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ABSTRACT 
Shear stress is known to have a significant effect on the state of cellular differentiation. It also induces morphologic 
responses including changes to cytoskeletal organization subsequently leading to changes in cell shape. In fact, fluid 
shear stress caused by blood flow is a major determinant of vascular remodeling and can lead to development of 
atherosclerosis. The morphological changes are usually evaluated using boundary-based shape descriptors or binary 
geometrical moments on manually segmented cells. Although any one of the many automated segmentation methods 
could be employed, these techniques are known to be complex and time consuming, and often require user input to 
operate properly, which is especially problematic for HCS systems. Therefore, development of robust, quantitative 
morphological measurements that are not dependent on precision and reproducibility of segmentation is extremely 
important for a substantial improvement of shear-stress analysis. The goals of this study were to find simple 
morphological descriptors that could be applied to cells isolated by tessellation in order to enable a high-throughput 
screening of morphological shear-stress response, and to determine the amount of fluid shear stress to which endothelial 
cells were exposed on the basis of changes in their morphology. The proposed technique is based on the monitoring of 
changes in cytoskeleton organization using texture descriptors, rather than on quantifying cell-boundary modifications. 
We showed that objects identified by Voronoi tessellation carried enough information about cytoskeleton texture of 
individual cells to create a robust classifier. Our approach provided higher discriminant and predictive powers, and better 
classification capability, than traditional boundary-based methods. The robustness of classification in the presence of 
segmentation difficulties makes the proposed approach particularly suitable for automated HCS systems. 
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1. INTRODUCTION 
The change of shape by endothelial cells coinciding with differentiation is a well-known response to shear stress and has 
been described in many reports1-5 (Figure 1), but the provided quantitative evaluation has been incomplete and difficult 
to reproduce. The described changes in morphology include polarization of the cells and cell elongation in the direction 
of the shear vector. The quantitative analysis of morphological changes triggered by shear stress has been mostly limited 
to calculation of a form factor (defined as 4π·area/perimeter2). Although the form factor, which was introduced to shear 
stress studies by Nerem and his colleagues in ‘80s5-8, is intuitively understandable and seemingly easy to calculate, in 
practice it is hard to determine and ambiguous owing to its boundary dependence. Therefore, development of a robust 
yet simple method for fast evaluation of morphological changes in cells exposed to shear stress, in a way that is not 
dependent on precisely segmented boundaries can be an important contribution to automated shear-stress analysis. 
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2. MATERIALS AND METHODS 
2.1. Cell cultures 

Bovine aortic endothelial cells (BAECs) (Vec Technologies, Rensselaer, NY)  were grown in commercially available 
flasks (Falcon, Becton Dickinson) until they reached ~80% confluence. Subsequently the cells were transferred to Y-
shaped flow chambers (µ-Slide, Integrated BioDiagnostics GmbH, München, Germany) which were pretreated with 
media 24 hours before seeding the cells. BAECs were then seeded by adding 200 µl of suspended cells at a 
concentration of 5x105 cells/ml. The cells were kept in the flow chamber 24-48 hours prior to the experiments. 
Subsequently, cells were subjected to different levels of shear stress using a peristaltic pump connected to the chamber 
slides: 

• Group 1 was subjected to laminar shear stress of 2 dynes/cm2  

• Group 2 was subjected to laminar shear stress of 15 dynes/cm2  

• Group 3 was subjected to laminar shear stress of 30 dynes/cm2  

After exposure to the fluid shear stress for 24 hours the cells were stained with Alexa-488-phalloidin and 4.5µl Hoechst 
33342 (Molecular Probes – Invitrogen Corp., Eugene, OR).  

2.2. Automated imaging 

Automated imaging was performed using an IC100 imaging cytometer (Beckman Coulter, Miami, FL). The nuclear 
staining was imaged using a 350/50-nm dichroic band-pass excitation filter, and a 457/17-nm emission filter. Alexa 488 
was imaged using 484/15-nm excitation, and a 517/30-nm emission filter. Within each group, ca. 20000 cells were 
imaged. 

2.3. Calculation of traditional shape descriptors 

128 cells in each group were segmented manually from the microphotographs.The binarized images were subsequently 
analyzed using Image-Pro Plus, Version 5.1 (Media Cybernetics, Silver Spring, MD, USA). The following parameters 
were computed for every cell9:  

• form factor = 4π·area/perimeter2 

• roundness = 4·area/(π·maximal diameter2) 

• aspect ratio = (maximal diameter)/(minimal diameter) 

• convexity = (convex perimeter)/perimeter 

• solidity = area/(area polygon) 

• compactness = 1 4
area

maximal diameter π
 

• extent = (net area)/(bounding rectangle) 

2.4. Dirichlet Tessellation  (Voronoi Diagram)  

A Voronoi diagram is the partitioning of a plane with n points into convex polygons such that each polygon contains 
exactly one generating point (seed) and every point in a given polygon is closer to its own generating point than to any 
other10. For our analysis, the centers of nuclei are chosen as the seed (center) points. Cytoskeleton images were 
tessellated using Voronoi diagrams with irregular tessellation using these seeds. An example Voronoi diagram is shown 
in Figure 2.  

2.5. Texture analysis 

A primary and common tool for texture analysis was introduced by Haralick11, who used gray-level co-occurrence 
matrices to quantify the number of occurrences at various distances and angles of pixel intensity values with respect to 
each other. The so-called Haralick texture features are then used to extract 14 low- and high-frequency texture properties. 
In our analysis, 12 of these features were used to extract texture information from images. 12 Haralick features 



multiplied by 3 different distances, represented as value and range of each feature gave 72 scalars which were used for 
the subsequent analysis. The tessellated cytoskeleton images were placed on a uniform, black background of 384-by-384 
pixels, so background pixels did not contribute to feature values, which would otherwise make them significantly biased.  

3. RESULTS AND DISCUSSION 
Overall changes in cellular morphology and organization of cells in the population as a result of shear-stress exposure 
were readily visible by eye, as shown in representative microscopy images in Figure 1. Linear discriminant analysis 
(LDA) was employed to find a linear classifier which would allow identification of the shear-stress level on the basis of 
cell-boundary deformation quantified by the classical descriptors. However, the LDA was unable to distinguish between 
cells sampled from 2 and 15 dynes/cm2 populations (Figure 3A). Test performed by the 0.632-bootstrap algorithm using 
25 replications showed an average classification error on the order of 45%.  

   

Figure 1. Representative images of bovine endothelial cells exposed to 2, 15, and 30 dynes/cm2 of liquid shear stress. 

An identical analysis has been performed for the data containing Haralick descriptors calculated with manually 
segmented cells. An application of LDA produced three distinct clusters representing three groups of cells (Figure 3B). 
Verification of this classifier by 0.632-bootstrap algorithms demonstrated much higher predictive power than the one 
found for boundary-based descriptors: the average error rate was estimated to be on the order of 17%. The texture-based 
classifier was also able to distinguish between cells cultured in low- (2 dynes/cm2), and medium-level (15 dynes/cm2) 
fluid-stress environments. 

  
Figure 2. Images of tessellated microphotographs (left) and manually segmented endothelial cells 
(right). The center of nuclei were chosen as the seed points. This was made possible owing to 
different staining of nuclei. Cytoskeleton images (in a separate color channel) were tessellated by 
Voronoi diagrams using these seeds. 

In the third step, a linear classifier was built on the basis of the texture measurements obtained from the Voronoi “cells” 
(polygons) produced by the automated tessellation process. The error of 26% was similar to that observed during the 
classification of the data vectors originating from the manually segmented cells. The classification system, unlike the 
boundary-based method, has still been able to identify the difference between low- and medium- stress environments 
(Figure 3C).  



Application of LDA showed that both the boundary-based shape descriptors and the texture descriptors were capable of 
identifying cells exposed to the highest shear-stress level (30 dynes/cm2). However, quantification based on cell contours 
failed to identify differences between the moderate shear-stress group and the low-stress group. In contrast, 
quantification based on the cytoskeletal texture correctly identifies the majority of cells belonging to all three groups. 
The classifiers were obviously unable to successfully recognize the fluid-stress environment of every cell. This was 
expected since information about the specific microenvironments that every cell experienced was not accessible. 
Therefore   bulk pressure values have been used for training and validation of the classifiers. 
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Figure 3. Canonical plots representing data vectors 
produced by (A) classical boundary-based descriptors, (B) 
Haralick texture descriptors calculated using manually 
segmented cells, and (C) Haralick texture descriptors 
calculated using tessellated Voronoi “cells.” 

Legend: ◊ – 2 dynes/cm2; ● – 15 dynes/cm2; ∗ – 30 
dynes/cm2. 
 

The texture-based classification has been demonstrated to have two important advantages over analysis of cell contours 
for quantification of shear stress: texture descriptors are more sensitive to the lower amount of shear, and they are not 
dependent on correct identification of the cell boundaries.   

 



REFERENCES 
 1.  S. Noria, F. Xu, S. McCue, M. Jones, A.I. Gotlieb and B.L. Langille, "Assembly and reorientation of stress fibers 

drives morphological changes to endothelial cells exposed to shear stress," American Journal of Pathology 164(4), 
1211-1223 (2004). 

 2.  J.T. Butcher, A.M. Penrod, A.J. Garcia and R.M. Nerem, "Unique morphology and focal adhesion development of 
valvular endothelial cells in static and fluid flow environments," Arteriosclerosis, Thrombosis, and Vascular 
Biology 24(8), 1429-1434 (2004). 

 3.  P.R. Girard and R.M. Nerem, "Shear stress modulates endothelial cell morphology and F-actin organization through 
the regulation of focal adhesion-associated proteins," Journal of Cellular Physiology 163(1), 179-193 (1995). 

 4.  A.M. Malek and S. Izumo, "Mechanism of endothelial cell shape change and cytoskeletal remodeling in response to 
fluid shear stress," Journal of Cell Science 109 ( Pt 4) 713-726 (1996). 

 5.  R.M. Nerem, M.J. Levesque and J.F. Cornhill, "Vascular endothelial morphology as an indicator of the pattern of 
blood flow," Journal of Biomechanical Engineering 103(3), 172-176 (1981). 

 6.  M.J. Levesque and R.M. Nerem, "The elongation and orientation of cultured endothelial cells in response to shear 
stress," Journal of Biomechanical Engineering 107(4), 341-347 (1985). 

 7.  J.F. Cornhill, M.J. Levesque, E.E. Herderick, R.M. Nerem, J.W. Kilman and J.S. Vasko, "Quantitative study of the 
rabbit aortic endothelium using vascular casts," Atherosclerosis 35(3), 321-337 (1980). 

 8.  G. Helmlinger, R.V. Geiger, S. Schreck and R.M. Nerem, "Effects of pulsatile flow on cultured vascular endothelial 
cell morphology," Journal of Biomechanical Engineering 113(2), 123-131 (1991). 

 9.  J.C. Russ. The image processing handbook. CRC Press, Boca Raton, Fla (2002). 
10.  Aurenhammer,F. & Klein,R. Handbook of computational geometry. Sack,J.R. & Urrutia,J. (eds.), pp. 201-290 

(Elsevier, Amsterdam,2000). 
11.  R.M. Haralick, Shanmuga.K and I. Dinstein, "Textural Features for Image Classification," IEEE Transactions on 

Systems Man and Cybernetics 3(6), 610-621 (1973). 
 
 


	INTRODUCTION
	MATERIALS AND METHODS
	Cell cultures
	Automated imaging
	Calculation of traditional shape descriptors
	Dirichlet Tessellation  (Voronoi Diagram)
	Texture analysis

	RESULTS AND DISCUSSION
	REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


	Text3: Photonics West 20–25 January 2007 San Jose, California USA
	Text4: Q:\Manuscripts\2007\SPIE\6441-20.pdf


