Theory and Method to Enhance
Computerintegrated Surgical Systems

TamasHaidegger, ABD

Lab. of Biomedical Engineering, Budapdsiversity of Technology arieconomics (BME)
Austrian Center for Medical Innovation and Technology (ACMIT)

_ _ - ERC/LCSR Seminar
MO ES T ey 02.23.2011. Homewood, Baltimore E’Lﬁ”m

MUOEGYETEM 1782



Background ERC/LCSR Seminz

200/c08: visiting scholar at CISST ERC
A Working with DrKazanzidest al.

A Skull base surgery project
A Surgery for engineers course
A Winter School on CIS

A Several conferences

A Medical trade shows
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Motivation ERC/LCSR Seminz

Errors in interventional medicine
wCommission:doing the wrong thing
wOmission:  not doing the right thing
wExecution: doing the right thing incorrectly
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Concept of CIS ERC/LCSR Seminz

Information
Patient-specific
\ Information
‘ ’( ( Images, lab

General information

( anatomic atlases,
statistics, rules)

.\ results, genetics,
etc.)

[Taylor et al. 2008]

Execution
N\
\ Ve
PSP INIVES
4 ofe NS f } ‘
N\ AN Owxgofy §
N ' ati{m
' Surgical CAD/CAM
o
‘ Patient-specific evaluation

Surgical TQM

N

Statistical analysis




Patient treatment ERC/LCSR Semin:

Errors mean risk and danger
No routine operation

Inherentdanger originating form HW&SW
¢ Robot structure Ready

¢ End effectors Run APENDICE A
¢ Sterility Type mismatch DAR
¢ Software bug Ready A
¢ Interference of devices Ru n Agendice 6 £ A 17
C eftc. _ Syntax error o= : ‘7
¢ Ready e
Ru n Agpendice 8 | _
Appendice  not found” = )-f'j‘?

Ready 7 R

a Errorsin CIS «



Sources of errors ERC/LCSR Semin:

wlmaging errors ‘ (.“) ;

wVolume model generation errors . ] .
wlreatment planning errors ’

wRegistration errors

wErrors introduced by hardwaréxturing

wintra-operative data noise

winherent inaccuracies of surgical tools and actions
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a Errorsin CIS «
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Facing the challenges in CIS

Different approaches
Investigating methods to improve the accuracy of treatment delivery

wHumanin-the-loop control wRegistration (imagd)ased
¢ Leave the mappintp the surgeon ¢ Human oversight
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a Errorsin CIS «
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Accuracy metrics ERCILCSR Semin:

From medical imaging

Handling pointbased registration [Maurer et al. 1997]
wFiducial Localization Error (FLE)

wFiducial Registration Error (FRE) QR A
o Target Registration Error (TRE) 1‘ ............................ T .......... TRE’FLE4
| M ) i qZ;FLEz p‘/éqz
ol . &
M oy
q,

wTRE and FRE are not correlated
wSeriously constraining assumptions p [— [Ij
e.g. isotropic Gaussian noise

wCompanies tend to use wrong metrics

a Errorsin CIS «




Accuracy metrics Il

Originating from the industry

Inherent accuracy of system components
A Accuracy vs. repeatability

Use of phantoms (artifacts) for testing
ATrying to replicate clinical conditions as much as |
possible low repestability

low accuracy,
high repeatability

Problems with measurements
Accuracy ofreatment deliveryis important

ADifficult to measure routinely W
-z . . low repeatability
ASingle numbers are not meaningful

Ultimate goal is

task specific measurement of uncertainty

high accuracy,
high repeatability

[Simon et al. 1995



ERC/LCSR Semine

Accuracy numbers

Intrinsic Application
Robot Company Repeat. PP
accuracy accuracy
Puma 200 Memorial Medical Center 0.05 2
Int. Surgical Systems Inc.
ROBODOC CurexoTech. Corporation 0.5¢1.0 1.0¢2.0 c
Inn. Medical Machines Int.| 7 75/ g 0.86+0.32 &=
NeuroMate | Int. Surgical Systemsinc|{ ' 0.15 RN
" Renishavele | 0.36+0.17 1.95+0.44 S
daVinci Intuitive Surgical Inc 1.35 =
" 1 1.02£0.58 “5
daVinci S Intuitive Surgical Inc. 1.05+0.24 §
: 0.42+0.4 ©
CyberKnife A :
yDErRH! roureine 0.93:029
B-Rob | ARC Gmbtseibersdorf 1.48+0.62 <
0.66+0.27
B-Rob Il ACMIT (ARC GmbH
ob (ARG EmbR) 1.1+0.8
SpineAssist | MazorSurgical Technologie 0.87+0.63




Improving CIS systems ERC/LCSR Semin:

Achievable accuracy

wintrinsic (technical) accuracy(0.1¢0.6 mm)
wRegistration accuracy (0.2c3 mm)
wApplication accuracy (0.6¢10 mm)

Reducing errors

w Reducing the error due to imperfect calculations
w Eliminating the disturbance of patient motion
w Network delay management beleoperation

a Errorsin CIS «



Error in integrated systems ERC/LCSR Semins

Integrated IGS setups PATID __ TRBrp | CAM | DRBrp | PAT

POI POI TRB CAM DRB

UL = f(t) + f(At)
B AT R v,z 0, 0, ]

‘["/LF‘Navigation System
CAM
( ) \ Tool Rigid Body (TRB)
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Propagation of errors ERC/LCSR Semine

Erroneous transformation matrix calculation

"T=/T-AT and AT, ~ 1+ 6N

— —

Te(n.0) = N whereN=| n- 0 —n,
—n, n, 0

A A A
A B TRot ’ A B TTrans ~ A BTTrans

X4 = X4 + AXy

-

Xp = ﬁTXA = Xp + AXp
AXB — gTRm(QNXA + AXA + Agrl‘rl“ransa)

where Xis a 3D point ang is an angle of rotation.

o Error propagation =



Propagation of errors Il ERCILCSR Semin:

Covariance matrix based approximation
ZXI. = E{AX@AX;T} = E{(X; — i;) (X; — i,‘)T}

Xp = f(Xa,t)
axy = 2 (;‘1;4 ) = J At
At = (J3J7)~ JjAX
Error covariance: rz—x;’f?
o= E{AAC) = ()T | 5 (@) )
0 Iy, |

Propagation: £ = E{(J;Axa)(J;Axa)'} = JyEy, J;
B =J By = (P Jp)™

t=[x.v.2.0,0.y] [Bauer et al. 2006]



Stochastic approach to CIS ERC/LCSR Semin

Modeling for complex system noise
ror I = f(t) + f(At)

Calculate the integral of the probabillity distribution function
over the unsafe region (e.g., out of a Virtual Fixture):

P (POI ¢ VF) = / f(t)dt
t¢VF
Scaling for safety features to critical locations:
n = W1P(POI ¢ VF[) +wH P (POI t;'rf VFQ) + ...

Stochastic approach allows to derive the distribution of the erroneous POI

o Error propagation =



Application to Integrated SyStems erciicsr semin

Modeling for complex system noise
STD: [0.32, 0.28, 0.30, 0.002, 0.003, 0,005] &|x.v.z,¢. 6. V|

Translational error distribution
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Application to integrated systems ErciLcsr semin

Modeling for complex system noise
Pre-operation simulation
A Allows for estimation of real accuracy
A Notification of error distribution
A Optimal positioning of the devices

P (POI € VF) =
0.438 for the 0.2 mm VF
0.214 for the 0.4 mm VF



AppliCatiOn ERC/LCSR Seminz

Skull base drilling robot at CISST ERC
Pl. Dr. PeteKazanzides

wNeuroMaterobot (Integrated Surgical Systems Inc.)
A5 DOF serial, FDA cleared
w StealthStation surgical navigat@vedtronicNavigation Ing
AFDA cleared = = e
wWBDOF force sens¢dR3 Inc.) g J"s"'.“s"“'""\"'ﬁ |
wSurgical bone driAnspaciCo.) |
wSlicer 3D
wControlPC

ol StealthStation

3D Slicer for

- w visualizaﬁon‘




The JHU neurosurgery robot system
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System OperatiOnS ERC/LCSR Seminz

StealthStation
camera

Tool position

NeuroMate
L s Y robot

Marker positions

Force
readings
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Accuracy measurements | ERC/LCSR Semin

Using the Nebraska phantom
(draft ASTM standard)

I NeuroMate robot
A0.36 mm FRE
A0.34+0.17 mm TRE

| StealthStation navigation system
AWith handheld probe
» 0.51+0.42 mm TRE (FRE: 0.52 mm)
AWith the Robot Rigid Body
» 0.49+£0.22 mm TRE (FRE: 0.49 mm)

: Lot ' ."W - ' )
o Error propagation =




Stochastic approach to error estimation

Results for the JHU system

PCA showed that 2 axes account for :
99.7% of the variance along or@ane
98.6% of the variance in rotations along ompéane

20050 s
201,
2015

-202

-202.5 -
639

This is due to the anisotropic arrangement of the devices

psi

24 T
2435 TT

2132

Pre-operative simulation should allow for optimal positioning of the devi

o Error propagation =



Accuracy measurements I ERC/LCSR Semin

Determining application accuracy

A Foamblock cutting
I Overall accuracy: 0./40.82 mm

A Cadaver tests
I Application accuracyaverage @ 1 mm

I Maximum overcut 2.63 mm

J rigid [ ; reference
=, y frame
I ‘/ "\ r '—\ ) A
J . \ J / ) g

~
cadaver J
head

‘ -
Experimental Setup %‘\

[Xia et al. 2008




Future application of the concept ercicsr sem

Verifying with other integrated systems

Similar systems exist with

A DLR + Vanderbilt

A TuMm

A UniversitatBayreuth¢ milling robot

Cooperate with other groups working on similar approaches
A LeibnizUniversitatHannover, Stephan Baron

A Vanderbilt, J. MFitzpatrik Amber Simpson, Bob Webster

A NDI, Andrew D. Wiles, Jeff Stanley

A TUM, TSielhorst M. Bauer, G. KlinkeX. Navab

o Error propagation =



Patient motion in IGS ERC/LCSR Semin:

€

™ | ([ Tool Center )
Polnt (TCP)
’ . / """""""""""""""""""""""""""""""""""""" \.5.
| TraCkIng — ' Tool ngld R°h°t E“d, 4
Body (TRB); / [Féﬂér;t} ;
Nevsssressrsrossens AT S / vy ey
Surgical Navigation g g
System (CAM) : g
Tracki Robot : 3
racking kinematics :
Dynamic Ref. Base (DRB); L T
Patient Image Patient Robot Base

(IMG) (PAT) (ROB)

Control|gos = ron L * 7ep T+ can T - CONtrol |pyr

g Patient motion compensation




Patient motion problems ERCILCSR Semine

t FOASY O Y2U0A2Yy SOSYydaQ 2N :
A large forces applied by surgeon (e.g., bone milling)
A bumping into the operating table

A leaning against the body

A inadequate fixation

A equipment failure JL‘/

Solutions

A Bone mounted robot Nlazot SpineAssi3t

A Massive fixationGurexg ROBODOC)

A Additional hardware (Accurac@yberKnife

A Combination of tracking devices (PET)

A Using the human brain for mapping (Intuitivig Vinci)

a  Patient motion compensation




Understanding the OR

Surgical Cases (SC)

I Robot motion--- Camera motion-- Patient motion (all 6 DOF)
Robot base is considered to be anchored

ERC/LCSR Semine

as KS 0 Q3 AYUSNYI €
Event (Yes/No) SC1 SC2 SC3 SC4
Camera Moving Y Y Y Y
Patient Movin Y Y N N
Robot Movin Y N Y N
Desired acti Re- ait for Slgw down Wait for
register | reg. update th robot reg. update
Event (Yes/Np) SCS5 SCé6 SC7 SC8
Camera Movilg N N N N
Patient Moving Y Y N N
Robot Moving Y N Y N
Desired action Slow down ait fi Regular Regular
robot reg. ate | operation | operation
a0 Patle olife

Oz



Motion events

ERC/LCSR Semine

Camera motion—SC4

new

PAT2Cam_new
TCP2Cam_new

PAT2Cam_old
TCP2Cam_old

PAT/TCP

Patient motion—SC6

Pat2Cam_new

new

Pat2Cam_old

Robot motion—SC7

old

new g
RobMot ;
e w—

TCP2Rob_old

TCP2Rob_new

Robot base

Camera & patient motion—SC2

new

Pat2Cam_new

Pat2Cam_old

Camera & robot motion—SC3

new

CamMot
L

TCP2Cam_old

Robot base

TCP2Cam_new

TCP2Rob_old

Patient & robot motion—SC5

Pat2Cam_new

PatMot

Robot base




Su rg ical Cases ERC/LCSR Semine

Deriving the right SC
| order of decisions
I probabilistic approach is possible
I use the statistics of the
system components
| adaptive updating True o Robotmoved . _Fals

X (based on servos)

START

True False

< <. APAT > Noise., ATCP > Noiseg,,
True - > False
< -~ ATCP R.nchﬂ APAT > Noise, ¥
> Noise,, , CamMot = ATCP True
True APAT - CamMot =

> /2 -Noise,,

b

APAT -CamMot > PatMot = APAT
False | (camMot = False False False 2 V2 Nokeg True False
= ATCP - RobMot True
E-veryth-lng RobMot RobMot Regular CamMot CamMot PatMot Everythl-ng
is moving CamMot PatMot RobMot PatMot Is Ostatic
PatMot = APAT PatMot = APAT - CamMot

/sc1//sc3/ E /sc7//sc4/ E /scs//scs/

g Patient motion compensation




Patient motion in IGS ERC/LCSR Semin:

€
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Simulation results ERC/LCSR Semin:

On a simulated integrated imagpiided setup
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g Patient motion compensation




Simulation results ERC/LCSR Semin:

Case identification in an ideal setup
I 99.5% accuracy

Case mg L "
- — a .-Ifs - S : ' ' - — T — b

pi 3 E Al 210 0 ] 1300 1400 1601
Cycles Cycles

a  Patient motion compensation




Simulation results ERC/LCSR Semin:

Case identification with Camera noise
A [0.02; 0.02; 0.0pmm [.002; 0.002; 0.002ad STD

I 67.5% accuracy

0 e sy RN '. 'wwwmww -’&" W

......

a  Patient motion compensation




Simulation results ERC/LCSR Semin:

Case identification with system latency
£260 ms between robot and camera

I 75% accuracy

Case :m,fs Ao b

 — a

:::::

a  Patient motion compensation




Dry lab experiments ERCILCSR Semin:

Applying patient motion compensation

A Generated motions
| arbitrary forces on the cranial frame
| arbitrary forces on the robot
I arbitrary forces on the patient cart
I crisp motion of the PAT (bumping into it)
| drifting motion of the PAT (primarily rotation)

A Preliminary results
I SC1 and SC8: 100%
I Other cases: ~80%

a  Patient motion compensation




Future work on patient motion compensation

A Alternative algorithms for better identification
I AdvanceKalmanFiltering (beyond UKF, Adaptive, twtage)
I Micro-macro neural networks
I Model based identification

AClinical data collection
I With an EMT system during neurosurgery and orthopedic
procedures

a  Patient motion compensation




Telesurgery for space ERCILCSR Semin:

On board & in simulated environments

NASA zero G experiments

w On board of a D@ hyperbolic aircraft

w Simulated surgery (2007)

w Suturing with M7 robot

w Human control / automated task execution

NASA NEEMO program
w 14 missions in an underwater habitat in Florida
w Robotic surgery mission objectives
w Telesurgery with AESOP (2004)
w Simulated procedures with the M7 (2006)
w Telesurgery with Raven and M7 (2007)

w First surgery in weightlessness on a rat (2003)
w Removal of a cyst from the arm of a human (2006) Ew
w Parabolic flights: 2@5 s of microgravity )
w ESAZeroGplane (modified Airbus-200)

Zero G surgeries % Ez*, 7

Credit: ESA NASA



Concept of complete telemedicine suppor
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