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ing the volumetric data of one of the one or more anatomical features with the identified predetermined anatomical feature, and out-
putting the volumetric data of the predetermined anatomical feature. An apparatus is also described.



Method and apparatus for determining volumetric data of a predetermined anatomical
feature

The invention relates to a method and an apparatus for determining volumetric data of a
predetermined anatomical feature. A non-invasive method and apparatus for monitoring the
volume of body parts, or part thereof, of an animal or human is presented, by the application of
machine vision techniques to create and compare 3-dimensional (3D) models of the body parts
over time. The invention has applicability in the areas of human and animal health, particularly in
monitoring the peripheral edema associated with a range of pathologies including heart failure.

Background

Water retention resulting from chronic heart failure can be detected by a number of methods, most

commonly by measurement a weight gain or an increase in limb volume.

The WHARF study by Goldberg et al. (Am Heart J. Volume 146(4), pages 705 to 712, 2003)
demaonstrated that compliant patients monitoring their weight on a regular basis could reduce the
mortality from chronic heart failure by 50%. Unfortunately, such benefits are not commonly
observed in normal patient populations due to non-compliance to a daily regime of weight
monitoring, even when internet-connected weighing scales are used to remove any necessity for

patients to record or report the information collected.

Brijker et al.; "Volumetric measurements of peripheral oedema in clinical conditions" (Clinical
Physiology, volume 20, issue 1, pages 56 to 61, January 2000) demonstrated that limb volume is
a much more sensitive measurement for the purposes of heart failure monitoring than
weight gain. Weight measurement has a number of known fluctuations, such as level of
hydration and how recently ones bowel has been evacuated that can interfere with the desired
signal indicative of excess water retention. The study of Brijker et al. demonstrated that patients
showed a change of approximately 59% in weight between hospital admission and
discharge, compared to a change of 13.1% in leg volume and a change of 7.1% in leg
circumference. In addition, the coefficient of variation between weight and leg volume
measurement was only r = 0.37, suggesting that the two methods are somewhat independent,
therefore leg volume monitoring may add significantly to the assessment of edema compared

to the measurement of weight alone.

Unfortunately, the clinical gold-standard for limb volume measurement is a water displacement

technique that suffers significant inter-operator variation and is cumbersome and error-prone to
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administer. Essentially, the limb of interest is immersed into a container of water to various depths,
and the water displaced from the container is captured and recorded.

Because patients are capable of surviving for many years following the onset of chronic heart
failure, the problem of finding a solution to the routine monitoring of changes in limb volume for the

casually compliant patient in a home setting is an area of activity.

Therefore, a multitude of devices have been devised to measure changes in limb volume, typically
in the form of various “smart” socks or similar, as is described in US8827930B2. The fundamental
issue with such approaches is that patient non-compliance is a significant factor in effective long-

term monitoring.

An alternative, non-invasive approach is to apply “machine vision” concepts, wherein the limb in
question is measured using a 3D imaging system. Hayn et al. applied the “Microsoft Kinect depth-
measuring camera system to the measurement of leg volume for the detection of
edema” (AT513091B1). The approach taken by Hayn et al. was to identify a specific set of
reference points, lines, curves or planes that had been shown to correlate with limb volume.
Unfortunately, this approach provided only modest correlation with weight, and also requires that
the patient is oriented in a particular way with respect to the imaging system in order to capture
the reference points / lines / curves / planes. This is clearly susceptible to the same compliance

issues noted above.

Other approaches to 3D imaging of limbs have been taken, typically in the hospital setting which
involves the use of a 3D imaging system for routine measurement of limb volume. Unfortunately,
such systems typically require the patient to be rotated with respect to the imaging system, and to
have limbs not of interest to be covered so as not to interfere with the observation of the limb of

interest. This is clearly not practical for home use.

An alternative approach is described in EP0760622A1, which describes a particularly inexpensive
3D scanner, in which a body part to be digitized is provided with an elastic cover that carries marks
to be evaluated by photogrammetry. Overlapping images are taken using one or more roughly
positioned cameras, and a 3D madel of the body part is generated from the combination of these
2-dimensioal (2D) images. Unfortunately, such a system is impractical for home-use by the
casually compliant patient as they cannot be expected to diligently wear special clothing.

Stocking-based systems have been the subject of significant academic research, for example Hirai
et al. in “Improvement of a three-dimensional measurement system for the evaluation of foot
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edema” (Skin Research and Technology, volume 18, issue 1, pages 120 to 124) and Pratsch et al.
in “Perceived swelling, clinical swelling and manifest lymphoedema — difficulties with the
quantifying of leg swellings” (Phlebologie, volume 41, page 5 to 11, 2012). However, the issue

with usability remains significant.

Other methods and devices relating to image analysis are described in US8908928B1,
US2011295112A1 and US2015216477A1.

Accordingly, an aim of the present invention is to provide a non-invasive, opportunistic method and
apparatus for monitoring the peripheral edema associated with a range of pathologies including
heart failure in animals or humans, and reporting the resuits thereof.

Brief description of the drawings

The present disclosure can be understood with reference to the description of the embodiments set
out below, in conjunction with the appended drawings in which:

Figure 1 illustrates an apparatus according to an embodiment of the invention;

Figure 2 illustrates 3D image data of a foot as it is observed by a depth sensing camera apparatus;

Figure 3 illustrates an example of a reference 3D model of a foot;

Figure 4 illustrates a 3D model after adjustment of a parameter for a leg-to-foot-angle has been
performed,;

Figure 5 illustrates the 3D model after adjustment of a second parameter for lower-leg-conical-
volume.

Figure 6 illustrates the resulting model which more closely matches observed 3D data;

Figure 7 illustrates an image of a foot captured by a 3D imaging apparatus;

Figure 8 illustrates the image of the foot rotated about an axis, showing that the other side of the
foot has not been imaged;

Figure 9 illustrates a 3D model to be fitted to the 3D image data illustrated in Figure 7;
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Figure 10 illustrates the 3D model after it has been fitted to the captured 3D image data; and

Figure 11 illustrates a method according to an embodiment of the invention.

Description

According to a first aspect of the invention there is provided a method of determining volumetric
data of a predetermined anatomical feature, the method comprising: determining volumetric data of
one or more anatomical features present in a field of view of a depth sensing camera apparatus,
identifying a predetermined anatomical feature as being present in the field of view of the depth
sensing camera apparatus, associating the volumetric data of one of the one or more anatomical
features with the identified predetermined anatomical feature, and outputting the volumetric data of
the predetermined anatomical feature.

The step of identifying a predetermined anatomical feature as being present in a field of view of the
depth sensing camera apparatus may be performed before the step of determining volumetric data
of one or more anatomical features present in the field of view of the depth sensing camera
apparatus.

Upon identification of the predetermined anatomical feature being present in the field of view of the
depth camera apparatus, the method may comprise obtaining three-dimensional data of the
predetermined anatomical feature and determining the volumetric data of the predetermined
anatomical feature based on the three-dimensional data.

The method may comprise acquiring a two-dimensional image from the depth sensing camera
apparatus and identifying the predetermined anatomical feature as being present in a field of view
of the depth sensing camera apparatus in accordance with the two-dimensional image.

The step of identifying a predetermined anatomical feature as being present in a field of view of the
depth sensing camera apparatus may be performed after the step of determining volumetric data
of one or more anatomical features present in the field of view of the depth sensing camera

apparatus.

The method may comprise obtaining three-dimensional data of the one or more anatomical
features and determining the volumetric data of the one or more anatomical features based on the

three-dimensional data.
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The volumetric data of one of the one or more features may be associated with the identified
predetermined anatomical feature by comparing the volumetric data of each of the one or more
anatomical features with a three-dimensional representation of a predetermined anatomical
feature, and identifying one of the one or more anatomical features as being the predetermined
anatomical feature.

The step of determining the volumetric data may comprise processing the three-dimensional data
in dependence on a three-dimensional representation of the predetermined anatomical feature.

The three-dimensional representation of the predetermined anatomical feature may be a
deformable three-dimensional model, and wherein the method may comprise parametrically
deforming the three-dimensional model to fit the three-dimensional data of the predetermined

anatomical feature.

The three-dimensional model may be deformed by one or more of rotation, altering a joint angle
and volumetric change.

The three-dimensional representation of the predetermined anatomical feature may be a
deformable three-dimensional model, and wherein the method may comprise deforming the three-

dimensional data of the predetermined anatomical feature to fit the three-dimensional model.

The three-dimensional data may comprise multiple data sets of anatomical features at different
orientations.

The data may be periodically or continuously received from the depth sensing camera apparatus.

The three-dimensional data may comprise three-dimensional image data.

The three-dimensional data may represent at least one partial representation of the predetermined
anatomical feature.

The predetermined anatomical feature may be a limb, and may be a foot.

The depth sensing camera apparatus may comprise at least one emitter and one detector array, or
at least two detector arrays.
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The method may comprise recording the time at which three-dimensional data is captured, and
wherein the volumetric data may be generated in dependence on the recorded time.

According to a second aspect of the invention there is provided a method of determining volumetric
data of a predetermined anatomical feature, the method comprising: identifying a predetermined
anatomical feature as being present in the field of view of the depth sensing camera apparatus,
determining volumetric data of one or more anatomical features present in a field of view of a depth
sensing camera apparatus, associating the volumetric data of one of the one or more anatomical
features with the identified predetermined anatomical feature, and outputting the volumetric data of
the predetermined anatomical feature.

According to a third aspect of the invention there is provided a system comprising: a depth sensing
camera apparatus; and a processor coupled to the depth sensing camera apparatus;

wherein the processor is configured to perform any of the methods described above. The depth
sensing camera apparatus may comprise at least one emitter and one detector array, or at least
two detector arrays.

According to a fourth aspect of the invention there is provided a computer readable medium having
stored thereon instructions which, when executed on a processor, cause the processor to perform
any of the methods described above.

Figure 1 illustrates an apparatus 100 according to an embodiment of the invention. The apparatus
100 or system includes a depth sensing camera apparatus. The camera apparatus in this
embodiment includes two infra-red and visible light sensitive cameras 102, 104. Each camera 102,
104 also includes a controlled infra-red (IR) emitter. Accordingly, the apparatus 100 may
continuously observe an imaging volume or field of view without disturbing a patient. In the
preferred embodiment, the depth sensing cameras are both IR and visible light sensitive, such that
controlling the IR emitter allows the imaging system to capture at least IR images and 3D data. If
visible lighting is sufficient, the camera may also be used to capture visible colour information.
This arrangement has the benefit of not disturbing the patient, whilst capturing colour information
when possible. Colour information may be a useful adjunct to limb volume information when a
medical professional is assessing a possible edema.

It will be appreciated that the camera apparatus may include at least one infra-red sensitive
camera, and at least one controlled light projector (e.g. infra-red emitter or laser), or at least two
spaced apart conventional cameras (i.e. cameras containing a single 2D imaging array).
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The apparatus 100 further includes a processing device 106 which receives image data, in this
example 2D image data, from the camera 102. The processing device 106 is configured to identify
if a limb of interest (e.g. foot 200) is present within the 3D environment imaged by the camera 102,
for example. The processing device 106 includes 2D image analysis software or hardware, which
is capable of identifying a predetermined limb from a 2D image. The analysis software or
hardware utilizes similar algorithms to those used for face recognition. For example, elements of
the limb are identified by extracting landmarks, or features, from a previously acquired image of the
patient’s limb. An algorithm is consequently used to analyse the relative position, size, and/or
shape of elements of the limb (e.g. toes, ankle and heel of a foot 200), and these elements are
used to search a 2D image. Radio tagging of the limb of interest may also be used to more easily
identify if the limb of interest is in the field of view or imaging environment of the camera 102. The
processing device 106 is configured to trigger the acquisition of 3D image data from the cameras
102, 104, when the patient’s limb is identified as being present in the field of view of the camera
102. The 3D image data are acquired by a processing device 108.

The processing device 108 acquires the image data from the depth sensing camera apparatus
102, 104, and is configured to extract volumetric information about the patient’'s limb. The
volumetric data is subsequently passed or transferred to a device 110, for reporting. The device
110 is a personal computing device and includes a user interface (e.g. screen/monitor and an input
device) for allowing a user to visualise the volumetric data. The device 110 in this example is
located in the same location as the depth sensing camera apparatus, and is configured to
communicate over the Internet, including a GSM network, or an intranet, for example, with a
remotely located computing system 112 or cloud computing system. The processing device 108,
may also communicate directly with the remotely located computing system 112, such that
computing system 110 is not required. The remotely located computing system 112 may be
accessible by a medical practitioner or other care worker.

In this example each of the processing devices 106, 108 includes a processor capable of launching
and running software programs (e.g., applications) stored in a memory (e.g., RAM and/or ROM),
and an input/output interface configured to communicate with each other, the depth sensing
camera system 102, 104 and the computing device 110 and/or the computing system 112. [t will
be appreciated that the two processing devices 106, 108 could be provided as a single device, and
may include one or more applications or software programs, or may include one or more
application specific integrated circuits. In this regard, the processing devices 106, 108, may be
packaged together with the depth sensing camera system 102, 104 in a single vendible unit, which
is configured to communicate with the computing device 110 or the remotely located computing
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system 112. Such a single vendible unit may also include a user interface (e.g. a touch sensitive
display / touch-sensitive overlay on a display). Each of the depth sensing camera system and
processing devices 106, 108, 110 may also include a short-range, wireless communication system
and may include a wireless bus protocol compliant communication mechanism such as a
Bluetooth® communication module to provide for communication with similarly-enabled systems
and devices or IEEE 802.11 radio standards, which is more typically known as WiFi.

The method which is performed by the apparatus 100 illustrated in Figure 1 is now described in
associated with Figures 2 to 10.

The depth sensing camera apparatus 102, 104 is arranged within the home environment of a
patient, in such a manner that opportunistic images of the feet/legs are likely to be observed. It
has been found that locating the depth sensing camera apparatus 102, 104 near the bed to scan
the area from which the patient is likely to get into bed and/or get out of bed, is particularly
advantageous as there are few other times when patients will typically have exposed feet/legs
without footwear, socks etc. Furthermore, it has been found that a horizontal arrangement of
cameras inside a bar-like enclosure is suitable for attachment to a wall at a distance of
approximately 70cm (i.e. a distance in the range of 50 cm to 100 cm) from the floor and 1m from
the bed, with a distance between cameras of 100mm in this example. Other arrangements and
positions of cameras are contemplated. For example, near an access point to a shower or bath
area. Alternative arrangements include, for example, a semi-circle of cameras around an imaging
volume. Although preferable for image collection such a semi-circular arrangement may be
considered to be more obtrusive in the patient's environment.

The depth sensing camera system optionally includes the facility to automatically adjust various
lighting conditions, without affecting the patient. Preferably this is performed through the use of
colour cameras without infra-red filters, such that in low-light conditions an infrared LED can be
used to provide IR light. The depth sensing camera system is configured to dynamically adjust the
IR LED power to provide optimal lighting conditions for monitoring the scene, as is known in the
art.

The processing device 106 is configured to receive image data form camera 102 and to monitor
the environment or field of view of the camera 102 for the object of interest (i.e. a patient's foot
200). This is achieved continuously, by capture and video analysis, or periodically, e.g. once per
second. Video analysis (i.e. continuously) is preferred, since the capture of 3D image data can be
triggered when the feature or object recognition has determined that a foot is present in the field of
view or environment of the depth sensing camera apparatus, and the foot is determined not to be



CA 02997338 2018~03~02

WO 2017/037472 PCT/GB2016/052719
9

moving too fast (e.g. less than 100 mm/s) through the environment viewed by the depth sensing
camera apparatus. If the foot is moving faster than 100 mm/s, motion blur may be introduced into
the 2D images and depth artefacts may be introduced into the 3D image data. The speed of the
foot may be determined by measurement of the distance the foot has moved in between video
frames, for example. However, video speed recognition may impact limitations on the amount of
processing that can be performed for the foot recognition. Therefore, it is preferable to
opportunistically trigger the collection of 3D image data on the basis of a fast estimate that a foot
may be present, and later discard any data image if it is determined that the foot of interest is not in
fact present. Once a foot has been optimistically recognised, and optionally determined to be
moving slowly enough to collect robust 3D image data, a 3D measurement is triggered. It is also
preferable to match an imaged foot against a set of target feet (i.e. multiple matches) to minimise
false-triggering on feet that do not belong to the patient.

The 3D measurement includes collecting or acquiring at processing device 108 images from the
cameras 102, 104 of the depth sensing apparatus 100, which are focused on the imaging volume
or field of view. In this example two cameras are used but from different locations. The
trigonometric relationship between the scene observed or environment observed by each camera
(or projected by each projector) enables a calculation of the distance from each camera or
projector. This relationship allows one to calculate the maximum depth resolution that is possible
for a given set of cameras and projectors, which is a function of the separation between the
cameras/projectors (which in this example is 100 mm), the separation between the
cameras/projectors and the target being measured (which in this example is 1 m), and the angular
resolution of each pixel in the cameras/projectors, which is a function of the camera/projector
optics and the physical size of each pixel. Software used for such 3D analysis is commonly
referred to as “3D reconstruction”, “Multi-View Stereo” or “Structure from Motion” software, which
typically either matches pixels between cameras/projectors to work out the 3D distance to the
target, or builds a 3D simulation of the target that best matches the observations made (i.e. either
solving a matching problem or optimising the inverse problem). This analysis may be further
refined using techniques of “Structure from Shading” where the detail of a surface can be
reconstructed from 2D images collected given some assumptions about the lighting present in the

scene.

The 3D data or measurement comprises multiple, preferably high-resolution, images taken in
succession from the sensor array of each of the cameras 102, 104. The images from each camera
are typically synchronised in time, to avoid artefacts due to motion within the scene. This is done
to reduce the depth-uncertainty due to the timing-uncertainty in triggering for a maximum rate of
movement in the scene. For example, if two cameras 100 mm apart with angular resolution of 0.02
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degrees per pixel are configured to monitor a scene 1000 mm away from the cameras, the depth
(z) resolution will be of the order of 5 mm for a 1-pixel uncertainty between cameras. The (x,y)
resolution of each pixel in each camera is therefore of the order of 0.5 mm. Accordingly, a 0.5 mm
uncertainty in position across the image due to movement combined with camera synchronisation
error will correspond to approximately a 5 mm error in depth perception. If a foot during a slow
walk, whilst standing on the floor but having a foot-to-leg angle change, is assumed to move at 100
mmy/sec, then timing jitter should be kept below 5 msec (i.e. 0.5/100), and preferably much less
than this. This can be achieved using electronically synchronised systems.

It is preferable to assist later stereoscopic matching algorithms, if the depth sensing camera
apparatus does not contain a known light projector, by at least configuring the apparatus to control
a “texture projecting” light source, which projects a pattern of IR light over the scene so that objects
of uniform colour have at least some texture projected onto them. It is also preferable, if the
camera is IR-sensitive, to take measurements at multiple levels of IR lighting such that
extrapolation to zero IR lighting is possible in order to extract visible colour information from the
camera more reliably. This visible colour information may be useful to medical professionals in
visually assessing a possible edema that the system identifies. Colour information is also useful in
the assessment of wound healing, for which 3D and colour information is a particularly useful
combination.  Therefore, the 3D image capture process preferably includes a series of
synchronised images taken from multiple cameras with various levels of IR illumination and IR
texture projection applied.

Once 3D image data has been collected by processing device 108, the data is processed by a
quality-estimation algorithm at the processing device 108 to determine the likelihood of good
quality data resulting from the subsequent processing stages. If it is determined that the image
data is likely to give rise to a good result, the image data are entered in to a queue in the memory
of processing device 108 for processing, with the data having the highest anticipated good result
first. For example, an anticipated good result will be expected from an image set where the foot is
approximately centrally located in the imaging volume, is moving slowly, is not occluded by other
objects in the scene, and the foot orientation is not very similar (i.e. is dissimilar) to other recently
acquired samples. This is beneficial, since the applicant has found that once a patient is observed
by the system once, it is more likely that the patient will be observed multiple times within a short
period of time (e.g. they are walking around a room). The system then allows for prioritisation of
the “best” data, as well as data from the greatest range of orientations observed, if there is limited
storage space or processing time available within the system, and in cases of resource constraints
(e.g. storage space or time) can allow for expected poor image sets to be deleted prior to full
processing. The use of a queue ensures that the combination of temporary storage space and
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processing time is optimally used, with the queue generally never emptying completely (i.e. the
predicted lowest-quality data never actually gets processed, it is discarded by the arrival of newer
high-quality data that causes the queue to overflow). This queue system located in the memory of
the processing device 108 can be expanded to multiple queues if, for example, while the full
quality-estimation is performed, more image data may be acquired. For example a first queue
might be based on 2D image quality and positive recognition of the patient's foot rather than those
of other occupants of a house, and a second prioritisation queue might be based on incorporating
3D processing to help prioritise a wide range of orientations of the foot to the imaging system.

Image data are retrieved from the top of the queue and a point cloud (i.e. 3D data) is generated by
the processing device 108 using a 3D reconstruction algorithm, as is known the art. The 3D image
data for each acquisition or exposure is derived from at least two images, either from the two
separate cameras, or from one projector and at least one camera. A summary of several such
algorithms is provided by D. Scharstein and R. Szeliski, "A taxonomy and evaluation of dense two-
frame stereo correspondence algorithms" (International Journal of Computer Vision, 47(1/2/3),
page 7 to 42, April-dune 2002). The processing device 108 also performs various image
processing functions on the image data, for example, rectification, and also on the point cloud 3D
data, for example, noise removal. The point cloud 3D data may be further processed to remove
background artefacts. Figure 2 illustrates an example of the 3D image data of a foot as it is
observed by the depth sensing camera apparatus 102, 104.

The point cloud 3D data is then used in association with a 3D model of a foot in order to fit the 3D
model to the point cloud 3D data. The limb of interest is identified using the same 2D recognition
used to identify the foot previously, or a separate 3D recognition method is used, as is known in
the art. Figure 3 illustrates an example of a reference 3D model of a foot. This is achieved by
parametrically adjusting the 3D model until a good match is found between the 3D model and the
point cloud 3D data. For example, the well-known iterative closest point method may be used
whereby a random selection of points from the point cloud 3D data are matched to their closest
points in the 3D model, whilst the parameters of the model are adjusted, to find the best set of
model parameters (e.g. orientation, joint angles, volumetric distortions and so on). This is repeated
using different random samplings so that the impact of outlier points is minimised, until a good
match between the 3D model and the observed data is found (i.e. this is repeated until a match
with the lowest error is found). For example, the original 3D reference model may be oriented with
the left side of the foot facing the camera, a leg-to-foot angle of 90 degrees, and a lower leg
represented by a cylinder having a circumference of 30cm and a height from the floor of 25cm.
The best fit of the 3D model to the point cloud 3D data, in this example, is with the foot facing the
camera front on, with an 80 degree foot-to-leg angle and a 33cm lower-leg circumference. If a
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good match cannot be achieved, the 3D image data is discarded, and the process is started again
using the next set of 3D image data from the queue. It will be apparent that at least two images
are used to generate the point cloud, and these two images represent three-dimensional image

data, but more than two images may be used.

The 3D reference model may be modified to exclude regions that are particularly variable or
problematic to measure, such that measurement precision of the modelled regions is improved.
For example, the toes on the foot consist of a large number of joints that may be at a range of
relative orientations, as well as a number of regions between toes that are difficult to measure
effectively during any one observation. Therefore a reference 3D model of a foot may be truncated
a certain distance from the back of the foot, in order to exclude this high-noise region from
calculations of foot volume for edema monitoring purposes. For example the front 5 cm  of the
foot may be cut from the 3D model to remove the toes and complex joints surrounding the toes,
since fitting so many parameters may be challenging and not relevant when determining the
changes in the volume of the foot.

Figure 4 illustrates the 3D model after adjustment of a parameter for leg-to-foot-angle has been
performed. Figure 5 illustrates the 3D model after adjustment of a second parameter for lower-leg-
conical-volume. The resulting model is illustrated in Figure 6 which more closely matches the
observed 3D data and allows a calculation of 3D volume data with respect to the reference model
to be calculated. For example the change in volume due to the lower-leg-conical-volume is
determined without any impact from the change in leg-to-foot-angle, as is discussed below.

The distorted 3D model is subsequently modified by the processing device 10 to reverse or dis-
apply non-volumetric distortions which were performed when matching the 3D model to the point
cloud 3D data. For example, the 80-degree foot-to-leg angle is transformed or reversed back to
90-degree foot-to-leg angle, but the lower leg circumference of the 3D model which was matched
to the point cloud 3D data is retained. Accordingly, volume-relevant changes are maintained, and

the 3D model is otherwise returned to its reference state.

The processing device 108 integrates the volume-matched model over a specified region, for
example, at each 1 mm portion from the floor or bottom of the 3D model in the illustrated
orientation. In this manner, the distortable model provides a consistent mechanism to obtain
volume data as though the foot were in a reference orientation, even allowing the arbitrary
orientations and joint angles that are observed when opportunistic data is collected. Thus,
volumetric data in the form of a volume of the observed limb, or feature is are obtained.
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The source images (2D and 3D images) may be “masked” to blank out pixels that are not relevant
for fitting with the foot model, for example, pixels that might correspond to other objects in the
patient’'s environment. This is done for patient privacy should these images be transmitted to any

care workers.

The resulting foot model parameters and calculated volume, as well as the masked images, are
then transmitted to a cloud service where alarms can be triggered for care workers if a concerning
trend in volume change is observed. A care worker may then inspect the relevant images and/or
foot models in order to assess the severity and urgency of the case, and proceed with a care
pathway. As describe above, the processing device 108 may output the resulting data to a local
computing device 110, which subsequently transmits the data to an external device 112 such as a
cloud service, using an Internet or intranet connection.

The method and apparatus have been described for a cycle of image capture and analysis.
However, it will be appreciate that the process of fitting the 3D model to the image data may be
repeated periodically so as to generate a profile of volume data against time. This profile may be
transmitted to a practitioner or care worker. The process may be performed periodically (e.g. once
a day, week or month), or may be performed every time that the capture of 3D image data is
triggered. For example, the processing device 108 may include a pre-stored schedule, which may
trigger the capture of images, or may trigger the image processing based on opportunistically
acquired images. The schedule may be once a day, once a week, or once of month, or any other
period specified by a practitioner. Therefore, the invention provides a monitoring and reporting
system and method.

The generation of the initial 3D foot model upon which processing is based is now described. This
may be collected in a number of ways, either using a separate reference scanning system (e.g. 3D
laser scanner, or MRI scanner), or by having the patient perform a series of 3D image captures
under known conditions using the same hardware described above. In either case, the resulting
full limb 3D data, taken at multiple orientations and joint angles, is used to generate a
parametrically distortable model for later processing. The parametrically distortable model is
designed such that it matches as well as is practicable to the full limb 3D image data at multiple
orientations and joint angles, without implying any change in the overall volume of the foot. This
may be achieved either by generating an accurate multi-parameter model including all of the
relevant joints, muscles, and so on, or by using a simpler parametric model and including a set of
“volume cancelling” terms within the model. For example, it has been found that if the model
systematically underestimates total volume as the leg-to-foot angle increases, a “volume
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cancelling” term may be applied to increase the apparent volume in accordance with the leg-to-foot
angle observed.

It will be appreciated that over time, the patient's body may adjust in ways that lead to the
reference 3D model becoming systematically unrepresentative, for example, as a result of diet or
exercise. Therefore, the initial reference 3D data at a wide range of orientations and joint angles
can be combined with the 3D data collected over time to yield a slowly self-adjusting reference 3D
model. This may not be suitable for some application areas where subtle changes in absolute
volume over long time-periods are important, but for edema monitoring for heart failure patients the
change in volume that is clinically relevant is of the order of 10% over two weeks. Therefore a self-
adjusting model with a time-period of months should not negatively impact on edema assessment,
whilst ensuring that the model remains relevant over extended periods of time and avoiding the
need for periodic re-calibration. Accordingly, it is preferable to update the 3D model periodically
when a new reference model becomes available, for example as the result of a full scan of the limb
in question. Alternatively, the 3D model is incrementally updated over time.

The use of a deformable 3D model as the reference to which captured data is compared during
any one measurement is advantageous when applied to time-series collection of data in an
opportunistic fashion, as in the present invention. Although any one collected set of 3D image data
can be mapped onto the 3D model, any one set of 3D image data is highly unlikely to describe all
of the changes between the 3D reference model and the current state of the limb under
consideration. For example, the imaging system may only capture 3D data about the side of the
limb facing the depth sensing camera apparatus, if the depth sensing camera apparatus does not
cover a full 360 degree circumference (or full solid-angle of a sphere). However, over time a series
of such opportunistically collected 3D image data is likely to describe all, or broadly all, of the
surfaces of the 3D reference model. The reference 3D model can therefore be updated over time
from this time-series. For example, as the patient moves around their environment, the limb under
consideration may be observed by the imaging system over a range of orientations, allowing the
reference 3D model to be evolved over time. Preferably, regions of the 3D model are only updated
using data that have passed pre-defined quality and consistency checks, for example having
observed the same consistent discrepancy between the observed data and the 3D reference
model over at least a certain number of observations separated in time by at least a certain period.
In this way, for example, the “texture” of a 3D model might be automatically updated after a patient
gets a tattoo, and the system determines that this is not some temporary change in skin

complexion.
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It has been reported that limb volume may alter depending on recent history, e.g. if the patient has
been sleeping horizontally just before measurement, vs standing vertically. Therefore, the
apparatus may also record the time at which the images are captured and this temporal data may
be output along with the volumetric data/profile. Furthermore, this temporal data may be used as
an input to the 3D distortable model in order to compensate for the time at which the images are
captured. For example, if the apparatus regularly captures a user effectively getting out of bed in
the morning, vs getting into bed in the evening, the processing device 110 may construct a model
of this typical variation over several days of measurements, or may use this temporal data to
further distort the 3D distortable/deformable model to compensate for the time of day at which the

3D images are captured.

Figures 7 to 10 illustrates an example in which volumetric information is obtained using the
techniques described herein when only part of the limb is visible to the depth sensing camera
apparatus 102, 104. Figure 7 illustrates a foot as presented to the 3D imaging system. Figure 8
illustrates the image of the foot rotated about an axis, showing that the other side of the foot is
completely missing in this view. Figure 9 illustrates a 3D mesh model to be fitted to the 3D image
data. Figure 10 illustrates the 3D model as it has been fitted to the observed 3D image data.
Thus, the extraction of full volumetric data from this 3D model is permitted even though only part of
the limb is visible to the imaging system.

Figure 11 illustrates a method of determining volumetric data of a predetermined anatomical
feature according to an embodiment of the invention which may be performed by the processing
device 108 or 110. Each of the steps may be performed in a different order (for example, step 304
may be performed before step 302), and may be omitted.

In step 302, volumetric data of one or more anatomical features present in a field of view of a depth
sensing camera apparatus are determined.

In step 304, a predetermined anatomical feature is identified as being present in the field of view of

the depth sensing camera apparatus.

In step 306, the volumetric data of one of the one or more anatomical features is associated with
the identified predetermined anatomical feature.

In step 308, the volumetric data of the predetermined anatomical feature is output.
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The apparatus 100 illustrated in Figure 1 and described above, is capable of identifying not just a
general limb of interest, but of identifying which among a corpus of possible limbs is currently in the
field of view depth sensing camera apparatus. Thus, the apparatus could classify, for example,
both the left and right feet of multiple occupants of a house provided that sufficient training data
were available. In this way, the apparatus may trigger full 3D scanning only when one of the
desired set of limbs of interest is within view. This also allows the apparatus to track multiple
patients and/or limbs per patient.

In order to obtain clinically relevant volume measurements for edema detection, it is advantageous
to obtain volumetric measurements with a precision of 5%, over a volume of around 2.5 litres, it is
found that a dimensional accuracy of the order of 2.5 mm is required assuming equal errors in
each dimension. Therefore, the apparatus described herein is capable of achieving at least 2.5
mm measurement resolution in each dimension for each pixel, and preferably better than 1 mm
resolution in all 3 dimensions.

In an alternative embodiment, the reference 3D model may remain fixed, and a series of distortions
are applied to the observed, point cloud 3D data to match the data the reference 3D model. Where
references are made to distortions of the 3D model to match to the observed, the point cloud 3D
data may be distorted via the inverse process to match the data the reference 3D model. Likewise,
a further alternative embodiment could make adjustments to the 2D image data collected such that
it matches the 3D model, or adjustments could be made to the 3D model and rendering techniques
could then be used to match the observed 2D image data.

The applicant has found that it is possible to use 3D imaging systems with a resolution poorer than
2.5 mm throughout the scanning volume. However, this becomes increasingly reliant on the
statistical distribution of multiple depth measurements at different points providing a correct
“average” depth measurement, and thus providing an accurate match to a distortable 3D limb
model. For example, fitting a low resolution point cloud to a higher resolution 3D model is possible
by calculating the least-squares error in positions between points and the model. Adjusting a
series of 3D model distortion parameters to minimise this least-squares error, assuming that each
low-resolution point has independent errors associated, may result in a more reliable set of 3D
model distortion parameters. However, it is apparent that as the measured points have
increasingly poorer resolution, and particularly if the points do not have independent
measurements between them, that this technique degrades rapidly. The applicant has found that
this is the case, for example, when depth measurements are quantised as often happens as the
result of stereo block matching algorithms in various categories of camera-based 3D scanners, or
when many x,y points share the same depth information. Therefore, the apparatus described



CA 02997338 2018~03~02

WO 2017/037472 PCT/GB2016/052719
17

herein is configured to acquire image data with at least a 2.5 mm measurement resolution in at
least two dimensions for each pixel, coupled with a model to statistically improve the resolution of
the third dimension to better than 2.5 mm after processing.

In combination with the technical implementation provided above, involving the use of a full 3D
model of the limb of interest including both orientation changes between the limb and camera
apparatus as well as relative orientations between the joints in the limb, it becomes possible to use
the “silhouette” technique to enable quantification of limb volume with respect to a detailed 3D
model, by applying mathematical distortions to the model in order to match the observed high-
resolution 2-dimensional imaging in dependence on the lower-resolution depth measurements. In
this approach, the small quantisation errors in depth measurement are effectively ignored, as the
depth information is used to estimate the real-world area occupied by each observed pixel, and
thus the real-world distance between pixels that make up the silhouette of the limb. For example, a
100 mm wide silhouette of an object as viewed by the camera at a distance of 1000 mm and an
uncertainty of +/- 10mm in depth, yields an uncertainty in width of just +/- 1mm in the silhouette
width. Therefore, provided that the 3D model is appropriately oriented and distorted to match the
observed data, this silhouette data may overcome the depth-measuring errors to a large extent.

The acquired data has been typically described as being image data. However, if a known light
source (e.g. a laser) and sensor array are used, it will be appreciated that the data are a
representation of the distance from each pixel in the array to objections in the field of view or
environment of the sensor array.

In a further embodiment, 3D image data is collected without first determining the presence of the
feature (e.g. limb) of interest. This 3D image data is then processed as described previously to
yield a 3D point cloud, against which a distortable model of the feature of interest is iteratively
adjusted to maximise fit. It will be appreciated that at no stage here was an explicit recognition of
the feature of interest performed, however in the case that the feature of interest is present, then
the parameters of the distortable/deformable model will converge on meaningful values. However,
implicit recognition of the feature of interest is possible, for example by setting allowable limits on
parameter values for the model, or threshold levels on the quality of fit between the observed data
and the 3D model. Therefore it will be understood that an implicit step of determining the presence
or absence of the feature of interest may be performed after all 3D data capture and model fitting is
complete. This may take the form of filtering the resulting model parameters (e.g. foot volume
measurements) from a time-series of 3D image data, and retaining only data from those time-
points that meet some data quality criteria. It will also be recognised that, rather than using an
absolute threshold on data quality or the presence or absence of the feature of interest, it is
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possible to weight the results of the analysis by some measure of goodness-of-fit or calculated
probability that the observations correspond to the feature of interest. In this way, feature
recognition can be both implicit and fuzzy rather than a simple binary cut-off, and the accumulated
results of analysis will tend to represent predominantly information from the feature of interest over
multiple measurements.

A technique for obtaining the volume of a foot has been described. However, it will be appreciated
that the technique may be applied to other limbs, or features (e.g. scars, wounds, etc.) of limbs, or
any other anatomical feature or limb. Moreover, the technique described herein has focused on
the use of measuring the volume of a foot, or feet for targeting heart failure. However, it will be
appreciated that the technique may be used during pregnancy or for lymphoedema associated with
breast cancer.

The embodiments described in accordance with the present invention may be provided as a
computer software product. The computer software product may be provided in, on or supported
by a computer readable medium which could be provided as all possible permanent and non-
permanent forms of computer readable medium either transitory in nature, such as in a data
transmission signal for example sent over the internet, or non-volatile storage such as memory.
On the other hand the computer readable medium may be a non-transitory computer readable
medium comprising all computer-readable media.

The term "computer readable medium” (or non-transitory computer readable medium) as used
herein means any medium which can store instructions for use by or execution by a computer or
other computing device including, but not limited to, a portable computer diskette, a hard disk drive
(HDD), a random access memory (RAM), a read-only memory (ROM), an erasable programmable-
read-only memory (EPROM) or flash memory, an optical disc such as a Compact Disc (CD), Digital
Versatile Disc (DVD) or Blu-ray™ Disc, and a solid state storage device (e.g., NAND flash or
synchronous dynamic RAM (SDRAM)). It will be appreciated that the foregoing discussion relates
to particular embodiments. However, in other embodiments, various aspects and examples may
be combined.

While the invention is described herein by way of example for several embodiments and illustrative
drawings, those skilled in the art will recognize that the invention is not limited to the embodiments
or drawings described. It should be understood, that the drawings and detailed description thereto
are not intended to limit the invention to the particular form disclosed, but on the contrary, the
intention is to cover all modifications, equivalents and alternatives falling within the spirit and scope
of the present invention. The headings used herein are for organizational purposes only and are
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not meant to be used to limit the scope of the description. As used throughout this application, the
word "may"” is used in a permissive sense (i.e. meaning "might") rather than the mandatory sense
(i.e., meaning "must"). Similarly, the words "include", "including", and "includes" mean including,

but not limited to.

The following is a non-exhaustive list of embodiments which may be claimed:

1. A method of determining volumetric measurement data of a predetermined anatomical
feature, the method comprising:

monitoring a field of view of a depth sensing camera apparatus;

identifying a predetermined anatomical feature as being present in the field of view of the
depth sensing camera apparatus;

upon identification of the predetermined anatomical feature being present in the field of
view of the depth camera apparatus, determining volumetric measurement data of the identified
anatomical feature present in the field of view of the depth sensing camera apparatus; and

outputting the volumetric measurement data of the predetermined anatomical feature.

2. The method of embodiment 1, the method comprising:

upon identification of the predetermined anatomical feature being present in the field of
view of the depth sensing camera apparatus, obtaining three-dimensional data of the
predetermined anatomical feature and determining the volumetric measurement data of the
predetermined anatomical feature based on the three-dimensional data, wherein the three-
dimensional data comprises data acquired by the depth sensing camera apparatus, or depth
measurement or point cloud data generated therefrom.

3. The method of embodiment 1 or embodiment 2, comprising acquiring a two-dimensional
image from the depth sensing camera apparatus and identifying the predetermined anatomical
feature as being present in a field of view of the depth sensing camera apparatus in accordance
with the two-dimensional image.

4. A method of determining volumetric measurement data of a predetermined anatomical
feature, the method comprising:

determining volumetric measurement data of one or more anatomical features present in
the field of view of the depth sensing camera apparatus;

subsequently identifying one of the one or more anatomical features as being a

predetermined anatomical feature; and
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outputting the volumetric measurement data of the one of the one or more anatomical
features identified as the predetermined anatomical feature.

5. The method of embodiment 4, the method comprising:

obtaining three-dimensional data of the one or more anatomical features and determining
the volumetric measurement data of the one or more anatomical features based on the three-
dimensional data, wherein the three-dimensional data comprises data acquired by the depth
sensing camera apparatus, or depth measurement or point cloud data generated therefrom.

6. The method of embodiment 4 or embodiment 5, wherein the volumetric measurement data
of one of the one or more features is associated with the identified predetermined anatomical
feature by comparing the volumetric measurement data of each of the one or more anatomical
features with a three-dimensional representation of a predetermined anatomical feature, and
identifying one of the one or more anatomical features as being the predetermined anatomical
feature.

7. The method of embodiment 2 or embodiment 5, wherein determining the volumetric
measurement data comprises processing the three-dimensional data in dependence on a three-
dimensional representation of the predetermined anatomical feature.

8. The method of embodiment 7, wherein the three-dimensional representation of the
predetermined anatomical feature is a deformable three-dimensional model, and wherein the
method comprises parametrically deforming the three-dimensional model to fit the three-
dimensional data of the predetermined anatomical feature.

9. The method of embodiment 8, wherein the three-dimensional model is deformed by one or
more of rotation, altering a joint angle and volumetric change.

10. The method of embodiment 7, wherein the three-dimensional representation of the
predetermined anatomical feature is a deformable three-dimensional model, and wherein the
method comprises deforming the three-dimensional data of the predetermined anatomical feature
to fit the three-dimensional model.

11. The method of any one embodiments 2, 5, and 7 to 10, wherein the three-dimensional data
comprises multiple data sets of anatomical features at different orientations.
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12. The method of any one embodiments 2, 5, and 7 to 11, wherein data is periodically or

continuously received from the depth sensing camera apparatus.

13. The method of any one embodiments 2, 5, and 7 to 12, wherein the three-dimensional data

comprises three-dimensional image data.

14, The method of any one embodiments 2, 5, and 7 to 13, wherein the three-dimensional data

represents at least one partial representation of the predetermined anatomical feature.

15. The method of any one embodiments 2, 5, and 7 to 14, comprising recording the time at
which three-dimensional data is captured, and wherein the volumetric measurement data is
generated in dependence on the recorded time.

16. The method of any of the preceding embodiments, wherein the predetermined anatomical
feature is a limb, and is preferably a foot.

17. The method of any of the preceding embodiments, wherein the depth sensing camera
apparatus comprises at least one emitter and one detector array, or at least two detector arrays.

18. A system comprising:

a depth sensing camera apparatus; and

a processor coupled to the depth sensing camera apparatus;
wherein the processor is configured to perform the method according to any one of embodiments 1
to 16.

19. The system of embodiment 17, wherein the depth sensing camera apparatus comprises at

least one emitter and one detector array, or at least two detector arrays.

20. A computer readable medium having stored thereon instructions which, when executed on
a processor, cause the processor to perform the method according to any one of embodiments 1 to
16.

21. An method as substantially hereinbefore described with reference to the accompanying
figures.
22. An apparatus as substantially hereinbefore described with reference to the accompanying

figures.



22

Claims:

1. A method of determining volumetric data of a predetermined anatomical body part, the method
comprising;

monitoring a field of view of a depth sensing camera apparatus;

obtaining three-dimensional data of one or more anatomical body parts present in the
field of view of the depth sensing camera apparatus;

determining a volume of the one or more anatomical body parts present in the field of
view of a depth sensing camera apparatus based on the three-dimensional data, wherein
determining the volume comprises processing the three-dimensional data in dependence on a three-
dimensional representation of the predetermined anatomical body part;
identifying a predetermined anatomical body part as being present in the field of view of the depth
sensing camera apparatus;
associating the volumetric data of one of the one or more anatomical body parts with the identified
predetermined anatomical body part; and

outputting the volumetric data of the predetermined anatomical body part.

2. The method of claim 1, wherein the step of identifying a predetermined anatomical body part as
being present in a field of view of the depth sensing camera apparatus is performed before the step
of determining a volume of one or more anatomical body parts present in the field of view of the

depth sensing camera apparatus.

3. The method of claim 2, the method comprising:

upon identification of the predetermined anatomical body part being present in the field of

view of the depth camera apparatus, obtaining three-dimensional data of the predetermined
anatomical body part and determining the volumetric data of the predetermined anatomical body
part based on the three-dimensional data.

4. The method of claim 2 or claim 3, comprising acquiring a two-dimensional image from the
depth sensing camera apparatus and identifying the predetermined anatomical body part as being
present in a field of view of the depth sensing camera apparatus in accordance with the two-

dimensional image.

5. The method of claim 1, wherein the step of identifying a predetermined anatomical body part as
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being present in a field of view of the depth sensing camera apparatus is performed after the
step of determining a volume of one or more anatomical body parts present in the field of view

of the depth sensing camera apparatus.

6. The method of claim 5, wherein the volume of one of the one or more anatomical body parts is
associated with the identified predetermined anatomical body part by comparing the three-
dimensional data of each of the one or more anatomical body parts with a three-dimensional
representation of a predetermined anatomical body part, and identifying one of the one or more

anatomical body parts as being the predetermined anatomical body part.

7. The method of claim 6, wherein the three-dimensional representation of the predetermined
anatomical body part is a deformable three-dimensional model, and wherein the method comprises
parametrically deforming the three-dimensional model to fit the three-dimensional data of the

predetermined anatomical body part.

8. The method of claim 7, wherein the three-dimensional model is deformed by one or more of

rotation, altering a joint angle and volumetric change.

9. The method of claim 8, wherein the three-dimensional representation of the predetermined
anatomical body part is a deformable three-dimensional model, and wherein the method comprises
deforming the three-dimensional data of the predetermined anatomical body part to fit the three-

dimensional model.

10. The method of any one of claims 1 to 9, wherein the three-dimensional data comprises multiple

data sets of anatomical body parts at different orientations.

11. The method of any one of claims 1 to 10, wherein data is periodically or continuously received

from the depth sensing camera apparatus.

12. The method of any one of claims 1 to 11, wherein the three-dimensional data comprises three-

dimensional image data.

13. The method of any one of claims 1 to 12, where the three-dimensional data represents at least

one partial representation of the predetermined anatomical body part.
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14. The method of any one of claims 1 to 13, further comprising recording the time at which three-
dimensional data is captured, and wherein the volumetric data is generated in dependence on the

recorded time.

15. The method of any one of claims 1 to 14, wherein the predetermined anatomical body partis a

limb, and is preferably a foot.

16. The method of any one of claims 1 to 15, wherein the depth sensing camera apparatus

comprises at least one emitter and one detector array, or at least two detector arrays.

17. A system comprising:
a depth sensing camera apparatus; and
a processor coupled to the depth sensing camera apparatus;
wherein the processor is configured to perform the method according to any one of claims 1
to 16.

18. The system of claim 17, wherein the depth sensing camera apparatus comprises at least one

emitter and one detector array, or at least two detector arrays.
19. A non-transitory computer readable medium having stored thereon instructions which, when

executed on a processor, cause the processor to perform the method according to any one of claims
1to 16.

Date Regue/Date Received 2023-09-13
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