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APPARATUS FOR OBTAINING
HIGH-QUALITY OPTICAL IMAGES IN A
MAGNETIC RESONANCE IMAGING
SYSTEM

FIELD OF THE INVENTION

[0001] The present invention relates to medical imaging.
Specifically, it involves a device for obtaining high quality
optical data from a human or animal subject during simulta-
neous magnetic resonance imaging.

BACKGROUND

[0002] Magnetic resonance imaging (MRI)is an invaluable
tool in clinical imaging. MRI uses a strong static magnetic
field (B,), a powerful radio-frequency (RF) field (B,), and
rapidly switching magnetic field gradients to generate and
spatially encode signals. Due to these magnetic fields, patient
monitoring during the MRI procedure can be challenging, as
it is difficult to operate electronics in this environment. The
static fields used are often between 1.5 T and 7 T, which
precludes the use of ferromagnetic materials in any electronic
device placed inside the scanner bore. The RF field is a source
of electromagnetic interference and the gradient fields are a
source of mechanical vibrations and eddy currents in conduc-
tive materials. Not only must any electronic monitoring
device be capable of operating in this environment, but it
should not perturb the MRI fields in any way, as this can result
in artifacts in the MR images.

[0003] Despite these challenges, it is advantageous to be
able to optically monitor the head or body of the patient
during the MRI procedure. One major area of application is
the correction of motion. MRI is extremely sensitive to
motion. Head movements of only a few millimeters during a
typical 5-10 minute scan produce severe image artifacts, often
rendering the images useless. This can affect the outcome for
the patient and increases costs if scans must be repeated. One
promising motion correction method involves measuring the
head pose (position and orientation) of the subject using
optical camera systems. Video information is used to track a
marker mounted on the head of the subject. Head motion data
are then used for real-time control of the scanner. This
involves updating the RF and gradient fields of the scanner to
compensate for the motion of the head, thereby ensuring that
there is no relative motion between the imaging volume and
the object. This technique is very powerful, as it is applicable
to all common imaging sequences.

[0004] Motion correction has motivated several recent
developments in patient monitoring for MRI. One existing
approach involves placing cameras outside the scanner away
from the strongest magpetic fields (U.S. Pat. No. 8,121,361).
This has the major disadvantage that an unimpeded line of
sight to the tracking marker attached to the subject is required.
Another implementation involves placing cameras inside the
bore of the MRI scanner, either directly attached to the bore or
mounted on the head coil used to receive RF signal (US
2009/0209846 and US 2011/0201916). This helps achieve
clear line of sight, although parts of the head coil can still
obscure the view of any optical marker used. To circumvent
the problem of obscured view to an optical marker, a self-
encoded marker can be used that allows determination of
which part of the marker is seen by the camera (US 2012/
0121124). Furthermore, the need to provide power to the
apparatus via a conductive cable can cause electromagnetic

Aug. 11, 2016

interference with the MR1 procedure. Finally, existing imple-
mentations require cameras to be manually positioned and
calibrated by the scanner operator, in some cases prior to
every scan. These issues have been a barrier to the adoption of
the technique as a routine clinical tool because they interfere
with workflow.

[0005] In addition to motion correction, there are many
other uses forhigh-quality video information from the subject
during the MRI procedure. Eye tracking is often used in
functional MRI (fMRI) experiments; patient skin tempera-
ture could be measured by thermal mapping leveraging the
thermal sensitivity (e.g. infrared) of an optical detector;
physiological signals, such as pulse rate and oxygen satura-
tion, could be detected from slight color changes in the skin;
respiratory signals could be measured from optical motion
data without requiring the use of a pneumatic respiratory belt.
It would therefore be an advance in the art to provide an
optical imaging system that (a) ensures unimpeded line of
sight to the subject (b) is completely MR compatible and (c)
requires minimal user interaction to setup and maintain.

SUMMARY

[0006] This work provides methods for obtaining high-
quality video data of a subject during simultaneous magnetic
resonance imaging. The present approach avoids the prob-
lems mentioned earlier; namely, poor line of sight to the
subject, interference with the MRI scanner, and excessive
user interaction.

[0007] The apparatus comprises one or more miniature
cameras, which are modified to be MR compatible and then
preferably embedded into the imaging coil of the MRI scan-
ner. This ensures unimpeded view of the subject or of any
tracking marker attached to the subject. Additionally, the
operator does not need to install the camera prior to use, as it
is an integral part of the MRI system. Unlike existing imple-
mentations, the miniature camera has no galvanic connection
to the outside world, which improves its robustness to strong
static and switching magnetic fields and ensures that it does
not electromagnetically perturb its environment.

[0008] Inapreferred embodiment, both control of the cam-
era and transfer of image data are achieved optically using a
digital signal. To allow practical operation, a low power
mechanism for image data transfer is used. In this embodi-
ment, this is achieved optically using a low-power optical
link. The preferred cable used is an ‘active optical cable’,
where there is no optical connector, but rather miniature (larg-
est dimension <3 mm) electrical connectors attached to each
end of the optical cable. In this embodiment, two fibers are
used, where one is used to transmit control signals to the
camera from outside the MRI room and the other is used to
receive image data. In one embodiment, the two fibers are
fused together to form a single ‘cable’ and they share an
electrical connector. In this embodiment, each electrical con-
nector contains a VCSEL (vertical-cavity surface-emitting
laser) and a low-power VCSEL driver chip to convert electri-
cal signals into optical signals, as well as a photodiode and
transimpedance amplifier to produce a voltage from the opti-
cal signal. In this embodiment, the fibers are polymer optical
fibers, but glass optical fibers may also be used.

[0009] In another embodiment, closely related to the
above-described embodiment, data communication is per-
formed using ‘optical USB’ cables. Typically, optical USB
cables also contain copper wire in order to transport power. In
this embodiment, the copper is removed and power is sup-
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plied to the electronic components independently at each end
of the cable. In a similar way, optical Thunderbolt® or optical
HDMI can be used.

[0010] Inanother embodiment, data communication is pet-
formed wirelessly at a frequency above that used by the MRI
scanner, to avoid interference with the MR imaging process.
This can be done by using gigabit Wi-Fi (IEEE 802.11ac) or
WiGig (IEEE 802.11ad), which can achieve sufficient data
rates to transfer video streams with low power consumption.
[0011] Theuseofalow power data transfer mechanism and
camera chip ensures that the power required by the unit,
including LED lighting, is less than 500 mW. This enables the
device to be powered without requiring a copper power cable.
In the preferred embodiment, there is no galvanic connection
from the device to the outside world, because the apparatus is
powered using MR-compatible batteries, such as recharge-
able lithium polymer cells, which can be manufactured with-
out the use of nickel, or other ferromagnetic material. The
battery contacts are made of copper, which has attractive
MR-compatibility properties. Each battery is very small, such
that it fits within the RF shield of the apparatus. Battery life
can be several hours or greater.

[0012] In a preferred embodiment, the battery is sealed
inside a copper-shielded case. The case slides on to the main
camera unit and forms an electrical connection using a two-
pin connector. In this way, the battery can be easily removed
for charging and a fresh battery can be installed in its place.
This can be done without moving the camera out of its place
(e.g. no removal of the camera from the MR head coil is
needed for the case of a camera integrated with the MR head
coil).

[0013] In another embodiment, the apparatus is powered
using ‘power over fiber’, where light from a laser diode or
LED located outside the scanner room is directed along an
optical fiber to the apparatus. The light is then converted back
into electrical energy using a photovoltaic cell.

[0014] In a further embodiment, the apparatus is powered
using a connection to the scanner receive coil. In this embodi-
ment, current is drawn from the receive coil power supply to
power the optical imaging apparatus without any effect of the
performance of the receive coil. To achieve this, filters,
including passive electronic components, may be required in
some cases.

[0015] In a further embodiment, the apparatus is powered
via a “power harvesting” scheme, where the switching of the
magnetic gradient field can induce voltage in a pickup coil to
power the system or via the time-varying RF field itself.
[0016] A further advantage of these approaches is that the
low-power components have very low heat dissipation, which
helps the device maintain a constant temperature. This pre-
vents drifts in the data output that would otherwise result from
device heating.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1 shows an example of camera integration into
an MRI scanner and Faraday cage.

[0018] FIG. 2A shows an exemplary bore-mounted camera
arrangement.
[0019] FIG. 2B shows an exemplary head coil mounted

camera arrangement.

[0020] FIG. 3 shows an example of a camera module with
no wired connection into the bore of the MRI system.
[0021] FIG. 4 shows aschematic of a preferred data transfer
approach.
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DETAILED DESCRIPTION

[0022] FIG. 1 shows an exemplary apparatus according to
the above-described principles. Apparatus 100 includes a
Faraday cage 110, which encloses a magnetic resonance
imager 120, in which a human (or animal) 130 is placed. The
head of the human, or animal, is partially enclosed by an
imaging coil 140, which includes one or more integrated
cameras 141. The only data communication with camera(s)
141 is via optical fibers 150, which pass through the Faraday
cage via a waveguide 111 to a processing device 160.
[0023] To better appreciate the present invention, it is help-
ful to consider the drawbacks of bore-mounted cameras. FIG.
2A shows an MRI scanner bore 200 that surrounds a patient’s
head 210 with attached tracking marker 211. As can be seen
in this figure, a bore mounted camera 201 will suffer from the
disadvantage that its field of view 202 will be significantly
blocked by head coil 220.

[0024] FIG. 2B shows a similar arrangement, except that
cameras 221 are mounted on (or preferably integrated with)
head coil 220, thereby providing an improved field of view
222 for observing target 211. This improved field of view is
why the configuration of FIG. 2B is preferred relative to the
configuration of FIG. 2A. Preferably tracking marker 211 has
a position self-encoding pattern on it, as described in US
2012/0121124, hereby incorporated by reference in its
entirety.

[0025] FIG. 3 shows an example camera module 300,
encased in a plastic enclosure 310 lined with a conductive
shield 320. The conductive shield 320 can be made of copper
foil and/or copper paint. The module preferably includes a
single printed circuit board 330, which includes a camera
336, lens 331, an LED 332 (to provide illumination when
required) and an active optical fiber connector 333, so that all
data to and from the camera can be transferred using one or
more optical fibers 334. The entire unit can be powered using
a rechargeable MR-compatible lithium polymer battery 340,
where all contacts that would typically be nickel plated have
been replaced with copper.

[0026] For example, an on-board power electrical supply
350 can receive energy from battery 340. Alternatively, as
described above, on-board power supply 350 can receive
electrical power from any other source, as long as no wired
connection into the bore of the MRI system is made. The
on-board power supply 350 can be anything that receives
electrical power from outside the circuit board. For example,
aconnector and optionally a voltage regulator may suffice for
power supply 350, depending on details of the power con-
figuration employed.

[0027] Thebattery is also encased in a plastic enclosure 341
lined with a conductive shield 342. Power from the battery is
transferred to the camera unit using a connector 343 and local
wire connections 344. Control of camera 336 is via controller
360, which also has no wired connection into the bore of the
MRI system. In this example, inputs to controller 360 are
provided via optical fiber(s) 334. Note that in this embodi-
ment, the conductive shields of the camera case and battery
(320 and 342 respectively) are entirely isolated and have no
galvanic connection to ground, the MRI scanner, the battery
or any components on the PCB. This configuration has out-
standing MR compatibility properties.

[0028] FIG. 4 shows a preferred data transfer system 400.
Two plastic optical fibers 410 and 420 are fused together to
form a bi-directional optical cable. One of the fibers 410 is
used to transfer data relating to camera control (e.g. exposure
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time, image matrix, frame rate, etc.). The other fiber 420 is
used to transfer the image data from the camera to a computer.
These fibers are the only physical connection that runs out of
the camera shielding 430 and the Faraday cage 440 of the
MRI scanner room. The advantage of this setup is that no
electrical signals are present, which results in excellent elec-
tromagnetic compatibility with the MRI system. The two-
fiber cable is an ‘active optical cable’, meaning that there are
connectors 450 and 460 attached to the fiber at each end. Both
connectors preferably have length, width and height of less
than 3 mm. To convert electrical signals to optical signals,
each connector contains a VCSEL and a low-power VCSEL
driver chip. To convert optical signals to electrical signals,
each connector includes a photodiode and a transimpedance
amplifier. The connector 450 inside the camera case has elec-
trical contacts 451, which are connected to the camera elec-
tronics. The connector 460 outside the Faraday cage has
electrical contacts 461, which are connected to a computer
(e.g., via a USB interface). This communication system
allows image data from the camera to be received by the
computer and also allows camera settings such as exposure
time and gain to be controlled from the computer.

[0029] The preceding examples describe an optical sensing
apparatus for use in an electromagnetic (EM) environment
provided by a magnetic resonance imaging (MRI) system,
where the apparatus includes:

[0030] 1)oneormore EM-compatible optical sensors (e.g.,
336);
[0031] 2)oneormore electrical power sources (350) for the

optical sensors, where power is provided to the electrical
power sources via power connections that have no wired
connection into the bore of the MRI system;

[0032] 3) one or more controllers (360) for the optical sen-
sors, where input commands are provided to the controllers
via control connections that have no wired connection into
the bore of the MRI system; and

[0033] 4) one or more sensor output units (160), where
output signals from the optical sensors are provided to the
sensor output units via output connections that have no
wired connection into the bore of the MRI system. Here a
wired connection is defined to be any connection that
makes use of a conductive material (e.g., a metal) to con-
duct electricity. Thus an optical fiber is not a wired con-
nection because there is no conduction of electricity. In
other words, at any point where the power, control and/or
output connections cross into the bore of the MRI system,
these connections are non-wired (e.g., optical fiber, wire-
less link, etc.). Wired connections can be used in cases
where the wiring is entirely within the bore of the MRI
system, such as providing power via a wired connection to
a local battery or via a wired connection to an MRT head
coil. Wired connections can also be used within parts of the
camera system that are completely outside the bore of the
MRI system.

[0034] Theoptical sensing apparatus is preferably disposed

on or in a head coil of the MRI system. In these cases, the

power connections preferably include a wired connection to
the head coil. In cases where a tracking marker is disposed on

a subject being imaged, the optical sensing apparatus prefer-

ably has a field of view that includes part or all of the tracking

marker. The one or more EM-compatible optical sensors can
be configured as a detector array in complementary metal-
oxide semiconductor (CMOS) or charge-coupled device

(CCD) technology.
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[0035] The control connections can be via optical fiber or
wireless link. Similarly, the output connections can also be
via optical fiber or wireless link. In cases where optical fiber
is used for these connections, one or more bidirectional opti-
cal fiber links including one or more optical fibers can be
used. Such bidirectional optical fiber links can include verti-
cal cavity surface emitting lasers as optical sources.

[0036] Suitable power connections include but are not lim-
ited to: wired connections to a local battery, wired connec-
tions to the MRI system, wired connections to a head coil of
the MRI system, optical fibers, wireless links, and power
harvesting from the EM environment. In all of these cases, no
wired connection into the bore of the MRI system from out-
side the bore of the MRI system is made, thereby preserving
the above-described MR compatibility.

[0037] In operation, the above-described apparatus can be
used to optically observe a subject during MR imaging. For
example, pulse monitoring, breathing monitoring, tracking
eye movement, monitoring pupil size, and monitoring skin
temperature are some applications. Recognizing movements
of the subject being imaged and operating instrumentation
based on the recognized movements can also be done.
[0038] Anapplication of particular significance is perform-
ing motion tracking and motion correction to mitigate
motion-induced artifacts based on the output signals from the
optical sensors. Such motion tracking can include any or all of
the following methods: using markers for motion tracking,
using natural features of the subject for motion tracking, and
projecting a pattern of light onto the subject for motion track-
ing.

1. An optical sensing apparatus for use in an electromag-
netic (EM) environment provided by a magnetic resonance
imaging (MRI) system, the apparatus comprising:

one or more EM-compatible optical sensors;

one or more electrical power sources for the optical sen-

sors, wherein power is provided to the electrical power
sources via power connections that have no wired con-
nection into a bore of the MRI system;

one or more controllers for the optical sensors, wherein

input commands are provided to the controllers via con-
trol connections that have no wired connection into the
bore of the MRI system; and

one or more sensor output units, wherein output signals

from the optical sensors are provided to the sensor out-
put units via output connections that have no wired
connection into the bore of the MRI system.

2. The apparatus of claim 1, wherein the optical sensing
apparatus is disposed on or in a head coil of the MRI system
and wherein the power connections include a wired connec-
tion to the head coil.

3. The apparatus of claim 2, further comprising a tracking
marker disposed on a subject being imaged, wherein the
optical sensing apparatus has a field of view that includes part
or all of the tracking marker.

4. The apparatus of claim 1, wherein the one or more
EM-compatible optical sensors are configured as a detector
array in complementary metal-oxide semiconductor (CMOS)
or charge-coupled device (CCD) technology.

5. The apparatus of claim 1, further comprising an illumi-
nation source.

6. The apparatus of claim 1, wherein the control connec-
tions are selected from the group consisting of:

optical fiber and wireless link.
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7. The apparatus of claim 1, wherein the output connec-
tions are selected from the group consisting of: optical fiber
and wireless link.

8. The apparatus of claim 1, wherein the control connec-
tions and the output connections are provided by one or more
bidirectional optical fiber links including one or more optical
fibers.

9. The apparatus of claim 8, wherein the bidirectional
optical fiber links include vertical cavity surface emitting
lasers as optical sources.

10. The apparatus of claim 1, wherein the power connec-
tions are selected from the group consisting of: wired con-
nections to a local battery, wired connections to a part of the
MRI system within the Faraday cage, wired connections to a
head coil ofthe MRI system, optical fibers, wireless links, and
power harvesting from the EM environment.

11. A method of magnetic resonance imaging (MRI) com-
prising:

1) providing an optical sensing apparatus for use in an
electromagnetic (EM) environment provided by an MRI
system, the apparatus comprising:

one or more EM-compatible optical sensors;

one or more electrical power sources for the optical sen-
sors, wherein power is provided to the electrical power
sources via power connections that have no wired con-
nection into a bore of the MRI system;

one or more controllers for the optical sensors, wherein
input commands are provided to the controllers via con-
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trol connections that have no wired connection into the
bore of the MRI system; and

one or more sensor output units, wherein output signals
from the optical sensors are provided to the sensor out-
put units via output connections that have no wired
connection into the bore of the MRI system; and

ii) using the optical sensing apparatus for optically observ-

ing a subject during MRI.

12. The method of claim 11, wherein observing the subject
being imaged comprises one or more methods selected from
the group consisting of: pulse monitoring, breathing moni-
toring, tracking eye movement, monitoring pupil size, and
monitoring skin temperature.

13. The method of claim 11, further comprising recogniz-
ing movements of the subject being imaged and operating
instrumentation based on the recognized movements.

14. The method of claim 11, further comprising perform-
ing motion tracking and motion correction to mitigate
motion-induced artifacts based on the output signals from the
optical sensors.

15. The method of claim 14, wherein the motion tracking
comprises one or more methods selected from the group
consisting of: using markers for motion tracking, using natu-
ral features of the subject for motion tracking, and projecting
a pattern of light onto the subject for motion tracking.
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