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(57) ABSTRACT

The invention is based on the realisation that inflamed
plaques in blood vessel walls, which are potentially vulner-
able to rupture, can be detected at elevated temperatures
which are lower than previously realised. In particular, the
low temperatures at which inflamed plaque can be detected
are often associated with systems in which blood flow is
generally close to normal in particular temperature differ-
ences above zero but not more than 0 39° C. have been found
to be indicative of the presence of inflamed plaque.
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Fig.5.




Patent Application Publication  Jan. 8, 2004 Sheet 5 of 8 US 2004/0006277 Al

Fig.6.
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DETERMINING VULNERABLE PLAQUE IN
BLOOD VESSELS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present application is a continuation-in-part of
applications (1) Ser. No. 10/169523 filed Apr. 4, 2002 and
entitled “Vascular temperature measuring device and pro-
cess for measuring vascular temperature” and (2) Ser. No.
10/188,349 filed Jul. 2, 2002 and entitled “A biassed vas-
cular temperature measuring device”

FIELD OF THE INVENTION

[0002] This invention relates to methods of determining
whether a subject is at risk of rupture of vulnerable athero-
sclerotic plaque in one or more blood vessels, or requires
further investigation to assess whether there is such a risk,
including diagnosing the presence and location of vulnerable
atherosclerotic plaque.

BACKGROUND TO THE INVENTION

[0003] Plaque can develop in a patient’s cardiovascular
system The plaque can be quite extensive and occlude a
substantial length of the vessel. Additionally, the plaque may
be inflamed and unstable, such plaque being subject to
rupture, erosion or ulceration which can cause the patient to
experience a myocardial infarction, thrombosis or other
traumatic and unwanted effects. Such inflamed and unstable
plaques are commonly known as vulnerable atherosclerotic
plaques. Furthermore, relative blood viscosity rises and
aggregation of platelets increases with temperature increases
(Dintefass L. Rheology of Blood in Diagnostic and Preven-
tive Medicine London, UK: Butterworths; 1976;6:74).

[0004] Previous ex vivo studies have shown that there is
indeed thermal heterogeneity in human carotid atheroscle-
rotic plaques (Casscells W, Hawthorn B. David M, Krabach
T, Vaughn W K, McAllister H A, Beaman G, Willerson J T.
“Thermal detection of cellular infiltrates in living athero-
sclerotic plaques: possible implications for plaque rupture
and thrombosis. Lancet”. 1996,347:1447-1449)

[0005] Casscells et al postulate that plaque rupture may be
predicted by the heat released by activated macrophages
which they suggest are either on the plaque surface or under
a thin cap. They postulate that measurement of plaque
temperature in vivo could be used to identify plaque at
increased risk of rupture In particular they note that 37% of
the plaques tested by them had substantially warmer regions
Such regions are described as being 0.4 to 2 2° C. warmer

[0006] This work is discussed further in U.S. Pat. No.
5,935,075, which again discusses the tact that 37% of the
plaques had 1 to 5 substantially warmer (0.4 to 2.2° C.)
regions per plaque. It is specifically postulated that the
temperatures of plaques which are in danger of rupturing
will vary from those less at risk by at least 1.5° C.

[0007] The work of Casscells et al was carried out on
samples of carotid arteries taken at endarterectomy, in the
living state but nevertheless not in the subjects. Measure-
ments in the Casscells et al Lancet paper were carried out
using a thermistor (Cole-Parmer model 8402-20) with a
24-gauge needle tip and in addition with a Jet Propulsion
laboratory platinum silicide camera. In U.S. Pat. No. 5,935,
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075 measurements were made by infrared-sensing, in par-
ticular with the use of catheters. The methods used comprise
placing an optical fibre capable of transmitting radiation
proximate to the position at which temperature is to be
determined. A balloon encasing a distal end of the fibre is
inflated within the blood vessel to cause the balloon to limit
flow of fluids within the vessel. Thermal radiation from the
vessel is transmitted along the fibre to a detector Clearly, this
method necessarily involves limiting flow of fluids within
the blood vessel.

[0008] Stefanadis et al, in “Thermal Heterogeneity Within
Human Atherosclerotic Coronary Arteries Detected in vivo”,
Circulation 1999,99,1965-1971, measured various tempera-
tures of human coronary arteries in vivo.

[0009] Stefanadis et al determined the difference between
temperatures in a control (background) region and tempera-
tures at the surface of a region of interest (ROI). This work
concluded that differences between ROI temperatures and
background temperatures ranged from 1 55° C. in unstable
angina patients to 2.60° C. in acute myocardial infarction
patients. Mean differences between ROI and background
temperatures were 0.683 in unstable angina patients and
1.472 in acute myocardial infarction patients. Mean values
of these differences in stable angina patients were lower, in
particular around 0.16° C., but this condition was not
believed to be associated with the presence of vulnerable
plaque. Indeed, there was no suggestion in this paper that
any temperature differences were associated with vulnerable
inflamed plaque.

[0010] This work was carried out using a thermography
catheter The patients tested were those with severe lesions,
in particular lesions more than 50% stenosed. This, com-
bined with the particular catheter design used, had the effect
that the catheter had to be wedged inside the lesions,
severely restricting blood flow through the vessels. We
believe that this severe restriction of blood flow led to
artificially high temperature measurements

SUMMARY OF THE INVENTION

[0011] We now find that, contrary to these previous stud-
ies, in fact the thermal differences within the blood vessels
of subjects whose arteries contain inflamed atherosclerotic
plaque which may be vulnerable to rupture are much lower.
In particular, we believe that the presence of inflamed
atherosclerotic plaque can be foreshadowed by temperature
differences from above zero to to 0.39° C.

[0012] Therefore according to a first aspect of the inven-
tion we provide a method of diagnosing the presence of
inflamed atherosclerotic plaque in a blood vessel of a
subject, the method comprising:
[0013] providing a temperature detection device
capable of detecting temperature at the inner vascu-
lar wall,

[0014] introducing the temperature detection device
into a blood vessel,

[0015]
[0016] measuring at least one first temperature value
at the inner vascular wall,

[0017] determining the difference between the first
temperature value and the reference temperature
value,

determining a reference temperature value,
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[0018] and where the difference is above zero but not
more than 0.39° C., diagnosing the presence of
inflamed atherosclerotic plaque in the blood vessel.

[0019] In a second aspect of the invention we provide a
method of determining whether a subject is in need of
further investigation for the presence of inflamed athero-
sclerotic plaque, the method comprising:

[0020] providing a temperature detection device
capable of detecting temperature at the inner vascu-
lar wall,

[0021] introducing the temperature detection device
into a blood vessel,

[0022]

[0023] measuring at least one first temperature value
at the inner vascular wall,

[0024] determining the difference between the first
temperature value and the reference temperature
value,

[0025] and where the difference is above zero but not
more than 0.39° C., determining that the subject
requires further investigation for the presence of
inflamed atherosclerotic plaque.

determining a reference temperature value,

[0026] 1In a third aspect of the invention we provide a
method of determining the location of an inflamed athero-
sclerotic plaque in a blood vessel of a subject, the method
comprising:

[0027] providing a temperature detection device
capable of detecting temperature at the inner vascu-
lar wall,

[0028] introducing the temperature detection device
into the blood vessel,

[0029] determining a reference temperature value for
the blood vessel,

[0030] detecting at least one position on the inner
vascular wall a temperature at the inner vascular wall
above, but not more than 0 39° C. above, the
reference temperature value,

0031] and determining that inflamed atherosclerotic
g
plaque is situated at that position.

[0032] In a fourth aspect of the invention we provide a
method of determining whether an atherosclerotic plaque in
a blood vessel of a subject is an inflamed atherosclerotic
plaque, the method comprising:

[0033] providing a temperature detection device
capable of detecting temperature at the inner vascu-
lar wall,

[0034] introducing the temperature detection device
into the blood vessel,

[0035] determining a reference temperature value for
the blood vessel,

[0036] detecting the temperature at the surface of the
atherosclerotic plaque,

[0037] determining the difference between the tem-
perature at the surface of the atherosclerotic plaque
and the reference temperature value,
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[0038] and if the difference is above zero but not
more than 0.39° C., determining that the plaque is an
inflamed atherosclerotic plaque.

[0039] We believe that the prior techniques described by
Casscells et al and Stefanadis et al were such that, by
restricting the flow of blood, they actively resulted in a
change in the temperature measured in comparison with that
which is present in vivo under normal conditions of blood
flow for the subject. In the present invention we use a
temperature measurement device which does not substan-
tially inhibit blood flow in the subject A further benefit of
such methods is that they may be applied to a wide variety
of subjects without major concern that the measuring
method itself will influence blood flow.

[0040] We find that when measurements are taken under
conditions in which blood flow is not substantially inhibited,
inflamed plaque can be associated with very low tempera-
ture differences, provided that they are above zero. We find
that under conditions in which blood flow is not substan-
tially inhibited then any variations in temperature along the
blood vessel wall are generally “smoothed out” by the flow
of blood along the vessel wall under these conditions only
significant areas of temperature increase appear as measur-
able differences.

[0041] A further advantage of the realization that the
presence of inflamed plaque is manifested by a much lower
temperature differential than previously believed is that it is
now possible to recognise at an early stage that subjects who
exhibit these lower temperature differentials are at risk of
plaque rupture Consequently monitoring and, if applicable,
treatment may begin at an earlier stage and in subjects who
would formerly have been believed not to be at risk of
plaque rupture.

[0042] The invention relates to use of the novel finding
discussed above in a variety of methods in certain aspects of
the invention the method is a method of diagnosing subjects
having inflamed atherosclerotic plaque and potentially at
risk of plaque rupture. Such patients exhibit vascular tem-
perature differences from above zero to 0.39° C. This finding
can also be used in methods which do not diagnose defini-
tively whether a subject has inflamed atherosclerotic plaque
which is potentially vulnerable to rupture but distinguishes
those subjects for whom further investigation would be
beneficial.

[0043] The finding can be used to determine the position
of inflamed atherosclerotic plaque by determining the posi-
tion of a region of temperature elevated above zero and up
to 0.39° C. thus locating inflamed atherosclerotic plaque in
that position.

[0044] 1In a further aspect the finding can be used to
determine whether a previously located plaque is inflamed
and potentially vulnerable to rupture by determining
whether its temperature is elevated by above zero but not
more than 0.39° C.

[0045] The invention is concerned with detection and
positioning of inflamed plaques. Such plaques are poten-
tially unstable and consequently potentially vulnerable to
rupture, erosion or ulceration.

[0046] When the existence and, if appropriate, the location
of an inflamed plaque has been determined in a subject, then
the subject can be further monitored and/or treated if appro-
priate.
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[0047] Although we find that temperature differences
above zero, that is those which are measurably different
from the base value chosen as zero, can indicate the presence
of an inflamed plaque, in general inflamed plaques usually
exhibit temperature differences of at least 0.02° C. and
preferably the value measured in all aspects of the invention
is at least 0.02° C. We find that within the claimed range up
to 039° C. temperature difference the greater values tend to
indicate a greater degree of inflammation and thus greater
potential for rupture etc. Thus we often find that a tempera-
ture difference of at least 0.1° C. is indicative of a plaque
which is vulnerable to rupture and the invention is particu-
larly valuable, in all aspects, when the temperature differ-
ence is at least 0.1° C.

[0048] In general temperature differences in the range of
above zero to 0 39° C., in particular from 0.02 to 0 39° C.,
are generally indicative of a need to further investigate the
subject for the presence of inflamed plaque, for instance as
in the second aspect of the invention.

[0049] The subjects are living subjects, generally human
subjects. Subjects may be patients already known to have a
cardiovascular condition such as unstable angina or prior
myocardial infarction. That is, the methods of the invention
can be practised an subjects already known to have condi-
tions which are associated with risk of vulnerable plaque
rupture. In such patients the methods of the invention are
particularly valuable for determination of the location of
inflamed plaques and determination of whether a previously
located plaque is inflamed and/or vulnerable to rupture.

[0050] However, the invention may also be practised on,
and can be particularly valuable in, apparently healthy
subjects who do not exhibit any symptoms of a cardiovas-
cular condition In such subjects the invention can be used to
diagnose the presence and, if desired, the location of
inflamed plaque.

[0051] In all aspects of the invention it is essential that a
temperature detection device is introduced into the blood
vessel under investigation. The temperature detection device
is capable of detecting the temperature at the inner wall of
the blood vessel. Generally the temperature detection device
is such that it is capable of obtaining temperature measure-
ments without substantially restricting the flow of blood
through the blood vessel.

[0052] By “without substantially restricting the flow of
blood through the blood vessel” we mean that the tempera-
ture detection device does not reduce the blood flow velocity
below a value at which it is capable of smoothing out local
variations in temperature due to factors other than the
presence of inflamed plaque. Preferably it does not restrict
the flow of blood below the values discussed below.

[0053] In a human subject the normal range of blood flow
velocity is from about 5 to about 40 cm/s, varying over the
heart pulse cycle. In the invention the blood flow velocity is
preferably at least 5 cm/s, more preferably at least 7 cm/s at
all times throughout the cycle. That is, the temperature
detection device is such that it does not restrict the flow of
blood through the blood vessel to such an extent that
velocity falls below this level at any time.

[0054] The average blood flow velocity can also be mea-
sured and in the invention is preferably at least 7 cm/s, more
preferably at least 10 cm/s, more preferably at least 15 cm/S.
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[0055] Generally the temperature detection device com-
prises sensors which transmit temperature data to a remote
device for processing.

[0056] Particularly preferred devices are disclosed in our
PCT publication WO 01/74263, the disclosure of which is
incorporated herein by reference. In particular, the tempera-
ture detection device is preferably a thermography catheter
apparatus. In particular it is preferably a vascular catheter
apparatus for temperature measurement of vascular tissue,
which comprises a flexible body, at least two thermal sensors
mounted on resiliently biased projections depended from the
body, and a carrier for transmitting temperature data at the
vascular wall from the sensors to a remote device

[0057] With the present invention, the vascular catheter
apparatus, hereinafter referred to as a thermography cath-
eter, is inserted into the artery to detect the temperature at the
vascular wall. The temperature information is subsequently
transferred via the carrier to a remote device where the wall
temperature can be detected and recorded

[0058] Generally, the thermography catheter comprises a
plurality of co-axial lumen. Preferably, the thermography
catheter comprises a central lumen adapted to be mounted
on a standard angioplasty guide wire suitable for vascular
intervention The apparatus is preferably based on the rapid-
exchange (or monorail) system, although over-the-wire
techniques are also envisaged. Preferably, outside the central
lumen is located an intermediate lumen. Preferably, outside
the intermediate lumen is mounted an external lumen, here-
inafter referred to as a sheath. Preferably, at the distal tip of
the apparatus is a guide member. Other lumen may be
present and all the lumen may house components within
themselves or between adjacent lumen.

[0059] The projections are preferably mounted on the
central or intermediate lumen but may be attached to any
lumen inside the sheath.

[0060] The central lumen may be formed from the stan-
dard catheter lumen materials, for example, nylon, PTFE,
polyurethane, polycarbonate and silicones and mixtures
thereof.

[0061] The intermediate lumen and the sheath are gener-
ally constructed from, but individually selected from, the
standard catheter lumen materials discussed above

[0062] The sheath is adapted to fit over the adjacent lumen
housed inside the sheath and should be able to move relative
to the adjacent lumen under the control of a remote device.

[0063] Preferably, the central and intermediate lumen are
bound to one another and are not moveable relative to one
another

[0064] Preferably, the guide member is located at the
extreme distal tip and is permanently mounted on the central
lumen. Preferably, the guide member is formed from a
material which minimises the possibility of damaging the
vascular wall. For example, an elastic material is usually
used to form the guide member. In particular, preferred
materials for the guide member include nylon, PTFE, poly-
urethane, polycarbonate and silicones. The guide member is
usually tapered towards the extreme distal tip and forms a
general bullet or pear shape This enables easy manipulation
of the catheter within the vascular tissue and minimises the
possibility of potential damage to vascular tissue. The distal
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part, typically the last 20 cm or so, needs to be of sufficient
flexibility for the thermography catheter to pass arterial
angulations of at least 90° and up to 180° in vessels that may
be as small as 2 mm, with a curvature radius that may be as
low as 4 mm.

[0065] Preferably, the flexible body of the thermography
catheter has a longitudinal axis and at least part of the
projections are extensible radially from the longitudinal axis
of the body. Generally, the projections nave an elongate
shape, preferably having dimensions in the range of 2 mm
to 15 mm, more preferably 3 to 7 mm in length. The
projections preferably have a caliper of 0.3 mm to 5 mm,
more preferably 0.5 mm to 3 mm.

[0066] A first end of the projection is preferably attached
to the body, preferably the intermediate and/or the central
lumen, while a second end comprises one or more sensors.
The second end is preferably free, i.e, not attached to any of
the lumen, and is adapted to be radially movable away from
the central lumen

[0067] Alternatively, the projection may be attached to a
lumen at more than one position, for example at each end of
the projection. Such a projection construction forms a loop.
In such a case, the sensor is preferably located at the apex
of the loop

[0068] Two or more sensors, preferably two to ten sensors,
more preferably two to six sensors may be utilised. Prefer-
ably, each sensor is mounted on a separate projection. In a
particularly preferred example, four projections, each hav-
ing a single sensor mounted thereon, are provided.

[0069] The sensors are preferably located on an outer face
of the projection, relative the central lumen, i.e., facing the
vascular tissue in use. Each sensor should preferably be
located toward, or at the distal tip of the projection.

[0070] The projections need not be mounted in substan-
tially the same circumferential plane of the thermography
catheter body, but this configuration is preferred.

[0071] The projections preferably comprise a super-elastic
material. Super-elasticity refers to the ability of certain
metals to undergo large elastic deformation. Such com-
pounds favorably exhibit features such as biocompatibility,
kink resistance, constancy of stress, physiological compat-
ibility, shape-memory deployment, dynamic interference,
and fatigue resistance.

[0072] A large number of super-elastic materials may be
utilised, however, Ni—Ti ternary alloys are preferred, par-
ticularly binary Ni—Ti with between 50.6 and 51.0 atomic
percent nickel. While many metals exhibit super-elastic
effects, Ni—Ti-based alloys appear to be best suited for
deployment in the human body due to them being chemi-
cally and biologically compatible.

[0073] Preferably, the projection, when not restrained will
adopt a deployed configuration in which a free end of the
projection is extended away from the central lumen. In this
deployed configuration, the projection is resiliently biased
against the vascular wall in use, thus initiating contact
between the sensor and said wall. This achieves an adequate
thermal contact with the vascular wall, without substantially
compromising blood flow.

[0074] In a particularly preferred embodiment of the
invention, the elongate projection, when restrained, adopts a
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substantially straight shape, which lies substantially parallel
to the longitudinal axis of the catheter body. In the deployed
configuration, the projection adopts an arcuate shape along
at least part of its length. In this embodiment, the gradient of
the arcuate portion of the projection, with respect to the
longitudinal axis of the catheter, increases as a function of
distance along the projection from the end attached to the
catheter body. Thus, the free end of the projection bends
away from the catheter body. This particular embodiment
allows the sensor-bearing end of the projections to more
accurately and consistently follow the morphology of the
vascular tissue. A stenosis usually involves a section of the
wall being inflamed and thus protruding into the lumen of
the blood vessel. Alternatively, a calcified plaque may have
an irregular surface leading to it protruding into the lumen.
Where an arcuate deployed projection is employed, the arc
allows the sensor bearing tip to “reach around” to the trailing
edge of a stenosed region as the catheter is moved along the
vascular tissue. The arcuate nature of the projections also
allows the temperature sensors to be located more directly
and in closer contact to the vessel wall. The maximum
gradient of the projection, with respect to the longitudinal
axis of the catheter body is preferably less than 90°, more
preferably less than 75°, more preferably less than 60°. In
this particular embodiment, the arc of the projection pref-
erably provides maximum possible contact angle between
the projection and the vessel wall of less than 90°, more
preferably less than 75°, more preferably less than 60°. This
angle, while having a maximum deviation of less than 90°,
is variable as a consequence of the compliant nature of the
biased projection. This allows the projection to follow the
vascular morphology.

[0075] Where an arcuate projection is provided, there may
also be substantially straight portions of the projection along
its length.

[0076] In an alternative example, the projections may be
mounted to achieve a similar resiliently biased effect. For
example, one method of achieving this would be to mount
the projections on a spring, preferably a microspring, such
that when unrestrained, the projection is extended against
the vascular wall as discussed above.

[0077] The sensors may be any form of temperature sensor
and are preferably selected from thermistors, thermo-
couples, infra red sensors and the like. Preferably, the
sensors are thermistors. These are preferably metal alloys
having low electrical impedance. Such thermistors prove
extremely reliable regarding the relation between the tem-
perature changes and resistance changes.

[0078] Generally, the sensors may be attached to the
lumen by any means. Each sensor is preferably attached to
the end of each projection permanently. For example, each
projection may be attached to the lumen by glue, soldering,
welding or may be formed integrally with the lumen

[0079] Each sensor is connected to a carrier capable of
transferring the information received from the vascular wall.
The carrier preferably has a low impedance The carrier is in
electrical connection with the proximal end of the device
The carrier is preferably selected from nickel and copper
wire.

[0080] Preferably, the thermography catheter comprises a
radiopaque marker which aids in the location of the device
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by fluoroscopy during the method of the invention. More
preferably, at least one sensor includes a marker so that it is
discernible via fluoroscopy. Most preferably, individual sen-
sors include different markertypes, so that using fluoroscopy,
the individual sensors can be identified and their spatial
orientation and relative location to a desired part of the
vessel wall thus clearly defined.

[0081] The distal tip may additionally comprise an ultra-
sound probe system that can give images of the arterial wall.
This may be achieved by the incorporation to the distal
catheter tip of a phased array of high-frequency ultrasonic
crystals or a mechanical sector ultrasound element In this
way, intravascular ultrasound (IVUS) images may be cap-
tured simultaneously with the temperature data. This is
extremely useful for morphological data acquisition, cor-
rectly recognizing the area of interest and for accurate
catheter positioning.

[0082] The proximal section of the thermography catheter
incorporates a connector for coupling the temperature date
signals to a remote device such as a personal computer.
Preferably, the connector comprises n+1 female plugs to
assure proper transmittance of the electrical voltage signal
transmitted from the sensors, where n is the number of
sensors These signals are transmitted along the wires from
the sensors. The wires are preferably housed within the
sheath and are preferably electrically isolated from the
patient. Preferably, the wires are housed between the central
lumen and the intermediate lumen, within the outer sheath.
The n+1 female plugs are connected to n sensor wires and
1 common ground.

[0083] It is important to maintain electrical isolation
between the electrical components and the patient In order
to minimise the risk of fatigue (strain) failure caused by
repeated shortening and lengthening of the electrical wires
as the respective projections are deployed and retracted,
whereby repeated compression and tensioning of the wire
can cause a failure along the length of the wire and at the
electrical connection to the thermistors and/or the sealed
terminus between the central lumen and the intermediate
lumen, causing an electrical short circuit in use, a preferred
catheter apparatus comprises a body, at least one resiliently
biased projection depended from the body, a sensor carried
by the projection, and an electrical carrier connected to the
sensor for transmitting data from the sensor to a remote
device, wherein the electrical carrier is coiled.

[0084] In this aspect the catheter has one or more resil-
iently biased projections around which the electrical con-
nection is coiled to reduce the strain at critical points where
it is necessary to maintain a seal, and hence electrical
isolation.

[0085] Preferably, the electrical carrier is coiled around
the body of the projection.

[0086] Preferably, the pitch of the coil is arranged such
that there are 5 to 10 turns per cm.

[0087] Preferably, a heat shrink wrapping is applied over
at least a portion of the length of the projection. A heat shrink
material is generally a polymeric material capable of being
reduced in size upon application of heat. These are generally
used in the form of a tube. Suitable materials include
polyesters, PVC, polyolefins, PTFE and the like The pre-
ferred material is a polyester.
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[0088] Tt is particularly important that substantial occlu-
sion of the blood vessel is prevented. This is achieved by the
preferred aspect of the present invention using the thermog-
raphy catheters described because in a deployed configura-
tion they do not substantially increase their radial cross
sectional area beyond the radial cross sectional area of the
apparatus in a retracted configuration.

[0089] Preferably, the ratio of the area of the cross-
sectional profiles of the apparatus in the deployed to
retracted configurations is in the range 4:1-1.1, preferably
3.1-1.251 more preferably 2.5:1-2:1, most preferably 1.75.1-
125:1.

[0090] According to a preferred aspect of the present
invention, the thermography catheter is used in combination
with a pull-back device for manipulating a multiple lumen
catheter. A particularly preferred pull-back device is dis-
closed in co-pending International patent application no
PCT/FP02/09430, the contents of which are incorporated
herein by reference.

[0091] In the invention a reference temperature value is
determined and compared with at least one first temperature
value at the inner wall of the blood vessel. Determination of
the reference temperature value may be carried out either
prior to or after introduction of the temperature detection
device into a blood vessel.

[0092] The reference temperature value may be a prede-
termined value which is not measured during application of
the method. For instance it may be a predetermined mean
value of temperature at the inner vascular wall for the
subject in question. It may for instance be a predetermined
mean or minimum value of temperature at the inner vascular
wall for a particular class of subjects (the class including the
subject under investigation). For instance, the subject may
have been subjected to measurement of temperature in the
blood vessels on a previous occasion. Alternatively, mean or
minimum values for normal blood vessel wall having no
plaque, either for the subject being tested or for a particular
class of subjects, may be used.

[0093] More usually, the reference temperature value is
determined curing the application of the method. For
instance, it may be the mean temperature value in the length
of blood vessel under examination, as determined by taking
a series of temperature values over that length during the
application of the method. Alternatively, it may be the
temperature value, eg an average value, for regions of blood
vessels determined to be normal, i.e. having no plaque, also
measured during application of the method.

[0094] Preferably, the reference temperature value mea-
sured during the application of the method is the minimum
temperature value detected in the length of blood vessel
under examination, or the temperature at regions having no
plaque.

[0095] 1Inthe method at least one first temperature value at
the inner wall of the blood vessel is measured. In practice it
is preferred that more than one individual temperature value
is measured. In particular at least five, preferably at least ten,
more preferably at least twenty individual temperature val-
ues are measured at different locations along the length of a
blood vessel under examination. Thus it is preferred that a
series of individual temperature values at a series of loca-
tions is obtained.
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[0096] The first temperature value to be compared with the
reference temperature value is preferably the maximum of
the individual temperature values detected along the length
of blood vessel under examination. However, in sophisti-
cated systems in which it is possible to establish tempera-
tures which are temperatures at the surface of a plaque the
first temperature value can be for instance a mean or
maximum value for plaque surface temperatures.

[0097] Preferably, the method comprises obtaining a series
of at least twenty individual temperature values from at least
twenty different locations spaced from one another along the
length of the blood vessel under examination and the refer-
ence temperature value is the minimum individual tempera-
ture value detected and the first temperature value is the
maximum individual temperature value detected. Thus the
difference determined in the method is the difference
between the maximum and minimum detected temperatures.

[0098] According to the invention it is preferred that the
temperature detection device, once introduced into the blood
vessel under examination, is moved along the inside of the
blood vessel so that temperature readings are taken along the
length of the blood vessel under examination. Readings may
be taken intermittently or substantially continuously.

[0099] Tt is possible simply to detect and record tempera-
ture data but it is preferred that the temperature data obtained
from the temperature detection device is processed in such
a way that it enables the operator of the method to determine
which regions of the blood vessels contain inflamed plaque
and which do not.

[0100] In particular, the temperature detection device such
as a thermography catheter can be used to carry out a
temperature scan along the length of the blood vessel under
examination which can be used to produce a temperature
map of the vascular tissue

[0101] In a preferred aspect there is also used in the
invention a computer program product which comprises
computer executable instructions for manipulating image
data and temperature data to generate an output in which the
temperature data is mapped onto a corresponding position
on an image where that temperature data was detected to
provide an integrated graphical image output, wherein the
temperature data is thermography data that represents sur-
face temperature at a vascular wall, and the image data is
representative of the vascular wall morphology.

[0102] According to a preferred aspect of the present
invention, the method of obtaining the temperature data at
the vascular wall comprises the steps of withdrawing a
thermography catheter that senses vascular wall temperature
over a predetermined length of the vascular tissue and
processing the temperature data with reference to image data
representative of the vascular wall morphology to provide an
integrated graphical image output in which the temperature
data is mapped onto a corresponding position on the image
where that temperature data was detected

[0103] Preferably the image data is one of angiogram
image data or intravascular ultrasound image data of the
same vascular wall.

[0104] Preferably, the integrated graphics image output is
a two-dimensional representation of a target vessel morphol-
ogy with a temperature profile of the target vessel wall
overlaid
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[0105] Accordingly, it is then possible for the operator to
visualise the temperature distribution in the blood vessel
under examination. Preferably the temperature data is pro-
cessed so that the graphical image output highlights regions
in which the temperature difference is in the range from
above zero to 0.39° C. This allows determination of the
location of inflamed plaque.

[0106] In the invention a temperature difference above
zero, preferably at least 0 02, up to 0.39° C. is indicative of
inflamed plaque In particularly preferred methods a tem-
perature difference of at least 0.05° C., more preferably at
least 0.08° C., is taken as indicative of inflamed plaque.
Generally we find that the presence of inflamed plaque is
indicated by temperature differences not more than 0.3° C.
and preferably not more than 0.25° C. In preferred processes
determination of the presence of inflamed plaque or of need
for further investigation can be effected where the tempera-
ture difference is 0 2° C or below, preferably 0.15° C. or
below, in particular 0.14° C. or below or 0.13° C. or below.

[0107] The method of the invention may be used to
diagnose the presence of inflamed plaque in a blood vessel
of a subject. Alternatively it may be used not to obtain a final
diagnosis but to give a preliminary indication that the
subject should be selected for further medical investigation
for the presence of inflamed, potentially vulnerable, plaque

[0108] The preferred vascular catheter apparatus (ther-
mography catheter) for use in the present invention, subse-
quent to the identification and measurement of atheroscle-
rotic plaque, may be used to treat an area identified as being
at risk of rupture of said plaque Treatment may be effected
by reinserting the catheter to a predetermined area of the
vascular tissue. This reinsertion may be achieved in a
controlled manner as the prior temperature measurement
scan with the device may be used to produce a temperature
map of the vascular tissue. This information may be stored
in the remote device and can be used to relocate the area of
risk. This procedure requires less contrast media to be
infused into the patient than would normally be required in
similar vascular interventional procedures as the position of
the thermography catheter is known due to the data stored in
the remote device. The pull-back device may then, under the
control of a user, be used to drive the catheter back to, for
example, the starting point of the temperature measurement
or any point along the path of the temperature data acqui-
sition, for further temperature measurements or alternative
treatments of the vascular tissue.

[0109] For example, the catheter apparatus can then be
used to treat the area by any of the usual therapeutic
procedures, including localised delivery of a therapeutic
agent, delivery of a stent, brachy therapy, ablation of
selected tissue etc Thus the thermography catheter may
additionally comprise angioplasty balloons or sleeves.

BRIEF DESCRIPTION OF THE DRAWINGS

[0110] Examples of the present invention will now be
described in detail with reference to the accompanying
drawings, in which:

[0111] FIG. 1 shows a schematic diagram of a system for
conducting vascular vatheterisation of a patient;

[0112] FIG. 2 shows an enlarged partial section of an
example of the distal tip of a thermography in accordance
with the present invention in a deployed configuration;
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[0113] FIG. 3 shows the catheter of FIG. 2 in a retracted
configuration;
[0114] FIG. 4 is a flow diagram illustrating the steps

involved with conducting intravascular catheterisation of a
patient and the associated data capture and image process-
ing; and,

[0115] FIG. 5 snows an angiogram frame overlaid with a
temperature profile.

[0116] FIG. 6 snows a single IVUS image frame overlaid
with a temperature profile;

[0117] FIG. 7 shows a 3D section of a target vessel
constructed using a series of IVUS images (without tem-
perature mapping);

[0118] FIG. 8 shows an IVUS as a 3D section with
temperature mapping overlaid,;

[0119] FIG. 9 shows a representative temperature profile
associated with a normal artery; and,

[0120] FIG. 10 shows a representative temperature profile
associated with an inflamed artery;

DETAILED DESCRIPTION

[0121] FIG. 1 is a schematic diagram of a system for
conducting vascular catheterisation of a patient.

[0122] The system includes a personal computer (PC) 1
that presents a graphical user interface (GUI) via a number
of monitors 2. The user interface system is based on a
Microsoft Windows™ platform. Multiple windows may be
used to acquire/project data from/to the user. Although not
shown, the PC can accept user inputs via a keyboard and
mouse, or other pointing device, in the usual manner. The PC
includes a number of data stores 7, which may be external,
and a CD ROM reader/writer device 3

[0123] The PC is coupled via a data interface 4 to a
thermography catheter 5, details of which will be described
below. In this example, the thermography catheter 5 trans-
mits four channels (one for each sensor) which are received
by the data interface 4 An analogue temperature data signal
on each channel is converted to a digital signal using an A/D
converter within the data interface 4 at a user configured
sampling rate of up to 2 5 KHz. Typically, the sampling rate
would be set at around 25 to 50 Hz to reduce the quantity of
data acquired.

[0124] The data interface 4 includes a multiplexer (not
shown) that combines the four digital channels into a single
time division multiplexed (TDM) signal This TDM signal is
coupled to the PC over a PCI Pus. The data from each
channel are written into an area of memory within the data
store 7 reserved for that channel where they can subse-
quently be retrieved for data processing along with the
corresponding time sequenced data from other channels and
image data from other sources.

[0125] The temperature data from the thermography cath-
eter 5 are introduced to the system software running on the
PC using function calls Temperature data are input to the
software as the actual voltage at the A/D hardware inputs,
and therefore they have to be converted to temperature. A
sensor data convert function handles this process
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[0126] The system is designed to be used in conjunction
with a fluoroscopy x-ray apparatus and therefore includes a
video frame capture interface 6 that couples fluoroscopy
video data inputs to the PC via a PCI bus. Similarly, it can
be used in conjunction with intravascular ultra-sound
(IVUS) image data fed from the thermography catheter 5
(when provided with the appropriate hardware) The system
software allocates sufficient memory area to the systems
memory for this data, taking into account the current system
configuration, for example sampling rate, recording time,
and video frame size A memory handle hDib is used to map
video data directly through the PCI bus from the video frame
capture interface 6 to this allocated area in memory. hDib
memory is divided into i equal chunks, each of a size equal
to the frame capture interface frame-Puffer. Optionally, hDib
[i] data can also be mapped to a memory area of a screen-
video buffer, giving capability of live preview during record-
ing. Each time the software records an x group of four (or
more) temperature measurements, it prompts for a frame
capture at hDib [x]. A user configuration file determines the
ratio between temperature data fluoroscopy video frame
capture

[0127] Whilst in normal circumstances the thermography
catheter 5 is inserted manually, it is intended that when
performing vascular measurements the thermography cath-
eter 5is pulled back relative to a predetermined start position
using an electro-mechanical pull-back drive 8 coupled to the
body of the catheter. The pull-back drive 8 is controlled by
the PC via a pull-back drive interface 9 The system software
accesses user-defined configuration files to get the necessary
information about controlling the systems automatic pull-
back interface 9. Data sampling rite, recording duration and
pre-selected retraction rate are taken into consideration for
adjusting the pull-back speed. The software routines control
a D/A converter (not shown) that feeds the input of the
pull-back interface 9 with an appropriate control voltage.
The controlled pull-back process will be described in more
detail below.

[0128] Temperature data plotting may be both on-line
and/or off-line. In an on-line mode, the monitor presents a
temperature/time-distance graph, where temperature is con-
tinuously plotted as connected dots. In an off-line mode,
temperature data can be loaded from the data store 7 (or
other media) and plotted on the screen graph. The user can
scroll to different time/temperature locations, while several
automated functions may be provided, for example auto
min-max marking, colour coding of temperature an a bull-
seye graph colour thermal maps, and 3D temperature coding
on a cylinder model In the latter case, an artificial colour 3D
cylinder that represents the vessel is divided into splines
equal to the temperature channels. The channel temperature
is coded on each spline with colours varying from dark-blue
(minimum temperature) to flashing-red (maximum tempera-
ture). The user can rotate the cylinder as he wishes in a
virtual 3D world. The focus is set to the specific time/
distance that corresponds to the mouse position on the
screen temperature/time graph 3D position control is per-
formed using multi cubic-bezier lines, where the curvation
control points change in relation to the cylinders position in
the virtual world. A separate window shows numeric details
for the particular time/distance position. Video frame data
from simultaneous fluoroscopy/IVUS are plotted as image
frames in a separate window. By moving to a specific
time/temperature position, the corresponding video frame is



US 2004/0006277 Al

automatically projected. In this way, temperature and video
frames are accurately synchronised.

[0129] The system software is designed to provide basic
and advanced image processing functions for the captured
fluoroscopy/IVUS video frames, such as filtering and on-
screen measurement functions. The user can filter the cap-
tured frame to discard unwanted information while focusing
on the desired one There are several auto-filter options as
well as manual adjustment of the image curve In addition,
the user can calibrate the system and proceed in performing
on-screen measurements of both distances and/or areas.
Automatic routines perform quantification of the measure-
ments giving significant information on lesion characteris-
tics The temperature can also be colour coded on the
fluoroscopy frame, providing unique information about the
correlation between temperature and morphology.

[0130] By using temperature data and video frame data,
the system software uses advanced algorithms based on
interpolation and fractal theory to plot a 3D reconstruction
of the vessel under measurement with colour coding of
temperature. The user can freely move the virtual camera
inside the reconstructed vessel in 360°, and/or-fly-through
the vessel. 2D reconstructions are also provided. Tempera-
ture data can be processed on the basis of mean temperature,
or on a channel-by-channel basis.

[0131] FIGS. 2 and 3 show an example of the distal tip of
a thermography catheter incorporating sensors 10 mounted
circumferentially about a central lumen 14. In this example,
four sensors 10 are mounted on resiliently biased projections
11 circumferentially about the central lumen at 90° intervals,
although only one sensor is shown here for the sake of
clarity. The projections 11 are made of NiTinol

[0132] The figures clearly show the deployed configura-
tion projection adopting an arcuate shape along its length,
with the gradient of the projection, with respect to the
longitudinal axis of the catheter, increasing as a function of
distance along the projection from the end attached to the
catheter body.

[0133] The sensors 10 are NTC thermistors. Such ther-
mistors prove extremely reliable regarding the relation
between the temperature changes and resistance changes. An
NTC thermistor having a 30 KQ impedance at 25° C.
typically maintains linearity between 35° C. and 45° C., at
a resolution of 0.01° C.-0.1° C.

[0134] The construction of the thermistors 10 are that of
two rectangular plates with a metal alloy oxide in the centre
The thermistor has dimensions in the range of 0.25 mm-5
mm, and a caliper less than 1 mm.

[0135] Each thermistor 10 is attached to the end of each
projection 11 by bonding with an thermally conducting
epoxy glue 12. Each thermistor 10 is connected to an
insulated bifilar wire 13. The wire 13 has a low impedence
and is constructed from nickel and/or copper. This wire
provides an electrical connection with the proximal end of
the device (not shown).

[0136] As shown in the Figures the wire 13 is coiled
around the length of the projection 11 This feature has the
effect of substantially eliminating strain when the projection
11 flexes. The pitch of the coil is typically arranged to be
such that there are 5 to 10 turns over a length of 10 mm. As
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will be described below, a neat shrink wrapping 15 is applied
over the projection 11 to prevent damage to the wire 13
during retraction and replacement of an outer sheath 16. The
neat shrink wrapping also provides an additional degree of
electrical isolation.

[0137] To assemble a projection, a NiTinol arm 1s first
pretreated by placing it in a bending tool and heating to
around 700° C. to impart a bend in the arm The NiTinol arm
is then held straight in a chuck and a thermistor/bifilar wire
assembly is attached to a free end of the arm using a UV cure
adhesive. The wire 13 is then spun around the length of the
NiTinol arm. Finally, the neat shrink wrapping 15 is placed
over the length of the NiTinol arm to a point just beyond that
of the thermistor. In tis example, the heat shrink wrapping is
supplied as a polyester tube that is cut to length An epoxy
resin is then injected into the end of the tube The assembly
is subsequently heat treated to shrink the tube and set the
epoxy resin. The heat shrink wrapping is then trimmed back
to expose at least part of the epoxy resin coated thermistor,
while maintaining electrical isolation of the bifilar wires.
After neat treatment, te heat shrink has a wall thickness of
around 10 ym.

[0138] As shown in the Figures, the thermography cath-
eter is mounted on an angioplasty guide wire (not shown)
which runs through the central lumen 14 and a guide
member 17 which defines the tip of the thermography
catheter.

[0139] In use, the apparatus may be actuated between a
non-wall-temperature sensing configuration and a tempera-
ture sensing configuration. The non-temperature sensing
configuration is hereinafter referred to as the retracted
configuration. The temperature sensing configuration is
hereinafter referred to as the deployed configuration. An
example of the deployed configuration is shown in FIG. 2.
An example of the retracted configuration is shown in FIG.

3

[0140] Inthe retracted configuration, the sheath 16 encom-
passes the projections 11 so that they are constrained to lie
parallel to the longitudinal axis of the catheter and therefore
cannot take up a deployed position. The sheath 16 extends
as far as the rear end of the guide member 17 but does not
overlap the guide member. This minimises any protrusions
from the thermography catheter which could lead to damage
of the vascular wall. This is particularly important where a
vessel is angulated or there is bifurcation of the vessel. Such
features lead to bending of the thermography catheter and
would emphasise any protrusions. Hence, in this example
the sheath 16 and the guide member 17 present a smooth
profile when adjacent to one another in the retracted con-
figuration.

[0141] To adopt the deployed configuration, the sheath 16
is withdrawn away from the extreme distal tip i.e., away
from the guide member 17, towards the proximal section, to
expose the projections 11. When the sheath 16 is withdrawn
to the extent shown in FIG. 2, the resiliently biased projec-
tions 11 take up the deployed configuration. It should be
noted that the sheath is controlled from the proximal end of
the apparatus and is not shown in its entirety in the Figures.

[0142] The projections 11 individually extend a certain
distance (r) away from the longitudinal axis of the catheter.
In the deployed configuration, r has a value in the range of
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2-4 mm. However, r is not fixed and varies with the diameter
of the vascular tissue being measured due to the flexibility
of the projections 11.

[0143] Different diameter catheters may be used for dif-
ferent diameters of vascular tissue. However, as it 1s desir-
able to minimize the diameter of catheters in all interven-
tional vascular treatments, it is desirable to adapt the length
of the projections and/or the angle to which the projections
may extend away from the central lumen depending on the
dimensions of the vascular tissue being measured rather than
increasing catheter body dimensions Thus, the projections
for a large blood vessel, for example 8 mm diameter, will
generally require a length of projection in the range of 5 mm
to 10 mm. Smaller diameter vascular tissue, for example 2.5
mm diameter, will generally require a length of projection in
the range of 2 mm to 6 mm. Typically, the ratio of the area
of the cross-sectional profiles of the apparatus in the
deployed to retracted configurations is up to 4:1.

[0144] The thermography catheter includes a valve system
(not shown) allowing the annular gap between the sheath
and the intermediate lumen to be flushed in an adequate way,
thus minimising the possibility of air bubbles or debris
within the sheath Such a valve is constructed to enable
engagement by a 2 mm, 5 mm, or 10 mm, 6° luer syringe.
The thermography catheter may be flushed with a suitable
fluid such as saline. When flushing the catheter, fluid should
exit via the distal tip of the catheter, indicating proper
flushing of the sheath In addition, the catheter includes a
female luer fitting (not shown) attached to the proximal end
of the central lumen, to enable the central lumen to be
flushed in a similar way to the sheath.

[0145] With reference to FIG. 4, in use, the sequence of
events begins with the insertion of a guiding catheter into the
area of general interest (step 100), for example the cardiac
region. Where, for example, the coronary arteries are to be
examined, the guiding catheter is inserted so that it is in or
adjacent to the opening of the coronary arteries. An angio-
plasty guide wire is then inserted into the coronary artery,
past the point of specific interest (step 110). The guide wire
is usually inserted with the aid of standard fluroscopic
techniques, as is the guiding catheter. Once the guiding
catheter and guide wire are in position, the thermography
catheter of the present invention is maneuvered over the
guide wire to a position beyond the specific area of interest
in the coronary artery (step 120) with the aid of fluoroscopy.

[0146] An angiogram is taken (step 130) to assess the
position of the thermography catheter in the vascular tissue.
This image is saved and the position of the thermography
catheter is marked on the image so as to define a starting
point for the controlled pull-back step.

[0147] The guiding catheter is then locked in position and
both the sheath and the lumen housed in the sheath are
locked to mounts on the pull-back device. The sheath is then
retracted to allow the projections to adopt the deployed
configuration. Controlled pull-back of the thermography
catheter then takes place (step 140). The pull-back takes
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place at a constant speed and is controllable by the user.
Pull-back typically takes place at speeds of 0.1 to 2 mm in
divisions of 0.1 mm or so

[0148] The pull-back takes place over a distance of the
vascular tissue being measured. Temperature readings may
be taken intermittently or substantially continuously. The
data transmitted by the sensors from the vascular wall is
captured for data and image processing (step 150) together
with a fluoroscopy/IVUS image frame.

[0149] As the thermography catheter is withdrawn inside
the artery, the projections automatically adjust their angle
following the wall’s morphology without losing the desired
thermal contact. The result is that the thermal contact
between the sensors and the wall is continuously main-
tained, even when the catheter is crossing very irregular
plaque formations.

[0150] Once the pull-back has been completed relative
movement between the sheath and the intermediate lumen
places the sensors in the retracted configuration. This
restores the original smooth profile of the thermography
catheter.

[0151] As mentioned above, the system software has the
capability to capture image-frames that come from standard
fluoroscopy or IVUS devices simultaneously with tempera-
ture Spatial data that come from fluoroscopy/IVUS are
combined by the software with temperature data. This is
done as follows: Before the thermography procedure starts,
and while the thermography catheter is still out of the target
vessel, the user records the fluoroscopy-tube/bed position
and records a video frame during injection of contrast media.
The vessel is opacified, and the image is stored and projected
on one of the system monitors. The user calibrates the
pixel/mm relation by using the guiding catheter as a known
reference so that distances in mm can subsequently be
estimated accurately on the monitor.

[0152] As shown in FIG. 5, the user then marks the
beginning and ending of the area of interest (points B and E)
by clicking on them using the mouse: in return, the software
marks these points on the monitor by arrows or lines. The
user then positions the thermography catheter in the target
vessel by pushing it forward on the guide wire until the
fluoroscopic marker on the thermography catheter passes
point E over a few mm; while watching the system’s
monitor, the thermal sensors are then deployved and the user
manually pulls the thermography catheter back gently until
the fluoroscopic marker overlaps exactly on point E. The
software then instructs the automatic pull-back device to
pull back the thermography catheter over the length of the
BE curve within the vessel.

[0153] The software then performs auto-border detection
on the BE area of the fluoroscopy video frame using a
photoluminescence technique, and temperature is subse-
quently coded in the atherosclerotic plaque outline as RGB
color degradation from dark-blue (0,0,255) corresponding to
the minimum detected temperature, to flashing red (255,0,0)
corresponding to the maximum detected temperature. A
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reference color map may be provided, and by moving the
mouse cursor inside the BE area, temperature values may
also automatically be provided in a numeric format.

[0154]
applied to a single IVUS image frame for a section of the

FIG. 6 Shows the same image processing as

target vessel. FIG. 7 shows a 3D section of a target vessel
constructed using a series of IVUS images (without tem-
perature mapping) As shown in FIG. 8, a number of IVUS
images can be processed to provide a 3PD representation of
the temperature profile/morphology over a length of the
target vessel. This is a actual image of the artery of a patient
having an unstable coronary syndrome

[0155] FIGS. 9 and 10 show temperature profiles
obtained in a normal artery having substantially no inflamed
plaque and an artery known to contain inflamed plaque,
respectively, obtained by continuous sampling of tempera-
tures using a thermography catheter having 4 sensors. The
values obtained for the 4 different sensors are shown in the
figures The zero value is the mean value for the normal
artery.

EXAMPLES

[0156]
aseries of individual temperature measurements in the blood

The examples below show the results of obtaining

vessels of a series of patients. Measurements were carried
out using a thermography catheter as described above in
FIGS. 2 and 3 Table 1 below shows the heterogeneity
measured in the blood vessel, namely the difference between
the lowest individual temperature value (reference tempera-
ture value) and the highest individual temperature value
(first temperature value). These values are measured as
deviation from the temperature at non-atherosclerotic (“nor-
mal”) vessel wall. All values are in degrees centigrade (° C.).

TABLE 1

Patient Highest value (° C.) Lowest value (° C.) Heterogeneity (° C.)

1 0.06 -0.03 0.09
2 0.03 -0.01 0.04
3 0.04 -0.01 0.05
4 0.03 -0 0z 0.05
5 002 -0.01 0.03
6 002 -0.03 0.05
7 0 02 -0.07 0.09
8 0.16 -0.02 0.18
9 005 -0.02 0.07
10 002 0 0.02
11 0.07 0.01 0.06
12 0.04 -0.09 0.13
13 0.01 -0.02 0 03
14 002 -0.01 0.03
15 0.03 -0.02 0.05
[0157] Tt is believed that the results from patients 1 to 15

are all indicative of the likely presence of inflamed plaque,
particular patients 8 an 12 Further results are shown in Table
2 below.
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TABLE 2

Patient Highest value (° C.) Lowest value (° C.) heterogeneity (* C.)

16 0.02 -0.12 0.14

17 0.03 -0.11 0.14

18 0.02 -0.09 011

19 0.07 -0.01 0.08

20 0.02 -0.06 0.08

21 0.01 -0.01 0.08
[0158] From these results we believe that patients 16 to 18

are most at risk of plaque rupture.

1. A method of diagnosing the presence of inflamed
atherosclerotic plaque in a blood vessel of a subject, the
method comprising:

providing a temperature detection device capable of
detecting temperature at the inner vascular wall,

introducing the temperature detection device into a blood
vessel,

determining a reference temperature value, measuring at
least one first temperature value at the inner vascular
wall,

determining the difference between the first temperature
value and the reference temperature value,

and where the difference is above zero but not more than

0.39° C., diagnosing the presence of inflamed athero-
sclerotic plaque in the blood vessel.

2. A method of determining whether a subject is in need

of further investigation for the presence of inflamed athero-
sclerotic plaque, the method comprising:

providing a temperature detection device capable of
detecting temperature at the inner vascular wall,

introducing the temperature detection device into a blood
vessel,

determining a reference temperature value,

measuring at least one first temperature value at the inner
vascular wall,

determining the difference between the first temperature
value and the reference temperature values,

and where the difference is above zero but not more than
0.39° C., determining that the subject requires further
investigation for the presence of inflamed atheroscle-
rotic plaque.
3. A method of determining the location of an inflamed
atherosclerotic plaque in a blood vessel of a subject, the
method comprising:

providing a temperature detection device capable of
detecting temperature at the inner vascular wall,

introducing the temperature detection device into the
blood vessel,

determining a reference temperature value for the blood
vessel,
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detecting at least one position on the inner vascular wall
a temperature at the inner vascular wall above, but not
more than 0.39° C. above the reference temperature
value,

and determining that the inflamed atherosclerotic plaque
is situated at that position
4. A method of determining whether an atherosclerotic
plaque in a blood vessel of a subject is an inflamed athero-
sclerotic plaque, the method comprising:

providing a temperature detection device capable of
detecting temperature at the inner vascular wall,

introducing the temperature detection device into the
blood vessel,

determining a reference temperature value for the blood
vessel,

detecting the temperature at the surface of the atheroscle-
rotic plaque,

determining the difference between the temperature at the
surface of the atherosclerotic plaque and the reference
temperature value,

and if the difference is above zero but not more than 039°
C., determining that the plaque is an inflamed athero-
sclerotic plaque.

5. Amethod according to any of claims 1 to 4 in which the
subject is a human subject.

6. A method according to any of claims 1 to 4 in which
individual temperature measurements are taken along a
predetermined length of the blood vessel and the reference
temperature value is the mean value of these temperature
measurements.

7. A method according to any of claims 1 to 4 in which
individual temperature measurements are taken along a
predetermined length of the blood vessel and the reference
temperature value is the minimum temperature measured

8. A method according to any of claims 1 to 4 in which
individual temperature measurements are taken along a
predetermined length of the blood vessel and the reference
temperature value is the temperature of regions of the blood
vessel determined to be normal.

9. A method according to claim 1 in which the presence
of inflamed atherosclerotic plaque is diagnosed when the
temperature difference is not more than 0.3° C.

10. A method according to claim 9 in which the presence
of inflamed atherosclerotic plaque is diagnosed when the
temperature difference is not more than 0.14° C.

11. A method according to claim 1 in which the presence
of inflamed atherosclerotic plaque is diagnosed when the
temperature difference is at least 0.02° C.

12. A method according to claim 2 in which the need for
further investigation is determined when the temperature
difference is not more than 0.3° C.

13. A method according to claim 12 in which the need for
further investigation is determined when the temperature
difference is not more than 0.14° C.

14. A method according to claim 2 in which the need for
further investigation is determined when the temperature
difference is at least 0.02° C.

15 A method according to claim 3 in which the detected
temperature is not more than 0.3° C. above the reference
temperature value.
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16. A method according to claim 15 in which the detected
temperature is not more than 0 14° C. above the reference
temperature value.

17. A method according to claim 3 in which the detected
temperature is at least 0 02° C. above the reference tem-
perature value.

18. A method according to claim 4 in which the plaque is
determined as inflamed if the temperature difference is not
more than 0.3° C.

19 A method according to claim 18 in which the plaque is
determined as inflamed if the temperature difference is not
more than 0.14° C.

20. A method according to claim 4 in which the plaque is
determined as inflamed if the temperature difference is at
least 0.02° C.

21 A method according to any of claims 1 to 4 in which
the temperature detection device is a vascular catheter
apparatus which comprises a flexible body, at least two
thermal sensors mounted on resiliently biased projections
depended from the body, and a carrier for transmitting
temperature data at the vascular wall from the sensors to a
remote device.

22. A method according to any of claims 1 to 4 in which
the temperature detection device is a catheter apparatus
which comprises a body, at least one resiliently biased
projection depended from the body, a sensor carried by the
projection, and an electrical carrier connected to the sensor
for transmitting data from the sensor to a remote device,
wherein the electrical carrier is coiled

23. A method according to any of claims 1 to 4 in which
the temperature detection device is either

() a vascular catheter apparatus which comprises a
flexible body, at least two thermal sensors mounted on
resiliently biased projections depended from the body,
and a carrier for transmitting temperature data at the
vascular wall from the sensors to a remote device, or

(b) a catheter apparatus which comprises a body, at least
one resiliently biased projection depended from the
body, a sensor carried by the projection and an elec-
trical carrier connected to the sensor for transmitting
data from the sensor to a remote device, wherein the
electrical carrier is coiled, and the temperature detec-
tion device is drawn continuously along the section of
blood vessel under examination as measurements are
recorded.

24. A method according to any of claims 1 to 4 in which
the temperature detection device is used to carry out a
temperature scan along the length of the blood vessel under
examination and the temperatures measured are used to
produce a temperature map of the vascular tissue.

25. A method according to any of claims 1 to 4 addition-
ally comprising using a computer program product which
comprises computer executable instructions for manipulat-
ing image data and temperature data to generate an output in
which the temperature data is mapped onto a corresponding
position on an image whore that temperature data was
detected to provide an integrated graphical image output,
wherein the temperature data is data from the temperature
detection device and represents surface temperature at the
inner vascular wall and the image data is representative of
the vascular wall morphology.
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26. A method according to any of claims 1 to 4 wherein 28. A method according to any of claims 1 to 4 in which
throughout the method the blood flow velocity in the blood ~ the average blood flow velocity in the blood vessel during
the method is at least 7 cm/s.

29. A method according to any of claims 1 to 4 in which
27. A method according to any of claims 1 to 4 wherein the average blood flow velocity in the blood vessel during

throughout the method the blood flow velocity in the blood the method is at least 10 cm/s.
vessel is at least 7 cm/s. w0k k& F

vessel is at least 5 cm/s.
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