
 

 
 
 

 
 
 
 
 
 
 

 















 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 





 











 
Figure 1.1. An embryonic-inspired approach to engineer functional human cardiac tissue. 
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Figure 2.1. Multiscale hierarchical structure of the myocardium. 
 Adapted from Jallerat et al.8 



 

 
Figure 2.2. Stages of cardiac morphogenesis.  
 (a) Schematic of the main stages in the mouse model. (b) Diagram of signaling molecules involved in 
regulating each cell population. Adapted from Xin et. al.34 



Days of 
embryonic 

development 
Cardiac crescent Heart tube Heart looping 

Chamber 
septation 

Fully formed 
myocardium 

Mouse34 7.5 8 8.5 10.5 14.5 

Human35 15 20 24 35 64 

Chick36 1 1.5 2.5 5 8 

Table 2.1. Comparison of the timeline for the major phases of cardiac morphogenesis in mouse, human, 
and chick. 



 

 
Figure 2.3. Formation of the myocardium. 
 (A) Trabeculation by CM proliferation at day 3.5 in the chick. (B) Vascularization of the compact layer and 
compaction of the trabeculae at day 6. (C) Fully formed myocardium in the fetus (day 10). SEM images are 
from the left ventricles of human embryos at matching stages (6 weeks, 12 weeks, fetus respectively) 
adapted from Sedmera et al.37. H&E and schematics are from Sedmera et al.14 



 
Figure 2.4. Composition of the cardiac ECM during development and in adult. 
 (A) Relative weight of the ECM in the rat heart at different stages, measured using mass spectrometry 
and adapted from Williams et al.20  (B) Relative composition of the ECM at different locations 
(Epicardium, Myocardium, Endocardium) at stages E12.5, 14.5, 16.5 and two day postnatal (P2) in 
mouse, measured as the intensity of immunohistochemistry signal adapted from Hanson et al.41 
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Figure 3.1. Dissection and imaging of the left ventricle of 5 day-old chick embryos. 
 Day 5 embryos (stage HH 28) are selected and the hearts dissected. The atria are removed and the left 
ventricle opened from the back of the heart. By removing the rear of the right ventricle and making an 
incision at the apex of the left ventricle, the left ventricle can be flattened for easier imaging (B, C). After 
staining for nuclei (blue), actin (cyan), LAM (green), and FN (red), a + mark is bleached in the outflow 
track and a tiled z-stack is acquired (D). I can then keep track of the location of high resolution 3D z-
stacks (white square) relative to the actin structure (E) and the ECM (F). Scale bars = 300 µm.  
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Figure 3.2. Characterization of the ECM using Imaris and Matlab. 
3D images of the ECM are deconvolved then segmented using the “surface” tool in Imaris following a 
local contrast threshold algorithm. Left column: for LAM and FN, the “Distance to Surface” Xtension 
creates a new channel with voxel values equal to the distance to the closest ECM surface. Using the 
“surface” tool one more time, the local maxima of the “distance to ECM” channel are identified and can 
be used to characterize the spacing of the ECM in 3D. Right column: FN “surfaces” are used to mask the 
FN signal. Then the “Filament” tool of Imaris is used to segment the FN fibers and measure their 
diameter, length, and orientation angle. 



 

 



 
Figure 3.3. Imaging of a whole heart of a 5 day old chick embryos using refractive-index matching with 
BABB.   
 (A) 3D rendering of the heart stained for nuclei (blue), F-actin (red), and FN (green). Scale is in µm. (B) A 
single slice and two cross-sections of the heart in the planes marked by yellow doted lines show the 
different chambers and the trabeculation of the myocardium at this stage (marked by *). Scale bar is 200 
µm. RV = Right Ventricle, LV = Left Ventricle, OT = Outflow Track, LA = Left Atrium. 



 





 
Figure 3.4. Effect of refractive-index matching on nuclear morphology. 
 The left ventricles of 7 day old chick embryos were imaged before clearing while mounted in PBS (A), and 
after clearing mounted in BABB (B). Representative objects created by segmenting the nuclei signal show 
the visible difference between the nuclei before (C), and after (D) respectively. The histograms of the 
nuclei volume (E) and aspect ratio (F) reveal that clearing results in a 3-fold decrease in volume, while the 
nuclei become slightly more elongated. For (E), nbefore= 3567 and nafter= 11783. For (F), nbefore= 1703 and 
nafter= 255. All data comes from n=4 samples. 



 





 
Figure 3.5. Vascularization of the myocardium between day 5 and day 9 of development.  
Maximum intensity projections of 3D image z-stacks of chick embryonic left ventricles at different stages 
reveal the formation of the capillary network. (A) At day 5, actin staining show the poor alignment of CM 
cytoskeleton. (B) Thin FN fibers are regularly located between CMs, following the main direction of 
alignment. (C) At day 7, the actin cytoskeleton shows distinct striations, which are a mark of well 
organized myofibrils. (D) Large, tubular FN structures (stars) are evidence of the preliminary capillary 
lumens. (E) At day 9, CM are very well aligned with distinct sarcomeres seen in regular actin striations. 
(F) FN staining reveals a full network of capillaries. (G) A close-up of day 9 myocardium shows the nuclei 
of endothelial cells (white arrows). (H) Circular lumens are visible in a cross-section. Scale bars = 20 µm 
(A-F) and 10 µm (G,H).  
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Figure 3.6. Spatial expression of laminin, FN, and collagen type IV in the left ventricle of 5 day – old chick 
embryos.  
Hearts of 5-day old chick embryos were dissected, fixed, and stained for nuclei (blue), actin(red) and 
either α-actinin, LAM, FN, or COL1 (green). (a-d) Cross-sections of 3D z-stacks with black arrowheads 
marking the location of each slice for (e-h), (i-l), and (m-p) from top to bottom. Scale bars = 10 µm. (e-p) 
Single slices of 3D z-stacks with scale bars = 20 µm.  
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Figure 3.7. 
Colocalization of FN 
and Laminin in the 
myocardium in the 
left ventricle of 5 day 
old chick embryos  
Cross-section of a 3D 
image with black 
arrows marking the 
location of several 
images. Each row 
shows deeper slices of 
the tissue stained for 
the nuclei (blue), F-
actin (cyan), LAM 
(green), and FN (red). 
The left column shows 
the merged images 
with all the signals, 
the middle only LAM 
and FN. The right 
column contains 
images of enlarged 
areas of the FN and 
LAM matrices 
indicated by dotted 
cyan squares in the 
middle column.  
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Small 
(< 10 µm3) 

Medium 
(≥10 & < 100 µm3) 

Large 
(≥ 100 µm3) 

FN (n = 11) 0.34±0.09 0.5±0.08 0.16±0.13 

LAM (n = 6) 0.77±0.11 0.23±0.11  

Table 3.1. Distribution of the volume of ECM elements. 



Figure 3.8.  Quantitative characterization of laminin and fibronectin volume distribution.  
 (A) 3D representation of the FN and LAM elements segmented using Imaris are sorted into three 
categories based on their volume (elements in the representative z-stacks are highlighted in yellow when 
they match the category). (B) Bar chart of the fraction of total volume that small, medium, large 
elements represent. Bars = mean ± standard deviation. * = p<0.01 based on t-test. Data from 11 and 6 
samples was gathered for FN and LAM respectively. The total number of ECM elements is 3534 for FN, 
1613 for LAM.  



 
Figure 3.9. Characterization of ECM spacing in 3D.  
 (A) The ECM signal is used to calculate the “distance to ECM”, a new channel where the intensity of each 
voxel is equal to the shortest distance to the ECM in µm. The local maxima of the “distance to ECM” is a 
simple way to describe spacing in 3D. Scale bars = 4 µm. (B) Histograms of distance to FN and LAM, where 
the bars are mean + standard deviation for this bin across all samples. 



 
Figure 3.10. Structural characterization of the fibronectin fibers. 
 (A) Histogram of fiber diameter across all samples. (B) Histogram of fiber length, which is defined as the 
length of segments between two intersections. (C) Histogram of fiber orientation angle, for fibers with 
length > 1µm. The fibers are centered on the main direction of myofiber orientation (green line) at 90°. n 
= 92160 for (A.B), 28968 for (C). 



 Laminin Fibronectin 

Volume of 
ECM bundles 

75% S 
25% M 

35% S 
50% M 
15% L 

Spacing 4 µm 3 µm 

Diameter  0.5 µm 

Length  0.9 µm 

Orientation  myofiber ± 50° 

Table 3.2. Design criteria for biomimetic ECM scaffolds 
based on the study of the embryonic myocardium. 



 



 

 

 



Approach Composition Reference 

Biowire 2.1 mg/mL Collagen I + 10% Matrigel 86 

Cardiac patch 2 mg/mL Fibrin + 10% Matrigel 88,90–92 

Engineered Heart Tissue 
0.45-0.95 mg/mL Collagen I + 5-15% Matrigel 93–95 

5 mg/mL fibrin + 10% Matrigel 96–98 

Table 4.1. Hydrogel composition used to build 3D functional cardiac tissue using established techniques. 







 

 



 

 
Figure 4.1.  Micropatterning ECM cues onto hydrogel scaffolds. 
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Figure 4.2. Calculation of the orientational order parameter. 
 First, a maximum intensity projection is created from 3D confocal images of the actin cytoskeleton. 
Then, I use Matlab to calculate local orientation vectors based on intensity gradient. Finally, the 
orientational order parameter is obtained by determining the maximal eigenvalue of the tensor T. 
Adapted from Grosberg et al.106 
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Substrate Line Width (µm) P<0.05 vs. PIPAAm 

Before:   

PIPAAm 20.6 ± 0.7  

After:   

Fibrin 2 mg/mL 19.3 ± 1.5 Yes 

Fibrin 2 mg/mL + Matrigel 19.7 ± 0.8 Yes 

Fibrin 20 mg/mL 20.2 ± 0.4 Yes 

Fibrin 20 mg/mL + Matrigel 19.0 ± 1.3 No 

Collagen I 1.5 mg/mL 19.8 ± 1.0 Yes 

Collagen I 1.5 mg/mL + Matrigel 19.9 ± 0.6 Yes 

Collagen I 6 mg/mL 19.5 ± 1.2 Yes 

Collagen I 6 mg/mL + Matrigel 19.6 ± 0.9 Yes 

Table 4.3. Line width of fibronectin lines before and after transfer to different substrates 
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Figure 4.3. Fidelity of Pattern Transfer. 
 (A) 20 µm wide FN lines (green) with 20 µm spacing were µCP on PIPAAm-coated coverslips. Confocal 
images of the fluorescently conjugated protein show that the lines were well preserved after transfer on 
hydrogels composed of fibrin (2 and 20 mg/mL), COL1 (1.5 and 6 mg/mL), with or without the addition of 
Matrigel (1 mg/mL). Scale bars = 50 µm. (B) Histogram (mean + standard deviation) of FN line width 
before and after transfer. * = p<0.05 vs. PIPAAm. n = 180 for PIPAAm, n = 27 for all other substrates. 
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  Collagen I Fibrin PDMS 

mg/mL 1.5 3 4.5 6 2 10 20  

M
at

ri
ge

l 0 0.62±0.21 0.65±0.18 0.63±0.07 0.75±0.1 0.46±0.18 0.41±0.14 0.46±0.14 0.92±0.02 

1 0.32±0.13 0.41±0.2 0.37±0.17 0.43±0.13 0.24±0.14 0.34±0.17 0.3±0.15  

Table 4.4. Orientational order parameter (mean ± standard deviation) of chick CMs on different substrates.  
 Best composition framed in red. 



 
Figure 4.4. Chick primary CMs align on micropatterned ECM scaffolds.  
 (A) Grid of confocal fluorescence images of chick cells after 4 days of culture on hydrogels of different 
compositions and on PDMS, stained for nuclei (blue), actin (green), α-actinin (red). Scale bars = 50 µm. 
(B) Histograms (mean + standard deviation) of the orientational order parameter of the actin 
cytoskeleton on each substrate. * = p<0.05 vs. Matrigel, # = p<0.05 vs. PDMS. n≥5. 



 



 
Figure 4.5. Remodeling of the fibronectin lines after culture.  
 Confocal images of chick primary CMs grown for 4 days on hydrogels patterned with 20x20 FN lines. 
Samples were stained for nuclei (blue), actin (red), FN (green). (A) FN + Matrigel hydrogels only show 
small fibers left of the original 20x20 lines (white arrows). Fibrin hydrogels preserved the pattern but 
show no alignment. (B) The FN lines are present on all collagen I-based hydrogels although there is no 
alignment on COL1 + Matrigel. (C) PDMS controls promote great alignment. Scale bars = 20 µm. 





 



 

 

 











 

 

  



 
Figure 5.1. Stem cell differentiation, purification, and conditioning. 
 (A) Timeline of stem cell culture and differentiation. E8 (blue) = Essential 8; CDM3 (green) = Chemically 
Defined Medium with 3 components; TZV = addition of 2 µM of thiazovivin to the medium. CDM3L 
(purple) = CDM3 without glucose and with sodium DL-lactate; RPMI/B27 (orange) = RPMI 1640 Medium 
without Insulin + B27 supplements; FBS = addition of 10% Fetal Bovine Serum to the medium. The total 
process takes 28 days. (B) Image of purified HES3-derived CMs grown for 4 days on COL1 hydrogel 
stained for nuclei (blue), actin (red), α-actinin (green). Scale bar = 10 µm.  
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Figure 5.2. Measuring contractile forces using the muscular thin film assay.  
 (A) Schematic of the MTF assay. A bi-layer thin film made of a contractile cell sheet and elastomeric 
substrate bends when the cells contract. The radius of curvature can be estimated by measuring the 
projection X when imaging the MTF from above, then used to calculate cell-generated stresses. (B) 
Schematic of the setup used in this dissertation. COL1 hydrogels patterned with FN lines were cut to 
rectangles then seeded with human CMs. After culture, stresses were measured under field stimulation 
at different rates. 



 

α

 





 

 

 



∈



 
Figure 5.3. Alignment of human cardiomyocytes on collagen I hydrogels micropatterned with fibronectin 
lines. 
 (A) Illustration of the decrease of OOP with increasing distance from FN pattern. 1 µm above the FN 
pattern, the actin cytoskeleton is well aligned with OOP = 0.69 and a sharp peak in the histogram of actin 
orientation angles centered on the FN lines (green line). As we look deeper into the tissue and reach 4 µm 
from the FN lines, OOP decreases to 0.4. Scale bars are 50 µm. (B) Graph of OOP as a function of distance 
from the FN pattern, shown for each sample, with experiment color code. There is great overall 
variability but small variability within each experiment. For example, all samples from experiment 1 have 
OOP > 0.6 and all samples from experiment 5 have OOP < 0.5. N = 23.   





 

Date Thickness (µm) Young’s modulus (kPa) 

1/15/2016 - 279.4 ± 70.2 

1/29/2016 21.9 ± 1.4 253.9 ± 59.1 

2/1/2016 19.6 ± 2.2 284.5 ± 88.3 

2/6/2016 23.0 ± 2.3 299.9 ± 92.4 

Table 5.1. Young’s modulus and thickness of collagen I hydrogels made on different days.  



Figure 5.4. Young’s modulus and thickness of COL1 hydrogels.  
(A) Dot plot of the Young’s Modulus measured using the AFM. Each dot is a different measure; measures 
from the same day with the same color are from the same sample. The mean of each batch is indicated 
with a black line while the overall mean is the red dotted line. (B) Dot plot of COL1 thickness.  At least 
two samples per batch were assessed for (A, B) and three measures per sample. 

Sample 1 Hz 2 Hz 3 Hz 4 Hz 

1 27.1 28.3 25.6 21.1 
2 6.9 6.7 6.7 6.1 

3 2.6 2.5 2.9 3.5 
4 17.6 17.9 18.7 19.9 
5 16.9 15.7 16.4 17.3 

Table 5.2. Twitch stress of cardiac MTF under stimulation (kPa). 





 
Figure 5.5. Contractile force generation by cardiac sheets under field stimulation. 
 (A) Still frames of a sheet of CMs seeded on a FN-patterned COL1 hydrogel at 0s, 0.2, and 0.4 s of 
contraction, paced at 1 Hz.   Scale bars = 1 mm. (B) Graphs of stress vs. time for the sample in (A) at 1, 2, 
3, and 4 Hz. (C) Graph of twitch stress (Peak minus relaxed stress) showing mean ± standard deviation 
for n=5 samples stimulated at 1 to 4 Hz.  



 



 
Figure 5.6. Creation of multilayered cardiac constructs.  
 Individual cardiac sheets can be stacked one by one to reach four.  (A) and (B) show the FN in parallel 
and orthogonal stacks respectively. (C) Cells in a parallel stack show poor alignment on the top layer. (F) 
FN lines patterned on both sides of the hydrogel do not improve alignment. Scale bars = 20 µm for all 
cross-sections, 50 µm for all other images. 



 



Figure 5.7. Stimulated contraction of two-layer cardiac constructs.  
 (A) Graph of the stresses generated during contraction of a double layer construct under different 
stimulation rates. (B) Dark field images show the amplitude of the contraction. At 1Hz, the contraction 
between 0 s and 0.23 s is seen by comparing to the yellow dotted outline (sample at 0s). Scale bars = 1 
mm. 
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% actinDetectMulti_slice_by_slice_QJ 

 

% This script analyzes z-stacks from samples stained for F-actin and α-actinin. It detects the 

orientation of the actin cytoskeleton in each slice of each z-stack. 

% It filters the results based on the α-actinin signal (i.e orientation of all cells or 

orientation of cardiomyocytes only). 

% NB: this code does not calculate any averages for the whole sample. It 

% enables the observation of all the data. 

 

% It exports everything to a .mat file which contains all the 

% not-aggregated data. .mat files for several experiments can be 

% concatenated and transformed to a Pivot Table in excel to sort the data 

% interactively 

 

% Arguments: list of image files (Zeiss format .lsm), the channel number 

% for actin and α-actinin 

 

% Returns:  For each single slice - actin orientation angles mode, mean, standard 

%           deviation, median, percent actin area, percent α-actinin area, 

%           orientational order parameter 

% 

 

% Required functions: 

% max_projections.m 

% actinDetectTest.m 

% actinDetectSlice.m 

% OOP.m 

% descriptive_stats.m 

% mask_actinin.m 

% and all functions from Fingerprint Detection algorithm (Peter Kovesi) 

 

% Created by Quentin Jallerat 

% Regenerative Biomaterials & Therapeutics Group 

% Department of Biomedical Engineering 

% Carnegie Mellon University 

 

% Updated March 2016 by Quentin Jallerat 

ExpInfo = inputdlg({'Number of samples:','Experiment title:','actin layer number:', 'α-actinin 

layer number:'},'Input',1,{'1','actin alignment','2','3'}); 

Nb_of_samples = str2num(ExpInfo{1}); 

actinLayerNumber = str2num(ExpInfo{3}); 

actininLayerNumber = str2num(ExpInfo{4}); 

 

 

 

%exp_title = ['E:\Dropbox(RBG)\Cardiac Tissue Engineering\Image Processing\MATLAB\DATA\' 

ExpInfo{2}]; 

exp_title = ExpInfo{2}; 



 

%Prepare data structure : save all stats in one file with one array for 

%each slices and one for the whole sample. Within this array, we need to 

%split into two tables that can be used as Pivot Tables in Excel: one will 

%contain the filename of the image, the experiment, sample, position, slice 

%it belongs to and the other will have filename and all the measured stats 

%n alignment. Another file will contain a huge array of all the angles 

%measured. 

 

%cell(samples, Field of view FOV, Slices, Stats) 

% 6 , 7, 8 are picked to be >= max 

Slices_stats = cell(Nb_of_samples, 6 , 7 , 8); 

Slices_names = cell(Nb_of_samples, 6, 7); 

Samples_stats = cell(Nb_of_samples, 8); 

Samples_names = cell(1,Nb_of_samples); 

 

channel = str2num(ExpInfo{3}); % actinLayerNumber 

info = {}; 

rootfolder = 'D:\Dropbox (RBG)\Cardiac Tissue Engineering\Experiments\'; 

for spl=1:Nb_of_samples 

    message = sprintf('Select files for sample %i',spl); 

    

[file,path]=uigetfile({'*.*';'*.lsm';'*.TIF';'*.tif';'*.bmp';'*.jpg'},message,rootfolder,'Multise

lect','on'); 

    file_list{spl,1}=path; 

    rootfolder = path; 

    file_list{spl,2}= file; 

    sample = file{1}; 

    disp(sample(1:10)); 

end 

tic; 

for spl=1:Nb_of_samples 

 

    sample = file_list{spl,2}; 

    if ~isa(sample,'char') 

        Nb_of_FOV = int32(length(sample)); 

    else 

        Nb_of_FOV = 1; 

    end 

    sample 

 

    TotalArea_cm = 0; 

 



    % Loop over each image for sample #i 

    for fov = 1:Nb_of_FOV 

        % Initialize file names 

        if Nb_of_FOV == 1 

            stack_name = sample(:); 

            image_file = [file_list{spl,1} sample]; 

        else 

            stack_name = sample{fov}; 

            sample_name = [exp_title '_' stack_name(1:12)]; 

            image_file = [file_list{spl,1} sample{fov}]; 

        end 

 

 

        % Open the image file using OpenMicroscopyEnvironment Bioformats 

        % which provide standardized methods to access the data for all 

        % file formats. 

        lsm = bfopen(image_file); 

 

        % Load metadata 

        info = lsm{1,4};  % Load OME metadata 

        PixelSize = str2double(info.getPixelsPhysicalSizeX(0)); 

        Width = int32(str2double(info.getPixelsSizeX(0))); 

        % Define blksze (should be 3/pixelsize based on recommendation) 

        blksze = floor(3/PixelSize); 

        %fprintf('Image resolution: %5.5f px/µm\n\n', 1/PixelSize); 

 

        % Get actin z-stack 

        ChannelCount = info.getChannelCount(0); 

        [PlaneCount,~] = size(lsm{1,1}); % PlaneCount = z-slice x channels in bioformat metadata 

structure 

        Nb_of_Slices = int32(PlaneCount/ChannelCount); 

        %[Width,Height] = size(image{1,1}); 

 

  MIP = max_projection(lsm{1,1}(:,1),info, [ actinLayerNumber, actininLayerNumber 

]); 

 

        % To make sure the threshold used to segment the actinin and actin 

        % signal is the same for each slice of a z-stack, we will set 1 

        % pixel in each slice to the max intensity for this channel 

        % Genius idea from Ivan Batalov 

 

        maxActinPx = max(max(MIP(:,:,1))); 

        maxSarcomerePx = max(max(MIP(:,:,2))); 

 

        % Allocate memory for All_angles once for each sample 

        if ~exist('Slice_angles','var') 

            Slice_angles = zeros(Width*Width,Nb_of_FOV,Nb_of_Slices); 

 

        end 

 

        % Set threshold for actin for all the samples 



        if ~exist('thresh','var') 

            thresh = actinDetectTest(lsm{1,1}{actinLayerNumber + 

2*ChannelCount,1},blksze,PixelSize); 

        end 

        for s = 1:Nb_of_Slices 

 

            % Here we mask the actin and actinin signal. The masks are 

            % transformed / eroded/dilated to represent the actual coverage 

            % of cardiomyocytes   /  code by Ivan Batalov 

            actin = lsm{1,1}{actinLayerNumber + (s - 1)*ChannelCount,1}; 

            sarcomeres = lsm{1,1}{actininLayerNumber + (s - 1)*ChannelCount,1}; 

 

            if ~isa(sarcomeres, 'double') 

                sarcomeres = double(sarcomeres); 

                actin = double(actin); 

            end 

 

            actin(1,1) = maxActinPx; 

            sarcomeres(1,1) = maxSarcomerePx; 

 

            [imSizeX,imSizeY] = size(sarcomeres); 

 

            threshold = (0.1*max(sarcomeres(:))+0.9*min(sarcomeres(:))); 

            actinThreshold = (0.05*max(actin(:))+0.95*min(actin(:))); 

            d = floor(1.5*blksze); 

 

            sarcomereMask = bwmorph(sarcomeres > threshold, 'open'); 

            actinMask = bwmorph(actin > actinThreshold, 'open'); 

            sarcomeres_border = bwmorph(sarcomereMask, 'remove'); 

            actin_border = bwmorph(actinMask, 'remove'); 

 

            disk = strel('disk', d, 0); 

            sarcomereMask = sarcomereMask | imdilate(sarcomeres_border, disk); 

            actinMask = actinMask | imdilate(actin_border, disk); 

 

            % erode 60%, because cells' area is higher than sarcomere coverage 

            sarcomereMask = bwmorph(sarcomereMask,'erode',floor(d*0.6)); 

            actinMask = bwmorph(actinMask,'erode',floor(d*0.6)); 

            actinMask = actinMask | sarcomereMask; % expand actin mask to include sarcomere mask 

            ActinAreaFraction = nnz(actinMask)/((imSizeX-20)*(imSizeY-20)); 

            ActininAreaFraction = nnz(sarcomereMask)/((imSizeX-20)*(imSizeY-20)); 

            [~ , orientation] = actinDetectSlice(actin,blksze,thresh,Width,sarcomereMask); 

 

            if ActininAreaFraction > 0 

 

                % Keep non-zero values only 

                nonzero_orientation = orientation(orientation ~=0); 

 

                % Get descriptive stats 



                [Mean, Std, Median, ~, Mode] = descriptive_stats(nonzero_orientation,180); 

                ActinAreaFraction = length(nonzero_orientation)/((Width-20)*(Width-20)); 

                OrientationOrderParameter = OOP(nonzero_orientation); 

 

                % store stats and names for all slices 

                slice_name = sprintf([stack_name(1:end-4) ' z=%i'],s); 

                Slices_stats(spl,fov,s,:) = {slice_name 

,ActinAreaFraction,Mean,Std,Median,Mode,OrientationOrderParameter,ActininAreaFraction}; 

                Slices_names(spl,fov,s) = {slice_name}; 

            else 

 

                % store stats and names for all slices 

                slice_name = sprintf([stack_name(1:end-4) ' z=%i'],s); 

                Slices_stats(spl,fov,s,:) = {slice_name ,0,0,0,0,0,0,0}; 

                Slices_names(spl,fov,s) = {slice_name}; 

            end 

 

            % Gather angles 

            Slice_angles(:,fov,s) = orientation; 

 

            end 

    end 

 

 

%Flatten and remove null values from Slice_angles 

Slice_angles = Slice_angles(:); 

Slice_angles = Slice_angles(Slice_angles~=0); 

 

[Mean, Std, Median, ~, Mode] = descriptive_stats(Slice_angles,180); 

ActinAreaFraction = length(Slice_angles)/Nb_of_FOV/Nb_of_Slices/((Width-20)*(Width-20)); 

 

%angles here should be in radians, cause cos() and sin() functions are 

%used 

OrientationOrderParameter = OOP(Slice_angles); 

Samples_stats (spl,:) = 

{sample_name,ActinAreaFraction,Mean,Std,Median,Mode,OrientationOrderParameter,[]}; 

 

%Save all angles for the sample for record keeping 

save([sample_name '_angles.mat'],'Slice_angles'); 

Samples_names{spl}=sample_name; 

clear Slice_angles 

 

end 

save([exp_title '_stats.mat'],'Slices_stats', 'Samples_stats', 'Samples_names'); 

fclose('all'); 

clearvars thresh; 

toc; 
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function [ all_orientation , cm_orientation] = actinDetectSlice( 

actin,blksze,thresh,Size,sarcomereMask ) 

%actinDetectSlice returns the list of orientation angles for all cells and for cardiomyocytes 

only for a single image 

%   - Performs actinDetect on a single Slice and returns the list of non zero 

%       angles 

%   - If sarcomereMask exists, it also returns cm_orientation 

 

% Adapted from: 

% Peter Kovesi 

% School of Computer Science & Software Engineering 

% The University of Western Australia 

% pk at csse uwa edu au 

% http://www.csse.uwa.edu.au/~pk 

% January 2005 

 

        % Identify ridge-like regions and normalise image 

        % disp('Normalizing Image and Creating Mask' ) 

        [normim, mask] = ridgesegment(actin, blksze, thresh); 

        show(mask,2); 

        show(normim,1); 

 

        % Determine ridge orientations 

        % disp('Calculating Ridge Orientations' ) 

        [orientim, reliability] = ridgeorient(normim, 1, 3, 3); 

        plotridgeorient(orientim, 20, actin, 3) 

        show(reliability,4) 

 

        % Only keep orientation values with a reliability greater than 0.5 

        reliability_binary = reliability>0.5; 

 

        % Remove 10 pixel wide border where orientation values are not accurate 

        reliability_binary(:,1:1:10) = 0; 

        reliability_binary(1:1:10,:) = 0; 

        reliability_binary(:,Size-10:1:Size) = 0; 

        reliability_binary(Size-10:1:Size,:) = 0; 

 

        % Multiply orientation angles by the binary mask image to remove 

        % data where there are no cells 

        newmask = mask.*reliability_binary; 

        show(newmask,5) 

        orientim = orientim.*newmask; 

 

        % Get cm_orientation only if sarcomereMask exists 

        if ~isempty(sarcomereMask) 

            cm_mask = newmask.*sarcomereMask; 

            show(cm_mask,6) 

            cm_orientim = orientim.*cm_mask; 

            show(cm_orientim,7) 

        else 

            cm_orientim =[]; 

        end 

 



        % Convert 2D-array to 1D vector 

        all_orientation = orientim(:); 

        cm_orientation = cm_orientim(:); 

 

end 

function [ thresh ] = actinDetectTest( image ,blksze, PixelSizeX ) 

%actinDetectTest Choose parameters thresh for actinDetect 

%   Runs actinDetect on 1 slice to determine optimal parameters for 

%   analysis 

 

% Adapted from Adam W. Feinberg 

 

thresh = 0; 

 

% Identify ridge-like regions and normalise image 

   index = 0; 

   while index < 1; 

%      % Threshold of standard deviation to decide if a block is a ridge region 

       thresh = input('Enter Threshold (0.1 - 0.2): '); 

       disp('Normalizing Image and Creating Mask' ) 

       [normim, mask] = ridgesegment(image, blksze, thresh); 

       normim_fig=figure; 

       imshow(normim,[]); 

       mask_fig=figure; 

       imshow(mask,[]); 

 

       % Determine if normalization and mask look good, click on image to 

       % accept or press any key to enter new values 

       w = input('Accept Threshold (yes = 1, no = 0): '); 

       if w == 1 

           disp('Image threshold accepted' ) 

           index = 1; 

       else 

           disp('Re-analyze imaging...') 

       end 

 

   end 

 

   return 

 

end 
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function [ MIP ] = max_projection( image, info , channels) 

%max_projection Create a matrix with channels based on a maximum intensity projection of 

%image (OME format) along Z 

% info = metadata for the image 

% image = structure created when opening an image with Bioformats : bfopen(...){idx,1} 

% channels = [2,3]  to get only channels 2 and 3 

 

% Create 4-D Matrix 

    ChannelCount = info.getChannelCount(0); 

    PlaneCount = info.getPlaneCount(0)/ChannelCount; 

 [Height, Width] = size(image{1}); 

 

 MIP = zeros (Height,Width,PlaneCount,length(channels)); 

 % bioformats stores all the channels consecutively (C=1,Z=1),(C=2,Z=1) then (C=1,Z=2) 

 for plane = 1:PlaneCount 

  for j = 1:length(channels) 

   MIP(:,:,plane,j) = image{ChannelCount*(plane-1)+channels(j)}; 

  end 

 end 

 size(MIP) 

 

 % Z-project for each channel 

 MIP = squeeze(max(MIP,[],3)); 

 

    if ~isa(MIP, 'double'), 

        MIP=double(MIP); 

    end 

end 

function [ Mean, Std, Median, n, Mode ] = descriptive_stats( Angles, Nbins ) 

%descriptive_stats Returns mean, standard deviation, median, normalized histogram with Nbins bins 

and mode 

%   Angles need to be a column vector of values in radians 

 

% Convert radians to degrees 

if max(Angles)<= pi 

    Angles_deg = Angles / pi * 180; 

else Angles_deg = Angles; 

end 

 

% Calculate stats for entire sample 

 

Mean = mean(Angles_deg); 

Std = std(Angles_deg); 

Median = median(Angles_deg); 

 

% Create histogram 

[n,xout] = hist( Angles_deg , Nbins ); 
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dx = xout(2)-xout(1);                   % calc a single bin width 

n = n / sum( n*dx );                    % normalize histogram to have area of 1 

 

% Find mode 

[~,I] = max(n); 

Mode = xout(I); 

 

end 

function [ Orientational_order_parameter ] = OOP( nonzero_orientation ) 

% OOP calculate orientational order parameter of a matrix 

% 

%       Use this function to get orientational order parameter of actin stained 

%       images 

% 

% Inputs = nonzero_orientation (array of the nonzero orientation angles) 

%  which can be in rad or degrees 

% NB: cos and sin functions need radians 

% 

% Outputs = Orientational_order_parameter 

 

% Make sure the input is in radians 

if max(nonzero_orientation)>pi; 

    disp('Conversion to radians') 

    nonzero_orientation = deg2rad(nonzero_orientation); 

end 

 

%Tensor Method for Orientational Order Parameter 

%Calculate x and y components of each vector r 

Vectors(1,:) = cos(nonzero_orientation); 

Vectors(2,:) = sin(nonzero_orientation); 

 

%Calculate the Orientational Order Tensor for each r and the average 

%Orientational Order Tensor (OOT_Mean) 

for i=1:2 

    for j=1:2 

        OOT_All(i,j,:)=Vectors(i,:).*Vectors(j,:); 

        OOT_Mean(i,j) = mean(OOT_All(i,j,:)); 

    end 

end 

%Normalize the orientational Order Tensor (OOT), this is necessary to get the 

%order paramter in the range from 0 to 1 

OOT = 2.*OOT_Mean-eye(2); 

%Find the eigenvalues (orientational parameters) and 

%eigenvectors (directions) of the Orientational Order Tensor 

[~,orient_parameters]=eig(OOT); 

%orientational order parameters is the maximal eigenvalue, while the 

%direcotor is the corresponding eigenvector 

Orientational_order_parameter = max(max(orient_parameters)); 
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end 

%Script to create Pivot table from an array of stats from each slice across 

%many locations/samples/experiments 

 

% Requires cell2piv.m by Daniel Moran 

 

%load the .mat files created by actinDetectMulti_slice_by_slice 

%sequentially and rename them.... here 'HCM***' = name of experiments 

HCM23_stats=Slices_stats; 

HCM23_names=Samples_names; 

 

HCM29d_stats=Slices_stats; 

HCM29d_names=Samples_names; 

 

HCM30b_stats=Slices_stats; 

HCM30b_names=Samples_names; 

 

HCM33a_stats=Slices_stats; 

HCM33a_names=Samples_names; 

 

HCM34b_stats=Slices_stats; 

HCM34b_names=Samples_names; 

 

HCM35b_stats=Slices_stats; 

HCM35b_names=Samples_names; 

number_of_experiment = 6; 

HCM_stats = cell(number_of_experiment,8,6,7,8); 

for spl = 1:size(HCM23_stats,1) 

    for FOV = 1:6 

        for z = 1:7 

            HCM_stats(1,spl,FOV,z,:)=HCM23_stats(spl,FOV,z,:); 

        end 

    end 

end 

 

for spl = 1:size(HCM29d_stats,1) 

    for FOV = 1:6 

        for z = 1:7 

            HCM_stats(2,spl,FOV,z,:)=HCM29d_stats(spl,FOV,z,:); 
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        end 

    end 

end 

 

for spl = 1:size(HCM33a_stats,1) 

    for FOV = 1:6 

        for z = 1:7 

            HCM_stats(4,spl,FOV,z,:)=HCM33a_stats(spl,FOV,z,:); 

        end 

    end 

end 

 

for spl = 1:size(HCM30b_stats,1) 

    for FOV = 1:6 

        for z = 1:7 

            HCM_stats(3,spl,FOV,z,:)=HCM30b_stats(spl,FOV,z,:); 

        end 

    end 

end 

 

for spl = 1:size(HCM34b_stats,1) 

    for FOV = 1:6 

        for z = 1:7 

            HCM_stats(5,spl,FOV,z,:)=HCM34b_stats(spl,FOV,z,:); 

        end 

    end 

end 

 

for spl = 1:size(HCM35b_stats,1) 

    for FOV = 1:6 

        for z = 1:7 

            HCM_stats(6,spl,FOV,z,:)=HCM35b_stats(spl,FOV,z,:); 

        end 

    end 

end 

HCM_stats_pivot = cell2piv( HCM_stats, 

{'HCM23','HCM29d','HCM30b','HCM33a','HCM34b','HCM35b'},1:8,1:6,1:7,... 

    {'slice_name' 

,'PercentActinArea','Mean','Std','Median','Mode','OrientationOrderParameter','CM_coverage'},... 

    {'Experiment','Sample','FOV','Z','Stats'}); 

 

% Remove empty rows 

HCM_stats_pivot(all(cellfun('isempty',HCM_stats_pivot(:,6)),2),:) = []; 



for i = 1:size(HCM_stats_pivot,1) 

    sample_number = str2double(HCM_stats_pivot{i,2}); 

    if ~isnan(sample_number) 

    switch HCM_stats_pivot{i,1} 

        case 'HCM23' 

            HCM_stats_pivot{i,2}=HCM23_names{sample_number}; 

 

        case 'HCM29d' 

            HCM_stats_pivot{i,2}=HCM29d_names{sample_number}; 

 

        case 'HCM30b' 

            HCM_stats_pivot{i,2}=HCM30b_names{sample_number}; 

 

        case 'HCM33a' 

            HCM_stats_pivot{i,2}=HCM33a_names{sample_number}; 

 

        case 'HCM34b' 

            HCM_stats_pivot{i,2}=HCM34b_names{sample_number}; 

 

        case 'HCM35b' 

            HCM_stats_pivot{i,2}=HCM35b_names{sample_number}; 

    end 

    end 

end 

save HCM_stats_pivot.mat 

 

xlswrite('HCM Pivot.xlsx',HCM_stats_pivot,'TableStats','A1'); 
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