(43) International Publication Date

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

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/093880 A1

19 June 2014 (19.06.2014) WIPO I PCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
GO6F 19/00 (2011.01) A61B 19/00 (2006.01) kind of national protection available): AE, AG, AL, AM,
. L AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
PCT/US2013/075115 DO, DZ. EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
13 December 2013 (13.12.2013) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
. MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(25) Filing Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
(26) Publication Language: English SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(30) Priority Data: ZW.
61/737,008 13 December 2012 (13.12.2012) Us
(84) Designated States (uniess otherwise indicated, for every
(71) Applicant: UNIVERSITY OF  WASHINGTON kind of regional protection available): ARIPO (BW, GH,
THROUGH ITS CENTER FOR COMMERCIALIZA - GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
TION [US/US]; 4311 11th Avenue NE, Suite 500, Seattle, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
WA 98105 (US). TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(72) Tnventors: BLY, Randall; 14015 36th Ave. NE, Scattle, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
WA 98125 (US). HANNAFORD, Blake; 5634 12th Ave.
NE, Seattle, WA 98105 (US). MOE, Kris, S.; 3879 51st TR), OAPL(BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
> > > > KM, ML, MR, NE, SN, TD, TG).
Ave. NE, Seattle, WA 98105 (US). ? ? T T T
(74) Agent: URBAN, Benjamin, M.; McDomnell Bochnen [ UPlshed:

Hulbert & Berghotf LLP, 300 South Wacker Drive, Suite
3100, Chicago, IL 60606 (US).

with international search report (Art. 21(3))

(54) Title: METHODS AND SYSTEMS FOR SELECTING SURGICAL APPROACHES

wo 2014/093880 A1 | PF V00O 0O O

FIG. 5
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ceiving data indicating (a) one or more surgical target regions and (b) one or more surgical portals; (2) determining a plurality of sur -
gical pathways; (3) determining a plurality of surgical approaches; (4) for each surgical approach in the plurality of surgical ap-
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proaches based on the determined surgical approach rankings; and (6) causing an output device to provide a representation of the se -
lected subset of the plurality of surgical approaches.
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METHODS AND SYSTEMS FOR SELECTING SURGICAL APPROACHES

RELATED APPLICATIONS
18001} This application claims priority to U.S. Provisional Paterd Application Serial
No. 61,737,608 filed December 13, 2012, entitled Mode! for surgical planning, virtua!
surgery, and surgical vehearsal for craniofacial, stnus, skull base, and neuwrological surgery

applications, which is incorporated herein in its entivety.

BACKGROUND

{8802} Unless otherwise indicated herein, the materials described in this section are
not prior art to the claims in this applcation and are not admitied to be prior art by inclusion
in this section.

18003) Surgical planning may nvolve identifying a surgical target or target region,
and then selecting a surgical pathway to reach that surgical target. Selection of a particular
surgical pathway is often based upon the access that the surgical pathway provides to the
surgical target in view of the nearby anatomy. Betier access to the surgical target may lead to
a better surgical ouicome.

{6604] However, betier access 10 a surgical target is not the sole determinant of a
successful surgical outcome. Another goal of surgical planning is to reduce collateral damage
to the nearby anatomy. Collateral damage may mclude pathway trauma, which refers to
damage focurred by dissection performed to reach the surgical target. In addition, collateral
damage may include target trauma, or damage to healthy tissue that is adjacent to the surgical

target that occurs when the surgical target is manipulated. The extent of target trauma 15 often
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dictated by the pathology of the surgical target. In contrast, pathway tranma might be reduced
by appropriate selection of surgical pathways.

8005} Selection of surgical pathways may begin with choosing a surgical portal, or
opening, in the anatomy that is being operated upon. For example, in skell base surgery,
transnasal portals have been identified that may form the entry point of surgical pathways
into the skull base. Use of transnasal portals as part of the surgical pathway has led 1o reduced
pathway trauma in some circumstances.

18006] At the same time, rapid advances in many fields of surgery have led to the
dentification of new surgical pathways. Additional surgical pathways into the skull base as
well as new surgical pathways to other anatomical features are likely to be identified in the
future. By extension, the identification of new surgical portals has led to successful surgeries
using multiple portals and pathways. Combined surgical approaches have significant
potential to reduce collateral damage to healthy tissue.

{8667} However, the number of possibie surgical pathways and combinations thercof
18 extensive. Moreover, because of the inconsistent and unpredictable nanme of target
pathologies, sclection of an appropuate pathway or combination of pathbways is often
unintuitive. Thercfore, a systematic approach to comparing, cvaluating, and sclecting

between surgical approaches may improve surgical outcomes.
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SUMMARY

{6648} Deseribed herein are methods and systems for surgical planning. The methods
and systems may be employed during surgical pianning to assist in selection of onc or more
surgical approaches. Such methods and systems may involve determining surgical-approach
characteristics and surgical-pathway characteristics that can be used to rank various surgical
approaches. These surgical approach rankings can aid in sclecting an appropriate surgical
pathway or combination of pathways for a given surgical target. A representation of the
selected surgical pathway or combination of pathways may be provided via one or more
output device that may Uaprove access 1o the surgical target and reduce collateral damage,
among other potential benefits.

HERY In one aspect, a computer-implemented methed is provided. The method may
mvolve: (1} receiving data indicating (a) one or more surgical target regions and (b) one or
more surgical portals; (2) determining a plurality of surgical pathvways, wherein each surgical
pathway in the plorality of surgical pathways comprises (8) a respective surgical target region
of the one or more surgical target regions and (b) a respective surgical portal of the one or
more surgical portals; (3) deterovning a plorality of surgical approaches, whercin ecach
surgical approach in the plurality of surgical approaches comprises at least a first determined
surgical pathway: {4) for ecach surgical approach in the phurality of surgical approaches,
determining at least one approach characteristic, for each determined surgical pathway n the
respective  surgical approach, determining at least one pathway characteristic, and
determining a sorgical-approach ranking based on the determined at least one approach
characteristic and the determined at least one pathway characteristic; (5) selecting a subset of
the plurality of surgical approaches based on the determined surgical approach rankings; and
(6) causing an output device to provide a representation of the sclected subset of the phurality

of surgical approaches.
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18814} In another aspect, 2 compuling system is provided. The computing system
may mclude: (A) an output device; (B) a physical, non-transitory computer readable medionyg
and (C) program instroctions stored on the physical computer readable medium and
executable by at least one processor to cause the computing system to: (1) receive data
mdicating (a} one or mwove surgical target regions and (b) one or more surgical portals; (2)
determine a plurality of surgical pathways, wherein cach surgical pathway 1o the plurality of
surgical pathways compriscs (a) a respective swrgical target region of the one or more
surgical target regions and (b} a respective surgical portal of the one or more surgical portals;
(3) determine a phlorality of surgical approaches, wherein cach surgical approach in the
plurality of surgical approaches comprises at least a first determined sorgical pathway; (4) for
each surgical approach in the plurality of surgical approaches, determine at least one
approach characteristic, for cach determined surgical pathway in the vespective surgical
approach, deterovine at least one pathway characteristic, and determine a surgical-approach
ranking based on the determined at least one approach characieristic and the determined at
least one pathway characteristic; (5) select a subset of the plurality of surgieal approaches
based on the determined surgical approach rankings; and {6) cause an output device to
provide a representation of the selected subset of the phurality of surgical approaches.

{8011} In ancther aspect, a physical, non-transitory computer-readable medinm is
provided. The physical computer-readable mediom may mehide instructions that are
executable by a computing system to cause the computing system to perform functions. The
fonctions include: (1) receiving data indicating {a) one or more swrgical target regions and (b)
one or more surgical portals; (2) determining a plurality of surgical pathways, wherein each
surgical pathway in the plurality of surgical pathways comprises (a) a respective surgical
target region of the onc or more surgical target regions and (b} a respective surgical portal of

the one or more surgical portals; (3) determining a plurality of surgical approaches, wherein
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cach surgical approach in the plurality of sorgical approaches comprises at least a first
determined surgical pathway; (4) for each surgical approach in the phirality of surgical
approaches, determining at least one approach characteristic, for cach determined surgical
pathway in the respective surgical approach, determining at least one pathway characteristic,
and determining a surgical-approach ranking based on the determined at least one approach
characteristic and the determined at least one pathway characteristic; (5) selecting a subset of
the plorality of surgical approaches based on the determined surgical approach rankings; and
{(6) causing an output device to provide a representation of the selected sabset of the plurality
of surgical approaches.

{8812} In another aspect, another computer-implemented method s provided. The
method may involve: (1} receiving data for a patient indicating {(a) one or more surgical target
regions within the patient and (b) one or more surgical portals of the patient; (2} determining
a phlurahty of surgical pathways, wherein cach surgical pathway in the plurality of surgical
pathways compriscs {(a} a respective surgical target region of the one or more surgical target
regions and (b) a respective surgical portal of the ome or move surgical portals; (3)
deteroining 2 plorality of surgical approaches, wherein cach surgical approach in the
phurality of surgical approaches comprises at least a first determined sorgical pathway; (4) for
each sorgical approach in the plurality of surgical approaches, determining at least one
approach characteristic, for each determined surgical pathway in the vespective surgical
approach, detcrmining af least one pathway characteristic, and determining a surgical-
approach ranking based on the determined at least one approach characteristic and the
determined at lcast one pathway characteristic; (5) sclecting a subset of the plwrahity of
surgical approaches based on the determined surgical approach rankings; and (6) causing an
cutput device to provide a representation of the sciccted subset of the plurality of surgical

approaches.
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{8013} In another aspect, anocther computing system is provided. The computing
system may include: (A) an output device; {B) a physical, non-transitory computer readable
mediuny and () program instructions stored on the physical computer readable medium and
executable by at least one processor to cause the computing system to: (1) receive data for a
patient indicating {a) one or more surgical target regions within the patient and (b) one or
more surgical portals of the patient; (2) determine a plurality of surgical pathways, wherein
cach surgical pathway in the plurality of surgical pathways comprises (a) a respective
surgical target region of the one or more surgical target regions and (b) a respective surgical
portal of the one or more surgical portals; (3 determine 2 plurality of surgical approaches,
wherein cach surgical approach in the plurality of surgical approaches comprises at least a
first determined surgical pathway; (4} for each surgical approach in the plorality of surgical
approaches, determine at least one approach characteristic, for ecach determined surgical
pathway in the respective surgical approach, deteroune at least one pathway characteristic,
and determine a surgical-approach ranking based on the determined at least onc approach
characteristic and the determined at least one pathway characteristic; (5) select a subset of the
phurality of surgical approaches based on the determined surgical approach rankings; and (6)
cause an output device to provide a representation of the selected subset of the plurality of
surgical approaches.

[B014] In another aspect, another physical, non-transitory computer-readable mediom
is provided. The physical computer-readable medium may include instructions that are
executable by a computing system to cause the compating system to perform fimctions. The
functions inchude: (1) receiving data for a patient indicating (a) onc or more surgical target
regions within the patient and (b) one or more surgical portals of the patient; (2} determining
g plurality of surgical pathways, whercin cach surgical pathway in the plurality of surgical

pathways comprises {a) 4 respective surgical target region of the one or more surgical target
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regions and (b) a respective surgical portal of the one or more swrgical portals; (3)
determining a plarabity of surgical approaches, wherein cach surgical approach m the
phurality of surgical approaches comprises at least a first determined sorgical pathway; (4) for
each sorgical approach in the plurality of surgical approaches, determining at least one
approach characteristic, for cach determined surgical pathway in the vespective surgical
approach, determining at least one pathway characteristic, and detormining a surgical-
approach ranking based on the determined at least onc approach characteristic and the
determined at lcast one pathway characteristic; (5) sclecting a subset of the plwrahity of
surgical approaches based on the determined surgical approach rankings; and (6) causing an
cutput device to provide a representation of the sclecied subset of the plurality of surgical
approaches.

{8815 These as well as other aspects, advantages, and alternatives, will become
apparent to those of ordivary skill in the art by reading the following detailed description,

with reference where appropriate (o the accompanying drawings.
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BRIEF DESCRIPTION OF THE FIGURES
18016} Figure 1 shows a simplified block diagram of a computing system,
accordance with an cxample ermbodiment.
68171 Figure 2 shows an ilhistrative computer-readable medium, in accordance with

an example embodiment.

{8018] Figure 3A shows a first part of an llustrative method for sclecting surgical
approaches.

18019) Figure 3B shows a second part of the illustrative method for selecting surgical
approaches.

18620} Figure 4 shows an iHusirative three-dimensional model of a human skull
{8021} Figare § shows ilhustrative approach vectors indicating surgical portals within

an illustrative three-dimensional mode! of a human skull.

18022} Figure 6 shows an illustrative representation of aspects of a surgical pathway.
{8023} Figure 7 shows illustrative surgical pathways and an illusirative anatomical
plane within an illustrative three-dimensional model of 8 human skull.

16624} Figure B shows a chart that provides angles between jnstruments in a study of
fourteen subjects.

[B025] Figare ¢ shows a chart that provides angles between instruments and an

anatomical plane in the study of fourteen subjects.

[6026] Figure 18 shows an illosirative modular representation of a medel of 2 human
skoll.
{86271 Figure 11 shows a table of determined approach and pathway characteristics

for non-mdline surgical target regions in the study of fourteen subjects.
[8028] Figure 12 shows a table of determined approach and pathway characteristics

for midline surgical target regions in the study of fourteen subjects.
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{8029} Figure 13 shows a plot comparing determined approach characteristics to
measured approach characteristics.
8036} Figure 14 shows a plot comparing determined pathway characteristics to
measured approach characteristics.
{8831} Figure 18 shows a table of determined approach and pathway chavacteristics,

and measured approach and pathway characteristics, on four cadavers.
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BETAILED DESCRIPTION
16632} In the following detailed description, reference is made to the accompanying
figures, which form a part thereofl In the figures, similar symbols typically identify similar
compenents, unless context dictates otherwise, The tllustrative embodiments described in the
detailed description, figures, and claims are not meant to be Hmiting. Other embodiments
may be utilized, and other changes may be made, withowt departing from the spirit or scope
of the subject matter presented herein. It will be readily understood that aspects of the present
disclosure, as generally described herein, and illustrated in the figures, can be amanged,
substituted, combined, scparated, and/or designed i a wide varicty of different

configurations, all of which are explicitly contemplated herein.

i. Example Architecture

18033 Figure 1 shows a simplified block diagram of an example computing sysicm
100 in which the present method can be mmplemented. It should be vnderstood that this and
other arrangements described herein are set forth only as examples. Those skilled in the art
will appreciate that other arrangements and elements {e.g., machines, interfaces, functions,
orders, and groupings of functions, etc.} can be used insicad and that some clements may be
omitted altogether. Further, many of the elements described herein are functional entities that
may be implemented as discrete or distributed components or in conjunction with other
components, and in any suitable combination and location. Various functions described
herein as being performed by one or more entities may be carried out by hardware, firmware,
and/or software. And various functions described herein may be carried out by a processor

exceuting instructions stored n memory.

10
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{8034} As shown in Figure 1, computing system 100 may inchide processor 102, data
storage 104, and communmnication nterface 110, all linked together via system bus, network, or
other connection mechanism 112.

[B835] Processor 102 may mclhide one or more general purpose microprocessors
and/or one or more dedicated signal processors and may be integrated in whole or n part with
comuunication tierface 110, Data storage 104 may include memory and/or other storage
components, such as optical, magnetic, organic or other memory disc storage, which can be
volatile and/or non-volatile, internal and/or external, and integrated in whole or in part with
processor 102, Data storage 104 may be amanged to cowntain (i) program data 106 and
(ii} program logic 108. Although these components are described hercin as separate data
storage clements, the elements could just as well be physically integrated together or
distributed in various other ways. For example, program data 106 may be maintained in data
storage 104 separate from program logic 108, for casy updating and reference by program
logic 108.

18036} Compmmication mterface 110 typically functions to communicatively couple
computing system 100 to networks. As such, communication interface 110 may include a
wired {c.g., Ethernct) and/or wircless {e.g., Wi-Fi) packet-data interface, for communicating
with other devices, entitics, and/or networks, Computing system 100 may also include
multiple interfaces 110, such as one through which computing system 100 sends
communication, and one through which computing system 100 receives communication.
188371 Compaoting  system 100 may also include, or may be otherwise
communicatively coupled to, output device 120. Ouiput device 120 may include one or more
elements for commuuicating outputs, for example, one or more graphical displays 122 and/or
a speaker. In operation, user interface 120 may be configured to display a graphical user

mierface (GUY) via graphical display 122, corresponding to use of such a GUIL Qutput device

i
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120 may additionally or alternatively inchide a manufacturing machine, such as a printer. In
some embodiments, the manufactoring machine may be an additive manufactiring machine
124, also known as a three-dimensional printer. In operation, additive manufacturing machine
124 may be configured to provide one or more threc-dimensional representations of the
humen body, parts thereof, or elements associated with surgery from data representing a
three-dimensional model.

[6638] As noted above, in some embodiments, the disclosed methods may be
mnplemented by computer program instructions encoded on a physical, and/or non-transitory,
computer-readable storage media in a machine-readable format, or on othor nov-transitory
media or articles of manufachure. Figure 2 is a schematic illustrating a conceptual partial view
of an example computer program product that includes a computer program for executing a
computer process on a computing system, arranged according to at least some embodiments
presented herein.

{8639} in one embodiment, the exampie computer program product 206 is provided
using 4 signal bearing mediom 202, The signal bearing mediom 202 may include one or more
programming instructions 204 that, when executed by one or more processors raay provide
functionality or portions of the functionality described herein. In some cxamples, the signal
bearing medium 202 may encompass a computer-readable medium 206, such as, but not
Limited to, a hard disk drive, a Compact Dise (CD), a Digital Video Disk (DVD), a digital
tape, memory, cic. In some implementations, the signal bearing medium 202 may cocompass
a computer-recordable medivom 208, such as, but not fimited to, memory, read/write (R/W)
CDs, R/W DVDs, cte. In some implementations, the signal bearing mediom 202 may
encompass a communications medium 210, such as, but not limited to, a digital and/or an
anafog comumumication medivm {e.g, a fiber optic cable, a waveguide, a wired

communications link, a wireless commmunication link, etc.). Thus, for example, the signal
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bearing medium 202 may be conveyed by a wireless form of the commumications medium
210. It should be understood, however, that computer-readable medium 206, computer
recordable medium 208, and communications mediom 210 as contemplated herein are
distinct medivms and that, in any event, computer-readable mediam 208 is a physical,
non-transitory, computer-readable medivm.

18048} The one or more programuoving jostructions 204 may be, for example,
computer executable and/or logic implemented nstructions. In some examples, a computing
system such as the computing system 100 of Figure 1 may be configured to provide various
operations, functions, or actions in response to the progranuning nstructions 204 conveyed to
the computing system 100 by one or more of the computer readable medium 206, the

computer recordable medimm 208, and/or the communications medium 210,

Z, Example Method

{8041} Figures 3A and 3B show a flowchart depicting functions that can be carried
out in accordance with at least one embodiment of an example method. As shown i Figure
3A, method 300 begins at block 302 with a computing systers receiving data indicating (&)
onc or move surgical target regions and (I) one or more surgical portals. At block 304, the
computing system determines a plorality of surgical pathways, where cach surgical pathway
m the plurality of surgical pathways inchides {(a) a respective surgical target vegion of the one
or more surgical target regions and (b} a respective surgical portal of the one or more surgical
portals. At block 306, the computing system determines a plurality of surgical approaches,
where each surgical approach in the plurality of surgical approaches comprises at least a fivst
deternined surgical pathway. At block 308, for cach swrgical approach in the plorality of
surgical approaches, the computing system determines at least one approach characteristic. At

block 310, for each surgical approach in the plorality of surgical approaches, the computing
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system determines, for cach determined surgical pathway in the respective surgical approach,
at least one pathway characteristic. Turning to Figure 3B, method 300 continues at block 3172,
where, for each surgical approach in the plorality of surgical approaches, the computing
system determines a surgical-approach ranking based on the determined at least one approach
characteristic and the determined at least one pathway characteristic. At block 314, the
computing system sclects a subset of the plurality of surgical approaches based on the
determined swrgical approach rankings. At block 316, the computing system causes an output
device to provide a representation of the selected subset of the plurality of surgical
approaches.

18642] In some implementations, method 300 may be carried cut entirely, or in part,
by computing system 100, Other suitable computing systems may be used as well.

. Receive Data Indicating (A) One or More Surgical Target Reglons
and {(B) One or More Surgical Portals

[B043] At block 302, the computing system receives data indicating {(a) one or more
surgical target regions and (b) one or more surgical portals. For exanple, computing system
100 m Figure 1 may receive the data over system bus, network, or other connection
mechantsm 112, Jo some embodiments, the computer system may receive the imaging data
from a medical imaging machine, such as a magnetic resonance imaging (MRI) machine, a
positron emission tomography (PET) machine, or a computed tomography (CT) machine. In
other embodiments, the computing system may receive the imaging data from 3 computing
device via a network. In some embodiments, the computing system may receive the imaging
data via a transfor from a data storage device, such as a hard disk drive or a USB flash drive.
In other cmbodiments, the computing system may receive the imaging data via a transfer
from a data storage mediom, such as a3 CI-ROM disk. Many other examples are possible as

well.
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{8044} The data indicating the one or more surgical target regions may include data
defining the one or move surgical target regions as vohumes within a model. In planning for,
preparing for, or performing a surgery, data reprosenting a model of one or more anatomical
stractures may be provided o a8 computing system. In some embodiments, the data may also
define a three-dimensional (3-d) coordinate system. Each of the one or move anatomical
structures may include data points that define a respective volume within the three-
dimensional coordinate system for cach of the ong or more anatomical struchures. The dats
points that define volumes in the model may indicate specific sets of coordinates within the
3-d coordinate system, such as one or more (x,y,7) coordinates.

8045} In some cmbodiments, cach data point in the model may represent a voxel, or
volume element. In soch embodiments, each coordinate in the 3-d coordmate system may
reference a specific voxel. Each voxel may represent a physical volume.

8046} The anatomical structurcs may relate to the surgery. For example, the
anatomical structures may neighbor 2 region that may be operated on during surgery. In some
embodiments, anatomical structures not related to the surgery may also be provided n the
model. Such wwelated anatomical structures may assist in vispalization and orientation,
among other benefits.

{80471 The data representing the model may be provided via one or more medical
mmages that show one or more images of the luman body (or a part thereof). Such medical
images may be created using one or more of a variety of medical imaging techniques, such as
magnetic responance imaging MRI, PET, or CT. Gther types of medical images are
contemplated as well, such as ultrasound, tactile imaging, or photoacoustic imaging, among
other possibilities.

{88481 Such medical images may provide 3-d represeniations of the human body, or

the part thereof that has been imaged. The 3-d representations may be translated into the
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model of the one or more anatomical stractores. A 3-d representation may be provided from a
set of medical images, known as a scan. In some embodiments, a three-dimensional (3-d}
medical image may be provided by combining multiple two-dimensional (2-d) images as
layers to form a three-dimensional image. In other embodiments, the medical imaging
machine produces a three-dimensional medical image.

18049} In some embodiments, the model may indicate a representative human body or
part thereof. Such a representative human body or part thereof may be provided by
normalizing data from multiple medical images of different patients to form the
representative human body or part thercof. Tn other embodimends, the model may indicate a
patient's body or part thereof.

{8056} Figure 4 depicts an illustrative modei 400, Model 400 is a three-dimensional
representation of a human skall, In Figure 4, the three-dimensional model is depicted as two-
dimensional representations prescuted as fromd and side views of the three-dimensional
model, as shown. Model 400 may be provided by normalizing the data of medical scans of
the skulls from multiple subjects having normal skull anatomy. Tt should be wnderstood that
the particular model shown in Figure 4 is set forth for purposes of example and explanation
only. Other examples of models exist, and any such models may be within the scope of the
example method disclosed herein. For example, the model might include a three-dimensional
representation of a human abdomen. The model shown in Figure 4 should not be taken to be
Himiting,

{8051} The one or more surgical target regions may inclode a target pathology such as
a lesion. In some circumstances, the target pathology may be located within an anatomical
focation. Such an anatomical location may include a cavity within the body. Additionally or
alteraatively, the anatomical location may include an anatomical feature. The surgical target

region may define a three-dimensional volume within the three-dimensional coordinate
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system. For example, the surgical target region may include a brain lesion within the right
Meckel's cave, among many other possible examples. Conversely, the surgical target region
may inchude one or more anatomical features that are not currently affected by pathology, but
for which surgical manipulation is suggested for other reasons.

[B053] In some embodiments, such a surgical target region may be later manipulated

by one or more surgical instruments. In the case where the surgical target region inchides a

i
target pathology, manipulation of the surgical target region may be performed o remove the
pathology, for example, to remove a lesion. Manipulation of the surgical target region for
removal of the lesion may include various techmiques such as ablation. However,
manipulation of the surgical target region is not necessary to the method described herein.
{8853} In some embodiments, the one or more sargical target regions may include a
surgical margin. The surgical margin may define a region that fully or partially surrounds a
target pathology that may be excised during the surgery. For example, the surgical margin
may be an arca of tumor free tissue surrounding a tumoer that may be removed along with the
oY,

18054] For example, the one or more surgical target regions may be located within
onc or more of the following surgical target locations: pre-chiasmatic, post-chiasmatic, right
cavernous sinus, left cavernous sinus, right Meckel's Cave, left Meackel's Cave, right soperior
orbital fissure, left superior orbital fissure, third ventricle extension, basal cistern extension,
and clivus. The aforementioned cxample surgical target locations are located within the skull
However, one having skill in the art will appreciate that many examples of surgical target
regions in focations other than the skull are possible. Moreover, surgical target regions at
additional locations within the skull are possible as well. For cxample, surgical target regions

within the chest or abdomen are possible.
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{8055} The data indicating the one or more surgical portals may inclade data defining
the one or more surgical portals ag volumes within the model. The volumes may include data
points at a specific set of coordinates within the 3-d coordinate system, such as one or more
(x,y,7} coordinates. The surgical portals may be entry points into the human body. During
surgery, surgical instroments may be inserted into the surgical portal. Some surgical portals
may be openings, or orifices, into the buman body that provide entry points that case access
into the body. The transnasal porial is an example of an opening that provides access into the
skull, a part of the body. Other surgical portals may be entry points that ease access into the
skufl when some part of the human anatomy is displaced. For example, the transorbital and
supraorbital portals provide access into the skuli when the eve is displaced. Certain surgical
portals may be chosen for a particular sargery based on the relative location of the chosen
surgical portal to the surgical target region.

{8056} For example, the one or more surgical portals may oclude one or more of the
following surgical portals: right transnasal, left fransnasal, right superior lid crease {(superior
orbit wall), right lateral retrocanthal (lateral orbit wall), right transconjuctival (inferior orbit
wall), right precaroncular (medial orbital wall), left superior lid crease (superior orbital wail),
lcft lateral retrocanthal (lateral orbit wall), left transconjunctival (inferior orbital wall), and
left precaruncolar (medial orbital wall). The aforementioned example surgical portals are
located within the skull However, one having skill i the art will appreciate that many
cxamples of surgical portals in locations other than the skull are possible. For example, the
surgical portals may be located on the exterior of the chest or abdomen. Or, as another
example, the surgical portals may include the anus. Moreover, surgical portals at additional
locations within the skull are possible as weil

{8857} Figure 5 depicts an illustrative model 500 that shows example surgical portals

that arc mdicated by approach vectors 502, 504, 506, 508, and S10. The approach vectors
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may aid m visualization of the sorgical portals. Each of approach veetors 502, S04, 506, 508,
and 510 indicates a surgical portal at one end of the respective approach vector. Approach
vector 302 indicates the left precaruncular portal. Approach vector 504 indicates the left
superior id crease portal. Approach vector 506 indicates the left lateral retrocanthal portal
Approach vector 508 indicates the left transconjunctival portal. And, approach vector 510
ndicates the lefi travsnasal portal. The approach vectors indicating surgical portals are
provide for example only and should not be taken as Hmiting. Other surgical portals exist but

are not shown n this model.

i Receiving Data in 4 Study of Fourteen Subjects
{8858] In the study, a model of skufl base anatomy was provided by normalizing data

from 14 CT scans of normal skoell base anatomy from 14 patients incloding cight males and
six fomales vanging i age from 23 to 65. The pituitary gland, mternal carotid arteries,
Cavernous sinuses, optic nerves, and chiasm were defined as three-dimensional volumes in
the model.

6659} Eleven surgical target regions were identified that include: pre-chiasmatic,
post-chiasmatic, right cavernous sinus, left cavernous simus, right Meckel's Cave, left
Meckel's Cave, right superior orbital fissure, left superior orbital fissure, third ventricle
extension, basal cistern extension, and clivus.

{8066] Ten surgical portals that may provide access to the identified surgical target
regions were identified that include: right transnasal, left transnasal, right superior lid crease
{superior orbit wall), right lateral retrocanthal (lateral orbit wall), right transconjuctival
(inferior orbit wall), right precanuncular (medial orbital wall), left superior bd crease
(superior orbital wall), left lateral retrocanthal (latoral orbit wall), left transconjunctival
(inferior orbital wall), and Icft precaruncular (medial osbital wall). The ten surgical portals

were defined at the entry point into the skin or nasal vestibule. The transnasal eontry points
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were defined lateral to the nasal vestibule as limited by the pyriform apertire. The tranorbital
protals were defined at the four quadrants of the orbit wall, as noted above as the superior lid

crease, lateral retrocanthal, transconjuctival, and precaruncular,

b. Betermine Plurality of Surgical Pathways
[B061] At block 304, the compoting system determines a plorality of swrgical

pathways, where each surgical pathway in the plurality of surgical pathways inclades (a) a
respective surgical target region of the one or more surgical target regions and (b} a
respective surgical portal of the one or more surgical portals. In practice, for each surgical
pathway in the plurality of determined sorgical pathways, surgical instruments may be
mserted nto the surgical portal and through the surgical pathway, i order to access the
surgical target region. However, insertion of surgical instruments is not a necessary aspect of
the method described herein. The plurality of sorgical pathways may inclede various
combinations of the one or more surgical portals and the one or more surgical target regions.

18062} Determining the plurality of surgical pathways may include, for cach surgical
pathway in the plurality of surgical pathways, determining the data points within the model
that define a volume representing the respective surgical pathway that extends from the
respective surgical portal to the respective surgical target region. Along the length of cach
surgical pathtway, the arca of the cross section of the surgical pathway may be increased or
decreased to reflect the available space within the body allowed by neighboring anatomical
structures that have been provided in the model. For example, where the surgical pathway
imciudes a transorbital portal, the surgical pathway may narrow at the point along the surgical
pathway where the surgical pathway passes the eye, such that the cross section of the volume
may narrow at the point along the surgical pathway where the surgical pathway passes the

eye.
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18663} As one with skill in the art will appreciate, in seme circumstances, tissue may
be removed from a surgical pathway to create or widen the pathway for the passage of
surgical instruments, among other possible manipulations of the surgical pathway. In some
embodiments, removal of tissue may be performed in accordance with a known surgical
technique. Each respective surgical pathway may be represented as the surgical pathway
appears before or after the removal of tissue to alter the surgical pathway. In further
cmbodiments, the model may assist in planning the removal of tissue to alter the surgical
pathway by representing the surgical pathway before and/or after the removal of tissue.

{664} In some embodiments, the plurality of surgical pathways may include possible
combinations of the one or more surgical portals and the one or more surgical target regions.
For example, if the one or more surgical portals include three surgical portals (Iabelled for
dentification as A, B, & C) and one surgical target region (7), three surgical pathways may
be determined (A-z, B-z, & C-z). Or, if there are twerdy surgical portals and three surgical
target regions, sixty surgical pathways may be determined. In other crubodiments, fewer than
the total number of possible combinations may be determined.

[8065] Figure 6 depicts an illustration of a surgical pathway 600 that can be
understood to extend from a surgical portal to a surgical target region. Figure 6 is a simaplified
representation for the purpose of example and illustration. Surgical pathway 600 is
represented by three polygons having five vertices each that form a three-dimensional
volume, as shown. One polygon 602 represents the extent of the surgical portal. The second
polygon 604 represents the extent of the surgical target region. The third polygon 606
represents a narrow point in the surgical pathway. Additional or fewer polygons having more
or less vertices may be used to represent other surgical pathways. Oue baving skill in the art

will appreciate that other techniques for modeling the surgical pathway arc possible as well.
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¢ Betermine a Plurality of Surgical Approaches

{8866} At block 306, the computing system determines a plorality of surgical
approaches, where cach surgical approach in the plurality of surgical approaches inciudes at
least a first determined surgical pathway. In some embodiments, each surgical approach in
the plurality of surgical approaches may inchide a second determined surgical pathway. In
other embodiments, each surgical approach in the plorality of surgical approaches may
imclude a phurality of determined surgical pathways.

18067] Determining cach surgical approach in the plurality of surgical approaches
may fovolve choosing an appropriate surgical pathway or combination of surgical pathways
for a particular surgery. in some cmbodiments, determining each surgical approach in the
phorality of surgical approaches may involve choosing one or more surgical pathways throagh
which one or more surgical instrnimments can access the surgical target region for appropriate
action in relation to the surgical target region. For example, the particular surgery may
imvolve use of an endoscope for viewing the surgical target region and an instrument for
ablation of the surgical target region. In such an example, cach surgical approach in the
deterodned plurality of surgical approaches may include a surgical pathway that vay
accommodaie the endoscope and a surgical pathway that may acconunocdate the instrument
for ablation.

[B068] In some cmbodiments, choosing an appropriate surgical pathway or
combination of surgical pathways for a particular surgery may be based on parameters related
to the sorgery received by the compoting system. In some embodiments, the parameters
related to the surgery may be stored in a predetermined table. In other embodiments, the
parameters related to the surgery may be received as user input from a user, such as a

SUFgeon.
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18869} In some circumstances, there may be multiple appropriate surgical pathways
or combinations thercof that may be appropriate for the particular surgery. Therefore, a
plurality of surgical approaches may be determined, where cach surgical approach inclodes a
surgical pathway or combination of surgical pathways that may be appropriate for the

particular surgery.

i Determining Surgical Approaches In The Study of Fourteen
Subjects
{8076} fn the study, the left cavernous sinus was chosen as the surgical target region.

Two surgical jnstruments were assumed; thercfore cach surgical approach meluded two
surgical pathways. Eight surgical approaches were determined. The determined surgical
approaches are in Table 1, below. Since the target for cach surgical pathway is the same, the
surgical pathways arc identitied by their surgical portal.

Table 1. Determined Surgical Approaches

Surgical Approach Portal of First Portal of Second
To Left Cavernous Deterniined Determiined
Sinus Surgical Pathway | Surgical Pathway
1 Left trausnanal Right transuasal
2 Right transnasal Right reedial orbit
3 Left transnanal Right medial orbi
4 Right transnasal Right superior
orbit
5 Left transnanal Right superior
orbit
6 Right transnasal Lefi lateral orbit
7 Right medial orbst | Left lateral orbit
g Right niedial orhit | Lefi medial orbit
d. Petermine At Least One Approach Characteristic
{8671} At block 308, for cach determined surgical approach in the plurality of

surgical approaches, the computing system determines at least one approach characteristic.
The approach characteristic may be a quantitative quality that may cause a particular surgical
approach to be more or less appropriate for the parficular surgery. In some cmobodiments, the

approach characteristic may indicate a relationship between two or more surgical pathways.
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More particularly, the combination of surgical pathways in the surgical approach may lead to
more desirable or less desirable results.

8472} In some cmbodiments, onc or more surgical approaches in the plurality of
surgical approaches may further include a second determined surgical pathway. In such
embodiments, the at least one determined approach characteristic may include an angulation
between the first determined surgical pathway and the sccond determined surgical pathway.,
An angulation may be a characteristic that indicates an angle. As noted above, the surgical
pathways may be arranged to permit the msertion of surgical instroments. Where two surgical
mstroments are used, a relatively small angle, for example, less than 15°, may result i a
relatively small working distance between the two surgical instruments if both surgical
msinunents are each inserted into a respective determined surgical pathway to act in relation
to the surgical target region. In some circumstances, a relatively small angle may result in a
working distance that is inappropriately small, such that collisions between the two surgical
mstruments may result when the surgical mstruments are inserted into the surgical pathway.
16673} In some embodiments, the angle between the first determined surgical
pathway and the sccond deternmined surgical pathway may be calculated using the linear
algebraic relationship between two vectors in 3-d space. In such embodiments, the first
determined swgical pathway and the second determined surgical pathway may cach be
approximated by a first and second vector, respectively., The angle between the first
determined surgical pathway and the sccond determined surgical pathway may be calculated
asing the following relationship:

cos (By= AR/}

Al B

where A donotes the first vector, B denotes the second vector, A-B is the scalar product of

vectors A and B, and ||Al] denotes the magnitude of vector A,
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{8074} To approximate the surgical pathway as a vector, the surgical portal may be
approximated as a pomt in the model. For example, the surgical portal may be approximated
as a point with (x,y,2) coordinates. To approximate the surgical portal, the center of the
volume defined by the surgical portal may be determined. Similarly, the surgical target region
may be approximated as a single point in the model. For example, the surgical target region
may be approximated as a poind with (,y,z} coordinates. To approximate the surgical targe
region, the center of the volume defined by the surgical target region may be determined.
When both the surgical portal and the surgical target region are approximated as points in the
model, the surgical pathway involving the surgical portal and the surgical target region may
be approximated as a vector extending from the point approximating the surgical portal to the
point approximating the surgical target region.

[B075] In other embodiments, the approach characteristic may be a qualitative quality
that may cause a particular surgical approach to be more or less appropriate for the particular
surgery. In some cmbodimenis, a surgical approach that results in inappropriate displacement
of or collateral damage to neighboring anatomical structures may be assigned an approach
characteristic jndicating that qualuative quality. For exanple, a surgical approach may
incluade a first detormined surgical pathway and a second determined surgical pathway where
both the surgical pathways include surgical portals tnvolving the same orbit, such as the left
superior ld crease and the left precaruncular. Such a surgical approach may mvolve
mappropriate displacement of or damage {o the eye or orbil, among other possibilities.

8076} Figure 7 depicts an illustration of a model of a skull 700, as shown in a sidg-
view. Figure 7 further depicts surgical pathways 702 and 704 extending from a surgical portal

anr

to a surgical target region 706. For the purposes of explanation, surgical pathways 702 and

~

704 arc approximated as vectors in Figure 7. Surgical pathway 702 involves the lcft superior

lid crease portal. Surgical pathway 704 involves the left transnasal portal. The calculated
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angle between surgical pathway 702 and surgical pathway 704 i 33°, as shown. Surgical
pathways 702 and 704 are provided by way of exampie only, and should not be taken as

limiting. Many other examples of surgical pathways are possible.

i. Determining Approach Characteristics in the Study of Fourteen
Subjects.
18077) In the study of fourteen subjects, angulations between two surgical pathways

1 the cight determined surgical approaches were calculated for each of the fourteen subjects.
The results are shown W Figure 8. The possible angles between instruments ranged from
13.9° in the case of two transnasal portals, to 58.7° when a combination of medial and lateral
orbit portals was involved. In Figure 8, transnasal refers (o the left and right transnasal. R to

right, L to left, nose to transnasal, MO to medial orbit, and LG to lateral orbit.

e. Betermine At Least Oue Pathway Characteristic
[B478] At block 310, for each swrgical approach in the plurality of swgical

approaches, and for cach deternuned surgical pathway in the respective surgical approach, the
computing system determines at least one pathway characteristic. o some embodiments, for
cach detormined surgical pathway, the at least one determined pathway charactoristic
mehides at least one ofr (a) a pathway length; (b} an angulation between the determined
surgical pathway and an anatonycal plane; (¢} & volume of the deterovned surgical pathway;
(d) an intersccted anatomical structure; or (¢} a distance that an anatomical structure is
displaced to provide the swrgical pathway. In varicus embodiments, the pathway
characteristic may include at least one of, all of, or any combination of (a)-(¢). In some
cmbodiments, the pathway characteristic may be a quality that may cause g particular surgical
pathway to be more or less appropriate for the particular surgery.

18079] In some embodiments, the at least one pathway characteristic may inchide an

angulation (or angle} between the determined surgical pathway and an anatomical plane. In
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some circumstances, the angle between the particular surgical pathway and a particular
anatomical plane may cause that particular surgical pathway to be more or less appropriate
for the particular surgery.

{6086} The anatomical plane may include any anatomical plane that may be defined
m the model. For example, the anatomical plane may include a midsagittal plane or a skull
basc plane. In some embodiments, the anatomical plane may be defined by cheosing two sets
of data points in the 3-d model and then cxtending a plane between the two sets of data
points. For example, where the model defines a skull, the midsaggital plane and the skull base
may be defined by choosing data points at the crista galli and the posterior internal occipital
protuberance, and between the posterior clinoid processes and the tuberculum seliag,
respectively. Though anatomical planes relating to the skull have been provided as examples,
anatomical planes related to other portions of the body may be defined as well.

{8081} Returning to Figure 7, Figure 7 further depicts anatomical plane 708,
Anatomical plane involves the skull base plane. The calculated angle between anatomical
plane 708 and surgical pathway 702 is 16°, as shown. Anatomical plane 708 and surgical
pathway 702 are provided by way of example only, and should not be taken as luniting.
Many other examples of surgical pathways and anatomical planes are possible.

{8083} In some embodiments, the pathway characteristic may inchude a pathway
length. For each determined surgical pathway in the respective surgical approach, the
pathway length may be the distance from the sorgical portal to the surgical target region. As
noted above, in some embodiments, the surgical pathway may be approximated as a vector.
In such embodiments, the pathway length may be the magnitude of the vector. In other
embodiments, the length of the pathway may be calculated based on the distance between the
point in the surgical portal and the point in the surgical target region that are furthest from

one another, among other possible techniques.
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{8083} In some circumstances, 8 shorter pathway length may cause a particolar
surgical pathway to be move appropriate becausc a shorter pathway length may cause less
pathway trauma. Similarly, a longer pathway length may cause a particular surgical pathway
to be less appropriate because a shorter pathway length may cause more pathway trauma.
[B084] In other embodiments, the pathway characteristic may inchide a volume of the
determined surgical pathway. As noted above, in some embodiments, the determined surgical
pathway defines a volume in the model The volume of the surgicsl pathway may be
determined by determining the number of voxels m that define the velume and then
multiplying by the physical size that cach voxel represents. For exanmple, a voxel may
represent a space 1 millimeter (moy x 1 min x 1 mam. Therefore, a surgical pathway defining
a volume inchuding, for example, 10,0600 voxels, may have a vohime of 10,000 cubic
millimeters (10 cubic centimeters). Other techniques for determining the volume of the
determined surgical pathway arc possible as well,

[8085] in some embodiments, a larger volume may indicate that a particular surgical
pathway is more appropriate. For example, the larger volume may better accommodate
surgical instruments. However, i other circumstances, a particular surgical instrment nay
not rogquire 8 larger volume. In other circumstances, a smaller vohime may indicate that a
particular sgrgical pathway is less appropriate.

[B086] In further embodiments, the volome of the determined surgical pathway may
indicate the arca of a cross-scction. The arca of a cross-section of a particular surgical
pathway may be determined by calculating the nomber of voxels that are inchided in a cross-
section of the defined volume of a particular surgical pathway. A larger cross-section may
mdicate that a particular surgical pathway is more appropriate. For example, the larger cross-
section may betier accommodate surgical instruments. In other circumstances, 8 smaller

cross-section may indicate that a particular surgical pathway is less appropriate.
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{8087} In some embodiments, the pathway characteristic may include an intersected
anatomical structure. In some circumstances, intersection of a particular anatomical structure
may be inappropriate. For example, a particular surgical pathway that intersects a particular
anatomical structure may cause unacceptable damage to that intersected anatomical structure.
In such an example, the pathway characteristic that includes an ntersected anatomical
structure may indicate that the particular surgical pathway is less appropriate.

[8088] In some embodiments, the pathway characteristic may include a distance that
an anatomical structure 1s displaced to provide the surgical pathway. For example, where the
model provides a reproserdation of a skull, a swrgical pathway may require displacement of
the eye to form the swgical pathway involving a transorbital portal. The distance of
displacement of the anatomical feature may ndicate that a particular surgical approach is
more or less appropriate. For example, where the eye is displaced to form the surgical
pathway involving the transorbital portal, some extent of displacement of the cye may be
appropriate; however, a greater extent of displacement may be inappropriate.

1. Determining Pathway Charactevistics in the Study of Fourteen
Subjecis.

{8689} in the study of fourtcen subjects, for each of eight determined surgical
pathways, an angulation between the respective surgical pathway to the left cavernous sinus
with respect o the midsagiital planc was calculated for cach of the fourteen subjects. The
results are shown i Figure 9. The range of possibic angles between the pathway and the
plane was approximately 60°. In Figare 9, R refers to right, L to left, nose to transnasal, MO
to medial orbit, SO 1o superior orbit, and LG to lateral orbit.

1L, Determining  Additional  Approach and  Pathway
Characteristics in the Study of Fourteen Subjects.

180948 In the study of fourtecen subjects, approach and pathway characteristics for
additional surgical target regions located within the skoll were determined. Figure 11 prosents
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approach and pathway characteristics for nop-midline surgical targets regions inclading the
cavernous sinus, Meckel's cave, and the superior optic fissure. The symmetric surgical
approach combinations for cach surgical target region were averaged. For cxample, the
approach and pathway characteristics from the left transnasal and right medial orbit surgical
approach to reach a left side surgical target region were averaged with the right transnasal
and left medial orbit surgical approach to reach a right side surgical target region.
{8091} Figure 12 presents approach and pathway characteristics for midiine surgical
targets regions melading the prechiasmatic, postchiasmatic, third ventricle, basal cistern, and
clivas. Like the non-midline surgical target regions, the symmetric surgical approach
combinations for cach surgical target vegion were averaged.

f Betermine A Sorgical Approach Ranking
8092 Tumning to Figure 38, method 300 continues with biock 312, where, for each
surgical approach in the plurality of surgical approaches, the computing system determines 2
surgical-approach ranking based on the determined at least one approach characteristic and
the determined at least one pathway characteristic. As noted above, the approach
characteristics and pathway characteristics may cause particelar surgical approaches and
surgical pathways of the particular surgical approaches to be more or less appropriate. These
approach characteristics and pathway characteristics may be used to determine a surgical
approach ranking for cach deteroined surgical approach.
16893} In some embodiments, the determined surgical approaches in the plurality of
surgical approaches may be numerically ranked. For example, if there are 100 determined
surgical approaches in the plorality of surgical approaches, cach determined surgical
approaches in the plurality of surgical approaches may be assigned a rank from 1-100.
[6894] In some embodiments, the at least one approach characteristic of each

respective surgical approach o the plurality of surgical approaches may be assigned a
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npumerical value to assist in determining the surgical ranking of each surgical approach. For
example, a particular approach characteristic incloding an angulation between surgical
msiruments of more than 15 degrees may be assigned a nomerical value that indicates a
relatively more appropriate surgical approach than another approach characteristic including
an angulation between surgical instruments of less than 135 degrees. Similarly, the at least one
pathway characteristic of ecach respective surgical pathway in cach respective particular
surgical approach in the plurality of sorgical approaches may be assigned a nomerical value
to assist i determining the surgical ranking of cach surgical approach. For example, a
particular pathway characteristic having a pathway leogth of 50 num may be assigned a
numerical value that indicates a relatively more appropriate surgical approach than another
pathway characteristic including having a pathwvay length of 100 mm.
[B095] The at least one approach characteristic and the at least one pathway
characteristic may be weighted. For example, an approach characteristic including an
angulation between surgical instruments of more than 15 degrecs may causc a particular
surgical approach to have a relatively higher ranking than another approach or pathway
characteristic, such as a relatively short pathway length.
[8896] The sbove techniques for determining a3 surgical approach ranking arc
provided for example and explanation only and shoeld not be taken as limiting. One having
skill in the art will appreciate that there may be many techmiques for ranking surgical
approaches each having characteristics that may be used for comparison among surgical
approaches.

2. Select A Subset of Plurality of Sargical Approaches
18097] At block 314, the computing system sclects a subset of the plurality of surgical
approaches based on the determined surgical approach ravkings. In some embodiments, the

subset may be the group of surgical approaches used n practice, such as during surgery or in
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preparing for surgery. In other embodiments, the subset may be a group from which a aser,
such as a surgeon, chooses which surgical approaches to use in practice, such as during
SUFZELY.

[B098] In some embodiments, the subset of the phirality of surgical approaches may
melade one surgical approach. For example, the surgical approach in the phwality of surgical
approaches with the highest ranking may be selected to be the subset of the plurality of
surgical approaches. In some embodiments, the onc swgical approach in the subset the
plurality of surgical approaches may be used during surgery. The surgery may be virtual or
physical.

8099} In other embodiments, the subset of the phlurality of surgical approaches may
mclade more than one surgical approach. For example, the surgical approaches in the
phurality of surgical approaches with the five highest rankings may be selected 1o be the
subset of the plurality of surgical approaches. Or, the surgical appreaches in the plurality of
surgical approaches with the ten highest rankings may be selected to be the subset of the
plurality of surgical approaches. The number of surgical approaches in the subset of the
phurality of surgical approaches may vary. Tn sorae erobodiments, that computing system may
be configured to include a particular number of surgical approaches in the subset of the
phorality of surgical approaches.

i Selecting a Subset of the Plurality of Surgical Approaches in
the Study of Fourteen Subjects.

806186} In the study of fourteen subjects, a subset of surgical approaches was selected,
and the sclected surgical approaches for each surgical target region were performed on four
cadavers. Physical approach and pathway characteristics for cach respective surgical
approach were measwred. The results are presented in Figure 15, Comparisons of the

determined approach characteristics versus the physical measurements are shown in Figuves
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13 and 4. Figure 13 presents the determined apgulation (angles) between determined
surgical pathways in each surgical approach versus the measwred angles in a scatterplot
showing standard deviation and measurcment crror. Similarly, Figure 14 presenis the
determined pathway length (distance) for each surgical pathway in each surgical approach
versus the measured lengths in a scatterplot showing standard deviation and measurement
error. Both Figure 13 and Figure 14 show that the determained values were highly correlated
o the actual values. Specifically, the determined angulation {(angles) between determined
surgical pathways in cach surgical approach versus the measured angles had an 7’ value of
(.91, and the determined pathway length (distance) for each surgical pathway in cach surgical

approach versus the measured lengths had an R” value of 0.97,

z, Cause (utput Device To Provide A Representation Of Selected
Subset
180181} At block 316, the computing system causes an ouiput device to provide a

representation of the selected subset of the plurality of surgical approaches. For exampie,
computing system 100 may cause output device 120 to provide a representation of the
sclected subsct of the plurality of surgical approaches.

180162} In some embodiments, the output device includes a graphical display. In such
embodiments, causing the graphical display to provide the representation may involve
causing the graphical display to provide a three-dimensional graphical representation of the
determined representation. This arrangement may display the three-dimensional graphical
representation to the surgeon during the performance or planning of the surgery.

{80183 In other embodiments, the output device inchides an additive manufacturing
machine. In such embodiments, causing the additive mamufactoring machine to make the
representation may mvolve causing the additive manafacturing machine to provide a physical

representation of the determined representation.
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180184} In some embodiments, the representation provided by the output device may
be modular, such that the representation may inchide components that may be combined to
form the physical representation. In some embodiments, the representation may be
disassembled imto components. The modular representation may be a physical representation
ot a graphical representation, among other possibilities.

180185} In some embodiments, the components may include physical representations
of anatomical features. As noted above, the model may be provided by normalizing data from
multiple medical images of different patients to form the representative model. Similarly,
anatomical features represented within the model may be provided by normalizing data from
multipic medical images of differcnt patients. Such anatomical featores may be re-used from
patient to patient.

[B60166] Figure 10 depicts a representation 1000 of a model of a huwman skl
Representation 1000 15 modular such that the model includes componcots that may be
combined to form the representation. Representation 1000 may be a physical representation
or a graphical representation, among other possibilities.

180187} In some embodiments, the computing system determines a surgical plan based
on the selecied subset of surgical approaches. The surgical plan may be a particular surgical
approach used during the surgery, As noted above, the surgery may be surgery on a patient or
virtual surgery on a simulated patient. In some embodiments, the computing system may
imciude the highest ranked surgical approach in the subset of surgical approaches in the
surgical plan. In other cmbodiments, the computing system may receive data indicating the
appropriate surgical approach to include i the surgical plan. In some embodiments, the data
mdicating the appropriate surgical approach may be sent from an input device, such as a

touchscreen or 2 mouse and keyboard.
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[80188] In some embodiments, the computing system causes a swrgical nstroment to
move based on the selected subset of surgical approaches. For example, the computing
system may cause a computer-assisted surgical instrument to move based on the selected
subset of surgical approaches. Or, the computing system may cause a robotic surgical
mstrument to move based on the selected subset of surgical approaches. Such fnstruments
may be configured fo act in relation to the surgical target region.

186169 in some embodiments, the surgical mstrument may be coupled to a surgical
navigation system. In sach embodiments, causing the surgical instrament to move based on
the selected subsct may jovolve sending data representing the selected subset of surgical
approaches 0 one or more surgical navigation systems. In some embodiments, the surgical
navigation system may be configured to move the surgical instrument based on the data
representing the selected subset of surgical approaches. In other embodiments, the surgical
navigation sysfern may be configured to prevent movement of surgical instrurgents based on
the data representing the sclected subset of surgical approaches. The computing system may
also send data vepresenting clements, such as the one or more anatomical structures, 1n the
model to the one or more surgical navigations syster,

{80116 In some embodiments, the computing system may cause the representation of
the selected set of the phuality of surgical approaches to be displayed on a display of a
surgical navigation systern. The surgical navigation system may be coupled to an endoscope
that provides an image stream. The represcntation of the selected sei of the phwrality of
surgical approaches may be overlaid (e, superimposed) on the image stream. This
arrangement may allow the relative position of the endoscope to be compared to the sclected
set of the plurality of surgical approaches.

{80111} In some cmbodiments, the surgical instrument may be a virtual instrument. In

such emboediments, the sargical instrument may be represented in the model The surgical
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mstrument may move within the 3-d coordinate system defined by the model. For example,
the surgical instrument may move within the vohume defined by the surgical pathway. In
some embodiments, the surgical instrument is configured for one or more functions. For
example, a drill may be configured to bore holes. A virtual surgical mstrument that is
configured for one or more functions may be functional within the model. Such an
arrangement may simmulate surgery or a coraponent thereof,

{86112} In some embodiments, the surgical mstrument may be an endoscope. The
endoscope may be a physical endoscope or a virtual endoscope. In some cmbodiments,
causing a surgical instrument to move based on the selected subset of surgical approaches
may involve causing the endoscope to move based on the selected subset of surgical
approaches. When the swrgical mstroment is a virtual endoscope, causing a surgical
mstrument to move based on the selected subset of surgical approaches may be referred to as
virtual endoscopy. In further embodiments, the output device may be a graphical display, as
noted above. The graphical display may provide a representation of the model from the poimt
of view of the endoscope to simulate endoscopy. In some embodiments, the representation
may change as the endescope is moved. For example, the representation may reflect the point
of view of the endoscope as the endoscope is moved down a determined surgical pathway,
881131 In some emboediments, the selected subset of surgical approaches may indicate
physical coordinates. The surgical instroment may wmove according 1o the physical
coordinates. The surgical instrument may move in relation to the determined surgical
approach. For example, the surgical instrument may move along the surgical pathway to act
in relation to the surgical target region.

180114 In some embodiments, causing a surgical Instrnmment to move based on the
selected subset of surgical approaches involves sending data indicating surgical approach

coordinates to a surgical mstrument. For example, computing system (00 in Figure 1 may
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send the data indicating the selected subset of surgical approaches over system bus, network,
or other connection mechanism 112, In such embodiments, the data indicating surgical
approach coordinates may be arranged to cause a surgical instrument t¢ move based on the
sefocted subset of surgical approaches. Other examples are possible as well

881151 In some embodiments, the computing system causes the output device 1o
provide a pathway protection element based on a determined surgical patbway of the one or
more surgical approaches in the selected subset of the plurality of surgical approaches, where
the pathway protection element is configured for msertion in the determined surgical
pathway. Such an arrangement may reduce the risk of pathway trauma during surgery, in
some circumstances. The pathway protection clement may be physical, virtoal, or graphical,
among other possibilities.

{80116 In some embodiments, the pathway protection element may include data
ndicating one or more lock-ins and/or lock-outs. Lock-oms may indicate regions of the
model into which a surgical mstrument may be prevented from moving. Lock-ins may
mdicate regions of the model that a surgical instnument may be prevented from moving out
of. For example, a particular surgical pathway may be identified as a lock-in and a particular
surgical instrament may be prevented from moving out of that surgical pathway. In some
embodiments, anatomical structures in the model may be identified as lock-outs.

{80117 In embodiments when the computing system causes a surgical instrument to
move based on the sclected subset of surgical approaches, the lock-ins and/or lock-outs may
prevent the surgical instrument from moving out of or into particular regions, such as
particular anatomical structures. In other embodiments, a warning may be provided when a
surgical instrimuent approaches the boundary of a lock-in or lock-out. In an crobodiment, the
surgical margin may be a lock-in. For example, a particular surgical instrument used to excise

a particular target pathology may be prevenied from moving outside of the tumor margin,
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This arrangement may goide movement of a surgical instrument. For example, to excise a
fumor, the surgeon may move a surgical instrument along borders of the lock-in region. The
surgeon’s movements may be guoided {or himited) by the extent of the lock-in region. This
arrangement may reduce the risk of damage to tissues surrounding the target pathology,
among other potential benefits,

180118 In some embodiments, the computing system may receive data representing
performed surgery. The data representing the performed surgery may include data indicating
movement of one or more surgical instroments used during the surgery. In some
embodiments, the data may also inclade the position, acceleration, and velocity of surgical
instruments used during the surgery.

{80119 In some embodiments, the computing system may determine one or more
surgical performance parameters based on the data indicating the performed surgery. The
surgical performance parameters may tochude, for example, time duration of the surgery, a
pumber of surgical mstroments used during the surgery, a number of surgical pathway
violations, and a nomber of warnings provided during the surgery. The data indicating the
performed surgery and/or the surgical performance parameters may be stored by the
computing system, a remote server, of by another type of storage device. In some
embodiments, the surgical performance parameters from a particular surgery may be used to
evaluate the sargery. In further embodiments, surgical performance parameters determined
from data received from different performed surgeries may be used to track the surgical
performance parameters over time, such as to track the progress of a particular surgeon. In
some embodiments, the performed surgery may be assigned a score based on the determined
one ot more surgical performance parameters.

[80128] In some embodiments, the output device may provide a representation of an

mplant based on the model. For example, the model may indicate an anatomical structure for
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which an implant may be appropriate, such as a fractred bone or an anatomical defect. The
representations may be physical or graphical. The provided representation of an implant may
be used duoring the surgery to repair the damaged apatomical structure. For example, a
provided physical representation, such as an orbital floor fracture repair implant, may be ased
at the time of surgery.

3. Conclusion

80121} While various aspecis and ¢mbodiments have been disclosed herein, other
aspects and embodiments will be apparent to those skilled in the art. For example, with
respoct to the flow charts depicted in the figures and discussed herein, functions described as
blocks may be executed out of order from that shown or discussed, inchuding substantially
concurrent or in reverse order, depending on the functionality involved. Forther, more or
fewer blocks and/or functions may be used and/or flow charts may be combined with one
another, in part or in whole.

186122} The various aspects and cmbodiments disclosed herein are for purposes of
ithustration and are not intended to be Hmiting, with the true scope and spirit being indicated
by the following claims. Other embodiments can be utilized, and other changes can be made,

without departing from the spirit or scope of the subject matter presented herein.
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CLAIMS

We claim:
i A computer-implemented method comprising:
receiving data indicating (a) one or more surgical target regions and (b) one or more
surgical portals;
determining a plurality of surgical pathways, whercin cach surgical pathway in the
plurality of surgical pathways comprises (a) a respective surgical target region of the one or
more surgical target regions and (b) a respective surgical portal of the ove or more surgical
portals;
determining a phirality of sargical approaches, wherein each surgical approach in the
plurality of surgical approaches comprises at least a first determined surgical pathway;
for cach surgical approach in the plurality of surgical approaches,
determining at least one approach characteristic,
for each determined surgical pathway in the respective surgical approach,
determining at least one pathway characteristic, and
determining a surgical-approach ranking based on the determined at least one
approach characteristic and the determined at least one pathway characteristic;
sclecting a subset of the plurality of surgical approaches based on the determined
surgical approach rankings: and
causing an output device to provide a representation of the selected subset of the

plurality of surgical approaches.

2. The method of claim 1, wherein the output device comprises a graphical

display, and wherein causing the graphical display to provide the representation comprises
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causing the graphical display to provide a three-dimensional graphical representation of the

determined representation.

3 The method of claim 1, wherein the outpot device comprises an additive
manufacturing machine; and wherein causing the additive manufacturing machine to make
the represcutation comprises causing the additive manufacturing machine to provide a

physical representation of the detormined representation.

4. The method of any of claims 1-3, further comprising:

causing the oulput device to provide a pathway protection clement based on a
determined sorgical pathway of the one or mwore surgical approaches in the selected subset of
the plurality of surgical approaches, wherein the pathway protection element is configured for

msertion in the determined surgical pathway,

(¥,

The method of any of claims 1-4, wherein one or more surgical approaches in
the plurality of surgical approaches further comprise a second determined surgical pathway,
and wherein the at least one determined approach charactoristic comprises an anguiation
between the first determined surgical pathway and the second determined swrgical pathway.

6. The method of any of claims 1-35, wherein, for cach determined surgical
pathway, the at least one determined pathovay charvacteristic comprises at least one of: {(8) a
pathway length; (b) sn angulation botween the determined surgical pathway and an
anatomical plang; (¢} a velume of the determined surgical pathway; {(d} an imtersected

anatomical structure; or (¢) a distance that an anatomical structure is displaced to provide the

surgical pathway,

e
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7. The method of any of claims 1-6, further comprising:
causing a surgical instrument to move based on the sclected subset of surgical

approaches.

8. A compputing syster comprising:
an output device;
a physical computer readable medium; and
program ifostructions stored on the physical computer teadable medium and
gxecutable by at least one processor (o
receive data indicating (a) one or more surgical target regions and (b) one or
more surgical portals;
deteromine a plurality of surgical pathways, wherein each surgical pathway in
the plurality of surgical pathways cormprises (a) a respective surgical target region of
the one or more surgical target vegions and (b) a respective surgical portal of the one
or more surgical portals;
determine a plurality of surgical approaches, wherein cach surgical approach
in the phwality of surgical approaches comprises at least a first determined surgical
pathway;
for each surgical approach in the plurality of surgical approaches,
determine at least one approach characteristic,
for cach determined surgical pathway in the respective surgical

approach, determine at least one pathway characteristic, and
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determine a surgical-approach ranking based on the determined at least
one approach characteristic and the determined at least ome pathway
characteristic;
select a subset of the plarality of surgical approaches based on the determined
surgical approach rankings; and
cause an output device to provide a representation of the selected subset of the

plurality of surgical approaches.

9. The conputing system of claim 8, wherein the output device conprises a
graphical display, and wherein causing the graphical display to provide the representation
comprises causing the graphical display to provide a three-dimensional graphical

representation of the determined representation.

10.  The computing system of claim 8, whercin the output device comprises an
additive manufacturing machine; and wherein causing the additive manufacturing machine to
make the representation comprises causing the additive manufacturing machine to provide a

physical represcntation of the determived representation.

1. The computing sysiem of any of claims §-10, wherein the program
mstructions are further executable by at least one processor io:

cause an ouiput device to provide a pathway protection clement based on a
determined surgical pathway of the one or more surgical approaches in the selected subset of
the plurality of surgical approaches, wherein the pathway protection element is configured for

insertion in the determined surgical pathway.
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12, The computing system of any of claims &-11, wherein one or more surgical
approaches n the plurality of surgical approaches further comprise a second determined
surgical pathway, and whercin the at least one determined approach characieristic comprises
an angulation between the fivst determined surgical pathway and the second determined

surgical pathway,

13,  The computing system of any of claims 8-12, wherein, for cach determined
surgical pathway, the at least one determined pathway characteristic comprises at least one
of! (1) a pathway fength; (b} an angulation between the determined surgical patbway and an
anatomical plang; (¢} a volume of the determined surgical pathway; {(d} an imtersected
anatomical structare; or (¢) a distance that an anatomical structure is displaced to provide the

surgical pathway,

14. The computing system of any of claims 12-13, whercin the program
mstructions are further executable by at least one processor to:
cause a surgical instrument to move based on the selected subset of surgical

approaches.

15, A physical computer readable medium having stored thercin instroctions
cxecutable by a computing system to cause the compuiing system to perform functions
comprising:

receiving data mdicating (a) one or more surgical target vegions and (b} one or more
surgical portals;

determining s plurality of surgical pathways, wherein cach surgical pathway in the

phurality of surgical pathways comprises (a) a respective surgical target region of the one or

44



WO 2014/093880 PCT/US2013/075115

more surgical target regions and (b) a respective surgical porial of the one or more surgical
portals;
determining a plurality of surgical approaches, whercin cach surgical approach in the
plurality of surgical approaches comprises at least a first determined surgical pathway;
for cach surgical approach n the plurality of surgical approaches,
determining at least one approach characteristic,
for each determined surgical pathway in the respective surgical approach,
determining at least one pathway characteristic, and
determining a surgical-approach ranking based on the determined at least one
approach characteristic and the determined at least one pathway characteristic;
sclecting a subset of the plurality of surgical approaches based on the determined
surgical approach rankings; and
causing an output device to provide a representation of the sclected subset of the

phurality of surgical approaches.

16. The physical computer readable medium of claim 15, wherein the output
device comprises a graphical display, and wherein causing the graphical display to provide
the representation comprises causing the graphical display to provide a three-dimensional

graphical representation of the determined representation.

17.  The physical computer readable mediom of claim 15, wherein the output
device comprises an additive mamsfacturing machine; and wherein causing the additive
manufaciuring machine to make the representation comprises causing the additive

manufacturing machine to provide a physical representation of the determined representation.
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18, The physical computer readable medimm of any of claims 15-17, further
comprising:

causing the ouiput device to provide a pathway protection clement based on a
determined sorgical pathway of the one or mwore surgical approaches in the selected subset of
the plurality of surgical approaches, wherein the pathway protection element is configured for

msertion in the determined surgical pathway,

19, The physical computer readable medivim of any of claims 15-18, wheren one
or more surgical approaches in the phlurality of surgical approaches further comprise a second
determined surgical pathway, and wherein the at least one determined approach characieristic
comprises an angulation between the first determined surgical pathway and the second

determined surgical pathway.

20.  The physical computer readable medim of any of claims 13-19, wherein, for
cach determined surgical pathway, the at least one determined pathway characteristic
comprises at least one of: {a) a pathway length; (b) an angulation between the determined
surgical pathway and an anatomical plane; (¢} a volume of the determined surgical pathway;
(d) an mtersected anatomycal structure; or (o) a distance that an anatomical struchre is

displaced to provide the surgical pathway.

21, The physical computer readable medim of any of claims 15-20, further
comprising:
causing a surgical mstrument to move based on the sclected subset of surgical

approaches.
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22 A computer-implemented method comprising:
receiving data for a patient indicating (a) onc or more surgical target regions within
the patient and (b} one or more surgical portals of the patient;
determining a plorality of surgical pathways, wherein cach surgical pathway in the
phurality of surgical pathways comprises (a) a respective surgical target region of the one or
more swrgical target regions and (b} a respective surgical portal of the one or more surgical
portals;
determining a plurality of surgical approaches, wherein each surgical approach in the
plurality of surgical approaches comprises at least a first determived surgical pathway;
for each determined surgical approach in the plarality of surgical approaches,
determining at least one approach characteristic,
for cach surgical pathway in the respective surgical approach, determining at
lcast one pathway characteristic, and
determining a surgical-approach ranking based on the determined at least one
approach characteristic and the determined at least one pathway characteristic;
sclecting a subset of the plurality of surgical approaches based on the determined
surgical approach rankings; and
causing an output device to provide a representation of the selected subset of the

phuirality of surgical approaches.

23, The method of claim 22, wherein the outpot device comprises 8 graphical
display, and wherein causing the graphical display to provide the represeuntation comprises
causing the graphical display to provide a three-dimensional graphical representation of the

determined representation.
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24, The methed of claim 22, wherein the output device comprises an additive
manufacturing machine; and wherein causing the additive manufacturing machine to make
the representation compriscs causing the additive manufactiring machine to provide a

physical representation of the determined representation,

25.  The method of any of claims 22-24, further comprising:

causing the output device to provide a pathway protection element based on a
deternined surgical pathway of the one or more surgical approaches in the sclected subset of
the plurality of surgical approaches, wherein the pathway protection element is configured for

nsertion in the determined surgical pathway.

26, The method of any of claims 22-25, whercin one or more surgical approaches
in the plurality of surgical approaches further comprise a second determined surgical
pathway, and wherein the at least one determined approach characteristic comprises an
angulation between the first determived surgical pathway and the second determined surgical

pathway.

27, The method of any of claims 22-26, wherein, for each determined surgical
pathway, the at least one determined pathway characteristic comprises at least one of: {(a) a
pathway length; (b) an angulation between the determined surgical pathway and an
anatomical plane; (¢) a volume of the determined surgical pathway; {d) an intersected

anatomical structure; or (@) a distance that an anatomical structure 15 displaced to provide the

surgical pathway.
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28. The method of any of claims 22-27, Awther comprising:
causing a surgical instrument to move based on the selected subsct of surgical

approaches.

A A computing system comprising:
an output devieg;
a physical computer readable mediom; and
program instructions stored on the physical computer readable medium and
exceutable by at least one processor to:
receive data for a patient indicating (a) one or more surgical target regions within the
patient and (b) one or move surgical portals of the patient;
determine a plorality of surgical pathways, wherein each surgical pathway m the
plurality of surgical pathways comprises (a) a respective surgical target region of the one or
more surgical target regions and (b) a respective surgical portal of the one or more surgical
portals;
determine a plurality of surgical approaches, wherein each surgical approach in the
plurality of surgical approaches comprises at least a first determined surgical pathway;
for cach determined surgical approach in the phirality of surgical approaches,
determine at least one approach characteristic,
for cach surgical pathway in the respective surgical approach, defermine at
least one pathway characteristic, and
determine a surgical-approach ranking based on the determined at least one
approach characteristic and the determined at least one pathway characteristic;
select a subset of the plorality of surgical approaches based on the determined surgical

approach rankings; and
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cause an output device to provide a representation of the selected subset of the

plurality of sargical approaches.

30, The computing system of claim 29, wherein the output device comprises a
graphical display, and wherein causing the graphical display to provide the representation

comprises causing the graphical display to provide a three-dimensional grapbical

representation of the determined representation.

31 The computing system of claim 29, wherein the output device comprises an
additive manufacturing machine; and wherein causing the additive manufacturing machine to
make the representation comprises causing the additive manufactiring machine to provide a

physical representation of the determined representation,

32, The computing system of any of claims 29-31, whercin the program
mstructions are further executable by at least one processor to:

cause an output device to provide a pathway protection clement based on a
determined surgical pathway of the onc or more surgical approaches in the sclected subset of
the phurality of surgical approaches, wherein the pathway protection clement is configured for

msertion in the determined surgical pathway.

33.  The computing system of any of claims 29-32, wherein one or more surgical
approaches n the plurality of surgical approaches further comprise a second determined
surgical pathway, and whercin the at lcast one determined approach characteristic conprises
an angulation between the first dotermined surgical pathway and the second determined

surgical pathway,
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34. The computing system of any of claims 29-33, wherein, for each determined
surgical pathway, the at least one determined pathway characteristic comprises at least one
of: (a) a pathway length; (b} an angolation between the determined surgical pathway and an
anatomical plane; (¢} a volume of the determined surgical pathway; {d} an intersected
anatomical structure; or (o) a distance that an anatomical structure is displaced to provide the

surgical pathhway.

N

35. The computing system of any of claims 29-34, wherein the program

i

nsiructions are further executable by at least one processor to:
cause a surgical instniment to move based on the selected subset of surgical

approaches.

36, A physical computer readable medium having stored therein insfructions
executable by a computing systern 1o cause the computing system to perform fimetions
comprising:

receiving data for a paticnt indicating (a) one or more surgical target regions within
the patient and (b) one or more surgical portals of the patient;

deternuining a plurality of surgical pathways, wherein each surgical pathway in the
phurality of surgical pathways comprises (a) a respective surgical target region of the one or
more surgical target regions and (b) a vespective surgical porial of the one or more surgical
portals;

determining a plurality of surgical approaches, wherein cach surgical approach in the
plurality of surgical approaches comprises at least a first determined surgical pathway;

for cach determined surgical approach in the phwality of surgical approaches,

5
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determining at least one approach characteristic,

for cach surgical pathway in the respective surgical approach, determining at
lcast one pathway characteristic, and

determining a surgical-approach ranking based on the determined at least one
approach characteristic and the determined at least one pathway characteristic;
sclecting a subset of the plurality of surgical approaches based on the detormined

surgical approach rankings: and

causing an output device to provide a representation of the selected subset of the

phuirality of surgical approaches.

37.  The physical computer readable mediim of claim 36, wherein the outpuat
device comprises a graphical display, and wherein causing the graphical display to provide
the representation comprises causing the graphical display to provide a three-dimensional

graphical representation of the determined representation.

38. The physical computer readable medium of claim 36, wherein the output
device comprises an additive manufacturing machine; and wherein causing the additive
manufacturing machine to make the representation comprises caosing the additive

manufacturing machine to provide a physical representation of the determined representation.

39, The physical computer readabie medimm of any of claims 36-38, further
comprising:
causing the output device io provide a pathway protection clement based on a

determined surgical pathway of the onc or more surgical approaches in the sclected subset of
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the plurality of surgical approaches, wherein the pathway protection element is configured for

msertion n the determined surgical pathway.

40.  The physical computer readable mediom of any of claims 36-39, wherein one
of more surgical approaches in the plarality of surgical approaches further comprise a second
determined surgical pathway, and wherein the at lcast one determined approach characteristic
comprises an asngulation between the first determined surgical pathway and the second

determined surgical pathway.

41, The physical computer readable medivm of any of claims 36-40, wherein, for
cach determined surgical pathway, the at least one determined pathway characteristic
comprises at least one oft {a) a pathway length; (b) an angulation between the determined
surgical pathway and an anatomical plane; (¢) & volume of the determined surgical pathway;
{d} an intersected anafomical structure; or (o) a distance that an anatomical structure is

displaced to provide the surgical pathway.

42, The physical computer readable medium of any of claims 36-41, further
comprising:
causing a surgical instrument to mwove based on the selected subset of surgical

approaches.
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