerebral microbleeds and lower total brain parenchyma volume) are on the potential
causal pathway of (i.e. mediate) the association between arterial stiffness and depressive
symptoms. In mediation analysis, each of the above associations can be tested in one
model. The model quantifies the degree to which a variable statistically mediates that is,
changes, the association of a dependent variable with an independent variable.
Specifically, it generates estimates of 1) the association of the independent with the
dependent variable, 2) the association of the independent variable with the potential
mediator, 3) the association of the potential mediator with the dependent variable, and 4)
the proportion of the association between the independent and dependent variable that
is attributed to the potential mediator (i.e. the mediated effect). We used bootstrapping
(10,000 samples) to calculate bias-corrected 95% confidence intervals (Cls) of the
mediated effects. In addition, the magnitude of the mediated effect was calculated as a
percentage of the total direct effect. All models were adjusted for the following potential
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confounders: age, sex, education level, smoking, DSST, gait speed, body mass index,
diabetes, mean arterial pressure, heart rate, coronary calcium score and the use of anti-
hypertensive medication.

The following secondary analyses were done. Logistic analysis were done to evaluate the
association between cfPWV and a dichotomous measure of depressive symptoms, defined
as dichotomous GDS-15 score of 6 or higher!® or use of antidepressant medication. It has
been suggested?® that cerebral small vessel disease may be associated with in particular
apathy-/motivational-related symptoms of depression, and not with mood-related
symptoms. Therefore, logistic regression analyses were done to evaluate the association
between cfPWV and individual apathy items of the GDS-15 score as the outcome. The
following three items of the GDS-15 score are related to apathy: 1) “Have you dropped
many of your activities and interests?” (2) “Do you prefer to stay at home, rather than
going out and doing new things?” and 3) “Do you feel full of energy?”.2%?° As described
previously,?®?° we distinguished an apathy subscale that included all apathy items (range
0-3; GDS-3A). Presence of apathy was defined as a GDS-3A score of 2 or 3 vs. no apathy
(score of 0 or 1).2%?° To minimize the potential confounding effect of stroke, the analyses
were repeated after excluding individuals with a clinical diagnosis of stroke. In addition, it
has been suggested®® that deep or infratentorial cerebral microbleeds (i.e. microbleeds
located in the basal ganglia, thalamus, brainstem and cerebellum) are more closely
associated with vascular disease, whereas lobar microbleeds might be more closely
associated with amyloid angiopathy. Therefore, analyses were repeated with presence of
either deep or lobar cerebral microbleeds, instead of the presence of any microbleed.
Finally, we investigated whether the association between arterial stiffness and depressive
symptoms differed by sex by adding interaction terms between arterial stiffness and sex
to the fully adjusted models. We found no such interaction (P-value for interaction=.57)
and, therefore, all results are presented for men and women combined.
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Results

Characteristics of the study population are described in Table 7.1. Briefly, participants had
a mean age of 79.6 years and 59.0% were women. Median cfPWV was 12.5 m/s
(interquartile range (IQR), 10.4 to 15.7), the median GDS-15 score was 2 (IQR 1 to 3), 5.3%
(n=109) had a GDS-15 score of 6 or higher and 14.3% (n=294) used antidepressant
medication.

Table 7.1. Characteristics of the study population (n=2,058)

Variable Value
General characteristics

Age, years 79.6+4.6
Women, n (%) 1,214 (59.0)
Smoking status, n (%)

Non-smoker 897 (43.6)
Former 983 (47.8)
Current 177 (8.6)
Education, n (%)

Primary or less 398 (18.9)
Secondary 1,084 (52.7)
College/University 584 (28.4)
Digit symbol substitution test score 30+ 10
Body mass index, kg/m? 26.5+3.9
Diabetes, n (%) 239 (11.6)
Stroke, n (%) 169 (8.2)
Systolic blood pressure, mmHg 145 +21
Diastolic blood pressure, mmHg 70+ 11

Use of anti-hypertensive medication, n (%) 1,473 (71.6)
Depression measures

GDS-15 score 2 (1-3)
GDS-15 score = 6, n (%) 109 (5.3)
Use of anti-depressant medication, n (%) 294 (14.3)
Arterial stiffness

Carotid-femoral pulse wave velocity, m/s 12.5(10.4-15.7)
Brain MRl measures

White matter hyperintensity volume, ml 15 (8-28)
Subcortical infarcts, n (%) 202 (9.8)
Virchow-Robin spaces, n (%) 364 (17.7)
Cerebral microbleeds, n (%) 603 (29.3)
Total brain parenchyma volume, ml 1067 + 99

Data are presented as number (percentage) of participants, mean + standard deviation or median (interquartile
range).
GDS-15 = 15-item geriatric depression scale.

Association between arterial stiffness and depressive symptoms

Higher cfPWV (per SD) was significantly associated with a higher GDS-15 score (B 0.096
(95%Cl 0.005 to 0.187), P=.039)), after adjustment for confounders (but without
adjustment for any of the potential mediators).
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Mediation effects by manifestations of cerebral small vessel disease in the association
between arterial stiffness and depressive symptoms

Higher cfPWV (per SD) was significantly associated with a higher WMHV (B 0.050 (0.002 to
0.097), P=.039)), and, in turn, higher WMHV (per SD) was significantly associated with a
higher GDS-15 score (B 0.125 (0.041 to 0.208), P=.005)) (Figure 7.1, panel A). When we
adjusted the association between CFPWV and the GDS-15 score for WMHYV, the
association was attenuated and was no longer statistically significant (§ 0.090 (-0.001 to
0.181), P=.053)) (Figure 7.1, panel A). The mediated effect by WMHV was statistically
significant (B 0.006 (0.001 to 0.017)), and explained 6% of the total direct effect between
cfPWV and the GDS-15 score (Table 7.2).

Similarly, higher cfPWV (per SD) was significantly associated with presence of subcortical
infarcts (OR 1.27 (1.06 to 1.52), P=.013)) (Figure 7.1, panel B). Presence of subcortical
infarcts, in turn, was significantly associated with a higher GDS-15 score (B 0.455 (0.188 to
0.722), P=.001)) (Figure 7.1, panel B). When we adjusted the association between cfPWV
and the GDS-15 score for subcortical infarcts, the association was attenuated and was no
longer statistically significant (B 0.088 (-0.003 to 0.179), P=.059)) (Figure 7.1, panel B). The
mediated effect by subcortical infarcts was statistically significant (B 0.008 (0.002 to
0.020)), and explained 9% of the total direct effect between cfPWV and the GDS-15 score
(Table 7.2).

When WMHV and subcortical infarcts were entered simultaneously into the mediation
model, they explained 12% of the total direct effect between cfPWV and the GDS-15
score.

In contrast, Virchow-Robin spaces, cerebral microbleeds and total brain parenchyma
volume did not mediate the association between cfPWV and the GDS-15 score (Table 7.2
and supplemental material, Figure S7.1). Higher cfPWV (per SD) was associated with
presence of Virchow-Robin spaces (OR 1.15 (1.00 to 1.32), P=.049) and cerebral
microbleeds (OR 1.09 (0.97 to 1.22), P=.151), but these lesions, in turn, were not
associated with depressive symptoms (for Virchow-Robin spaces: B 0.04 (-0.171 to 0.291),
P=.763; for cerebral microbleeds: B 0.061 (-0.114 to 0.236), P=.538). In addition, lower
total brain parenchyma volume (per SD) was significantly associated with more depressive
symptoms (B 0.124 (0.031 to 0.218), P=.009), but cfPWV (per higher SD), in turn, was not
associated with lower total brain parenchyma volume (3 -0.012 (-0.054 to 0.031), P=.587).
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Adjusted for potential confounders: \

B 0.096 (0.005 to 0.187), P=0.039

Additionally adjusted for white matter hyperintensity volume:
3 0.090 (-0.001 to 0.181), P=.053

o]

Subcortical

infarcts

OR 1.27 (1.06 to 1.52), P=.013 3 0.455 (0.188 to 0.722), P=.001

Adjusted for potential confounders:
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Figure 7.1. Association between carotid-femoral pulse wave velocity (cfPWV) and 15-item Geriatric Depression
Scale (GDS-15) score and the mediating effect of this association by white matter hyperintensity volume (panel
A) and subcortical infarcts (panel B).

Solid lines indicate statistically significant associations; dashed lines indicate statistically not significant
associations. Associations are given as regression coefficients (B) or odds ratios (ORs), and corresponding 95%
confidence intervals and P-values. CfPWV and white matter hyperintensity volume are indicated per higher
standard deviation (SD). All associations are adjusted for age, sex, education level, smoking, Digit Symbol
Substitution Test score, gait speed, body mass index, diabetes, mean arterial pressure, heart rate, coronary
calcium score and use of anti-hypertensive medication.

Table 7.2. Mediating effects by white matter hyperintensity volume, subcortical infarcts, Virchow-Robin
spaces, cerebral microbleeds and lower total brain parenchyma volume of the association between carotid-
femoral pulse wave velocity and GDS-15 score

Mediated effects®

Potential mediators B 95% Cl %®
White matter hyperintensity volume (per +1 SD) 0.006 0.001; 0.017 6%
Subcortical infarcts 0.008 0.002; 0.020 9%
Virchow-Robin spaces 0.001 -0.003; 0.007 1%
Cerebral microbleeds 0.001 -0.000; 0.007 1%
Lower total brain parenchyma volume (per -1 SD) -0.002 -0.009; 0.003 -2%

A All associations adjusted for age, sex, education level, smoking, digit symbol substitution test score, gait speed,
body mass index, diabetes, mean arterial pressure, heart rate, coronary calcium score and use of anti-
hypertensive medication.

8 Percentages indicate the magnitude of the mediated effect relative to the total direct effect between carotid-
femoral pulse wave velocity and GDS-15 score.

GDS-15 = 15-item geriatric depression scale; Cl = confidence interval; SD = standard deviation.
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Secondary analyses

CfPWV (per higher SD) was not significantly associated with a dichotomous measure of
depressive symptoms (i.e. GDS-15 score of 6 or higher or use of antidepressant
medication) (OR 1.10 (0.96 to 1.26), P=.183). CfPWV (per higher SD) was not associated
with apathy (i.e. GDS-3A score of 2 or 3) after adjustment for all potential confounders
(OR 1.07 (95%: 0.96 to 1.19, P=.237). After the exclusion of individuals with stroke
(n=223), the mediation effects by WMHV and subcortical infarcts did not materially
change (see supplemental material, Table S7.1). Finally, when we repeated the analyses
with presence of either deep or lobar cerebral microbleeds, instead of the presence of any
microbleed, results did not materially change (data not shown).
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Discussion

The present investigation evaluated the association between arterial stiffness and
depressive symptoms and the potential mediating role of cerebral small vessel disease
therein and had two main findings. First, arterial stiffness, as determined by cfPWV, was
independently associated with a higher level of depressive symptoms. This association
was independent of age, sex, education, cognitive function level, physical performance,
blood pressure and cardiovascular risk factors. Second, this association was mediated in
part by WMHV and subcortical infarcts, but not by Virchow-Robin spaces, cerebral
microbleeds and cerebral atrophy. WMHV (per higher SD) and presence of subcortical
infarcts together explained 12% of the total direct effect between cfPWV and depressive
symptoms.

Underlying mechanisms

These data are consistent with the hypothesis that arterial stiffness leads to depression in
part via cerebral microvascular damage. Arterial stiffness may cause microvascular
damage via an increased pulsatile load on the microcirculation.33? This increased load
causes direct microvascular damage and induces a microvascular remodeling response.
Microvascular remodeling initially serves to limit the penetration of the pulsatile pressure
load on the microcirculatory system by raising vascular resistance. Yet, this protective
response may ultimately become unfavorable leading to impaired vasoreactivity and
microvascular ischemia.3! Ischemia may damage frontal and subcortical structures or their
connecting pathways involved in mood regulation and, hence, may lead to depression.%°

In accordance, previous studies have shown an association between cfPWV or local
carotid stiffness on the one hand and different manifestations of cerebral small vessel
disease on the other, including WMHV®%5 and subcortical or lacunar infarcts.5'%1> In
addition, previous studies have shown an association between depression and WMHV1213
and lacunar infarcts.'®* Furthermore, one population-based study* has shown that higher
cfPWV and local carotid stiffness was associated with depression. The present study
shows that the association between arterial stiffness and depressive symptoms is in part
mediated by cerebral small vessel lesions and thereby provides additional evidence
consistent with the role of arterial stiffness in modulating the emergence of late-life
depressive symptoms.

However, a relatively large part of the association between arterial stiffness and
depressive symptoms remained unexplained after taking into account the mediating
effects of WMHV and subcortical infarcts. This remaining association may be due to
vascular brain lesions not (directly) captured in the MRI scans (e.g. microinfarcts and loss
of white matter integrity) that we did not incorporate into the mediation analyses. In
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addition, it is possible that only a subset of the persons doing poorly on the GDS-15 have
vascular-related disease. Finally, although we adjusted for a large series of potential
confounders, we cannot exclude the possibility of residual confounding.

Cerebral small vessel disease encompasses different lesions found on neuroimaging.®’
Specific clinical consequences of each lesion type and their location are, however, not
completely understood. In the present study, WMHV and subcortical infarcts mediated a
part of the association between arterial stiffness and depressive symptoms, whereas
Virchow-Robin spaces, cerebral microbleeds and cerebral atrophy did not. Although
higher cfPWV was associated with presence of Virchow-Robin spaces and cerebral
microbleeds, these lesions were not associated with depressive symptoms. Possibly,
Virchow-Robin spaces and cerebral microbleeds play a role early in the pathogenesis of
cerebral small vessel disease,®* whereas WMHs and subcortical infarcts represent more
advanced disease states. The present study is, however, the first to explore the
association between Virchow-Robin spaces and cerebral microbleeds on the one hand and
depressive symptoms on the other, and further study is needed to clarify this issue. In
addition, although lower brain parenchyma volume was associated with a higher level of
depressive symptoms, brain parenchyma volume was not associated with cfPWV. Cerebral
atrophy is strongly determined by factors other than vascular disease, in particular the
process of neurodegeneration.” This may have resulted in an underestimation of the
association between cfPWV and brain parenchyma volume in the older population
included in this study.

Strengths and limitations

Strengths of the present study are the large population-based sample of older individuals,
the comprehensive brain MRI assessment of various manifestations of cerebral small
vessel disease and the extensive characterization of participants which enabled us to
adjust for a series of potential confounders.

Our study has some limitations. First, the cross-sectional design precludes any conclusions
about a temporal association of arterial stiffness to cerebral small vessel disease and
depressive symptoms. Second, depressive symptoms were assessed by the use of a self-
reported questionnaire, but not by a structured interview. Therefore, no information was
available on presence of a major depressive disorder. Third, it is possible that death or
attrition between AGES-1 and -2 resulted in a disproportional loss of people who were
likely at high risk for depression. If the associations among arterial stiffness, cerebral small
vessel disease and depressive symptoms in these people are very different from our
reported associations, the reported associations may be biased. However, we consider
this unlikely, in which case the loss of the individuals reduces our power to detect existing
associations. Fourth, the level and severity of depressive symptoms was relatively low in
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the present study sample, similar to previous studies done in Iceland.?* This low
symptomatology may, however, have reduced the effect sizes and sensitivity to detect
associations. This may explain why an association was found between arterial stiffness and
a continuous depressive symptom score, but not with a dichotomous depression score.
Analyses with a continuous outcome, in general, have higher statistical power than
analyses with a dichotomous outcome. Finally, a relatively high number of individuals used
antidepressant medication (14.3%) as compared to the number of individuals with a GDS-
15 score of 6 or higher (5.3%). Misclassification of the dichotomous depression score may
have occurred because antidepressant medication is also prescribed for other reasons and
this may have led to an underestimation of the observed associations.

Clinical relevance

In view of global ageing and the increased prevalence of arterial stiffness with age, efforts
at favorably influencing arterial stiffness may have significant public health implications
for preventing vascular-related depressions. Arterial stiffness may be favorably influenced
by lifestyle modifications, such as weight loss, increased (habitual) physical activity and
dietary modifications (e.g. low consumption of sodium). In addition, drugs, such as
angiotensin receptor-2 agonists (e.g. compound 21) may lower arterial stiffness, possibly
beyond any blood-pressure lowering effects.3”

Conclusion

The present study shows that higher arterial stiffness and more depressive symptoms are
associated in a general older population and that this association is in part mediated by
WMHYV and subcortical infarcts.
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Figure S7.1. Association between carotid-femoral pulse wave velocity (cfPWV) and 15-item Geriatric Depression
Scale (GDS-15) score and the mediating effects of this association by Virchow-Robin spaces (panel A), cerebral
microbleeds (panel B) and lower total brain parenchyma volume (panel C).

Solid lines indicate statistically significant associations; dashed lines indicate statistically significant associations.
Associations are given as regression coefficients (B) or odds ratios (ORs), and corresponding 95% confidence
intervals and P-values. CFPWV is indicated per higher standard deviation (SD) and total brain parenchyma
volume per lower SD. All associations are adjusted for age, sex, education level, smoking, digit symbol
substitution test score, gait speed, body mass index, diabetes, mean arterial pressure, heart rate, coronary
calcium score and use of anti-hypertensive medication.
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Table $7.1. Mediating effects by white matter hyperintensity volume, subcortical infarcts, Virchow-Robin
spaces, cerebral microbleeds and lower total brain parenchyma volume of the association between carotid-
femoral pulse wave velocity and GDS-15 score — analyses done after exclusion of individuals with stroke
(n=223)

Mediated effects”

Potential mediators B 95% Cl %°
White matter hyperintensity volume (per +1 SD) 0.005 -0.001; 0.016 6%
Subcortical infarcts 0.008 0.002; 0.020 10%
Virchow-Robin spaces 0.001 -0.004; 0.006 1%
Cerebral microbleeds 0.000 -0.002; 0.006 1%
Lower total brain parenchyma volume (per -1 SD) -0.001 -0.009; 0.003 -1%

AAll associations adjusted for age, sex, education level, smoking, digit symbol substitution test score, gait speed,
body mass index, diabetes, mean arterial pressure, heart rate, coronary calcium score and use of anti-
hypertensive medication.

8 Percentages indicate the magnitude of the mediated effect relative to the total direct effect between carotid-
femoral pulse wave velocity and GDS-15 score.

GDS-15 = 15-item geriatric depression scale; Cl = confidence interval; SD = standard deviation.
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Abstract

Background

Endothelial dysfunction, inflammation and oxidative stress might be involved in the
pathobiology of depression. Previous studies on the association of these processes in
depression have vyielded contradictory results. We therefore investigated
comprehensively, in a population-based cohort study, the association between endothelial
dysfunction, inflammation and oxidative stress on the one hand and depressive symptoms
on the other.

Methods

For the present study, we used data from The Hoorn Study and determined biomarkers of
endothelial dysfunction (flow-mediated dilatation [FMD], vVWF, sICAM-1, sVCAM-1, sTM
and sE-selectin), low-grade inflammation (CRP, TNF-q, IL-6, IL-8, SAA, MPO and sICAM-1)
and oxidative stress (oxLDL and MPOQ). Additionally, depressive symptoms were quantified
by the CES-D questionnaire (n=493; mean age 68 years; 49.9% female). Regression
analyses were performed with the use of biomarker Z-scores. Adjustments were made for
age, sex and glucose metabolism status (cohort stratification variables), and prior
cardiovascular disease, hypertension, waist-to-hip ratio, cholesterol levels, education
level, physical activity, dietary habits, and the use of anti-hypertensive and/or lipid-
lowering medication and/or metformin (potential confounders).

Results
After adjustment for age, sex and glucose metabolism status, one standard deviation
increase in the endothelial dysfunction Z-score was associated with a 1.9 (95% confidence
interval: 0.7 to 3.1) higher CES-D score. Additional adjustments did not materially change
this result. Low-grade inflammation and oxidative stress were not associated with the CES-
D score.

Conclusion

Endothelial dysfunction, as quantified by an array of circulating biomarkers and FMD, was
independently associated with depressive symptoms. This study supports the hypothesis
that endothelial dysfunction plays an important role in the pathobiology of depression.



Endothelial dysfunction and depressive symptoms | 179

Introduction

The pathobiology of depression is complex. It has been suggested that endothelial
dysfunction (ED), low-grade inflammation (LGI) and oxidative stress (OxS) are involved, as
these phenomena may interfere with neurotransmitter metabolism, the hypothalamic-
pituitary-adrenal (HPA) axis and the homeostatic process of neurogenesis in the brain.'*
Yet, the above observations derive primarily from studies in animals. The study of these
phenomena in the pathobiology of depression in humans is more complicated. One
approach is to study ED, LGl and OxS via the determination of biomarkers in peripheral
blood, which assumes that ED, LGl and OxS are generalized phenomena and that each of
these phenomena represents either directly or indirectly ED, LGI, or OxS in the brain.

The concepts of ED,>® LGI* and OxS’ are heterogeneous in nature. These concepts
individually all can be defined in many different ways without it being clear that one
definition necessarily favors over the other in relation to depression. For example, ED has
been defined as brachial artery impaired flow-mediation,® but also by an increased level of
circulating biomarkers (e.g. soluble vascular cell adhesion molecule 1, soluble endothelial
selectin, soluble thrombomodulin).®!° In addition, many different circulating biomarkers
have been used to assess LGl (e.g. C-reactive protein, interleukins 6 and 1, and tumor
necrosis factor a)!'? and OxS (e.g. myeloperoxidase and oxidized LDL).'** Furthermore,
some studies®!® used a single biomarker to define the concepts of ED, LGl and OxS,
whereas others® 12 used multiple markers.>*? The different definitions of the concepts of
ED, LGl and OxS are exemplified by the fact that studies on the association between
biomarkers of ED,%® LGI'2'> and/or OxS**!” and depression have yielded inconsistent
results.®%141826 |n addition, these inconsistent results may be explained by the manner in
which biomarkers of ED, LGl and/or OxS were determined (e.g. different laboratory
techniques), the manner in which depression was assessed (e.g. interview vs.
questionnaire) and the populations investigated (e.g. clinical- vs. population-based
studies).

Nevertheless and taken together, many studies!®'>1%21.23 have found a positive association
between LGI and depression. In particular for the LGl biomarkers C-reactive protein and
the interleukins 6 and 1, most notably in clinical-based sampled studies and in studies in
which depression was assessed by interview.!! For ED the evidence is less clear. In

8-10,16,18,20,22,24-26 in particular flow-mediated

relatively small and/or selected populations
dilation was associated with depression to such an extent that a smaller FMD response
was associated with more severe depressive symptoms. With regard to OxS, no clear
picture emerges. Previous studies**>'” have defined OxS in many different ways and have

yielded contradictory results. Important, however, is the fact that most of these studies
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examined ED, LGl and OxS in isolation whereas these processes are biologically
interrelated and, therefore, may be interdependent.?’

In view of these considerations, we investigated comprehensively, in a population-based
study, the relationship between ED, LGl and OxS on the one hand and depressive
symptoms on the other. In addition, we investigated whether any such associations were
independent of diabetes, prior cardiovascular disease (CVD), physical activity, dietary
habits and socio-economic status. Finally, we investigated whether ED, LGl and OxS were
associated with depressive symptoms independently of each other.

Methods

Study design

For the present study, we used cross-sectional data from The 2000 Hoorn Study
examination. The Hoorn Study is a population-based cohort study of glucose metabolism
in relation to CVD risk factors, which started in 1989.283° Briefly, 2,484 men and women,
aged 50 to 75 years, from the population register of the medium-sized Dutch town of
Hoorn participated in the baseline examination. In 1996 to 1998 (visit 2), 1,513 (73%) of al
surviving participants agreed to participate in the first follow-up. In 2000 (visit 3), all those
who were diagnosed as having diabetes during the previous examinations (n=176), and
random samples of individuals with normal glucose metabolism (n=705) and impaired
glucose metabolism (n=193) were invited, of whom 648 (60%) participated. The local
ethics committee approved the study and all participants gave their written informed
consent.

Depressive symptoms

Depressive symptoms were assessed by a validated Dutch version of the 20-item Centre
for Epidemiologic Studies Depression Scale (CES-D).3! Scores on the CES-D range from 0 to
60. Higher scores on this scale indicate the presence of more (severe) depressive
symptoms. In the present study, the CES-D scale was used both as a continuous and as a
dichotomous variable with a pre-defined cut-off level of 16.3! The latter represents the
presence of clinically relevant depressive symptoms.

ED, LGl and OxS

ED was assessed by flow-mediated dilatation (FMD) of the brachial artery according to the
guidelines of the International Brachial Artery Reactivity Task Force3? as previously
described.®® In addition, ED was assessed by the quantification of the following circulating
biomarkers: soluble vascular cell adhesion molecule 1 (sVCAM-1), soluble endothelial
selectin (sE-selectin), soluble thrombomodulin (sTM), soluble intercellular adhesion
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molecule 1 (sICAM-1) and von Willebrand factor (vWf). Low-grade inflammation was
assessed by the quantification of high-sensitivity C-reactive protein (CRP), serum amyloid
A (SAA), interleukin 6 (IL-6), interleukin 8 (IL-8), tumour necrosis factor a (TNF-a),
myeloperoxidase (MPO) and sICAM-1. Oxidative stress was determined by the
quantification of oxidized LDL (oxLDL) and MPO.

Briefly, serum biomarkers of ED (sVCAM-1, sE-selectin, sTM, sICAM-1) and LGI (CRP, SAA,
IL-6, IL-8, TNF-o.) were assessed by a multi-array detection system based on electro-
chemiluminescence technology (SECTOR Imager 2400, Meso Scale Discovery, Gaithsburg,
Maryland, USA); details have been described elsewhere.?* In addition, vWf was
determined in citrated plasma by means of ELISA,3* plasma OxLDL by competitive ELISA
(Mercodia, Uppsala, Sweden)* and MPO in EDTA plasma by a sandwich ELISA (Mercodia,

Uppsala, Sweden).?®

In our laboratory, intra- and inter-assay coefficients of variation (CV) were: for sVCAM-1,
2.8% and 5.6%; for sE-selectin, 2.6% and 6.7%; for sTM, 2.1% and 6.9%; for sICAM-1, 2.4%
and 4.9%; for CRP, 2.8% and 4.0%; for SAA, 2.7% and 11.6%; for IL-6, 5.6% and 13.0%; for
IL-8, 5.6% and 12.2% and for TNF-a, 3.9% and 8.8%, respectively. In addition, the intra-
and inter-assay coefficients of variation were 3.4% and 7.9% for vWf 3%; 6.7% and 7.0% for
OxLDL?*; and 3.9% and 5.0% for MPO,® respectively.

Other measurements

We determined medical history, education level, current medication use,
anthropometrical (body height, weight, waist and hip circumference) and biological (blood
pressure, total, high-density lipoprotein (HDL) and low-density lipoprotein (LDL)
cholesterol, triglyceride and glucose levels, creatinine, albuminuria) variables as described
elsewhere.?30 For assessment of glucose status, all participants, except those with
previously diagnosed diabetes, underwent a standard 75-g oral glucose tolerance test and
were classified as having normal glucose metabolism (NGM), impaired glucose metabolism
(IGM; impaired fasting glucose and/or impaired glucose tolerance), or type 2 diabetes,
according to the 1999 World Health Organization criteria.3’” Smoking habits were
categorized as current, former and non-smokers. Hypertension was defined as a blood
pressure 2140 mmHg systolic and/or 290 mmHg diastolic and/or the current use of anti-
hypertensive medication. Estimated glomerular filtration rate (eGFR) (mL/min/1.73m?)
was calculated according to Levey’s [Modification of Diet in Renal Disease, (MDRD)] short
formula (without assay calibration) as follows: 186 x (serum creatinine)*>* x (age) 2% x
1.212 (if black) x 0.742 (if female).3® Education level was dichotomized as low (secondary
school or less) vs. higher education. Physical activity, expressed as Metabolic Equivalent
(MET) hours per week, was assessed by the Short Questionnaire to Assess Health-
Enhancing Physical Activity (SQUASH).3° Diet was assessed by a validated self-administered
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Food Frequency Questionnaire (FFQ).**? The FFQ queried participants to report habitual
diet over the previous year.**? Based on the FFQ, we calculated the alternative
Mediterranean (aMED) score as described by Fung et al.* The aMED score quantifies “diet
quality” and is based upon the dietary intake of vegetables, legumes, fruit, nuts, whole
grains, meat, fish, unsaturated and saturated fat and ethanol.

Statistical analysis

All analyses were performed with PASW Statistics (version 18, IBM, Chicago, lllinois, USA).
FMD was analysed as a functional marker of ED. For descriptive purposes, FMD values
were reversed, i.e. multiplied by -1 (higher values indicating worse endothelial function)
and a FMD Z-score was calculated according to the formula (individual value — population
mean)/population standard deviation (SD). In all statistical analyses, the FMD Z-score was
adjusted for baseline diameter, flow increase after cuff release and nitroglycerin-mediated
dilation.

For reasons of statistical efficiency and to reduce the influence of the biological variability
of each measure, a circulating biomarker Z-score was determined for the individual
circulating biomarkers of ED, LGl and OxS according to predefined clusters of conceptually
related biomarkers.***¢ The circulating biomarker Z-scores were calculated as follows: for
each individual circulating biomarker, a Z-score was calculated. The resulting Z-scores
were then averaged into the circulating biomarker Z-score for ED, LGl and OxS. The ED
circulating biomarker Z-score consisted of sVCAM-1, sE-selectin, sTM, sICAM-1 and vWH{. In
addition, we combined the FMD Z-score and the ED circulating biomarker Z-score into one
“total ED” score. The LGI circulating biomarker Z-score consisted of CRP, SAA, IL-6, IL-8,
TNF-a, MPO and sICAM-1. As both monocytes and the endothelium express sICAM-1,%’
sICAM-1 was included in the Z-score of both LGI and ED. The OxS circulating biomarker Z-
score consisted of oxLDL and MPO. As MPO is both a measure of oxidative stress and
inflammation,* MPO was included in the Z-score of OxS and LGI. Linear and logistic
regression analyses were used to evaluate the associations between, on the one hand, the
total ED score, the FMD Z-score and the circulating biomarker Z-scores of ED, LGl and OxS,
and, on the other, depressive symptoms (CES-D score; the analyses were done for both
the continuous as well as the dichotomous CES-D score). We first adjusted, in all models,
for the stratification variables of the Hoorn Study cohort: age, sex and glucose metabolism
status (model 1). These associations were then additionally adjusted for the following sets
of potential confounders'®?%23; conventional cardiovascular disease risk factors (prior
CVD, hypertension, waist-to-hip ratio (WHR), triglycerides, and total/HDL cholesterol
(model 2)), lifestyle factors (education level, physical activity, smoking status, and aMED
score (model 3)) and the use of anti-hypertensive and/or lipid-lowering medication and/or
metformin (model 4). In the models 5 to 7, mutual adjustments were made for each of the
individual Z-scores.
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The association between ED, LGl or OxS and depression might be different according to

SeX3’21

or glucose metabolism status.*® For instance, the hyperglycaemic state may amplify
the effect of ED, LGl and/or OxS on depressive symptoms/depression, apart from the fact
that the hyperglycaemic state itself enhances these processes. In addition, some?%*°
studies showed an association between LGl in men, but not in women. It has been
speculated that this may be due to the effect of gonadal hormones on the level of plasma
biomarkers.?! To investigate these possible interactions, we added, to our models,
interaction terms between sex and ED, LGl and OxS, and between glucose metabolism

status and ED, LGl and OxS.

A P-value <.05 was considered statistically significant, except for the interaction analyses,
where P-values <.10 were used. Interaction analyses are handicapped in that they
compare smaller subsets of study subjects and, thus, have less power than the primary
study analysis.>* The use of a higher P-value is therefore recommended®? to enable the
detection of any potentially important interaction, despite the fact that such a greater P-
value enhances the possibility of a type 1 error.

Results

Participants

Of the 648 participants, 84 had missing CES-D data and 14 had incomplete glucose data. In
the remaining 550 participants, full data on circulating biomarkers of ED, LGl and OxS were
available in 493 participants (study population), of which 357 had FMD measurements of
sufficient quality (i.e. clear visual definition of the arterial wall throughout the entire
measurement). Participants with missing biomarker data were older (72 years vs. 69
years) and more often had type 2 diabetes (40% vs. 20%); P for all <.05. Participants with
missing FMD data were older (72 years vs. 68 years), more often had type 2 diabetes (35%
vs. 17%) and had a higher CES-D score (9 vs. 6); P for all <.05. In addition, these
participants had a worse CVD risk factor pattern (data not shown).

Clinical characteristics

Tables 8.1 and 8.2 show the characteristics of the study population according to the
presence of clinically relevant depressive symptoms (i.e. CES-D score 216). According to
the CES-D cut-off level, 63 participants (12.8%) had clinically relevant depressive
symptoms. In persons with clinically relevant depressive symptoms compared to those
without, the total ED score, the FMD Z-score and the circulating biomarker Z-scores of ED,
LGl and OxS were higher.
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Table 8.1. Clinical characteristics of the study population according to the presence of clinically important

depressive symptoms (CES-D 216)

CES-D score <16
n=430 (87.2%)

CES-D score 216
n=63 (12.8%)

Demography
Age (years)
Women
Smoking status
Non-smoker
Former smoker
Current smoker
Low education level
Physical activity (MET hours/week)
Alternative Mediterranean diet score
Glucose metabolism status
Normal glucose metabolism
Impaired glucose metabolism
Type 2 diabetes mellitus
Prior cardiovascular disease
Metabolic variables
Body mass index (kg/m?)
Waist-to-hip ratio
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Hypertension
HbA1c (mmol/mol)
HbAlc (%)
Total cholesterol (mmol/I)
LDL cholesterol (mmol/l)
HDL cholesterol (mmol/I)
Triglycerides (mmol/l)

Albuminuria (albumin/creatinine ratio >2 mg/mmol)
Estimated Glomerular filtration rate (ml/min/1.73 m?)

Medication

Lipid-lowering medication
Anti-hypertensive medication
Anti-depressive medication

68.0 (64.0-74.0)
48.1

20.9
63.2
15.9
21.4

80 (47-130)

4.0 (3.0-5.0)

49.8
31.6
18.6
46.3

26.6 (24.5-29.3)
0.93 (0.86-0.99)
142 (127-156)
83 (76-90)
67.9
39.9 (37.7-44.3)
5.8 (5.6-6.2)
5.7 (5.0-6.3)
3.6(3.0-4.2)
1.4 (1.1-1.7)
1.3 (1.0-1.7)
14.7
77.4 (70.0-89.5)

15.6
64.6
1.9

71.0 (66.0 -75.0)
61.9

36.5
49.2
14.3
36.5

56 (25-104)

4.0 (3.0-5.0)

30.2
38.1
30.1
52.5

28.9 (25.3-31.4)
0.94 (0.86-0.99)
144 (130-159)
83 (72-92)
71.4
41.0 (37.0-47.0)
5.9 (5.6-6.5)
6.0 (4.9-6.7)
3.8(2.9-4.4)
1.3 (1.0-1.5)
1.4(1.2-2.1)
9.5
76 (64.8-89.7)

17.5
44.4
3.2

Values are %, mean + standard deviation or median (interquartile range).
CES-D = center for epidemiological study of depression; MET = metabolic equivalent of task; HbAlc = glycated
hemoglobin; LDL = low density lipoprotein; HDL = high density lipoprotein.
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Table 8.2. Markers of endothelial dysfunction, low-grade inflammation and oxidative stress according to the
presence of clinically important depressive symptoms (CES-D 216)

CES-D score <16
n=430 (87.2%)

CES-D score 216
n=63 (12.8%)

Endothelial dysfunction

Total ED score

Flow-mediated dilatation Z-score (SD)
Absolute change in diameter (mm)
Percentage change in diameter (%)
Baseline diameter (mm)

Flow increase after cuff release (%)
Nitroglycerin-mediated dilatation (mm)
ED circulating biomarker Z-score (SD)
SVCAM-1 (ug/l)

sE-selectin (ug/1)

sTM (ug/1)

sICAM-1 (ug/1)

vWT (%)

Low-grade inflammation

LGl circulating biomarker Z-score (SD)
CRP (mg/I)

SAA (mg/l)

IL-6 (ng/1)

IL-8 (ng/1)

TNF-a (ng/l)

MPO (pg/1)

SICAM-1 (ug/1)

Oxidative stress

OxS circulating biomarker Z-score (SD)
oxLDL (U/I)

MPO (ug/l)

-0.09 (-0.42-0.29)
0.09 (-0.5-0.71)
0.17 (0.08-0.27)

3.7 (1.5-5.9)
4.62 (4.13-5.08)
82 (58-107)
0.42 (0.30-0.56)
-0.15 (-0.44-0.30)
390.6 (342.3-446.4)
17.9 (13.9-23.4)
3.4(2.9-4.0)
248.8 (219.0-286.3)
146.5 (114.9-180.0)

-0.08 (-0.43-0.26)
2.2(1.2-4.6)
1.7 (1.0-3.2)

1.5 (1.1-2.4)
15.0 (11.5-19.6)
8.4 (7.1-10.0)
55.2 (46.9-65.2)
248.8 (219.0-286.3)

-0.06 (-0.48-0.37)
62.1(53.7-73.1)
55.2 (46.9 -65.2)

0.15 (-0.19-0.45)
0.50 (-0.18-0.91)
0.10 (0.04-0.21)
2.5(0.7-4.8)
4.59 (3.97-4.89)
91 (56-118)
0.39 (0.27-0.52)
0.04 (-0.32-0.52)
427 (350.4-486.1)
16.6 (12.2-21.3)
3.5(3.1-4.1)
257.9 (223.9-294.4)
177.4 (135.2-212.0)

0.10 (-0.34-0.41)
2.7 (1.2-5.0)
2.0(1.4-3.0)
1.8 (1.2-2.6)

15.5 (12.2-19.6)

8.9 (7.8-10.3)

57.3 (48.8-67.6)

257.9 (223.9-294.4)

0.18 (-0.46-0.64)
66.6 (53.3-80.8)
57.3 (48.8-67.6)

Values are medians (interquartile range).

SD = standard deviation; CES-D = center for epidemiological study of depression; ED = endothelial dysfunction;
sVCAM-1 = soluble vascular adhesion molecule 1; sE-selectin: soluble endothelial selectin; sTM: soluble
thrombomodulin; sICAM-1 = soluble intracellular adhesion molecule 1; vWf = von Willebrand factor; LGl = low-
grade inflammation; CRP = C-reactive protein; SAA = serum amyloid A; IL-6 = interleukin 6; IL-8 = interleukin 8;
TNF-a = tumour necrosis factor a; MPO = myeloperoxidase; OxS = oxidative stress; oxLDL = oxidized LDL.

Association between ED, LGl and OxS on the one hand and depressive symptoms on the
other

The results of the linear regression analyses (CES-D expressed on a continuous scale)
showed that, after adjustment for age, sex and glucose metabolism status, 1 SD increase
in the total ED score was associated with a higher CES-D score with a regression coefficient
of 1.9 (95% confidence interval (Cl): 0.7 to 3.1) (Table 8.3, model 1; also illustrated in
Figure 8.1, panel A). The LGl and OxS circulating biomarker Z-scores were not significantly
associated with a higher CES-D score (regression coefficients: 0.4 (-0.6 to 1.5) and 0.7 (-0.1
to 1.5), respectively) (Table 8.3, models 1; also illustrated in Figure 8.1, panel A). Further
adjustments for prior CVD, hypertension, WHR, total/HDL cholesterol, triglycerides,
educational level, physical activity, smoking, aMED score and the use of anti-hypertensive
and lipid-lowering medication, and metformin did not materially change these results
(models 2 to 4). In addition, the associations for the total ED score and the OxS circulating
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biomarker Z-score did not materially change if model 1 was additionally adjusted for each
of the other biomarkers scores (models 5 to 7). When we adjusted the LGI circulating
biomarker Z-score for the ED circulating biomarker Z-score, the regression coefficient
changed from 0.4 (-0.6 to 1.5) to -0.1 (-1.2 to 1.1) (model 7). This change in the point
estimate should nevertheless be interpreted with caution, as the confidence interval of
both point estimates incorporates the critical value 0.

Association between ED, LGl and OxS on the one hand and clinically important
depressive symptoms on the other

The results of the logistic regression analyses (CES-D expressed on a dichotomous scale)
showed that, after adjustment for age, sex and glucose metabolism status, 1 SD increase
in the total ED score was associated with clinically important depressive symptoms with an
odds ratio (OR) of 1.9 (0.9 to 3.8) (Table 8.4, model 1). The LGl and OxS circulating
biomarker Z-scores were associated with clinically important depressive symptoms with
an OR of 1.3 (0.8 to 2.0) and 1.2 (0.8 to 1.8), respectively (Table 8.4, model 1). Further
adjustments for prior CVD, hypertension, WHR, total/HDL cholesterol, triglycerides,
educational level, physical activity, smoking, aMED score and the use of anti-hypertensive
and lipid-lowering medication, and metformin did not materially change these results
(models 2 to 4). If we adjusted the total ED score for the LGI circulating biomarker Z-score,
the OR changed from 1.9 (0.9 to 3.8) to 2.4 (1.1 to 5.4) (model 5). If we adjusted the
results of the LGl and OxS circulating biomarker Z-scores for each of the other biomarker
scores, results did not materially change (models 5 to 7).



Endothelial dysfunction and depressive symptoms | 187

'91005 191p UBSUBLIDIPIA SAIIBUID)E = 34005 GIINE ‘O1led d1y-01-1SIeM = YHA\ ‘9SeasIp JendseAolpled = gAD ‘uoissaudap jo Apnis |eaiSojolwapida 4oy J93uad = g-S3D)

'9102s-7 JayJewolq Sulie|naun

SXO 3Y3 JO Jusuodwod e S| QX0 Se ‘JuaWISNIPeISAO Ue PaJ3PISUOD SeM SIY] Se |0431S3|0Yd JQH/|e101 pue sapliadA|8iu) 4oy paisnipe 10U sem 9409s-7 JadJewolq Sulle|ndaid SXO 5
"uoljele|ip palelpawW-uladA|S0111U pue ‘@sea|al 44Nd I31e 3SBIJDUI MOJ4 ‘J913WeIP dul|dseq 1o} sasAjeue e ul paisnipe sem 2103s-Z AN ¢

‘uoiouNy [eljaylopus asiom unedipul sanjea Jaysiy (I- Aq paijdiynw ‘a°1 ‘pasianal sem 2103s-7 AN y

‘(€6t7=u) 2402s-7 Jo3Jewolq Sulre|ndud (SXO)

$$9J1S DAIIBPIXO PUB (E6=U) 94025-7 J93Jewolq Suile|ndJid (]97) uolewwe|jul apet3-mo| ‘(Ee=u) 9402s-7 19y ewolq 3uilendJd g3 ‘(£LSE=u) 2103s-7 (QIN4) uoirele|ip paieipaw

-MOJ} ‘(£G€ = u) 24025 (Q3) uonounysAp |e1ayr0pua |L10] Ul 3SEaJDUI QS T Jod passaldxe ale SJUaId1}J902 UoISSaI3aYy *(|eAIalul 9IUBPIIUOD %GE) 1UDIDILID0D UOISSISaU 9. sanjep

(eTv0) v 0 (TT1TT) 10 9102s-7 3+ T [BPON £
(zT'80)C0 (rzTo)et (eT:1T0)L0 (T€L0)6T 91025-ZSXO + T [9PON 9
(s'T:T0)90 (€zzoleT (r'TT0)L0 (€€60)T'C 9102S-Z 971+ T[9PON &
e ) e ) e i) e i) e e ) ulwionsw
(sT'To) Lo (sT'9°0-) 0 (szizoet (rTrozo  (T€L0)6T ‘Uoneaipaw SuLIaMo|-pidi| pue aAISUSLIAdAY-UE + T [3pOly
. o . . ey . . (. . . ‘ . . . e . m\_OUW
(r'T‘C0-)90 (eT'807)€0 (tTzzo)te (€1T°1007)90 (0€90)8T QaNE ‘sniess Supjows “Aunnoe [eorshyd ‘ans| UOREINPS + T SPOW €
o) o o e ) e ) e e o) o |oJ9159]042
5P T€07) 90 (€T'807)€0 (6TT0)0T (1750020 (0€'90)8'T 1QH/12103 ‘S3pLIBIAIBL “YHA “UOISUSLSAAY ‘GAD 101d + T [3POW I4
(STT0) L0 (S'T:90)¥0 (szzoleT (rTTo)zo (TeLo)et sn1e1s wisijogelaw asoon|8 ‘xas @8y T
9403s-7 Ja3Jewolq 9403S-7 Ja3Jewolq 9J03s-7 J9)Jewolq
3une|naad SxO Bune|naid 97 SunenaJp a3 gv>I035-Z AN 31035 3 [0 spuawAsnipY [9POIN
$S341S DAIIBPIXO  UOIBWWE|JUl 9peIS-MOT] uounysAp |eljayiopul

(34095 @-S3) snonunuod) swoldwaAs anIssaidap Yim ssaJis SAIIEPIXO pUe UolBWWEljul dpeiS-mo| ‘UoidunysAp [e1j3Yy10pua JO SUOIIBIIOSSY "€'8 d|qeL



188 | Chapter 8

'€'8 d|qeL Ul se suolieinaiqqy

'9102s-7 JayJewolq Sulie|naun

SXO 3Y3 JO Jusuodwod e S| QX0 Se ‘JuaWISNIPeISAO Ue PaJ3PISUOD SeM SIY] Se |0431S3|0Yd JQH/|e101 pue sapliadA|8iu) 4oy paisnipe 10U sem 9409s-7 JadJewolq Sulle|ndaid SXO 5
"uoljele|ip palelpawW-uladA|S0111U pue ‘@sea|al 44Nd I31e 3SBIJDUI MOJ4 ‘J913WeIP dul|dseq 1o} sasAjeue e ul paisnipe sem 2103s-Z AN ¢

‘uoiouNy [eljaylopus asiom unedipul sanjea Jaysiy (I- Aq paijdiynw ‘a°1 ‘pasianal sem 2103s-7 AN y

*(9T< 24095 @-$3D) swoldwAs anissaidap ueas|al Ajjeaiul)d pey syuedidiied Apnis syl Jo (€9=u) %8°2T (£6%=U) 310s-7

J9yJewolq 3uile|nadid (SX0) $S941S 9AIIBPIXO pue (€61=U) 91035-7 JadJewolq Sule|nauid (197) uonewweljul apess-mo| ‘(€6=u) 2403s-7 JayJewolq Sune|ndud g3 ‘(LGE=u) 240s-7
(Qn4) uoneie|ip palelpaw-mol) ‘(£LSE=u) a409s (Q3) uonounysAp |eljaylopus |e10] Ul 9SB3IIUI QS T PassaLdxa aJe sol1es SppQ *(|eAIa1uUl 9IUBPIJUOD %GE) O11B] SPPO 4. San|ep

(zTi20)TT (£T90)0T 9102s-7A3+ T 9PON £
(0z'go)eT (ezo1)ST (ree0)vT  (zv0T)oT 9J025-ZSXO + T [9PON 9
(8'T8°0)CT (rzoT)9T (ree0) vt  (FSTT)¥e 9103s-7 |97 + T [9POIN S
- ulwJiojlsw
(8T'80)C T (0z'80)eT (119t (gc60)ST (0OV0T)OC ¥

‘uonesipaw 3ulamol-pidi] pue anisuaadAy-1lue + T [9poA
94025 g3Ae ‘sniels Supjows

(8T'80)CT (Tz7'80) €T (SzTI)LT (Gc60)ST (TPOT)TC “huaoe [ea1sAyd {[SA3| UOREONDS + T [PPO €
o) o o) e e o i o e ) o |0J2159|0Yd
180Tt (o0z'80)eT (ezoT)ST (Gc60)ST (L€760)8°T 1GH/12303 “3pL139AB111 “YHM “UOISUSLISdAY ‘GAD J01d + T [SPOW 14
(8T'80)CT (0zgo)eT (ezo1)9T (rze0)vT (8€760)6°T snjels wsijogelsw 2s0an|3 ‘xas ‘@8y 1
9402S-7 J93Jewol 9J02S-7 19)Jewol 9402S-7 J9)Jewol syuawisnipy |3poN
mc:m_:u“u SXO ! mc_um_:uH__u 191 ! mc:m_:h_u a3 ! av?I035-Z AN 21095 q3 |&30L Pv P
$S341S DAIIBPIXO  UOIIBWWE| Ul 9peIS-MOT] uonounysAp |eljayiopul

(9T< @-s3D) uoissaadap Juenaja4 Ajjed1ul|d YHM SSJ1S SAIIEPIXO PUB UOIIBWIWE]JUI 3PEIS-MO] ‘Uo1IIUNYSAD |BIISYI0PUS JO SUOIBIIOSSY '8 d|qeL



Endothelial dysfunction and depressive symptoms | 189

"€'8 pue '8 S3|ge Ul Se SUOIIeIARIGQY "SN1ElS Ws|jogelaw asoon|3 pue xas ‘98e 1oy paisn(pe

aJe synsaJ ||y *(@ |aued) sxO pue (D |aued) |97 ‘(g [2ued) @3 Jo (@S J4od) siodiewolq Suie|nduld [enpIAIpUl Yl MOYS g pue ) ‘g S|dued "uoijouny asiom uiiedipul sanjea Jaysiy
1- Aq paydinw *a°1 ‘pasianal Sem 2403s-7 QA4 9409s-7 JayJewolq Sulle|ndJId SXO 9yl pue 94025-7 JayJewolq Suileinalid |97 8yl ‘9402s-7 JayJewolq Suiie|nalin g3 ayl ‘9403s-7
(a4) uoneie(ip paleipaw-Mmoyj} ‘@103s @3 |e103 dY) Ul 9seasoul @S T Jod SIUaIDI4J202 UOISSaISal 9y} SMOYS / [dukd *(|BAID1UI 9DUIPIIUOD %GE) JUDIDIYD0I UOISSaISau ale sanjep

‘(24095 @-$3D snonunuod) swoldwAs aaIssaidap YUm (SXQ) $So.41S DAIIEPIXO pue (|97) uolewweljul apes3-mo| (q3) uoipunysAp |eljoyiopus JO SUOI1eID0SSY "T'8 94n3I4

-+ E—
1aybBiH 2109s Q-390 19mo7
€ 4 2 0 b= Al €
— F1a1X0
L rOdi
-+ _—
19yblH @a109s g-§30  J9moT
€ [4 3 0 b < €-
——t LAMA
I — FL-INYOIS
riALS
Fuosjes-gs
—_— F-INVOAS

—_—
L ——————
—_——

- —
JaybiH 1098 g-530 189moT
€ 4 L 0 b= 4 €
L ——— FL-INYDIS
.|¢|,. re=-4NL
S B Rl
— te-TI
—_— FYYS
— Fddd
J
-+ e
layBiH 91025 g-§39 JamoT]
€ 4 I 0 b= z €
—_— | 21098-2 ‘wolq ‘119 §XO

| 8109s-Z “woiq 112 |97

| a109s-Z "woiq 119 a3

Le100s-Z QW4

Lai03s @3 |ej0)




190 | Chapter 8

Additional analyses

Analyses of the associations between the individual elements of the ED, LGl and OxS
circulating biomarker Z-scores and the CES-D score on a continuous scale showed that all
individual circulating biomarkers, except sE-selectin and MPO, were associated with the
CES-D score (statistically significant for sVCAM-1, vWf and oxLDL; this is illustrated in
Figure 8.1, panels B, C and D). Previous studies®** have suggested that sICAM-1 may be a
marker of both ED and LGI. When the analyses were repeated with sICAM-1 left out of
either the ED or the LGI circulating biomarker Z-score, results did not materially change
(data not shown). In addition, we considered MPO a marker of both LGl and OxS.>°®
When the analyses were repeated leaving MPO out of the LGI circulating biomarker Z-
score, results did not materially change (data not shown). Finally, it is unclear whether a
high or a low concentration of sTM reflects ED.>” Results did not materially change when
we performed the analysis with either the reversed value of sTM or leaving sTM out of the
total ED score (data not shown).

To evaluate whether the association between FMD and depression was due to impaired
endothelial function or smooth muscle cell function,
endothelium-independent nitroglycerine-mediated dilation (NMD) as the primary

we repeated the analyses with

determinant. These analyses showed that NMD was not associated with (clinically
relevant) depressive symptoms (data not shown).

The associations between ED, LGl and OxS on the one hand, and depressive symptoms on
the other may differ according to sex or glucose metabolism status.>*° Overall, we found
no such interactions (P for interactions >.10), except that stratified analysis showed a
stronger association between the LGl biomarker Z-score and depressive symptoms in
persons with IGM as compared to persons with NGM (P for interaction =.03). In addition,
the association between the OxS biomarker Z-score and depressive symptoms was
stronger in persons with IGM (P for interaction =.01) and in persons with type 2 diabetes
(P for interaction =.07), as compared to persons with NGM (data not shown).

When the statistical analyses were repeated on those participants (n=357) who had both
full data on circulating biomarkers and FMD, the results did not materially change (data
not shown). Finally, when we repeated the analyses with clinically relevant depressive
symptoms defined as a CES-D 216 and/or medication use for a depressive disorder (n=67,
13.6%) as the outcome variable instead of clinically relevant depressive symptoms only
(CES-D 216), the results did not materially change (data not shown).
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Discussion

The present investigation is the first population-based study that simultaneously assessed
the association of ED, LGl and OxS with depressive symptoms in one study. The study had
three main findings. Firstly, ED, as quantified by FMD and circulating biomarkers, was
associated with a higher level of (clinically relevant) depressive symptoms. This association
was independent of age, sex, diabetes, CVD risk factors, physical activity, dietary intake
and education level. Secondly, circulating biomarkers for LGl and OxS were not statistically
significantly associated with depressive symptoms. Thirdly, adjustments for LGI or OxS did
not affect the association between ED and depressive symptoms, which suggests that ED
is associated with depressive symptoms/depression, independently of LGl and OxS.

A key concept underlying this study is that ED, LGl and OxS are generalized phenomena
and that each of these phenomena represents either directly or indirectly ED, LGI, or OxS
in the brain. Currently, literature on this topic is limited. Nevertheless, it can be
hypothesized that the impaired cerebral circulatory function seen in depression, as
determined by transcranial Doppler ultrasonography,”® may be the consequence of
decreased endothelium-dependent vasodilation. In addition, it has been shown that the
process of neurogenesis (i.e. the process by which neural progenitors divide and form new
neurons and neuronal networks) is disturbed in depression'?® and that this disturbance
may, at least partially, be the consequence of ED.>%8°

15,16,18,20,22,24-26 haye shown that ED and depression

On aggregate, most studies thus far®
seem to be associated. However, conflicting results in the literature exist. For instance,
Thomas et al.’® did not observe an association between ED and depression in a small and
select population of patients diagnosed with a major depressive disorder. In this study,
however, it is unclear how potential confounders were taken into account (e.g. anti-
inflammatory medication). An alternative explanation for the reported heterogeneous
results may be the fact that endothelial function can be defined in many ways as its
functions are multi-dimensional and heterogeneous.>® This is exemplified by Paranthaman
et al.?* who did report an association between ED and depression, but quantified ED as the
vasodilatory response to acetylcholine of biopsied small gluteal arteries. Do et al.®
quantified ED by multiple circulating biomarkers and reported an association between ED
and, specifically, hopelessness, which reflects, as argued by the authors, a distinct and
unique component of depression only. Pizzi et al.*® quantified ED by FMD and did show an
association between FMD and depressive symptoms. However, in this study® no
adjustments were made for important confounders, such as physical activity and dietary
habits.
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The present investigation extends previous observations because of its population-based
design, the extensive assessment of ED, LGl and OxS, and the extensive clinical
characterization of its participants, which enabled us to adjust for a series of potential
confounders.

Apart from a causal association between ED and depression, other underlying mechanisms
might explain the observed association. Firstly, ED is involved in the pathophysiology of
CVD,>® and depression is common in persons with CVD.! Therefore, it is possible that ED
might lead to depression via the development of CVD. However, the association of ED with
depressive symptoms remained after adjustment for prior CVD and several CVD risk
factors. Secondly, depressive symptoms by themselves might initiate or promote ED
(reverse causality), as depressive symptoms/depression are associated with unfavourable
lifestyle habits, such as physical inactivity, unhealthy dietary habits, smoking and obesity,
which are by themselves associated with ED. The association between ED and depressive
symptoms, however, remained after adjustment for unfavourable lifestyle habits. Thirdly,
other mechanisms may underlie both ED as well as depression. For instance, abnormal
HPA axis function®! and deficits in omega-3 fatty acids®? have been associated with both
ED and depression. In the present study, however, cortisol and omega-3 fatty acids levels
were not available and this issue needs further study. Finally, ED, LGl and OxS are, from a
biological point of view, closely linked and these concepts are difficult to separate.?’
Therefore, any association of ED with depressive symptoms may be confounded by LGI
and/or OxS. However, when we adjusted the association between ED and depression for
LGI or OxS, ED and depression remained associated. This suggests that ED may affect the
brain via a pathway independent of LGl and OxS. For instance, it might be possible that ED
directly affects the process of neurogenesis®®°
cerebral circulatory function.®®

or alternatively, ED might directly impair

In our study, the LGl and the OxS Z-score were associated with clinically relevant
depressive symptoms with effect sizes comparable to the results reported in the

41517,2021,23 However, these associations did not reach statistical significance in

literature.
our study. We cannot exclude that this may be due to a lack of statistical power. In fact, a
recent meta-analysis'! did show a significant association between different markers of LGI
(CRP, IL-1 and IL-6) and depression/depressive symptoms. With regard to OxS in
particular, we only assessed two biomarkers (MPO and oxLDL), in addition to the fact that

there is an ongoing debate how OxS could best be defined.

We explored whether the relation between ED, LGl and OxS with depression differed
according to glucose metabolism status. Our findings showed that, as compared to
persons with NGM, the association between the LGI biomarker Z-score and depressive
symptoms was stronger in persons with IGM. A plausible underlying pathobiological



Endothelial dysfunction and depressive symptoms | 193

explanation for this observation is lacking and this finding might be the result of the play
of chance. In addition, the results showed that the association between the OxS biomarker
Z-score and depressive symptoms was stronger in persons with IGM and in persons with
type 2 diabetes. One might speculate that the hyperglycaemic state may indeed amplify
the effect of OxS on depressive symptoms/depression, apart from the fact that the
hyperglycaemic state itself enhances OxS. Fully stratified analyses, however, were
hampered by loss of power and further studies of this issue are needed.

Our study has some limitations. Firstly, the cross-sectional design of our study precludes
any conclusions about causality and we cannot exclude that other factors may explain the
association between ED and depressive symptoms/depression. Nevertheless, in our study,
the association between ED and depressive symptoms remained after adjustment for
glucose metabolism status CVD, obesity, physical inactivity, poor dietary habits, smoking
and education level. Secondly, the construction of the Z-scores assumes that its
components are equally important in the pathobiology of depression, which is not
necessarily true. This might have caused us to underestimate the reported associations.
However, the use of the composite Z-score has the important merit of statistical
efficiency. Thirdly, nevertheless a relatively large number of statistical tests were done (we
tested three ED scores, and one LGl and OxS score, respectively). The associations
between ED and depressive symptoms, however, were consistent across the different ED
scores. It is therefore unlikely that these findings result from the play of change. Finally,
data were obtained in a white elderly population, and, therefore, it remains to be
established whether these results can be generalized to other populations.

In conclusion, the present population-based study shows that ED, quantified by an array of
peripherally circulating biomarkers and FMD, was associated with depressive symptoms.
Our data thereby support the hypothesis that ED plays an important role in the
pathobiology of depression.
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Abstract

Background

It has been hypothesized that arterial stiffness leads to generalized microvascular
dysfunction, and that individuals with type 2 diabetes (DM2) are particularly prone to the
detrimental effects of arterial stiffness. However, evidence for an association between
stiffness and markers of generalized microvascular dysfunction is lacking. We therefore
investigated the association between arterial stiffness and skin microvascular function in
individuals without and with DM2.

Methods

Cross-sectional data was used of The SUVIMAX2 Study (n=284; mean age 62.2 years;
48.6% women; 0% DM2 (by design)) and The Maastricht Study (n=737; mean age 59.7
years; 45.2% women; 28.8% DM2 (by design)). Arterial stiffness was determined by
carotid-femoral pulse wave velocity (cfPWV). Skin capillaroscopy was used to determine
capillary density at baseline, and during reactive hyperemia and venous congestion. Laser
Doppler flowmetry was used to assess acetylcholine- and local heating-induced
vasoreactivity, and skin flowmotion.

Results

In The SUVIMAX2 Study, cfPWV (per higher SD) was not associated with baseline capillary
density (regression coefficient: -0.48 [95% confidence interval: 2.37 to 1.41) or capillary
recruitment during venous congestion (0.54% [-0.74; 1.81%]). In addition, cfPWV was not
associated with acetylcholine (-0.02% [-0.14 to 0.10%]) or local heating-induced
vasoreactivity (0.03% [-0.07 to 0.12%]). In The Maastricht Study, in individuals without
DM?2, cfPWV was not associated with baseline capillary density (-1.20 [-3.17 to 0.77]), and
capillary recruitment during reactive hyperemia (1.22% [-0.41 to 2.84%]) or venous
congestion (1.50% [-0.25 to 3.25%]). In addition, cfPWV was not associated with
flowmotion (-0.01 [-0.07 to 0.06]). Results were adjusted for age and sex. Additional
adjustments for confounders did not materially change these results. Results were
qualitatively similar in individuals with DM2.

Conclusion
Arterial stiffness is not associated with skin microvascular function, irrespective of the
presence of DM2.
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Introduction

Stiffening of large arteries impairs their cushioning function and increases pressure and
flow pulsatility, which transmits distally and can damage the microcirculation.'? Indeed,
previous studies have shown an association between greater arterial stiffness and markers
of microvascular dysfunction in the brain (cerebral small vessel lesions?), eye (retinal
arteriolar narrowing®) and kidney (microalbuminuria®). These organs are, however,
especially vulnerable to the detrimental effects of increased pressure and flow pulsatility,
as their microvasculature is characterized by low impedance, allowing the pulsatile load to
penetrate deeply into their microvascular beds.»?> Nevertheless, it has been hypothesized
that increased arterial stiffness leads to generalized microvascular dysfunction, i.e.
dysfunction not limited to microvascular beds characterized by low impedance.® Such a
phenomenon, if it exists, may explain the association between arterial stiffness and
different diseases, including peripheral neuropathy,’” type 2 diabetes (DM2)® and
osteoporosis.’ Microvascular dysfunction is a common element in the pathophysiology of
these diseases.® However, evidence for an association between arterial stiffness and
markers of generalized microvascular dysfunction is lacking.

The skin is a unique site which enables direct and non-invasive assessment of
microvascular function both at rest and during provocative stimuli. Importantly, the skin
microcirculation is considered a representative vascular bed to examine generalized
microvascular phenomena.'®!! Skin microvascular dysfunction is associated with
cardiovascular disease (CVD) risk factors, including, the metabolic syndrome,'> DM2,3
obesity'*® and hypertension.’” In addition, microvascular responses observed in skin
parallel those in other tissues, including muscle.’®° To date, only one small study (n=76)%°
has evaluated the association between arterial stiffness and skin microvascular function
and did not find a significant association.

In view of the above, the aim of the present study was to evaluate the association
between arterial stiffness, as determined by carotid-femoral pulse wave velocity (cfPWV),
and skin microvascular function. Skin microvascular function was determined by baseline
capillary density, capillary recruitment during reactive hyperemia after arterial occlusion
and during venous congestion, endothelium-dependent and -independent skin
vasoreactivity, and skin flowmotion. The associations were evaluated in two large studies:
The Supplementation en Vitamines et Mineraux Antioxydants 2 (SUVIMAX2) Study and
The Maastricht Study. In addition, it has been hypothesized that individuals with DM2 are
particularly prone to the detrimental effects of increased pressure and flow pulsatility on
the microcirculation, because DM2 may be associated with low microvascular
impedance.?! We therefore additionally investigated whether any association between
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stiffness and microvascular function was stronger in individuals with DM2 as compared to
those without DM2.

Methods

Study design
The present study used cross-sectional data of The SUVIMAX2 Study and The Maastricht
Study.

The SUVIMAX Study (n=12,749) was a prevention trial designed to investigate the effect of
antioxidant supplementation on CVD and cancer, and was conducted in France between
1994 and 2002.2% In 2006 to 2007, 7,200 participants of the SUVIMAX trial participated in
The SUVIMAX2 Study, an observational prospective cohort study on diet and aging. Of
these, all individuals (n=291) living in Paris without DM2, hypertension and prior CVD,
underwent measurements on arterial stiffness and skin microvascular function.*

The Maastricht Study is an ongoing observational prospective population-based cohort
study that aims to include 10,000 participants. The present study includes cross-sectional
data from the first 866 participants, who completed the baseline survey between
November 2010 and March 2012. The rationale and methodology have been described
previously.? In brief, the study focuses on the etiology, pathophysiology, complications
and comorbidities of DM2 and is characterized by an extensive phenotyping approach.
Eligible for participation were all individuals aged between 40 to 75 years and living in the
southern part of the Netherlands. The study area is defined by postal codes. The study
area encloses 82,462 inhabitants aged 40 to 75 years, including an estimated 7,000
individuals with DM2. Participants were recruited from the general population through
mass media campaigns and from the municipal registries. In addition, individuals with
DM2 were recruited through the regional Diabetes Patient Registry via mailings.
Recruitment was stratified according to known DM2 status for reasons of efficiency. All
examinations of each participant were performed within a time window of three months.

Both studies were approved by ethics committees: review committees of Paris-Cochin
hospital (approval number: 2364) and the Comité National Informatique et des Libertés
(approval number: 907094) for The SUVIMAX2 Study; and Maastricht University Medical
centre (approval number: NL31329.068.10) and the Netherlands Health Council under the
Dutch “Law for Population Studies” (approval number: 131088-105234-PG) for The
Maastricht Study. All participants gave written informed consent.
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In both The SUVIMAX2 Study and The Maastricht Study, arterial stiffness was determined
by cfPWV. In The SUVIMAX2 Study, microvascular function was assessed using skin
capillaroscopy and endothelium-dependent and -independent skin vasoreactivity. In The
Maastricht Study, microvascular function was assessed using skin capillaroscopy and skin
flowmotion.

Vascular measurements in The SUVIMAX2 Study

All measurements were done by trained technicians unaware of the participants’ clinical
status in dark, quiet, temperature-controlled (21 to 24 °C) rooms as described
previously.}*2425 Participants were asked to refrain from smoking and eating <12 hours
prior to the measurements. Measurements were done after 5 minutes of rest and talking
or sleeping was not allowed during the examination.

CfPWV

CfPWV was determined with applanation tonometry (SphygmoCor, Atcor Medical, Sydney,
Australia).?* Pressure waveforms were determined at the right common carotid and right
common femoral arteries. Difference in the time of pulse arrival from the R-wave of the
electrocardiogram between the two sites (transit time) was determined with the
maximum upstroke algorithm. The pulse wave travel distance was calculated as the total
direct straight distance (measured with an infantometer) between the two arterial sites.
The mean of three consecutive cfPWV (defined as travel distance/transit time) recordings
was used in the analysis.

Skin capillaroscopy

Capillaries were visualized in the dorsal skin of the middle phalanx of the dominant hand
using a digital video microscope (Moritex, micro-ScopernanMS-500C, Tokyo, Japan;
system magnification 200x).2#2° A region of interest of 3 mm? skin area on the middle third
of the phalanx was defined. Four microscopic fields of 1 mm? were randomly chosen in
this area. Capillary density (mean of four fields) was measured under two conditions. First,
baseline capillary density was assessed. Second, capillary recruitment during venous
congestion was determined, which is a measure of structural capillary reserve capacity.’
For venous congestion, a miniature cuff was applied on the base of the investigated finger
and inflated to 50 mmHg for 2 minutes. The number of perfused capillaries was counted
manually using freeze-framed reproductions of the videotape by one investigator who was
blinded to participants’ clinical status. The intra- and inter-observer coefficient of
variations (CVs) were 4.3% and 5.9%, respectively, as described previously.?°

Endothelium-dependent and -independent skin vasoreactivity
Endothelium-dependent and -independent skin vasoreactivity were determined by
acetylcholine iontophoresis and local skin heating, respectively.'* Skin blood perfusion was
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measured using a laser Doppler system (Periflux 5000, Perimed, Stockholm, Sweden),
equipped with a thermostatic laser probe (PF 457, Perimed) at the dorsal side of the wrist.
Skin temperature was monitored continuously and maintained at 33°C. Baseline skin
blood perfusion was defined as the mean value during a time period of 4 minutes.
Acetylcholine chloride (2% solution, 800 ul) was delivered on the dorsal side of the wrist
using an anodal current (three doses of 10 milliamps for 10 seconds with a 2 minutes
interval) and maximal increase in blood perfusion was measured. Next, the laser probe
was heated to 44°C for 5 minutes and maximal increase in blood perfusion was measured.

Vascular measurements in The Maastricht Study

All measurements were done by trained technicians unaware of the participants’ clinical
status, in dark, quiet, temperature-controlled (21 to 24 °C) rooms as described
previously.1%23 Participants were asked to refrain from smoking and drinking coffee, tea or
alcoholic beverages <3 hours prior to the study. Participants were allowed to have a light
meal (breakfast and/or lunch). All measurements were performed after 10 minutes of rest
and talking or sleeping was not allowed during the examination.

crPWV

CfPWV was determined according to recent guidelines?® with applanation tonometry
(SphygmoCor, Atcor Medical). Pressure waveforms were determined at the right common
carotid and right common femoral arteries. Transit time was determined with the
intersecting tangents algorithm. The pulse wave travel distance was calculated as 80% of
the direct straight distance (measured with an infantometer) between the two arterial
sites. The median of three consecutive cfPWV recordings was used in the analysis.
Reproducibility was assessed in 12 individuals (6 men; 60.816.8 years; 6 DM2) who were
examined by two observers at two occasions spaced one week apart. The intra- and inter-
observer CVs were 13.5% and 16.2%, respectively.

Skin capillaroscopy

Capillaries were visualized in the dorsal skin of the distal phalanges of the third and fourth
finger of the right hand using a digital video microscope (Capiscope®, KK Technology,
Honiton, UK; system magnification 100x).'° Capillaries were visualized 4.5 mm proximal to
the terminal row of capillaries in the middle of the nailfold. The investigator selected a
region of interest of 1 mm? skin area. Capillary density (mean of two fields) was measured
under three conditions. First, baseline capillary density was measured. Second, capillary
recruitment during reactive hyperemia was assessed after 4 minutes of arterial occlusion.
Capillary recruitment during reactive hyperemia reflects functional and/or structural
capillary reserve capacity.!” For the assessment of reactive hyperemia, a miniature cuff
was applied on the base of the investigated finger and inflated to suprasystolic pressure
(260 mmHg) for 4 minutes. Third, venous congestion was applied, with the cuff inflated to
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60 mmHg for 2 minutes. The number of continuously perfused capillaries was counted
using a semi-automatic procedure (CapiAna) and running movie files by two investigators
who were blinded to participants’ clinical status.'® The intra- and inter-observer CVs of
CapiAna were 2.5% and 5.6%, respectively, as described previously.°

Skin flowmotion

Skin flowmotion, i.e. blood flow fluctuation attributed to the rhythmic contraction of
arterioles, is an important component of the microcirculation.® It is involved in optimal
delivery of nutrients to tissue and regulation of local vascular resistance.’®?’” To assess
flowmotion, skin blood perfusion was measured using a laser Doppler system (Periflux
5000, Perimed), equipped with a thermostatic laser probe (PF 457, Perimed) at the dorsal
side of the wrist. Skin temperature was monitored continuously and maintained at 30°C.
The Doppler flowmetry output was recorded for 25 minutes (sample rate 32Hz). Fast-
Fourier Transform algorithm was performed using Perisoft dedicated software (PSW
version 2.50) to measure the power density of the flowmetry oscillation. The frequency
spectrum between 0.01-1.6 Hz was divided into five flowmotion components?: 1)
endothelial, 0.01-0.02 Hz; 2) neurogenic, 0.02-0.06 Hz; 3) myogenic, 0.06-0.15 Hz; 4)
respiratory, 0.15-0.40 Hz; and 5) heartbeat, 0.40-1.60 Hz. In addition, total flowmotion
energy was obtained by the sum of the power density values of the total frequency
spectrum.

Potential confounders
CVD risk factors were determined as described previously in The SUVIMAX2 Study#242°
and The Maastricht Study.?

Statistical analysis

All analyses were performed with PASW Statistics (version 21, IBM, Chicago, lllinois, USA).
Separate analyses were done for The SUVIMAX2 Study and The Maastricht Study. In
addition, because The Maastricht Study population is enriched with individuals with DM2,
results are presented separately for individuals without and with DM2. Microvascular
recruitment during reactive hyperemia after arterial occlusion and during venous
congestion was expressed as percentage change in capillary density from baseline.
Additional analyses were done using absolute recruitment during reactive hyperemia after
arterial occlusion and capillary density during venous congestion as the outcome (both in
capillaries/mm?) instead of percentage recruitment. Acetylcholine- and local heating-
induced skin vasoreactivity were expressed as percentage increase in perfusion from
baseline. In addition, acetylcholine- and local heating-induced skin vasoreactivity and skin
flowmotion energy were logarithmically transformed to normalize their skewed
distribution. Linear regression analysis was used to evaluate the association between
cfPWV and measures of skin microvascular function. Adjustments were made for the
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following potential confounders: age and sex (model 1); additionally for mean arterial
pressure and heart rate (model 2); and CVD risk factors: waist-to-hip ratio, fasting plasma
glucose, total / high density lipoprotein cholesterol ratio, triglycerides, smoking habits
(current, ever and never smoker), use of lipid-lowering medication and (for The Maastricht
Study) prior CVD and use of anti-hypertensive medication (model 3). Analyses with
flowmotion as the outcome were additionally adjusted for skin temperature in all models.
We used interaction terms to explore whether any association differed according to DM2,
fasting glucose, age, presence of hypertension, use of anti-hypertensive medication
and/or study population (The SUVIMAX2 Study vs. The Maastricht Study).? In addition,
analyses were repeated with tertiles of cfPWV. Finally, analyses were repeated with
brachial pulse pressure (systolic minus diastolic pressure), a surrogate measure of arterial
stiffness, as the determinant instead of cfPWV.

Results

Analytic sample

Of the 291 participants of The SUVIMAX2 Study, data were missing on cfPWV (n=2),
capillaroscopy (n=2), skin vasoreactivity (n=3) or potential confounders (n=3). Therefore,
284 participants were eligible for analysis with capillary density and 283 for analysis with
skin vasoreactivity, respectively. Of the 866 participants of The Maastricht Study, four
participants with type 1 diabetes mellitus were excluded. In the remaining 862
participants, data were missing on cfPWV (n=46; due to logistical reasons (n=33) or
insufficient quality (n=13)), capillaroscopy (n=38; due to logistical reasons (n=31) or
insufficient quality (n=7)), skin flowmotion (n=128; due to logistical reasons (n=97) or
insufficient quality (n=31)) or potential confounders (n=46). Therefore, 732 participants
were eligible for analysis with capillary density (524 without DM2 and 208 with DM2) and
648 for analysis with skin flowmotion (473 without DM2 and 175 with DM2), respectively.

Clinical characteristics

Table 9.1 shows the clinical characteristics of The SUVIMAX2 Study and Table 9.2 of The
Maastricht Study. Individuals of The SUVIMAX2 Study were, as compared to those of The
Maastricht Study without DM2, older and had a better CVD risk factor pattern (Tables 9.1
and 9.2). In addition, in The SUVIMAX2 Study, cfPWV and baseline capillary density were
higher than in The Maastricht Study, but capillary recruitment during venous congestion
was lower (Tables 9.1 and 9.2). These differences were most likely due to use of different
measurement techniques (see below). Within The Maastricht Study, individuals with DM2
were, as compared to those without DM2, older, less often female and had a worse CVD
risk factor pattern; and had a higher cfPWV and lower capillary recruitment during
reactive hyperemia after arterial occlusion and during venous congestion (Table 9.2). The
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median duration of DM2 was 7 years (interquartile range 3 to 11). Individuals with DM2
were treated with diet only (22%), oral glucose-lowering medication only (59%) or insulin
(with or without oral glucose-lowering medication; 19%).

Table 9.1. Study population characteristics according to median cfPWV values for The SUVIMAX2 Study

The SUVIMAX2 Study

Total (n=284) According to median cfPWV value (10.5 m/s)

Low cfPWV (n=137) High cfPWV (n=147)

Clinical characteristics

Age, years 62.2+5.9 61.5+5.6 62.9+6.0
Women, % (n) 48.6 (138) 58.4 (80) 39.5(58)
Smoking status, % (n)

Never 50.4 (143) 52.6 (72) 48.3 (71)

Former 40.8 (116) 35.0 (48) 46.3 (68)

Current 8.8 (25) 12.4(17) 5.4 (8)
Prior cardiovascular disease, % (n) 0 (0) 0 (0" 0 (0"
Body mass index, kg/m? 25.1+3.4 249+3.4 253+3.4
Systolic blood pressure, mmHg 119+13 114+ 11 123+12
Diastolic blood pressure, mmHg 77 £9 74+ 8 79+9
Hypertension, % (n) 0 (0" 0 (0" 0 (0"
Fasting glucose, mmol/I 5.4+0.6 5.3+0.6 54+0.5
Total cholesterol, mmol/I 6.0+1.0 59+1.0 6.0+1.0
Lipid-lowering medication, % (n) 8.5 (24) 6.6 (9) 10.2 (15)
Anti-hypertensive medication, % (n) 0 (0" 0 (0" 0 (0"
Vascular measures
cfPWV, m/s 10921 9.4+0.8 124+19
Capillary density, capillaries/mm?

Baseline 90+ 16 90+14 90 +17

Venous congestion 9617 96 £ 15 96+ 18
Capillary recruitment, % (n)

Venous congestion 7+11 7+11 7+11
Skin vasoreactivity, %

Acetylcholine-induced 349 (172-572) 364 (181-573) 338 (159-576)

Local heating-induced 568 (379-875) 595 (393-914) 538 (362-856)
Total skin flowmotion energy, AU n/a n/a n/a

Data are presented as percentage (number) of participants, mean + standard deviation or median (interquartile
range).

A By design.

n/a = not available; RAAS = renin-angiotensin system; AU = arbitrary units.
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Table 9.2. Study population characteristics according to median cfPWV values for The Maastricht Study

The Maastricht Study

Without type 2 diabetes

With type 2 diabetes

Total According to median Total According to median
(n=524) cfPWV value (8.2 m/s) (n=208) cfPWV value (9.5 m/s)
Low cfPWV High Low High
(n=260) cfPWV cfPWV cfPWV
(n=264) (n=103) (n=105)
Clinical characteristics
Age, years 58.1+85 54.4+81 61.8+7.2 i 63.3+72 61.1+77 655%6.0
Women, % (n) 51.5(270) 58.1(151) 45.1(119) . 29.3(61) 30.1(31) 28.6(30)
Smoking status, % (n)
Never 34.3(180) 36.5(95) 32.2 (85) 23.1(48) 24.3(25) 21.9(23)
Former 50.0 (262) 47.7 (124) 52.3(138) : 62.5(130) 621.1(64) 62.9 (66)
Current 15.8 (83) 16.9 (44) 14.8 (39) 14.9 (31) 14.6 (15)  15.2(16)
Prior cardiovascular disease, % (n) 12.8 (67) 9.6 (25) 15.9 (42) 29.3 (61) 28.2 (29) 30.5(32)
Body mass index, kg/m? 26.2+3.9 256+3.6 26.8+4.1 | 29.7+47 30.0+51 29.5+43
Systolic blood pressure, mmHg 133+18 127+ 15 140+ 17 148 +19 142 +18 154 + 18
Diastolic blood pressure, mmHg 76 £11 74 £10 78 +71 79+ 10 79+12 79+9
Hypertension, % (n) 46.0 (241) 29.2(76) 62.5(165) : 86.5(180) 81.6(84) 91.4(96)
Fasting glucose, mmol/I 5.4+0.6 5.3+0.5 5.5+0.6 79+18 7.8+1.6 8.0+2.1
Total cholesterol, mmol/I 55+1.1 55+1.1 56+1.1 45+1.1 44+0.9 46+2.1
Lipid-lowering medication, % (n) 19.8 (104) 15.0(39) 24.6 (65) | 75.5(157) 77.7(80)  73.3(77)
Anti-hypertensive medication, % (n) 26.7 (140) 17.7 (46) 35.6 (94) | 70.7 (147) 70.9(73) 70.5 (74)
RAAS inhibitors 18.9(99) 11.5(30) 26.1(69) | 57.2(119) 57.3(59) 57.1(60)
Diuretics 10.5 (55) 6.9 (18) 14.0 (37) 26.0 (54) 25.2(26)  26.7 (28)
Calcium channel blockers 4.8 (25) 2.7 (7) 6.8 (18) 17.3 (36) 12.6 (13)  21.9(23)
Beta-blockers 11.5 (60) 9.2 (24) 13.6 (36) 35.1(73) 32.0(33) 38.1(40)
Vascular measures
cfPWV, m/s 85+1.8 7.2+0.7 9.9+15 99+24 8.0+1.0 11.7+2.0
Capillary density, capillaries/mm?
Baseline 72+£17 72+£17 7218 77 £18 76 £18 78 £18
Hyperemia 104 + 17 104 £ 17 103 + 18 102 +19 100 £ 20 103 £ 17
Venous congestion 104 £ 18 105+ 17 104 + 18 102 £19 101+21 103+ 17
Capillary recruitment, % (n)
Reactive Hyperemia 46 £ 30 49 +30 50 +30 35+£25 34+25 35+25
Venous congestion 50+32 50+33 51+32 35126 35+26 3626
Total skin flowmotion energy, AU 14 (9-21) 14 (8-20) 15(10-21) : 15(10-23) 14(10-21) 18(10-23)

Data are presented as percentage (number) of participants, mean + standard deviation or median (interquartile

range).
Abbreviations as in Table 9.1.



Arterial stiffness and skin microvascular function | 209

Association between cfPWV and baseline capillary density and capillary recruitment

In The SUVIMAX2 Study, cfPWV was not associated with baseline capillary density and
capillary recruitment during venous congestion, after adjustment for age and sex (Table
9.3, model 1). Further adjustments for mean arterial pressure and heart rate (model 2)
and CVD risk factors (model 3) did not materially change these results. Similarly, in The
Maastricht Study, both in individuals without and with DM2, cfPWV was not associated
with baseline capillary density and capillary recruitment during reactive hyperemia after
arterial occlusion or during venous congestion (Table 9.3, models 1 to 3).

Association between cfPWV and skin vasoreactivity
In The SUVIMAX2 Study, cfPWV was not associated with acetylcholine- or local heating-
induced skin vasoreactivity (Table 9.4, models 1 to 3).

Association between cfPWV and skin flowmotion

In The Maastricht Study, both in individuals without and with DM2, cfPWV was not
associated with total skin flowmotion energy (Table 9.4, models 1 to 3), or with any of the
individual skin flowmotion components (data not shown).

Table 9.3. Association between carotid-femoral pulse wave velocity and skin capillary density and recruitment

Baseline capillary density Recruitment during reactive Recruitment during venous
(capillaries/mm?) hyperemia after congestion (%)
arterial occlusion (%)
Regression coefficient (95% confidence interval) for +1 SD cfPWV

The SUVIMAX2 Study
1 -0.48 (-2.37; 1.41) n/a 0.54 (-0.74; 1.81)
2 -0.56 (-2.57; 1.44) n/a 0.59 (-0.76; 1.94)
3 -0.27 (-2.32; 1.77) n/a 0.62 (-0.77; 2.01)
The Maastricht Study
Individuals without type 2 diabetes mellitus
1 -1.63 (-3.31; 0.06) 1.22 (-0.41; 2.84) 1.50 (-0.25; 3.25)
2 -1.56 (-3.51; 0.39) 0.78 (-1.10; 2.66) 1.01 (-1.01; 3.03)
3 -1.20 (-3.17; 0.77) 0.41 (-1.49; 2.31) 0.62 (-1.42; 2.67)
Individuals with type 2 diabetes mellitus
1 0.79 (-1.84; 3.42) 0.003 (-1.53; 1.53) 0.14 (-1.45; 1.73)
2 0.06 (-2.82; 2.94) 0.32 (-1.35; 1.99) 0.39 (-1.34; 2.13)
3 0.12 (-2.74; 3.00) 0.38 (-1.29; 2.06) 0.42 (-1.33; 2.16)

Model 1: adjusted for age and sex; model 2: additionally adjusted for heart rate and mean arterial pressure;
model 3: additionally adjusted for waist-to-hip ratio, smoking habits, fasting glucose, total / high density
lipoprotein cholesterol ratio, triglycerides, use of lipid-lowering medication and (for The Maastricht Study) prior
cardiovascular disease and use of anti-hypertensive medication.

Abbreviations as in Table 9.1.
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Table 9.4. Association between carotid-femoral pulse wave velocity on the one hand and acetylcholine- and
local heating-induced skin vasoreactivity and skin flowmotion on the other

Acetylcholine-induced Local heating-induced Total skin flowmotion
skin vasoreactivity (%)" skin vasoreactivity (%)" energy (AU)*
Regression coefficient (95% confidence interval) for +1 SD cfPWV
The SUVIMAX2 Study
1 -0.02 (-0.14; 0.10) 0.03 (-0.07; 0.12) n/a
2 -0.07 (-0.19; 0.06) -0.01 (-0.11; 0.09) n/a
3 -0.09 (-0.21; 0.04) -0.02 (-0.12; 0.08) n/a
The Maastricht Study
Individuals without type 2 diabetes mellitus
1 n/a n/a -0.01 (-0.07; 0.06)
2 n/a n/a -0.02 (-0.10; 0.06)
3 n/a n/a -0.01 (-0.09; 0.07)
Individuals with type 2 diabetes mellitus
1 n/a n/a -0.05 (-0.15; 0.04)
2 n/a n/a -0.05 (-0.15; 0.06)
3 n/a n/a -0.04 (-0.14; 0.07)

A Data were logarithmically transformed. Model 1: adjusted for age, sex and skin temperature; model 2:
additionally adjusted for heart rate and mean arterial pressure; model 3: additionally adjusted for waist-to-hip
ratio, smoking habits, fasting glucose, total / high density lipoprotein cholesterol ratio, triglycerides, use of lipid-
lowering medication and (for The Maastricht Study) prior cardiovascular disease and use of anti-hypertensive
medication.

Abbreviations as in Table 9.1.

Additional analyses

There was no interaction with DM2, fasting glucose, age, presence of hypertension, or use
of anti-hypertensive medication for any of the skin microvascular function measures in
either The SUVIMAX2 Study or The Maastricht Study (P for interaction >.09, after
adjustment for all potential confounders). In addition, there was no interaction with the
study populations of The SUVIMAX2 Study vs. The Maastricht Study for baseline capillary
density and capillary recruitment during venous congestion (P for interaction >.67, after
adjustment for all potential confounders). When we used absolute recruitment during
hyperemia after arterial occlusion and capillary density during venous congestion, instead
of percentage recruitment, results were qualitatively similar (data not shown). In addition,
when the analyses were repeated with tertiles of cfPWV, instead of per higher SD, results
were qualitatively similar (data not shown). Results were qualitatively similar when we
used brachial pulse pressure as the determinant instead of cfPWV (data not shown).
Finally, when results of both studies were pooled, results were qualitatively similar (data
not shown).
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Discussion

The main finding of the present study is that, in middle-aged individuals with or without
DM2, arterial stiffness was not associated with skin microvascular dysfunction, as
determined by baseline capillary density; capillary recruitment during reactive hyperemia
after arterial occlusion and during venous congestion; endothelium-dependent and -
independent skin vasoreactivity; and skin flowmotion.

Strengths of the present study include its extensive measurement of skin microvascular
function and assessment of arterial stiffness by cfPWV, which is considered the “gold
standard” measurement.?® In addition, the associations were investigated in two large
studies performed by independent investigators. It is therefore unlikely that the negative
findings are due to technical measurement issues or insufficient statistical power,
although we did not do a formal power calculation. Furthermore, The Maastricht Study is
a population-based study with oversampling of individuals with DM2. This allowed us to
investigate any potential contrast between individuals with and without DM2 in the
association between cfPWV and microvascular function.

Limitations of the present study include its cross-sectional design; we therefore cannot
exclude the possibility of an association between greater arterial stiffness and decrement
of skin microvascular function over time. In addition, not all measures of skin
microvascular function were available in each study. Finally, the intra- and inter-observer
reproducibility was not tested of the laser Doppler flowmetry measurements in The
SUVIMAX2 Study and The Maastricht Study, and of the cfPWV measurement in The
SUVIMAX2 Study. However, previous studies?®3? have shown that laser Doppler

2931 and cfPWV measurements®? have a relatively high reproducibility.

flowmetry
The lack of an association between arterial stiffness and skin microvascular function
suggests that arterial stiffness does not lead to generalized microvascular dysfunction.
There is substantial evidence that the skin microcirculation is representative of the
microcirculation in general.1%13-1518 pgossibly, the microcirculation of most organs is able to
protect itself against the detrimental effects of increased arterial stiffness and pressure
and flow pulsatility. This may be due to the fact that most organs have relatively high
microvascular impedance. Therefore, most of the increased pulsatile energy is dissipated
by arteries and large arterioles proximal to the capillaries.! In addition, a vascular
remodelling response may be induced by the increased pulsatile load, which raises
vascular resistance and, thereby, limits penetration of the pulsatile load into its

microvascular bed. Other data®3*3°

suggest that a remodelling response does occur in
relatively large arterioles. For example, previous studies®>3” have shown an association

between greater arterial stiffness and a higher wall-to-lumen ratio of large arterioles in
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the subcutis®>®® and retina.?” The present study suggests that such remodelling, however,
does not occur in small arterioles, because arterial stiffness was not associated with
impaired acetylcholine-induced vasoreactivity. Remodelling of small arterioles is usually
accompanied by impairment of this response.3® In addition, the present study suggests
that the previously observed remodelling response in large arterioles is effective, because
arterial stiffness was not associated with capillary rarefaction. This indicates that
capillaries are “protected” against the potential detrimental effects of increased pressure
and flow pulsatility.

The present results do, however, not exclude the possibility that arterial stiffness is
associated with microvascular dysfunction in the brain, eye and kidney. The microvascular
beds of these organs are characterized by low impedance, and, therefore, these organs
are especially vulnerable for the detrimental effects of an increased pulsatile load.%?
Indeed, previous studies have shown an association between arterial stiffness and
markers of microvascular dysfunction in these organs.>

In The SUVIMAX2 Study and The Maastricht Study, slightly different measurement
techniques were used to assess cfPWV and capillary density, which can explain the
difference in absolute values of these measures between the studies. Median cfPWV was
higher in The SUVIMAX2 Study than in The Maastricht Study, most likely due to a
difference in the calculation of pulse wave travel distance. In The SUVIMAX2 Study, the
total carotid to femoral distance was used as travel distance, whereas in The Maastricht
Study 80% of the total carotid to femoral distance was used. In addition, in The SUVIMAX2
Study, baseline capillary density was higher and capillary recruitment during venous
congestion was lower than in The Maastricht Study. This may be due to use of a higher
microscopic magnification in The SUVIMAX2 Study (200x vs. 100x), differences in the
method used to count capillaries (using primarily freeze-framed reproductions in The
SUVIMAX2 Study vs. running movie files in The Maastricht Study) and lower cuff inflation
during venous congestion (50 mmHg in The SUVIMAX2 Study vs. 60 mmHg in The
Maastricht Study). In addition, the differences in absolute values of the vascular measures
may be due to the differences in clinical characteristics between The SUVIMAX2 Study and
The Maastricht Study. The net effect of such differences in characteristics is, however,
difficult to quantify, because the different characteristics (both measured and
unmeasured) may have influenced absolute values in various manners. Furthermore, it is
difficult to disentangle the effects of the differences in clinical characteristics from the
effects of the differences in measurement techniques between the two studies.

In conclusion, the present study shows that greater arterial stiffness is not associated with
skin microvascular dysfunction in middle-aged individuals either with or without DM2.



Arterial stiffness and skin microvascular function | 213

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Mitchell GF. Effects of central arterial aging on the structure and function of the peripheral
vasculature: implications for end-organ damage. J Appl Physiol (1985). 2008;105:1652-1660.

O'Rourke MF, Safar ME. Relationship between aortic stiffening and microvascular disease in brain and
kidney: cause and logic of therapy. Hypertension. 2005;46:200-204.

Mitchell GF, van Buchem MA, Sigurdsson S, et al. Arterial stiffness, pressure and flow pulsatility and
brain structure and function: the Age, Gene/Environment Susceptibility--Reykjavik study. Brain.
2011;134:3398-3407.

Cheung N, Sharrett AR, Klein R, et al. Aortic distensibility and retinal arteriolar narrowing: the multi-
ethnic study of atherosclerosis. Hypertension. 2007;50:617-622.

Briet M, Boutouyrie P, Laurent S, London GM. Arterial stiffness and pulse pressure in CKD and ESRD.
Kidney Int. 2012;82:388-400.

Mitchell GF, Vita JA, Larson MG, et al. Cross-sectional relations of peripheral microvascular function,
cardiovascular disease risk factors, and aortic stiffness: the Framingham Heart Study. Circulation.
2005;112:3722-3728.

Kim ES, Moon SD, Kim HS, et al. Diabetic peripheral neuropathy is associated with increased arterial
stiffness without changes in carotid intima-media thickness in type 2 diabetes. Diabetes Care.
2011;34:1403-1405.

Yasuno S, Ueshima K, Oba K, et al. Is pulse pressure a predictor of new-onset diabetes in high-risk
hypertensive patients?: a subanalysis of the Candesartan Antihypertensive Survival Evaluation in
Japan (CASE-J) trial. Diabetes Care. 2010;33:1122-1127.

Hirose K, Tomiyama H, Okazaki R, et al. Increased pulse wave velocity associated with reduced
calcaneal quantitative osteo-sono index: possible relationship between atherosclerosis and
osteopenia. J Clin Endocrinol Metab. 2003;88:2573-2578.

Gronenschild EH, Muris DM, Schram MT, Karaca U, Stehouwer CD, Houben AJ. Semi-automatic
assessment of skin capillary density: proof of principle and validation. Microvascular Res.
2013;90:192-198.

Holowatz LA, Thompson-Torgerson CS, Kenney WL. The human cutaneous circulation as a model of
generalized microvascular function. J Appl Physiol (1985). 2008;105:370-372.

Czernichow S, Greenfield JR, Galan P, et al. Macrovascular and microvascular dysfunction in the
metabolic syndrome. Hypertens Res. 2010;33:293-297.

lJzerman RG, de Jongh RT, Beijk MA, et al. Individuals at increased coronary heart disease risk are
characterized by an impaired microvascular function in skin. Eur J Clin Invest. 2003;33:536-542.
Czernichow S, Greenfield JR, Galan P, et al. Microvascular dysfunction in healthy insulin-sensitive
overweight individuals. J Hypertens. 2010;28:325-332.

de Jongh RT, Serne EH, RG lJ, de Vries G, Stehouwer CD. Impaired microvascular function in obesity:
implications for obesity-associated microangiopathy, hypertension, and insulin resistance. Circulation.
2004;109:2529-2535.

Jonk AM, Houben AJ, Schaper NC, et al. Meal-related increases in microvascular vasomotion are
impaired in obese individuals: a potential mechanism in the pathogenesis of obesity-related insulin
resistance. Diabetes Care. 2011;34 Suppl 2:5342-348.

Serne EH, Gans RO, ter Maaten JC, Tangelder GJ, Donker AJ, Stehouwer CD. Impaired skin capillary
recruitment in essential hypertension is caused by both functional and structural capillary rarefaction.
Hypertension. 2001;38:238-242.

Meijer RI, De Boer MP, Groen MR, et al. Insulin-induced microvascular recruitment in skin and muscle
are related and both are associated with whole-body glucose uptake. Microcirculation. 2012;19:494-
500.



214 | Chapter 9

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

Rossi M, Taddei S, Fabbri A, et al. Cutaneous vasodilation to acetylcholine in patients with essential
hypertension. J Cardiovasc Pharmacol. 1997;29:406-411.

Debbabi H, Uzan L, Mourad JJ, Safar M, Levy BI, Tibirica E. Increased skin capillary density in treated
essential hypertensive patients. Am J Hypertens. 2006;19:477-483.

Sandeman DD, Shore AC, Tooke JE. Relation of skin capillary pressure in patients with insulin-
dependent diabetes mellitus to complications and metabolic control. N Eng J Med. 1992;327:760-764.
Hercberg S, Galan P, Preziosi P, et al. The SU.VI.MAX Study: a randomized, placebo-controlled trial of
the health effects of antioxidant vitamins and minerals. Arch Intern Med. 2004;164:2335-2342.
Schram MT, Sep SJ, Kallen van der CJ, Dagnelie PC, Koster A, Schaper N, Henry RM, Stehouwer CD. The
Maastricht Study: An Extensive Phenotyping Study on Determinants of Type 2 Diabetes, its
Complications and its Comorbidities. Eur J Epid 2014;29:439-451.

Temmar M, Liabeuf S, Renard C, et al. Pulse wave velocity and vascular calcification at different stages
of chronic kidney disease. J Hypertens. 2010;28:163-169.

Karatzi K, Protogerou A, Kesse-Guyot E, et al. Associations between dietary patterns and skin
microcirculation in healthy subjects. Arterioscler Thromb Vasc Biol. 2014;34:463-469.

Van Bortel LM, Laurent S, Boutouyrie P, et al. Expert consensus document on the measurement of
aortic stiffness in daily practice using carotid-femoral pulse wave velocity. J Hypertens. 2012;30:445-
448,

Schmidt-Lucke C, Borgstrom P, Schmidt-Lucke JA. Low frequency flowmotion/(vasomotion) during
patho-physiological conditions. Life Sci. 2002;71:2713-2728.

Stefanovska A, Bracic M, Kvernmo HD. Wavelet analysis of oscillations in the peripheral blood
circulation measured by laser Doppler technique. IEEE Trans Biomed Eng. 1999;46:1230-1239.
Boignard A, Salvat-Melis M, Carpentier PH, et al. Local hyperemia to heating is impaired in secondary
Raynaud's phenomenon. Arthritis Res Ther. 2005;7:R1103-1112.

Cracowski JL, Minson CT, Salvat-Melis M, Halliwill JR. Methodological issues in the assessment of skin
microvascular endothelial function in humans. Trends Pharmacol Sci. 2006;27:503-508.

Kubli S, Waeber B, Dalle-Ave A, Feihl F. Reproducibility of laser Doppler imaging of skin blood flow as a
tool to assess endothelial function. J Cardiovasc Pharmacol. 2000;36:640-648.

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

Laurent S, Briet M, Boutouyrie P. Large and small artery cross-talk and recent morbidity-mortality
trials in hypertension. Hypertension. 2009;54:388-392.

James MA, Watt PA, Potter JF, Thurston H, Swales JD. Pulse pressure and resistance artery structure in
the elderly. Hypertension. 1995;26:301-306.

Muiesan ML, Salvetti M, Rizzoni D, et al. Pulsatile hemodynamics and microcirculation: evidence for a
close relationship in hypertensive patients. Hypertension. 2013;61:130-136.

Salvetti M, Agabiti Rosei C, Paini A, et al. Relationship of wall-to-lumen ratio of retinal arterioles with
clinic and 24-hour blood pressure. Hypertension. 2014;63:1110-1115.

Ott C, Raff U, Harazny JM, Michelson G, Schmieder RE. Central pulse pressure is an independent
determinant of vascular remodeling in the retinal circulation. Hypertension. 2013;61:1340-1345.
Turner J, Belch JJ, Khan F. Current concepts in assessment of microvascular endothelial function using
laser Doppler imaging and iontophoresis. Trends Cardiovasc Med. 2008;18:109-116.



Arterial stiffness and skin microvascular function | 215






Chapter 10

General discussion







General discussion | 219

Life expectancy in the Netherlands and much of the rest of the world has dramatically
increased and will continue to do so in the next decades.! Ageing is associated with a
greatly increased risk of vascular-related diseases of the heart and brain, including
coronary heart disease, heart failure and stroke (cardiovascular diseases) and (vascular)
dementia and depression. In recent years, emerging evidence indicates that dysfunction of
various elements of the vascular system plays an important role in the pathogenesis of
these diseases.* Vascular dysfunction includes dysfunction of large arteries (due to
arterial stiffness), the microcirculation (microvascular dysfunction) and endothelium
(endothelial dysfunction). Indeed, recent statements of the European Society of
Hypertension/European  Society of Cardiology® and the American Heart
Association/American Stroke Association® have indicated arterial stiffness and endothelial
dysfunction as important, potentially modifiable risk factors for cardiovascular disease and
cognitive impairment. However, the exact role of arterial stiffness and microvascular and
endothelial dysfunction in the pathogenesis of these diseases is incompletely understood
and their clinical utility remains controversial.”® The present thesis therefore sought to
further investigate, in a series of epidemiological studies, the role of arterial stiffness and
microvascular and endothelial dysfunction in the pathogenesis of cardiovascular disease,
cognitive impairment and depressive symptoms. This chapter discusses, in light of current
knowledge, the key findings of the present thesis and their potential clinical implications.
In addition, methodological considerations and directions for future research will be
addressed.

Key findings and clinical implications

Endothelial dysfunction and type 2 diabetes synergistically increase cardiovascular risk

In the pathogenesis of cardiovascular events, true interaction (synergy) between risk
factors appears rare, i.e. most studies®*? find that risk factors act, and thus increase
cardiovascular risk, independently of each other. From a clinical point of view, detection of
interaction is, however, important as this identifies key therapeutic targets: interventions
aimed at such risk factors are potentially more efficacious than treatment of risk factors
which do not interact. In chapter two of this thesis, we used prospective data of The
Hoorn Study to evaluate the interaction between endothelial dysfunction on the one hand
and type 2 diabetes, impaired glucose metabolism and insulin resistance on the other with
regard to the risk of cardiovascular events. We investigated this interaction as it has been
suggested that individuals with type 2 diabetes are extremely sensitive to the adverse
cardiovascular effects of endothelial dysfunction.’>* If true, this implies that endothelial
dysfunction and type 2 diabetes synergistically increase cardiovascular risk. This may be
due to a reciprocal association between endothelial dysfunction and type 2 diabetes, in
which endothelial dysfunction acts as both cause®>® and consequencel’ of type 2
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diabetes. In addition, type 2 diabetes may amplify the detrimental effects of endothelial
dysfunction on atherothrombosis.'® In accordance with this hypothesis, two recent
studies!®'* showed interaction, on a multiplicative scale, with regard to cardiovascular
event risk, between type 2 diabetes and endothelial dysfunction. Both studies defined
endothelial dysfunction by increased levels of endothelium-derived circulating
biomarkers. In chapter two of this thesis, it is shown that such interaction is also present
between type 2 diabetes and impaired endothelium-dependent flow-mediated dilatation,
a key functional estimate of endothelium-dependent, nitric oxide-mediated dilatation.” In
addition, interaction on an additive scale (potentially causal interaction®®) was
demonstrated, and such interaction was already present in individuals with impaired
glucose metabolism or insulin resistance. This chapter therefore provides strong evidence
in favour of causal interaction between endothelial dysfunction and type 2 diabetes in the
pathogenesis of cardiovascular events. This interaction is important as it suggests that
endothelial dysfunction may act at least partially as the underlying phenomenon which
explains the two to three times higher cardiovascular risk seen in type 2 diabetes.® This
identifies endothelial dysfunction as a key therapeutic target for lowering of
cardiovascular risk in type 2 diabetes. In addition, the fact that an interaction was already
present in individuals with impaired glucose metabolism and insulin resistance suggests
that endothelial dysfunction is an early therapeutic target even before onset of type 2
diabetes.

Stiffening of elastic and muscular segments: distinct pathways in the pathogenesis of
cardiovascular events

There are substantial differences in properties between elastic and muscular segments,
and it has been suggested that stiffening of these segments are differentially associated
with cardiovascular events.?%?! Stiffness of elastic segments (e.g. the carotid artery and
ascending aorta) may be more strongly associated with stroke than coronary heart
disease, because stiffening of these segments leads to a high pulsatile pressure and flow
load on the brain.?? In addition, stiffening of the carotid artery may lead to stroke through
local development of (rupture-prone) atherosclerotic plaques.?®?* In contrast, stiffness of
muscular segments (e.g. the femoral artery and descending aorta) may be more strongly
associated with coronary heart disease events than stroke, because muscular and
coronary arteries show similar arterial wall characteristics (i.e. presence of abundant
smooth muscle cells?* and a high collagen/elastin ratio®®), and, therefore, stiffening of
muscular segments may serve as a proxy for stiffening of the coronary vasculature. In
chapter three of the present thesis, we used local distensibility measurements of the
carotid and femoral arteries to investigate elastic and muscular artery stiffness. In line
with the above hypothesis, the findings indicate that greater carotid and femoral stiffness
are associated with a higher cardiovascular event incidence and greater all-cause mortality
risk, independently of each other, and independently of carotid-femoral pulse wave
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velocity. In chapter four, we further elaborated upon these findings and performed a
systematic review and an aggregate data and an individual participant data meta-analysis
on the association between carotid stiffness and incident cardiovascular events. The
results showed that greater carotid stiffness is associated with a higher stroke incidence,
but not with coronary heart disease events. The association between carotid stiffness and
incident stroke was independent of cardiovascular risk factors, and independent of
carotid-femoral pulse wave velocity. In addition, estimation of carotid stiffness modestly
improved stroke risk prediction beyond Framingham stroke risk score factors and carotid-
femoral pulse wave velocity. From a clinical point of view, these observations are
important, as they identify carotid and femoral stiffness as potential separate targets for
stroke and coronary heart disease risk lowering therapy. In addition, the findings provide
proof of principle that carotid stiffness can have additional value as a risk predictor of
stroke beyond the Framingham stroke risk score factors and carotid-femoral pulse wave
velocity.

Arterial stiffness and endothelial dysfunction: causes of cerebral microvascular damage,
cognitive impairment and depressive symptoms

Increased arterial stiffness leads to an increased pulsatile pressure and flow load, which
can damage the microcirculation.?®?® The brain may be particularly prone to the
detrimental effects of this increased load, because its microcirculation is characterized by
low impedance, allowing the pulsatile load to penetrate deeply into its microvascular
bed.?”?® This increased pulsatile load may directly cause cerebral microvascular
dysfunction and damage, despite blood pressure-related protective auto-regulatory
mechanisms. Alternatively, the increased pulsatile load may induce a microvascular
remodelling response, which initially serves to limit the penetration of the pulsatile load in
the microcirculatory system by raising vascular resistance. Yet, this protective response
may ultimately become unfavourable leading to impaired vasoreactivity and microvascular
ischemia.?’”?8 It is, moreover, likely that these mechanisms operate simultaneously (see
Figure 10.1). In addition, increased arterial stiffness may cause excessive blood pressure
variability,?3° which may further sensitize high-flow organs to the harmful effects of
impaired microvascular vasoreactivity.?® Furthermore, a recent study3! has suggested that
greater arterial stiffness may lead to cerebral (microvascular) damage via acceleration of
cerebral B-amyloid accumulation, although the exact mechanism underlying this
association is incompletely understood. Finally, endothelial dysfunction may lead to
cerebral microvascular damage via multiple mechanisms, including impairment of the
process of neurogenesis,®? impaired cerebral blood flow regulation3® and disturbance of
blood-brain barrier function.3*3> In fact, endothelial and microvascular dysfunction are
closely related, because most (98%) of the endothelium is located in the
microcirculation.3®
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Figure 10.1. Potential pathways through which arterial stiffness can lead to cerebral microvascular
dysfunction and damage.

Cerebral microvascular damage, in turn, leads to neuronal cell death, diminished neuronal
connectivity and, ultimately, dysfunction of the brain.3>3” Brain dysfunction can manifest
itself as cognitive impairment, including dementia. In addition, it has been suggested3®3°
that cerebral microvascular damage leads to depression via disruption of deep and frontal
brain structures or their connecting pathways involved in mood regulation, in particular in
older individuals (vascular depression hypothesis). Depression has a bimodal age
distribution, with peaks in the early third and in ninth decades, suggesting the presence of
different causes of depression in young and older individuals.®® In line with the vascular
depression hypothesis, a recent randomized clinical trial** showed that nimodipine, a drug
with vasoprotective properties, reduced time to remission of late-life depression.

Chapters five to eight of this thesis provide further evidence of the existence of an
association between vascular dysfunction on the one hand and cerebral microvascular
damage and brain dysfunction on the other. The systematic review and aggregate data
meta-analysis in chapter five show that a consistent association exists between greater
arterial stiffness on the one hand and cerebral small vessel disease and cognitive
impairment on the other. In addition, the results in chapters six to eight demonstrate that:
1) various magnetic resonance imaging (MRI) markers of cerebral small vessel disease are
strongly associated with a higher depressive symptom incidence (chapter six); 2) cerebral
small vessel disease located in the deep (sub-cortical) brain region (i.e. internal and
external capsules, thalamus, hippocampus and amygdala combined) is, as compared to
disease in other brain regions, more strongly associated with a higher depressive
symptom incidence (chapter six); 3) greater arterial stiffness is associated with more
(severe) depressive symptoms, and this association is in part mediated by cerebral small
vessel disease (chapter seven); and 4) endothelial dysfunction is associated with more
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(severe) depressive symptoms (chapter eight). Taken together, these chapters suggest
that both arterial stiffness and endothelial dysfunction can lead to microvascular damage-
related brain dysfunction, which can manifest itself as cognitive impairment and/or
depressive symptoms. From a clinical point of view, these associations are important as
they suggest that efforts at favourably influencing arterial stiffness and endothelial
dysfunction can have significant public health implications via prevention of dementia and
depression.

Arterial stiffness does not lead to generalized microvascular dysfunction

It has been hypothesized*? that arterial stiffness can also lead to microvascular
dysfunction and damage in other organs than the brain (generalized microvascular
dysfunction), and that this may explain the association between arterial stiffness and
different diseases, including peripheral neuropathy,”® type 2 diabetes** and
osteoporosis.*> However, evidence of an association between arterial stiffness and
markers of generalized microvascular dysfunction is lacking. The skin microcirculation is a
representative vascular bed to examine generalized microvascular phenomena.**8 In
chapter nine, we therefore investigated the association between arterial stiffness and skin
microvascular function. As it has been hypothesized that individuals with type 2 diabetes
are particularly prone to the detrimental effects of increased pressure and flow pulsatility
on the microcirculation, because type 2 diabetes is associated with increased
microvascular perfusion,?®4%°0 we additionally investigated whether any association
between stiffness and microvascular function is stronger in individuals with type 2
diabetes as compared to those without type 2 diabetes. However, in contrast to the above
hypothesis, the results of this chapter show that arterial stiffness is not associated with
skin microvascular function, irrespective of the presence of type 2 diabetes. This suggests
that arterial stiffness alone does not lead to generalized microvascular dysfunction.
Possibly, the microcirculation of most organs is able to protect itself against the
detrimental effects of increased arterial stiffness and pressure and flow pulsatility. This
may be due to the fact that most organs, with the exception of the brain and kidney, have
relatively high microvascular impedance.?® Therefore, most of the increased pulsatile
energy is dissipated by arteries and large arterioles proximal to the capillaries.

Pathophysiological model

Based on findings of the present thesis, we propose the following pathophysiological
model for the interrelated role of arterial stiffness and microvascular and endothelial
dysfunction in the pathogenesis cardiovascular disease, cognitive impairment and
depressive symptoms (see Figure 10.2). Endothelial dysfunction is associated with a
marked increased cardiovascular risk, particularly so in individuals with type 2 diabetes,
impaired glucose metabolism or insulin resistance. In addition, increased arterial stiffness
leads to an increased risk of cardiovascular events. Importantly, stiffness of elastic
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segments (e.g. the carotid artery and ascending aorta) and muscular segments (e.g. the
femoral artery and descending aorta) can lead to cardiovascular events independently of
each other via distinct pathways. Elastic stiffness is most strongly associated with stroke,
whereas muscular stiffness may be most strongly associated with coronary heart disease.
Furthermore, arterial stiffness leads to cerebral microvascular damage, which, in turn, can
lead to brain dysfunction. Brain dysfunction can manifest itself as cognitive impairment
and/or depressive symptoms. Finally, endothelial dysfunction leads to brain dysfunction.
This may be through multiple (partially interdependent) pathways, including impairment
of the process of neurogenesis, impaired cerebral blood flow regulation, blood-brain
barrier dysfunction and microvascular damage.

Arterial stiffness

Endothelial dysfunction Muscular segments Elastic segments

v

+ __DM2
A/ Cerebral microvascular

dysfunction and damage

CHD . . Stroke ¢

Brain dysfunction

Cardiovascular events

Cognitive impairment

>

Depressive symptoms

Figure 10.2. Proposed pathophysiological model for the role of arterial stiffness, microvascular
dysfunction and endothelial dysfunction in the pathogenesis of cardiovascular events, cognitive
impairment and depressive symptoms. DM2 = type 2 diabetes; CHD = coronary heart disease.

Methodological considerations

The findings of the present thesis need to be interpreted in light of its methodological
limitations. This thesis included a series of observational studies. Associations found in
such studies may be biased due to a number of factors, including confounding,
overadjustment, selection and information bias. For some observed associations, effect
sizes were relatively small. Although such small effects are typical for complex,
multifactorial diseases or symptoms, such as cardiovascular disease, cognitive impairment
and depressive symptoms,®>2 small effects are, in general, difficult to distinguish from
bias.>® Therefore, replication of these findings in other studies is necessary. Nevertheless,
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in the present thesis many efforts were done to increase the effect-to-bias ratio, or
credibility, of the observed associations.

Confounding bias

Confounding bias is the most important threat to the validity of observational studies.
Indeed, it is impossible to exclude the possibility of residual confounding in such studies.®
Nevertheless, each study used in the present thesis included an extensive characterization
of its participants, which enabled us to adjust for a series of potential confounders in the
statistical analysis. In addition, the individual participant data meta-analysis on the
association between carotid stiffness and incident cardiovascular events (chapter four)
allowed us to re-analyse data of existing studies. We were therefore able to adjust for
important potential confounders in each individual dataset. After adjustments, greater
carotid stiffness remained associated with a higher incidence of stroke. Furthermore, the
results of the systematic review in chapter five showed that in most previous studies the
association between greater arterial stiffness on the one hand and markers of cerebral
small vessel disease and cognitive impairment on the other remained after adjustment for
potential confounders.

Overadjustment bias

To limit the possibility of confounding bias, we adjusted for several potential confounders
in the statistical analyses. However, such adjustments may also lead to bias
(overadjustment bias).>* Indeed, some of the potential confounders adjusted for in the
analyses could, at the same time, be an intermediate factor (i.e. lay in the putative causal
pathway) and/or a proximal causal factor (i.e. prior to the determinant in the putative
causal pathway). For example, the association between arterial stiffness and
cardiovascular events was adjusted for the potential confounder blood pressure.
However, blood pressure can, at the same time, also be an intermediate factor (greater
arterial stiffness - higher blood pressure = cardiovascular events) or a proximal causal
factor (higher blood pressure - greater arterial stiffness - cardiovascular events). In
general, adjustment for any potential confounder or proximal causal factor is warranted.
However, adjustment for a variable that is, at the same time, an intermediate factor
would (inevitably) have led to an underestimation of the observed associations. Similarly,
adjustment for a proximal causal factor, when measured with a greater precision than the
determinant under study, would have led to an underestimation of the observed
associations.>®

Selection bias

Associations may be biased due to the procedures used to select participants, or factors
that influence study participation (selection bias).’® For most analyses, we excluded
participants with missing data (complete-case analyses). In each study, the number of
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participants with missing data was, however, relatively low. It is therefore unlikely that
exclusion of these participants has led to (substantial) bias. Furthermore, in chapters four
and six, we applied techniques of imputation (imputation by the expectation maximization
method and multiple imputation, respectively) to handle missing data. These techniques
can reduce bias and increase precision in the presence of any missing data.’® In addition,
survival bias (a special case of selection bias) may have affected our results, i.e. it is
probable that individuals whom died before the start of the studies were those with the
strongest association between vascular dysfunction on the one hand and cardiovascular
events, cognitive impairment or depressive symptoms on the other. This may be
particularly so for results obtained in The Hoorn and The AGES-Reykjavik Studies, because
these studies included relatively older individuals (mean study sample age was 67 and 75
years, respectively). Such survival bias would have led to an underestimation of the
observed associations.

Information bias: measures of vascular function

Non-differential and differential misclassification of individuals may have occurred due to
measurement error (information bias). Various measures of vascular function were used.
With regard to arterial stiffness, all cohort studies used in the present thesis included
measurements on carotid-femoral pulse wave velocity, which is considered the “gold
standard” measurement of arterial stiffness.?’ Furthermore, in The Hoorn Study (chapter
three) and most studies included in the meta-analysis on carotid stiffness (chapter four),
data on local arterial distensibility were obtained using a validated echotracking
ultrasonography technique.?°

With regard to endothelial dysfunction, a multi-marker approach was used (chapter
eight): an extensive set of biomarkers was determined, each reflecting a different facet of
endothelial dysfunction, and these biomarkers were summarized into an overall
endothelial dysfunction score.’’*® The biomarkers used were brachial artery flow-
mediated dilatation and multiple endothelial-derived circulating biomarkers, including
vascular cell adhesion molecule-1, intracellular adhesion molecule-1, endothelial selectin,
thrombomodulin and von Willebrand factor. The use of a multi-marker approach has the
important merits of statistical efficiency and reduction of the influence of (biological)
variability.>”*® Importantly, previous studies!**® have shown that such an overall
endothelial dysfunction score is strongly associated with a higher cardiovascular event
incidence and greater mortality risk. In chapter two, flow-mediated dilatation alone was
used to evaluate interaction, with regard to incident cardiovascular events, between
endothelial dysfunction and type 2 diabetes. Earlier studies'®'* that used circulating
endothelial-derived biomarkers to study this interaction found similar results.
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In addition, we evaluated the presence of microvascular dysfunction and damage in the
brain (MRI markers of cerebral small vessel disease) and skin (capillaroscopy and laser
Doppler flowmetry). Previous studies®®®® have demonstrated that MRI markers of cerebral
small vessel disease represent both abnormal cerebral microvascular function and
structure. In addition, the skin enables direct and non-invasive assessment of
microvascular function both at rest and during provocative stimuli. In the present thesis,
skin microvascular function was used as a proxy for generalized microvascular function.
Indeed, there is substantial evidence*®*® that the skin microcirculation is representative of
the microcirculation in general.

Information bias: cognitive impairment and depressive symptoms

The systematic review in chapter five showed that existing evidence of the association
between arterial stiffness and cognitive impairment is mainly based on studies that
evaluated cognitive impairment or subtle cognitive changes, but not dementia. In
addition, in the present thesis, depressive symptoms were assessed by questionnaire and
use of antidepressant medication, but not by a structured interview. Therefore, no
information was available on clinical depression. The investigation of cognitive impairment
or depressive symptoms is important as it contributes to the understanding of the
pathogenesis of dementia and clinical depression. However, such impairment or
symptoms do not necessarily reflect underlying disease or lead to future disease, and their
clinical value is currently not fully understood.’*%> Future studies are, therefore,
warranted to evaluate whether the observed associations for cognitive impairment and
depressive symptoms are also true for dementia and clinical depression. In addition, such
studies need to take into account different clinical manifestations of depression.
Depression disorders are heterogeneous in terms of symptoms, course and response to
treatment.®®®” Late-life depression associated with cerebral small vessel disease may be a
distinct subtype of depression.®® Indeed, some studies®®7? (but not all’>7%) found that
individuals with vascular-related depression as compared to those with nonvascular
depression more often had impairment of executive function and attention,®*”° loss of
motivation,%>7° and a worse response to antidepressant treatment.”>’2 In addition, it has
been argued’>’® that the association between cerebral small vessel disease and
depression may be (partially) attributable to apathy. Apathy overlaps with depression, but
may be a distinct syndrome,”” and this issue requires further study.

Temporality of the observed associations

Some chapters in this thesis included a cross-sectional data analysis, i.e. the chapters on
the association between arterial stiffness or endothelial dysfunction on the one hand and
depressive symptoms or skin microvascular function on the other (chapters seven to nine).
In addition, the systematic review in chapter five showed that most previous studies on
the association between arterial stiffness, cerebral small vessel disease and cognitive
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impairment were cross-sectional by design. We therefore cannot make any conclusions
about the temporality of these associations and this issue requires further study.

Future perspectives

The present thesis provides further evidence for a role of vascular dysfunction in the
pathogenesis of cardiovascular disease, cognitive impairment and depressive symptoms.
This identifies vascular dysfunction as an important target in the prevention and
treatment of these diseases or symptoms. Some of the associations were, however,
evaluated in cross-sectional studies only; longitudinal studies are, therefore, needed to
assess the temporality of these associations. Ideally, such studies should use an extensive
phenotyping approach with detailed measurements on the function and structure of the
(micro)vasculature as well as measurements on cardiac and cerebral function, including
assessment of dementia and (subtypes of) clinical depression. Such an approach will help
to further understand the complex associations between vascular dysfunction and
disease. In addition, new epidemiological techniques have become available for (etiologic)
observational research, including use of instrumental variables (e.g. Mendelian
randomization techniques’®), adjustment for time-dependent confounding,’® and
estimation of the potential impact of unmeasured confounders.®° These techniques may
help to further minimize the influence of bias in observational research. Finally, clinical
trials are warranted to identify successful (non)pharmacological treatment strategies to
counter the adverse effects of vascular dysfunction. Such trials are currently conducted?®;
their results are highly anticipated.
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Summary

Emerging evidence indicates that vascular dysfunction is an important pathway through
which ageing and other risk factors, such as type 2 diabetes and obesity, can cause
diseases of both the heart and brain. Vascular dysfunction includes dysfunction of large
arteries (due to arterial stiffness), the microcirculation (microvascular dysfunction) and
endothelium (endothelial dysfunction). The present thesis sought to further investigate, in
a series of epidemiological studies, the role of vascular dysfunction in the pathogenesis
cardiovascular disease, cognitive impairment and depressive symptoms.

Chapter one provides an overview of the underlying mechanisms of vascular dysfunction
and includes a description of the cohort studies used in the present thesis.

In chapter two, we showed the presence of interaction, i.e. synergy, with regard to
cardiovascular event risk, between, on the one hand, endothelial dysfunction, as defined
by impaired flow-mediated dilatation, and, on the other, type 2 diabetes, impaired
glucose metabolism and insulin resistance.

In chapter three, we showed that greater stiffness of the carotid and femoral arteries is
associated with a higher incidence of cardiovascular events and greater all-cause
mortality, independently of cardiovascular factors, and independently of other stiffness
indices, including carotid-femoral pulse wave velocity.

In chapter four, we did a systematic review and an aggregate data and an individual
participant data meta-analysis. We showed that greater carotid stiffness is associated with
a higher stroke incidence, but not with incident coronary heart disease events. The
association between carotid stiffness and incident stroke was independent of
cardiovascular risk factors, and independent of carotid-femoral pulse wave velocity. In
addition, we found that carotid stiffness modestly improves risk prediction of stroke
beyond Framingham stroke risk score factors and carotid-femoral pulse wave velocity.

In chapter five, we conducted a systematic review and an aggregate data meta-analysis
and we showed that a consistent association exists between greater arterial stiffness on
the one hand and markers of cerebral small vessel disease and cognitive impairment on
the other.

In chapter six, we found that various magnetic resonance imaging markers of baseline and
progression over time of cerebral small vessel disease are independently and strongly
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associated with a higher incidence of depressive symptoms. In addition, we showed that
cerebral small vessel disease in the deep brain region is, as compared to other regions,
more strongly associated with a higher incidence of depressive symptoms.

In chapter seven, we showed that greater arterial stiffness is associated with more
(severe) depressive symptoms and that this association is in part mediated by higher
white matter hyperintensity volume and subcortical infarcts.

In chapter eight, we found that endothelial dysfunction, as quantified by an array of
endothelial-derived circulating biomarkers and flow-mediated dilatation, is independently
associated with more (severe) depressive symptoms.

In chapter nine, we showed that arterial stiffness is not associated with skin microvascular
function, irrespective of the presence of type 2 diabetes.

Finally, in chapter ten we discussed the key findings of the present thesis and their clinical
implications. In addition, methodological considerations and directions for future research
were addressed.
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Nederlandstalige samenvatting

De levensverwachting in Nederland is in de afgelopen 100 jaar sterk verbeterd en zal nog
verder toenemen in de komende decennia. Veroudering geeft een verhoogde kans op het
krijgen van ziekten van het hart en de hersenen, zoals een hartinfarct, hartfalen en een
beroerte (ook wel hart- en vaatziekten genoemd) en dementie en depressie. De last van
deze ziekten is hoog, voor zowel patienten, mantelzorgers als de maatschappij. Het is
daarom belangrijk om de oorzaken van deze ziekten te onderzoeken. Zulke oorzaken zijn
mogelijke aangrijpingspunten voor nieuwe behandelingen. Eerder onderzoek laat zien dat
verslechterde functie van de vaten in het lichaam (vaatdisfunctie) mogelijk een centrale
rol inneemt bij het ontstaan van ziekten van het hart en de hersenen. Het doel van dit
proefschrift was om de rol van vaatdisfunctie verder te onderzoeken in het ontstaan van
hart- en vaatziekten, cognitieve disfunctie en depressieve klachten.

Wij hebben gekeken naar disfunctie van drie verschillende onderdelen van het vaatstelsel:
1) van de grote slagaders (disfunctie door vaatverstijving),
2) van de kleinste vaatjes in het lichaam - de microcirculatie (microvasculaire
disfunctie), en
3) van de laag cellen die de binnenkant vormt van alle bloedvaten - het endotheel
(endotheeldisfunctie).

Hier volgt eerst een beschrijving van de mechanismen waardoor vaatdisfunctie kan
bijdragen aan het ontstaan van hart- en vaatziekten, cognitieve disfunctie en depressieve
klachten. Daarna worden de belangrijkste bevindingen van dit proefschrift beschreven.
Voor dit proefschrift werd gebruik gemaakt van verschillende studies, uitgevoerd in grote
groepen mensen (epidemiologisch onderzoek).

Vaatdisfunctie als oorzaak van ziekten van het hart en de hersenen: onderliggende
mechanismen

Met de leeftijd en onder invloed van verschillende risicofactoren, zoals suikerziekte en
overgewicht, neemt de elasticiteit van bloedvaten af: er is sprake van vaatverstijving.
Vaatverstijving heeft een aantal schadelijke effecten. Het leidt tot veranderingen in de
bloeddruk: de bovendruk neemt toe, terwijl de onderdruk juist afneemt. Hierdoor neemt
het verschil tussen de boven- en onderdruk, de polsdruk, sterk toe. Deze verhoogde
polsdruk heeft als gevolg dat het hart veel harder moet werken om bloed door het
lichaam te pompen. Tegelijkertijd neemt de bloeddoorstroming van het hart af, omdat
deze afhankelijk is van de hoogte van de onderdruk. Door deze veranderingen ontstaat er
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zuurstoftekort van het hart en hartfalen. Daarnaast kan de verhoogde polsdruk
doordringen tot in de microcirculatie en daar schade toebrengen. De microcirculatie van
de hersenen is extra kwetsbaar voor deze verhoogde polsdruk. Microvasculaire disfunctie
in de hersenen kan leiden tot het optreden van beroertes, cognitieve disfunctie
(waaronder dementie) en mogelijk ook depressieve klachten.

Ook endotheeldisfunctie kan op verschillende manieren bijdragen aan het ontstaan van
ziekten van het hart en de hersenen. Endotheeldisfunctie is een oorzaak van
aderverkalking. Aderverkalking kan leiden afsluiting van de vaten rondom het hart en de
hersenen. Daarnaast leidt microvasculaire disfunctie en endotheeldisfunctie tot een
gestoorde regulatie van de bloeddoorstroming en tot lekkage van bloedvaten.

Belangrijkste bevindingen

Endotheeldisfunctie geeft een verhoogd risico op hart- en vaatziekten, vooral bij mensen
met suikerziekte

Eerder onderzoek heeft laten zien dat endotheeldisfunctie een hoger risico geeft op hart-
en vaatziekten. Er is gesuggereerd dat mensen met suikerziekte type 2 (type 2 diabetes)
extra gevoelig zijn voor de schadelijke effecten van endotheeldisfunctie, maar hiervoor
was tot nu toe onvoldoende bewijs. In dit proefschrift hebben wij dit onderzocht in de
Hoorn Studie, een onderzoek uitgevoerd in Hoorn. In deze studie zijn bij bijna 500
deelnemers metingen gedaan van de werking van het endotheel. Vervolgens is elke
deelnemer in de loop van de tijd gevolgd om te kijken of hij/zij een hart- of vaatziekte
kreeg. De resultaten lieten zien dat mensen met suikerziekte inderdaad extra gevoelig zijn:
bij deze mensen gaf een slechtere functie van het endotheel een veel hoger risico op het
krijgen van hart- en vaatziekten dan bij mensen zonder suikerziekte. Bovendien was dit
verhoogde risico al aanwezig bij mensen met een voorstadium van suikerziekte, ook wel
pre-diabetes genoemd. Een verklaring voor deze bevindingen is dat suikerziekte en
endotheeldisfunctie twee mechanismen zijn die elkaar kunnen versterken. Behalve dat
suikerziekte leidt tot endotheeldisfunctie, leidt endotheeldisfunctie ook tot suikerziekte.
Verbeteren van de werking van het endotheel is daarmee een belangrijk nieuw
aangrijpingspunt voor de behandeling gericht op het voorkomen van hart- en vaatziekten
bij mensen met suikerziekte.

Stijfheid van zowel de hals-, lies- als lichaamsslagader geeft een verhoogde kans op hart-
en vaatziekten

Eerder onderzoek heeft aangetoond dat mensen met toegenomen stijfheid van de
lichaamsslagader een hoger risico hebben op het krijgen van hart- en vaatziekten. Of
verstijving van andere slagaders dan de lichaamsslagader ook een verhoogd risico geeft,
was tot nu toe onduidelijk. In de Hoorn Studie konden we deze verbanden onderzoeken,
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omdat in deze studie ook de stijfheid van verschillende slagaders zijn gemeten met behulp
van echo onderzoek. De belangrijkste bevinding van deze studie was dat, naast verstijving
van de lichaamsslagader, ook verstijving van de hals- én liesslagader een verhoogd risico
geeft op het krijgen van hart- en vaatziekten. Interessant was dat dit verhoogde risico
bestond voor elke slagader, onafhankelijk of er sprake was van toegenomen stijfheid van
de andere slagaders. We hebben vervolgens de rol van verstijving van de halsslagader
verder onderzocht door gegevens te combineren van verschillende studies met in totaal
meer dan 4000 mensen. In deze studies bleek dat verstijving van de halsslagader vooral
het risico verhoogd op het krijgen van een beroerte. Deze resultaten suggereren dat
behandelingen gericht op verlaging van de stijfheid van verschillende vaten het optreden
van hart- en vaatziekten kunnen voorkomen. Bovendien kan het meten van de stijfheid
van de verschillende vaten mogelijk helpen om het risico van een persoon op het krijgen
van hart- en vaatziekten beter te voorspellen.

Vaatdisfunctie draagt bij aan het ontstaan van cognitieve disfunctie en depressieve
klachten

Eerder onderzoek suggereert dat vaatdisfunctie kan bijdragen aan het ontstaan van
verschillende hersenziekten, onder andere dementie en depressie. In dit proefschrift
hebben we deze relaties verder onderzocht. Een systematische literatuurstudie liet zien
dat eerdere studies inderdaad een relatie hebben gevonden tussen een verhoogde
vaatstijfheid enerzijds en de aanwezigheid van microvasculaire hersenschade en
cognitieve disfunctie anderzijds. Vervolgens hebben we onderzocht of microvasculaire
hersenschade ook leidt tot depressieve klachten. Dit hebben we onderzocht in de AGES-
Reykjavik Studie, een onderzoek uitgevoerd bij bijna 2000 oudere mensen in Reyjavik,
lJsland. In deze studie zijn hersenscans gemaakt om de aanwezigheid van microvasculaire
hersenschade vast te stellen. De resultaten lieten zien dat microvasculaire hersenschade
inderdaad een verhoogd risico geeft op het krijgen van depressieve klachten. Vooral
hersenschade gelokaliseerd in gebieden betrokken bij de regulatie van emotie en gevoel
(de diepe hersenstructuren) hing sterk samen met het krijgen van depressieve klachten. In
de AGES-Reykjavik Studie konden we ook de relatie onderzoeken tussen vaatstijfheid en
depressie. In deze studie was vaatstijfheid geassocieerd met de aanwezigheid van
depressieve klachten, en dit verband verliep deels via microvasculaire hersenschade. Ook
in de Hoorn Studie hebben we deze relaties onderzocht. In deze studie bleek dat ook
endotheeldisfunctie samenhangt met de aanwezigheid van meer en ernstigere depressive
klachten. Deze verschillende studies geven daarmee meer bewijs voor een rol van
vaatdisfunctie in het optreden van cognitieve disfunctie en depressieve klachten. Dit
betekent dat de behandeling gericht op verlaging van vaatstijfheid en verbetering van de
werking van de microcirculatie en het endotheel een rol kan spelen bij de preventie en
behandeling van dementie en depressie.
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De relatie tussen vaatstijfheid en microvasculaire disfunctie is geen universeel
fenomeen

Er is gesuggereerd dat vaatstijfheid ook microvasculaire disfunctie kan veroorzaken in
andere organen dan de hersenen (een universeel fenomeen). Met behulp van gegevens
van de Maastricht Studie, een groot onderzoek uitgevoerd in Maastricht, konden we dit
onderzoeken. In de Maastricht Studie zijn uitgebreide metingen gedaan van de
microcirculatie in de huid. Uit deze studie bleek echter dat vaatstijfheid niet geassocieerd
was met microvasculaire functie van de huid. Vervolgens hebben we deze relaties ook
onderzocht in de SUVIMAX2 Studie, een onderzoek uitgevoerd in Parijs. Ook in deze studie
was er geen verband tussen vaatstijfheid en microvasculaire functie gemeten in de huid.
Dit suggereert dat de relatie tussen vaatstijfheid en microvasculaire disfunctie geen
universeel fenomeen is. Het is waarschijnlijk dat vaatstijfheid alleen de microcirculatie
beschadigt in organen die hier extra kwetsbaar voor zijn, zoals de hersenen.

Conclusie

Dit proefschrift laat zien dat vaatdisfunctie een belangrijke rol speelt in het ontstaan van
hart- en vaatziekten, cognitieve disfunctie en depressieve klachten. In figuur 10.3 zijn de
belangrijkste bevindingen van dit proefschrift schematisch weergegeven. Op basis van
deze bevindingen kan vervolgonderzoek worden gedaan dat zich richt op de vraag of
behandeling van vaatdisfunctie inderdaad helpt om hart- en vaatziekten, dementie en
depressie te voorkomen.

Vaatstijfheid

Endotheeldisfunctie

halsslagader liesslagader lichaamsslagader

Suikerziekte ¢
/

Microvasculaire disfunctie en
schade in de hersenen

v

Disfunctie van de hersenen

Hart- en vaatziekten

»> Cognitieve disfunctie

Depressieve klachten

Figuur 11.1. Schematische weergave van de belangrijkste bevindingen van dit proefschrift.
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Valorization addendum

One of the main tasks of Universities is to ensure that research findings impact society, i.e.
valorization. This addendum discusses the valorization potential of several main findings
of the present thesis: the findings that vascular brain damage is an important risk factor
for late-life depression, and that arterial stiffness and microvascular and endothelial
dysfunction may lead to vascular brain damage.

Relevance of the findings

Life expectance in the Netherlands and much of the rest of the world has dramatically
increased and will continue to do so in the next decades. Depression and depressive
symptoms are often present in older individuals, and pose an enormous emotional and
economic burden to individuals, families and health care systems. There is, thus, a growing
need to understand their causes. The investigation of such causes will help to identify
targets for prevention and treatment of late-life depression. The present thesis strongly
suggests that damage of the small arteries in the brain (cerebral small vessel disease) is an
important risk factor for late-life depression. The underlying mechanism is that vascular
damage may lead to depression via disruption of brain structures involved in mood
regulation.

The identification of vascular brain damage as a potential cause of late-life depression will
have societal impact. Indeed, this finding suggests that efforts at favourably influencing
vascular damage can have significant public health implications via prevention and
treatment of depression. However, before this finding can be translated into treatment
strategies, further research is warranted. Currently, it is incompletely understood which
factors contribute to cerebral small vessel disease, and whether such factors can be
therapeutic targets for late-life depression. This addendum therefore includes a proposal
for further observational studies and clinical trials, and discusses how the findings of this
research can lead to new prevention and treatment strategies of depression.

Future research: observational studies

The findings presented in this thesis suggest that several (interrelated) processes may lead
to cerebral small vessel disease and depression, including arterial stiffness and
microvascular and endothelial dysfunction. These findings were, however, based on cross-
sectional studies. This precludes any conclusions about a temporal association of arterial
stiffness and microvascular and endothelial dysfunction to cerebral small vessel disease
and depression. Furthermore, in the present thesis information was available on
depressive symptoms only, but not on clinical depression. The investigation of depressive
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symptoms is important as it contributes to understanding the pathogenesis of depression.
However, depressive symptoms do not necessarily reflect underlying disease or lead to
future disease, and their clinical value is currently not fully understood. Future studies are,
therefore, warranted to evaluate whether the observed associations for depressive
symptoms are also true for clinical depression.

In view of the above, we propose to use cross-sectional and longitudinal data of The
Maastricht Study to evaluate the association between arterial stiffness and endothelial
and microvascular dysfunction on the one hand and cerebral small vessel disease and
depression on the other. The Maastricht Study is a large, longitudinal observational study
conducted in Maastricht and is expected to become one of the most extensive
phenotyping studies worldwide. The Maastricht Study focuses on the investigation of
causes of type 2 diabetes and other chronic diseases, including depression. The study uses
state-of-the-art imaging techniques and extensive biobanking to determine the health
status in a population-based cohort of 10,000 individuals that is enriched with individuals
with type 2 diabetes aged between 40 and 75 years. Enrolment of participants of The
Maastricht Study started in November 2010 and is anticipated be complete in the end of
2015 / beginning of 2016. After this period, a follow-up examination round will be done.
The results of cross-sectional and longitudinal data are expected to be available in 2016
and 2020, respectively. In this study, depressive symptoms and depression are evaluated
by questionnaire and by a structured interview conducted by trained investigators. In
addition, participants undergo a magnetic resonance imaging (MRI) investigation of the
brain to evaluate the presence of cerebral small vessel disease. Arterial stiffness, in turn, is
determined at different sites and segments, and with use of different techniques. These
include the determination of segmental aortic stiffness with use of carotid-femoral pulse
wave velocity, and assessment of local carotid, femoral and brachial artery stiffness by
vascular ultrasonography. In addition, detailed measurements are done of the function
and structure of the microvasculature and endothelium of both the skin (e.g.
capillaroscopy and Laser Doppler flowmetry) and retina (e.g. funduscopy and dynamic
retinal vessel analyzer). Furthermore, endothelial dysfunction is assessed by the
determination of endothelial-derived blood biomarkers.

An important merit of The Maastricht Study is the oversampling of individuals with type 2
diabetes. This allows investigating any potential contrast between individuals with and
without type 2 diabetes in the association between arterial stiffness and microvascular
and endothelial dysfunction and cerebral small vessel disease. Individuals with type 2
diabetes have a greatly increased risk of cerebral small vessel disease and depression,
possibly in part because these individuals may be particularly prone to the detrimental
effects of increased arterial stiffness on the cerebral vasculature. In the next years, we will
apply for research grants to conduct the research as outlined above.
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Future studies: randomized clinical trials

In addition to observational studies, future large (multi-centre) randomized clinical trials
are needed that evaluate the effects of favourably influencing arterial stiffness and
microvascular and endothelial dysfunction. Such trials need to take into account the
potential beneficial treatment effects on depression. For instance, depressive symptoms
can be used as a secondary end point and/or the effects of treatment on depressive
symptoms can be evaluated in a substudy of these trials. Several interventions are
available that have a favourable influence on arterial stiffness and endothelial and
microvascular dysfunction, including lifestyle modifications, such as weight loss, increased
physical activity and dietary modifications, and drugs, such as (long-term) blockade of
angiotensin receptor-1 antagonists and angiotensin receptor-2 agonists. These drugs may
lower arterial stiffness, possibly beyond any blood-pressure lowering effects. Currently, no
trials on arterial stiffness and microvascular and endothelial dysfunction take into account
depression or depressive symptoms. We will try to create awareness of this issue among
researchers in the field via publication of articles in peer-reviewed journals on this topic
and via presentations at scientific meetings, such as the meetings of the Artery Society
and the European Society of Hypertension.

New treatment strategies for late-life depression

Currently, treatment for almost all older patients with depression or depressive symptoms
includes antidepressant medication and/or psychotherapy. The findings of the present
thesis, if confirmed in The Maastricht Study and clinical trials, indicate that favourably
influencing arterial stiffness and microvascular and endothelial dysfunction are new
strategies for prevention and treatment of depression, in particular in older individuals. It
is, however, likely that only a subset of older patients with depression have vascular-
related disease. Determination of arterial stiffness (e.g. carotid-femoral pulse wave
velocity) or endothelial dysfunction (e.g. brachial artery flow-mediated dilatation) in older
patients may help to select these individuals, which could help guide treatment choices
and tailor interventions to the individual patient. Thereby, the identification and
treatment of vascular-related depression can be a first step toward personalized medicine
in (geriatric) psychiatry.






Dankwoord | 255

Dankwoord

Als u het hele proefschrift gelezen heeft (en waarom zou ik daaraan twijfelen) dan zal het
u niet verbazen dat dit proefschrift tot stand is gekomen door de inzet van velen. Graag
wil ik een aantal personen in het bijzonder bedanken.

Mijn promotor, prof. dr. C.D.A. Stehouwer.

Beste Coen, ik heb in de afgelopen vier jaar onzettend veel van je geleerd. Je
scherpe en glasheldere formuleringen (in manuscripten én emails én tijdens discussies),
betrouwbaarheid, hoge (wetenschappelijke) integriteit en streven naar perfectie werken
enorm inspirerend. Het is een grote eer om één van jouw promovendi te mogen zijn.

Mijn co-promotoren, dr. R.M.A. Henry en dr. M.T. Schram.

Beste Ronald, tijdens mijn promotie heb ik onze samenwerking als zeer waardevol
ervaren. Je positieve en constructieve houding en je enthousiasme voor de wetenschap
zijn aanstekelijk en onvervangbaar. Je “schrijfsessies” zijn inmiddels een begrip onder je
promovendi.

Beste Miranda, mede dankzij jou heb ik mij bij De Maastricht Studie altijd thuis
gevoeld. Je was altijd aanspreekbaar, beoordeelt manuscripten kritisch en regelt snel
praktische zaken.

De leden van de beoordelingscomissie.

Prof. dr. H.A.J. Struijker-Boudier, prof. dr. R.J. van Oostenbrugge, prof. dr.
B.W.J.H. penninx en dr. K.D. Reesink: bedankt voor het beoordelen van mijn proefschrift.
Dear prof. dr. J.K. Cruickshank, thank you for your participation in the Assessment
Committee of my thesis.

Alle medewerkers van De Maastricht Studie en de afdeling Interne Geneeskunde.

Mijn collega promovendi: allereerst Marcelle, José en Dennis. Jullie waren de
eerste promovendi bij De Maastricht Studie en hebben het meeste werk verricht om de
studie op gang te krijgen (ere wie ere toekomt!). Stefan en Pauline, mijn kamer- en
reisgenoten. Jullie zijn gezellige collega’s en goede vrienden! Yvo, dank voor alle
ontspanning naast het werk. Het was een luxe dat ik vaak bij jou en Lianneke
doordeweeks mocht aanschuiven aan tafel. Nordin, het is geweldig dat we op dezelfde
dag promoveren! Alle andere promovendi en postdocs, bedankt voor de gezellige en
leerzame tijd (in alfabetische volgorde): Bas, Ben, Dionne, Eline, Elisabeth, Fleur, Frank,
Jean, Jeroen, Julianne, Katrien, Kristiaan, Lian, Marja, Marnix, Nick, Olaf, Peggy, Remy,
Roel, Stijn, Teba en Veronica.
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Dr. A. Koster, beste Annemarie. Bedankt dat ik van je contacten gebruik mocht
maken om een stage in Amerika te regelen. Dat er nog vele gezellige etentjes met Daniella
en Marieke mogen volgen!

Prof. dr. N.C. Schaper, beste Nicolaas. Jij hebt in mijn studententijd mijn eerste
stappen op het wetenschappelijke viak begeleid, en bij mijn eerste stappen nu in de
kliniek voelt dat weer zo. Veel dank hiervoor.

Jos en Jeroen, de uitvoer en analyse van de vele echo-onderzoeken was (en is)
een enorme klus. Zonder jullie lukt het niet om deze klus gedaan te krijgen: bedankt voor
jullie onmisbare hulp.

Collega’s van de afdelingen Biomedische Technologie, Fysiologie en Radiologie:
prof. dr. A.P. Hoeks, prof. dr. R.S. Reneman, dr. K.D. Reesink en dr. E. Hermeling. Beste
Arnold, Robert, Koen en Evelien, jullie technische kennis is cruciaal voor het slagen van de
“vaattak” van De Maastricht Studie. Ik heb onze samenwerking de afgelopen jaren als zeer
prettig ervaren.

Dr. A.D. Protogerou, dear Athanase. | admire your enthusiasm for science and
your positive view (although the results are not always easy to grasp), and your great
ability to think out of the box. | am looking forward to continue our collaboration in the
future (the better navigation to “Ithaca” exists!).

Alle andere medewerkers van De Maastricht Studie en de afdeling Interne
Geneeskunde: bedankt voor de zeer prettige samenwerking.

All collaborators in the Netherlands and abroad.

If I have seen further than others, it is by standing upon the shoulders of giants (Isaac
Newton). During my PhD project, | was fortunate to work with top researchers in the field.
Prof. dr. S. Laurent, prof. dr. P. Boutouyrie, dr. G.F. Mitchell and dr. L.J. Launer: it was a
great honour for me to work with you.

I would like to express my gratitude to dr. L.J. Launer in particular. Dear Lenore, thank you
for giving me the opportunity to work in your lab for several months. It was a great
experience. You and all your colleagues at the National Institute on Aging (Tamara, Tad,
Jennifer, Robert, Ming, Julia, Melissa, Caroline, and, last but not least, llse) really made me
feel at home in Bethesda.

I would like to thank all other co-authors for their great inputs and collaborations:

prof. dr. J.M. Dekker, prof. dr. G. Nijpels, dr. M.C. Adriaanse, dr. T. Teerlink, dr. P.G.
Scheffer and prof. dr. F. Pouwer (The Hoorn Study); dr. S. Sigurdsson, prof. dr. M.A. van
Buchem, dr. P.V. Jonsson, dr. V. Gudnason, dr. A.S. Levey and dr. T.B. Harris (The AGES-
Reykjavik Study); S. Sedaghat, dr. M.A. Ikram, dr. M. Kavousi, dr. F. Mattace-Raso and prof.
dr. O.H. Franco (The Rotterdam Study); prof. dr. G.M. London and dr. B. Pannier (Paris);
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and prof. dr. S. Czernichow, prof. dr. J. Blacher, prof. dr. S. Hercberg and prof. dr. B.l. Levy
(The SUVIMAX2 Study).

Mijn nieuwe collega’s op de afdeling Interne Geneeskunde in het ziekenhuis wil ik
bedanken voor de zeer fijne samenwerking en begeleiding bij mijn eerste stappen in de
kliniek.

Mijn vrienden wil ik bedanken voor de vele gezellige momenten die we hebben gehad in
de afgelopen jaren. In het bijzonder Michiel, Steven, Marco, Jochem, Kees, Sinh, Cyriel en
Lennart. Dat er nog vele etentjes en vakanties mogen volgen!

Als laatste, de belangrijkste mensen in mijn leven.

Pap en mam, door jullie heb ik kunnen doen wat ik graag wil. Jullie zijn mijn grootste
voorbeeld. Pap, het allermooiste compliment dat ik kan krijgen, is als mensen zeggen dat
ik zoveel op jou lijk. Rinske en Aart Jan, jullie zijn de beste zus en broer van de wereld.
Robert en Eefje, jullie maken de familie compleet. Abel, Hanna, Rebecca en Charlotte, ik
ben heel erg trots op jullie!

Theo, Loes, Jasper, Becky, bedankt dat jullie mij in jullie familie hebben opgenomen.
Het voelt echt als een 2° thuis.

Marieke, het mooiste in het leven, dat ben jij! Bedankt voor alles.

Thomas
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Curriculum Vitae

Thomas Teije van Sloten was born on December 6, 1985 in The Hague, the Netherlands.
He graduated from secondary school in 2004 (VWO, Zandvliet college, The Hague, cum
laude). In the same year, he started his medical training at Maastricht University, and in
July 2010 he obtained his medical degree. Studying medicine, he was awarded several
times the top 3% student award (academic years 2007 to 2010; grant awarded to top 3%
students of the Faculty of Health, Medicine and Life Sciences). In August 2010, he started
his PhD research under supervision of Prof. Coen Stehouwer at the Department of Internal
Medicine of Maastricht University Medical Centre, within the CARIM School for
Cardiovascular Disease and the NUTRIM School for Nutrition, Toxicology and Metabolism.
In June 2013, he obtained a Master of Health Sciences in Clinical Epidemiology at VU
University, Amsterdam. During his PhD project, Thomas worked several months at the
National Institutes of Health / National Institute on Aging, Bethesda, Maryland, under
supervision of dr. Lenore Launer. From November 2014, Thomas has worked as a resident
Internal Medicine at Maastricht University Medical Centre.
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