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The subendothelial accumulation of low-density lipoprotein

cholesterol (LDL-C) does not occur uniformly across arteries.

Instead, LDL-C follows a regional pattern of distribution with

areas of low endothelial shear stress (ESS) being the major

gateways that allow LDL-C to enter the arterial endothelium.1,2

The amount of LDL-C that accumulates in the arterial wall is

also dependent on the circulating high-density lipoprotein cho-

lesterol (HDL-C) and triglycerides. High-density lipoprotein

cholesterol mediates the removal of LDL-C from vascular

wall,3 whereas triglycerides, which are transporters of choles-

terol esters to the arterial wall, are linked with decreased

HDL-C and increased very low-density lipoprotein (VLDL)

cholesterol, a factor that promotes atherosclerosis even in indi-

viduals with low LDL-C.3,4 In cases of increased amounts of

LDL-C circulating in the blood, the excessive amount of

LDL-C stagnates close to the arterial areas with low ESS and

subsequently accumulates in the subendothelial layer.5 After its

initial partial oxidation, the excessive amount of LDL-C

cannot be used by the arterial wall and undergoes complete

oxidation. Oxidized LDL (oxLDL) further accumulates in

subendothelial areas where low-wall stress occurs.6 oxLDL,

as well as oxidized VLDL, in turn trigger the inflammatory

response in the subendothelial space. Although inflammation

occurs locally, over time it may extend within the arterial wall

subsequently increasing the amount of inflammatory biomar-

kers in the circulating blood.7 The association of circulating

markers of inflammation, such as white blood cells, with the

natural history of atherosclerosis is not well elucidated. The

white blood cells, in particular mononuclear cells, are actively

involved in the pathophysiology of atherosclerosis. However,

the role of white blood cells in the evolution and vulnerability

of individual atherosclerotic plaques remains unknown.8,9 This

issue warrants further research.

The traditional systemic risk factors for atherosclerosis are

in constant interplay with local hemodynamic factors (ie, low

ESS) determining the natural history of the disease. Interest-

ingly, in the setting of the same severity of systemic predispos-

ing factors of atherosclerosis, especially hyperlipidemia,

greater deposits of oxLDL will occur in coronary arteries with

greater curvatures compared to less curved ones. Apparently, it

is the local factor of low ESS, which occurs in highly curved

areas, that determines the localization and severity of

atherosclerosis.10

Studies have shown that in the coronary arteries, ESS attains

a low and oscillatory pattern during systole, whereas in dia-

stole, it exhibits an initial steep increment up to its diastolic

maximum and then it slowly declines throughout the rest of

diastolic phase until the closure of mitral valve and the initia-

tion of the next systole.11,12 Of note, these ESS differences

throughout the cardiac cycle are more evident in the curved

regions of coronary network. Given the involvement of low and

oscillatory ESS in atherosclerosis, one could speculate that the

systolic period favors the pathophysiological processes respon-

sible for the onset and development of atherosclerosis, whereas

the steep increase of ESS, appearing in diastole, modulates an

atheroprotective milieu, compensating for the atherogenic sys-

tolic ESS values. Under resting conditions (ie, 60-80 beats/

min), the diastole versus systole duration ratio is approximately

2:1; as diastole lasts longer than systole, it compensates for the

systolic low ESS values. However, as the heart rate increases,

the diastolic time gradually decreases, resulting in an increase

of the total time spent on systoles per minute relatively to dia-

stole; of note, in severe tachycardia, the duration of diastole

tends to become equal to that of systole. As a result, in regions

susceptible to atherosclerosis, the atheroprotective effect of

diastole is limited, exposing the endothelium to the atherogenic

effect of low- and oscillatory-ESS for longer periods. There-

fore, in individuals exposed to the same systemic risk factors

for atherosclerosis, the risk of subendothelial accumulation of

LDL-C and subsequent atherosclerosis is greater in those with

higher number of cardiac pulses. The interplay between heart

rate and inflammation is investigated in the article by Inoue

et al in this issue of Angiology.13 The authors used the white
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blood cell count as a surrogate marker of subclinical

inflammation and found that resting heart rate is positively

associated with subclinical inflammation and potentially

future cardiovascular events.

The abovementioned concepts regarding the detrimental

effect of high heart rate on atherosclerosis could provide a

reasonable explanation of the beneficial effect of heart rate-

lowering agents, in particular b-blockers, in life expectancy after

myocardial infarction, suggesting that the intensive reduction of

heart rate could decelerate the progression of atherosclerosis

through prolongation of the atheroprotective diastolic phase.11

The implication of high heart rate in atherosclerosis also indicates

the need to redefine the spectrum of normal resting heart rate to 60

to 80 beats/min.11 This range of cardiac frequency can secure ade-

quate blood perfusion of the coronary arteries, without favoring

the development of atherosclerosis.

One could consider atherosclerosis as a physical reaction to

excessive accumulation of oxLDL in certain areas within the

arterial wall. The subsequent local inflammatory response can

be sustained forever, as long as the accumulation of oxLDL is

ongoing. Although the assessment of systemic biomarkers of

inflammation could help us to understand the pathophysiology

of atherosclerosis, one should take into account that this sys-

temic approach has 2 major drawbacks. (i) It does not provide

information about the localization of atherosclerotic lesions

and (ii) several other concomitant conditions, which may also

contribute to inflammation, could potentially prevent us from

attributing the inflammation to atherosclerosis exclusively.

The natural history of atherosclerosis is long lasting and

usually asymptomatic provided that the atherosclerotic plaque

is not obstructive. However, acute rupture and/or denudation of

a given atherosclerotic plaque can occur abruptly any time dur-

ing the natural history of a given plaque and may provoke

immediate aggregation of platelets and activation of the coagu-

lation cascade, resulting in the formation of local obstructive

thrombus and precipitation of an acute coronary syndrome.

Acute disruption of an atherosclerotic plaque is associated with

rapid and greater accumulation of oxLDL in the subendothelial

layer, resulting in accelerated progression of atherosclerosis in

a relatively short period of time that ultimately leads to the for-

mation of a vulnerable plaque, which is prone to rupture under

the influence of local and systematic conditions.6 Major deter-

minants of plaque vulnerability include fibrous cap thinning,

intense local accumulation of inflammatory cells, increased

necrotic lipid core, rupture of vasa vasorum within the plaque,

which may provoke an abrupt expansion of the lipid core,14

shift of the balance between proteolytic matrix metalloprotei-

nases and tissue inhibitors of matrix metalloproteinases toward

proteolysis,15 and regional differences of vascular wall stiff-

ness.16,17 Further to the role of these factors in the pathobiology

of plaque vulnerability, one should also acknowledge several

conditions that may trigger plaque rupture, such as high ESS,

which can lead to abrupt endothelial denudation,18 intense flow

pulsation,12 and increased heart rate,11 which may further

intensify the local proatherogenic environment. Following pla-

que rupture, circulating platelets are activated and aggregated,

leading to acute clot formation and subsequent precipitation of

an acute coronary syndrome.19

It should be mentioned that arterial geometry and local hemo-

dynamic factors play a crucial role in the natural history of ather-

osclerosis, as through mechanotransduction mechanisms, they

mediate a complex network of molecular and cellular response.20

In summary, atherosclerosis is a physical and chronic inflam-

matory response to excessive accumulation of oxidized sub-

stances (mostly LDL) in the subendothelial space. Over its

natural history, atherosclerosis may evolve to vulnerable plaque

formation and precipitation of an acute coronary syndrome.

Future research should focus on the prevention of the accu-

mulation of oxLDL in the arterial wall, early detection of vul-

nerable plaques, further investigation of the specific factors

that promote plaque rupture, and development of therapeutic

strategies aiming to reduce the potential of vulnerable plaque

formation and rupture.

References

1. Chatzizisis YS, Jonas M, Coskun AU, et al. Prediction of the locali-

zation of high-risk coronary atherosclerotic plaques on the basis of

low endothelial shear stress: an intravascular ultrasound and histo-

pathology natural history study. Circulation. 2008;117:993-1002.

2. Koskinas KC, Chatzizisis YS, Baker AB, Edelman ER, Stone PH,

Feldman CL. The role of low endothelial shear stress in the con-

version of atherosclerotic lesions from stable to unstable plaque.

Curr Opin Cardiol. 2009;24(6):580-590.

3. Carey VJ, Bishop L, Laranjo N, Harshfield BJ, Kwiat C,

Sacks FM. Contribution of high plasma triglycerides and low

high-density lipoprotein cholesterol to residual risk of coronary

heart disease after establishment of low-density lipoprotein cho-

lesterol control. Am J Cardiol. 2010;106(6):757-763.

4. Kolovou GD, Kostakou PM, Anagnostopoulou KK. Familial

hypercholesterolemia and triglyceride metabolism. Int J Cardiol.

2011;147(3):349-358.

5. Soulis JV, Fytanidis DK, Papaioannou VC, Giannoglou GD. Wall

shear stress on LDL accumulation in human RCAs. Med Eng

Phys. 2010;32(8):867-877.

6. Giannoglou GD, Soulis JV, Farmakis TM, Farmakis DM,

Louridas GE. Haemodynamic factors and the important role of

local low static pressure in coronary wall thickening. Int J Car-

diol. 2002;86(1):27-40.

7. Chatzizisis YS, Giannoglou GD. Shear stress and inflammation:

are we getting closer to the prediction of vulnerable plaque?

Expert Rev Cardiovasc Ther. 2010;8(10):1351-1353.

8. Sekitani Y, Hayashida N, Kadota K, et al. White blood cell count

and cardiovascular biomarkers of atherosclerosis. Biomarkers.

2010;15(5):454-460.

9. Coller BS. Leukocytosis and ischemic vascular disease morbidity

and mortality: is it time to intervene? Arterioscler Thromb Vasc

Biol. 2005;25(4):658-670.

10. Zhu H, Ding Z, Piana RN, Gehrig TR, Friedman MH. Cataloguing

the geometry of the human coronary arteries: a potential tool for

predicting risk of coronary artery disease. Int J Cardiol. 2009;

135(1):43-52.

398 Angiology 63(5)



11. Giannoglou GD, Chatzizisis YS, Zamboulis C, Parcharidis GE,

Mikhailidis DP, Louridas GE. Elevated heart rate and athero-

sclerosis: an overview of the pathogenetic mechanisms. Int J

Cardiol. 2008;126(3):302-312.

12. Chatzizisis YS, Giannoglou GD. Pulsatile flow: a critical modu-

lator of the natural history of atherosclerosis. Med Hypotheses.

2006;67(2):338-340.

13. Inoue T, Iseki K, Iseki C, Kinjo K. Elevated resting heart rate is

associated with white blood cell count in middle-aged and elderly

subjects without apparent cardiovascular disease. Angiology.

2011. doi: 10.1177/0003319711428071

14. Giannoglou GD, Koskinas KC, Tziakas DN, et al. Total choles-

terol content of erythrocyte membranes and coronary athero-

sclerosis: an intravascular ultrasound pilot study. Angiology.

2009;60(6):676-682.

15. Sapienza P, di Marzo L, Borrelli V, et al. Metalloproteinases and

their inhibitors are markers of plaque instability. Surgery. 2005;

137(3):355-363.

16. Missel E, Mintz GS, Carlier SG, et al. In vivo virtual histology

intravascular ultrasound correlates of risk factors for sudden

coronary death in men: results from the prospective, multi-

centre virtual histology intravascular ultrasound registry. Eur

Heart J. 2008;29(17):2141-2147.

17. Chatzizisis YS, Giannoglou GD. Coronary hemodynamics and

atherosclerotic wall stiffness: a vicious cycle. Med Hypotheses.

2007;69(2):349-355.

18. Groen HC, Gijsen FJ, van der Lugt A, et al. Plaque rupture in the

carotid artery is localized at the high shear stress region: a case

report. Stroke. 2007;38(8):2379-2381.

19. Fuster V, Moreno PR, Fayad ZA, Corti R, Badimon JJ. Athero-

thrombosis and high-risk plaque: part I: evolving concepts.

J Am Coll Cardiol. 2005;46(6):937-954.

20. Giannoglou GD, Antoniadis AP, Koskinas KC, Chatzizisis YS.

Flow and atherosclerosis in coronary bifurcations. Eurointerven-

tion. 2010;6(suppl J):16-23.

Giannoglou and Chatzizisis 399



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


