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(57) ABSTRACT

An apparatus for body surface mapping comprises a plural-
ity of electrodes for attachment to spatially separate loca-
tions on a human torso with each electrode capable of
detecting the electrical activity associated with a heartbeat
and producing a corresponding voltage. The electrodes are
sampled at a rate of 1 KHz during a cardiac cycle and sets
of sampled values are produced and stored. Positional varia-
tions of the maximum and minimum sampled values over
time are displayed as a projection of trajectories of the
maximum and minimum sampled values in a three dimen-
sions (X, y, t) space onto planes perpendicular to a plane
containing the electrodes.
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Fig. 6

RS - Right Shoulder
LS - Left Shoulder

RA - Right Abdomen
LA - Left Abdomen
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APPARATUS FOR BODY SURFACE MAPPING

[0001] This invention relates to an apparatus for body
surface mapping, for use in diagnosing different conditions
of the human myocardium.

FIELD OF THE INVENTION

[0002] There are various methods which present the infor-
mation contained in an ECG to the cardiologist, the most
successful of which has been the standard twelve lead ECG.
Unfortunately the standard ECG, in many instances, fails to
provide an unequivocal diagnosis.

[0003] Even before the conventional twelve lead ECG
became a medical standard, electrocardiographic body sur-
face mapping (BSM) was being investigated as a method
which increased spatial resolution and thereby increased
diagnostic capability. These “maps” were viewed as pictures
presenting lines joining areas of the same electrical potential
(isopotentials) at a specified instant of time. This is shown in
FIG. 1, which is an isopotential map of a normal healthy
subject mid-way through the heart’s QRS (depolarization)
period. In FIG. 1 the map has been superimposed onto the
outline of a human torso and is obtained from multiple ECG
electrodes located substantially fully around the torso from
the anterior (left hand side of FIG. 1) to the posterior (right
hand side of FIG. 1).

[0004] Since each map shows the isopotentials at only a
single point in time, to see the whole electrical “picture”
requires the viewing of successive maps at successive time
instants throughout at least part of the cardiac cycle. Fur-
thermore viewing these maps their pattern and morphology
to be considered from one instantaneous map to the next.
Thus, for example, FIG. 2 illustrates six body surface
isopotential maps showing how map morphology changes
with time during the QRS period, the ECGs on the left of
FIG. 2 showing the successive points in time during the
QRS period that the maps represent. Since the body is
cylindrical in shape the maps actually represent the body
“unwrapped” onto a two dimensional plane (see FIG. 1). It
is conceivable, however, that such maps could be produced
which do not “unwrap” the torso.

[0005] However, BSM is difficult to use and as a result
much research has been carried out which attempts to bring
the benefits of BSM in a fast easy to use form. Methods were
introduced of portraying BSM information as mathematical
integrations of the individual ECG waveforms. Isointegral
maps present the body surface as lines which join areas
possessing the same integral values of pre-defined sections
of the ECG. Such isointegral maps have shown that there is
more information outside the spatial scope of the standard
twelve lead which could be used by a clinician to improve
patient management, and have proved their ability to pro-
vide an accurate diagnosis in instances where the standard
twelve lead was equivocal.

[0006] The use of isointegral maps and discriminant func-
tion analysis rose from a need to speed the processing of
body surface map information, reduce the data storage
requirements of recordings and provide ultimately some
form of automated diagnostic system. The mathematical
nature of these isointegrals provides a platform which easily
lends itself to the use of computers thereby allowing a
diagnostic evaluation in minimal time. This diagnosis takes
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the form of a statistical discriminant function. Statisticians
using discriminant function analysis to analyze isointegral
maps are presented with the problem of firstly establishing
just how many dimensions are involved with solving the
problem. This is necessary in order to choose an appropriate
discriminant algorithm. However, due both to the integration
with respect to time of the ECG signals and the use of a
statistical analysis which ignores the nature of the heart’s
electrical field, the isointegral maps still fail to provide a
diagnosis in many instances.

SUMMARY OF THE INVENTION

[0007] TItis an object of the present invention to provide an
apparatus for body surface mapping which can provide an
improved diagnostic capability and is relatively easy to use.

[0008] Accordingly, the present invention provides an
apparatus for body surface mapping, comprising a plurality
of electrodes for attachment to spatially separate locations
on a human torso, each electrode being capable of detecting
the electrical activity associated with a heartbeat and pro-
ducing a corresponding voltage, means for sampling the
voltages on the electrodes a plurality of times during at least
part of a cardiac cycle to produce a like plurality of sets of
sampled values, and means for calculating and displaying in
graphical form the variation with respect to time of at least
one characteristic of the sampled values.

[0009] In a preferred embodiment the characteristic, for
example the instantaneous overall maximum or minimum of
the sampled values, varies in position with respect to time
and the calculating and displaying means calculates and
displays the said variation in position. Preferably the char-
acteristic is displayed as projections of the trajectory onto
two planes perpendicular to each other and to the plane
containing the electrodes.

[0010] The invention also provides a method of body
surface mapping, comprising locating a plurality of elec-
trodes at spatially separate locations on a human torso, each
electrode being capable of detecting the electrical activity
associated with a heartbeat and producing a corresponding
voltage, sampling the voltages on the electrodes a plurality
of times during at least art of a cardiac cycle to produce a
like plurality of sets of sampled values, and calculating and
displaying in graphical form the variation with respect to
time of at least one characteristic of the sampled values.

[0011] In the context of this specification the “trajectory”
of a characteristic means the notional path traced out by that
characteristic in a three dimensional space of which two
dimensions correspond to mutually perpendicular directions
in the plane containing the electrodes and the third dimen-
sion is time represented as a third spatial direction perpen-
dicular to the plane containing the electrodes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] An embodiment of the invention will now be
described, by way of example, with reference to the accom-
panying drawings, in which:

[0013] FIG. 1 is an isopotential map of a normal healthy
subject mid-way through the heart’s QRS (depolarization)
period,

[0014] FIG. 2 illustrates six body surface isopotential
maps showing how map morphology changes with time
during the QRS period,
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[0015] FIG. 3 is a schematic view of the main components
of a body mapping apparatus according to the embodiment,

[0016] FIG. 4 is a block diagram of the interface unit of
FIG. 3,

[0017] FIG. 5 is a block diagram of the storage, process-
ing and display unit of FIG. 3,

[0018] FIG. 6 is a series of isopotential maps notionally
produced by the apparatus of FIG. 3,

[0019] FIG. 7 shows the trajectories of the instantaneous
maximum and minimum sampled electrode voltages in three
dimensional space, and

[0020] FIG. 8 shows the trajectories resolved into three
two-dimensional planes.

DETAILED DESCRIPTION OF THE
INVENTION

[0021] Referring now to the drawings, a body mapping
apparatus (FIG. 3) includes a two-dimensional array 10 of
a plurality of ECG electrodes removably attachable to a
human torso 15. In FIG. 3 the electrodes are shown attached
to the anterior surface of the torso but they can extend
substantially fully around the torso to provide full body
maps of the kind shown in FIG. 2.

[0022] The number of electrodes in the array can typically
vary from 20 to 100, and in this embodiment it will be
assumed there are 80 electrodes. The array 10 also includes
right arm (RA), left arm (LA), right leg (RL) and left leg
(LL) electrodes and may be constructed as described in
International Application Number PCT/IB95/01043.

[0023] Each electrode is capable of detecting the electrical
activity associated with a heartbeat and producing a corre-
sponding voltage, and it will be appreciated that each
electrode in the array 10, although detecting the same
component of the heartbeat at any given instant, receives the
signal with a different voltage having regard to its different
spatial position relative to the heart. Since the electrode
signal typically has a strength in millivolts it requires high
amplification (>1000) prior to further processing. This is
achieved in an interface unit 11 (FIG. 4) which performs
front end amplification and analogue to digital data conver-
sion.

[0024] The individual electrode signals are amplified in
respective differential amplifiers 33. The form of amplifica-
tion employed is described as unipolar since each electrode
of the array 10 is referred to a common reference point
known as the Wilson central terminal, which is derived from
an average of the signals from the limb electrodes RA, LA,
RL and LL. These amplifiers 33 buffer the electrode signals
with ultra high input impedance (>100 M ohms) and high
common mode rejection ratios (>80 dB). The amplified
signals are then electrically filtered from 0.05100 Hz in 35
respective filters 34 to further eliminate noise contamination
such as DC polarization and low/high frequency radiation
and conduction.

[0025] Using sample and hold devices 32 the amplified
signals from all the electrodes of the array 10 are simulta-
neously sampled at successive pre-determined instants dur-
ing at least the QRS period of the cardiac cycle, and the
sample values are held during the period (sample/hold
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period) until the next sampling occurs. In the present
embodiment the signals are sampled and held at 1 ms
intervals, i.c. at a sampling frequency of 1 KHz. There is no
set limit to the sampling frequency required by this inven-
tion; however, the greater the frequency the more detailed
the subsequent analysis. Preferably the sampling rate is at
least 500 Hz.

[0026] The total set of signals from the array 10 is divided
into five channels of 16 signals per channel. Each channel
therefore contains 16 banks of amplification, filtering and
sample/hold devices, although only one such channel is
shown in full in FIG. 4. Arespective 16 to 1 analogue signal
multiplexer 30 in each channel is used to sequentially switch
through each of the 16 signals during each sample/hold
period to enable a single channel digital conversion to be
used. Prior to the analog to digital conversion process a
programmable gain circuit 35 is employed to allow a selec-
tion of common signal gain settings to be chosen by the
operator in order to maximize overall signal strength. A
microcontroller 21 controls the process of freezing the 16
analogue signals in each channel and during each sample/
hold period the analogue multiplexer 30 is selected 16 times
with each step sequentially switching one of the 16 signals
through to the programmable gain circuit 35 and then into
the analogue digital converter 31.

[0027] The interface unit 11 therefore produces successive
sets of 80 sampled and analog to digital converted signal
values, each set having been derived during a respective
sample/hold period and therefore constituting a “snapshot”
of the electrode voltages at the respective sampling instant.
Since the sampling frequency has been assumed to be 1 KHz
in this case, 1000 measurements of 80 signals will be
produced per second. Although this embodiment shows 16
electrodes per channel, there will typically be from 2 to 20
electrode signals per channel depending upon the total
number of electrodes in the array 10.

[0028] The successive measurements of 80 sampled and
analog to digital converted signal values are passed via a
direct digital link 13 to a storage, processing and display unit
12 comprising (FIG. 5) a microprocessor 22, a storage
device 23, an electronic display device such as a CRT
monitor 24, a printer 25 and a user interface such as a
keyboard 26. The microprocessor 22 polls each of the
channels to transfer sampled data into the storage device 23.
In particular, once patient hook-up is satisfactorily com-
pleted, the microprocessor 22 stores a pre-selected time
frame (typically 5 seconds) of all the channels into the
storage device 22. The microprocessor 22 then processes the
stored data for display in graphical form on the display
screen of the display device 24.

[0029] The first step in the processing of the signals stored
in the storage device 22 is to determine the 35 “trajectories”
of the maximum and minimum sampled values, at least
during the heart’s QRS (depolarization) period. To explain
this concept reference is made to FIG. 6.

[0030] FIG. 6 shows successive isopotential maps, similar
to those shown in FIG. 2, typical of the kind which could be
derived from respective successive measurements of 80
sampled signals taken during the heart’s depolarization
period. It is to be understood that such maps need not
actually be produced as such; they are simply presented here
for explanation. Each map shows the isopotentials derived in
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respect of a respective single measurement of 80 samples
taken at a particular instant during the heart’s depolarization
period. Of course, since sampling is effected at 1 KHz in this
embodiment, FIG. 6 shows only a small selection of the
maps which could be derived.

[0031] It will be understood that each map in FIG. 6
corresponds to the electrodes in the array 10 being
“unwrapped” from the torso and disposed in a flat plane
defined by the x-y axes indicated, the successive maps being
disposed along a third spatial axis representing time so that
as one progresses from bottom left to upper right in FIG. 6
these represent maps derived from successively later instants
of time during the heart’s depolarization period. Further it
will be understood that the maps shown in FIG. 6 are of the
anterior surface of the torso. However, as mentioned above,
they could be full body maps.

[0032] The diagnostic capabilities of isopotential maps
stems from the spatial relationship of the potentials at the
various recording sites. These relationships are character-
ized by the movement of certain features across the body or
around the body as time progresses from one instant to the
next during the cardiac cycle. For example, on FIG. 6 this
is indicated by the lines MAX and MIN which respectively
connect the instantaneous maximum and minimum elec-
trode voltages from one map to the next. Similar lines could
be drawn connecting preselected electrode voltages between
the maximum and minimum, for example the zero volt level.

[0033] Such features (maximum and/or minimum and/or
preselected voltage) can thus be regarded as taking a “tra-
jectory” in three dimensional space of which two dimen-
sions correspond to X and y directions in the plane contain-
ing the unwrapped electrodes and the third dimension is time
represented as a third spatial direction perpendicular to the
x and y directions.

[0034] This three-dimensional space is represented in
FIG. 7 by the elongated rectilinear block 70, which con-
ceptually can be regarded as very many densely spaced
maps stacked one behind the other in the t direction (spaced
at 1 ms intervals in this embodiment). In FIG. 7, the x
direction represents the direction generally across or (in the
case of full body mapping) around the torso in a horizontal
plane, and the y direction represents height. Since three
dimensional trajectories cannot adequately be shown in a
two dimensional drawing, the trajectories of the instanta-
neous maximum and minimum electrode voltages are rep-
resented in FIG. 8 by their projections onto (a) the x-y plane
71, (b) the plane 72 perpendicular to the plane 71 and
parallel to the x-axis, and (c) the plane 73 perpendicular to
the plane 71 and parallel to the y-axis.

[0035] Referring back to FIG. 5, the microprocessor 22
extracts from the data stored in the storage device 23 (using
conventional automatic heartbeat detection means, not
shown) the electrode voltage information relating to the
period under consideration, i.e. the heart’s depolarization
period, and calculates the trajectories of the instantaneous
maximum and minimum electrode voltages, and/or the
trajectory of a preselected electrode voltage such as the zero
voltage level, in three dimensional x,y,t space. However, just
as the trajectories cannot adequately be shown in a two-
dimensional drawing likewise they cannot adequately be
shown on the two dimensional display area of the display
device 24, and furthermore it is not easy to make a diagnosis
from three dimensional trajectories.
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[0036] Thus, in the preferred embodiment, the micropro-
cessor 22 causes the trajectories to be displayed on the
display device 24 as the three projected views shown in
FIG. 7, in other words in the form shown in FIG. 8 where
(a) is the projected view on the plane 71 containing the
electrodes, (b) is the projected view on the plane 72, and (c)
is the projected view on the plane 73. As before, although
only the projections of the instantaneous maximum and
minimum electrode voltages are shown, the trajectory of any
preselected electrode voltage level can also or alternatively
be shown. These three views may be displayed simulta-
neously on the display device 24 or they may be called up
individually as required by the operator. As an alternative to
using an electronic display device 24 the three projected
views could be displayed on a chart recorder or graphics
printer.

[0037] It will be understood that the algorithm used by the
microprocessor 22 to produce the three projected views is
quite simple, and well within the ability of a person skilled
in the art. Each sampled and digitized electrode voltage
stored in the storage device 23 will have x, y and t coordi-
nates, x and y being the position of the respective electrode
within the array 10 and t being the time of sampling. FIG.
8(a) is therefore just the x,y coordinates plotted onto a plane,
FIG. 8(b) is the x,t coordinates plotted onto a plane, and
FIG. 8(c) is the y,t coordinates plotted onto a plane.

[0038] FIG. 8(d) also shows a fourth view which can also
be derived by the microprocessor 24 and displayed on the
display device 25. The fourth view shows the variation in the
absolute values of the instantaneous maximum and mini-
mum voltages as time progresses throughout depolarization.
In FIG. 8(d), the horizontal direction represents time and the
vertical direction represents voltage amplitude.

[0039] These four views can be considered as an individu-
al’s body map “signature”. It should be appreciated, how-
ever, that further such signatures could be presented for
other map feature variations throughout the duration of a
given cardiac event period (for e.g. repolarization or ST
interval etc.).

[0040] The trajectory signatures are a representation of the
characteristics of the electrical field surrounding a given
subject’s heart as it activates over time. A disruption of this
ordered activation or an abnormal change in field strength at
a specific location has the effect of warping some trajectory
paths. Which trajectory is warped depends on when the
disruption occurs during the cardiac cycle and how it
re-shapes the electrical field at each time instant. The
trajectory display technique described above accentuates
these disruptions in a manner which displays clear group
distinction, providing enhanced ability to detect and localize
disruptions such as ischaemia and infarction. In fact the
homogeneity displayed by subjects from a common group is
such that subjects with different cardiac conditions can be
distinctly differentiated from each other.

[0041] Inorder to establish how these trajectory signatures
bend or warp with different conditions it is possible to
collect trajectories from a common group diagnosis together,
to form a single trajectory core for the group. The circum-
ference of this core (tunnel) then represents the group
boundaries, which completely encompass all trajectories
belonging to the group. The name “tunnel” stems from the
similarity between this group boundary and the walls of a
tunnel into which each trajectory can be fired.






