w0 2023/001997 A1 |0 00000 KA

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
26 January 2023 (26.01.2023)

(10) International Publication Number

WO 2023/001997 Al

WIPO I PCT

(51) International Patent Classification:
GO6T 7/00 (2017.01) GO6T 7/11 (2017.01)
GO6T 7/10 (2017.01) GO6T 7/20 (2017.01)

(21) International Application Number:
PCT/EP2022/070572

(22) International Filing Date:
22 July 2022 (22.07.2022)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

21187369.0 23 July 2021 (23.07.2021) EP

(71) Applicant: KONINKLIJKE PHILIPS N.V. [NL/NL];
High Tech Campus 52, 5656 AG Eindhoven (NL).

(72) Inventors: WANG, Wenjin; c¢/o Philips International B.V.,
Intellectual Property and Standards, High Tech Campus
52, 5656 AG Eindhoven (NL). DEN BRINKER, Albertus
Cornelis; c/o Philips International B.V. Intellectual Prop-
erty and Standards, High Tech Campus 52, 5656 AG Eind-
hoven (NL). GARCIA TORMO, Albert; c/o Philips In-
ternational B.V. Intellectual Property and Standards, High
Tech Campus 52, 5656 AG Eindhoven (NL). PAPPOUS,
Toannis; c/o Philips International B.V. Intellectual Property
and Standards, High Tech Campus 52, 5656 AG Eindhoven
(NL). WEISS, Steffen; High Tech Campus 52, 5656AG
Eindhoven (NL). WUELBERN, Jan Hendrik; High Tech
Campus 52, 5656 AG Eindhoven (NL). MAZURKEWITZ,
Peter Caesar;, High Tech Campus 52, 5656AG Eindhoven
(NL). SENEGAS, Julien Thomas; High Tech Campus 52,
56506AG Eindhoven (NL). NETSCH, Thomas; High Tech
Campus 52, 5656AG Eindhoven (NL).

(54) Title: SIGNAL EXTRACTION FROM CAMERA OBSERVATION

FIG. 10

(57) Abstract: A method (100) is disclosed for determining a signal indicative of a state of a subject during a diagnostic imaging or
therapeutic procedure based on camera observation. The method comprises acquiring (101) camera images from a camera configured
to monitor a body patt of the subject during the procedure, e.g. via a reflection thereof in a reflective surface. The method comprises
detecting (102) a shape or contour of the reflective surface in at least one acquired camera image to define a region of interest in the
image that contains image information corresponding to the body part of interest, and segmenting (103) the region of interest in one or
more camera images to select pixels that correspond to a feature of the body part of interest. The method also comprises determining
(105) the signal indicative of the state of the subject from the selection. The invention further relates to a corresponding device, system

and computer-program.

[Continued on next page]



WO 2023/001997 A | [I 000|000 00RO 0 OO 0 0O

(74) Agent: PHILIPS INTELLECTUAL PROPERTY &
STANDARDS; High Tech Campus 52, 5656 AG Eind-

hoven (NL).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AQ, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW,BY, BZ,
CA, CH, CL,CN, CO, CR, CU, CV, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IQ, IR, IS, IT, JM, JO, JP, KE,
KG,KH, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU,
LY, MA,MD, ME, MG, MK, MN, MW, MX, MY, MZ NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS, RU,RW, SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA,ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:
— as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(ii))

Published:
—  with international search report (Art. 21(3))



10

15

20

25

30

WO 2023/001997 PCT/EP2022/070572

1
SIGNAL EXTRACTION FROM CAMERA OBSERVATION

FIELD OF THE INVENTION

The present invention relates to the field of image processing, and particularly for
inferring a signal indicative of a subject’s state, for example for use in combination with diagnostic
imaging. More specifically, the invention relates to a device, method and computer program product
for determining a signal indicative of the state of a subject, ¢.g. a patient undergoing a medical

imaging procedure, based on remote observation, e.g. camera images of the subject.

BACKGROUND OF THE INVENTION

It is known in the art to use camera observation of a subject in order to derive useful
signals, such as signals indicative of physiological parameters and/or mood of a subject undergoing a
medical imaging examination. Examples include camera-based methods to determine parameters
indicative of cardiovascular and/or respiratory function and of movement of the body or parts thereof.

For example, cardiac triggering is extensively used in medical imaging, such as
magnetic resonance imaging (MRI) and computed tomography (CT). Data acquired by a diagnostic
imaging scanner may be collected over a time period that is not negligible with respect to motion of
the body or parts thereof due to physiological functions. For example, in brain or heart imaging
(without limitation), the data acquisition process, i.¢. in which raw imaging data is acquired by a
scanner, may take substantially longer than a cardiac cycle. However, the acquired data may be post-
processed to generate high-quality tomographic reconstruction images (¢.g. for diagnostic purposes).
In order to generate high quality images, such as medical images to be provided to a physician to aid
in diagnosis, it is desirable to reduce the effect of cardiac motion, which could otherwise lead to
motion-related artefacts in the reconstructed images. If information is available about the cardiac
cycle at the time of data acquisition, the raw data can be sorted according to cardiac phase, data from
the cycle that are not interest can be discarded, and/or a suitable motion correction can be applied.

Cardiac synchronization is typically, as known in the art, achieved by taking triggers
into account that are generated from an clectrocardiogram (ECG) signal, e.g. using contact electrode
sensors. For example, the R-peak of the ECG signal, which indicates the start of the systolic phase
(start of heart muscle contraction), may be used to generate a trigger for synchronization. Knowledge
of the R-peak provides accurate knowledge for the reliable gating of the MRI scan such that
movement artefacts can be reduced as much as possible.

However, contact measurements using ECG require electrode patches on the body,

which may be uncomfortable to the subject and requires time for experienced personnel to attach the
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sensors and set prepare the signal acquisition. Thus, an efficient workflow can be negatively affected
by such approach. Furthermore, imaging procedures that rely on high ficld strengths (e.g. using the
magneto-hydrodynamic effect) can distort the ECG signal, which reduces the reliability of, or even
the feasibility of, R-peak detection in the signal. Another disadvantage of this approach is a risk of
contamination, e.g. of bacterial or viral nature, via the skin-contact sensors.

For retrospective triggering, or list-mode triggering, the acquisition of a separate
cardiac navigator echo can also be incorporated in a recorded MRI sequence. For direct cardiac
triggering (prospective triggering), a fiber-optic stethoscope can be used, or ballistographic devices
can be attached to the chest. PPG measurement at the extremities is also known in the art, but again
requires wires to be run to the patient, and an uncertainty may exist in the timing of the PPG signal
with respect to an ECG signal. Nonetheless, this approach can be used in a retrospective mode.

Contactless cardiac pulse detection using camera observation may thus offer
advantages in the context of cardiac triggered imaging examinations, ¢.g. in CT or MRI, such as a
facilitated workflow and reduced sensitivity to strong fields.

Camera-based approaches are known in the art to obtain useful signals, e.g. to
eliminate on-body sensors for respiration gating. For example, movement of the chest can be
observed to determine the respiratory state. However, a need still exists in the art for methods to
achieve, e.g. in combination, a comfortable and hassle-free measurement (for patient and personnel,
e.g. to simplify the workflow) and a reliable cardiac gating. Preferably, a gating signal obtained by
such method would be characterized by a strong correlation with specific features in the ECG cycle,
e.g. the R-peak, to be usable in both prospective and retrospective modes. Camera-based PPG (which
may also be referred to as video PPG or remote PPG) has been proposed as a promising technique,
but requires a good setup and adequate processing to deliver good results.

Unlike a conventional sensor-based measurement, ¢.g. a one-dimensional ECG as
function of time, imaging data captured by a camera comprises three-dimensional information, ¢.g.
pixel intensities in two spatial dimensions and changes thereof in time. In addition to signal
processing techniques, image processing methods are therefore used to obtain a one-dimensional
signal of interest, e.g. a PPG signal for cardiac trigger generation.

For example, WO 2015/117084 A1l discloses an approach to detect cardiac and
respiratory signals during an MRI examination, using a video camera and active illumination. Small
intensity changes and motion information are extracted from the video data, ¢.g. as acquired by the
camera at a rate of 30 frames per second. A mean pixel value is calculated over the entire frame, or an
over predetermined subsections of the image, after which a pass band filter is applied (e.g. passing
frequencies between 0.6 Hz and 10 Hz).to obtain a signal representative of the cardiac cycle.
Furthermore, one-dimensional subpixel image registration is used in the inferior/superior direction to
detect a slight nodding motion, which is filtered with a further pass band filter (0.2 Hz to 0.6 Hz) to

obtain a signal representative of the respiratory cycle.
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As a further example, US 8,542,877 B2 discloses another method of processing a

video sequence. The camera settings, such as exposure time, acquisition rate and gain, are in a
calibration phase automatically adjusted to maximize the magnitude of fluctuations in average
brightness in the image. A segmentation method is applied to recognize and identify the face (or other
body part of interest) in the video to allow this region of interest, e.g. the face, to be tracked through
the sequence of images. In the region of interest, one or more measurement zones can be determined,
e.g. as contiguous zones showing minimal (spatial) gradient variations in that zone. For example, this
measurement zone can be determined in a reference image of the sequence, such that the position of
image points in the measurement zone can be tracked through the sequence by using its relative
position within the segmented region of interest. Thus, a time-varying signal, ¢.g. an average
brightness, can be extracted for each measurement zone, which renders, e.g. after filtering, the signal
of interest.

WO0O2019/068185A1 discloses an imaging system in which a mirror is employed by to

display images to a patient and images of parts of the patient (or fiducials) to a camera.

SUMMARY OF THE INVENTION

It is an object of embodiments of the present invention to provide in good and
efficient means and methods for determining a signal indicative of the state of a subject, e.g. a patient
undergoing a medical imaging procedure, based on remote observation, e.g. camera images of the
subject.

It is an advantage of embodiments of the present invention that a useful signal can be
determined (e.g. automatically and/or algorithmically) from camera observation of a subject, such as
signals indicative of physiological parameters (¢.g. a signal indicative of cardiovascular or respiratory
function, motion, alertness, motion etc.) and/or mood of a subject undergoing a medical imaging
examination.

It is an advantage of embodiments of the present invention that a signal can be
determined from camera observation that can be used for cardiac triggering in a diagnostic imaging
procedure using a scanner system, such as an MRI, CT, SPECT or PET scanner, ¢.g. to collate,
correct and/or annotate the collected data ,or images reconstructed therefrom, with the determined
signal and/or to control the image scan process as dependent on the signal. Such trigger signal may
also be used in, for example, radiotherapy and similar (e.g. therapeutic) procedures, ¢.g. are not
necessarily strictly limited to medical imaging applications.

It is an advantage of embodiments of the present invention that a signal indicative of a
state of a subject, ¢.g. related to physiological function such as a PPG signal, can be determined
without direct contact with the subject. For example, cardiac synchronization (e.g. by a signal
indicative or approximative of the occurrence in time of the R-peak in an ECG signal) can be

achieved without requiring contact electrodes for recording an ECG signal. By avoiding the need for
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contact electrodes or other contact sensors, comfort to the subject being monitored can be increased,
and a procedure can be performed more efficiently, e.g. avoiding a loss of time in applying and
configuring such contact sensors. Camera-based signal generation can furthermore be substantially
automated, thus potentially reducing a need for training and/or experience of staff. For example,
contact sensors may need to be precisely positioned on the body and/or in a prescribed manner, and/or
may require subject-specific calibration and/or configuration before use. By avoiding or reducing skin
contact with a patient during a procedure, a risk of biological contamination can also be reduced, ¢.g.
arisk of viral and/or bacterial contamination.

It is an advantage of embodiments of the present invention that a cardiac trigger, or
signal suitable for use in cardiac gating or synchronization, can be obtained during a procedure that
requires high field strengths, e.g. using the magneto-hydrodynamic effect, without interfering (e.g.
distorting) with the signal acquisition. For example, a camera can be used that is positioned at a
substantial distance from the subject under observation in an MRI scanner.

It is an advantage of embodiments of the present invention that a relevant signal, e.g.
indicative of an ECG or PPG feature, can be reliably and accurately determined from camera images,
even under suboptimal imaging conditions. For example, a sufficiently high temporal resolution and
temporal accuracy can be obtained to provide a signal that can be used, ¢.g. in near real-time, for
gating or other control purposes. A trigger signal can thus be provided in near real-time. A signal can
be provided that is robust against, or at least has an advantageously low sensitivity to, movement of
the subject, e.g. to patient motion. An approach in accordance with embodiments may advantageously
be able to cope with poor imaging conditions, such as poor lighting and/or a suboptimal viewing
angle. This may be particularly relevant for use cases in MRI, e.g. when a subject is observed from
outside a magnet bore (e.g. using a camera on or integrated in a flange of the bore) and/or via a
mirror. Furthermore, the wavelength used for the camera imaging may be constrained to a less than
ideal range, and/or the subject may be in a less than ideal position and/or posture.

It is an advantage of embodiments of the present invention that a signal can be
generated that can be used for retrospective (or list-mode) triggering and/or prospective (or direct)
triggering.

It is an advantage of embodiments of the present invention that multi-processing or
parallel processing techniques can be used for the image and signal processing to deliver a signal with
only a small delay.

It is an advantage of embodiments of the present invention that a signal extraction
arca in the acquired camera image(s) is (¢.g. automatically) determined in an efficient manner from
which information can be extracted to genecrate the signal, ¢.g. an area is determined that contains
useful information for triggering. This can advantageously limit the required processing power and

time.



10

15

20

25

30

35

WO 2023/001997 PCT/EP2022/070572

5

A method, device, system and computer program product in accordance with
embodiments of the present invention achieves the above objective.

In a first aspect, the present invention relates to a method for determining a signal
indicative of a state of a subject during a diagnostic imaging or therapeutic procedure based on remote
camera observation. The method comprises acquiring camera images from a camera configured to
monitor a body part of the subject during the examination or intervention directly and/or via a
reflection thereof in a reflective surface. For example, the body part may have a known or presumable
spatial relationship to the reflective surface in the image, e.g. inside the contour of the reflective
surface when the body part is reflected by the reflective surface onto the camera or at a known
relative position (and/or orientation) with respect to the reflective surface, e.g. at an at least
approximatively known distance (possibly relative to the size of the reflective surface in the image)
below (or in another predetermined direction) with respect to the reflective surface.

The method comprises detecting a shape or contour of the reflective surface in at least
one of the acquired camera images to define a region of interest in the image that contains image
information corresponding to the body part of interest. The method comprises segmenting the
detected region of interest in at least one of the acquired camera images to select pixels or one or
more (sub)regions in the region of interest that correspond to a feature of the body part of interest.
The method comprises determining the signal indicative of the state of the subject from the selected
pixels or region, ¢.g. as function of time, by pixel intensity (or multi-dimensional, ¢.g. color, value)
analysis, by dynamic analysis of the evolution of the observed pixels through time in multiple images
acquired by the camera, by temporal frequency analysis and/or similar image and/or signal processing
techniques.

In a method in accordance with embodiments of the present invention, detecting the
shape or contour of the reflective surface, e.g. a mirror, may comprise a multi-scale search using a
template of the reflective surface, in which a measure of correspondence is evaluated for a plurality of
different candidate positions in the camera image and for a plurality of different scales of the template
to identify a (e.g. optimal) correspondence in position and scale of the template to the camera image.
For example, even though the appearance of the reflective surface (¢.g. mirror) can be different in
scale and location (and optionally orientation), it’s shape, contour, aspect ratio and/or other such
characteristics of appearance can be considered as (substantially) constant or invariant. This
characteristic or characteristics can be represented by a template that is constructed to capture such
aspects of the reflector. The template can thus be reused in the same system, e.g. for different imaging
sessions, patients, ..., or can even be reproducible for different systems of the same generic
configuration, ¢.g. using the same type of mirror(s) and/or the same camera system.

In a method in accordance with embodiments of the present invention, said template
may be constructed (as part of the method, or obtained as independently determined in a calibration

procedure) by acquiring a calibration image using the camera, cropping the calibration image to the
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size of the reflective surface in the image, and applying a high-frequency spatial kernel to suppress
low-frequency context, in which the step of detecting the reflective surface may comprise applying
said high-frequency spatial kernel (or a similar kernel) to the camera image before calculating said
measure of correspondence. The template thus constructed may be applied at different scales of the
image (¢.g. using differently scaled versions of the template, or equivalently, by reciprocally scaling
the imaging being searched or using a computational method that takes a scaling parameter or
parameters directly into account), e.g. to match image content at different scales, ¢.g. in a hierarchical
scale search.

In a method in accordance with embodiments of the present invention, detecting the
reflective surface may take information regarding the positioning of the subject during the procedure
into account as provided by a diagnostic imaging or therapy delivery system for performing said
procedure into account.

In a method in accordance with embodiments of the present invention, detecting the
reflective surface may define the region of interest (¢.g. a first image area), in which the region of
interest comprises a first image arca enclosed by the contour of the reflective surface and/or the
region of interest (¢.g. a second image arca) where the body part is directly observable by the camera
without reflection via the reflective surface by using a predetermined spatial relation of the second
image area with respect to the reflective surface.

In a method in accordance with embodiments of the present invention, the
segmentation may classify pixels in the camera image based on pixel intensity and/or may analyze a
dynamic change of pixel intensity in a sequence of the camera images to determine whether a pixel or
image region corresponds to the feature of the body part of interest.

A method in accordance with embodiments of the present invention may comprise
determining motion of, or in, the body part between camera images acquired at different times, in
which:

pixels in the region of interest for which motion is detected are excluded from the
selection determined by the segmentation, and/or

said detected motion is used to register the selection determined by the segmentation
on the basis of an image acquired earlier to account for a change in position and/or other spatial
propertics of the body part in the image, and/or

the segmentation and/or reflective surface detection is executed again when the
detected motion exceeds a predetermined threshold or other criterion indicative of bulk motion.

In a method in accordance with embodiments of the present invention, the motion
may be determined by an optical flow algorithm.

In a method in accordance with embodiments of the present invention, the diagnostic

or therapeutic procedure may comprise imaging the subject by magnetic resonance imaging,
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computed tomography, positron emission tomography and/or single-photon emission computed
tomography, and/or a surgical and/or radiotherapeutic intervention.

In a method in accordance with embodiments of the present invention, the body part
may comprise the face or part thereof.

In a method in accordance with embodiments of the present invention, the camera
may comprise an infrared camera, a monochrome camera operating in the visible wavelength range or
part thercof, a color camera, and/or a multi-spectral camera.

In a method in accordance with embodiments of the present invention, the signal may
be indicative of cardiac, cardiovascular and/or respiratory function of the subject.

In a method in accordance with embodiments of the present invention, the signal may be a
photoplethysmography signal.

In a method in accordance with embodiments of the present invention, the signal may
be indicative of a physiological state and/or parameter of the subject.

In a method in accordance with embodiments of the present invention, the signal may
be used (as part of the method, or provided as output for external use) to gate a data acquisition by a
system used for said diagnostic imaging procedure, and/or to control the delivery of the therapeutical
procedure, and/or to sort, collate, select and/or annotate acquired image data by the diagnostic
imaging system.

In a second aspect, the present invention relates to a device for determining a signal
indicative of a state of a subject during a diagnostic imaging or therapeutic procedure based on remote
camera observation. The device comprises an input for receiving camera images from a camera
configured to monitor a body part of the subject during the diagnostic imaging or therapeutic
procedure directly and/or via a reflection thereof in a reflective surface. The device comprises an
image feature detector for detecting a shape or contour of the reflective surface in at least one of the
received camera images to define a region of interest in the image that contains image information
corresponding to the body part of interest. The device comprises a segmenter for segmenting the
detected region of interest in at least one of the acquired camera images to select pixels or one or
more regions in the region of interest that correspond to a feature of the body part of interest. The
device comprises a signal extractor to determine the signal indicative of the state of the subject from
the selected pixels or region.

In a third aspect, the present invention relates to a diagnostic imaging system with an
examination zone. The system comprises a camera for acquiring images from a subject when
undergoing an examination while positioned in the examination zone. The system comprises a
reflective surface, arranged in the examination zone, to reflect light (e.g. from a body part of the
subject) onto the camera. The system comprises an image processor for determining a signal

indicative of a state of the subject during the examination from the acquired camera image or images,
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in which the image processor comprises a device in accordance with embodiments of the second
aspect of the present invention.

In a fourth aspect, the present invention relates to a computer-program product for
performing a method in accordance with embodiments of the first aspect of the present invention
when executed by a computing device, €.g. a computer or processor.

The independent and dependent claims describe specific and preferred features of the
invention. Features of the dependent claims can be combined with features of the independent claims
and with features of other dependent claims as deemed appropriate, and not necessarily only as

explicitly stated in the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG 1 shows an illustrative method in accordance with embodiments of the present
invention.

FIG 2 shows a cropped camera image for use in calibration to generate a mirror
template, in accordance with embodiments of the present invention.

FIG 3 shows a binary mask to identify mirror areas based on the template shown in
FIG 2, in accordance with embodiments of the present invention.

FIG 4 shows cross-correlation maps in a multi-scale search for a mirror template in a
camera image, for a situation in which a mirror assembly is positioned relatively close to the video
camera, in accordance with embodiments of the present invention.

FIG 5 shows cross-correlation maps in a multi-scale search for a mirror template in a
camera image, for a situation in which a mirror assembly is positioned relatively far away from the
video camera, in accordance with embodiments of the present invention.

FIG 6 shows a comparison of an extracted photoplethy smography (PPG) signal,
based on camera observation and determined by a method in accordance with embodiments of the
present invention, with an electrocardiogram (ECG) that is simultancously acquired.

FIG 7 shows an illustrative application of a method in accordance with embodiments.

FIG 8 shows a signal extracted from camera observation images, corresponding to the
example shown in FIG 7, in accordance with embodiments of the present invention.

FIG 9 shows a device in accordance with embodiments of the present invention.

FIG 10 shows a system in accordance with embodiments of the present invention.

The drawings are schematic and not limiting. Elements in the drawings are not
necessarily represented on scale. The present invention is not necessarily limited to the specific

embodiments of the present invention as shown in the drawings.

DETAILED DESCRIPTION OF EMBODIMENTS
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Notwithstanding the exemplary embodiments described hercinbelow, is the present
invention only limited by the attached claims. The attached claims are hereby explicitly incorporated
in this detailed description, in which each claim, and each combination of claims as allowed for by the
dependency structure defined by the claims, forms a separate embodiment of the present invention.

The word “comprise,” as used in the claims, is not limited to the features, elements or
steps as described thereafter, and does not exclude additional features, elements or steps. This
therefore specifies the presence of the mentioned features without excluding a further presence or
addition of one or more features.

In this detailed description, various specific details are presented. Embodiments of the
present invention can be carried out without these specific details. Furthermore, well-known features,
elements and/or steps are not necessarily described in detail for the sake of clarity and conciseness of
the present disclosure.

In a first aspect, the present invention relates to a method for determining a signal
indicative of the state of a subject, ¢.g. a patient undergoing a medical imaging procedure, based on
remote observation, ¢.g. camera images of the subject.

FIG 1 shows an illustrative method 100 in accordance with embodiments of the
present invention.

The method comprises acquiring 101 camera images from a camera configured to
monitor a body part of a subject during an examination or intervention directly and/or via a reflection
thereof in a reflective surface, ¢.g. a mirror. The examination may be, for example, a magnetic
resonance imaging, computed tomography, positron emission tomography or single-photon emission
computed tomography examination. Examples of interventions include therapeutic and related
procedures, such as surgery and radiotherapy. Related procedures refer to procedures of, generally, a
medical nature or in which health is a typical concern (including, for example, also cosmetic
interventions such as plastic surgery). Particularly, the signal determined by the method may be used
to control a system or device used for the examination or invention and/or be used in processing data
acquired by the examination, ¢.g. using a signal indicative of motion, cardiac function and/or
respiratory function to gate a data acquisition or the delivery of the therapy or to sort and collate
acquired (raw or reconstructed) image data (without limitation thereto). The body part may be the
face or part thercof, but is not necessarily limited thereto (e.g. also the skin of another body part may
be observed by the camera). The signal may be a signal indicative of cardiac and/or cardiovascular
function, ¢.g. a photoplethysmography (PPG) signal.

In many situations, it may be difficult to observe the body part of interest directly. For
example, space constraints or properties of a device used for the examination or intervention may
make it difficult to set up a camera in a direct line of sight. For example, in MRI, the camera may
need to, or should preferably, be positioned outside or at an edge of the scanner bore, e.g. such as not

to restrict the already limited space (bore diameter) and to avoid interference with the sensitive
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systems, e.g. with magnetic fields and/or radiofrequency emissions/reception (or vice versa,
influencing the camera operation by the scanner system). By using one or more reflective surfaces,
e.g. mirrors, a camera sct up at a distance can monitor a larger area of skin, e.g. of the face, via
reflection(s) thereof. This has also the advantage that the camera maintains a broader overview, e.g.
can monitor both the general position, pose and state of the patient and/or auxiliary equipment as well
as have a detail view of the body part of interest.

However, while the use of a mirror or similar reflector to monitor the body part of
interest overcomes some difficulties, e.g. when the operation and/or properties of a scanner or therapy
system and/or the pose of the subject during a procedure put constraints on the available optical paths
between a camera and the body part, it comes with other problems. For example, the mirror may only
offer a limited view of the body part, in which it may be difficult to detect broad features by an
algorithm, e.g. facial or body recognition. Only a small region of the body part of interest may be
visible, and the mirror may be at different positions or in different orientations between different
examinations or therapeutical procedures. However, embodiments of the present invention may
overcome these challenges and may even turn such disadvantages into properties that can be usefully
exploited, as will be discussed further hereinbelow.

A camera can thus monitor the subject throughout the entire examination or
intervention, when set up correctly, ¢.g. pointing towards the patient. A useful signal, such as a PPG
signal, can then be extracted from the acquired video sequence.

The camera may be an infrared camera (e.g. operating in the near infrared range, NIR,
e.g. a camera sensitive in the range of 800 to 850 nm), ¢.g. such that a PPG signal can be extracted
without disturbing the workflow, e.g. without requiring an adjustment of the (visible) lighting
conditions, and/or without being influenced by ambient lights (in the visible spectrum). Since the
human eye is not sensitive to infrared light, the subject being monitored is therefore not affected by
unpleasant, disturbing and/or uncomfortably (or even painful) bright light. However, embodiments
are not limited thereto. For example, it is also possible to extract a PPG signal (or other useful signal)
from imaging in the visible light range. For example, the light absorption of (de)oxygenated
hemoglobin is stringer in the (near) infrared wavelength range than for (¢.g. red) visible light, and
infrared light can penetrate deeper into skin (e.g. the influence of melanin in the skin is less
pronounced). Also, infrared cameras, ¢.g. based on semiconductor pixel detectors, can have a higher
sensitivity in the NIR range (e.g. 800-850nm) than for wavelengths above 900 nm, which can result in
a higher signal to noise ratio and/or better operation when the body part of interest is not ideally
illuminated. However, embodiments of the present invention may also aim at generating a different
type of signal, e.g. a signal indicative of motion, for which other wavelength ranges may be better or
equally suited. Other light ranges (than IR or NIR) may also be used for PPG signal detection, since it
has been observed that video imaging in, for example, the red or green wavelength range can also

provide sufficient information to detect the slight variations in intensity that are used.
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The camera may also be a multi-spectral camera, color camera or other type of
camera that can detect (e.g. substantially simultaneously) image information in different wavelength
ranges, ¢.g. a red, green and/or blue color component, other or even smaller color ranges in the visible
spectrum, a NIR component or combination of different NIR wavelength ranges, and/or combinations
thereof (without limitation).

The method 100 may comprise illuminating (at least) the body part of interest with
light (emitting in at least a range suitable for imaging by the camera, ¢.g. having a sufficient overlap
with the wavelength range to which the camera is sensitive). For example, an infrared light source,
such as a NIR infrared light source, or a visible light source can be used to illuminate the body part,
such that a high quality video sequence can be acquired by the camera.

The method 100 comprises detecting 102 a shape or contour of the reflective surface,
e.g. the mirror, in at least one of the acquired camera images. Thus, a region of interest (ROI) in the
image is identified that contains image information corresponding to the body part of interest. If the
body part of interest is reflected by the reflective surface, the region of interest can be directly
determined by detecting the reflective surface in the image, but even if the body part is outside the
view provided by the reflector, it may have a known position (e.g. at a known distance in a known
direction with respect to the reflector), such that detecting the shape of the reflective surface can still
be used to locate the body part of interest. Combinations where both a region of interest is reflected
by the reflective surface and another region of interest is at a predetermined relative
position/orientation with respect to the reflective surface (¢.g. outside the mirror view) are not
necessarily excluded cither.

The reflective surface may be detected in only a single image, since, during the
procedure, the reflector, e.g. mirror, may be assumed to be stationary with respect to the static camera
setup. However, embodiments are not necessarily limited thereto. For example, the reflective surface
may also be detected repeatedly throughout the procedure, ¢.g. in each video frame or at some time
interval (or when an evaluated criterion or external trigger indicates that a recalibration of the region
of interest may be needed), ¢.g. to reduce the influence of a misdetection early in the procedure or to
account for changes in imaging geometry, for example due to translation of the patient. It is an
advantage that this detection can be performed (automatically — e.g. by a processor using a detection
algorithm) very efficiently, since the reflector may typically be easy to detect. For example, the
reflector may have a relatively simple shape, and/or fixed shape, to detect, such as round, oval,
square, rectangular, essentially rectangular (e.g. except for rounded corners, recesses or the like that
modulate the base rectangular shape) or variations thereof.

Even though reference is made to the skin of the subject in the description
hereinbelow, e.g. as a target element to detect in the image for extracting a useful signal from (in
subsequent steps discussed further below), it will be understood by the skilled person that different

signals of interest may aim at identifying other features of interest, such as an eyeball or a pupil (to
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give only one example), in order to be able to extract a signal of a different nature, e.g. an eye-
tracking or wakefulness signal. Therefore, references to “skin,” ‘skin area,” ‘skin tissue’ and the like
should be interpreted as, generically, an anatomical or physiological feature of the body of interest for
observation and signal extraction, and not necessarily in a limitative way. It will be understood that at
least some of (or parts of) such features of interest, ¢.g. suitable exposed skin area, an eye, a finger,
etc., can be observed by the camera via the reflective surface, or can be at least approximatively
located in the image on the basis of an identified location of the reflective surface in the camera
image, e.g. by a known relative position thereof.

This step of detecting 102 the reflective surface may provide a first, rough, selection
of the region of interest, e.g. of the mirror (or mirrors), which may be further reduced to a smaller
target area or areas (or point/points) of interest in a further refinement thereof, as discussed
hercinbelow. For example, observing a patient in an MRI scanner with a camera positioned outside
the bore may typically reveal little skin area of the head (or other anatomical part of interest) of the
patient. This can make it particularly hard to use image features, such as in facial recognition, to
directly identify suitable points or regions for signal extraction. Since the reflective surface, e.g.
mirror or mirrors, is deployed such as to be able to observe a suitable skin arca in the camera image
for signal extraction, this reflective surface(s) is/are ideal for limiting a further search for a potential
arca or arcas of skin tissue in the image. Furthermore, compared to other approaches based on facial
recognition, it is noted that the facial appearance of different subjects will be different, but the mirror
or other suitable reflector will have a same appearance for a same system and/or setup of the
observation system.

Even though the subject can be at different positions in the image, ¢.g. depending on
pose and/or a translational position of a patient couch supporting the subject during the procedure (sece
also the different positions of the couch shown in FIG 4 and FIG 5, top-left images), which may
influence the position of the reflective surface in the image and possibly a perspective thereof, this
will amount to only relatively simple to detect variations in the image that can be modeled by relative
position (e.g. an x-y spatial shift in pixel coordinates, i.e. in the imaging plane), scaling (¢.g. aspect
ratio) and, optionally, rotation and/or skewing. Therefore, this step of detecting the shape and/or
contour of the reflective surface can be easily and very efficiently performed, e.g. using a multi-scale
search using a predetermined template of the reflective surface, e.g. mirror.

For example, a measure of correspondence, such as mutual information, cross-
correlation and the like, between the acquired image and the predetermined template can be used to
determine the most likely (e.g. optimal in the sense of a numerical optimization) scale and/or position
(and optionally other transformation parameters) of the reflective surface in the image. The most
likely scale of the mirror may be determined in a first step, and its location may be determined in a

subsequent step (or a combined search/optimization may be performed in the joint parameter space).
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As an example, the position search may be implemented by using cross-correlation of the shifted
mirror template at different scales in an image.

The predetermined template can be determined, e.g. in a calibration of the system,
based on a camera image that has been cropped to only show the reflective surface, or a more
advanced model of the reflective surface may be used to create the template, ¢.g. based on known
characteristics of the reflective surface. It is an advantage that such calibration may only need to be
performed once for a camera system setup or model system, even though more frequent calibration is
also an option. An example of a template image of a mirror assembly obtained by cropping a
calibration image is shown in FIG 2.

A cropped image of the reflective surface may be preprocessed (e.g. as part of the
calibration to configure the camera system and/or detection algorithm) to improve its ability to match
a wide range of usage scenarios. For example, the template may be processed by a high-frequency
spatial kernel to extract high-frequency features and suppress low-frequency context, such as mean
intensity (e.g. a DC component).

For example, first-order spatial derivative kernels may be used to extract edge or
gradient features of the image, such that the contours (e.g. edges and/or corners) are emphasized or
extracted, while removing the irrelevant image content, ¢.g. the bulk of the reflective surface itself
where, in use, a generally variable image (¢.g. of a face, other body part, or a sub-part thereof) is
reflected onto the camera. Higher-order spatial derivatives may be used in addition or alternatively, or
a spatial filtering kernel may be used that does not exactly correspond to a specific derivative (e.g.
being a combination of different orders or a having a different analytical form, yet preferably
excluding or strongly suppressing the zeroth order, i.¢. the constant component). Additionally or
alternatively, directional spatial filters may be used, ¢.g. the filter is not necessarily symmetric, even
though this may be preferable, at least in some embodiments, for the sake of simplicity and efficiency.

For a reflective surface, ¢.g. mirror, of fixed shape, having a fixed edge and/or
constant curvature, the use of only or predominantly high-frequency features may provide a more
stable and/or accurate detection in camera images in use of the method. For example, low-frequency
features may be more easily influenced by ambient or environmental conditions, such as distance of
the reflector to the camera, illumination and distance to the light source. The reflective surface may
also offer a limited view on a relatively small part of the body, such that low-frequency components
may be more variable and/or more dominantly present in the image part being reflected by the
reflector, which can vary across multiple examinations or procedures (e.g. for different subjects).

A binary mask to identify the region(s) of interest is shown in FIG 3, ¢.g.
corresponding to (and in relation to) the cropped calibration image of FIG 2. Once the template has
been matched to the acquired camera image, position and/or other parameters determined by the
matching algorithm can casily be applied to project the template mask onto the camera image so as to

define the region of interest mask in the camera image space. Obviously, such template mask can also
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be used to select which pixels to evaluate by the correspondence measure, ¢.g. to exclude non-mirror
image content in the matching search. It will also be understood by the skilled person that two
different masks may be used, ¢.g. one to define the pixels to compare (e.g. corresponding to a mirror
frame or rim) and one to define the region of interest to return when the reflective surface is identified
in the camera image, e.g. identifying the pixels that correspond to the reflective area of the reflector
showing the body part of interest.

The camera image may be preprocessed, before performing the matching search,
using the same or a similar approach as the template, e.g. to allow a relatively simple measure of
correspondence, such as cross-correlation, to be used to match the template at a position (and/or scale,
orientation, ...) in the image to the template. Accordingly, the input raw camera image may be
preprocessed before performing a (e.g. multi-scale) cross-correlation matching with the mirror
template with the same algorithm as used for the template, e.g. the high-pass filter. However, other
measures of correspondence may be used which are less sensitive, e.g. a metric based on information
theory or on (optionally normalized) spatial derivatives, such that preprocessing requirements may be
relaxed or even avoided (or, in a sense, directly integrated in the correspondence measure). The best
scale and location (and/or other parameters) of the mirror may thus be determined based an optimum
of the measure of correspondence, ¢.g. a maximum value of the cross-correlation, across all the scales
and all the positions (denoting the best similarity of template matching or registration). Other (partial)
image registration techniques as known in the art may also be suitable for this purpose.

A multi-scale search may, for example, refer to the matching of differently scaled
versions of the template image to the camera image content, in which at each scale different positions
(and/or other transformations, such as rotation or skewing) are evaluated. This may also be
implemented in a progressive multi-step procedure, e.g. first evaluating a limited number of different,
rough, scales (and/or positions, ...) and using the best match to define a smaller range of options
around the found match at a finer resolution (of scale, position, ...) to evaluate in a next step.

Alternative approaches, as known in the art, may also be applied. For example, a
wavelet or similar transformation may be used to perform a joint location-scale search (potentially
also including other transformation parameters).

Alternatively, or additionally, to an optimization-based search for the reflective
surface(s) in the camera image, a machine-learning based method may be used, ¢.g. a machine
learning classification algorithm trained to recognize the specific shape of the reflective surface in
images (¢.g. based on a training set of data) to identify its position and/or other parameters (¢.g.
rotation, skewing, scale and/or other geometry-related properties).

Furthermore, the reflector detection may take additional information into account,
such as positional information from a (automated) patient couch. This may, for example, be used as
an additional input (e.g. for a machine-learning based algorithm), and/or to define constraints on the

parametric search space prior to applying a detailed search algorithm. Alternatively, such information
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can be used to define the region of interest directly, ¢.g. to directly infer the mirror position in the
image on the basis of a lookup table using the couch position (and/or other parameters of the system)
as reference, even though an image-based search might be able to provide tighter bounds on the
identified region of interest in the image.

The result of this detection 102 may be in the form of a parametric specification of a
region of interest corresponding to the reflective surface in the image, e.g. as a specification of
parameters of a rectangle or other parametric (e.g. algebraic) model of the reflective surface, such as
length, width, position of a corner or the center, orientation angle and/or similar algebraic parameters,
or in the form of an image mask identifying the region of interest (without limitation thereto). This
detected region may be used to crop the image to the region including the skin area of interest for
signal extraction (¢.g. including some non-skin background). A result of the detection step may be in
the form of a binary mask, e.g. having a Boolean to indicate the presence of the reflector in each
corresponding pixel (or equivalently, the absence thereof), or in the form of a soft mask, e.g. in which
mask image values over a non-binary range indicate a probability that the reflective surface is present
(or absent) in the corresponding pixel, ¢.g. a probability map or fuzzy logic map.

The detection step can equally be applied to cases where multiple reflective surfaces
are used, e.g. to provide simultancously different views of different or the same skin area(s) in the
camera image. Multiple reflectors may be identified in a single, joint search (¢.g. extending the
parameter search space accordingly), in sequence or in parallel. The reflectors may have different
shapes, with corresponding predetermined templates, or may have substantially the same shape (and
thus use the same template). It may be advantageous to use different shapes and templates so as not to
confuse the search algorithm, e¢.g. to render the detection algorithm for one reflector less sensitive to
the presence of another reflector (and vice versa), but this is not strictly necessary. The use of a
uniform shape of the mirrors may also have advantages, such as simplification of the applied
algorithm(s) and/or a reduction of computational resources needed to apply the algorithm(s) and/or to
train a machine learning model.

Furthermore, it is noted that the region of interest is not strictly limited to the arca
defined by the contour of the reflective surface. For example, a direct view of usable skin arca for
signal extraction may be known at a fixed (at least approximately) position with respect to the
reflective surface in the image, and can be included as a further region (or integrated into the region)
of interest. For example, a rough location of a skin area that is directly observable by the camera can
be determined in a predefined imaging setup, ¢.g. at a certain distance below the identified reflector
(possibly taking a determined scaling and/or rotation into account). For example, after determining
the region of the camera image corresponding to the reflective surface, a part or parts of the image in
which a direct camera view on the skin is available can be inferred based on modelling or regression

of spatial coordinates and scale.
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FIG 4 and FIG 5 show two examples of a multi-scale search for the location and scale
of a mirror assembly using cross-correlation. In the example of FIG 4, a patient couch is relatively
close to the camera, whereas in FIG 5, the patient couch is further away from the camera, as can be
seen in the raw images on the top-left of FIG 4 and FIG 5. On these raw images, the best match of the
(multi-scale) template as found by the maximum cross-correlation has been overlaid. The remaining
images in FIG 4 and FIG 5 represent maps of the cross-correlation (pixel location representing
template location in each image, the intensity value of the pixels being representative of the calculated
cross-correlation, and different images corresponding to different evaluated scales). The maximum
cross-correlation found, in these examples, at each scale is indicated in the headers for each sub-
image.

After detecting 102 the reflective surface to identify the region or regions of interest
that contains image information corresponding to the body part of interest (e.g. inside the mirror
view/s, and possibly also in predetermined location/s as determined relative to the mirror/s), the
method 100 comprises segmenting 103 the detected region(s) of interest in the camera image or
images to determine image features of the body part of interest, ¢.g. performing an image
segmentation that is limited to a soft or hard mask as obtained by the step of detecting 102. For
example, pixels or pixel areas inside the defined region or regions of interest may be selected that
correspond to a body feature of interest, such as exposed skin (without limitation thereto, depending
on the signal of interest to extract, e.g. other features that may be segmented are a pupil, an eyeball, a
finger or part thereof, ...).

This segmentation, ¢.g. skin segmentation, can be used to refine the region(s) of
interest to the part(s) thereof that is relevant for signal extraction. For example, the region of interest
may correspond to the area of the image containing a reflection via the mirror(s) and/or (generally
rough) region(s) defined in relation thereto, e.g. a region below the mirror where a direct view by the
camera is assumed. Thus, the region of interest is likely to contain both pixels of interest, e.g. skin
pixels, and pixels that are not, ¢.g. non-skin pixels, such as from the background. It may be important
to reject the irrelevant (e.g. non-skin) pixels in the region(s) of interest to avoid a degradation of the
signal to be determined from the images, e.g. a PPG signal.

‘When the region of interest is defined by the aforementioned step 102 as a soft mask,
or in another way in which the region is defined as a probability per pixel rather than a Boolean
indicator, the segmentation may take this into account, e.g. by weighting the segmentation
accordingly. For example, the probability of identifying a pixel as inside the set of pixels of interest
(c.g. skin arca) may be weighted by the probability of that pixel being inside the detected region of
interest. Other, more claborate ways as known in the art to take the fuzzy or probabilistic nature of the
definition of the region of interest into account may be considered as well.

The result of the step of segmenting 103 the region of interest may be an

identification of the pixels of interest, ¢.g. a list of coordinates, or a binary mask. However,
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embodiments are not necessarily limited thereto, e.g. other means of describing the identified pixels
or subregion(s) can be considered as well, including possibly a further soft mask (¢.g. such that the
probability of a pixel being of interest for extracting the signal can be taken into account in a further
step, e.g. by calculating a weighted average over the identified pixels in accordance with the
probability).

The determined image features of the body part of interest inside the region(s) of
interest may be a solitary pixel or pixels, or one or more continuous subregions of the region(s) of
interest, ¢.g. as defined by a mask obtained by the segmentation. Such subregion may typically have
an irregular edge that is adapted to the image content. For example, different individuals may have
different skin segmentations and/or the view of the body part as seen through the mirror(s) can vary
across imaging sessions (which also applies to a roughly identified region for direct camera
observation that is defined relatively with respect to the mirror but not inside the reflection).

Many suitable segmentation algorithms are known in the art for the purpose of
performing the segmentation step in accordance with embodiments of the present invention. A
particularly (advantageously) simple approach may be to segment the region of interest on the basis of
the pixel intensities, e.g. a “DC-based” approach that uses the light intensity of each pixel to
differentiate pixels with the right light reflection characteristics (¢.g. skin reflection) from other image
elements (such as a lighter or darker background, the eyes, the mouth, ...).

References to DC and, further below, AC should be understood as using an analogy
to conventional one-dimensional signal processing, ¢.g. referring to a static component that is
constant in time as direct current (DC) and dynamic components that vary in time as alternating
current (AC). However, it will be clear to the skilled person that this is merely an analogy, in which
such static/dynamic dichotomy is transposed to a situation where the “current” is replaced by image
intensity values. Both DC-based and AC-based methods may share the characteristic that pixels are
considered in isolation (processing a static value per pixel or a time series of values per pixel, on a
pixel-by-pixel basis), are predominantly considered in isolation. However, embodiments are not
limited thereto, and various techniques as known in the art may be used to take spatial information
into account as well, e.g. in which the segmentation result for a pixel is not only dependent on the
data acquired for that pixel, but may also take information from neighboring pixels into account
(without necessarily a limitation to how far such influence reaches, which pixels in the neighborhood
are considered, or how strong the contribution is from other pixels, e.g. depending on the technique
used).

Other approaches, which take spatial information into account, may use (in isolation
or in combination with intensity) contour or edge effects to find the boundary of a continuous arca (or
areas), e.g. using first order or higher order spatial derivatives for edge detection. Yet other
approaches may use (possibly in combination with other features) pattern detection to detect a

specific texture of the feature of interest (e.g. a characteristic texture of skin), morphological
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operations and/or spatial filtering (¢.g. wavelet-based) to detect a specific shape (e.g. the shape of a
pupil or an eye) or combination of shapes.

Variations in time (since the camera obtains a video stream) can be used to identify
pixels, groups of pixels or subregions (of the ROI) that show the desired dynamical behavior of
interest, ¢.g. in an “AC-based” approach. For example, such dynamic behavior may correspond to an
expected skin pulsatility, such that pixels identified to show this dynamic may be further used to
extract a PPG signal (without limitation thereto). Thus, a “living skin” model can be used to detect
pixels (or region/s) that show the pulsative behavior that can be used for extracting useful
information. For example, such “AC-based” approach may use a temporal filtering and analysis in the
temporal frequency domain (e.g. based on a Fourier transform), first order and/or higher order
temporal derivatives, a time-scale analysis, or alternative thereto as known in the art. Dynamic skin-
pixel selection may thus be based on the dynamics of “living skin,” in which pixels showing stronger
pulsatilities, ¢.g. a larger amplitude in the heart rate band relative to (¢.g. normalized to) the DC
intensity amplitude (i.e. the constant term of a Fourier expansion), can be sclected as belonging to the
skin segmentation component. For example, the heart rate band may correspond to a temporal
frequency range of, approximatively, 40 Hz to 240 Hz (or similar suitable range).

An advantage thereof is that a signal generated from pixels thus selected (e.g. when
the signal represents a characteristic derived from such dynamics, ¢.g. a PPG signal) can have a good
signal to noise (SNR) ratio, ¢.g. potentially better than the same signal determined from pixel(s)
selected by a segmentation method that is not taking these dynamics into account. However, it may
also create a time delay in the signal availability, since a temporal signal buffer may need to be filled
before the segmentation can be performed based on, ¢.g., a fast Fourier transform. Furthermore, this
approach, at least when used in isolation (e.g. is not combined with other segmentation techniques)
may be sensitive to temporal distortions, ¢.g. illumination changes or body movement, which may
make it less stable than, for example, a “DC-based” segmentation approach.

It is also noted that techniques referred to as “AC-based” approaches are also not
necessarily limited to skin segmentation and/or PPG signal extraction in a further step. As one
example, a model for eye movement, blinking and/or pupil dilation may be used to identify a specific
temporal frequency band or bands that are more likely to be associated with dynamics of the eye
and/or pupil than to necarby image content.

A segmentation method may combine different approaches, ¢.g. a discussed
hercinabove, e.g. by combining results of different approaches, e.g. using set unions or intersections,
weighting of intermediate segmentation results into a combined map, etc., or by using a segmentation
algorithm that takes indicators of different nature directly into account, ¢.g. as different terms or
factors of an objective function in an optimization (without limitation thereto). As an illustrative
embodiment, first an intensity-based (“DC-based”) segmentation may be performed, and the

candidate pixels or subregions thus obtained can be analyzed in the frequency domain to determine
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whether it conveys a pulsative signal or not (or to reject pixels or parts thereof that do not show a
sufficient or detectable pulse response). The latter example has the advantage that the intensity-based
segmentation can be performed very efficiently, due to its simple nature as well as the region of
interest to be processed already being only a (possibly small) part of the entire camera image, and the
efficiency of the frequency domain analysis can be increased by only considering the pixels which
were not already rejected by the first, rough and simple, segmentation. Furthermore, if the method
aims at segmenting skin, a simple intensity-based segmentation may be quite stable, since the contrast
between the skin intensities and non-skin intensities in a predetermined camera setup is generally
quite stable and sufficiently large. While such intensity-based segmentation may already offer good
results, in accordance with some embodiments, a further step of considering the dynamic behavior
may be able to reduce the number of pixels which do not show a good observable response, and thus
may reduce noise in the signal determined on the basis of pixels selected by the segmentation for
further processing.

It is also noted that, as already mentioned, the camera may be a multi-spectral (e.g.
color) camera that detects image information in different wavelength ranges. This may improve the
results of a segmentation by taking different wavelength ranges into account, e.g. by performing a
segmentation in a multi-dimensional color space. References to “intensity-based” or “DC-based”
methods may thus be considered to encompass alternatives in which the “intensity” is not scalar, but
instead a vector value. Likewise, other (non-DC) methods may operate in a similar manner on vector
entities as input (per pixel). For example, differentiating the pixels of interest, to extract a signal from,
from the background (or other irrelevant information) may be easier if additional image information is
available (e.g. is multi-dimensional in the output space). Differentiating skin and non-skin may for
example be casier, even if a simple method such as intensity-based (or the vector-extension thercof)
segmentation is used or used as part of the segmentation algorithm. Various approaches can be
considered to take spectral (multi-dimensional) information into account, ¢.g. combining a scalar
analysis per component, using a weighted combination of spectral components as input for a scalar
analysis, defining instead of a target intensity range for a segmentation component of interest a target
volume in the multi-dimensional space (e.g. color space) into which a spectral vector should lie to be
selected into that component, and/or other techniques known in the art for color or multispectral
image segmentation.

The segmentation 103 can be performed on each image of the video stream captured
by the camera, or at least frequently (for example, repeating the segmentation at regular intervals in
time). If dynamic behavior is used in the segmentation (“DC-based™), “on each image” obviously
takes neighboring time points (image frames) in the sequence into account as well. Embodiments in
which the segmentation 103 is only performed once, ¢.g. on a first image or first time block of
images, are not necessarily excluded. Instead of repeating the segmentation at regular intervals, e.g.

every 100 frames (without limitation thereto, ¢.g. a suitable interval can be easily determined
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depending on processing performance and/or output signal quality), or in addition thereto, the signal
generated in a further step may be evaluated using a quality metric, ¢.g. indicative of signal to noise,
to trigger (re-)execution of the segmentation when signal quality is poor, e.g. decreases below a
threshold or has decreased by a predetermined factor relative to a reference value (e.g. which may be
determined at or shortly after the point in time that the segmentation that presently is still in use was
performed). Thus, the segmentation may also be performed at irregular intervals in time, ¢.g.
conditional on a quality metric or other factor that is determined dynamically.

The method 100 may also comprise a step of determining 104 motion of or in the
monitored body part between the acquired camera images. A signal is determined from the pixels
identified by the segmentation step, ¢.g. a PPG signal may be measured from skin pixels in the time
domain by concatenating spatially averaged skin-pixel values. This signal (e.g. the amplitude of the
PPG signal) may be significantly weaker than effects due to body motion, or may be at least sensitive
to such influence, such that the acquired signal can be polluted by movement, e.g. head movement,
facial expression and/or eye blinking.

The detected motion may be used to further exclude areas or pixels inside the
segmented image region(s), e.g. the detected skin pixels, where an extracted signal would likely be
affected by motion (e.g. at skin/non-skin boundaries). Thus, the segmentation mask may be shrunk to
the substantially motionless areas/pixels.

Various methods are known in the art to detect motion in a video stream. For
example, conventional image registration techniques may be used to find a proper alignment and/or
deformation to project one image onto a previous image, or another reference image acquired earlier.
However, in view of efficiency and to reduce latency, it may be preferable to use a motion estimation
algorithm to determine a field of motion vectors, e.g. defined over a grid covering the image or per
pixel, for example by estimating a (e.g. dense) optical flow. It is an advantage that optical flow can be
calculated very efficiently (and can also be casily performed by parallel processing, ¢.g. using a
graphics processing unit, multiple processing cores and/or computing cluster.

Thus, for each pixel (either directly or by interpolation in a grid, or by inferring from
transformation parameters determined by a registration), the motion can be determined. This may, for
example, be used to generate a motion mask, e.g. a binary (or soft) motion mask, to annotate pixels
(or at least the pixels of the image part of interest determined by the segmentation). Thus the pixels
that are still under consideration for processing (to generate the signal) after the segmentation step can
be pruned to reject pixels that show substantial movement, or, vice versa, the segmentation mask may
be used to prune irrelevant parts from the motion mask.

A motion mask to indicate substantially motionless regions may thus be combined
with a segmentation mask to indicate the area(s) and/or pixel(s) of interest to determine which pixels
are suitable for (robust) signal extraction. As an example, the segmentation may be performed less

frequently, possible only once, and the motion mask may be determined more frequently, e.g. for each



10

15

20

25

30

35

WO 2023/001997 PCT/EP2022/070572

21

image frame, such that an efficient use of computing resources can be achieved and a substantially
real-time output signal may be generated. However, in accordance with embodiments, both
segmentation and motion estimation may also be executed substantially at the same frequency, e.g.
substantially for each image of the stream, e¢.g. in parallel processing chains.

Optionally, the motion mask may be further processed, e.g. using an erosion/dilation
or combination of morphological operations and/or to constrain the mask to a continuous or convex
shape or combination of a limited number of such disjointed shapes. Thus, specific geometric patterns
may be used to reduce the effect of improper selection by the segmentation step and/or of selection of
regions vulnerable to motion artefacts. For example, a selected skin area can be restricted to a convex
arca to substantially capture a forchead or a check area, i.e. to coincide with its natural shape.
Obviously, such further processing may also (additionally or alternatively) be applied to the
segmentation mask.

For example, by combining the motion mask with the segmentation mask, pixels of
interest (as identified by the segmentation) that show a large motion amplitude can be suppressed, ¢.g.
skin areas with motion such as eye blinking can be eliminated. In the example of PPG signal
extraction, the eye blinking motion may need to be, preferably, suppressed, since it can introduce
sudden bumps in the PPG signal. Due to the proximity of the chest region to the facial area when the
patient is in supine position and observed by a camera outside the bore, pixels exhibiting respiration
motion may need to be suppressed as well.

The determined motion may also (alternatively or additionally) be used to transform
the segmentation mask, such that the pixels of interest can be identified in each video frame without
requiring that the segmentation is performed for each frame. The determined motion may also be used
(additionally or alternatively) to trigger a new segmentation 103 (if not carried out already on a per-
frame basis) when a sufficiently large motion is detected. The determined motion may also be used
(additionally or alternatively) to trigger a new detection 102 of the reflective surface when a
sufficiently large motion is detected. Different thresholds can be used for these triggers, or the
reflective surface may be assumed stationary throughout the procedure. Alternatively, an external
input, such as a signal from a controller of the (diagnostic) imaging system may be used to reinitialize
the reflective surface detection, ¢.g. a trigger to indicate motion of a patient couch. The triggers to
repeat the segmentation and/or reflector detection may be adapted to detect bulk movement, e.g. a
sufficiently large magnitude of the average movement vector, whereas other uses of the motion
detection may be more sensitive to smaller motion, e.g. for generating a motion mask (e.g. to exclude
eye blinking, facial expression changes, etc.) and/or transforming the segmentation mask to take
(relatively small) motion into account.

As already mentioned for the segmentation mask, that mask may be binary, but also
multi-valued, e.g. on an ordinal or (substantially) continuous scale, ¢.g. a probability, fuzzy or “soft”

mask. The same applies to a mask indicative of motion, for example such that the segmentation mask
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and motion mask can be combined to form a binary (¢.g. by set intersection) or multi-valued (e.g.
indicating a probability or measure of confidence) selector for pixels in the image to be taken into
account in determining the signal of interest.

The method further comprises a step of determining 105 the signal indicative of the
state of the subject, e.g. indicative of a physiological state and/or parameter, such as a signal
indicative of cardiac, cardiovascular and/or respiratory function, ¢.g. a photoplethysmography (PPG)
signal.

The signal is determined from the image pixels identified by the segmentation and/or
motion compensation steps, ¢.g. based on the intensity values of image pixels that are within the
segmentation mask (or at least the component of interest thereof), and preferably also not excluded by
a motion mask (e.g. assumed to be sufficiently motionless). The intensity values are collected from
each time frame to construct a time series (without limitation thereto, ¢.g. a more limited time period
may equally be analyzed and/or some of the frames may be rejected or ignored, ¢.g. to improve
efficiency and/or to avoid data being based on poor data).

For example, for each image frame under consideration, the selected pixels (e.g. from
segmentation or segmentation filtered by motion rejection) may be combined into a single value
representative for the corresponding point in time, e.g. by (spatially) averaging the pixel intensitics of
the selected pixels per point in time, and combined to form a time series. Other measures to
summarize or combine the pixel values can be used as well, e.g. a median, a weighted average, or
alternatives. The measure is not necessarily a measure of centrality, e.g. depending on the signal
intended to be extracted may also be a measure of dispersion, ¢.g. a variance, a standard deviation, an
inter-quartile value, etc., or even a different measure as deemed suitable for the specific signal to infer
from the data.

The mask generated by the segmentation may be a binary mask, but may also be a
soft mask, e.g. indicating a probability or level of confidence for each pixel. Likewise, if a motion
mask is used, this can also be a binary mask or a soft mask, e.g. indicative a probability of a pixel
being substantially motionless, a level of detected motion per pixel or another suitable value.
Similarly, a motion mask may be a motion rejection mask, in which the values (e.g. defined per pixel
of the mask) may indicate (e.g. be representative of, ¢.g. proportional to) the strength of the detected
motion, ¢.g. such that arcas in the image suffering from strong motion can be excluded based on the
(e.g. binary, non-binary quantized or real-valued) motion rejection mask. Therefore, the summary
measure calculated for the selected pixels per time frame may take this into account accordingly, ¢.g.
by weighting the pixel components of the measure according to the mask or combined masks.
Different weighting approaches can be used as well, such as weighting a component (¢.g. a term in an
averaging operation to determine the summary measure) by the distance to the mask (or combined
mask) boundary. Such distance can be determined in accordance with various metrics, ¢.g. an

Euclidean distance, Chebyshev distance, Manhattan distance, or other suitable distance metric.
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Likewise, different alternatives to defining the distance to the boundary, regardless of the used metric,
may be used, ¢.g. distance to the closest point on or outside the boundary, using normal projection
lines onto the boundary and selecting the closest, only considering the closest distance in horizontal
and vertical directions (in the sense of image grid coordinates, e.g. for the sake of efficiency), and
possibly other alternatives. Such distance weighting may be used in isolation (or not at all for some
embodiments), or can be combined with a weighting factor inherent to the soft mask(s). The use of a
distance-based weighting factor may be advantageous, since pixels further away from the boundary of
the selected pixel area may be presumed to be less sensitive to influence by jittering of the boundary.

The step of determining 105 the signal may output 106 the timeseries as thus
determined, e.g. a raw signal representative of average (for example) pixel intensity of the selected
pixels, or may process this timeseries further to determine the signal as a characteristic of interest of
the timeseries to be provided as output 106. For example, frequency filtering and/or analysis may be
used to reduce noise and/or to select a frequency band of interest.

The signal being generated may be a trigger based on a characteristic feature or
features of the raw PPG (e.g. averaged intensity of selected skin pixels), such as valleys in the raw
signal that represent the systolic phase. Such trigger may be provided as output of the method, ¢.g. to
trigger data acquisition by the imaging system and/or to be used in processing or annotating data
acquired by the system.

FIG 6 shows a PPG signal that is generated by a method in accordance with
embodiments of the present invention (labeled “Camera PPG”) as function of time. The scale on the
Y axis may be considered arbitrary, or at least less relevant for the purpose of generating triggers
corresponding to the valleys (local minima) of the signal (indicated by circles on the plot). For the
sake of comparison, below this, an electrocardiogram (ECG) is shown that is simultaneously
acquired. On this ECG, the R-peaks are indicated by circles. As can be seen, albeit with a small delay,
a good correspondence between the PPG-based triggers and the R-peaks can be achieved. Therefore,
it can be presumed that the PPG markers can be used in practice to trigger an MRI acquisition (or in
similar diagnostic imaging applications or in therapy delivery applications) as a proxy to the ECG
trigger.

It is noted that, alternatively, the signal may be generated by matching corresponding
pixels across time, thus collecting a plurality of time series corresponding to different pixels (or
averaged over smaller groups of pixels), which may be combined into a global signal by suitable
processing, ¢.g. first extracting a characteristic of interest (¢.g. a trigger indicative of a local minimum
in the signal trace) from each signal and then averaging (or otherwise globalizing) the extracted
characteristic (e.g. averaging the time point associated with the detected triggers, applying a majority
voting strategy, using an averaging to create a non-binary value indicative of confidence, and/or

another suitable strategy for combining the extracted information for different points in space).
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The method may furthermore comprise a step of outputting 106 the generated signal,
e.g. for use as a trigger by the system for acquisition or therapy delivery gating, to store alongside the
acquired data by the system (e.g. to annotate reconstructed or raw data acquired by the system), to aid
in processing the acquired data, and/or similar purposes.

It is also noted that the method in accordance with embodiments may be suitable for
parallel processing of at least some steps or operations. For example, the detection 104 of motion-
prone pixel areas (e.g. in the eyes, face, chest) and the segmentation 103 may be performed
simultaneously, ¢.g. in separate processing threads, and the results may be combined when both
become available to obtain a final selection of pixels for signal extraction 105.

FIG 7 shows an illustrative application of a method in accordance with embodiments.

A camera image 91 is acquired, in which, using a multi-scale template search, a
mirror assembly is detected (indicated by outline in overlay on the image). This creates a first mask
92 to indicate the regions of interest in the image (albeit shown slightly cropped with respect to the
camera image 91).

In the camera image as masked by this first mask, a segmentation is performed (see
image 93). From the segmentation, in this example, candidate regions 94 for signal extraction are
selected, ¢.g. the top three regions in size (without limitation thereto). Furthermore, ¢.g.
simultaneously, a motion mask 95 is determined to find substantially motion-less regions in the
image. As can be seen, the eyes are detected as prone to motion and excluded in this motion mask.

From the selected segmented arcas, and after rejecting motion-prone pixels, a signal
can be extracted. FIG 8 shows such signal, constructed as the average pixel intensity as function of
time (or, at least, video frame), that can be used as a synthetic PPG signal in this example.

It is also noted that a method in accordance with embodiments of the present
invention can be applied to generate the signal in a substantially real-time manner, ¢.g. by
continuously processing new camera images when they become available. Even though the image
processing can require some processing time, a good response, ¢.g. a low processing delay, can be
achieved, ¢.g. by advantageously using parallel processing capabilities.

In a second aspect, the present invention relates to a device for determining a signal
indicative of a state of a subject during a diagnostic imaging or therapeutic procedure based on remote
camera observation.

An illustrative device 50 in accordance with embodiments of the present invention is
schematically shown in FIG 9. The device comprises an input 51 for receiving camera images from a
camera 52 (or cameras) configured to monitor a body part of the subject during the diagnostic
imaging or therapeutic procedure, e.g. directly and/or via a reflection thereof in a reflective surface.
The device may comprise the reflective surface, e.g. a mirror, and/or, in use, the presence of the

reflective surface inside the view of the camera is presumed.
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The device may comprise the camera 52. The device may also comprise the reflective
surface (or reflective surfaces), €.g. a mirror or mirror assembly. The device may also comprise a light
source to illuminate the body part of the subject. The camera may comprise an infrared camera, a
monochrome camera operating in the visible wavelength range or part thercof, a color camera, and/or
a multi-spectral camera.

The device comprises an image feature detector 53 for detecting a shape or contour of
the reflective surface in at least one of the received camera images to define a region of interest in the
image that contains image information corresponding to the body part of interest.

The image feature detector may be adapted to perform a multi-scale search to detect
the shape or contour of the reflective surface using a template of the reflective surface. For example,
the multi-scale search may evaluate a measure of correspondence for a plurality of different candidate
positions in the camera image and for a plurality of different scales of the template to identify a (e.g.
optimal) correspondence in position and scale of the template to the camera image.

For example, the device may be adapted to receive the template and/or store the
template. The device may also be adapted to perform a calibration procedure, in which a calibration
image is received from the camera, the calibration image is cropped (¢.g. by manual interaction and/or
by applying a more computationally demanding shape detection algorithm) to the size of the
reflective surface in the image, and (optionally) to apply a high-frequency spatial kernel to suppress
low-frequency context. Likewise, the feature detector may be adapted to apply the high-frequency
spatial kernel (or a similar filter) to the camera image before calculating the measure of
correspondence on the basis thercof.

The device may also comprise a further input to receive information regarding the
positioning of the subject during the procedure from a diagnostic imaging or therapy delivery system
for performing said procedure, in which the feature detector may be adapted to take this information
into account.

The region of interest defined by the feature detector may comprise a first image arca
enclosed by the contour of the reflective surface. Additionally or alternatively, the region of interest
may comprise a second image arca where the body part is directly observable by the camera without
reflection via the reflective surface by using a predetermined spatial relation of said second image
arca with respect to the reflective surface. The region of interest may consist of a plurality of regions,
e.g. disjointed and/or abutting regions, which may correspond to different reflective surfaces, e.g.
mirrors, and/or different regions where a direct view by the camera can be presumed.

The device comprises a segmenter 54 for segmenting, ¢.g. by image processing, the
detected region of interest in at least one of the acquired camera images to select pixels or one or
more regions in the region of interest that correspond to a feature of the body part of interest. The
segmenter may be configured to specifically limit the segmentation to only the detected region of

interest, e.g. for reasons of efficiency.
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The segmenter may be adapted to classify pixels in the camera image based on pixel
intensity (or a multi-dimensional, e.g. color, pixel value) to determine whether a pixel or image region
corresponds to the feature of the body part of interest.

The segmenter may be adapted to classify pixels in the camera image based on
analysis of a dynamic change of pixel intensity (or value) in a sequence of the camera images to
determine whether a pixel or image region corresponds to the feature of the body part of interest.

The device comprises a signal extractor 55 to determine the signal indicative of the
state of the subject from the selected pixels or region. The signal extractor may be adapted to generate
a signal indicative of cardiac, cardiovascular and/or respiratory function of the subject or another
signal indicative of a physiological state and/or parameter of the subject. The signal extractor may be
adapted to generate a photoplethysmography signal.

The device may comprise an output 57 for outputting the generated signal (or a signal
derived therefrom). For example, the output may provide a trigger signal to the diagnostic imaging
system and/or therapy delivery system to gate a data acquisition by the diagnostic imaging system, to
control the delivery of the therapeutical procedure, and/or is to be used to sort, collate, select and/or
annotate image data acquired by the diagnostic imaging system.

The device may also comprise a motion detector 56 to determine motion of or in the
body part between camera images acquired at different times. For example, pixels in the region of
interest (the region determined by the image feature detector 53) for which motion is detected may be
excluded from the selection determined by the segmenter. Additionally or alternatively, detected
motion may be used to register the selection determined by the segmentation on the basis of an image
acquired earlier to account for a change in position and/or other spatial properties of the body part in
the image. Additionally or alternatively, the segmenter and/or image feature detector may receive a
trigger to execute the reflective surface detection and/or segmentation again when the detected motion
exceeds a predetermined threshold or satisfies another criterion indicative of bulk motion. For
example, the motion detector 56 may apply an optical flow estimation algorithm.

Other features, or details of the features described hereinabove, of a device in
accordance with embodiments of the present invention shall be clear in view of the description
provided hercinabove relating to a method in accordance with embodiments of the present invention.
For example, the device may comprise a processor, computer, or similar general-purpose computing
device, in combination with software adapted to perform a method, or at least steps thercof, as
discussed hercinabove. The device may alternatively or additionally comprise dedicated hardware
designed for performing the method, or at step(s) thereof, in accordance with embodiments of the
present invention. For example, such dedicated hardware may comprise an application-specific
integrated circuit, or configurable hardware, such as a ficld-programmable gate array.

In a third aspect, the present invention relates to a diagnostic imaging system, such as

a magnetic resonance imaging system or a computed tomography system. The system has an
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examination zone and comprising a camera system for monitoring a subject when undergoing an
examination while positioned in the examination zone. Thus, the system may be adapted for imaging
the subject by magnetic resonance imaging, computed tomography, positron emission tomography
and/or single-photon emission computed tomography. Alternatively, in a further aspect, the present
invention relates to similar system for performing a radiotherapeutic intervention, €.g. comprising a
camera system and device in accordance with embodiments of the second aspect of the present
invention.

FIG 10 schematically shows a diagnostic imaging system 1 in accordance with
embodiments of the present invention. In this example, the system is a magnetic resonance imaging
system, however principles of the present invention can equally be applied to a system for a different
diagnostic imaging modality.

A magnetic resonance examination system in accordance with embodiments may
comprise a primary magnet assembly 10, which defines the examination zone 11, e.g. the examination
zone may be formed by a volume where the magnetic field conditions, as substantially created and
controlled by the magnet assembly, are suitable for magnetic resonance imaging. The examination
zone may thus correspond to (at least a usable portion of) the volume enclosed by a magnet bore of
the system (without limitation, e.g. principles of the present invention equally apply to open bore
systems and other, less frequently used, magnet assembly configurations).

A subject, e.g. a patient, to be examined 13 may, in use of the system, be positioned
on a patient couch 14 in the examination zone. The primary magnet assembly may comprise magnet
windings, ¢.g. coaxial (e.g. superconductive) windings, to generate a stationary uniform magnetic
field in the examination zone. The examination zone may be a cylindrical volume encompassed by
these magnet windings.

The system may comprise a reconstructor 15 to reconstruct magnetic resonance
image(s), e.g. tomographic MRI images, from magnetic resonance signals acquired by the system in
use. The reconstructed images may be provided via an output 16 for viewing, processing or storage.

Auxiliary equipment, such as an RF T/R head coil 12 may, in use, be place in the
examination zone to acquire magnetic resonance signals from the subject’s head. Other auxiliary coil
configurations may be used to acquire signals from other body parts or for different use cases, while,
typically, signals may also be received by receiver coils already integrated in the housing of the
primary magnet assembly.

The system comprises a camera 52, or camera assembly, e.g. comprising multiple
cameras. The camera system is adapted to obtain information from the subject being examined, e.g. to
obtain vital signs, motion, indicators of distress and the like. The images may be presented to an
operator for evaluation, i.¢. to derive useful information by observing the images, ¢.g. indicative of a

state of the equipment and/or the patient, and may be used, in accordance with embodiments of the
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present invention, to determine a useful signal that represents a parameter or parameters of interest by
image processing, e.g. by an electronic processing device,.

The camera may be mounted close to one entry of the examination zone. For
example, the camera may be integrated in, or mounted on, a flange of the MR bore (e.g. such that the
usable free bore diameter is not affected or only minimally reduced, and/or to avoid or minimize
interference with the operation of the MR system). For example, (optional) illuminating lights 29 may
also be provided in or on this flange (without limitation thereto).

The camera system may also comprise a camera control 25 to control the camera 52,
e.g. to adjust parameters such as orientation of the optical axis, focal length, etc. The camera system
may comprise a display 26 to display images of the inside of the examination zone 11 acquired by the
camera (raw, or after suitable processing). This enables an operator to visually monitor the subject in
the examination zone.

The images acquired by the camera 52 may be provided to an image processor 27
(which may for example be implemented in software, in hardware, or a combination of both) to derive
information about the subject from the acquired camera image or images. The image processor is or
comprises a device 50 in accordance with embodiments of the second aspect of the present invention.

The image processor 27 may be adapted to process image information acquired by the
camera system, ¢.g. to perform static and/or dynamic image analysis to obtain information from the
patient, such as vital signs of the patient, and/or motion of the patient, and/or signs of distress of the
patient (or, more generally, patient mood detection), and/or photoplethysmography (PPG), and/or
video-based detection of talking (or recognition of speech, ¢.g. of simple words or instructions based
on facial features). Information on motion of the patient may include, for example, respiratory motion
and/or cardiac motion, ¢.g. indicating the phase of respiratory and/or cardiac cycle phase. For
example information on motion of the patient may be derived from image information of the outer
hull of the patient's body. The information may be determined by processing (¢.g. by an image-based
motion detector) and/or by (direct) visual monitoring of the patient via the system by an operator or
staff member.

Respiratory and/or cardiac phase information (and/or more generic information
indicative of motion), ¢.g. the signal generated by the device 50, may be provided to the reconstructor
15 to correct the acquired magnetic resonance signals for motion and/or apply motion corrections to
the reconstructed magnetic resonance images. For example, a cardiac trigger signal may be
determined based on video signals from the camera. Cardiac triggering is particularly useful for
cardiac MRI, for obvious reasons, but may also be applied more generally. For example, in neuro-
imaging, artefacts in scans of the head and/or neck caused by pulsatile flow of blood and/or
cercbrospinal fluid may be suppressed or reduced by such triggering technique or other compensation
approach based on a cardiac phase signal. This may also be useful for quantitative measurement of

blood flow in the carotid artery. Furthermore, a PPG signal can be extracted from the video signal by
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analyzing subtle intensity changes of skin pixels, e.g. in the face of a subject, such as at the forehead
or at the cheeks.

Thus, the signal provided by the device 50 may be used to gate a data acquisition by
the system, ¢.g. an MRI system or other system for performing a diagnostic imaging procedure. Or
additionally, or alternatively, to control the delivery of a therapeutical procedure using a therapeutical
system. Additionally or alternatively, the signal may be used to sort, collate, select and/or annotate
acquired image data by the diagnostic imaging system.

In a magnetic resonance imaging system in accordance with embodiments of the
present invention, the camera system may also comprise one or more light sources 29. While
embodiments that rely on passive lighting for imaging are not necessarily excluded, it will be
understood by the skilled person that lighting conditions can be better controlled, and imaging can be
more effective, when using active lighting.

The light source 29 may be configured and positioned for directing its light beam
directly into/onto the examination zone, possibly being supported by the mirror(s) or reflective
surface(s).

The light source and/or the camera may be located outside the examination zone, or
on or near an edge region thercof. This can simplify the configuration of the magnetic resonance
imaging system (e.g. avoiding or reducing interference with the RF and magnetic field operation of
the system) and may provide for more free bore width in the examination zone. For example, for a
cylindrical bore system, both camera and light source (or cither one thereof individually) may be
located at the flange of the bore enclosure at one end of the bore, which may leave the other end
substantially free, e.g. to allow unimpeded access to the examination zone (for bringing the patient
and/or auxiliary equipment into the examination zone), and reducing a potential claustrophobic effect
on the subject, and thus possible discomfort, while being imaged by the system.

In a magnetic resonance imaging system in accordance with embodiments of the
present invention, the camera (or cameras) may be adapted to operate (e.g. substantially exclusively
sensitive to) light in a (e.g. narrow) infrared wavelength range and outside the visible wavelength
range.

In a magnetic resonance imaging system in accordance with embodiments of the
present invention, the camera (or cameras) may be adapted to operate (e.g. substantially exclusively
sensitive to) in the visible wavelength range, ¢.g. sensitive to a broad white light spectrum, or part
thereof, ¢.g. a color band. The camera may be adapted to acquire monochrome information, or may be
a color camera, e.g. adapted to detect, preferably independently and substantially simultancously,
different color components, ¢.g. a red, green and blue component (without limitation thereto). The
camera may also be adapted to detect a relatively large (¢.g. more than three) spectral components,

e.g. may be a multispectral camera.
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The light source(s) may emit light in a spectrum suitable for the camera, e.g. a
broadband white light may provide illumination for a monochrome or color camera in the visible
range to operate. Likewise, an infrared light source may be used to emit infrared light in a spectral
range in which the infrared camera is sensitive. It will be understood that the spectra of the light
source and the camera are not necessarily identical or not even necessarily closely related, e.g. the
spectrum of the light source may be broader in so far that sufficient overlap exists with the spectrum
to which the camera is sensitive.

The camera may be an analog camera or, preferably, a digital camera, e.g. comprising
an array of pixel light detectors.

The system comprises a mirror or mirror assembly 22 arranged in the examination
zone, to reflect light from a body part of the subject, such as the face or part thercof (e.g. the eyes or
an cyeball, a region on the forehead, ...), onto the camera, and/or to reflect light from the light
source(s) onto said body part. The mirror assembly may comprise a (e.g. non-metallic) mirror. The
use of the term ‘mirror” should not be construed narrowly, e.g. the mirror assembly may be
constructed from components that act as a mirror and/or reflector, i.e. reflect light in the spectral
range of interest.

The mirror or mirror assembly 22 may be mounted to the inner wall of the
examination zone, ¢.g. of the magnet bore enclosure, and/or on auxiliary equipment, such as a head
coil assembly. Thus, the mirror assembly may be mounted on, or formed as part of, a head T/R coil,
e.g. as used for cervical, cranial and/or neuroradiological MR examinations. It is to be noted that
integrating the mirror in or on the head coil may avoid costly or complex modification of existing
equipment, ¢.g. of the scanner bore. While a relatively far distance between the camera, ¢.g. mounted
on a flange of the bore, may result in a very limited ficld of view, e.g. only showing the forehead or
part thercof, this may be sufficient for some applications, ¢.g. to monitor blood pulsation by slight
variations in pixel intensity.

Preferably, the mirror 22 does not interfere with the radio frequency operation of the
magnetic resonance imaging system and/or does not perturb the magnetic ficlds and the RF dynamic
transmission field of the MRI system. Non-metallic mirrors may be particularly suitable for achieving
this advantage. For example, the non-metallic mirror may be a dielectric mirror, e.g. comprising a
stack of layers of different refractive index, ¢.g. such that a dielectric resonator is formed by the stack.
While such arrangement is particularly suitable for a narrow wavelength range, it will be understood
that varying the thickness of the layers in the stack can accommodate for reflection of different
wavelengths, such that a broadband reflection (or approximation thereof) or reflection of multiple
color components can also be easily achieved.

In a magnetic resonance imaging system in accordance with embodiments of the
present invention, the mirror assembly may be particularly adapted to reflect light such as to allow the

formation of an image of the body part of interest (for camera observation) on the imaging plane of
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the camera and/or to reflect light from the light source to the body part of interest. The mirror (or
mirror assembly) 22 may thus arrange an optical pathway between a portion of the examination zone,
i.e. where the body part is located when the subject is undergoing examination, and the camera, such
that the camera can obtain image information from that portion. The mirror assembly may be
positioned in the examination zone, ¢.g. by mounting to the inner wall of the magnet bore enclosure.
Alternatively, the mirror assembly may be disposed on auxiliary equipment in the examination zone,
such as on a local radio frequency (RF) coil, ¢.g. when positioned on a patient couch in the
examination zone. For example, it may be practical to mount the mirror assembly onto an RF head
coil.

In a fourth aspect, the present invention relates to a computer- -program product for
performing a method in accordance with embodiments of the first aspect of the present invention
when executed by a computing device. For example, the computer-program product may comprise
machine-interpretable instructions to direct the computing device, €.g. a computer, to implement the

method of embodiments.
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CLAIMS:

1. A computer-implemented method (100) for determining a signal indicative of a state
of a subject during a diagnostic imaging or therapeutic procedure based on remote camera
observation, the method comprising:

acquiring (101) camera images from a camera configured to monitor a body part of
the subject during the diagnostic imaging or therapeutic procedure directly and/or via a reflection
thereof in a reflective surface;

detecting (102) a shape or contour of the reflective surface in at least one of the
acquired camera images to define a region of interest in the image that contains image information
corresponding to the body part of interest;

segmenting (103) the detected region of interest in at least one of the acquired camera
images to select pixels or one or more regions in the region of interest that correspond to a feature of
the body part of interest; and

determining (105) the signal indicative of the state of the subject from the selected

pixels or region.

2. The method of claim 1, wherein the camera is configured to monitor a body part of
the subject during the diagnostic imaging or therapeutic procedure via a reflection thercof in a
reflective surface; and wherein said detecting (102) of the shape or contour of the reflective surface
comprises a multi-scale search using a template of the reflective surface, in which a measure of
correspondence is evaluated for a plurality of different candidate positions in the camera image and
for a plurality of different scales of the template to identify an optimal correspondence in position and

scale of the template to the camera image.

3. The method of claim 2, wherein said template is constructed by acquiring a
calibration image using the camera, cropping the calibration image to the size of the reflective surface
in the image, and applying a high-frequency spatial kernel to suppress low-frequency context,
wherein said detecting (102) comprises applying said high-frequency spatial kernel to the camera

image before calculating said measure of correspondence.

4. The method of any of the previous claims, wherein said detecting (102) furthermore
takes information regarding the positioning of the subject during the procedure as provided by a

diagnostic imaging or therapy delivery system for performing said procedure into account.
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5. The method of any of the previous claims, wherein said detecting (102) defines said
region of interest comprising a first image area enclosed by the contour of the reflective surface
and/or a second image arca where the body part is directly observable by the camera without
reflection via the reflective surface by using a predetermined spatial relation of said second image

arca with respect to the reflective surface.

6. The method of any of the previous claims, wherein said segmentation (103) classifies
pixels in the camera image based on pixel intensity and/or analyses a dynamic change of pixel
intensity in a sequence of the camera images to determine whether a pixel or image region

corresponds to the feature of the body part of interest.

7. The method of any of the previous claims, comprising determining (104) motion of or
in the body part between camera images acquired at different times, wherein pixels in the region of
interest for which motion is detected are excluded from the selection determined by the segmentation
(103), and/or wherein said detected motion is used to register the selection determined by the
segmentation on the basis of an image acquired earlier to account for a change in position and/or other
spatial propertics of the body part in the image, and/or wherein the segmentation (103) and/or
reflective surface detection (102) is executed again when the detected motion exceeds a

predetermined threshold or other criterion indicative of bulk motion.

8. The method of claim 7, wherein said motion is determined (104) by an optical flow
algorithm.
9. The method of any of the previous claims, wherein said diagnostic or therapeutic

procedure comprises imaging the subject by magnetic resonance imaging, computed tomography,
positron emission tomography and/or single-photon emission computed tomography, and/or a surgical

and/or radiotherapeutic intervention.

10. The method of any of the previous claims, wherein said body part comprises the face

or part thereof.

11. The method of any of the previous claims, wherein said signal is indicative of cardiac,
cardiovascular and/or respiratory function of the subject, is a photoplethysmography signal, or is

another signal indicative of a physiological state and/or parameter of the subject.
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12. The method of any of the previous claims, wherein said signal is used to gate a data
acquisition by a system used for said diagnostic imaging procedure, is used to control the delivery of
the therapeutical procedure, and/or is used to sort, collate, select and/or annotate acquired image data

by the diagnostic imaging system.

13. A device (50) for determining a signal indicative of a state of a subject during a
diagnostic imaging or therapeutic procedure based on remote camera observation, the device
comprising:

an input (51) for receiving camera images from a camera (52) configured to monitor a
body part of the subject during the diagnostic imaging or therapeutic procedure directly and/or via a
reflection thereof in a reflective surface;

an image feature detector (53) for detecting a shape or contour of the reflective
surface in at least one of the received camera images to define a region of interest in the image that
contains image information corresponding to the body part of interest;

a segmenter (54) for segmenting the detected region of interest in at least one of the
acquired camera images to select pixels or one or more regions in the region of interest that
correspond to a feature of the body part of interest; and

a signal extractor (55) to determine the signal indicative of the state of the subject

from the selected pixels or region.

14. A diagnostic imaging system (1) with an examination zone (11), the system
comprising:

a camera (52) for acquiring images from a subject (13) when undergoing an
examination while positioned in the examination zone,

a reflective surface (22), arranged in the examination zone, to reflect light onto the
camera,

an image processor (27) for determining a signal indicative of a state of the subject
during the examination from the acquired camera image or images, the image processor comprising a

device (50) in accordance with claim 13.

15. A computer-program product for performing a method in accordance with any of the

claims 1 to 12 when executed by a computing device.
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