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Supplementary Movies

B supp-1.mp4a

Movie 1.

Cranium morph including size

Cranium morph between the mean WT and Dp1Tyb shapes, where size has not been
regressed out. Red and Blue colour change indicate expansion and contraction respectively

as a percentage. Derived from landmark-free analysis.

B supp-2.mp4a

Movie 2.

Mandible morph including size

Mandible morph between the mean WT and Dp1Tyb shapes, where size has not been
regressed out. Red and Blue colour change indicate expansion and contraction respectively

as a percentage. Derived from landmark-free analysis.
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Development: doi:10.1242/dev.188631: Supplementary information

B supp-3.mp4

Movie 3.

Cranial morph displacement heatmap

Cranial morph between the mean WT and Dp1Tyb shapes, where size has been regressed
out. Red colour change indicates the magnitude of displacement in mm. Derived from

landmark-free analysis.

B Mand Dis

Movie 4.

Mandible morph displacement heatmap

Mandible morph between the mean WT and Dp1Tyb shapes, where size has been regressed
out. Red colour change indicates the magnitude of displacement in mm. Derived from

landmark-free analysis.

[
o
)

©

£
=
'2
£

o)

1

©
i)

C

()

S
Q

Q

Q

=)
(9]

(]
=

C

Q

£

Q
o

()

>

()
o


http://movie.biologists.com/video/10.1242/dev.188631/video-3
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B Mand exag

Movie 5.

Exaggerated Mandible Morph

Mandible morph between the mean WT and Dp1Tyb shapes, where size has been regressed
out and the magnitude of the deformation has been exaggerated by a factor of 3 and so is not

colour-coded. Derived from landmark-free analysis.

B supp-6.mpa

Movie 6.

Cranial Interior morph including size stretch heatmap

Cranial morph, showing the interior of the skull, between the mean WT and Dp1Tyb shapes,
where size has not been regressed out. Red and Blue colour change indicate expansion and

contraction respectively as a percentage. Derived from landmark-free analysis.
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B supp-7.mpa

00:00 |

Movie 7.

Cranial Interior morph stretch heatmap

Cranial morph, showing the interior of the skull, between the mean WT and Dp1Tyb shapes,
where size has been regressed out. Red and Blue colour change indicate expansion and

contraction respectively as a percentage. Derived from landmark-free analysis.

supp-8.mp4

Movie 8.
Cranial mesh points stretch heatmap

Landmark-free-derived heatmap of cranium local stretch with no scaling. The mesh is
represented here as all the points of the mesh rather than a rendered surface. Red and Blue
colour change indicate expansion and contraction respectively. Downloading and viewing in

a paused video by moving the slider is recommended.
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B Mand str

Movie 9.

Mandible morph stretch heatmap

Mandible morph between the mean WT and Dp1Tyb shapes, where size has been regressed
out. Red and Blue colour change indicate expansion and contraction respectively as a

percentage. Derived from landmark-free analysis.

o] supp-10.mp4

Movie 10.

Cranial morph stretch heatmap

Cranial morph between the mean WT and Dp1Tyb shapes, where size has been regressed
out. Red and Blue colour change indicate expansion and contraction respectively as a

percentage. Derived from landmark-free analysis.
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Supplementary Figures

Figure S1.

Location of landmarks used in landmark-based morphometric analysis. A-E Anatomic
locations of landmarks shown on a 3D digitized image of a uCT scan as previously defined 2.
68 cranial landmarks are shown on lateral (A), superior (B), and inferior (C) views of the
cranium. 17 mandibular landmarks are shown on lingual (D) or buccal (E) views of the
mandible.

Figure S2.
Planar view of mouse head captured by pCT. A Image pre-processing. B Image post-

processing. Yellow arrow indicates cartilaginous element (nasal turbinate).

C
o
)
@©
£
fu
qg
£
)
|
©
-
C
Q
£
Q
Q
o
=)
(s}
(]
-
C
O
£
Qo
ke
()
>
(O]
o




Development: doi:10.1242/dev.188631: Supplementary information

0.6

0.4

density
Sample

0.2

0.0

0.1 0.2 0.3 04 0.5 2 0 2
Vector Magnitude Theoretical

Figure S3.

Tests for overfitting show normally distributed data. A. Density plot and B. Q-Q plot show
normally distributed data. Tests for normality conducted: Shapiro-Wilk (p = 0.1587) and
Lilliefors (Kolmogorov-Smirnov) (p = 0.258).

Displacement (mm)

Figure S4.
Landmark-free displacement heat map with no scaling.

Without scaling, displacement changes are localised to the extremities.
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A. Quantification of sex-related shape variation by method

i) CVA Plot for Sex i) Bland Altmann Plot for Automated iii) Proportion of Variance due to Sex by Method
Methods for CV by Sex
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B. Morphs and heatmaps for sex-related shape differences for each method
i) Manual Landmarks (GM) ii) Automated Landmarks (GM OPT)
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Figure S5. Validation of landmark-free morphometry in a sample of Diversity Outcross Mice
by quantification of sexual dimorphism. A. Canonical Variance Analysis by sex;

i) distributions of CV scores by method (unlike the DO group, these specimens are well-
separated into two distinct groups); ii) Bland-Altman plot for CV scores for sexual dimorphism.
Here, the deviations of each method from the manual landmarking-based estimated is plotted
against the manual landmarking estimate; iii) variance components for sexual dimorphism and
correlations among the CV scores across methods. B. 3D Morphs and heatmaps showing the
shape variation associated with sexual dimorphism as estimated by each method. i) GM =
manual landmark-based geometric morphometics; ii) GP OPT = automated landmark-based
geometric morphometics; iii) LF 2808 and iv) LF 560 = landmark-free method with 2808 or
560 control points respectively. “Min x2” and “Max x2” label the deformations corresponding
to the lower and higher ends of the heat map colour scales, exaggerated two-fold to more
easily visualise the shape differences.
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Supplementary Table
Mean (+SEM) Normalised .
Centroid Size (mm) Difference
WT DplTyb Absolute Percentage
Cranium 6.387+0.061 | 5.939+0.061 0.448 7.01%
Landmark-based
Mandible | 4.502+0.038 | 4.204+0.038 0.298 6.62%
Cranium 6.987+0.063 | 6.514+0.063 0.473 6.77%
Landmark-free -
Mandible | 4.025+0.041 | 3.768+0.041 0.257 6.39%

Table S1.
Comparison of normalised centroid sizes of crania and mandibles from WT and Dp1Tyb mice

determined using landmark-based or landmark-free methods.

Supplementary References
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Supplementary Materials and Methods

Landmark-free Morphometrics Pipeline Description
This Appendix is intended as an overview of the landmark-free pipeline for a relative non-
specialist. Detailed dcoumentation is embedded with the pipeline code published on GitLab at
https://gitlab.com/ntoussaint/landmark-free-morphometry. This Appendix is organised into five
sections as follows:

A. Pipeline Dependencies

B. uCT Pre-processing

C. Mesh Alignment

D. Atlas Construction

E. Shape Statistics

A. Pipeline dependencies and notes on initialisation

All packages and software listed below are required. The pipeline is written in Python and
C++ and requires a suitable environment to run both. We used the browser-based Jupyter
environment (https://jupyter.org/). Specific requirements for each segment of the pipeline
are listed at the appropriate page within the pipeline code but the complete list is as follows:

Absolutely required:

FSL - https://fsl.fmrib.ox.ac.uk/fsl/fslwiki (Image analysis tools)
Deformetrica - http://www.deformetrica.org/ (Atlasing tools)
Git - https://git-scm.com/ (Code version-control system)
ITK - https://itk.org/ (Segmentation and registration tools)
VTK - https://vtk.org/  (Visualisation tools)
CMake - https://cmake.org/ (For compiling ITK and VTK)
Python packages:

Matplotlib

Numpy

SimplelTK

Vtk

Pandas

Seaborn

Software we used but for which there may be similar alternatives:
Meshlab - http://www.meshlab.net/ (Mesh decimation)
Itksnap - http://www.itksnap.org/pmwiki/pmwiki.php (Image manipulation tool)
Paraview - https://www.paraview.org/ (Image visualisation tools)
Mitk - http://mitk.org/wiki/The Medical _Imaging_Interaction_Toolkit (MITK)
(Landmarking tool for coarse alignment)

The pipeline code is downloaded as landmark-free-morphometry-master.zip or ~.tar. After
decompressing the package and moving to its directory within the Terminal app (Apple, Linux
or equivalent in Windows). Jupyter is started using the command ipython notebook which
opens the pipeline in the default system Web browser. The pipeline is presented as a series
of virtual "pages" which contain "cells" (sections) of two types. One type defines a function,
the other applies those functions to the data. Cells can be run individually or as an automatic
sequence (see Jupyter documentation for details). An example of a function-defining cell is
below:
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Mesh extraction

mesh extraction from a binary image using Marching cubes and VTK

def extract mesh(parcellation_file, output _mesh_file, smooth_NIter=20, smooth relaxation=0.6):

Short ''' Extract a mesh from a binary image using vtk
deSCI'i tion Of The method uses Marching Cubes in order to extract a mesh outlining a binary segmentation image
p The mesh is then smoothed in order to avoid the pixelization effect
what the o : . :
. @arg parcellation_file: input binary image file
parthUIar cell @arg output_mesh file: output vtk mesh file
@arg smooth_NIter: number of iterations for the smoothing filter
does and the @arg smooth_relaxation: Relaxation factor for the smoothing filter
InpUtS’ €ret: output mesh_file
outputs and
adjustable import vtk
parameters- ## read the input binary image
reader = vtk.vtkMetaImageReader()
reader.SetFileName(parcellation_file)
reader.Update()
## perform marching cubes
H mc = vtk.vtkImageMarchingCubes()
BIaCk teXt IS mc.SetInputConnection (reader.GetOutputPort())
Code and mc.computeNomé?lsOff()
. mc.ComputeGradientsOff ()
teal teXt IS a mc.ComputeScalarsOn()
mc.SetValue(0, 0)
Comment on ## smooth the output mesh
smoother = vtk.vtkSmoothPolyDataFilter()
What the smoother.SetInputConnection(mc.GetOutputPort())
code does. smoother . SetNumberOfIterations(smooth NIter)
smoother.SetRelaxationFactor(smooth_relaxation)

smoother.FeatureEdgeSmoothingOff ()
smoother.BoundarySmoothingOn()

## write the output to file

writer = vtk.vtkPolyDataWriter()
writer.SetFileName(output_mesh_file)
writer.SetInputConnection(smoother.GetOutputPort())
writer.Write()

return output_mesh_file

B. uCT Pre-processing
This section describes the code used to extract and produce a mesh from an initial uCT image.
The following cells can be run with default values to define the required functions:
Binary Segmentation
- Defines functions used in the object extraction
Parcellation
- Defines functions required for parcellation of binary image
Mesh Extraction
- Defines function used in generating a mesh from a binary image
Mirror mesh file
- Defines function used to mirror the mesh file
Display help functions
- Defines functions used to display images within the notebook
Generic Imports
- Imports Numpy

Using ITK-Snap save uCT images in the NIFTI (.nii.gz) format.
The following five cells need to be edited to change parameters and filenames before running

(N.B. annotations describe the sections that can or need to be changed, along with a brief
description of inputs, outputs and function/s of the cell).
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Load data

Loads in the image file to be processed.

Defines current working
directory. Set the folder in
which outputs are stored.
This should not need to
be changed as the ‘data’
and ‘preprocessing’
folders are already within
the file along with the
scripts.

This tells the script where
to look for the file to be
processed. In this case
within the data folder.

Object extraction

working_directory = os.path.join(os.get , 'data', 'preprocessing')
input_image = os.path.join(o , 'data', 'uCT-1.nii.gz')
arr = display_imaggodd _image)

_=pl rr.flatten(), np.linspp€e(0,15000,10Q), density=True)

In this example uCT-1.nii.gz is
the initial uCT image to be
processed. This should be
replaced with the filename
desired.

The cell uses the functions defined in object_extraction to extract the object of interest from
the input image and apply morphological functions to remove any noise and close unwanted

holes.

Name of output file, a
binarized image.

pr——_, ' YCT-1_object.nii.gz'),

[9]: object_file = extract_major_object(input_image,
os.path.join(working_directory,.

closing_kernel=1,

[threshold=9000,
opening_kernel=0)

Adjustable parameters
Threshold — an appropriate
value should be selected to
extract the region of interest
from the original uCT image.
Closing_kernel and
opening_kernel - parameters
used to fill holes in the binary
image. If none is required set to
0

arr = display_image (object_f

Check output file using ITK-Snap to validate
successful extraction of the region of interest.
If the regions has been appropriately
binarized it should be saved as .mha file.
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Parcellation

This cell uses the functions defined in parcellation to ‘parcellate’ the image into various
regions according to the density of the bone. This allows the separation of mandible (densest
bone) from the rest of the skull. If no region separation is required skip this step and move to
the Mesh extraction step:

Define the name for file to : region_file = parcellate_object(object_file,
be Segmented i.e. the file =pertir= U WOT KT "OTTectory, 'uCT-1_regions.

—mha'),

from Object extraction.

watershedlevel=.1,

Watershed level should be
.22 for full resolution
image. (.1 is for the
example data provided).

The output is a binary image with regions ordered by bone density. Use
ITK-Snap to visualise these labels. The example on the right shows these
regions, here label one is the red region. Note the label/s for region of
interest (ROI).

Object selection
Input the labels of relevance to separate the ROI from the rest of the subject.

Define the ﬂle narn_e for the . [11]: selectedobject_file = select_object(region_file,
selected region of interest. This os.path. join(working_directory,,,

. . . pr— -
is the output file from region uCT-1_selectedobject.mha'), T thresholde!
parcellation. u_threshold=1)

arr = display_image (selectedp®ject_file)

Input labels of regions to be
extracted from the region
parcellation step prior.

If only the first label is required,
input 1 for both the lower .
threshold (I_threshold) and upper Main Toolbar

threshold (u_threshold). If the

first 2 labels are desired set the J' @ flh
values to 1 and 2 respectively. If |

the whole image is desired input

the lowest and highest label Aallad g E @
numbers.

Check the output in ITK-snap opening it as a segmentation file. Any noise or irrelevant
regions can be removed using the paint brush tool.
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Extract mesh
This step uses functions defined in Mesh Extraction to extract a surface mesh from the region
of interest selected prior. The meshes generated are in the .vtk format.

[12]: mesh_file = extract_mesh(selectedobject_filp,

s e Lo TR G 2O _regtons VTX'),
. smooth_relaxation=.2)
OUtpUt meSh flle name. png_file = display_mesh(mesh_file,

os.path.join(working_directory, 'uCT-1_regions.png'))

Mesh files produced are large in size and increase computational time of the Atlasing step to
unrealistic durations. To overcome this, meshes were decimated using meshlab.

Save meshes in the .stl (stereolithography) format using paraview. Open the mesh in meshlab
and apply quadric edge collapse decimation fi and enter the percentage reduction desired
(authors used 0.15).

JGIEE) Render View Windows Help
MeshLab 2016.12

l Show current filter script ? @. % (f t@_’ / .-‘oﬁpﬁ%euﬁ 5 ,Rﬂ ﬁ

Selection

Cleaning and Repairing
Create New Mesh Layer

» % 0 302621

>
>
>
Remeshing, Simplification and Reconstruction > ‘Alpha Complex/Shape
Polygonal and Quad Mesh > Build a Polyline with NonFaux Edges
Color Creation and Processing > ion
‘Smoothing, Fairing and Deformation > Close Holes
Quality Measure and Computations > Convex Hull
Normals, Curvatures and Orientation » Crease Marking with NonFaux Edges
Mesh Layer » Curvature flipping optimization
Raster Layer » Cut mesh along crease edges
Range Map > Delaunay Triangulation
Point Set > Generate Scalar Harmonic Field
Sampling »  Iso Parametrization Build Atlased Mesh
Texture > Iso Parametrization Remeshing
>

Camera Iso Parametrization transfer between meshes
Iso Parametrization: Main

Marching Cubes (APSS)

Marching Cubes (RIMLS)

Mesh aging and chipping simulation

Planar flipping optimization

Points Cloud Movement

Refine User-Defined

Simplfication: MC Edge Collapse
Simplification: Clustering Decimation
Simplification: Quadric Edge Collapse Decimation
Simplification: Quadric Edge Collapse Decimation (with texture)
Subdivision Surfaces: Butterfly Subdivision
Subdivision Surfaces: Catmull-Clark
Subdivision Surfaces: LS3 Loop

Subdivision Surfaces: Loop

Subdivision Surfaces: Midpoint

Surface Reconstruction: Ball Pivoting
Surface Reconstruction: VCG

Tri to Quad by 4-8 Subdivision

Tri to Quad by smart triangle pairing

Turn into Quad-Dominant mesh

Turn into a Pure-Triangular mesh

Uniform Mesh Resampling

Vertex Attribute Seam

Voronoi Filtering

Screened Poisson Surface Reconstruction

" Galar

Once meshes for all subjects are generated move to the next step, Mesh Alignment.

Use paraview again to save the newly decimated mesh as a .vitk file and ensure it is saved in
ASCII format
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C. _Mesh Alignment

This section describes the process of aligning the meshes produced in the previous section.
Initial coarse alignment is required to allow the Atlasing process (below) to work. This first
requires manually placing a small number of landmarks using Mitk-Workbench, minimally
three (e.g. for a hemi-mandible) or more usually three symmetrically placed pairs. Landmark
file names should be identical to the mesh file name e.g. Mandible_1.vtk, with its landmark
file, Mandible_1.mps.

Below is shows landmarks used to align the mandible.

Once complete move landmark files (.mps) and mesh files (.vtk) into Alignment folder.
The following are run with default values:

Read landmarks
- Defines functions used to import landmark files
Numpy - vtk help functions
- Define functions used convert landmark files so they can be used to align meshes
- Functions used to extract centroid and centroid size
Procrustes alignment
- Defines functions used in alignment
o Rigid - rigid body alignment
o Similarity — rigid body plus scaling alignment
Load data
Loads meshes and associated landmark files ready for alignment,
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Mesh Alignment

Uses functions defined in Procrustes alignment to align meshes. Two modes can be
selected, Similarity or Rigid body. "Similarity" aligns meshes whilst regressing out the size.
"Rigid body" aligns meshes but maintains size differences:

[9]: output_meshes = align_meshes_to_center(meshfiles, landmarksfiles,

Choose mode here tO mode='similarity', output_directory=working_directory, suffix='_r')
‘Similarity’ or ‘Rigid body’

moving 1.vtk towards center with landmarks 1. = determinant: 1.07
.mps -- determinant: 0.94

moving 2.vtk towards center with landm

Adds a suffix to aligned mesh files so
they can easily be distinguished from
the original unaligned files.

Mesh alignment fidelity should be checked in Paraview.

D. Atlas Construction

This section describes the application of the shape averaging and comparison (atlasing)
processes.

Within the atlasing folder (included in the pipeline package) there are three files adjustable
files:

[ 2N model.xml
88 model.xml ) No Selection

<?xml version="1.0"?>

Model.xml describes parameters for — <wder

<model-type>BayesianAtlas</model-type>

deformation: e bsect id=rmandible*>

— kernel-width: Order of magnitude of ater s omer i dareregnay  entedSurfaceNeshe/dsformable-object-type>
displacements for the template eI

— kernel-width: Order of magnitude for the rorbiect> i '

subjects’ displacements <defornalion

yoeE=p eIneL=typ
<number-of-timepoints>10@</number-of-timepoints>
</deformation-parameters>
</model>

[8]: %matplotlib inline
### General Imports
from glob import glob

import os

working_directory = os.path.join(os.getcwd(), 'data', 'alignment')

### Find meshes and landmark
*.vtk'.format(working_directory, os.sep))
glob('{}{}*.mps'.format (working_directory, os.sep))

Here, define the folder in which
the pipeline will search for
inputs and store outputs. By

meshfiles
landmar,

default, |t |S Set tO the ahgnment meshfiles[:] = [el for el in meshfiles if not (('initial_template.vtk' in el),

sor ('_r.vtk' in el)) ]

folder within data.

### assert similar size and sort lists

assert(len(meshfiles) == len(landmarksfiles))
meshfiles.sort()
landmarksfiles.sort()

/matplotlib inline

import os

from matplotlib import pyplot as plt

pngfilename = os.path.join(os.getcwd(), 'Images', 'unaligned-meshes.png')
plt.figure(figsize=(10,10))

plt.imshow(plt.imread(pngfilename))

plt.axis('off')

plt.show()
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Optimization_parameters.xml describes parameters that drive the minimization

procedure:

— max-iterations: Stop criterion for g @ T ——
iterations, Usua”y ~1 50 88 optimization_parameters.xml ) No Selection

— number-of-threads: Number of threads <2xml version="1.0"7>

to use, usually equal to the number of < oo s Sz
subjects (should not exceed the number of Zﬂj;;iifiim
threads avai|ab|e on the System) <save-every-n-iters>5</save-every-n-iters>

<smoothing-kernel-width-ratio>@.5</smoothing-kernel-width-ratio>
</optimization-parameters>

[ BON ] data_set.xml

B¥ data_set.xml ) No Selection

Data_set.xml defines the files to be e versToTT T3
atlased and should be structured as <data-set>

<subject id="1_r.vtk">
fO”OWS <visit id="experiment">
<filename object_id="mandible">1_r.vtk</filename>
</visit>
</subject>
<subject id="2_r.vtk">
<visit id="experiment">
<filename object_id="mandible">2_r.vtk</filename>
</visit>
</subject>

From the alignment folder transfer aligned /datazset>
meshes (files with suffix _r) and
initialtemplate.vtk into the atlas folder.

Deformetrica
The first cell loads the Deformetrica software. If the software is not found an error is returned.

[]: def which(program):
""" Search for a program on disk
import os
def is_exe(fpath):
return os.path.isfile(fpath) and os.access(fpath, os.X_0K)

fpath, fname = os.path.split(program)
if fpath:
if is_exe(program) :
return program
else:
for path in os.environ["PATH"].split(os.pathsep):
exe_file = os.path.join(path, program)
if is_exe(exe_file):
return exe_file

return None

deformetrica_location = which('deformetrica')
if deformetrica_location is None:
print('deformetrica error: Please install the deformetrica library: wuww.
wdeformetrica.org')
else:
print ('Found deformetrica at this location: {}'.
~format (deformetrica_location))

Launch Simulation

Launches the atlasing software using the files and parameters defined by model.xml,
optimisation_parameters.xml and data_set.xml.

Deformetrica.log, within the output folder, contains information on the progress of the atlas,
including the number of control points and the current iteration.
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[]: import os

working_directory = os.path.join(os.getcwd(), 'data', 'atlasing')
script_filename = os.path.join(working_directory, 'deformetrica.sh')
os.system('bash {}'.format(script_filename))

E. Shape statistics
This section describes the statistical analysis of the outputs from the atlas.
Atlasing generates several output files of which the following three are used for statistical
analysis:
- Atlas_controlpoints.txt
o Control points of the atlas
- Atlas_momenta.txt
o Momentum vectors of the atlas
- Atlas_initial_template.txt
o Average mesh of the population
These files are must be moved into the shape statistics folder. In the same folder, a user-
populated file data.csv defines the names and types of the subjects.

A B €

1 id Groupld Gender [
data.csv example file 2 3340 1 1
In this example in Groupld, 1 refers to a mutant and -1 to WT, and in Z ::‘1‘: j j
Gender, 1 Male and -1 female. 5 37.1c 1 1

6 38.1c -1 1

7 29.3d -1 1

8 29.3g -1 1

9 30.3b -1 -1

10 30.3d 1 -1

The following cells are the run with default values:
Imports

- Loads relevant packages required for this section of the pipeline
Deformetrica

- Loads deformetrica ready to be used (required for creation of morphs)
Load data

- Loads output files stated previously to be analysed
Define population’s groups

- Loads data.csv
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Subgroup definitions
- Assigns names to groups of specimens defined by one or more parameters in
data.csv.

[Default groups are: WTf (Wildtype female, defined by: group ID = -1, gender = -1, CRf is
defined by: group id = 1, gender =-1), WTm (Wildtype Male), CRf (Carrier female) and CRm
(Carrier Male)]

However, the user should change the names and definitions of subgroups to suit their needs.

In [48]: gl = df['GroupIld’'].values < 0
g2 = df['GroupId’'].values > 0

WTE = list(df.loc([(df[’
'Gender'] < 0)].index)
WIm = list(df.loc[(df[’
'Gender'] > 0)].index)
CRf = list(df.loc[(df["

(d£[

(df[

GroupId'] < 0) &
GroupId'] < 0) &

GroupId'] > 0) &

(df['Gender'] < 0)].index)
CRm = list(df.loc[(df['GroupId'] > 0) &
(df[ 'Gender'] > 0)].index)

Kernel Principal Component Anaylsis (kPCA)

This cell runs a principal component analysis (PCA) and produces a classification score (as a
percent) and a p value for said score. As well as defining group IDs (by default group one >0
and group two < 0 using values set in data.csv) and calculating the mean Principal
Component score.
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Cross validation score and standard deviation

Cross validation score and p value of permutation test

SVM Classification score 0.90 +/- 0.07)

/Users/yushi/anaconda3/1lib/python3.6/site-packages/sklearn/mo:
pecify a value for 'n_splits' instead of relying on the d
ersion 0.22.

warnings.warn(NSPLIT WARNING, FutureWarning)

*selection/_split.py:598: FutureWarning: You should s
1t value. The default value will change from 3 to 5 in v

Classification score 0.90 (pvalue : 0.0010
<Figure size 504x360 with 0 Axes>

08 Kernel PCA on momenta (ma@diblas)s - Kernel PCA on momenta - Similarity

[} Camér Male W WildType Male == = Classification Score 0.90 (pvalue 0.0010) ]
06 © CarrierFemale @ WildType Female 250 == Luck 1
@ Permutation scores ]
I

04
0® ® o 1
02 e o |
°® !
o 0 1
; 00 1
=] L] I

-0.2
o g . :
04 mm 1

| |

I
-06 |}
|

-08

08 -06 -04 -02 00 02 04 06 08
KPC-1

Eigenvalues/Eigenvectors
Produces Eigenvalues and eigen vectors. Providing data on how much variability each
principle component describes.

Write PCA points on disk
Produces an excel file, kpca.csv containing the PC values which can exported to produce PCA
graphs.

Momenta projection
Produces momenta that describes project between the mean of the whole population to the
means of the previously defined populations.

Shoot mean shape between groups
Uses the momenta projection to ‘shoot’ the shape towards the means of the two groups.

Shooting outputs
Saves the shot meshes produced in the previous step in two locations:

- data/shapestatistics/shooting/forward
- data/shapestatistics/shooting/backward
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They correspond to the mean shape (Atlas_initial_template.vtk) displaced towards the
mean of group one (backward) and the mean of group two (forward). Each file now contains
several meshes. The first mesh in the folder is the average shape of the whole population and
the last mesh the mean shape of the subgroup. Each mesh in-between represents a step of
deformation moving from one to the other.

Animation of deformations between subgroups

Reorders the mesh files produced in Shooting outputs to generate an animation of cyclic
shape change starting with the mean of group one to the mean of group two and back again.
The files for the cyclic deformation animation are saved in:
data/shapestatistics/shooting/combined. Files should be opened in Paraview to visualise the
meshes.

The deformation is viewed as a cycling animation by pressing the repeat and play buttons.

e0e ParaView 5.5.2 64-bit
ParaView 5.5.2 64-bit

P& BRO»aFm @ K <]|:|‘ > [>[|' Time: 0 0 - (maxis79)

B R 5 fE e Oscan B cosme  BXWoXiai BALC 2 BCEBG
VJ 1 ¥ 2,7 \; < < < -
o) Pisine srowse .
ﬂmil(in: ‘] X =t ] Y P Renderviewl 0 B8 0O © ©

* @ separation_0*

<X Properties

Reset % Delete ?
Search ... (use Esc to clear text)

= Properties (separation_0*) o o

= Display (GeometryRepresentation) 5 & ©
Representation Surface
Coloring

@ solid Color B
& Edit P ¢ t v i

Scalar Coloring
Map Scalars
Interpolate Scalars Before Mapping
Styling

Opacity e |
Point Size 2
Line Width 1
Render Lines As Tubes
Render Points As Spheres
Liahtina
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"Stretch" map (Local volume change map) between groups

This step integrates data on displacement and stretch into the cyclic deformation produced in
the previous step. Removing the # from in front of compute_point_displacements calculates
displacement.

compute_point_displacements(m, mean, m)

#compute cell surfaces_differences(m, mean, m)
#compute_absolute_cell_ surfaces_differences(m, mean, m)
### write mesh

writer = vtkPolyDataWriter()

writer.SetInputData(m)

writer.SetFileName(mfile)

writer.Update()

cyclic_combination(meshfilesl, meshfiles2, os.path.join(shooting_directory, 'combined'))

Removing the # from in front of compute_cell_surfaces_difference, calculates stretch.

#compute point_displacements(m, mean, m)
compute_cell_surfaces_differences(m, mean, m)

#compute absolute cell surfaces_differences(m, mean, m)
### write mesh

writer = vtkPolyDataWriter()

writer.SetInputData(m)

writer.SetFileName(mfile)

writer.Update()

cyclic_combination(meshfilesl, meshfiles2, os.path.join(shooting_directory, 'combined'))

Heat maps are viewed by importing the mesh files from the combined folder into Paraview.
Select displacements or Absolute Volume from the colouring drop down menu and the morph
was played as before to visualise the heat maps. Colour scale (look-up table) may need to be
adjusted to visualise differences properly. This can be found by clicking the edit button found
underneath the dropdown menu.

0@ Properties
& Apply Reset # Delete

Search ... (use Esc to clear text) %}

"w

= Properties (separation_0%*) B B H

= Display (GeometryRepresentation) o @ (]

Representation Surface

Coloring

v

<>

Solid Color
2 Displacements (in mm) f

ﬁ'i Absolute Volume Change (in %) |
Scalar Coloring

Coloring

<>

< Displacements (in mm)

C & Edit )-ﬁ = w ) - (e
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Generating videos
To save these morphs as videos (either with heat map colours or not). Go to file and save
animation.

m Edit View Sources Filters Tox
2] #0

Open...
Recent Files >
Reload Files F5
| Load State...
Save State...
& Save Data... %S

[@1 Save Screenshot...
Export Scene...

&' Save Animation...

Save Geometry...

€ Export Now
€ Import Cinema Image Database...

Load Path Tracer Materials...

Load Window Arrangement...
Save Window Arrangement...

% Connect...

% Disconnect
This will open up a file save window. Here the format of the video (.avi as default) and the
name of the video can be chosen. This will bring up a second window in which a number of
parameters for the video such as resolution and frames per second maybe adjusted.

[ NON ) Save Animation Options

Search ... (use Esc to clear text) 3

Size and Scaling

Image Resolution 5539 x 1762 8‘ e

Coloring

Override Color
Palette

Transparent Background

No change

File Options

Format FFMPEG

<>

Compression

Quality 2 (best quality, larger file)

Animation Options
Frame Rate 15

(s} X Cancel

Once happy with the parameters hit okay and the video will be produced. The video will
capture everything in the rendering window including colours scale bars. To edit the
appearance of the scale bar, click the edit colour bar icon.
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Coloring

2 Displacements (in mm)

& et 2 ) = | ) m) ® -

This will bring up a menu in which various settings of the colour scale bar may be changed.

[ JOX ) Edit Color Legend Properties

Search ... (use Esc to clear text) «i,{b

Layout
Auto Orient
Orientation Vertical 2

\indewiecation LowerRightCorner

Position 0.89 0.02
Title Texts

Title Displacements (in mm)
Component Title

Title Justification Centered

Horizontal Title

Title Font Properties

Arial 6 > @ _wo Bl S
Text/Annotation Font Properties

Arial Bwe:@ 100 :B I S
Annotations

Draw Annotations

Tick and Annotation

y . . A
e Ticks right/top, annotations left/bottom

Reverse Legend
Color Bar Thickness 16

Color Bar Length 0.33

(<] = v/ Apply L Reset X Cancel m
To remove the scale bar entirely hit the colour bar icon.
Coloring

< Displacements (in mm)
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