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3.2.2.1. Pulmonary Artery

 

 

 

 

 

 

 

 

 

Figure 10: Sample-intersecting vorticity contour maps of the pulmonary arterial profile at seven 

time points.  
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3.2.2.2. Aorta 

 

 

 

 

 

 

 

 

 

 

Figure 11: Sample-intersecting vorticity contour maps of the aortic profile at seven time points.  
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3.2.2.3. Superior Vena Cava 

 

 

 3.2.3. Instantaneous Axial Wall Shear Stress Approximations 

      The spatial distributions of shear stresses were presented for both the distal and 

proximal walls of the bioreactor specimens at the specific time points of the cardiac 

cycle (Fig. 13-15).  The cardiac cycle durations for the pulmonary artery, aortic, and 

superior vena cava were 1.08 s, 1.05 s and 1.08 s respectively [Lotz et al. 2002]. In all 

Figure 12: Sample-intersecting vorticity contour maps of the superior vena caval profile at seven 

time points.  
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simulations carried out, maximum specimen shear stresses corresponded with the peak 

temporal position of the prescribed pulsatile velocity profile as expected. Also in 

general, shear stresses were higher on the distal side of the specimens as compared to the 

proximal side. 

        3.2.3.1. Pulmonary Artery 

     In the pulmonary artery case, during the early acceleration phase (t = 1.08 s) of the 

cardiac cycle, the resulting shear stresses were not uniformly distributed (Fig. 13).  

However sufficient inertial forces at a time instance (t = 1.12 s) proximal to the peak 

velocity temporal position enabled higher shear, streamlined laminar flow.  During the 

latter stages of flow deceleration, reversal of flow was observed (at t = 1.36s). 
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 3.2.5. Analysis of Gene Expression  

     A significantly higher expression (p<0.05) of valve developmental genes KLF2A and 

BMP2, as well as significantly greater up-regulation (p < 0.05) of endothelial and 

activated interstitial markers CD31 and α-SMA respectively, were found in the 

physiologically relevant “sweet-spot” OSI samples in comparison to the low and high 

OSI groups (Fig. 17a). On the other hand, the expression of the bone or calcification 

marker, osteocalcin was statistically insignificant (p > 0.05) between the three groups 

(Fig 17b).     

     NOTCH1, a valve development gene, was significantly down-regulated (p < 0.05) in 

the low OSI group as compared to the high OSI and physiologically relevant “sweet-

spot” OSI groups, which were both modestly up-regulated (Fig 17c). In addition, there 

was significant down-regulation of TGFb1 (associated with valve calcification) in the 

low and “sweet-spot” OSI groups (p < 0.05) in comparison to their high OSI 

counterpart, which was upregulated. Finally, no statistically significant differences (p > 

0.05) were observed in the VCAM1 expression, a known inflammatory marker (Fig. 

17a). 
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         3.3. Discussion of Specific Aim 1 

    Bioreactor-based mechanical conditioning experiments have shown that Flex-Flow 

conditions and square pulsatile conditions lead to enhanced matrix development and 

valve phenotype compared to either steady state flow or cyclic flexure alone [14, 5, 12].  

Coupling of cyclic flexure and steady flow conditions augments regional specimen 

oscillatory shear stresses. Studies have demonstrated the critical link between oscillatory 

shear stress and valve development, whose absence leads to down-regulation of key 

valvular genes, such as KLF2A, thereby resulting in heart valve defects [7].  The 

Figure 17: Gene expression following 48 hours of HBMSCs exposed to low OSI (OSI = 0.10), high 

OSI (OSI = 0.38), and physiologically relevant “sweet-spot” OSI (OSI = 0.23). Error bars are displayed 

as ± SEM; (n=4 samples/group). (a) A statistically significant (p < 0.05) expression of CD31, -SMA 

was found in the physiologically relevant OSI-treated group as compared to the low and high OSI 

counterparts. (b) A significantly higher expression (p < 0.05) of BMP2 was also observed in the 

physiologically relevant OSI groups as compared to the other two groups. No significant differences (p 

> 0.05) were found to occur in the expression of osteocalcin between the groups. (c) KLF2A and 

NOTCH1 genes exhibited a significantly higher expression (p < 0.05) in the physiologically relevant 

OSI group.  Finally, TGFb1 was significantly down-regulated in the low OSI and physiologically 

relevant groups (p < 0.05) in comparison to high OSI-treatment wherein it was upregulated.  
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mechanisms of gene regulation are not fully delineated; however, it has already been 

shown that oscillatory flow-induced stimulus activates mechanosensitive ion channels 

which lead to gene expression critical in valvulogenesis [37].  This indicates that the 

localized condition surrounding the valve that necessitates development requires an 

oscillatory flow component.  Specifically, OSS-mediated cell stimulation of KLF2A 

occurs via the trpv4 and trpp2 calcium channels [37]. We have since shown that the OSI 

can be used as a single metric that co-relates with benefits in specimen properties 

observed from stem cell-derived heart valve tissue engineering experiments [6]; 

Moreover, oscillatory shear stress environments can be mediated through pulsatile flow-

alone without the need for flexing specimens [13].  In the present investigation, we 

hypothesized that healthy valve tissues are exposed to a distinct range of OSI, which 

may be important in maintaining homeostasis, i.e., an OSI “sweet-spot”.   

     Work we conducted previously using square pulsatile conditions [12] within the same 

flow-stretch-flexure bioreactor exhibited an OSI of 0.29 ± 0.019 on the proximal wall 

and an OSI of 0.45 ± 0.023 on the distal wall surface (Fig. 16), with an overall specimen 

OSI average of 0.37 ± 0.021. This indicated significantly higher (p < 0.05) oscillatory 

shear stresses compared to OSI derived from physiological flow profiles, which was in 

the order of 0.18 to 0.23.  In addition, this range of OSI was determined across 3 distinct 

blood vessel flow profiles (pulmonary artery, aorta and superior vena cava).     

   The context of this narrow OSI range (0.18 ≤ OSI ≤ 0.23) is important given that 

higher oscillatory shear stresses fail to promote upregulation of key valvular genes 

(again, such as KLF2A), although this does not appear to alter collagen concentration in 

in-vitro grown engineered tissues [5].  We speculate that phenotype is highly regulated 
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by the specific oscillatory shear stress environment (and likely ideal when within the 

OSI “sweet-spot” range), whereas the ECM content may not as drastically effected by 

OSI magnitude.  To obtain direct evidence of mechanical conditioning effects on 

HBMSCs using a “sweet-spot” value of OSI, we were subsequently able to demonstrate 

experimentally that an OSI = 0.23 led to maximum expression (relative to lower (OSI = 

0.10) and higher OSI (OSI = 0.38) values; Fig. 17) of the valve developmental genes 

BMP2 and KLF2A. The context of this narrow OSI is important given that higher 

oscillatory shear stresses failed to promote up-regulation of key valvular genes.  KLF2a, 

an athero-protective transcription factor, is released by endothelial cells, thereby 

preventing abnormal ECM due to inflammation during valve morphogenesis [37, 7].  

BMP2 is involved during the very early stages of myocardial development and is 

involved in several vital functions during endocardial cushion formation, including 

ECM synthesis and tissue growth as well as initial mesenchymal cell proliferation and 

differentiation to promote the valvular phenotype [38–40]. Moreover, exposure of 

HBMSCs to the sweet-spot OSI range (OSI = 0.23) led to significant (p< 0.05) up-

regulation of phenotypic markers CD31 (endothelial) and α-SMA (interstitial) indicative 

of enhanced HBMSC differential capacity in vitro as compared to corresponding 

exposure to relatively lower (OSI = 0.10) and higher (OSI = 0.38) OSI values.   

Collectively, the primary biological significance of the “sweet-spot” OSI identified here 

is to enhance in vitro gene expression and phenotype in HBMSC-based heart valve 

tissue engineering using a clearly quantified narrow range of OSI values as opposed to 

utilizing a random selection of oscillatory flow magnitudes. 
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     Conversely, Flex-Flow conditions (1 Hz cyclic flexure combined with steady flow 

spatial mean specimen shear stress of 5 dynes/cm2)  previously resulted in a distal OSI 

of 0.117 ± 0.003, a proximal OSI of 0.094± 0.10 and  an overall specimen OSI of 0.106 

± 0.052 [5].  While both the cyclic flexure and shear stress magnitudes were 

physiologically relevant, the net OSI was not since it was significantly smaller (p < 0.05) 

than the OSI "sweet-spot" determined here.  The biological implications of exposing 

engineered valve tissues to physiologically relevant scales of OSI is not entirely clear; 

however, incorporation of oscillatory shear stresses has augmented phenotype and ECM 

content under previous Flex-Flow conditions [5]. Here, we have found via performing 

OSI-based HBMSC experiments, that this can be further improved if the OSI can be 

moved to within the physiological range, i.e., the “sweet-spot” that was identified here.  

The bioreactor system which we utilized is able to mimic regionally varying shear 

stresses on the specimen surfaces and is analogous to native tri-leaflet heart valve shear 

stress distributions [25].  Indeed, the range of OSI (0.18 – 0.23) identified here is close-

to the typical OSI experienced by aortic valve tissues (OSI ~ 0.16) [41]. Previous studies 

on Flex-Flow conditions by [5] and [6] found that the 3-dimensional coupling of cyclic 

flexure, cyclic stretch and fluid-induced shear stresses manifest as oscillatory patterns 

surrounding the localized flow field of the heart valve leaflets. The flow patterns act on 

the leaflet surface as oscillatory shear stress.  Extensive evidence of oscillatory 

regulation of valvular gene regulation [7], particularly via Trpv4 and Trpp2 ionic 

channels [37], has previously been reported.  Thus, from a biomimetic standpoint, we 

interpret that the similarity in values we identified in the current study to the OSI of 
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native, healthy human aortic valves which maintains valve homeostasis, will enhance 

engineered valve tissue development and phenotype.  

     This study has several limitations and assumptions.  We only simulated the biofluid 

dynamics within 3 vascular locations.  Moreover, we did not consider the movement of 

the heart valve leaflets which is likely to alter specific OSI magnitudes.  There are some 

limitations associated with our bioreactor-derived OSI values from CFD; firstly, the FSF 

bioreactor that we used for the CFD portion of the current study has been shown to 

recapitulate the flow patterns experienced by the native tri-leaflet aortic valves[42, 25].   

Moreover, the averaged OSI across the entire aortic valve surface was previously 

reported to be an OSI ~0.16 [41] which is close to the “sweet spot” OSI range (0.18-

0.23) of the current study.  However, we note that fluid-induced oscillations are 

considerably greater on the fibrosa surface as compared to the ventricularis surface and 

as a result, regional OSI can vary.  The “sweet-spot” OSI range reported here and 

derived from FSF bioreactor CFD simulations, as well as the native aortic valve, 

represents averaged values for all surfaces and some differences between bioreactor 

versus native valve-OSI are bound to occur (~ 25%) and thus represents another 

limitation of this study.  Finally, we speculate that the biological responses of cells other 

than HBMSCs to the OSI “sweet-spot” or physiologically relevant window of OSI (0.18 

≤ OSI ≤ 0.23) may not be the same. Moreover, experiments reported herein were 

performed in monolayer culture and as a result, the extent to which cell-ECM, i.e. 3-

dimensional, interactions would be regulated by the “sweet-spot” OSI identified here is 

not known.  Nonetheless the current investigation does serve to demonstrate the relative 

distinctions between physiologically-induced OSI versus non-physiological counterparts 
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and established that the physiological range needed to promote valvular gene expression 

and HBMSC differentiation towards the valvular phenotype is narrow.  In addition, a 

specific OSI for stem-cell derived tissue engineering experiments using pulsatile flow 

mechanical conditioning was quantified here using a series of CFD simulations.  

Moreover, use of an OSI value (OSI = 0.23) taken from the sweet-spot OSI range (0.18 

≤ OSI ≤ 0.23) resulted in preferential valvular gene expression and phenotype in 

HBMSC culture experiments that were conducted in the current study. Thus, the OSI 

“sweet-spot” can now serve as a target for construct optimization for functional heart 

valve repair and/or replacement regenerative therapies.   

 

                                          4.  SPECIFIC AIM 2 

      Aortic valve calcification is a predominant cause for aortic insufficiency [43, 18, 

40].  While there are surgical treatment options available, they have distinct limitations 

and are generally performed when the native valve is already beyond repair. 

Additionally, pharmacological management of calcific valve disease during early stages 

is currently unavailable.  Therapeutic discoveries in the treatment of early stages of 

aortic valve calcification requires a fundamental understanding of cellular mechanisms 

that are regulated by both the local biochemical and biomechanical environments and 

have been the subject of extensive research.   

     From a biomechanics standpoint, fluid-induced shear stresses across the leaflets have 

been closely linked to normal and pathological valve tissue remodeling activity [41, 14, 

8, 10, 17, 16, 44], but specific shear stress patterns and magnitudes both spatial and 
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temporal have not yet been strongly linked to the underlying cell autocrine and paracrine 

signaling events that regulate the valve extracellular matrix (ECM).  Nonetheless, the 

incidence of low shear, disturbed laminar flow resulting in temporal blood flow 

oscillatory patterns on the fibrosa side of aortic valve leaflets has been shown to strongly 

correlate to regions of calcific nodule deposition and aggregation [10, 17].  The resulting 

oscillatory shear stresses (OSS) have thus been implicated in valve pathology [41, 45].  

We have previously shown that OSS promotes the formation of engineered heart valve 

tissues [5, 6, 12]. Collectively, the common theme in valve tissue engineering and 

calcification in the context of OSS is its association with active tissue remodeling 

activity.  However, the distinction between these scenarios may ultimately lie in the 

specific magnitude of oscillations that trigger the synthesis of healthy versus 

pathological valve ECM. Even less understood is the regional changes in fibrosa OSS 

that occur with aging. 

 As a first step in elucidating connections between OSS and calcification on the 

aortic valve surfaces, here, we took a computational approach to determine changes in 

OSS patterns on the human aortic valve fibrosa before and after calcific nodule 

deposition.  We subsequently compared these findings to regions of the fibrosa that did 

not develop any pathology. 

     4.1. Methodology for Specific Aim 2  

      All simulations in this study were carried out using commercially available software 

(ANSYS® Workbench 2016, Ansys Inc., Canonsburg, PA) within a Windows® 7 64-bit 
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Operating System environment (Microsoft Inc., Redmond, WA).  A workstation with 

dual processors was used to facilitate an efficient and accurate solution convergence 

(Intel Xeon® X5550, 2.66 GHz processor speed, Intel Inc., Santa Clara, CA).  

   Computed tomography (CT) reconstructions of a human aortic valve with and without 

severe calcification (Fig. 18a, b) were obtained (82-year old female; Valve-012 - 

HeartPrint catalog, Materialise Inc., Plymount MI). The temporal position of the valve 

structure depicted the early-diastolic phase wherein the leaflets would be in the process 

of closing.  The valve geometry without calcific nodules (fig. 18c) was first discretized 

utilizing a tetrahedral mesh density (1.70x103 nodes and 7.73x103 elements, fig. 18e).  

Calcified nodules were then placed as spatially determined from CT images to the 

healthy valve geometry (fig. 18d); as before, a tetrahedral mesh (4.89x104 nodes, 

2.63x105 elements, fig. 18f) was subsequently generated for the calcified valve.   

     The fluid was modelled as blood, using a viscosity and density of 3.5 centipoise and 

1.06 g/cm3, respectively. A no-slip boundary condition was applied to the entire 

geometry for each valve model.  Pulsatile flow simulations were run for the healthy and 

diseased aortic valve with solution convergence interpreted to have occurred when 

residuals arising from the continuity and momentum equations were able to meet a 

convergence criterion of 1 x 10-9.  



45 

 

 

 

 

Figure 18: (a) Healthy aortic valve Fibrosa geometry in early diastole, with left coronary cusp (LCC), 

right coronary cusp (RCC) and non-coronary cusp (NCC), before and (b) after calcification. (c)The 

simulated healthy valve fibrosa model and (d) its corresponding mesh, had calcified nodules (black) 

added across the leaflets for (e) the diseased valve model and (f) its corresponding mesh. Areas of 

interest (A1, A2, A3, A4) on those regions represented both calcified areas (A3) and unaffected areas of 

the diseased valve (A4) and the areas corresponding to the calcified regions (A1) and unaffected regions 

(A2) on the healthy valve. (h) On the diseased valve, calcified deposits were analyzed both 

independently and as a collective zone (area A3, black) [A3-NCC (126 mm2, located at distal belly of 

NCC), A3-RCC (117.2 mm2, located at tips and proximal belly of RCC) and A3-LCC (51.9 mm2, 

located at proximal belly of LCC)] along with the regions surrounding the deposits (area A4, red) [A4-

NCC: 194.3 mm2; A4-RCC: 203.6 mm2; A4-LCC: 240 mm2] within each specific cusp.  (g) The deposit 

regions corresponding to the diseased valve were then analyzed across the healthy valve (area A1, 

black) [A1-NCC: 144.93 mm2; A1-RCC: 81.08 mm2; A1-LCC:17.07 mm2] along with the areas 

consistent with the regions surrounding the deposits (area A2, red) [A2-NCC: 151.26 mm2; A2-RCC: 

218.16 mm2; A2-LCC:291.24 mm2]. 
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         4.1.1. Inlet and Outlet Boundary Conditions  

  An aortic waveform used in our previous aim and originally described by Lotz et al. 

[36] was prescribed to the inlet while an 80 mm Hg-pressure boundary condition was 

prescribed to the outlet.    

       4.1.2. Numerical Independence  

  Independence testing on both valve geometries was carried out to optimize the 

computational conditions as follows:  

        4.1.2.1. Mesh Independence  

       For the healthy valve geometry, an initial, fine tetrahedral mesh density 

of 6.67x104 nodes and 3.62x105 elements was used. After running through a steady state 

simulation of 30 iterations, an optimized tetrahedral mesh density of 1.70x103 nodes 

and 7.73x103 elements was determined after finding the averaged wall shear stress of the 

valve and surrounding anatomy was within 5% of the initial fine mesh. Subsequently, 

the diseased valve was assigned an initial, fine tetrahedral mesh density 

of 1.21x105 nodes and 6.69x105 elements. An optimized tetrahedral mesh density 

of 4.89x104 nodes and 2.63x105 elements was determined, using a steady state 

simulation of 30 iterations, to find the averaged wall shear stress of the valve and 

surrounding anatomy, similarly was within 5% of its initial, fine mesh valve.  
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     4.1.2.2. CFL-timestep selection and subsequent CFD model validation  

      For both valve geometries utilized, the Courant-Friedrichs-Lewy condition was 

satisfied with a Courant number <1 for a timestep of 1 ms [46]. In addition, with the 80 

mm Hg outlet condition satisfied, both healthy and diseased valve geometries exhibited 

a computed average inlet pressure of within 5% of a physiologically realistic value of 

120 mm Hg.  

       4.1.2.3. Cyclic Independence  

     Three cycles were prescribed to the inlet of each valve geometry. The healthy valve 

model had an error of 2% between the 1st and 3rd cycles and 1.7% between the 2nd and 

3rd cycle. The diseased valve had an error of 14.9% between the 1st and 3rd cycle 

and 1.7% between the 2nd and 3rd cycle. Ultimately, the 3rd cycle was selected for 

analysis in the healthy valve model and the diseased valve model.  

4.2. Results of Specific Aim 2 

   4.2.1. Time-Averaged Shear Stress 

The spatial distributions of axial time-averaged wall shear stresses (TAWSS) were 

presented on the healthy valve (Fig. 19a) and diseased valve (Fig. 19c).  

      4.2.1.1. Healthy Valve Model 

  The ventricularis side of the valve (fig. 20a) had an average (± SEM) axial shear stress 

of 1.25 ± 0.0195 dynes/cm2. As expected, the distribution of the shear stresses on the 
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fibrosa side was relatively low in magnitude. The maximum axial shear stresses on the 

valve were concentrated at the leaflet tips while minimum, negative shear stresses were                      

 

Figure 19: Healthy Valve spatial distribution of axial time-averaged wall shear stresses (a, 

mean: 0.091 dynes/cm2) and OSI (b, mean: 0.0998). Calcified Valve spatial distribution of 

axial time-averaged wall shear stresses (c, mean: 0.323 dynes/cm2) and OSI (d, mean: 0.1557). 
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predominantly located across the fibrosa LCC. The mean fibrosa axial stress value of the 

valve was 0.091± 0.067 dynes/cm2. 

      4.2.1.2. Calcified Valve Model 

   The ventricularis side of the valve (fig. 20c) exhibited an average axial shear stress 

average (± SEM) of 1.95 ± 0.001 dynes/cm2. Maximum shear stresses were, as in the 

case of the healthy valve, located at the leaflet tips. Minimum, negative stresses were 

concentrated at the surface of the LCC (fig. 19c). The average fibrosa axial shear stress 

value of the valve was 0.32 ± 0.004 dynes/cm2. 

Fig. 20: Healthy ventricularis geometry plots of (a) axial time-averaged wall shear stress 

(TAWSS) (mean: 1.25 dynes/cm2) and (b) OSI (mean: 0.003457) as well as diseased 

ventricularis geometry plots for (c) axial TAWSS (mean: 1.95 dynes/cm2) and (d) OSI 

(mean: 0.01) 
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  4.2.2. Oscillatory Shear Index 

The spatial distributions of OSI were computed for the healthy valve (Fig. 19b) and 

diseased valve (Fig. 19d) cases; averaged OSI values were subsequently summarized 

(Table 3, Table 4). OSI of Cusp-designated regions A1 – A4 (Fig. 18g-18h) were also 

reported (Table 3) with the following observations: 

    4.2.2.1. Healthy Valve Model 

  OSI on the ventricularis side of the valve was negligible (fig. 20b, mean OSI = 0.004). 

On the other hand, on the fibrosa side, the OSI was relatively much higher on the RCC 

(OSI = 0.147) while the NCC had an averaged OSI of 0.060 and the LCC had an OSI of 

0.027. The OSI average of the entire fibrosa side was computed to be OSI = 0.103. 

4.2.2.2. Calcified Valve Model 

   Similar to the healthy valve, the OSI on the ventricularis side of the valve was 

substantially lower than that of the fibrosa (fig. 20d, mean OSI =0.010). The OSI field 

across the LCC (plaque area: 5.23%; mean OSI =0.211; Table 2) had a distinct, non-

uniform distribution with high OSI regions surrounding the calcified deposit on its 

surface (fig. 19d). Additionally, the RCC (plaque area: 39.8%) and the NCC (plaque 

area: 38.2%) exhibited a mean OSI of 0.131 and 0.051, respectively. The OSI of the 

entire fibrosa side was computed to be 0.156. 
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4.2.2.3.  Regions that developed calcification 

     Regions that developed calcification, A3 on the NCC, RCC and LCC, had mean OSIs 

of 0.06, 0.101, and 0.108 respectively with the collective OSI of these regions (area A3, 

Fig. 18h) exhibiting an overall Mean ± SEM OSI: 0.089 ± 0.015. The corresponding 

regions of A3 on the healthy valve were 0.009, 0.232, and 0.023 with the mean OSI of 

these regions (area A1, Fig. 18g): 0.088 ± 0.0721. The unaffected regions surrounding 

A3 on the NCC, RCC and LCC had OSIs of 0.0267, 0.1522, and 0.2411, respectively, 

with the mean OSI of these regions (area A4, Fig. 18h): 0.14 ± 0.0622. Corresponding 

regions for A4 on the healthy valve had OSIs of 0.05, 0.215, and 0.044 with a mean OSI 

of these regions (area A2, Fig. 18g): 0.103 ± 0.056. 

4.2.3. %Change in OSI 

    The percent decrease in OSI (Table 4) in the region of the calcified valve (A3) 

compared to the same location when it was not diseased (A1) was found to be marginal 

(1.59%). On the other hand, the regions that remained unaffected by calcification on 

both valves (A2, A4) had a much more substantial decrease in OSI by 35. 9%.  
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Aortic Valve Side Healthy OSI Diseased OSI Plaque 

Percentage 

Ventricularis 0.0035 0.01 0% 

NCC 0.0603 0.0393 38.2% 

LCC 0.0268 0.2114 5.23% 

RCC 0.1472 0.1310 39.8% 

 

Calcified Region A1 A2 A3 A4 

NCC 0.009 0.05 0.0597 0.0267 

LCC 0.232 0.215 0.1009 0.1522 

RCC 0.023 0.044 0.1077 0.2411 

Mean± SEM 0.088 ± 0.0721 0.103 ± 0.056 0.0894 ± 0.015 0.14 ± 

0.0622 

 

%Change 

(Mean A1 & 

Mean A3) 

%Change 

(Mean A2 & 

Mean A4) 

%Change of 

mean OSI in 

NCC 

%Change of 

mean OSI in 

RCC 

%Change 

of mean 

OSI in 

LCC 

1.59 (SD: 1.12, 

SEM:0.80) 

35.9 (SD: 25.4, 

SEM:18) 

34.8  11.0 

  

688.0 

  

 

 

Table 4: Percent (%) change in mean OSI of cusp-designated regions and in mean OSI across distinct 

valvular cusps. There was a markedly low percent change between the means of A1 and A3 (1.6 %) 

compared to the change between the means of A2 and A4 (36%).   

9  

 

Table 3: OSI on cusp-designated areas of valve fibrosa (A1-A4) for each region. Note that A3 and 

A4 are the calcified regions and unaffected regions of the calcified valve, respectively, while A1 and 

A2 are the corresponding calcified regions and corresponding unaffected regions on the healthy 

valve.   Mean ± SEM is provided for each area. A slight shift in OSI (1.6%) occurred between the 

means of A1 and A3.   

 

Table 2: Healthy and diseased OSI on both ventricularis and fibrosa sides of valve with percent of 

calcified plaque occupying each cusp. Particularly, there was a significant change in OSI between the 

diseased and healthy LCC (p < 0.05). 
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4.3. Discussion of Specific Aim 2 

     Axial TAWSS results from both affected and unaffected regions of both valve 

models (Fig. 19a, 19c) revealed non-unidirectional flow existed across the fibrosa, 

demonstrating that the native valve environments could produce OSS. The computed 

shear stresses of the aortic valve model simulated here had values [-5.94 dynes/cm2 - 

54.7 dynes/cm2] within the ranges previously reported in the literature [11, 30, 17, 16] 

with relatively lower shear stresses found on the fibrosa side (mean: 0.091 dynes/cm2) 

compared to the ventricularis side of each model (mean:1.25 dynes/cm2).  

    The aortic valve OSI environment shifted remarkably between healthy and diseased 

valve physiologies.  Consistent with previous work [48, 47, 17], our findings 

demonstrated that the NCC and RCC were the most susceptible to calcification. The 

healthy valve OSI for the NCC (OSI mean: 0.060), RCC (mean: 0.131) and LCC (mean: 

0.027) established that OSI across a healthy valve geometry could vary between the 

three aortic valve leaflets; the diseased valve OSI of the NCC (OSI mean: 0.039), RCC 

(mean: 0.147) and LCC (mean: 0.211) similarly also varied.  These findings suggest that 

relative changes in OSI or lack thereof between healthy and valve pathologies could 

potentially be used to predict regions on the valve fibrosa prone to calcification.  

Specifically, we speculate that in situations where the rate of valve matrix remodeling 

slows down, a change in OSI is unlikely, in time, making the valve susceptible to 

triggering abnormal ECM synthesis. The current study was able to confirm that indeed, 

regions susceptible to high calcification had only marginal changes in the OSI (healthy 

tissue area, A1: Mean ± SEM: 0.088 ± 0.072 and same tissue area A1, after calcification, 
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i.e., A3: Mean ± SEM: 0.089 ± 0.015), resulting in a % change in OSI of only 1.59%). 

Conversely, regions of the aortic valve that did not get calcified, i.e. A2 and later, A4, 

exhibited a rather substantial % change in OSI of nearly 36%. We interpret that regional 

ECM remodeling of the fibrosa, particularly in the primary ECM components of the 

valve, i.e., collagen, glycosaminoglycans, and elastin, alter the valve shape which will 

change the OSI as would be expected in the localized leaflet surface environment.  

However, when this remodeling does not occur or occurs slower than needed, the OSI 

does not change, potentially triggering a disease pathway.  In particular, since aortic 

valve calcification is strongly correlated with the aging process, it is likely that the slow 

turnover of elastin remodeling in the valve may be primarily associated with changes in 

OSI that occurs over decades, and leads to pathologies later in life, as recent studies 

have similarly suggested [53, 50, 54, 8, 49, 51, 11, 43, 52, 10] 

    The findings in this brief report are very preliminary and contain two major 

limitations in the approaches. Firstly, a single patient’s valve was analyzed before and 

after calcification. Secondly, the flow physics in a pulsatile flow model without 

accounting for valve leaflet motion was simulated during the early-diastolic, closing 

phase of the valve.  While the absolute OSI values would be very different from those 

uncovered here, the general trend that negligible longitudinal changes in OSI co-relate 

with a higher probability of disease due to insufficient valve ECM remodeling, is likely 

to hold. Thus, in conclusion, we present in these short communications, a new 

interpretation of OSI in the context of valve tissue remodeling.  In cases of tissue 

regeneration, a set value of OSI may be targeted to promote de novo tissue growth in-
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vitro as we previously described in aim 1.  However, when the OSI remains relatively 

unchanged in the native aortic valve fibrosa environment, this may be suggestive of an 

absence of or insufficient valve ECM remodeling, which could lead to a triggering point 

for valve pathologies.  Therefore, in addition to the OSI environment, a change in the 

longitudinal and regional leaflet, fibrosa-side OSI conditions with aging, or lack thereof 

may serve useful as a bio-marker (e.g. a % change in OSI computed every 5 years after 

the age of 40) for the early detection of aortic valve calcification. 

 

            

                                                5. CONCLUSION 

   Through utilization of a computational approach, the results included in this thesis 

have demonstrated the application and significance of oscillatory flow, namely OSS, 

within heart valve tissue engineering and heart valve disease. Specifically, these results 

have shown that physiologically relevant OSI environments can produce an optimized 

phenotype for BMSC-derived engineered valve tissue. Pulsatile conditions that produce 

an OSI within the “sweet spot” range (0.18≤ OSI≤ 0.23) can now be used in bioreactor 

designs for proper conditioning of TEHVs. Furthermore, results have additionally 

established the method of using changes in OSI in detecting aortic valve remodeling that 

predispose native valve tissue towards higher probabilities of leaflet calcification. 

Current efforts are focused on in-vitro experiments that will provide quantifiable data to 

further support our findings. 
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