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31
EFL 50mm
F/# 1.2
DETECTOR FLIR A65
PIXEL RESOLUTION |640 X512
PIXEL PITCH 0.017mm
FPA ACTIVE AREA 10.880mMMm X 8.70mm
FOV 124°X9.9°

MINIFOCUSDIST.  |1.5m
HYPERFOCALDIST. |71m

HYPERFOCAL DEPTH

OF FIELD 36m
LENGTH 50mm
DIAMETER 58mMm
WEIGHT 280¢

Fig. 13
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GENERAL LENS DATA:
SURFACES: 14 LENS UNITS: MILLIMETERS
STOP: 9 ANGULAR MAGNIFICATION: 2.833

TEMPERATURE (C)  2.00000E+Q01 FIELDS: 3
PRESSURE (ATM) 1.00000E+000 FIELD TYPE: ANGLE IN DEGREES

EFFECTIVE FOCALLENGTH: 50 Y-VALUE
BACK FOCAL LENGTH: 1.062 1 0.000000
TOTALTRACK: 5753 2 7.983005
IMAGE SPACE F/#: 1.092 3 9.978757
WORKING F/#: 1.201 WAVELENGTHS:6
IMAGE SPACE NA: 0416 UNITS:pm

STOP RADIUS: 8.075 # VALUE
PARAXIAL IMAGE HEIGHT:  8.797 1 8.000000
ENTRANCE PUPIL DIA: 63.178 2 9.000000
ENTRANCE PUPIL POSITION: 45.75 3 10.000000
EXIT PUPIL DIA: 99.53 4 11.000000
EXIT PUPIL POSITION: -17.7205 12.000000
FIELD TYPE: ANGLE IN DEGREES 6 13.000000

MAXIMUM RADIALFIELD ~ 9.979
PRIMARY WAVELENGTH  10um

Fig. 14

WEIGHT
4.000000
3.000000
0.500000

WEIGHT
0.880000
0.990000
1.000000
0.970000
0.850000
0.660000
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MAGNETIC RESONANCE IMAGING
PATIENT TEMPERATURE MONITORING
SYSTEM AND RELATED METHODS

BACKGROUND OF THE INVENTION

[0001] The present invention relates to magnetic reso-
nance imaging procedures, and more particularly to systems
and methods to measure and/or monitor patient temperature
during such procedures to prevent burns.

[0002] Magnetic residence imaging (MRI) is used to
image a patient’s internal organs, tissue and in some cases
bone. During an MRI, radio-frequency (RF) energy is trans-
mitted through the patient. It has been discovered that RF
energy absorption by the patient, implanted or nearby medi-
cal devices, and/or MRI ground loops, routinely lead to
heating of the patient’s skin surfaces in localized or wide-
spread areas. In some cases, the heating leads to RF burns on
the patients. Those burns can be first, second or third degree
burns in extreme cases.

[0003] There are several reports indicating that the limbs
or body parts of MRI burn patients were in direct contact
with RF body coils or other RF transmitting coils of the MRI
equipment. In other cases, it is suspected that the patient
contacted an exterior conductive element, such as clothing,
or other parts of the MRI equipment. In further MRI burn
cases, it is suspected that there was skin-to-skin contact
points, caused by the patient placing their thumbs on their
thighs, midsection or other areas where RF energy is con-
centrated during an MR scan.

[0004] According to another report, a Joint Commission
Sentinel Event Alert, which cited the Manufacture and User
Facility Device Experience database of the FDA, “70% of
MRI complications are related to thermal burns. “The single
most common and adverse event in the MRI environment
reported to the FDA is that of MRI burns,” says Emanuel
Kanal, MD, FACR, FISMRM, AANG of the University of
Pittsburgh Medical Center in Pennsylvania.” Steere, Anna,
Battling Burns in the MR, www.healthimaging.com, Sep. 11,
2014. This report also recognized that there are multiple
causes of MRI burns. For example, RF energy might not
deposit uniformly throughout the patient’s body. In some
cases, blood flow can redistribute the RF energy resulting in
non-uniform, in vivo temperatures. Certain in vivo regions
can become more heated than others, and temperatures
increase thereby causing RF burns.

[0005] Thus, there remains room for improvement in the
field of reducing burns to patients undergoing MRI proce-
dures.

SUMMARY OF THE INVENTION

[0006] A system and method that utilizes a thermal imag-
ing device to measure and monitor a patient’s temperature
during an MRI procedure to prevent adverse events, such as
burns on the patient’s skin surface, are provided.

[0007] In one embodiment, the system includes an MRI
equipment barrel to provide an MRI image of a patient, and
an infrared camera to image the patient separately from the
MRI image. The infrared camera includes one or more
adjustable parameters. The adjustable parameters can
include at least one of an adjustable field of view, an
adjustable lens tilt angle, and an adjustable viewing angle.
The system further includes a processor that monitors the
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surface and/or subdermal temperature of the patient based
on the output of the infrared camera.

[0008] In another embodiment, the processor controls the
tilt angle of the infrared camera lens. Controlling the tilt
angle of the infrared camera lens includes tilting the optical
axis of the camera lens. Stated somewhat differently, con-
trolling the tilt angle of the infrared camera lens includes
rotation of a lens plane relative to an image plane. Control-
ling the tilt angle of the infrared camera lens can improve
infrared image acquisition within the barrel.

[0009] In yet another embodiment, the processor controls
at least one of the field of view of the infrared camera and
the viewing angle of the camera during MRI imaging of the
patient. In still another embodiment, the system can include
a patient gown formed of an infrared transmissive material
that provides visual concealment for the patient. The gown,
in turn, facilitates thermal monitoring of the patient’s skin
surface, yet still provides the patient some privacy. The
infrared transmissive material can include a polymer, for
example polypropylene, polyethylene, and combinations of
the same. The infrared transmissive material can include
microperforations to provide breathability in some embodi-
ments.

[0010] In even another embodiment, the infrared camera
can be positioned outside of an MRI magnetic field to
minimize electrical interference to or from the infrared
camera. Such placement also can minimize the noise
detected by the infrared camera, thus providing more
detailed, accurate temperature scanning of the patient’s skin
surface. To further minimize electromagnetic interference,
data cables and power cables can include shielding. The data
cables and the power cables can additionally include a low
pass filter to attenuate noise which might otherwise interfere
with MRI imaging. Interference or noise from the infrared
camera can also be reduced by enclosing the infrared camera
in a Faraday cage. The Faraday cage can include an enclo-
sure of conductive material, for example aluminum, to
minimize degradation of the MRI image due to infrared
camera electromagnetic radiation.

[0011] In a further embodiment, a method of performing
an MRI without burning a patient is provided. The method
generally includes positioning an infrared camera in a plane
generally parallel with the central axis of an MRI barrel. The
method further includes monitoring, using the infrared cam-
era, the temperature of the patient’s skin and optionally
subdermal temperatures during MRI imaging, and altering,
during the MRI imaging, at least one of the camera field of
view, the camera lens tilt angle, and the camera viewing
angle to scan the patient substantially from head to toe
within the MRI barrel. The method further includes corre-
lating surface temperatures with internal body temperatures
during MRI imaging, and substantially in real time.

[0012] In still a further embodiment, the camera field of
view, the camera lens tilt angle, and/or the camera viewing
angle are further varied in response to a detection of a
localized hot spot on the patient. The MRI is paused or
terminated in response to the temperature of the patient’s
body exceeding a threshold temperature associated with
possible RF burns. The method can further include donning
the patient with a privacy gown that allows infrared wave-
lengths to pass therethrough, while also providing visual
concealment for the patient’s body. The privacy gown can be
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formed of a polymer, for example polyethylene or polypro-

pylene, optionally having micro-perforations formed
therein.
[0013] The system and method of the current embodi-

ments therefore provide improved detection of RF burns
during MRI imaging, including wide-area scans and small-
area scans of adult patients, adolescent patients, and pedi-
atric patients. By detecting an increase in skin surface
temperature and/or subdermal temperatures of the patient
with thermal imaging, the current embodiments can reduce
the incidence of RF burns while maintain patient privacy
and not otherwise interfering with MRI procedures.

[0014] These and other objects, advantages, and features
of the invention will be more fully understood and appre-
ciated by reference to the description of the current embodi-
ment and the drawings.

[0015] Before the embodiments of the invention are
explained in detail, it is to be understood that the invention
is not limited to the details of operation or to the details of
construction and the arrangement of the components set
forth in the following description or illustrated in the draw-
ings. The invention may be implemented in various other
embodiments and of being practiced or being carried out in
alternative ways not expressly disclosed herein. Also, it is to
be understood that the phraseology and terminology used
herein are for the purpose of description and should not be
regarded as limiting. The use of “including” and “compris-
ing” and variations thereof is meant to encompass the items
listed thereafter and equivalents thereof as well as additional
items and equivalents thereof. Further, enumeration may be
used in the description of various embodiments. Unless
otherwise expressly stated, the use of enumeration should
not be construed as limiting the invention to any specific
order or number of components. Nor should the use of
enumeration be construed as excluding from the scope of the
invention any additional steps or components that might be
combined with or into the enumerated steps or components.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is a side view of an MRI procedure room
layout including a system for monitoring a patient under-
going an MRI in accordance with a current embodiment.

[0017] FIG. 2 is a top view of the MRI procedure room

layout including the system in accordance with the current
embodiment.

[0018] FIG. 3 is a side view of an MRI procedure room
layout further illustrating multiple viewing angles associated
with multiple infrared cameras when monitoring a patient
undergoing an MRI.

[0019] FIG. 4 is a flow chart for a method of monitoring
a patient undergoing an MRI in accordance with a current
embodiment.

[0020] FIG. 5 is a thermographic image of a patient
captured by an infrared camera while the patient undergoes
an MRI.

[0021] FIG. 6 is a side view of an MRI procedure room
layout illustrating an infrared camera without a tilt lens.

[0022] FIG. 7 is a ray trace model of the infrared camera
of FIG. 6.
[0023] FIG. 8 is a close-up of the ray trace model of FIG.

7.
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[0024] FIG. 9 are geometrical spot diagrams of the ray
trace model of FIG. 7, illustrating the center of the field of
view in sharp focus and the periphery of the field of view out
of focus.

[0025] FIG. 10 is graph illustrating the modulation trans-
fer function for the ray trace model of FIG. 7, illustrating
poor contrast over the field of view.

[0026] FIG. 11 are geometrical spot diagrams of a ray
trace model for an infrared camera including a tilt lens,
illustrating the center and periphery of the field of view in
focus.

[0027] FIG. 12 is a graph illustrating the modulation
transfer function for a ray trace model including a tilt lens,
illustrating good contrast over the field of view.

[0028] FIG. 13 is an illustration of an infrared camera in
accordance with an example of the present invention.
[0029] FIG. 14 is a ray trace model of a tilt lens for the
infrared camera of FIG. 13.

[0030] FIG. 15 is a side view of an MRI procedure room
layout illustrating the infrared camera of FIG. 13 oriented
toward an MRI Barrel.

[0031] FIG. 16 is a top view of an MRI procedure room
layout illustrating the infrared camera of FIG. 13 oriented
toward an MRI Barrel.

[0032] FIG. 17 is a graph illustrating the modulation
transfer function for the infrared camera of FIG. 13 in the
MRI procedure room of FIGS. 15-16.

[0033] FIG. 18 is a first flow chart illustrating continuous
automated monitoring of a region of interest (ROI).

[0034] FIG. 19 is a second flow chart illustrating continu-
ous automated monitoring of a ROI.

[0035] FIG. 20 is a third flow chart illustrating continuous
automated monitoring of a ROI.

[0036] FIG. 21 is a fourth flow chart illustrating continu-
ous automated monitoring of a ROI.

[0037] FIG. 22 is a perspective view of a thermal camera
including a Faraday cage.

[0038] FIG. 23 is a perspective view of the Faraday cage
of FIG. 22.
DESCRIPTION OF THE CURRENT
EMBODIMENTS
[0039] The current embodiments generally relate to a

system and a method that utilizes a thermal imaging device
to measure and monitor a patient’s temperature and/or other
thermally related characteristics during an MRI procedure to
prevent adverse events. The monitored temperature can be
the temperature of the patient’s skin, subdermal tissue,
and/or internal organs or other structure.

[0040] Referring now to FIG. 1, a system for measuring
and monitoring a patient’s temperature is illustrated and
generally designated 10. The system 10 generally includes a
MRI machine 12 to provide an MRI image of a patient 100,
the MRI machine 12 including a barrel 14 defining a
longitudinal axis 16. The system 10 additionally can include
a thermal imaging device 18 having an adjustable field of
view and/or that is positionable at a plurality of viewing
angles as shown, relative to the longitudinal axis 16. The
system 10 can include a processor 20 adapted to monitor the
patient’s skin surface and/or subdermal temperature based
on the output of the thermal imaging device 18. Although
illustrated as located in the same room as the MRI machine
12, the processor 20 can be located in a separate room to
reduce interference between the MRI machine 12 and the
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processor 20. As explained below, the processor 20 can
control the field of view of the thermal imaging device 18,
the viewing angle of the thermal imaging device 18, the lens
tilt angle of the thermal imaging device 18, and/or other
parameters, to provide improved observation at various
locations within the barrel of the MRI machine 12.

[0041] More particularly, the thermal imaging device 18
can include an infrared camera optionally mounted to a wall
22 of an MRI imaging room. The infrared camera can be
selected to include a thermal detection range that encom-
passes the expected patient skin surface temperature. One
suitable infrared camera is an A65 thermal imaging camera
from FLIR Systems, Inc. of Wilsonville, Oregon, having a
detection range of between -40° C. to 160° C. Other infrared
cameras can be used in other embodiments as desired.
[0042] The infrared camera 18 is offset at a preselected
angle relative to the central axis 16 of the MRI barrel 14. The
preselected angle, or viewing angle, is shown in FIG. 3 and
denoted a or 13, defined by the angle between the central
axis 16 of the MRI barrel and the camera line of sight 17.
The viewing angle can be selected based on the dimensions
of the patient, and can differ among adult patients, adoles-
cent patients, and pediatric patients. The infrared camera 18
is optionally aligned with a plane defined by the central axis
16 seen in the top plan view of FIG. 2. In this manner, the
infrared camera 18 can collect images of the patient’s body
100 while the patient is in the barrel of the MRI machine 12,
whether an adult body or child body. Where two infrared
cameras are utilized, a second infrared camera 19 can be
positioned to view the barrel 14 from the opposing side of
the MRI machine 12. The first and/or second camera 18, 19
can be laterally offset from the central axis 16, being outside
of the plane that bisects the MRI machine 12. In addition, the
first camera 18 is depicted as being substantially outside of
the magnetic field 21 associated with the MRI machine 12,
while the second camera 19 is depicted as being within or
partially within magnetic field 21 associated with the MRI
machine 12. The cameras 18, 19 optionally includes elec-
tromagnetic shielding for example a Faraday cage (dis-
cussed below) to reduce interference between the cameras
18, 19 and the MRI machine 12 during MRI imaging.
[0043] The infrared camera 18 can include a tilt angle lens
23, which can be controlled to improve the focus of the
infrared camera 18 within the barrel 14. Controlling the tilt
angle of the lens 23 includes tilting the optical axis of the
lens 23. Stated somewhat differently, controlling the tilt
angle of the lens 23 includes rotation of a lens plane relative
to an image plane. By controlling the tilt angle, the camera
viewing angle can remain fixed. In other embodiments
however both the lens tilt angle the camera viewing angle
are varied to provide improved focus on the patient 100
during MRI imaging. The camera lens 23 can additionally
shift relative to the image plane, alone or in combination
with the tilting of the camera lens 23 relative to the image
plane.

[0044] The infrared camera 18 tilt angle lens 23 can also
provide a greater depth of focus and improved thermal
accuracy and imaging. As shown in FIG. 1, the infrared
camera 18 can operate through 5°, 8° and 10° at different
fields of view. Of course, other angles can be selected as
desired. This can enable the infrared camera 18 to view or
scan the entire body of the patient substantially from head to
toe while in the MRI barrel 14. As noted above, the infrared
camera 18 alternatively or additionally utilizes a varying
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viewing angle so that it can collect images of the entire body
100. By varying the viewing angle, the infrared camera 18
can collect images of the patient even though the IR camera
18 is not aligned with the central axis 16.

[0045] FIGS. 6-8 illustrate an MRI barrel 14 within the
infrared camera field of view, the infrared camera 18 lacking
a tilt lens. As discussed below, the absence of a tilt lens can
leave the thermal image out of focus at the patient’s head
and at the patient’ s feet. Referring again to FIG. 6, the
infrared camera 18 is vertically offset from the patient tray
26 by distance of 86.2 cm, horizontally offset from the feet
by 66.5 cm, horizontally offset from the torso by 166 cm,
and horizontally offset from the head by 262.5 cm. FIGS.
7-8 depict the ray trace from the patient’s head, the patient’s
torso, and the patient’s feet through the camera lens, ulti-
mately impinging the photo-sensor image plane 27. Geo-
metric spot diagrams (FIG. 9) show that only the center of
the field of view 1s in sharp focus, namely the torso, while
the head and the feet remain out of focus. Similarly, FIG. 10
illustrates the modulation transfer function (MTF) showing
a poor contrast for the patient’s head and the patient’s feet.
When the camera 23 of FIG. 6 is modified to include a tilt
lens, however, the focus of the thermal image improves at
the patient’ s feet and the patient’s head. As shown in FIG.
11 for example, the geometric spot diagrams illustrate uni-
formity over the entire field of view of the infrared camera
23. FIG. 12 also illustrates the MTF for the patient’s head,
torso, and feet, showing good contrast at each location
within the field of view.

[0046] As generally shown in FIG. 3, the system also can
include an infrared transmissive privacy gown 24 that the
patient 100 dons before undergoing the MRI procedure. The
privacy gown 24 is transmissive in the infrared long-wave
and/or mid-wave infrared spectrum, for example, 8 to 14
microns and/or 2 to 5 microns, respectively, while being
opaque to visible light. The privacy gown 24 can be trans-
missive due to an open weave structure or fabric that allows
the infrared wavelengths to penetrate the privacy gown 24
while still concealing the patient from the view of others.
Alternatively, the privacy gown 24 can be transmissive to
infrared light by constructing the gown 24 from plastic or
films that allow infrared wavelength transmission. For
example, the privacy gown can be formed from a polymer
film or a polymer textile, optionally polyethylene or poly-
propylene. The polymer textile can have an open structure,
optionally knitted and further optionally woven. Further by
example, the privacy gown 24 can include microperforations
or slits to provide improved breathability and/or infrared
imaging, while in other embodiments the privacy gown 24
is substantially non-porous.

[0047] To further minimize electromagnetic interference,
data cables and power cables extending to and from the
cameras 18, 19 can include shielding. For example, data
cables 25 extending to the infrared cameras 18, 19 can
include shielding to reduce electromagnetic noise from
affecting the data signals therein, and power cables 25
extending to the infrared camera can include shielding to
reduce electromagnetic radiation from interfering with the
MRI machine 12. The cables 25 can additionally include a
low pass filter to attenuate noise which might otherwise
interfere with MRI imaging. The low pass filter is optionally
an inductor to block high frequency signals in the power
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cables and/or the data cables, where the high frequency
signals might otherwise interfere with operation of the MRI
machine 12.

[0048] One or both infrared cameras 18, 19 can include a
Faraday cage 33. The Faraday cage 33 can include an
enclosure of conductive material, the enclosure being a
complete enclosure or a partial enclosure. The enclosure of
conductive material can reduce degradation of the MRI
image due to electromagnetic radiation from the infrared
camera 18, 19 and can reduce degradation of the infrared
camera output due to electromagnetic radiation from the
MRI machine 12. The enclosure defines an interior volume
for all or a portion of the infrared camera 18, 19. As shown
in FIG. 23, a five-sided enclosure 120 includes a primary
opening 122 aligned with the camera lens 29 to provide an
optical path for the infrared camera 18, 19. The enclosure
120 can include a thermal imaging array therein, for
example a 640 x 512 thermal imaging array for the Tau 640
by FLIR Systems, Inc. The thermal imaging array 31 (shown
in FIG. 13) is entirely recessed within the interior volume of
the enclosure 120, and the lens 29 protrudes from or is
supported externally of the primary opening 122. The enclo-
sure 120 includes a secondary opening 124 to allow a
transmission line therethrough, the transmission line being
electrically connected to the infrared camera 18 for the
transmission of power, data, or both power and data. In the
present embodiment, the enclosure 120 is formed from
aluminum, while in other embodiments the enclosure is
formed form copper. The enclosure 120 is a conductive
mesh in some embodiments, while in other embodiments the
enclosure 120 is non-perforated. Electromagnetic interfer-
ence (EMI) gaskets and overlapping joints further seal the
thermal imaging array 31 within the enclosure 120.

[0049] As noted above, the infrared camera 18 is associ-
ated with a processor 20. The processor 20 includes com-
puter readable instructions that, when executed, cause the
processor 20 to perform certain method steps based on the
output of the IR camera 18. In general terms, the methods
steps can include capturing a thermographic image or related
data of the patient’s surface temperature or subdermal
temperature to be displayed to the MRI operator, generating
a computer model of the patient’s surface temperature,
comparing the computer model of the patient’s surface
temperature or subdermal temperature against one or more
threshold values that are indicative of an unsafe skin con-
dition (e.g., an irritation, or a first, second or third degree
burn), signaling the unsafe skin condition to the MRI
operator, causing the MRI machine to pause or terminate
MRI imaging, adjusting the viewing angle of the infrared
camera 18, adjusting the field of view of infrared camera 18,
adjusting the lens tilt angle of the infrared camera 18,
adjusting the scanning frequency of the infrared camera 18,
and/or differentiating various thermal conditions in the com-
puter model to identify air pockets beneath the gown 24.

[0050] The above processing steps are presented in greater
detail in connection with the flow chart of FIG. 4. In
particular, the flow chart of FIG. 4 includes a method of
performing MRI imaging without burning a patient with
associated RF energy, the method including: (a) positioning
an infrared camera in a plane generally parallel with the
central axis of an MRI barrel, (b) donning a patient with an
infrared transmissive privacy gown, (¢) monitoring the
patient’s skin surface temperature during MRI imaging, (d)
altering the field of view of the infrared camera, the lens tilt

Sep. 27,2018

angle of the infrared camera, and/or the viewing angle of the
infrared camera to evaluate for unsafe skin surface tempera-
tures during MRT imaging, (e) controlling MRI imaging in
response to an unsafe skin surface or subdermal temperature.
[0051] Positioning an infrared camera in a plane generally
parallel with the central axis of an MRI barrel is depicted as
step 30 in FIG. 4. As shown in FIGS. 1 and 3, the infrared
camera 18 is horizontally offset from the MRI machine 12
and vertically offset from the barrel central axis 16. Where
two infrared cameras are utilized, a second infrared camera
19 can be positioned to view the barrel 14 from the opposing
side of the MRI machine 12. Additional infrared cameras
can be positioned at various locations relative to the MRI
barrel. In the illustrated embodiment, the plane encompasses
the central axis 16 of the MRI barrel and extends vertically,
bisecting the MRI machine.

[0052] Donning a patient with an infrared transmissive
privacy gown is depicted as step 32 in FIG. 4. This step
generally includes providing a privacy gown 24 that is
transmissive to infrared light. The privacy gown 24 can be
formed of a fabric having a pre-selected porosity or open-
ness and thickness. For example, the privacy gown 24 can be
formed of a fabric having an open weave structure, for
example a single layer acrylic, polyester and/or cotton
fabric. The privacy gown 24 is generally transmissive to RF
energy in the long-wave infrared spectrum, for example 8
microns to 14 microns, and/or the mid-wave infrared spec-
trum, for example 2 microns to 5 microns. However, the
privacy gown also conceals the skin of the patient from
observers standing nearby.

[0053] Monitoring the skin surface temperature and/or
subdermal temperature during MRI imaging is depicted as
step 34 in FIG. 4. This step generally includes evaluating the
output of the infrared camera 18 (or cameras 18, 19) as the
patient undergoes MRI imaging. During MRI imaging, the
patient is typically in the supine position on a patient tray 26.
The MRI machine 12 uses radio waves and a magnetic field
to generate images for processing by a computer, optionally
the processor 20. Throughout MRI imaging, the processor
20 can evaluate the output of the infrared camera 18 (or
cameras 18, 19) to determine the patient’s surface tempera-
ture through the privacy gown 24. For example, the proces-
sor 20 can generate a two-dimensional or three-dimensional
computer model of the patient’s surface temperature and/or
subdermal temperature for comparison against a threshold
value of the same. Also by example, the processor 20 can
correlate surface temperatures with internal body tempera-
tures, substantially in real time. If the patient’s surface,
subdermal or internal body temperature exceeds the thresh-
old value at any point on the computer model, the processor
20 can cause the MRI machine 12 to reduce or terminate the
application of RF energy to the patient 100. If the privacy
gown 24 is not transmissive to infrared wavelengths, the
processor 20 can instead can generate a two-dimensional or
three-dimensional computer model of the gown’s tempera-
ture for comparison against a threshold value of the same,
potentially revealing the temperature of the underlying skin
areas.

[0054] Monitoring the skin surface and/or subdermal tem-
perature during MRI imaging can also include differentiat-
ing various conditions of thermal imaging detected on the
patient. For example, air pockets or other areas can be
formed adjacent the patient’s body, creases and folds in the
fabric can sometimes can create “cool spots™ that conceal
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dangerous and underlying heating conditions on the
patient’s skin, and skin contact points can sometimes be
shielded from thermal imaging yet still result in burns
between those skin contact points (for example, thumbs on
thighs, in some cases). The processor 20 can differentiate
these conditions and determine underlying body tempera-
tures. The processor 20 can additionally determine the angle
of incidence in the air pockets adjacent to the patient’s body
and the angle of incidence in the creases and folds in the
fabric. Patient movement is also tracked by the processor 20
to account for changes in attenuation for various materials
that might constitute the privacy gown 24. The attenuation
can be profiled, with reference to a lookup table for each of
a plurality of materials that constitute each of a plurality of
available privacy gowns 24. The attenuation may addition-
ally change over the course of multiple washes, which can
also be accounted for by the processor 20 when monitoring
the skin surface temperature and/or the subdermal tempera-
ture.

[0055] The thermographic image optionally is presented
to the operator of the MRI machine. As shown in FIG. 5, for
example, the thermographic image depicts the relative tem-
peratures of the patient according to a violet-to-white color
scale. Simultaneously with the display of the thermographic
image, the processor 20 can alter one or more camera
operating parameters for improved detection of potential
unsafe skin conditions. The camera operating parameters
optionally can include the camera viewing angle, the camera
lens tilt angle, the scanning frequency and/or the camera
field of view. Changes in the operating parameters can be
prompted by a potentially unsafe condition, for example a
localized hot spot on the patient. Changes in the operating
parameters optionally are pre-programmed to improve
detection of a potential unsafe condition. For example, the
camera lens tilt angle can vary to improve spectral acquisi-
tion of the infrared energy from the patient 100 within the
barrel 14. Further by example, the camera viewing angle can
increase and decrease in a vertical sweep within the plane
defined by the central axis 16. Even further by example, the
camera operating parameters can be adjusted to address
anomalies detected during scanning. Still further by
example, the camera viewing angle can increase or decrease
to align the camera with a localized hot spot on the patient.
Alignment of the camera with the localized hot spot is
optionally accompanied by a narrowing of the field of view,
adjustment of the lens tilt angle, adjustment of the camera
viewing angle, and/or an increase in refresh rate to provide
improved resolution and detection of the hot spot. The
camera operating parameters can therefore be tailored for a
full body scan of each particular patient, while also being
adapted for a more detailed scan of any localized hot spots
or areas prone to hot spots, for example the armpits, the
wrists, and the hands. The camera operating parameters also
accommodate patients of varying sizes within the MRI
barrel 12, including pediatric patients, adolescent patients,
and adult patients.

[0056] Further by example, FIGS. 18-21 include flow
charts illustrating algorithms for monitoring one or more
regions of interest (ROI), the algorithms being performed by
the processor 20 in digital logic. Each image frame of a
thermal video stream includes one or more ROIs. The ROI
can be of any shape, for example rectangular or circular, less
than the entirety of the image frame. For each ROI, the
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processor 20 determines the mean temperature of all points
within the ROI boundary at a given time in order to detect
an alert condition.

[0057] Referring now to FIG. 18, a first looped algorithm
is depicted, in which a reference value REF.AVG at time
zero (the time at which REF.AVG was measured) is sub-
tracted from the mean temperature within the ROI at a later
time n (the current time). This operation is illustrated as step
40. At step 42, the thermal video image is displayed to the
operator. The thermal video image can include an adjustable
color map and adjustable threshold values. A three-tiered
alarm is provided at decision steps 44, 46, and 48. At
decision step 44, the output of operation step 40 is compared
against TR1 (a first threshold value stored in memory, e.g.,
50 degrees Celsius). If the output of decision step 44 is
greater than TR1, the first alarm is output to the operator at
step 50, optionally in the form of an audible alert and/or a
visual alert. If the output of operation step 40 is not greater
than TR1, the algorithm proceeds to decision step 46. At
decision step 46, the output of operation step 40 is compared
against TR2 (a second threshold value stored in memory,
e.g., 40 degrees Celsius). If the output of decision step 46 is
greater than TR2, the second alarm is output to the operator
at step 52. If the output of decision step 46 is not greater than
TR2, the algorithm proceeds to decision step 48. At decision
step 48, the output of operation step 40 is compared against
TR3 (a third threshold value stored in memory, e.g., 30
degrees Celsius). If the output of operation step 40 is greater
than TR3, the third alarm is output to the operator at step 54.
The looped algorithm then resumes at operation step 40,
with REF.AVG being constant throughout the execution of
the algorithm.

[0058] Referring now to FIG. 19, a second looped algo-
rithm is depicted, in which the reference value is regularly
updated. In particular, the reference value ROI(n-ti) in this
second looped algorithm is the mean temperature at time n
minus ti, where ti is a fixed time interval, for example 4
seconds, 40 seconds, or 4 minutes, and n is the current time.
As a result, the reference value ROI(n-ti) can be said to be
a sliding reference value, rather than the static reference
value REF.AVG of FIG. 18. At step 60, the reference value
ROI(n-ti) is subtracted from the measured value ROI(n). At
step 62, the thermal video image is displayed to the operator.
A three-tiered alarm is provided at decision steps 64, 66, and
68. At decision step 64, the output of operation step 60 is
compared against TR1 (a first threshold value stored in
memory, e.g., 50 degrees Celsius). If the output of decision
step 64 is greater than TR1, the first alarm is output to the
operator at step 70. If the output of operation step 60 is not
greater than TR1, the algorithm proceeds to decision step 66.
At decision step 66, the output of operation step 60 is
compared against TR2 (a second threshold value stored in
memory, e.g., 40 degrees Celsius). If the output of decision
step 66 is greater than TR2, the second alarm is output to the
operator at step 72. If the output of decision step 66 is not
greater than TR2, the algorithm proceeds to decision step 68.
At decision step 68, the output of operation step 60 is
compared against TR3 (a third threshold value stored in
memory, e.g., 30 degrees Celsius). If the output of operation
step 60 is greater than TR3, the third alarm is output to the
operator at step 74. The looped algorithm then resumes at
operation step 60, with the reference value ROI(n-ti) being
updated for each iteration of the algorithm.
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[0059] Referring now to FIG. 20, a third looped algorithm
is depicted, in which the processor 20 determines the rate of
change of the mean temperature within the ROI. At step 80,
the processor 20 determines the time derivative of the
temperature change, where the temperature change is mea-
sured as ROI(n)-ROI(n-ti). The time derivative is deter-
mined at time n for time interval dt. At step 82, the thermal
video image is displayed to the operator. A three-tiered alarm
is provided at decision steps 84, 86, and 88. At decision step
84, the output of operation step 80 (the time derivative) is
compared against TR1 (a first threshold value stored in
memory, in degrees Celsius per second). If the output of
decision step 84 is greater than TR1, the first alarm is output
to the operator at step 90. If the output of operation step 80
is not greater than TR1, the algorithm proceeds to decision
step 86. At decision step 86, the output of operation step 80
is compared against TR2 (a second threshold value stored in
memory, in degrees Celsius per second). If the output of
decision step 86 is greater than TR2, the second alarm is
output to the operator at step 92. If the output of decision
step 86 is not greater than TR2, the algorithm proceeds to
decision step 88. At decision step 88, the output of operation
step 80 is compared against TR3 (a third threshold value
stored in memory, in degrees Celsius per second). If the
output of operation step 80 is greater than TR3, the third
alarm is output to the operator at step 94. The looped
algorithm then resumes at operation step 80 for a new value
of n.

[0060] Referring now to FIG. 21, a fourth looped algo-
rithm is depicted, in which the processor 20 determines at
step 100 the quotient of the short term temperature change
(ROI(n)-ROI(n-ti)) divided by the long term temperature
change (ROI(n-t1)-REF.AVG). This operation can compen-
sate for fabric attenuation by assuming that the body has a
uniform temperature at time ti. In reality, however, the body
will not have a uniform temperature within most ROIs,
which can result in an overestimate of the colder areas
within some ROIs. At step 102, the thermal video image is
displayed to the operator. A three-tiered alarm is provided at
decision steps 104, 106, and 108. At decision step 104, the
output of operation step 100 is compared against TR1 (a first
threshold value stored in memory, dimensionless). If the
output of decision step 104 is greater than TRI1, the first
alarm is output to the operator at step 110. If the output of
operation step 100 is not greater than TR1, the algorithm
proceeds to decision step 106. At decision step 106, the
output of operation step 100 is compared against TR2 (a
second threshold value stored in memory, dimensionless). If
the output of decision step 106 is greater than TR2, the
second alarm is output to the operator at step 112. If the
output of decision step 106 is not greater than TR2, the
algorithm proceeds to decision step 108. At decision step
108, the output of operation step 100 is compared against
TR3 (a third threshold value stored in memory, dimension-
less). If the output of operation step 100 is greater than TR3,
the third alarm is output to the operator at step 114. The
looped algorithm then resumes at operation step 100.

[0061] The above algorithms can be performed simulta-
neously using logical operators to further evaluate for cer-
tain alarm conditions. For example, using the AND operator,
the processor 20 can generate an alarm if decision step 68
determines that the ROI temperature has increased more
than 30° C. over the last sixty seconds AND if decision step
88 determines that the ROI temperature has increased at a
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rate of more than 1° C. per second. Further by example,
using the OR operator, the processor 20 can generate an
alarm if decision step 68 determines that the ROI tempera-
ture has increased more than 30° C. over the last sixty
seconds OR if decision step 86 determines that the ROI
temperature has increased at a rate of more than 2° C. per
second. Additionally, an alarm condition in one algorithm
can prompt the processor 20 to execute one or more of the
remaining algorithms. For example, if decision step 44
determines that the ROI temperature has increased more
than 50° C., the processor 20 can execute the third algorithm
and monitor the rate of change of ROI temperature. Further
by example, if decision step 44 determines that the ROI
temperature has increased more than 40° C., but less than
50° C., the processor 20 can execute the second algorithm
and monitor the short term ROI temperature change (ROI
(n)-ROI(n-ti)). Other combinations can be used in other
embodiments as desired.

[0062] Controlling MRI imaging in response to an unsafe
skin surface temperature is depicted as step 38 in FIG. 4.
This step generally includes reducing the RF energy applied
to the patient in response to the surface temperature exceed-
ing a threshold temperature. This step is optionally pet-
formed automatically by the processor 20 in some embodi-
ments. In other embodiments, the MRI operator is alerted to
a potentially unsafe skin surface and/or subdermal tempera-
ture and manually reduces the RF energy applied to the
patient. The alert can be in the form of a visual alert, an
audible alert, a vibratory alert, or any combinations thereof.
[0063] Though described above as pertaining to an
increase in temperature related to potential patient burns
during MRI imaging, the current embodiments are equally
well suited to monitor a drop in temperature. For example,
a drop in skin surface temperature may indicate a drop in
overall body temperature, which may negatively impact the
efficacy of one or more drugs. For example, the effectiveness
of anesthesia in pediatric patients can suffer in response to
a decline in body temperature. To guard against a drop in
body temperature to unacceptable or unsafe levels, the
system and method of the current embodiments can
remotely monitor the patient for a drop in temperature using
the infrared cameras 18, 19 and processor 20 described
above. Monitoring the patient for a drop in temperature is in
conjunction with an MRI in some embodiments, while being
separate from an MRI in other embodiments.

EXAMPLE

[0064] The current embodiments are further illustrated by
the following example, which is intended to be non-limiting.
[0065] An infrared camera including a tilt lens was
selected for thermal imaging of an MRI barrel. The infrared
camera included the Tau 640 thermal imaging camera (from
FLIR Systems, Inc.). The Tau 640 included a two-dimen-
sional array 31 with 640x512 elements. Additional camera
parameters are illustrated in FIG. 13, including a field of
view of 12.4°x9.9° with a 50 mm equivalent focal length.
The camera was provided with a 60 mm LWIR tilt lens 23,
which is illustrated in FIG. 14, having a focal ratio of 1.2 and
a focal length of 50 mm.

[0066] The infrared camera was vertically offset from the
central axis of the barrel by a distance of 2.97 feet, hori-
zontally from the head by a distance of 9.17 feet, horizon-
tally offset from the shoulders by a distance of 10.68 feet,
horizontally offset from the groin by a distance of 12.47 feet,
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and horizontally offset from the head by a distance of 14.43
feet. These field points are illustrated in FIGS. 15-16. A
further set of three field points were laterally offset from the
central axis of the barrel, simulating the location of the
patient’s upper extremities. The infrared camera provided
the best focus with a 3° (clockwise) tilt of the backend, from
the aperture stop to the detector plane. Results are indicated
in FIG. 17. The infrared camera demonstrated excellent
performance (contrast) on the MTF graph of FIG. 17,
corresponding to excellent focus at each of the seven field
points of FIGS. 15-16.
[0067] The system and method of the current embodi-
ments therefore provide improved detection of RF burns
during MRI imaging, including preventative wide-area
scans and reactive small-area scans of localized hot spots.
The system and method of the current embodiments are well
suited for adult patients, adolescent patients and pediatric
patients. With improved detection of skin surface and/or
subdermal temperatures during MRI imaging, the current
embodiments can reduce the incidence of RF burns while
not otherwise interfering with MRI procedures.
[0068] The above description is that of current embodi-
ments of the invention. Various alterations and changes can
be made without departing from the spirit and broader
aspects of the invention as defined in the appended claims,
which are to be interpreted in accordance with the principles
of patent law including the doctrine of equivalents. This
disclosure is presented for illustrative purposes and should
not be interpreted as an exhaustive description of all
embodiments of the invention or to limit the scope of the
claims to the specific elements illustrated or described in
connection with these embodiments. For example, and with-
out limitation, any individual element(s) of the described
invention may be replaced by alternative elements that
provide substantially similar functionality or otherwise pro-
vide adequate operation. This includes, for example, pres-
ently known alternative elements, such as those that might
be currently known to one skilled in the art, and alternative
elements that may be developed in the future, such as those
that one skilled in the art might, upon development, recog-
nize as an alternative, Furthet, the disclosed embodiments
include a plurality of features that are described in concert
and that might cooperatively provide a collection of benefits.
The present invention is not limited to only those embodi-
ments that include all of these features or that provide all of
the stated benefits, except to the extent otherwise expressly
set forth in the issued claims. Any reference to claim
elements in the singular, for example, using the articles “a,”
“an,” “the” or “said,” is not to be construed as limiting the
element to the singular. Any reference to claim elements as
“at least one of X, Y and 7Z” is meant to include any one of
X, Y or Z individually, and any combination of X, Y and Z,
for example, X, Y, Z: X, YV; X, Z; and Y, Z.

The embodiments of the invention in which an exclusive
property or privilege is claimed are defined as follows:

1. A method of performing an MRI without burning a
patient with associated radio-frequency energy comprising:

providing an MRI device having a patient barrel;

positioning an infrared camera in a plane parallel with the
central axis of the MRI barrel, but offset from the
central axis at an angle, the infrared camera having a
field of view;

applying RF energy to the patient in the MRI barrel;

Sep. 27,2018

monitoring, with the infrared camera, a temperature of the
patient’s body during the MRI;

altering the field of view of the infrared camera during the
MRI to scan the temperature of the patient’s body from
head to toe.

2. The method of claim 1 comprising donning the patient
with an infrared transmissive gown that allows infrared
wavelengths to pass through it, but provides visual conceal-
ment of the patient’s body.

3. The method of claim 1 comprising:

defining with the infrared camera a viewing angle; and

adjusting the viewing angle to image the patient’s body
within the barrel.

4. The method of claim 1 comprising:

defining with the infrared camera a lens tilt angle; and

adjusting the lens tilt angle to image the patient’s body
within the barrel.

5. The method of claim 1 wherein positioning the infrared
camera in a plane parallel with the central axis includes
positioning the infrared camera a fixed distance above the
central axis.

6. The method of claim 1 further including halting the
MRI in response to the temperature of the patient’s body
exceeding a threshold temperature.

7. A system for monitoring a patient undergoing an MRI,
the apparatus comprising:

a barrel arranged to surround a patient’s body and to
provide an MRI image thereof, the barrel defining a
longitudinal axis;

an infrared camera to image the patient’s body separately
from the MRI image, the infrared camera including an
output and an adjustable field of view, the infrared
camera being positionable at a plurality of viewing
angles relative to the longitudinal axis of the barrel; and

a processor adapted to monitor the surface temperature of
the patient’s body based on the output of the infrared
camera, the processor being further adapted to control
at least one of the field of view of the infrared camera
and the viewing angle of the infrared camera during
MRI imaging of the patient’s body.

8. The system of claim 7 wherein the processor is further
adapted to terminate MRI imaging of the patient’s body in
response to the surface temperature exceeding a threshold.

9. The system of claim 7 wherein the processor is further
adapted to generate a computer model of the patient’s
surface temperature.

10. The system of claim 7 wherein the infrared camera is
positioned outside of an MRI magnetic field to minimize
electrical interference therefrom.

11. The system of claim 7 comprising a patient gown
formed of an infrared transmissive material for wavelengths
between 8 microns and 14 microns, inclusive.

12. The system of claim 11 wherein the patient gown is
formed of at least one of polyethylene, polypropylene, and
combinations thereof.

13. The system of claim 7 further including an electrically
conductive enclosure at least partially housing the infrared
camera therein.

14. The system of claim 7 wherein the adjustable field of
view includes a field of view between 4 degrees and 12
degrees, inclusive.

15. The system of claim 7 wherein the infrared camera
includes an adjustable scanning frequency, the processor
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being further adapted to cause an increase in the scanning
frequency in response to a localized increase in the patient’s
surface temperature.

16. The system of claim 7 wherein the infrared camera
includes an adjustable lens tilt angle, the processor being
further adapted to adjust the lens tilt angle during MRI
imaging.

17. A method of performing magnetic resonance imaging
without burning a patient with associated radio-frequency
energy comprising:

providing an MRI device having a patient barrel;

positioning an IR camera to image the patient throughout

a range of viewing angles within the barrel to obtain a
composite scan of the skin surface temperature of the
patient;
clothing the patient with an IR transmissive gown that
allows IR wavelengths to pass through it, but that
provides visual concealment of the patient’s body;

altering the field of view of the IR camera to monitor the
temperature of the patient’s skin surfaces approxi-
mately from head-to-toe during the MRI;

increasing the frequency of IR camera scanning upon

detection of an increase of the temperature in localized
regions along the patient’s skin surface;

correcting IR camera scanning data to address anomalies

detected during the scanning; and

adjusting the operation of the MRI upon detection of

unsafe skin surface temperatures.

18. The method according to claim 17 wherein adjusting
the operation of the MRI includes halting the MRI upon
detection of unsafe skin surface temperatures.

19. The method according to claim 17 comprising gen-
erating a computer model of the patient’s skin surface
temperature.

20. The method according to claim 17 wherein correcting
IR camera scanning data includes subtracting temperature
data attributed to the IR transmissive gown.

21. The method according to claim 17 wherein altering
the field of view of the IR camera includes altering the field
of view among a plurality of angles between 4 degrees and
12 degrees.

22. The method according to claim 17 wherein the IR
transmissive gown is transmissive to RF energy having a
wavelength between 8 microns and 14 microns.

23. The method according to claim 22 wherein the IR
transmissive gown includes an open weave fabric.

24. The method according to claim 17 wherein position-
ing the IR camera includes locating the IR camera outside of
an MRI magnetic field to minimize electrical interference
therefrom.
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25. A method of performing an MRI without burning a
patient with associated radio-frequency energy comptising:
providing an MRI device having a patient barrel defining
a central axis;
providing an infrared camera including a field of view and
an adjustable lens tilt angle;
positioning the infrared camera above the central axis of
the MRI barrel such that the interior of the MRI barrel
is within the camera field of view;
adjusting the lens tilt angle of the infrared camera to
provide a focused thermal image of a patient along the
length of the patient barrel,
applying RF energy to the patient in the MRI barrel; and
monitoring, with the infrared camera, a temperature of the
patient’s body during the MRI.
26. The method according to claim 25 further including
controlling the application of RF energy during the MRI
based on the temperature of the patient’s body during the
MRI.
27. The method according to claim 25 further including
re-adjusting the lens tilt angle to improve acquisition of a
localized hotspot within the MRI barrel.
28. A system for monitoring patient temperature during
MRI imaging comprising:
a thermal camera to image a patient in an MRI barrel, the
thermal camera providing an output including a plu-
rality of image frames; and
a processor coupled to the output of the thermal camera
and adapted to perform the following instructions:
defining, for the plurality of image frames, a region of
interest less than the entirety of the image frame;

determining, for the region of interest, a temperature
value, wherein the temperature value is based on a
mean temperature within the region of interest;

comparing the temperature value for the region of
interest with a threshold value; and

initiating an alert if the temperature value is greater
than the threshold value, wherein the threshold value
is based on a previous temperature value as deter-
mined by the processor.

29. The system according to claim 28 wherein the tem-
perature value includes a time rate of change of the mean
temperature within the region of interest.

30. The system according to claim 28 wherein the tem-
perature value includes a quotient of a short term tempera-
ture change divided by a long term temperature change.
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