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Description

Title of Invention: DEVICE, COMPUTER PROGRAM AND METHOD FOR

PREDICTING POST-SURGICAL PERFORMANCE OF A
PATIENT
Technical Field

[0001]  The present technique relates to a device, computer program and method.
Background

[0002]  The “background” description provided herein is for the purpose of generally
presenting the context of the disclosure. Work of the presently named inventors, to the
extent it is described in the background section, as well as aspects of the description
which may not otherwise qualify as prior art at the time of filing, are neither expressly
or impliedly admitted as prior art against the present technique.

[0003]  Post-operative patient recovery is very important. During surgery, a side-effect is the
unintended impaired mobility of the patient. Studies have been carried out to enable
better planning during the pre-operative screening to reduce the impact of this [1].

[0004]  In other types of surgery, a parametric model of a patient’s ophthalmic system par-
ticularly relating to refractive ophthalmic surgery is used to determine which ablations
to make. This is described in US20070073905A1 (the contents of which are herein in-
corporated by reference). Here, large historical data sets of patient eye (corneal) mea-
surements, past surgical actions performed, and patient outcomes, are used as an input
to a laser ablation (or other intervention) algorithm. The most significant parameters
are identified, allowing ablations to be conducted in a manner which maximises
likelihood of success. Thus, initial corneal measurements are taken on a patient before
ablations are made; then measurements may be retaken to iteratively update and
optimise further ablations.

[0005] A similar approach to predicting outcomes of refractive surgery by careful mul-
tiphysics modelling of the cornea is described by [2]. Here, well understood theories of
mechanics are applied to biomechanical systems.

[0006]  Whilst these systems describe techniques which allow the outcome of surgery to be
predicted there is no guidance provided to the surgeon of the impact of surgical
actions. This means that the surgical actions performed by the surgeon may be sub-
optimal with regard to patient post-operative outcome.

[0007] It is an aim of the disclosure to address this issue.

Summary

[0008]  According to embodiments of the disclosure, there is provided a device for predicting

post-surgical performance of a patient, comprising circuitry configured to: receive a

model of an area of a patient subject to a surgical procedure; receive an input from a
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[0009]
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surgeon indicating a proposed surgical action on the patient in the area; update the
model based upon the proposed surgical action; apply a stimulus to the updated model
to produce a a post-surgical performance indicator and output the post-surgical per-

formance indicator.
The foregoing paragraphs have been provided by way of general introduction, and

are not intended to limit the scope of the following claims. The described em-
bodiments, together with further advantages, will be best understood by reference to
the following detailed description taken in conjunction with the accompanying
drawings.
Brief Description of Drawings

A more complete appreciation of the disclosure and many of the attendant ad-
vantages thereof will be readily obtained as the same becomes better understood by
reference to the following detailed description when considered in connection with the
accompanying drawings.
[Fig.1]Fig. 1 shows a system 2100 for generating a model of an area of a patient
subject to a surgical procedure.
[Fig.2]Fig. 2 shows a surgical planning device 2200 according to embodiments of the
disclosure.
[Fig.3]Fig. 3 shows surgery on a patient 106 by a surgeon using an open surgery
system.
[Fig.4]Fig. 4 shows some components of the control apparatus 100.
[Fig.5]Fig. 5 schematically shows a first example of a computer assisted surgery
system to which the present technique is applicable.
[Fig.6]Fig. 6 schematically shows a second example of a computer assisted surgery
system to which the present technique is applicable.
[Fig.7]Fig. 7 schematically shows a third example of a computer assisted surgery
system to which the present technique is applicable.
[Fig.8]Fig. 8 schematically shows a fourth example of a computer assisted surgery
system to which the present technique is applicable.
[Fig 9]Fig. 9 schematically shows an example of an arm unit.
[Fig.10]Fig. 10 schematically shows an example of a master console.
Description of Embodiments

Referring now to the drawings, wherein like reference numerals designate identical
or corresponding parts throughout the several views.

The present disclosure relates to a device, method, system and computer program
that allows a surgeon to be made aware of the impact of a surgical action on the

patient’s subsequent condition. This subsequent condition may be associated with short
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term post-operative recovery or may be associated with longer term (or sometimes
permanent) changes to the patient. For example, the surgical action may relate to a
change to corneal lens geometry which will affect postoperative vision or may be the
movement dynamics which will affect the postoperative mobility and recovery.
Generally, this is achieved by simulating the patient’s resultant motile system
dynamics in real-time with a change to the motile system caused by the surgical action
being modelled before it is carried out on the patient. The simulation is generated using
the output of a model of the patient. In some instances, the common movements which
will be most affected by the planned surgical action is demonstrated to the surgeon. In
some instances, the simulation is used to adjust the planned surgical action which may
be suggested to the surgeon or implemented by a surgical robot such that any negative
impact on the patient’s mobility or eye-sight is reduced.

The disclosure is comprised of three main steps:

1) a model of the patient is created which represents the area of surgery being carried
out. This model may be the patient’s eye (or ophthalmic system) for ophthalmic
surgery or may be the patient’s musculoskeletal system for surgery on a limb such as a
leg or the like. Of course, the disclosure is not so limited and any area that is capable of
being modelled is envisaged.

2) a surgeon uses a surgical planning environment linked to the model to plan the
surgical procedure on the patient.

3) the surgical planning environment uses the model to inform the surgeon of the
post-surgery implications and impact of their planned actions on the patient. For
example, in the context of ophthalmic surgery, the improvement to the patient’s vision
is shown to the surgeon using the corneal model with a stimulus applied adjusted for
the ablation. Moreover, in the context of musculoskeletal surgery, the implication of an
incision in the musculoskeletal frame of the patient is modelled and the impact on the
patient is shown to the surgeon by applying a stimulus to the model.

Moreover, in embodiments, the dynamic function of the modelled system (the mus-
culoskeletal model or the corneal model) is modelled. In other words, in embodiments,
the natural movement of the model, given the proposed surgical action, is determined
and the impact of that proposed surgical action provided to the surgeon. The model
therefore demonstrates the new movement capabilities of the system given the planned
change to the system, including coping strategies.

When step 3 is carried out during the surgery, this reduces the risk of the surgeon
causing unintended significant harm to the patient. Moreover, by understanding the im-
plications of the surgical procedure, better post-operative care may be provided to the
patient. For example, if an incision would affect the patient’s mobility more than

planned, the patient may be provided with correct physiotherapy or equipment such as
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a wheelchair to aid their recovery.

In the other embodiments, where a dynamic function is provided, a demonstration of
the patient’s post-surgery condition into the future may be provided. This may be
provided over a number of timeframes. This will be explained later.

<Model>

As described above, a model of the patient is created. A system 2100 for generating
the model is shown in Fig. 1. Specifically, a system 2100 for generating a model of the
patients’ body in the area of the planned surgery is shown in Fig. 1.

Specifically, a patient 2105 is shown having a model generated of their eye 2110 in
preparation for ophthalmic surgery. A sensor 2115 is shown. The sensor 2115 is
configured to collect measurements about one or more physical parameters of the
patient’s body in the area of the planned surgery. In embodiments, the sensor 2115
may be a camera collecting image data of the patient’s eye 2110 or may be another
non-contact mechanism for collecting or inferring measurements from the patient using
known optical/LASER, ultrasonic or RADAR techniques. Although the disclosure is
not limited to ophthalmic surgery, the following parameters may be collected or
inferred from the sensor 2115 in relation to ophthalmic surgery.

Surface curvature of the cornea, using corneal topography in embodiments

Thickness of the retina, as well as its constituent layers, using optical coherence
tomography in embodiments

Eye length and shape, using optical low coherence reflectometry in em-
bodiments

Eye refraction (and refractive error, or spherical equivalent), using a retinoscope
or autorefractor in embodiments

Corneal hysteresis, and corneal resistance factor, using an ocular response
analyzer in embodiments

Eye pressure, possibly using a tonometer in embodiments

Wavefront error, possibly using a wavefront aberrometer in embodiments

The selection of the parameters to be measured is made, in embodiments, based upon
a correlation with patient outcomes. For example, the parameters that have the highest
correlation with a particular patient outcome are selected.

The parameters are provided to a modelling device 2120. The sensor 2115 may be
connected to the modelling device 2120 with either a wired or wireless connection or
may be connected over a network (not shown) such as a Local Area Network or a
Wide Area Network such as the Internet.

The modelling device 2120 comprises storage 2125 and circuitry 2130. The storage
2125 may be a magnetically readable storage medium, solid state storage medium or

the like. The circuitry 2130 may be any kind of physical circuitry (such as an Ap-
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plication Specific Integrated Circuit, microprocessor or the like) that is configured to
operate under the control of software stored within the storage 2125. The circuitry
2130 is configured to receive the parameters from the sensor 2115. The functionality of
the software stored on the storage 2125 will be described later.

In addition to the parameters, other information specific to the patient may be
collected and provided to the circuitry 2130. For example, personal data of the patient
such as age, gender, race, previous or ongoing medical conditions and the like may
also be collected from the patient.

The software stored on the storage 2125 uses collected parameters and the other in-
formation in a model to generate a representation of the patient and specifically, a rep-
resentation of the area of surgery on the patient. In the example of ophthalmic surgery,
a model such as that described in US20070073905A1 is used. The model described in
US20070073905A1 is incorporated herein by reference. For brevity, the modelling
technique will not be described further.

The patient model in US20070073905A1 is created using finite element analysis.
Therefore, the patient’s eye is represented by a finite element model requiring the pa-
rameters collected by the sensor 2115 and optionally the other information as its input.

In embodiments, the other information relating to the patient is correlated against
similar information collected from historical surgical outcomes to predict the impact
the planned surgical actions will have on the patient and how these planned actions
will affect the postoperative vision of the patient. In this regard, the finite element
model will be altered by the planned surgical procedure and the predicted outcome of
such an alteration will be generated. In particular, the finite element model will be
adapted to determine the post-operative refractive error and refractive power of the
patient’s eye. In this regard, a mechanism such as that described in [2] is used.
Specifically, in [2] a detailed finite element method is used to predict the outcome of
refractive surgery by modelling of the cornea. This predicts the post-operative corneal
shape (such as surface curvature and thickness) and provides an estimation of the
patient’s focal and vision capability.

In other types of surgery, such as surgery involving the musculoskeletal system,
other models may be appropriate. For example, a model described in [3] may be used.
The content of [3] is herein incorporated by reference. Moreover, the model described
in [3] is herein incorporated by reference.

In the model of [3], a comprehensive description of the patient’s musculoskeletal
system is recreated in multidimensional space, such as their musculature, bone and
other tissue structures. The parameters captured by the sensor 2115 are approximated
into polylines or similarly simplified to reduce the computational complexity. A

technique for this is described in [4].
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The elements of the model to work in combination to accurately represent the various
mechanisms of the patient’s musculoskeletal system, such as the freedom of movement
of joints, relative strengths of muscles, and how these components interact with one
another.

The model also includes external physical environments like the effect of gravity, the
floor on which the patient is standing, and any other constraints such as prosthetic
limbs.

The model is trained to simulate the extension and contraction of muscles and as-
sociated movement of tissues within the model such that a particular mobility action
(such as focusing the eye, moving the eye, walking, climbing stairs) of the modelled
patient may be affected.

This interaction is complex. A machine learning algorithm developed in [3] is used to
enable the model of the patient to ‘learn” how to accomplish these requested mobility
actions given the constraints created by the patient’s specific musculoskeletal system.

To fulfil this, the system of [3] proposes using motion capture of a person performing
a particular action (such as walking, dancing, climbing stairs), and the model iterates to
find the required control policy to provide muscle activations at each point in time for
the model of the patient to reproduce similar movements.

The model combines such data to create a model of the patient which matches the
patient in the area of intended surgery. Thus, as appropriate for the local area of
surgery, the model may be:

1. A 3D mesh of finite elements (such as in US20070073905A1 and [2]), each of
which store multiple parameters about a specific point in space such as cell type and
geometry; in the example of ophthalmic surgery, the geometry of the patient’s cornea
and other aspects of their eye.

ii. The data architecture may be parameterised (such as in [3]), such as storing a
musculoskeletal system in terms of lengths, densities, strengths, defects etc of in-
dividual muscles, ligaments, tendons, bones etc.

Of course, with the above mentioned models, parameters such as the lens thickness
(in US20070073905A1) and the muscle size (in [3]) may need to be established as part
of the parameters collected by the sensor 2115.

As noted above, there is a dynamic model that may be created in embodiments.

In this case, the modelling approach creates a physical model of the biological
system and then trains the model to perform dynamic functions (such as an eye
focusing task or walking or running or the like). More generally, a dynamic function is
a function requiring a degree of movement of one or more body parts. This training
occurs over many generations, where the modelled system may learn ways to achieve a

dynamic function goal (such as fast focusing or running or the like) by iteratively
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improving the way it actuates the modelled system.

In order to achieve this, a first generation of the model is the model noted above with
the proposed surgical action applied to it. The relationship between model generations
and time taken for the patient to improve is determined by observation of post-
operative patients.

In other words, generations of the model therefore reflect a timeframe which the
human will take to perform the same adaptation, with generation 0 being the human’s
experience and function immediately after surgery, and generation n being the point at
which the generations stop improving.

In addition to improvement in the control function of the system, the parameters of
the model which represent the biological tissues such as muscle strength, tissue
stiffness etc. may be permitted to change over generations of the model to reflect im-
provements in these physical parameters. In effect, the optimisation function which
performs the generational search and improvement within the parameter space is not
performed differently, but more parameters may be included in the search spaces. The
values of the permitted iterative variation in these physical and control function pa-
rameters may be defined by the patient’s age, gender and other factors which define
how quickly these parameters will be able to change in the real world.

After the model has been created, the model is provided to a surgical planning
device. An embodiment of a surgical planning device 2200 is shown in Fig. 2.

<Surgical Planning Device>

Fig. 2 shows a surgical planning device 2200 according to embodiments of the
disclosure. The surgical planning device 2200 is connected to a display 2250. This
connection may be made in a wired or wireless manner. Indeed, the connection may be
made over a network.

The surgical planning device 2200 includes circuitry. This circuitry includes
processing circuitry 2205 which operates under the control of computer software. The
computer software is stored as computer readable code stored on storage 2210. The
storage 2210 may be solid state storage, magnetically readable storage or the like. In
addition to the computer readable code, the storage 2210 also includes, in em-
bodiments, the patient model defined by the system 2100. Of course, the disclosure is
not so limited and the patient model may be obtained over a communication link to the
system 2100 (not shown). The circuitry also includes display circuitry 2215 which
connects to display 2250 over the connection.

During the surgery (or in embodiments, during the pre-surgery planning stage), the
patient model is used to display a graphical representation of the patient model. In
other words, the area of the patient’s body where surgery will take place is defined by

the patient model and that patient model is then displayed to the surgeon. In the case of
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one embodiment, the surgery is ophthalmic surgery and so a graphical representation
of the patent’s ophthalmic system 2255 is shown. This representation may be a two di-
mensional or a three dimensional representation. In the example of Fig. 2 where the
display 2250 is a two dimensional monitor, the graphical representations is in two di-
mensions. However, in the event that surgeon is wearing a Virtual Reality or
Augmented reality display, the graphical representation may be in three dimensions.
Moreover, the graphical representation may be holographic.

Additionally displayed is a proposed ablation 2260. The proposed ablation 2260 is an
incision the surgeon proposes to make to patient’s ophthalmic system. For example,
the proposed ablation 2260 may be made to reduce the thickness of a specified part of
the patient’s cornea. The surgeon may interact with the graphical representation
directly in order to define the position, direction, depth and length of the ablation. For
example, the display 2250 may include a touchscreen that the surgeon can interact with
to define the proposed ablation. Of course, the disclosure is not so limited. In some em-
bodiments, a speech recognition system may translate a verbal command given by the
surgeon into the proposed ablation. The proposed ablation may then be displayed to the
surgeon for the surgeon to confirm that the proposed ablation is positioned correctly. In
embodiments, the position, angle and movement of a surgical device defines the
proposed ablation. For example, sensors monitoring the angle and position of the
surgeon’s hand or the surgical device such as accelerometers, gyroscopes or images
captured by a camera may define the proposed ablation. More broadly, therefore, the
device is configured to: receive one of 1) a voice input from the surgeon, ii) a touch
input on a graphical representation of the model from the surgeon, or iii) positional in-
formation from a surgical tool. These are easy mechanisms for the surgeon to use to
interact with the device. This reduces the risk of the surgeon making a mistake.

In addition to the geometry of the proposed ablation 2260, the surgeon may also
provide the time frame over which the surgeon wants to model the effect of the
proposed ablation. As noted above, this timeframe is determined by examining real-
world post-operative scenarios.

The proposed ablation is then applied to the patient model. The patient model is then
iterated to include the proposed ablation. In other words, the patient model is updated
to account for the proposed ablation being made. In this case, the patient model is
updated to determine the effect of the ablation on the corneal thickness.

Below representation of the ophthalmic system 2255 is an impact section 2265. The
impact section 2265 shows the surgeon the effect of the proposed ablation 2260 on the
patient. Specifically, the impact section 2265 graphically represents the effect of the
proposed surgical action on the patient by applying the iterated patient model to a

stimulus. That is, a stimulus is applied to the updated model to produce an output. The
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output is then displayed to the surgeon in the impact section 2265. In the example of
Fig. 2, the impact section 2265 is comprised of a non-ablation section 2267 and an
ablation section 2275. The non-ablation section 2267 shows the vision the patient will
have of a given stimulus (a circle) where the proposed ablation is not made. As will be
apparent, the circle 2270 is out of focus. It is possible to define the vision of the patient
using the patient model derived by the system 2100 for a given stimulus as is known.
For example, it is possible to predict the vision of the patient using regression analysis
of the patient data which may be interrogated by means of a look up table, or multidi-
mensional surface plot of parameters. Specifically, data about the patient’s corneal pe-
ripheral thickness correlates with postoperative aberration and when the proposed
ablation is planned, the aberration can therefore be predicted. The predicted aberration
is then used to determine the impact of the patient’s vision on the given stimulus. The
output vision is a post-surgical performance indicator in the context of ophthalmic
surgery. However, it is understood that the disclosure is not so limited and the post-
surgical performance indicator may include any indicator that define the impact of the
proposed surgical procedure on the output of the updated for the given stimulus.

In the ablation section 2275, the iterated patient model is used to define the vision the
patient will have where the proposed ablation is made. As will be apparent, the circle
2280 in this case is more in focus than the circle 2270 in the non-ablation section 2267.
Again, the vision of the patient is defined using the patient model iterated for the
proposed ablation given the same stimulus. The application of the stimulus to the
model to define the vision shown is described above with reference to the non-ablation
section 2267.

Although the given stimulus is a circle in embodiments, the disclosure is not so
limited. For example, the stimulus may be a given view such as a Snellen or LogMAR
chart, or a simple object such as a house.

In other words, the surgical planning device 2200 is a device for predicting post-
surgical performance of a patient, comprising circuitry configured to: receive a model
of an area of a patient subject to a surgical procedure; receive an input from a surgeon
indicating a proposed surgical action on the patient in the area; update the model based
upon the proposed surgical action; apply a stimulus to the updated model to produce a
a post-surgical performance indicator and output the post-surgical performance
indicator.

Although Fig. 2 shows an embodiment for ophthalmic surgery, the disclosure is not
limited. For example where the surgical procedure related to a patient’s muscu-
loskeletal system an appropriate patient model will be derived by the system 2100. In
this instance, however, the proposed incision may be in a patient’s left quadriceps

muscle. Accordingly the proposed incision will be made to a graphical representation
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of a patient’s leg. This incision will affect the patient’s post-operative strength. This
may have an impact on other parts of the patient’s lower body. For example, the
patient’s right leg muscles may strengthen to compensate for the reduced weakness in
the patient’s left quadriceps muscle. The model defined in [3] requires that the patient
model must ‘learn’ how to perform a specific mobility action after the planned surgical
action is conducted. The model is then iteratively updated over longer time periods to
simulate long term patient outcomes. The individual musculoskeletal (or other) pa-
rameters of the patient model (such as size, strength, location of musculoskeletal
elements, and their freedom of movement) are thus updated to reflect changes caused
by planned surgical action.

Therefore, the impact section 2265 in the case of a musculoskeletal surgical
procedure may be an animation showing how the patients gait or mobility changes
over time with the proposed incision. In the case of a musculoskeletal surgical
procedure, therefore, the post-surgical performance indicator is the animation showing
how the patient’s gait or mobility changes over time with the proposed surgical action.

In the event that a proposed surgical action (such as the ablation or incision) does not
result in a positive outcome, or that the outcome is not optimised, the proposed
ablation or incision may be cancelled and a second proposed ablation or incision may
be made.

Moreover, it is envisaged that, in embodiments, the surgeon may wish to practice the
proposed ablation or incision in a surgical simulation system. In this case, once the
planned ablation or incision is defined, the surgeon may practice performing the
ablation or incision in a training simulator that has the patient model loaded thereon. In
this case, the position and movement of one or more surgical tools may be derived
using sensors located on the surgical tool or from images captured of the surgeon. The
position of the surgical tool may then be used to calculated where the incision or
ablation is made by the surgeon in the training environment and this may be applied to
the patient model. In this case, the impact section 2265 may be updated to show the
effect on the patient of the practiced ablation or incision.

In embodiments, the surgical planning device 2200 may propose a surgical action to
the surgeon. In order to achieve this, the surgical planning device 2200 may apply a
plurality of different surgical actions to the model and analyse the derived post-surgical
performance indicator. In other words, the surgical planning device 2200 may apply a
different surgical action to the model and obtain the post-surgical performance
indicator for each different surgical action. The choice of which different surgical
action to apply to the model may be selected randomly or may be selected from
surgical actions performed in past operations. The use of a random surgical action

increases the chance of a previously never tried action that may have an advantageous
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consequence for the patient.

The surgical planning device 2200 may then select a surgical action from a plurality
of other proposed surgical actions, the selection being made on the basis of the post-
surgical performance indicator applicable to that other proposed surgical action when
applied to the updated model. In other words, the surgical planning device 2200
reviews the generated post-surgical performance indicators and selects the surgical
action (such as an ablation or incision) that achieves the best post-surgical performance
indicator. The surgical planning device 2200 then displays the selected surgical action
to the surgeon. This allows the surgeon to be provided with alternative surgical actions
that with improve the likelihood of successful post-surgical performance. Moreover,
these actions may not have been considered by the surgeon previously.

The circuitry within the surgical planning device 2200 is, in embodiments,
configured to display a navigation of the selected surgical action to the surgeon. In
other words, the surgical planning device 2200 provides instructions (either visual or
aural) to the surgeon to perform the surgical action.

In embodiments, the selection is made during the surgical procedure and the
navigation is performed interactively. This allows the surgeon to be guided to perform
the surgical action.

In embodiments, the patient model may have the ability to exaggerate certain aspects
of the patient’s future mobility, to emphasize and highlight small details which result
in a disproportionately large effect into the future. In this instance, additional al-
gorithmic process is included to detect the occurrence of known poor outcomes in the
model. This may consist of a standard machine learning medical condition detection
algorithm which is trained for example to detect signs of posterior capsule opacity, or
other common negative outcomes of cataract surgery. In the case of displaying Patient
motile system impacts, this may involve using false colours to illustrate muscle im-
balances or deviations from known safe limits. These may be generated for example
using Al attention mapping techniques to determine the relevant parametric variables
of the model which have led to the detection of a bad outcome. In the case of
ophthalmic surgery impact predictions, images may be displayed which predict the
view of an object as perceived by the patient, which are defocused or otherwise
blurred. The blurring could be artificially increased when the system predicts the
patient will not result in having perfect vision, so as to make the negative condition
more noticeable.

As noted above, although the foregoing describes a surgical planning device 2200
that may be used prior to surgery, the disclosure also allows the surgeon to predict the
impact of a surgical procedure on a patient during surgery. In this instance, the patient

model may be updated during the surgery using data relating to the surgical actions
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being carried out on the patient. For example, the incisions made during the surgery
may update the patient model to ensure that when a surgeon makes a proposed surgical
procedure (such as an ablation or incision), the patient model will be upto date to
determine the impact on the patient of the proposed surgical procedure. In other words,
the circuitry is configured to: receive data relating to surgical actions performed during
the surgical procedure; and update the model based upon the received data. This
reduces the risk of a mistake being made in the output to the surgeon.

Although the foregoing has described using the embodiments to assess the impact of
a surgical procedure proposed by a surgeon, the disclosure is not so limited. For
example, the surgeon’s next planned surgical action (for example, by analysing the
trajectory and speed of a scalpel as it is moved by the surgeon) and displaying the
effects that action will have on the patient’s future postoperative condition. In this
case, data collected during a surgery such as video data or robot arm movement and
position data may be used, possibly in addition to being used during the model creation
phase.

In embodiments, the safety of the patient may be improved by providing feedback to
the surgeon when an adverse post-operative outcome is predicted by the surgical
planning device 2200. The feedback may be haptic feedback, or may be a visual or
aural indication. In other words, the surgeon will be given the feedback when the
surgical planning device 2200 detects that the surgeon is about to perform an action
that will negatively affect the patient. Further, the feedback may have increasing
intensity, or require more force to move in a particular direction when the post-
operative condition is determined to be negative. To determine whether the predicted
surgical action is adverse to the patient, the detected surgical action is provided to the
updated model and where the outcome is adverse, the feedback is provided.

In embodiments, the education and training of a surgeons is improved by illustrating
the causal link between specific actions the surgeon takes during a surgical training
procedure and the future postoperative condition of their patient, using Augmented
Reality or Virtual Reality display and artificial patient data. In this instance, a ‘Virtual
Patient’ is digitally constructed, including corresponding patient records. This may be:

a An accurate representation of a real patient (which may be anonymised)

b An entirely imaginary patient

¢ A composite of a. and b.

The Virtual Patient may be designed to help deliver a specific learning outcome for
the surgeon, such as a specific injury or condition. As such, certain aspects of the
Virtual Patient, corresponding patient records, or their patient model may be em-
phasized.

Fig. 3 shows surgery on a patient 106 by a surgeon using an open surgery system.
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The patient 106 lies on an operating table 105 and a human surgeon 104 and a com-
puterised surgical apparatus 103 perform the surgery together. This surgery may be
ophthalmic surgery or surgery on the musculoskeletal system of the patient in em-
bodiments. Prior to the surgery, the patient model will have been derived by device
2100 and the surgical planning device 2200 may have been used in the pre-surgery
planning and/or may be used in the open surgery shown in Fig. 3. In embodiments,
therefore, the surgical planning device 2200 will be included in the system of Fig. 3
although this is not explicitly shown for brevity.

Each of the human surgeon and computerised surgical apparatus monitor one or more
parameters of the surgery, for example, patient data collected from one or more patient
data collection apparatuses (e.g. electrocardiogram (ECG) data from an ECG monitor,
blood pressure data from a blood pressure monitor, etc. - patient data collection ap-
paratuses are known in the art and not shown or discussed in detail) and one or more
parameters determined by analysing images of the surgery (captured by the surgeon’s
eyes or a camera 109 of the computerised surgical apparatus) or sounds of the surgery
(captured by the surgeon’s ears or a microphone (not shown) of the computerised
surgical apparatus). Each of the human surgeon and computerised surgical apparatus
carry out respective tasks during the surgery (e.g. some tasks are carried out ex-
clusively by the surgeon, some tasks are carried out exclusively by the computerised
surgical apparatus and some tasks are carried out by both the surgeon and com-
puterised surgical apparatus) and make decisions about how to carry out those tasks
using the monitored one or more surgical parameters.

In addition to the parameters of the surgery described above, further surgical data is
collected. The surgical data includes movement data of a surgical tool and the surgical
robot collected from sensors located within the tool or robot or by tracking the tool or
robot and any feedback provided by that tool or robot. For example, sensors include
accelerometers, gyroscopes, or other sensors located within surgical tools such as
forceps, tweezers, scalpels, electrodiathermy units or the surgical robot arm that
indicates the motion and force of the tool. Moreover, in the example of a surgical robot
which is under at least partial control of the surgeon using an interface, the control data
provided by the experienced surgeon is also captured. Moreover, the surgical planning
device 2200 of embodiments may be used by the surgeon during the open surgery and,
indeed, this surgical data may be provided to the surgical planning device 2200 during
the surgery to ensure that the patient model is kept upto date. This means that should
the surgeon require the predicted outcome of a proposed surgical action to be de-
termined by the surgical planning system of Fig. 2 during the surgery, the patient
model within the surgical planning device 2200 will be current.

In addition, image data from cameras showing the surgeon’s viewpoint and/or image
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data from an endoscope or a surgical microscope or an exoscope, or any surgical in-
strument used in the surgical procedure is captured. This image data may be RGB type
image data or may be fluorescent video or the like. In other words, image data of the
surgical procedure is image data obtained by the surgical instrument.

Although Fig. 3 shows an open surgery system, the surgical planning device 2200 of
embodiments may be used with any kind of surgical procedure. For example, the
surgical planning device 2200 of embodiments is also applicable to other computer
assisted surgery systems where the computerised surgical apparatus (e.g. which holds
the medical scope in a computer-assisted medical scope system or which is the slave
apparatus in a master-slave system) is able to make decisions which might conflict
with the surgeon’s decisions. The computerised surgical apparatus is therefore a
surgical apparatus comprising a computer which is able to make a decision about the
surgery using one or more monitored parameters of the surgery. As a non-limiting
example, the computerised surgical apparatus 103 of Fig. 3 is a surgical robot capable
of making decisions and undertaking autonomous actions based on images captured by
the camera 109.

The robot 103 comprises a controller 110 and one or more surgical tools 107 (e.g.
movable scalpel, clamp or robotic hand). The controller 110 is connected to the camera
109 for capturing images of the surgery, to a movable camera arm 112 for adjusting the
position of the camera 109 and to adjustable surgical lighting 111 which illuminates
the surgical scene and has one or more adjustable lighting parameters such as
brightness and colour. For example, the adjustable surgical lighting comprises a
plurality of light emitting diodes (LEDs, not shown) of different respective colours.
The brightness of each LED is individually adjustable (by suitable control circuitry
(not shown) of the adjustable surgical lighting) to allow adjustment of the overall
colour and brightness of light output by the LEDs. The controller 110 is also connected
to a control apparatus 100. The control apparatus 100 is connected to another camera
108 for capturing images of the surgeon’s eyes for use in gaze tracking and to an
electronic display 102 (e.g. liquid crystal display) held on a stand 102 so the electronic
display 102 is viewable by the surgeon 104 during the surgery. The control apparatus
100 compares the visual regions of the surgical scene paid attention to by the surgeon
104 and robot 103 to help resolve conflicting surgeon and computer decisions
according to the present technique.

Fig. 4 shows some components of the control apparatus 100.

The control apparatus 100 comprises a control interface 201 for sending electronic
information to and/or receiving electronic information from the controller 110, a
display interface 202 for sending electronic information representing information to be

displayed to the electronic display 102, a processor 203 for processing electronic in-
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structions, a memory 204 for storing the electronic instructions to be processed and
input and output data associated with the electronic instructions, a storage medium 205
(e.g. a hard disk drive, solid state drive or the like) for long term storage of electronic
information, a camera interface 206 for receiving electronic information representing
images of the surgeon’s eyes captured by the camera 108 and the image data noted
above and a user interface 214 (e.g. comprising a touch screen, physical buttons, a
voice control system or the like). Each of the control interface 201, display interface
202, processor 203, memory 204, storage medium 205, camera interface 206 and user
interface 214 are implemented using appropriate circuitry, for example. The processor
203 controls the operation of each of the control interface 201, display interface 202,
memory 204, storage medium 205, camera interface 206 and user interface 214.

Fig. 5 schematically shows an example of a computer assisted surgery system 1126
to which the present technique may be applicable. The computer assisted surgery
system is a master-slave system incorporating an autonomous arm 1100 and one or
more surgeon-controlled arms 1101. The autonomous arm holds an imaging device
1102 (e.g. a surgical camera or medical vision scope such as a medical endoscope,
surgical microscope or surgical exoscope). The one or more surgeon-controlled arms
1101 each hold a surgical device 1103 (e.g. a cutting tool or the like). The imaging
device of the autonomous arm outputs an image of the surgical scene to an electronic
display 1110 viewable by the surgeon. The autonomous arm autonomously adjusts the
view of the imaging device whilst the surgeon performs the surgery using the one or
more surgeon-controlled arms to provide the surgeon with an appropriate view of the
surgical scene in real time.

The surgeon controls the one or more surgeon-controlled arms 1101 using a master
console 1104. The master console includes a master controller 1105. The master
controller 1105 includes one or more force sensors 1106 (e.g. torque sensors), one or
more rotation sensors 1107 (e.g. encoders) and one or more actuators 1108. The master
console includes an arm (not shown) including one or more joints and an operation
portion. The operation portion can be grasped by the surgeon and moved to cause
movement of the arm about the one or more joints. The one or more force sensors 1106
detect a force provided by the surgeon on the operation portion of the arm about the
one or more joints. The one or more rotation sensors detect a rotation angle of the one
or more joints of the arm. The actuator 1108 drives the arm about the one or more
joints to allow the arm to provide haptic feedback to the surgeon. The master console
includes a natural user interface (NUI) input / output for receiving input information
from and providing output information to the surgeon. The NUI input / output includes
the arm (which the surgeon moves to provide input information and which provides

haptic feedback to the surgeon as output information). The NUI input / output may also
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include voice input, line of sight input and/or gesture input, for example. The master
console includes the electronic display 1110 for outputting images captured by the
imaging device 1102.

The master console 1104 communicates with each of the autonomous arm 1100 and
one or more surgeon-controlled arms 1101 via a robotic control system 1111. The
robotic control system is connected to the master console 1104, autonomous arm 1100
and one or more surgeon-controlled arms 1101 by wired or wireless connections 1123,
1124 and 1125. The connections 1123, 1124 and 1125 allow the exchange of wired or
wireless signals between the master console, autonomous arm and one or more
surgeon-controlled arms.

The robotic control system includes a control processor 1112 and a database 1113.
The control processor 1112 processes signals received from the one or more force
sensors 1106 and one or more rotation sensors 1107 and outputs control signals in
response to which one or more actuators 1116 drive the one or more surgeon controlled
arms 1101. In this way, movement of the operation portion of the master console 1104
causes corresponding movement of the one or more surgeon controlled arms.

The control processor 1112 also outputs control signals in response to which one or
more actuators 1116 drive the autonomous arm 1100. The control signals output to the
autonomous arm are determined by the control processor 1112 in response to signals
received from one or more of the master console 1104, one or more surgeon-controlled
arms 1101, autonomous arm 1100 and any other signal sources (not shown). The
received signals are signals which indicate an appropriate position of the autonomous
arm for images with an appropriate view to be captured by the imaging device 1102.
The database 1113 stores values of the received signals and corresponding positions of
the autonomous arm.

For example, for a given combination of values of signals received from the one or
more force sensors 1106 and rotation sensors 1107 of the master controller (which, in
turn, indicate the corresponding movement of the one or more surgeon-controlled arms
1101), a corresponding position of the autonomous arm 1100 is set so that images
captured by the imaging device 1102 are not occluded by the one or more surgeon-
controlled arms 1101.

As another example, if signals output by one or more force sensors 1117 (e.g. torque
sensors) of the autonomous arm indicate the autonomous arm is experiencing re-
sistance (e.g. due to an obstacle in the autonomous arm’s path), a corresponding
position of the autonomous arm is set so that images are captured by the imaging
device 1102 from an alternative view (e.g. one which allows the autonomous arm to
move along an alternative path not involving the obstacle).

It will be appreciated there may be other types of received signals which indicate an
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appropriate position of the autonomous arm.

The control processor 1112 looks up the values of the received signals in the
database 1112 and retrieves information indicating the corresponding position of the
autonomous arm 1100. This information is then processed to generate further signals in
response to which the actuators 1116 of the autonomous arm cause the autonomous
arm to move to the indicated position.

Each of the autonomous arm 1100 and one or more surgeon-controlled arms 1101
includes an arm unit 1114. The arm unit includes an arm (not shown), a control unit
1115, one or more actuators 1116 and one or more force sensors 1117 (e.g. torque
sensors). The arm includes one or more links and joints to allow movement of the arm.
The control unit 1115 sends signals to and receives signals from the robotic control
system 1111.

In response to signals received from the robotic control system, the control unit 1115
controls the one or more actuators 1116 to drive the arm about the one or more joints
to move it to an appropriate position. For the one or more surgeon-controlled arms
1101, the received signals are generated by the robotic control system based on signals
received from the master console 1104 (e.g. by the surgeon controlling the arm of the
master console). For the autonomous arm 1100, the received signals are generated by
the robotic control system looking up suitable autonomous arm position information in
the database 1113.

In response to signals output by the one or more force sensors 1117 about the one or
more joints, the control unit 1115 outputs signals to the robotic control system. For
example, this allows the robotic control system to send signals indicative of resistance
experienced by the one or more surgeon-controlled arms 1101 to the master console
1104 to provide corresponding haptic feedback to the surgeon (e.g. so that a resistance
experienced by the one or more surgeon-controlled arms results in the actuators 1108
of the master console causing a corresponding resistance in the arm of the master
console). As another example, this allows the robotic control system to look up
suitable autonomous arm position information in the database 1113 (e.g. to find an al-
ternative position of the autonomous arm if the one or more force sensors 1117
indicate an obstacle is in the path of the autonomous arm).

The imaging device 1102 of the autonomous arm 1100 includes a camera control unit
1118 and an imaging unit 1119. The camera control unit controls the imaging unit to
capture images and controls various parameters of the captured image such as zoom
level, exposure value, white balance and the like. The imaging unit captures images of
the surgical scene. The imaging unit includes all components necessary for capturing
images including one or more lenses and an image sensor (not shown). The view of the

surgical scene from which images are captured depends on the position of the au-
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tonomous arm.

The surgical device 1103 of the one or more surgeon-controlled arms includes a
device control unit 1120, manipulator 1121 (e.g. including one or more motors and/or
actuators) and one or more force sensors 1122 (e.g. torque sensors).

The device control unit 1120 controls the manipulator to perform a physical action
(e.g. a cutting action when the surgical device 1103 is a cutting tool) in response to
signals received from the robotic control system 1111. The signals are generated by the
robotic control system in response to signals received from the master console 1104
which are generated by the surgeon inputting information to the NUI input / output
1109 to control the surgical device. For example, the NUI input / output includes one
or more buttons or levers comprised as part of the operation portion of the arm of the
master console which are operable by the surgeon to cause the surgical device to
perform a predetermined action (e.g. turning an electric blade on or off when the
surgical device is a cutting tool).

The device control unit 1120 also receives signals from the one or more force sensors
1122. In response to the received signals, the device control unit provides corre-
sponding signals to the robotic control system 1111 which, in turn, provides corre-
sponding signals to the master console 1104. The master console provides haptic
feedback to the surgeon via the NUI input / output 1109. The surgeon therefore
receives haptic feedback from the surgical device 1103 as well as from the one or more
surgeon-controlled arms 1101. For example, when the surgical device is a cutting tool,
the haptic feedback involves the button or lever which operates the cutting tool to give
greater resistance to operation when the signals from the one or more force sensors
1122 indicate a greater force on the cutting tool (as occurs when cutting through a
harder material, e.g. bone) and to give lesser resistance to operation when the signals
from the one or more force sensors 1122 indicate a lesser force on the cutting tool (as
occurs when cutting through a softer material, e.g. muscle). The NUI input / output
1109 includes one or more suitable motors, actuators or the like to provide the haptic
feedback in response to signals received from the robot control system 1111.

Fig. 6 schematically shows another example of a computer assisted surgery system
1209 to which the present technique is applicable. The computer assisted surgery
system 1209 is a surgery system in which the surgeon performs tasks via the master-
slave system 1126 and a computerised surgical apparatus 1200 performs tasks au-
tonomously.

The master-slave system 1126 is the same as Fig. 3and is therefore not described.
The master-slave system may, however, be a different system to that of Fig. 3 in al-
ternative embodiments or may be omitted altogether (in which case the system 1209

works autonomously whilst the surgeon performs conventional surgery).
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The computerised surgical apparatus 1200 includes a robotic control system 1201
and a tool holder arm apparatus 1210. The tool holder arm apparatus 1210 includes an
arm unit 1204 and a surgical device 1208. The arm unit includes an arm (not shown), a
control unit 1205, one or more actuators 1206 and one or more force sensors 1207 (e.g.
torque sensors). The arm includes one or more joints to allow movement of the arm.
The tool holder arm apparatus 1210 sends signals to and receives signals from the
robotic control system 1201 via a wired or wireless connection 1211. The robotic
control system 1201 includes a control processor 1202 and a database 1203. Although
shown as a separate robotic control system, the robotic control system 1201 and the
robotic control system 1111 may be one and the same. The surgical device 1208 has
the same components as the surgical device 1103.

In response to control signals received from the robotic control system 1201, the
control unit 1205 controls the one or more actuators 1206 to drive the arm about the
one or more joints to move it to an appropriate position. The operation of the surgical
device 1208 is also controlled by control signals received from the robotic control
system 1201. The control signals are generated by the control processor 1202 in
response to signals received from one or more of the arm unit 1204, surgical device
1208 and any other signal sources (not shown). The other signal sources may include
an imaging device (e.g. imaging device 1102 of the master-slave system 1126) which
captures images of the surgical scene. The values of the signals received by the control
processor 1202 are compared to signal values stored in the database 1203 along with
corresponding arm position and/or surgical device operation state information. The
control processor 1202 retrieves from the database 1203 arm position and/or surgical
device operation state information associated with the values of the received signals.
The control processor 1202 then generates the control signals to be transmitted to the
control unit 1205 and surgical device 1208 using the retrieved arm position and/or
surgical device operation state information.

For example, if signals received from an imaging device which captures images of
the surgical scene indicate a predetermined surgical scenario (e.g. via neural network
image classification process or the like), the predetermined surgical scenario is looked
up in the database 1203 and arm position information and/or surgical device operation
state information associated with the predetermined surgical scenario is retrieved from
the database. As another example, if signals indicate a value of resistance measured by
the one or more force sensors 1207 about the one or more joints of the arm unit 1204,
the value of resistance is looked up in the database 1203 and arm position information
and/or surgical device operation state information associated with the value of re-
sistance is retrieved from the database (e.g. to allow the position of the arm to be

changed to an alternative position if an increased resistance corresponds to an obstacle
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in the arm’s path). In either case, the control processor 1202 then sends signals to the
control unit 1205 to control the one or more actuators 1206 to change the position of
the arm to that indicated by the retrieved arm position information and/or signals to the
surgical device 1208 to control the surgical device 1208 to enter an operation state
indicated by the retrieved operation state information (e.g. turning an electric blade to
an “on” state or “off” state if the surgical device 1208 is a cutting tool).

Fig. 7 schematically shows another example of a computer assisted surgery system
1300 to which the present technique is applicable. The computer assisted surgery
system 1300 is a computer assisted medical scope system in which an autonomous arm
1100 holds an imaging device 1102 (e.g. a medical scope such as an endoscope, mi-
croscope or exoscope). The imaging device of the autonomous arm outputs an image
of the surgical scene to an electronic display (not shown) viewable by the surgeon. The
autonomous arm autonomously adjusts the view of the imaging device whilst the
surgeon performs the surgery to provide the surgeon with an appropriate view of the
surgical scene in real time. The autonomous arm 1100 is the same as that of Fig. 12
and is therefore not described. However, in this case, the autonomous arm is provided
as part of the standalone computer assisted medical scope system 1300 rather than as
part of the master-slave system 1126 of Fig. 12. The autonomous arm 1100 can
therefore be used in many different surgical setups including, for example, la-
paroscopic surgery (in which the medical scope is an endoscope) and open surgery.

The computer assisted medical scope system 1300 also includes a robotic control
system 1302 for controlling the autonomous arm 1100. The robotic control system
1302 includes a control processor 1303 and a database 1304. Wired or wireless signals
are exchanged between the robotic control system 1302 and autonomous arm 1100 via
connection 1301.

In response to control signals received from the robotic control system 1302, the
control unit 1115 controls the one or more actuators 1116 to drive the autonomous arm
1100 to move it to an appropriate position for images with an appropriate view to be
captured by the imaging device 1102. The control signals are generated by the control
processor 1303 in response to signals received from one or more of the arm unit 1114,
imaging device 1102 and any other signal sources (not shown). The values of the
signals received by the control processor 1303 are compared to signal values stored in
the database 1304 along with corresponding arm position information. The control
processor 1303 retrieves from the database 1304 arm position information associated
with the values of the received signals. The control processor 1303 then generates the
control signals to be transmitted to the control unit 1115 using the retrieved arm
position information.

For example, if signals received from the imaging device 1102 indicate a prede-
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termined surgical scenario (e.g. via neural network image classification process or the
like), the predetermined surgical scenario is looked up in the database 1304 and arm
position information associated with the predetermined surgical scenario is retrieved
from the database. As another example, if signals indicate a value of resistance
measured by the one or more force sensors 1117 of the arm unit 1114, the value of re-
sistance is looked up in the database 1203 and arm position information associated
with the value of resistance is retrieved from the database (e.g. to allow the position of
the arm to be changed to an alternative position if an increased resistance corresponds
to an obstacle in the arm’s path). In either case, the control processor 1303 then sends
signals to the control unit 1115 to control the one or more actuators 1116 to change the
position of the arm to that indicated by the retrieved arm position information.

Fig. 8 schematically shows another example of a computer assisted surgery system
1400 to which the present technique is applicable. The system includes one or more
autonomous arms 1100 with an imaging unit 1102 and one or more autonomous arms
1210 with a surgical device 1210. The one or more autonomous arms 1100 and one or
more autonomous arms 1210 are the same as those previously described. Each of the
autonomous arms 1100 and 1210 is controlled by a robotic control system 1408
including a control processor 1409 and database 1410. Wired or wireless signals are
transmitted between the robotic control system 1408 and each of the autonomous arms
1100 and 1210 via connections 1411 and 1412, respectively. The robotic control
system 1408 performs the functions of the previously described robotic control
systems 1111 and/or 1302 for controlling each of the autonomous arms 1100 and
performs the functions of the previously described robotic control system 1201 for
controlling each of the autonomous arms 1210.

The autonomous arms 1100 and 1210 perform at least a part of the surgery
completely autonomously (e.g. when the system 1400 is an open surgery system). The
robotic control system 1408 controls the autonomous arms 1100 and 1210 to perform
predetermined actions during the surgery based on input information indicative of the
current stage of the surgery and/or events happening in the surgery. For example, the
input information includes images captured by the image capture device 1102. The
input information may also include sounds captured by a microphone (not shown),
detection of in-use surgical instruments based on motion sensors comprised with the
surgical instruments (not shown) and/or any other suitable input information.

The input information is analysed using a suitable machine learning (ML) algorithm
(e.g. a suitable artificial neural network) implemented by machine learning based
surgery planning apparatus 1402. The planning apparatus 1402 includes a machine
learning processor 1403, a machine learning database 1404 and a trainer 1405.

The machine learning database 1404 includes information indicating classifications
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of surgical stages (e.g. making an incision, removing an organ or applying stitches)
and/or surgical events (e.g. a bleed or a patient parameter falling outside a prede-
termined range) and input information known in advance to correspond to those classi-
fications (e.g. one or more images captured by the imaging device 1102 during each
classified surgical stage and/or surgical event). The machine learning database 1404 is
populated during a training phase by providing information indicating each classi-
fication and corresponding input information to the trainer 1405. The trainer 1405 then
uses this information to train the machine learning algorithm (e.g. by using the in-
formation to determine suitable artificial neural network parameters). The machine
learning algorithm is implemented by the machine learning processor 1403.

Once trained, previously unseen input information (e.g. newly captured images of a
surgical scene) can be classified by the machine learning algorithm to determine a
surgical stage and/or surgical event associated with that input information. The
machine learning database also includes action information indicating the actions to be
undertaken by each of the autonomous arms 1100 and 1210 in response to each
surgical stage and/or surgical event stored in the machine learning database (e.g. con-
trolling the autonomous arm 1210 to make the incision at the relevant location for the
surgical stage “making an incision” and controlling the autonomous arm 1210 to
perform an appropriate cauterisation for the surgical event “bleed”). The machine
learning based surgery planner 1402 is therefore able to determine the relevant action
to be taken by the autonomous arms 1100 and/or 1210 in response to the surgical stage
and/or surgical event classification output by the machine learning algorithm. In-
formation indicating the relevant action is provided to the robotic control system 1408
which, in turn, provides signals to the autonomous arms 1100 and/or 1210 to cause the
relevant action to be performed.

The planning apparatus 1402 may be included within a control unit 1401 with the
robotic control system 1408, thereby allowing direct electronic communication
between the planning apparatus 1402 and robotic control system 1408. Alternatively or
in addition, the robotic control system 1408 may receive signals from other devices
1407 over a communications network 1405 (e.g. the internet). This allows the au-
tonomous arms 1100 and 1210 to be remotely controlled based on processing carried
out by these other devices 1407. In an example, the devices 1407 are cloud servers
with sufficient processing power to quickly implement complex machine learning al-
gorithms, thereby arriving at more reliable surgical stage and/or surgical event classi-
fications. Different machine learning algorithms may be implemented by different re-
spective devices 1407 using the same training data stored in an external (e.g. cloud
based) machine learning database 1406 accessible by each of the devices. Each device

1407 therefore does not need its own machine learning database (like machine learning
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database 1404 of planning apparatus 1402) and the training data can be updated and
made available to all devices 1407 centrally. Each of the devices 1407 still includes a
trainer (like trainer 1405) and machine learning processor (like machine learning
processor 1403) to implement its respective machine learning algorithm.

Fig. 9 shows an example of the arm unit 1114. The arm unit 1204 is configured in the
same way. In this example, the arm unit 1114 supports an endoscope as an imaging
device 1102. However, in another example, a different imaging device 1102 or surgical
device 1103 (in the case of arm unit 1114) or 1208 (in the case of arm unit 1204) is
supported.

The arm unit 1114 includes a base 710 and an arm 720 extending from the base 720.
The arm 720 includes a plurality of active joints 721a to 721f and supports the
endoscope 1102 at a distal end of the arm 720. The links 722a to 722f are substantially
rod-shaped members. Ends of the plurality of links 722a to 722f are connected to each
other by active joints 721a to 721f, a passive slide mechanism 724 and a passive joint
726. The base unit 710 acts as a fulcrum so that an arm shape extends from the base
710.

A position and a posture of the endoscope 1102 are controlled by driving and con-
trolling actuators provided in the active joints 721a to 721f of the arm 720. According
to the this example, a distal end of the endoscope 1102 is caused to enter a patient's
body cavity, which is a treatment site, and captures an image of the treatment site.
However, the endoscope 1102 may instead be another device such as another imaging
device or a surgical device. More generally, a device held at the end of the arm 720 is
referred to as a distal unit or distal device.

Here, the arm unit 700 is described by defining coordinate axes as follows. Fur-
thermore, a vertical direction, a longitudinal direction, and a horizontal direction are
defined according to the coordinate axes. In other words, a vertical direction with
respect to the base 710 installed on the floor surface is defined as a z-axis direction and
the vertical direction. Furthermore, a direction orthogonal to the z axis, the direction in
which the arm 720 is extended from the base 710 (in other words, a direction in which
the endoscope 1102 is positioned with respect to the base 710) is defined as a y-axis
direction and the longitudinal direction. Moreover, a direction orthogonal to the y-axis
and z-axis is defined as an x-axis direction and the horizontal direction.

The active joints 721a to 721f connect the links to each other to be rotatable. The
active joints 721a to 721f have the actuators, and have each rotation mechanism that is
driven to rotate about a predetermined rotation axis by drive of the actuator. As the ro-
tational drive of each of the active joints 721a to 721f is controlled, it is possible to
control the drive of the arm 720, for example, to extend or contract (fold) the arm unit
720.
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The passive slide mechanism 724 is an aspect of a passive form change mechanism,
and connects the link 722¢ and the link 722d to each other to be movable forward and
rearward along a predetermined direction. The passive slide mechanism 724 is
operated to move forward and rearward by, for example, a user, and a distance
between the active joint 721c at one end side of the link 722¢ and the passive joint 726
is variable. With the configuration, the whole form of the arm unit 720 can be changed.

The passive joint 736 is an aspect of the passive form change mechanism, and
connects the link 722d and the link 722¢ to each other to be rotatable. The passive joint
726 is operated to rotate by, for example, the user, and an angle formed between the
link 722d and the link 722¢ is variable. With the configuration, the whole form of the
arm unit 720 can be changed.

In an embodiment, the arm unit 1114 has the six active joints 721a to 721f, and six
degrees of freedom are realized regarding the drive of the arm 720. That is, the passive
slide mechanism 726 and the passive joint 726 are not objects to be subjected to the
drive control while the drive control of the arm unit 1114 is realized by the drive
control of the six active joints 721a to 721f.

Specifically, the active joints 721a, 721d, and 721f are provided so as to have each
long axis direction of the connected links 722a and 722¢ and a capturing direction of
the connected endoscope 1102 as a rotational axis direction. The active joints 721b,
721c, and 721e are provided so as to have the x-axis direction, which is a direction in
which a connection angle of each of the connected links 722a to 722¢, 722e, and 722f
and the endoscope 1102 is changed within a y-z plane (a plane defined by the y axis
and the z axis), as a rotation axis direction. In this manner, the active joints 721a, 721d,
and 721f have a function of performing so-called yawing, and the active joints 421b,
42]1c, and 421e have a function of performing so-called pitching.

Since the six degrees of freedom are realized with respect to the drive of the arm 720
in the arm unit 1114, the endoscope 1102 can be freely moved within a movable range
of the arm 720. A hemisphere as an example of the movable range of the endoscope
723. Assuming that a central point RCM (remote center of motion) of the hemisphere
is a capturing centre of a treatment site captured by the endoscope 1102, it is possible
to capture the treatment site from various angles by moving the endoscope 1102 on a
spherical surface of the hemisphere in a state where the capturing centre of the
endoscope 1102 is fixed at the centre point of the hemisphere.

Fig. 10 shows an example of the master console 1104. Two control portions 900R
and 900L for a right hand and a left hand are provided. A surgeon puts both arms or
both elbows on the supporting base 50, and uses the right hand and the left hand to
grasp the operation portions 1000R and 1000L, respectively. In this state, the surgeon
operates the operation portions 1000R and 1000L while watching electronic display
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1110 showing a surgical site. The surgeon may displace the positions or directions of
the respective operation portions 1000R and 1000L to remotely operate the positions or
directions of surgical instruments attached to one or more slave apparatuses or use
each surgical instrument to perform a grasping operation.

Numerous modifications and variations of the present disclosure are possible in light
of the above teachings. It is therefore to be understood that within the scope of the
appended claims, the disclosure may be practiced otherwise than as specifically
described herein.

In so far as embodiments of the disclosure have been described as being im-
plemented, at least in part, by software-controlled data processing apparatus, it will be
appreciated that a non-transitory machine-readable medium carrying such software,
such as an optical disk, a magnetic disk, semiconductor memory or the like, is also
considered to represent an embodiment of the present disclosure.

It will be appreciated that the above description for clarity has described em-
bodiments with reference to different functional units, circuitry and/or processors.
However, it will be apparent that any suitable distribution of functionality between
different functional units, circuitry and/or processors may be used without detracting
from the embodiments.

Described embodiments may be implemented in any suitable form including
hardware, software, firmware or any combination of these. Described embodiments
may optionally be implemented at least partly as computer software running on one or
more data processors and/or digital signal processors. The elements and components of
any embodiment may be physically, functionally and logically implemented in any
suitable way. Indeed the functionality may be implemented in a single unit, in a
plurality of units or as part of other functional units. As such, the disclosed em-
bodiments may be implemented in a single unit or may be physically and functionally
distributed between different units, circuitry and/or processors.

Although the present disclosure has been described in connection with some em-
bodiments, it is not intended to be limited to the specific form set forth herein. Addi-
tionally, although a feature may appear to be described in connection with particular
embodiments, one skilled in the art would recognize that various features of the
described embodiments may be combined in any manner suitable to implement the
technique.

Embodiments of the present technique can generally described by the following
numbered clauses:

ey

A device for predicting post-surgical performance of a patient, comprising

circuitry configured to: receive a model of an area of a patient subject to a surgical
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procedure; receive an input from a surgeon indicating a proposed surgical action on the
patient in the area; update the model based upon the proposed surgical action; apply a
stimulus to the updated model to produce a post-surgical performance indicator and
output the post-surgical performance indicator.

(2)

The device according to clause (1), wherein the circuitry is configured to: select a
surgical action from a plurality of other proposed surgical actions, the selection being
made on the basis of the postsurgical performance indicator applicable to that other
proposed surgical action when applied to the updated model; and display the selected
surgical action to the surgeon.

(3)

The device according to clause (2), wherein the circuitry is configured to display a
navigation of the selected surgical action to the surgeon.
4)

The device according to clause (3), wherein the selection is made during the surgical
procedure and the navigation is performed interactively.
(5)

The device according to any preceding clause, wherein the circuitry is configured to:
receive one of i) a voice input from the surgeon, ii) a touch input on a graphical repre-
sentation of the model from the surgeon, or iii) positional information from a surgical
tool.

(6)

The device according to any preceding clause, wherein the circuitry is configured to
further update the model to achieve a dynamic function goal by making iterative
changes to the model.

(7

The device according to any preceding clause, wherein the circuitry is configured to:
receive data relating to surgical actions performed during the surgical procedure; and
update the model based upon the 10 received data.

(8)

The device according to any preceding clause, wherein the circuitry is configured to:
provide the updated model to a surgical training system.
)

The device according to clause (1), wherein the circuitry is configured to receive a
model of at least part of the patient’s ophthalmic system or musculoskeletal system.
(10)

A method for predicting post-surgical performance of a patient, comprising:

receiving a model of an area of a patient subject to a surgical procedure; receiving an
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input from a surgeon indicating a proposed surgical action on the patient in the area;
update the model based upon the proposed surgical action; applying a stimulus to the
updated model to produce a post-surgical performance indicator and output the post-
surgical performance indicator.

(11)

A method according to clause (10), comprising: selecting a surgical action from a
plurality of other proposed surgical actions, the selection being made on the basis of
the post-surgical performance indicator applicable to that other proposed surgical
action when applied to the updated model; and displaying the selected surgical action
to the surgeon.

(12)

A method according to clause (11), comprising displaying a navigation of the
selected surgical action to the surgeon.
(13)

A method according to clause (12), wherein the selection is made during the surgical
procedure and the navigation is performed interactively.
(14)

A method according to any one of clauses (10) to (13), comprising: receiving one of
1) a voice input from the surgeon, ii) a touch input on a graphical representation of the
model from the surgeon, or iii) positional information from a surgical tool.

(15)

A method according to any one of clauses (10) to (14), comprising: updating the
model to achieve a dynamic function goal by making iterative changes to the model.
(16)

A method according to any one of clauses (10) to (15), comprising: receiving data
relating to surgical actions performed during the surgical procedure; and updating the
model based upon the received data.

(17)

A method according to any one of clauses (10) to (16), comprising: providing the
updated model to a surgical training system.
(18)

A method according to clause (10), comprising: receiving a model of at least part of
the patient’s ophthalmic system or musculoskeletal system.
(19)

A computer program product comprising computer readable instructions which,
when loaded onto a computer, configures the computer to perform a method according
to any one of clauses 10 to 18.
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Claims

A device for predicting post-surgical performance of a patient,
comprising circuitry configured to: receive a model of an area of a
patient subject to a surgical procedure; receive an input from a surgeon
indicating a proposed surgical action on the patient in the area; update
the model based upon the proposed surgical action; apply a stimulus to
the updated model to produce a post-surgical performance indicator and
output the post-surgical performance indicator.

The device according to claim 1, wherein the circuitry is configured
to: select a surgical action from a plurality of other proposed surgical
actions, the selection being made on the basis of the post-surgical per-
formance indicator applicable to that other proposed surgical action
when applied to the updated model; and display the selected surgical
action to the surgeon.

The device according to claim 2, wherein the circuitry is configured
to display a navigation of the selected surgical action to the surgeon.

The device according to claim 3, wherein the selection is made
during the surgical procedure and the navigation is performed inter-
actively.

The device according to claim 1, wherein the circuitry is configured
to: receive one of 1) a voice input from the surgeon, i1) a touch input on
a graphical representation of the model from the surgeon, or iii) po-
sitional information from a surgical tool.

The device according to claim 1, wherein the circuitry is configured
to further update the model to achieve a dynamic function goal by
making iterative changes to the model.

The device according to claim 1, wherein the circuitry is configured
to: receive data relating to surgical actions performed during the
surgical procedure; and update the model based upon the received data.

The device according to claim 1, wherein the circuitry is configured
to: provide the updated model to a surgical training system.

The device according to claim 1, wherein the circuitry is configured
to receive a model of at least part of the patient’s ophthalmic system or
musculoskeletal system.

A method for predicting post-surgical performance of a patient,
comprising: receiving a model of an area of a patient subject to a

surgical procedure; receiving an input from a surgeon indicating a



WO 2022/014246

[Claim 11]

[Claim 12]

[Claim 13]

[Claim 14]

[Claim 15]

[Claim 16]

[Claim 17]

[Claim 18]

[Claim 19]

30

PCT/JP2021/023009

proposed surgical action on the patient in the area; update the model
based upon the proposed surgical action; applying a stimulus to the
updated model to produce a a post-surgical performance indicator and
output the post-surgical performance indicator.

A method according to claim 10, comprising: selecting a surgical
action from a plurality of other proposed surgical actions, the selection
being made on the basis of the post-surgical performance indicator ap-
plicable to that other proposed surgical action when applied to the
updated model; and displaying the selected surgical action to the
surgeon.

A method according to claim 11, comprising displaying a navigation
of the selected surgical action to the surgeon.

A method according to claim 12, wherein the selection is made
during the surgical procedure and the navigation is performed inter-
actively.

A method according to claim 10, comrpsing: receiving one of i) a
voice input from the surgeon, ii) a touch input on a graphical repre-
sentation of the model from the surgeon, or iii) positional information
from a surgical tool.

A method according to claim 10, comprising: updating the model to
achieve a dynamic function goal by making iterative changes to the
model.

A method according to claim 10, comprising: receiving data relating
to surgical actions performed during the surgical procedure; and
updating the model based upon the received data.

A method according to claim 10, comprising: providing the updated
model to a surgical training system.

A method according to claim 10, comprising: receiving a model of at
least part of the patient’s ophthalmic system or musculoskeletal system.

A computer program product comprising computer readable in-
structions which, when loaded onto a computer, configures the

computer to perform a method according to claim 10.
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