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1 Introduction

The TINA manual landmarking tool is designed to support the manual identi cation and speci cation of mor-
phological landmarks for subsequent analysis using techques such as Procrustes analysis. This user manual
covers:

Section 2: installation of TINA, the Volpack volume rendering library, and the TINA Manual Landmarking
toolkit on Linux systems.

Section 3: the TINA graphical subsystem, Tv's and Tv tools.
Section 4: the TINA Sequence tool, used for loading 3D medidalata sets.
Section 5: the Manual Landmarking tool, de nition of coordinate systems, and the Tv's available in the tool.

Section 6: the TINA interface to the Volpack volume rendering library, used to produce the volume rendered
images displayed in the 3D Tv of the Manual Landmarking tool.

Section 7: the Landmark Control dialog box, used to load, sag and manipulate lists of landmark points.

Section 8: the use of the Manual Landmarking tool to mark up the positions of landmarks speci ed in the
landmark point list.

Section 9: the Keyboard Controls dialog box, used to assigndyboard shortcuts to the Tv's of the Manual
Landmarking tool.

Section 10: the TINA View tool, which provides functions to save the images displayed in TINA Tv tools.
Section 11: an example landmarking session.

Sections 12 to 17: the Automatic Landmark Point Placement tool, which can semi-automatically identify
landmarks given a database of manually identi ed examples.

Section 18: quick reference guides, explaining the functies of each button, data entry eld etc. in the
Sequence tool, Manual Landmarking tool, and Manual Landmaking tool dialog boxes.

This manual covers the Manual Landmark Tool v. 1.6, which reaqires TINA 6.0 build number 007 or higher. Some
familiarity with the Linux OS is assumed e.g. how to start and use a shell tool.

Throughout this guide, boxed sections contain detailed infuctions on how to perform specic tasks with the
Manual Landmarking software.

2 Installation

Installation of the TINA manual landmarking tool is done in t hree stages: installation of the TINA libraries, which
provide the TINA machine vision functionality; installati on of the Volpack library, which is used by the TINA
manual landmarking tool to produce 3D volume rendered image of tomographic image data; and installation
of the TINA manual landmarking toolkit, which provides the m anual landmarking functionality and the user
interface.



2.1 Install GTK+ 2

The TINA libraries depend on the GTK+ 2 libraries, which must be installed prior to installing TINA. Both the
gtk2 and gtk2-devel packages are required: see the documaeripn for the Linux distribution you are using for
instructions on how to install them. Installation of these packages should also result in installation of various other
packages (atk, pango, fontcon g, pkgcon g) required by both GTK+ 2 and TINA.

2.2 Install the TINA libraries

Download the latest tina-libs and tina-tools tarballs from http://www.tina-vision.net/tarballs/ . The TINA
Manual Landmark toolkit version 1.6 requires rcbuild007 or greater.

Note that some sections of the Manual Landmark tool, particdarly the volume renderer and the Automatic Land-
mark Point Placement tool, are extremely processor intensie. In order to mitigate the resultant time requirements,
the software makes extensive use of parallel processing timgh OpenMP. However, this is not enabled by default,
since it is not available in all compilers (any version of GCCfrom 4.2 onwards, released May 13th 2007, includes
OpenMP); the user must speci cally select it. In order to do S0, speci ¢ options must be speci ed when the TINA
libraries and the Manual Landmarking toolkit are compiled. If OpenMP is available in the compiler being used,
enable parallelisation using the -fopenmp option by replamg all occurrences of

.Jcon gure
in the following instructions to
.Jcon gure CFLAGS="-02 -fopenmp"

(the -O2 ag switches on the optimiser, which also speeds uphe execution of the program).

As root, create a directory called Tina6 in /usr/local. Copy both tarballs into the new directory. Then unzip both
tarballs using e.g.

gunzip tina-libs-6.0rcbuild005.tar.gz
gunzip tina-tools-6.0rcbuild005.tar.gz

and then unpack both using

tar -xvf tina-libs-6.0rcbuild005.tar
tar -xvf tina-tools-6.0rcbuild005.tar

Build the tina-libs libraries rst: cd into the tina-libs-x xx (where xxx is the build number) directory, created when
the tina-libs tarball was unpacked, and type

Jcon gure
make
make install

Build the tina-tools libraries after the tina-libs librari es. cd into the tina-tools-xxx (where xxx is the build number)
directory, created when the tina-tools tarball was unpackel, and type

.Jcon gure
make
make install

Note that the con gure script in the tina-tools directory pr ovides some information about the required libraries:
in particular, if you do not have the necessary GTK+ 2 librari es installed (see step 1) it will warn you about this.



2.3 Install Volpack

The TINA Manual Landmarking toolkit requires the Volpack vo lume rendering library. A version of this library can
be found in http://www.tina-vision.net/tarballs/manual _landmark _toolkit . Unzip and unpack the tarball
(this can be done in any directory, although it is standard practice to put user-installed software in /usr/local), cd
into the new Volpack directory created when the tarball was wnpacked, and use

.Jcon gure
make
make install (as root)

to build the library. On standard Linux systems the Volpack |l ibrary and header le will be copied into standard
locations (/usr/local/lib and /usr/local/include respec tively). The compiler should automatically pick up the
location of the header le, and the location of the library will be automatically picked up if /usr/local/lib is
speci ed in /etc/ld.so.conf (the system-wide list of library locations). If it is not, then add /usr/local/lib to the
le. Run Idcon g to refresh the list of libraries after the in stallation of Volpack (or restart the machine).

2.4 Install the Manual Landmarking Toolkit

Download the manual landmarking toolkit (max _planck_toolkit-1.0.tar.gz) from the TINA web-site, place it in a
convenient directory (e.g. /home/my.usernamef/tina _toolkits ), then unzip and unpack it. A new sub-directory
will be created: cd into this subdirectory and type

.Jcon gure

The con gure script will search for the external libraries needed to build the toolkit, warning you about any it fails
to nd. In particular, if it cannot nd the tina-libs or tina- tools libraries and headers, then they can be passed to
the con gure command using the following ags

{with-tina-includes=PATH
{with-tina-libraries=PATH
{with-tinatool-includes=PATH
{with-tinatool-libraries=PATH

e.g. ./con gure {with-tina-libraries=/usr/local/Tina6 /tina-tools/lib
If the tarballs were unpacked in /usr/local/Tina6, then the correct locations are e.g.

{with-tina-includes=/ust/local/Tina6/tina-libs-6.0r  cbuild005
{with-tina-libraries=/usr/local/Tina6/tina-libs-6.0  rcbuild005/lib
{with-tinatool-includes=/usr/local/Tina6/tina-tools  -6.0rcbuild005
{with-tinatool-libraries=/usr/local/Tina6/tina-tool  s-6.0rcbuild005/lib

Finally, type make to build the toolkit.

The TINA Manual Landmark toolkit needs to nd the Volpack hea der and library. On standard Linux systems,
these should be located in /usr/local/include and /usr/loc al/lib once Volpack has been installed. The header le
should be picked up automatically by the compiler, and the lbrary location should be automatically identi ed
if /usr/localllib is listed in /etc/ld.so.conf (and if Idco n g has been run, or the machine rebooted, since Volpack
was installed). If these les cannot be located, the build wil fail with error messages about functions with names
starting with vp e.g. vpRenderRawVolume (these are the funtions provided by the Volpack library). In that case,
the locations of the Volpack library and header le can be spei ed manually to the con gure command using the
ags.

{with-volpack-include=PATH
{with-volpack-library=PATH

The executable le for the toolkit is located in the src subdirectory; alternatively, typing make install will copy it
to the bin subdirectory. In either case, cd to that directory and type
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Figure 1: A Tv Tool.

JtinaTool

to run the toolkit.

Upon typing ./tinaTool, the top-level TINA tool will appear on the screen. This provides access to various sub-tools
that in turn provide access to the algorithmic functionality. The sub-tools of most interest for manual landmarking
are the manual landmarking tool itself, the sequence tool (sed for loading medical image data) and the Tv tools
(used to display graphics). The text window at the bottom of the top-level TINA tool is used to display information
and error messages.

3 Tv's and Tv Tools

The TINA image display system is designed to provide the maxinum range of con guration options to the user.
It consists of two components: Tv's and Tv tools. The majority of the TINA sub-tools will have a choice list at
the top of the sub-tool window labelled \Tv:". Each button in the list represents an available graphics channel;
however, Tv's are not displayed by default, in order to save pace on the screen.

In order to display a Tv graphics channel, it must be associatd with a Tv tool:

Start a new Tv tool by pressing the \New Tvtool" button in the t op level TINA tool. A new Tv tool
window will appear on the screen, as shown in Fig. 1.

Select the Tv you wish to display, by selecting on its eld in a Tv: list. Note that, since multiple lists
are available in various TINA sub-tools, this may be required even if it appears that the desired eld is
already selected.

Press the \install" button in the new Tv tool. The title of the Tv tool will change to the name of the Tv
it is displaying.

Once a Tv has been installed on a Tv tool, the Tv tool will display the graphics produced by that Tv, auto-
matically updating whenever the graphics change without futher user interaction. Tv tools can be minimised
or closed at any time without a ecting algorithmic function ality. Tv tools can also be freely reassigned, by
selecting another Tv and pressing the \install* button again. Note that, when a Tv is installed onto a Tv tool,
any other Tv tool displaying that Tv will be un-installed: th e title of the Tv tool will change to re ect this.

Each Tv tool has the following menus and buttons:

Size: set the size of the Tv tool to various default values (26x256, 512x512 and 768x768). Tv tools can also
be freely resized by clicking and dragging the corner of the ¥ tool window with the mouse.

Mouse: sets the mouse interaction with the image in the Tv tod
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Figure 2: The Sequence Tool, used for loading 3D medical imagdata.

ROI: select a region of interest within the image.
Proj: select the projection function for the Tv tool.
install: install the currently selected Tv onto the Tv tool.

clone: install a duplicate of the currently selected Tv ontothe Tv tool (allows multiple Tv tools to display
the same Tv).

init: re-initialise the image display to the default viewpoint, removing any translation, rotation or zooming
of the image.

repaint: re-display the image with the current translation, rotation or zooming (used if the image display
should become corrupted for any reason).

See the TINA User's Guide [9] for full details.

Each Tv tool also displays two messages: the name of the Tv italled onto the Tv tool, displayed in the title bar;
and the current mouse functionality for the Tv tool, display ed just below the button row. The mouse functionality
lists the name of the function type followed by the functiondlity of the left, middle and right mouse buttons e.g.
zoom3D:shift/izoom/rot indicates that the mouse has been sefor 3D interaction with the image displayed in the
Tv tool, clicking and dragging with the left mouse button moves the image around in the Tv tool, clicking and
dragging with the middle mouse button zooms the image, and @tking and dragging with the right mouse button
rotates the image in 3D.

4 Loading 3D Medical Image Data: The Sequence Tool

The TINA Manual Landmarking Tool is allows manual identi ca tion of anatomical landmarks in 3D medical image
data; it was designed for use with micro-CT images of rodent leulls, but can interact with any other tomographic
medical image data e.g. MR images. Tomographic medical imagdata is loaded into TINA using the sequence
tool, shown in Fig. 2.

The current sequence can be viewed by installing a Tv tool ord the \Sequence” Tv. This displays the slice speci ed
in the \Curr. frame" eld. When a sequence is loaded, the current slice is set to be the rst slice in the sequence.
Pressing the> button increments the current slice number i.e. moves forweds through the sequence. Pressing
the < button decrements the current slice number i.e. moves backards through the sequence. The \First" and
\Last" buttons set the current slice to be the rst and last sl ice of the sequence respectively. To view a speci ¢
slice, enter the slice number into the \Curr. frame" eld and press the \Jumpto" button.

Individual image slices can be manipulated using the buttos on the bottom of the Sequence tool. The \Push"
button copies the current slice to the top of the Imcalc stack(see the TINA User's Guide) where it can be processed
or passed to other tools. The \Ins" button takes the image fram the top of the Imcalc stack and places it into the
sequence after the current slice (if no sequence is loadedhan a new sequence will be created with the image as
the rst slice). The \Rep" button takes the image from the top of the Imcalc stack and replaces the current slice



of the sequence with it. The \Del. seq" button deletes the entre current sequence, allowing it to be replaced with
other images from the Imcalc stack. The \Stacks>Seq" button will take all of the images currently held in the
imcalc stack and use them to create a new sequence (any curtesequence is deleted in this process); the images
will be placed into the sequence in reverse order i.e. the ingge on the top of the stack will become the last image
in the new sequence.

In order to load a tomographic image data set:

Enter the pathname of the image le/ les into the \Image le: " eld of the tool, either directly or using
the le browser started by pressing the \Scan" button.

{ For AIFF, RAD, NEMA and PGM e types the sequence tool will au tomatically add the correct le
name extension (.ai, .rad, .ani and .pgm respectively), ard so the lename should be entered without
the extension. However, for Analyze or DICOM les the sequeee tool will not automatically add
an extension, and so the correct extension must be enteredtim the lename eld. The le-browser
started using the scan button will automatically strip the extension from any selected le and so
when loading DICOM les, the extension must be manually re-entered into the lename eld.

Select the format of the image le from the \File:" choice list.

{ For le types (e.g. Analyze) where multiple slices of data ae contained within a single le, enter
the number of slices in the le into the \End" eld. If you are u nsure of the number of slices, then
enter a number that is too high: the sequence tool will load déa until it reaches the end of the le
and then reset the \End" eld to show the number of slices loaded.

{ For le types (e.g. AIFF) where each slice is contained in a sparate le, use the # character as a
wildcard. For example, if the directory contains 10 les named im-00 to im-10, enter the pathname
of the rst le into the \Image le:" eld, either by typing or by using the le-browser. Then
replace the part of the name that changes between les with tle # character, so that it becomes
im-##. Enter the replaced part of the lename from the rst | e into the \Start" eld, including
any leading zeros (00 in this example) and the relevant part bthe lename from the last le into the
\End" eld (10 in this case). During image loading, the wildc ard characters in the pathname will be
replaced with the contents of the \Start" eld, and the numbe r contained there will be incremented
until it is equal to or greater than the \End" eld, loading a le each time. If the numbers in the
lenames increase by more than 1 between each le, then the \8ide" eld can be used to specify
the increment. For example, entering im-## into the \Image le:" eld, 00 into the \Start" eld,
10 into the \End" eld and 2 into the \Stride" eld will load th e images im-00, im-02, im-04, im-06,
im-08 and im-10 in that order. Note that there are some restrctions on loading multiple les in this
way. The substitution only works for numbers, can only be appied to one contiguous segment of
the pathname, and only works in ascending or descending ordeln addition, all les must be in the
same directory.

If the sequence is too large to load into memory, the \Stride"and \Downsample" elds can be used to
down-sample the data as it is loaded. The \Stride" eld down-samples data in the inter-slice direction
by skipping over slices as the data is loaded. For example, the \Stride" eld is set to 2, the sequence is
down-sampled by a factor of 2 in the inter-slice direction. The \Stride average" switch (a new feature in
TINA 6 build no. 007) controls the method used to achieve this if it is set to \O ", then downsampling

is achieved by skipping over slices during loading. No use imade of these slices; they are never loaded. |If
the \Stride average" switch is set to \On", then all slices are loaded and linear averaging is applied in the
inter-slice direction to down-sample the sequence. This ioreases the time required to load the data, but
reduces the image noise on the resultant sequence, leading better image quality in the volume renderer.
The \Downsample" eld down-samples data within each slice. For example, if the \Downsample" eld

is set to 2, then each image is down-sampled by a factor of 2 alg its x and y axes after it is loaded,
and the down-sampled image is entered into the sequence. léar averaging is used during this process,
so that the discarded data is used to reduce image noise.

Press the \Load" button. Any previous image sequence will bedeleted from memory, and the le(s)
speci ed in the \Image le:" eld will be loaded in order to pr oduce a new sequence. The \Image type:
choice list will be updated to show the variable type of the images loaded into the sequence. The \Start'
and \End" elds will be updated to show the slice numbers found during loading. The \Scales" elds will
also be updated to show the size of each voxel, if this infornmeon is contained in the image le headers.

The sequence tool can also save data to le, although not all le formats are supported (this is to prevent the user



from saving sequences where essential header data is not dable, or is no longer valid due to processing that has
been applied to the images).

In order to save a tomographic image data set:

Enter the pathname of the image le/les into the \Image le: " eld of the tool,

Select the format of the image le from the \File:" choice list (AIFF, RAD, ANLZ and PGM are supported:
NEMA and DICOM are not supported).

{ For le types (e.g. AIFF) where each slice is contained in a sparate le, use the # character as a
wildcard. For example, if the sequence contains 10 slicesptbe saved to les named im-00 to im-10
enter the pathname of the rst le into the \Image le:" eld. Then replace the part of the name
that changes between les with the # character, so that it becomes im-##. During image saving,
the wildcard characters in the pathname will be replaced wit the slice numbers of the images in
the sequence. If the numbers in the lenames increase by morthan 1 between each le, then the
\Stride" eld can be used to specify the increment. For example, entering im-## into the \Image
le:" eld and 2 into the \Stride" eld will save the images im -00, im-02, im-04, etc. Note that there
are some restrictions on saving multiple les in this way. The substitution only works for numbers,

can only be applied to one contiguous segment of the pathnamend only works in ascending of
descending order.

Press the \Save" button.




Part 1. The Manual Landmarking Tool
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Figure 3: The Manual Landmarking Tool.

5 The Manual Landmarking Tool

The Manual Landmarking tool (Fig. 3) allows morphological landmarks to be identi ed within any 3D data set

loaded into the sequence tool. It provides multiple views ofthe data; three 2D Tvs, showing orthogonal slices
through the sequence, and a 3D Tv showing a volume renderingfdhe whole sequence. The functionality of the
manual landmarking tool is based around the concept of a 3D asor: a single point within the volume, whose
coordinates can be manipulated by the user in a number of waysThe aim is to move the 3D cursor to the point
the user wishes to mark, and then to store the coordinates oftte cursor in a list of landmark points. When all

landmark points have been speci ed in this way, the list of pants can be saved to a le for further processing e.g.
Procrustes analysis.

5.1 De nition of Coordinates

The coordinate system used in the TINA manual landmarking tool is derived from the original data, and relates
to the images displayed by the sequence tool as follows: the dimension is the inter-slice dimension, such that
Z = Zmin IS the rst slice and z = z,« is the last slice. Within each image, thex dimension runs from left to

right, such that x = Xmin is the left-hand edge of the image andx = xnmax is the right-hand edge, and they

dimension runs from top to bottom, such that y = ymin is the top edge of the image andy = ymax is the bottom.

This de nition is visible to the user in several places, suchas in the de nitions of the 2D Tvs and in the landmark

coordinates, and is shown in Fig. 4.

When loading large medical image volumes, it may be necessato use the \downsample" and \stride" elds of
the sequence tool, depending on available memory. In this e, it should be noted that the 3D cursor position will
always be displayed in the coordinates of the down-sampledolume, but all landmark positions displayed in the
Landmark Points dialog box (and save to le using that dialog) will automatically be multiplied by the relevant
down-sampling factors so that they are in the coordinate syeem of the original data. For example, if the original
image volume consists of 1000 slices, each 1000x1000 voxalsize, and this is down-sampled by a factor of 2 on
each axis when it is loaded (i.e. the downsample and stride kls in the sequence tool are both set to 2) then
the coordinates of the 3D cursor placed at the centre point othe volume will be (256, 256, 256), and this will be
displayed in the X,Y and Z elds of the Manual Landmark tool; h owever, if this point is marked up as a landmark
point, then the coordinates will automatically be multipli ed by the down-sampling factors to become (512, 512,
512) before they are displayed in the Landmark Points dialogbox or saved to le. This prevents the choice of
down-sampling factors from a ecting any subsequent Procrstes analysis of the landmark points.
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Figure 4: The coordinate system used to refer to the data is shwn in (a): the z-direction is the inter-slice direction;

the x-direction is the left-right axis of images seen in the squence tool Tv, and the y-direction is the top-bottom

direction of images seen in the sequence tool Tv. The imagesawn in the three 2D Tvs of the manual landmark
tool are generated from orthogonal planes passing throughhte current 3D cursor position (shown in red), such
that the image shown in the x-axis Tv is generated from a planeperpendicular to the x-axis (a), the image shown
in the y-axis Tv is generated from a plane perpendicular to the y-axis (b), and the image shown in the z-axis Tv
is generated from a plane perpendicular to the z-axis (c).

5.2 Image Display

The manual landmarking tool provides four Tvs (see Section B Three of these provide 2D views of orthogonal
slices through the volume, centred on the 3D cursor. The fouh provides a 3D volume rendering of the volume. The
Tvs can also display 3D cursor, landmark, axis and plane poits. Figure 5 shows the four Tvs in a recommended
arrangement, such that the axes are consistent across the the 2D Tvs.

5.2.1 2D Image Display

The three 2D Tvs display orthogonal slices through the sequece, centred on the current 3D cursor position, which
is displayed in each Tv as a large, red cross-hair. Whenevehe 3D cursor is moved, the images displayed in these
Tvs will be updated to re ect this change. The Tv's are named according to the axis that is perpendicular to the
image displayed in the Tv (see Section 5.1), as shown in 4. Thefore, the x-axis Tv displays an image in which
the left-right axis is the z axis of the sequence and the top-bttom axis is the y axis of the sequence. The y-axis
Tv displays an image in which the left-right axis is the x-axis of the sequence and the top-bottom axis is the z-axis

11
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Figure 5: The four Tv's of the Manual Landmarking tool, arran ged so that the cross-hairs for the three 2D Tv's
are consistent across all three windows.

of the sequence. The z-axis Tv displays an image in which theeft-right axis is the x-axis of the sequence and the
top-bottom axis is the y-axis of the sequence.

Mouse interaction with the 2D Tvs can be selected using the \® Tv Mouse:" switch in the Manual Landmark
tool. The functions assigned to each mouse button are displed in the Tv tool, just above the image. When
\zoom" is selected, the mouse can be used to manipulate the iage. Clicking and dragging with the left mouse
button will move the image around in the Tv. Clicking and dragging with the middle mouse button will zoom in
or out. Clicking and dragging with the right mouse button wil | select a rectangular region of interest, and then
zoom into that region when the mouse button is released. Durig the moving or zooming operations, the image
will be replaced with a wire-frame in order to increase speed When \Pick" is selected, the mouse can be used
to manipulate the 3D cursor via the 2D Tvs. Only the left mouse button has functionality assigned to it in this
mode. Clicking on any point in the image will move the 3D curse to that point: clicking and dragging will move
the 3D cursor interactively. Only the coordinates displayed in the Tv will be altered e.g. the x-axis Tv can be
used to manipulate the y and z coordinates of the 3D cursor.

When marking up large numbers of points in multiple images, i is desirable to keep the mouse pointer within the
Tvs (i.e. not to have to move it repeatedly back to the Manual Landmark tool window in order to click buttons
there). Therefore, the Tvs also provide a set of keyboard shtcuts for commonly used functions:

Up arrow key: move the 3D cursor position upwards by one increment.
Down arrow key: move the 3D cursor position downwards by onericrement.

Left arrow key: move the 3D cursor position left by one increnent.
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Right arrow key: move the 3D cursor position right by one increment.
Right ctrl: select \zoom" mode for mouse interactions in all Tvs.
Right shift: select \pick" mode for mouse interactions in all Tvs.

Enter: equivalent to clicking on the \Mark point" button int he manual landmark tool i.e. store the current
3D cursor coordinates as the currently selected landmark.

The size of the increment for cursor movement is selected usj the \Resolution" choice list in the manual land-
marking tool: by default it is set to one pixel.

Note that, in order for the Tvs to receive the keyboard inputs, the window manager focus must be on the Tv. In
many window managers, the window that has the current focus s displayed with a coloured title bar: all other
windows have a grey title bar. Most window managers provide wo modes for focus selection: click-to-focus, in
which the user must left-click with the mouse inside a windowin order to switch focus to that window, and focus-
follows-pointer, in which the focus in on whichever window he mouse pointer is inside. If click-to-focus is selected,
then the user will have to left-click on a specic Tv tool in order to send subsequent keyboard instructions to it.
Therefore, if signi cant use is made of keyboard shortcuts,it may be easier to change the window manager focus
policy to focus-follows-pointer, so that keyboard instrudions are sent to whichever Tv the mouse pointer is inside.

In order to switch to focus-follows-pointer mode in Suse 1(:

Click on the start button (in the bottom-left corner of the sc reen); select \Con gure desktop".
Select the \Desktop" tab from the menu on the left.

Select the \Window Behaviour" tab from the menu on the left.

Select the \Policy" drop-down menu in the \Focus" box.

Select \Focus follows mouse” from the drop-down menu.

Click the \Apply" button at the bottom of the window.

The window manager focus will now follow the mouse pointer. hese instructions are valid for openSuse 10/3
using the KDE desktop. Other window managers may vary: see th instructions for the window manager you
are using if necessary.

The keyboard shortcuts can be reassigned to any set of keys {tl the exception of a few reserved by the window
manager e.g. the print screen key) using the keyboard contile dialog box (see Section 9).

Additional display functionality can be accessed via the \2D Draw" check list in the Manual Landmarking tool. If
\Axis" is selected, then any currently speci ed axis points will be displayed as small yellow cross-hairs in the 2D
Tvs. Similarly, \Plane" will display any currently specie d plane points as small cyan cross-hairs. Note that these
are projected onto the Tvs, so that they are displayed even ithey do not lie in the plane of the image. \Rotate"
takes any rotation that the user has applied to the image dispayed in the 3D Tv and applies it to the images
displayed in the 2D Tvs.

New Feature in Manual Landmark Tool v1.2

Manual Landmark Tool v1.1.1 and earlier:

The \Rotate" option a ects only the displays in the Tvs i.e. t he increment and decrement operations for the
3D cursor still apply to the original axes of the sequence, niothe rotated axes of the Tvs. This is true for both
the increment and decrement buttons (i.e. the arrow buttong in the Manual Landmarking Tool window, and
the keyboard shortcuts in the 2D Tvs.

Manual Landmark Tool v1.2 and later:

When the \Rotate" option is selected, the increment and decement buttons (i.e. the arrow buttons) in the
Manual Landmarking Tool window still move the position of th e 3D cursor along the major axes of the original
image volume. However, when the keyboard shortcuts are useid the 2D Tvs, the cursor is moved along the
(rotated) axes of the image displayed in the Tv, not along theaxes of the original volume. This allows the User
to de ne a preferred orientation using the axis or plane poirts, rotate the volume to that orientation, and then
select extremal points on structures displayed in the 2D Tvsrelative to the de ned plane or axis.
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5.2.2 3D Image Display

The 3D Tv displays a volume rendering of the data loaded into he sequence tool. Since the preparation of this
image involves a signi cant amount of processor time and merary usage, the volume renderer is not activated by
default and must be explicitly switched on by the user. This is done using the \3D Tv" choice list in the Manual
Landmarking tool: if \NULL" is selected then the volume rend erer is switched o . Selecting \VR" will switch on
the volume renderer and prepare the sequence for renderinghis may take several tens of seconds to complete.

In order to switch on the volume renderer:

Select \VR" in the \3D Tv" choice list in the Manual Landmarki ng tool.

Select \3D" in the \Tv" choice list of the Manual Landmarking tool, start a new Tv tool, and click
\Install" in the Tv tool; the title bar of the Tv tool will chan ge to indicate that it is now displaying the
3D image stream.

Click the \VR Control" button in the Manual Landmarking tool to start the volume rendering controls
dialog box.

Use the volume rendering controls (see below) to produce a ssfactory rendering.

Mouse interaction with the 3D Tv can be selected using the \3DTv Mouse:" switch in the Manual Landmark tool.

In \zoom" mode, mouse interaction controls the 3D image. Clcking and dragging with the left mouse button will
rotate the image. Clicking and dragging with the middle mouse button will zoom in or out (moving the mouse
left and right) or rotate the image within the image plane (moving the mouse up or down). Clicking and dragging
with the right mouse button will move the image around within the Tv. When \pick" mode is selected, mouse
interaction within the 3D Tv controls the 3D cursor. Left-cl icking within the 3D Tv will move the 3D cursor to
the rst bone surface under the mouse pointer i.e. the positbn of the mouse pointer speci es a vector through
the data (depending on the current rotation of the 3D image); the software will run along this vector, starting at
the uppermost point from the current view direction, until i t reaches a bone surface. The 3D cursor will then be
moved to this point on the bone surface. At the current time, the bone surface is de ned by a threshold, which
the user can set in the \Bone threshold" eld of the Manual Landmarking tool. It is anticipated that this will be
replaced with something more quantitative in a future version of the software. However, the software also provides
a pro ling tool to aid the user in selecting a suitable threshold. Right clicking with the mouse within the 3D Tv
will produce a grey-level pro le along the vector under the nouse pointer, and display it in the Imcalc Graph Tv.

In order to select a bone threshold intensity:

Start the volume renderer as described above. Using the \Zam" mouse mode, rotate the image such
that a point with a solid bone surface is clearly visible.

Start the \Imcalc" tool from the top-level tinaTool.

Click \Graph" in the Tv choice list of the Imcalc tool: start a new Tv tool, and click \Install" in the Tv
tool to assign it to the Imcalc graph Tv.

Select \Pick" mode for the 3D Tv mouse.
Move the mouse pointer to a location within the 3D Tv that has a clearly visible bone surface.

Right click with the mouse: a grey-level pro le through the image volume, along the vector under the
mouse pointer, will be displayed in the Imcalc Graph Tv. The x-axis of this graph represents depth
through the 3D image, with 0 being the back of the image and 1 biag the front of the image from the
current viewpoint. The y-axis represents the intensity (grey level) of the data along the pro le.

Identify the step change in the intensity pro le that repres ents the transition from soft tissue to bone.
Several bone surfaces may be visible in the prole; also, beuse to clearly identify soft tissue from
background.

Calculate an intensity value half-way between the mean intasity of bone and the mean intensity of soft
tissue.

Enter the calculated intensity value into the \Bone threshold" eld of the Manual Landmarking tool.

As with the 2D Tvs (see Section 5.2.1; the same comments abowvindow manager focus apply to the 3D Tv),
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several keyboard shortcuts are available in the 3D Tv:

Right ctrl: select \zoom" mode for mouse interactions in all Tvs.
Right shift: select \pick" mode for mouse interactions in all Tvs.

Enter: equivalent to clicking on the \Mark point" button in t he manual landmark tool i.e. store the current
3D cursor coordinates as the currently selected landmark.

These can be reassigned to any desired keys using the keybdarontrols dialog box (see Section 9).

As well as displaying a volume rendered image of the data cuently loaded into the sequence tool, the 3D Tv can
display any stored landmark, axis or plane points. The user an choose which points to display using the \3D Tv
draw" check list in the Manual Landmark tool. The available choices are:

Cursor: display a red cross-hair representing the 3D curso¢switched on by default).
LM: display green cross-hairs for all marked-up landmark pants.

Axis: display yellow cross-hairs for any speci ed axis poits.

Plane: display cyan cross-hairs for any speci ed plane pots.

Global reg: display orange cross-hairs for any speci ed Gag points.

Text: display the number of each marked-up landmark point next to the point.

Poly: display a line representing the axis and a grid represating the plane.

Ball: display 3D spheres instead of cross-hairs for the landark, axis and plane points.

Linklines: display white lines linking equivalent landmarks on the left and right sides of the sample.

New Feature in Manual Landmark Tool v1.2

The \Text" option in the \3D Tv draw" check list of the Manual L andmark tool now displays text labels for
any axis and plane points that have been marked. Axis point I&dels (Al and A2) are displayed in yellow, and
plane point labels (P1, P2 and P3) in cyan. Since a single poinmight be used simultaneously as a landmark
axis and plane point, the labels are arranged around the poinsuch that they should not overlap.

New Feature in Manual Landmark Tool v1.4

The \Linklines" option has been added to the \3D Tv draw" check list. In many cases the landmark point
list will include pairs of points arranged symmetrically around the plane of bilateral symmetry e.g. points on
the tips of the coronoid processes of the mandible on the leftand right-hand sides. The user can (optionally)
prepare a le listing the landmark point numbers of such pairs (see Section 7 for details of the format and
loading of this le). If such a le has been prepared and loadel then, when the \Linklines" option is selected
in the \3D Tv draw" check list, white lines will be drawn betwe en these pairs of points in the 3D Tv whenever
both points have been manually identi ed. This can provide a quick visual check of the landmarking process
since the linking lines should all be approximately parall¢; if they are not then the user may have made ar
error (e.g. skipped over a point) during landmarking.

New Feature in Manual Landmark Tool v1.6

The \Global reg." option has been added to the \3D Tv draw" check list. The Manual Landmark tool now
allows the user to identify four additional landmark points, the G-reg points, which are used in the global
registration stage of the Automatic Landmark Point Placement too (see Section 13.2.1).

6 The Volume Rendering Interface

The TINA manual landmarking tool uses the Volpack volume rendering library ([6, 5]) to produce 3D views of
the data loaded into the sequence tool. In general terms, itd easier to see the general position of a morphological
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Figure 6: The interface to the volume rendering engine.

landmark when the data is displayed in 3D, although for maxinum accuracy it is important to re ne the landmark
position by checking the 2D views, since these provide a mordirect view of the data.

Pressing the \VR Control" button in the manual landmarking t ool spawns a dialog box that provides access to
various user-controlled parameters of the volume renderig engine, as shown in Fig 6. The most important of these
are the graphs contained in the \Scalar Classi cation" and \ Gradient Classi cation" elds. Each of these takes the
form of a small user-controlled graph with four associated httons. The curve shown in the \Scalar Classi cation”
graph controls the way in which intensity (grey level) in the original 3D image data loaded into the sequence tool
(and displayed on the x-axis of the graph) is converted into he opacity of the corresponding pixel in the volume
rendered image (the y-axis of the graph). The shape of the cwe is controlled by a set of points placed within the
graph by left-clicking with the mouse or moved by left-clicking and dragging with the mouse cursor placed over an
existing point. The \spline” and \linear" buttons set the sh ape of the curve to be a spline or piecewise-linear curve
through the control points. The \reset" button" returns the shape of the curve to the default linear ramp. After
setting the curve to the desired shape, the \apply" button must be pressed to pass the new curve to the volume
renderer. The e ects of these parameters can be seen in Figs, 8, 9, 10 and 11. in general, the curves should
both be set to sigmoid functions: using steep sigmoids, as etvn in Fig. 9, will produce a surface-rendering style
image.

The balance between rendering speed and image quality is coolled by the \Render quality" choice list. These
choices control an upper and lower threshold; voxels with itensities below the lower threshold are ignored during
rendering, and voxels with intensities higher than the uppe threshold are assigned 100% opacity (so that no voxels
behind them need to be rendered). The \Fastest" choice setshese thresholds to their most extreme values, so
that many voxels are ignored; the rendering is then faster atthe expense of lower image quality. The \Highest"
choice disables the thresholds completely, so that all voxs are rendered; the rendering is then slow but produces
the best image quality. In general the \Fast" choice is the mast suitable during mouse interaction with the image
displayed in the 3D Tv.

The volume renderer is also capable of producing several dérent types of image, depending on the selection in
the \Render type" choice list. The \Opacity" choice will ren der an image showing only the opacity of each voxel
i.e. with no surface shading, so that the \Gradient classi cation", lighting and material parameters are all ignored.
This provides a transparent view of the data as shown in Fig. 8 The \Greyscale" choice will render an image
with both opacity and surface shading, so that the \Gradient Classi cation”, lighting and shading parameters are
all applied. However, only the overall intensity of light from each voxel is displayed and so the resulting image
is greyscale. The \Pseudo-colour" choice produces a greyale image but then colours the result using the colour
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chosen with the \Foreground colour" button, and sets the badkground to a uniform colour as speci ed with the
\Background colour" button. The \Full colour”" choice gives the renderer complete control of image colour, so that
coloured lights and material properties can be used (see bak); the \Background colour” eld can also be used to
change the colour of the background in this mode.

Pressing the \Lighting Control" button spawns the Lighting Control dialog box, which provides the user with full
control over the lighting parameters used by the volume rene@rer. See the following section for more details.

The volume renderer also supports depth queing. This functin allows a user controlled \fog" to be applied to
the volume rendering, which grows thicker with depth through the image. More distant objects therefore appear
dimmer, which helps to create a more three-dimensional e e Depth queing can be switched o or on using the
\Depth queing:" buttons, and is controlled by the two parameters \Front fac" (the thickness of the fog at the front
of the image) and \Density" (the rate at which the fog grows thicker with depth through the image), according to

fog thickness = (front factor ):e density:depth

Both \Front fac" and \Density" must be positive numbers. Cha nges to the these parameters are not implemented
in the rendered image until the next time it is regenerated: the user can force the image to be rendered with the
new parameters by clicking the \Repaint" button in the Tv too | displaying the 3D Tv.

When the rendering type is set to greyscale, pseudo-colourrdull colour, the intensity gradient of the original 3D
image data is used to shade the surface of each voxel. Finerrtool over the re ectivity of the surfaces can be
achieved using the material property parameters containedn the \Ambient", \Di use", \Specular" and \Shiny-
ness" elds. The ambient and di use elds control how the surface re ects ambient and di use light respectively;
the red, green and blue components can be set independentlithe specular eld controls the intensity of specular
re ections (i.e. highlights), and again the red, green and lblue components can be controlled independently. The
shininess eld controls the overall shininess of surfacesor which there is only a single parameter. Valid parameters
for the ambient, di use and specular rgb components are in tke range 0.0 to 1.0: the shininess parameter should be
in the range 1.0 to 100.0. The colouration of surfaces will diy be visible when the renderer is in full colour mode;
in greyscale or pseudo-colour modes the rendered image isggluced using only the overall intensity of the re ected
light (i.e. the intensity of each of the red, green and blue canponents combined). Although the Volpack library
provides the ability to assign di erent material propertie s to di erent tissues, using the techniques described in
[3], the current version of the Manual Landmarking tool assumes a single material type. Changes to the material
properties are not implemented in the rendered image until he next time it is regenerated: the user can force the
image to be rendered with the new parameters by clicking the Repaint" button in the Tv tool displaying the 3D
Tv.

It is important to note that none of the options in the VR Contr ol or Lighting Control dialog boxes will a ect the
accuracy of landmark point placement (except to the extent hat they a ect the user's ability to see where the
landmark point should be placed). When the user selects a pot in the 3D image by placing the mouse cursor over
that point, and then left-clicking with the \Pick" mode of th e \3D Tv Mouse" function selected, the 3D cursor is
moved to the rst bone surface lying under the point speci ed by the mouse cursor. However, this is not done using
the 3D renderer: instead, it is done by searching through theoriginal 3D image data, as contained in the sequence
tool, until a voxel with an intensity equal to or greater than the intensity speci ed in the \Bone threshold" eld of
the Manual Landmark tool is found. None of the options contaned in the VR Control dialog box is used in this
process, and so the user is free to reset them in order to prode the best possible rendering of the data without
this process having any e ect on subsequent analysis of theahdmark points generated using the software.

Signi cant user experimentation with the options displayed in the VR Control dialog box may be required in order
to produce the best possible 3D display of the data. Therefa, the software provides the ability to save/load
all of the currently selected volume rendering and lighting options to/from a le. The pathname of the le can
be entered into the \Options:" eld at the bottom of the VR Con trol dialog box, either by typing the pathname
directly or by using the le browser started with the \Scan" b utton. The \Load" and \Save" buttons then load or
save the options to or from the le.
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Figure 7: The volume renderer using the default options.

New Feature in Manual Landmark Tool v1.2

Several example volume renderer options les are availablén the extra_les sub-directory of the max-planck-
toolkit directory that is created when the Manual Landmarki ng Toolkit is extracted.

tmlt _surfacestyle.txt - the options used in Fig. 9; these provide a surfae-rendering style 3D image for
many micro-CT scans of rodent skulls.

tmlt _pseudacolour.txt - similar to the options used in Fig. 9, but with ps eudo-colour rendering enabled
and a light-blue background, allowing the User to easily se¢he opacity of the rendered image.

tmlt _full _colour.txt - similar to the options used in Fig. 9, but with mu ltiple coloured lights enabled;
similar to the options used to produce the image on the front @ge of this document.

tmlt _printing.txt - similar to the options used in Fig. 9, but with pseudo-colour rendering enabled with a
white background, and with all landmark points displayed asspheres rather than crosshairs: these option
are useful for producing images to be incorporated into pubitations.

(%)

6.1 The Lighting Control Interface

The volume rendering engine supports up to six fully con gurable light sources. Fig. 12 shows the lighting control
dialog box, which allows the parameters of the lights to be spci ed by the user. The dialog box is created by
pressing the \Lighting Control" button in the \VR Control" d ialog box.

Each line of the lighting control dialog box controls one of te lights. The buttons on the far left specify whether
the light is switched on or switched o. The next three elds (x, y and z) specify the normalised x, y, and z
components of the direction of the light; values between -1 and 1.0 are valid. The nal three components (r, g
and b) specify the colour of the light as normalised RGB compaents; values between 0.0 and 1.0 are valid.

The default is to have a single white light shining down the zaxis; the \Reset to defaults" button resets all
parameters to these default values. Changes to the lightingparameters are not implemented until the \Apply"
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Figure 8: Opacity only volume rendering.
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Figure 9: Greyscale volume rendering with options chosen tgive a surface rendering style image.
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Figure 10: Pseudo-colour volume rendering with options cheen to give a surface rendering style image.

button at the bottom of the dialog box is pressed, and even tha have no e ect unless the volume renderer is
running. If the \Apply" button is pressed with invalid param eters in the dialog box, error messages will be printed
to the text window of the top-level tinaTool and any lights wi th invalid parameters will be disabled. Finally, the
lighting control dialog features an emergency mode to ensuar that, even if all lights are disabled due to invalid
parameters, the default lighting will be applied so that a rendering is still produced.

Note that, if coloured lights are speci ed with the renderer in greyscale mode, then the rendering will show the
intensity of the lighting but not the colour. Switch to full ¢ olour mode to display the coloured lighting.

6.2 Limitations of the Volume Renderer

In order for the Manual Landmarking tool to be usable, mouse mnteraction with the 3D image must be fast
enough that the image can be manipulated in interactive timei.e. the renderer must be able to produce several
frames per second. This places severe constraints on the aomi of processing that can be performed during
rendering. Traditionally, landmark identi cation softwa re has used surface rendering algorithms in order to meet
this requirement. Such algorithms rely on identifying a setof points on the bone surface within the volume,
tesselating these points to produce a representation of theurface, and then only rendering this surface i.e. only
rendering a small fraction of the data. However, this appro&@h has a drawback in that it relies on a specic
interpretation of the data i.e. some technique must be used d identify the surface prior to rendering. If, for
example, a simple threshold is used, then this is equivalerto the assumption that all bone surfaces in the volume
have a well-de ned grey-level. At any point where this assunption fails (e.g. where the bone is thin and so obscured
by partial voluming, is of low density, or is corrupted by image noise) errors will be generated in the rendering e.g.
pseudofenestrations (holes in the rendered bone surfacedhdo not exist in the original data).

The TINA Manual Landmarking tool uses a volume rendering algorithm in order to avoid such problems. Volume
rendering produces an image using the entire 3D volume: eacpixel in the rendered image represents a vector
through the 3D volume, and the renderer runs along these vecrs, converting the intensity and intensity gradient
of every voxel in the 3D volume into opacity and re ectivity, and combining these together to produce the intensity
of the nal pixel in the rendered image. The nal, rendered image thus provides a more complete view of the data
than a surface rendering, at the expense of signi cantly moe processing.
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Figure 11: Full-colour volume rendering with options chose to give a surface rendering style image, showing the
e ects of coloured lighting.

In order to produce volume rendered images in interactive tine, the TINA Manual Landmarking tool uses a fast
volume rendering algorithm known as the shear-warp algorihm. The operation of this algorithm is illustrated in
Fig. 13. Projecting along vectors from some arbitrary viewmint would involve complex geometrical calculations
in order to nd which voxels were intersected by which vectors. Therefore, the shear warp algorithm calculates an
overall shearing of the volume that makes all of the vectors prallel to the nearest major axis of the volume. The
data is then projected into an intermediate image, which is @rallel to one face of the volume, before being warped
to produce the nal rendered image. This results in a much moe favourable alignment of the data in memory,
vastly increasing rendering speed at the expense of a smakduction in image quality (introduced by the warping).

Several additional limitations have been implemented in oder to maintain rendering speed. The renderer uses a
parallel projection, rather than a perspective projectioni.e. assumes that all rays from the viewpoint through the
data are parallel, rather than diverging. The drawback of this approach is that it can introduce an optical illusion
known as the Necker Cube [4] in which, particularly if the image has high transparency, it can be di cult to tell
which side of the volume is closest to the viewer. Using render settings that minimise the translucency of bone
surfaces will minimise this e ect.
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Figure 12: The lighting control dialog box.
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Figure 13: Volume rendering a 3D data block from an arbitrary viewing direction results in arbitrary angles of
intersection between the viewing rays and the slices of thel3 data (a). Shear-warp volume rendering pre-calculates
an overall shear of the volume that makes the viewing rays pallel to one axis of the sheared volume (b). The
sheared data is then projected along the parallel rays into @&u er, which is nally warped onto the image plane
to produce the rendered image. This results in a much more fawrable alignment of the data in memory, vastly
increasing rendering speed at the expense of a small redueti in the quality of the rendered image.

Furthermore, the lighting model used by the renderer does nbtake account of radiosity i.e. diuse lighting
re ected from multiple surfaces within the volume. Instead, it only takes account of direct rays of light from the
light sources, re ected o of one surface to the viewer. Thiscan cause a characteristic artefact in which rough
bone surfaces appear to be speckled with small, dark patche€orrecting this with a more realistic lighting model
would increase the processor time requirements to the poimvhere the renderer could not run in interactive time.
However, the e ect can be minimised with careful choice of lghting parameters (e.g. using a single light shining
onto the front of a rodent skull seems to give a good result).

Finally, the TINA Manual Landmarking tool was designed prim arily for use on very large micro-CT image volume
of rodent skulls (typically several GB in size). In order to make proper use of the accelerated 3D graphics hardware
found in most PCs, the data to be rendered must be copied to thezideo card memory (in order to avoid continual
paging of data from system memory to video card memory acrosghe system bus). However, the majority of
current video cards lack su cient memory to hold an entire mi cro-CT rodent skull volume. Therefore, the volume
renderer used in the Manual Landmarking tool does not use gnghics hardware; it runs on the CPU and from
system memory.
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Figure 14: The landmark control dialog box.

7 The Landmark Control Interface

The TINA Manual Landmarking tool was developed to allow the generation of lists of landmark point positions
for use in Procrustes analysis. In this type of analysis, it $ essential that each list of landmark points contains
the same set of physiological locations in the same order. Trefore, rather than allowing the free-form generation
of lists of points, the Manual Landmarking tool requires the user to prepare a text le containing a list of point
names and point numbers, referred to as a \names le", which nust be loaded into the tool before point locations
can be speci ed. An example is shown below. The le can be pregred in any text editor, and on each line should
contain a point number at the start of the line, followed by one or more spaces or a tab character, then the text
description of the point.

If the user wishes to use the \Linklines" option in the 3D Tv (see Section 5.2.2) in order to draw lines linking any
pair of points that are arranged symmetrically about the plane of bilateral symmetry, then a le listing these links
must also be prepared. Each line of the le contains two landnark point numbers, corresponding to the landmark
point numbers in the names le, separated by a tab or one or moe spaces. Lines will then be drawn in the 3D
Tv between the speci ed points whenever the \Linklines" option is selected in the \3D Tv draw" check list and
coordinates have been speci ed for both points. The le musthave the same lename as the landmark names le
and must have the extension .lIf (e.g. if the names le is cakd points.txt, then the linking lines le must be called
points.lif). It must also be placed in the same directory. The linking lines le will then be automatically loaded or
saved whenever the names le is loaded or saved. An example &hown below.
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An example landmark point names le for mouse skulls:

1 Most anterior point of the anterior palatine foramen, left side.

2 Most anterior point of the anterior palatine foramen, righ t side.

3 Intersection of frontal process of maxilla with frontal and lacrimal bones, left side.

4 Intersection of frontal process of maxilla with frontal and lacrimal bones, right side.

5 Frontal-squasmosal intersection at temporal crest, left side.

6 Frontal-squasmosal intersection at temporal crest, right side.

7 Center of alveolar ridge over maxillary incisor, left side.

8 Center of alveolar ridge over maxillary incisor, right side .

9 Lateral intersection of maxilla and palatine bone posterio r to the third molar, left side.

10 Lateral intersection of maxilla and palatine bone posteri or to the third molar, right side.

11 Anterior notch on frontal process lateral to infraorbita | ssure, left side.

12 Anterior notch on frontal process lateral to infraorbita | ssure, right side.

13 Most posterior point of the anterior palatine foramen, le ft side.

14 Most posterior point of the anterior palatine foramen, ri ght side.

15 Anterior-most point at intersection of premaxillae and na sal bones, left side.

16 Anterior-most point at intersection of premaxillae and na sal bones, right side.

17 Most infero lateral point on premaxilla-maxilla suture, le ft side.

18 Most infero lateral point on premaxilla-maxilla suture, ri ght side.

19 Intersection of parietal, temporal and interparietal bo nes,left side.

20 Intersection of parietal, temporal and interparietal bo nes,right side.

21 Most inferior aspect of posterior tip of medial pterygoid p rocess,left side.

22 Most inferior aspect of posterior tip of medial pterygoid p rocess,right side.

23 Joining of squasmosal body to zygomatic process of squasmosaleft side.

24 Joining of squasmosal body to zygomatic process of squasmosalight side.

25 Intersection of zygomatic process of maxilla with zygoma (ju gal), superior surface, left side.
26 Intersection of zygomatic process of maxilla with zygoma (ju gal), superior surface, right side.
27 Intersection of zygoma (jugal) with zygomatic process of temporal, superior aspect, left side.
28 Intersection of zygoma (jugal) with zygomatic process of temporal, superior aspect, right side.
29 Basion.

30 Bregma: intersection of frontal bones and parietal bones at midline.

31 Intersection of parietal bones with anterior aspect of in terparietal bone at midline.

32 Intersection of interparietal bones with squamous portio n of occipital bone at midline.

33 Nasion: Intersection of nasal bones, coudal point.

34 Nasale: Intersection of nasal bones, rostral point.

35 Opisthion.

36 Intradentale superior.

37 Most posterior projection of the posterior nasal spine.

38 Most superior point on the external auditory meatus, right side.

39 Anterior edge of the alveolar process where right rst mol ar hits alveolus, right side.

40 Most anterior-medial point on the right carotid canal, ri ght side.

41 Most superior point on the external auditory meatus, left s ide.

42 Anterior edge of the alveolar process where right rst mol ar hits the alveolus, left side.

43 Most anterior-medial point on the left carotid canal, lef t side.

44 Anterior nasal spine.

45 Intersection of the right occipital condyle and the forame n magnum, taken at the lateral most curvature, right side.
46 Intersection of the left occipital condyle and the foramen magnum, taken at the lateral most curvature, left side.
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An example landmark point links le for mouse skulls (correponding to the names le above):
1 2

3 4

5 6

7 8

9 10
11 12
13 14
15 16
17 18
19 20
21 22
23 24
25 26
27 28
38 41
39 42
40 43
45 46

Names les and other les containing landmark points are loaded and saved using the Landmark Control dialog
box, which also displays the currently loaded list of landmak points and provides some basic tools to manipulate
it. This dialog box is started by clicking on the \Landmark Li st" button at the top of the Manual Landmarking
tool, and is shown in Fig. 14.

In order to load a landmark names le:

Prepare the names le in advance, using any text editor.

In the Landmark Control Dialog box, enter the absolute or relative pathname of the landmark names le
into the \Pathname" eld, either directly or by using the le -browser started by clicking on the \Scan”
button.

Select the format of the le (in this case \Names") from the \F ormat" choice list.

Click the \Load" button in the Landmark Control dialog box.

Once a names le has been loaded, the names and numbers of thendmarks can be viewed in the Landmark
Control dialog box. The top half of the dialog box shows ve landmarks at a time, displaying their number, name,
any stored x, y and z coordinates, a \type" eld (see below), and a link no. eld, w hich speci es which (if any)
other point the point is linked to when the \Linklines" optio n is used in the \3D Tv draw" checklist.. The user is
free to edit any of these elds manually. The Manual Landmarking tool assigns a type of -1 to any point that has
not yet been marked up, and a type of 0 to any point that has beermanually marked up. The user is free to enter
any integer into this eld, and so it can be used to hold additional information about the point e.g. if museum
specimens are included in the sample group, and parts of thedme surface are missing in some specimens, then
the user could assign type 5 to indicate landmark points thathave been approximated because the bone surface is
missing.

After loading a landmark names le, one landmark in the list is always considered to be the current landmark.
During manual landmarking, whenever a point is marked the cordinates of the 3D cursor will be transferred to
the current landmark. The current landmark is always the onedisplayed in the middle of the ve rows of landmark
information in the Landmark Control dialog box. The user can specify the current landmark (so that points can be
marked up in any order) by scrolling up and down through the landmark list using the \Up" and \Down" buttons

in the Landmark Control dialog box. In order to avoid having t o keep the Landmark Control dialog box open
during landmarking, a subset of the dialog is also availablén the Manual Landmarking tool, which displays the
number and name of the current landmark and has copies of theWp" and \Down" buttons. However, the current
landmark is always kept consistent between these two windog; so when scrolling through the landmark list using
the buttons in the Manual Landmarking tool, the user will also see the list scroll in the Landmark Control dialog
box.

The Landmark Control dialog box can also load and save a varig of other le formats, as speci ed in the \Format"
choice list. \Raw" is a TINA-speci ¢, ASCII text format that can contain all of the information from the landmark
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list. \TPS" and \NTSYS" ! are standard formats for morphological data. All of these femats are ASCII text
les, and so can be viewed or edited in any text editor.

In order to save a landmark list:

In the Landmark Control Dialog box, enter the absolute or relative pathname of the landmark le into the
\Pathname" eld, either directly or by using the le-browse r started by clicking on the \Scan" button.

Select the format of the le from the \Format" choice list.

{ Raw les can only hold one list of landmark points. If a Raw le is overwritten, then the previous
version of the le will be replaced

{ TPS les can hold multiple lists of landmark points. If landm ark points are saved to a TPS le that
already exists, then the new set of landmark points will be apended to the existing le. The TPS
format assumes that each set of landmarks in the le has a unige identi er: the contents of the
\TPS/NTSYS ID" eld will be used as the identi er. However, t he software does not check whether
this is unique in the le i.e. it is up to the user to do this.

{ NTSYS les can hold multiple lists of landmark points. If lan dmark points are saved to a NTSYS
le that already exists, then the new set of landmark points will be appended to the existing le.
The contents of the \TPS/NTSYS ID" eld will be saved in the | e as a comment. The landmark
point names will be saved to le as a list immediately preceethg the data matrix; however, NTSYS
only supports labels of up to 16 characters, and so the namesilwbe abbreviated if necessary. User
should be aware of this when preparing lists of landmark poih names if they intend to use the
NTSYS le format. The landmark point coordinates will be saved to the data matrix of the NTSYS
le as columns (i.e. each column of the matrix represents a pint).

U7

Click the \Save" button in the Landmark Control dialog box.

Landmark point information can also be loaded from any of these le formats. The \TPS Field No." eld allows
the user to specify which record to load from a TPS le that contains more than one set of landmark points. Since
the software can only maintain one list of landmark points at a time, a con ict may arise in situations where the
user attempts to load a le when some landmark information has already been loaded. In such situations, the
lengths of the two lists will be compared. If they are the same then the software will assume that the points
are in the same order and will load all of the information contined in the new le into the relevant elds of the
current landmark list. If the lengths are di erent, then the software will either refuse to load the new le, or will
discard the current landmark list and replace it with the inf ormation from the le, always choosing the option that
discards the least data i.e. if the user attempts to load a nares le after a TPS or Raw le has been loaded, the
software will refuse to load the le; if the user attempts to load a TPS or Raw le after loading a names le, then
the names will be replaced with those from the le. However, he Landmark Control dialog box provides a \Clear
Landmarks" button that allows the current landmark list to b e cleared, and also provides \Clear Axis" and \Clear
Plane" buttons allow the user to discard any currently stored axis and plane points (see Section 8.1).

Note that Raw, NTSYS and TPS les do not contain the informati on from the line linking lines le. However, the
user can load this information by loading a names le (with a corresponding linking lines le) after loading a Raw,
NTSYS or TPS le, as long as all les contain corresponding lists of landmark points.

7.1 Landmark Type Codes

Each landmark, axis, plane or global registration (G-reg) mint stored in the software is assigned a type code,
which can be seen in the Landmark Control dialog box. These & used by the software to represent information
about the point and should not, in general, be changed by the ser.

INTSYS read/write has been implemented as of version 1.3.
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Point type codes:

-1 NULL point (not yet allocated).

0 Point loaded from TPS/NTSYS/names le.

1  Point with manually speci ed coordinates.

2 Point with automatically identi ed coordinates.
3-9  Automatically identi ed point agged as an outlier.
101  First axis point.

102  Second axis point.

103  First plane point.

104  Second plane point.

105  Third plane point.

106  First global registration point.

107  Second global registration point.

108  Third global registration point.

109  Fourth global registration point.

8 Manual Landmarking

The aim of the manual landmarking tool is to allow the user to manually specify morphological landmarks in any
3D medical image volume that has been loaded into TINA via thesequence tool. In order to do this, the user must
manipulate the position of the 3D cursor until it corresponds to the desired point, and then store the coordinates
of the 3D cursor. When data is rst loaded, the 3D cursor if initialised at the centre of the volume. Its position is
displayed graphically in all Tvs as the red cross-hair. Its oordinates are also displayed numerically in theX , Y
and Z elds of the Manual Landmarking tool.

The position of the 3D cursor can be manipulated in a number ofways:

Numerical values can be entered directly into theX, Y and Z elds of the Manual Landmarking tool.

The arrow keys after each of theX, Y and Z elds in the Manual Landmarking tool allow the user to
increment or decrement each coordinate of the 3D cursor: thaize of the increment can be chosen via the
\Resolution" choice list in the Manual Landmarking tool.

When the 2D Tv mouse interaction is in \Pick" mode, the user can move the large red cross-hair representing
the 3D cursor by left-clicking on a position in the Tv, or by left-clicking and dragging. Alternatively, the
keyboard shortcuts can be used to shift the position of the 3Dcursor (see Section 5.2.1).

When the 3D Tv mouse interaction is in \Pick” mode, the user can left click on any position in the Tv:
the 3D cursor will then be moved to the upper-most bone surfae under the mouse cursor. The bone
surface is detected using a simple intensity threshold, s ed in the \Bone Threshold" eld of the Manual
Landmarking tool (see Section 5.2.2).

Once the 3D cursor is in the desired position, its coordinate can be stored by clicking the \Mark Point" button in
the Manual Landmarking tool. The coordinates will be transferred to the point speci ed in the \Markup" choice
list. If \Curr. LM" is selected, then the coordinates will be transferred to the current landmark i.e. the landmark
speci ed in the \No." and \Name" elds in the Manual Landmark ing tool, and also displayed in the middle of the
ve rows of landmark information in the Landmark Control dia log box. A list of landmark names must already
have been loaded in order to do this: otherwise, the softwaravill issue a warning that no landmark list has been
loaded. After transferring the coordinates, the software wll also increment the current landmark (i.e. move to
the next one in the landmark list), so that the user does not ned to scroll through the landmark list during
landmarking. The other choices in the \Markup" list allow th e user to specify axis and plane points (see Section
8.1).

The \Jump lock" switch and the \Jump stored" button allow the user to re-use coordinates of landmarks that
have previously been identi ed. If the user scrolls throughthe landmark list (using the \Up" and \Down" buttons

in the Manual Landmarking tool or in the Landmark Control dia log box) to change the current landmark to a
landmark for which coordinates have already been stored, ahthen clicks the \Jump stored" button, the 3D cursor
will be moved to the stored coordinates for the current landrmark. If the \Jump lock" switch is set to \On", then
this becomes the default behaviour when scrolling through e landmark list: the 3D cursor will automatically be
moved to the stored coordinates of the current landmark wheever such stored coordinates exist.
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The \Snap" button provides a basic snap-to-grid style functionality. When the 3D cursor is outside the bone,
clicking the snap button will move it to the nearest bone surface, as de ned by the bone threshold. This function
will have no e ect if the 3D cursor is inside bone or already ona bone surface.

8.1 Axis and Plane Points

In addition to landmark points, the TINA Manual Landmarking tool supports three plane points and two axis
points (these are not displayed in the landmark dialog box). The plane points are used to specify the plane of
bilateral symmetry. The axis points are used to specify an dbitrary axis within the 3D image. Both sets of points
are used to implement various utility functions that make th e manual landmarking process easier. Axis and plane
points can be speci ed regardless of whether a landmark lists loaded or not.

In order to mark up an axis or plane point:

Move the 3D cursor to the desired point in the 3D image

Select the desired point in the \Markup" list of the Manual La ndmark tool (e.g. \Pl.1" is the rst plane
point).

Press the \Mark Point" button in the Manual Landmark tool: th is will save the current coordinates of]
the 3D cursor to the point speci ed in the \Markup" list of the Manual Landmark tool

In order to re-use an existing landmark point as an axis or plae point:

Scroll through the list of landmark points, either in the landmark control dialog box or in the Manual
Landmarking tool.

Press the \Jump to" button in the Manual Landmarking tool: th is will move the 3D cursor to the
coordinates of the current landmark point, as specied in the landmark control dialog box and in the
Manual Landmarking tool.

Select the desired point in the \Markup" list of the Manual La ndmark tool (e.g. \Pl.1" is the rst plane
point).

Press the \Mark Point" button in the Manual Landmark tool: th is will save the current coordinates of]
the 3D cursor to the point speci ed in the \Markup" list of the Manual Landmark tool

In order to display axis or plane points within the 3D rendering, select the desired options in the \3D Tv Draw:"
check list in the Manual Landmarking tool. Plane points are displayed in cyan, and axis points in yellow. As with
landmark points and the 3D cursor, the points are displayed a 3D cross-hairs. Any parts of a cross-hair that
lie behind a bone surface (as speci ed by the \Bone threshold eld in the Manual Landmarking tool) from the
current viewpoint are displayed in a lower intensity, whilst points that are not behind a bone surface are displayed
in a higher intensity; this provides 3D cues to the user, makig it easier to see how each point interacts with the
bone surface. However, this functionality is disabled dumg rotation of the 3D rendered image in order to prevent
slowdown; during rotation, all points are displayed in a medum intensity.

Plane points are used by the \Re ect cursor" button in the Man ual Landmarking tool. Once three plane points
have been specied, pressing this button will project the curent 3D cursor position through the plane, to an
equidistant point on the other side, and reset the 3D cursor b that point. This can be useful when marking up
symmetrical structures.

Axis points are used to limit the rotation of the volume rendered image in the 3D Tv. Once both axis points have
been speci ed, press the \Lock Rotation" button in the Manual Landmarking tool. The volume rendered image
will then only rotate around an axis parallel to that de ned b y the two axis points and passing through the centre
of the volume. This functionality can be useful in viewing the extremal extents of some structures.

The viewpoint of the 3D Tv can also be aligned using the \Rotate to Axis" and \Rotate to Plane" buttons in
the Manual Landmarking tool. Once three plane points have ben selected, clicking the \Rotate to Plane" button
will rotate the volume such that the viewing direction after rotation is the normal to the plane, using the smallest
rotation angle possible. Clicking the button a second time vill ip the volume over to give the view from the other
side of the plane. Once all axis and plane points have been deed, clicking the \Rotate to Axis" button will
rotate the volume such that the projection of the axis onto the plane is aligned with the left-right axis of the 3D
Tv, such that using both buttons in combination will complet ely align the volume. Again, the rotation applied
is through the smallest angle possible, and clicking the bubn a second time will ip the volume over to give the
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Figure 15: The keyboard controls dialog box.

Figure 16: The view tool and dump tool.

view from the opposite side.

9 Keyboard Controls

As described in Sections 5.2.1 and 5.2.2, a number of keybahishortcuts are available in the 2D and 3D Tvs,
enabling commonly used functions to be applied without mowving the mouse cursor away from the Tv tools. These
can be reassigned to any key (with the exception of a few keyseserved by the window manager, such as the
print screen key) using the Keyboard Controls dialog box. Ths dialog box is started by clicking the \Keyboard
Controls" button at the top of the Manual Landmarking tool, a nd is shown in Fig.15. In order to reassign a key,
left-click with the mouse inside the eld displaying the keyboard control you want to reassign, and then press the
key you want to specify. The name of the key will appear in the atry eld. The same set of keys are used across
all Tvs.

10 The View Tool

The View and Dump tools provide additional interaction with graphics displayed in Tv tools. See the TINA User's
Guide [9] for full instructions on how to use these tools. Twofunctions of these tools are of particular interest
when using the TINA Manual Landmarking tool: the creation of movies from 3D images and the saving of images
to les.

The View tool can be used to prepare a movie from any Tv displaing a 3D image (e.g. the 3D Tv of the Manual
Landmarking tool), in which the image rotates in 3D around its central point. Each frame of the movie is rendered
in turn and stored as a 2D image within the Tv tool; during play back, these 2D images are displayed in the Tv as
a slide show. Therefore, no rendering is performed during plyback, allowing the movie to play in a much shorter
time than it took to render. This can signi cantly increase t he viewer's perception of 3D, and so can be useful in
seeing exactly where landmark points are located in the 3D irage. The user can specify the angles of rotation,
the number of frames in the movie, the time delay between eaclframe during playback, and the number of times
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the movie loops during playback. Note that the rotation angles are speci ed in radians, around the current x-axis
(i.e. left-right axis) and y-axis (i.e. up-down axis) of the Tv i.e. they do not refer to the coordinate system used in
the Manual Landmarking tool. Once a movie has been createdt iis stored in the Tv tool until the user deletes it.

To create a movie in a Tv tool displaying a 3D image:

Select the Tv for which you wish to produce a movie by clickingon its entry in the Tv list of the tool it
is associated with (e.g. click on \3D" in the Tv list of the Man ual Landmarking tool).

Start the View tool by clicking the \View" button in the tinaT ool window. The view tool will start, and
will display the name of the currently selected Tv in the \Current Tv" eld.

Select the parameters of the movie:

{ Rot x: the rotation to apply about the x-axis of the image (in r adians).
{ Roty: the rotation to apply about the y-axis of the image (in r adians).
{ Steps: the number of frames in the movie.

{ Timer (0.01 sec): the time delay between each frame during jplyback.
{ Count: the number of times to loop through the movie.

Click \Make seq" to prepare each frame of the movie and storetito the Tv.
Click \Show" to play the movie in the Tv.

Clicking \Init" will delete any previously stored movie, al lowing a new one to be prepared.

The Dump tool, which is a sub-tool of the view tool, can save tle image displayed in any TINA Tv tool as a TIFF or
Encapsulated Postscript le; TIFF les can be used to transfer images to Windows machines e.g. for incorporation
into MS Word documents, whilst EPS les can be used to incorpoate images into documents prepared under
Linux (e.g. using Latex).

To save the image displayed in a Tv tool to a le:

Select the Tv for which you wish to produce a movie by clickingon its entry in the Tv list of the tool it
is associated with (e.g. click on \3D" in the Tv list of the Man ual Landmarking tool).

Start the View tool by clicking the \View" button in the tinaT ool window. The view tool will start, and
will display the name of the currently selected Tv in the \Current Tv" eld.

Click the \Dump" button in the View tool. This will start the D ump tool. Enter a relative or absolute
pathname (relative pathnames are relative to the directory containing the tinaTool executable) into the
\Filename" eld, and select the colour depth using the \Dump Type" eld: \B&W" will give a greyscale
image, \Colour" will give a full-colour image, and \1bpp" wi Il give a black and white image (which can
be useful for saving graphs displayed in the Imcalc Graph Tv)

Click on either the \TIFF" or \EPS" button to save the image fr om the currently selected Tv to le in
TIFF or Encapsulated Postscript format.
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11 Using the Manual Landmarking Tool

A complete set of steps required to specify a set of landmarkss as follows:

Prepare a landmark names le, specifying the points that youintend to identify (see Section 7).
Start TINA; start the Manual Landmarking tool.

Start the sequence tool, assign a Tv tool to the sequence todlv (optional; see Section 3). and load g
3D medical image volume (see Section 4).

Start the volume renderer, using the \3D Tv" switch in the Man ual Landmarking tool.
Start four new Tv tools, and install them on the four Tvs of the Manual Landmarking tool.

Start the VR Control dialog box and the lighting control dial og box, and manipulate the volume rendere
options to produce a good volume rendering (see Sections 6 @rb.1 for suggested settings).

Use the techniques described in Section 5.2.2 to specify aitable bone threshold.
Load the landmark names le using the Landmark Control dialog box (see Section 7).

The current landmark will now be the rst one in the list: mani pulate the rotation of the image in the
3D Tv (with the 3D Tv mouse interaction in \Zoom" mode) until y ou can see the corresponding poin
on the bone surface.

Switch the 3D Tv mouse interaction to \Pick" mode, and then left-click on the position of the landmark
point in the 3D Tv: the 3D cursor will be moved to that point.

Check the position of the 3D cursor in the 2D Tvs: if necessaryre ne it using the arrow keys in the
Manual Landmarking tool, or by using mouse or keyboard intelaction with the images in the 2D Tvs (see
Section 5.2.1).

When you are happy with the position of the 3D cursor, click the \Mark point" button in the Manual
Landmarking tool (or use the keyboard shortcut in the 2D or 3D Tvs: see Sections 5.2.1 and 5.2.2). Th
coordinates of the 3D cursor will then be transferred to the arrent landmark, and the current landmark
will then be incremented (i.e. the next landmark in the list will become the current landmark).

Proceed through the landmark list, marking up each point in turn until the coordinates of all points have
been speci ed.

Save the landmark list to le using the Landmark Control dial og box (see Section 7).

At this point the user can load another 3D image volume and regat the process. Note that the previous
landmark list will still be in memory, and so can be used as steing points (if the data sets are similar

enough) or can be deleted using the \Clear Landmarks" buttonin the Landmark Control dialog box,

allowing the names list to be re-loaded.
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Part 2: The Automatic Landmarking Tool

P.A. Bromiley
Imaging Science and Biomedical Engineering Division,
Medical School, University of Manchester,
Stopford Building, Oxford Road,
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Figure 17: The Automatic Landmark Point Identi cation tool

12 Introduction

In order to accelerate the process of landmark identi catian, the Manual Landmark tool is capable of automatically
proposing a set of candidate landmark positions, based on aadabase of previous examples of manually identi ed
landmarks. This functionality is available via the Automat ic Landmark Point Identi cation tool, which can be
launched by clicking on the \Automatch" button in the Manual Landmark tool. The Automatic Landmark Point
Identi cation tool is shown in Fig. 17.

The automatic landmark identi cation operates by storing i nformation from manually identi ed sets of landmarks,
including both the coordinates of the landmark points and image data from around the points. These image patches
are then aligned with the data set currently loaded into the quence tool, using a coarse-to- ne registration process,
producing multiple estimates of the position of each landmak (one for each entry in the database). The registration
is based on a maximum likelihood estimation of a nine-paramier a ne transformation model i.e. a 3D translation,
rotation and scaling. Rather than using 3D blocks of data araind each landmark point, the software extracts 2D
images on the three orthogonal planes intersecting at the psition of the landmark point and aligned with the
major axes of the image volume; this provides enough data tostimate the parameters accurately and reduces the
processor time required compared to the use of 3D data blocksSmoothing is applied to the patches in order to
reduce the e ects of noise, and spatial derivatives are take in the x and y directions of each patch, producing a
total of six image patches for each landmark point. The likelhood function itself is the sum-squared di erence
between the data in these patches and the data in the image vame currently loaded into the sequence tool i.e.

Xy TQ)

InL = 1)

i=0 €
where L is the likelihood, | represents smoothed image derivatives of the patches statén the database,J represents
smoothed image derivatives of patches from the volume currgly loaded into the sequence tool, T represents the
nine-parameter a ne transformation model being optimised in order to align the two sets of patches,n represents
iteration over corresponding voxels in the image patches, is a relative scaling between the | and J patches, and

e Is the standard deviation of the noise on the numerator of thelikelihood function. The noise is calculated by

33



measuring the noise on the original | and J image volumes usinthe standard TINA noise measurement function,
which is based on measuring the width of zero-crossings in xtical and horizontal gradient histograms [7], and
then applying error propagation to account for the e ects of smoothing, di erentiation, and multiplication by
The use of image derivatives, rather than intensities, maks the software robust to the presence of any overall o set
between the intensities in the two image volumes. The factor provides further robustness against any linear
scaling between the intensities in the two volumes. Since must be taken into account in the calculation of &,
and the noise estimate cannot be allowed to vary during maxiram likelihood optimisation, is estimated once, at
the end of the rst, global registration stage (see below) anl then xed during local registration. The optimisation
itself is performed using the simplex algorithm [8]. Accurde knowledge ofn and . also allows the calculation of
a goodness-of- t score from the nal value of the likelihood function, as the likelihood can be translated directly
intoa 2 using

2nL = 2 2)

(the 2 per degree of freedom can then be obtained by dividing by the umber of independent terms in the
likelihood sum minus the number of parameters optimised). lrther details on are available in the accompanying
technical report (not yet available).

Since the automatic point location is based on a ne transformation i.e. assumes that an a ne transformation

of the image volume currently loaded into the sequence tool qpvides a good model of the image volumes stored
in the database, it is important that the current and stored volumes have similar shapes e.g. for identi cation of
morphometric landmarks on the bone surface of a given sampleesting on micro-CT images of rodent skulls (see
technical report) has indicated that the software is reliabe if the database contains examples from the same genus
as the current volume. The list of landmark points must also ke identical i.e. the must contain the same number
of points, marked up in the same locations and in the same orde The software will not allow the addition of
new entries to the database if the length of the list of landmak points di ers from previous entries already stored

in the database, but it is up to the user to ensure that the lists of landmarks contain the same biological points
marked in the same order.

Since the aim of the software is to facilitate the placement & landmark points for experiments in geometric
morphometrics, there will naturally be some di erence in shape between the data sets being analysed. Therefore,
the software uses a coarse-to- ne registration strategy, n which all stages are based on the likelihood function
given above, in order to progressively align the two sets offthiage patches. The rst stage is a global registration, in
which the patches span the entire volume and intersect at itscentre. The shape di erence between the structures
in the images in the current volume and the database mean thathe global patches from the former are a relatively
poor model of the latter, and so the result is an approximate dgnment. The registration then proceeds to align
patches around individual landmark points. Three stages othis local registration occur with progressively smaller
patches each time. This is based on the concept that, as the peh size is decreased, the e ect of shape di erences
between the database and current volumes is reduced i.e. thiatter becomes a progressively better model of the
former. The global and initial local stages of registrationtherefore search the space to nd approximate positions,
which are re ned in the later stages of local registration toimprove accuracy.

13 Use of the Software
Automatic landmark identi cation involves the following s tages:

Database construction;

Initial, point-based global alignment;
Image-based re nement of global alignment;
Coarse-to- ne local alignment;

Final re nement of landmark estimates;

Outlier detection.

These are described in detail in the following sections.
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13.1 Database construction

Automatic landmark identi cation is based on a database of examples of manually identi ed landmarks, which
must be constructed by the user. The database should contaittypically around eight sets of manually identi ed
landmarks. In order to construct the database, load an imagevolume and manually identify the list of landmarks
(or load them from le if available). The user must also consider the initial, point-based stage of registration (see
Section 13.2.1), and so may wish to mark the four G-reg pointsOnce the coordinates of all landmarks have been
manually identi ed, press the \Landmarks- > database" button in the Automatch Dialog box. This will extr act
all of the information required for subsequent operation ofthe automatic landmark software and enter it into the
database.

All image-based registration stages allow the applicatiorof smoothing during the preparation of the image patches,
in order to reduce image noise and thus provide a smoother cbgunction for the optimisation, reducing the
probability that the optimisation will get trapped in a loca | minimum. In order to allow accurate calculation of the
smoothed images, the software supports the use of a border@und the patches i.e. it stores and smooths a patch
of the requested patch size plus the border size, and then igmes the data in the border region during calculation
of the likelihood. The border size should be set to at least thee times the size of the smoothing kernel in order to
ensure that no part of the smoothing kernel falls outside thepatch when calculating any smoothed image intensity
that will be used in the calculation of the likelihood (since the smoothing function truncates the smoothing kernel
at the 3 points). Borders/patch sizes are controlled by two parameers: \Storage patch size" and \Glob. border".
The rst controls the size of the images patches around eachahdmark point that are stored in the database. The
patches must be large enough to include the largest patch stzused in the local registration plus a border of three
times the size of the smoothing kernel. For example, if the carsest stage of local registration uses a patch size of
40 and a smoothing kernel size of 20, then the stored patch szmust be at least 40 +3 20 = 100. The software
will abort the local registration if the stored patch size is too small. Similarly, \Glob. border" controls the size of
the border around the full-sized patches through the centreof the volume that are used in the image-based stage
of global registration. This should be at least three times he size of the smoothing kernel that will be used in
the global registration. The software will abort the global registration if the border is too small. The user must
take this into consideration if they wish to experiment with di erent settings of the smoothing kernel and local
registration patch size parameters. The patch, border and mioothing kernel sizes are all measured in the coordinate
system of the current volume i.e. taking into account any dowsampling applied during data loading. The patch
size parameters refer to the distance from the centre of the gtch to the edge i.e. if a patch size parameter is set
to 10, the patch used measures 20 20 voxels in the down-sampled coordinate system.

The database can be stored to disk by entering the desired patand lename (pathnames can be either relative or
absolute) into the \Output" eld of the Automatch Dialog box , and then clicking on the \Output AM Database"
button. Note that database les are in a binary format and cannot be manually edited. In order to load a previously
prepared database, enter the path and lename into the \Output" eld and click the \Input AM Database" button;

any database currently loaded into the software will be repaced. The database currently loaded into the software
can be freed by clicking on the \Free Database" button. The catents of the database can be examined using the
Automatch Database Inspector dialog box (see Section 16).

13.2 Global Registration

The global registration consists of two stages; an initial Jandmark point based stage and a nal, image-based stage.
These are described in detail in the following sections. Th&Reg options" choice list provides the ability to run
only the initial point based stage when \"Points only" is selected, or to run both stages when \Im-based re ne" is
selected. However, this facility is provided only for testhg purposes; \Im-based re ne" should always be selected
when the software is being used for automatic point location Global registration is performed by clicking on
the \Global Reg" button; the software will then proceed to optimise transformation models that bring the image
volume currently loaded into the sequence tool into alignmat with the entries in the automatch database.

13.2.1 Initial Point-based Global Registration

Image-based registration algorithms cannot reliably hande gross misalignments (for example, if the current vol-
ume is rotated by approximately 180 degrees compared to th@sstored in the database). Therefore an initial,
approximate stage of alignment is required prior to image-lased registration. In the current version of the software
(see Section 17), this requires the user to mark four landmdr points in each volume; the rst stage of the global
registration is based on aligning these points by minimisiig the sum-squared distances between corresponding
points using the simplex optimisation algorithm. These ponts must span all three dimensions of the space in order
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to provide an accurate alignment i.e. they must not be co-plaar. The points can be landmark points i.e. points
in the current landmark list; simply mark up any four or more of these and the software will calculate the initial
global registration by aligning them to the corresponding points in the database. Alternatively, the user may wish
to use points not included in the landmark point list for the global alignment. The four G-reg points provide this
functionality; they can be manually identi ed in the same way as any other landmark point, using the \G1", \G2",
\G3" and \G4" selections in the markup choice list, and inspected using the plane, edge and G-reg point inspector
in the Landmark Point dialog box. The \3D Tv draw" check listi n the Manual Landmark tool provides the option

to display the positions of the G-reg points in the 3D Tv, where they are displayed as orange spheres or crosshairs.

In order to mark up a G-reg point:

Move the 3D cursor to the desired point in the 3D image.

Select the desired point in the \Markup" list of the Manual La ndmark tool (e.g. \G1" is the rst G-reg
point).

Press the \Mark Point" button in the Manual Landmark tool: th is will save the current coordinates of]
the 3D cursor to the point speci ed in the \Markup" list of the Manual Landmark tool.

The choice of whether to use the landmark list or the G-reg paits for the initial global alignment is controlled
by the \Reg type:" choice list; \LM-based" speci es use of landmark list points and \G-reg based" speci es the
use of the G-reg points. Obviously, if G-reg points are usedthen they must have been marked for all database
entries (i.e. identi ed in each database volume prior to clicking the \Landmarks-> database" button), and so the
user must consider the global registration technique durig database preparation.

The software implements a number of tests on the point-basedtage of global registration. These will ensure that
at least four points are available and that they are su cient ly non-coplanar. In addition, the optimal alignment of
any sets of points should bring the centroids of the point sed into alignment. This could be used to calculate the
translation parameters of the transformation model directly, without optimisation. However, the software actually
optimises all nine parameters of the nine-parameter a ne transformation model. This allows the distance between
the point set centroids after alignment to be used as an erroestimate; it is displayed in the Automatch Database
Inspector dialog box after global registration has been pdormed, and should in general be less than one voxel.

13.3 Image-based Re nement of Global Registration

The point-based stage of global alignment provides the requed initialisation for a second, image-based stage. This
uses full-sized (i.e. spanning the full size of the volume &m edge to edge) image patches intersecting at the centre
point of the volume and aligned with its major axes. Simplex gtimisation is used to optimise the parameters of
a nine-parameter a ne transformation through a maximume-li kelihood method, based on the likelihood function
described above. The factor is set to 1 during global registration; it is then calculated from the aligned, full-sized
patches once the global registration is complete, and useduting local registration (this procedure is based on the
theory underlying the expectation-maximisation algorithm).

The software will display a progress bar during image-basedlobal alignment. In addition, the number of iterations
of the simplex optimisation and the value of the cost functin at the end of optimisation will be displayed in the
top-level tinaTool window. Once transformation models hawe been calculated for all database entries, they will be
stored in the automatch database, and can be inspected in th@utomatch Database Inspector dialog box. The 2
per degree of freedom at the end of global alignment is also shlayed.

13.4 Coarse-to- ne Local Registration

The global registration provides an approximate alignmentof the current image volume to those volumes repre-
sented in the automatch database. This acts as an initialisdon for a local registration of smaller image patches
around each landmark point. The local registration must both search the cost function space for the global min-
imum and then re ne the estimate of the global minimum for maximum accuracy. These two objectives are,
in some ways, diametrically opposed, since e cient searchig requires large patches and signi cant smoothing,
whereas maximum accuracy requires small patches, in ordeotimprove the t of the model to the data, and low
smoothing. Therefore, the local registration uses a coarst®- ne strategy involving three stages with decreasing
patch and smoothing kernel sizes. The stopping criterion fothe rst two stages is less strict than for the third
stage, since only an approximate solution is required to irtialise the following stage.

The local registration optimises only the translation and scaling parameters of the nine-parameter transformation
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model i.e. does not optimise the rotation. This avoids degeeracy when aligning landmarks located on surfaces
of constant curvature; for example, a sector taken from a cicle can be aligned to any other sector of that circle
if rotation is allowed, but will only match its original posi tion if the transformation is limited to translation and
scaling only.

The patch and smoothing kernel sizes can be controlled usinthe \Loc. patch size 1", \Loc. sig. 1", \Loc. patch
size 2", \Loc. sig. 2", \Loc. patch size 3" and \Loc. sig 3." e Ilds; the number refers to the registration stage.
Local registration is performed by clicking on the \Automat ch" button. The software will automatically add a
border around the speci ed patch size equal to three times tle size of the smoothing kernel; the local registration
will be aborted if the stored patch size in the database is toosmall to allow this. These images patches will
then be aligned for all points in all records in the database;this should take a few seconds per point, but will
take considerably longer if the TINA libraries and the Manual Landmark toolkit have not been compiled with
multithreading switched on (see Section 2). A progress bar Vit be displayed, informing the user of the current
database record and point being aligned. Once local regisdtion has nished, the projected location of each point
in the database i.e. the estimated position of that point in the current volume based on the global and local
registration results, will be displayed in the Automatch Database Inspector dialog box, together with the 2 per
degree of freedom calculated from the third-stage patch usg both the global registration result only, and the
combined global and local registration results. The 2 per degree of freedom for the global plus local registration
should be close to 1 if the point has tted correctly.

The registration will abort if the global registration has not been performed i.e. there are no stored global
transformation models in the database. All stored transfomation models will be deleted if a new image volume is
loaded into the sequence tool, since they will no longer be lid. However, if the automatch database is stored to
le then the results of all stages of registration are storedin that le. This allows all registrations to be optimised
and stored for a speci ¢ current volume, facilitating rapid testing of the nal re nement and error detection stages
of the software. However, it also permits the situation whee the user saves a database containing global and local
registration results for a speci c current image volume, lads a di erent volume into the sequence tool, and then
loads the database for the original current volume, ending p with a set of global and local registrations for the
wrong current volume. The software has no way to detect this eor, and so the user must be careful to avoid it.

13.5 Final Re nement of Landmark Estimates

Once the global and local registration stages have been corfgted, the database will contain multiple estimates
of the position of each point in the landmark list: one for eat entry in the database. The purpose of the nal
re nement stage is to combine these estimates into a singleypothesised location for the landmark, the coordinates
of which can then be entered into the current landmark list. However, as with all optimisation-based machine vision
systems, there is a chance that some of the estimated locatis contained in the database will be t failures i.e.
will be in the wrong location. This can be caused by several dérent e ects: shape di erences can result in the
structures around the landmark point in the current volume being a poor model for the structures in the database
entry, similar structures in di erent locations within the images can generate local minima in the likelihood cost
function that trap the optimisation, and local minima can al so be generated by image noise. Therefore, the
nal re nement must take account of the fact that some of the estimated locations for each landmark may di er
signi cantly from the correct location i.e. may be outliers.

The potential presence of outliers in the database militates against using any procedure based on a logical AND
process e.g. taking the mean or median of the estimated loc@ins to produce the nal hypothesised location
for each landmark. Furthermore, taking the single estimatal location with the lowest estimated error would be
undesirable, for two reasons. First, lacking a model of shag variation between patches in the database and the
current volume, any error estimate (such as the 2 per degree of freedom at the end of the local registration) is
itself unreliable, which could lead to errors in point seletion. More importantly, picking a single point could lead
to systematic error, through marking up all points in a given dataset using the single database entry with the most
similar shape, thus transferring any errors on the point lo@tions in the database entry directly onto the dataset
being marked up. This could exaggerate any shape di erencesbserved in subsequent Procrustes analysis.

Instead, a procedure is required that uses a logical OR proes i.e. nds the best single estimate based on the
consensus of the estimates contained in the database. The al re nement achieves this by constructing a 3D space
large enough to hold all of the estimated locations for a give landmark point, entering the points as Kronecker
delta functions, and then convolving the space with a Gaussin smoothing kernel. The size of the smoothing kernel
is set in the \Fin. sig." eld (see Section 17). The nal re ne ment algorithm selects the location of highest point
in the space after the convolution i.e. the most probable pait location based on any sub-set of the estimated
locations from the database, as the nal estimated point lo@tion. If no highest point exists, since the estimated
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locations are all separated by more than three times the sizef the Gaussian kernel used in the convolution, then
the point from the database with the lowest 2 is used instead and a warning message is displayed in the tdpvel
tinaTool window. This should be considered an error conditon for the reasons outlined above.

The nal re nement has two additional options. First, the \C hi-sq. weight" option weights the Kronecker delta
functions using the 2 at the end of the local registration i.e. down-weights the pants that may not have tted
correctly. This option requires careful testing before usesince the estimated 2 values themselves are not com-
pletely reliable, and so it is recommended that \O " should b e selected. Second, the \Snap points" option will
take the location predicted by the nal re nement, and then m ove it to the closest surface as de ned by the \Bone
threshold" option in the Manual Landmark tool.

The nal re nement can be run by clicking the \Gauss conv." bu tton. A progress bar will be displayed; however,
for small Gaussian kernels the process will be completed ively quickly. The point locations predicted by the
nal re nement will be copied into the current landmark list , replacing any coordinates already stored there. A
current landmark list must exist in the software i.e. at least a landmark point names le must have been loaded.
The type code of each point will be changed to 2, so that the ugecan easily see which points in the landmark list
have been automatically estimated.

13.6 OQutlier Detection

With careful database construction, the automatic point location software is relatively reliable, capable of achievig
point locations errors similar to those from manual point identi cation for 95% of the points in typical landmarking
experiments (see technical report). However, occasionaltliers will remain, and so the user is expected to manually
inspect all automatic point locations and re ne them where necessary (this should be much faster than manually
identifying all points). The outlier detection stage of the software provides a guide to this process, attempting to
identify these outliers and indicate them to the user.

Lacking a model of shape variation between the image volumeis the database and the current volume, no stage
of the automatic point location can be completely accurate. Therefore, errors may exist on both the automatic
point locations and the estimated errors on those locationgrovided by the 2 per degree of freedom. The outlier
detection therefore inspects consistency across both estated location and estimated error, so that an error on
either quantity will result in a point being agged as an outl ier. A leave-one-out experiment involving 14 micro-CT
datasets of mice, wood mice, voles, hamsters and gerbils iftéted that this provides a reliable outlier detection
method with a false negative rate of 0%, at the expense of a fa¢ positive rate of 20% on image volumes for which
the majority of the database consists of examples from the sae genus.

The outlier detection operates by sorting the predicted lo@ations for a given landmark point from the database
into order, based on their 2 per degree of freedom at the end of local registration, and thn agging any point as
an outlier if the estimated locations for the points with the lowest 2 dier from the location resulting from the
nal re nement stage by more than a given threshold. The number of points included in the check is controlled
by the \Error checks:" check list; \P1" checks the point with the lowest 2, \P2" the point with the second lowest

2, and \P3" the point with the third lowest 2, The distance thresholds are set in the \P1 thresh.", \P2 thresh."
and \P3 thresh." elds, and should be set to values approximaely the same size as the patch size used in the last
stage of the local registration in order to avoid false negates. Click the \Error analysis" button to run the outlier
detection. If a point fails outlier detection, an error code will be added to its type code based on translating a
binary mask of failure ags from each stage into an integer . failure of stages 1 and 2 results in the binary mask
011, which has integer value 3, resulting in a nal type code 65 (since the type code will be 2 after automatic
point location). Points with type codes indicating an failed check will be displayed in the 3D Tv as green and red
chequered crosshairs or spheres. The user should check tleedtion of each of these points.

The outlier detection requires that all previous stages of he automatic point location have been applied, and will
not operate if any manual alteration of the automatically located points has been performed. This is enforced by
checking the type code of all points in the current landmark Ist; they must all be of type 2. The user can set these
type codes through the Landmark Control dialog box to work around this check, but does so at their own risk.
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14 Using the Automatic Landmarking Tool

A complete set of steps required to automatically identify aset of landmarks is as follows:

Prepare the database as described in 13.1, by manually ideifiying a speci ¢ set of landmarks in multiple
examples of similar shape to the image volume intended for damatic landmarking and, if desired, the G-
reg points. Click the \Landmarks-> database" button once all points have been identi ed in eachvolume,
before proceeding to the next volume.

Load the image volume intended for automatic landmarking.
Load the landmark list names le used to identify landmarks for the volumes in the database.
Manually identify at least four points in the landmark list o r, alternatively, the four G-reg points.

Ensure that the \Reg type:" choice list is set to the correct option, depending on whether G-reg of
landmark points were identi ed in the previous step, and that the \Reg options" choice list is set to
\Im-based re ne".

Click the \Global reg" button to perform global registratio n.
Click the \Automatch button to perform local registration.
Click the \Gauss conv." button to perform nal re nement.

Click the \Error analysis" to run the outlier detection.

Inspect the positions of any points that have failed outlier detection, correcting them where necessary.

15 Approximate Projection

It may be useful, under some circumstances, to have a set of meapproximate point locations that, whilst not
accurate enough for shape analysis, can instead be used tdtialise a manual landmark procedure. The software
provides this option through the \LM projection” button. Th is will take the set of landmark points in the database
corresponding to each point in the landmark list, project them into the current volume based on any registration
results available (i.e. point-based global, image based gbal, and local; whichever stages have been performed),
and nd the mean of these projected positions, writing the result to the current landmark list. The \Projection:"
check list provides two options for this procedure. \All " wi Il replace all of the points in the landmark list, even if
some of them have been manually identi ed; un-select this opion to avoid overwriting landmark points that were
manually located for the point-based stage of the global reigtration. \Snap” will take the mean projected location
and then move it to the closest surface de ned by the \Bone threshold" eld in the Manual Landmark tool.

The landmark projection can operate using only global regigation results, making it much faster than the full
automatic point location procedure. However, it is not consdered to be automatic point location, since all results
will have to be manually re ned, and so the point type code is rot changed by this procedure.

16 Automatch Database Inspector

The Automatch Database Inspector dialog box allows inspedbn of the information stored in the automatch
database. It can be started by clicking on the \Automatch Database Inspector” button in the Automatic Landmark
Point Identi cation tool, and is shown in Fig. 18.

The < and > keys allow the user to scroll through the entries in the datatase; the total humber of entries and
the ordinal number of the one currently being displayed are mdicated in the \Entry" eld. The \Name" eld
gives the lename of the image volume used to create the entryThe \Noise" eld displays the estimated standard
deviation of the image noise; this is used in the calculatiorof the likelihood function for image-based registration.
If global registration has been performed, the \Et", \Er* an d \Scale" elds display the parameters of the optimised
transformation model (the rotation is displayed as a rotation matrix although, in e ect, only three parameters are
optimised; the optimisation itself uses a quaternion repreentation of the rotation parameters in order to avoid
problems with gimbal lock). The \Centroid error" eld provi des an estimate of the error on the point-based stage
of global registration, using the distance in voxels in the oordinate system of the current volume (i.e. including
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Figure 18: The Automatch Database Inspector dialog box.

the e ects of any downsampling applied during data loading) between the centroids of the registration point sets
in each volume. The \Chisq" eld gives the 2 per degree of freedom at the end of the image-based stage obiél
registration, which provides an estimate of how well the transformed, full-sized patches through the centre of the
current volume model the equivalent patches stored in the dtabase entry.

The \G-reg point" choice list allows information about the G -reg points to be displayed, if any are stored. The
options \G1", \G2", \G3" and \G4" select which point will be d isplayed, and the \No", \Name", \x", \y", \z"
and \Type" elds in the next row of the tool display the point n umber, name, coordinates and type code.

The next section of the dialog displays information about the individual landmark points contained in the database
entry. The \List Length" eld displays the number of points. As in the Landmark Points dialog box, information
about ve points is displayed simultaneously, and the user an scroll through the list of points using the \Up"
and \Down" buttons. For each point, the point number, name, and type code are displayed. The \x", \y" and
\z" elds display the coordinates of the point in its origina | image volume; these are in the original coordinate
system of the data i.e. ignore any downsampling that was apped during data loading. If local registration has
been performed, then the \Proj. x", \Proj. y" and \Proj. z" e Ids display the coordinates of the point projected
through the global and local transformation model i.e. the estimated coordinates of the corresponding point in the
current volume. The \Chi2 (global+local)" eld displays 2 per degree-of-freedom at the end of local registration;
the \Chi2 (global)" eld displays the equivalent (i.e. calc ulated from a patch of the same size as the one used in
the last stage of global registration) but using only the gldal registration parameters.

The last section of the dialog allows the user to inspect anymage patches stored in the database. The \Push"
button will push the selected image onto the Imcalc stack, dbwing it to be viewed in the Imcalc Tvs. \X", \Y"
and \Z" select the local patches for the current point of the current database entry (the current database entry is
the one being displayed; the current point is the one displagd on the middle two rows of the ten rows of landmark
point information), in the form in which they are stored in th e database. \DX", \DY" and \DZ" select the local
patches for the current point of the current database entry in the form in which they are used in the image-based
registration i.e. with smoothing and di erentiation appli ed. This generates two images, the derivatives with respect
to the x and y directions of the image patch; they-derivative image is pushed onto the stack rst, and so the
x-derivative image will be on the top of the stack and the y-derivative image will be second on stack once the
process has been completed.
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\RX", \RY" and \RZ" select the full-sized patches used in glo bal registration. If an image volume is loaded into
the sequence tool then the corresponding patch from the cuent volume will be extracted and combined with
the patch to form a complex image, in which the real part is the patch stored in the automatch database and
the imaginary part is the corresponding patch extracted fran the current volume. If global registration has been
performed, then the result will be used when extracting the orresponding patches from the current volume. The
complex image is then pushed to the imcalc stack, and so can bdewed as an anaglyph image in the Imcalc Tv.

In all cases, X, Y and Z refer to the axis of the original volume normal to the plane ofthe image patch e.g. the
X image is generated on a y-z plane in the image volume.

17 Notes on Future Updates

This section lists some ideas for future updates to the softare, which could improve usability with little e ort,
but which have not been implemented due to time constraints.

17.1 Initial Global Alignment

The point-based global alignment is a placeholder used dung software development, since it allows rapid testing
of the software when automatically identifying landmarks for comparison to manually identi ed, gold-standard
landmark locations. However, it is arguably not the ideal mehod for user interaction with the software.

Fortunately, it would be possible to implement a much more cawenient method. The user could be prompted
to rotate the view in the 3D Tv to a xed orientation; it does no t matter what this orientation is, as long as it
is repeatable across di erent specimens to reasonable aa@cy. The viewing transform could then be obtained
(call get-viewing-transform() in timedMousetool-volpack-interface.c) and stored in the automatch database. The
combination of the viewing transform from the database with one from the current volume would provide the
rotation parameters for an a ne registration of the two; it w ould then be trivial to obtain the translation and
scaling in an image-based registration limited to only thog parameters. Alternatively, the bone threshold in the
Manual Landmark tool could be used to identify a set of surfae points, the centroid and standard deviation of
which would provide the translation and scaling parameters A second image-based stage of global registration
could then be performed to re ne the transformation model. This procedure would avoid the need to mark up any
landmark points prior to automatic point location.

17.2 Covariance Estimation

The covariances of the parameters optimised in any maximumikelihood technique can be estimated using the
minimum variance bound, as long as the likelihood is propest normalised. \Properly normalised" can be de ned
using

2nL = 2 (3)

i.e. normalised such that the distribution of 2InL is given by the 2 distribution. Therefore, the maximum
likelihood optimisation can simultaneously provide optimised model parameters, an estimate of the goodness-of- t
of the model in the form of the 2 per degree-of-freedom at the end of optimisation, and an eshate of the errors
on the optimised parameters in the form of the minimum variance bound.

A parameter covariance calculation function based on the miimum variance bound is included in the software
(compute-covar() in timedMousetool-patchmatch.c). However, calculation of the minimum variance bound can be
problematic in practice; for example, in [1, 2] it was found recessary to calculate the derivatives of the likelihood
function over a range of values, and then take the median, in @ler to get a stable estimate. The function currently
included in the software has been subjected to basic testingi.e. it runs and produces the correct single-point
estimates of the minimum variance bound). However, more rigrous stability testing and, possibly, modi cation
in order to improve numerical stability, is required prior t o use.

The parameter covariances could be used in two ways. First,ltey could be included in the output les and thus
made available for use in later analysis. However, they codl also be used to set the size of the Gaussian kernel
used in the nal re nement stage of automatic landmark location; this would provide a more optimal combination
of the available data and thus a more accurate nal hypothessed landmark location.
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Part 3: The Shape Analysis Tool

H. Ragheb and N.A. Thacker
Imaging Science and Biomedical Engineering Division,
Medical School, University of Manchester,
Stopford Building, Oxford Road,
Manchester, M13 9PT.

The shape analysis tool will be added in Manual Landmark tookit v. 1.7.
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Part 4: Quick Reference Guides

P.A. Bromiley
Imaging Science and Biomedical Engineering Division,
Medical School, University of Manchester,
Stopford Building, Oxford Road,
Manchester, M13 9PT.
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18 Quick Reference

18.1 Sequence Tool

DICOM (re)scale?
Tv: sequence
File:

Image Type:

Start
Stride

Downsample

Cur. frame
End
Image File:
Scan
Scales: x,y,z,t
Load

Save

First

<

>

End
Jumpto

Stride average

Del Seq
Del

Ins

Selects the type of scaling tags in a DICOM mage (rarely used).
The Sequence tool Tv

Selects the le format:

AIFF: TINA's standard image le format;

ANLZ: ANALYZE medical image format;

RAD: RAD format;

NEMA: Older, pre-DICOM format;

PGM: Portable grey map;
DICOM: DICOM format.

Displays the variable type of the images in the sguence, and can also be used to cast
the current sequence to a di erent type (by selecting the desed type after loading
the sequence):

bin: binary;
chr: short;
int: integer;
t: oating point.

The number of the rst image in the sequence

The number of images to skip whilst loading the sequece (e.g. entering 2 means that
every other image will be loaded).

Down-sampling factor used during image loadinde.g. entering 2 means that each
image will be down-sampled by a factor of 2 on thex and y axes during loading).

The current image in the sequence i.e. the one disgyed in the sequence tool Tv.
The number of the last image in the sequence.

The absolute or relative pathname of the le to load/save.

Starts a le-browser for the \Image File:" eld.

The dimensions of each voxel in the sequence

Load data from the le specied in the the \Image File:" eld.

Save the current sequence to the le speci ed in the the Image File:" eld.

Set the rst image in the sequence as the current image.

Move backwards through the sequence i.e. decrement the cuent image.

Move forwards through the sequence i.e. increment the curirg image.

Set the last image in the sequence as the current image.

Set the image speci ed in the \Cur. frame" eld to be th e current image.

Select the method used to downsample in the tier-slice direction if \Stride" is set to
a value greater than 1:

O : downsample by skipping over slices;

On: downsample by loading all slices and applying linear awaging.

Delete the current sequence from memory.

Delete the current frame from the sequence.

Take the image from the top of the Imcalc stack and insert t into the sequence after
the current image.
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Rep Take the image from the top of the Imcalc stack and insert i into the sequence,
replacing the current image.

Push Copy the current image to the top of the Imcalc stack

Stack >Seq Take the entire Imcalc stack and produce a new sequencethiit (in reverse order).
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18.2 Manual Landmark Tool

VR Control

Landmark List

Keyboard Controls

Automatch

Shape Analysis

Tv:

3D Tv:

3D Tv Mouse:

2D Tv Mouse:

3D Tv draw:

2D Tv draw:

3D Cursor Position:

Starts the Volume Renderer Control dialog box, which allows the user to set the
various options used to produce the image in the 3D Tv (see belv).

Starts the Landmark Points dialog box, which allows the user to load, view and save
lists of landmark points (see below).

Starts the Keyboard Controls dialog box, which allows the keyboard controls for
interaction with the Tvs to be re-de ned.

Starts the Automatic Point Location tool, which p rovides semi-automatic landmark-
ing.

Starts the Shape Analysis tool (to be implemaed in the Manual Landmark toolkit
v. 1.8).

The list of available Tvs in the Manual Landmarking tool: selecting an item in this
list will make it available for installation on a Tv tool (see above).

x-axis: 2D Tv showing images of the z-y plane through the 3D ctsor.
y-axis: 2D Tv showing images of the x-z plane through the 3D ctsor.
z-axis: 2D Tv showing images of the x-y plane through the 3D ctsor.
3D: 3D Tv showing a volume rendering of the data loaded into tke sequence tool.

Switch the volume renderer o /on.

NULL: switch the volume renderer o .
VR: switch the volume renderer on.

Switch to control mouse interaction with the 3D Tv.

Zoom: mouse interaction moves, rotates and zooms the image
Pick: mouse interaction picks points on bone surface or didpys intensity pro les.

Switch to control mouse interaction with the 2D Tvs.

Zoom: mouse interaction moves or zooms the image.
Pick: mouse interaction moves the 3D cursor cross-hairs.

Select how landmark, axis and plane points will bedisplayed in the 3D Tv.

Cursor: display a red cross-hair representing the 3D cursor

LM: display green cross-hairs for all marked-up landmark pats.

Axis: display yellow cross-hairs for the axis points.

Plane: display cyan cross-hairs for the plane points.

Global reg.: display orange cross-hairs for the G-reg poirst

Text: display the number of each marked-up landmark point.

Poly: display a line representing the axis and a grid represating the plane.

Ball: display 3D spheres instead of cross-hairs for the lanndark, axis and plane points.
Linklines: display white lines linking symmetrical pairs of points.

Select how the images in the 2D Tvs will be displayd.

Rotate: display the 2D Tvs using the rotation from the 3D Tv.
Axis: display yellow cross-hairs for the axis points.
Plane: display cyan cross-hairs for the plane points.

Displays the coordinates of the 3D cursn

X: the x-coordinate of the 3D cursor.

Y: the y-coordinate of the 3D cursor.

Z: the z-coordinate of the 3D cursor.

<: decrement the relevant coordinate of the 3D cursor by the nmber of pixels spec-
i ed in the \resolution" choice.
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Resolution

Bone threshold

Current landmark:

Markup:

Jump lock:

Jump stored

Axis lock:

Rotate to plane

Rotate to axis

Re ect cursor

Snap

Mark point

>: increment the relevant coordinate of the 3D cursor by the number of pixels spec-
i ed in the \resolution" choice.

The number of pixels by which to move the 3D cursorwhen the arrow keys are
pressed.

Specify an intensity value that correspondgo bone surface.

The current landmark in the landmark list .

Up: move to the previous landmark in the list.
Down: move to the next landmark in the list.

No.: the number of the current landmark.

Name: a text description of the current landmark.

Choose which point to mark up when the \Mark point" bu tton is pressed.

Curr. LM: the current landmark from the landmark list.
Ax. 1: the rst axis point.

AXx. 2: the second axis point.

PIl. 1: the rst plane point.

Pl. 2: the second plane point.

Pl. 3: the third plane point.

G1: the rst G-reg point.

G2: the second G-reg point.

G3: the third G-reg point.

G4: the fourth G-reg point.

If this switch is on, then when the selection in the markup choice list is changed
(or when the choice of current landmark is changed, if \Curr. LM" is selected in
the markup choice list) the 3D cursor will automatically by moved to the stored
coordinates for that point (if any).

Move the 3D cursor to the coordinates of the pointspeci ed in the markup choice
list (if those coordinates have already been marked up).

Lock the rotation of the image in the 3D Tv so that rotation only occurs around an
axis parallel to the axis de ned by the two axis points and passing through the centre
of the volume.

Rotate the image in the 3D Tv such that the view direction is normal to the plane:
pressing the button a second time will rotate the view by 180 @grees around the
y-axis to show the opposite side of the volume.

Rotate the image in the 3D Tv such that the projection of the axis de ned by the
two axis points onto the plane de ned by the three plane points is aligned with the
left-right axis of the Tv: pressing the button a second time will rotate the view by
180 degrees around the y-axis of the Tv to show the opposite dg of the volume.

Project the cursor through the plane de ned by the 3 plane points.

Move the 3D cursor to the nearest bone surface (as de nelly the bone threshold;
unless it is already inside bone).

Save the coordinates of the current 3D cursor podion to the point specied in the
markup choice list (i.e. the current landmark or one of the ads or plane points). A
landmark list must be loaded before landmarks can be marked m
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18.3 Volume Renderer Control Dialog Box

Render quality:

Render type:

Scalar classi cation:

Gradient classi cation:

DQ Front Fac:
DQ Density:

Depth queing: O /On

Ambient R/G/B:

Di use R/G/B:
Specular R/G/B:
Shinyness RGB:
Lighting Control:
Foreground colour:
Background colour:
Options:
Scan
Load

Save

Set the balance of speed vs. rendering qu#i by ignoring low-opacity voxels: the
recommended option is \Fast".

Choose the type of rendering.

Opacity: show an image of opacity (transformed intensity) aly.

Greyscale: show both opacity and surface shading (transfoned gradient).
Pseudo-colour: show a greyscale image in which the object tsited with the \Fore-
ground colour" and the background is lled with the \Backgro und colour".

Full Colour: give the renderer full control of image colour (this allows the use of
coloured lights and material properties).

A user-de ned curve controlling the transformation from intensity in the original data
to opacity in the rendered image.

spline: produce a spline curve linking the control points.

linear: produce a piecewise linear curve linking the contrbpoints.
reset: reset the curve to a linear ramp.

apply: implement the changes made to the curve.

A user-de ned curve controlling t he transformation from intensity gradient in the
original data to surface shading in the rendered image.

spline: produce a spline curve linking the control points.

linear: produce a piecewise linear curve linking the contrbpoints.
reset: reset the curve to a linear ramp.

apply: implement the changes made to the curve.

The thickness of the depth queing fog at the fror of the image (> 0).

The rate at which the depth queing fog becomes thiker with depth through the image
(>0).

Switch depth queing on/o ; depth queing acts like a fog in the rendered image, so
that more distant parts of the data are dimmer.

The re ection coe cients of surfaces for amb ient light (red, green and blue; 0.0 to
1.0).

The re ection coe cients of surfaces for diu se light (red, green and blue; 0.0 to 1.0).
The specular re ection coe cients of surfa ces (red, green and blue; 0.0 to 1.0).

The shinyness of surfaces (1.0 to 100.0).
Start the Lighting Control dialog box.

Set the foreground colour for pseudo-dour rendering.

Set the background colour for pseudo-dour and full colour rendering

Specify a le from/to which all the options of the re nderer can be loaded/saved.
Start a le browser for the options le.

Load renderer options from the le speci ed in the \Opti ons" eld.

Save renderer options to the le speci ed in the \Options" eld.
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18.4 Lighting Control Dialog Box

1-6 On/o: Switch the light on or o (a maximum of six lights ar e supported).
X The x-component of the direction vector of the light (-1.0 to 1.0).
y The y-component of the direction vector of the light (-1.0 to 1.0).
z The z-component of the direction vector of the light (-1.0 to 1.0).
r The red component of the colour of the light (0.0 to 1.0).
g The green component of the colour of the light (0.0 to 1.0).
b The blue component of the colour of the light (0.0 to 1.0).
Reset to defaults Reset all options to the default of a singlevhite light shining down the z-axis.
Apply Implement any changes to the lighting options.
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18.5 Landmark Points Dialog Box

Up

No:

Name:

X:
y:

z:

Type:
Link no.:

Down

Format:

TPS/INTSYS ID:
TPS/NTSYS Field no.:

Pathname
Scan
Load

Save

Clear axis
Clear plane
Clear G-reg

Clear links

Clear landmarks

Move upwards in the list of landmark points (the next ve ro ws of elds show the
information stored for the landmark points; the middle row of the ve is the current
landmark).

Landmark point number.

Landmark point name.

Stored x-coordinate for the landmark point.

Stored y-coordinate for the landmark point.

Stored z-coordinate for the landmark point.

An integer used to to store additional information for the landmark point.

The point that this point is linked to when the \Link lines" option of the \3D Tv
draw" checklist is used.

Move downwards in the list of landmark points.

Choose the type of le to load or save.

Names: a list of landmark point numbers and names (and corrgmonding linking lines
le, if one exists).

Raw: a TINA-speci ¢ ASCII text format that contains all of th e information stored
in the landmark list.

TPS: a standard format for morphological data.
NTSYS: another standard format for morphological data.

(TPS/NTSYS les) Study name.

(TPS/NTSYS les) TPS and NTSYS les can hold multiple lists of points: this eld
selects which one to load if there is more than one list in the le.

Absolute or relative pathname of the le from/to wh ich to load/save landmark data.
Start a le browser to select the le to load or save.

Load data from the le specied in the \Pathname" eld, u sing the format speci ed
in the \Format" eld.

Save the current landmark point list to the le specied in the \Pathname" eld,
using the format speci ed in the \Format" eld.

Delete the current axis points.

Delete the current plane points.

Delete the current G-reg points.

Delete the current landmark links information.

Delete the current landmark points list.
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18.6 Keyboard Controls Dialog Box

Up

Left

Right

Down

Pick
Zoom
Mark

Select a shortcut key to move the cursor upwards in the curently selected 2D Tv by
the number of pixels speci ed in the \Resolution" choice list in the Manual Landmark
tool.

Select a shortcut key to move the cursor left in the currently selected 2D Tv by the
number of pixels specied in the \Resolution" choice list in the Manual Landmark
tool.

Select a shortcut key to move the cursor right in the curently selected 2D Tv by the
number of pixels specied in the \Resolution" choice list in the Manual Landmark
tool.

Select a shortcut key to move the cursor downwards in thecurrently selected 2D
Tv by the number of pixels speci ed in the \Resolution" choice list in the Manual
Landmark tool.

Select a shortcut key that switches the mouse functiongo \Pick" mode for all Tvs.
Select a shortcut key that switches the mouse functionso \Zoom" mode for all Tvs.

Select a shortcut key for the \Mark Point" button (i.e. m arkup the point currently
selected in the \Markup" choice of the Manual Landmark tool with the current co-
ordinates of the 3D cursor and then, if \Curr. LM" is selected, move the current
landmark to the next one in the landmark list.
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Automatch DB Inspector

Storage patch size

Glob. border:

Landmarks-> database

Free database

Reg options:

Reg type:

Global Reg
Glob. sig.

Projection:

LM projection
Loc. patch size 1

Loc. sig. 1

Loc. patch size 2

Loc. sig. 2

Loc. patch size 3

Loc. sig 3.

Automatch

Snap points:

Chi-sg. weight:

18.7 Automatic Landmark Point Placement Dialog Box

Launch the automatch database inspetor dialog box

The size of the local image patches arourghch landmark point stored in the au-
tomatch database on clicking \Landmarks-> database".

The size of the border added around the full-sied image patches through the centre
point of the image volume stored in the database on clicking Landmarks-> database".

Create a new entry in the automatch database from th current image volume and
landmark list.

Free any currently loaded automatch database

Specify the stages of global registration to rm:

Points only: run only the point-based stage of global registation;

Im-based re ne: run both the point and image-based stages oflobal registration.
Specify the source of the points used in the point-fised stage of the global registration:
LM-based: use any available points in the current landmark ist;

G-reg based: use the four G-reg points.

Run the global registration stage of automatic pant location.

The size of the smoothing kernel applied to the imges during image-based global
registration.

Specify options for the approximate landmark projection algorithm:
All: replace all current landmark point coordinates, even f they have already been
identi ed for point-based global registration;

Snap: move projected point locations to the closest surfageas de ned by the \Bone
threshold" eld of the Manual Landmark tool.

Run the approximate landmark projection algorithm.
Size of image patches to use in the rst stagef local registration.

Size of the smoothing kernel applied to the imageduring the rst stage of local
registration.

Size of image patches to use in the second géaof local registration.

Size of the smoothing kernel applied to the imageduring the second stage of local
registration.

Size of image patches to use in the third stagof local registration.

Size of the smoothing kernel applied to the imageduring the third stage of local
registration.

Run the local registration stage of the automatic point location algorithm.

Specify whether to move the point locations reglting from the nal re nement stage
of the automatic point location algorithm to the closest surface, as de ned by the
\Bone threshold" eld of the Manual Landmark tool, prior to e ntering their coordi-
nates into the current landmark list:

O : do not move the points to the closest surface.

On: move the points to the closest surface.

Specify whether to weight the points in the aitomatch database with their estimated
2 during nal re nement:

O : do not weight;
On: weight.
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Fin. sig.

Gauss conv.

P1 thresh.
P2 thresh.
P3 thresh.

Error checks:

Error analysis
Output:

Scan

Input database

Output database

The standard deviation of the Gaussian convolutimm kernel applied during nal re-
nement.

Apply the nal re nement algorithm to calculate hypothesised point locations from
the entries in the automatch database, entering the resultdnto the current landmark
list.

Threshold for stage 1 of the outlier detection.
Threshold for stage 2 of the outlier detection.
Threshold for stage 3 of the outlier detection.
Specify which points to compare to the hypothsised location resulting from the nal

re nement algorithm during outlier detection:

P1: compare the point from the automatch database with the lavest ?;

P2: compare the point from the automatch database with the seond lowest ?;
P3: compare the point from the automatch database with the third lowest 2.

Run the outlier detection algorithm.
Specify a path and lename (relative or absolute) for database 1/0.
Launch a le browser for the \Output”" eld.

Input the database le specied in the \Outpu t" eld.

Output the current database to the le speci ed in the \Output” eld.
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18.8 Automatch Database Inspector Dialog Box

<

Entry: n of N

Name:

Noise:

List Length:

>

Scale:

Centroid error:

Chisq:

Er

Et

G-reg point:

No:

Name:

Type:
Up

No:

Name:

X:

y:

Z.

Type:

Proj. x:
Proj. v:
Proj. z:
Chi2 (global)

Scroll backwards through the entries in the automatch datalase.

The number of entries in the automatch database and the ordinal number of the entry
currently displayed in the dialog box.

The path and lename of the image volume used to generat the current database
entry.

Estimated image noise on the volume used to generat&e current database entry.

The number of points in the landmark point list ¢ ontained in the current database
entry.

Scroll forwards through the entries in the automatch databsase.

The scale parameters of the global registration trasformation model for the current
database entry.

The distance between the centroids of the sis of points after the point-based stage
of global registration for the current database entry.

The 2 per degree-of-freedom at the end of the image-based stagegibbal registra-
tion.

The rotation parameters of the global registration transformation model for the cur-
rent database entry, displayed as a rotation matrix.

The translation parameters of the global registration transformation model for the
current database entry.

Select a G-reg point from the current database sgtry to display:
G1: display information on the rst G-reg point;
G2: display information on the second G-reg point;

G3: display information on the third G-reg point;
G4: display information on the fourth G-reg point.

The point number of the selected G-reg point from the curent database entry.
The point name of the selected G-reg point from the curent database entry.
The x-coordinate of the selected G-reg point from the curent database entry.
The y-coordinate of the selected G-reg point from the curent database entry.
The z-coordinate of the selected G-reg point from the cument database entry.
The point type code of the selected G-reg point from thecurrent database entry.

Scroll upwards through the list of landmark points in the current automatch database
entry (the next ten rows of elds show the information stored for the landmark points;
the middle row of the ve is the current landmark).

Landmark point number.

Landmark point name.

Stored x-coordinate for the landmark point.

Stored y-coordinate for the landmark point.

Stored z-coordinate for the landmark point.

Type code for the landmark point.

Projected x-coordinate for the landmark point based on registration results.
Projected y-coordinate for the landmark point based on registration results.
Projected z-coordinate for the landmark point basel on registration results.

2 for the patches used in the nal local registration stage, uing the global registra-
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Chi2 (global+local):

Down

Image patch:

Push

tion result.

2 for the patches used in the nal local registration stage, usng the global and local
registration results.

Scroll downwards through the list of landmark points in the current automatch
database entry.

Select an image patch from those stored in the dabase.

X: the stored y-z patch around the current point in the current database entry;

Y: the stored x-z patch around the current point in the current database entry;

Z: the stored x-y patch around the current point in the current database entry;

DX: the smoothed derivative images for the y-z patch around he current point in
the current database entry;

DY: the smoothed derivative images for the y-z patch around he current point in
the current database entry;

DZ: the smoothed derivative images for the y-z patch around he current point in the
current database entry;

RX: the full-sized, y-z patch through the centre of the volume from the current
database entry, plus the corresponding patch from the currat volume (transformed
using the global registration result, if available);

RY: the full-sized, x-z patch through the centre of the volume from the current
database entry, plus the corresponding patch from the currat volume (transformed
using the global registration result, if available);

RZ: the full-sized, x-y patch through the centre of the volume from the current
database entry, plus the corresponding patch from the currat volume (transformed
using the global registration result, if available).

Push the selected image patch(es) onto the Imcalc stack
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