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1 Introduction

CEPAS is a sophisticated programfor analysis of cardiacelectrophysiology signals. Developingthe system
has involved a trade-off between providing the ability to delveinto the data, to obtain insights intocardiac
electrical behaviour, andmakingit assimpleto useaspossible. Thereforesome detailed knowledge of
how the program works is requiredto makethe optimumuse of the program’s capabilities.

This User Guide is continually being developed and is updated regularly.
1.1 Navigating this Guide

The easiest way to get started with CEPAS is to run through examples provided astutorials. Thesetutorials
provide step by step instructions, starting from loading a Data Fileand then running through application of

a specific analysis method.

To get the full benefit of allthe featuresin CEPAS the rest of this manual providesin-depth information
about how to work with signalsand apply thein-built algorithms.

The following chapters describe the logical steps thatare taken whenanalysing a dataset:
e Settingup the Mesh File;
¢ Loadingthe DataFile;
* Filteringthe Data;
e Applying Analysis Algorithms;
e Animatinga Parameterto visualise wavefront propagation;

e Exportingdata to usein other applications.

CEPAS also has aReal Time mode where data from specificmapping systems can be streamedliveinto
CEPAS. There is a separate sectiondescribing this mode.

1.2 Overview of the CEPAS Front Panel

The CEPAS Main Front Panel isshown in Figure 1. Specific regions of the Front Panel, which will be referred
to throughout the User Guide, areidentified in Figure 1.
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Figure 1. CEPAS Main Front Panel.

A detaileddescription of terms used to describe the parts of the User Interfaceis found in the next section.
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1.3

CEPAS Terminology

This section provides a detailed explanation of CEPAS terminology.

Where a term is capitalised (or in a special font)in the text of this user guideit may be a term that has

special meaningin the CEPAS context. Adetailed description of specific CEPAS terms may be found in

Table 1.

Term

Explanation

Additional Notes

Main Front Panel

This is the window that appears upon program launch and
which the user will spend most time viewing, shown in
Figure 1. Also called Main Panel.

Other “Front Panels” will appear (eg
pop-up) depending on specific
operations selected.

Total Data Graph

This is the graph on the CEPAS front panel showing on its X
Scale the full time extent of the data file that has been
loaded. This may be something short like 4 seconds, for a
typical exported section from an EP Recording system, or it
could be many minutes of data from a study.

Cursors (yellow —left, red - right) on this graph show the
extent of the currently “viewed” data from the data file.

This graph is disabled in the Real Time Mode.

Dots are shown on the Total Data graph
spaced at one hundredth of the total
data file duration apart. If you zoomin
on the Total Data graph these dots help
give an idea of by how much it is
zoomed.

Data Segment

This is the block or chunk of data read from a file and
loaded into memory for immediate use. A Segment
contains all channels and a fixed number of time samples
corresponding to a specified time duration. The Segment
size, in seconds, is read from the CEPAS.ini file key named
BufferSize(sec). The defaultvalue is 4 seconds.
The value can also be changed using a control on the Front
Panel (Real Time tab). However a change to this value only
takes effect when a new file is loaded.

Note that the Segment is also called the Buffer in
documentation. However buffer is actually a more general
term. The term data block is also used but this also hasa
specific meaning.

To get thelength, in samples, of the Segment, the buffer
duration (in seconds) is divided by the specified sampling
interval (in seconds). The sampling interval value is also
read upon file load. If the division is not exact the nearest
value is used.

Note if a new fileis loaded and it has a
different sampling frequency then
Buffer size may not be set
appropriately. Need to confirm.

Display View

This is the data from the current Data Segment that is
currently “in view” in the Main Panel’s Electrogram Display
Graph. This width is set by the cursors on the Total Data
graph. The Display View has a specific length in samples
(corresponding to a time duration). This will always be
equal to or less than the length of the Data Segment that is
currently loaded. Note that itis the Display View, rather
than the Segment, thatis used for processing.

This may also be also referred to as the
“Data View”.

Note that the Detection Manager
works with the Display View which may
be a subset of the Data Segment.

Main Electrogram
Display Graph

This is the multi-channel electrogram display on the left
hand side of the CEPAS front panel. The graph has up to 8
plots that are simultaneously displayed in this graph. Each
plot has a different colour. Dots with the same colour as
the plots appear on the Map display to identify the
respective physical measurement location.

Parameter A Parameter is the quantity computed from the measured | Note that the term parameter can have
data for each channel and displayed in colour on the Map. | many usages. The description provided
An algorithm is used to compute the Parameter based on here is to defineit in the CEPAS
theinput time series data and various settings. context.

Algorithm The mathematical method or equation used to calculate a

Parameter from input data.

Settings

Term used for the inputs to an algorithm that affect the
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Term

Explanation

Additional Notes

result. The Settings are also called the algorithm input
variables.

Map Display

Noun: This is the area on the CEPAS main panel, at the top
right, where the specified Parameter, computed for each
Display Channel, is shown in its relative spatial location.

map

Verb: Mapping is the process of registering the calculated
Parameters to spatial locations.

Real Time Mode

CEPAS switches to this mode when the user presses the
“Init” button on the front panel (also the “i” key on
keyboard). The Total Data graph is disabled in this mode.
The system is then ready to read data from the real time
stream.

Access to the Real Time Mode can be disabled via a
configuration file setting. This can be convenient if it is not
being used.

Need to check what buffer sizeis used
in this case. Is it the Segment or View?

Detection Detection (verb) is the process of determining the location | This is akin to detection of a target.
in time of electrogram fiducial points. The fiducial points There are multiple detections in the
correspond to features of interest in the signal that a time series.
recurrent. For example it may be activation times
(considered to be the time of cell depolarisation) in each
channel recording. There are other features that may be of
interest for specific analysis.

The set of time points are the Detections (noun).

These detections may be referred to as activations or
activation times in this manual as this is a typical usage. It
is important to note that detections are not limited to
marking activations. Detection is the more general term as
it could refer to detection of other features in the data
rather than cell depolarisation.

Signal The term signal is used in several contexts. It can refer to Note that some systems may have pairs
the actual electrical signal measured from each electrode of electrodes spaced close together, in
in contact with the epicardium or endocardium. order to form bipolar channels.

However the signals from these closely
A pair of signals is input to the biomedical amplifier. The spaced electrodes may be individually
reference electrode also provides a signal. amplified (with respect to acommon
reference electrode) and the bipolar
In a more general sense the term signal may be used to signal formed mathematically by
refer to the signal output by the biomedical amplifier that subtraction.
is used for subsequent mathematical analysis. The output
of the amplifier may be a unipolar or bipolar signal,
depending on the amplifier reference potential. Signals are
unipolar if they all have the same reference
signal/electrode.
The digitised version of the output signal from each
amplified channel is what is stored in the Data File. See
definition of Channel below.
Measurement Definition as per Signal. This term is used when it is One of the signals may be zero value in
Signal necessary to distinguish it with the term Display Channel. the case of Unipolar data.

In CEPAS the Display Channel is always obtained from two
electrode signals.

Electrogram

A time domain signal measured from an electrode. The
electrode can be unipolar, ie referenced to a potential at
some other location, or bipolar which is derived from a pair
of closely spaced sensing positions. The measurement
guantity is voltage.

Bipolar
Electrogram

This is an electrogram where the measurement at one
sensing location is referenced to a nearby sensing location.
Effectively it is the potential difference between two
nearby locations.
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Term

Explanation

Additional Notes

Note that the electrogram amplifier system can directly
provide the bipolar electrogram. The Bipolar Electrogram
can also be derived by subtracting two closely spaced
unipolar electrogram measurements where the same
reference is used for each.

Unipolar
Electrogram

This is an electrogram measurement made referenced to a
remote reference electrode location.

Channel

Channels are the signals that are used as input for analysis
and from which Parameters are computed and then
displayed on the Map. Each Channel may be obtained
from unipolar or bipolar signals.

A Display Channel (see below) takes up a display slot on
the main graph display.

Each channel is identified by a Channel Index. Channel
Indices start numbering from 0. The Channel data is made
up from a pair of signals. If it is a bipolar channel then it is
the difference of two unipolar electrograms. If it is
unipolar the second electrogram is arbitrarily set to zero so
the difference is the same as the original.

Three plots may be displayed for each Display Channel, ie
the two unipolar electrograms (shown in grey) and the
resulting bipolar electrogram which is allocated a plot
colour, which identifies its location with a dot on the Map
Display. Within the CEPAS program each Channel consists
of an array with 2 rows.

Note that the term channel may also be used in a more
general sense.

Note that it is possible that the
amplifier system provides bipolar
signals directly. In this case a bipolar
signal is equivalent to a unipole as far
as CEPAS is concerned. The Display
Channel will be made up by setting the
alternate channels to zero value so the
difference between adjacent channels
is the same.

Display Channel

If the term Display Channel is used by itself then it is
assumed to refer to the Channels displayed in the Main
Electrogram Graph and specifically identified on the Map
Display.

The Display Channel plot is calculated from the two signals
associated with each channel.

Mesh

The construct that CEPAS uses to determine which
electrodes are neighbours to which.

A chapter of this manual is dedicated to
construction of Mesh Files.

Patch

The term patch is used in the context of the Mesh File. A
Patch is a logical grouping of electrodes, eg the group of
channels associated with a mapping device such as an
epicardial mapping plaque or a basket catheter are part of
the same patch. Electrodes on one linear catheter can be
considered as on the same patch.

There may be data from multiple patches in the same
recording.

Plaque

Same as Patch, but this term is generally used in epicardial
mapping.

Mesh Scale Factor

The Mesh Scale Factor is used to scale between the
representation on the Map Display and the real electrode
positions. The scale factor is expressed in metres per Map
Display unit. In some cases display units can be exactly the
same as millimetres. If each display unit corresponds to
1mm then the scale factoris 0.001. This is the assumed
default value if no scale factor is provided in the Mesh File.

Table 1. CEPAS Terminology.
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1.4 LabVIEW Terminology

CEPAS is written using LabVIEW from National Instruments and some references are made to LabVIEW
specific terminology. LabVIEW termsthat the usermay not be familiar withare explainedin the
Terminology Table 2 below.

Term Description

Front Panel The Window of a LabVIEW progam that appears with Controls, Indicators and Graphs for the User
to work with.

Front Panel Control LabVIEW terminology for an object on the user interface where avalue is input by the user.

Front Panel Indicator | LabVIEW terminology for an object on the user interface that is not settable by the user, but
provides an output result.

Dialog A Windows panel that pops up in response to user action.

Graph Type of display that shows multiple Plots of data.

Vi This is the term used in LabVIEW for a LabVIEW subroutine. VI stands for Virtual Instrument.
Chart Same as a Graph but the data scrolls as it is received in Real Time

Table 2. LabVIEW Terminology.

1.5 Text Formating in this User Guide

In this User Guide text highlighted in dark red refers to aspecific CEPAS menu itemortab. Textinolive
green refers to a specific LabVIEW front panel control or indicator. The text colouring will be used
specifically when the narrative involves instructions for the user to press or select a particularcontroland
to highlight that thewordsin the User Guide text refer to the specificcontrol or indicator (as opposed to
being descriptive).

The Courier Font is usedtoindicate specificcomputer settings.

Notes on internal CEPAS program implementation are providedfor reference and are containedin a text
box. For most users these sectionscanbe ignored.

Names that are capitalised, eg Data File, are used when the combination of words has a special meaningin
the CEPAS context. These words may be specifically defined in the Terminology table.

10
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2 Mesh File

2.1 Understanding Mapping
Mappingis the process of registering a value, calculated for each signal channel, on a graphical
representation ofthe physicallocation inspace where the signal was acquired from.

Currently in CEPAS the graphicalrepresentation is in2D and shown inthe Map Display (see Figure 1).

The CEPAS Mesh File identifies where eachchannelin a Data Fileis physically located. The original location
is on some cardiacmapping device(s). Example devices are:

® Intraoperative mapping devices like mapping patches/plaques/socks;
®  Multiple multi-element catheters as recorded by the EP lab recording system.

CEPAS needs a specific Mesh Fileappropriate for the Data Fileso that itcancreatea Map. The Mesh File
provides the physical coordinates for each channelin coordinates that are scaled to suit the CEPAS Map
Display space on the FrontPanel. The Mesh File can alsoprovide Labels for each channelto identify them,
for those data formats thatdo not incorporatea Label.

Note that DataFiles can still be loaded withouta specific MeshFile. However inthis casethereisno
possibility of creatinga Map. There are also no Channel Labels.

Note perhaps|should auto labelin this case.
Analysis, such as FFT of electrograms, can still be carried out on such data.

Note that CEPAS still requiresthatsome Mesh File is always loaded.There isa “Dummy” Mesh File, which
does not specify any measurementpositions, which canbe used if thisis the case.

2.2 Settingup the Mesh File
The Mesh File is an ASCII textfile that can be created in a program such as Notepad or Excel. Itis tab
delimited.

2.2.1 Mesh Header
The Mesh File consists of a headersection providing informationon the grouping of channels within the
Data File thatitisto be usedwith.

The first line specifies the number of groups of channels, ie patches, that are inthe file. The number within
each groupis identified on subsequentlines. Information on eachgroup follows thefirst line with thefirst
word ofthe line being “patch1”, followed by a taband then the number of channelsin that group. Next is

“patch2” up to patchN”, where N is the number of groupings.

An example Mesh File for an experimentalcell culture electrode arrangement is shownbelow. The main

measurement array is thefirstpatch. In this casethe second patch consisted of 4 electrodesthatdid not
have anyvalid data but were still measured by the amplifiersystemand were included inthe datafile. A
dummy patch of 4 electrodes was set up for these channels.

11
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Example Mesh File:

2 0.00025

patchl 60

patch2 4

1 85 18.5 3 8
2 85 20.5 3 9
3 8 25.5 3 11
4 12.5 22,5 5 10
5 10.5 18.5 4 8
6 12.5 18.5 5 8
7 85 14.5 3 6
8 6.5 18.5 2 8
9 6.5 20.5 2 9
10 11 25.5 4 11
11 10.5 22.5 4 10
12 10.5 16.5 4 7
13 12.5 16.5 5 7
14 12.5 14.5 5 6
15 6.5 16.5 2 7
16 4.5 18.5 1 8
17 8.5 16.5 3 7
18 8.5 22,5 3 10
19 10.5 20.5 4 9
20 14.5 18.5 6 8
21 145 16.5 6 7
22 145 14.5 6 6
23 4.5 14.5 1 6
24 4.5 16.5 1 7
25 6.5 14.5 2 6
26 6.5 22,5 2 10
27 12.5 20.5 5 9
28 17.5 15 7 6
29 17.5 12 7 5
30 14.5 12.5 6 5
31 1.5 15 0 6
32 15 12 0 5
33 4.5 12.5 1 5
34 6.5 6.5 2 2
35 10.5 4.5 4 1
36 12.5 10.5 5 4
37 12,5 12.5 5 5
38 14.5 10.5 6 4
39 10.5 6.5 4 2
40 6.5 12.5 2 5
41 8.5 12.5 3 5
42 8.5 6.5 3 2
43 11 1.5 4 0
44 10.5 8.5 4 3
45 10.5 12.5 4 5
46 14.5 8.5 6 3
47 6.5 10.5 2 4
48 4.5 8.5 1 3
49 8.5 10.5 3 4
50 8.5 4.5 3 1
51 10.5 14.5 4 6
52 4.5 10.5 1 4
53 10.5 10.5 4 4
54 12.5 8.5 5 3
55 6.5 8.5 2 3
56 8.5 8.5 3 3
57 6.5 4.5 2 1
58 8 1.5 3 0
59 12.5 4.5 5 1
60 12.5 6.5 5 2
61 20 2.5 0 1
62 21 2.5 0 2
63 22 2.5 0 3
64 23 2.5 0 4

A second value appears on the first line of the MeshFile, after the number of patches 2,in the example
above. This valueis optional andwill be explained later.

The electrodes, or measurement positions for each channel, on the CEPAS Map Display,areasshownin
Figure 2 below for the Mesh File example above:

12
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Figure 2. Map Display for cell culture electrode configuration.

The dummy patchis set in any location away from the mainpatch. In the exampleaboveitisthe group of
4 electrodesin a lineon the bottom right of Figure 2.

2.2.2 Channel Labels
The Mesh File also givesa nameto each Channel. This is calledthe “ChannelLabel”.

The first column in the Mesh Fileis the ChannelLabel. Thisis any ASCII text to identify the channels. It
should be kept short andto lessthan5 characters,otherwise thereis notroom on the CEPAS Front Panel
for the Label. In the example above asimple numbering scheme labelling the Channels numerically from 1

to 64 is used. Note that this should not be confused withthe Channel Index, which inthis case will be
0..63.

Channels are referencedinside the CEPAS program by the channel index. Thisis the LabVIEW internal
array’s row index andis zero based, ie ranging from 0..N-1, where N isthe number of channels. The Front
Panel controls: EGM Ch, Ref Ch and Test Ch use this channelindex, rather than the Channel Label, to select
specific channels.

2.2.3 Physical Coordinates

The next two columns in the MeshFileare the x and y physical coordinates, scaled and offset, to suit the
Map Display. They arein the units of the Map Display which has graticules spaced 5 Display Units apart.
The Map Display spaceisapproximately 70 units wide by 27 units high. This isveryimportant to note, ie
that the Mesh File Map coordinates are in units of the Map Display and NOT the actual coordinate system
of the mapping device, egin millimetres.

2.2.4 Mesh Nodes

The Mesh File providesthe coordinates of each node within a “Mesh”. The Mesh nodesform a grid which
is independent of actual physicallocation. This Mesh grid isrequired to determine whichelectrodesare
the neighbouring ones to any specified electrode. It is notnecessary that they be the physically closest
(although this is normally the case). The neighbouring electrodes and their mappedvaluesarethe ones
that are usedfor the interpolation process which coloursin between the nodes on the Map.

13
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The 4™ and 5th columns are theintegral x andy indices of the “mesh node”. The Mesh can be considered
like a net cast over the measurementlocations. The netisstretchedand shrunkto fit to the actual
measurement positions when the spacingis notregular, ie equi-spaced. The Mesh defines which points
are neighboursto others. Thee nodes must be correctin order to createa map correctly.

2.2.5 Order of Channels

The order ofthe channelsasthey appearin the Mesh File (ie row by row in the *.txt Mesh File) MUST
correspond to the order of these channels as they arein the Data File. In other wordsthe format of the
Data File dictates how we set up the Mesh File.

The CEPAS “Read Mesh File” VI generates an array index for each individual channel as it appears in the Mesh File and
this index is then used to index into the channels in the internal data array.

Note however there are some exceptionsto thisrule for some specific data formats that areexplained in a
section below.

2.3 Advanced Mesh File Settings

2.3.1 Dummy Points

Channel Labelsin thefirstcolumn of the Mesh File can be either numericonly or alphanumeric (ie
combined numeric and alphabeticcharacters). Ifthe ChannelLabels are numeric only (which CEPAS will
detect on load of the Mesh File), CEPAS provides an optionof nominating so-called dummy points that
serve the purpose offillingin holes thatmay exist in the mesh and making it a moreregular mesh.

This improves the Map colour interpolation process for some mapping devices. This methodhas been
found to be useful, in particular for epicardial mapping patches that have missing pointsin theirnatural
grid due to complicated shapes or manufacturing difficulties. It can also be used for a basketcatheter
recording that may have a missing channel dueto a broken wire.

The indicationof the dummy locations has been achieved using a trick withthe numericlabel. Note itis
currently not possibleto do thisif usingalphanumericChannelLabelsin the Mesh File.

Note that UnEmap data must have matching Data File alphanumeric labelsin the Mesh File inorder to be
able to decodethe DataFile. Therefore dummy points cannot be used, evenifthe ChannellLabels are
numeric only.

In CEPAS aninternal Mesh Array is generated from the Mesh File. The first column in the Mesh Array, contains an
index which is zero based (which is used for convenience to directly index an array) and retains the corresponding
decimal part of the original numeric label to indicate the additional virtual nodes. This Mesh Array index is not used
anywhere else in the program, other than to determine which nodes in the mesh are the actual electrodes and which
nodes are the “dummy” electrodes, whose mapped value is taken from a nearby actual electrode. This is done by
keeping the index in floating point format and using a decimal point with the index. Check this.

Itis the lastrowin a sequence of mesh nodes, withlabels with identical integral parts, that istaken as the
actual electrode position. This isa position thatcan be “picked” in the Map Display. An extract from a
Mesh File demonstrating thisis shownbelow:

7.1 57.968 3.309 8 2
7 59.218 4.643 9 2
8.1 55.801 1.893 6 2
8.2 57.968 1.893 7 1
8 57.135 1.893 7 2
9.1 61.385 10.143 12 3
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9 60.385 8.809 11 3
10 59.051 7.476 10 3
11 57.968 6.059 9 3
12 56.885 4.643 8 3
13.1 54.718 1.893 6 3
13.2 53.635 1.893 5 3
13 55.801 3.309 7 3

Note that this may be confusingas itmay seemlikethey are notinorder. Butitis thelast thatis takenas
the “pickable” point.

For the way CEPAS snaps to a position when the user clicks in the Map Display, it uses the fractional index of the
channel number and it snaps to the position which has no fractional part in the label. (I had to make a fix for this at
one stage as at one stage it snapped to the largest coordinate as it went through the LabVIEW For loops).

The true electrode positions are determined by the last one ina run. This can be checked this by swapping nodes
around in the Mesh File.

The Mesh File can therefore create dummy channels that serveto make an irregular mesh more regular
and allows for betterinterpolationin a coloured map. These virtual nodes do not appear as electrodes (ie
the small circles) on the CEPAS Map Display and therefore cannotbe picked for display, butthe values for
these positions, for the purpose of interpolation, are taken from a nearby pointwith the same channel
index.

A futureimprovement willbe to interpolate the value from more than one of the physically closest
electrodes.

2.3.2 Mesh Fileand Data File Channel Order

To summarise: even ifthe channellabels used inthe Mesh Fileare numeric only labels (which could imply
anorder),itis the order ofthe rowsastheyappearinthe MeshFilethatdetermines which channel of the
internal program data array, populated whena Data File isloaded, matches a Mesh Node.

This appliesto all currentdata formats, apartfrom the UnEmap dataformat. For UnEmap thefirst column
is always justa labelevenifitis numeric only.

The “Read Mesh File” VI does a check for whether there are any alphabetic, ie non-numeric characters, inthe string
representation of any channel name. Then the program knows whether or not a purely numeric representation is
being used for Channel Labels and if so it makes the first column of the mesh array to be the array index with
duplicates, where appropriate, for the virtual nodes.

A set of LabVIEW parametric surfaces, is constructed from the Mesh File for display on the Map Display graph.

When the “Calculate” button is pressed, an array of Parameters is calculated for every channel in the Data File. At the
“Paint Surfaces” VI, the calculated Parameters Array is indexed to get the value to map at each of the nodes in the
Map. Therefore for each element in the displayed Map there has to be a corresponding Data Channel for which the
parameter has been calculated. Sothere can be more Data Channels than there are Mesh nodes, but not vice versa.
Otherwise the Mesh Node doesn’t know where to find data.

The order of nodes (ie rows) in the Mesh file has to be the same order asthe channels appearin the data
file for nearly all File Formats, eg CEPAS binary format, the PXI Mapping System and BioCat format. For
UnEmap format data itis different. The UnEmap ASCIl datafile has labels heading each column. The
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appropriate columnsin the Data File get matched with position from the corresponding labelin the Mesh
File.

2.3.3 Mesh File Scale Factor

The first value on the first line of the MeshFileis the number of patches, N, that areused. The following N
lines ofthe Mesh Fileindicate how many consecutive nodes are allocatedto each patch.The first line of
the Mesh File can contain some additional configurationinformation used by CEPAS. After the number of
patches value, N, on the firstlinethere can be atab character followed by a Mesh Scale Factor.

Note that the Mesh File reader is set up to also handle spaces as a delimiter on this line in order to be compatible with
my older Mesh Files.

The electrode display positions, found in columns 2 and 3 of the Mesh File, are used to map the nodes to
positionson the CEPAS map display in the units of the Map display. In the main Map Display each grid line
shown represents 5 “display units”. The Map Display areais approximately 27 units high by 70 units wide.
Coordinate (0,0)isat the bottom left. Note thatthese “display” units do not necessarily relate to actual
spacings of electrodes.

We use the Mesh Scale Factorto scale between the representation on the Map Display and real electrode
positions. The scale factor isspecifiedin metres per display unit. In some cases display units can be exactly
the same as millimetres. If each display unit corresponds tolmm thenthe scalefactoris0.001. This isthe
assumed default value.

For example in a Cell Culture Mapping system, developed for Westmead Hospital, electrodes were spaced
0.5mm apart. For a nicescaling on the CEPAS Map Display we set eachelectrode to 2 display unitsapart
(see Figure 2 above). In thiscase 2 display units =0.0005m and therefore the scalefactoris setto 0.00025
(ie in metres per display unit). See the example Mesh Fileshown above. This scalevalue read from the
Mesh File appearson tab 3 of the CEPAS Main Panel for reference.

Note it may have been neater to makethe electrode positionsin the MeshFile the actual positions and use
the scaling factor to adjust to display units. However this would have made itdifficult to nicely fit the
electrode representation to the Map Display. This isbecause we can both shift and stretch electrode
positionsto makethem nicely fit in the Map Display area.

Maybe | can look at that inthe future. It wouldrequire specificationof scaling factorsin x and y directions
as well as display offsets in both directions.

The Mesh File Scale Factoris usedto calculate velocity from pairs of electrode positions. The time between
activationsis calculated by CEPAS from the corresponding channeldata. The distancein metres between
electrodesisrequired to calculate the velocity.

Additional values, after the secondvalue, can be saved in the MeshFile first line for reference. They willbe
ignored by CEPAS. For example, factors usedin an Excel spreadsheet to adjust mesh positionsso they
nicely fitinthe map display canbe recorded in the Mesh File for future reference. ExamplesareX offset, X
scale factor, Y offset, Y scale factor as appliedto the mesh node indices columns to getthe positions. Note
however that any values after the second one in the first line are currently ignored by CEPAS.
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2.3.4 Mesh Filefor Arbitrarily Positioned Channels

Inthe case where CEPAS is not used with 2D mapping devices, eg wherethedataisfrom an EP Recording
system and datais measured from linear catheters during a clinical study, then the Map Display is not
useful. An example of this is some data from Bard LabSystemand St Jude NavXdata.

In this case the MeshFilecan besetup asone patch withthe sametotal number of nodesasthere are
recorded channels inthe DataFile.

However it may still be convenient to set up differentpatches for the differentcatheters. This allows the
user to easily identify which channels are from which catheterby clicking on the respective catheter
“patch” on the Map Display.

In CEPAS when a map is displayed, the program loops through all the elements of the Mesh File (patch by patch). The
specified Parameter is calculated for the corresponding channel ready to Map. However if there is not a Parameter
available for a mesh node, in other words there is not a corresponding channel in the Data File, then the default value
for the Parameter in LabVIEW (which for DBL type is 0) is used for the Map value. Soyou see the bottom colour of the
currently set colour scale at those positions. Note initially the values on a Map are NaN indicating nothing to be
shown.

Confirm exact behaviour.

2.3.5 Using the Mesh File Channel Label to Internally Re-order the Data
The following notes apply to the “64 Channel116” (ie 16 bitInteger) file format used with the Micro-
Electrode Array (MEA) Mapping System, as wellasthe CEPAS binary file format.

On the MEA there are 8 large electrodesin the on the outskirts of the main array (see Figure 2 above) that
never have good dataastheyare notcovered by the cells. These channels are always noise rather than
real signal. Ideally they can be configured intoa separate logical patch. In thisway theirvalueswon't
contribute to the map of the main patch when we createa map. We could choose to display these
channels ina location removed from their real position so as not to confuse good data withbad.

| originally madetheassumption (as describedabove) thatin the Data File elements of the same patch
must be successive channels, asthey exist inthe raw data. Withthe MEA system, asthese "extra" channels
we want to partition off, are amongst channels of the main patch, they originally hadto be included. They
then had to be manually excluded each timea map was created, when an activationwas automatically
detected according to thealgorithm.

On the other hand thereare 4 channels received from the MEA Data Acquisition system that are not
connected to the MEA and they happenedto be successive channels numbered 61-64in the raw data, right
at the end ofthe 64 channelsequence,so it was possible to make a dummy patchthatthese channels are
mapped to. This patch canbe positioned away from the mainpatch or off screen if required so asnot to
distract from the main patch map.

The Mesh File interpretation has been modified for CEPAS Binary and the Integer 116 formats so the
internal channel orderingis controlled by the “ChannelLabel”, which isin thefirstcolumnofthe Mesh File.
The reason thiswas not originally implemented include:

. in many cases the Data Fileformatis already configured sothatchannelsarein the order they are
intended;
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. the Channel Labelcan actually be alpha-numeric, like Al or B2. This labelis whatappears next to
each electrogram in the Main Electrogram Graph to identify it. Thereis notnecessarily a natural ordering
foralpha-numerics.

The standard behaviouris that CEPAS therefore doesn’t use the first column of the Mesh File to control the
order ofthe data, asitisread in from the Data File, to theinternaldataarray. The standard behaviouris
thatitis the order of the channelsasthey occurin the Data File thatis matched to the Channels with Label
and position coordinatesin the corresponding order in the Mesh File.

However for two formats (ie CEPAS Binary and 116) if we make the channellabels numeric only, then we
can use the number in thefirstcolumnofthe Mesh File to pick out the channels from the Data File as they
arereadinandre-ordertheminthe internaldata array thatis usedfrom then on. In this way any set of
channels inthe Data Filecanbe made consecutive inthe internal data array and mapped to a specific
patch. Note that alpha-numericlabels can still be usedin these file formats but there is no option for re-
ordering the data.

Therefore re-orderingis possibleif ChannelLabelsin the MeshFile are numeric. Itisassumed that channel
numbering startsat either 0 or 1. 1is often naturally used as the “first” Label of a channel set. However
we have to be carefulas0 mayalsobe used asthefirst channelin a numbering system. Arrayindexing
starts at O for internal programarrays. It is preferable that 0 based numberingisused asit causes less
confusion, but it is not essential. If channel labelling starts at 1 the program compensates for this to
correctlyindex the Data Filechannels. Itis subsequently assumed thatthe set of ChannellLabelsin the
Mesh File will uniquely index channelsin the Data File. When using this method there should be no
duplicate numeric labelsandthe numericindex shouldalways index within the totalnumberofchannelsin
the data.

Note thatitis possible to use a Mesh Filein this way to only view and analyse a subsetofthe Data File.

Besides being able to partition off certain unwanted channels, whichwas the reason this was originally
implemented, this feature allows usto usethe Mesh File to control what are considered the
"neighbouring" channels. For example when you click on the Map Display those channels which are
automatically selected as being neighbouring channels, iethe sequence of coloured picked channels, are
successive channelsin the internaldata array.

There may be a natural way you wantto seedata channels as you scroll through them. For exampleon a
mapping plagueitisconvenient to beable to scroll through channelsand seea row or column ata time.
Alternatively it could be convenient so be able to scroll through groupings in squares that are adjacent to
each other. With UnEmap files you can rearrange the order of the channels asthey appearin the Mesh file
to make this work nicely.

This makes the selector dots (with colours matching the electrogram plots) clusteredasyou Page through
the channelsin the Main Graph Display.

See also the discussion above on use of a numeric Channel Label for CEPAS Binary Files or the 116 Integer
format to control the order sothiscanbe achieved. With other Data File formats the Data File itself would
have to be rearranged. This could always be done with an extemal program to reformat the data before it
is loaded into CEPAS.
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2.4 Selecting Channels for Display in CEPAS

The EGM and Reference Channelcontrols on the CEPAS main panelare usedto choose thedisplayed
channels inthe Main Electrogram Graph and the Reference Channel Graph. These controlsdisplay the
indexto the internal dataarray and aretherefore 0 based. There hasalways been possible confusion if
numeric Channel Labelsare being usedand the ChannelLabels are set tostart atl. Then thereisalwaysa
difference of 1 betweenthe Channel controlvalue and the displayed ChannelLabel,eglabel 1isindex 0. It
is even more confusingifthe channels have been re-arrangedasthen the Label of the channel will not
match up to the Controlvalues with any fixed offset. There isnot really any way to avoid thisin orderto
incorporatethe flexibility to re-order the channels.

2.5 Other Mesh File Setup Information

There can be more channelsin the Data Filethan there are corresponding nodes in the Mesh File, the extra
data channelsjust won’tbe displayed. The value shown in the #Display Channelsindicator is determined
by the Data File itself, for allformats except UnEmap. Check

Ina UnEmap data example with 2 patches, where the data on one of the patches was not connected or had electrical
noise only, | was able to delete a patch from the UnEmap Mesh File, since all those channels did not have useful data.
| have tested that this works. Note that you can only delete mesh nodes off the end. In this case the first patch could
not have been deleted if this was the noisy one. Another method to not display a patch is to set up a Mesh File with
nodes outside the display area so they do not get seen on the Map Display. This would take up unnecessary
processing however.

So the important thing to understand here is that there can be more data channels in the Data File than there are
nodes in a Mesh File. CEPAS generates a Parameter value for each channel in the data file but uses the Mesh for
displaying the value (using the “Paint Surfaces.vi”).
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3 Electrophysiology Data Files

This chapter explains how to load a data file once the Mesh File has been established.

3.1 Loading a File

To load a new Data File: from the mainpanel menu go File>Open... or use the shortcut Ctrl-O. The Select

Data File dialog appears (see Figure 3).

Figure 3. Select Data File Dialog.

3.2 DataFile Formats
CEPAS can work with a wide variety of Data Fileformats. The list of Data File formatsis continually being

added to as customers request them.

3.2.1 CEPAS
This is a binary format used by CEPAS.

3.2.2 NavX Classic DxL
This data file format contains 3D position informationand after the Load button is pressed an additional
dialogappearsallowing the user toreview the channellocations.

20



User Guide CEPAS

-
S ———— ] =

s Do ik Fiosres

Ell'wvwhr‘--r‘-'-:l--i--llﬂlﬂr-w - ‘
j

- SR S Lt
D
L ¥
— il ;
- baa 1 . . .
i (o] e - X -3 o
i R S ;i
[ i ] =8 y - .
ot » ™ .
e | adar | o | 1 % . " I
| ! : !
B . -

| Ll | |

| e e e Hrod P b e ey
e bl el Eiaast g (51 -1, (5L

R e L 2
Thoiom b & gl & 0,55 B B, H il 1 crpenins .
P S

Promergl pucevrn o Fesd [eep B |0 e v ek, .
L

| £ ; 2 -
B s ¥ CoMTRas ) g

Figure 4.

Itis assumed that there are anumber of initial channels. For example ECG or Coronary Sinus catheter
channels. This is then followed by

Currently assumes 7 channels.

Add description here of each of the file formats...

3.3 Internal Program Data Format

A Data File of a specified format, after being loaded, will be arrangedinternally in CEPAS as a 2D array of
numeric (DBL)values. Adiscussion ontheinternaldataformatishelpful in understanding how CEPAS
works for advanced users.

The arrangementofdata inrows and columns, withina data file, depends on thefile type. For somefile
formats each array columnisa channel andthe elements of each row are successive time samples. This is
typical for datarecordedfrom a Real Time system, ie where successive time samples get appended to the
file as they arereceived. Examples of this format type are the native CEPAS format and commercial
systems such asfrom St Jude or Bard.

However for some file formatsit canbe the other way round, where the rows of the files 2D array are the
channels.An example of thisisthe BioCatformat data. This format is often the case for datasetsthat have
been extracted from a larger set, ie wherethe whole dataset already exists.

After afile is loaded by CEPAS a block of data, referred to as a Data Segment, isstoredinan intemal
program array. In CEPAS each Data Segment, that isloadedfrom the Data File, gets arrangedinternally in
anarray with thechannels inrows of the array. Either way, ierows or columns, couldhave be used but itis
for convenience in the LabVIEW programthatchannelsarein rows. A2D array auto-indexing a LabVIEW
For Loop does so usingthe rows first. ALabVIEW auto-indexed looptherefore extracts data channel by
channel, which isthe way multi-channel processing gets carried out inthe program.
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For advanced users within the computer memory itselfthe dataisstored in a specific manneras described

inthe text box below.

Array Storage in LabVIEW Memory

The way LabVIEW stores arrays of data in memory is completely separate to how data is stored any other way, such as
in files. However the following information is provided for reference.

From NI website: LabVIEW along with a f ew other programs uses the Column-Major Order to represent 2D arrays,
while C and .NET programs represent 2D array s in Row-Major Order. Basically, LabVIEW stores the following array:

1 2 3
3 5 6

in memory as 1, 4, 2, 5, 3, 6. This same Example Array is storedin C ora.NETlanguage as 1, 2, 3, 4, 5, 6.
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4 Configuration File (ini File) Settings
The CEPAS.ini file provides default values for many CEPAS settings. These are the settings thatthe user

generally rarely wants to change. In computer terminology each of the settingsis specified by aninifile
“key”. The following sections provide details on specific inifile keys that may be set.

Ini files are identified in Windows Explorer as a file Type called “Configurationsettings”.

4.1 MeshFiles
If no Mesh File is specifiedin the CEPAS.ini file, CEPAS will by default prompt the user for a Mesh File at

start up. Afile select dialog willstart looking at the Windows Desktop to select a Mesh File, given no other
information on whereto look.The other directory we could make itis the CEPAS directory itself, but | find

itis bestto keepthe program locationcompletely separate from the data.
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The ini File key relevantto the Mesh Fileis:

MeshFile = ""

To specify the Computer Drive part of the Filenamein the string for the MeshFile key, all the following are
acceptable: /D/ D:/ or D:

The name ofthe file is not case sensitive.

4.2 Data Files

Similarly for the defaultdirectory to locate Data Files, theini file key is:
DataFileDirectory = ""
4.3 CEPAS File Format

The ini file specifies a defaultnumber of channels for CEPAS Data File format since thisis number will be
variable depending on the acquisition system. For example:

CEPASformatNumChannels = 514

If the default number is not want the user wants when a CEPAS binary file isloaded the userwill be
prompted to change it. The numberofchannelsisstored in the CEPAS format header file and the user can
select to automatically load it from there.

Similarly for the Sampling Ratethere isa defaultsetting:
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CEPASformatSamplingRate(Hz) = 1024

The example above suits BioSemi data.

4.4 Buffer Settings
An important setting is the Buffer size (also called Segmentsize) that determines the duration, in terms of
time samples, thatisloadedat any one time into CEPAS. The ini file key is:

BufferSize(sec)=4.0

There are other related settings:

MaxViewWidth (sec)=10.0

RealTimeViewWidth (sec)=4.0

Expand this section.

24



User Guide CEPAS

5 Time Domain Filtering
CEPAS provides various time domain filters that may be applied to electrogram signals. They are

implemented using the National Instruments LabVIEW ™ built-in filter functions. Further information on
specific filter behaviour can be found on National Instruments website (www.ni.com).

5.1 Default Settings
The default behaviouristhat all filters are initially turned off. Default filter settings can be specified in the
CEPAS.ini file. If no defaultsare specified the defaults are:

FilterLowPassType=Elliptic

FilterLowPassPassFreq=50
FilterLowPassStopFreq=100
FilterHighPassType="Butterworth"
FilterHighPassStopFreq=1
FilterHighPassPassFreq=2
FilterNotchf0=50

These settings only take effect when you actually apply the respective filter, ie Low Pass, High Pass, Notch.
Note that the default settings will not be suitable for all signal types. It depends on thetypeofsignal, eg
whether the signalis asurface ECG orifitis anintra-cardiacsignal. The appropriate choice depends
whether itis a unipolaror bipolar signal. It also depends on the settings thathavebeenused in the
acquisition system usedto obtain the signals. See the weblink below for a discussion on typical recording
system filtersettings in the EP lab:

http://www.theeplab.com/B-The-Members-Center/A000-Electrograms/A-Electrograms/D-Signal-
Filters/DA30-Signal-Filtering.php

Ideally only as muchsignalfiltering asisrequired should be used. Whilefiltering can remove unwanted
noise it can also distortthe cardiac signals themselves.
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Take an example of signals recordedfrom an intra-cardiac mapping system:

Mapping plaque, Channels D2 to K2.

Bipolar signalsarerecorded at eachmeasurementlocation. With no filtering applied, a 1 second recording

is as shown below:

] 4.,..,|l.l___7_,,_..__‘.___h____.,"rﬂ-.__4,,_,__4_7_“ [h.‘,_,_,\’__k_‘

T 1 i i 1 1 0 I i i ! 1 1 i i i 1 1 [ i
0 005 01 015 02 025 03 035 04 045 05 055 06 065 07 0T5 08 085 08 085
Time (zec)

Figure 5. Intracardiac signals D2 to K2 Unfiltered.

5.2 High Pass Filtering
The signals shown in Figure 5 canbe High Pass Filtered with settings shown inthe caption of Figure 6:
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Figure 6. High Pass Filtered Signals. Filter Type: Butterworth. Pass Frequency 2Hz, Stop Frequency 1Hz (filter order 13).

These settings are the current defaults for a High Pass Filter. Note that the baseline flattens out but there
is some distortion of the period between activations due to thisfilter.

Some users have found the setting 1Hz Stop Frequency and 15Hz Pass Frequency and the Equi-Ripple Filter
to be useful. The Equi-Ripple filterisa type of FIR filter. Note that terminology suchas FIR (for Finite
Impulse Response) are explained in the CEPAS Signal Processing Guide.

High Pass filtering may not be needed. The amplifiers of some systemsare AC coupled. AC coupling already
removes DCsignal component and is effectively a High Passfilter. It isimportant to understand the
specifications of the whole measurement chain. You only would use the CEPAS High Passfilter if there was
baselinewander that needed to beremoved before further analysis. In that case CEPAS also provides
specific Baseline Wanderfilters that don’t result in some of the problemsthathigh passfilters can cause.
The Baselinewander filter in CEPAS is selected as either a Waveletor Median filter.

5.3 Low Pass Filter
A Low Pass filter removes unwanted high frequency noise.

The default settings shownin the default configurationini file above may be too tightfor intra-cardiac
recordings but OK for surface ECG recordings. Better settings for low pass filtering intra-cardiacrecordings
are: Passband edge frequency: 100Hz and Stopband edge frequency 200 Hz. These settingsareappliedin
Figure 7.
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Figure 7. Low Pass Filtered. Filter Type: Elliptic Filter. Pass Frequency 100Hz, Stop Frequency 200Hz (filter order 5).

Note there is distortion produced inthe signals as a result of this filter. This includes ringing, caused by the
removal of high frequency components of these “sharp” bipolarsignals.

For data sampled at Sampling Frequency f,=1000Hz, the acquisition system should apply anti-aliasing filters
that will removeall frequency content above the Nyquist Frequency of 500Hz (ie f,/2). Typically the
hardware anti-aliasing filterroll-off willbe below the actual Nyquist Frequency, ataround 400Hz. The
result ofa Low PassFilterwith settings of Pass frequency: 200Hz, Stop frequency: 400Hzis shown inFigure
8 below.
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Figure 8. Low Pass Filtered. Elliptic Filter. Pass Frequency 200Hz, Stop Frequency 400Hz (filter order 4).

The wider filter produces less signal distortion and will remove all unwanted noise above 200Hz. Note that
there is not much high frequency noise inthese signals anyway.

Some users have found a setting of 100Hz for the Pass Frequency and 400Hz for the Stop Frequency
minimises distortion. The wider transition bandmakes the roll-off lesssharp. The less harsh the filter, the
less change occurs to the morphology of the signals.

The approachin CEPASis to useonly as muchfiltering as is useful. Some algorithms that are described in
detail in the next sectionof this guide have a filtering effect inherently built inand sospecific time domain
filtering has limited usefulness.
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5.4 Digital Filter Designs
The filters are implemented using standard LabVIEW functionsin the Digital Filter Design Toolkit. The
design methodsavailableare:

0 Butterworth

1 Chebyshev

2 Inverse Cheby shev

3 Elliptic (default)

4 Kaiser Window

5 Dolph-Cheby shev Window
6 Equi-Ripple FIR

These methods provide both FIR and IIR filters. There are relative advantages and disadvantages of the
various methods. For further information see the LabVIEW Digital Filter Design Toolkit User Guide.

Elliptic filters (an IIR filter) have the following characteristics:
eMinimum peak errorin the passbandand stopband.
eEqui-ripple magnitude responsein the passband andstopband.

eCompared with same-order Butterworth or Chebyshev filters, Elliptic filters have the sharpesttransition
band, which accounts for their widespread use.

There are other settings thatapply to the filters butare notsettable. Thesearethe filterripple in the pass
and stopband. The defaultsettings are used:Ripple0.1dB in passband and 60dB in stopband.

5.4.1 Filter Time-Shift

Filters timeshift signals by an amount, in samples, equal to the number of “taps”in the filter. This is also
known as the filter order. When filters are applied to all channels this shift is irrelevant as all channels are
shifted similarly. Note thattherearesomeissuesto consider depending on whether FIR or lIR filters are
being used, whichis outofthe scope of this discussion.

CEPAS allows the userto filter only selected signals for the case wherethe userwants to clean up a
particular signalonly to beable to determineits activation time accurately. For this purpose for the Low
Pass and High Pass Filters inCEPAS the signals are shiftedback to take into account thefilter order. This

means allsignals have the same time axis.

Note that currently the Notch filter does nothave the filter order shift compensation applied. Itis
important to be aware of thisiffiltering individual channels.

A method often used to negate the time shift effect isto apply thefilter twice. First the signal isfiltered in
the forward direction. Then the resulting signal is timereversed and filtered again. The secondtime-shift
is effectively in the opposite direction counteracting the original shift. Filteringa signalin the forward or
reverse direction has the same effect withrespect to removal of unwanted components. The effect of
filtering twice creates a sharper roll-off. This has not yetbeen implemented in CEPAS. You will see the
method referred to in several papers.
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6 CEPAS Algorithms

This section provides details on the algorithms used in CEPAS to calculatea Parameter for each channel.
The list of Parameters that can be calculated is continually growing. The user can alsocreate “Plug-in”
Algorithms that they write themselves.

The Parameteris selected inthe drop-down box next to the Calculate button in the top left section of the
Main Panel Display (see Figure9).

Figure 9. Selection of Calculation Parameter.

The following sections will describe each of the algorithms available.

6.1 Basic Activation Detection
Settings that apply to the Basic Activation Time algorithm appear on the “Detect” tabasshownbelow in

Figure 10:

Detection Settings
Feature Type
:—J Megative dV/dt
\ dV/dt Window
: Local Max Window
Threshold
Max Type
:—}' Global

Figure 10. Basic dV/dt Settings.
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One of several types of feature may be selectedto perform the Basic Activation Time calculation. For
example for Unipolar datathe negative dV/dtis commonlyused. For bipolar datathe Peak may be used.

Note that the dV/dt Window and Local Max Window settings are in terms of samples. In order to set these
interms of a time period a conversion must be made. Ifthe samplingrateis 1kHz, itis as simple as
knowingthat samples are the same as milliseconds.

The actual threshold isin the unitsthedata ismeasured in per sample. Dataisstored intemallyin units of
mV in many Data File formats. Ifthe dataissampled at a rate of 1kHz, thenthe dV/dtisin units of V/sec
(ormV/ms). There is no universally usedvaluefor thisthreshold. The slope of electrogram deflections
depends on many factors. One is the size of the electrode used. An electrode effectively integratesthe
voltage over the areathatisin contactwith tissue. Alarger electrode will measure a less steep downstroke
than a smallerelectrode. However for a particular mapping setup a typical value for this threshold may
applyandit can besetasa defaultusing the inifile key:

ActivationDetectSlopeThreshold=0.02

A detaileddescription of eachof the basic Detection settingsis provided in Table 3 below.

Setting Explanation Comment

Feature Type Options are: For dV/dt the slope ofthe
Negative dV/dt opposite sign to thatspecified is
Positive dV/dt set to zero. Egfor intracardiac
Negative Peak electrograms negative slopeis
Positive Peak usually specified and thereforeall
Pos OR Neg Peak positive slopes calculated are set

to zero. This is shown onthe
graph below the TestChannel
Electrogram graph on the Detect
tab.

dVv/dt Window This is the number of samples over which the | Future enhancement could be for
dV/dt (ie slope)is calculated. It is the average | alternative methods of dV/dt
value of the slopefor each successive sample | calculation, ega line of bestfit
pair within the window. The width of the ratherthan theaverageover the
window should be set lessthan the stroke of | window.

the slope, otherwiseif any potential deflection
turns within the window itis inaccurate.

Local Max Window

dVv/dt Threshold

Detect Max
Method

Table 3. Explanation of dV/dt settings.

An example of an electrogram shown in the Test Channel Electrogram Graphand the calculated dV/dt
Parameterarein Figurel1l.
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egm
peaks

slopes

: : detects
] 002 004 008 008 01

Figure 11. Graphs from the Detect tab showing (a) Test Channel and (b) the calculated dV/dt Parameter. The bottom graph (c) is
zoomed in on the peak of the dV/dt graph.

The yellow lines/dots mark possible detections meeting the criteriaset.

Note, even though the electrogram signal on this downstroke deflection is varying monotonically, ie getting
smaller eachsample on the downstroke, the slope itself canbe increasing or decreasing. On the bottom
graph of Figure 11 (c) the individual samples can beseen at 1ms spacing.

In this example the algorithm doesn’tdetectthe local maximumin dV/dt at 0.058ms (towards the end)
because itdoesn’tmeetthe LocalmaxWindowwidth criterion, set to 3. In thiscasethere must be at least
nsamplesinbetweendetected local peaks. This avoids detecting too many closely spaced peaks.
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6.2 Fractionation Index
The definition of Verma, asused inSt Jude NavXsystem, has been implemented.

6.3 Fractionation Index References
The following extractis takenfrom the paper:

A prospective, multicenter evaluation of ablating complex fractionated electrograms (CFEs) during atrial fibrillation
(AF) identified by an automated mapping algorithm: Acute effects on AF and efficacy as an adjuvant strategy

Atul Verma, MD, * Paul Novak, MD,* Laurent Macle, MD, ¥ Bonnie Whaley, CVT,* Marianne Beardsall, ACNP,* Zaev
Woulffhart, MD, * Yaariv Khaykin, MD*

Bipolar recordings were filtered at 30-500 Hz. The algorithmmeasures the time between multiple, discrete deflections (-dV/dT) ina
local AF EGM recording over a specified length oftime (5seconds) and then averages these interdeflection time intervals to calculate
amean CL ofthe local EGM during AF.This mean CL is then projected onto the LA anatomical shell as a color-coded display

(Figure 1). The shorter the CL, the more rapid and fractionated the local EGM. Specifically for this study, regions with a mean CL of
<120 ms were defined as CFEs based on previously published data [6].

Selectable peak-to-peak EGM amplitude, EGM width, and post-EGM refractory period are defined to assistin algorithm

deflection detection. At the start of the procedure, the baseline signal noise level was determined, and the peak-to-peak detection
limit was set just above the noise level (typically 0.03— 0.05 mV) to avoid noise detection while allowing detection of CFEs, which
are typically of very low amplitude (<0.5 mV) [6]. Deflection width and refractory criteria were typically setat 20 and 30 ms,
respectively, to avoid double-counting individual EGM deflections. To avoid including signals frombipoles that were internal in the
LA, the internal interpolation ofthe algorithm was adjusted toinclude only those signals obtained frombipoles with good atrial shell
contact. Based on previously published data [6] EGMs with a mean CL of<120 ms were defined as CFE for the purpose ofthis
study....

Slightly modified parametersarereported in thelater paper:

Spatial and temporal stability of complex fractionated electrograms in patients with persistent atrial fibrillation
over longer time periods: Relationship to local electrogram cycle length

Atul Verma, MD, Zaev Wulffhart, MD, Marianne Beardsall, ACNP, Bonnie Whaley, CVT, Carol Hill, RN, Yaariv Khaykin,
MD

In brief, the algorithm measures the time between multiple, discrete deflections (—d V/dT) in a local AF EGM recording over a
specified length oftime (6 seconds) and then averages these inter deflection time intervals to calculate a mean CL ofthe local EGM
during AF. This mean CL is projected onto the LA anatomic shell as a color-coded display. Studies have shown that 6 secondsis an
adequate sampling time for quantification of CFE sites using this algorithm [9]. Furthermore, to ensure accurate EGM identification,
user-selectable criteria were set to maximize the sensitivity and specificity of EGM detection. Specifically, selectable peak-to-peak
EGM amplitude was set just above baseline noise level (typically 0.03— 0.05 mV) to avoid noise detection. EGM width typically was
set at 10 ms to avoid detection ofbroad, far-field signals. The post-EGM refractory period was setat 45 to 50 ms to avoid double
counting ofa single EGM event. The internal interpolation of the algorithm was adjusted to include only those signals obtained from
bipoles with good atrial shell contact. The shorter the CL, the more rapid and fractionated the local EGM. Based on previously

published data, regions with a mean CL <120 ms were defined as “CFE.”[5]
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6.4 Adjusting Settings for Fractionation Index Calculation

The Fractionation Index according to the Verma definition is effectively a mean cycle length calculated over
a specified time period. Itis sometimes referred to asthe “CFE Mean” to distinguishit from another
commonly used method implemented in the J&J Cartosystem. In CEPAS the Fractionation Index calculation
is made over the currently set Display View width. The View Width can be adjusted using the cursorsin the
Total Data graph. Some presetDisplay View width values are also available as one-click options on a front
panel push button control:

| Min ll}jsecl lsecllsecl-isecl Maxl

The Max settingis the current setting of the Buffer Size whichmaybe 4 seconds butit canbe larger.The
width can also be set to the width of the Analysis Window setting on the Detect tab.

Analysis Window
70100 sec

This value is set with the Min push button setting.
The Fractionation Index settings are adjusted using the CFAE Settings control on the Detect tab:

CFAE Settings
Moize Threshold

050000 | units

Deflection Width

’r’zn ms

Refractory Pericd
’r’an ms

Inthe NavX system these settings arereferred to as “CFE P-P sensitivity (mv)”, “CFE Width (ms)”, “CFE
Refractory (ms)”. These settingsarerecordedfor exampleat the end of the NavX DiagnosticLandmark

(DxL) format.

The defaults above arethose recommended by Verma. However userstypically increase the Refractory
period to something like 50ms. The Noise Threshold typically needs to bereduced depending on the
signals recorded. In some NavX DxLfiles| have observed the Noise Thresholdis set to 0.

Using the BasicActivation algorithm and moving thereference cursor in the main display graph (long
vertical yellow line) adjust the Slope Thresholdsetting (in the BasicdV/dt Settings control) and check that
all the electrogram slopes, that one would expect to be detectedas activations, are detected. These
detected slopes have a dV/dt value above this threshold, as perthe basic algorithm.

Zoom in on the main graph display. For various activations find the maximum and minimum voltage on
either side of the slope. Use the Caliper pink dots. Observe the time delay betweenthese extrema. The
Fractionation Index calculation requires that a detected slope must beless than the specified Fractionation
Index Deflection Width setting value (default20ms) to be counted as an activation.

35



User Guide CEPAS

Find the voltage difference between the extrema of the slope —this must be greater than a specified value
(default 0.5mV)to be counted.

If we don’t have voltage scaled correctly due tothe Data File format the user will need to set this threshold
explicitly. Itis called the Noise Threshold. Itisspecified in units, being the unitsthat thedatais provided
in. The absolute scale of the datacan be seenin the Test Channel graph.

With the parameter Fractionation Indexselected press the Calculate button or F9 functionkey. In the Test
Channel graph a vertical yellow line will mark each activation detected. Shift or Ctrl Click on the Test
Channel graph to bring up a detailed Editor panel displaying the current Test Channeland the automatically
detected activations.

Note that in the CEPAS implementationthe Fractionation Index calculation applies the basic dV/dt
detection algorithm during a first pass. | found thisto be useful in finding the realactivations. To skip the
basic dV/dt algorithm just setthe thresholdto zero. Ifthe basic dV/dt (slope) detection algorithm
threshold issettoo high there may be some detections missed in the final Fractionation Index calculation.
The Fractionation Index applies a differenttype of slope detection criteriavia the Noise Threshold setting.
To match the published Fractionation Index calculation as per the Verma papers you can set the Basic
Algorithm Slope Threshold to avalue of zero and this effectively bypasses the initial dV/dt thresholding
available in CEPAS.

The refractory period (default30ms) canbe increased to discount peaks detectedtoo closetogether. An
example whenthismay berequiredis when there is periodic noisein the recording.

Colour scales for Fractionation Indexthatare commonly used have Redat thelow endof the colourscale.
The low end is set to thevalue of refractory period (default 30ms). Nothingis detected at less than that
period anyway. According to Vermacycle lengthslessthat 120msare consideredfractionated. Anything
longer is not fractionated. Blue/Purpleisused at thetop of the colour scalerepresenting a cycle length of
120ms. Non-Fractionatedareas arethereforeidentified as purpleon a map. Patches of white and redare
fractionated regions. See the examplein Figure 12belowfor the ColourScale settings used.
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Figure 12. Fractionation Index Map.

Above the interval of 120ms, activations are not considered fractionatedand in CEPAS they are coloured
with the value in the HiColourcontrol. We won’tget valueslessthan 30ms dueto the algorithm butwe
will get values above the maximumofthe scale. The default colour scale in CEPAS uses black for values
equal to or above the maximumand grey for values equalto or below the minimum.

Select the calculation Parameter to Fractionation Index. This will apply the algorithm to all thedata inthe
Display Window and map this when Calculate (F9) is pressed.

To test this functionality select various electrogram channels. Use aView Window that isnot too long, like
halfa second, to seeclearly how the settings work for various types of electrogram signals. Adjustthe
Fractionation Index settings —in particular the CFAE Noise Threshold till you are satisfied with the settings.

Note from CEPAS Code Comment:

Note that slope values of opposite sign to that specified are initially setto zero. We then use this slope, not the
subsequently thresholded slope, to search for the ends of each deflection. We search for the zeroes at each end of
the deflection of specified sign. The thresholded slope is used however to determine the detection points that are

worked with. This is better for finding the true activations. Otherwise a minor deflection can be detected and the
refractory period may cause algorithm to overlook a more dominant deflection occurring shortly afterwards.
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6.5 Phase

Phase can bedefined in several waysin the context of electrogramsignals. Several algorithms have been
developed to calculatethe phase ofan electrogram, atany instantin time. Phase has been found to be
useful to generate animated maps of dynamicwavefront activity.

The location of the reference cursor in the MainElectrogram Display Graph is wherethe instantaneous
phase is calculated.

6.5.1 Phase Method 1 - Phase Template

In this method Phaseis based on the conceptofa single cycle of occurring from one detected time of
activation to the next. Aphase template, correspondingto the position within the cycle from 0 to 2, is
applied from the onsettime of each detection. The phase of the signal at anyinstant in time can then be
calculated.

There are severalmethodsthatcan beused to determine allactivations. We will alsorefer to theseasthe
“Detections”.

e The Detectionscanbe individually manually marked by anexpert. The Detection Editor, described
in Chapter 8, can be used mark the Detectionson all channels. The Detection Editor provides
useful functionsto facilitate what can be a tedious process, in particular for recordings with many
channels of data.

® An automated algorithm can be used to determine the locations of all activations inthe Display
View window. An example isthe Fractionation Index algorithm. In the processof calculating the
Fractionation Index a series of activations is calculated based on specified dV/dt criteria. The
Fractionation Index value for a channelis the average interval betweenthese activations.

The details of determining the sequence of detections for each channelis described in detailin Section 8 .

6.5.2 Phase Method 2 - Hilbert Transform

The Hilbert Transform is calculated directly on a pre-processed electrogram. There are severalstepsin this
algorithm.

Contact meto obtaindetails on this algorithm as some proprietary steps have been implemented.
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The following algorithms have been implemented but details need to be filled in this User Guide.

6.6 FFT
The FFT works on the current Display View. So changingthe View Widthchangesthe number of samples

thatthe FFTis applied to.

The FFT Graph that appears for the Front Panel next to the corresponding electrogram uses the data stored
in a special Display View shift register in the mainUserEvent loop. Note we may notbe displaying the
whole of this buffer (according to Max and Min X scale settings).

6.7 Organisation Index

6.8 Regularity Index

6.9 Voltage

6.10 Shannon Entropy
The method of Goldberger in “Measuring the Complexity of Atrial Fibrillation Electrograms”, Journal of
Cardiovascular Electrophysiology Vol. 21, No. 6, June 2010, has been implemented with 11 bins.

6.11 Plug-In

Provides ability for userto write their own algorithm using LabVIEW.
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7 Isochronal Map

This section to be completed.
The example uses Constellation BasketCatheter datarecordedin the Left Atrium inSinus Rhythm.
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On Lead Il the P waveindicatesthetime of onsetofthe atrial wave. Zoom in on a beat.

Move the Reference Cursor (yellow) on the Main Display Graph to just before where activationsstart to
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Select Positive Peak asthe Feature Type for detection.
Adjust the DetectionSettings Threshold to try to capture at least one peak on each channel. Note this may
not be practical. Set it too low then too many peaks are captured, set it toohigh andtoo many peaks may

be missed.

Press Calculateandthe Activation Time Parameter will be mapped to the Map Display.

Note in the figure above the earliest time isseenas green corresponding to approximately 30ms on the
colourscale. Adjustthe Reference Cursor on the Electrogram Graph to get a close to the eariest time as
possible. The earliesttime willthen appearasred.
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If the reference Cursoris moved too far right there will be regionsin black indicating negativetimes. In the
example above the ColourScale uses black for values below the scale minimum and gray for values greater

than the scale maximum.

Individual channels can be adjusted by moving individual activation time cursors. Also theuser canright
click on the Electrogram Graph display to Select or Rejectindividual Cursors. Ifa cursorisrejected or no
parameteris calculated according to thecriteriasetthen no colourisdisplayon the map. This isalso
referred toas a “hole” in thedisplay.
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Example above shows channels thatdid not have a Parameter value calculated as there was no value above
the thresholdset.

Values thathave beencalculated and then manually adjusted can be saved to the CEPAS Parameters File

format.

From the menu go File>Export>Parameters. The dialog belowappears.

Parameter Saer File Option
e —— | e

Cuoretech’ Dateh Dema' Beskoet Sinus Rhythm'Basiet Bipolar S8

Parpmester Save Flename Chiregs Flwramae hive § required.
c i I
B (rclabelled) [PARAMETERS. 2

Sedect Parameber Pararreteey Fig Format
dctrvation Time :_: Petuiti-Parameber fommst
=
Frequency At
Resguiarty [ndex :_l Addd Pacarrater
Fractionation Indes
Pobe: Replace Parsmeter wil
Voksge replace the find instance of
the paraeneter found in an
Coorchnaiies ¥¥T wonting Fararntbery Fie
L
L
SAvE CANCEL |
4
L

A suggested filenameis provided which isthe same as the current data file with the text (PARAMETERS)
appended to the base part of the filename. Itis atextfile format.

Previously saved parameters can bereloaded by selecting from the menu:

File>Import>Parameters File
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Press the button to select a parameters file.

The user has the option to select one of several Parameters that may have been savedto the same Multi-
Parameter format file.
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Once loaded the Map is redisplayed with the previously saved values of the Selected Parameter.
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8 The Detection Manager

This section describes the Detection Manager function in CEPAS.

An important function in CEPAS is the ability to calculate a sequence of electrogram reference points
(fiducial points)in a recorded electrogram. See for example Figure 13 where the maximum negative peak
has been marked in thesequence of 6 beatsin a 1 second view width.
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Figure 13. Detection Editor Panel.

Some algorithm may be used to find the desired set of reference points. However in practiceit isfound
that no algorithmis perfectand thereis alwaysthe need to be ableto manuallyadjustthe time of
individualactivationsin a sequence. CEPAS providesa manual editing function for setting the locations.
They are referred to as “Detections”. Manual editingis provided inthe Detection Editor. The Front Panel of
the Detection Editorisshown in Figure 13. The Detection Manager works behind the scenesto store the
detections.

8.1 Detection Manager Width

To retain detection information, CEPAS maintainsan internalmemory buffer whichrecords the locations of
detected activation times. This is known as the Detection Manager, asit provides several other functions
inthe CEPAS program.

The Detection Manager works in conjunction withthe currentElectrogram Display View. See the
Definitions section for a comprehensive description of this terminology. The Detection Manager matches
time sample for time sample the current Electrogram Display View. Ifthe Display View ischangedthe
Detection Manager bufferisno longer valid.

Forexample see Figure 14. The current Display View (spanned by the cursors inthe Total Data graph) is for
a window from 4 to 6 secondsin the 8 second exported dataset from a NavXstudy. The Detection Editor
will treat this Display View in isolationand assumeit is for a recording of 2 second duration (ie0 to 2 sec).
If the cursors inthe Total Data display are movedthen this “View” of the data has changed and assuchthe

contents of the Detection Manager are no longervalid.
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Figure 14. CEPAS Display View of 2 seconds in an 8 second recording.
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This is a limitation which may be improvedupon in future versions of CEPAS. However there are methods

to achieve whatis required with this limitation.

The Display View, as defined by the cursorsin the Total Data graph, may be exported asa new datafile.

This exportis to the CEPAS binary format. This new CEPAS format file can be reloaded at alater time and

then the contents of the Detection Manager will line up perfectly with the electrogram data. This isthe

recommended practiceso thereis no misalignment of data.
The way to export the Data Viewis to use the Menu function:
File>Export>Display View to CEPAS Format

An information Dialog willappear asin Figure 15.

Eport will comvert data from Mavk
Classic [l format ta CERAS hinary data
file format and save the electrogram dats
iri the: current 2000 sec Display View
weinchamy

QK | -'::uur.el“"

———— =

Figure 15. Export information dialog.

Click OK and a file selection dialog will appear prompting the userto enter a filename for a file to be saved
in the native CEPAS binary format (*.dat). The user will be notified if the file already exists and can cancel

here ifitis notintendedto overwritethe file.

Itis good practiceto give the exported file anamethat incorporates the original data filename plus

information about the section exported, eg “PatientX (subset 4-6sec).dat”.
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The CEPAS format header filealso records the startand stop time of the exported Display View. See
example CEPAS Header file below.

[CEPAS]

OriginalDataFileName = PatientX.csv
ExtractStartTime(sec) = 4.000
ExtractStopTime(sec) = 6.000
NumberMeasurementChannels = 112
SamplingFrequency(Hz) = 1200.0

The start and stop timeis controlled by the cursors inthe Total Data Graph. Ifthe user triesto display a
View longer than the Segment size then the View snaps back to the SegmentSize setting. The behaviour
depends on whetheritistheleft or rightcursor moved. This Segment size limitations hasbeen putinso
the computer doesnot try to load sections of data that are too long. This could causethe programto hang
up because oftaking up too much computer memory.

CEPAS always loads a Data Segmentwhoselength issetby a Configuration Setting: Buf ferSize (sec)
The user may chooseto view a subset of this Segmentwithin the Display View.

Use the Shift View Right and Shift View Left buttonsto step the Display View by an amount equal to exactly
the currently set View Width.

L % o L w
In other words the nextDisplay View starts wherethe previous one ends ifit is a shift to theright. This
allows the user to set the Display View to exacttimevalues. Itis difficultto setthe start andstoptimes
exactly by manually moving the Total Data Cursors.

Future implementation shouldallow the user to set the locations of the Startand Stop cursors exactly in
the Total Data Graph.

8.2 Automatically Marking Detections

As an example to demonstrate an algorithmthatautomatically finds multiple fiducial points withina
section of a recording we will initially use the Fractionation Index Parameter to automatically find multiple
Detectionsin a recording.

Select Fractionation Index as the Calculation Parameterto map. Adjust the settings for the Fractionation
Index calculation tothe desired values, as described in detail in the previous section on the Fractionation
Index. The aimis to adjustsettings so the algorithm automatically detects allreal activations for all
channels. However automatic detection will inevitably miss somereal activations and may also detect
extraneous points. CEPAS provides a manual editing functionality to correct this according to the expert
user’s selection.

After scanningthrough various Test Channels on the CEPAS mainpanel, adjusting algorithm settings, the
user becomessatisfied that the settings are optimal.

Note that there are severalwaysto select the Test Channel. This can beby either clickingon a plotin the

main Electrogram Display Graph or by manually selecting the Test Channel using the Front Panel controlor
by clicking on an electrode on the Map Display. Note that thevalue appearing the Test Channel controlis

the channel’s index (from 0 to N-1) as opposedto the channel's text label.
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Press CALCULATE or function key F9. This appliesthe selected algorithm, with the specifiedsettings to
each channel inthedata.The calculated Fractionation Index, which is a single numerical value for each
channel, isthen displayedin colour on the Map Display.

The Fractionation Index isan example of a special calculation in CEPAS, as there isan intermediate step
generatingthe series of activations for each channel. When CALCULATE is pressed, the automatically
detected activations for each channel are stored to the program memory buffer known as the Detection
Manager. This buffer covers the current Display View only, ieitis not necessarily the wholeloaded Data
Segment (although these may be the same).

8.3 Manual Adjustment of Detections

If the useris notsatisfied with allthe automatically detectedactivations, using a particular algorithmsuch
as the Fractionation Index algorithm, then CEPAS provides a methodto manually adjust either the position
or toadd or remove individual detected activations for any channel.

On the Main Panelwith the mouse hovering over the Test Channel graph on the Detect tab, simultaneously
press the Shift key and left click the mouse. The Detection Editor Panelappears. Alternatively pressthe F2
key.

The initial channel displayed inthe main graph on the panel is for the currently selected Test Channelandit
shows the currentlydetected activations for that channel. Thesearealwaysthe detectionsstoredin the
Detection Manager buffer. They are the same astheautomatically detected activationsifthere hasbeen
no manually editing of the activations done yet.

A movable cursorissetat each detected activation time.The usercan movethesearound to preferred
positions. Extra cursors marking activations can be addedand existingonescan be deleted. The following
instructions explain how to do this.

To remove anincorrectly detected activation, press the DELETE key on the keyboardand then clickon a
particular cursor. The cursor and the corresponding detection areremoved. Note thatthe DELETE key has
to be pressed eachtimethe user wants to remove another cursor. This has been doneto avoid
inadvertentdeletion of otheractivationsifit were to remain on. Thereis also a Delete button on the Editor
panel that can be usedrather than the DELETE key on the keyboard.

To add a cursor to mark an additional detection, press the SHIFT or CTRL key and thenclick at the desired
time location on the graph to mark the extra detection. The new cursor can thenbe fine adjusted to an
optimal location asrequired.

Each time there isa changeto a cursor the Beat to Beat Interval graph isupdated.

A function, not yet implemented, could be to handle if the user makes mistakes during manual editing and it
becomes necessary to go back to the originally detected activations. Abutton couldto be provided so user
can chooseto redo the automatic calculation for just that channel, rather than have to start again for all
channels. Please be aware that the ability to undo edits has not yet been implemented.

The user can choose to remove all cursors. For example if there is strong mains line noise swamping the
electrogram signal then the automatically detected activations could be unrelated to realactivations.

The LabVIEW graph Cursor Legend has a right click menu allowing various properties of the cursors to be changed.
They have been made available but are not currently intended for use. If the user adds or deletes a cursor from the
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Cursor Legend the activation series is not updated until another cursor is adjusted in the intended way. | will remove
this option if it serves no purpose.

On the Detection Editor panel the user can step through all the display channelsand manually edit them as
required. Use the Page up and Page down arrows on the keyboard to scanthrough the channels.

The Detection Manager buffer is updated asthe editingis carried out. This bufferisinitialisedwhen the
Fractionation Index calculation is performed, upon pressing CALCULATE on the main panel. The Detection
Manager has thesame number of channels (ie Display Channels as per the definition in the Glossary) as the
currently loaded datafile and the same numberoftime samples asthe Display View.

The Detection Manager isimplementedas a2D array that has thevalue NaN at all sampletimes where
there is no detection recorded anda numericvalue, equal to thevalue of the electrogram voltage at the
activation detectiontime, at other time samples. NaNis computerterminology for a special value called
Not a Number that is available for the Float Point data type.

8.4 Exporting Activations

A lot of time can go into editing the location of detectionsin a dataset with many channels and containing
many seconds of data inthe Display View. The contents of the Detection Manager may be saved to a filein
order that it may be reloaded in a future session.

A simple file format, called Detections (One-Zero) format, is used when the user wants the ability to re-
import the detections.

From the program menu select:
File >Export > Detections.

The following dialog appears:

St thoe file finrmat i save the Detection dats, cabculsted
upng the Fractionsticn Index algoethm. Mobe that the
Detection data is sywed with respect to the curent "Dita View”,
which i that seers in bre man Fectrogram Geaph, Mobe you
will additionally need to Export this Data Wiew if you inbend o
refgad the Detections ot 8 leter fime. ofhersme detections will
not kne up with the onginal data

Aetpatesn T (18]

Bk b Bemat Intereals (sec)

DETECTIONS (One-Taro Foirmet)

Local Mawrna [One-Fero format)

Carcal

Select the DETECTIONS (One-Zero) format and press OK.

The following prompt appears:
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Fencly 1o seve Detections, celoubsted, ueing
Frarboration Index algerithm incheding any
Fnzraal edits, to One-Zero borrat Tle. This
oot is an erryy with ether 1 orl values, for
epch time samrple, indicating detection or

Press OK. Adialogwill then prompt the userto specify a fileto savethe detections. The defaultformatis a
xtfile.

Check. An error dialogappears if user changes mind and presses cancel on the file dialog. Selectcontinue
in this case.

Another format that may be selected is the Activation Times format. This file format is also ASCIl text that
has the detected activation times for eachchannelsavedin rowsin the file. The activationstimes are in
milliseconds withone decimal place. The file is much smaller. This formatcanalso be usedin external
applicationsto CEPAS. However the Detections in thisformat currently cannot be imported back intothe
program.

8.5 Importing Detections

To import Detections previously savedgo to the program menu and select:
File>Import>Detections File

From the File Dialog select the previously saved Detections file. Press OK.

The Detectionsare automatically loaded into the Detection Manager, noting the requirement that the
current Display View mustbe the same asthat when the Detections were exported.

If the Calculation Parameter is set to Detections then the detections can be seen in the Test Channel Graph.
Test Channel can be changed to see this effect.

If Calculate is pressedand Detectionsis thechosenasthe Parameter then the Detections, as stored in the
Detection Manager,are used to calculatean average beat to beatinterval inthesameway asthe
Fractionation Index calculation does.

Note if Fractionation Index is selected then the Detection Manageris repopulated with new automatically
detected values. Previously saved values needto be re-imported if they are required.

If the Channel Labels assavedin the Detections File do not match the current Channel Labelsthen a
warningis raised and the import does notoccur.
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9 Animating the Map using Phase

9.1 PhaseMapping

Parameters like Relative Activation Time have a dynamicrange of valuesthat depends on the particular
datasetand the physical extent of the mesh that is displayed. When animatinga Map, to inspectthe
dynamic propagation of wavefronts, the Parameterthatis mapped needsto be a normalised value, iea
value that can be scaledto a predefined fixed range. Anormalised parameter isfixedto a specific range of
values applicableto all data.

The Parameter“Phase” can be usedto generateanimated Maps. Phase is normally a variable ranging from
- to +m, or 0to 2 i, describing the location within some cyclic behaviour. In CEPAS we rescale Phase to a

range from 0 to 1 for convenience.

For Phase valuesin the normalised range O to 1:

e 1iswhenactivation occurs (celldepolarisation);
e (Oiswhenthereisno electrical activity —after repolarisation and waiting for the next electrical
activation.

CEPAS provides various methods for calculating the phase inbetweensuccessive detected activations. The
method has a bearing on the effectiveness of the visualisation of wavefront propagation.

Add more explanation here, including phase wrap around effect.

9.2 SetColour Scale
In this example we will use the grey scale colour map ranging from Black (0) to White (1).

On the side tab (see Figure 1) there isa colour scale control. The grey scale is useful for Phase Mapping, as
too many colours can confuse the observer. The MinMapValue and MaxMapValue numeric controls
should be set to 0 and 1 respectively for Phase Mapping. The colour scale has a special feature, where
values computed outside of this MinMapValue and MaxMapValue range are mapped to special, selectable,
colours (setintheLoColor and HiColor colour box controls). This isa usefulway to allowthe userto seein
a Map that their datais outside a specified range, with colours that can be easily distinguished, if required,
from the expected normal colour range. Itis importantto notethatis a “lessthan or equal to” and
“greater thanor equal to” operation that is used for Min and Max respectively. In other wordsifthe
Parameter value is0 or 1 then the LoColor and HiColor are used. In the case of Phase mapping, where we
expect the end values of 0 and 1,this may notbe desirable. The user could set the HiColor to white and
the LoColor to black so there isno special differentiationofthe 0 and 1 values. However in the CEPAS
Phase algorithmthe computed Phaseisactuallyscaled to a range that is0.01 to 0.99 sothe ends of the set
range 0 and 1 are not hit. This allows usto usethese end of scale colours for other purposes (to be
discussed later).

To apply a new Colour Map the user must press the Re-Scale Map button on theside tab.

9.3 Computing Phase
The computing ofa phase mapisdone in2 steps. Firstthe Fractionation Index algorithm must be applied
to find all the activations inthe Data View. Behind the scenesthis loads these detectedactivation time

locationsinto an internal buffer calledthe Detection Manager. In the Detection Managerthe number of
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rows in the internalarray isthe number of Display Channels and the number of columns is based on the
number of samplesin thecurrent Display View. Note that ifthe Display View is changed by moving cursors
inthe Total Datagraph then the FractionationIndexCalculation must be done again. An error will be
flagged if not. Once the detected activations for all channels, over the Display View, are stored in the
Detection Manager then the Phase canbe computed.

Next a “Phase Template”, from a selectionavailable, isapplied to generate phase values inbetweenthe
activation times detected. The user presses Calculate (F9) with the “Phase” Parameter selected. The Phase
values over the whole Display Vieware calculated. The Map will displaythe Phase values for each channel
at the location of the Reference Cursor time. Move the Reference Cursor and press Calculate (F9)to see
instantaneous phase values at different reference times.

Where there appearsto be an activation detected, wherethereshouldnot be one, the user can Edit the
Activation Series for a specificchannel, as described previously using the Detection Editor. Thisaction will
immediately updatethe Detection Manager. When the Phaseis calculated againthe newmanually edited
activationswill be used.

Note if Fractionation Index is calculated again then any editedvaluesin the Detection Managerwillbe
overwritten with the automatically calculated activation locations according to the algorithm. There is a
Parameter option called: Fractionation Index (afterEdit) directly below Fractionation Index. This should be
selectedifyou have doneany manual editing.

Next a step by stepexampleisgiven.

9.4 Example

The following exampleis for data obtained with a St Jude NavX Classic system and datafrom a
Constellation Basketcatheter. Using the appropriate Mesh File, load the Data File. From the Menu choose
File>Open and selectthe appropriate Data File format from the File Open dialog (see Figure 3).

For the NavX Classic format, which may have 3D data, a dialog appears showing the electrode locations.
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Figure 16. NavX Classic File Open dialog.

In this dialogthe user caninspect thelocation of splines of the catheter by selecting the Spline Index
control. The electrodes areshown withRed being proximal, Blue/Purple being Distal.
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Press Continue.

Note that for other formatstheabove dialog will notappear.

Signals are loaded (see Figure 17).
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Figure 17.

In this case thereis some 50Hz noise so we will apply the 50Hz Notch Filter to clean it up (see Figure 18).
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Select Fractionation Index asthe Computed Parameter. Adjust the Fractionation Index settings on the
Detecttabashasbeen previously described. Depending on the recording finding the optimum settings
may be quite challenging. See the examplein Figure 19 below whereit is difficult to find the automatic
settings to detect all the obvious activations in the Test Channelshown as A4 (Channel Index 5).
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Figure 19.

In this case the Deflection Width criterion causes the 4™ activation tobe missed.

The difficulty of automatically detecting all real activationsis the reason for the Manual Detection Editor.
However before invoking the Manual Detection Editor you MUST press the CALCULATE button nextto the
selected Parameter (also Function F9 key). This willapply the algorithm to allchannelsand notjustthe
Test Channel currently being inspected. Itisessentialto do this beforetryingto edit the detected
activations.
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Figure 20. Press the Calculate Parameter button.
The Detection Editorappears (see Figure 20).
|
B
Lo}
L-] ]
o
.
1

Figure 21. Detection Editor Panel.

Insert/Edit manual detections asappropriate (see Figure 22). This hasbeendescribed indetailin Section8
of this Guide.
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Figure 22. Missed activation now marked.

Go through all the channels and manually edit where appropriate. Exit the Detection Editor when satisfied.
There may be a lot of manual editing requiredand itis usefulto be able to save thisin case you want to
come backtoit. From the Menu select File>Export>Detections. The dialogin Figure 23 appears.
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Figure 23. Detections Export Dialog.

Select the One Zero format (Detections) option. Abrief notice appearsasin Figure 24.

Ready to save Detections, calculated, using
Fractionation Index algorithm including any
manual edits, to One-Zero format file. This

format is an array with either 1 or 0 values, for
each time sample, indicating detection or
not.

Figure 24.

Press OK. AFile Save dialogappearsasin. Entera nameofthe file. You should enterthe Filename
extensioninthe “Filename” field as no specific “Save as type” is specified. *.txtis recommended.
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Figure 25. Detection File Export dialog.
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Press OK and the Detectionsas saved in aformat with 1 indicating detectionand 0 no detection. Atab

separatescolumnsin the file. The file can be viewedin Excelfor example.

These exported Detections can thenbe importedat a later time. From the Menu: select
File>Import>Detections File. Choosethe previously exported Detections file.

After importing, the manually edited detections stored in thefileare loaded into the Detection Manager.
However a special step has to betaken hereso as notto automatically re-calculate the Fractionation Index

for all channels.

I may try to make this easier to use but you have to do the following.

For the Calculated Parameter choose the option “Fl (after edit)”. This causesthe Fractionation Index
calculationto be done using the values in the Detection Manager buffer. If you press Calculate you will see

the Fractionation Index Map based on the manual detections
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Figure 26.

In this case allthe activations are now separated by more than 100ms. So the Map has becomeall grey
with the Hi Color, ascompared to Figure 20.

This Parameter therefore uses the values inthe Detection Manager buffer.

Note that the Test Channel Electrogram Graph still shows the detections from the automatically calculated
Fractionation Index. If you go backinto the Detection Editor you will see the manual detectionsimported

from the file.

Another importantpointis that the exported Detections file must exactly match the Display View thatit

was Exported from. Otherwise itwon’t work.
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9.5 C(reating the Animation
Itis now assume we have the detected activations as we want them in the Detection Manager buffer.

Change the Calculated Parameter to Phase.

Modify the Colour Scale to range from 0 to 1 andselect the Colour Map to be Grey Scale. Press the Scale
Map button.

Move the yellow Reference Cursor inthe MainElectrogram Display to some positionwhere you expect the
Phase to be just after detected activations for a certain region of the Map. In the example below, inFigure
27, the cursorislocated just after activations seenon the Aspline which is on the left of the Map. Press
Calculateandthe Phase Map will bedisplay in the Grey Scale. The bright region on the left of the Map
shows the activations.
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Figure 27. Phase Map

Note that this 2D Map actually wrapsaround in 3D and the Aspline on the left joins the H splineon the
right. Select the brightspoton the bottom right of the Map, see Figure 28.
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Figure 28. Phase Map with channels on right hand of Map selected.

The Blue electrogram (H6) hasthe activationjustafterthe reference time.

Go to the Main Panel Analysistabsand select “Tab 1”. This hassomesettings that affect the Phase
calculation. Make the Width (samples) longereg 60.

The Phase Template determines the algorithmused to calculate phase,from 0 to 2m, in the period between
successive detections.

The Phase Templatecan also be changed. The userselectsthe Phase Template type (from a drop down

box)and the width ofthe template (in samples). Thesesettings are on tab 1 of the Analysis tabson the
CEPAS Main Front Panel (see Figure 29).
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Figure 29. Phase Animation Settings.
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Other settings on thistab are for the Animation of the Parameter.

They are:

® Number of Frames
®* Frame Step Size in milliseconds
® Frame Delay—affectshow fastthe animation proceeds

Press the Animate buttonand observe theanimated Parameter. The Reference Cursor stepsin syncwith
the animation.

The Frame Delay shouldnot be set shorter than about 100ms otherwise the calculation does nothavetime
to keep up.

If the Reference Cursormoves off the right of the Map you canfind it again by rightclicking on the Map
and select “Reference Cursor Find”. The Reference Cursorwillappear at wherever you Right Clicked.

You can use various other CEPAS functions like selecting individual channels for display to observe their
relative behaviour. For example press the Single Pick buttonin the topleft set of controls (or spacebar)
andindividually select a region of interest (see Figure 30). The regionhas particularly low electrogram

voltages and the light blueandlight yellow channel plots may be atthe core of a rotor about which arotor
is pivoting.

Note the Main Electrogram Display always has normalised values scaled sothatthe signal fills theallocated
display width (ie it isnormalised). The actualsignalvoltage can always be seen inthe Test Channel
Electrogram Display.
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Figure 30. Specifically selected electrograms displayed.
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In this recording thereis aVwave at approximately 0.8sec. To avoid thisin the FFT the Display View can be

narrowed to cut it out.

Note thatifthis operation isdonethe Detection Manager is no longer in sync withthe current Display View

and will not be valid.
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Figure 31. Optimised FFT settings for the selected channels.

Notes on FFTabove. Because of the very small signal inthe channels shown in Figure 31, for the FFT to
work after rectification it isimportantto remove any Baseline Wander. Otherwise Rectificationwill have

distorted values as thesignaldoes not swing evenly abouta zero baseline.

Investigate Shannon Entropy at this region (see Figure 32). Colour scales are set to emphasise extremes of
entropy.
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10  QRST Subtraction
This section provides stepby stepinstructions on the use of the CEPAS QRST Subtractionfunction.

10.1 Instructional Example
Launch the CEPAS program. The CEPAS front panel is displayed.
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Figure 34. CEPAS front panel with 12 Lead ECG Mesh File loaded.

If this is the first time a data configurationfor 12 Lead ECG is being used you mustselect theappropriate
Mesh File. From the program select menu item Setup | Mesh.

From the file dialog that appears, selectthe Mesh File appropriate for the data. For thistutorial, which
uses recorded 12 Lead ECG data, the Mesh Fileto useisthe file: “12 Lead ECG Mesh.txt”.

When we are analysing datasuchas 12 Lead ECG’sthe concept of a Map (as perTable1)is not relevant.
Mappingis only relevant whenwe wantto display the spatial relationships of some measured or calculated
guantity at each measurement position. The ECG leads don’t have a spatial relationshipin the same sense
that applies to an array of mapping electrodes. CEPAS always requires a Mesh File that matches up with
the Data Filebeinganalysed.The Map display atthe top right of the Main Panel is still useful, as it can still
be used to “pick” any of the channelsin the datato be displayed inthe main Graph Display. The set of
channels thatare ‘picked” when the use clicks the mouse on one of the electrode locations (displayed as
circles onthe Map)is explained elsewhere inthis document.

This Mesh File displays three rows of electrodes inthe Map Display (see Figure 34 screenshot above). The
rows are for:

e Leads|, Il 1l
e |leadsaVR, aVL, aVF
® |leadsV1toVe
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From the program menu select item File | Open...

The Select DataFile...dialogappears. Selectthe appropriatefile format for the Data File you are analysing.
For this tutorial select the Data File type: “Bard ASCII”, ifitis not already the default. Note that the default
file format for when this dialog opensthefirst timecan besetin the CEPAS ini file. See Chapter 4 for
further details on theini file settings.

Cancel (Esc)

AHermate: Havgute to Duts File feom defauk Dats Diescory

I‘ |

Figure 35. Select Data File dialog.
The next time the Dialogislaunched thelastused Data File typeisrecalled.

Press the Load button. From thefile dialog select the sample file AF1 (12 Lead ECG).txt. This Data File hasa
clearfibrillatory wave in lead V1, which we will use for the demonstration of FFT analysis after QRST
subtraction. We will uselead | to detect the QRST for the purpose of generating the template.
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Figure 36. CEPAS front panel.

In this example thefirst10 seconds of the 60second Data Fileis displayed. The 10 second View Widthis
set by the Buffer Size configuration setting. This settingis explained in Section 4.4 .

Inthe Calculation Parameter control, nextto the Calculate button(circled inred above), selectthe option
“QRST Intervals”.

Basic Activation Time

Fractionation Index
Phase Template
Velocity

FFT

Regularity Index
Organization Index
Voltage

Phase

Plug-In 1
Figure 37. Calculation Parameters drop down selection.

In CEPAS we analysea single “TestChannel”, during the process of working out the best settings for a
particular algorithm. The Test Channel controlappears on the MainPanel Detect tab. The Test Channel
canalso be chosen by clicking with the mouse on one of the electrograms shown in the main Electrogram
Display graph. Use Page Down and Page Up keys to scan through and view other channels. When ready
select the channelyou wantto use for the Test Channel. You can also click on the electrode positionsin
the Map Display, whichis at the top right of the CEPAS front panel (see Figure 38). The coloureddots on
the electrodes show the positions of the respective coloured traces inthe main Electrogram Display Graph.
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Figure 38. Closeup of Map display for 12 Lead ECG data.

A calculationofreference timesis performed automatically for the current Test Channel when the QRST
Calculation Parameteris initially selected.

On the Detect tab, inspectthe Test Channel’s Electrogram Graph andbelow it a graph of the intermediate
calculated parameter, whichfor the QRST Interval detection shows the Twaves (see Figure 39).

Figure 39. Test Channel displays.

Inthe Test Channel Electrogram graph, yellow reference point markers show the detected Qonsetand T
offset time locations for the current Display View. These positions must beaccurateasthey are used for
the QRST template calculation.

Using the Test Channel controlon the Detect tab you can scan through various data channels to findone

thatis suitable for detecting the QRST positions. There must be a distinct Twave in the signalfor the
algorithm to work. When the Test Channel indexis changed the calculation of the Qonset andT offset

locationsis carried outfor the TestChannelonly.

The QRST detection algorithm assumes that when a suitable Test Channel isidentified that the Qonsetand
T offset positions for this channel can then effectively be applied toallotherchannels. It is noted that this
may not be entirely accurate because of the slightly different axis of individual measurement of the various
ECG surface leads. Note that CEPAS makesit possible to adjust the onset and offsetlocations of individual
channels. How to do this this will be explained shortly.

As previously noted if thereis no clear Twave for a particular electrogram channelthe algorithm won'’t
work. However there is a manual editing method thatwillnow be explained, which allows the user to
mark QRST’s individually. The usercan also make small adjustments to individual Qor T positions where
the CEPAS algorithm has not worked perfectly.
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Initially the Test Channelis set to channelindex 0. Note that withinthe CEPAS program,channelsare
referenced by a channel index number inseveral of the front panel controls (rather than the channel label
which can be seen alongside the maingraph display). In this example Lead | is channelindex 0.

In this example the automaticdetection algorithmdoes a good job in findingthe Qand Tlocations on Lead
I. Toapplythese locations toallthe other channels you must perform the Parameter “Calculate”
operation. This setsthe Qonset and T offset locations calculated for the specified Test Channel for allthe
data channels. Pressthe Calculate button to do the operation for allchannels. Alternatively press keyboard
Function key F9. This is the keyboard shortcut for the Calculate Parameter operation.

The Test Channel graph on the Detect tab of the CEPAS main panel(see Figure 39)is small and it can be
difficult to see the detail of the detected feature locations, particularly if the View Width contains many
detections, asit will fora 10second View Width. Alarger viewis obtained by opening a special editor and
analysis panel. To open this panel simultaneously press the SHIFT key and click anywhere on the Test
Channel Electrogramgraph. Alternatively use the keyboardshortcutF2. This operation is contextsensitive
and so when the CalculationParameter issetto QRST Intervals, the QRST Template Subtraction Analysis
panel appears (see Figure 40).
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Figure 40. QRST Template Subtraction Analysis Panel.

For other Calculation Parameters, such as Fractionation Index, a different panel(typically the Detection
Editor)appears upon SHIFT-clicking on the Test Channel graph or pressing F2 key.

The currently selected Test Channel electrogram isshown in the top graph ofthe QRST Analysis panel.
Individual cursors mark the Qonset and T offset detected locations. These detections will always occurin
pairs, ie there should never be anodd number of cursors. Below the Test Channel graph is agraph showing
the individual QT interval durations for each beat. Each QT interval value lines up withthe corresponding T
in the electrogram graph above. This graph is helpful, inthe casethealgorithmhas not worked correctly in
detectingthe positionof either the Qonset or Toffset. The graph guides the user to pick out those
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intervalsthatneed adjustment. We do not expect the QT intervals to vary significantly from beat to beat.
On the other hand the Qto Qintervals (ie beat to beat interval) may vary significantly.

The QRST Template Subtraction panelprovides the same editing functionasthe Detection Editor panel.
The Detection Editorusage isdescribedin detail in section8.3 of this User Guide. The position of individual
cursors marking the detections can beindividually adjusted. Additional cursors canbe added or cursors

deleted.

The QRST Template is calculated for the currently displayed channel (see Figure 41).

QRST Template
0.4-

Amplitude (mV)

1 1 1
] 0.2 0.441
Tirme (sec)

Figure 41. QRST Template.
The algorithm is based on the method described by Dr Bollman in the papers:

e “Frequency Analysis of Human Atrial Fibrillation using the Surface Electrocardiogram and its response to
Ibutilide ”, Am J Cardiol 1998; 81:1439-1445

e “Analysis of surface electrocardiograms in atrial fibrillation: techniques, research, and clinical applications”,
Europace (2006) 8, 911-926

CEPAS improves the algorithm with various optimisationsto makeit robust.

Using the Channellndexcontrol on the QRST Analysis panelthe user can scanthough all thechannelsand
observe the QRSTtemplate calculated for each channel. The Label of eachchannel(ie |, Il lll,etc)isshown
next to the Index control as itis changed for easy reference.

When the QRST Template Subtraction Analysis panel islaunched, the Qonset and T offset positions,
computed for the Test Channel set in the main panel when the Calculate operation was performed, are
applied to all theotherchannels, ie they are not individually computed for each channel. The reason for
this is that we selected the Test Channel based on identifyinga clear Twave in it. We do not expect all
channels to exhibit the Twave clearly allowing an automatic algorithm to find it. In the Analysis panelthe
user can scan through allthe datachannelsusing the Channel Index control. Qand Tlocations can be
individually adjusted using the cursors. The user can observe the effect of these adjustments on the
calculated template for individual channels.

Note that when you leave the QRST Analysis panel (by clicking on Exit or pressing Escape key) thatthese
individualadjustments for each channelarelost. After exitingthe panel and returningto it the userwould
need make the adjustmentsagain.
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A future feature may be to be able to save these manual adjustments and reload them ifit is found useful.
The featureis already available for the Detection Editor.

On the right of the panelare four buttons, providing useful functions (see Figure 42) thatare described
below.
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Figure 42. Functions used during editing Q and T locations.

If you have done some manual editing of the Qonset and T offset locations for the particular channel that
has the clear Twave and you wantto apply theseto all other channels, the buttonlabelled Apply current
channel QT’s to allchannels should be pressed. Note that individual channels can still be manually
adjusted after doing this.

If you want to clearallthe detectionsand manually set all the Qand T positions for a channelthenpress
the second button labelled Remove All Detections. This removes allthe detections on the currently
displayedchannel. Then you can do manualeditingto set eachQand T position and then, ifrequired, use
the first button to apply theseto all the otherchannels.

The “Save Test Channel Egm to Text File” button is not for editing but itallows the currently displayed
electrogram channelto be saved as a simple single channel ASCII textfile. This can be opened in Excel or
some other programforindependent analysis of a particular recorded channel.

The “Save Subtracted Egms to Txt File” button is for saving allthe data channels after subtraction (to be
described next) in text formatsuch that they can bereloaded asa new file back into CEPAS. All the CEPAS
analysis function can then be applied to this data.

For this example do some minor editing of the Qand Tlocations, if desired, on Lead | of the example file. If
you make a mess of thisyou canpress exitto leave the paneland go back to the main CEPAS panel and
apply the QRST Interval algorithm, as described previously, and startagain.

Backin the QRST Template Subtraction Analysis panelwe willnow look at a channel that exhibits a
fibrillatory wave and apply the subtraction algorithm. Use the Channel Index controlto view channel V1
(index 6). The user can seethat it would be impossibleto find the T offset location in this signal. The Qand
T locations calculated for the Lead | are applied to this channel. Now pressthe “Subtract QRST Template
and FFT” button whichis to theright of the QT Intervals graphand above the FFT graph. The resultis
shownin Figure 43.
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Figure 43. Result after Template subtraction.

The electrogram, afterthe QRST Templateissubtracted, isshown in the bottomgraph of the panel
(directly below the QT Interval graph). The difficultiesin achieving accurate QRST template subtraction are
well documented in theliterature. You will be able to see wherethere is QRS residualleft over where the
template isnot a perfectmatch for a particular QRST. For the example Data File chosen for this tutorial the
algorithm has workedfairly well. Some residual can be observedat the R of the third beat (see redarrow).

Also observe that atthe start andend of the electrogram, where there may be a partial QRST, ie before the

initial Qand after the final T, CEPAS sets the value of the electrogram to a constantbaseline value.
Windowing of the data prior to FFT will trend these values to zero inany case.

To the right of the subtracted electrogram graph the FFT display is shown. The settings optionsfor the FFT
are the sameasprovided on the CEPAS Main Panel FFT function. These are described elsewhere inthis
User Guide and the CEPAS Signal Processing Guide. If you want to change any of the FFT settings and then
get the new FFTresult the user needsto re-apply the “Subtract Template and FFT” function by clicking the
button again. The subtraction and FFT are done inone step.

Two types of “FFT Index” thathave beenusedin theliterature, to quantify the sharpness of the dominant
peak, are provided. They arethe Regularity Indexand OrganisationIndex. The valuein the FFT Index
indicatorisbased on the FFT Index Type control setting (ie Regularity or Organisation).

The default FFTwindow is setto Hanning, as has been commonly used in theliterature. | personally
recommend otherwindows as being appropriate for electrogram analysis as described inthe FFT section of
the User Guide. For exampleadjustingthe FFT settingsto Flat Top Window and Half Wave Rectify, the
Power Spectrum in Figure 44 iscomputed.
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Dominant
Frequency (Hz)  FFT Index

3.21606 0.71

Frequency (Hz)

Figure 44. FFT with alternate FFT settings.

This shows a computed DF of 5.2Hz and Organisation Index of 0.7 which aresimilar butnot thesame as
initially calculated.

For other channels, wherethereisnot a clear fibrillatory wave, the same procedure can be applied.

However caution mustbe taken when interpreting the FFT results! See for example Lead V2 shownin
Figure 45 below.
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Figure 45. Lead V2 subtraction.

The subtractedsignalin this caseis most likely residual from the template subtractionprocedure. The FFT
of this signal shouldnot be used to infer any Dominant Frequency.

Significant energy appearing atlow frequenciesin the FFT may be caused by several factors. One factoris
baselinewander. The calculation of the DF in CEPAS can be set to reject very lowfrequenciesthatarenot
representative of repetitive cardiac activity. In Figure 45 DF is calculated as 3.3Hzalthough there isa peak
atalower frequency thanthis. The DF calculation isinitially based on the minimum and maximum
frequency scale values as set on the graph. The scale can be adjusted directly on the graph. The frequency
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of maximum power is calculated over the frequency range set on the FFT graph but isalso adjusted atthe
low end accordingto the Frequency IndexType chosen. Ifthe OrganizationIndexis selected the lowest
frequencyincluded isset to 2.5 Hz (irrespective of the graph minimumscale). The valueof 2.5Hzis taken
from the paper by Everett defining Organization Index. Ifthe Regularity Index is chosenthen the low
frequencyis setto whichever isthe greater, the minimum frequency scale set (whichis OHz by default but
can be manually changed directly on the graph) or two frequency binwidths. This then rejectsthe DC
component and the nextfrequency bin which DC offset may spill into.

To make this tutorial simplel have notapplied any time domain filtering to signals prior to applying the
QRST subtractiontechnique. The need to filter signals prior to this type analysisis welldocumented in the
literature on QRST subtraction methods. Low Pass filtering removes high frequency noise. This noise
affects the Qand Tlocation detection. Baseline wander needs to be removed as this affects the QRST
subtraction although the CEPAS algorithm does take any wander into account. Many papers apply a high
pass filter to remove baseline wander, however thesefilters canhavethe detrimental effect of changing
the morphology of the signals. If “Ringing” of the QRS complex occurs then detection of the Qonsetis
ambiguous.

CEPAS provides a Wavelet Filter thatcanbe used for Baselineremoval and this generally works well. On
the filter tab of the CEPAS main paneltry applyinga Low Passand Baselinefilter in the “Filter All Channels”
section of the tab.
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After applying the filters repeat the analysis procedure as described above. Forlead V2 the Power
Spectrum is now asshownin Figure 46 below.
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Figure 46. Time domain filtering applied prior to FFT.

The DF value is calculated asthe same value without thefiltering but one of the low frequency peaks seen
in Figure 45 has disappeared. Thislow frequency peak resulted from the baseline wander.

10.2 Summary

This has been a briefintroduction to the QRST Subtraction function in CEPAS. The FFTis a very usefultool
to analyse cardiac electrogram signals. Howeverrememberthatwhen applying FFT techniques to cardiac
electrogram signals that great care needs to betaken in interpreting results as confusion can be easily be

caused due to thevariable nature of individual electrograms and subtle effects on the algorithm.

CEPAS aims to be a toolto allow researchers to use FFT and other signal processing functions reliably for
cardiac electrogram analysis.
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11 CEPAS Real Time Mode

This section provides a description of the mechanism that sets the Number of Channels usedin the Signal
Generator and CEPAS programs. These notes are provided to assist with development of a signal
generating program that can work in conjunction with CEPAS.

In this section where | say Signal Generator this can be interchanged with ActiView when the BioSemi hardware system
is the signal generating source.

Inverted commas are used to indicate names of specific controls or indicators on the user interface.
Abbreviations used:
SV: Shared Variable

The Signal Generator and CEPAS programs can bestarted in either order. Both LabVIEW programs work
usingwhat is called a LabVIEW “State Machine” architecture by National Instruments. This meansthat
they transition from program state to state based on theresults ofactions inthatstate. The change of
state may be triggered by a button press, for example pressing “Run”, whilein the Standby State triggers a
transition to the Run State. The transitionto anotherstate may happen automatically aftera pre-
determined activity like initialisation of DAQ hardware.

A communications connectionis made between the two programs whenCEPAS is in the “Real Time” mode.
We now use a LabVIEW Network Stream to communicate the real time electrogram data between the
programs. Data issent from thesignal generating program to CEPAS in blocks asthey are acquired. A
block consists of a fixednumber of time samples for the set of channels specified. The number of time
samplesis such that itmaintains a realtime update of the dataasitisacquired. The defaultblocksize is set
to 250ms (a quarter of a second). The originally generated 2D array, block of data (channels vs time
samples), is actually sent as alD array of data that is unpacked atthe other end of the connection into
another 2D array withthe channelsin one dimensionand time samples inthe other. CEPAS extractsthe
channels of the array for its internaluse. The numberofchannelstransmitted depends on the hardware
acquiringthe data. In the Signal Generatorthisissimulated data.

In Signal Generator the Network Stream connection isinitiated thefirsttimethe user pressesthe Run
button while in the Standby State. Upon connectionthe program transitions to the Setup State directly
followed by the Run State (provided the operation isnot aborted). The Network Stream connection
process on one end will wait until the connection is made by the otherend. The user canchoose to escape
from this connection wait withinthe Signal Generator by turning off the “Waitfor Stream Connection”
checkbox. This may be doneifthe Signal Generatoris to berun standalone. This could be the case when
testing the acquisition hardware setup. Another way to escape the wait for stream connection is to exit
the Signal Generator program.

CEPAS uses two state machines runningin parallel. One contains the event handlingloopthatrespondsto
userinteraction with the user interface. The otheris the Real Time loop that retrieves datain real time and
displaysit to the screen.

The Real Time loop waits for the Network Stream connection initsinitialise “Init “ state.
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In Real Time mode CEPAS controlsthe number of channels generated by the Signal Generatorprogram.
CEPAS communicatesthe number of channels to acquirein the signal generating program using the
“Channels” Shared Variable (SV).

Note that this channelnumbercan be overridden by the Signal Generator in certain circumstances. For
example if we wantto generate more channelsthan CEPAS expects we can forcethisin the Signal
Generator by using the “Ignore CEPAS #Channels” checkbox. We would only want to do thisif we wanted
tosend a subset of the dataacquired/generated acrossto CEPAS. The reason for this could be to minimise
the overhead of datatransmission while still being able to Record/Save all thereal time data. This is
unlikely to be necessary unlessin the future we use many more channels or higher sampling rates are used
(egthe cell culture mapping system sampling at 10-50 kHz).

If CEPAS is not sending the number of channelsto be acquired/generated viathe SVthenit is probably
because itis notrunning. The value of Channels SV will bezero in this case. The Signal Generator initialises
the ChannelsSVto Zero as part of itsinitialisation to be sure we are not reading data inthe Shared Variable
from a previous run (Shared Variables can keepold valuesthat are not expected). If CEPASis not being
used in conjunctionwith the Signal Generator then we won’t be sending data from the Signal Generator
anyway. The signal dataissent to CEPAS in the Run state of the Signal Generator. Inthe Run statethere is
a case structure controlled by the Send Data SV where thedata is sent using the Network Stream.
Therefore it doesn’t matterwhatvalue for the number of channels commanded by CEPAS goes into the
case structure. The Signal Generator’s “#Channels” control then determines the number of channels
generated.

As explained above we canoverride the CEPAS specified #Channels in the Signal Generatorin orderto
generate a different number of channelsin the Signal Generator. However as discussedabove the number
of channelsfed into to the “Send Data” caseis always controlled by the value read from the Shared
Variable “Channels”. This makes sense becausewe only send dataif CEPAS requests the data. CEPASis
consideredthe master controller of the number of channels.

#Channels can’t be changed in the Setup or Run State of the Signal Generator. You haveto Stop andgo
backto the Standby State.

Consider this scenario:

The Signal Generatorisrunning. The number of channelsit acquires/generatesiseither setby the control
onits front panel (ifselectedto ignore CEPAS) or the value read from CEPAS at the time the Signal
Generator transitionsto its Setup State and the Network Stream connection ismade. When the Signal
Generator sends data italways sends the number of channels read from the “Channels” SV (never the
locally setvalue). Ifthis number islessthan the numberofchannelsactually generated/acquired then
channels are truncated and only the number specified are sent.

The Channels SVis setin CEPAS when in Real Time modein the “Init DAQ” Event case of the User Interface
event handlingloop. Thisevent istriggered when the userpresses the “Init” button on CEPAS. Pressing this
button effectively sets CEPASin its Real Time mode. The Channels SV gets the value from the “#Channels”
front panel control. This control is either set by the user or reset within CEPAS based on different
conditions. Itis set whenthe user choosesto Open a datafile of a certain type. Sometimesthefile type
predeterminesthe number of channels (eg BioCatdata). For other filetypes avariable number of channels
is allowed for. The LoadData File dialog gives an option to set the number of channels for the file type

75



User Guide CEPAS

beingread. The number of channels can also be changed on the Study Details dialog that appears when
the “Init” buttonis pressed and CEPAS goes to Real Time mode.

Note that the number of channelsis not set whena new Mesh Fileis loaded. There can be a different
number of channelsin a datafile than are mapped to the mesh.

If the number of channels sent from the Signal Generatorislessthanthatgenerated or acquiredthen this
is OK. CEPAS always knowsthe number of channelssent. It cantherefore deduce the blocksize of each
buffer transmitted. This allows for a variable blocksize (which is anActiView option). In the Signal
Generator the transmission buffer istruncated (by dropping off channels) if necessary tocontrol the
number of channelssent.

When the 1D array transmission buffer is convertedto a 2D array in CEPAS, the known array size is divided
by the assumednumber of channels. The resultshould be awhole number. If somehowthe number of
channels sentis less than that expected by CEPAS there isa problem. The datagetsscrewedup. This is
detected in CEPAS by the size of the transmission buffer not dividing exactly by the expected number of
channels.

An example of thisscenario in an old CEPAS version was that the Signal Generator was launched and then
the Run button pressed. CEPAS had not been started. Thereforethe Signal Generator did nothavethe
expected channel number. However | fixedthis by doing a final read of the Channels SV after the Network
Stream connection is made which ensuresthe right value is used.

As an example | encountered a problem when the Signal Generatorwassetto generate 512 simulated
channels and CEPAS was set 514 channels for the new BioSemi format. The Signal Generatordid not pad
out the data sent with an extratwo empty channels to provide what CEPAS expected. The Signal
Generator truncates channels OK but does not pad out channels. When CEPAS received the data blockit
divided the size of the array by the expected514 channels and this did not divide evenly and CEPAS threw
anerror. Ifforsome reasonthe array size did divide evenly, likeif 257 channels where generated and 514
channels were requested then anerror would not be flagged. However the data would be rubbish.

The Signal Generator only generates data after a connectionis made with CEPAS. Thereforethe number of
channels willbe in sync. When updating ActiView Light care has to be taken that the numberofchannels
generated matches up with CEPAS. CEPAS needs to be considered the master when used togetherwith
ActiView which should get the value of #Channels from the ChannelsSV. Alternatively if ActiView isrun
standalone then it can use its own Channels setting. In thisway thescenariowherethe generatorsends a
different number of channels to what CEPAS expects willnot happen. Note in a futureversionof the Signal
Generatoritisalsopossiblethatl pad out the data with empty channels when the Channels SV value is
greater than the number generated by signal generator. However | do not think that this situation can
occur any more.

76



User Guide CEPAS

11.1 Real Time Buffer Width

The BufferSize(sec)inifilesetting, specified inseconds, isused atlnitDAQto set the arraysize inthe
Data Buffer Manager Action Engine. It doesn’t matter how many channels are goingto be acquired or read
in. It’s the number of samples per channel that gets specified.

In Real Time Mode datablocksread in,whichare generally of a smaller size, get appended atthe end of
this circulating buffer. In Real Time mode this Buffer is transferred to the Raw Data andFiltereddata
buffer shift registersin the MainEvent Loop. To keep memory under controlit shouldbe kepttoa
manageable size, eg 4 seconds.

The BufferSize(sec) variableis usedin one other place and that isat Load Data File. For CEPAS
format files it isthe segment size that isloaded from a bigger datafile.

Note however for the BioCAT “Cut” file format the behaviour is different. In thiscasethe wholefile is
loaded ignoring the Buffer Size. However in practice they shouldbe limited to 20seconds duration.

You canreset the Buffer Size atthe start of a new acquisition. See the Real Time tab control. Anew buffer
will be allocated next time Init DAQis run.

Other inifile settingsrelevant to the Real Time Mode:
MaxViewWidth (sec)=10.0
BufferSize(sec)=4.0

RealTimeViewWidth (sec)=4.0
SignalSource="Signal Generator"
SamplingFrequency=1024

Note that SamplingFrequencyisspecified in Hz

Should add Hzto name
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The settingMaxViewWidth(sec)isusedintwo locations:

Itis usedinthe event “Set Graph X Scales”.This event istriggeredfrom the “Load Data” event (it seems
nowhere else). CEPAS checks whetherthe Data Segment Max XScale minus Data Segment Min XScale is
biggerthan a setvalue, iethe MaxViewWidth (sec) setting, beforeapplying these valuesto the main
graph. This is to avoid trying to plottoo many points to the main display graph and making a mess. Ifitis
attempted to set a View Width too big the program sets the range to the MinXScale plus the
MaxViewWidth.

Itis also used atthe Display View Width event for the response to the View Width selection buttons.

| Min lﬂ.Ssecl lsecllsecliisecl Maxl

Inthe same way it restricts the view width.

If a bigger Data Segment has been loaded than the MaxViewWidth setting allows itrestrictsit. However
moving the cursorsindividually still allows a widerview.

TheRealTimeViewWidth(sec)variableisalso used. Itis used atlnit DAQto setthe view widths of
Electrogram and EGK graphsin Real Time Mode. The widths currently set for the graphs may be widerthan
desired for Real Time mode. For examplefor off-line analysis a Buffer Width of 8 seconds may be being
used. 4 secondsis agood widthfor the RealTimeViewWidth. Itisalso used to limit the lengthof the FFT
appliedin real time mode.

78



User Guide CEPAS

12 Additional Notes on Use of LabVIEW Controls

In this section | am putting notes on various LabVIEW specificitems related to the User Interface. For
example there are various ways to interact withthe user interface that the User may not be familiarwith if
they have not useda LabVIEW based application before. Many of these “tricks” can make interactionwith
the program more productive.

12.1 Incrementing/Decrementing Numeric Controls

Ina LabVIEW Numeric Control, you can click in the control and edit the value directly. Ifyou use the up and
down arrow on the Control itwill step by a predetermined amount. The stepsize may not be what you
want. There may also be hard limits setbeyond which the Control’s value will not go, eg to limit certain
values to being positive.

If you put the cursorinthe numeric display adjacentto a particular digit, prior to using the up and down
arrow on the Control, this will determine which digit in the Control increments or decrements when you
use the pressthe up or downarrow. In the example below if placethe cursorstraight after the 1 digit in

0.01 then the hundredths digit will increment or decrement as you press the up/down arrows.

dV/dt Threshold

1) 0.01000
This can make it quick to adjust settings and observe behaviour of various functions.

12.2 Channel Label or Channel Index Controls

Sometimes | have mappedthe PageUp and PageDownkeys to these controls to make iteasy to step
through channels.

12.3 Graph Controls

v mm
]

Dstacion

Hand Tool
Cursor Tool
Zoom Tool

Right Click on a Graph scale to turnon or off the Autoscale function.
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