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Description

[0001] The presentinvention relates to a method and a system for signal analysis, in particular for detecting periodic
information in signals and to a signal quality indicator indicative of the degree of confidence that the periodic information
is valid.

[0002] There are a broad range of fields in which signals representative of measurements on a system are analysed
to detect periodic information representing some state of the system. For example in the medical field a human or animal
subject’s vital signs include heart rate and breathing rate which are types of periodic information indicative of the state
ofthe subject. In the engineering field, machinery, particularly machinery including rotating components, can be monitored
by vibration or acoustic sensors and the presence or absence of sounds or vibrations at particular frequencies can be
indicative of normal or abnormal operation. In both the medical and engineering fields, however, measured signals tend
to be noisy and it can be difficult for automated analysis systems to determine whether a signal being measured is
carrying information which is valid, i.e. truly representative of the system state being measured. Even when signals are
spectrally analysed to detect the dominant frequencies within them, it can be difficult to distinguish between artefact and
true signals and automated analysis may be confused by noise and signal dropout.

[0003] The presentinvention is defined by the appended claims and provides a method of analysing a signal to detect
periodic information carried by it whilst also providing a signal quality indicator indicating the degree of confidence that
the detected information is valid. The invention also provides a signal analysis system executing such a method.
[0004] In more detail the present invention utilises an autoregressive model, preferably all-pole fixed-order model, to
analyse the signal. If the signal to be analysed is expected to have one dominant frequency (for example, the cardiac
frequency), then the magnitude of the dominant pole, typically the pole with the highest magnitude (largest radius), in
the fitted autoregressive model is taken as an indicator of signal quality. Thus, for example, a threshold can be applied
to the pole magnitude (i.e. pole radius on the pole-zero plot) and only if the pole magnitude exceeds the threshold is the
spectral component represented by that pole regarded as valid. The frequency of the spectral component corresponding
to a valid pole can be calculated from the phase angle of the pole and thus can be taken to represent valid information
about the system being monitored.

[0005] The invention may be applied to simple signals (i.e. one dimension plus time) such as acoustic or vibration
signals, or transmittance or reflectance signals from a photoplethysmogram probe (which measures transmittance or
reflectance on the finger or the ear). In the case of a photoplethysmogram (PPG) signal this can allow the derivation of
heart rate from the signal.

[0006] However, the invention is particularly useful in analysing more complex signals, such as image signals which
contain periodic intensity variations representing temporal information about the imaged subject. It finds particular ap-
plication in the analysis of photoplethysmogram image signals in which an image of the subject’s face or body is analysed
to derive the PPG signal, and from it heart rate, breathing rate or blood oxygen saturation (SpO,).

[0007] To explain photoplethysmography in more detalil, it has been well known since the 1930s - see the introduction
in the paper by Verkruysse W, Svaasand LO and Nelson JS entitled "Remote plethysmographic imaging using ambient
light", Optics Express, 2008, 16(26), 21434-45 - that the variations in blood volume in a body segment with each heart
beat modulate the transmission of visible (or infra-red) light through, or the reflection from, that body segment. Blood
absorbs visible and infra-red light more than the surrounding tissue in the body segment, hence the variations in blood
volume during the cardiac cycle affect the transmission or reflectance of light in time with the heart beat. The cardiac-
synchronous variations in light transmission or reflectance are known as the photoplethysmographic (PPG) signal. The
heart rate (or pulse rate - the two are equivalent) can easily be extracted from the PPG signal by measuring the time
interval between two consecutive peaks (or troughs) of the PPG waveform. The respiratory (or breathing) rate can also
be estimated indirectly from relatively complex analysis of the PPG waveform, (for example, by measuring the changes
in inter-beat interval which occur over the respiratory cycle or by measuring the breathing-rate-synchronous amplitude
modulation of the PPG signal). Such techniques are disclosed in WO-A2-2012/051295 and US-A-2010/0298730.
[0008] In the 1970s, the technique of pulse oximetry was developed to obtain a non-invasive estimate of peripheral
arterial oxygen saturation (SpO,) by measuring the PPG signal at two wavelengths. The two common forms of the
haemoglobin molecule (the oxygen carrier in the blood), oxidised haemoglobin (HbO,) and reduced haemoglobin (Hb),
have significantly different optical spectra in the wavelength range from 500nm to 1000nm. Hence, by measuring the
light transmitted through the fingertip (or the earlobe) at two different wavelengths using a simple probe with two light-
emitting diodes, one in the red and the other in the near infra-red, pulse oximeters determine the oxygen saturation of
the arterial blood in the finger (or ear) non-invasively.

[0009] The possibility of measuring PPG signals remotely using a camera (rather than a probe attached to the finger,
ear or toe) is first discussed in the scientific literature around 2005 (see Wieringa FP, Mastik F and Van Der Steen AFW,
Contactless Multiple Wavelength Photoplethysmographic Imaging: A First Step Toward "SpO2 Camera" Technology,
Annals of Biomedical Engineering, 2005, 33(8), 1034-1041 and Humphreys K, Ward T, Markham C, Noncontact simul-
taneous dual wavelength photoplethysmography: A further step toward noncontact pulse oximetry, Rev. Sci. Instrum.,
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2007, 78, 044304). In the 2008 paper from Verkruysse, Svaasand and Nelson mentioned above, the authors show that
PPG signals can be remotely acquired from the human face with normal ambient light as the source and a simple, digital,
consumer-level camera as the detector more than 1m away. Regions of interest (usually the forehead) were selected
in images of the faces of human volunteers. The paper shows how heart rate can be extracted from the frequency content
ofthese images (using the Fast Fourier Transform for 10-sec windows), and hints at how breathing rate may be computed.
They suggest that the main application of this remote sensing technology might be in triage and sports.

[0010] More recently, there have been two papers published by a team from the Affective Computing group ("ht-
tp://www.media.mit.edu/research/groups/affective-computing) in the MIT Media Lab. (see Poh MZ, McDuff DJ, Picard
RW, Non-contact, automated cardiac pulse measurements using video imaging and blind source separation, Optics
Express, 2010, 18, 10762-10744 and Poh MZ, McDuff DJ, Picard RW, Advancements in noncontact, multi-parameter
physiological measurements using a webcam, |IEEE Trans Biomed Eng., 2011, 58, 7-11). The team have recorded
videos of facial regions with a webcam. They focus on sources of fluctuations in light due to artefacts caused by motion
and changes in ambient light conditions. Although their experiments were carried out indoors, the only source of illumi-
nation was a varying amount of ambient sunlight entering through windows. The paper "Motion-compensated noncontact
imaging photoplethysmography" by Sun et al., Journal of Biomedical Optics, Vol. 16, No. 7, January 2011, on which the
precharacterizing portion of claim 1 is based discloses a method of obtaining heart rate by spectral analysis of PPGi
signals in which the images are motion-compensated to correct for movement of the subject during exercise.

[0011] There are various problems with making PPG imaging work in real-world settings. One example is the inter-
ference caused by the aliasing of the artificial light, e.g. fluorescent light, found in most indoor environments outside
daylight hours and often within daylight hours as well. Although the 50 Hz frequency of artificial light is much higher than
the physiological signals (heart rate or breathing rate) to be measured, in practice the sampling process in the camera
aliases the 50 Hz components down to much lower frequencies. Aliasing components are often found at frequencies
such as 4 Hz and 2 Hz which are in the physiological range. Also subjects may move, creating an artefact, and there
may be other sources of periodic signal in the field of view of the camera.

[0012] The presentinvention provides a particularly effective way of analysing such image signals to derive the periodic
information in them and to indicate which areas of the image contain periodic intensity variations representing valid
temporal information about the subject. This is achieved by dividing the image into plural spatial areas or regions of
interest, fitting an autoregressive model to a representative intensity signal from each region of interest and assessing
the magnitude of the dominant pole (typically the pole with the highest magnitude) for each region against a threshold.
If the magnitude of the dominant pole is greater than the threshold then the spectral component represented by that
pole is regarded as carrying valid temporal information.

[0013] In more detail the present invention provides a method of analysing an image of a subject to identify spatial
areas which contain periodic intensity variations representing valid temporal information about the subject as defined in
claim 1. The pole magnitude is effectively being used as a signal quality index (SQl).

[0014] The spatial areas are preferably defined as m by n pixels of the image where m and n are positive integers.
Typically areas of 25 by 25 pixels may be used, though each spatial area may be one pixel (m = n = 1) or more than 25
by 25 as appropriate.

[0015] Where the spatial areas each contain more than one pixel the representative signal can be an average or modal
intensity over the spatial area.

[0016] The image is preferably a three colour component image such as an RGB image and the method may be
applied to one, two or all three of the colour components in each area. The colour component chosen to derive the
physiological information (typically the heart rate or the breathing rate) is usually the green colour, but the choice of
colour component may also be made by selecting that colour for which the magnitude of the dominant pole is the highest.
Alternatively, the phase angle for the dominant pole may be computed for each colour and the median value chosen to
estimate the periodic frequency of interest.

[0017] The threshold on pole magnitude to be regarded as carrying valid information is set empirically as appropriate
for the application. The value of the threshold will depend on the size of the Region of Interest. For a small region, for
example 25 X 25 pixels, the threshold may be as high as 0.99. For a larger region, for example 250 X 250 pixels, the
value of the threshold may be lower. The threshold can be adaptive, and can vary from patient to patient.

[0018] Preferably knowledge of the expected frequency range for the temporal information is used to identify and
ignore poles representing spectral components outside that range. For example in the case of heart rate detection
frequencies outside the range 0.7 Hz to 4 Hz, corresponding to 42 to 240 beats/min, can be ignored. In the case of
breathing rate frequencies outside the range 0.1 Hz to 0.7 Hz, corresponding to 6 to 42 breaths/min can be ignored.
[0019] Itis also possible to identify and ignore poles representing spectral components from ambient light interference
caused by aliasing by comparing the poles present in a model fitted to an image signal from the subject with poles
present in a model fitted to an image signal from elsewhere in the image, for example background. Poles with the same
phase angle (to within a given tolerance, typically 1°) in both are clearly not representing information from the subject
and so can be eliminated.
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[0020] Preferably, for each spatial area, a dominant pole is selected. For the estimation of heart rate, the dominant
pole is the pole with the highest magnitude. For the estimation of breathing rate, the dominant pole is the pole of smallest
phase angle (lowest frequency) whose magnitude is at least 0.95 of the magnitude of the highest-magnitude pole.
[0021] An additional check may be made to validate the choice of dominant pole. The frequency spectrum of the
windowed signal may be determined using either the standard Discrete Fourier Transform (or Fast Fourier Transform)
or by evaluating H(z = ei®T) on the unit circle in the complex z-plane (see Equation [2] below or Figures 4 and 5 in the
paper by Takalo R, Hyyti H and lhalainen H entitled "Tutorial on univariate autoregressive spectral analysis", Journal of
Clinical Monitoring and Computing, 2005, 19, 401-410). The peaks in the frequency spectrum which correspond to each
of the poles in the autoregressive model are identified. The dominant pole in the AR model can then be chosen to be
the one which corresponds to the peak in the frequency spectrum with the highest magnitude.

[0022] Continuous analysis of continuous signals can be achieved by defining a time window in the representative
signals, performing the spectral analysis and identification of valid information in the time window, advancing the window
and repeating the analysis. For detection of physiological signals such as heart rate and breathing rate 15-second or
30-second windows respectively can be used, though they can be shorter - for example 10 seconds if the signal is of
high quality. The windows can be advanced after each analysis (e.g by anything from a fraction of a second to a few
seconds) to output a reading which is representative of the most recent 15 or 30 seconds.

[0023] A single measurement can be derived from the plural spatial areas by averaging the readings from them or
averaging a selected number of them. The selection can be by pole magnitude, i.e. only those poles with a magnitude
above a threshold, or phase angle, i.e. only those poles with a phase angle lying within a certain range, or both.
[0024] The derivation of pole magnitude and phase angle for each spatial area allows a particularly effective visual
display of the detected temporal information. Thus it is possible to display the image with a display attribute of each
spatial area set according to the magnitude of the dominant pole in that spatial area. For example the areas may be
colour-coded. This gives a map of where valid period information is present in the image. Of course image attributes
other than colour can be coded according to pole magnitude if desired.

[0025] Furthermore, the image can be displayed with a display attribute of each spatial area set according to the phase
angle of the dominant pole in that spatial area. Again, colour-coding is particularly effective. This provides a map of the
spectral information, for example a heart rate map or a breathing rate map over the imaged subject.

[0026] The colour (or other attribute) coding may be overlaid on the original image.

[0027] Such colour-coded maps are of considerable assistance to a clinician in judging whether or not the information
being presented is valid, i.e. truly representative of the subject, or whether it is some artefact or caused by some by
some other agent in the image.

[0028] The invention is therefore particularly effective for analysing and redisplaying images which include photop-
lethysmogram images (PPGI) where the temporal information is at least one of heart rate and breathing rate.

[0029] The fact that the invention allows the detection of where there is valid periodic information in the image means
that it also can be used to provide a particularly effective way of segmenting images. In video coding or in security
applications it is often necessary to separate human or animal subjects from background and the detection of valid
periodic information representative of a heart rate or breathing rate provides for an easy way of segmenting the image.
Thus the image can be segmented on the basis of the magnitude of a pole, e.g. the dominant valid pole in each of the
spatial areas, and/or on the basis of the phase angle of a pole, e.g. the dominant valid pole.

[0030] The invention can be implemented in a computer program or in an image analysis system. It can also be
implemented in a vital sign monitor, for example, for use at home to analyse images from a standard webcam, or in a
clinical setting to analyse images of a patient, for example in a critical care unit or of infants in a neonatal unit.

[0031] Theinventionwill be further described by way of example with reference to the accompanying drawings in which:-

Fig 1A schematically illustrates a vital sign monitoring system according to an embodiment of the invention;

Fig 1B schematically illustrates a vital sign monitoring system according to another embodiment of the invention;
Fig 2 illustrates an example screen display to the patient in one embodiment of the invention;

Fig 3 is a flow diagram explaining heart rate measurement according to one embodiment of the invention;

Fig 4 is a flow diagram explaining breathing rate measurement according to one embodiment of the invention;
Figs 5A, B and C show the first, middle and last frames of a 30 second video image sequence;

Figs 5D, E and F show colour-coded images of the pole magnitude, calculated heart rate and an overlay of pole
magnitude on the original image respectively;
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Figs 5G, H and | show corresponding pole magnitude, breathing rate and overlay of pole magnitude on the original
image.

[0032] Figure 1A schematically illustrates the vital sign monitoring system in accordance with one embodiment of the
invention. The vital sign monitor itself is incorporated into a device 3 which has integrally provided within it a webcam 4
and screen 5. The device 3 can be a tablet or notebook computer, a mobile telephone (smartphone) or could be a
television provided with a separate webcam 4. The patient 1 will be monitored by the webcam 4 while using the device
3 in their normal life, for example making a VOIP call or watching television. As will be explained below the device 3 is
loaded with a software application which obtains the red, green and blue video output from the webcam 4 and analyses
it to obtain vital sign measurements. These measurements are stored and displayed to the patient (on demand) and are
also sent via an internet connection to a remote server 6. The remote server 6 can be accessed by a clinician’s device
7 to allow a clinician to review the results and, if necessary, contact the patient either via a messaging application within
the system itself or independently, for example, by telephone 9.

[0033] Figure 1B illustrates a vital sign monitoring system in an embodiment of the invention intended for monitoring
patients in hospitals. As illustrated, the vital sign monitor includes a video camera 4a mounted above the patient 1a, for
example on the ceiling or a frame 17, where it can view the patient 1a while the patient is on a bed 2 or chair 8. The
output from the video camera is supplied to a remote processing unit (not shown) for analysing the video signals as
explained below. A wired or wireless controller 13 may be provided to control the video camera 4a. This embodiment
of the invention is particularly useful for patients who are relatively immobile, for example acutely ill in-hospital patients
or infants in neonatal incubators. Such patients typically have large exposed areas of skin over which the regions of
interest for the analysis can be defined.

[0034] Figure 2 illustrates an example screen display to the patient which is associated with the software application.
In this embodiment the patient is presented with five icons to select five different functions. The first icon 10 is operable
when selected to launch a VOIP application and also unobtrusively to start the webcam monitoring of the patient 1 to
obtain the vital-sign measurements. The icon 11 is operable when selected to start the webcam monitoring of the patient
1 to obtain the vital-sign measurements. The icon 12 is operable when selected to display a patient diary into which the
patient can enter information on their condition, and again this can also unobtrusively start the webcam monitoring of
the patient 1 to obtain the vital-sign measurement. The icon 14 is operable when selected to guide the patient through
a self monitoring process in which the patient can use conventional devices to obtain measurements of their vital sign,
for example using a Bluetooth finger probe for heart rate and oxygen saturation measurement (and breathing rate,
indirectly) and a Bluetooth cuff for blood pressure measurement. Such measurements are sent to the device 3 using
the Bluetooth connection and then via the internet to the server 6. Such measurements can be used to confirm the
measurements obtained by analysis of the webcam video signal (e.g. if the clinician notices a deterioration in the subject’s
vital sign they can contact the subject to ask them to perform such a confirmation measurement). Finally the messaging
icon 16 is operable when selected to start a messaging application allowing the patient to check messages received
from a clinician.

[0035] Figures 3 and4 setoutthe process foranalysing theimage signals to identify regions containing valid information.
Figure 3 is particularly concerned with obtaining a valid heart rate measurement from a PPGI signal from a webcam or
other video camera, and Figure 4 with obtaining a breathing rate measurement from the same signal.

[0036] Referring to Figure 3, in step 30 an R, G, B, image of an individual being continuously monitored is acquired
frame-by-frame, for example at a 12 Hz sampling rate, by a video camera 4, 4a. The image, which typically includes the
face and upper thorax, is divided in step 31 into multiple small regions, each consisting of a single pixel or multiple pixels
(for example 25 by 25 pixels). Each of these regions of interest (ROI), are to be analysed for a signal representative of
the subjects’ heart rate and breathing rate.

[0037] To extract the heart rate information the R, G, B signals are band-pass filtered in step 32 (typically from 0.7 Hz
to 4 Hz, corresponding to 42 to 240 beats/minute) and segmented into, typically, 15-second windows in step 33. The
filtered values are detrended and a Hamming window is applied to each segment.

[0038] In step 34 an autoregressive model of fixed order, typically order 9, is then applied to the 15 *12 samples in
the window (12 samples per second for 15 seconds).

[0039] It may be useful here to give a brief explanation of the general principles of autoregressive (AR) modelling,
though AR modelling is well-known, for example in the field of speech analysis.

[0040] AR modelling can be formulated as a linear prediction problem where the current value x(n) of the signal can
be modelled as a linearly weighted sum of the preceding p values. Parameter p, which is the number of samples over
which the sum is taken, is the model order, which is usually much smaller than the length N of the sequence of values
forming the signal. Thus:-
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x(n) = —Zp:akx(n—k)Jre(n) (D)

[0041] The value of the output x(n) is therefore a linear regression on itself, with an error e(n), which is assumed to
be normally distributed with zero mean and a variance of 2. More usefully for this application the model can alternatively
be visualised in terms of a system with input e(n), and output x(n), in which case the transfer function H can be formulated
as shown below:

1 z?

Z:Zlaszk - (z—z,)(z—-2z,)..(z— zp)

H(z)= 2)

where z is a complex number.

[0042] As shown in Equation 2, the denominator of H(z) can be factorised into p terms. Each of these terms defines
a root z; of the denominator of H(z), corresponding to a pole of H(z). Since H(z) has no finite zeros, the AR model is an
all-pole model. The poles occur in complex-conjugate pairs and define spectral peaks in the power spectrum of the
signal. They can be visualised in the complex plane as having a magnitude (distance from the origin) and phase angle
(angle with the positive real axis). Higher magnitude poles correspond to higher magnitude spectral peaks and the
frequency of each spectral peak is given by the phase angle of the corresponding pole. The phase angle dcorresponding
to a given frequency f, is defined by Equation 3 which shows that it is also dependent on the sampling interval At
(reciprocal of the sampling frequency):

6 = 2mfAt (3)

[0043] Thus fitting a suitable order AR model to a signal, and obtaining the poles, reveals the spectral composition of
the signal.

[0044] To find the poles, the model parameters a, are first obtained, for example using the Burg algorithm to fit the
model to the signal, and from the values of a, the values of the p poles z, to z, can be calculated (see, for example,
Pardey J, Roberts S, Tarassenko L, A review of parametric modelling techniques for EEG analysis, Medical Engineering
& Physics, 1996, 18(1), 2-11). The p poles of H(z), which correspond to the p roots z; (i = 1 to p) of the denominator of
H(z) are found using standard mathematical procedures (for example, the MATLAB routine roots). As each pole z, can
be written as a complex number x, + jy,, the frequency represented by that pole can be calculated from the phase angle
of that pole in the upper half of the complex plane:

O=tan'y/x=2af, 1/f (4

where f, is the sampling frequency and the pole magnitude r is (x2+y?2)/2,

[0045] Thus the AR model fitting of step 34 reveals the different periodic variations (spectral components) present in
the image intensity signal from the region of interest.

[0046] Thus for each region of interest a set of poles is obtained, each with a given radius or magnitude up to a
maximum value of 1.0 (representing the strength of that component) and a given phase angle (representing the frequency
of that spectral component). Whilst these include pairs of poles corresponding to the signals of interest (e.g. the heart
rate and breathing rate), AR models fitted to real, noisy, signals have multiple pairs of poles. Therefore in step 35 poles
corresponding to aliased ambient light components are removed, for example by comparing the AR model from regions
of interest on the subject with AR models from reference regions of interest in the background (which therefore do not
include the signals of interest). Poles appearing in both the models of the background image and of the subject image
(within a given angular tolerance) can be ignored. This is discussed in more detail in our copending International (PCT)
patent application WO-A2-2013/027027.

[0047] In step 36 any poles outside the expected physiological range are removed and in step 37 the remaining pole
with the largest magnitude is selected as the dominant pole.

[0048] In step 38 if the dominant pole in the region of interest has a magnitude greater than a predetermined threshold,
for example 0.99 for a 25 X 25 pixel region, it is regarded as representing valid heart rate information and the heart rate
it represents can be calculated from its phase angle using the expressions above.

[0049] The obtained heart rate values can be averaged, or a subset, for example the median of the top few, e.g.
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eleven, values can be taken.

[0050] Furthermore, as indicated in step 39 the image can be displayed with the regions of interest colour-coded
according to the detected heart rate represented by the dominant pole in that region. This provides a heart rate map for
the subject.

[0051] Step 391 shows an alternative display step which indicates where in the image valid periodic information is
being found. This is achieved by displaying the image with regions of interest colour-coded according to the pole mag-
nitude, preferably for poles having a magnitude greater than 0.95. This gives a map showing the location of strong
periodic information in the image.

[0052] In step 392 the image can be segmented, for example to allow automatic identification of human or animal
subjects in the image, by segmenting according to the magnitude or phase angle of the dominant pole in each region
of interest. Effectively this means that an image can be segmented according to the presence of a valid heart rate signal
in a particular region of interest. It can be used to replace image segmentation algorithms for extracting subjects in
videos, or to augment such segmentation algorithms with independent information based purely on physiology.

[0053] Figure 4 illustrates a corresponding process for obtaining breathing rate information from a PPG image. The
processing is similar to that performed in Figure 3 for heart rate extraction. In step 40 the RGB image is acquired and
in step 41 it is downsampled to 2 Hz, and then in step 42 each frame is divided into regions of interest of 25 by 25 pixels.
In step 43 the signals are band-pass filtered (typically from 0.1 Hz to 0.7 Hz, corresponding to 6 to 42 breaths per minute)
and in step 44 they are segmented into 30-second windows, detrended and a Hamming window is applied to the segments.
[0054] In step 45 an autoregressive model of fixed order (typically 7) is then applied to the 30*2 samples in the frame
and this produces a set of poles representative of the spectral components in the signal. Each pole has a particular
magnitude or radius up to a maximum value of 1.0 and a phase angle representing the frequency of the spectral
component. In step 46 poles corresponding to alias ambient light components are removed as described above and in
step 47 any remaining poles outside the physiological range are removed. In step 48 the pole with the smallest phase
angle (lowest frequency) is selected as the dominant pole provided it has a magnitude (radius) of at least 95% that of
the highest-magnitude (maximum radius) pole

[0055] In step 49 the breathing rate is calculated from the phase angle of the dominant pole.

[0056] A single breathing rate figure can be generated by averaging the breathing rates from the individual regions of
interest, or from a subset of them, e.g. the median of the top eleven.

[0057] Asindicated insteps 491 and492itis also possible to display colour-coded images representing the magnitude
and phase angle of the dominant pole in each region, these forming maps indicating where valid breathing rate information
is present in the image and also maps of the breathing rate.

[0058] In the case of the heart rate analysis and breathing rate analysis of both Figures 3 and 4 the 15- or 30-second
windows are then moved on to select the next part of the signal and the analysis repeated. The windows may be moved
on by one or more seconds each time so that the output heart rate or breathing rate is representative of the heart rate
or breathing rate over the last 15 or 30 seconds respectively.

[0059] Figures 5A to | illustrate an example image to be analysed and the colour-coded maps generated by the
embodiment of the invention above. Figures 5A, B and C are the first, middle and last frames of a 30 second image
sequence in which the subject is a dialysis patient lying asleep on his pillow during a 4-hour dialysis session. Figure 5D
illustrates a heart rate pole magnitude map in which each 25 by 25 pixel region of interest is colour-coded according to
the heart rate pole magnitude for the dominant pole, from 0.95 (minimum value - blue) to 1.0 (maximum value - red).
The pole magnitude is thus a signal quality index provided directly by the autoregressive model which shows clearly
where heart rate information is to be found in the image. It is clear from Figs 5D and F that heart rate information is to
be found from most of the subject’s face, apart from the eyes (which is because the subject was wearing glasses), the
nose and mouth.

[0060] Figure 5E shows the values of the heart rate for the 25 by 25 pixel regions for which the strength of the dominant
pole (the signal quality index) is greater than a threshold of 0.99. The heart rate values are calculated from the phase
angle of the dominant pole and colour-coded from 42 beats per minute (minimum value - blue) to 180 beats per minute
(maximum value - red). Figure 5F illustrates a combination of the pole magnitude values with the original face image to
indicate the correspondence between valid information and areas of the face.

[0061] Figures 5G, H and | indicate corresponding maps for the breathing rate. Figure 5G is an image obtained by
colour-coding each 25 by 25 pixel region according to the pole magnitude of the dominant breathing rate pole. It can be
seen that the breathing rate is to be found mostly in the upper thorax, near the nose and some of the forehead, as well
as along the top of the pillow. This demonstrates that the breathing rate information in the reflected ambient light is
mostly from respiration-synchronous movement, rather than intensity variations in the PPG signal. Figure 5H is a map
in which each 25 by 25 pixel region is colour-coded according to the phase angle of the dominant pole and the colour-
coding scale represents the breathing rate calculated from that phase angle from 6 breaths per minute (minimum value
- blue) to 42 breaths per minute (maximum value - red). Figure 5lillustrates an overlay of the breathing rate pole magnitude
values on the original face image.
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[0062] With the present invention, by thresholding the signal components according to the pole magnitude, motion
artefacts and other interferences are effectively discarded without having to identify them specifically. The ability to
display the pole magnitude as a signal quality index on the image allows the clinician to have confidence in the values
being obtained.

[0063] Although the example images in Figure 5 are of the head and thorax of an adult patient, the invention is
particularly applicable in neonatal applications where infants in incubators typically have large skin areas exposed. The
invention is thus particularly effective in providing a vital sign monitor for such infant patients, especially as it does not
require any contact with the patient.

[0064] PPG imaging is also of particular interest in monitoring patients in their home environments, or, for example,
subjects in a clinical trial, where again the non-contact aspect of the method is particularly welcome. Providing an effective
signal quality indicator is extremely useful in this field.

[0065] The specific example above refers to the analysis of an image which includes a PPG image signal. However
autoregressive modelling and thresholding on the dominant pole radius as a signal quality index can be applied to other
signals. For example a conventional PPG signal from a finger or ear probe can be subject to autoregressive modelling
in a similar way and the dominant pole representing the strongest spectral component can be obtained. The magnitude
or radius of this pole is effectively a signal quality index. Where the signal quality index has a low magnitude, it can be
assumed that there is some artefact or signal dropout, and thus this signal can be ignored.

[0066] In a similar way the use of autoregressive pole radius as a signal quality index can be applied to the analysis
of any noisy signal as it is an effective indicator of the loss of periodic information from the signal.

[0067] Theinvention may be embodied in software, for example as a software app provided on a tablet or smart phone
or other mobile device, or can be incorporated into a patient monitor. Further, the signals can be analysed locally (a
stand alone system) or remotely in a server-based system.

Claims

1. A method of analysing a video image of a subject (1) to identify spatial areas which contain periodic temporal intensity
variations representing valid temporal information about the subject (1), comprising the steps of:

dividing said image into a plurality of spatial areas (31, 42) and obtaining respective signals representative of
temporal variation in image intensity for each spatial area;
spectrally analysing the temporal intensity variations of each representative signal;

characterized by:

fitting respective autoregressive models to the representative signals (34, 45), each of the fitted autoregressive
models comprising a plurality of poles representing spectral components of the temporal intensity variations of
each representative signal, each pole having a magnitude dependent upon the strength of the spectral compo-
nent and a phase angle dependent upon the frequency of the spectral component; and

selecting those spatial areas whose fitted autoregressive model has a dominant pole whose magnitude is greater
than a predetermined threshold and identifying those spatial areas as containing periodic temporal intensity
variations representing said valid temporal information (38, 48).

2. A method according to claim 1 wherein the spatial areas are m by n pixels of the image where m and n are positive
integers.

3. A method according to claim 1 or 2 wherein the representative signal is an average or modal intensity over the
spatial area.

4. A method according to claim 1, 2 or 3 wherein the video image is a red-green-blue colour image and temporal
intensity variations in at least one of the three components are spectrally analysed.

5. A method according to any one of the preceding claims further comprising the step of identifying and ignoring poles
representing at least one of: (a) spectral components outside an expected frequency range for valid temporal
information (36, 47); (b) ambient light intensity variations due to aliasing (35, 46).

6. A method according to any one of the preceding claims further comprising the step of selecting the dominant pole
as being either the pole of highest magnitude or the pole of smallest phase angle whose magnitude satisfies the
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threshold (37, 48), and calculating from the phase angle the frequency of the temporal intensity variation represented
by the selected pole (38, 49).

A method according to claim 6 further comprising identifying peaks in the frequency spectrum of the temporal
intensity variations and selecting as the dominant pole the pole which corresponds to the highest magnitude peak
(37, 48).

A method according to any one of the preceding claims further comprising defining a time window in each of said
representative signals (33, 44), performing the spectral analysis and outputting the temporal information identified
as valid (34-38, 43-49), advancing the window and repeating the spectral analysis and outputting the temporal
information identified as valid (34-38, 43-49).

A method according to any one of the preceding claims further comprising displaying the video image with a display
attribute of the spatial areas being set to represent visually the magnitude of a selected pole in the fitted autoregressive
model for that spatial area (391, 491).

A method according to any one of the preceding claims further comprising displaying the video image with a display
attribute of the spatial areas being set to represent visually the frequency of a pole of the fitted autoregressive model
for that spatial area whose magnitude is greater than the predetermined threshold (392, 492).

A method according to claim 9 or 10 wherein the display attribute set is the displayed colour thereby to provide
colour coding representative of frequency or magnitude of the said poles.

A method according to any one of the preceding claims wherein the subject (1) is human or animal and the video
image contains a photoplethysmogram image, and wherein the temporal information is at least one of heart rate
and breathing rate.

A method according to any one of the preceding claims further comprising segmenting the video image on the basis
of at least one of the magnitude and phase angle of at least one of the poles in each of said spatial areas (30).

A computer program comprising program code means for executing on a programmed computer system the method
of any one of the preceding claims.

An image analysis system (3, 6) adapted to execute the method of any one of claims 1 to 13, or a vital sign monitor
(4a, 13) comprising such an image analysis system.

Patentanspriiche

1.

Verfahren des Analysierens eines Videobilds eines Subjekts (1), um raumliche Bereiche zu identifizieren, die peri-
odische zeitliche Intensitatsschwankungen beinhalten, die gultige zeitliche Informationen lber das Subjekt (1) dar-
stellen, umfassend die folgenden Schritte:

Aufteilen des Bilds in eine Vielzahl von rdumlichen Bereichen (31, 42) und Erhalten von entsprechenden Sig-
nalen, die eine zeitliche Schwankung in der Bildintensitéat fir jeden rdumlichen Bereich darstellen;
spektrales Analysieren der zeitlichen Intensitdgtsschwankungen von jedem reprasentativen Signal;

gekennzeichnet durch:

Anpassen von entsprechenden autoregressiven Modellen an die reprasentativen Signale (34, 45), wobei jedes
der angepassten autoregressiven Modelle eine Vielzahl von Polen umfasst, die Spektralkomponenten der zeit-
lichen Intensitdtsschwankungen von jedem reprasentativen Signal darstellen, wobei jeder Pol eine GroR3e, die
von der Starke der Spektralkomponente abhéngig ist, und einen Phasenwinkel hat, der von der Frequenz der
Spektralkomponente abhangig ist; und

Auswahlen von diesen raumlichen Bereichen, deren angepasstes autoregressives Modell einen dominanten
Pol hat, dessen GroRe groéfer als ein vorbestimmter Schwellenwert ist, und Identifizieren dieser rdumlichen
Bereiche als periodische zeitliche Intensitatsschwankungen beinhaltend, die die giltigen zeitlichen Informatio-
nen (38, 48) darstellen.



10

15

20

25

30

35

40

45

50

55

10.

1.

12.

13.

14.

15.

EP 2 956 906 B1

Verfahren nach Anspruch 1, wobei die raumlichen Bereiche m mal n Pixel des Bilds sind, wobei m und n positive
ganze Zahlen sind.

Verfahren nach Anspruch 1 oder 2, wobei das reprasentative Signal eine mittlere oder modale Intensitat Gber den
raumlichen Bereich ist.

Verfahren nach Anspruch 1, 2 oder 3, wobei das Videobild ein Rot-Griin-Blau-Farbbild ist und zeitliche Intensitats-
schwankungen in mindestens einer er drei Komponenten spekiral analysiert werden.

Verfahren nach einem der vorhergehenden Anspriiche, ferner umfassend den Schritt des Identifizierens und Igno-
rierens von Polen, die mindestens eines von Folgendem darstellen: (a) Spektralkomponenten aulerhalb eines
erwarteten Frequenzbereichs fiir glltige zeitliche Informationen (36, 47); (b) Umgebungslichtintensitdtsschwankun-
gen aufgrund von Aliasing (35, 46).

Verfahren nach einem der vorhergehenden Anspriiche, ferner umfassend den Schritt des Auswahlens des domi-
nanten Pols als entweder der Pol der hochsten GroRe oder der Pol des kleinsten Phasenwinkels seiend, dessen
GrolRe den Schwellenwert (37, 48) erfiillt, und des Berechnens aus dem Phasenwinkel der Frequenz der zeitlichen
Intensitdtsschwankung, die durch den ausgewahlten Pol (38, 49) dargestellt ist.

Verfahren nach Anspruch 6, ferner umfassend das Identifizieren von Spitzen in dem Frequenzspektrum der zeitlichen
Intensitdtsschwankungen und das Auswahlen des Pols, der der hdchsten GréRenspitze (37, 48) entspricht, als den
dominanten Pol.

Verfahren nach einem der vorhergehenden Anspriiche, ferner umfassend das Definieren eines Zeitfensterns in
jedem der reprasentativen Signale (33, 44), das Durchfliihren der Spektralanalyse und das Ausgeben der zeitlichen
Informationen, die als giltig (34-38, 43-49) identifiziert sind, das Vorriicken an das Fenster und das Wiederholen
der Spektralanalyse und das Ausgeben der zeitlichen Informationen, die als gliltig (34-38, 43-49) identifiziert sind.

Verfahren nach einem der vorhergehenden Anspriiche, ferner umfassend das Anzeigen des Videobilds mit einem
Anzeigeattribut der rdumlichen Bereiche, die festgelegt werden, um die GréRe eines ausgewahlten Pols in dem
angepassten autoregressiven Modell fiir diesen rdumlichen Bereich (391, 491) visuell darzustellen.

Verfahren nach einem der vorhergehenden Anspriiche, ferner umfassend das Anzeigen des Videobilds mit einem
Anzeigeattribut der rdumlichen Bereiche, die festgelegt werden, um die Frequenz eines Pols des angepassten
autoregressiven Modells fir diesen rdumlichen Bereich visuell darzustellen, dessen Groflke gréRer als der vorbe-
stimmte Schwellenwert (392, 492) ist.

Verfahren nach Anspruch 9 oder 10, wobei der Anzeigeattributsatz die angezeigte Farbe ist, wodurch eine Farb-
kodierung bereitgestellt wird, die die Frequenz oder die GréRRe der Pole darstellt.

Verfahren nach einem der vorhergehenden Anspriiche, wobei das Subjekt (1) ein Mensch oder ein Tier ist und das
Videobild ein Photoplethysmographie-Bild beinhaltet und wobei die zeitliche Information mindestens eine aus der
Herzfrequenz und der Atemfrequenz ist.

Verfahren nach einem der vorhergehenden Anspriiche, ferner umfassend das Segmentieren des Videobilds basie-
rend auf mindestens einem der Grof3e und des Phasenwinkels von mindestens einem der Pole in jedem der rdum-
lichen Bereiche (30).

Computerprogramm, umfassend Programmcodemittel zum Ausfiihren des Verfahrens nach einem der vorherge-
henden Anspriiche auf einem programmierten Computersystem.

Bildanalysesystem (3, 6), das angepasst ist, um das Verfahren nach einem der Anspriiche 1 bis 13 auszufiihren,
oder Vitalwert-Monitor (4a, 13), umfassend ein solches Bildanalysesystem.

Revendications

1.

Procédé d’analyse d’'une image vidéo d’un sujet (1) pour identifier des zones spatiales qui contiennent des variations

10
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d’intensité temporelle périodiques représentant des informations temporelles valides concernant le sujet (1), com-
prenant les étapes suivantes :

division de ladite image en une pluralité de zones spatiales (31, 42) et obtention de signaux respectifs repre-
sentatifs d’'une variation temporelle d’une intensité d'image pour chaque zone spatiale ;
analyse spectrale des variations d’intensité temporelles de chaque signal représentatif ;

caractérisé par :

'adaptation de modéles autorégressifs respectifs aux signaux représentatifs (34, 45), chacun des modéles
autorégressifs adaptés comprenant une pluralité de pdles représentant des composantes spectrales des va-
riations d’intensité temporelles de chaque signal représentatif, chaque pdle ayant une amplitude dépendante
de la force de la composante spectrale et un angle de phase dépendant de la fréequence de la composante
spectrale ; et

la sélection des zones spatiales dont le modéle autorégressif adapté présente un pdle dominant dontI'amplitude
est plus grande qu’un seuil prédéterminé et l'identification de ces zones spatiales comme contenant des varia-
tions d’intensité temporelles périodiques représentant lesdites informations temporelles valides (38, 48).

Procédé selon la revendication 1, dans lequel les zones spatiales consistent en m par n pixels de I'image, m et n
étant des entiers positifs.

Procédeé selon la revendication 1 ou 2, dans lequel le signal représentatif est une intensité moyenne ou modale sur
la zone spatiale.

Procédé selon la revendication 1, 2 ou 3, dans lequel 'image vidéo est une image couleur rouge-vert-bleu et des
variations d’intensité temporelles dans au moins l'une des trois composantes font I'objet d’'une analyse spectrale.

Procédé selon I'une quelconque des revendications précédentes, comprenant en outre I'étape consistant aidentifier
et ignorer des polles représentant au moins un élément parmi : (a) des composantes spectrales extérieures a une
plage de fréquences prévue pour des informations temporelles valides (36, 47) ; (b) des variations d’intensité lumi-
neuse ambiante dues au repliement (35, 46).

Procédeé selon I'une quelconque des revendications précédentes, comprenant en outre I'étape consistant a sélec-
tionner le péle dominant comme étant soit le pole d’amplitude la plus élevée, soit le pdle d’angle de phase le plus
petit dont 'amplitude satisfait le seuil (37, 48), et calculer a partir de I'angle de phase la fréquence de la variation
d’intensité temporelle représentée par le pdle sélectionné (38, 49).

Procédé selon la revendication 6, comprenant en outre l'identification de pics dans le spectre de fréquence de
variations d’intensité temporelles et la sélection comme péle dominant du pdle qui correspond au pic d’amplitude
le plus éleveé (37, 48).

Procédeé selon 'une quelconque des revendications précédentes, comprenant en outre la définition d’'une fenétre
temporelle dans chacun desdits signaux représentatifs (33, 44), laréalisation d’'une analyse spectrale etla production
en sortie des informations temporelles identifi€es comme valides (34-38, 43-49), 'avancement de la fenétre et la
répétition de I'analyse spectrale et de la production en sortie des informations temporelles identifiées comme valides
(34-38, 43-49).

Procédeé selon 'une quelconque des revendications précédentes, comprenant en outre I'affichage de I'image vidéo
avec un attribut d’affichage des zones spatiales réglé pour représenter visuellement 'amplitude d’'un péle sélectionné
dans le modele autorégressif adapté pour cette zone spatiale (391, 491).

Procédeé selon 'une quelconque des revendications précédentes, comprenant en outre I'affichage de I'image vidéo
avec un attribut d’affichage des zones spatiales réglé pour représenter visuellement la fréquence d’un péle sélec-
tionné du modéle autorégressif adapté pourlazone spatiale dontI'amplitude est plus élevée que le seuil prédéterminé
(392, 492).

Procédé selon la revendication 9 ou 10, dans lequel I'attribut d’affichage réglé est la couleur d’affichage pour ainsi
fournir un code couleur représentatif de la fréquence ou de I'amplitude desdits pbles.
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Procédé selon 'une quelconque des revendications précédentes, dans lequel le sujet (1) est humain ou animal et
image vidéo contient une image photopléthysmographique, et dans lequel les informations temporelles sont au
moins un élément parmi le rythme cardiaque et le rythme respiratoire.

Procédeé selon I'une quelconque des revendications précédentes, comprenant en outre la segmentation de I'image
vidéo surla base d’au moins un élément parmi'amplitude et 'angle de phase d’au moins un des pbles dans chacune

desdites zones spatiales (30).

Programme informatique comprenant un moyen de code de programme destiné a exécuter sur un systéme infor-
matique le procédé de I'une quelconque des revendications précédentes.

Systeme d’analyse d’image (3, 6) adapté pour exécuter le procédé de I'une quelconque des revendications 1 a 13,
ou moniteur de signes vitaux (4a, 13) comprenant un tel systéeme d’analyse d'image.

12
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