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CONTACT-FREE PHYSIOLOGICAL
MONITORING DURING SIMULTANEOUS
MAGNETIC RESONANCE IMAGING

FIELD OF THE INVENTION

[0001] This invention relates to physiological monitoring
in a magnetic resonance imaging system.

BACKGROUND

[0002] Magnetic resonance imaging (MRI) is a valuable
imaging technique for humans and animals. MRI is often
used for imaging the human body, both for research and for
clinical purposes, such as for the diagnosis of numerous
diseases and for surgical planning.

[0003] Magnetic resonance imaging is typically per-
formed with the patient lying in a long narrow bore and with
the body part of interest located in a confined coil, which is
used to receive signal for image reconstruction. A single
scan lasts on the order of minutes. The entire exam typically
includes several scans and lasts on the order of tens of
minutes.

[0004] Monitoring of patient cardiac and respiratory sig-
nals is necessary in many MR imaging situations. The
electrocardiograph signal is often used to track the cardiac
cycle. However, this requires the attachment of electrodes
and the signal is often corrupted by the scanner RF field, the
imaging gradients, and motion of the electrodes in the main
magnetic field. An alternative is a finger-mounted pulse
oximeter (photoplethysmograph), but this also requires
interaction with the subject, and motion of the pulse oxi-
meter can lead to false readings. Respiratory motion is often
measured using an air-filled belt attached to a pressure
sensor. This also requires a device to be attached to the
subject.

[0005] There is a need for an alternative method to mea-
sure physiological signals from subjects during MRI that
requires no physical contact to the subject, no extra setup
time for the scanner operator and operates at all field
strengths used in MRI. These field strengths span two orders
of magnitude from approximately 0.1 T to 10 T, but field
strengths of 1.5 T and 3 T are of particular relevance since
they are often employed in clinical practice.

SUMMARY

[0006] The present invention addresses the need discussed
above, i.e., the ability to obtain physiological parameters and
perform physiological monitoring without contact to the
human or animal subject, without interaction by the scanner
operator and with no performance penalty at high field
strengths.

[0007] It is well known to those skilled in the art that it is
possible to operate a video camera inside an MRI scanner for
the purposes of motion tracking. This is done by attaching a
marker to the subject, which is then used to compute pose
(position and orientation) information and track motion from
frame to frame. In this work, we describe a number of
adaptions that can be made to optical motion correction
systems in order to obtain physiological parameters from the
subject. By performing validation experiments comparing
the calculated physiological parameters to those measured
using traditional approaches, we show that this method is
effective.
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[0008] Instead of imaging a marker, one or more cameras
are integrated into the MRI system, such that the camera
field of view includes the forehead of the subject. In this
way, no extra physical contact is made to the subject for the
purpose of physiological monitoring.

[0009] In a preferred embodiment, a single camera is
integrated into the head coil of the MRI scanner and directed
towards the forehead of a human subject, such that the
obtained video data is a video of their skin. A white light
emitting diode (LED) can provide illumination of the skin,
and color video data can be collected using the camera.
Video data can be transmitted out of the MRI scanner room
in real time via an optical link. The optical link advanta-
geously avoids a galvanic contact to the camera, thereby
providing MRI compatibility.

[0010] Ina preferred embodiment, the video data stream is
continuously visible to the scanner operator outside the
scanner room. In addition, real-time image processing (as
described below) can be employed to extract cardiac and/or
respiratory information from the video stream. In the case of
cardiac information, this is possible due to slight changes in
reflected light that occur as blood moves through the vas-
cular bed. In the case of respiratory information, this is
possible due to slight head movements that occur as the
subject inhales and exhales. This processed information can
also be made available to the operator in real time via the
computer normally used to operate the MRI scanner, and
where cardiac and respiratory information obtained using
traditional methods (pulse oximeter, ECG, respiratory belt)
is normally shown.

[0011] In another embodiment, the video data visible to
the scanner operator is augmented, such that cardiac pulsa-
tions of the subject are clearly visible. This can be done by
modifying the color channels to enhance temporal signal
changes taking place in particular regions in the image.
Further information concerning this embodiment is provided
below.

[0012] In another embodiment, the video data visible to
the scanner operator is augmented, such that motion occur-
ring due to respiration of the subject is enhanced and is more
visible in the augmented video frames than in the original
video frames.

[0013] In another embodiment, the camera sensor is
replaced with a sensor that has high sensitivity to the
infrared part of the electromagnetic spectrum. In this way,
the video data can be used for high-temporal resolution
monitoring of patient skin temperature.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 shows how a video can be obtained of skin
on a patient’s forehead by integrating an MR-compatible
camera into an MRI imaging head coil.

[0015] FIG. 2 is an exemplary block diagram showing
how cardiac and respiratory information can be computed
from video data to produce the results shown herein.

[0016] FIG. 3 is an exemplary block diagram showing
further details relating to determining respiratory motion
from the video data.

[0017] FIG. 4A shows a plot comparing the cardiac signal
calculated from the video data and the signal obtained
simultaneously from a subject using a pulse oximeter.
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[0018] FIG. 4B shows a plot comparing the triggering
provided by the cardiac signal calculated from the video data
to the triggering provided by the signal obtained from the
pulse oximeter.

[0019] FIG. 4C is a further comparison of the triggering
provided by the cardiac signal calculated from the video data
to the triggering provided by the signal obtained from the
pulse oximeter.

[0020] FIG. 5 shows a plot comparing the respiratory
signal calculated from the video motion data to the signal
obtained simultaneously from a subject using the respiratory
belt and to the video intensity data.

[0021] FIG. 6 shows variations in cardiac signal from
different image regions.

DETAILED DESCRIPTION

[0022] FIG. 1 shows an MR-compatible camera 108
embedded into a head coil 104 of the MRI system. The MRI
system is equipped with an optical source 106, which
provides light 110 to illuminate a patch of skin 112 on the
forehead of a subject 102, who is lying on the patient table
and undergoing an MRI examination. Alternatively, 106 can
be a camera that includes an optical source for illumination.
[0023] FIG. 2 shows how cardiac and respiratory infor-
mation can be computed from video data to produce the
results shown here. The same video stream is used to
generate both cardiac and respiratory signals from the same
data. In this example, the starting point 202 is video that is
acquired at a rate of 30 frames/second. Sampling may be
faster or slower than this; however, we have generally found
30 Hz to be sufficient for this application. To compute the
cardiac signal, the mean pixel intensity 204 is taken over the
entire image, or over subsections of the image, for each
frame. This signal is then filtered using a bandpass filter 206
with passband between 0.6 Hz and 10 Hz to provide cardiac
data 208. To compute the respiratory signal, motion of the
image in the head-feet direction is calculated using 1D
sub-pixel image registration 210. This provides an effective
means to capture the slight ‘nodding’ motion that accom-
panies respiration. The signal is then filtered using a band-
pass filter 212 with passband from 0.2 Hz to 0.6 Hz to
provide respiratory data 214.

[0024] FIG. 3 provides further details relating to the
computation of the respiratory signal. The 1D motion mod-
ule 210 shown in FIG. 2 performs image registration using
a sub-pixel implementation of the phase correlation method.
FIG. 3 is a block diagram of this method. As in the pixel
intensity module, each frame is initially cropped to a 360x
360 square, removing the stationary head coil, which would
otherwise be a confounding factor in the motion calculation.
The first frame in the video sequence is used as a reference
frame 306. Each of following frames 302 in the video are
compared to this reference frame to compute the relative
displacement in the image x- and y-directions. This is
achieved by applying the inverse FFT to both the reference
and ith cropped frames (308 and 304 respectively) and
computing the phase difference in the Fourier domain 310.
This phase difference is a 2D ramp with a gradient propor-
tional to the displacement between the two frames. This
gradient, and hence the displacement, is found using the
sub-pixel phase correlation method 312, described in more
detail by Maclaren et al. in “MRI with TRELLIS, a novel
approach to motion correction” (Magnetic Resonance Imag-
ing v26 (2008) pp. 474-483), hereby incorporated by refer-
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ence in its entirety, to provide output x and y shifts 314. The
shift in the image x-direction (patient left-right) is discarded
and only the shift in the image y-direction (patient head-feet,
also referred to as the longitudinal direction) is used for
further processing.

[0025] FIG. 4A shows a plot comparing the cardiac signal
calculated from the video data, using the methods described
here, and the signal obtained simultaneously from a subject
using a pulse oximeter. In this experiment, we began imag-
ing with the MRI scanner after 30 s and stopped imaging
with the MRI scanner after 60 s. This period is marked on
the graph. No change in the calculated cardiac signal over
this time period is visible, indicating that scanning had no
significant effect on the camera. Pulsations measured with
both systems coincide, which indicates that the signal
obtained from the video-processing algorithm is genuinely
related to cardiac pulsation. A good match to the pulse
oximeter data is apparent for the video intensity signal in
terms of the timing and magnitude of peaks.

[0026] To provide a better comparison of the potential
usefulness of the cardiac signals for cardiac gating, a simple
algorithm was applied in order to check for consistency of
the time period between detected pulses (equivalent to the
RR interval in ECG). Trigger locations were found for each
curve based on two parameters: a threshold, set arbitrarily to
0.6 (where the signals are normalized to have a peak value
of 1), and a minimum interval time, set here to be 300 ms.
Trigger locations were then defined as any time point more
than 300 ms since the previous trigger, where the signal
crossed the 0.6 threshold and had positive gradient. These
trigger locations were then used to calculate the trigger-
trigger interval time. Trigger locations, computed as
described above, match well between the reference pulse
oximeter data and the video intensity signal. FIG. 4B shows
a zoomed-in subset of trigger locations (marked as black
dots) from the central 30 s period in FIG. 4A. Although
synchronization between the two signals was not perfect in
our setup, there is a clear one-to-one mapping between
triggers derived from the two signals. That is, every trigger
detected in the pulse oximeter data stream was also detected
in the video intensity signal and there were no extra triggers
detected in the video intensity signal that were not detected
in the pulse oximeter signal. This one-to-one mapping
makes it possible to compare the time interval between
triggers, as shown on FIG. 4C. The changing time interval
is highly correlated: the difference between trigger intervals
from the pulse oximeter and the video intensity signal has a
mean of <0.01 s and standard deviation of 0.05 s, meaning
that most trigger intervals computed from the two signals are
within 50 ms of each other.

[0027] FIG. 5 compares respiratory data from the respi-
ratory belt to the video-derived intensity and motion signals.
In this case, there is no evidence that the intensity based
signal correlates with the signal from the respiratory belt.
However, motion based data correlates strongly. In some
cases the respiratory belt signal appears to have saturated,
but the video motion signal does not, perhaps indicating
further motion past the maximum range of the respiratory
belt. Again, MR imaging appears to have no effect on the
acquired physiological data. In summary, the signal from the
respiratory belt coincides well with the results computed
from the video motion signal, indicating that the computed
signal is indeed due to respiration of the subject.
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[0028] FIG. 6 shows how different parts of the image can
have substantially different video intensity signals. For
example, the MRI head coil 602 provides no cardiac signal
610, while parts of the image showing the skin of the patient
604 can provide a strong signal 606 or a weak signal 608
depending on details of the configuration. For some regions
the cardiac signal is particularly strong; for others (such as
regions containing little skin), it is virtually non-existent.
This spatial information can be fed back and used to enhance
the image with a colored overlay.

[0029] Previous work, unrelated to MRI, has shown that it
is possible to augment video data to make subtle intensity
changes visible to the naked eye. Using a similar method, we
augmented the video data acquired for this work using the
video-derived cardiac signal and the following algorithm.
Rather than cropping the video frames to a square and
processing all pixels in that square together, frames are
divided into an m-by-n grid. Processing is applied to all
pixels in each grid square separately to extract the video-
derived cardiac signal for each m, n. This m-by-n signal is
then resampled using bicubic interpolation to the original
video resolution and used to generate a “‘modulation video’.
The modulation video is superimposed onto the red channel
of the otherwise grayscale images. Cardiac pulsation can
then be easily seen as a red tone overlaid on the original
video. Depending on the values selected for m and n, spatial
discrimination can be traded for robustness and SNR of the
signal.

[0030] In summary, our data indicate that the methods
taught here enable one to obtain similar information to the
pulse oximeter and respiratory belt without physical contact
to the subject. Finger-mounted pulse oximetry has existed
since the 1930s and the use of both the pulse oximeter and
respiratory belt has been common in clinical MRI since its
inception. Here we show that camera hardware can be used
for physiological monitoring purposes, potentially eliminat-
ing the need to use devices that physically contact the
patient.

[0031] We have not thoroughly quantified the algorithm’s
robustness to large-scale head motion. In the data shown, the
maximum image displacement from the initial position was
16 pixels (approximately 3 mm), indicating that the subject
did not remain perfectly still during the experiment. Some
motion robustness can therefore be assumed. However,
multiple cameras could perhaps be used in order to ensure
that a sufficiently large region of skin remains in the camera
field of view at all times. Motion sensitivity is a challenge
shared by pulse oximetry, so our method may in fact be more
robust than the state of the art.

[0032] The algorithms described in this work do not
require color information in the video signal. This enables
the methods taught here to be applicable to both mono-
chrome and color image sensors. Illumination (here a white
LED) is clearly necessary, as previous attempts at photop-
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lethysmography using ambient light have been in a well-lit
environment, which is not representative of the bore of an
MRI scanner.

1. Apparatus for physiological monitoring of a patient in
a magnetic resonance imaging (MRI) system, the apparatus
comprising:

an MRI compatible optical camera disposed within the
MRI system and configured to observe a forehead of
the patient;

an MRI compatible optical source disposed within the
MRI system and configured to illuminate the forehead
of the patient;

a processor configured to receive a video signal from the
MRI compatible optical camera and to provide an
output of physiological data obtained by analysis of the
video signal;

wherein the physiological data includes at least respira-
tion data derived from measurements of longitudinal
image motion in the video signal.

2. The apparatus of claim 1, wherein the measurements of
longitudinal image motion in the video signal include com-
puting sub-pixel longitudinal image motion using a phase
correlation method.

3. The apparatus of claim 1, wherein the physiological
data further includes cardiac data derived from measure-
ments of intensity changes in the video signal.

4. The apparatus of claim 3, wherein the measurements of
intensity changes in the video signal include relative inten-
sity measurement of two or more color channels.

5. The apparatus of claim 1, wherein the MRI compatible
optical source provides visible light and wherein the MRI
compatible optical camera is sensitive to the visible light.

6. The apparatus of claim 1, wherein the MRI compatible
optical source provides infrared light and wherein the MRI
compatible optical camera is sensitive to the infrared light.

7. The apparatus of claim 1, wherein the MRI compatible
optical source includes a light emitting diode.

8. The apparatus of claim 1, wherein the processor is
configured to provide a further output of an image that is
enhanced to emphasize temporal changes.

9. The apparatus of claim 8, wherein the temporal changes
are emphasized by color coding.

10. The apparatus of claim 8, wherein the temporal
changes relate to cardiac activity.

11. The apparatus of claim 8, wherein the temporal
changes relate to respiration.

12. The apparatus of claim 1, wherein the MRI system is
configured to account for the physiological data during MRI
scanning.

13. The apparatus of claim 1, wherein the MRI compatible
optical camera and the MRI compatible optical source are
configured as an integrated source-camera unit.
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