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A thermal imaging system includes a data processing system
and a geometrical scanning system constructed to communi-
cate with the data processing system. The geometrical scan-
ning system is adapted to scan at least a section of a surface of
asubject under observation. The thermal imaging system also
includes an infrared imaging system constructed to commu-
nicate with the data processing system. The infrared imaging
system is adapted to image at least a portion of the section of
the surface of the subject under observation. The data pro-
cessing system is configured to receive data from the geo-
metrical scanning system and to construct a surface map of
the section of the surface of the subject under observation and
to identify geometrical markers on the surface map based on
the data from the geometrical scanning system. The data
processing system is also configured to receive data from the
infrared imaging system and to construct a thermal map of the
portion of the section of the surface, to identify thermal mark-
ers on the thermal map based on the data from the infrared
imaging system, and to register the thermal map to the surface
map based on a correspondence between at least some of the
geometrical and thermal markers. The data processor is con-
figured to correct temperatures of the thermal map based on
the surface map subsequent to the registering.
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THREE-DIMENSIONAL THERMAL
IMAGING FOR THE DETECTION OF SKIN
LESIONS AND OTHER NATURAL AND
ABNORMAL CONDITIONS

CROSS-REFERENCE OF RELATED
APPLICATION

[0001] This application claims priority to U.S. Provisional
Application No. 61/363,466 filed Jul. 12, 2010, the entire
contents of which are hereby incorporated by reference.

BACKGROUND
[0002] 1. Field of Invention
[0003] The current invention relates to thermal imaging,

and more particularly to three-dimensional thermal imaging
for the detection of skin lesions and other natural and abnor-
mal conditions.

[0004] 2. Discussion of Related Art

[0005] Thermoregulation is the mechanism that maintains
the temperature of the human body within desired boundaries
and responds to changes in the ambient and other external and
internal variations (caused by disease, physical activity,
mechanical or chemical stress and other factors) by control-
ling the rates of heat generation and heat loss. Thermoregu-
lation is one aspect of homeostasis, a dynamic state of stabil-
ity between the internal and external environments. The
temperature distribution in the human body depends not only
on physical parameters, but also on the physiology associated
with the homeostatic and metabolic processes as well as the
structure and dynamics of the tissue, vascular and nervous
systems. There is a large body of evidence that disease or
deviation from normal functioning are accompanied by
changes in temperature of the body, which again affect the
temperature of the skin (Jones, 1998, Anbar, 1998). The
behavior of tumors differs from that of healthy tissue in terms
of heat generation, because of processes such as inflamma-
tion, increase in metabolic rate, interstitial hypertension,
abnormal vessel morphology and lack of response to homeo-
static signals (Ring, 1998, Anbar, 2002). Clearly, accurate
data about the temperature of the human body and skin can
provide a wealth of information on the processes responsible
for heat generation and thermoregulation, in particular the
deviation from normal conditions, often caused by disease.
[0006] Infrared thermography is a non-invasive tool that
allows the measurement of the spatial and temporal variations
of temperature associated with the IR radiation emitted by the
object under study, which is the human body in embodiments
of the current invention. The emitted radiation and the skin
surface temperature carry a wealth of information about dif-
ferent processes within the human body. The advances in IR
cameras, computers and imaging techniques led to increasing
interest in infrared thermography in medical diagnostics and
other biomedical and engineering applications (Gulyaev et al.
1995, Jones and Plassmann, 2002, Vaviov et al. 2001). Past
applications of infrared thermography focused on the imag-
ing of relatively small areas of the body, and the imaging was
often qualitative, with a low resolution.

[0007] Cancer is the second leading cause of death in the
United States as well as worldwide. New techniques to detect
cancer at an early stage are being explored in numerous
laboratories and research centers all over the world, and non-
invasive diagnostic tools are of particular interest. Each tech-
nique offers unique advantages and disadvantages, many of
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which pose a compromise between effectiveness and accu-
racy versus cost considerations and invasiveness. While the
precision of MRI is unmatched in detecting internal lesions,
infrared imaging has been proven useful in the study of skin
and subsurface tumors such as breast cancer, skin cancers
(melanoma), as well as arteriosclerosis, peripheral vascular
disease, burn injuries, infections, Lyme disease lesions, pres-
sure ulcers, contamination with chemicals (in chemical war-
fare and homeland security), athletic performance, etc (Ng,
2008, Carlo, 1995, Merla et al. 2007, Helmy et al. 2008, Tan
et al. 2009, Vainer, 2005, Oliveira et al. 2007, Wang et al.
2004, Merla et al. 2010).

[0008]

[0009] Accurate 3d imaging and reconstruction of the
human body in general, or that of a specific human subject, is
of interest in numerous engineering (military and aero-
space—virtual reality simulations; entertainment—computer
games, movies, animation; industrial—development of
equipment, protective clothing, etc.) and medical applica-
tions (diagnostics, rehabilitation, prosthetics, analysis and
enhancement of athletic performance). Spatial accuracy is of
primary concern in medical diagnostics applications when
3D data is captured for a real human body.

[0010] There are two basic categories of technologies
employed in human body imaging/scanning: laser-based
technologies and Moiré fringing. Both technologies are opti-
cal and they do not require direct contact. In the laser-based
technology, a laser beam is projected from eight laser diodes
onto the body, scanning it from top to bottom. The laser stripe
deformed by the body surface is captured and recorded by
different cameras strategically positioned around the body.
The recorded data represent the location of the laser stripe
with respect to the camera reference. A software program
combines the data from each camera using triangulation and
produces a set of 3D data points representing the body sur-
face. The duration of the scan is around 17 s. The number of
3d data points generated is of the order of 100,000 points
(Werghi, 2007).

[0011] Moiré imaging techniques have been used to mea-
sure surface topography in a variety of medical and engineer-
ing applications. Typically the surface area analyzed is
smaller than what is required in full-body imaging. There is a
significant body of literature that analyzes the factors that
affect the formation of the fringes, such as gratings, light
sources of finite dimensions, intensity distribution of the light
source, viewing aperture function, lateral displacement of the
source relative to the viewing axis, the viewing distance,
grating spacing and grating ratio, etc.

[0012] Moiré fringing technology employs a Moiré-based
light projection system, also known as phase measuring pro-
filometry. In this system, a white light source is used to project
contour patterns (sinusoidal fringes) on the body surface and
these patterns, distorted by curves in the body surface, are
detected by a set of cameras arranged around the subject. The
superimposed deformed patterns generated in this way inter-
act with other patterns used as reference points and form
fringes that describe the body surface contours. Subse-
quently, the data obtained from the separate fringes are com-
bined into a single reference, yielding a cloud in which the 3D
data points represent the body surface. Scan time in this
technology is around 6 s. The average data density of scanner
is 800,000 points (Werghi, 2007).

3d Topographic Mapping of the Human Body.
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[0013] Human body scanning can provide clouds of more
than 200,000 points representing the 3D human body. How-
ever, getting an accurate model from scanned data is not a
straightforward task. The three main areas of research in
managing scanned data are human body modeling, body
landmark detection, and segmentation (Werghi, 2007). Seg-
mentation provides a labeling of the body that can be used to
reduce the search space for body landmarks. In dynamic
human body modeling, segmentation has contributed to solv-
ing problems arising in data registration. By identifying body
parts in different poses, it permits important correspondences
between the related data sets. There have been many research
efforts put into these post-processing of scanned data. Wang
(2005) developed an algorithni to extract key features on the
human body, and then built a set of parametric surfaces to
represent the scanned subject. Luginbuhlt et al. 2009 used a
generic model which is segmented and points are organized in
slices. They adapted the sizes of each body limb and then
fitted each slice to the data. Leong et al. 2007 employed image
processing and computational geometry techniques to iden-
tify, automatically, body features from a markerless scanned
body.

[0014] Guetal. (1998) developed hardware and software to
model the human body using laser-based technology. The
hardware consists of the equipment-supporting framework,
cameras and lenses, lighting arrangement and sensors for
synchronization. 12-13 cameras are used in the system. Six
views are used to cover the 360° circular reconstruction
space. An additional view is needed for the frontal image to
obtain better information of the chest, the armpit and the
crotch. The target object to be imaged is up to 2 m tall, so two
cameras are used for each viewpoint, in order for the full
length of the object to be imaged. The imaging software
consists of five modules: camera calibration, image captur-
ing, image processing, model reconstruction and virtual mea-
surement modules. During the imaging process, the human
subject is required to wear tight clothing and stand in the
center of the imaging space so that the body can be visible to
all of the cameras. To obtain clear contours of the body, the
subject is asked to open his or her arms and also to keep his or
her two legs slightly apart.

[0015] Another study of particular interest is the one by
Godil (2007). This author relied on the CAESAR anthropo-
metric database (a database of approximately 5000 3d scans
ofhuman bodies). They developed two representations based
on human body shape: (i) a descriptor vector based on
lengths, mostly between single large bones (3D body descrip-
tion vector of fifteen distances, such as wrist to elbow, elbow
to shoulder, hip to knee, etc.) as well as (ii) three silhouettes
of the human body are created by rendering the human body
from the front, side and top. In addition to the human body,
they developed two representations for the human head.

[0016] IR Imaging: Medical Applications and Potential for
Full Body Scanning.

[0017] Measuring and visualizing the local skin tempera-
ture is a useful approach to diagnose the signs of disease. IR
imaging is a non-invasive method that measures spatial varia-
tions in skin temperature that can be caused by a variety of
conditions, e.g., contusions, fractures, burns, carcinomas,
lymphomas, dermatological diseases, rheumatoid arthritis,
diabetes mellitus, bacterial infections, etc. These conditions
are commonly associated with regional vasodilation, hyper-
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thermia, hyperperfusion, hypermetabolism, and hypervascu-
larization, that manifest as a heat source associated with
higher temperature.

[0018] IR imaging is especially suitable for diagnosing
peripheral vascular disorders, inflammatory disease, tumors,
local metabolic disorders, and body temperature abnormali-
ties. So far IR systems have been used to diagnose breast
cancer (Ng, 2008), rheumatism (Ring, 1998), skin lesions (Di
Carlo, 1995), fever (Ng and Acharya 2008), impotence
(Merla et al. 2007), thyroid gland disease (Helmy et al. 2008)
and eye diseases (Tan et al. 2009). IR imaging also assists in
decision making in open-heart surgery due to its ability to
provide real-time information (Ruddock, 2008). It was
applied for the management of neuropathic pain (Hooshmand
etal.2001), the assessment of patient response to chiropractic
care by measuring the temperature gradients in clinical set-
ting (Stiliwagon, 1998), the evaluation of cerebral ther-
moregulation (facial thermography) (Oliveira et al. 2007) and
sweat glands (Vainer, 2005). In addition to considering abnor-
malities, IR imaging is also used to visualize the human body
anterior cutaneous temperature variations in well-trained run-
ners and to quantitatively evaluate the specific cutaneous
whole body thermal adaptations that occur during and after
graded physical activity (Merla et al. 2010).

[0019] In IR imaging, diagnosis is often made by compar-
ing temperature asymmetry between healthy and diseased
regions of the body: a change in temperature is considered to
be a sign of abnormal functioning (Vaviov et al. 2001). Anbar
(1998) found that the diagnosis of neurological, musculosk-
eletal or other tissue abnormalities by IR imaging is based on
pathological changes in the spatial distribution of tempera-
ture over the skin surface as well as pathological changes in
the dynamic behavior, i.e., warming, cooling, or periodic
modulation of temperature of a given subarea of the skin.
[0020] Inordertouse IR imaging for clinical diagnosis, itis
necessary to determine the location of the abnormal thermal
areas as well as the degree of change in body-surface tem-
perature. It is useful to cross-reference the resulting IR
images with visual images of the patient and then the segment
region of interest in IR images to locate the subregions of
interest (Schaefer etal. 2006, Yoon et al. 2006). Mabuchi et al.
1998 divided the body surface into two symmetrical sections:
the healthy side and the affected side. Each part was then
further divided into the same number of symmetrical trap-
ezoidal or triangular pairs. Ring et al. 2004 specified a total of
27 views of the body and defined 87 regions of interest (ROI)
in terms of the shape of the area for each view. The mean
temperature and standard deviations of the temperatures
within the ROIs and along the cross-sections are compared in
the diagnostic imaging process.

[0021] IR Imaging in the Diagnosis of Breast Cancer.
[0022] Despite advances in treatment that have reduced
mortality, breast cancer remains the second leading cause of
cancer deaths in women today (Kennedy et al. 2009). Clinical
breast exam and mammography are the two most widely used
tools to screen for breast cancer. In addition to these methods,
IR imagining has been approved by the FDA since 1982 as a
screening tool for breast cancer. IR imaging was first intro-
duced as a screening tool in 1956, after the observation of
asymmetric hot spots and vascularity in infrared images of
breast cancer patients. When a malignant tumor developsin a
breast, it will cause prominent localized increase of skin
surface temperature due to the high metabolic activity and
blood perfusion of the tumor (Jones 1998). This localized
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temperature difference shows up as a spot or vascular pattern
in a breast infrared image that is called a heat pattern. Breast
cancer can be detected through the visual analysis of thermal
patterns by physicians (Jones, 1998, Keyserlingk et al. 2000,
Head et al. 2000, Ng et al. 2001).

[0023] Feigetal. (1977)compared the sensitivity of steady-
state (active) IR imaging to other methods of breast cancer
detection. The result of this study showed that active IR
imaging has a sensitivity of only 39% and a specificity of
82%. The major difficulty in the interpretation of breast IR
imaging is the complexity of the vascular patterns (false nega-
tives and false positives) and it is reported that a high thermal
gradient for a hot spot over a tumor was the most important
factor to differentiate a malignancy from a benign condition
(Jones 1998, Keyserlingk et al. 2000, Head et al. 2000, Ng et
al. 2001). Therefore, in order to better differentiate breast
cancer from benign breast disease, IR imaging should be done
during thermal recovery (dynamic mapping). Since then,
many attempts have been made to diagnose breast cancer with
dynamic IR imaging and several methods of evaluation have
been proposed in order to improve its diagnostic value (Jones,
1998, Keyserlingk et al. 2000, Head et al. 2000, Ng et al.
2001, Amalu, 2004, Tang et al. 2008, Arora et al. 2008,
Ohashi and Uchida 2000). When a breast is exposed to cold
stress, the vascular pattern disappears, and after the stress is
removed, the pattern gradually recovers. This phenomenon of
thermal recovery can be visualized by sequential IR imaging
or by digital subtraction IR imaging (Ohashi et al. 1994).
Keyserlingk et al. (1998) found the sensitivity of IR imaging
to be 83%. The combination of mammography and IR imag-
ing increased the sensitivity to 95%. In light of developments
in computer technology and the maturing of the thermo-
graphic industry, additional improvements are required to
develop this technology to provide effective noninvasive
early detection of breast cancer (Kennedy et al. 2009).
[0024] Melanoma.

[0025] Melanoma incidence is increasing at one of the fast-
est rates for all cancers in the United States with a current
lifetime risk of 1 in 58. Over 60,000 patients are expected to
be diagnosed with melanoma in the US with more than 8,000
deaths in 2008. The reported 1-year survival rates for patients
with advanced melanoma range from 40% to 60%, and sys-
temic agents are not currently available to significantly
extend the lifespan of patients with advanced disease. These
statistics stress the need to detect melanomas at their earliest
stages for chances of optimal cure and to identify patients
with high-risk primary disease for the initiation of early pro-
phylactic treatment.

[0026] The increased availability of thermal imaging cam-
eras has led to a growing interest in the application of infrared
imaging techniques to the detection and identification of sub-
surface structures both in engineering and in living systems.
Infrared (IR) imaging is a non-contact sensing method con-
cerned with the measurement of electromagnetic radiation in
the infrared region of the spectrum (750 nm-100 pum). Radia-
tion emitted by a surface at a given temperature is called
spectral radiance and is defined by the Planck’s distribution
for the idealized case of a blackbody. Infrared cameras detect
this radiation and the surface temperature distribution can be
recovered after post-processing the sensor information and
appropriate calibration. Since the surface temperature distri-
bution depends on the properties of subsurface structures and
regions, infrared imaging can be used to detect and identify
subsurface structures by analyzing the differences in the ther-
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mal response of an undisturbed region such as healthy skin
and a near-surface structure of different properties such as a
skin lesion.

[0027] Infrared imaging can be performed either passively
or actively (dynamically). Passive infrared imaging involves,
in its simples form, the visualization of the emitted radiation
in the infrared region of the electromagnetic spectrum, for
example night vision goggles, and, in more advanced imaging
applications, measuring (after post processing of the infor-
mation acquired by the sensor and appropriate calibration)
temperature variations of structures whose temperature natu-
rally differs from ambient temperature or varies locally due to
internal heat sources. Active infrared imaging involves intro-
ducing external forcing such as heating or cooling to induce
and/or enhance relevant thermal contrasts observed on the
surface. The latter technique is based on the following prin-
ciple: when a surface is heated or cooled, variations in the
thermal properties of a structure located underneath the sur-
face result in identifiable temperature contours on the surface
itself, differing from those present in the steady-state situa-
tion during passive imaging as well as from the surrounding
regions. These contours are characteristic of the thermal
properties of the base structure and subsurface perturbations,
and can, when combined with a suitable model, provide infor-
mation regarding the shape and depth of the perturbation (a
lesion in our study). Thus, the dynamic thermal response of
the structure obtained using the active imaging provides addi-
tional information useful in the identification of the perturba-
tion when compared to information obtained by passive
imaging.

[0028] Infrared imaging has been successfully applied in
various problems in engineering and medicine. Recent
improvements in infrared sensor and computer technology
led to the resurgence of infrared imaging in medicine. In
particular, describing the thermal response of chemically and
metabolically active multilayered samples constitutes an
important problem. For instance, thermal modeling of tem-
perature distributions linked to large blood vessels has
received a great deal of attention in the research community
(Hundhausen, E and Theves B 1979 Eur. J. Appl. Physiol.
Occup. Physiol. 40(4) 235-44; Lemons D E, Chien S, Craw-
shaw L I, Weinbaum S and Jiji L M 1987, Am. J. Physiol. 253
128-35; Nitzan M, Mahler Y, Roberts J, Khan O, Gluck E,
Roberts V C and Baum M 1989, Clin. Phys. Physiol. Meas. 10
337-41; Zhu L and Weinbaum S 1995, J. Biomech. Eng. 117
64-73; Nakagawa A, T. Hirano, Uenohara H, Sato M, Kusaka
Y, Shirane R, Takayama K and Yoshimoto T 2003, Minim.
Invasive Neurosurg. 46(4) 231). Shrivastava et al (Shrivastava
D, McKay B and Roemer R B 2005, J. Heat Trans. 127
179-88) derived an analytical model describing the tissue
temperature distribution in unheated/heated, finite, noninsu-
lated tissue with a pair of vessels to quantify the vessel-vessel
and vessel-tissue heat transfer rate. He et al (He Y, Liu H,
Himeno R, Sunaga J, Kakusho H and Yokota H 2008, Comp.
Bio. Med. 38 555-62) developed a FEM model based on the
heat transport in porous media to simulate blood flow in large
vessels and living tissue. Boue et al (Boue C, Cassagne F,
Massoud C and Fournier D 2007, Infrared Phys. Tech. 51
13-20) analyzed the infrared images to extract the radius,
depth and the blood flow velocity in a vein.

[0029] In order to understand the physics of IR imaging in
the analysis of lesions, first, it is worth recalling that the
chemical reactions, blood transport, perfusion and metabolic
processes that affect local temperature response in normal
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tissue are under both global and local control (GulyaevY V
Markov A G Koreneva L G and Zakharov PV 1995, IEEE
Eng. Med. Bio. 14(6) 766-71; Jones B F and Plassmann P
2002, IEEE Eng. Med. Bio. 21(6) 41-48; Otsuka K, Okada S,
Hassan M and Togawa T 2002, /[EEE Eng. Med. Bio. 21(6)
49-55; Kakuta N, Yokoyama S and Mabuchi K 2002, /FEE
Eng. Med. Bio. 21(6) 65-72). When a cancerous lesion devel-
ops, affected tissue has escaped from the control of the vari-
ous feedback systems and mechanisms present in healthy
tissue, leading to such abnormal processes as cell prolifera-
tion, disordered spatial organization and excess metabolism
i.e. heat generation (Brown S L, Hunt J W and Hill R P 1992,
Int. J. Hyperthermia 8(4) 501-14; Jones B F 1998, IEFE
Trans. Med. Imaging 17(6) 1019-27). Examples of such a
response include Kaposi Sarcoma, melanoma, neuroblas-
toma, wine stain birthmarks, breast cancer, etc. (Ahuja A S,
Prasad K N, Hendee W R and Carson P L 1978, Med. Phys.
5(5)418-21; Anvari B, Tanenbaum B S, Milner T E, Kimel S,
Svaasand L O and Nelson J S 1995, Phys. Med. Biol. 40(9)
1451-65,Head J F and Elliott R L. 2002, /IEEE Eng. Med. Bio.
21(6) 80-85; Xianwu T, Haishu D, Guangzhi W and Zhongqi
L 2004, Proc. 26™ IEEE EMBS Ann. Int. Conf. 873-8; Deng Z
and Liu J 2005, Proc. 27" IEEE EMBS Ann. Int. Conf. 7525-
8; Buzug T M, Schumann S, Pfaffmann L, Reinhold U and
Ruhlmann J 2006, Proc. 28 IEEE EMBS Ann. Int. Conf.
2766; Mital M and Scott E P 2007, J. Biomech. Eng. 129
33-9).

[0030] Although there has been significant interest in IR
based systems for medical applications, they have remained
of limited usefulness. Therefore, there a need in the art for
improved high-resolution thermal imaging systems.

SUMMARY

[0031] A thermal imaging system according to an embodi-
ment of the current invention includes a data processing sys-
tem and a geometrical scanning system constructed to com-
municate with the data processing system. The geometrical
scanning system is adapted to scan at least a section of a
surface of a subject under observation. The thermal imaging
system also includes an infrared imaging system constructed
to communicate with the data processing system. The infra-
red imaging system is adapted to image at least a portion of
the section of the surface of the subject under observation.
The data processing system is configured to receive data from
the geometrical scanning system and to construct a surface
map of the section of the surface of the subject under obser-
vation and to identify geometrical markers on the surface map
based on the data from the geometrical scanning system. The
data processing system is also configured to receive data from
the infrared imaging system and to construct a thermal map of
the portion of the section of the surface, to identify thermal
markers on the thermal map based on the data from the
infrared imaging system, and to register the thermal map to
the surface map based on a correspondence between at least
some of the geometrical and thermal markers. The data pro-
cessor is configured to correct temperatures of the thermal
map based on the surface map subsequent to the registering.
[0032] A method of processing thermal imaging data
according to an embodiment of the current invention includes
receiving data from a geometrical scanning system taken
from a scan of at least a section of a surface of a subject under
observation, receiving data from an infrared imaging system
for at least a portion of the section of the surface, constructing
a surface map of the section of the surface of the subject under

May 9, 2013

observation and identifying geometrical markers on the sur-
face map based on the data from the geometrical scanning
system, constructing a thermal map of the portion of the
section of the surface, identifying thermal markers on the
thermal map based on the data from the infrared imaging
system, registering the thermal map to the surface map based
on a correspondence between at least some of the geometrical
and thermal markers, and correcting temperatures of the ther-
mal map based on the surface map subsequent to the regis-
tering the thermal map to the surface map.

[0033] A computer readable medium according to an
embodiment of the current invention includes software,
which software, when executed by a computer, causes the
computer to receive data from a geometrical scanning system
taken from a scan of at least a section of a surface of a subject
under observation, receive data from an infrared imaging
system for at least a portion of the section of the surface,
construct a surface map of the section of the surface of the
subject under observation and identify geometrical markers
on the surface map based on the data from the geometrical
scanning system, construct a thermal map ofthe portion of the
section of the surface, identify thermal markers on the ther-
mal map based on the data from the infrared imaging system,
register the thermal map to the surface map based on a cor-
respondence between at least some of the geometrical and
thermal markers, and correct temperatures of the thermal map
based on the surface map subsequent to the registering the
thermal map to the surface map.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] Further objectives and advantages will become
apparent from a consideration of the description, drawings,
and examples.

[0035] FIGS. 1A and 1B are schematic illustrations of front
and top views, respectively, of a thermal imaging system
according to an embodiment of the current invention.

[0036] FIGS.2A-2K areimages obtained to illustrate some
concepts of the current invention of a benign pigmented
lesion (left) and a malignant melanoma lesion (right) using
digital photography (a,c), confocal microscopy (b,e), der-
moscopy (d) and infrared imaging (f-1) as well as diagrams of
the measured thermal response as a function of time of the
lesion and healthy tissue for the (j) benign case and (k) mela-
noma.

[0037] FIGS. 3A-3E show a) the infrared imaging system
HRIS in the clinical trial room, b) photograph of the larger
body surface area with a cluster of pigmented lesions and the
template frame applied for imaging, c) reference infrared
image of the region at ambient temperature, d) the same area
after cooling and e) magnified section of the melanoma lesion
and surroundings that can be used with embodiments of the
current invention.

[0038] FIG. 4 shows infrared images to illustrate some
concepts of the current invention. In FIG. 4, the grayscale
information a) as delivered by the camera (top row of images)
b) and corresponding reconstructed temperature fields color
coded using false colors are shown. The first two pairs of
images (grayscale and color-coded) were recorded after
applying FP1, FP2 (FP—focal pressure), and LS (line
scratch). The remaining three pairs of images show different
time instants during the recovery phase.
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[0039] FIGS. 5A and 5B illustrate a) cross-sectional view
of skin layers and lesion with coordinates system, and b)
magnified area of lesion showing the finite mesh model
according to an embodiment of the current invention.

[0040] FIG. 6A-6G show computed dimensionless surface
temperatures for selected recovery times a) Clark level II, b)
Clark level 1II, c¢) Clark level 1V; and surface temperature
distributions of the three investigated Clark level lesions for
recovery time d) t=5 s, e) t=30 s, f) t=1200 s; g) transient
thermal response of lesion and healthy tissue as a function of
time for (d-f), according to an embodiment of the current
invention.

DETAILED DESCRIPTION

[0041] Some embodiments of the current invention are dis-
cussed in detail below. In describing embodiments, specific
terminology is employed for the sake of clarity. However, the
invention is not intended to be limited to the specific termi-
nology so selected. A person skilled in the relevant art will
recognize that other equivalent components can be employed
and other methods developed without departing from the
broad concepts of the current invention. All references cited
herein are incorporated by reference as if each had been
individually incorporated.

[0042] Some embodiments of the current invention are
directed to a high-resolution, high-accuracy imaging system
to measure the skin temperature of the human body, or por-
tions thereof, by combining accurate three-dimensional map-
ping and thermal imaging. Some embodiments further
include a three-dimensional computational thermal model of
the human body, for example by coupling simplified thermal
models of body parts (head, torso and limbs) to a more accu-
rate thermal model of the skin. The model can utilize the
geometrical information obtained from the three-dimen-
sional mapping and the temperature data obtained by the IR
imaging system. The information obtained from coupled
imaging and modeling can provide an aid for the diagnosis of
disease and the evaluation and understanding of the function-
ing of the body in response to external or internal stress in a
variety of situations of interest in biomedical engineering and
medicine, for example.

[0043] FIG. 1A is a schematic illustration (front view) of a
thermal imaging system 100 according to an embodiment of
the current invention. (FIG. 1B shows the corresponding top
view.) The thermal imaging system 100 includes a data pro-
cessing system 102, a geometrical scanning system 104 con-
structed to communicate with the data processing system 102.
The geometrical scanning system 104 is adapted to scan at
least a section of a surface of a subject 106 under observation.
The thermal imaging system 100 also includes an infrared
imaging system 108 constructed to communicate with the
data processing system 102. The infrared imaging system 108
is adapted to image at least a portion of the section of the
surface of the subject 106 under observation. The data pro-
cessing system 102 is configured to receive data from the
geometrical scanning system 104 and to construct a surface
map of the section of the surface of the subject 106 under
observation and to identify geometrical markers on the sur-
face map based on the data from the geometrical scanning
system. The data processing system 102 is also configured to
receive data from the infrared imaging system 108 and to
construct a thermal map of the portion of the section of the
surface of the surface of the subject 106 under observation, to
identify thermal markers on the thermal map based on the
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data from the infrared imaging system, and to register the
thermal map to the surface map based on a correspondence
between at least some of the geometrical and thermal mark-
ers. The data processing system 102 is also configured to
correct temperatures of the thermal map based on the surface
map subsequent to the registering.

[0044] The geometrical scanning system 104 can include
one or more white light cameras, for example. In the embodi-
ment of FIG. 1, four white light cameras are illustrated in the
drawing. However, the concepts of the current invention are
not limited to this example. For example, additional cameras
can be provided to extend entirely around the subject 106
such that a full body scan can be made with each scan. Other
embodiments can include different numbers of cameras, as
well as other types of optical systems, such as LED and/or
laser illuminators. The geometrical scanning system 104
includes a scanning assembly 110 on which the plurality of
white light cameras are attached. In this embodiment, the
scanning assembly 110 can be scanned, for example, starting
at the subject’s feet and completing a scan at the top of the
subject’s head. Such an arrangement for the geometrical
scanning system 104 can be useful to reduce the number of
cameras that are needed to generate a surface map, especially
for whole-body or half body applications. The general con-
cepts of the current invention are not limited to this particular
type of geometrical scanning system 104. For example, a
scanning system with a sufficient number of white light cam-
eras to cover the whole body, or portion of the body of inter-
est, could be “scanned” electronically. In some applications,
the thermal imaging system 100 can be a whole-body scanner
or a half-body scanner (e.g., front half or back half), for
example. However, other embodiments of the thermal imag-
ing system 100 can be partial body scanners. For example,
without limitation, the thermal imaging system 100 can be a
dedicated thermal imaging system to assists with screening
for breast cancer.

[0045] The infrared imaging system 108 can, similar to the
geometrical scanner, include one or more infrared cameras.
They can similarly be mounted on a scanning assembly 112,
as illustrated in FIG. 1. The scanning assembly 112 can be
attached to, integral with or separate from the scanning
assembly 110, for example. Similar to the geometrical scan-
ner 104, the IR imaging system could be a plurality of fixed IR
cameras in some embodiments.

[0046] In order to achieve adequate resolution for medical
applications, a resolution of at least 0.25 mmx0.25 mm for
both the geometrical scanning system and infrared imaging
system 108 is provided. Temperature resolution (sensitivity)
of at least 0.025° K is provided.

[0047] The thermal imaging system 100 also includes a
thermal stimulation system 114 arranged to thermally stimu-
late at least a portion of the section of the surface of the subject
106 under observation. In this example, the thermal stimula-
tion system 114 includes a plurality of fans that cool regions
of the subject 106 that are under observation. Other arrange-
ments of fans or other cooling and/or heating devices can be
included in some embodiments of the current invention.
[0048] In some embodiments of the thermal imaging sys-
tem 100, the data processing system 102 is also configured to
receive data from the infrared imaging system 108 at a plu-
rality of times, including at least one time prior to and at least
one time subsequent to a thermal stimulation from the ther-
mal stimulation system 114. The data processing system 102
is configured to construct a plurality of thermal maps of the
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portion of the section of the surface corresponding to each of
the plurality of times and to register each of the plurality of
thermal maps to a corresponding surface map. The data pro-
cessor is also configured to correct temperatures of each of the
plurality of thermal maps based on the corresponding surface
map subsequent to the registering. In some embodiments,
once the surface map is generated, the same surface map can
be used for registering the plurality of thermal maps. This can
be useful for cases in which there is little significant change in
the surface map of the subject over the time period between
scans. In other embodiments, changes in the surface map may
be simple changes such as small translations and/or rotations
of the subject 106, for example. In some cases, it can be
sufficient to treat the translations and rotations as rigid body
motion and simply correct the surface map for the rigid body
motion. In some embodiments, indicia and/or sensors can be
included to track motion of the subject 106. In some embodi-
ments, surface maps can be generated for multiple scan, or
even for every scan, as desired.

[0049] In some embodiments of the current invention, the
thermal imaging system 100, the data processor 102 is further
configured to process the plurality of thermal maps to identify
regions having abnormalities in thermal response. In some
embodiments, time dependence of thermal responses can be
included in identifying the regions having abnormalities in
thermal response. In some embodiments, the data processor
102 can be further configured to process the plurality of
thermal maps using a thermodynamic model to identify
regions having abnormalities in thermal response. In some
embodiments, the thermodynamic model can include a three-
dimensional model ofa section of the body of the subject 106.
In some embodiments, the thermodynamic model instead, or
additionally, includes a detailed thermodynamic model of
skin layers that include an abnormality. The abnormality in a
detailed skin model can be melanoma, for example.

[0050] Some embodiments of the current invention are
directed to methods of processing thermal imaging data. For
example, some methods can perform, but are not limited to,

the following:
[0051] 1. Take sets of white light images.
[0052] 2. Map white light images onto 3D space.
[0053] 3. Take sets of reference IR images.
[0054] 4. Align IR images with white light images using
markers.
[0055] 5. Map IR information onto 3D space.
[0056] 6. Apply thermal stimulation.
[0057] 7. Record IR movie of thermal recovery as a

function of time.

[0058] 8. Map thermal recovery onto 3D space with the
aid of thermal markers.

[0059] 9. Apply motion tracking to compensate for
involuntary motion.

[0060] 10. Locate lesions in IR recovery image by map-
ping white light location onto thermal recovery loca-
tions.

[0061] 11.Compare thermal responses of healthy tissue

and lesions.
[0062] 12.Moveassembly and apply imaging to the next
region of the body.
[0063] Some embodiments of the invention can allow for
earlier detection of skin cancers at their most curable point,
thus reducing the mortality associated with more invasive,
later stage melanomas, for example. The general concepts of
the current invention are not limited to only to the early
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identification of melanoma. For example, other abnormalities
can include: large pigmented lesions such as Giant Congeni-
tal Nevi, Non-melanoma skin cancers (these may include
Basal Cell Carcinoma (BCC), Squamous Cell Carcinoma
(SCC), Cutaneous Lymphomas, Merkel Cell Carcinomas,
Histiocytosis, Leukemia Cutus, other primary or secondary
cutaneous malignancies, hamartomatous lesions with cancer
risk (e.g. Nevus Sebaceous, etc), cutaneous vascular lesions
(hemangiomas, port-wine stain lesions, and other vascular
abnormalities); primary inflammatory/autoimmune diseases
of'the skin (psoriasis, eczematous dermatitis, seborrheic der-
matitis, lichenoid dermatitis, pityriasis, pyoderma gangreno-
sum, bullous pemphigoid, pemphigus vulgaris, other autoim-
mune disorders of skin), secondary inflammatory diseases of
the skin (autoimmune lupus, scleroderma, dermatomyositis,
Steven’s-Johnson syndrome, erythema multiforme, toxic epi-
dermal necrolysis, staph scalded skin syndrome, pyoderma
gangrenosum, urticaria, vasculitis, drug hypersensitivity
reactions, etc), primary and/or secondary infectious disease
(human papillomavirus (HPV)/warts, herpes simplex, vari-
cella zoster, molluscum contagiosum, folliculitis, acne vul-
garis, bacterial/viral/fungal infections, etc), cutaneous
lesions associated with infectious agents (acne vulgaris,
HPV-associated infection (warts), mollluscum contagiosum,
folliculitis, and other bacterial infections); grade the amount
of “skin aging” changes including skin thinning and subtle
skin textural changes; pressure ulcers; burn injuries; grade
quantitatively infected skin/wounds; grade wound healing;
grade the success of antibiotic or topical treatments.

[0064] The current inventor conducted prior work related to
dynamic IR processes in localized systems in which the
region was sufficient small that the effects of surface curva-
ture, etc could be ignored (see, e.g., international application
PCT/US2009/003319, assigned to the current assignee as the
current application; and Herman et al. 2007; the entire con-
tents of which are incorporated herein by reference). We
proposed that malignant (pigmented) lesions with increased
proliferative potential generate quantifiable amounts of heat
(Pirtini Cetingul and Herman 2008, 2009a,b; the entire con-
tents of which are incorporated herein by reference) and
possess an ability to reheat differently, more quickly, (after a
cooling stress is applied to the lesion and its surroundings and
then removed) than surrounding normal skin, thereby creat-
ing a marker of cancerous lesions, such as melanoma (vs.
non-proliferative nevi), as shownin FIGS. 2A-2K and 3A-3E.

[0065] We have recently developed an IR imaging system
that allows for accurate measurement of temperature varia-
tions of the skin (Pirtini Cetingul and Herman 2008, 2009a,
b,c), shown in FIGS. 3A-3E. Embodiments of the current
invention include High-Resolution Infrared Scanning (HRIS)
technology in order to develop an accurate, simple, non-
invasive, quantitative (objective) screening and diagnostic
tool to distinguish benign from malignant pigmented lesions
and assess melanoma risk. Some embodiments of the current
invention can provide (i) rapid, total cutaneous imaging
through a total body scanning system as well as (ii) the assess-
ment of the malignant potential of the individual lesion. FIG.
3 A shows components of the infrared imaging system used in
this case. The infrared camera operates in the 3-5 micrometer
band and another camera captures information in the visible
wavelength range.

[0066] Our theoretical and experimental results show a cor-
relation between the transient surface temperature signature
and the heat generation/metabolic activity level, size, shape
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and location of subsurface structures, such as melanoma or
other cancerous or non-cancerous lesions. These data were
reported in several publications (Pirtini Cetingul and Herman
2008, 2009a,b, 2010, the entire contents of which are incor-
porated herein by reference). In order to relate the transient
surface temperature signature to different characteristics of
subsurface structures, accurate computational models were
developed. The accuracy of these models was first verified
experimentally on a skin phantom experiment in the Heat
Transfer Lab of JHU. Clinical trials (Johns Hopkins Medical
Institutions IRB, Mar. 30, 2009, protocol: NA_ 00016040,
Using High Resolution Functional Infrared Imaging to Detect
Melanoma and Dysplastic Nevi) with the HRIS imaging sys-
tem began in the fall of 2009 in the Pigmented Lesion and
Melanoma Clinic at JHU and in vivo data became available
recently. Key results relevant for the proposed study are sum-
marized below.

[0067] Sample images and results demonstrating the feasi-
bility of the our approach are displayed in FIGS. 2A-2K,
contrasting images and data obtained for a benign pigmented
lesion (left hand side column, FIGS. 2A, 2B, 2F, 2H, 2J) and
amalignant melanoma lesion (right, F1IG. 2C-2E, 2G, 21, 2K).
Clinical assessment of the benign lesion characterized this
upper midback lesion as a benign congenital nevus with com-
pound features. Prior to the biopsy, clinical assessment char-
acterized the malignant melanoma lesion as atypical com-
pound nevus with moderate atypia. Color-coded reference
infrared (IR) images of the lesions and surrounding area
(f—benign, g—malignant) recorded at ambient conditions
are shown in the second row. No significant temperature
difference is detected between the lesions and the surround-
ing healthy skin in these reference images. Local variations of
skin temperature and properties cancel out in further analyses
after subtracting the corresponding reference images (FIGS.
2F, 2G) from the measurement data acquired during the ther-
mal recovery process.

[0068] In our clinical trial, skin is cooled for 1 minute by
applying a cold tissue to the area of the lesion (for images in
FIGS. 2A-2K) or by blowing cold air. After removing the
cooling excitation, the skin was allowed to reheat and return
to ambient conditions and the thermal recovery process was
recorded with the IR camera as a movie sequence. After
appropriate processing and subtraction of reference image
information, the temperature of the skin surface is accurately
reconstructed at 2 seconds time intervals. The color-coded
infrared images of the investigated regions 2 seconds into the
thermal recovery are displayed in FIGS. 2H and 2I. The cold
region in FIG. 2H is at uniform temperature at 2 s into thermal
recovery: the lesion and the surrounding skin are at the same
temperature (same color) indicating similar metabolic activ-
ity, which suggests that the lesion is benign. The results of the
biopsy confirmed our conclusion reached using our imaging
tool HRIS as well as the clinical assessment. On the other
hand, the cold region (dark blue) in FIG. 21 displays a warmer
circular region in the center of the cold region (light blue), at
the location of the lesion, indicating increased metabolic
activity and/or blood supply to the lesion, suggesting possible
malignancy. The biopsy results confirmed that the lesion in
the right-hand-side of FIG. 2 was a malignant melanoma
lesion. In FIGS. 2J and 2K we compare the temperature at the
center of the lesion and the temperature of the healthy skin
away from the lesion as a function of time. As expected, the
results in FIG. 2J do not show a temperature difference
between the lesion and healthy skin. Temperature plots in
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FIG. 2K display significant temperature differences between
healthy tissue and the lesion center during the thermal recov-
ery (200 seconds). The magnitude of this temperature differ-
ence (FIG. 2K) as well as its time evolution are indicative of
the metabolic activity level that could be potentially corre-
lated with the malignant potential of the lesion. The results in
FIG. 2 prove the hypothesis that the increased metabolic
activity of the melanoma lesion can be detected by dynamic
infrared imaging.

[0069] In addition to the experiments in a clinical setting,
infrared imaging experiments were conducted in a laboratory
setting, first on the skin phantom and later on healthy human
skin tissue. Sample infrared thermographic images of the skin
recorded by M. Pirtini and C. Herman and subjected to a
number of filtering operations to enhance the desired features
and convert the grayscale information into color-coded tem-
perature are displayed in FIG. 3. During the in vivo experi-
ment with our imaging system, illustrated in FIG. 4, focal
pressure was applied to healthy tissue at two locations, shown
as points FP1 and FP2 in FIG. 4. Also a line scratch LS was
applied to healthy tissue as shown in FIG. 4. Initially, FP1,
FP2 and LS are clearly visible in the infrared image (first pair
of greyscale-color images), however, they nearly disappear
120 s after application (second pair of greyscale-color
images). At 120 s the cooling stress is applied for 3 minutes.
The remaining three pairs of images show the skin during the
thermal recovery phase after 2 s, 20 s and 600 s. From these
images it is obvious that the cooling stress enhances the
contrast between the FP1, FP2 and LS features and the undis-
turbed healthy tissue, and FP1, FP2 and LS again become
visible in the infrared image.

[0070] A simplified computational model of skin tissue
with a lesion was developed in the Heat Transfer Lab of JHU.
Each layer of the skin tissue is modeled as a homogeneous
medium of finite thickness h in the y direction and infinite
dimensions in the x and z directions (FIG. 5). Each of these
layers is characterized by a set of thermophysical properties,
which were the subject of the sensitivity analysis. The bioheat
equation describes the temperature distribution in each of the
five tissue layers. Specifically, for regions n=1, 2, 3, 4, 5, the
temperature is computed by solving the set of five coupled
partial differential equations of the form

aT,
Pun—= = knV2 T, + pp Coywp (Ty = T) + Qs By <y < Iy o = 0.

[0071] The commercial software COMSOL Multiphysics
v3.4 (2008) was used in our analysis to solve the mathemati-
cal model. We considered very early stage melanoma, which
are of particular interest in our study and represent the “worst
case scenario”. They are characterized by less than 2 mm
invasion and no ulceration. We used the Clark level of inva-
sion, which is determined by measuring of the depth of pen-
etration of a melanoma into the skin. FIGS. 6A-6C display
calculated nondimensional temperature (T*) at selected
recovery times (5,30, 210and 1200 s) for each lesion invasion
level characterized by Clark levels II-Iv. Earlier recovery
times are selected for more detailed interpretation of surface
temperature profiles in dimensional form for different Clark
levels (FIGS. 6D-6F). The transient thermal response of the
healthy skin tissue (3 mm away from the lesion) and the tissue
immediately above the lesion are shown in FIG. 6G as a
function of time. There is a distinct difference in the time
evolution of the temperature in healthy tissue and the lesion.
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3d Topographic Mapping of the Human Body

[0072] Accurate 3d topographic mapping of a specific
human subject is of interest in numerous engineering and
medical applications. Spatial accuracy is of primary concern
in medical diagnostics. Some embodiments of the current
invention provide a 3d imaging system that includes hardware
and software to yield a 3d grid similar to that shown in FIG. 7.
The hardware can include the equipment-supporting frame-
work to accommodate white-light and IR imaging hardware,
cameras and lenses, lighting arrangement and grid system
(the shape and size of the grid pattern can be optimized). The
framework can allow easy reconfiguring of the cameras in
order to optimize the imaging system.

[0073] Software for camera calibration, image capture,
image processing, including grid identification, model recon-
struction from grid deformation, identification of the thermal
markers and image tracking can be provided according to
some embodiments of the current invention. The tracking of
small movements of the subject and the thermal markers can
be essential both in white-light and IR imaging in some appli-
cations. The cameras can be calibrated using a regular (cylin-
drical) object, for example.

[0074] For human shape reconstruction, the human body
can be represented by a set of deformable superquadrics,
which are generalized ellipsoids with global parameters con-
trolling the global shape of the superquadric and local param-
eters to capture the fine information of the object surface. We
can split the human body into parts, such as head, neck,
shoulder, arms (upper, forearm), torso, pelvis, legs (thigh and
calf) and feet, for example. The number of parts can be
optimized to achieve the desired spatial resolution and each
part can be represented by a deformable superquadric. A
parametric representation can be defined with respect to the
human-body-centered coordinate system and the human
body parts can be identified by a set of key feature points. The
information obtained in this way can be utilized to formulate
a computational mesh (See, for example, http:/freegamearts.
tuxfamily.org/images/malebody_BETA1.png).

High-Resolution, High-Accuracy Transient Thermal
Imaging
[0075] FIG. 1is a schematic illustration of a thermal imag-

ing system according to an embodiment of the current inven-
tion. The central piece of equipment used in the IR imaging is
a Merlin midwave (3-5 um) infrared camera (MWIR) that has
a thermal sensitivity 0f0.025° C., a320x256 InSb focal plane
array (FPA) and frame rate of 60 Hz. The camera is connected
to a computer. Image acquisition software was developed to
capture the movie sequences. The camera is calibrated in
several steps as described in (Pirtini Cetingul and Herman
2009a,b, 2010), and the steps involve blackbody calibration,
application of masks to account for the influence of ambient
temperature, calibration for the actual subject, subtraction of
the reference image from the measurement image sequence to
eliminate the influence of local radiative property variations,
etc.

[0076] In past studies the assumption was made that the
surface area being imaged is relatively small, therefore the
surface curvature could be neglected, and the camera axis was
perpendicular to the skin surface. These assumptions no
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longer hold in full body imaging. 3d information on the
subject is obtained from the white-light imaging system and
thermal markers are used to match and align the white light
and IR images. The number and location of the thermal mark-
ers used for an accurate IR reconstruction can be optimized
for the particular application. For many applications, imaging
accuracy with a resolution to allow detection of 1-2 mm
diameter melanoma lesions, for example, will be used.

Modeling

[0077] We have previously developed a computational
model for the dynamic thermal analysis of melanoma lesions.
Our computational model, suitable for and intended for imag-
ing of individual lesions, greatly oversimplifies the living
system by assuming that the skin tissue is a semi-infinite
medium (or layered flat structure) and the lesion is very small
and located near the surface. Some embodiments of the cur-
rent invention provide 3d temperature distributions on the
skin surface as a function of time. Models according to some
embodiments of the current invention can account for the
entire human body and compute the thermal response of a
larger lesion in the vicinity of a curved surface. The tempera-
ture distribution within the tissue and on the skin surface as a
function of time can be computed for healthy and diseased
tissue for different sizes and localizations of the tumor sub-
jected to a cooling stress and subsequent thermal recovery.

[0078] A 3d full-body thermal model can couple a rela-
tively crude thermal model of the body, such as the 16-cylin-
der-segment model (Kakuta et al. 2002), with the more com-
prehensive thermal model of skin tissue with and without
embedded lesions (Pirtini Cetingul and Herman 2010). In the
geometrical model of the human body each extremity seg-
ment can be represented by three concentric layers (bone,
muscle and fat). The remaining segments, head, neck, thorax
and abdomen, have an additional layer in the interior, corre-
sponding to the organs. The results and data obtained as
output of this model] at the surfaces of the individual segments
yields the boundary conditions for the more comprehensive
thermal model of the skin. The 3d information can be incor-
porated into this model as well, by adjusting the thicknesses
of the three external layers.

[0079] In addition to modeling data, we can also analyze
this system as an inverse problem. Using tomographic recon-
struction techniques we can reconstruct the lesion (dimen-
sions and localization) from the surface temperature distribu-
tion and its time response for the types of excitation applied.
It is well known that the accuracy of tomographic reconstruc-
tion increases when increasing the number of viewing direc-
tions/angles. We can take advantage of the dynamic response
ofthe system (to different types of excitation) as well as prior
knowledge of the properties and shape of the melanoma
lesions to compensate for missing information in a spatial
domain according to some embodiments of the current inven-
tion. We have developed a tomographic reconstruction code
based on the ART (Algebraic reconstruction technique)—
Sample method (Mewes, Herman, Renz, 1994) for the recon-
struction of 3D temperature distributions from interferomet-
ric measurements. This code is available in the Heat Transfer
Lab of JHU.
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[0145] In describing embodiments of the invention, spe-
cific terminology is employed for the sake of clarity. How-
ever, the invention is not intended to be limited to the specific
terminology so selected. The above-described embodiments
ofthe invention may be modified or varied, without departing
from the invention, as appreciated by those skilled in the art in
light of the above teachings. It is therefore to be understood
that, within the scope of the claims and their equivalents, the
invention may be practiced otherwise than as specifically
described.

We claim:
1. A thermal imaging system, comprising:
a data processing system;

a geometrical scanning system constructed to communi-
cate with said data processing system, said geometrical
scanning system being adapted to scan at least a section
of a surface of a subject under observation; and
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an infrared imaging system constructed to communicate
with said data processing system, said infrared imaging
system being adapted to image at least a portion of said
section of said surface,

wherein said data processing system is configured to

receive data from said geometrical scanning system and
to construct a surface map of said section of said surface
of said subject under observation and to identify geo-
metrical markers on said surface map based on said data
from said geometrical scanning system,

wherein said data processing system is configured to

receive data from said infrared imaging system and to
construct a thermal map of said portion of said section of
said surface, to identify thermal markers on said thermal
map based on said data from said infrared imaging sys-
tem, and to register said thermal map to said surface map
based on a correspondence between at least some of said
geometrical and thermal markers, and

wherein said data processor is configured to correct tem-

peratures of said thermal map based on said surface map
subsequent to said registering.

2. The thermal imaging system according to claim 1,
wherein said geometrical scanning system and said thermal
imaging system each have a resolution of at least 0.25 mmxO0.
25 mm.

3. The thermal imaging system according to claim 1,
wherein said thermal imaging system has a temperature sen-
sitivity of at least 0.025° K.

4. The thermal imaging system according to claim 1, fur-
ther comprising a thermal stimulation system arranged to
thermally stimulate at least a portion of said section of said
surface of said subject under observation.

5. The thermal imaging system according to claim 4,
wherein said data processing system is configured to receive
data from said infrared imaging system at a plurality of times
including at least one time prior to and at least one time
subsequent to a thermal stimulation from said thermal stimu-
lation system, said data processing system being configured
to construct a plurality of thermal maps of said portion of said
section of said surface corresponding to each of said plurality
of times and to register each of said plurality of thermal maps
to a corresponding surface map, and

wherein said data processor is configured to correct tem-

peratures of each of said plurality of thermal maps based
on said corresponding surface map subsequent to said
registering.

6. The thermal imaging system according to claim 5,
wherein each surface map corresponding to each of said
plurality of thermal maps is the same surface map.

7. The thermal imaging system according to claim 5,
wherein at least one surface map corresponding to one of said
plurality of thermal maps is corrected for motion of said
subject.

8. The thermal imaging system according to claim 5,
wherein said data processor is further configured to process
said plurality of thermal maps to identify regions having
abnormalities in thermal response.

9. The thermal imaging system according to claim 8,
wherein said data processor is further configured to process
said plurality of thermal maps using a thermodynamic model
to identify regions having abnormalities in thermal response.

10. The thermal imaging system according to claim 9,
wherein said thermodynamic model comprises a three-di-
mensional model of a section of said subject’s body.
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11. The thermal imaging system according to claim 9,
wherein said thermodynamic model further comprises a ther-
modynamic model of melanoma.

12. The thermal imaging system according to claim 1,
wherein said geometrical scanning system is adapted to scan
one of a front or back half of said subject under observation,
and said infrared imaging system is adapted to image one of
a front or back half of said subject under observation to
provide a half-body thermal imaging system.

13. The thermal imaging system according to claim 1,
wherein said geometrical scanning system is adapted to scan
substantially a full body of said subject under observation,
and said infrared imaging system is adapted to image said
substantially full body of said subject under observation to
provide a full-body thermal imaging system.

14. A method of processing thermal imaging data, com-
prising:

receiving data from a geometrical scanning system taken

from a scan of at least a section of a surface of a subject
under observation;
receiving data from an infrared imaging system for at least
a portion of said section of said surface;

constructing a surface map of said section of said surface of
said subject under observation and identifying geometri-
cal markers on said surface map based on said data from
said geometrical scanning system;

constructing a thermal map of said portion of said section

of said surface, identifying thermal markers on said ther-
mal map based on said data from said infrared imaging
system, and registering said thermal map to said surface
map based on a correspondence between at least some of
said geometrical and thermal markers; and

correcting temperatures of said thermal map based on said

surface map subsequent to said registering said thermal
map to said surface map.

15. The method of processing thermal imaging data
according to claim 14, further comprising receiving data from
a thermal stimulation system arranged to thermally stimulate
at least a portion of said section of said surface of said subject
under observation.

16. The method of processing thermal imaging data
according to claim 15, further comprising:

receiving data from said infrared imaging system at a plu-

rality of times including at least one time prior to and at
least one time subsequent to a thermal stimulation from
said thermal stimulation system;

constructing a plurality of thermal maps of said portion of

said section of said surface corresponding to each of said
plurality of times;

registering each of said plurality of thermal maps to a

corresponding surface map; and

correcting temperatures of each of said plurality of thermal

maps based on said corresponding surface map subse-
quent to said registering.

17. The method of processing thermal imaging data
according to claim 16, wherein each surface map correspond-
ing to each of said plurality of thermal maps is the same
surface map.

18. The method of processing thermal imaging data
according to claim 16, wherein at least one surface map
corresponding to one of said plurality of thermal maps is
corrected for motion of said subject.
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19. The method of processing thermal imaging data
according to claim 16, further comprising processing said
plurality of thermal maps to identify regions having abnor-
malities in thermal response.

20. The method of processing thermal imaging data
according to claim 19, further comprising processing said
plurality of thermal maps using a thermodynamic model to
identity regions having abnormalities in thermal response.

21. The method of processing thermal imaging data
according to claim 20, wherein said thermodynamic model
comprises a three-dimensional model of a section of said
subject’s body.

22. The method of processing thermal imaging data
according to claim 20, wherein said thermodynamic model
further comprises a thermodynamic model of melanoma.

23. A computer readable medium comprising software,
which software, when executed by a computer, causes the
computer to:

receive data from a geometrical scanning system taken

from a scan of at least a section of a surface of a subject
under observation;

receive data from an infrared imaging system for at least a

portion of said section of said surface;

construct a surface map of said section of said surface of

said subject under observation and identify geometrical
markers on said surface map based on said data from
said geometrical scanning system;

construct a thermal map of said portion of said section of

said surface, identify thermal markers on said thermal
map based on said data from said infrared imaging sys-
tem, and register said thermal map to said surface map
based on a correspondence between at least some of said
geometrical and thermal markers; and

correct temperatures of said thermal map based on said

surface map subsequent to said registering said thermal
map to said surface map.

24. The computer readable medium according to claim 23,
which software, when executed by a computer, further causes
the computer to receive data from a thermal stimulation sys-
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tem arranged to thermally stimulate at least a portion of said
section of said surface of said subject under observation.

25. The computer readable medium according to claim 24,
which software, when executed by a computer, further causes
the computer to:

receive data from said infrared imaging system at a plural-

ity of times including at least one time prior to and at
least one time subsequent to a thermal stimulation from
said thermal stimulation system;

construct a plurality of thermal maps of said portion of said

section of said surface corresponding to each of said
plurality of times;

register each of said plurality of thermal maps to a corre-

sponding surface map; and

correct temperatures of each of said plurality of thermal

maps based on said corresponding surface map subse-
quent to said registering.

26. The computer readable medium according to claim 25,
wherein each surface map corresponding to each of said
plurality of thermal maps is the same surface map.

27. The computer readable medium according to claim 25,
wherein at least one surface map corresponding to one of said
plurality of thermal maps is corrected for motion of said
subject.

28. The computer readable medium according to claim 25,
which software, when executed by a computer, further causes
the computer to process said plurality of thermal maps to
identify regions having abnormalities in thermal response.

29. The computer readable medium according to claim 28,
which software, when executed by a computer, further causes
the computer to process said plurality of thermal maps using
a thermodynamic model to identify regions having abnor-
malities in thermal response.

30. The computer readable medium according to claim 29,
wherein said thermodynamic model comprises a three-di-
mensional model of a section of said subject’s body.

31. The computer readable medium according to claim 29,
wherein said thermodynamic model further comprises a ther-
modynamic model of melanoma.
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