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Abstract 

A Comparative Biomechanical Investigation of Porcine Neonatal and Adult Left Ventricular 

Tissues 

Timothy Ryan Eastep, MS 

 

University of Texas at Arlington, Bioengineering 2023 

Supervising Professor: Dr. Jun Liao 

 

 

A current trend in cardiac muscle regeneration and repair is to recreate the biophysical and 

biomechanical environment of the neonatal hearts, which has been shown to promote cardiac 

regeneration. This translational need requires thorough understanding of the biomechanical 

properties of the neonatal hearts. In this study, we aim to (i) characterize the dynamic 

viscoelastic properties of the neonatal porcine left ventricular (LV) muscle and compare with the 

adult tissue behavior using a rheometer; (ii) perform histological assessment to identify the 

cellular and extracellular (ECM) microstructures that contribute to the observed biomechanical 

differences, and (iii) develop a light sheet imaging protocol to visualize the 3D ECM networks of 

both the neonatal and adult LV muscles. We found that the dynamic viscoelastic properties of the 

neonatal porcine LV muscle tissues were drastically different from the adult LV muscle tissues. 

The adult LV muscle tissues had much greater storage modulus (G’) and larger loss modulus 
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(G”) than the neonatal LV muscle tissues in the range of frequency sweep. When compared with 

the adult LV, the histology of neonatal LV muscle showed less organized immature heart muscle 

fibers, a lower amount of collagen network, and a higher amount of proteoglycans, which were 

likely the underlying contributors of the unique viscoelastic properties of the neonatal heart 

muscles. Lastly, we have developed a tissue preparation and imaging protocol that was able to 

capture 3D ECM fiber orientation and alignment for both the neonatal and adult heart muscles. 
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CHAPTER 1: 

1 Introduction 

1.1 Myocardial Infarction (MI) 

Cardiovascular diseases (CVD) are the leading cause of death in the US[1].  CVD kills 

approximately 877,500 Americans annually.  This costs the healthcare industry $216 billion per 

year [2].   Among CVD, ischemic CVD occurs when a reduction of blood flow happens most 

commonly due to plaque buildup in the arteries.  When coronary arteries were blocked, the 

reduction of blood flow causes downstream oxygen restriction and leads to cardiomyocyte death 

in the ventricular wall [3-9]. Following MI, the injured region experiences necrotic response, 

fibrotic response, and later ventricular wall remodeling. The pathological development can be the 

extension of the infarcted tissue, scar tissue formation, ventricular wall thinning and dilation, loss 

of cardiac function, and eventually heart failure (HF) [10-11]. 
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Figure 1.1: Plaque blocking artery with darkened tissue indicating necrosis. (A) Normal artery 

with blood flow; (B) Partial block with reduced blood flow; (C) Complete block of artery [12]. 

 

1.2 Conventional treatments for MI, Limitations, and Current Trends 

Currently, diagnosis of MI is accomplished by an echocardiogram (ECG).  This 

diagnostic tool should be administered and interpreted within ten minutes of the patient showing 

symptoms of MI.  Continuous administration of the ECG should be administered at fifteen-to-

thirty-minute intervals if the initial ECG shows proof of MI [13].  Measurement of cTn levels 

should be taken into consideration.  Elevated cTn level is a reliable indicator of MI. Once 

confirmed, patients can receive conventional MI treatment options to achieve reperfusion, which 

include fibrinolytic therapy (FT) and primary percutaneous coronary intervention (P-PCI). 

FT should be used if P-PCI is not a viable option due to the time constraint needed to 

administer P-PCI.  This method of treatment is administered to dissolve the blood clots 
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accumulated during MI.  FT drugs include Tenecteplase, Retaplase and Alteplase.  Generally, 

these are administered following Aspirin or Clopidogrel.  P-PCI should be used if time permits.  

The benefit of this treatment is that it allows for immediate opening of the blockage.  This is 

important because the lack of blood flow from the MI causes the necrosis of the tissue.  It is 

difficult to revascularize and revive the injured tissue after necrosis. Overall, PCI is the preferred 

treatment since this approach allows for relatively adequate reperfusion of the artery.  In 

instances such as a combination of endothelial injury, atheroembolization, and edema, PCI 

treatment also experiences inadequate myocardial reperfusion [13]. 

Although these are the preferred treatment options, there are some limitations to those 

conventional treatments of MI. Even after FT or P-PCI, complications can arise.  The patient can 

still experience deterioration of cardiac function and eventually progression towards heart failure 

(HF).  For example, when using stents, the patient can experience lesions in the target location.  

This can lead to lowered left ventricular function, or renal insufficiency [14].  Restenosis is 

another common occurrence in patients who have experienced MI and followed stent treatment. 

For MI patients progressing towards HF, heart transplants remain the gold standard of life saving 

and an improved life quality. Unfortunately, the shortage of donor hearts and challenges caused 

by immune compatibility make this approach unavailable to the majority of HF patients. 

Most importantly, all the conventional treatments are lack of capabilities to promote heart 

muscle regeneration. The loss of cardiomyocytes after MI are permanent due to the poor 

regenerative potential of heart muscles, and the fibrotic scarring further worsens the situation. It 

is known that the cardiomyocyte regenerative properties in the adult human heart have a turnover 

of 1%.  This makes the adult heart unable to regenerate cardiac tissue following a MI [15].  

Many current research efforts thus have been focusing on cardiac regeneration, with a goal to 
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repair the damaged heart muscle by triggering cardiomyocyte regeneration via delivering various 

stem cells, scaffolds, and/or biofactors.  

 

1.3 Cardiac regeneration in neonatal pigs and the importance of neonatal heart 

microenvironment 

 

 

Recently, a few key studies have demonstrated that cardiac regeneration could occur in 

zebrafish and mice after apex being resected[16,18,19,17,20-24]. Both zebra fish model and 

mouse model showed that full apex regeneration could be achieved in the first few days post-

Figure 1.2: The reported full apex regeneration capability in zebrafish and 

mouse heart, and the research question about cardiac regenerative potential in 

large mammals. 
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birth, and the heart lost full regeneration potential after 7 days post-birth.  Recently, our group 

conducted and published a study using a partial apex resection neonatal pig model to investigate 

if the observed full cardiac regenerative potential occurs in large mammals (Figure 1.2).[16-17] 

We performed partial apex resection on 0-day old (within day 1 post-birth) and 7-day old 

neonatal pigs and tracked the degree of apex regeneration 4 weeks after resection surgery. Our 

study showed that the piglets lost their full regenerative capacity 7 days post-birth, but preserve 

great regenerative potential within 1 day of birth. Our finding with the neonatal pig model 

confirmed the reported timeframe of cardiac regeneration in zebra fish and mouse models.[16- 

17]. The transient regeneration potential we observed in the partial apex resection neonatal pig 

model is also consistent with a recent study, which reported that the neonatal pig heart, during 

the first days of life, was capable of regeneration following acute myocardial infarction created 

by permanent ligation of the left descending coronary artery [13]. 

Two important observations in our study pointed out that the microenvironments of 

neonatal heart pay important roles in preserving full cardiac regenerative potential [25]. We 

noted that the 0-day-old heart muscle tissue was more pliable, and the partial apex resection 

could be more easily performed when compared with the 7-day-old hearts, which had more rigid 

heart muscle tissue [25]. The underlying reason for the quickly increased heart tissue stiffness 

and decreased tissue pliability after the piglet’s birth is the rapid deposition and maturation of the 

collagen network, which binds the heart muscle fibers and forms the cardiomyocyte ECM 

lacunae [25-28]. This observation indicates that the structural and mechanical properties of the 

neonatal heart ECM was likely one of the factors in contributing to full cardiac regenerative 

potential [25]. At the injury site of the 0-day old piglet heart, we demonstrate that cells were 

actively dividing and differentiating towards young cardiomyocytes, further suggesting the 
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neonatal heart microenvironment has factors that promote heart muscle regeneration [25-26]. 

Thus, the biomechanical, structural, and compositional properties in the neonatal heart need to be 

better understood.  

 

1.4 Proposed research & significance 

 

Aim 1: Characterize the dynamic viscoelastic properties of the neonatal porcine left 

ventricular (LV) muscle and compare with the adult tissue behavior using a rheometer. 

In this aim, we performed rheology testing on both neonatal and adult left ventricles.  The 

significance of this study was to determine the dynamic viscoelastic properties of both types of 

LV tissues under a range of physiologically relevant frequency.  The sweep frequency in rad/s 

was determined by converting to Hz, which can be correlated to heartbeat.  The study was 

performed to determine the viscoelastic behavior of the neonatal heart and how it is different 

from adult heart, as well as at what frequency their behavior is mostly different from each other.  

This was accomplished by measuring the loss and storage modulus exhibited by the LV tissue at 

the above-mentioned frequency range. 

 

Aim 2: Perform histological assessment to identify the cellular and extracellular (ECM) 

microstructures that contribute to the observed biomechanical differences.  

In this aim, we performed histological study of the left ventricle samples of both neonatal 

and adult heart tissues. Both the circumferential sections and longitudinal sections were 

dissected, and Movat’s Pentachrome staining was performed for light microscopic imaging. 

Movat’s Pentachrome stained heart muscle in red, collagen in yellow, elastin in black, and 
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proteoglycans in blue. This method allows us to compare the microstructures of the neonatal and 

adult LV tissues at both longitudinal and circumferential orientations.   

 

Aim 3: Develop a light sheet imaging protocol to visualize the 3D ECM networks of both 

neonatal and adult LV muscles. 

In this aim, we are developing a tissue preparation and light sheet microscopy protocol 

for both the neonatal and adult LV tissues.  This process has the potential to reveal cellular 

structure and extracellular matrix (ECM) structure three dimensionally in large volume.  It has 

been shown that light sheet imaging is capable of reconstructing 3D morphology of tissues after 

proper tissue clearance.  In this first stage, we are specifically focusing on visualizing the heart 

ECM.   
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CHAPTER 2: EXPERIMENTAL METHODS 

 

2.1 Rheological testing 

2.1.1 Instrument 

Rheological testing was conducted by using a rheometer (Anton Paar modular compact 

rheometer (MCR) 302).  By using the plate-plate configuration, we were able to measure the 

dynamic viscoelastic properties of a material.   
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Figure 2.1: Anton Paar MCR 302. (A) MCR body; (B) Measuring plate; (C) Head; (D) Softkeys 

In Figure 2.1, the MCR can be seen in the docked position.  The docked position 

indicates that the head is lowered down onto a foam pad.  This foam pad creates a barrier that 

protects the head from getting damaged from accidental movement from passersby. The 

instrument uses a hood that covers the measuring system.  This hood prevents any debris from 

impacting the system.  It also helps maintain specified temperature set during testing parameters. 

The MCR has uses a fluid circulator.  The fluid circulator allows for controlled 

temperature adjustments of the instrument when testing.  This device is a liquid controlled 
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temperature system containing a filter to clean the circulating water and a color-coded indicator 

that indicates when it needs to be replaced.  

 Next, the measurement system is attached.  Each system has a ToolmasterTM chip that is 

in the shaft of each system.  This chip is pre-loaded with the geometry dimensions, safety 

limitations, and calibration constants for the system during use. 

 

Figure 2.2: Plate-plate system geometry. (A)ToolmasterTM chip inside the shaft head; (B) 

Geometry shaft; (C) Specific system geometry [30]. 

   

 The plate-plate system can be used for highly viscous samples.  The geometry of the 

system makes it ideal for tissue samples that are viscoelastic.  There is a larger range of shear 

due to the flat geometry of the plate (Figure 2.2, 2.3).  It is easy to clean, and the temperature is 

easy to maintain.  Due to compression along the flat surface, the sample can dry out over time 

and there are sometimes variations in shear along the surface of the measuring geometry. 

A 

B
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Figure 2.3: Plate-plate system [30]. 

2.1.2 Measurement software 

The measurement software used for this research was RheoCompassTM.  This is a 

rheology software developed by Anton Paar.  It has predefined testing templates in the home 

screen (Figure 2.4). After mounting the sample and lowering top plate until to reach the sample,  

the ready screen helps to monitor the testing status, normal force, temperature, and plate-gap.  

 

Figure 2.4: Overview of the home panel of RheocompassTM[31] 
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2.1.3 Testing Parameters 

Our rheological study of the neonatal and adult porcine left ventricles required a plate-

plate geometry.  This system geometry was beneficial because we were able to prepare relatively 

flat samples that would fit between the geometry and the measurement plate.  In our study we 

wanted to determine the viscoelastic properties of the LV tissue at different heart rates.  To 

accomplish this, we needed to conduct a frequency sweep.  In this study, we focused our 

frequency sweep on a range of 0-160 rad/s (N=3 for neonatal; N=3 for adult).  This allowed us to 

determine the viscoelastic responses of both the neonatal and adult LV tissues in a frequency that 

is physiologically relevant. We set our samples to be under a constant normal force of 1-1.3 

Newtons.  We accomplished this by slowly lowering the plate geometry down in small 

increments until we were close to our target gap and the normal force was within the set 

parameters.   

 The data is recorded as a storage modulus (G’) and a loss modulus (G”).  The storage 

modulus is the amount of energy that is stored in a specific sample.  When this value is higher 

than the loss modulus, the sample is acting more elastically due to the stored energy.  The loss 

modulus is the opposite.  The Loss modulus is the amount of energy that is expelled due to heat.  

When this happens, the tissue displays more viscous properties, and the loss modulus will show a 

higher value than the storage modulus.   

 

2.1.4 Sample preparation 
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 Our samples were from hearts obtained from two different locations.  The adult hearts 

were procured from a local slaughterhouse after all necessary USDA paperwork was filled out.  

The neonatal pig hearts were obtained from a farm in Mississippi.  The hearts were obtained 

from 1-day old piglets.  The hearts were cold stored and shipped to our lab at the University of 

Texas at Arlington.  The hearts were counted, labeled and frozen for future testing.  This allowed 

for testing logistics of the rheometer.   

 Three of the adult hearts and three of the neonatal hearts were thawed by placing them in 

the refrigerator.  This allowed for controlled thaw to prevent damage to the tissue.  When hearts 

were thawed completely dissection began.  The adult hearts were dissected first (Figure 2.5).  

All samples were taken from the anterior left ventricles of each heart. 

 

Figure 2.5: Adult porcine heart (anterior view). 

The left ventricular wall of the neonatal heart was dissected to the right geometry and 

used as the sample for rheology testing (Figure 2.6).  Due to the large thickness of the adult left 
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ventricle.  The samples were stored in labeled specimen jars containing Phosphate Buffer Saline 

(PBS).  PBS can mimic the environment of the body[32].   

 

 

Figure 2.6: Neonatal porcine heart (anterior view). 

 

2.2 Histology, light microscopy, and microstructural analysis. 

2.2.1 Histology 

Samples of both the longitudinal and circumferential orientations of the tissue were 

dissected from both the adult and the neonatal hearts.  These samples were stored in glass vials.  

The samples were fixed in formaldehyde.  Samples were then embedded in wax, sectioned into 5 
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µm slices, and stained with Movat’s pentachrome protocol. The Movat’s Pentachrome staining 

allows for color indication of components of the heart tissues.  This staining would also allow us 

to color stain the different components of the heart tissue to determine the orientation and 

quantity.  With Movat’s Pentachrome staining, we were able to have heart muscle stained in red, 

collagen in yellow, elastin in black, and proteoglycan in blue.  This would allow us to determine 

how the neonatal cardiac tissue differs from the adult cardiac tissue.  

The histological slides were imaged under white field light using a light microscope 

(Eclipse Ti, Nikon). For muscle fiber orientation analysis, the histological images of the Movat’s 

pentachrome staining were converted to 8-bit gray scale images using Orientation J plugin in 

Image J software (NIH, Bethesda). The imaging analyses protocol [14] was able to quantify the 

muscle fiber orientation distribution from -90 degrees to 90 degrees. 

  

2.2.2. Light sheet microscopy 

 Light sheet microscopy is a novel fluorescence microscopy technique that applies a 

planar sheet of light through a transparent sample. The detection lens is set perpendicularly to the 

light sheet, and the sample is imaged through the light sheet to quickly generate 3D images of a 

thick tissue or organs with high resolution and anatomic accuracy. The light is emitted and 

creates a 2D plane or sheet of light across the sample (Figure 2.7).  The illumination objective 

that is emitting the light is perpendicular to the tube lens that is collecting the image.  The tube 

lens collects multiples of images of the sample as the sample is rotated. 
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Figure 2.7: Schematic of light sheet microscopy [33]. 

 

The novelty of the 2D sheet of light creates a more focused imaging modality than other 

means of light imaging previously studied. The thinnest region of the light sheet is swept across 

the entire sample, allowing for uniform illumination and optical sectioning across the whole field 

of view[33-35]. The high-resolution optical sectioning make 3D rendering of a large volume 

feasible.  

 

2.3 Tissue clearance, light sheet imaging, and 3D reconstruction and analysis. 

2.3.1 Tissue decellularization and tissue clearance 

To focus on structural ECM imaging, we performed decellularization on the neonatal and 

adult LV tissues before tissue clearance, which was required to be conducted prior to light sheet 

imaging.  The tissue samples were ~4 mm in length and ~3 mm in width.  The sample thickness 
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was ~1 mm to allow for imaging.  Once the samples were dissected, we mounted the samples via 

a pin-plastic frame method to prevent tissue shrinkage due to the removal of a large amount of 

cellular contents (Figure 2.8). 

 

Figure 2.8: Prepared LV samples with a pin-frame mount for tissue decellularization. 

The tissue decellularization process involves shaking the samples in a decellularization 

solution made of 4% SDS in DI water.  The samples are shaken continuously for approximately 

3 days while changing the media once a day.  This allows for the cells to continuously rinsed 

away from the tissue.  The tissue changes from the natural red pigment of the heart to white color 

(Figure 2.9).  The white color indicates that there are no more cells within the tissue and the only 

thing left is the ECM.  The acellular neonatal and adult LV samples were then subjected to tissue 

clearance treatment. 
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Figure 2.9: Decellularization process. (A) Day 1 of the LV tissues in the SDS solution; 

(B) Day 3 of the acellular LV tissues in the SDS solution. 

Tissue clearance protocol consisted of treating the samples with dehydration 1, 

rehydration, solution 1 treatment, dehydration 2, and fixation.  This was accomplished by 

creating a media of methanol (20%) to DI water (80%) for dehydration 1.  This was sustained at 

room temperature for one hour.  After the hour, the media was changed once an hour increasing 

the methanol concentration (40%, 60%, 80%, 100% methanol).  After the 100% methanol cycle, 

the methanol was replaced with fresh methanol and stored in the 4 C refrigerator for 10 minutes.  

The samples were shaken in a media of dichloromethane/methanol (66%/33%) overnight. The 

next day, the samples were dehydrated in pure methanol and the media was changed every 30 

minutes.  The methanol was replaced and stored in the 4 C refrigerator for 10 minutes.  After 

that, the media was replaced with peroxide/methanol (5%/95%) and stored overnight in the 4 C 

refrigerator.  The next day, the samples were rehydrated in increments of methanol to DI water  

(100%methanol, 80%/20%, 60%/40%, 40%/60%, 20%/80%, to 100% DI water).  Afterward, the 

samples were washed in PBS for 1 hour.   

A B 
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The samples were then placed in a media of Solution 1.  Solution 1 was a stock made 

from DI water, PBS, and Trition X-100 (900mL, 100mL, 2mL).  This was conducted twice in 

one-hour increments replacing the media every hour.  The samples were then covered in an 

agarose mixture to fixate a gel around the samples.  This was important to allow for imaging 

with the light sheet microscope.  The samples were left to dry overnight in the fume hood.  The 

next day, the excess agarose was trimmed away, and the samples were placed back in their 

respective vials.  After this, dehydration 2 was conducted.  The process was started containing a 

media of methanol to DI water similar to dehydration 1 (20%/80%, 40%/60%, 60%/40%, 

80%/20%, 100% methanol) (Figure 2.10).  The last 100% methanol media change was left 

overnight.  The next day the samples were placed in a 3-hour media of DCM/methanol 

(66%/33%).  The samples were then rinsed thoroughly twice in PBS before placing them in the 

clearance media of Dibenzyl ether (DBE) for one week.  After one week treatment in the DBE 

media, they were transported to the testing facility for light sheet imaging. 
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Figure 2.10: Dehydration 2 of the tissue clearance process. 

 

2.3.2 Light sheet imaging 

Removed from the DBE media, the sample was laid on a glass petri dish and inspected to 

ensure that there were no breaks in the sample.  To prepare the sample for the light sheet 

microscopy, three out of the four pins were removed along with the plastic stability sheets.  This 

allowed us to use the remaining pin to be held by the sample holder on the microscope.  When 

the sample was ready it was lowered into the glass chamber filled with DBE.  This kept the 

sample from drying out and allowed for imaging through the light sheet. 

 The laser from the light sheet microscope emitted a wavelength of light equal to 532 nm 

(Figure 2.11A).  This laser was passed through an aperture.  The beam of light exiting the 
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aperture was then passed through a beam expander.  This allowed the diameter of the laser beam 

to be expanded (Figure 2.11C).  The expanded beam of light was then passed through a series of 

apertures until reached a specific light aperture.  This aperture allowed the control of shape of the 

beam that pass through the sample[37-38]. The microscope collects an image in the form of a 2D 

sheet.  The sample can be shifted from left to right to obtain images of the entirety of the sample.  

Once the full thickness imaging is complete, the 2D files are collected in the form of a .tif file. 

 

A 

 

C

 

B
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Figure 2.11: Light sheet microscope (Dr. Y. Ding, UTD). (A) 532 nm laser, (B) Angled aperture 

for redirection of laser, and (C) Beam expander for increased laser diameter. 

 

Figure 2.12: Light sheet microscope (Dr. Y. Ding, UTD). (A) Sample tank filled with DBE, (B) 

Tunable aperture for beam shape that reaches sample. 

 

2.3.3 3D reconstruction and imaging analysis 

3D reconstruction of the light sheet images was conducted via Imaris reconstruction 

software (OXFORD Instruments) (Figure 2.13).  This software has a built-in converter to take 

files that aren’t in .tif form and convert them as needed. After loading the light sheet image data, 

a preliminary 3D rendering was generated. By adjusting the thresholding, the microstructural 

features could be rendered. For visualization, various shading methods (blend, maximum 

A B 
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intensity projection, or normal shading) could be chosen to produce the needed details.  Clipping 

and sectioning functions could be applied.  The clipping allows for multi-directional clipping of 

the sample that gives the user options for removing artifacts.  The section view allows to further 

adjust the trim threshold by removing sections. 

The software allows to analyze the rendering in different magnifications from 1000 um to 

100 um[36].  When adjusting the magnification to desired specifications, re-adjusting the 

threshold and shading parameters was needed to attain the same level of clarification of the 

sample.  It is beneficial in some cases to slice the sample into a reduced section.  Slicing could be 

accomplished from the X, Y, and Z directions.  The morphology showed how the fibers of the 

tissue lay from a top and bottom view.  It also showed the depth of layers.  For this study, we 

chose red as the primary rendering color.  This made it easier to visualize the morphology of the 

tissue fibers, and the shading showed higher degrees of detail. 

 

Figure 2.13: Imaris software home screen.  
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Chapter 3: Results and discussion 

 

3.1 Rheological testing results 

Rheological testing results were analyzed after a successful frequency sweep of all 

samples.  The focused sweep frequency of our samples was from 0.1-160 rad/s. This range of 

frequency was studied due to its covering of physiologically-allowed heartbeat.  The rheological 

testing of the heart muscle tissues generated tissue’s elastic modulus (G’) and loss modulus (G”), 

as well as at what frequencies tissues act more elastically or viscously. In theory, both G’ and G” 

contribute to the complex modulus (G*) or the materials resistance to deformation.  In the range 

of frequency sweep (0.1-160 rad/s), we found that overall the adult LV muscle tissues had 

greater storage modulus than the neonatal LV muscle tissues (Figure 3.1A,B).  The loss modulus 

of the adult LV muscle tissues was also overall greater than the neonatal LV tissues (Figure 

3.1C,D).  
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Figure 3.1: (A) Storage modulus of the neonatal LV muscle tissues. (B) Storage modulus 

of the adult LV muscle tissues. (C) Loss modulus of the neonatal LV muscle tissues. (D) 

Loss modulus of the adult LV muscle tissues. 

  

 We further compared the storage modulus and loss modules at 1 Hz, 2 Hz, 3 Hz, and 10 

Hz (Table 1), with the first three frequencies were physiologically relevant and corresponded to 

heart rates at 60 bpm, 120 bpm and 180 bpm. The first frequency of 1Hz (60 bpm) is a normal 

heart rate, and most people have an average heart rate around this value.  The second frequency 

of 2 Hz (120 bpm) would be an average heart rate for someone exercising.  The third frequency 

of 3 Hz (180 bpm) is a very high heart rate.  Higher than 3 Hz (180 bpm) generally indicates that 

the person is experiencing supraventricular tachycardia, and the person might experience chest 

pain or dizziness. 
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Table 1: Storage modulus and loss modulus of the neonatal LV muscle tissues and adult LV 

muscle tissues at 1 Hz, 2 Hz, 3 Hz, and 10 Hz. 

 At the examined frequencies (1 Hz, 2 Hz, 3 Hz, and 10 Hz), the storage moduli were ~2.5 

times larger than the nonanal LV muscle tissues, and the loss modulus were ~1.8 times larger 

than the nonanal LV muscle tissues (Table 1).  We also noticed that G’ of the neonatal LV 

muscle tissues had a relative linear increasing trend in the frequency range of 10-80 rad/s, while 

the increase trend for the adult LV muscle tissues had an obvious nonlinear trend. 

 

3.2 Histological images and orientation analysis. 

While the heart muscle fibers in the adult LV exhibited aligned and tight packing muscle 

fiber and distinguishing muscle bundle morphology (Figure 3.3), the heart muscle fibers in 

neonatal LV showed muscle fibers had a loose packing, less aligned, and more locally wavy 

morphology (Figure 3.2). The histological images also showed that minimum collagen content 

(yellow color) exist in the neonatal LV and more proteoglycans (blue) associate with the immature 

heart muscle fibers (Figure 3.2). On the other hand, much more collagen fiber stain (yellow color) 

was observed in the adult LV histological images, and the amount of proteoglycans (blue color) 

was also found to decrease (Figure 3.3) when compared with the neonatal LV.  This can be further 
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examined in the 10X magnification of the histological study (Figure 3.4).  Heart muscle fiber 

orientation distributions were quantified from histological images of neonatal LV circumferential 

section, neonatal LV longitudinal section, and adult LV circumferential section, and adult LV 

longitudinal section. Consistent with the visual observation, the qualified results demonstrated that 

the neonatal LV muscles showed less aligned muscle fiber orientation when compared to the adult 

LV muscle fiber orientation (Figure 3.5A-D). The muscle fiber alignment in the adult LV 

longitudinal section (Figure 3.5D) was higher than the adult LV circumferential section (Figure 

3.5C). However, the muscle fiber alignment in the neonatal LV longitudinal section (Figure 3.5B) 

was lower than the neonatal LV circumferential section (Figure 3.5A). 

 

Figure 3.2: Movat’s pentachrome staining for (A) and (B) Neonatal LV circumferential 

sections; (C) and (D) Neonatal LV longitudinal sections. Heart muscle: red, collagen: yellow, 

Proteoglycans: blue, Elastin: black. 
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Figure 3.3: Movat’s pentachrome staining at 4X magnification for (A) and (B) Adult LV 

circumferential sections; (C) and (D) Adult LV longitudinal sections. Heart muscle: red, 

collagen: yellow, Proteoglycans: blue, Elastin: black. 
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Figure 3.4: Movat’s pentachrome staining at 10X magnification for (A) Neonatal LV 

circumferential section; (B) Neonatal LV longitudinal section; (C) Adult LV circumferential 

section; (D) Adult LV longitudinal section. Heart muscle: red, collagen: yellow, Proteoglycans: 

blue, Elastin: black. 
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Figure 3.5: Heart muscle fiber orientation distribution for (A) Neonatal LV circumferential 

section, (B) Neonatal LV longitudinal section, (C) Adult LV circumferential section, and (D) 

Adult LV longitudinal section. 
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3.3 Light sheet imaging results 

3D reconstruction began with the light sheet images being loaded into the workspace 

window (Figure 3.6).  In the workspace window, rendering starts at 1000 µm.  Image 

thresholding helps to capture the fiber signals and achieve detailed 3D structure from rendering. 

The clipping tool in the top left of the work window is indicated by a small pair of scissors. 

Clipping allows to focus on the region of interest to study the details of fiber morphology 

(Figure 3.7).  After thresholding segmentation and 3D rendering, we were able to reconstruct 3D 

light sheet images of the acellular neonatal LV ECM and the acellular neonatal LV ECM 

(Figure 3.8). Both the acellular neonatal LV ECM and the acellular neonatal LV ECM showed 

the ECM network, primarily collagen fibers, with neonatal LV ECM exhibiting less denser 

morphology when compared with adult LV ECM (Figure 3.8).   

 

Figure 3.6: Initial rendering of sample in the workspace window. 
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Figure 3.7: Clipping of sample in Imaris. 
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Figure 3.8: 3D light sheet images of (A) the acellular neonatal LV ECM and (B) the acellular 

adult LV ECM. 

 

3.4 Conclusions, Discussions, and Future Studies 

 In conclusion, we found that the dynamic viscoelastic properties of the neonatal porcine 

LV muscle tissues were drastically different from the adult LV muscle tissues. The adult LV 

muscle tissues had much greater storage modulus (G’) and larger loss modulus (G”) than the 

neonatal LV muscle tissues in the range of frequency sweep. The difference in G’ between 

neonatal and adult echoes with the passive mechanical properties observed in tensile testing [40]. 

We speculate that, in the neonatal LV tissue the collagen network that binds the heart muscle 

fibers is still immature and will experience rapid deposition and maturation during the later 

developmental stages. This could be one of factors that resulted in the unique dynamic 

viscoelastic behavior of the neonatal heart muscles.   

 Our histological observation not only verified the speculation on the role of immature 

collagen network in affecting dynamic viscoelastic properties of neonatal LV tissues, but also 
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revealed more factors that might contribute the observed differences in biomechanical properties 

[41-42].   Another important observation is the cardiomyocytes in the neonatal LV tissues were 

much more immature than the heart muscle fibers of the adult LV both in cellular phenotype and 

cellular microstructural organization. The heart muscle fibers in neonatal LV showed muscle 

fiber had a loose packing, less aligned, and more locally wavy morphology, while the heart 

muscle fibers in the adult LV exhibited aligned and tight packing muscle fiber and distinguishing 

muscle bundle morphology [43-46]. The histological images also showed that more 

proteoglycans (blue staining) were associated with the immature heart muscle fibers. When 

compared with the adult LV tissues, all those cellular, ECM, and microstructural differences in 

the neonatal LV tissues might contribute to the observed differences in dynamic viscoelastic 

properties.   

 Lastly, we have developed a tissue preparation and imaging protocol that was able to 

capture 3D ECM fiber orientation and alignment for both the neonatal and adult heart muscles. 

We designed a decellularization procedure before tissue clearance in order to focus on imaging 

only the 3D ECM structure by removing the cellular content physically [47-50]. The pin-frame 

method was used with an intention to prevent ECM scaffold collapse after decellularization. We 

found that the pin-frame method was able to prevent collapse along length and width of the 

mounted sample but failed to prevent the collapse along the thickness. This pitfall was the reason 

why we visualized a dense ECM network, primarily collagen fibers, in both the acellular 

neonatal LV and adult LV tissues.  Future study will use the native tissues of neonatal LV and 

adult LV, and subject the samples directly to tissue clearance. With the cellular content being 

preserved, the light sheet imaging will capture both the heart muscle fibers and the ECM 

network. If the autofluorescence of heart muscle fibers and the autofluorescence of the ECM 
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network overlap to each other, we will identify specific fluorescent staining for collagen 

network, so as to distinguish the collagen morphology from the heart muscle fibers.  
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