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ABSTRACT
Atherosclerotic cardiovascular disease is the most common cause of death in the Western world
today. Atherosclerosis in the arterial wall is related to aging and the inflammatory and
calcification processes, and is influenced by risk factors such as smoking, male gender,
diabetes, hypertension, obesity, stress, inactivity, hyperlipidemia, and genetic factors. Adequate
diagnostic tools are needed for early detection and evaluation of treatment effects. The general
aim of this thesis was to evaluate new and more established noninvasive techniques for
measurement of arterial structure and function.
Methods: Study I measured carotid intima–media thickness (cIMT) in ultrasound recordings
from 99 participants without known cardiovascular disease and compared the results between
two semiautomated techniques: AMS and GE. In Study II aortic pulse wave velocity (PWVao)
and aortic augmentation index (AIxao) were measured with Arteriograph and SphygmoCor in
63 (20–69 years old) healthy participants and compared the results between the newer technique
and the more established technique. Study III evaluated the effects of vitamin D, parathyroid
hormone, and calcium levels on vascular structure and function measured by different
noninvasive techniques in 48 patients with mild primary hyperparathyroidism and 48 controls.
In Study IV we investigated the effects of gender, insulin resistance, and low-intensity physical
activity on vascular stiffness, structure, and function in 201 participants.
Results: The cIMT measured by GE was slightly but significantly higher than by AMS, but
these correlated well in subjects without known cardiovascular disease (Study I). The
Arteriograph gave higher PWVao values than the SphygmoCor, especially in women, while the
correlation for AIxao between the methods was excellent. Arterial stiffness measured with both
methods was related to age, cIMT and serum cholesterol level (Study II). PWVao, AIxao,
cIMT, and radial artery IMT were related to systolic blood pressure but not to vitamin D level.
(Study III). Greater arterial stiffness in women was indicated by AIxao, which was related to
systemic vascular resistance and exercise capacity. However, a 4-month program of lowintensity physical activity did not improve vascular variables, and there were no gender
differences in the responses to the exercise intervention (Study IV).
Conclusion: In follow-up studies and when evaluating treatment effects, it seems favourable
not to change the techniques used to measure cIMT and to estimate stiffness. Neither vitamin D
level nor low-intensity physical activity training influenced vascular morphology and function
as evaluated by the applied noninvasive techniques.

SAMMANFATTNING
Introduktion: Hjärt- och kärlsjukdom orsakad av åderförkalkning är den vanligaste
dödsorsaken i västvärlden idag. Åderförkalkning är relaterad till åldrande och inflammation i
artärväggen och påverkas av riskfaktorer som rökning, manligt kön, diabetes, högt blodtryck,
fetma, stress, inaktivitet, höga blodfetter och genetiska faktorer. Pålitliga metoder behövs för att
tidigt upptäcka förändringar i kärlväggen. Den övergripande målsättningen med studien var att
utvärdera nya och mer etablerade icke-invasiva tekniker för mätning av artärers struktur och
funktion.
Metod: I studie I jämförde vi två halv-automatiska tekniker, AMS och GE, för mätning av
halspulsåderns väggtjocklek (cIMT) på 99 deltagare utan känd hjärt-och kärl sjukdom. I studie
II jämfördes pulsvågens hastighet i aorta (PWVao) och pulsvågsförstärkningen i aorta (AIxao)
med Arteriograph och SphygmoCor på 63 friska personer mellan 20-69 år. I studie III
utvärderades eventuella effekter av D vitamin, parathormon och calcium nivåer på artärernas
struktur och funktion mätt som PWVao, AIxao, cIMT, gråskala i halspulsåderns vägg (cIMGSM) och väggtjockleken i handledsartären (IMTrad) på 48 patienter med mild primär
hyperparatyroidism. I studie IV undersökte vi effekten av fysisk aktivitet med stavgång, insulin
resistans och kön på artärernas struktur och funktion hos 201 deltagare.
Resultat: GE gav något högre (signifikant) värde på cIMT än AMS, men metoderna visade bra
korrelation med varandra (studie I). Arteriograph metoden mätte högre PWVao värden än
SphygmoCor, speciellt bland kvinnor. Metoderna korrelerade väl beträffande AIxao.
Artärstyvheten med de båda metoderna korrelerade till ålder, cIMT och serum kolesterol (studie
II). PWVao, AIXao, cIMT och IMTrad korrelerade till systoliskt blodtryck men inte till D
vitamin nivå (studie III). AIxao var högre hos kvinnor jämfört med män och korrelerade till
kärlresistans och arbetskapacitet. Vi fann ingen signifikant effekt på artärernas funktion eller
struktur eller någon skillnad mellan könen efter 4 månaders stavgång (studie IV).
Sammanfattning: Vid uppföljningsstudier och vid utvärdering av läkemedelseffekter är det en
fördel att inte växla metoder för mätning av cIMT och artärstyvhet. Varken D vitamin eller låg
fysisk aktivitet med stavgång påverkade artärers struktur eller funktion mätt med icke-invasiva
tekniker.
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1 LIST OF ABBREVIATIONS
1,25(OH)2D

1,25-dihydroxyvitamin D

25(OH)D

25-hydroxyvitamin D

AG

Arteriograph

ao

Aortic

AMS

Artery Measurement System

Apo

Apolipoprotein

AIx

Augmentation index

BMI

Body mass index

BSA

Body surface area

BP

Blood pressure

cSBP

Central systolic blood pressure

c

Carotid

CO

Cardiac output

Ca++

Ionized calcium

CCA

Common carotid artery

CV

Cardiovascular

DBP

Diastolic blood pressure

DVP

Digital volume pulse

ECG

Electrocardiogram

ECM

Extracellular matrix

GE

General Electric or ‘GE IMT analysis package’

GFR

Glomerular filtration rate

GSM

Gray-scale median

HR

Heart rate

hs-CRP

High-sensitivity C-reactive protein

IGF-1

Insulin-like growth factor 1

IGT

Impaired glucose tolerance

IM

Intima–media

IMT

Intima–media thickness

IMTrad

Intima-media thickness of the radial artery

LD

Lumen diameter
1

LDrad

Lumen diameter of the radial artery

LDL

Low-density lipoprotein

LV

Left ventricular

LVOT

Left ventriculara outflow tract

MAP

Mean arterial pressure

NGSP

National Glycohemoglobin Standardization Program

NGT

Normal glucose tolerance

NO

Nitric oxide

NOS

Nitric oxide synthase

OxLDL

Oxidized LDL

pHPT

Primary hyperparathyroidism

PP

Pulse pressure

PTH

Parathyroid hormone

PTX

Parathyroid adenomectomy

PWA

Pulse wave analysis

PWV

Pulse wave velocity

RI

Reflection index

ROI

Region of interest

ROS

Reactive oxygen species

SC

SphygmoCor

SBP

Systolic blood pressure

SD

Standard deviation

SI

Stiffness index

St-PWVao

Standardized aortic pulse wave velocity

SV

Stroke volume

T2DM

Type 2 diabetes mellitus

TG

Triglyceride

VTI

Velocity time integral

VWF

Von Willebrand factor

V
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2 INTRODUCTION
2.1

BACKGROUND

Atherosclerotic cardiovascular (CV) diseases such as myocardial infarction, angina pectoris,
stroke, and peripheral artery diseases are the most common causes of death in the world today.13

In Sweden, 42% of all deaths are caused by CV diseases. The atherosclerotic process is

progressive and may begin early in life.4-6 Cigarette smoking, male gender, diabetes mellitus,
hypertension, obesity, stress, inactivity, elevated cholesterol level, and genetic factors have been
identified as risk factors associated with adverse outcomes.7-10 The atherosclerotic process in the
arterial wall reflects both normal aging and, importantly, the risk factors mentioned above.

Figure 1. Schematic illustration of the normal arterial wall showing the tunica intima, tunica media,
and the outer wall layer tunica externa/adventitia. This illustration by Bruce Blaus is used with
permission from the Wikimedia OTRS system, http://en.wikipedia.org/ wiki/File:Blausen_0055 _Artery
WallStructure.png
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2.2

THE ARTERIAL WALL STRUCTURE AND FUNCTION

The arterial wall comprises the tunica intima, tunica media, and tunica externa/adventitia
(Figure 1). The tunica intima is composed of endothelial cells, extracellular matrix (ECM),11
and the internal elastic membrane. Nitric oxide (NO) is produced in the endothelial cells from Larginine by activity of the enzyme NO synthase (NOS)12 and relaxes smooth muscle cells. 13, 14
The tunica media comprises smooth muscle cells, which contract and maintain the tone of the
arterial wall. The tunica media also contains ECM comprised of proteoglycans, elastin, and
collagen.15 The outer layer, the tunica adventitia, consists mainly of collagen and the vasa
vasorum, which supplies the arterial wall with blood. Collagen and elastin provide structural
integrity and elasticity, and are regulated by matrix metalloproteases.16 The normal process of
aging reduces elastin content and increases collagen content, causing an imbalance between the
elastin/collagen distribution and fracture of elastin lamellae, a process that leads to the loss of
elasticity in the elastic arterial wall and increased arterial diameter and intima–media thickness
(IMT).17, 18 These changes of dilatation and decreased distensibility lead to further structural
changes19 caused by local inflammation, infiltration of vascular smooth muscle cells and
macrophages, fibrosis, focal necrosis of media smooth muscle cells, and calcification.18
Through these processes, the IMT triples between ages 20 and 90 years.18 Thus, arterial
stiffening has a multifactorial origin in the three layers of the arterial wall and from extrinsic
influences (Figure 2).16

Figure 2. Multiple
causes of arterial
stiffness and their
locations. Used with
permission from
Wolters Kluwer
Health.16
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Table 1. Vascular variables
Shear stress

The frictional force per unit area resulting from
blood flow. Shear stress = (4 x blood viscocity x
blood flow)/ (π x radius3). 20

Carotid intima–media thickness (cIMT), mm

The thickness of the intima and media of the
carotid artery, measured by ultrasound.21

Carotid intima media gray-scale median (cIM- The degree of whiteness (echogenicity) or
GSM)
blackness (echolucency) in the intima and media of
the common carotid artery wall.22, 23
Arterial stiffness

Aortic pulse wave velocity (PWVao), m/s

Arterial stiffness can be measured e.g. in terms of
PWV or carotid distensibility (see below), 24 and is
influenced by normal aging and atherosclerosis.4-6
PWV = distance / TT. PWVao is considered a
reference measure of arterial stiffness. Transit time
(TT) is time for the pulse wave from the upper
aorta to the femoral artery and corresponding
distance.25

Augmentation index (AIx), %

AIx = (P2 – P1) / PP; where P1 is the systolic and
P2 the reflected pulse wave peaks.25

Pulse pressure (PP), mmHg

The difference between systolic and diastolic
blood pressure.

Stiffness index (SI), m/s

SI = subject’s height / time between the first
systolic wave and the reflected wave; influenced
by stiffness in small arteries in the finger, and by
large artery stiffness.26, 27

Reflection index (RI), %

RI = reflected wave / first systolic wave. The RI is
a measure of vascular tone of small arteries.26, 27

Arterial compliance (AC), m3/mmHg

AC = V / P,28 expressing change in blood
volume (V) due to a given change in arterial
blood pressure (P).

Strain, %

Strain = 100  (diameter in systole – diameter in
diastole) / diameter in diastole.17

Carotid arterial stiffness, CCA

Calculated as ln(systolic blood pressure / diastolic
blood pressure) / CCA strain.17

Carotid distensibility, (CD)

CD coefficient = 2D / (D x PP); where D is enddiastolic carotid diameter, D absolute systolic
change. 24, 29
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Different variables used to describe vascular function are shown in Table 1. Arterial stiffness
depends on the compliance of the arterial wall and is recognized as a major factor associated
with CV events.30,

31

Stiff arteries cause increased blood pressure and a faster pulse wave

velocity (PWV) and reflection of the pulse wave from arterial bifurcations and the peripheral
arterial tree.

In addition to transporting oxygen and nutrients to the cells, an important arterial function is
reduction of the oscillation pressure, caused by the left ventricular (LV) contraction and ejection
of stroke volume (SV), so that the capillary blood flow is almost continuous. The dampening of
the pressure is enabled by the viscoelastic properties of the arterial wall.32 Arterial stiffness can
be evaluated from the velocity of the arterial pulse waves; i.e. PWV. Arterial pulse waves are
generated during LV contraction. The ejected SV forms the early pulse wave, and the second
pulse wave is generated by the returning pulse wave from the periphery. The difference between
the first and reflected pulse waves is called augmentation. Stiffer arteries increase the
augmentation and augmentation index (AIx), which is calculated from the relationship between
augmentation and pulse pressure (PP). Stiffness and reflection of the pulse wave can also be
measured in small arteries by the stiffness index (SI) and reflection index (RI). Structural
changes in the arterial wall can be measured locally by ultrasound techniques in terms of IMT,
echogenicity of the intima–media complex, and functional changes such as arterial stiffness. In
addition to its important effect on IMT, age is a major factor affecting arterial stiffness.18 At a
younger age, the greater arterial compliance leads to low pulse pressure and the reflected wave
reaches the heart in diastole, which increases coronary blood flow. The aging process in the
arteries leads to increased PWVao (Figure 3), and early wave reflection followed by increased
systolic blood pressure (SBP) and decreased diastolic blood pressure (DBP). The left ventricle
responds to the increased afterload with hypertrophy and increased oxygen demand, and
consequently an increased risk of development of myocardial ischemia and LV failure.19, 33

6

Figure 3. Reference values for pulse wave velocity (PWV) measured using the SphygmoCor in 998
healthy subjects aged 20–90 years. This illustration by Carmel M. McEniery is used with permission
from the Elsevier system, Journal of the American College of Cardiology, 2005. 34

2.3
2.3.1

FACTORS INFLUENCING ARTERIAL FUNCTION
Atherosclerosis, lipids, and inflammation

The atherosclerosis process causes an increase in IMT, which gradually develops as plaque that
is often found in the outer walls of vessel bifurcations.20 Chronic inflammation is an important
factor in the atherosclerosis process.35 Proinflammatory cytokines are low molecular weight
proteins comprising >100 secreted factors that are important for the inflammatory and immune
responses.36 Cytokines can alter endothelial function in the early stages of arteriosclerosis.36
Low-density lipoprotein (LDL) contributes to the inflammatory process at an early stage of the
atherosclerotic process.5 LDL in the tunica intima combines with proteoglycans and undergoes
oxidation to oxidized LDL (oxLDL). OxLDL is inflammatory by its ability to activate T cells,
monocytes/macrophages, and endothelial cells in humans.37-39
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2.3.2

Hypertension, shear stress, and oxidative stress

Shear stress is caused by friction between blood flow and endothelial cells. Vessel regions that
are exposed to laminar blood flow and greater shear stress remain relatively disease free.20
Disturbed flow, such as flow turbulence in the artery, causes low shear stress. The magnitude
of shear stress can be estimated by including blood flow, radius of the vessel wall, and blood
viscosity in the calculation. Low shear stress <4 dyne/cm2 occurs frequently at atherosclerotic
sites20 and correlates with increased carotid IMT (cIMT) in healthy males.40, 41 Stimuli such as
increased blood pressure can cause turbulence in the arterial tree branches and altered shear
stress, which affects NO production in endothelial cells. NOS uncoupling contributes to agerelated endothelial dysfunction, increased vascular stiffness, and atherosclerosis, which in turn
lead to increased PWV.18 Oxidative stress is another factor that influences the progress of
atherosclerosis. Reactive oxygen species (ROS) are produced through cell metabolism.
Oxidative stress is caused by an imbalance between ROS and antioxidant defenses. This
imbalance induces endothelial dysfunction and is believed to contribute to the progression of
atherosclerosis.42 Dyslipidemia, oxidative stress, and inflammation are important CV risk
factors that influence the atherosclerosis process and are associated with the echolucency of the
carotid intima–media complex.43
2.3.3

Vitamin D deficiency, parathyroid hormone, and calcium

Low vitamin D (25-hydroxyvitamin D, 25(OH)D) and high circulating parathyroid hormone
(PTH) and calcium levels are associated with increased CV risk in the general population.

44-47

Increased CV mortality is associated with high parathyroid hormone (PTH) level in the general
population and in patients with coronary disease.48,

49

Other recent studies have not found a

relationship between low 25(OH)D level and all-cause mortality in elderly men.50 Thus, there
are still unresolved issues concerning the importance of vitamin D as a key factor for vascular
integrity.

The possible association of vitamin D deficiency with CV risk is intriguing and has attracted
considerable interest.44-47, 51, 52 Low vitamin D level and high levels of PTH and calcium are
characteristic of primary hyperparathyroidism (pHPT),53 which may provide a suitable model
for examining the relationships of these circulating factors with CV function. pHPT is a
common endocrine disorder caused by a single adenoma in 80–85% of patients or by multiple
adenomas in 15–20% of patients. Premature death due to cardiovascular or malignant disease
8

has been noted in a long-term study.54 Increased cIMT,55, 56 elevated SBP, higher prevalence of
metabolic syndrome,57 and increased PWV58 are CV risk factors associated with pHPT.
Nowadays, pHPT is often diagnosed early without classical symptoms and is defined as mild
pHPT.

PTH is secreted as a polypeptide by the parathyroid cells of the parathyroid gland. It increases
the concentration of calcium in the blood by acting upon the PTH receptors 1 and 2. PTH
regulates the serum calcium level by increasing the release of calcium from the bones. Calcium
is the most essential mineral in the human body, and most of the body’s calcium is stored in the
skeleton. The blood calcium level is regulated by PTH, calcitonin, and cholecalciferol (1,25dihydroxyvitamin D3, 1,25(OH)2D). High serum calcium level is associated with increased
mortality59 and is a risk factor for myocardial infarction and carotid plaque thickness,
suggesting that extracellular calcium level is important in the atherosclerotic process.60, 61 The
body exposure to sunlight increases the synthesis of cholesterol to vitamin D3. Vitamin D3 can
also be found in some foods such as fatty fish, liver, and dairy products. Vitamin D3 is
converted to 25(OH)D in the liver and to its biologically active form 1,25(OH)2D in the kidney.
Vitamin D deficiency is common in patients with pHPT53 and is associated with CV disease in
the general population.62 The exact causal link between vitamin D and pHPT is unclear,
although one possible explanation is that chronic vitamin D deficiency stimulates the
parathyroid glands and leads to adenoma growth.63 The expert guidelines state that the
25(OH)D level should be assessed if pHPT is suspected and that a serum level <50 nmol/L
should be corrected.64

2.3.4

Glucose metabolism and physical activity

Diabetes is an increasing global problem, and 1–2% of the European population exhibit
diabetes. Type 2 diabetes mellitus (T2DM) is the most common type of diabetes; it represents
about 80% of diabetes cases in European countries, and is associated with increased CV
mortality.

65, 66

T2DM is characterized by disturbances in insulin action and insulin secretion,

and usually occurs in middle-aged people and in those who are overweight and physically
inactive.67, 68 Insulin is synthesized in and secreted by the  cells within the islets of Langerhans
in the pancreas. The pathogenesis involves a combination of insufficient insulin secretion and
resistance to the metabolic effects of insulin in various tissues such as skeletal muscle, liver, and
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fat cells.69 Physical activity has been reported to reduce the CV risk in patients with T2DM.70
Increased intensity and volume of physical activity have been reported to be associated with
reduced mortality risk in healthy middle-aged men and women,71 and low physical activity
levels are an important risk factor for all-cause mortality.72 The inflammatory mechanisms play
a crucial role in the pathogenesis of T2DM.73 It has been proposed that regular physical activity
can improve the function of the aging endothelium by modulating oxidative stress and
inflammatory processes.74 However, a recent report on obese individuals with T2DM
randomized to lifestyle intervention with reduced caloric intake and increased physical activity
did not indicate a reduced incidence of CV events.75

2.4

ULTRASONIC IMAGING OF ARTERIAL STRUCTURE AND FUNCTION

The use of ultrasonography to measure the IMT of the arterial wall was first reported in 1986.76
The ultrasound technique for imaging tissues is well established, and the arterial wall can be
measured locally in different vascular territories. Briefly, the ultrasound transducer comprises
piezoelectric crystals that vibrate when exposed to electrical impulses and generate sound
waves. When the sound waves reach the interfaces where the acoustic impedance differs (e.g.,
between blood and the vessel wall), sound waves are reflected back to the transducer, which
also functions as a receiver. The depth the signal reaches before it is reflected back is
proportional to the return time, and an image can be generated in which the pixel intensity is
proportional to the amount of returning sound waves at a given moment. The typical frequency
for carotid transducers is 8–12 MHz, and ultrahigh-frequency transducers of 30–70 MHz may
allow extreme resolution in small arteries.
2.4.1

Intima–media thickness (IMT) in the common carotid artery

The cIMT can be measured manually or with a semiautomated system and analysis software.
The cIMT is usually measured from a 10-mm-long segment proximal to the carotid bulb and
according to the leading edge principle (Figure 4).21 An increased cIMT represents an early
stage of atherosclerosis,77 and measurements of cIMT are used in early studies of
atherosclerosis.76 Increased cIMT is associated with morbidity caused by CV events such as
stroke, myocardial infarction, and heart failure

78-81

. Therefore, measurement of cIMT is

suggested as a complement to conventional CV risk factor analysis.82
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Increased cIMT has also been reported in patients with pHPT.55,

56

Attenuation of the

progression of the increase in cIMT has been found after aerobic exercise training in T2DM
patients.83

Figure 4. 2D image of the right common carotid artery obtained by ultrasound. Black color represents
the blood. The red box in the far wall represents the IMT. The blue lines indicate the length of the region
of interest (10 mm) and the green lines the intima–media in the near wall (not used in our studies).

Figure 5. 2D image of the right radial artery obtained by high-frequency ultrasound. The black color
represents the blood. The green mark represents the IMT.
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2.4.2

Intima–media thickness (IMT) in the radial artery

High-resolution ultrasound enabling the study of small peripheral arteries with frequencies
around 30-70 MHz has been introduced recently.84 The radial artery IMT (IMTrad) can be
measured by high-resolution ultrasound according to the leading edge principle,21 and thickness
of the intimal layer of the radial artery is associated with hypertension85 and CV events.86, 87 An
example of radial artery measurement of the IMT in the far wall is shown in Figure 5.

Figure 6. Echogenicity measurement (cIM-GSM) in the intima–media of the far wall of the CCA. The
histogram (grey scale on horizontal axis and number of pixels on vertical axis) shows the amount of
echolucent and gray structure in the intima–media; no echogenic structure is detected in this image. The
IM-GSM is measured from a scale of 256 pixels, ranging from 0 (black) to 255 (white), and the values
are shown as median gray. The adventitia is used as the reference for white and the blood as the
reference for black. A whiter IM-GSM shows more echogenic tissue, whereas a darker IM-GSM shows
a more echolucent tissue. The echolucency of the carotid intima–media is related to CV risk factors such
as dyslipidemia and inflammation, 43 and to older age, high body mass index (BMI), hypertension, and
low HDL cholesterol level. 88
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2.4.3

Echogenicity in the common carotid artery

A new method that evaluates the echogenicity of the intima–media has been developed for
assessment of plaque in the common carotid artery (CCA).23 The echogenicity is expressed as
the carotid intima–media gray-scale median (cIM-GSM) and is measured in the intima–media
complex of the far arterial wall (Figure 6).
2.4.4

Arterial stiffness in the common carotid artery (CCA)

Arterial stiffness can be measured locally in the CCA. The diameter changes in systole and
diastole can be measured in M-mode. In an M-mode image, the time of events and the distances
can be measured (Figure 7). The relative diameter changes with pulsations in the CCA is
described as strain and is expressed as a percentage. Carotid stiffness CCA, as defined in
Table 1, is calculated in a modified equation based on the observed linear relationship between
the natural logarithm (ln) of relative pressure and strain.17

Figure 7. M-mode image of the right common carotid artery. Cyclic changes in the diameter between
systole and diastole are seen. The green lines show the minimal lumen diameter at the R-wave of the
ECG (1) and the maximal lumen diameter at the peak of the T-wave of the ECG (2).

13

2.5

ARTERIAL STIFFNESS MEASURED BY NONINVASIVE PULSE WAVE
METHODS

Around 1860, Marey designed the Sphygmograph, a recorder of radial artery pulse (described
in La circulation du sang, 1881). The Sphygmograph device recorded the radial pulse wave and
could print the pulse wave with a mechanical transmission to a rotating cylinder (Figure 8). The
Sphygmograph was used in early studies of artery-dilating drugs such as nitroglycerine.89, 90 In
1896, Riva-Rocci proposed a method for noninvasive measurement of SBP.91 In 1905,
Korotkoff introduced the auscultatory noninvasive blood pressure method we use today. With a
cuff placed on the upper arm and a stethoscope over the brachial artery, SBP and DBP are
obtained by listening to the distinctive arterial sounds.92 Pulse wave recordings with the
photoplethysmographic method were introduced in 1937 by Hertzman, and contour analysis of
the digital volume pulse (DVP) was initiated by Dillon and Hertzman in 1941.27

The arterial stiffness expressed as PWVao and aortic AIx (AIxao), and central SBP (cSBP) can
be measured noninvasively by different technologies. Examples of such are the ‘SphygmoCor’,
which uses applanation tonometry with a connected electrocardiogram, and the ‘Arteriograph’,
which uses an oscillometric method with the brachial cuff connected to a high-fidelity pressure
sensor. The SI and RI can be measured by ‘Pulse Trace’, which uses photoplethysmography.
See more detailed description of Sphygmocor, Arteriograph and Pulse Treace below.

Figure 8. Illustration of the Sphygmograph by Marey. The pressure to the artery was regulated with a
screw. The registration unit recorded the blood pressure wave forms. This image is in the public domain
due to its age.
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The speed of the pulse wave, PWV, is a measure of arterial stiffness, and the pulse wave travels
faster with decreased distensibility of the arterial wall. As mentioned previously, the PWVao
increases slowly with age, more so in older people, whereas the increase in AIxao is more
pronounced at younger ages, suggesting that AIxao is a more sensitive marker of arterial
stiffening and risk in the young and that PWVao is a better measure in older individuals.34

The AIx is affected by the speed of the pulse wave propagation, LV function, the Windkessel
effect, body height (length of aorta), gender, heart rate, and attenuation of the pressure wave
along the arterial tree.93, 94 The estimation of cSBP is generated from the radial artery wave form
using a validated transfer function.95,96 At a young age, the cSBP is lower than the peripheral
blood pressure; however, at an older age, the cSBP increases because of the stiffer aortic walls
with more collagen and less elastin.97

The principle of the tonometric and oscillometric techniques is the generation of two systolic
peaks. First, there is an early systolic pressure peak (P1) created by the ejection of the blood
volume from the left ventricle into the aorta. The pressure wave is transmitted to the lower part
of the body, and the reflected wave from the peripheral arteries generates the late systolic peak
(P2). A third peak (P3) is generated when the returning wave meets the closed aortic valve.
2.5.1

Tonometric method

In the 1990s, O’Rourke introduced the tonometric SphygmoCor technique (Figure 9) to study
the augmentation of the returning pulse wave, and later PWV.98 The principle of the
SphygmoCor is pulse recording using a sensitive pressure sensor, 0.5 mm in diameter. The
pulse wave is recorded by compression of the artery against the bone, with the sensor gently
pressed downward enough to flatten the artery. The tonometric method determines the PWVao
from pulse wave recordings obtained at two sites—the carotid and femoral arteries—and the
electrocardiogram (ECG) provides a time reference. Measures of pulse waves obtained in the
carotid and femoral arteries are shown in Figure 10.

The AIxao (%) is defined as the difference between the second (P2) and the first (P1) peaks of
the central aortic wave form and is expressed as a percentage of PP. The radial augmentation
index (AIxrad, %) is calculated as 100  (P2 – DBP) / (P1 – DBP). The central or aortic SBP is
calculated from the P2 of the radial pulse wave (Figure 11).
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Figure 9. SphygmoCor equipment connected to a computer with the tonometer in front.

Figure 10. Pulse waves in the carotid and femoral arteries obtained by the SphygmoCor.
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Figure 11. Pulse waves in the radial artery and aorta obtained by the SphygmoCor. The early systolic
pressure wave (P1), the late (reflected) systolic pressure wave (P2), and the diastolic (reflected) pressure
wave (P3) are shown.

2.5.2

Oscillometric method

The Arteriograph (TensioMed Kft., Budapest, Hungary) is a new technique invented around
2005 by Dr. Miklós Illyés (Figure 12).

Figure 12. Arteriograph with the cuff on the arm connected to the receptor which is connected to the
computer via an infrared communication. The oscillometric method estimates PWV, Aix and cSBP from
the pulse curve obtained during cuff occlusion of the brachial artery.
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The blood pressure is measured at the first inflation of the cuff. Thereafter, volume and pressure
changes from the cuff are detected when the cuff is inflated to a pressure of 35 mmHg above the
SBP. The weak pressure and volume variations in the cuff are received by a pressure receptor
and transferred via an IR port to the computer, which calculates AIx, PWV, and cSBP. Pulse
waves from a patient with normal blood pressure are shown in Figure 13A and a patient with
hypertension in Figure 13B.

Figure 13A. Measurements by the Arteriograph in a patient with normal blood pressure.

Figure 13B. Measurements by the Arteriograph in a patient with hypertension.
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2.5.3

Photoplethysmographic method

The photoplethysmographic technique by Pulse Trace (Figure 14), which measures DVP, is
based on the transmission of infrared light, usually at 940 nm, through the finger pulp, where
the amount of light transmitted through the finger is proportional to the blood volume.26, 27 The
infrared light provides pulsatile signals. The finger clip includes an infrared light-emitting diode
and a photodiode. The photodiode measures the emitted infrared light through the fingertip.

The first peak of the pulse wave is caused by the ejection of the blood volume from the left
ventricle to the finger, where it is reflected back to the aorta and then to the finger, creating a
second peak (Figure 14). Earlier studies have shown a relationship between RI and age,99 and
RI and blood pressure.100 However, PWV and measures by photoplethysmography seem to
correlate weakly with each other.100, 101

Figure 14. Photoplethysmograph
with a light-emitting diode and
sensor within a finger clip.
This illustration by Sandrine C.
Millasseau27 is used with
permission from the Journal of
Hypertension, 2006.
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3 AIMS
The general aim of this thesis is to evaluate both new and more established noninvasive
techniques for the measurement of arterial structure and function.

Specific aims:


To study two semiautomated techniques for measurement of the cIMT (Study I).



To compare two noninvasive techniques for recording of pulse waves and measurement of
PWV and AIx and their relationship to the cIMT in healthy people (Study II).



To study whether vascular structure and function are influenced by PTH, calcium, and
vitamin D levels in patients with mild pHPT without CV risk factors before and after
parathyroidectomy in comparison with healthy subjects (Study III).



To study the influence of gender and physical activity on vascular structure and function in
people with normal or impaired glucose tolerance or T2DM (Study IV).
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4 METHODS
4.1

MATERIALS AND STUDY DESIGN

All studies were approved by the Regional Ethics Review Board of the Karolinska Institutet,
Stockholm, Sweden, and all participants gave their written informed consent.

Participants in Studies I–III were examined after an overnight fast and in Study IV after a 4hour fast. Height and weight were measured immediately before the noninvasive investigations.
A schematic overview of the four Studies, with the study titles and numbers of participants
included in the studies, is given in Figure 15.

Study I
Forty-eight patients with mild pHPT without know CV disease and 51 healthy controls were
included. The patients were recruited consecutively from referrals for parathyroid surgery
caused by mild pHPT at the Karolinska University Hospital in Stockholm, Sweden, from
January 2006 to November 2008; the patients were recruited primarily for Study III. A healthy
control group of people matched by age, gender, and geographic area was randomly selected
from the population registry of the city of Stockholm.

Study II
Sixty-three healthy nonsmoking participants, aged 20–69 years (42 women) were included in
this study. They were selected from the population registry of the city of Stockholm or recruited
by local advertisement at the Karolinska Institutet.

Study III
In this prospective case–control study, 410 patients (319 women) with pHPT who had been
accepted for parathyroid adenomectomy (PTX) were evaluated consecutively for possible
participation between January 2006 and November 2008. The inclusion criteria were age >18
but <70 years; BMI <28 kg/m2; calcium <3.0 mmol/L; no diagnosed hypertension, diabetes
mellitus, or renal diseases; no current smoking; and no medication affecting the CV system.
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Fifty-three patients with mild pHPT were included consecutively in the study. Five patients
were excluded: one patient because of a later finding of familial hypocalciuric hypercalcemia,
two men because they were taking lipid-lowering medication, one woman who regretted her
decision to undergo PTX, and one man because of the loss of carotid image due to storage
failure.

A healthy control group, matched by age, gender, and geographic area, was randomly selected
from the population registry of the city of Stockholm. They received a mailed invitation to
participate in the study and were recruited if they had normal calcium and PTH levels, and
fulfilled the inclusion criteria listed above. Two subjects were excluded from participation
because of hypertension and high PTH level. Finally, 48 pHPT patients (13 men, 35 women)
and 48 healthy controls (13 men, 35 women) were included in the study.

Baseline vascular values (PWVao, AIxao, IMTrad, cIMT, and cIM-GSM) in the pHPT patients
were measured and compared with those in healthy controls. The vascular effects of
normalizing PTH, calcium, and vitamin D after PTX were studied in the pHPT patients.

Study IV
Two hundred twelve participants were included in a randomized controlled study performed at
the primary health care center at Gustavsberg, Stockholm County, Sweden, and at the
Department of Clinical Physiology, Karolinska University Hospital, Stockholm, during the
years 2006 to 2008.
The inclusion criteria were age 45–69 years, BMI >25 kg/m2, and HbA1c level for those with
T2DM between 7.4% and 9.3% (National Glycohemoglobin Standardization Program (NGSP)
standard). The exclusion criteria were insulin treatment, SBP >160 mmHg or DBP >100
mmHg, symptoms of angina pectoris, physical impairment, or atrial fibrillation on the baseline
ECG. Based on the results of an oral glucose tolerance test (OGTT), the subjects were classified
as having normal glucose tolerance (NGT), impaired glucose tolerance (IGT), or T2DM. Blood
glucose concentration was measured 2 hours after the OGTT, which involved ingestion of 75 g
of glucose in water solution. NGT was defined as a blood glucose concentration <8.9 mmol/L,
IGT as glucose concentration between 8.9 and 12.1 mmol/L, and T2DM as glucose
concentration 12.2 mmol/L.
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The subjects were randomized into an intervention group or a control group at their first study
visit. The subjects in the intervention group were instructed to increase their level of physical
activity by walking with poles (Nordic walking) 5 hours/week for 4 months from May to
September. The physical activity was self-reported. The participants in the control group were
told not to change their level of physical activity. All subjects were also instructed not to change
their eating habits. Of the initial 212 patients, 201 (108 women) were included in the study.
Three subjects were excluded from participation because of high blood pressure, two were
excluded because of other diseases, and six were excluded for personal reasons.

At baseline and after 4 months, all participants performed an exercise test on a Rodby cycle
ergometer RE 820/830 (Rodby Innovation AB, Hagby, Vänge, Sweden). The initial work load
was set at 50 W and was increased by 10 W/min. Baseline measures of vascular structure and
function (PWVao, AIxao, SI, RI, cIMT, cIM-GSM, and IMTrad) were compared between
gender and diagnosis groups (NGT, IGT, or T2DM), and the vascular effects of 4 months of
Nordic walking were studied.
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Figure 15. Schematic overview of the four manuscripts, with study name and number of participants included in the studies.
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4.2
4.2.1

INTIMA–MEDIA THICKNESS (IMT)
Common carotid artery (CCA)

In Studies I–IV, the CCA was examined and the best images from the posterior or lateral
position, 1–2 cm proximal to the carotid bulb were used in measurements. Two-dimensional
(2D) images of the CCA were acquired using a 7L transducer (8 MHz) (Studies I–III) or a
12L transducer (4.9/10.7 MHz) (Studies II and IV) (Vivid 7, GE Vingmed Ultrasound AS,
Horten, Norway). Both the right and left CCAs were assessed in Studies I and III, but only the
right CCA was examined in Studies II and IV. To provide optimal image quality, a depth of
20–30 mm, a frame rate of about 19 frames/s, and a log gain compensation of 63 dB were
used. The gain settings were adjusted to obtain symmetrical brightness in the image. At least
three images at the time of the ECG R-wave were stored digitally on magneto optical discs
and on an Image Vault 5.0 server system (GE Vingmed Ultrasound AS).
Two validated semiautomated analysis programs were used to measure cIMT: IMT Analysis
Package from GE (GE Vingmed Ultrasound AS), and Artery Measurement Software (AMS),
developed by the Department of Signals and Systems at Chalmers University of Technology
in collaboration with the physiology group at the Wallenberg Laboratory (www.wlab.gu.se),
Gothenburg University, Gothenburg, Sweden. Both systems identified the borders of the
carotid intima–media automatically. A 10-mm-long segment of the region of interest (ROI)
proximal to the carotid bulb was placed manually for detection of the carotid intima–media.
The cIMT in the far wall was defined as the distance from the leading edge of the lumen–
intima interface to the leading edge of the media–adventitia.21 Both systems measured the
average cIMT within the ROI for each image. The mean cIMT was calculated as the mean
value of 3–6 images. In Studies I and III, three images from the left CCA and three images
from the right CCA were measured, and a mean value for the cIMT was calculated from the
six images. In Studies II and IV, the cIMT was measured in three images of the far wall of the
right CCA. An image of the CCA and cIMT measurements is shown in Figure 4.
4.2.2

Radial artery

The IMT was measured in the radial artery using a recently introduced high-resolution
ultrasound technique. The IMTrad was measured in Studies III and IV (Figure 5). 2D images
were recorded with a 55 MHz transducer (Vevo 770, VisualSonics, Toronto, Canada) from the
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right radial artery in a longitudinal projection 1–2 cm proximal to the fold separating the palm
of the hand from the forearm. The IMTrad and lumen diameter (LDrad) were measured
according to the leading edge principle.21 IMTrad and LDrad were measured manually with
calipers using VisualSonics software (Vevo 770). Three sets of IMTrad measurements were
taken from each of three representative images and are presented as the mean value from nine
measurements corresponding to end diastole, the smallest lumen diameter. LDrad is presented as
the mean value taken from three representative beats.
4.3

ECHOGENICITY

The echogenicity of the intima–media complex in the far wall of the CCA was investigated in
Studies III and IV. The echogenicity is represented as the cIM-GSM and was measured using
AMS. The cIM-GSM was measured in the far wall of the CCA in the same image and ROI as
that used to measure cIMT using a scale of 256 grey levels ranging from 0 (black) to 255
(white). The adventitia was used as the reference for white and the blood as the reference for
black; the measured values are shown as median gray. After the automatic measurement of
cIMT, a calibration for the black and white pixels for cIM-GSM was chosen. The calibration
boxes were placed manually along the CCA within the ROI (first the black box and then the
white box), and the cIM-GSM was measured automatically. An example of the measurement
of cIM-GSM is shown in Figure 6.
4.4
4.4.1

ARTERIAL STIFFNESS
Ultrasound

In Study II, the right CCA was examined from the best image of the posterior or lateral
position, 1–1.5 cm proximal to the carotid bulb. M-mode images of the CCA were acquired
using a 7L transducer (8 MHz) or a 12L transducer (4.9/10.7 MHz) (GE Vingmed Ultrasound
AS). Measurements of the minimum lumen diameter (at the R-wave on the ECG) and
maximum lumen diameter (at the peak of the T-wave on the ECG) were taken, and a mean
value of three images was calculated (Figure 7).
4.4.2

SphygmoCor

A high-fidelity tonometer (SPT-301B, Millar Instruments, Houston, Texas, USA) and the
SphygmoCor equipment (version 7.01, AtCor Medical, Sydney, Australia) were used to
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investigate measures of arterial stiffness and central blood pressures in Studies II and III. The
PWV and AIx were calculated from noninvasively recorded pulse waves with the tonometer
pressed gently to the artery of interest. The tonometer was connected to the SphygmoCor
equipment. The arterial pulse waves were processed by the system software, and the
corresponding aortic pressure wave form and cSBP were generated from the radial artery wave
form using a validated transfer function.95,96 The radial pulse was calibrated against the brachial
blood pressure (Omron M7, Healthcare Co., Ltd., Kyoto, Japan) measured in the right arm just
before the examination and are presented as the mean value of two measurements. The
participants were studied in the supine position after a rest of about 60 min.

The ECG-gated carotid and femoral artery pressure wave forms were recorded with the
SphygmoCor device to obtain the PWVao. A tape measure was used to measure the distance
from the carotid site to the jugulum and from the jugulum to the femoral site. The aortic path
length was estimated as the subtracted surface length by subtracting the carotid–jugulum length
from the jugulum–femoral length (Lsubtracted). The PWVao (m/s) was calculated as Lsubtracted
divided by the difference in time between the beginning of the carotid pulse wave and the
beginning of the femoral pulse wave. Lsubtracted has shown good agreement with invasive
measurements.102, 103

The time difference (T) or the transit time between the carotid pulse wave and femoral pulse
wave was measured. A computerized algorithm, the ‘intersecting tangent’ algorithm, for PWV
calculation was used and was preset in the software.104 Other algorithms built into the software
for PWV calculation were ‘maximum dP/dt’, ‘maximum 2nd derivate’,104 and ‘height percent’.
The ECG R-wave was used as a reference for timing. The ‘intersecting tangent’ and ‘maximum
2nd derivate’ algorithms are shown in Figure 16.

In a study from 2010, a European collaboration gathered data from 13 different centers to
establish normal and reference values for PWVao in healthy subjects.105 The standardized
formula for PWVao (St-PWVao) was calculated as 0.8  Ldirect / T, m/s. Ldirect leads to an
overestimation of the ‘real’ PWVao, and the scaling factor (0.8) was used to convert PWVao to
the ‘real’ or standardized PWVao. The formula for calculation of the direct distance (Ldirect) was
0.45  Lsubtracted + 0.21  height + 0.08.106
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Figure 16. Four methods for determination of the characteristic points are illustrated: the minimum, the
maximum first derivative, the maximum second derivative, and the intersection tangents methods.
Used with permission from the American Heart Journal, Y. Christopher Chiu104

The AIx was defined as the difference between the second (P2) and the first (P1) peaks of the
central aortic wave form and is expressed as a percentage of PP. The PWV recordings were
chosen from the wave forms with the smallest SD, and AIx from wave forms within the limits
of the current quality control settings with a quality index >0.85 based on pulse height and
diastolic variation.
4.4.3

Arteriograph

Studies II and IV used the relatively new method, the Arteriograph (TensioMed Software
v.1.9.9.2, Budapest, Hungary), which is based on an occlusion technique. The aortic distance
was measured from the jugulum to the symphysis with a tape measure. The cuff was placed on
the upper arm and connected to the Arteriograph device. The blood pressure in the upper arm
was measured at the initial cuff inflation and, thereafter, the pulse wave configuration was
recorded at an inflation of 35 mmHg above the SBP. The weak pressure and volume variations
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in the cuff were received by a pressure receptor and transferred via an IR port to the computer.
The algorithm measuring blood pressure in the AG device has been validated.107

The surface distance was measured from the jugulum to symphysis, and the RT was measured
as the difference in time between the peaks of first (P1) and reflected systolic wave (P2). The
pressure wave (P1) is transmitted to the lower part of the body and then reflected from the
periphery, which is assumed to be around the aortic bifurcation, and generates the late systolic
peak (P2). The PWVao was then calculated as the (jugulum – symphysis) distance (m) divided
by RT/2 (s). AIxao was calculated as: 100  (P2 – P1) / PP. PWVao and AIxao are presented as
mean values from two recordings. The two recordings with the smallest SD were chosen, and in
these recordings calculations were made from every heartbeat during a period of 8 s. The
estimation of cSBP was based on the relationship between the brachial pulse and the aortic
pulse.108
4.4.4

Photoplethysmograph

The DVP was studied using the Pulse Trace technique (B 2.00, Micro Medical Gillingham,
Kent, UK) in Study IV. The DVP was measured after at least 30 min of rest in the supine
position. The SI (m/s) is a measure of large artery stiffness and the RI (%) is a measure of
vascular tone in small arteries. The SI was calculated as the subject’s height divided by the
distance between the first systolic peak and the reflected peak. The RI was calculated by the
formula: 100 x reflected peak / early systolic peak (%). The pulse waves were recorded for 10
s, and the RI and SI were derived from the pulse wave form and are presented as the mean
values from three recordings measured from the right index finger.
4.5

LABORATORY METHODS

All blood samples were obtained in the fasting state. All biochemical measures were analyzed at
the Laboratory of Clinical Chemistry at Karolinska University Hospital, Stockholm. Plasma
glucose concentration was measured by a HemoCue B-Glucose analyzer in Study IV. In Study
III, renal function was estimated by calculating the glomerular filtration rate (GFR) according to
the Cockroft–Gault formula: GFR = (140 – age in yr)  (weight in kg / creatinine concentration)
 (1.23 in men or 1.04 in women). Vitamin D deficiency was defined as a 25(OH)D
concentration <50 nmol/L.
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4.6

BODY MASS INDEX AND BODY SURFACE AREA

BMI in Studies I–IV was calculated by dividing weight (kg) by the square of height (m2). Body
surface area (BSA) in Study III was calculated as: 0.007184  (weight, kg)0.425  (height,
cm)0.725.
4.7

SYSTEMIC VASCULAR RESISTANCE

In Studies II and IV, the systemic vascular resistance (SVR, mmHg  min/L) was calculated as
mean arterial blood pressure (MAP) in mmHg divided by cardiac output (CO) in L/min. Using
transthoracic echocardiography with an M4S transducer and Vivid 7 (GE Vingmed Ultrasound
AS, Horten, Norway), the LV outflow tract (LVOT) diameter was measured in systole from the
parasternal long axis view. The velocity–time integral (VTI) was measured from a pulsed
Doppler blood flow recording in LVOT from the apical view. SV was calculated according to
the formula SV =   (LVOT diameter / 2)2  LVOT VTI. CO was calculated by multiplying
SV by heart rate (HR), and MAP was calculated as DBP + 1/3  (SBP – DBP). Pulsed Doppler
for VTI was recorded at the end of the investigation and and blood pressure measured directly
after.
4.8

STATISTICS

Statistical analyses in Studies I–IV were performed using Statistica (StatSoft, Inc. version 9.0.,
Tulsa, OK, USA). PASW Statistics v18 (PASW Inc., Chicago, IL, USA) was also used in Study
III, and SAS 9.3 (SAS Institute Inc., Cary, NC, USA) in Study IV. All data are expressed as
mean and SD. The statistical tests were two-tailed and p<0.05 was considered significant.
Spearman’s rank correlation coefficient, r, was computed to assess the relationships between
variables. The Mann–Whitney U test for unpaired data was used to compare between genders
and between patients and controls. The Wilcoxon signed-rank sum test was used to test
differences between methods and for intraindividual analyses. Univariate and stepwise multiple
linear regression analyses were used to evaluate relationships and to adjust for confounders.
Results from the multiple regression analyses are presented as standardized beta and adjusted
R2. Intraclass correlation coefficient (ICC) was used to evaluate the strength of agreement
between the methods in Study I. An ICC > 0.75 is considered good reliability, and ICC > 0.90 is
often required for clinical applications to ensure the valid interpretation of findings.
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The Bland–Altman test was used to evaluate the variability between methods and intra- and
interobserver variability. The coefficient of variation (CV%), defined as the SD of the absolute
differences between measurements divided by the mean of two measurements, was used to
evaluate variability.

In Study IV, to analyze the baseline variables in the data, a two-way factorial ANOVA was
used. In the ANOVA model, the effects of the factors gender and diagnosis group (three levels),
and the interaction between gender and diagnosis group were analyzed. When the Levene’s test
of homogeneity of variances between groups indicated large variations of the variance across
groups, a mixed-model analysis considering inhomogeneity of variances was used instead. If
the distribution of the outcome variable was too skewed to the right, the variable was
transformed with a log transformation based on the natural logarithm.

To analyze the differences between 4-month and baseline variables, a three-way factorial
ANOVA was used. The ANOVA model included analysis of: (1) the effects of the factors
gender and diagnosis group (two levels), and their intervention; (2) the interactions between
gender and diagnosis group, between gender and intervention, and between diagnosis and
intervention; and (3) the three-factor interaction between intervention, diagnosis, and gender.
When the Levene’s test of homogeneity of variances between groups indicated problems with
the variance, a cross-group mixed-model analysis considering inhomogeneity of variances was
used instead.
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5 RESULTS
5.1

STUDY I

In this study, we compared two semiautomated techniques, GE and AMS, for the measurement
of cIMT. The mean SBP was 120±13 mmHg, and the mean DBP 76±8 mmHg. The mean age
of the study population was 54.4±8.9 years. Women (71%) were significantly older than men
(56.1±8.3 years versus 50.2±9.0 years, p<0.01).

The cIMTmean (mean of leftright cIMT) measured by GE and AMS correlated strongly with
each other (r=0.90, p<0.001). Slightly significantly higher values were measured by GE
(0.72±0.12 mm) than by AMS (0.69±0.12 mm, p<0.001) (Table 1, Paper I). Comparisons
between the cIMT measured by GE and AMS are shown in Bland–Altman and correlation plots
(Paper I, Figure 2A–2C). The mean difference in cIMT between GE and AMS was 0.03 mm.
The CV% for intraobserver variability for each method was evaluated in 30 subjects. The CV%
for cIMTmean (leftright) was 1.0% for GE and 2.2% for AMS. The difference in cIMTmean
(leftright) between the GE and AMS software and the limits of agreement for measurements
performed by one reader on two separate occasions are shown in Bland–Altman plots in Paper I
(Figure 3A and 3B). For AMS, one observer measured the cIMTmean (leftright) in the same
image with both adjusted and unadjusted edge detection of the CCA far wall in 30 subjects (not
shown in Paper I). The CV% for the variability between the adjusted and unadjusted cIMT
measures was 3%. The relationships are shown in a Bland–Altman plot; the unadjusted values
were slightly higher (0.71±0.12) compared with the adjusted values (0.69±0.12; p<0.01)
(Figure 17).
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Figure 17. Bland–Altman plot comparing the common carotid intima–media thickness (cIMT) in mm,
cIMTmean (leftright), not adjusted versus adjusted edge detection in 30 subjects by AMS.

5.2

STUDY II

Study II compared two noninvasive techniques: the well-established tonometric SphygmoCor
technique as a reference, and the recently introduced oscillometric Arteriograph technique. AIx
and PWV were measured in healthy subjects, and the associations between these values and
carotid ultrasound measures and traditional CV risk indicators were evaluated.

Arterial stiffness was measured in 63 healthy subjects with a mean age of 48.0±14.9 years
(range 20–69 years). The women (51±14 years) were significantly older than the men (41±15
years, p<0.01). PWVao was higher when measured by the Arteriograph (8.00±2.16 m/s) than
by the SphygmoCor (6.87±1.47 m/s) (p<0.001) but did not differ significantly from St-PWVao
measured by the SphygmoCor (7.68±1.58 m/s). PWVao measured by the Arteriograph
correlated with PWVao (r=0.54) and St-PWVao (r=0.59) measured by the SphygmoCor
(p<0.001). For values below the median (7.4 m/s), St-PWVao measured by the SphygmoCor
(6.78±0.83 m/s) was significantly higher than PWVao measured by the Arteriograph (6.37±0.54
m/s) (p<0.01). PWVao by SphygmoCor and Arteriograph did not differ significantly below
median. For values above the median (7.4 m/s), PWVao was higher when measured by the
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Arteriograph (9.62±1.94 m/s) compared with St-PWVao measured by the SphygmoCor
(8.58±1.66 m/s). The Bland–Altman and correlation plots are shown in Figure 18A and 18B.

Figure 18A. Bland–Altman plot testing the agreement between standardized PWVao measured by the
SphygmoCor (St-PWVao SC) and PWVao measured by the Arteriograph (PWVao AG). Used with
permission from Nature Publishing Group.

Figure 18B. Correlation between standardized PWVao measured by the SphygmoCor (St-PWVao SC)
and PWVao measured by the Arteriograph (PWVao AG). Used with permission from Nature Publishing
Group.
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PWVao differed significantly when measured by the SphygmoCor and the Arteriograph in
women (p<0.001), but not in men (p=0.40). The Bland–Altman and correlation plots are shown
in Figure 19A and 19B.

Figure 19A. Bland–Altman plot illustrating PWVao measurements by the SphygmoCor (SC) and the
Arteriograph (AG) in 21 males. Used with permission from Nature Publishing Group.

Figure 19B. Bland–Altman plot illustrating PWVao measurements by the SphygmoCor (SC) and the
Arteriograph (AG) in 42 females. Used with permission from Nature Publishing Group.

AIxao measured by the Arteriograph (27.5±14.5%) was higher than AIxao measured by the
SphygmoCor (20.5±17.4%) (p<0.001), but these values correlated closely (r=0.97, p<0.001).
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cSBP was significantly higher when estimated by the Arteriograph (112±17 mmHg) than by the
SphygmoCor (106±15 mmHg) (p<0.001), but these values correlated significantly (r=0.88,
p<0.001). St-PWVao, PWVao, and AIxao by measured by the SphygmoCor, and PWVao and
AIxao measured by the Arteriograph correlated significantly with serum cholesterol
concentration and cIMTmean (p<0.001 for each).

This study showed that arterial stiffness indices measured by the Arteriograph and the
SphygmoCor correlate with vascular risk markers in healthy subjects. AIxao measured by the
Arteriograph and the SphygmoCor were closely correlated, but the Arteriograph gave higher
values. PWVao measured by the Arteriograph corresponded overall with St-PWVao by the
SphygmoCor, but SphygmoCor gave significantly higher values in the lower range
(submedian), where nonstandardized PWVao by Sphygmocor did not differ from Arteriograph.
Our results imply the need to apply the same technique in repeated studies.
5.3

STUDY III

In this prospective case–control study (see Paper III), we examined the effects of PTH, calcium,
and vitamin D levels on arterial structure and function in patients with mild pHPT without
known CV disease. All patients with pHPT were studied at baseline and again 1 year after PTX.
The values for the patients were compared with those from healthy age- and gender-matched
controls. No significant differences were observed between pHPT patients and controls at the
baseline for AIxao (28.6±12.2% versus 27.7±12.8%), IMTrad (0.27±0.06 mm versus 0.26±0.05
mm), cIMT (0.69±0.11 mm versus 0.68±0.14 mm), or cIM-GSM (82.3±17.2 versus 86.5±15.3).
PWVao was slightly higher in patients (8.68±1.50 m/s versus 8.13±1.55 m/s, p<0.05) and did
not decrease after PTX (Table 2).

SBP and calcium and PTH concentrations were higher in patients compared with controls at the
baseline and decreased after PTX in the patients. Vitamin D concentration was lower in patients
and increased after PTX in the patients. SBP correlated significantly with AIxao (r=0.39),
PWVao (r=0.50), cIMT (r=0.44) (all p<0.001), and IMTrad (r=0.26, p<0.05). PWVao
correlated weakly with the concentrations of plasma PTH (r=0.29, p<0.01) and ionized calcium
(r=0.22, p<0.05), but these relationships were no longer significant after adjustment for age and
SBP.
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Table 2. Augmentation index and ultrasound measurements in healthy controls and patients with mild
primary hyperparathyroidism before and after parathyroidectomy.
Variable

Controls

PHPT

PHPT baseline

Baseline

Follow-up

vs. Controls

vs. Followup

n=48 (35 F)

n=48 (35 F)

n=48 (35 F)

p-value

p-value

AIx, %

27.7±12.8

28.6±12.2

29.8±11.9a

0.881

0.333

PWVao, m/s

8.13±1.55b

8.68±1.50c

8.61±1.37c

0.027

0.095

Ao SBP, mmHg

109.8±15.3

114.4±17.3

114.8±15.8a

0.205

0.473

Ao DBP, mmHg

75.0±9.7

78.1±11.3

78.0±8.7a

0.097

0.181

IMTrad, mean, mm

0.255±0.053a

0.271±0.060c

0.271±0.046b

0.340

0.623

LDrad, mean, mm

1.87±0.35a

1.79±0.30c

1.90±0.38b

0.199

0.020

IMTcca, mean, mm

0.680±0.135

0.688±0.113

0.702±0.119a

0.354

0.172

LDcca, mean, mm

5.94±0.62

6.03±0.45

6.03±0.47a

0.229

0.197

IM-GSM, mean

86.5±15.3

82.3±17.2

81.8±15.9a

0.091

0.941

a

n=47, bn=43–45, cn=36–41. Values are shown as mean±SD. F= female, AIx=augmentation index,
PWVao=aortic pulse wave velocity, Ao SBP=aortic systolic blood pressure, Ao DBP=aortic diastolic
blood pressure, IMTrad=intima–media thickness in the right radial artery, LDrad=lumen diameter in the
right radial artery, IMTcca=intima–media thickness in both the left and right common carotid arteries,
LDcca=lumen diameter in both the left and right common carotid arteries, IM-GSM=intima–media grayscale median in both the left and right common carotid arteries. Used with permission from PLoS ONE in
accordance with the Creative Commons Attribution License.

AIxao, IMTrad, and cIMT did not correlate with the concentrations of vitamin D, PTH, or
ionized calcium. cIM-GSM correlated inversely with body weight (r=–0.31, p<0.01) and PTH
level (r=–0.24, p<0.05). The interobserver variability for cIM-GSM, and IMTrad is shown by
Bland–Altman plots in Figures 20 and 21.
In summary, we found no indices of arterial structure or function that were related to high
calcium or PTH level or low vitamin D level in patients with mild pHPT without CV risk
factors. Nor did we observe any changes 1 year after PTX. However, we found somewhat
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increased arterial stiffness, as indicated by higher PWV in patients, which relates partly to blood
pressure.

Figure 20. Bland–Altman plot of interobserver variability of intima–media gray-scale in the carotid
artery. Used with permission from PLoS ONE in accordance with the Creative Commons Attribution
License.

Figure 21. Bland–Altman plot of interobserver variability of intima–media thickness in the radial artery.
Used with permission from PLoS ONE in accordance with the Creative Commons Attribution License
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5.4

STUDY IV

In Study IV, we investigated whether low-intensity exercise training by Nordic walking
(walking with poles) over 4 months improved CV function in middle-aged men and women
with NGT, IGT, or T2DM. Because the sample sizes were small, the two latter groups were
grouped together in the analysis.

Two hundred one participants were included in a randomized (intervention or control) study:
121 had NGT, 33 IGT, and 47 T2DM. The intervention group was instructed to increase their
weekly level of physical activity by 5 hours of Nordic walking for 4 months, and controls were
instructed not to change their physical activity. PWVao, AIxao, SI, RI, and cIMT were
measured at the baseline and after 4 months, and the new methods were used to measure
IMTrad and cIMT-GSM at the same times.

In women compared to men, PWVao was higher, and SI and RI were lower in NGT, while RI
was lower in IGT. The IMTrad was lower in women than in men with NGT and T2DM. None
of the vascular variables differed significantly between the intervention group and the control
group after 4 months of physical activity in the NGT and in the combined ‘IGT + type 2
diabetes’ groups. Vascular variables showed no gender difference in response to intervention
over 4 months.
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6 DISCUSSION
The World Health Organization (WHO) considers CV diseases as the number one cause of
mortality from the global perspective.1 Degeneration of the arterial wall caused by
atherosclerosis leads to increased IMT and arterial stiffness, the earliest stage and marker of CV
disease. Data collected in epidemiological studies evaluating these markers of atherosclerosis
have contributed to knowledge about CV risk factors, monitoring the progress of
atherosclerosis, and planning intervention strategies. The development of computer-based
methods for measurement of IMT and stiffness has been essential for research and clinical
purposes by minimizing variability and user dependency and enabling standardization of
methods. The validation of new modalities against gold standard methods is also crucial for
being able to interpret the results obtained with different techniques. The present work focused
on comparisons between new and more established noninvasive techniques for evaluation of
arterial structure and function.

We studied healthy subjects and patients with expected, minor alterations in the vasculature.
The ultrasound techniques designed for vascular studies are easy to apply, and the examination
can be completed in a short time. However, these methods are user dependent when obtaining
images and especially in terms of measurement methodology. In addition to cIMT, we studied
the IMT of the radial artery with a new high-frequency ultrasound.84 We also assessed the value
of a recently introduced method for assessment of echogenicity, cIM-GSM, of the intima–media
of the CCA wall. The echolucency of the cIM has been found to be related to CV risk factors
such as dyslipidemia, oxidative stress, and inflammation43 and to triglyceride (TG) level,109 as
well as to obesity and insulin resistance.110

Arterial stiffness, measured as PWVao and AIxao, is an important marker of CV risk and is an
independent predictor of all-cause CV morbidity and mortality,30 coronary artery disease,111, 112
and hypertension.113 Detection of early vascular aging is becoming more important in everyday
clinical practice, and noninvasive techniques to measure arterial stiffness are warranted. New
modalities for measurement of arterial stiffness must be validated against established methods.
In our study, we compared the more established SphygmoCor, an applanation tonometer
technique, with a relatively new method, the Arteriograph, which uses an oscillometric
technology for measuring PWVao, AIxao, and cSBP.
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6.1

INTIMA–MEDIA THICKNESS (IMT)

cIMT is a strong predictor of stroke and myocardial infarction.78, 114-116 Measurement of cIMT
for detection of subclinical atherosclerosis is currently recommended by several guidelines116,
117

for assessing CV disease risk. In the clinic, the use of semiautomated edge-detection

software for the measurement of cIMT has been found to be timesaving, reproducible, and user
independent, and to decrease the interobserver bias when compared with manual tracings.118, 119
The main objective in Study I was to compare two semiautomated software packages, GE and
AMS, for measuring cIMT. We studied 99 participants without known CV diseases and found
that cIMTmean measured by GE was slightly, but significantly, higher than that measured by
AMS. However, cIMT correlated highly between the two methods despite the fact that the
participants lacked overt CV disease and had a rather normal and narrow range of cIMT.
Because increased IMT is a marker for atherosclerosis,77 it may provide an opportunity for early
intervention and for monitoring atherogenic disease progression.82 In Study II of 63 healthy
persons, we found that cIMT correlated well with PWVao and AIxao, two other markers of CV
risk.30, 112, 113, 120

Several ultrasound imaging systems and software packages for edge detection are commercially
available for IMT assessment in research and clinical use, and it is important to compare these
software packages. Manual and semiautomated measurements have been compared for the GE
system121 and have shown no differences between the methods. For AMS, higher cIMT values
were obtained by the semiautomated method compared with the manual method.122 This could
be explained by the operator, who tends to manually set the mark closer to the top of the
intensity curve of the lumen–intima interface, which gives a thinner IMT compared with
automated measurements.122

We measured the same images for both GE and AMS in Study I and the edge-detection lines
were not changed manually to reduce bias by the manual settings. Our study identified a
standardization problem that has not been previously reported regarding differences in cIMT
measurements between two semiautomated systems, GE and AMS. We found that the
measurements of cIMTmean were slightly higher by the GE method compared with the AMS
method. Our finding stresses the importance of using only one type of measurement program
within a study and when evaluating progression of vascular changes or effects of treatment.
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The cIMT has been studied in patients with mild pHPT with conflicting results. pHPT
patients with CV risk factors have been found to have an increased cIMT.56, 123 In contrast,
studies have shown no differences in cIMT between patients with pHPT and healthy controls,
nor improvement after parathyroidectomy.124,
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We studied the relationships between

vascular effects and vitamin D, calcium, and PTH levels in patients with mild pHPT and
healthy controls in Study III. Vitamin D deficiency is associated with CV disease in the
general population,62 and is common in patients with pHPT.53 In our study, 77% of the
patients and 20% of the controls had 25(OH)D values <50 nmol/L. However, vitamin D,
calcium, or PTH level were not significantly related to cIMT in patients or controls in our
study.

The new high-frequency ultrasound technique was used to assess IMTrad in Studies III and IV.
IMTrad is associated with coronary heart disease87 and hypertension85 but to our knowledge, it
has not been studied in patients with mild pHPT or in studies of the effects of physical activity
on people with T2DM. However, in our study we found no correlation between IMTrad and the
vitamin D, calcium, or PTH levels.

Four months of Nordic walking may be an insufficient duration to affect the arterial wall
structure in terms of cIMT and IMTrad. Decreased progression of cIMT in T2DM patients has
been reported after 6 months of brisk walking126 and supervised aerobic training.83 Our results
showing no differences in cIMT after the physical activity intervention are consistent with those
of previous studies that showed no decrease in cIMT after physical exercise of different
duration and type (aerobic or resistance training).127
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Statin treatment has been proposed to

slow the progression of cIMT.129 In our study, 50% of the T2DM subjects were under statin
treatment, which might have influenced our results. However, our results are consistent with
those of previous studies,127, 128 although inconsistent results have also been reported.126 cIMT
and IMTrad correlated with plasma glucose and HbA1c levels, which implies that IGT and
T2DM may affect the arterial wall, despite the lack of vascular changes in the current study.
6.2

ECHOGENICITY

We added a new variable—cIM-GSM—to the established measurement of cIMT in the
quantitative assessment of the echogenicity in the intima–media of the carotid artery in Studies
III and IV. Echogenicity has been measured in both the carotid intima–media and carotid
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plaques, and has been found to be related to CV risk factors.23, 43, 130 People with the metabolic
syndrome have been shown to have a more echolucent carotid intima–media complex compared
with those without this syndrome.23 In patients with mild pHPT, cIM-GSM correlated
negatively with body weight and PTH level but not with vitamin D or serum calcium level. We
found no differences in cIM-GSM between pHPT patients and aged-matched healthy controls at
baseline or 1 year after parathyroidectomy.

We also studied effects of a 4-month program of Nordic walking on echogenicity in people with
NGT, IGT, or T2DM. cIM-GSM did not differ between men and women at the baseline or after
intervention in any of the groups. cIM-GSM correlated negatively with weight, BMI, and TG
and HbA1c levels. A similar negative correlation between cIM-GSM and TG level has been
described in patients with recent myocardial infarction.109 In elderly men, echolucency was
found to be related to obesity and insulin resistance.110 There is increasing evidence that cIMGSM is associated with CV risk factors in different populations, however further studies are
needed to establish its role among the vascular indices.
6.3

ARTERIAL STIFFNESS

Arterial stiffness, measured as PWVao and AIxao, is an important marker of CV risk and is an
independent predictor of all-cause CV morbidity and mortality,30 coronary artery disease,111, 112
and hypertension.113 There are a number of techniques and modalities available for measuring
arterial stiffness.131-134 We compared the SphygmoCor, which is based on an applanation
tonometer technique and used as the gold standard, with the new Arteriograph, which uses an
oscillometric technique, in the measurement of PWVao, AIxao, and cSBP. Previous studies
have compared the SphygmoCor and Arteriograph techniques in patients with CV diseases,131133, 135

but not in healthy individuals. We studied 63 healthy subjects with a wide age range (20–

69 years) and found similar differences between the two techniques in the upper range
(supramedian) of PWVao, as found in previous studies of populations with CV disease.

131, 133

In the lower range of PWVao values (below a median of 6.9 m/s), the SphygmoCor showed
essentially similar values as the Arteriograph. Applying the St-PWVao made average results,
over the whole range of values, more equal to Arteriographic values. However, a submedian
difference with higher SphygmoCor values appeared, while the supramedian scatter remained.
Our results, therefore, did not show any advantage by applying standardized PWVao when
using SphygmoCor. When the data were analyzed by gender, it became evident that the
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difference in agreement and large spread in values above the median occurred only in women.
In men, the agreement between the methods was excellent. This discrepancy between the
methods has been previously reported, but not separately according to gender.131 The reasons
why the methods showed greater discrepancy in women need to be studied further.

The estimation of transit time affects the accuracy and precision of regional PWV. The
‘intersecting tangent’ is the most common computerized algorithm; it accurately allows the
determination of the PWV and is proposed to be favorable in the SphygmoCor and is also preset
in the software.104 In a recent report, the algorithms used for estimating pulse transit time by the
SphygmoCor have been questioned136 because of discrepancies for higher PWV values. As a
result, the authors suggested a new algorithm, a ‘diastole-patching’ method, which showed the
greatest agreement in comparison with other algorithms used by the SphygmoCor.

AIx, a measure of the vascular function influenced by peripheral arteries, was higher when
measured by the Arteriograph than by the SphygmoCor in our study; however, the values
correlated well, which is consistent with earlier results.131, 135 Interestingly, in a report in young
males, the authors proposed that AIx is related to cardiac motion more than to arterial stiffness
and endothelial function.93 Further studies are needed to assess whether the relationship
between the central pulse wave form and cardiac motion remains over a broader age range, in
both genders, and in patients with CV disease.94

Comparison of cSBP measured by the two methods showed that higher values were obtained by
the Arteriograph than by the SphygmoCor. It is known that the SphygmoCor gives lower cSBP
than the Arteriograph because of the algorithm used for calculation of MAP. In a study
comparing intravascular central SBP with SphygmoCor-generated central SBP in patients with
coronary heart disease, the SphygmoCor-generated pressures were underestimated by 2-23
mmHg. 137 Recently, a new mathematic formula for the calculation of MAP was tested and gave
a higher cSBP for the SphygmoCor.133 However, the results of another study showed more
errors using MAP and DBP.138 AtCor Medical, the manufacturer of the SphygmoCor,
recommends the use of SBP and DBP. In our studies, we used SBP and DBP to calibrate the
radial wave form.

In Studies III and IV, we investigated whether various factors such as the PTH, calcium, and
vitamin D concentrations and reduced glucose tolerance are related to arterial stiffness and
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whether physical exercise training affects measures of arterial stiffness. We found no difference
in AIxao between pHPT patients and healthy controls at the baseline and 1 year after
parathyroidectomy. PWVao was slightly higher in pHPT patients at the baseline but did not
decrease after surgery. Previous studies have reported that AIxao increases in patients with mild
pHPT,139, 140 in contrast to our results. However, people with CV risk factors were included in
those studies. Increased PWVao was found in pHPT patients both with and without
hypertension.141 In contrast, no difference in PWVao was shown between patients with pHPT
and controls.124 In our study, after careful exclusion of patients with CV risk factors, we found
no differences between patients and controls at the baseline apart from a slightly higher, but
within the normal range, SBP and PWVao in the patients. PWVao correlated with serum
calcium and PTH levels but not with vitamin D level.

In Study IV, we used the Arteriograph to measure PWVao and AIxao, and photoplethysmography to assess the SI and RI. Arterial stiffness in CCA has been reported to be higher in
women than in men with insulin-dependent diabetes.142 In the present study, PWVao, AIxao, SI,
and RI did not change with 4 months of Nordic walking, despite we previously demonstrated
improved physical capacity and reduced body weight among the participants.
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There were

also no differences in the effects on vascular variables between men and women after the 4
months of increased physical activity in the intervention group. Therefore, longer time and /or
more intense physical activity seem required to obtain beneficial vascular effcts that can be
demonstrated with the methods we applied.

There is a need for preventive measures in the population, to avoid serious events resulting from
the multitude of cardiovascular risk factors noted also in the young. 144, 145 In addition to active
reduction of risk factors, physical inactivity being one, pursued efforts are warranted to find and
validate noninvasive measures suitable to detect cardiovascular disease at an early stage and to
follow and analyze results of corrective efforts.
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7 CONCLUSIONS
The research findings reported in this thesis show the following.


There was a small but significant systematic difference between the cIMT values measured
by the semiautomated edge-detection methods AMS and GE.



The Arteriograph obtained higher PWVao values compared with the SphygmoCor, but
values below median did not differ. Use of the standardized PWVao removed the overall
difference between SphygmoCor and Arteriograph values, but gave significantly higher
submedian values than Arteriograph, while it did not reduce the supramedian scatter. Our
results do therefore not support the use of standardized PWVao. The Arteriograph showed
higher AIxao and cSBP values compared with the SphygmoCor, but Arteriograph and
Sphygmocor correlated well for AIxao. PWVao and AIxao measured by the SphygmoCor
and Arteriograph correlated with serum cholesterol level and cIMT. This finding verifies the
validity of pulse tracings as risk estimates, even in a healthy population without known CV
disease.



Patients with mild pHPT without CV risk factors showed normal arterial function despite
having high calcium and PTH, and low vitamin D levels. Of the vascular variables, only
PWVao was slightly higher in patients than in healthy controls. Neither PWVao nor any of
the other vascular variables measured with established or new methods showed any
improvement 1 year after parathyroidectomy.



Arterial structure and function was unchanged with intervention in terms of Nordic
Walking, without differences by gender or diagnosis. Longer time or higher intensity than
four months of low-intensity physical activity seems required to alter vascular function
irrespective of glucose tolerance.

49

50

8 ACKNOWLEDGMENTS
I wish to express my sincere gratitude to all of those who have helped and supported me during
the work of my thesis. I am especially grateful to:

All study participants; without your contribution, this thesis never would have been possible.

Kenneth Caidahl, my supervisor, who offered me the opportunity to perform this study; for
being there with your excellent knowledge, optimism, encouragement, and thoughtful
instructions, and for always supporting me.

Maria J Eriksson, my cosupervisor, for your sharp scientific mind, endless enthusiasm, and
great support.

Anders Melcher, my mentor, for your great support, encouragement, and wise advice
throughout this journey.

Juleen Zierath, for your great knowledge, support and review of manuscripts.

Inga-Lena Nilsson, Parastou Farahnak, Anna Krook, Claes-Göran Östenson, and Tomas
Fritz, my coauthors, for valuable contribution, friendly support and review of the manuscript.

Tomas Jogestrand, my coauthor, for your great knowledge and support, and Thomas
Gustafsson, my coauthor, also for technical support.

Gunnar Nyberg, my coauthor, for your great knowledge, support, encouragement, and review
of the manuscript.

Miklós Illyes for introducing me to the Arteriograph method and for kind support.

Flemming Larsen, for your kindness and encouragement.

51

Pia Odenblad, for the excellent way you coordinated the SMIDIG patients through all visits
and for your enthusiasm and for always being so friendly, and Megan Osler for your
contribution, kindness and support.

Linda Hansson, Susanne Krogstadholm-Stjernfelt, Jacob Lindberg, Ebba Lindqvist, Ann
Lindström, Sara Persson, Kamel Ramak, and Amira Soulios, for your skillful technical
assistance.

All my current and former colleagues and friends at the Section of Clinical Physiology, and
research colleagues at the Department of Molecular Medicine and Surgery, especially Marie
Ahl, Anna Asp, Natalie Beitner, Mahmood Farasati, Björn Gustavsson, Jonas Jenner,
Petra Lundström, Mikael Meijer, Johan Petrini, Anette Rickenlund, and Mohamed
Yousry, for your great friendship, kindness, and support.

Pernilla Jakobsson and Jenny Rasck for your great friendship, enthusiasm, and never-ending
encouragement. I am so grateful; thank you!

MABEMA; Ewa Billing, Ann-Marie Ekman, Elisabeth Johansson, Ann-Catrin Kjerr, and
Marie-Louise O’Konor, my former colleagues and dear friends, for your great friendship,
support, and all the fun and enjoyable weekend trips.

All my friends and relatives, especially Anita Bergquist, Ingela Eriksson, Lena Häggblad,
Rose-Marie Jogeryd, Gunn Jonsson, and the ‘Stavsnäs-gang’, for being such good friends,
for all the fun we have shared, and for the support you have given me over the years.

Last but not least, my wonderful and beloved family, my husband Putte, our son Johan, and
daughter Julia, for your endless love, great support, and never-ending encouragement. You are
the sunshine of my life!

This study was supported by the Swedish Research Council, the Swedish Heart Lung
foundation, and Stockholm County Council, Stockholm, Sweden.

52

9 REFERENCES

1.

Who maps noncommunicable disease trends in all countries: Country profiles on
noncommunicable disease trends in 193 countries. Cent Eur J Public Health
2011;19:130, 138.

2.

Lloyd-Jones D, Adams R, Carnethon M, De Simone G, Ferguson TB, Flegal K, Ford E,
Furie K, Go A, Greenlund K, Haase N, Hailpern S, Ho M, Howard V, Kissela B, Kittner
S, Lackland D, Lisabeth L, Marelli A, McDermott M, Meigs J, Mozaffarian D, Nichol
G, O'Donnell C, Roger V, Rosamond W, Sacco R, Sorlie P, Stafford R, Steinberger J,
Thom T, Wasserthiel-Smoller S, Wong N, Wylie-Rosett J, Hong Y. Heart disease and
stroke statistics--2009 update: A report from the american heart association statistics
committee and stroke statistics subcommittee. Circulation 2009;119:480-486.

3.

Reiner Z, Catapano AL, De Backer G, Graham I, Taskinen MR, Wiklund O, Agewall S,
Alegria E, Chapman MJ, Durrington P, Erdine S, Halcox J, Hobbs R, Kjekshus J,
Filardi PP, Riccardi G, Storey RF, Wood D. Esc/eas guidelines for the management of
dyslipidaemias: The task force for the management of dyslipidaemias of the european
society of cardiology (esc) and the european atherosclerosis society (eas). Eur Heart J
2011;32:1769-1818.

4.

Berenson GS, Srinivasan SR, Bao W, Newman WP, 3rd, Tracy RE, Wattigney WA.
Association between multiple cardiovascular risk factors and atherosclerosis in children
and young adults. The bogalusa heart study. N Engl J Med 1998;338:1650-1656.

5.

Napoli C, D'Armiento FP, Mancini FP, Postiglione A, Witztum JL, Palumbo G, Palinski
W. Fatty streak formation occurs in human fetal aortas and is greatly enhanced by
maternal hypercholesterolemia. Intimal accumulation of low density lipoprotein and its
oxidation precede monocyte recruitment into early atherosclerotic lesions. J Clin Invest
1997;100:2680-2690.

6.

Strong JP, Malcom GT, McMahan CA, Tracy RE, Newman WP, 3rd, Herderick EE,
Cornhill JF. Prevalence and extent of atherosclerosis in adolescents and young adults:
Implications for prevention from the pathobiological determinants of atherosclerosis in
youth study. JAMA 1999;281:727-735.

7.

Failla M, Grappiolo A, Carugo S, Calchera I, Giannattasio C, Mancia G. Effects of
cigarette smoking on carotid and radial artery distensibility. J Hypertens 1997;15:16591664.

8.

Gatzka CD, Kingwell BA, Cameron JD, Berry KL, Liang YL, Dewar EM, Reid CM,
Jennings GL, Dart AM. Gender differences in the timing of arterial wave reflection
beyond differences in body height. J Hypertens 2001;19:2197-2203.

9.

Jonason T, Henrikssen E, Kangro T, Nilsson H, Vessby B, Ringqvist I. Stiffness of the
common carotid artery in healthy 50-year-old subjects. Clin Physiol 1997;17:569-577.

53

10.

Mitchell GF, Parise H, Benjamin EJ, Larson MG, Keyes MJ, Vita JA, Vasan RS, Levy
D. Changes in arterial stiffness and wave reflection with advancing age in healthy men
and women: The framingham heart study. Hypertension 2004;43:1239-1245.

11.

Davis GE, Senger DR. Endothelial extracellular matrix: Biosynthesis, remodeling, and
functions during vascular morphogenesis and neovessel stabilization. Circ Res
2005;97:1093-1107.

12.

Alderton WK, Cooper CE, Knowles RG. Nitric oxide synthases: Structure, function and
inhibition. Biochem J 2001;357:593-615.

13.

Forstermann U, Sessa WC. Nitric oxide synthases: Regulation and function. Eur Heart J
2012;33:829-837, 837a-837d.

14.

Griffith TM, Edwards DH, Lewis MJ, Newby AC, Henderson AH. The nature of
endothelium-derived vascular relaxant factor. Nature 1984;308:645-647.

15.

Wagenseil JE, Mecham RP. Vascular extracellular matrix and arterial mechanics.
Physiol Rev 2009;89:957-989.

16.

Zieman SJ, Melenovsky V, Kass DA. Mechanisms, pathophysiology, and therapy of
arterial stiffness. Arteriosclerosis, thrombosis, and vascular biology 2005;25:932-943.

17.

Kawasaki T, Sasayama S, Yagi S, Asakawa T, Hirai T. Non-invasive assessment of the
age related changes in stiffness of major branches of the human arteries. Cardiovasc Res
1987;21:678-687.

18.

Steppan J, Barodka V, Berkowitz DE, Nyhan D. Vascular stiffness and increased pulse
pressure in the aging cardiovascular system. Cardiol Res Pract 2011;2011:263585.

19.

O'Rourke MF, Hashimoto J. Mechanical factors in arterial aging: A clinical perspective.
J Am Coll Cardiol 2007;50:1-13.

20.

Malek AM, Alper SL, Izumo S. Hemodynamic shear stress and its role in
atherosclerosis. JAMA 1999;282:2035-2042.

21.

Wendelhag I, Gustavsson T, Suurkula M, Berglund G, Wikstrand J. Ultrasound
measurement of wall thickness in the carotid artery: Fundamental principles and
description of a computerized analysing system. Clin Physiol 1991;11:565-577.

22.

Liang Q, Wendelhag I, Wikstrand J, Gustavsson T. A multiscale dynamic programming
procedure for boundary detection in ultrasonic artery images. IEEE Trans Med Imaging
2000;19:127-142.

23.

Lind L, Andersson J, Ronn M, Gustavsson T. The echogenecity of the intima-media
complex in the common carotid artery is closely related to the echogenecity in plaques.
Atherosclerosis 2007;195:411-414.

24.

Verwoert GC, Franco OH, Hoeks AP, Reneman RS, Hofman A, CM VD, Sijbrands EJ,
Witteman JC, Mattace-Raso FU. Arterial stiffness and hypertension in a large
population of untreated individuals: The rotterdam study. Journal of hypertension
2014;32:1606-1612; discussion 1612.

54

25.

Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D, Pannier
B, Vlachopoulos C, Wilkinson I, Struijker-Boudier H. Expert consensus document on
arterial stiffness: Methodological issues and clinical applications. Eur Heart J
2006;27:2588-2605.

26.

Chowienczyk PJ, Kelly RP, MacCallum H, Millasseau SC, Andersson TL, Gosling RG,
Ritter JM, Anggard EE. Photoplethysmographic assessment of pulse wave reflection:
Blunted response to endothelium-dependent beta2-adrenergic vasodilation in type ii
diabetes mellitus. J Am Coll Cardiol 1999;34:2007-2014.

27.

Millasseau SC, Ritter JM, Takazawa K, Chowienczyk PJ. Contour analysis of the
photoplethysmographic pulse measured at the finger. Journal of hypertension
2006;24:1449-1456.

28.

Levenson JA, Safar ME, Simon AC, Kheder AI, Daou JN, Levy BI. Systemic arterial
compliance and diastolic runoff in essential hypertension. Angiology 1981;32:402-413.

29.

Reneman RS, van Merode T, Hick P, Muytjens AM, Hoeks AP. Age-related changes in
carotid artery wall properties in men. Ultrasound Med Biol 1986;12:465-471.

30.

Laurent S, Boutouyrie P, Asmar R, Gautier I, Laloux B, Guize L, Ducimetiere P,
Benetos A. Aortic stiffness is an independent predictor of all-cause and cardiovascular
mortality in hypertensive patients. Hypertension 2001;37:1236-1241.

31.

Safar ME. Systolic blood pressure, pulse pressure and arterial stiffness as cardiovascular
risk factors. Curr Opin Nephrol Hypertens 2001;10:257-261.

32.

Taylor MG. Wave transmission through an assembly of randomly branching elastic
tubes. Biophys J 1966;6:697-716.

33.

O'Rourke MF, Hashimoto J. Arterial stiffness: A modifiable cardiovascular risk factor?
J Cardiopulm Rehabil Prev 2008;28:225-237.

34.

McEniery CM, Yasmin, Hall IR, Qasem A, Wilkinson IB, Cockcroft JR. Normal
vascular aging: Differential effects on wave reflection and aortic pulse wave velocity:
The anglo-cardiff collaborative trial (acct). J Am Coll Cardiol 2005;46:1753-1760.

35.

Hansson GK. Inflammatory mechanisms in atherosclerosis. J Thromb Haemost 2009;7
Suppl 1:328-331.

36.

Ait-Oufella H, Taleb S, Mallat Z, Tedgui A. Recent advances on the role of cytokines in
atherosclerosis. Arteriosclerosis, thrombosis, and vascular biology 2011;31:969-979.

37.

Frostegard J, Kjellman B, Gidlund M, Andersson B, Jindal S, Kiessling R. Induction of
heat shock protein in monocytic cells by oxidized low density lipoprotein.
Atherosclerosis 1996;121:93-103.

38.

Frostegard J, Nilsson J, Haegerstrand A, Hamsten A, Wigzell H, Gidlund M. Oxidized
low density lipoprotein induces differentiation and adhesion of human monocytes and
the monocytic cell line u937. Proc Natl Acad Sci U S A 1990;87:904-908.

55

39.

Ketelhuth DF, Hansson GK. Cellular immunity, low-density lipoprotein and
atherosclerosis: Break of tolerance in the artery wall. Thromb Haemost 2011;106:779786.

40.

Carallo C, Irace C, Pujia A, De Franceschi MS, Crescenzo A, Motti C, Cortese C,
Mattioli PL, Gnasso A. Evaluation of common carotid hemodynamic forces. Relations
with wall thickening. Hypertension 1999;34:217-221.

41.

Gnasso A, Carallo C, Irace C, Spagnuolo V, De Novara G, Mattioli PL, Pujia A.
Association between intima-media thickness and wall shear stress in common carotid
arteries in healthy male subjects. Circulation 1996;94:3257-3262.

42.

Thijssen DH, Cable NT, Green DJ. Impact of exercise training on arterial wall thickness
in humans. Clin Sci (Lond) 2012;122:311-322.

43.

Andersson J, Sundstrom J, Gustavsson T, Hulthe J, Elmgren A, Zilmer K, Zilmer M,
Lind L. Echogenecity of the carotid intima-media complex is related to cardiovascular
risk factors, dyslipidemia, oxidative stress and inflammation: The prospective
investigation of the vasculature in uppsala seniors (pivus) study. Atherosclerosis
2009;204:612-618.

44.

Burgaz A, Byberg L, Rautiainen S, Orsini N, Hakansson N, Arnlov J, Sundstrom J, Lind
L, Melhus H, Michaelsson K, Wolk A. Confirmed hypertension and plasma 25(oh)d
concentrations amongst elderly men. J Intern Med 2011;269:211-218.

45.

Fraser A, Williams D, Lawlor DA. Associations of serum 25-hydroxyvitamin d,
parathyroid hormone and calcium with cardiovascular risk factors: Analysis of 3 nhanes
cycles (2001-2006). PLoS One 2010;5:e13882.

46.

Lind L, Hanni A, Lithell H, Hvarfner A, Sorensen OH, Ljunghall S. Vitamin d is related
to blood pressure and other cardiovascular risk factors in middle-aged men. Am J
Hypertens 1995;8:894-901.

47.

Williams DM, Fraser A, Lawlor DA. Associations of vitamin d, parathyroid hormone
and calcium with cardiovascular risk factors in us adolescents. Heart 2011;97:315-320.

48.

Hagstrom E, Ingelsson E, Sundstrom J, Hellman P, Larsson TE, Berglund L, Melhus H,
Held C, Michaelsson K, Lind L, Arnlov J. Plasma parathyroid hormone and risk of
congestive heart failure in the community. Eur J Heart Fail 2010;12:1186-1192.

49.

Pilz S, Tomaschitz A, Drechsler C, Ritz E, Boehm BO, Grammer TB, Marz W.
Parathyroid hormone level is associated with mortality and cardiovascular events in
patients undergoing coronary angiography. Eur Heart J 2010;31:1591-1598.

50.

Cawthon PM, Parimi N, Barrett-Connor E, Laughlin GA, Ensrud KE, Hoffman AR,
Shikany JM, Cauley JA, Lane NE, Bauer DC, Orwoll ES, Cummings SR. Serum 25hydroxyvitamin d, parathyroid hormone, and mortality in older men. J Clin Endocrinol
Metab 2010;95:4625-4634.

51.

Hedback G, Oden A. Increased risk of death from primary hyperparathyroidism--an
update. Eur J Clin Invest 1998;28:271-276.

56

52.

Yu N, Donnan PT, Flynn RW, Murphy MJ, Smith D, Rudman A, Leese GP. Increased
mortality and morbidity in mild primary hyperparathyroid patients. The parathyroid
epidemiology and audit research study (pears). Clin Endocrinol (Oxf) 2010;73:30-34.

53.

Silverberg SJ, Shane E, Dempster DW, Bilezikian JP. The effects of vitamin d
insufficiency in patients with primary hyperparathyroidism. Am J Med 1999;107:561567.

54.

Hedback G, Tisell LE, Bengtsson BA, Hedman I, Oden A. Premature death in patients
operated on for primary hyperparathyroidism. World J Surg 1990;14:829-835;
discussion 836.

55.

Nuzzo V, Tauchmanova L, Fonderico F, Trotta R, Fittipaldi MR, Fontana D, Rossi R,
Lombardi G, Trimarco B, Lupoli G. Increased intima-media thickness of the carotid
artery wall, normal blood pressure profile and normal left ventricular mass in subjects
with primary hyperparathyroidism. Eur J Endocrinol 2002;147:453-459.

56.

Walker MD, Fleischer J, Rundek T, McMahon DJ, Homma S, Sacco R, Silverberg SJ.
Carotid vascular abnormalities in primary hyperparathyroidism. J Clin Endocrinol
Metab 2009;94:3849-3856.

57.

Luigi P, Chiara FM, Laura Z, Cristiano M, Giuseppina C, Luciano C, Giuseppe P,
Sabrina C, Susanna S, Antonio C, Giuseppe C, Giorgio de T, Claudio L. Arterial
hypertension, metabolic syndrome and subclinical cardiovascular organ damage in
patients with asymptomatic primary hyperparathyroidism before and after
parathyroidectomy: Preliminary results. Int J Endocrinol 2012;2012:408295.

58.

Rosa J, Raska I, Jr., Wichterle D, Petrak O, Strauch B, Somloova Z, Zelinka T, Holaj R,
Widimsky J, Jr. Pulse wave velocity in primary hyperparathyroidism and effect of
surgical therapy. Hypertens Res 2011;34:296-300.

59.

Leifsson BG, Ahren B. Serum calcium and survival in a large health screening program.
J Clin Endocrinol Metab 1996;81:2149-2153.

60.

Lind L, Skarfors E, Berglund L, Lithell H, Ljunghall S. Serum calcium: A new,
independent, prospective risk factor for myocardial infarction in middle-aged men
followed for 18 years. J Clin Epidemiol 1997;50:967-973.

61.

Rubin MR, Rundek T, McMahon DJ, Lee HS, Sacco RL, Silverberg SJ. Carotid artery
plaque thickness is associated with increased serum calcium levels: The northern
manhattan study. Atherosclerosis 2007;194:426-432.

62.

Wang TJ, Pencina MJ, Booth SL, Jacques PF, Ingelsson E, Lanier K, Benjamin EJ,
D'Agostino RB, Wolf M, Vasan RS. Vitamin d deficiency and risk of cardiovascular
disease. Circulation 2008;117:503-511.

63.

Rao DS, Honasoge M, Divine GW, Phillips ER, Lee MW, Ansari MR, Talpos GB,
Parfitt AM. Effect of vitamin d nutrition on parathyroid adenoma weight: Pathogenetic
and clinical implications. J Clin Endocrinol Metab 2000;85:1054-1058.

57

64.

Bilezikian JP, Khan AA, Potts JT, Jr. Guidelines for the management of asymptomatic
primary hyperparathyroidism: Summary statement from the third international
workshop. J Clin Endocrinol Metab 2009;94:335-339.

65.

Fox CS, Sullivan L, D'Agostino RB, Sr., Wilson PW. The significant effect of diabetes
duration on coronary heart disease mortality: The framingham heart study. Diabetes
Care 2004;27:704-708.

66.

Hsu PF, Sung SH, Cheng HM, Yeh JS, Liu WL, Chan WL, Chen CH, Chou P, Chuang
SY. Association of clinical symptomatic hypoglycemia with cardiovascular events and
total mortality in type 2 diabetes mellitus: A nationwide population-based study.
Diabetes Care 2012

67.

Wang Y, Rimm EB, Stampfer MJ, Willett WC, Hu FB. Comparison of abdominal
adiposity and overall obesity in predicting risk of type 2 diabetes among men. Am J Clin
Nutr 2005;81:555-563.

68.

Sluik D, Buijsse B, Muckelbauer R, Kaaks R, Teucher B, Johnsen NF, Tjonneland A,
Overvad K, Ostergaard JN, Amiano P, Ardanaz E, Bendinelli B, Pala V, Tumino R,
Ricceri F, Mattiello A, Spijkerman AM, Monninkhof EM, May AM, Franks PW,
Nilsson PM, Wennberg P, Rolandsson O, Fagherazzi G, Boutron-Ruault MC, ClavelChapelon F, Castano JM, Gallo V, Boeing H, Nothlings U. Physical activity and
mortality in individuals with diabetes mellitus: A prospective study and meta-analysis.
Arch Intern Med 2012:1-11.

69.

DeFronzo RA, Tripathy D. Skeletal muscle insulin resistance is the primary defect in
type 2 diabetes. Diabetes Care 2009;32 Suppl 2:S157-163.

70.

Di Loreto C, Fanelli C, Lucidi P, Murdolo G, De Cicco A, Parlanti N, Ranchelli A,
Fatone C, Taglioni C, Santeusanio F, De Feo P. Make your diabetic patients walk:
Long-term impact of different amounts of physical activity on type 2 diabetes. Diabetes
Care 2005;28:1295-1302.

71.

Lahti J, Holstila A, Lahelma E, Rahkonen O. Leisure-time physical activity and allcause mortality. PLoS One 2014;9:e101548.

72.

Blair SN, Kohl HW, 3rd, Paffenbarger RS, Jr., Clark DG, Cooper KH, Gibbons LW.
Physical fitness and all-cause mortality. A prospective study of healthy men and
women. JAMA 1989;262:2395-2401.

73.

Akash MS, Rehman K, Chen S. Role of inflammatory mechanisms in pathogenesis of
type 2 diabetes mellitus. J Cell Biochem 2013;114:525-531.

74.

Golbidi S, Laher I. Exercise and the aging endothelium. J Diabetes Res
2013;2013:789607.

75.

Wing RR, Bolin P, Brancati FL, Bray GA, Clark JM, Coday M, Crow RS, Curtis JM,
Egan CM, Espeland MA, Evans M, Foreyt JP, Ghazarian S, Gregg EW, Harrison B,
Hazuda HP, Hill JO, Horton ES, Hubbard VS, Jakicic JM, Jeffery RW, Johnson KC,
Kahn SE, Kitabchi AE, Knowler WC, Lewis CE, Maschak-Carey BJ, Montez MG,
Murillo A, Nathan DM, Patricio J, Peters A, Pi-Sunyer X, Pownall H, Reboussin D,
Regensteiner JG, Rickman AD, Ryan DH, Safford M, Wadden TA, Wagenknecht LE,

58

West DS, Williamson DF, Yanovski SZ. Cardiovascular effects of intensive lifestyle
intervention in type 2 diabetes. N Engl J Med 2013;369:145-154.
76.

Pignoli P, Tremoli E, Poli A, Oreste P, Paoletti R. Intimal plus medial thickness of the
arterial wall: A direct measurement with ultrasound imaging. Circulation 1986;74:13991406.

77.

Stary HC, Blankenhorn DH, Chandler AB, Glagov S, Insull W, Jr., Richardson M,
Rosenfeld ME, Schaffer SA, Schwartz CJ, Wagner WD, et al. A definition of the intima
of human arteries and of its atherosclerosis-prone regions. A report from the committee
on vascular lesions of the council on arteriosclerosis, american heart association.
Circulation 1992;85:391-405.

78.

Bots ML, Hoes AW, Koudstaal PJ, Hofman A, Grobbee DE. Common carotid intimamedia thickness and risk of stroke and myocardial infarction: The rotterdam study.
Circulation 1997;96:1432-1437.

79.

Ebrahim S, Papacosta O, Whincup P, Wannamethee G, Walker M, Nicolaides AN,
Dhanjil S, Griffin M, Belcaro G, Rumley A, Lowe GD. Carotid plaque, intima media
thickness, cardiovascular risk factors, and prevalent cardiovascular disease in men and
women: The british regional heart study. Stroke 1999;30:841-850.

80.

Effoe VS, Rodriguez CJ, Wagenknecht LE, Evans GW, Chang PP, Mirabelli MC,
Bertoni AG. Carotid intima-media thickness is associated with incident heart failure
among middle-aged whites and blacks: The atherosclerosis risk in communities study. J
Am Heart Assoc 2014;3:e000797.

81.

O'Leary DH, Polak JF, Kronmal RA, Manolio TA, Burke GL, Wolfson SK, Jr. Carotidartery intima and media thickness as a risk factor for myocardial infarction and stroke in
older adults. Cardiovascular health study collaborative research group. N Engl J Med
1999;340:14-22.

82.

Perk J, De Backer G, Gohlke H, Graham I, Reiner Z, Verschuren M, Albus C, Benlian
P, Boysen G, Cifkova R, Deaton C, Ebrahim S, Fisher M, Germano G, Hobbs R, Hoes
A, Karadeniz S, Mezzani A, Prescott E, Ryden L, Scherer M, Syvanne M, Scholte op
Reimer WJ, Vrints C, Wood D, Zamorano JL, Zannad F. European guidelines on
cardiovascular disease prevention in clinical practice (version 2012). The fifth joint task
force of the european society of cardiology and other societies on cardiovascular disease
prevention in clinical practice (constituted by representatives of nine societies and by
invited experts). Eur Heart J 2012;33:1635-1701.

83.

Kadoglou NP, Fotiadis G, Kapelouzou A, Kostakis A, Liapis CD, Vrabas IS. The
differential anti-inflammatory effects of exercise modalities and their association with
early carotid atherosclerosis progression in patients with type 2 diabetes. Diabet Med
2013;30:e41-50.

84.

Osika W, Dangardt F, Gronros J, Lundstam U, Myredal A, Johansson M, Volkmann R,
Gustavsson T, Gan LM, Friberg P. Increasing peripheral artery intima thickness from
childhood to seniority. Arteriosclerosis, thrombosis, and vascular biology 2007;27:671676.

59

85.

Myredal A, Gan LM, Osika W, Friberg P, Johansson M. Increased intima thickness of
the radial artery in individuals with prehypertension and hypertension. Atherosclerosis
2010;209:147-151.

86.

Eklund C, Omerovic E, Haraldsson I, Friberg P, Gan LM. Radial artery intima-media
thickness predicts major cardiovascular events in patients with suspected coronary
artery disease. Eur Heart J Cardiovasc Imaging 2014

87.

Myredal A, Osika W, Li Ming G, Friberg P, Johansson M. Increased intima thickness of
the radial artery in patients with coronary heart disease. Vasc Med 2010;15:33-37.

88.

Peters SA, Lind L, Palmer MK, Grobbee DE, Crouse JR, 3rd, O'Leary DH, Evans GW,
Raichlen J, Bots ML, den Ruijter HM. Increased age, high body mass index and low
hdl-c levels are related to an echolucent carotid intima-media: The meteor study. J
Intern Med 2011

89.

Fye WB. T. Lauder Brunton, 1844-1916. Clin Cardiol 1989;12:675-676.

90.

Fye WB. William Murrell. Clin Cardiol 1995;18:426-427.

91.

Mancia G. Scipione Riva-Rocci. Clin Cardiol 1997;20:503-504.

92.

Shevchenko YL, Tsitlik JE. 90th anniversary of the development by nikolai s. Korotkoff
of the auscultatory method of measuring blood pressure. Circulation 1996;94:116-118.

93.

Cheng K, Cameron JD, Tung M, Mottram PM, Meredith IT, Hope SA. Association of
left ventricular motion and central augmentation index in healthy young men. Journal of
hypertension 2012;30:2395-2402.

94.

Salvi P, Parati G. Augmentation index as a specific marker of large arteries
distensibility: The end of a beautiful tale? Journal of hypertension 2012;30:2276-2278.

95.

Karamanoglu M, O'Rourke MF, Avolio AP, Kelly RP. An analysis of the relationship
between central aortic and peripheral upper limb pressure waves in man. Eur Heart J
1993;14:160-167.

96.

Pauca AL, O'Rourke MF, Kon ND. Prospective evaluation of a method for estimating
ascending aortic pressure from the radial artery pressure waveform. Hypertension
2001;38:932-937.

97.

O'Rourke MF, Nichols WW. Aortic diameter, aortic stiffness, and wave reflection
increase with age and isolated systolic hypertension. Hypertension 2005;45:652-658.

98.

O'Rourke MF, Seward JB. Central arterial pressure and arterial pressure pulse: New
views entering the second century after korotkov. Mayo Clin Proc 2006;81:1057-1068.

99.

Takada H, Washino K, Harrell JS, Iwata H. Acceleration plethysmography to evaluate
aging effect in cardiovascular system. Using new criteria of four wave patterns. Med
Prog Technol 1996;21:205-210.

100.

Hashimoto J, Chonan K, Aoki Y, Nishimura T, Ohkubo T, Hozawa A, Suzuki M,
Matsubara M, Michimata M, Araki T, Imai Y. Pulse wave velocity and the second

60

derivative of the finger photoplethysmogram in treated hypertensive patients: Their
relationship and associating factors. Journal of hypertension 2002;20:2415-2422.
101.

Salvi P, Magnani E, Valbusa F, Agnoletti D, Alecu C, Joly L, Benetos A. Comparative
study of methodologies for pulse wave velocity estimation. J Hum Hypertens
2008;22:669-677.

102.

Weber T, Ammer M, Rammer M, Adji A, O'Rourke MF, Wassertheurer S, Rosenkranz
S, Eber B. Noninvasive determination of carotid-femoral pulse wave velocity depends
critically on assessment of travel distance: A comparison with invasive measurement.
Journal of hypertension 2009;27:1624-1630.

103.

Mitchell GF, Izzo JL, Jr., Lacourciere Y, Ouellet JP, Neutel J, Qian C, Kerwin LJ,
Block AJ, Pfeffer MA. Omapatrilat reduces pulse pressure and proximal aortic stiffness
in patients with systolic hypertension: Results of the conduit hemodynamics of
omapatrilat international research study. Circulation 2002;105:2955-2961.

104.

Chiu YC, Arand PW, Shroff SG, Feldman T, Carroll JD. Determination of pulse wave
velocities with computerized algorithms. Am Heart J 1991;121:1460-1470.

105.

Determinants of pulse wave velocity in healthy people and in the presence of
cardiovascular risk factors: 'Establishing normal and reference values'. Eur Heart J
2010;31:2338-2350.

106.

Vermeersch SJ, Rietzschel ER, De Buyzere ML, Van Bortel LM, Gillebert TC,
Verdonck PR, Laurent S, Segers P, Boutouyrie P. Distance measurements for the
assessment of carotid to femoral pulse wave velocity. Journal of hypertension
2009;27:2377-2385.

107.

Nemeth Z, Moczar K, Deak G. Evaluation of the tensioday ambulatory blood pressure
monitor according to the protocols of the british hypertension society and the
association for the advancement of medical instrumentation. Blood Press Monit
2002;7:191-197.

108.

Horvath IG, Nemeth A, Lenkey Z, Alessandri N, Tufano F, Kis P, Gaszner B, Cziraki
A. Invasive validation of a new oscillometric device (arteriograph) for measuring
augmentation index, central blood pressure and aortic pulse wave velocity. Journal of
hypertension 2010;28:2068-2075.

109.

De Blois J, Stranden E, Jogestrand T, Henareh L, Agewall S. Echogenicity of the
carotid intima-media complex and cardiovascular risk factors. Clin Physiol Funct
Imaging 2012;32:400-403.

110.

Lind L, Wohlin M, Andren B, Sundstrom J. The echogenicity of the intima-media
complex in the common carotid artery is related to insulin resistance measured by the
hyperinsulinemic clamp in elderly men. Clin Physiol Funct Imaging 2013;33:137-142.

111.

Weber T, Auer J, O'Rourke MF, Kvas E, Lassnig E, Berent R, Eber B. Arterial stiffness,
wave reflections, and the risk of coronary artery disease. Circulation 2004;109:184-189.

61

112.

Chirinos JA, Zambrano JP, Chakko S, Veerani A, Schob A, Willens HJ, Perez G,
Mendez AJ. Aortic pressure augmentation predicts adverse cardiovascular events in
patients with established coronary artery disease. Hypertension 2005;45:980-985.

113.

Boutouyrie P, Tropeano AI, Asmar R, Gautier I, Benetos A, Lacolley P, Laurent S.
Aortic stiffness is an independent predictor of primary coronary events in hypertensive
patients: A longitudinal study. Hypertension 2002;39:10-15.

114.

Lorenz MW, Markus HS, Bots ML, Rosvall M, Sitzer M. Prediction of clinical
cardiovascular events with carotid intima-media thickness: A systematic review and
meta-analysis. Circulation 2007;115:459-467.

115.

Chambless LE, Heiss G, Folsom AR, Rosamond W, Szklo M, Sharrett AR, Clegg LX.
Association of coronary heart disease incidence with carotid arterial wall thickness and
major risk factors: The atherosclerosis risk in communities (aric) study, 1987-1993. Am
J Epidemiol 1997;146:483-494.

116.

Greenland P, Alpert JS, Beller GA, Benjamin EJ, Budoff MJ, Fayad ZA, Foster E,
Hlatky MA, Hodgson JM, Kushner FG, Lauer MS, Shaw LJ, Smith SC, Jr., Taylor AJ,
Weintraub WS, Wenger NK, Jacobs AK, Anderson JL, Albert N, Buller CE, Creager
MA, Ettinger SM, Guyton RA, Halperin JL, Hochman JS, Nishimura R, Ohman EM,
Page RL, Stevenson WG, Tarkington LG, Yancy CW. 2010 accf/aha guideline for
assessment of cardiovascular risk in asymptomatic adults: A report of the american
college of cardiology foundation/american heart association task force on practice
guidelines. J Am Coll Cardiol 2010;56:e50-103.

117.

Stein JH, Korcarz CE, Hurst RT, Lonn E, Kendall CB, Mohler ER, Najjar SS, Rembold
CM, Post WS. Use of carotid ultrasound to identify subclinical vascular disease and
evaluate cardiovascular disease risk: A consensus statement from the american society
of echocardiography carotid intima-media thickness task force. Endorsed by the society
for vascular medicine. J Am Soc Echocardiogr 2008;21:93-111; quiz 189-190.

118.

Stein JH, Korcarz CE, Mays ME, Douglas PS, Palta M, Zhang H, Lecaire T, Paine D,
Gustafson D, Fan L. A semiautomated ultrasound border detection program that
facilitates clinical measurement of ultrasound carotid intima-media thickness. J Am Soc
Echocardiogr 2005;18:244-251.

119.

Polak JF, Pencina MJ, Herrington D, O'Leary DH. Associations of edge-detected and
manual-traced common carotid intima-media thickness measurements with framingham
risk factors: The multi-ethnic study of atherosclerosis. Stroke 2011;42:1912-1916.

120.

Weber T, Maas R, Auer J, Lamm G, Lassnig E, Rammer M, O'Rourke MF, Boger RH,
Eber B. Arterial wave reflections and determinants of endothelial function a hypothesis
based on peripheral mode of action. Am J Hypertens 2007;20:256-262.

121.

Freire CM, Ribeiro AL, Barbosa FB, Nogueira AI, de Almeida MC, Barbosa MM, Lana
AM, e Silva AC, Ribeiro-Oliveira A. Comparison between automated and manual
measurements of carotid intima-media thickness in clinical practice. Vasc Health Risk
Manag 2009;5:811-817.

62

122.

Wendelhag I, Liang Q, Gustavsson T, Wikstrand J. A new automated computerized
analyzing system simplifies readings and reduces the variability in ultrasound
measurement of intima-media thickness. Stroke 1997;28:2195-2200.

123.

Fallo F, Camporese G, Capitelli E, Andreozzi GM, Mantero F, Lumachi F. Ultrasound
evaluation of carotid artery in primary hyperparathyroidism. J Clin Endocrinol Metab
2003;88:2096-2099.

124.

Kosch M, Hausberg M, Barenbrock M, Posadzy-Malaczynska A, Kisters K, Rahn KH.
Arterial distensibility and pulse wave velocity in patients with primary
hyperparathyroidism before and after parathyroidectomy. Clin Nephrol 2001;55:303308.

125.

Lumachi F, Ermani M, Frego M, Pilon F, Filosa T, Di Cristofaro L, De Lotto F, Fallo F.
Intima-media thickness measurement of the carotid artery in patients with primary
hyperparathyroidism. A prospective case-control study and long-term follow-up. In Vivo
2006;20:887-890.

126.

Kim SH, Lee SJ, Kang ES, Kang S, Hur KY, Lee HJ, Ahn CW, Cha BS, Yoo JS, Lee
HC. Effects of lifestyle modification on metabolic parameters and carotid intima-media
thickness in patients with type 2 diabetes mellitus. Metabolism 2006;55:1053-1059.

127.

Tanaka H, Seals DR, Monahan KD, Clevenger CM, DeSouza CA, Dinenno FA.
Regular aerobic exercise and the age-related increase in carotid artery intima-media
thickness in healthy men. J Appl Physiol (1985) 2002;92:1458-1464.

128.

Olson TP, Dengel DR, Leon AS, Schmitz KH. Moderate resistance training and
vascular health in overweight women. Med Sci Sports Exerc 2006;38:1558-1564.

129.

Bedi US, Singh M, Singh PP, Bhuriya R, Bahekar A, Molnar J, Khosla S, Arora R.
Effects of statins on progression of carotid atherosclerosis as measured by carotid
intimal--medial thickness: A meta-analysis of randomized controlled trials. J
Cardiovasc Pharmacol Ther 2010;15:268-273.

130.

Ostling G, Hedblad B, Berglund G, Goncalves I. Increased echolucency of carotid
plaques in patients with type 2 diabetes. Stroke 2007;38:2074-2078.

131.

Baulmann J, Schillings U, Rickert S, Uen S, Dusing R, Illyes M, Cziraki A, Nickering
G, Mengden T. A new oscillometric method for assessment of arterial stiffness:
Comparison with tonometric and piezo-electronic methods. Journal of hypertension
2008;26:523-528.

132.

Jatoi NA, Mahmud A, Bennett K, Feely J. Assessment of arterial stiffness in
hypertension: Comparison of oscillometric (arteriograph), piezoelectronic (complior)
and tonometric (sphygmocor) techniques. Journal of hypertension 2009;27:2186-2191.

133.

Rajzer MW, Wojciechowska W, Klocek M, Palka I, Brzozowska-Kiszka M, KaweckaJaszcz K. Comparison of aortic pulse wave velocity measured by three techniques:
Complior, sphygmocor and arteriograph. Journal of hypertension 2008;26:2001-2007.

63

134.

Salvi P, Lio G, Labat C, Ricci E, Pannier B, Benetos A. Validation of a new noninvasive portable tonometer for determining arterial pressure wave and pulse wave
velocity: The pulsepen device. Journal of hypertension 2004;22:2285-2293.

135.

Rezai MR, Goudot G, Winters C, Finn JD, Wu FC, Cruickshank JK. Calibration mode
influences central blood pressure differences between sphygmocor and two newer
devices, the arteriograph and omron hem-9000. Hypertens Res 2011;34:1046-1051.

136.

Vardoulis O, Papaioannou TG, Stergiopulos N. Validation of a novel and existing
algorithms for the estimation of pulse transit time: Advancing the accuracy in pulse
wave velocity measurement. Am J Physiol Heart Circ Physiol 2013;304:H1558-1567.

137.

Soderstrom S, Nyberg G, O'Rourke MF, Sellgren J, Ponten J. Can a clinically useful
aortic pressure wave be derived from a radial pressure wave? Br J Anaesth
2002;88:481-488.

138.

Shih YT, Cheng HM, Sung SH, Hu WC, Chen CH. Quantification of the calibration
error in the transfer function-derived central aortic blood pressures. Am J Hypertens
2011;24:1312-1317.

139.

Rubin MR, Maurer MS, McMahon DJ, Bilezikian JP, Silverberg SJ. Arterial stiffness in
mild primary hyperparathyroidism. J Clin Endocrinol Metab 2005;90:3326-3330.

140.

Smith JC, Page MD, John R, Wheeler MH, Cockcroft JR, Scanlon MF, Davies JS.
Augmentation of central arterial pressure in mild primary hyperparathyroidism. J Clin
Endocrinol Metab 2000;85:3515-3519.

141.

Rosa J, Raska I, Jr., Wichterle D, Petrak O, Strauch B, Somloova Z, Zelinka T, Holaj R,
Widimsky J, Jr. Pulse wave velocity in primary hyperparathyroidism and effect of
surgical therapy. Hypertens Res 2010

142.

Ryden Ahlgren A, Lanne T, Wollmer P, Sonesson B, Hansen F, Sundkvist G. Increased
arterial stiffness in women, but not in men, with iddm. Diabetologia 1995;38:10821089.

143.

Fritz T, Caidahl K, Krook A, Lundstrom P, Mashili F, Osler M, Szekeres FL, Ostenson
CG, Wandell P, Zierath JR. Effects of nordic walking on cardiovascular risk factors in
overweight individuals with type 2 diabetes, impaired or normal glucose tolerance.
Diabetes Metab Res Rev 2013;29:25-32.

144.

Naya T, Hosomi N, Ohyama H, Ichihara S, Ban CR, Takahashi T, Taminato T, Feng A,
Kohno M, Koziol JA. Smoking, fasting serum insulin, and obesity are the predictors of
carotid atherosclerosis in relatively young subjects. Angiology 2007;58:677-684.

145.

Nilsson PM, Lurbe E, Laurent S. The early life origins of vascular ageing and
cardiovascular risk: The eva syndrome. Journal of hypertension 2008;26:1049-1057.

64

