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ABSTRACT 

 Cardiovascular disease (CVD) is one of the most prevalent causes of death in the United 

States, being responsible for nearly one in every three deaths. Cellular mechanics related to CVD 

are often studied using human umbilical cord vein endothelial cells (HUVECs) and bovine aortic 

endothelial cells (BAECs). These studies have led to the understanding that atherosclerotic 

plaques prevalent in CVD are found in areas of low, disturbed shear stress where cells do not 

align to a direction of flow. This is the common assumption for endothelial cells across the 

cardiovascular system, although new research has shown this may not be the case. This study 

showcases the effects of fluid shear stress on human microvascular endothelial cells (HMEC-1s) 

originating in the dermis, those found in the vascular system measuring >100 µm in diameter. 

Utilizing the Ibidi fluidic pump system we cultured cells under laminar and oscillatory fluid 

shear conditions at a range of fluid shear values (5-15 dyne/cm2) over a time period of 24-72 

hours. Images of the nuclei in each sample were stained with Hoechst 33258 and sampled at 

various time points throughout the studies. These images were segmented in ImageJ and 

analyzed for morphological changes in the area, perimeter, aspect ratio, major and minor axis, 

and angle of alignment. Results showed that over the course of 72-hours, there were no 

significant changes in nuclear morphology or alignment. Additionally, there was significant cell 

loss under oscillatory flow conditions that was not seen in the laminar study. From these results 

it may be concluded that these microvascular cells have developed an adaptation to resist 

morphological change due to exposure to fluid shear stress. While these results are preliminary, 

with one sample of each flow type, they are consistent with other literature regarding the effects 

of shear on brain microvascular cells. Future studies will analyze how chromatin structure is 

reorganized due to the fluid shear and how the cytoskeleton responds to fluid shear stress.  
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

 As a leading cause of death in the United States, understanding the development and propagation 

of Cardiovascular Disease (CVD) is an important issue among researchers across the health field. 

With an increase in CVD prevalence in the United States [1, 2], it is necessary to understand how 

and why the disease develops. As blood flows through the cardiovascular system the flow is 

typically laminar and unidirectional with minimal turbulence to cause irregularities in cell 

sensing. However, the presence of atherosclerotic plaques, as well as branching and sharp turns 

in the veins and arteries (such as the aortic arch) are areas of oscillatory, disturbed flow due to 

the disruption of steady stream laminar flow. These regions are of specific interest because the 

effects of irregular forces on the cellular structure may explain the further development of 

plaques and other disease states.  

Mechanobiology, the interdisciplinary study of how biological systems are capable of 

sensing and responding to their physical and mechanical environment, can be utilized to 

understand the initiation and propagation of CVD. Limited research of this type has been done 

utilizing human microvascular endothelial cells (HMEC-1), the key cell type of interest in this 

thesis. All cells operate as a mechanosensor on some level, taking in the information from their 

environment and reacting accordingly [3]. Cell sensitivity to substrate stiffness, shape, 

topography, and fluid shear stress has been characterized in multiple cell types, leading to the 

understanding that cells respond to mechanical cues [4-8]. Specifically, in the case of the 

cardiovascular system and development of CVD, cell mechanics play a role in regulating 
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endothelial cell function which may contribute to the development of atherosclerosis [9, 10]. 

Primary research in this area focuses on the use of Human Umbilical Vein Endothelial Cells 

(HUVECS) and Bovine Aortic Endothelial Cells (BAECs), which will be discussed further in 

later sections. It is assumed that all endothelial cell types may behave with similar mechanical 

properties, however cells from large vascular regions may not provide an effective model for 

disease in the microvasculature [11]. Utilizing alternate cell types, such as HMEC-1 previously 

mentioned, as a model of disease will not only further the understanding of the mechanosensitive 

nature of the nucleus under fluid shear but will also help characterize important aspects of this 

cell type.  

1.2  Statement of the Problem 

Current research, as mentioned previously, focuses on specific cell types used in the 

study of CVD, but neglects to put a spotlight on microvascular cells such as HMEC-1. This cell 

type is important in the study of vascular function and control because the microvasculature 

makes up 7% of the human body [12]. They are a robust cell type that have proven, through 

personal experience, to be relatively simple to culture and maintain. While the same can be said 

about BAEC and HUVEC cell lines, limiting research to these select types limits the opportunity 

to diversify the field and build a broader understanding of the human body. Additionally, 

focusing on a small number of cell types means that assumptions are made that generalize all 

subcategories of endothelial cells. Generalizations, such as those related to cell elongation and 

alignment due to fluid shear stress, may lead to incorrect assumptions that limit the progress of 

studying other diseases and understanding how these cells could give rise to precursors for the 

propagation of cardiovascular disease.  
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Additionally, there is a gap in the knowledge base about how cellular 

mechanotransduction and mechanotransmission play a role in the propagation of cardiovascular 

disease. In a cell type that may perform differently under fluid shear stress than the cells 

traditionally studied, it is imperative to understand how the mechanical transmission of 

information occurs in the cell and through the nucleus. The cytoskeleton and downstream 

signaling cascades may act differently in this cell type and lead to phenotypic responses we have 

yet to look for.  

1.3  Specific Aims 

The purpose of this study is to evaluate the morphological changes in the nucleus of 

human microvascular endothelial cells en route to the downstream study of chromatin structure 

and organization when exposed to abnormal fluid shear stress. The goal is to understand how 

cellular mechanotransduction and mechanosensing play a role in the morphological changes a 

cell undergoes during exposure to fluid shear.  

Specific Aims: 

I. Characterize a process of culturing and removing adherent cell types from an 

enclosed microfluidic device chamber while preserving in situ morphological 

structure 

II. Understand how the nucleus responds to fluid shear stress over extended time points 

in a laminar flow environment compared to a disturbed, oscillatory flow environment. 

III. Develop a broader understanding of how nuclear and membrane structure react to 

long term fluid shear stress  
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Evaluating this foundational knowledge of HMEC-1 cells will allow for further study to 

be done regarding the propagation of cardiovascular disease and the role mechanotransduction 

plays in that process. 

1.4  Thesis Organization 

The research presented here evaluates the role mechanosensing plays in the variation of 

nuclear and cellular morphology during exposure to fluid shear stress during cell culture. Chapter 

2 represents the current literature on the field of mechanobiology and its relevancy to CVD. It 

also explains the potential downstream uses of these findings and emerging roles of cell 

mechanics in overall health. The goal of this review is twofold: (1) to highlight the lack of 

information regarding HMEC-1 cells in this field of study; and, (2) to bring to focus the need to 

further understand how mechanical transmission of information affects internal signaling 

cascades associated with the development of CVD. Chapter 3 discusses the initial studies done to 

determine if fluid shear stress had an effect on nuclear morphology. This chapter also outlines 

the development of a protocol to fix and remove adherent cell types from enclosed chambers for 

further downstream processing. The results of processing these cells are not presented in this 

thesis, as the data was not yet ready for analysis. However, the development of this protocol will 

eliminate variable forces acting upon the cells while maintaining the morphological features that 

were caused by the fluid shear. This protocol will also benefit scientists working with all types of 

adherent cells within confined culture vessels. This chapter addresses specific aim 1 and leads 

into specific aim 2. Chapter 4 outlines the effects of differing fluid shear forces (10-15 

dyne/cm2), laminar and oscillatory fluid shear stresses, and time scales to optimize the 

parameters for studying cellular and nuclear change due to these forces. In characterizing the 

outcomes for each of these parameters, future researchers can better develop models of disease 
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that seek to classify what effect direct cell mechanics is having on disease propagation and how 

that is affecting the signaling cascades within the cell. This chapter addresses specific aim 2 and 

specific aim 3. Chapter five establishes a summary and interpretation of the results from this 

experimental work and provides future directions for this study. By optimizing and creating a 

picture of the effects of fluid shear stress on cellular mechanics and structure further study of 

how these parameters affect signaling cascades within the cell can be done.  
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CHAPTER 2 

LITERATURE REVIEW 

 Mechanobiology, understanding how cells respond to changes in their microenvironment 

is key to developing a picture of how disease propagates within the body. Cardiovascular disease 

(CVD), being a leading cause of death in the United States, occurs in the body system with one 

of the highest fluid shear stress rates. Within the cardiovascular system, fluid shear stress ranges 

from laminar, unidirectional flow to disturbed, oscillatory flow based on location within the 

vasculature. Different fluid shear types impact the phenotypic regulation of endothelial cells and 

may be responsible for the development of atherosclerotic plaques. Human microvascular 

endothelial cells (HMEC-1) are found in veins measuring <100 µm in diameter and are not 

traditionally used for CVD research, however they may have unique properties that deviate from 

the traditional expectations of endothelial cells in the cardiovascular system.     

2.1 Cardiovascular Disease 

Cardiovascular Disease is responsible for approximately one out of every 3 deaths in the 

United States, 2/3 of which are attributable to atherosclerosis. Atherosclerosis is a chronic 

inflammatory disease of the arteries that propagates in the presence of atherosclerotic plaques 

within the arteries [13]. Biologically, the development of CVD involves circulating factors such 

as low-density lipoproteins, triglycerides, inflammatory activation of the cells of the vascular 

wall, and recruitment of leukocytes. 

Endothelial cells lining the walls of vasculature are under constant fluid shear stress and 

current research has shown that variations in this fluid shear stress may be a contributing factor 

in the development of atherosclerotic plaques that lead to CVD [9, 10, 14-16]. These plaques 
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typically develop at arterial branches or curved regions, such as the aorta, where there is lower, 

non-uniform fluid shear stress [17]. Healthy regions of the vasculature are often characterized as 

having laminar, unidirectional fluid flow and rarely develop atherosclerotic lesions [18]. 

2.2 Mechanobiology and Mechanogenomics 

 Mechanobiology explains the relationship that exists between the cell and its mechanical 

environment. The idea that cells are responsive to their mechanical environment and respond 

with both chemical and morphological changes has been widely reviewed [3, 19-23], but still has 

many unanswered questions. Cells and nuclei are each mechanoresponsive and thus respond 

directly to the mechanical stimuli from surface receptors within their environment. Developing 

an understanding of how they are able to sense and respond to their environment will aide in 

studying cellular function and role in disease propagation [24]. 

Cells are highly specialized and have the ability to both sense and subsequently respond 

to their environment. For example, cells can sense and measure substrate stiffness and rigidity [4, 

6, 25], topography [7], fluid shear stress [8] to name a few. They also have the ability to apply 

forces on the substrate on which they are grown. Cell adhesion mechanisms are expected to be 

contributing factors to mechanoresponsive interactions between clusters of cells. These 

mechanisms include integrins that link the extracellular matrix (ECM) to the intracellular 

cytoskeleton through specific structures known as focal adhesion sites [26]. Some research has 

shown that the integrins may also trigger signaling pathways through the cell, including those 

responsible for growth factor signaling.  

Cellular mechanics are used to study confluent endothelial cells in the cardiovascular 

system due to the continual fluid shear stress that cells lining vascular tissue are exposed to [27, 
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28]. There have been studies on other systems and disease mechanisms, including bone 

remodeling and regeneration [29, 30] as well as stretch properties in the lungs [31]. While 

determining applications in which mechanical perturbations may affect cellular structure and 

function is a relatively simple task, determining the organelles that are responsible for 

mechanotransduction is more challenging [3]. One organelle that has been studied as a 

mechanosensitive structure is the nucleus [32-38]. It is expected that changes in nuclear 

organization may contribute to the gene expression profile of a cell under fluid shear [39]. As the 

largest and mechanically stiffest organelle that is linked to the cytoskeleton, the nucleus is a key 

component in the regulation of cellular structure and function and is susceptible to the effects of 

fluid shear stress.  

The effects of fluid shear stress applied to the nucleus encompasses the field of 

mechanogenomics, the area of study that seeks to understand how mechanical forces affect the 

organization and expression of genetic material in the nucleus [40-42]. It is understood that cell 

morphology may have an impact on gene expression and genetic regulation [29]. The 

organization of eukaryotic chromosomes in the nucleus is intertwined in the reading, 

interpretation, and propagation of genetic information [43]. Genetic material in the nucleus is 

wrapped tightly into condensed chromatin, with transcriptionally silent regions near the nuclear 

envelope while transcriptionally-active regions are present internally in the nuclear space [44, 

45]. Chromatin are regulated by epigenetic changes, which include non-genomic modifications 

that alter chromatin compaction and configuration [46] and they control a different biochemical 

response than laminins [40]. It is not yet known the exact role chromatin reorganization plays in 

the gene expression, but due to the morphological changes a cell may experience from exposure 
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to mechanical forces, it is likely that the reorganization is due to both mechanical stress and 

changes in the biochemical signaling pathways.  

 In addition to mechanical responses in nuclear stretch and alignment, there have also 

been studies that reveal movement of the nucleus as another parameter to consider in nuclear 

mechanotransduction [24]. The nucleus has been shown to move in the direction of force, which 

affects the positioning of sub-nuclear structures. Chromatin configuration acts as the 

transcriptional platform of the cell and contributes to responses to external stimuli. DNA 

supercoiling can interact directly with gene promoter sequences [47]. And, as the positioning and 

organization of the nucleus has been shown to impact genome regulation then it is possible that 

gene translocation in the nucleus will yield differential expression. When phenotypic mechanical 

changes in the nucleus occur, the actomyosin contractility changes and causes movement in the 

cytoskeleton. The direct link of the cytoskeleton in nuclear mechanotransduction is not yet fully 

understood [24, 26, 29], but it contributes to the function of nuclear matrix proteins, which may 

have an impact on nuclear mechanotransduction and mechanotransmission [47].  

Other factors, beyond the mechanosensitivity of organelles, have been studied that 

contribute to cellular response. In multiple cell types, force on the cell is able to alter gene 

expression by a chemical factor, specifically NF-kB [48, 49]. A genetic activation, like this, is a 

primary example of the mechanotransduction that occurs through the cellular membrane and 

cytoskeleton to the nucleus and internal genetic material. Nuclear laminin has been studied as a 

contributing factor to nuclear morphology, deformability, and the mechanical response of the 

nucleus to the environment [50, 51]. Actin filaments are also a contributing factor as studies have 

shown that fluid shear stress affects the alignment of actin cables within the cells [27, 28]. Actin 

fibers are known for aligning along the axis of fluid shear stress and extend across the cell as it 
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elongates in response to the shear force. Tyrosine kinase, proteins such as Laminin and SUN, and 

factors such as NF-kB, the LINC complex, and the myosin II molecular motor are also 

components in the mechanotransduction and mechanotransmission of force to and from the 

nucleus [4, 28, 39].  

2.3 Fluid Mechanics in Cellular Mechanotransduction 

Fluid shear stress, the primary force discussed here, are tractive forces that act on the 

endothelial cell membrane as a result of blood flow [52]. Endothelial cells responded differently 

based on the type of flow, the rate of flow, and the location of the cells, which is different across 

all areas of the vasculature [53]. Initiating with relatively high shear stress during development 

endothelial cells must respond to mechanical forces throughout their lifespan [54]. These stresses 

range from traditional laminar, uniform fluid shear that is present throughout the vascular 

network to oscillatory, disturbed flow that is found at branched regions and curved regions in the 

vascular network [55]. Studied since the 1980’s, a body of knowledge has been built developing 

standard assumptions for the effects of fluid shear stress on vascular endothelial cells [52]. 

However recent research is reshaping that narrative [56].  

Physiologically relevant fluid shear stress in the cardiovascular system is approximately 

10 to 20 dyne/cm2 in most arteries [57, 58] and  10 to 60 dyne/cm2 [59] in microvascular 

networks, which the vascular system responds to differently based on location (Figure 2.1) [60]. 

Arteries have been found to maintain a wall shear stress of 15 dyne/cm2 with variations across 

different regions of the body [58]. The primary type of fluid flow in these regions is laminar, 

unidirectional fluid shear stress (often referred to here as uniform flow). Most commonly this 

flow pattern is found in straight, unobstructed veins and arteries with little curvature. However, 

in highly branched and curved regions of the vasculature, fluid shear stress decreases in force but 
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increases in turbulence (referred to here as irregular or disturbed fluid flow). Atherosclerotic 

plaques are most likely to form in these regions, a relationship that has been widely studied [13, 

61].   

  

 

Figure 2.1 An illustration of arterial flow throughout the aorta. In the arch and at branch points 
disturbed fluid flow takes place, as can be seen in by the streamlines at the arch (top inset) and at 
branch points in the abdominal aorta (bottom inset). Figure courtesy of: Daniel E. Conway and 
Martin A. Schwartz 2013 [13].   

 

It has long been accepted that endothelial cells exposed to laminar, unidirectional fluid 

shear stress will flatten and elongate in the direction of flow [62]. That mechanism may be due to 

the mechanosensitive properties of the nucleus, having the ability to sense flow direction and 
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align an internal axis and the cytoskeleton accordingly [17]. It is expected that the angle between 

flow direction and the cell axis defined by shape and cytoskeleton determine endothelial cell 

response due to fluid shear. Additionally, the response of endothelial cells to external mechanical 

stimuli are central to cellular structure and function, including disease initiation and propagation 

[13]. The general assumptions of vascular endothelial cell response to fluid shear stress are 

discussed further here.  

The application of fluid shear stress elicits responses including the elongation and 

alignment of cells and changes in the cytoskeletal structure [63-65]. These responses occur on 

varying time scales, from seconds to hours. On a short time-scale (minutes) flow begins to 

activate MAP kinases [66], Rho family GTPases [67-69], and integrins [70]. Reaching time 

scales of hours, endothelial cells begin to express variations in gene expression downstream of 

the cytoskeletal signaling pathways [71, 72]. These types of fluid shear patterns also create 

distinct cellular phenotypes. One of the key players in the cellular response to fluid shear stress is 

the ability of the cell, and nuclei, to align along the axis of fluid shear. This may be an adaptive 

mechanism that is crucial for cellular structure and function in continual shear environments [73, 

74].  

In these regions, cells align with the flow direction and organize internal cytoskeletal 

structures [60]. Additionally, there is a change in the mobilization of free cytosolic calcium, the 

production of vasoactive molecules, and activate ion channels. These regions are often 

considered athero-protective or athero-resistant and can be identified by cells that have elongated 

and oriented along the axis of flow [55, 75]. Endothelial cells in this region have been shown to 

release factors that inhibit coagulation, migration of leukocytes, proliferation of smooth muscle 

cells and promote endothelial cell survival [76-78]. By developing these responses, regions of 
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laminar, uniform fluid shear do not develop atherosclerotic plaques and regardless of the rate of 

shear, do not have the adverse effects seen in branched curved regions.  

When under disturbed or oscillatory fluid shear stress, cells have alternate responses and 

are considered to be athero-prone [8]. Disturbed flow has been found to induce cell division [60], 

and induce detachment of adherent cell types and apoptosis [52, 74], have cobblestone 

morphology [55], and become overly mitogenic [79]. These regions are found to be the most 

susceptible to the development of atherosclerotic plaques (Figure 2.2). Plaques typically 

aggregate at regions of complex or disturbed flow patterns with a low shear stress [13, 17]. Their 

cobblestone morphology, and the inability to align with the direction of flow, is a key 

determinant in the development of the inflammatory response [17]. Studies inducing disturbed 

flow into normal arterial segments yield plaque formation [80, 81]. In contrast, studies that 

introduce laminar flow in regions with atherosclerotic plaques, a decrease in plaque build-up 

occurred [82]. 

 

Figure 2.2 The large gray oval represents a region of flow separation due to the atherosclerotic 
lesion at the base of the vessel wall. High shear stress is maintained along the top wall, but as the 
fluid flows over the plaque it creates an area where no fluid flow is occurring and then a 
disturbed flow pattern begins to fill in the gap. Low shear stress and an oscillatory, disturbed 
flow further promotes the development of the lesion and increases instability in the plaque. 
Figure courtesy of Davies 2008 [61]. 
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 Cells in these regions fail to align with the direction of flow, it is expected that the flow 

direction is abrasive to the cells adhesion sites because the flow hits the cells at a sharp angle 

against the gradient of the cell [17, 61]. Alignment may be an adaptive mechanism in response to 

forces transmitted to the nucleus for cellular structure and function in a high shear environment 

[73]. From these results, it is expected that disturbed flow could be a contributing element in the 

development of atherosclerosis, and may play a role in the propagation of cardiovascular disease 

[9, 10, 14-16].  

2.4 Cell Types Studied in Cardiovascular Mechanobiology 

Principally, the primary cell types that are studied for cellular mechanics related to CVD 

are derived from macro-vascular lineages. These cell types often include Bovine Aortic 

Endothelial Cells (BAEC) [17, 28, 49, 52, 60, 83, 84], HUVEC [39, 85, 86], and several other 

primary and immortalized cell lines from the aorta, capillaries, and cervical cancer [4, 6, 24, 39, 

75]. These cell lines are well known for aligning in the direction of flow when exposed to 

laminar fluid shear stress (Figure 2.3). However, in creating a complete picture of how vascular 

endothelial cells are affected by fluid shear stress is not complete by assessing only cells found in 

large arteries and veins (d > 100µm). It cannot be assumed that all endothelial cells behave and 

respond to mechanical stimuli in the same way.  
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Figure 2.3 Fluid shear stress alters endothelial morphology and alignment in bovine aortic 
endothelial cells. These cells were exposed to laminar fluid shear stress at 20 dyne/cm2 for 24 
hours in a cone and plate viscometer. A cone and plate viscometer is one of the common 
methods for studying fluid shear stress and allows uniform, laminar fluid shear over an adherent 
cell monolayer. Figure courtesy of Malek 1996 [28]. 

 

The vast majority of cardiovascular research since the 1980’s has been done using human 

umbilical vein endothelial cells (HUVEC) and bovine aortic endothelial cells (BAEC) but further 

characterization of the endothelium have revealed the specialized nature of endothelial cells [87-

90]. Reviewed by Auerbach, the concept that vascular endothelial cells are not all the same is not 

new information [91]. However, HUVEC and BAEC have been the most commonly studied cell 

types because they are easy to obtain and readily isolated for culture. Traditionally it has been 

assumed that the basic properties of all endothelial cells are similar enough to make them an 

effective model for all endothelial cell types.  

Phenotypic heterogeneity in endothelial cells explains how endothelial cell types are 

differently regulated in space and time and is perhaps a principle core property of the 

endothelium [87]. It has been shown that when endothelial cells are removed from their 

phenotypic environment, they lose key extracellular cues and undergo phenotypic drift which 

emphasizes the need to cross-validate in vitro studies with in vivo experiments. This also may 
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give rise to why has long been held that all endothelial cells behave the same and are 

interchangeable experimentally.  

Aird reviewed the structure and function of endothelial cells and developed a picture of 

the endothelial cell as a miniature adaptive nonlinear input/output device [92]. It was described 

that input arises from the extracellular environment as either biomechanical (shear stress and 

cyclical strain) or biochemical forces (growth factors and hormone levels). These inputs are 

followed by output responses that represent the cellular phenotype and they can be measured as 

cell shape, protein expression, mRNA expression, as the release of inflammatory markers, etc. 

Following this line of inquiry, helps build the picture that endothelial cell responses are tailored 

to the physiological microenvironment in which they exist. These responses are crucial to the 

continual growth and development of these cell types and are vital to human survival.  

2.5 Microvascular Endothelial Cells in Mechanobiology 

Physiologically, microvascular endothelial cells are responsible for a variety of key 

functions and are susceptible to disease. Microvascular endothelial cells have a role in 

angiogenesis [93], development of rheumatoid arthritis [94], vascular tone and nitric oxide 

release [12], and may serve as a predictor of cardiovascular disease [12, 94]. Microvascular 

dysfunction is a powerful predictor of cardiovascular events because microvasculature must 

maximize the distribution of nutrients and oxygen to nearly every cell while taking up minimal 

space, and it comprises only 7% of the human body [12]. Although this tissue is highly branched, 

blood flow is merely more than a trickle, allowing ample time for oxygenation and nutrient 

deposition [95]. In response to fluid shear  stress, endothelial function can affect downstream 

microcirculation, which may be strongly affected by the presence of diabetes or other diseases 

that have a secondary effect on the cardiovascular system [96-98].  
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In creating physiologically relevant models of disease states and microvascular tissue, it 

has become necessary to utilize microvascular cells and treat them in relevant conditions. For 

example, it has been found that culturing EC under flow is a more physiological approach than 

culturing them in static conditions and using flow patterns that mimic the microvasculature can 

maintain the phenotypic environment that may be necessary for cellular signaling cascades to 

occur [71, 87]. In addition to culture under flow, studies using human brain microvascular 

endothelial cells (HBMEC) and human microvascular endothelial cells from other origins will be 

necessary to build an accurate picture for how these cells respond to mechanical stimulation. For 

example, post-capillary venues, which are the preferred site for leukocyte trafficking, have 

unique morphological parameters, such as tall, cuboidal cells with site-specific adhesion 

molecules that connect the lymphocytes to the lymph node [99, 100]. The capillaries, on the 

other hand, are essentially a 3D tube of flat endothelial cells, less than 10 µm in diameter that 

comprise the majority of the surface area of circulation [95]. Meanwhile endothelial cells within 

the brain are exposed to a variety of factors that affect the blood brain barrier and are necessary 

for maintaining the highly specialized development of focal adhesion sites that act as a strict 

barrier into the brain and pulmonary artery microvascular endothelial cells have site-specific 

barrier properties that maintain the integrity of the pulmonary artery [92, 101-103]. 

Recent experiments utilizing HBMEC gave rise to the expectations of cellular function in 

this thesis. In studies done by Reinitz and Ye, HBMECs were analyzed for their robust nature 

and lack of morphological change as a result of mechanical properties in the environment [56, 

104]. When exposed to physiologically relevant fluid shear stress (10-20 dyne/cm2) for the blood 

brain barrier over 36 hours, monolayers of HBMEC do not elongate or align in the direction of 

flow [56, 105-110]. Under low shear stress the cell monolayers exhibited overgrowth tendencies 
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that were not present at higher shear rates, but otherwise there was no distinct morphological 

change. When cultured on a curved substrate, unlike HUVEC that extended along the long axis 

of the rod, microvascular endothelial cells grew around the rod forming tight junctions between 

cells [104]. The HBMEC did not elongate or align, but grew together in their standard 

cobblestone morphology.  It is expected that these brain cells are programmed to respond 

differently to physical stimuli than large endothelial vessels and resist elongation and alignment 

to maintain unique properties of the blood brain barrier.  

Although not brain cells, it is expected that human microvascular endothelial cells (HMEC1) 

from a dermal origin may exhibit properties that are more similar to HBMEC than HUVEC or 

BAEC because of the physiological placement. These unique characteristics re-introduce the fact 

that not all endothelial cells behave in the same manner, with varying responses to mechanical 

stimuli based on structure and traditional function. As most endothelial cell research is done 

using HUVEC and BAEC, it is important to expand the knowledge base on other types of 

endothelial cells. This thesis explores the mechanosensitive properties of HMEC1 cells that are 

exposed to fluid shear stress in a variety of fluid shear patterns at different rates and for different 

time scales. The overall goal is to develop a more complete picture of the unique nature of this 

cell type and begin to understand how they serve as predictors of cardiovascular disease and 

other vascular disorders.  
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CHAPTER 3 

IN SITU FIXATION AND SUBSEQUENT COLLECTION OF CULTURED 

ENDOTHELIAL CELLS IN A SHEAR FLOW  

3.1  Abstract 

 A mechanosensitive organelle, the nucleus is able to sense and respond to forces within 

the cellular microenvironment. Within the microenvironment for endothelial cells in the 

cardiovascular system, cells are under continual fluid shear stress due to blood pumping through 

the body. Understanding the effects of the fluid shear stress and how the nucleus is able to sense 

and respond to them is key to understanding the propagation of atherosclerosis and 

cardiovascular disease. Human microvascular endothelial cells (HMEC1) were cultured under 

flow conditions and imaged throughout the duration of culture to understand how 24 hours of 

fluid shear stress at 5 dyne/cm2 would affect nuclear morphology. Additionally, a method for the 

in situ fixation and dissociation of this adherent cell type was developed to ensure that cells 

could be removed from an adherent state without losing morphological changes caused by fluid 

shear for downstream analysis. Overall, this study showed no significant changes in the nuclear 

morphology due to fluid shear stress but was successful in creating a protocol for fixation and 

removal of cells that will benefit the future of mechanogenomic research in HMEC1.  

3.2  Introduction 

The cellular microenvironment plays a substantial role in cellular function and genome 

regulation [111]. The role mechanical forces have on the expression of the nuclear genome is 

known as mechanogenomics. This area encompasses aspects such as the effect of substrate 

stiffness on nuclear shape [112], flow on cellular structure and function [39], force induction on 
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chromatin morphology [113]. One tool for studying mechanogenomics and the three-dimensional 

architecture of genomes and chromatin interaction is chromatin conformation capture, specifically 

Hi-C [114, 115].  

Hi-C analysis is a high-throughput method of chromatin conformation capture used to 

analyze the 3-dimensional chromatin within the nucleus [115-117]. Hi-C develops a genome map 

by analyzing chromatin interactions and topologically associated domains (TADs). Completing 

Hi-C analysis relies on cross-linking the DNA in situ, so the sequences will reflect the biological 

or experimental conditions under consideration. Cross-linking DNA in situ can easily be 

performed for cells cultured in suspension. In contrast, adherent cells are absorbed to a growth 

surface by a molecular mechanism that involves the cytoskeleton, which has an effect on nuclear 

and cellular morphology. The link between nuclear morphology and cellular morphology suggests 

that crosslinking adherent cells while they are still adhered to the culturing surface is necessary to 

preserve global nuclear organization [118]. Typically, adherent cells cultured in culture plastic 

ware (e.g., flasks, dishes, welled plates) are fixed in situ and removed from the culture dish using 

a cell scraper[119-121]. Although scraping can effectively remove adherent cells, this technique 

introduces variation of the external force on the cell [122]. Moreover, the scraping process affects 

cells differently based on two parameters: (1) the mechanical stiffness of the cell line; and, (2) the 

force used to remove the cells from the growth surface, which may vary substantially between 

experimenters and between experiments.  These two parameters can have negative downstream 

implications in the development of a Hi-C library for adherent cells. Current methods for preparing 

cells for Hi-C analysis rely on fixing cells in suspension [123]. In fact, removing adherent cells is 

often not addressed in protocols relating to the preparation of these cells for Hi-C analysis [124]. 
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However, the need to fix in situ and collect adherent cells that reduces variability in force 

application has been discussed [2]. 

Protocols to fix in situ and collect adherent cells are further complicated for some adherent 

cell types. Many types of adherent cells (e.g., endothelial cells, alveolar epithelial cells, kidney 

cells) are exposed to fluid shear under normal physiological conditions. Thus, to mimic the native 

environment of these cells, a physiologically-realistic fluid shear is typically applied during 

culture. To apply this fluid shear, a pump system and a parallel-plate, or similar, flow chamber is 

typically used [39, 125]. This experimental setup adds an additional challenge to fixing the cells in 

situ, dissociating, and subsequently collecting. Collecting these cells by scraping is not possible 

because the enclosed (sealed) flow chambers have dimensions on the millimeter- to micron-scale; 

thus, scrapers cannot access the growth area. As a result, cell scraping is not a viable option for 

cells grown in flow chambers. Therefore, an alternate technique is required.  

  Endothelial cells in the cardiovascular system are continually exposed to fluid shear stress 

as blood flows through the blood vessels. Changes in shear stress may be a factor in the initiation 

and propagation of cardiovascular disease [8, 52]. Cardiovascular disease is a leading cause of non-

accidental death across the United States. This disease manifests in regions of the vasculature with 

branch points (e.g., carotid bifurcation) and curves (e.g., aortic arch) where oscillatory blood flow 

occurs (i.e., non-uniform/irregular distribution of low shear stress). This oscillatory flow affects 

the hemodynamic force experienced by the cells lining the blood vessels (endothelial cells).   

Previous experimental studies have shown that fluid shear stress can alter endothelial cell 

morphology [39, 60, 126] and endothelial gene expression [127, 128]. Endothelial cells in disturbed 

flow are unable to return forces within the cell to equilibrium, which is an underlying early cause 

of endothelial-cell related disease.  Moreover, the inability to return these forces to equilibrium 
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can activate endothelial cells to initiate cardiovascular disease [126, 129]. Using Hi-C, the 

chromatin reorganization occurring in endothelial cells exposed to fluid shear stress can be studied. 

Currently, to our knowledge, there is no effective way to study changes in nuclear shape or 

chromatin organization in adherent endothelial cells that are fixed in situ.  The purpose of this 

protocol is to develop an effective method to collect adherent endothelial cells to be used for Hi-

C analysis.  

 In this paper we present an analysis of the effect of fluid shear stress on nuclear 

morphology and a method for fixing adherent sheared endothelial cells in situ and collecting 

these cells under the same shear forces used during the experiment for Hi-C analysis. This 

method allows adherent cells to be collected while maintaining both the morphology of the cells 

and nuclei developed during exposure to fluid shear stress. Additionally, the development of an 

understanding of how the nuclear morphology changes over a 24-hour time point will create the 

basis for further research on the effects of fluid shear stress on the nucleus. These advancements 

will yield a better understanding of how mechanical cues may affect signaling pathways within 

the cell.  

3.3  Methods 

3.3.1  Cell Culture 

Human Microvascular Endothelial cells (HMEC-1, #CRL-3243, P28, ATCC, Manassas, 

VA) were maintained in complete growth media. Complete growth media consisted of MCDB 131 

media (#10372019, Gibco, Grand Island, NY) supplemented with low-serum growth supplement 

(#S-003-10, concentration: FBS, 2% (v/v); hydrocortisone, 1 µg/ml; human epidermal growth 

factor, 10 ng/ml; basic fibroblast growth factor, 3 ng/ml; and heparin, 10 µg/ml), 

penicillin/streptomycin (at 100 U/ml and 100 µg/ml concentration, respectively #15-140-122, 
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Thermo Fisher Scientific), L-Glutamine (200 mM, #25030081, Gibco), and, FBS (#15000044, 

Thermo Fisher Scientific) was added to result in a 10% (v/v) final concentration. The cells were 

incubated in a 37○C incubator with 5% CO2. A culture of HMEC-1 cells was prepared in a T75 

flask following standard cell culture procedures [130].  

Materials needed for the study were placed in the CO2 incubator for 24 hours prior to 

experimentation to equilibrate and de-gas. These materials included the following: (1) an Ibidi 

Fluidic unit; (2) 2 Ibidi Sticky Slide I0.4 Luer Lock slide with #1.5 IbiTreat polymer coverslip 

(#80178 and #10814, respectively, Ibidi, Martinsried, Germany); (3) 4 red perfusion sets (#10962, 

Ibidi) (1 sterile set, 3 autoclaved sets); (4) 4 Reservoir sets (#10971, 12 ml, Ibidi); (5) 20 ml 

complete growth media; and, (6) a small silicone mat for each slide. The #1.5 IbiTreat polymer 

coverslips was sterilized with 70% ethanol and attached to the Ibidi Sticky Slide prior to placement 

in the CO2 incubator.  

 Cells were seeded into the channel of the slides at a seeding density of 5 x 104 cells/cm2 

(Figure 3.1).  The slides were placed in the incubator for two hours under static conditions (no 

flow) to allow the cells to adhere to the base of the channel. Adherence was confirmed at the two-

hour time point with phase-contrast microscopy. Aseptically, the complete growth media was 

aspirated from the channel and a solution of 1:1000 Hoechst 33258 (#116M4139V, Sigma) was 

pipetted into the channel. The slide was incubated for 5 minutes in the CO2 incubator, then the 

Hoechst solution was aspirated and replaced with complete growth media. A total of 12-ml 

complete growth media was aseptically added to the reservoir set and connected to the fluidic unit 

inside the CO2 incubator. The “remove air bubbles” sample experiment was run to clear the system 

of air that could cause an irregularity in the shear rate over the cells. The control slide remained in 

static conditions for the following 24 hours.  
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Figure 3.1: A schematic of the Ibidi Sticky Slide I0.4 Luer Lock slide with #1.5 IbiTreat polymer 
coverslip (#80178 and #10814, respectively, Ibidi, Martinsried, Germany) used in this study. The 
coverslip was treated with IbiTreat from Ibidi, which aided cellular growth and adherence. The 
slide features two reservoirs into which cells and fluid shear stress were administered into the 
channel. The channel had a depth of 400 µm which allowed cells to adhere to the base of the 
coverslip and let fluid flow across the top of them.   

 

3.3.2  Cell Perfusion 

The Ibidi Fluidic unit (#10903) was connected to the Ibidi Pump (#10905) and controlled 

with Ibidi PumpControl software (v1.5.2). System calibration was done using a red perfusion set 

and Sticky Slide I0.4 specifications. The viscosity for the complete growth media was 1.03 cP 

(measured at 37°C using Brookfield DVII+ Pro, ULA Spindle set). The calibration factor was also 

set using complete growth media at 37°C following the Ibidi protocol. The experimental shear 

stress was 5-dyn/cm2 (shear rate 485 s-1, pressure 8.1 mbar, flow rate 3.68 ml/min). For laminar 

flow the switching time was set to 10 seconds. After the two-hour cell adherence period, the slide 

was connected to the fluidic unit. Laminar, unidirectional flow was started at 5-dyn/cm2 for 24-

hours.  

During the 24-hour shear period, the following three solutions were prepared: (1) 1% (w/v) 

Paraformaldehyde (PFA) (#158127, Sigma-Aldrich) in PBS (#14190144, Gibco); (2) 2.5 M 
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Glycine (BP381, Fisher Bioreagents) in water; and, (3) 0.25% Trypsin + EDTA (#15400054, 

Thermo Fisher Scientific) in PBS (#14190144, Gibco). At the conclusion of 24-hour shear period, 

the slide was removed and imaged using phase-contrast microscopy to visualize changes in cell 

and nuclear morphology.  

3.3.2a  Cell Fixation Under Shear 

 After the 24-hour shear period the sheared cells were fixed in situ. The perfusion set 

attached to the fluidic unit was replaced with a new fixation perfusion set filled with 12-ml of 1% 

(v/v) PFA solution. The “remove air bubbles” sample experiment was run to clear the fixation 

perfusion set of air that could cause an irregularity in the shear rate over the cells. The slide was 

carefully re-attached to minimize the introduction of air bubbles and the experimental shear stress 

(5 dyne/cm2) was resumed for 10 minutes. 

3.3.2b  Quenching the Fixation 

 After fixation, the slide was removed from the CO2 incubator and placed in the biological 

safety cabinet (BSC). Fixation was quenched by pipetting the 2.5M glycine solution directly into 

the flow chamber. Glycine was pipetted into one reservoir, following the direction of flow during 

perfusion, and excess solution was aspirated from the other reservoir (following Ibidi Application 

Note 03: 2a Continuous Medium Exchange). This process was repeated five times to ensure the 

complete removal of PFA.  

 The slide was imaged using fluorescence microscopy to ensure the cellular morphology 

was maintained during fixation. The fixation perfusion set in the CO2 incubator was replaced with 

new quenching perfusion set filled with 12-ml 2.5M glycine and the “remove air bubbles” sample 
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experiment was run. Following imaging, the slide was reconnected to the fluidic unit and the 

experimental fluid shear stress (5 dyne/cm2) was resumed for 15 minutes.  

3.3.2c  Cell Dissociation and Collection 

After quenching, the slide was removed from the fluidic unit and the quenching perfusion 

set was replaced. A new dissociation perfusion set was filled with 12-ml 0.25% Trypsin + EDTA. 

The “remove air bubbles” sample experiment was run to remove air in the system. The slide was 

placed in the CO2 incubator and connected to the fluidic units. The experimental flow rate was 

resumed for 5 minutes to dissociate the cells from the base of the channel.  

Fluorescence microscopy was used to confirm cell dissociation from the channel and to 

analyze the morphology of the nuclei after exposure to Trypsin to dissociate the cells from the 

coverslip. The cell solution was then collected by running laminar flow through the fluidic units 

for a long-time scale (switching time 60 sec). The system ran through two cycles and cleared the 

perfusion set of the cell suspension and collected it in one reservoir. The fluidic unit was then 

stopped and the perfusion set clamped off. The reservoirs were emptied into a 50-ml centrifuge 

tube and spun down (275 x g, 10 minutes, room temperature) to pellet the cells. The supernatant 

was discarded, and the pellet was suspended in PBS and stored at -20○C. 

3.3.3  Microscopy and Image Analysis 

3.3.3a  Microscopy 

A Leica DMI 6000B inverted microscope and HCX PL FLUOTAR 20x/0.40 Corr PH1 

objective was used to acquire phase-contrast and fluorescence images of the cells. Fluorescence 

image acquisition also used a Mercury-arc lamp (#EL6000, Leica) and DAPI ET filter cube 

(#11504203, Leica). The channel was divided into 5 equally-spaced sections along the flow 



27 
 

direction and marked as the imaging locations (Figure 3.2). Images were acquired with a Leica 

DFC345 FX camera with a field view of 352-µm x 264-µm. Fluorescence images were taken at 

hours 0, 8, 16, and 24, as well as after fixing, after quenching, and after dissociating the cells (for 

the sheared samples). Since there were fewer cells in each FOV after dissociation, a total of 15 

images were collected along the center of the channel. These additional images allowed for a 

greater number of nuclei to analyze. 

 

Figure 3.2: For image acquisition, five equally-spaced and equal-sized areas (field of 
views) were marked along the center of the channel. A single fluorescence image was acquired at 
each field of view. The camera’s field of view was 352 µm x 264 µm. The imaging process was 
started at the left edge of the channel, where flow was initiated on the cells, and ended at the far 
right edge at the end of the region of flow. 

 
3.3.3b Image Analysis 

Images were analyzed using Fiji (ImageJ 1.52g; Java 1.8.0_66) for image processing and 

MATLAB R2017a for statistical analysis (Figure 3.3). Two rounds of image processing were done, 

first to analyze the general cell morphology and the second to compare the major and minor axis 

to determine the aspect ratio. First, hourly images (0, 8, 16, and 24) were compared between the 

static (control) and the sheared cells to determine the effect of fluid shear on nuclear morphology. 

The shear images also included post-fixation (n = 5) and post-dissociation (n = 15) images, these 

were compared to determine if a statistically significant difference in nuclear shape was present 
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after dissociation. All images were segmented following a standard threshold and watershed 

separation process. First, the scale was set to account for the field view the images were taken in 

and to change the unit to microns (pixel aspect ratio: 1.0; unit of length: micron; scale: 4.5455 

pixels/m). Then, images were opened in Fiji and converted to 16-bit images. Next, a Gaussian 

Blur filter with a radius of 1 m was applied. Auto-Thresholding (v1.17) under the Huang setting 

was run with white objects on a black background to create a binary image of isolated nuclei. To 

separate nuclei, the binary watershed segmentation was run. Finally, an erode function was used 

to distinguish nuclei that were in close proximity. The nuclei were analyzed and through the 

Regions of Interest (ROI) menu. The following exclusion criteria was used to exclude nuclei from 

the ROI and data analysis: (1) nuclei that were not completely in the FOV; (2) nuclei that did not 

watershed; or, (3) nuclei that were smaller than 100 m2 or larger than 100,000 m2. 

Morphological data on each nucleus, denoted as an ROI by Fiji, was exported for statistical 

analysis. Data extracted from the ROI included: Area (µm2), Perimeter (µm), and Circularity  

(𝐶 =  4𝜋 (
𝐴

𝑃2)) (where A = Area and P = Perimeter). Using MATLAB 2017a, a 2-sample t-test (α 

= 0.05) was run to compare these parameters from each nucleus from the fixation images (n = 404) 

to those same parameters of each nucleus from the dissociation images (n = 22). The hourly images 

were analyzed with an ANOVA and 2-sample t-tests for each morphological parameter between 

the 8-hour time points in Microsoft Excel. 
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Figure 3.3: Images of the comparison between hourly results for A) the control (static) slide and 
B) the experimental (shear) slide. Scale bar = 25 µm.  

 
The secondary image analysis was approached similarly to the first analysis (Figure 3.4). 

Initially the scale was set in the same method with a scale of 4.5455 pixels/µm. Then images 

were opened in Fiji and converted to 8-bit images for further processing. A smoothing filter was 

applied followed by Auto-Thresholding (v1.17) with a Triangle threshold applied. This threshold 

was chosen because in comparison with all auto-threshold filters, it allowed for the greatest 

number of individual nuclei to be identified qualitatively. A watershed feature was run followed 

by an erode function, similar to the previous and then the particles were analyzed. For the 

secondary analysis the best fit ellipses were shown and a size range of 50 µm2 – 10,000 µm2 was 

utilized. The size range was decreased due to the recognition that many of the manually excluded 

nuclei were above the 10,000 µm2 parameter and there was no loss of functional data in 

comparison to the first round of image processing. The same exclusion criteria as the first round 

(except for the change in size parameter): (1) nuclei that were not completely in the FOV; (2) 

nuclei that did not watershed; or, (3) nuclei that were smaller than 50 m2 or larger than 10,000 
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m2. Following this process, the “Measure” command on the ROI manager was run to collect 

data on each ROI including: major axis, minor axis, aspect ratio, and angle. Data were analyzed 

with 2-sample T-tests and an ANOVA using Microsoft Excel. 

 

Figure 3.4: Representative images illustrating the image processing workflow. Image processing 
was performed the same way for all images (one image from each treatment is shown here). The 
original images (A and B) were converted to 16-bit images, thresholded automatically, and then 
watershed segmented to isolate individual nuclei. After processing the images, an overlay was 
created that outlined the nuclei that would be used for data analysis (C and D). The regions of 
interest were isolated and analyzed, measuring the aspect ratio, area, perimeter, and circularity of 
each nucleus (E and F). From these data, there was no statistically significant difference in the 
aspect ratio of the nuclei before dissociation or after dissociation. Scale bar = 25 µm.  
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3.4  Results 

3.4.1 Hourly Morphology  

 Data for this study were compared between the static (control) and sheared cells as well as 

for hourly changes in each sample separately. A single-factor ANOVA was run using MATLAB  

2017a for each morphological parameter studied (area, perimeter, circularity, and aspect ratio). 

Both the static and sheared sample had statistically significant differences across the 24-hour time 

span for all shape characteristics. They also both had an increase in the total nuclei number. Further 

evidence of nuclear shape change was described using a two-sample t-test assuming equal 

variances.  

 For the cells cultured under static conditions, the ANOVA rejected the null hypothesis that 

every time increment was equal for all four parameters. Using a two-sample t-test, the results 

yielded a statistically significant (α = 0.05) difference between hours 0 and 8, as well as 8 and 16 

for both area and perimeter [Table 1a]. The difference between hour 16 and 24 was not statistically 

significant for either area or perimeter. The circularity followed a similar trend, as it increased 

across each time point with each 8-hour time interval showing a statistically significant difference 

except between hours 16 and 24. Overall, the area increased 17.49 µm2 in 24 hours while the 

perimeter increased 1.6 µm. There was an outlier at hour 8 with an area of 224.54 ± 84.83 µm2 

and a perimeter of 56.67 ± 10.12 µm. This area and perimeter were both higher than the final 

measurements of area and perimeter after hour 24, however fewer nuclei were analyzed for this 

time point (n = 184). The number of nuclei counted fluctuated between all four time points, with 

no linear increase in number used for analysis. An increase was noted between hour 0 and hour 24 

(n = 16), with a decrease at hour 8 (n = 184) and a larger increase at hour 16 (n = 277). Throughout 
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the experiment, the nucleus became more circular, with the circularity changing from 0.83 ± 0.05 

to 0.87 ± 0.03 between hour 0 and 24, respectively. The change was statistically significant 

between hours 0 and 8 as well as hours 8 and 16, but similar to the other parameters studied, the 

difference between hour 16 and 24 was not significant. The aspect ratio did not follow the same 

pattern. During the first 16 hours of the experiment there was no significant change. However, 

after hour 16 a change was noticed as the major axis decreased in comparison to the minor axis. 

Across 8-hour time scales, the change in aspect ratio was not significant, but required a larger time 

scale (16 hours) to be recognized as different.  

TABLE 3.1 
 
 

HOURLY DESCRIPTIVE STATISTICS FOR SHEAR AND STATIC ANALYSIS 
  

Static Evaluation Results  

  Number  Area (µm2)  Perimeter (µm)  Circularity  Aspect Ratio  
Hour 0  203  180.19 ± 78.60  51.07 ± 11.43  0.83 ± 0.05  1.38 ± 0.24  
Hour 8  184  224.54 ± 84.83  56.67 ± 10.12  0.85 ± 0.04  1.37 ± 0.22  
Hour 16  277  192.98 ± 59.76  52.47 ± 7.80  0.86 ± 0.04  1.34 ± 0.18  
Hour 24  219  197.68 ± 60.93  52.98 ± 8.07  0.87 ± 0.03  1.32 ± 0.19  
  

Shear Evaluation Results  

   Number  Area (µm2)  Perimeter (µm)  Circularity  Aspect Ratio  
Hour 0  254  166.51 ± 63.25  49.88 ± 9.54  0.81 ± 0.07  1.52 ± 0.33  
Hour 8  298  188.47 ± 71.09  53.72 ± 9.86  0.80 ± 0.07  1.42 ± 0.23  
Hour 16  301  206.67 ± 69.05  58.63 ± 10.53  0.75 ± 0.11  1.40 ± 0.20  
Hour 24  336  239.61 ± 97.03  64.81 ± 14.77  0.71 ± 0.11  1.35 ± 0.17  
  
Notes: Statistics from the hourly results for the static and shear (at 5 dyne/cm2 samples). There was an increase in the 
nuclear number, area, and perimeter for both samples, attesting to a sufficient growth environment. A key result was 
the lack of statistical difference in the aspect ratio between the two samples, maintaining similar changes across the 
time points. This suggests that there may not be a morphological difference between the between aspect ratio for shear 
between hours 8 and 16.   
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 The sheared slide results showed statistically significant differences in all metrics over the 

course of 24 hours. The results for this slide were more consistent than that of the static slide, the 

cell number, area, and perimeter all increased significantly with each 8-hour interval. In contrast 

to the consistent increases, the circularity decreased over the 24-hours. Beginning with a circularity 

of 0.81 ± 0.07, similar to the circularity at hour 0 of the static study (0.83 ± 0.05), it decreased to 

0.71 ± 0.11 at the end of the study. This result would be consistent with the expectation that the 

nucleus is becoming more ellipsoidal. The aspect ratio decreased between hour 0 and 24, with 

changes between hours 8 and 16 being insignificant. The decrease in the aspect ratio was larger in 

the shear cells (0.17) than in the statically cultured cells (0.06). In the statically cultured cells, the 

aspect ratio and circularity both approached 1, or a more circular nuclear shape. The shear cells 

decreased in circularity (from 0.81±0.07 to 0.71±0.11) while also decreasing in aspect ratio (1.52 

± 0.33 to 1.35 ± 0.17).  

3.4.2  Dissociation Process 

3.4.2a  Ibidi Workflow 

In this study, the development of a robust protocol to fix and remove cells after exposure 

to fluid shear stress was characterized. The initial set-up of the Ibidi Fluidic unit within the CO2 

incubator as well as cell culturing protocol followed the outlined steps from Ibidi (Ibidi Pump 

System Instructions v. 1.5.2). Cells were fixed in situ to maintain morphological changes that may 

have occurred due to cellular exposure to fluid shear stress during culture. Based on qualitative 

data collected over the duration of the experiment, there was no cell viability decrease during the 

process. The cells were seeded at 5 x 104 cells/cm2 and after 24-hours had reached 100% 

confluence (approx. 200,000 cells/slide).  
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3.4.2b Nuclear Morphology 

 
Nuclear morphology was analyzed using Fiji. The nucleus was segmented for analysis 

following the previously mentioned protocol and the ROI data for each nucleus were exported for 

statistical analysis. Individual ROI data were reviewed in comparison to the original images and 

was excluded from the data set if they met the following exclusion criteria: (1) the nucleus had 

non-distinct edges as classified by a noticeable blurring around the cell that would indicate the 

nucleus was not in focus; (2) failure of the processing protocol to appropriately watershed at the 

junction of two or more nuclei; and, (3) an over-saturation of the DAPI fluorescence signal that 

could affect the detection of the nuclear shape. Following this exclusion criteria, a total of n = 404 

fixation nuclei and n = 22 dissociation nuclei were analyzed. The mean aspect ratio for the nuclei 

after fixation and after dissociation was, respectively, 1.43 and 1.50. Additionally, the nuclear area 

was 187.10 µm2 (after fixation) and 192.24 µm2 (after dissociation) with a perimeter of 52.58 µm 

(after fixation) and 53.52 µm (after dissociation) (Table 3.2).  

TABLE 3.2 
  

Nuclear Morphology After Fixation and After Dissociation  

   Number  Area (µm2)  Perimeter (µm)  Circularity  Aspect Ratio  
Fixation  404  187.10 ± 76.90  52.58 ± 10.04  0.82 ± 0.05  1.43 ± 0.22  
Dissociation  22  192.24 ± 55.30  53.52 ± 7.02  0.83 ± 0.08  1.50 ± 0.52  
  
Notes: The mean value and standard deviation of nuclear area, perimeter, circularity, and aspect ratio after fixation 
(n = 404) and after dissociation (n = 22). Since the cells were dissociated from the coverslip, the 22 cells imaged after 
dissociation may not be a part of the 404 cells imaged after fixation; however, all cells were exposed to the same 
conditions. No statistically significant difference was found between the area, perimeter, circularity, and aspect ratio 
of the cells after fixation and after dissociation. Therefore, the nuclear morphology is not affected by this method of 
cell dissociation after exposure to flow. Note – The tabulated values were rounded at the second decimal place.  
 

 In MATLAB, a 2-sample t-test for equal means, without assuming equal variances was 

done to determine if there was a significant difference in nuclear shape before and after the cells 

were dissociated. Data included the mean of the aspect ratio for n = 404 nuclei after fixation and 
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n = 22 nuclei after dissociation. There was no expectation that the same nuclei were imaged before 

and after dissociation, however, all cells received the same shear treatment and were expected to 

show uniform results. The null hypothesis was that there was no difference in aspect ratio before 

or after dissociation. At α = 0.01, p = 0.9759 which failed to reject the null hypothesis. 

Additionally, using the 2-sample t-test for the area, circularity, and perimeter did not yield a 

statistically significant difference in results between the cells after fixation and after dissociation. 

Based on these results, there was not a statistically significant difference between the nuclear 

morphology before and after cell dissociation in regards to area, perimeter, aspect ratio, or 

circularity.  

3.4.3 Nuclear Alignment 

 A secondary analysis of the nuclear alignment to the axis of flow was done following 

similar procedures as the morphological study. The processing was modified to extract data 

regarding the major and minor axis for each nucleus as well as the overall angle using the best fit 

ellipse function in FIJI. In retaining the data for major and minor axis, the aspect ratio (measured 

as major axis/minor axis) was also recalculated. To collect this data, the best fit ellipse 

measurement analysis was done, correlating each ROI into an ellipse that could be measured 

against a standard XY plane. This process allowed for the angle of nuclear alignment, as 

measured by the angle between the axis of flow and the major axis of the ROI, to be measured 

and presented.  

 Neither the static nor the laminar shear sample showed a preference for angle or aspect 

ratio. There was no statistically significant difference at any time point for either sample in either 

of these parameters. The aspect ratio for the static sample was on average 1.4 ± 0.2 across all 

time points, similarly the aspect ratio for the shear sample was also 1.4 ± 0.2 [Table 3.3]. Any 
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change that occurred in the major/minor axis for either sample was either coupled with a change 

in the other axis or was not large enough to cause a change in the aspect ratio as a whole. There 

was no preference for elongation in any direction across the time-scale of the experiment.  

TABLE 3.3  

HOURLY IMAGE COMPARISON FOR STATIC AND SHEAR 

Descriptive Statistics Shear Angle and Alignment  
  Hour 0 Hour 8 Hour 16 Hour 24 
Major Axis 18.40 ± 9.69 18.62 ±11.21 18.97 ± 10.17 19.48 ±14.45 
Minor Axis 12.67 ± 2.67 13.07 ± 2.40 13.50 ± 2.39 14.26 ± 3.12 
Aspect Ratio 1.49 ± 0.31 1.44 ± 0.24 1.42 ± 0.22 1.39 ±0.22 
Angle (°) 85.34 ± 53.32 87.62 ± 51.64 88.28 ± 50.79 88.82 ± 53.20 

 

Descriptive Statistics Static Angle and Alignment  
  Hour 0 Hour 8 Hour 16 Hour 24 
Major Axis 15.55 ± 3.91 17.92 ± 4.18 16.47 ±3.01 16.46 ± 3.20 
Minor Axis 11.27 ± 2.61 12.98 ± 2.95 11.95 ± 2.32 12.24 ±2.56 
Aspect Ratio 1.39 ± 0.26 1.40 ± 0.24 1.40 ± 0.23 1.36 ± 0.22 
Angle (°) 91.13 ± 50.62 96.45 ± 53.25 87.83 ± 52.44 92.26 ± 53.71 

 

Notes: Overall, the major and minor axis in both samples changed with respect to the other axis, leading to no 
statistically significant change in the nuclear alignment. The AR was consistent across both studies, with an average 
of 1.4. The angle had an average standard deviation of <50, and with an average of ~90°, the range for the 
orientation angle spanned nearly the full possible range (0°-180°).   

 

 Regarding the angle measurement, a similar result was seen. The average angle across 

both samples was ~90 ± 51° at every time point. The minimum angle was 85.34 ± 53.42° and 

87.83 ± 52.44° for the shear and static studies (respectively). These minimum angles took place 

at hour 0 and hour 16, respectively, and did not show a consistent increase or decrease in angle at 

the following time point. Similarly, the maximum angle for each sample was 88.82 ± 53.20° and 

96.45 ± 53.25°, for the shear and static samples respectively. Again, like the results for the 
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minimum angle these were not within the same time point, instead they occurred at hour 24 and 

hour 8, respectively. These results indicate no preference in nuclear alignment based on exposure 

to laminar fluid shear stress.  

3.5 Discussion 

 The purpose of this experiment was to present a method for fixing adherent sheared 

endothelial cells in situ and collecting them under the same shear forces as during the experiment 

for Hi-C analysis. Additionally, this experiment was designed to develop an understanding of the 

mechanosensitive properties of HMEC-1 nuclei over a 24-hour time period. The importance of 

classifying the change in nuclear morphology over this time period is to be able to correlate the 

effects of fluid shear both mechanically and intracellularly. It also develops a preliminary data set 

for determining the ideal time points for further study of nuclear morphology and chromatin 

organization in the nucleus due to variations in fluid shear stress. The development of a method to 

remove adherent cells from a coverslip while maintaining nuclear morphology will allow for 

downstream study of the response of chromatin and RNA in the nucleus. This method could allow 

for cells to be collected without causing a change in the nuclear and cellular morphology developed 

during the exposure to fluid shear stress. Current methods for removing adherent cells fixed in situ 

require the use of a cell scraper, which could introduce changes to the cellular morphology and is 

not a viable option to collect cells grown in enclosed micro- to nano-scale channels.     

 The shear rate and length of shear exposure were chosen based on current literature as well 

as time constraints for completion of the experiment. The 24-hour time point was chosen due to 

other literature and has been found as a standard time for experimentation [39]. It also negated the 

need to exchange complete growth media in the system, as the cells will exhaust the nutrients in 

that space within 24 hours in a static culture set-up. In future studies utilizing longer time points, 
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the complete growth media will be replaced every 24 hours to allow for adequate growth 

conditions. Preliminary experimentation with the Ibidi system revealed that higher shear rates 

tended to rupture the cellular membrane or cause the cells to dissociate from their adherent state 

(based on personal experimentation). High levels of shear stress (> 25 dyne/cm2) are also not 

physiologically relevant for use with HMEC-1 cells that are found within microvascular networks. 

To be consistent with physiological relevancy and to function within the parameters of the Ibidi 

perfusion set (red) and slide (400-µm Luer sticky slide) of choice, 5-dyne/cm2 was chosen for the 

experimental measure. The perfusion set has an inner diameter of 1.6 mm with a length of 15 cm 

and the sticky slide had a depth of 400 µm.  

Based on the results of studying the hourly morphology change of the cell, multiple 

conclusions could be drawn. First, under both static and sheared conditions the cells showed an 

increase in area and perimeter, as well as cell count in the 400-µm Ibidi slides. The nuclei measured 

in both samples increased in area and perimeter over the course of the experiment, with a larger 

change occurring in the sheared cells. Secondly, the morphological change in the nucleus was not 

the same between the static and sheared conditions. For the statically cultured cells the circularity 

and aspect ratio converged to 1, pointing to the idea that the cells grown without exposure to fluid 

shear stress become more circular throughout the growth cycle. The shear cells did not follow the 

same pattern, the aspect ratio decreased, approaching a measure of 1 which corresponds to a circle. 

The circularity, however, decreased and diverged from a measure of 1, which corresponds to a loss 

of circularity based on the previously given calculation. These results do not point to a consistent 

shape preference due to either treatment type. These results are consistent with literature values 

for human brain microvascular endothelial cells [56]. The use of 5 dyne/cm2 laminar fluid shear 

stress for 24 hours does not lead to a morphological change in the nucleus. However, further 
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research will need to be done to determine if there are effects within the chromatin organization 

that cause changes in genotypic expression.  

 In the development of the cell harvest protocol, standard cell culture methods were 

considered to ensure the viability of the cell culture and produce repeatable results. The perfusion 

shear stress of 5 dyne/cm2 was chosen to mimic the blood flow within human microcirculation 

[39]. The cells were kept at 37°C to maintain ideal growing conditions. A preliminary study was 

done to determine the type of dissociation reagent that would be necessary to remove the adherent 

cells, as flow without a dissociation reagent was not able to dissociate the cells from the growth 

surface. The reagents considered in the preliminary study included 0.5% Trypsin, 0.5% Trypsin + 

EDTA, 0.25% Trypsin + EDTA, and 1X TrypLE. Based on a standard cell viability assay (i.e., 

Trypan Blue, live-dead cell count using a hemocytometer) and the number of cells removed from 

the culture dish, the 0.25% Trypsin + EDTA was selected for this study. This treatment balanced 

cell viability and cell dissociation more effectively than the other reagents, and it is traditionally 

used in studies involving the culture of endothelial cells.  

For the method proposed here, cells were seeded into the Ibidi Sticky Slide I0.4 Luer Lock 

slide with #1.5 IbiTreat polymer coverslip at a seeding density of 5 x 104 cell/cm2 (approx. 85% 

confluent) and reached 100% confluent with ~ 200,000 cells/slide after 24 hours. The perfusion 

process with complete growth media followed by 1% (w/v) PFA, 2.5M Glycine, and Trypsin + 

EDTA did not cause a visible decrease in cell viability or overall number of collected cells. During 

each of these treatments, the same fluid shear conditions were used in order to maintain the changes 

in nuclear morphology and chromatin structure that were developed during the culture process. 

After dissociation, the cells were collected and centrifuged at 275 x g for 10 minutes at room 

temperature before being suspended in PBS. The slides were viewed under phase contrast 
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microscopy to determine if the cells dissociated from the coverslip. A sample of the PBS solution 

included cells visible under phase contrast microscopy (10x) and a review of the slide the cells 

were cultured on revealed a detachment of ~ 95% (qualitative measure) of cells from the coverslip. 

Cells remaining in the channel were only visible on the peripheral edges where the coverslip 

adhered to the slide. These edges are not smooth and can protect cells from exposure to the fluid 

shear stress. Additionally, cells near these walls may be affected by irregular rates of fluid shear 

stress due to the drag created by the wall of the fluid movement. Based on these results, it was 

concluded that the cell harvesting protocol was effective at dissociating and collecting the cells 

post in situ fixation. 

 The images collected during the study were processed in FIJI to segment individual nuclei 

and determine the nuclear area, perimeter, circularity, and aspect ratio. When analyzed by the             

2-sample t-test, the null hypothesis that there was no difference in cell shape as related to aspect 

ratio could not be rejected. This led to the conclusion that the in situ fixation and shear removal 

strategy were effective at maintaining the nuclear morphology. Additionally, there was not a 

statistically significant difference in the area, perimeter, and circularity of the nuclei between 

fixation and dissociation. Thus, this method provides a promising solution for the removal of 

adherent cells fixed in situ that could be used in applications beyond the test case.  

 When imaging the dissociated nuclei, the z-plane was kept fixed, presenting a challenge in 

collecting images that were in focus as the cells floated freely in the dissociation reagent. The 

objective lens used for imaging did not allow for the opportunity to image individual nuclei in 

every field of view. Because of this, the images contained both in-focus and out-of-focus nuclei. 

After processing the images in the same manner as the images after fixation, it was necessary to 

develop objective exclusion criteria. Following the exclusion criteria explained previously, the 
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total number of dissociated nuclei imaged reduced from 35 to 22. This exclusion process was done 

objectively and was independently reviewed by multiple people (n = 3) to eliminate potential bias.   

Future experiments using this protocol will not require the use of Hoechst to stain the 

nuclei, nor imaging the nuclei. As a result, the protocol can be done with limited interruption to 

fluid flow over the cells beyond the time required to exchange the reservoir and perfusion sets. 

This protocol can be used with any type of flow chamber or channel-based cell culture system, any 

pump system, any type of flow (e.g., steady, pulsatile, or oscillatory), and is not limited to the Ibidi 

pump system used in this experiment. The versatile nature of this protocol will allow it to be used 

in a variety of capacities, not limited to the Ibidi and vascular flow experiments. We believe this 

protocol will be a benefit for the collection of cells from any enclosed flow chamber for Hi-C 

analysis that will maintain intact chromatin structure.  

 Overall, this method effectively addresses the concern of removing adherent cells fixed in 

situ within an enclosed flow chamber without the use of a cell scraper. Throughout the duration of 

the process, the cells were exposed to uniform fluid flow. The pump operated with the same 

conditions during the shearing, fixing, quenching, and dissociating processes, setting it apart from 

methods that utilize a cell scraper. By dissociating the cells at the same fluid shear rate as they 

were cultured and fixed we believe this method mitigates the risk for potential damage to the 

chromatin structure. Other cases that could benefit from the use of this method may include studies 

examining the effect of shear on other types of endothelial cells or in preparation for Hi-C and 

similar analysis on cells in microfluidic devices or parallel plate flow chambers. The universal 

application of this method fills a gap in the ability to dissociate and analyze adherent cells fixed in 

situ.  
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3.6  Conclusion 

 The method developed here is an effective option for the removal of adherent cell types 

fixed in situ. This method can be utilized by researchers with other types of adherent cells cultured 

in micro-chamber environments where using cell scrapers or other similar methods are not 

effective options for the removal of cells. Additionally, no extrinsic forces are applied to the nuclei 

and they retain their fixed shape after the dissociation process. The use of 5 dyne/cm2 of laminar 

fluid shear stress did not cause a significant change in the nuclear morphology over a 24-hour 

period in HMEC-1 cells, it is hypothesized that higher levels of fluid shear stress for longer 

durations may be necessary to induce a morphological change. However, it is also hypothesized 

that this cell type may be resistant to morphological change due to fluid shear stress. Further studies 

regarding the effects of fluid shear stress on HMEC-1s is necessary to determine the 

mechanosensitive properties of this cell type and how they respond to mechanical force over time. 
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CHAPTER 4 

COMPARISON OF FLUID SHEAR STRESS APPLICATIONS ON HMEC-1 CELLS 

4.1 Abstract 

 Fluid shear stress has been shown to affect the nuclear alignment and orientation in 

endothelial cells found in the cardiovascular system. Failure of cells to align in regions of low, 

turbulent fluid shear stress contributes to the development of atherosclerotic plaques during the 

propagation of fluid shear stress. Human microvascular endothelial cells have not been widely 

studied as a mechanosensitive cell type, even though they may play a role in the early 

development of cardiovascular disease. This study develops a preliminary picture of how 

HMEC-1s respond to varying types of fluid shear stress including laminar and oscillatory flow 

for durations of 24 and 72 hours. The results presented here indicate that there is no preference in 

nuclear angle or aspect ratio for either type of flow in either time duration. The nuclei studied 

increased in area and perimeter over time, therefore there were no concerns about the growth 

conditions, but a loss of nuclei counted in the oscillatory studies revealed that the non-laminar 

flow caused cell rupture and dissociation. Overall, no significant changes in the nuclei were 

found yielding the hypothesis that HMEC-1s are not morphologically affected by exposure to 

fluid shear stress. 

4.2   Introduction 

The emerging fields of mechanobiology and mechanogenomics are being utilized to 

understand disease states and the primary methods of how mechanical interactions affect the 

internal regulatory pathways in the nucleus [3, 20, 23, 40]. A variety of studies have been done 

to analyze the nucleus as a mechanosensitive organelle [3, 32, 35, 38], and to quantify the 
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parameters that drive physical and internal change within the nucleus and cytoskeleton. In 

understanding these changes, the overall goal is to develop an understanding of how chromatin 

within the nucleus reorganizes in the propagation of disease, such as the development of 

atherosclerotic plaques and how they lead to further development of cardiovascular disease 

(CVD).    

Endothelial cells are a common target for research in mechanobiology due to their 

widespread presence in the human body and relevance to many disease types. As mentioned, 

CVD is one such field of study because vascular endothelial cells are affected by fluid shear 

stress from development [3, 54, 131] and it plays a key role in disease propagation [13, 

61]. Typically, Bovine Aortic Endothelial Cells (BAEC) [60] or human umbilical vein 

endothelial cells (HUVEC) [85] are used for research in this area. Both of these cell 

types, among many others that are studied in mechanobiology, are physiologically relevant in 

regions of relatively large vasculature. These cell types are traditionally characterized as 

responding to fluid shear stress by the physiological changes that occur in the cell. One key 

player, the nucleus, is a mechanosensitive organelle that responds to fluid shear by elongating 

and aligning in the direction of fluid flow. It was initially expected that across the body, 

endothelial cells would behave with these similar characteristics. However, more recent studies 

and reviews have developed a new picture of endothelial cells that may break the status quo that 

had initially been established. New perspectives reveal that not all endothelial cells respond to 

forces in the same way, opening space for the development of further understanding of various 

subtypes of endothelial cells.  

Microvascular endothelial cells are one subgroup of endothelial cell that is breaking the 

originally established idea that all cells behave the same. Human brain microvascular endothelial 
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cells (HBMEC), an immortalized cell line that is used as a physiological model of the blood-

brain barrier (BBB) have been studied using methods similar to those proposed here, and yielded 

no difference in nuclear morphology when compared to HUVEC treated in the same conditions 

[56]. This cell type, located in brain microvasculature, is highly specialized and regulates what is 

transported into and out of the brain. Tight cell-cell junctions are responsible for maintaining the 

integrity of the brain microvasculature[103]. In maintaining this control of the BBB, endothelial 

cells in the microvasculature have adapted to minimize the morphological effects of fluid shear 

stress exposure. Additionally, when exposed to a curved growth surface, these cells do not 

change in morphology as they grow around the surface in the radial direction, unlike other 

endothelial cell types [102, 104]. It has been shown that the HBMEC nuclei wrap-around the 

curved surface forming the characteristic tight junctions between cells, but they do not elongate 

as they wrap.   

Traditionally, studies regarding the effects of fluid shear have followed similar 

parameters with a variety of macro-vascular based cell types. One key parameter that is widely 

used in these studies is the 24-hour exposure to fluid shear stress [39, 55, 75, 83]. However, it 

has been reported that a threshold of 24-48 hours may be necessary to see measurable outcomes 

in regards to cellular and nuclear morphology in some cell types [27, 60, 132]. Endothelial cells 

in vascular tissue are under constant fluid shear stress, and analysis of their morphological 

response and chromatin structure at periods after the actin, laminin, and stress fibers have 

reached a physiologically relevant position and structure may provide more accurate results on 

the changes occurring intra-nuclearly, as discussed by Noria 2004.  

Outside of time-dependency, the level of fluid shear stress that is applied to the cells is an 

alternate parameter to be considered. In creating in vitro experiments with physiologically 
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relevant fluid shear levels, it has been shown that a threshold may exist for cellular response. 

Current studies have utilized shear rates ranging from 5 dyne/cm2 [39] to 85 dyne/cm2 [83] over 

24-hour experimental time frames. In our experimentation, we have utilized shear stress rates 

ranging from 5-dyne/cm2 to 30-dyne/cm2. Literature has shown that it requires a minimum of 8 

dyne/cm2 is the threshold for causing morphological change in bovine aortic endothelial cells 

(BAECs) [60]. Bovine Aortic Endothelial cells are one of the common types of cells utilized in 

experiments understanding the effects of fluid shear, other prominent types have 

included HUVEC [85], human dermal microvascular endothelial cells [55], bovine capillary 

endothelial cells [24], and porcine thoracic aorta [75]. There is a notable 

lack of microvascular endothelial cells, those that originate in veins and arteries smaller than 

100 µm in diameter. As has been previously discussed, these cell types may exhibit unique 

morphological responses to fluid shear stress that is relevant to their physiological 

purpose. While typically HUVEC and BAEC have been the cell type of 

choice for vascular research, there is room to develop a picture of how microvascular endothelial 

cells respond to fluid shear stress. Current studies also focus on the presence of laminar, 

unidirectional fluid shear in a cone-and-plate flow-chamber [28, 52, 60] and more recently using 

a parallel plate flow chamber [27, 49, 75, 83]. The morphological effects of oscillatory flow have 

also been studied[17]. Oscillatory, or disturbed fluid flow, is found in areas prone to the 

development of atherosclerotic plaques in the vasculature such as branch points and 

curvatures [55, 132]. Characteristically, disturbed flow causes cobblestone 

morphology, detachment of adherent cell types, and they fail to align in the direction of flow.   

This study seeks to establish a base set of parameters for utilizing human microvascular 

endothelial (HMEC-1) cells as a model for studying the effects of fluid shear stress on nuclear 
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morphology. In comparing time points ranging from 24- to 72-hours, accompanied with different 

levels of fluid shear stress (10 dyne/cm2 and 15 dyne/cm2), as well as laminar and oscillatory 

flow patterns, a picture of the robust nature of HMEC-1 and their physiological relevancy can be 

further discussed. This fills a gap not currently served in this field of study and will create an 

alternate model for comparison. It will also add to the body of knowledge being built regarding 

the mechanosensitive function of microvascular endothelial cells.  

4.3  Methods  

4.3.1  Cell Culture  

Human Microvascular Endothelial cells (HMEC-1, #CRL-3243, P25, ATCC, Manassas, 

VA) were maintained in complete growth media (CGM) and cultured following the same process 

as outlined previously in this thesis.   

The materials required for the study were placed in the CO2 incubator 24 hours prior to 

initiating the experiment to equilibrate and de-gas. Where applicable, materials were sterilized in 

the autoclave to ensure sterility for cultured cells. These materials included the following: (1) 2 

Ibidi Fluidic units; (2) 10 Ibidi µ-Slide I0.4 Luer slides (#80176, Ibidi, Martinsried, Germany); 

(3) 12 red perfusion sets (#10962, Ibidi); (4) 12 reservoir sets (#10971, 12 ml, Ibidi); (5) one air 

tube adaptor set for oscillating flow for two fluidic units (Ibidi); (6) 160 ml CGM; and (7) a 

small silicone mat for each slide (no more than 3 at a time).   

4.3.2  24-Hour Experiments  

Cultured cells were removed from their adherent state and collected at a density of 1,000 

cell/µl. For each experiment, 112.5 µl of cell solution was placed into the Ibidi µ-slide I0.4 and 

placed in the CO2 incubator (37° C) for cells to adhere for 2-hours. During that time, Hoechst 
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33258 (#116M4139V, Sigma) was prepared at a concentration of 1:1000 in Phosphate Buffered 

Saline (PBS) solution and warmed to 37° C. After the two-hour adherence period, the complete 

growth media in the channel was aspirated and replaced with Hoechst solution. The channel was 

flooded with Hoechst 3-times before being placed in the CO2 incubator for ~10 minutes to allow 

for stain to set in. After this period, the Hoechst was aspirated and replaced with pre-warmed 

(37° C) CGM.   

Two Ibidi Fluidic Units were prepared with red perfusion sets and reservoirs filled with 

12-ml CGM. The air system of the pumps was connected with the Ibidi air tube adaptor for 

oscillatory flow with two pumps as described in the Ibidi Pump System Instruction Manual 

Appendix A [Figure 4.1]. Pump 1 became the “master unit” with laminar flow while pump 2 

became the “slave unit” with oscillatory flow. Once connected to the pump control system and 

software, the air bubbles were cleared using the “Clear Air Bubbles” sample command.   
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Figure 4.1 The schematic set-up for the Ibidi fluidic units with oscillatory flow. The pump 
pictured to the right here serves as the “Master” pump and will provide laminar fluid shear stress 
to the connected slide, this pump will be connected directly to the air flow source from the Ibidi 
system. The “Slave” pump, on the right, receives airflow directly from the “Master” pump and 
will provide oscillatory fluid shear stress to the cells in the attached slide.  

 

Slides were connected to the pump systems with one undergoing laminar fluid shear 

stress and another undergoing oscillatory fluid shear. One round of experimentation used a shear 

rate of 10 dyne/cm2 (pressure: 16 mbar, flow rate: 7.38 ml/min, shear rate: 971 1/s) and the 

second used a shear rate of 15 dyne/cm2 (pressure: 24.7 mbar, flow rate: 11.06 ml/min, shear 

rate: 1456 1/s). The viscosity was set to 0.0103 (dyne*s)/cm2 based upon measurements taken 

previously (see Chapter 3), and the calibration factor was 1.07. For the laminar flow, the 

switching time was set to 15 seconds, and for oscillatory it was set to 5 seconds.   
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Once set-up, the cells remained under the shear stress for 24-hours with an interruption to 

flow for 10 minutes every 8 hours to image the cells. A static sample was also created following 

the same parameters and ran concurrent with the 15 dyne/cm2 samples. This slide resided in the 

incubator with the sheared samples and was imaged at the same time points. After 24-hours, the 

slides and cells were discarded.   

4.3.3  72-Hour Experiments  

Following the protocol outlined for the 24-hour experiments, a similar process was done 

for 72-hours. Cultured cells were removed from their adherent state and collected at a density of 

500 cell/µl. For each experiment 112.5 µl of cell solution was placed into the Ibidi µ-

slide I0.4 and placed in the CO2 incubator for 2 hours to adhere to the slide. During that time, 

Hoechst 33258 (as listed prior) was prepared in a concentration of 1:1000 in Hanks Buffered 

Saline solution (HBSS). After the two-hour adherence period, Hoechst 33258 was applied 

following previously established protocol.   

Identical parameters and set-up were utilized for these experiments as in the 24 

hour experiments. One sample was connected to the laminar flow pump and another to the 

oscillatory flow pump and fluid shear was started. Both 10 dyne/cm2 and 15 dyne/cm2 were 

studied as well as a statically cultured slide for a total time of 72 hours. A 10-minute interruption 

occurred every 12 hours to image the slides following protocol explained below. After 72-hours, 

slides and cells were discarded. A statically cultured sample served as the experimental control. 

It was cultured under the same parameters and imaged every 12 hours, the CGM was changed at 

the halfway point to ensure proper growth conditions due to the lack of volume present in the 

sheared samples.  
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4.3.4  Imaging and Image Processing  

Imaging in these studies was done identical to the samples in Chapter 3. A series of 

images were taken on each slide every 8 or 12 hours (for the 24 and 72-hour study, respectively) 

across five evenly spaced points along the axis of flow. These points were set-up using a mark 

and find experimental setting and were the same locations used previously, to aid in consistency. 

It is not expected that the same cells were imaged at each time point due to shift in the placement 

of the slide within the stage as well as movement and growth of the cells, especially over the 72-

hour time frame.   

Image processing was done using FIJI (ImageJ 1.52g; Java 1.8.0_66) and table 1 outlines 

the images analyzed from each sample. Only the 24-hour time points from both studies were 

analyzed for consistency of comparison and to better visualize the potential change in 

nuclear morphology (figure 4.2). To create the nuclear Region of Interest (ROI) for analysis, the 

following click-path was utilized in FIJI: 1) turn image to 8-bit, 2) smooth, 3) auto-threshold 

with triangle threshold, 4) binary watershed, 5) binary erode, 6) analyze particles showing best 

fit ellipse, excluding nuclei on edges, within a size range of 50-10000 µm2. Measurement 

parameters from the ROI manager included: area, perimeter, aspect ratio, major axis, minor 

axis, and angle. The number of nuclei measured at each time point was also tracked.  
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Figure 4.2: The image processing in this study used the best fit ellipse technique when 
developing the nuclear regions of interest. This allowed us to get data on the major and minor 
axis and the overall angle of alignment for the nucleus. For processing, the method was done by 
hand and consisted of 6 steps: 1) turn image to 8-bit, 2) smooth, 3) auto-threshold with triangle 
threshold, 4) binary watershed, 5) binary erode, 6) analyze particles showing best fit ellipse, 
excluding nuclei on edges, within a size range of 50-10000 µm2. 
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4.3.5  Data Analysis  

Data analysis was done using two-sample t-tests with assumed equal variance and 

descriptive statistics in Microsoft Excel 2016. T-tests were evaluated with a significance of α = 

0.05. Comparisons were made at every 24-hour time point, and also compared time 0 to time 72 

during the long study. Graphical representations were also created in Microsoft Excel.   

4.4  Results  

Microvascular endothelial cells that line the walls of arteries and veins >100 µm in 

diameter are a key component in regulating blood flow within the body. With the 

microvasculature spanning from the brain developing the BBB to making up the veins and 

arteries in peripheral limbs, developing an understanding of their response to fluid shear stress is 

key in understanding disease propagation and how signaling cascades are pre-empted in those 

regions.   

The shape parameters measured and analyzed included area, perimeter, aspect ratio (AR), 

inverse aspect ratio (IAR), major and minor axis, and the orientation angle [Figure 4.3]. Area 

encompassed the 2D projected area that is covered by the best-fit ellipse from the nuclear ROI 

created during image and perimeter took into account the trace around the best-fit ellipse, again 

in the 2D plane. The aspect ratio was obtained by comparing the length of the long (major) axis 

to the short (minor) axis as a measure of cell elongation. Consistent with results from published 

literature, the inverse axis ratio (IAR) was also studied, which was obtained from the length of 

the short (minor) axis by the long (major) axis [56]. The angle of orientation was measured 

between the major axis and the axis of flow. The angle was used as a descriptor of nuclear 

alignment during each time point and was measured in a range from 0° to 180°. 
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Immunofluorescence images were collected at each time point using Hoechst 33258. The same 

positions in relation to the microscope were imaged at each point, however it is not expected the 

same cells and same exact location was imaged on the samples due to moving them from the 

incubator to the microscope. This section analyzes the results from the best-fit ellipse data 

gathered using Fiji for the 24- and 72-hour experiments. 

 

Figure 4.3: The measurements collected for this study were area, perimeter, major and minor 
axis, aspect ratio, inverse aspect ratio and angle. Major and minor axis were calculated as the 
long and short (respectively) axis for the nucleus ROI found with FIJI. These axes are not 
guaranteed to make a 90° angle in relation to one another. The inverse aspect ratio (IAR) was 
calculated as the minor axis divided by the major, with the aspect ratio (AR) being the major axis 
over the minor axis. The angle was measured as the angular distance between the axis of fluid 
flow to the major axis of the nuclei. Area and perimeter of the nuclear ROI were found using 
FIJI.  
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4.4.1  Cell Count  

Cell adhesion and stability is a key component of cell health under continual fluid shear. 

In samples under shear for 24 hours, all showed an increase in total nuclei number between hour 

0 and hour 24. This result was consistent for the laminar and oscillatory samples, with increases 

ranging from 27-95 nuclei (Table 4.1).  
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TABLE 4.1 

NUCLEI COUNT OVERALL 

 

Sample 
Number of 
Nuclei 

Number of 
Images 
Collected Nuclei/Image 

Static: H0 144 5 28.8 
Static: H24 243 5 48.6 
Static: H48 178 5 35.6 
Static: H72 147 4 36.75 
10D Lam24: H0 248 5 49.6 
10D Lam24: H 24 276 5 55.2 
10D Osc24: H0 264 5 52.8 
10D Osc24: H24 340 5 68 
15D Lam24: H0 187 5 37.4 
15D Lam24: H24 282 5 56.4 
15D Osc24: H0 157 5 31.4 
15D Osc24: H24 184 5 36.8 
10D Lam72: H0 170 5 34 
10D Lam72: H24 120 5 24 
10D Lam72: H48 152 5 30.4 
10D Lam 72: H72 146 5 29.2 
10D Osc72: H0 145 5 29 
10D Osc72: H24 114 5 22.8 
10D Osc72: H48 69 5 13.8 
10D Osc72: H72 50 5 10 
15D Lam72: H0 79 5 15.8 
15D Lam72: H24 116 5 23.2 
15D Lam72: H48 159 5 31.8 
15D Lam72: H72 267 5 53.4 
15d Osc72: H0 113 5 22.6 
15D Osc72: H24 100 5 20 
15D Osc72: H48 68 5 13.6 
15D Osc72: H72 42 5 8.4 

 

Notes: The overall count of nuclei from each time point for each sample, the nuclei per image ratio was also 
calculated to mitigate the emphasis of outliers on the overall nuclei count. One sample set, hour 72 of the control 
study, had only four images to process due to an error in the image collection process. 



57 
 

During the 72-hour study, there was a significant decrease in the number of nuclei 

imaged for the oscillatory samples. Decreasing from 29 nuclei/image (N/I) at hour 0 under 10 

dyne/cm2 of fluid shear to 10 N/I at hour 72. This result was consistent with the 15 dyne/cm2 

sample, decreasing from 22.6 N/I to 8.4 N/I. The laminar sample at 15 dyne/cm2 showcased the 

opposite result, increasing from 15.8 N/I to 53.4 N/I. In comparison, the 10 dyne/cm2 laminar 

sample did not follow that pattern, with a decrease at hour 24 and hour 72, and an increase at 

hour 48. The static (control) sample was similarly inconsistent in its growth pattern, increasing 

initially and then decreasing over the last 48 hours.   

4.4.2  24-Hour Study Results  

Cells cultured under fluid shear stress, either laminar or oscillatory, for only 24 hours 

showed few significant changes over the duration of the study (Table 4.2). The parameters that 

showed change were the area measurement for both 10 and 15 dyne/cm2 (p = 4e-5 and p = 3e-

20) oscillatory samples (p = 4e-5 and p = 3e-20, respectively) and the 15 dyne/cm2 laminar 

sample (p = 2e-10). Following this trend, the perimeter also increased for the same three samples 

with p < 0.05 for each.   
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TABLE 4.2 

DESCRIPTIVE STATISTICS FOR 24-HOUR STUDY 

 

 

 

 

 

 

 

 

Notes: Descriptive statistic for both laminar and oscillatory flow for the 24- and 72-hour study. T-tests regarding the 
statistical significance of these averages can be found in Appendix B. Area was measured in terms of µm2 and 
perimeter was measured as µm. Angle was measured in degrees (°). Results were rounded to two decimal places 
from initial calculation in Microsoft Excel.  

 

In regards to the major and minor axis, a significant difference (an increase) was seen 

again in the same three samples (p < 0.05). This led to no significant change in the aspect 

ratio (AR) for any of these three samples. The average ratio was ~ 1.4 for all 24-hour study 

samples. The inverse aspect ratio (IAR) ranged from 0.71 – 0.73 for the four samples both at 

hour 0 and hour 24. There was no significant change at this point. Additionally, no change was 

seen in the angle measurement for any of the samples. The angle ranged from 0°-179° for all 

samples, with the average being ~90° (ranging from 88° to 94° between hour 0 and hour 24).  
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4.4.3  72-Hour Study Results  

With the longer time point of 72 hours, images were collected every 24 hours and longer 

term effects of fluid shear stress were analyzed. Table 4.3 outlines the descriptive statistics for all 

72 hour studies including the control, laminar, and oscillatory flow patterns. The area increased 

for all samples, including the control, except for the 10-dyne/cm2 laminar flow. This was the 

same sample that did not show a difference at the 24-hour point, giving the expectation that this 

shear rate yields a stagnant cell size. Overall, the perimeter results told the same narrative for 

both laminar, oscillatory, and the control. The 10 dyne/cm2 had a perimeter increase between 

hours 0-24 (p = 2e-6) as well as 24-48 (p = 0.0423), however this change was not significant 

enough to yield a change in the overall nuclear perimeter over 72 hours.    

  



60 
 

TABLE 4.3 

DESCRIPTIVE STATISTICS OF ALL 72-HOUR SAMPLES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Notes: Outlines the descriptive statistics for all samples that were studied for 72 hours. Including the 24-hour time 
intervals for the laminar, oscillatory, and static samples at 10 and 15 dyne/cm2. The standard parameters that are 
discussed in the results are given here including: area, perimeter, major and minor axis, angle, and IAR. Area was 
measured in µm2 and perimeter was measured in µm. 
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Independent of the type of fluid shear, or the shear rate, both the AR and IAR results for 

the 72 h study were consistent with the results from the static sample. At 24 hours, there was no 

significant change in either, but there was in the 72-hour samples. These changes were consistent 

with the calculated change in the statically cultured sample and had a final IAR of about 0.74 

(for all 72 h samples except under 15 dyne/cm2 oscillatory flow) at hour 72. The range of values 

for IAR were from 0.65 to 0.78, with the extremes found at hour 72 for the static and the 

oscillatory 15 dyne/cm2 sample. The rest of the hour 72 samples had the same IAR of 0.74 ± 0.1 

[Table 4.4].    

TABLE 4.4  

INVERSE ASPECT RATIO OVER 72-HOURS 

Inverse Aspect Ratio 

  Hour 0 Hour 24 Hour 48 Hour 72 

Laminar 10 Dyne/cm2 0.69 ± 0.14 0.73 ± 0.12 0.71 ± 0.13 0.74 ± 0.11 

Oscillatory 10 Dyne/cm2 0.72 ± 0.14 0.70 ± 0.12 0.75 ± 0.10 0.74 ± 0.10 

Laminar 15 Dyne/cm2 0.69 ± 0.13 0.68 ± 0.11 0.72 ± 0.12 0.74 ±0.12 

Oscillatory 15 Dyne/cm2 0.67 ± 0.14 0.68 ± 0.11 0.69 ± 0.11 0.65 ± 0.16 

Static 0.71 ± 0.13 0.74 ± 0.13 0.72 ± 0.12 0.78 ± 0.12 
 

Notes: Detailing the IAR of the samples under both types of fluid shear stress for 72-hours with the 24-hour time 
points. The range of IAR values across the sample was from 0.65 to 0.78 and was consistent throughout the five 
samples. 

 

In regards to the major and minor axis, the 10 and 15 dyne/cm2 oscillatory flow samples 

saw a significant change in the length of each axis (p < 0.05). The laminar samples were split, 

with both shear rates expressing an increase in the minor axis, but only the 15 dyne/cm2 sample 
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increased in the major axis. These results are consistent with the results from the control sample 

in regards to the significance of the change in axis length. The control sample decreased in 

length for both major and minor axis, instead of increasing as was seen in the sheared 

samples. Overall, there was no difference in the inverse aspect ratio for any of the samples 

studied, there was an average standard deviation of ±0.1 yielding no statistical significance to 

any of the perceived differences between the sample types [Figure 4.4].  

 
Figure 4.4: The IAR across the four sample types reveal no statistically significant difference 
between the types that deviated from the control sample. The average standard deviation was 
±0.1 with no significant outliers.  

 

There was no change in the angle at any time point for any of the experiments. This was 

consistent with the 24-hour experiment results and the control sample. The angle range was 0° - 

180° with an average of ~ 90° across the four samples [Figure 4.5].  
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Figure 4.5 The nuclear angle for each sample had no clear preference across the time points for 
any of the fluid shear stress rates or the fluid shear stress patterns. The standard deviation was 
consistent throughout across the study for each sample studied.  

 

The minimum average angle was 82.71 ± 51.67° with the maximum average angle at 

95.23 ± 55.76°. Both of these values were found at hour 0 of two different samples, from this 

point the samples converged to a smaller range by hour 72 (from 83.85 ± 48.46° to 93.21 ± 

51.43°) [Table 4.5].  
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TABLE 4.5 

NUCLEAR ANGLE CHANGE OVER 72-HOUR STUDY 

Angle (°) 

  Hour 0 Hour 24 Hour 48 Hour 72 
Laminar 10 
Dyne/cm2 83.27 ± 51.63 90.18 ± 53.72 91.16 ± 54.91 85.03 ± 49.38 
Oscillatory 10 
Dyne/cm2 82.71 ± 51.67 91.11 ± 54.25 90.94 ± 53.31 83.85 ± 48.46 
Laminar 15 
Dyne/cm2 84.16 ± 52.86 86.39 ± 49.96 89.18 ± 51.94 88.68 ± 51.13 
Oscillatory 15 
Dyne/cm2 86.16 ± 56.57 85.12 ± 54.60 91.67 ± 55.43 90.02 ± 43.68 
Static 95.23 ± 55.76 91.74 ± 55.14 87.25 ± 54.48 93.21 ± 51.43 
 

Notes: The average angle with standard deviation for all time points during the experiment and 
for all samples. There is no distinct pattern or angular preference throughout the timespan. The 
average standard deviation is ~50° with the average angle of ~90°. 

 

4.5  Discussion  

Overall, the use of mechanobiology and mechanogenomics to understand disease 

propagation and the key mechanical and chemical pathways that are affected by fluid shear stress 

is a promising field that will continue to grow.   

The results from this study are comparable the results published by Reinitz et. al in 2015 

regarding brain microvascular endothelial cells. While some of individual parameters that were 

analyzed had statistically significant results, these results were often consistent with the results 

from the control sample. An increase in area and perimeter, which were also seen in the control 

sample, were the only consistent changes. These changes occurred across most samples in both 

the 24 and 72-hour study. Because of these observations, we hypothesize that microvascular 
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endothelial cells from a dermal origin may have similar morphological characteristics to those 

studied from the brain.  

As there was no significant morphological change in the nucleus in the samples that were 

studied for 24-hours, and the results were reiterated by the 24-hour time point of the 72-hour 

study, it can be hypothesized that within a period of 24-hours nuclear morphology for HMEC-1 

cells is not affected by laminar or oscillatory fluid shear stress. Beyond the growth of cells and 

the potential increase in cell number, morphologically the lack of difference points to the need 

for either higher shear values or longer shear times for nuclear change to potentially occur, which 

is analyzed in the 72-hour study. These results are similar to those reported in chapter 3 of this 

thesis, which creates confidence in the given explanation. Another method of support is the 

similarity between the hour 0 and hour 24 results for the control sample and the sheared 24 

hour samples. With no evident difference between the behavior of the cells in either of these 

cases, there is unlikely to be any morphological change because of 24 hours of shear for this cell 

type under these parameters. While the sample size (n = 1) for every sample is small, the 

consistency of results throughout this study is promising. In addition, the relevancy of these 

results to other published literature yields a more confident discussion of the lack of change in 

this cell type compared to other endothelial cell types [56, 104]. 

One area of difference that was not previously reported on was the difference in cell 

number between the laminar and oscillatory samples. In both the control and laminar samples, 

the number of nuclei imaged, and the subjective visualization of the nuclei led to a general 

increase in cell number. This is consistent with any other standard of growing cells in traditional, 

physiologically relevant conditions [130]. It did not appear that the fluid shear slowed down or 

was a detriment to the cells cultured under laminar flow. On the opposite end of the spectrum, 
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there was a continual decrease of cells across the time points of the 72 h study for both of the 

oscillatory experiments. Both 10 and 15 dyne/cm2 samples experienced this decrease. This may 

suggest that though the microvascular cells are highly specialized and contain unique 

morphological characteristics, they may not be able to withstand the abrasive shifts that 

frequently occur in oscillatory flow. This type of flow is not typical in the environments that 

these cells are derived from. Within the capillary beds and other small vessel types the flow 

is traditionally laminar without the presence of atherosclerotic plaques, and without the high 

angles of curvature or branching that is overtly disruptive to the blood flow, as can be seen in the 

macro-vascular structure. Predominantly, studies focusing on oscillatory or disturbed fluid shear 

stress utilize cells where those shear rates are physiologically relevant, such as bovine aortic 

endothelial cells (BAEC) [17].   

Another key result of interest was the lack of angle change; this was consistent with the 

results and conclusions previously drawn about the microvascular endothelial cells and the 

results presented earlier in this thesis. There was no preference for alignment along any of the 

samples or during any of the time points. This result is consistent with the experiments reported 

in chapter 3 with a lower fluid shear stress rate (5 dyne/cm2). By having no preference in angle, 

we hypothesize that the cellular membrane and cytoskeleton have morphological adaptations that 

aide in maintaining nuclear shape. Additionally, the nucleus may also have its own key traits in 

this area. The lack of angle change is directly related to the nuclei not aligning to the axis of 

flow, regardless of the shear rate or type of flow. The angle is measured as the angle between the 

axis of flow and the major angle. The major angle did increase during most samples, but it was 

not significant enough to yield an overall shift in angle for the entire cell monolayer.   



67 
 

The inverse aspect ratio (IAR) has been reported in other literature sources [28, 83, 133] 

and is used as a parameter to measure elongation of the nucleus. Calculated as the minor axis 

divided by the major axis, a change in one axis should yield a change in the overall IAR. 

However, throughout this study the major and minor axis both changed mutually with one 

another, yielding no measurable change in the IAR. This follows the results from the static study 

and aligns with the lack of change in the measurable angle. These results lead to 

the understanding that HMEC-1 nuclei do not have an alignment or elongation preference when 

exposed to fluid shear stress, and though research has shown the nucleus to be a 

mechanosensitive organelle, it may not have the same mechanoresponsive actions as other types 

of endothelial nuclei.    

Beyond the loss of nuclei due to the oscillatory fluid shear stress, the overall results from 

the nuclei that remained intact were consistent with the results from the laminar study. This 

evidence also points to the hypothesis that the microvascular endothelial cells are resistant to 

change due to fluid shear stress, up to the point that they are destroyed in the 

process. Subjectively, remnants of the cells that had originally been attached could be seen 

floating within the complete growth medium and dotting the background with bright fluorescent 

spots. The rest of the parameters were the same in the case of every other experiment in this 

study.   

The data presented here showcase preliminary results with only one sample for each type 

of shear and each shear rate. Increasing the number of samples done for each may streamline the 

data, remove potential outliers in the nuclei counts, and would increase confidence in the results. 

However, these results are consistent with what has been previously published regarding 

microvascular endothelial cells.  
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Further study into this area could include an analysis of how the cellular membrane 

changes with regard to each of the parameters analyzed here. It would be hypothesized that there 

would be no additional change in the membrane that was not seen in the nucleus, based on the 

results previously reported. However, looking at that change as well as analyzing the chromatin 

structure within the nucleus for cells exposed to shear and those not exposed could lead to insight 

on the biochemical pathways that are activated because of the shear flow.   

The preliminary results from this experiment help to build the case that further study on 

microvascular endothelial cells needs to be done. Traditional views on endothelial cells state that 

they essentially compare flow direction with an internal axis and activate cytoskeletal and 

signaling pathways accordingly [17]. It may indeed be true that all endothelial cells are affected 

by fluid shear stress, but not all of them respond in the same way. If there are differences in the 

microvasculature that have yet to be fully explored, there may be other gaps in the knowledge 

base that are inaccurately assumed. In developing models of how these cells function we will 

contribute to the greater body of science and diversify the types of studies these cell types can be 

utilized for.   

4.6 Conclusion 

 Overall, the results presented here lead to the expectation that HMEC-1 cells do not 

respond morphologically to exposure to fluid shear stress, regardless of the duration, type, or 

force applied. There was no distinguishable alignment or elongation of the nucleus across the 24- 

or 72-hour studies, similar to the results presented about brain microvascular cells. 

Microvascular cell types need to be further studied to understand the potential genotypic and 

phenotypic responses to mechanical force that may not be visible.  
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CHAPTER 5 

DISCUSSION 

5.1  Overview 

 The effects of fluid shear stress on endothelial cells as it relates to Cardiovascular Disease 

has been widely studied using traditional cell types (HUVECs and BAECs) and developed long 

held assumptions that have been applied to all endothelial cell types. Traditionally, it is expected 

that under high, laminar fluid shear stress endothelial cells will elongate and align in the 

direction of flow. However, this elongation and alignment will not occur in regions of oscillating 

fluid shear stress. In these regions, atherosclerotic plaques are likely to develop. It is assumed 

that all endothelial cell types will behave similarly under these conditions. HUVEC and BAEC 

are the most commonly used cell types because of their ease of use and they are readily 

available. Thus, these cell types have been the most widely used in this field and have become 

the standard because there is the greatest body of knowledge about them. More recent studies, 

including the results presented here are breaking down traditional expectations and developing a 

knowledge base about sub-categories of endothelial cells that respond differently to mechanical 

stimuli [56, 104]. Microvascular endothelial cells are located in highly specialized regions, such 

as in the brain, capillaries in the heart, and dermal capillary, arteriole, and venule beds. Their 

responses to fluid shear stress are unique to their location and microenvironment and serve to 

protect and strengthen those key areas.  

Overall, this research points to the robust nature of human microvascular cells that 

originate from the dermis. They can be sheared, fixed, and dissociated without experiencing a 

significant change in shape (specific aim 1), and the amount of time and type of fluid shear stress 



71 
 

they were exposed to showcased no significant change in nuclear morphology (specific aim 2 

and 3). Developing a full picture of how the nuclei fail to change due to mechanical shear stress 

is the first step in creating a complete picture of the structure and function of HMEC-1 cells. 

These findings will be further discussed through the lens of the specific aims in this study.  

5.2  Specific Aim 1: Characterize a process of culturing and removing adherent cell 

types from a fluidic device chamber while preserving morphological structure 

 The purpose of this aim was to develop a methodology for culturing, fixing in situ, and 

removing adherent endothelial cells from a micro-channel fluidic device. This was initially done 

to be able to send the collected cells to have Hi-C (Chromatin Conformation Capture) performed 

on the nuclei to develop a 3D model of how chromatin organization changes based on the 

mechanical forces on the cell. This, however, was not completed due to complications in 

shipping and data analysis from the company. Failure to receive these data led to a shift in 

perspective on how the microvascular cells responded to the fluid shear rate.  

 A low flow rate of 5 dyne/cm2 was chosen to shear the cells with laminar, unidirectional 

flow to be compared with cells grown under static conditions. As the results in Chapter 3 showed 

there was no significant change in the nuclear morphology beyond an increase in the area and the 

perimeter. Initially expected to be due to the low shear rate and short time span of the experiment 

(24 hours) the lack of morphological change was disregarded. The main focus of the study was 

on the nuclear morphology before and after dissociation using Trypsin post-fixation. The goal 

was to remove the cells without losing the morphology developed during the 24-hr period of 

shear. Results from before and after showed no significant differences yielding the expectation 

that this process would be safe for the in situ fixation and subsequent dissociation of the cells. 
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 In developing this process, the robust nature of HMEC-1 cells was showcased. The 

structural integrity of cells after exposure to Trypsin speaks to one of two possibilities: 1) the 

quality of the fixation process using 1% Paraformaldehyde; or, 2) the cells ability to resist 

change due to mechanical forces. Traditionally, cells exposed to Trypsin “pop” off of the 

adherent substrate and lose their spindle shape, instead assuming a spherical morphology. The 

cells did not change geometry when removed using the fluid shear and therefore serve as a robust 

model of cellular mechanics. The cells that were not exposed to fluid shear, cultured under static 

conditions to serve as the control, had similar results. There was no statistically significant 

difference between the samples that could be attributed to the exposure to fluid shear. One caveat 

to these conclusions is the small sample size. Images were collected in five locations across the 

axis of flow on a single slide for each treatment. A sample size of one is not ideal for developing 

full conclusions. However, the preliminary data that were described here was consistent with 

other studies of microvascular endothelial cells which improves confidence in these results.  

 Ideally, understanding the potential changes in the chromatin organization in the nucleus 

would give rise to a better understanding of how the mechanical forces affect the cells 

phenotypically. The cytoskeleton is directly connected to the nucleus, and as other cell types 

change due to fluid shear stress, it is expected that the ability of the HMEC-1 cell to maintain its 

original morphology after exposure to fluid shear requires an internal signaling cascade or force 

mediation by the cytoskeleton.  

 The completion of this study led to further questions regarding whether the duration of 

fluid shear exposure, type of shear exposure, or force of fluid shear stress were the key to 

inducing morphological change in the HMEC-1.  Additionally, in the future a full analysis of 
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chromatin structure should be conducted to understand the internal changes that the nucleus may 

undergo during exposure to 5 dyne/cm2 of laminar fluid shear stress.    

5.3  Specific Aim 2: Understand how the nucleus responds to fluid shear stress over 

extended time points in a laminar flow environment compared to a disturbed, oscillatory 

flow environment 

 The majority of mechanobiology-based experiments take place over the course of 24 

hours and utilize either laminar or oscillatory fluid shear stress at various fluid shear rates [39, 

52, 55, 83]. These experiments, as explained previously, do not address the effects of mechanical 

shear on microvascular cells. Creating a picture of how HMEC-1 cells respond to a variety of 

fluid shear stresses will improve the ability to utilize them in future research.  

 Across the research presented here fluid shear stress of 5, 10, and 15 dyne/cm2 were 

compared against static culture to understand how fluid shear affects cell morphology. In 

preliminary research not presented here, higher shear rates of 25 and 30 dyne/cm2 were tested in 

both laminar and oscillatory settings. These shear rates were not continued because when under 

oscillatory flow a nearly confluent monolayer of endothelial cells was sheared off in its entirety. 

This led to the decision to focus on lower shear rates, at the lower end of physiological relevancy 

for the microvascular cell type. The effects of oscillatory flow were not limited to the high shear 

rate, at 10 and 15 dyne/cm2 the overall nuclei count in each image analyzed decreased. By hour 

72 at 15 dyne/cm2 some images displayed fewer than ten nuclei, with a question as to whether 

they could all be considered intact. Microvascular cells are not often under oscillatory fluid shear 

and the irregularity in this flow pattern may be more than their robust cytoskeleton can handle. 
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 For the oscillatory flow, a switching time of 5 seconds was set, this quick pulsing 

movement back and forth is unnatural for this cell type which may be a contributing factor to the 

signs of dissociation after the first 24 hours of flow. A longer switching time or lower shear rate 

may be less abrasive to these cells. Adaptations in this cell type may allow for cytoskeletal 

reorganization due to fluid shear stress exposure. However, this ability to reorganize may not 

occur fast enough to negate the effects of disturbed fluid shear stress. Research has shown that 

the nucleus, in addition to elongating in HUVECs and other cell types, also moves within the cell 

itself. This movement may also occur in the microvascular cells, but it has not yet been studied. 

It could develop a better understanding as to why the cells shear off under oscillatory flow. 

 In contrast to the oscillatory flow, there was an increase in cell number in the cells 

exposed to laminar flow and those cultured under static conditions. These results are consistent 

with other literature values, and though the increases are not linear, the overall increase in cell 

number reveals a continual growth of the cells. Another caveat in these studies is that the same 

cells were not imaged at each timepoint, this is due to cell migration as well as variations in how 

the Ibidi slide was loaded onto the microscope stage. Due to these variations, we assumed that 

the cellular size and shape were uniform across the slide, but it may explain variations in overall 

cell number and the variation in results for the 8-hour time points in Chapter 3. Another 

difference between the samples was a change in seeding density, those under flow for 72 hours 

were seeded at a lower density than those for the 24-hour study. This was done to account for 

how long they would be cultured under flow and to allow them room to grow. While contact 

inhibition should have prevented overgrowth and overlapping of cells and nuclei, after 

overlapping was seen in a preliminary experiment (not presented here) it was decided to allow 
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the cells room for growth over the culture time. In future studies this could be ignored, and the 

samples seeded at the same density.  

 Regardless of the rate of fluid shear stress in the laminar flow pattern, there was no 

significant difference in the nuclei in terms of angle or inverse aspect ratio over the 72-hour 

study. This lack of preference to an angle indicates that there is no alignment taking place with 

this cell type. Except for the loss of cells in the oscillatory experiments, the results across 24- and 

72-hour studies for all shear rates were consistent with the results from the control sample. The 

lack of difference further supports the conclusion that this cell type is morphologically resistant 

to change due to mechanical force from fluid shear stress.  

5.4  Specific Aim 3: Develop a picture of how nuclear and membrane structure react to 

long term fluid shear stress 

 Having presented that the nuclear morphology did not change in relation to fluid shear 

stress, it was questioned whether the cellular membrane underwent any type of morphological 

change. The nucleus, as a stiff and mechanosensitive organelle, may have resisted change in 

morphology due to unique qualities in its structure that are not present in the cellular membrane. 

 Attempts to image the membrane using Membrite 488 to stain and develop a membrane 

ROI were unsuccessful. However, when subjectively viewing the cells under bright field 

microscopy, no alignment or elongation was recognizable. While these results are subjective to 

individual viewers, there was no similarity to published figures of cellular elongation or 

alignment due to fluid shear stress. Maintaining the same spindle shape and random nuclear 

alignment with no drastic movement in the cellular membrane leads to the expectation that both 
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the cell membrane and the nucleus are resistant to morphological changes due to fluid shear. This 

idea is supported by the study of HBMECs [56]. 

 In regards to the cellular membrane, exposure to oscillatory flow led to a rupture in the 

cellular membrane, or a shearing of the cell from its adhered state. At the 72-hour time point in 

both the 10 and 15 dyne/cm2 studies there were visible particulates and floating cell fragments 

within the complete growth media in the channel that were brightly stained with the Hoechst 

33258. Observed subjectively, and difficult to image, the presence of particulate led to the 

expectation that the oscillatory flow had, in fact, ruptured the cellular membrane instead of 

shearing the cell off of the base of the channel. Live cell imaging of a single/small cluster of cells 

under this type of fluid shear would provide a better visual representation of how this happens 

and at what time point it begins to occur. With the general cell count decrease in the oscillatory 

samples, it is noted that the loss of cells adhered to the substrate increases as the fluid flow 

continues. One key area that may change the results of this fluid flow is the switching time, set to 

5 seconds in these experiments. If a longer switching time was set, there may be a possibility that 

the cytoskeleton could adjust to the new flow direction in a way to better protect the cellular 

structure. Additional experimentation may be necessary to evaluate this idea.  

 The cell loss at 24 hours, while it did occur, may not have been seen as significant in 

shorter studies. Typically studies about fluid shear are done over a 24-hour time point, this time 

frame acts as a gold standard but may limit our ability to build a complete picture of cellular and 

nuclear response to fluid shear. Because endothelial cells in the cardiovascular system are under 

continuous fluid shear stress from the beginning of development a single 24-hour exposure may 

not create the most physiologically relevant model. An argument could be made that cells 

studied for cardiovascular disease should be exposed to laminar shear stress for at least 24 hours 
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before introducing confounding variables and collecting data. This may create a more realistic 

picture of how these cells respond to changes in fluid shear.   

5.5  Future Directions 

  There are multiple directions that future research in this area could go, from studying the 

effects of different magnitudes of fluid shear stress on microvascular cells to analyzing how 

chromatin structure may be affected by fluid shear stress. Additionally, studies involving 

cytoskeleton response to fluid shear stress may yield further insight on cellular function. While 

these results are preliminary and would benefit from a number of repeat studies to increase 

confidence in the conclusions drawn, they are aligned with other studies of microvascular 

endothelial cells [56, 104]. In addition to completing repeat studies, revisiting the chromatin 

organization in the nucleus may the next key area to consider. 

 The process for exposing cells to fluid shear stress and fixing them in situ for chromatin 

conformation capture should be repeated. Due to the inability to receive and analyze data on 

chromatin structure from the company, there are still questions that could be answered from this 

analysis. However, the process could be improved upon for future studies, for example by 

increasing fluid shear stress from 5 to 10 dyne/cm2 which may have a more distinct effect on 

chromatin organization in the nucleus. The decision to start with 5 dyne/cm2 was physiologically 

relevant, but with the lack of difference in nuclear morphology using this shear rate, it may be 

beneficial to choose a rate that is higher to yield the greatest possibility of a change to be 

recognized. Although there was no statistically significant change in the nuclear morphology 

throughout these studies, we cannot rule out the possibility that fluid shear stress is affecting 

internal signaling cascades or genetic organization in the nucleus.  
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 A couple of caveats to the success of this experimentation were presented within this thesis. 

The first of those being the limited number of samples that were studied, one per every 

experimental type. This was a limitation of the study and could be reason to repeat each of the 

experiments presented here to increase confidence in the results. The second was the inability to 

image the same cells over time, the introduction of a stage-top incubation system would allow 

for the opportunity to image the same cells for each sample across the time points. This however 

limits the number of cells that can be imaged with each sample to a single field of view.  

 These experiments were all done using the Ibidi pump system, however other similar 

systems that induce fluid shear stress over the system would work to repeat these experiments. 

The commercially available product is not a requirement in this setting. Using different flow 

devices or methods of inducing fluid shear stress over microvascular endothelial cells may also 

increase confidence in the results that there is no significant change in nuclear morphology due 

to this exposure.  

 Another area of further study would also be to analyze the change in membrane shape and 

nuclear positioning within the membrane in relation to nuclear morphology due to fluid shear 

stress. Conducting this experiment using a stage-top incubator would isolate the same cells to be 

imaged to watch how fluid shear stress affects the movement of both cellular structures.  
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CHAPTER 6 

CONCLUSIONS 

 The primary conclusion that was drawn from these preliminary results is that there was 

an absence of nuclear morphological change and a clear lack of angular preference in response to 

fluid shear stress in human microvascular endothelial cells. These results are consistent with 

results presented in literature and they begin to break down the traditional assumption that all 

endothelial cell types behave in the same way. As mechanosensitive structures, HMEC-1’s have 

adapted to their environment likely becoming resistant to change due to the type of fluid shear 

stress they grow under naturally. Responding differently than more commonly studied cell types 

(HUVECs and BAECs) in mechanobiology, HMEC-1 cells develop a picture of an alternative 

response to fluid shear stress. HMEC-1’s, found in vasculature less than 100 µm in diameter, are 

hypothesized to exhibit unique adaptations making them resistant to morphological changes due 

to the effects of fluid shear stress.  

 The HMEC-1 cell type does not elongate in the direction of fluid flow, nor does it align 

with the axis of flow across a 72-hour time scale. While a longer time scale may induce effects, 

the consistent statistically insignificant results when compared to static culture lead to the 

expectation that this may not be the case. Studying the genomic structure will be the next step in 

understanding how fluid shear stress may affect this cell type beyond measurable morphological 

changes in nuclear shape.  

 Exposure to oscillatory flow has detrimental effects on this cell type, shearing the cellular 

membrane to the point of rupture, beginning within 24 hours after the onset of fluid shear stress. 

A fast switching time and relatively high shear rate (10 and 15 dyne/cm2) may contribute to the 



80 
 

abrasive nature of this fluid flow. As the HMEC-1 cells do not align in either direction of 

oscillatory flow, they are exposed to the fluid shear at both poles of the cell. This exposure may 

also be a leading factor in the rupture of the cellular membrane.  

 In regard to the initial discussion of the propagation of atherosclerotic plaques in 

locations of predominantly low flow rate, oscillatory shear stress, that is likely not relevant to 

this cell type based on these results. It may be effective to utilize a cell type that is more likely to 

experience those types of disturbed flow to develop models of cardiovascular disease. However, 

as further research is done on the genomic structure and organization of this cell type, it will be 

possible to study if there is a precursory signal or change in cellular structure or function of 

HMEC-1’s as a pre-emptive warning signal for the development of CVD.  

 Further study in the genomic structure of these cells is necessary to build a complete 

picture of how they respond to fluid shear stress, both in laminar and oscillatory patterns. By 

completing Hi-C Chromatin Conformation Capture, a 3-dimensional picture of the chromatin 

crosslinks can be developed to map the effects of fluid shear stress internally, beyond a 

morphological change. Using these resources will allow for a more complete picture of this cell 

type and how it may play a role in disease propagation. It will also fill a gap within this field and 

continue to build the case that not all endothelial cells behave the same way.  
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APPENDIX 

Appendix 

APPENDIX A: CHAPTER 3 RESULTS 

A. Two tail T-test results for Aspect Ratio  
1. Shear sample at 5 dyne/cm2 laminar, unidirectional flow 

Aspect Ratio Hour 0 and 8: Reject Null  Aspect Ratio Hour 8 and 16: Fail to Reject 

  Hour 0 Hour 8    Hour 8 Hour 16 

Mean 1.4983 1.4438  Mean 1.4438 1.4229 

Variance 0.09834 0.0562  Variance 0.0562 0.0486 

Observations 250 325  Observations 325 363 

Pooled Variance 0.07452   Pooled Variance 0.0522  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  
df 573   df 686  

t Stat 2.37313   t Stat 1.1981  

P(T<=t) one-tail 0.00898   P(T<=t) one-tail 0.1157  

t Critical one-tail 1.64752   t Critical one-tail 1.6471  

P(T<=t) two-tail 0.01797   P(T<=t) two-tail 0.2313  

t Critical two-tail 1.96411    t Critical two-tail 1.9634   
 

Aspect Ratio Hour 16 and 24: Reject Null  Aspect Ratio Hour 0 and 24: Reject Null 

  Hour 24 Hour 16    Hour 0 Hour 24 

Mean 1.3876 1.4229  Mean 1.4983 1.3876 

Variance 0.0473 0.0486  Variance 0.0983 0.0473 

Observations 380 363  Observations 250 380 

Pooled Variance 0.048   Pooled Variance 0.0675  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  
df 741   df 628  

t Stat -2.197   t Stat 5.2308  

P(T<=t) one-tail 0.0142   P(T<=t) one-tail 1E-07  

t Critical one-tail 1.6469   t Critical one-tail 1.6473  

P(T<=t) two-tail 0.0284   P(T<=t) two-tail 2E-07  

t Critical two-tail 1.9632    t Critical two-tail 1.9637   
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2. Static sample, no flow 

Aspect Ratio Hour 0 and 8: Fail to reject  Aspect Ratio Hour 8 and 16: Fail to reject 

  Hour 0 Hour 8    Hour 16 Hour 8 

Mean 1.39491 1.3977  Mean 1.3998 1.3977 

Variance 0.06705 0.0583  Variance 0.0545 0.0583 

Observations 231 245  Observations 322 245 
Pooled Variance 0.06255   Pooled Variance 0.0561  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 474   df 565  

t Stat -0.1216   t Stat 0.103  

P(T<=t) one-tail 0.45164   P(T<=t) one-tail 0.459  

t Critical one-tail 1.64807   t Critical one-tail 1.6476  
P(T<=t) two-tail 0.90328   P(T<=t) two-tail 0.918  

t Critical two-tail 1.96498    t Critical two-tail 1.9642   
 

Aspect ratio hour 16 and 24: Fail to Reject  Aspect Ratio Hour 0 and 24: Fail to Reject 

  Hour 16 Hour 24    Hour 0 Hour 24 

Mean 1.3998 1.3644  Mean 1.3949 1.3644 

Variance 0.0545 0.0499  Variance 0.0671 0.0499 

Observations 322 266  Observations 231 266 

Pooled Variance 0.0524   Pooled Variance 0.0578  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  
df 586   df 495  

t Stat 1.8638   t Stat 1.4093  

P(T<=t) one-tail 0.0314   P(T<=t) one-tail 0.0797  

t Critical one-tail 1.6475   t Critical one-tail 1.6479  

P(T<=t) two-tail 0.0628   P(T<=t) two-tail 0.1594  

t Critical two-tail 1.964    t Critical two-tail 1.9648   
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B. Two Tail T-Test for Angle 
1. Shear sample at 5 dyne/cm2 laminar, unidirectional flow 

Angle, Hour 0 and Hour 8: Fail to Reject  Angle, Hour 8 and Hour 16: Fail to Reject 

  Hour 0 Hour 8    Hour 16 Hour 8 

Mean 85.3418 87.622  Mean 88.278 87.622 

Variance 2876.98 2683.1  Variance 2594 2683.1 

Observations 250 325  Observations 363 325 

Pooled Variance 2767.33   Pooled Variance 2636.1  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 573   df 686  

t Stat -0.5152   t Stat 0.1674  

P(T<=t) one-tail 0.30332   P(T<=t) one-tail 0.4336  
t Critical one-tail 1.64752   t Critical one-tail 1.6471  
P(T<=t) two-tail 0.60665   P(T<=t) two-tail 0.8671  

t Critical two-tail 1.96411    t Critical two-tail 1.9634   
 

Angle, Hour 16 and Hour 24: Fail to Reject  Angle, Hour 0 and Hour 24: Fail to Reject 

  Hour 16 Hour 24    Hour 0 Hour 24 

Mean 88.278 88.825  Mean 85.342 88.825 

Variance 2594 2845.5  Variance 2877 2845.5 

Observations 363 380  Observations 250 380 

Pooled Variance 2722.6   Pooled Variance 2858  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 741   df 628  

t Stat -0.143   t Stat -0.8  

P(T<=t) one-tail 0.4433   P(T<=t) one-tail 0.212  
t Critical one-tail 1.6469   t Critical one-tail 1.6473  
P(T<=t) two-tail 0.8865   P(T<=t) two-tail 0.424  

t Critical two-tail 1.9632    t Critical two-tail 1.9637   
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2. Static sample, no flow 

Angle, hour 0 and : Fail to reject  Angle, Hour 8 and 16: fail to reject 

  Hour 0 Hour 8    Hour 16 Hour 8 

Mean 91.1344 96.455  Mean 90.891 96.455 

Variance 2573.72 2847.9  Variance 2781.6 2847.9 

Observations 231 245  Observations 322 245 
Pooled Variance 2714.86   Pooled Variance 2810.2  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  
df 474   df 565  
t Stat -1.1133   t Stat -1.2379  
P(T<=t) one-tail 0.13306   P(T<=t) one-tail 0.1081  
t Critical one-tail 1.64807   t Critical one-tail 1.6476  
P(T<=t) two-tail 0.26612   P(T<=t) two-tail 0.2163  

t Critical two-tail 1.96498    t Critical two-tail 1.9642   
 

Angle, hour 16 and 24: fail to reject  Angle, hour 0 and 24: fail to reject 

  Hour 16 Hour 24    Hour 0 Hour 24 

Mean 90.891 91.889  Mean 91.134 91.889 

Variance 2781.6 2876.2  Variance 2573.7 2876.2 

Observations 322 266  Observations 231 266 
Pooled Variance 2824.4   Pooled Variance 2735.7  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  
df 586   df 495  
t Stat -0.227   t Stat -0.1604  
P(T<=t) one-tail 0.4104   P(T<=t) one-tail 0.4363  
t Critical one-tail 1.6475   t Critical one-tail 1.6479  
P(T<=t) two-tail 0.8208   P(T<=t) two-tail 0.8727  

t Critical two-tail 1.964    t Critical two-tail 1.9648   
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APPENDIX B: CHAPTER 4 STATISTICS 

1. Descriptive statistics for every 24-hour timepoint of each sample: Laminar/Oscillatory, 10/15 dyne/cm2, 
and Static.  

Laminar 
        

10 Dyne, 24 Hour Study, Hour 0 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 191.53 ± 267.00 56.56 ± 30.90 16.93 ± 7.85 11.93 ± 5.81 91.35 ± 50.23 1.45 ± 0.30 0.72 ± 0.13 
Standard Deviation 267.002079 30.90566228 7.854680583 5.81532945 50.23446265 0.30322392 0.127171 

Variance 71290.11021 955.1599607 61.69600706 33.8180566 2523.501238 0.09194475 0.016173 

Max 2764.506 262.025 66.844 52.658 179.736 3.307 0.977341 

Min 36.485 27.252 8.422 5.372 1.132 1.023 0.302353 

        
        

10 Dyne, 24 Hour Study, Hour 24 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 184.26 ± 105.36 59.64  ± 15.88 17.64  ± 4.60 12.51  ± 3.70 90.15  ± 52.09 1.46 ± 0.43 0.72 ± 0.13 

Standard Deviation 105.3593026 15.87985081 4.599076045 3.69984103 52.08859881 0.43046788 0.127171 

Variance 11100.58265 252.1696618 21.15150047 13.6888236 2713.222126 0.1853026 0.016173 

Max 749.685 150.834 36.325 26.277 179.603 6.477 0.977341 

Min 50.832 28.699 8.505 3.193 0.065 1.031 0.302353 

        
        

15 Dyne, 24 Hour Study, Hour 0 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 123.77 ± 97.48 46.45 ± 16.64 14.32 ± 4.78 10.08 ± 3.51 90.04 ± 49.93 1.45884574 0.72 ± 0.14 

Standard Deviation 97.48074378 16.63899253 4.784480002 3.50589157 49.92995708 0.35009561 0.140427 

Variance 9502.495409 276.8560725 22.89124889 12.2912757 2493.000614 0.12256694 0.01972 

Max 633.622 133.22 37.139 24.446 179.974 3.67 0.967011 

Min 50.199 28.129 8.847 4.686 0.918 1.034 0.272505 

        
        

15 Dyne, 24 Hour Study, Hour 24 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 182.27 ± 96.73 60.65 ± 14.88 17.51 ± 4.52 12.52 ± 3.47 94.43 ± 53.46 1.42901773 0.72 ± 0.11 

Standard Deviation 96.7270503 14.88084877 4.519186417 3.46708558 53.46022039 0.29137626 0.111401 

Variance 9356.12226 221.4396602 20.42304587 12.0206824 2857.995165 0.08490012 0.01241 

Max 659.209 130.245 35.685 26.707 179.914 3.677 0.958195 

Min 50.297 31.667 9.178 5.644 0.031 1.044 0.271982 
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10 Dyne, 72 Hour Study, Hour 0 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 170.95 ± 94.42 61.64 ± 17.45 17.36 ± 4.39 11.91 ± 3.26 83.27 ± 51.63 1.49405294 0.69 ± 0.14 
Standard Deviation 94.41678077 17.45054931 4.387656061 3.26471207 51.63147891 0.30641549 0.139325762 
Variance 8914.528491 304.5216712 19.25152571 10.6583449 2665.809615 0.09389045 0.019411668 
Max 726.676 152.639 36.784 25.153 177.487 2.567 0.986509275 
Min 54.723 33.431 9.005 5.8 0.126 1.033 0.328403836 

        
        

10 Dyne, 72 Hour Study, Hour 24 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 168.74 ± 92.91 52.46 ± 13.49 16.66 ± 4.42 12.08 ± 3.64 90.18 ± 53.72 1.41180833 0.73 ± 0.12 
Standard Deviation 92.91231922 13.49048293 4.419363736 3.64326899 53.72134944 0.24875732 0.116252548 
Variance 8632.699062 181.9931296 19.53077583 13.2734089 2885.983386 0.0618802 0.013514655 
Max 468.285 85.184 27.588 22.327 177.242 2.131 0.966505763 
Min 53.118 29.978 8.879 6.077 1.014 1.035 0.469247617 

        
        

10 Dyne, 72 Hour Study, Hour 48 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 169.48 ± 107.80 56.67 ± 19.06 16.90 ± 4.91 11.88 ± 3.77 91.16 ± 54.91 1.47453947 0.71 ± 0.13 
Standard Deviation 107.7981897 19.0564281 4.906030418 3.77192162 54.91202538 0.42629237 0.127705411 
Variance 11620.4497 363.1474518 24.06913447 14.2273927 3015.330531 0.18172518 0.016308672 
Max 687.178 151.726 37.011 25.669 179.816 5.366 0.942431728 
Min 51.318 28.227 8.772 4.394 0.028 1.061 0.186352263 

        
        

10 Dyne, 72 Hour Study, Hour 72 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 189.19 ± 133.06 59.33 ± 21.42 17.29 ± 5.13 12.78 ± 4.28 85.03 ± 49.38 1.38342466 0.74 ± 0.11 
Standard Deviation 133.0613798 21.41567267 5.130947519 4.28419897 49.37976333 0.24540645 0.108019971 
Variance 17705.33081 458.6310358 26.32662244 18.3543608 2438.361027 0.06022433 0.011668314 
Max 1023.787 167.144 38.325 34.012 179.886 2.564 0.975507053 
Min 53.264 29.871 9.611 6.191 2.062 1.025 0.390083316 

        

15 Dyne, 72 Hour Study, Hour 0 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 145.98 ± 120.53 51.57 ± 20.59 15.71 ± 6.38 10.55 ± 4.02 84.16 ± 52.86 1.51922785 0.69 ± 0.13 
Standard Deviation 120.5273256 20.58653292 6.378038508 4.02273168 52.87575985 0.3745824 0.128029377 
Variance 14526.83621 423.8053378 40.67937521 16.1823702 2795.84598 0.14031197 0.016391521 
Max 692.48 122.822 38.273 24.356 179.258 3.045 0.968377635 
Min 50.151 28.173 8.907 5.889 2.076 1.014 0.389597144 
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15 Dyne, 72 Hour Study, Hour 24 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 139.44 ± 76.49 56.21 ± 17.08 15.73 ± 4.25 10.64 ± 3.01 86.39 ± 49.96 1.50352586 0.68 ± 0.11 
Standard Deviation 76.48516399 17.07518777 4.25030988 3.01382325 49.95851276 0.26521775 0.110994274 
Variance 5849.98031 291.5620375 18.06513408 9.08313056 2495.852997 0.07034046 0.012319729 
Max 552.097 123.392 29.349 24.79 179.34 2.546 0.932502966 
Min 52.486 30.259 9.119 5.256 1.026 1.072 0.392678371 

        
        

15 Dyne, 72 Hour Study, Hour 48 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 160.65 ± 87.44 57.89 ± 15.49 16.41 ± 4.34 11.72 ± 3.46 89.18 ± 51.94 1.44269182 0.72 ± 0.12 
Standard Deviation 87.44522219 15.49175103 4.34106962 3.45588819 51.94065572 0.31629669 0.122935624 
Variance 7646.666883 239.99435 18.84488545 11.9431632 2697.831717 0.1000436 0.015113168 
Max 539.985 101.287 33.775 21.466 179.395 3.431 0.977876722 
Min 50.491 29.55 8.943 4.697 0.045 1.023 0.291485665 

        
        

15 Dyne, 72 Hour Study, Hour 72 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 184.42 ± 98.20 61.47 ± 18.54 17.38 ± 4.55 12.77 ± 3.55 88.68 ± 51.13 1.39760674 0.74 ±0.12 
Standard Deviation 98.20318973 18.54164711 4.554927893 3.54642397 51.12622495 0.30520546 0.121502496 
Variance 9643.866474 343.7926775 20.74736811 12.577123 2613.890877 0.09315037 0.014762857 
Max 688.978 140.244 37.551 27.59 177.296 3.809 0.971910504 
Min 52.097 30.12 9.142 5.401 0.078 1.029 0.262541318 
        
        

Oscillatory 
        

10 Dyne, 24 Hour Study, Hour 0 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 145.48 ± 136.88  52.07 ± 23.09 15.20 ± 6.25 10.77 ± 4.03 88.35 ± 51.04 1.43 ± 0.29 0.72 ± 0.12 

Standard Deviation 136.8784714 23.09458972 6.25016257 4.03790987 51.04271986 0.290319 0.12389 

Variance 18735.71593 533.3600745 39.0645322 16.3047162 2605.359251 0.0842851 0.015349 

Max 1300.03 217.577 52.006 31.828 179.942 2.934 0.94695 

Min 50.005 28.013 8.569 5.544 0.713 1.056 0.340857 

        
        

10 Dyne, 24 Hour Study, Hour 24 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 186.56 ± 105.5 59.58 ± 15.06 17.53 ± 4.77 12.70 ± 3.69 92.97 ± 55.50 1.4125221 0.73 ± 0.11 

Standard Deviation 105.507183 15.05867117 4.76867564 3.68953338 55.50362544 0.2842608 0.112137 

Variance 11131.76566 226.7635775 22.7402674 13.6126566 3080.652437 0.0808042 0.012575 

Max 644.275 116.41 37.665 24.966 179.618 3.729 0.989996 

Min 50.102 30.013 8.744 4.217 0.045 1.01 0.268121 
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15 Dyne, 24 Hour Study, Hour 0 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 118.27 ± 85.17 49.04 ± 17.52 13.90 ± 4.40 9.97 ± 3.30 88.35 ± 53.61 1.4206943 0.73 ± 0.13 

Standard Deviation 85.17457504 17.51551362 4.40137694 3.29726958 53.61143518 0.2990855 0.131431 

Variance 7254.708233 306.7932172 19.372119 10.8719867 2874.185982 0.0894521 0.017274 

Max 578.704 126.631 30.071 25.097 179.339 2.495 0.965183 

Min 50.589 28.387 8.305 5.407 0.326 1.036 0.400755 

        
        

15 Dyne, 24 Hour Study, Hour 24 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 237.00 ± 131.24 68.02 ± 21.89 19.87 ± 5.19 14.29 ± 4.25 89.78 ± 51.07 1.4391413 0.72 ± 0.13 

Standard Deviation 131.2442633 21.89399918 5.18787898 4.2524714 51.06523039 0.3540655 0.130137 

Variance 17225.05666 479.3472 26.9140883 18.083513 2607.657755 0.1253623 0.016936 

Max 944.597 165.564 40.813 29.469 179.675 3.538 0.970359 

Min 53.313 34.638 8.708 4.459 0.566 1.031 0.282609 

        
        

10 Dyne, 72 Hour Study, Hour 0 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 174.02 ± 94.69 60.37 ± 17.53 17.81 ± 4.53 11.82 ± 3.31 82.71 ± 51.67 1.5621655 0.72 ± 0.14 
Standard Deviation 94.6872271 17.53317949 4.52893335 3.30650906 51.66865608 0.4176134 0.137892 
Variance 8965.670976 307.4123831 20.5112373 10.9330022 2669.650021 0.174401 0.0190142 
Max 616.889 138.978 35.263 25.53 179.142 4.006 0.980013 
Min 51.61 33.841 9.457 4.445 0.582 1.007 0.3871858 

        
        

10 Dyne, 72 Hour Study, Hour 24 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 209.87 ± 135.21 62.35 ± 19.09 18.87 ± 5.31 13.14 ± 4.26 91.11 ± 54.25 1.4825789 0.70 ± 0.12 
Standard Deviation 135.2120951 19.09264188 5.31195803 4.2645843 54.24858441 0.2890043 0.1157342 
Variance 18282.31066 364.5289738 28.2168981 18.1866792 2942.908911 0.0835235 0.0133944 
Max 1030.111 149.725 47.093 27.851 179.361 2.82 0.9551331 
Min 57.253 35.401 10.638 5.085 2.795 1.047 0.3546767 

        
        

10 Dyne, 72 Hour Study, Hour 48 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 294.57 ± 202.45 84.03 ± 35.87 21.38 ± 6.75 15.96 ± 5.57 90.94 ± 53.31 1.365058 0.75 ± 0.10 
Standard Deviation 202.4502829 35.86667936 6.75008891 5.5703651 53.30615353 0.2397652 0.1035366 
Variance 40986.11704 1286.418688 45.5637002 31.0289674 2841.546004 0.0574874 0.0107198 
Max 1163.344 203.724 39.209 37.777 179.67 2.736 0.9634778 
Min 55.258 36.229 9.566 6.294 0.705 1.038 0.365484 

        
 
 
 
        



102 
 

10 Dyne, 72 Hour Study, Hour 72 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 240.65 ± 183.04 70.08 ± 26.94 19.20 ± 7.31 14.03 ± 5.37 83.85 ± 48.46 1.38252 0.74 ± 0.10 
Standard Deviation 183.0379011 26.93999936 7.30880331 5.37161436 48.45855816 0.2153022 0.1034186 
Variance 33502.87324 725.7635658 53.4186059 28.8542408 2348.231859 0.046355 0.0106954 
Max 904.855 147.854 40.013 28.793 173.111 2.237 0.9547072 
Min 50.151 31.377 8.561 5.965 0.971 1.047 0.447002 

        

15 Dyne, 72 Hour Study, Hour 0 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 115.62 ± 85.45 44.32 ± 14.73 13.93 ± 4.10 9.84 ± 3.10 86.16 ± 56.57 1.4505487 0.67 ± 0.14 
Standard Deviation 85.45122352 14.73300428 4.10497446 3.09989669 56.57141998 0.3336584 0.1352729 
Variance 7301.911601 217.0614151 16.8508154 9.60935946 3200.325559 0.1113279 0.0182988 
Max 753.576 132.406 34.16 28.088 179.99 2.583 0.9931385 
Min 50.005 27.666 8.9 5.662 0.104 1.02 0.249635 

        
        

15 Dyne, 72 Hour Study, Hour 24 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 215.12 ± 130.41 65.84 ± 19.09 19.37 ± 5.83 13.02 ± 4.35 85.12 ± 54.60 1.53271 0.68 ± 0.11 
Standard Deviation 130.4113454 19.0876112 5.83419771 4.3458794 54.59528516 0.3170902 0.1139552 
Variance 17007.119 364.3369013 34.0378629 18.8866678 2980.645161 0.1005462 0.0129858 
Max 675.018 115.973 35.705 24.335 179.759 2.809 0.9170814 
Min 52.097 32.691 9.425 5.478 0.215 1.09 0.3560133 

        
        

15 Dyne, 72 Hour Study, Hour 48 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 340.13 ± 222.17 80.65 ± 28.05 23.97 ± 6.98 16.62 ± 5.67 91.67 ± 55.43 1.4949559 0.69 ± 0.11 
Standard Deviation 222.1652149 28.04790402 6.98367922 5.67444179 55.4340949 0.3385675 0.1140427 
Variance 49357.38271 786.6849202 48.7717754 32.1992897 3072.938877 0.114628 0.0130057 
Max 1373.335 183.044 51.121 34.205 179.754 3.3 0.9059586 
Min 64.063 36.336 11.651 6.03 2.381 1.104 0.3030001 

        
        

15 Dyne, 72 Hour Study, Hour 72 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 275.79 ± 196.34 68.51 ± 25.51 22.03 ± 7.87 14.25 ± 6.20 90.02 ± 43.68 1.6508333 0.65 ± 0.16 
Standard Deviation 196.3401191 25.51764339 7.86819717 6.19692123 43.67730839 0.487186 0.15906 
Variance 38549.44238 651.1501242 61.9085267 38.4018327 1907.707268 0.2373502 0.0253001 
Max 752.7 119.394 39.57 29.456 172.109 3.243 0.9348015 
Min 50.491 29.301 10.381 4.701 10.987 1.07 0.3083956 
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Static 
        

0 Dyne, 72 Hour Study, Hour 0 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 159.34 ± 78.36 61.24 ± 18.65 16.54 ± 4.04 11.69 ± 3.16 95.23 ± 55.76 1.45 ± 0.32 0.71 ± 0.13 
Standard Deviation 78.35663065 18.64580026 4.03839945 3.15531329 55.76235599 0.3204272 0.129685 
Variance 6139.761567 347.6658673 16.30867012 9.95600193 3109.440345 0.1026736 0.0168182 
Max 448.634 131.278 27.387 21.552 179.977 2.855 0.9694851 
Min 51.27 30.669 8.788 5.344 0.412 1.031 0.3503193 

        
        

0 Dyne, 72 Hour Study, Hour 24 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 159.76 ± 83.99 53.32  ± 15.1 16.19 ± 3.87 11.95 ± 3.40 91.74 ± 55.14 1.41 ± 037 0.74 ± 0.13 
Standard Deviation 83.99436967 15.10326856 3.876299373 3.40838902 55.13622026 0.3664685 0.1324379 
Variance 7055.054135 228.1087212 15.02569683 11.6171157 3040.002784 0.1342992 0.0175398 
Max 552.097 137.191 32.31 25.528 179.93 3.15 0.9947169 
Min 51.318 29.871 8.8 4.925 0.109 1.005 0.3174633 

        
        

0 Dyne, 72 Hours, Hour 48 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 177.79 ± 105.80 55.97 ± 15.39 17.14 ± 4.74 12.34 ± 3.73 87.25 ± 54.48 1.42 ± 0.27 0.72 ± 0.12 
Standard Deviation 105.8007377 15.39267718 4.744083067 3.73230671 54.48088164 0.2663528 0.1168065 
Variance 11193.79611 236.9345109 22.50632415 13.9301134 2968.166464 0.0709438 0.0136438 
Max 637.952 119.978 36.966 24.454 179.728 2.584 0.9650665 
Min 53.896 29.377 8.799 5.493 1.231 1.036 0.3870377 

        
        

0 Dyne, 72 Hours, Hour 72 

Results: Area (µm2) Perimeter (µm) Major Minor Angle (°) AR IAR 

Average 134.01 ± 122.69 49.49 ± 20.33 14.10 ± 4.86 10.90 ± 4.03 93.21 ± 51.43 1.32 ± 0.26 0.78 ± 0.12 
Standard Deviation 122.6905575 20.32950019 4.859283436 4.02614534 51.43061488 0.261644 0.1227973 
Variance 15052.97289 413.2885781 23.61263551 16.2098463 2645.108147 0.0684576 0.0150792 
Max 941.581 153.232 36.251 33.876 179.858 2.617 0.9878654 
Min 50.199 26.676 8.462 5.009 1.025 1.012 0.3821622 
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2. T-test results 

 

Area T-tests 
Static 

Hour 0 and 72: Reject Null  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 159.3379792 134.012177  Mean 159.3379792 159.761099 
Variance 6182.696963 15156.0754  Variance 6182.696963 7084.20725 
Observations 144 147  Observations 144 243 
Pooled Variance 10715.96083   Pooled Variance 6749.360573  
Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  
df 289   df 385  
t Stat 2.086608981   t Stat -0.048973453  
P(T<=t) one-tail 0.018899938   P(T<=t) one-tail 0.480482924  
t Critical one-tail 1.650143229   t Critical one-tail 1.648821068  
P(T<=t) two-tail 0.037799875   P(T<=t) two-tail 0.960965847  

t Critical two-tail 1.968206436    t Critical two-tail 1.966144815   

       
Hour 48 and 24: Fail to reject  Hour 48 and 72: Reject Null 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 177.7917697 159.761099  Mean 177.7917697 134.012177 
Variance 11257.03789 7084.20725  Variance 11257.03789 15156.0754 
Observations 178 243  Observations 178 147 
Pooled Variance 8846.954324   Pooled Variance 13019.45115  
Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  
df 419   df 323  
t Stat 1.943063904   t Stat 3.442725272  
P(T<=t) one-tail 0.026338921   P(T<=t) one-tail 0.000325859  
t Critical one-tail 1.64849841   t Critical one-tail 1.64958482  
P(T<=t) two-tail 0.052677843   P(T<=t) two-tail 0.000651719  

t Critical two-tail 1.965641842    t Critical two-tail 1.967335607   

 

10 Dyne/cm2 - 72 Hour - Laminar 

Hour 0 and 72: Fail to Reject  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 170.9540882 189.185253  Mean 170.9540882 168.7386 
Variance 8967.27718 17827.4365  Variance 8967.27718 8705.24275 
Observations 170 146  Observations 170 120 
Pooled Variance 13058.75204   Pooled Variance 8859.00601  
Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  
df 314   df 288  
t Stat -1.413907296   t Stat 0.197420858  
P(T<=t) one-tail 0.079189902   P(T<=t) one-tail 0.421818735  
t Critical one-tail 1.649720831   t Critical one-tail 1.650161656  
P(T<=t) two-tail 0.158379804   P(T<=t) two-tail 0.843637469  

t Critical two-tail 1.967547698    t Critical two-tail 1.968235174   
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Hour 48 and 24: Fail to Reject  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 169.4840329 168.7386  Mean 169.4840329 189.185253 
Variance 11697.40632 8705.24275  Variance 11697.40632 17827.4365 
Observations 152 120  Observations 152 146 
Pooled Variance 10378.63793   Pooled Variance 14700.29275  
Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  
df 270   df 296  
t Stat 0.059919246   t Stat -1.402233152  
P(T<=t) one-tail 0.476132139   P(T<=t) one-tail 0.08094674  
t Critical one-tail 1.650516748   t Critical one-tail 1.650017743  
P(T<=t) two-tail 0.952264277   P(T<=t) two-tail 0.16189348  

t Critical two-tail 1.968789022    t Critical two-tail 1.968010728   

 

15 Dyne/cm2 - 72 Hour - Laminar 

Hour 0 and 72: Reject Null  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 145.9841392 184.416075  Mean 145.9841392 139.444966 
Variance 14713.0777 9680.12161  Variance 14713.0777 5900.8497 
Observations 79 267  Observations 79 116 
Pooled Variance 10821.31514   Pooled Variance 9462.268274  
Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  
df 344   df 193  
t Stat -2.884585148   t Stat 0.460840333  
P(T<=t) one-tail 0.002083153   P(T<=t) one-tail 0.322716015  
t Critical one-tail 1.649295214   t Critical one-tail 1.652787068  
P(T<=t) two-tail 0.004166305   P(T<=t) two-tail 0.645432029  

t Critical two-tail 1.966884036    t Critical two-tail 1.972331676   

       
Hour 48 and 24: Reject Null  Hour 48 and 72: Reject Null 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 160.6495031 139.444966  Mean 160.6495031 184.416075 
Variance 7695.063509 5900.8497  Variance 7695.063509 9680.12161 
Observations 159 116  Observations 159 267 
Pooled Variance 6939.259159   Pooled Variance 8940.406564  
Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  
df 273   df 424  
t Stat 2.084651503   t Stat -2.509211676  
P(T<=t) one-tail 0.019015151   P(T<=t) one-tail 0.006236025  
t Critical one-tail 1.650454303   t Critical one-tail 1.648455335  
P(T<=t) two-tail 0.038030301   P(T<=t) two-tail 0.012472049  

t Critical two-tail 1.96869162    t Critical two-tail 1.965574698   
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10 Dyne/cm2 - 72 Hour - Oscillatory 

Hour 0 and 72: Reject Null  Hour 0 and 24: Reject Null 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 174.019531 240.65402  Mean 174.019531 209.871956 

Variance 9027.93258 34186.6053  Variance 9027.93258 18444.101 

Observations 145 50  Observations 145 114 

Pooled Variance 15415.36764   Pooled Variance 13168.11559  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 193   df 257  

t Stat -3.272456074   t Stat -2.495992448  

P(T<=t) one-tail 0.000631589   P(T<=t) one-tail 0.006593959  

t Critical one-tail 1.652787068   t Critical one-tail 1.65080425  

P(T<=t) two-tail 0.001263178   P(T<=t) two-tail 0.013187918  

t Critical two-tail 1.972331676    t Critical two-tail 1.969237496   

       
Hour 48 and 24: Reject Null  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 294.5701884 209.871956  Mean 294.5701884 240.65402 

Variance 41588.85405 18444.101  Variance 41588.85405 34186.6053 

Observations 69 114  Observations 69 50 

Pooled Variance 27139.36735   Pooled Variance 38488.76699  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 181   df 117  

t Stat 3.370745106   t Stat 1.479749115  

P(T<=t) one-tail 0.000458192   P(T<=t) one-tail 0.070813911  

t Critical one-tail 1.653315758   t Critical one-tail 1.657981659  

P(T<=t) two-tail 0.000916383   P(T<=t) two-tail 0.141627822  

t Critical two-tail 1.973157042    t Critical two-tail 1.980447599   

 

15 Dyne/cm - 72 hour- Oscillatory 

Hour 0 and 72: Reject Null  Hour 0 and 24: Reject Null 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 115.6194248 275.787976  Mean 115.6194248 215.12179 

Variance 7367.107241 39489.6727  Variance 7367.107241 17178.9081 

Observations 113 42  Observations 113 100 

Pooled Variance 15975.11497   Pooled Variance 11970.7484  
Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 153   df 211  
t Stat -7.01218345   t Stat -6.624028204  
P(T<=t) one-tail 3.53171E-11   P(T<=t) one-tail 1.42814E-10  

t Critical one-tail 1.654873847   t Critical one-tail 1.652107286  
P(T<=t) two-tail 7.06341E-11   P(T<=t) two-tail 2.85627E-10  

t Critical two-tail 1.975590315    t Critical two-tail 1.971270646   
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Hour 48 and 24: Reject Null  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 340.1312059 215.12179  Mean 340.1312059 275.787976 

Variance 50094.06006 17178.9081  Variance 50094.06006 39489.6727 
Observations 68 100  Observations 68 42 

Pooled Variance 30463.9393   Pooled Variance 46068.32041  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 166   df 108  
t Stat 4.556690283   t Stat 1.52751128  

P(T<=t) one-tail 5.01511E-06   P(T<=t) one-tail 0.064778704  
t Critical one-tail 1.654084713   t Critical one-tail 1.659085144  

P(T<=t) two-tail 1.00302E-05   P(T<=t) two-tail 0.129557407  

t Critical two-tail 1.974357764    t Critical two-tail 1.982173483   

 
10 dyne - 24 Hour - Laminar  15 dyne - 24 hour - Laminar  
Hour 0 and 24: Fail to Reject  Hour 0 and 24: Reject Null 

  Hour 0 Hour 24    Hour 0 Hour 24 
Mean 191.5276169 184.257583  Mean 123.7687234 182.272379 
Variance 71578.73414 11140.9484  Variance 9553.310892 9389.41807 
Observations 248 276  Observations 188 282 
Pooled Variance 39738.90449   Pooled Variance 9454.905158  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 522   df 468  
t Stat 0.416814876   t Stat -6.390119331  
P(T<=t) one-tail 0.338492584   P(T<=t) one-tail 2.00499E-10  
t Critical one-tail 1.647777944   t Critical one-tail 1.648116038  
P(T<=t) two-tail 0.676985167   P(T<=t) two-tail 4.00998E-10  
t Critical two-tail 1.964518942    t Critical two-tail 1.965045852   
       

10 dyne - 24 Hour - Oscillatory  15 dyne - 24 hour - Oscillatory 
Hour 0 and 24: Reject Null   Hour 0 and 24: Reject Null  

  Hour 0 Hour 24    Hour 0 hour 24 
Mean 145.4842197 186.557737  Mean 118.269465 236.996435 
Variance 18806.95439 11164.6999  Variance 7301.212773 17319.1827 
Observations 264 339  Observations 157 184 
Pooled Variance 14508.98097   Pooled Variance 12709.14342  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 601   df 339  
t Stat -4.154192342   t Stat -9.693325393  
P(T<=t) one-tail 1.86892E-05   P(T<=t) one-tail 4.5042E-20  
t Critical one-tail 1.647392953   t Critical one-tail 1.649360905  
P(T<=t) two-tail 3.73783E-05   P(T<=t) two-tail 9.0084E-20  
t Critical two-tail 1.963919017    t Critical two-tail 1.966986461   
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Perimeter 
Static 

Hour 0 and 72: Reject Null  Hour 0 and 24: Reject Null 

  Hour 0 Hour 72    Hour 0 Hour 24 
Mean 61.24140972 49.4912925  Mean 61.24140972 53.3243539 
Variance 350.0970972 416.119322  Variance 350.0970972 229.051319 
Observations 144 147  Observations 144 243 
Pooled Variance 383.4508854   Pooled Variance 274.0111796  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 289   df 385  
t Stat 5.117769775   t Stat 4.547874438  
P(T<=t) one-tail 2.82394E-07   P(T<=t) one-tail 3.63531E-06  
t Critical one-tail 1.650143229   t Critical one-tail 1.648821068  
P(T<=t) two-tail 5.64787E-07   P(T<=t) two-tail 7.27062E-06  
t Critical two-tail 1.968206436    t Critical two-tail 1.966144815   

       
Hour 48 and 24: Fail to Reject  Hour 48 and 72: Reject Null 

  Hour 48 Hour 24    Hour 48 Hour 72 
Mean 55.97198876 53.3243539  Mean 55.97198876 49.4912925 
Variance 238.273124 229.051319  Variance 238.273124 416.119322 
Observations 178 243  Observations 178 147 
Pooled Variance 232.9469265   Pooled Variance 318.6618078  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 419   df 323  
t Stat 1.758335269   t Stat 3.257494166  
P(T<=t) one-tail 0.039710259   P(T<=t) one-tail 0.000621744  
t Critical one-tail 1.64849841   t Critical one-tail 1.64958482  
P(T<=t) two-tail 0.079420518   P(T<=t) two-tail 0.001243487  
t Critical two-tail 1.965641842    t Critical two-tail 1.967335607   

       
10 Dyne - 72 Hour - Laminar 

Hour 0 and 72: Fail to Reject  Hour 0 and Hour 24: Reject Null 
  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 61.64466471 59.331863  Mean 61.64466471 52.4600583 
Variance 306.3235746 461.794008  Variance 306.3235746 183.522484 
Observations 170 146  Observations 170 120 
Pooled Variance 378.1172463   Pooled Variance 255.5828461  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 314   df 288  
t Stat 1.054101668   t Stat 4.818488004  
P(T<=t) one-tail 0.146323398   P(T<=t) one-tail 1.17157E-06  
t Critical one-tail 1.649720831   t Critical one-tail 1.650161656  
P(T<=t) two-tail 0.292646795   P(T<=t) two-tail 2.34314E-06  
t Critical two-tail 1.967547698    t Critical two-tail 1.968235174   
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Hour 48 and 24: Reject Null  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 
Mean 56.66938158 52.4600583  Mean 56.66938158 59.331863 
Variance 365.5524018 183.522484  Variance 365.5524018 461.794008 
Observations 152 120  Observations 152 146 
Pooled Variance 285.3244008   Pooled Variance 412.6977834  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 270   df 296  
t Stat 2.040660629   t Stat -1.130994804  
P(T<=t) one-tail 0.0211286   P(T<=t) one-tail 0.129486398  
t Critical one-tail 1.650516748   t Critical one-tail 1.650017743  
P(T<=t) two-tail 0.042257201   P(T<=t) two-tail 0.258972796  
t Critical two-tail 1.968789022    t Critical two-tail 1.968010728   

       
15 Dyne- 72 Hour - Laminar 

Hour 0 and 72: Reject Null  Hour 0 and 24: Fail to Reject 
  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 51.57397468 61.4722921  Mean 51.57397468 56.2141379 
Variance 429.2387395 345.085131  Variance 429.2387395 294.09736 
Observations 79 267  Observations 79 116 
Pooled Variance 364.1664726   Pooled Variance 348.7140831  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 344   df 193  
t Stat -4.049883452   t Stat -1.70342788  
P(T<=t) one-tail 3.16818E-05   P(T<=t) one-tail 0.045048826  
t Critical one-tail 1.649295214   t Critical one-tail 1.652787068  
P(T<=t) two-tail 6.33635E-05   P(T<=t) two-tail 0.090097653  
t Critical two-tail 1.966884036    t Critical two-tail 1.972331676   

       
Hour 48 and 24: Fail to Reject  Hour 48 and 72: Reject Null 

  Hour 48 Hour 24    Hour 48 Hour 72 
Mean 57.89374214 56.2141379  Mean 57.89374214 61.4722921 
Variance 241.5133016 294.09736  Variance 241.5133016 345.085131 
Observations 159 116  Observations 159 267 
Pooled Variance 263.6640952   Pooled Variance 306.4899682  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 273   df 424  
t Stat 0.847115576   t Stat -2.040555213  
P(T<=t) one-tail 0.198836354   P(T<=t) one-tail 0.020957  
t Critical one-tail 1.650454303   t Critical one-tail 1.648455335  
P(T<=t) two-tail 0.397672708   P(T<=t) two-tail 0.041914001  
t Critical two-tail 1.96869162    t Critical two-tail 1.965574698   
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10 dyne - 72 Hour - Oscillatory 
Hour 0 and 72: Reject Null  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 72    Hour 0 Hour 24 
Mean 60.3727931 70.07758  Mean 60.3727931 62.3511491 
Variance 309.5471913 740.575067  Variance 309.5471913 367.754894 
Observations 145 50  Observations 145 114 
Pooled Variance 418.9791391   Pooled Variance 335.1404613  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 193   df 257  
t Stat -2.890956127   t Stat -0.86333145  
P(T<=t) one-tail 0.002140469   P(T<=t) one-tail 0.194380111  
t Critical one-tail 1.652787068   t Critical one-tail 1.65080425  
P(T<=t) two-tail 0.004280937   P(T<=t) two-tail 0.388760223  
t Critical two-tail 1.972331676    t Critical two-tail 1.969237496   

       
Hour 48 and 24: Reject Null  Hour 48 and 72: Reject Null 

  Hour 48 Hour 24    Hour 48 Hour 72 
Mean 84.03243478 62.3511491  Mean 84.03243478 70.07758 
Variance 1305.33661 367.754894  Variance 1305.33661 740.575067 
Observations 69 114  Observations 69 50 
Pooled Variance 719.9955387   Pooled Variance 1068.812545  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 181   df 117  
t Stat 5.297507191   t Stat 2.298320639  
P(T<=t) one-tail 1.69082E-07   P(T<=t) one-tail 0.011659675  
t Critical one-tail 1.653315758   t Critical one-tail 1.657981659  
P(T<=t) two-tail 3.38164E-07   P(T<=t) two-tail 0.02331935  
t Critical two-tail 1.973157042    t Critical two-tail 1.980447599   

       
15 dyne - 72 hour- Oscillatory 

Hour 0 and 72: Reject Null  Hour 0 and 24: Reject Null 
  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 44.32018584 68.512381  Mean 44.32018584 65.84285 
Variance 218.9994634 667.031835  Variance 218.9994634 368.017072 
Observations 113 42  Observations 113 100 
Pooled Variance 339.0604256   Pooled Variance 288.9176779  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 153   df 211  
t Stat -7.270005558   t Stat -9.222706567  
P(T<=t) one-tail 8.65172E-12   P(T<=t) one-tail 1.53342E-17  
t Critical one-tail 1.654873847   t Critical one-tail 1.652107286  
P(T<=t) two-tail 1.73034E-11   P(T<=t) two-tail 3.06685E-17  
t Critical two-tail 1.975590315    t Critical two-tail 1.971270646   
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Hour 48 and 24: Reject Null  Hour 48 and 24: Reject Null 

  Hour 48 Hour 24    Hour 48 Hour 72 
Mean 80.65441176 65.84285  Mean 80.65441176 68.512381 
Variance 798.4264861 368.017072  Variance 798.4264861 667.031835 
Observations 68 100  Observations 68 42 
Pooled Variance 541.7365343   Pooled Variance 748.5451832  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 166   df 108  
t Stat 4.048616184   t Stat 2.261335911  
P(T<=t) one-tail 3.94388E-05   P(T<=t) one-tail 0.012870885  
t Critical one-tail 1.654084713   t Critical one-tail 1.659085144  
P(T<=t) two-tail 7.88777E-05   P(T<=t) two-tail 0.02574177  
t Critical two-tail 1.974357764    t Critical two-tail 1.982173483   

       
10 dyne - 24 Hour - Laminar  15 dyne - 24 hour - Laminar    
Hour 0 and 24: Fail to Reject  Hour 0 and 24: Reject Null 

  Hour 0 Hour 24    Hour 0 Hour 24 
Mean 56.56025 59.6432174  Mean 46.44637234 60.6540106 
Variance 959.0270051 253.086642  Variance 278.3365863 222.227702 
Observations 248 276  Observations 188 282 
Pooled Variance 587.1235573   Pooled Variance 244.6472774  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 522   df 468  
t Stat -1.454182507   t Stat -9.647310321  
P(T<=t) one-tail 0.073248349   P(T<=t) one-tail 1.6541E-20  
t Critical one-tail 1.647777944   t Critical one-tail 1.648116038  
P(T<=t) two-tail 0.146496698   P(T<=t) two-tail 3.3082E-20  
t Critical two-tail 1.964518942    t Critical two-tail 1.965045852   

       
10 dyne - 24 Hour - Oscillatory  15 dyne - 24 hour - Oscillatory 

Hour 0 and 24: Reject Null  Hour 0 and 24: Reject Null 
  Hour 0 Hour 24    Hour 0 Hour 24 

Mean 52.07208333 59.5794602  Mean 49.03980255 68.0248696 
Variance 535.3880596 227.434476  Variance 308.7598404 481.966584 
Observations 264 339  Observations 157 184 
Pooled Variance 362.1961937   Pooled Variance 402.2608257  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 601   df 339  
t Stat -4.805730716   t Stat -8.712440244  
P(T<=t) one-tail 9.75061E-07   P(T<=t) one-tail 6.68459E-17  
t Critical one-tail 1.647392953   t Critical one-tail 1.649360905  
P(T<=t) two-tail 1.95012E-06   P(T<=t) two-tail 1.33692E-16  
t Critical two-tail 1.963919017    t Critical two-tail 1.966986461   
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Major 

Static 

Hour 0 and 72: Reject Null  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 16.53565278 14.10129  Mean 16.53565278 16.19465 

Variance 16.42271676 23.77437  Variance 16.42271676 15.08779 

Observations 144 147  Observations 144 243 

Pooled Variance 20.13669867   Pooled Variance 15.58361773  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 289   df 385  

t Stat 4.626849218   t Stat 0.821385763  

P(T<=t) one-tail 2.80558E-06   P(T<=t) one-tail 0.205967453  

t Critical one-tail 1.650143229   t Critical one-tail 1.648821068  

P(T<=t) two-tail 5.61117E-06   P(T<=t) two-tail 0.411934906  

t Critical two-tail 1.968206436    t Critical two-tail 1.966144815   

       

Hour 48 and 24: Reject Null  Hour 48 and 72: Reject Null 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 17.14029213 16.19465  Mean 17.14029213 14.10129 

Variance 22.63347852 15.08779  Variance 22.63347852 23.77437 

Observations 178 243  Observations 178 147 

Pooled Variance 18.27534613   Pooled Variance 23.14917374  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 419   df 323  

t Stat 2.242147167   t Stat 5.667491252  

P(T<=t) one-tail 0.01273716   P(T<=t) one-tail 1.60608E-08  

t Critical one-tail 1.64849841   t Critical one-tail 1.64958482  

P(T<=t) two-tail 0.025474321   P(T<=t) two-tail 3.21217E-08  

t Critical two-tail 1.965641842    t Critical two-tail 1.967335607   
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10 Dyne - 72 Hour - Laminar 

Hour 0 and 72: Fail to Reject  Hour 0 and 24: Fail to reject 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 17.35753529 17.29455  Mean 17.35753529 16.65836 

Variance 19.36544006 26.50819  Variance 19.36544006 19.6949 

Observations 170 146  Observations 170 120 

Pooled Variance 22.66384155   Pooled Variance 19.50157108  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 314   df 288  

t Stat 0.117245636   t Stat 1.327909243  

P(T<=t) one-tail 0.453370181   P(T<=t) one-tail 0.092629779  

t Critical one-tail 1.649720831   t Critical one-tail 1.650161656  

P(T<=t) two-tail 0.906740362   P(T<=t) two-tail 0.185259558  

t Critical two-tail 1.967547698    t Critical two-tail 1.968235174   

       

Hour 48 and 24: Fail to Reject  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 16.90001974 16.65836  Mean 16.90001974 17.29455 

Variance 24.22853271 19.6949  Variance 24.22853271 26.50819 

Observations 152 120  Observations 152 146 

Pooled Variance 22.23037607   Pooled Variance 25.34525444  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 270   df 296  

t Stat 0.419722116   t Stat 
-

0.676281274  

P(T<=t) one-tail 0.337511123   P(T<=t) one-tail 0.249695078  

t Critical one-tail 1.650516748   t Critical one-tail 1.650017743  

P(T<=t) two-tail 0.675022246   P(T<=t) two-tail 0.499390155  

t Critical two-tail 1.968789022    t Critical two-tail 1.968010728   
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15 Dyne- 72 Hour - Laminar 

Hour 0 and 72: Reject Null  Hour 0 and 24: Fail to Reject  

  Hour 0  Hour 72    Hour 0 Hour 24 

Mean 15.71365823 17.38588  Mean 15.71365823 15.72936 

Variance 41.20090566 20.82537  Variance 41.20090566 18.22222 

Observations 79 267  Observations 79 116 

Pooled Variance 25.44540095   Pooled Variance 27.50894401  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 344   df 193  

t Stat 
-

2.588334435   t Stat -0.02052552  

P(T<=t) one-tail 0.005026582   P(T<=t) one-tail 0.491822679  

t Critical one-tail 1.649295214   t Critical one-tail 1.652787068  

P(T<=t) two-tail 0.010053165   P(T<=t) two-tail 0.983645359  

t Critical two-tail 1.966884036    t Critical two-tail 1.972331676   

       

Hour 48 and 24: Fail to Reject  Hour 48 and 72: Reject Null 

  Hour 48 Hour 24    Hour 48 hour 72 

Mean 16.41459748 15.72936  Mean 16.41459748 17.38588 

Variance 18.96415687 18.22222  Variance 18.96415687 20.82537 

Observations 159 116  Observations 159 267 

Pooled Variance 18.65162029   Pooled Variance 20.13180206  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 273   df 424  

t Stat 1.299399597   t Stat 
-

2.160994718  

P(T<=t) one-tail 0.09745153   P(T<=t) one-tail 0.015627516  

t Critical one-tail 1.650454303   t Critical one-tail 1.648455335  

P(T<=t) two-tail 0.19490306   P(T<=t) two-tail 0.031255031  

t Critical two-tail 1.96869162    t Critical two-tail 1.965574698   
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10 dyne - 72 Hour - Oscillatory 

Hour 0 and 72: Fail to Reject  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 17.808 19.19986  Mean 17.808 18.8715 

Variance 20.65367646 54.50878  Variance 20.65367646 28.46661 

Observations 145 50  Observations 145 114 

Pooled Variance 29.24901401   Pooled Variance 24.08893304  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 193   df 257  

t Stat -1.56924819   t Stat 
-

1.731072498  

P(T<=t) one-tail 0.059114073   P(T<=t) one-tail 0.042319501  

t Critical one-tail 1.652787068   t Critical one-tail 1.65080425  

P(T<=t) two-tail 0.118228147   P(T<=t) two-tail 0.084639003  

t Critical two-tail 1.972331676    t Critical two-tail 1.969237496   

       

Hour 48 to 24: Reject Null  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 21.37746377 18.8715  Mean 21.37746377 19.19986 

Variance 46.23375466 28.46661  Variance 46.23375466 54.50878 

Observations 69 114  Observations 69 50 

Pooled Variance 35.14155635   Pooled Variance 49.6993642  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 181   df 117  

t Stat 2.771505329   t Stat 1.66318098  

P(T<=t) one-tail 0.003081452   P(T<=t) one-tail 0.049476365  

t Critical one-tail 1.653315758   t Critical one-tail 1.657981659  

P(T<=t) two-tail 0.006162903   P(T<=t) two-tail 0.098952731  

t Critical two-tail 1.973157042    t Critical two-tail 1.980447599   

      

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



116 
 

15 dyne - 72 hour- oscillatory 

Hour 0 and 72: Reject Null  Hour 0 and 24: Reject Null 

  Hour 0 hour 72    Hour 0 Hour 24  

Mean 13.92881416 22.03474  Mean 13.92881416 19.37433 

Variance 17.00126906 63.41849  Variance 17.00126906 34.38168 

Observations 113 42  Observations 113 100 

Pooled Variance 29.43987096   Pooled Variance 25.15605887  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 153   df 211  

t Stat 
-

8.266707873   t Stat 
-

7.908008812  

P(T<=t) one-tail 3.0834E-14   P(T<=t) one-tail 7.22329E-14  

t Critical one-tail 1.654873847   t Critical one-tail 1.652107286  

P(T<=t) two-tail 6.16679E-14   P(T<=t) two-tail 1.44466E-13  

t Critical two-tail 1.975590315    t Critical two-tail 1.971270646   

       

Hour 48 and 24: Reject Null  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 4 hour 72 

Mean 23.96805882 19.37433  Mean 23.96805882 22.03474 

Variance 49.49971238 34.38168  Variance 49.49971238 63.41849 

Observations 68 100  Observations 68 42 

Pooled Variance 40.48353624   Pooled Variance 54.78369307  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 166   df 108  

t Stat 4.593312037   t Stat 1.330947772  

P(T<=t) one-tail 4.29385E-06   P(T<=t) one-tail 0.093004591  

t Critical one-tail 1.654084713   t Critical one-tail 1.659085144  

P(T<=t) two-tail 8.5877E-06   P(T<=t) two-tail 0.186009181  

t Critical two-tail 1.974357764    t Critical two-tail 1.982173483   
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10 dyne - 24 Hour - Laminar  15 dyne - 24 hour - Laminar  

Hour 0 and 24: Fail to Reject  Hour 0 and 24: Reject Null 

  Hour 0 Hour 24    Hour 0 Hour 24 

Mean 16.92510887 17.63741  Mean 14.31546809 17.51255 

Variance 61.94578847 21.22842  Variance 23.01366198 20.49573 

Observations 248 276  Observations 188 282 

Pooled Variance 40.49506491   Pooled Variance 21.5018242  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 522   df 468  

t Stat 
-

1.279306948   t Stat 
-

7.322681255  

P(T<=t) one-tail 0.100678673   P(T<=t) one-tail 5.34756E-13  

t Critical one-tail 1.647777944   t Critical one-tail 1.648116038  

P(T<=t) two-tail 0.201357347   P(T<=t) two-tail 1.06951E-12  

t Critical two-tail 1.964518942    t Critical two-tail 1.965045852   

       

10 dyne - 24 Hour - Oscillatory  15 dyne - 24 hour - Oscillatory 

Hour 0 and 24: Reject Null  Hour 0 and 24: Reject Null 

  Hour 0 Hour 24    Hour 0 Hour 24 

Mean 15.20378409 17.53053  Mean 13.90403822 19.87231 

Variance 39.2130665 22.80755  Variance 19.49629925 27.06116 

Observations 264 339  Observations 157 184 

Pooled Variance 29.98666743   Pooled Variance 23.57998505  

Hypothesized Mean Difference 0   Hypothesized Mean Difference 0  

df 601   df 339  

t Stat -5.17639125   t Stat 
-

11.31249399  

P(T<=t) one-tail 1.54457E-07   P(T<=t) one-tail 1.08952E-25  

t Critical one-tail 1.647392953   t Critical one-tail 1.649360905  

P(T<=t) two-tail 3.08913E-07   P(T<=t) two-tail 2.17904E-25  

t Critical two-tail 1.963919017    t Critical two-tail 1.966986461   
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Minor 
Static 

Hour 0 and 72: Reject Null  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 72    Hour 0 hour 24 

Mean 11.68497222 
10.900680

3  Mean 11.68497222 
11.947156

4 

Variance 10.02562432 
16.320872

7  Variance 10.02562432 
11.665120

3 
Observations 144 147  Observations 144 243 
Pooled Variance 13.20592279   Pooled Variance 11.05616467  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 289   df 385  
t Stat 1.840716052   t Stat -0.749778694  
P(T<=t) one-tail 0.033344111   P(T<=t) one-tail 0.226922957  
t Critical one-tail 1.650143229   t Critical one-tail 1.648821068  
P(T<=t) two-tail 0.066688222   P(T<=t) two-tail 0.453845914  

t Critical two-tail 1.968206436    t Critical two-tail 1.966144815   

       
Hour 48 and 24: Fail to Reject  Hour 48 and 72: Reject Null 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 12.34376404 
11.947156

4  Mean 12.34376404 
10.900680

3 

Variance 14.00881457 
11.665120

3  Variance 14.00881457 
16.320872

7 
Observations 178 243  Observations 178 147 
Pooled Variance 12.65517732   Pooled Variance 15.05389346  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 419   df 323  
t Stat 1.130053689   t Stat 3.337291269  
P(T<=t) one-tail 0.129550041   P(T<=t) one-tail 0.000472355  

t Critical one-tail 1.64849841   t Critical one-tail 1.64958482  
P(T<=t) two-tail 0.259100081   P(T<=t) two-tail 0.000944711  

t Critical two-tail 1.965641842    t Critical two-tail 1.967335607   

       
10 Dyne - 72 Hour - Laminar 

Hour 0 and 72: Reject Null   Hour 0 and 24: Fail to Reject  

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 11.90720588 
12.782568

5  Mean 11.90720588 12.084175 

Variance 10.72141205 
18.480942

6  Variance 10.72141205 
13.384950

2 
Observations 170 146  Observations 170 120 
Pooled Variance 14.30463477   Pooled Variance 11.82197121  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 314   df 288  
t Stat -2.051195019   t Stat -0.431686653  
P(T<=t) one-tail 0.020538693   P(T<=t) one-tail 0.333146077  
t Critical one-tail 1.649720831   t Critical one-tail 1.650161656  
P(T<=t) two-tail 0.041077387   P(T<=t) two-tail 0.666292155  

t Critical two-tail 1.967547698    t Critical two-tail 1.968235174   
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Hour 48 and 24: Fail to Reject   Hour 48 and 72: Fail to Reject  

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 11.87996711 12.084175  Mean 11.87996711 
12.782568

5 

Variance 14.32161383 
13.384950

2  Variance 14.32161383 
18.480942

6 
Observations 152 120  Observations 152 146 
Pooled Variance 13.90878801   Pooled Variance 16.35912287  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 270   df 296  
t Stat -0.448389928   t Stat -1.925777373  
P(T<=t) one-tail 0.327115712   P(T<=t) one-tail 0.027544931  
t Critical one-tail 1.650516748   t Critical one-tail 1.650017743  
P(T<=t) two-tail 0.654231424   P(T<=t) two-tail 0.055089861  

t Critical two-tail 1.968789022    t Critical two-tail 1.968010728   

       
15 Dyne- 72 Hour - Laminar 

Hour 0 and 72: Reject Null  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 10.54860759 
12.766146

1  Mean 10.54860759 
10.635534

5 

Variance 16.38983647 
12.624405

4  Variance 16.38983647 9.1621143 
Observations 79 267  Observations 79 116 
Pooled Variance 13.478195   Pooled Variance 12.08316264  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 344   df 193  
t Stat -4.716137108   t Stat -0.17143088  
P(T<=t) one-tail 1.74958E-06   P(T<=t) one-tail 0.432032291  
t Critical one-tail 1.649295214   t Critical one-tail 1.652787068  
P(T<=t) two-tail 3.49915E-06   P(T<=t) two-tail 0.864064581  

t Critical two-tail 1.966884036    t Critical two-tail 1.972331676   

       
Hour 48 and 24: Reject Null  Hour 48 and 72: Reject Null 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 11.72045283 
10.635534

5  Mean 11.72045283 
12.766146

1 

Variance 12.01875286 9.1621143  Variance 12.01875286 
12.624405

4 
Observations 159 116  Observations 159 267 
Pooled Variance 10.81540695   Pooled Variance 12.39871412  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 273   df 424  
t Stat 2.701698185   t Stat -2.964594983  
P(T<=t) one-tail 0.003665247   P(T<=t) one-tail 0.00160091  
t Critical one-tail 1.650454303   t Critical one-tail 1.648455335  
P(T<=t) two-tail 0.007330494   P(T<=t) two-tail 0.00320182  

t Critical two-tail 1.96869162    t Critical two-tail 1.965574698   
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10 dyne - 72 Hour - Oscillatory 

Hour 0 and 72: Reject Null  Hour 0 and 24: Reject Null 

  Hour 0 Hour 72    Hour 0 hour 24 

Mean 11.82050345 14.03494  Mean 11.82050345 
13.137008

8 

Variance 11.00892579 
29.443102

9  Variance 11.00892579 
18.347623

3 
Observations 145 50  Observations 145 114 
Pooled Variance 15.68910547   Pooled Variance 14.23566828  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 193   df 257  
t Stat -3.408912451   t Stat -2.787534394  
P(T<=t) one-tail 0.000396996   P(T<=t) one-tail 0.002853836  
t Critical one-tail 1.652787068   t Critical one-tail 1.65080425  
P(T<=t) two-tail 0.000793993   P(T<=t) two-tail 0.005707672  

t Critical two-tail 1.972331676    t Critical two-tail 1.969237496   

       
Hour 24 and 48: Reject Null  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 15.9585942 
13.137008

8  Mean 15.9585942 14.03494 

Variance 31.48527572 
18.347623

3  Variance 31.48527572 
29.443102

9 
Observations 69 114  Observations 69 50 
Pooled Variance 23.28331592   Pooled Variance 30.63000675  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 181   df 117  
t Stat 3.833736105   t Stat 1.871498685  
P(T<=t) one-tail 8.70169E-05   P(T<=t) one-tail 0.031886778  
t Critical one-tail 1.653315758   t Critical one-tail 1.657981659  

P(T<=t) two-tail 0.000174034   P(T<=t) two-tail 0.063773556  

t Critical two-tail 1.973157042    t Critical two-tail 1.980447599   

       
15 dyne - 72 hour- oscillatory 

Hour 0 and 72: Reject Null  Hour 0 and 24: Reject Null 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 9.843778761 
14.252452

4  Mean 9.843778761 13.01691 

Variance 9.695157317 
39.338462

7  Variance 9.695157317 
19.077442

2 
Observations 113 42  Observations 113 100 
Pooled Variance 17.63878818   Pooled Variance 14.09727203  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 153   df 211  
t Stat -5.808601651   t Stat -6.155593248  
P(T<=t) one-tail 1.76509E-08   P(T<=t) one-tail 1.85806E-09  
t Critical one-tail 1.654873847   t Critical one-tail 1.652107286  
P(T<=t) two-tail 3.53017E-08   P(T<=t) two-tail 3.71611E-09  

t Critical two-tail 1.975590315    t Critical two-tail 1.971270646   
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Hour 48 and 24: Reject Null  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 16.61838235 13.01691  Mean 16.61838235 
14.252452

4 

Variance 32.67987609 
19.077442

2  Variance 32.67987609 
39.338462

7 
Observations 68 100  Observations 68 42 
Pooled Variance 24.56758118   Pooled Variance 35.20767287  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 166   df 108  
t Stat 4.622731836   t Stat 2.03172996  
P(T<=t) one-tail 3.78794E-06   P(T<=t) one-tail 0.022317986  
t Critical one-tail 1.654084713   t Critical one-tail 1.659085144  
P(T<=t) two-tail 7.57588E-06   P(T<=t) two-tail 0.044635973  

t Critical two-tail 1.974357764    t Critical two-tail 1.982173483   

       
10 dyne - 24 Hour - Laminar    15 dyne - 24 hour - Laminar  

Hour 0 and 24: Fail to Reject  Hour 0 and 24: Reject Null 

  Hour 0 Hour 24    Hour 0 Hour 24 

Mean 11.93442742 
12.509659

4  Mean 10.07548404 
12.521787

2 

Variance 33.95497181 
13.738601

2  Variance 12.35700448 
12.063460

7 
Observations 248 276  Observations 188 282 
Pooled Variance 23.30458498   Pooled Variance 12.18075274  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 522   df 468  
t Stat -1.361874505   t Stat -7.444366877  
P(T<=t) one-tail 0.086912461   P(T<=t) one-tail 2.35775E-13  
t Critical one-tail 1.647777944   t Critical one-tail 1.648116038  
P(T<=t) two-tail 0.173824922   P(T<=t) two-tail 4.71551E-13  

t Critical two-tail 1.964518942    t Critical two-tail 1.965045852   

       
10 dyne - 24 Hour - Oscillatory  15 dyne - 24 hour - Oscillatory 

Hour 0 and 24: Reject Null  Hour 0 and 24: Reject Null 

  Hour 0 Hour 24    Hour 0 Hour 24 

Mean 10.77124621 
12.697595

9  Mean 9.974515924 14.289125 

Variance 16.36671127 
13.652930

7  Variance 10.94167891 18.18233 
Observations 264 339  Observations 157 184 
Pooled Variance 14.84049193   Pooled Variance 14.85034899  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 601   df 339  
t Stat -6.09191911   t Stat -10.30515838  
P(T<=t) one-tail 9.96275E-10   P(T<=t) one-tail 3.82032E-22  
t Critical one-tail 1.647392953   t Critical one-tail 1.649360905  
P(T<=t) two-tail 1.99255E-09   P(T<=t) two-tail 7.64063E-22  

t Critical two-tail 1.963919017    t Critical two-tail 1.966986461   
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Angle 

Static 

Hour 0 and 72: Fail to Reject  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 95.228111 93.207599  Mean 95.228111 91.739366 

Variance 3131.1847 2663.2253  Variance 3131.1847 3052.5648 

Observations 144 147  Observations 144 243 

Pooled Variance 2894.7762   Pooled Variance 3081.7665  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 289   df 385  

t Stat 0.320293   t Stat 0.597583  

P(T<=t) one-tail 0.3744888   P(T<=t) one-tail 0.2752348  

t Critical one-tail 1.6501432   t Critical one-tail 1.6488211  

P(T<=t) two-tail 0.7489777   P(T<=t) two-tail 0.5504695  

t Critical two-tail 1.9682064    t Critical two-tail 1.9661448   

       
Hour 48 and 24: Fail to Reject  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 87.254466 91.739366  Mean 87.254466 93.207599 

Variance 2984.9358 3052.5648  Variance 2984.9358 2663.2253 

Observations 178 243  Observations 178 147 

Pooled Variance 3023.996   Pooled Variance 2839.5187  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 419   df 323  

t Stat -0.8266739   t Stat -1.002421  

P(T<=t) one-tail 0.2044462   P(T<=t) one-tail 0.1584453  

t Critical one-tail 1.6484984   t Critical one-tail 1.6495848  

P(T<=t) two-tail 0.4088924   P(T<=t) two-tail 0.3168907  

t Critical two-tail 1.9656418    t Critical two-tail 1.9673356   
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10 Dyne - 72 Hour - Laminar 

Hour 0 and 72: Fail to Reject  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 83.269712 85.036973  Mean 83.269712 90.1823 

Variance 2681.5836 2455.1773  Variance 2681.5836 2910.2353 

Observations 170 146  Observations 170 120 

Pooled Variance 2577.0329   Pooled Variance 2776.0613  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 314   df 288  

t Stat -0.3085304   t Stat -1.1003789  

P(T<=t) one-tail 0.3789417   P(T<=t) one-tail 0.136043  

t Critical one-tail 1.6497208   t Critical one-tail 1.6501617  

P(T<=t) two-tail 0.7578833   P(T<=t) two-tail 0.272086  

t Critical two-tail 1.9675477    t Critical two-tail 1.9682352   

       
Hour 48 and 24: Fail to Reject  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 91.164664 90.1823  Mean 91.164664 85.036973 

Variance 3035.2996 2910.2353  Variance 3035.2996 2455.1773 

Observations 152 120  Observations 152 146 

Pooled Variance 2980.1787   Pooled Variance 2751.1181  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 270   df 296  

t Stat 0.1473599   t Stat 1.0081668  

P(T<=t) one-tail 0.4414789   P(T<=t) one-tail 0.1570989  

t Critical one-tail 1.6505167   t Critical one-tail 1.6500177  

P(T<=t) two-tail 0.8829579   P(T<=t) two-tail 0.3141978  

t Critical two-tail 1.968789    t Critical two-tail 1.9680107   
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15 Dyne- 72 Hour - Laminar 

Hour 0 and 72: Fail to Reject  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 84.164354 88.94944  Mean 84.164354 86.391974 

Variance 2831.6902 2613.5164  Variance 2831.6902 2517.5561 

Observations 79 266  Observations 79 116 

Pooled Variance 2663.1303   Pooled Variance 2644.5118  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 343   df 193  

t Stat -0.7236662   t Stat -0.296957  

P(T<=t) one-tail 0.234882   P(T<=t) one-tail 0.3834094  

t Critical one-tail 1.6493082   t Critical one-tail 1.6527871  

P(T<=t) two-tail 0.4697639   P(T<=t) two-tail 0.7668187  

t Critical two-tail 1.9669043    t Critical two-tail 1.9723317   

       
Hour 48 and 24: Fail to Reject  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 89.181956 86.391974  Mean 89.181956 88.94944 

Variance 2714.9066 2517.5561  Variance 2714.9066 2613.5164 

Observations 159 116  Observations 159 266 

Pooled Variance 2631.7736   Pooled Variance 2651.3879  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 273   df 423  

t Stat 0.4453878   t Stat 0.0450465  

P(T<=t) one-tail 0.3281962   P(T<=t) one-tail 0.4820457  

t Critical one-tail 1.6504543   t Critical one-tail 1.6484639  

P(T<=t) two-tail 0.6563925   P(T<=t) two-tail 0.9640915  

t Critical two-tail 1.9686916    t Critical two-tail 1.965588   
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10 dyne - 72 Hour - Oscillatory 

Hour 0 and 72: Fail to Reject  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 82.697214 83.85314  Mean 82.697214 91.113395 

Variance 2688.1893 2396.155  Variance 2688.1893 2968.9524 

Observations 145 50  Observations 145 114 

Pooled Variance 2614.0458   Pooled Variance 2811.6376  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 193   df 257  

t Stat -0.1378559   t Stat -1.2680078  

P(T<=t) one-tail 0.445249   P(T<=t) one-tail 0.1029713  

t Critical one-tail 1.6527871   t Critical one-tail 1.6508043  

P(T<=t) two-tail 0.8904981   P(T<=t) two-tail 0.2059427  

t Critical two-tail 1.9723317    t Critical two-tail 1.9692375   

       
Hour 48 and 24: Fail to Reject  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 90.935029 91.113395  Mean 90.935029 83.85314 

Variance 2883.3334 2968.9524  Variance 2883.3334 2396.155 

Observations 69 114  Observations 69 50 

Pooled Variance 2936.7861   Pooled Variance 2679.3014  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 181   df 117  

t Stat -0.0215788   t Stat 0.7366724  

P(T<=t) one-tail 0.4914039   P(T<=t) one-tail 0.2313981  

t Critical one-tail 1.6533158   t Critical one-tail 1.6579817  

P(T<=t) two-tail 0.9828077   P(T<=t) two-tail 0.4627962  

t Critical two-tail 1.973157    t Critical two-tail 1.9804476   
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15 dyne - 72 hour- Oscillatory 

Hour 0 and 72: Fail to Reject  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 86.160327 90.018357  Mean 86.160327 85.12264 

Variance 3228.8999 1954.2367  Variance 3228.8999 3010.7527 

Observations 113 42  Observations 113 100 

Pooled Variance 2887.3235   Pooled Variance 3126.5465  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 153   df 211  

t Stat -0.3972975   t Stat 0.135171  

P(T<=t) one-tail 0.3458509   P(T<=t) one-tail 0.4463028  

t Critical one-tail 1.6548738   t Critical one-tail 1.6521073  

P(T<=t) two-tail 0.6917018   P(T<=t) two-tail 0.8926055  

t Critical two-tail 1.9755903    t Critical two-tail 1.9712706   

       
Hour 48 and 24: Fail to Reject  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 91.669368 85.12264  Mean 91.669368 90.018357 

Variance 3118.8036 3010.7527  Variance 3118.8036 1954.2367 

Observations 68 100  Observations 68 42 

Pooled Variance 3054.3636   Pooled Variance 2676.6995  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 166   df 108  

t Stat 0.7536396   t Stat 0.1626046  

P(T<=t) one-tail 0.2260666   P(T<=t) one-tail 0.4355668  

t Critical one-tail 1.6540847   t Critical one-tail 1.6590851  

P(T<=t) two-tail 0.4521333   P(T<=t) two-tail 0.8711336  

t Critical two-tail 1.9743578    t Critical two-tail 1.9821735   
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10 dyne - 24 Hour - Laminar  15 dyne - 24 hour - Laminar  

Hour 0 and 24: Fail to Reject  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 24    Hour 0 Hour 24 

Mean 91.347508 90.152446  Mean 90.042213 94.433025 

Variance 2533.7178 2723.0884  Variance 2506.3322 2868.166 

Observations 248 276  Observations 188 282 

Pooled Variance 2633.482   Pooled Variance 2723.5871  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 522   df 468  

t Stat 0.2661584   t Stat -0.8935704  

P(T<=t) one-tail 0.3951112   P(T<=t) one-tail 0.1860055  

t Critical one-tail 1.6477779   t Critical one-tail 1.648116  

P(T<=t) two-tail 0.7902223   P(T<=t) two-tail 0.3720111  

t Critical two-tail 1.9645189    t Critical two-tail 1.9650459   

       
10 dyne - 24 Hour - Oscillatory  15 dyne - 24 hour - Oscillatory 

Hour 0 and 24: Fail to Reject  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 24    Hour 0 Hour 24 

Mean 88.347591 92.965289  Mean 88.352911 89.778543 

Variance 2615.2656 3089.7668  Variance 2892.6103 2621.9073 

Observations 264 339  Observations 157 184 

Pooled Variance 2882.1232   Pooled Variance 2746.4785  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 601   df 339  

t Stat -1.0478821   t Stat -0.2503808  

P(T<=t) one-tail 0.1475571   P(T<=t) one-tail 0.4012223  

t Critical one-tail 1.647393   t Critical one-tail 1.6493609  

P(T<=t) two-tail 0.2951141   P(T<=t) two-tail 0.8024445  

t Critical two-tail 1.963919    t Critical two-tail 1.9669865   
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Inverse Aspect Ratio 

Static 

Hour 0 and 72: Reject Null  Hour 0 and 24: Reject Null 

  Hour 0  Hour 72    Hour 0 Hour 24 

Mean 0.714568621 
0.7791628

4  Mean 0.714568621 
0.7425219

3 

Variance 0.016935809 
0.0151824

6  Variance 0.016935809 
0.0176122

8 

Observations 144 147  Observations 144 243 

Pooled Variance 0.016050033   Pooled Variance 0.017361021  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 289   df 385  

t Stat -4.348596553   t Stat -2.017318433  

P(T<=t) one-tail 9.50574E-06   P(T<=t) one-tail 0.022177896  

t Critical one-tail 1.650143229   t Critical one-tail 1.648821068  

P(T<=t) two-tail 1.90115E-05   P(T<=t) two-tail 0.044355793  

t Critical two-tail 1.968206436    t Critical two-tail 1.966144815   

       
Hour 48 and 72: Fail to Reject  Hour 48 and 72: Reject Null 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 0.723508251 
0.7425219

3  Mean 0.723508251 
0.7791628

4 

Variance 0.013720841 
0.0176122

8  Variance 0.013720841 
0.0151824

6 

Observations 178 243  Observations 178 147 

Pooled Variance 0.015968404   Pooled Variance 0.01438151  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 419   df 323  

t Stat -1.525131997   t Stat -4.164143958  

P(T<=t) one-tail 0.063990302   P(T<=t) one-tail 2.00711E-05  

t Critical one-tail 1.64849841   t Critical one-tail 1.64958482  

P(T<=t) two-tail 0.127980604   P(T<=t) two-tail 4.01423E-05  

t Critical two-tail 1.965641842    t Critical two-tail 1.967335607   
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10 Dyne - 72 Hour - Laminar 

Hour 0 and 72: Reject Null  Hour 0 and 24: Reject Null 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 0.694682056 
0.7413641

6  Mean 0.694682056 
0.7284212

5 

Variance 0.016488513 
0.0117487

9  Variance 0.016488513 
0.0136282

2 

Observations 170 146  Observations 170 120 

Pooled Variance 0.014299785   Pooled Variance 0.015306657  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 314   df 288  

t Stat -3.459736515   t Stat -2.287233821  

P(T<=t) one-tail 0.000307729   P(T<=t) one-tail 0.011453704  

t Critical one-tail 1.649720831   t Critical one-tail 1.650161656  

P(T<=t) two-tail 0.000615457   P(T<=t) two-tail 0.022907408  

t Critical two-tail 1.967547698    t Critical two-tail 1.968235174   

       
Hour 48 and 24: Fail to Reject  Hour 48 and 72: Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 0.709930618 
0.7284212

5  Mean 0.709930618 
0.7413641

6 

Variance 0.016416676 
0.0136282

2  Variance 0.016416676 
0.0117487

9 

Observations 152 120  Observations 152 146 

Pooled Variance 0.015187692   Pooled Variance 0.01413004  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 270   df 296  

t Stat -1.228665732   t Stat -2.281979412  

P(T<=t) one-tail 0.110133496   P(T<=t) one-tail 0.011600089  

t Critical one-tail 1.650516748   t Critical one-tail 1.650017743  

P(T<=t) two-tail 0.220266992   P(T<=t) two-tail 0.023200178  

t Critical two-tail 1.968789022    t Critical two-tail 1.968010728   
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15 Dyne- 72 Hour - Laminar 

Hour 0 and 72: Reject Null  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 0.691150604 
0.7402108

1  Mean 0.691150604 
0.6840854

6 

Variance 0.019660535 
0.0148183

6  Variance 0.019660535 
0.0124268

6 

Observations 79 267  Observations 79 116 

Pooled Variance 0.015916292   Pooled Variance 0.015350312  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 344   df 193  

t Stat -3.036264339   t Stat 0.390919852  

P(T<=t) one-tail 0.00128903   P(T<=t) one-tail 0.348143834  

t Critical one-tail 1.649295214   t Critical one-tail 1.652787068  

P(T<=t) two-tail 0.00257806   P(T<=t) two-tail 0.696287668  

t Critical two-tail 1.966884036    t Critical two-tail 1.972331676   

       
Hour 48 and 24: Reject Null  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 0.718487596 
0.6840854

6  Mean 0.718487596 
0.7402108

1 

Variance 0.015208821 
0.0124268

6  Variance 0.015208821 
0.0148183

6 

Observations 159 116  Observations 159 267 

Pooled Variance 0.014036931   Pooled Variance 0.014963859  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 273   df 424  

t Stat 2.377992908   t Stat -1.772767314  

P(T<=t) one-tail 0.009047874   P(T<=t) one-tail 0.038492593  

t Critical one-tail 1.650454303   t Critical one-tail 1.648455335  

P(T<=t) two-tail 0.018095748   P(T<=t) two-tail 0.076985186  

t Critical two-tail 1.96869162    t Critical two-tail 1.965574698   
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10 dyne - 72 Hour - Oscillatory 

Hour 0 and 72: Reject Null   Hour 0 and 24: Fail to Reject  

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 0.673184362 
0.7363283

3  Mean 0.673184362 
0.6961688

8 

Variance 0.018425833 
0.0109182

3  Variance 0.018425833 
0.0135129

4 

Observations 145 49  Observations 145 114 

Pooled Variance 0.016548931   Pooled Variance 0.016265691  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 192   df 257  

t Stat -2.970489796   t Stat -1.439745189  

P(T<=t) one-tail 0.00167648   P(T<=t) one-tail 0.07557823  

t Critical one-tail 1.652828589   t Critical one-tail 1.65080425  

P(T<=t) two-tail 0.00335296   P(T<=t) two-tail 0.15115646  

t Critical two-tail 1.972396491    t Critical two-tail 1.969237496   

       
Hour 48 and 24: Reject Null   Hour 48 and 72: Fail to Reject  

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 0.749758324 
0.6961688

8  Mean 0.749758324 
0.7363283

3 

Variance 0.010877476 
0.0135129

4  Variance 0.010877476 
0.0109182

3 

Observations 69 114  Observations 69 49 

Pooled Variance 0.012522823   Pooled Variance 0.010894338  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 181   df 116  

t Stat 3.139638003   t Stat 0.688742693  

P(T<=t) one-tail 0.000987884   P(T<=t) one-tail 0.246180212  

t Critical one-tail 1.653315758   t Critical one-tail 1.658095744  

P(T<=t) two-tail 0.001975768   P(T<=t) two-tail 0.492360425  

t Critical two-tail 1.973157042    t Critical two-tail 1.980626002   
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15 dyne - 72 hour- oscillatory 

Hour 0 and 72: Reject Null  Hour 0 and 24: Reject Null 

  Hour 0 Hour 72    Hour 0 Hour 24 

Mean 0.71999608 
0.6504322

3  Mean 0.71999608 
0.6751029

3 

Variance 0.019183977 
0.0259171

7  Variance 0.019183977 
0.0131169

7 

Observations 113 42  Observations 113 100 

Pooled Variance 0.020988298   Pooled Variance 0.01633737  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 153   df 211  

t Stat 2.65700895   t Stat 2.558223427  

P(T<=t) one-tail 0.004360148   P(T<=t) one-tail 0.005610908  

t Critical one-tail 1.654873847   t Critical one-tail 1.652107286  

P(T<=t) two-tail 0.008720297   P(T<=t) two-tail 0.011221817  

t Critical two-tail 1.975590315    t Critical two-tail 1.971270646   

       
Hour 48 and 24: Fail to Reject  Hour 48 and 72: Fail to Reject 

  Hour 48 Hour 24    Hour 48 Hour 72 

Mean 0.69303555 
0.6751029

3  Mean 0.69303555 
0.6504322

3 

Variance 0.013199861 
0.0131169

7  Variance 0.013199861 
0.0259171

7 

Observations 68 100  Observations 68 42 

Pooled Variance 0.013150423   Pooled Variance 0.01802773  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 166   df 108  

t Stat 0.994887091   t Stat 1.616797683  

P(T<=t) one-tail 0.160619593   P(T<=t) one-tail 0.054419634  

t Critical one-tail 1.654084713   t Critical one-tail 1.659085144  

P(T<=t) two-tail 0.321239186   P(T<=t) two-tail 0.108839268  

t Critical two-tail 1.974357764    t Critical two-tail 1.982173483   
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10 dyne - 24 Hour - Laminar  15 dyne - 24 hour - Laminar  

Hour 0 and 24: Fail to Reject  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 24    Hour 0 Hour 24 

Mean 0.717145431 
0.7151088

3  Mean 0.718098177 
0.7210744

6 

Variance 0.016238031 
0.0143366

3  Variance 0.019825866 
0.0124543

6 

Observations 248 276  Observations 187 282 

Pooled Variance 0.015236338   Pooled Variance 0.015390335  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 522   df 467  

t Stat 0.188573025   t Stat -0.254394983  

P(T<=t) one-tail 0.425250383   P(T<=t) one-tail 0.399651202  

t Critical one-tail 1.647777944   t Critical one-tail 1.648123038  

P(T<=t) two-tail 0.850500765   P(T<=t) two-tail 0.799302404  

t Critical two-tail 1.964518942    t Critical two-tail 1.965056762   

       
10 dyne - 24 Hour - Oscillatory  15 dyne - 24 hour - Oscillatory 

Hour 0 and 24: Fail to Reject  Hour 0 and 24: Fail to Reject 

  Hour 0 Hour 24    Hour 0 Hour 24 

Mean 0.723483863 
0.7291511

3  Mean 0.730782507 
0.7245772

4 

Variance 0.015407097 0.0126119  Variance 0.017384809 
0.0170281

9 

Observations 264 339  Observations 157 184 

Pooled Variance 0.013835089   Pooled Variance 0.017192296  
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

df 601   df 339  

t Stat -0.586983004   t Stat 0.435587294  

P(T<=t) one-tail 0.278717775   P(T<=t) one-tail 0.331706703  

t Critical one-tail 1.647392953   t Critical one-tail 1.649360905  

P(T<=t) two-tail 0.55743555   P(T<=t) two-tail 0.663413406  

t Critical two-tail 1.963919017    t Critical two-tail 1.966986461   
 

 

 

 


