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A year at Johns Hopkins

2007ς08: visiting scholar at CISST ERC
ÅWorking with Dr. Kazanzideset al.
ÅSkull base surgery project
Å Surgery for engineers course
ÅWinter School on CIS
Å Several conferences 
ÅMedical trade shows
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A broad field
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/Rick Satava/

Errors in interventional medicine

ωCommission:doing the wrong thing

ωOmission: not doing the right thing

ωExecution: doing the right thing incorrectly
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Concept of CIS
[Taylor et al. 2008]
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Patient treatment

Errors mean risk and danger

Inherent danger originating form HW&SW
ςRobot structure
ςEnd effectors
ςSterility
ςSoftware bug
ςInterference of devices
ςetc.
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No routine operation



Sources of errors

ωImaging errors

ωVolume model generation errors

ωTreatment planning errors

ωRegistration errors

ωErrors introduced by hardware fixturing

ωIntra-operative data noise

ωInherent inaccuracies of surgical tools and actions

ω{ȅǎǘŜƳ ŎƻƳǇƻƴŜƴǘǎΩ ƛƴǘŜƎǊŀǘƛƻƴ
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Facing the challenges in CIS

ωHuman-in-the-loop control 

ςLeave the mapping to the surgeon 

ωRegistration (image) based 

ςHuman oversight

Different approaches
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Investigating methods to improve the accuracy of treatment delivery
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Accuracy metrics

From medical imaging

Handling point-based registration [Maurer et al. 1997]

ωFiducial Localization Error (FLE)

ωFiducial Registration Error (FRE)

ωTarget Registration Error (TRE)

ωTRE and FRE are not correlated
ωSeriously constraining assumptions

e.g. isotropic Gaussian noise 

ωCompanies tend to use wrong metrics
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Accuracy metrics II

Originating from the industry

Inherent accuracy of system components 

ÁAccuracy vs. repeatability 

Problems with measurements

[Simon et al. 1995]

Use of phantoms (artifacts) for testing
ÁTrying to replicate clinical conditions as much as 
possible

Accuracy of treatment delivery  is important
ÁDifficult to measure routinely
ÁSingle numbers are not meaningful 

Ultimate goal is
task specific measurement of uncertainty



Accuracy numbers 
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Robot Company
Intrinsic
accuracy

Repeat.
Application
accuracy

Puma 200 Memorial Medical Center 0.05 2

ROBODOC
Int. Surgical Systems Inc.

CurexoTech. Corporation
0.5 ς1.0 1.0 ς2.0

NeuroMate
Inn. Medical Machines Int.

Int. Surgical Systems Inc. 

Renishawplc

0.75 / 0.6

0.36 ± 0.17
0.15

0.86 ± 0.32

1.95 ± 0.44

daVinci Intuitive Surgical Inc.
1.35

1.02 ± 0.58

daVinci S Intuitive Surgical Inc. 1.05 ± 0.24

CyberKnife AccurayInc.
0.42 ± 0.4

0.93±0.29

B-Rob I ARC GmbH,Seibersdorf 1.48 ± 0.62

B-Rob II ACMIT (ARC GmbH)
0.66 ± 0.27

1.1 ± 0.8

SpineAssist MazorSurgical Technologies 0.87 ± 0.63
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Improving CIS systems ERC/LCSR Seminar
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Reducing errors

ωReducing the error due to imperfect calculations
ωEliminating the disturbance of patient motion
ωNetwork delay management in teleoperation

Achievable accuracy

ωIntrinsic (technical) accuracy  (0.1ς0.6 mm)

ωRegistration accuracy (0.2ς3 mm)

ωApplication accuracy (0.6ς10 mm)



Error in integrated systems

Integrated IGS setups

Outline    ¤   Introduction    ¤    Motivation ¤    Metrics in use    ¤    Accuracy numbers    ¤       Standardization 
efforts     ¤    Case study    ¤    Conclusion
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Propagation of errors

Erroneous transformation matrix calculation

where X is a 3D point and ɸis an angle of rotation.
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Propagation of errors II

Covariance matrix based approximation

[Bauer et al. 2006]

Error covariance:

Propagation:
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Stochastic approach to CIS

Modeling for complex system noise

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

Scaling for safety features to critical locations:

Stochastic approach allows to derive the distribution of the erroneous POI
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Application to integrated systems

Modeling for complex system noise

STD: [0.32, 0.28, 0.30, 0.002, 0.003, 0,005] along
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Application to integrated systems

Modeling for complex system noise
Pre-operation simulation 

ÁAllows for estimation of real accuracy

ÁNotification of error distribution

ÁOptimal positioning of the devices 

0.438 for the 0.2 mm VF

0.214 for the 0.4 mm VF
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ωNeuroMaterobot (Integrated Surgical Systems Inc.)

Á5 DOF serial, FDA cleared

ωStealthStation surgical navigator (Medtronic Navigation Inc.)

ÁFDA cleared

ω6DOF force sensor (JR3 Inc.)

ωSurgical bone drill (AnspachCo.)

ωSlicer 3D

ωControl PC

Application

Skull base drilling robot at CISST ERC

PI:  Dr. Peter Kazanzides
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Neurosurgery robot systemThe JHU neurosurgery robot system



System operation ςcooperative control System operations ERC/LCSR Seminar



Using the Nebraska phantom
(draft ASTM standard)

ïNeuroMate robot
Å0.36 mm FRE
Å0.34 ± 0.17 mm TRE

ïStealthStation navigation system
ÅWith hand-held probe

» 0.51 ± 0.42 mm TRE (FRE: 0.52 mm)
ÅWith the Robot Rigid Body

» 0.49 ± 0.22 mm TRE (FRE: 0.49 mm)

Accuracy measurements I ERC/LCSR Seminar
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Stochastic approach to error estimation

Results for the JHU system

Outline    ¤   Introduction    ¤    Motivation ¤    Metrics in use    ¤    Accuracy numbers    ¤       Standardization 
efforts     ¤    Case study    ¤    Conclusion

PCA showed that 2 axes account for :
99.7% of the variance along one plane
98.6% of the variance in rotations along one plane

This is due to the anisotropic arrangement of the devices 

Pre-operative simulation should allow for optimal positioning of the devices
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Determining application accuracy

ÅFoam block cutting
ïOverall accuracy: 0.79 ± 0.82 mm 

Accuracy measurements II

ÅCadaver tests

ïApplication accuracy:average Ø 1 mm 

ïMaximum overcut 2.5ς3 mm
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Cooperate with other groups working on similar approaches

Å Leibniz UniversitätHannover, Stephan Baron

Å Vanderbilt, J. M. Fitzpatrik, Amber Simpson, Bob Webster

Å NDI, Andrew D. Wiles, Jeff Stanley

Å TUM, T. Sielhorst, M. Bauer, G. Klinker, N. Navab

Future application of the concept

Verifying with other integrated systems
Similar systems exist with
Å DLR + Vanderbilt 
Å TUM
Å UniversitatBayreuth ςmilling robot
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Patient motion in IGS ERC/LCSR Seminar
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tŀǘƛŜƴǘ Ƴƻǘƛƻƴ ŜǾŜƴǘǎΩ ƻǊƛƎƛƴǎ

Å large forces applied by surgeon (e.g., bone milling)

Å bumping into the operating table

Å leaning against the body

Å inadequate fixation

Å equipment failure

Solutions

Å Bone mounted robot  (Mazor, SpineAssist)

ÅMassive fixation (Curexo, ROBODOC)

Å Additional hardware (Accuracy, CyberKnife)

Å Combination of tracking devices (PET)

Å Using the human brain for mapping (Intuitive, daVinci)

Patient motion problems ERC/LCSR Seminar
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Surgical Cases (SC)
ïRobot motion --- Camera motion --- Patient motion (all 6 DOF)
ïRobot base is considered to be anchored
ï¦ǎŜ ǘƘŜ ŎŀƳŜǊŀΩǎ ƛƴǘŜǊƴŀƭ ŎƻƻǊŘƛƴŀǘŜ ŦǊŀƳŜ ōŀǎŜ ŀǎ ǿŜƭƭ

Understanding the OR ERC/LCSR Seminar
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Improving IGS systems utility through
ïIncreased accuracy
ïBetter

Motion events ERC/LCSR Seminar



Surgical Cases

Deriving the right SC
ïorder of decisions
ïprobabilistic approach is possible
ïuse the statistics of the  

system components
ïadaptive updating
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Patient motion in IGS ERC/LCSR Seminar
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Re-registration



On a simulated integrated image-guided setup

Simulation results ERC/LCSR Seminar
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Case identification in an ideal setup

ï99.5% accuracy

Simulation results ERC/LCSR Seminar
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Case identification with Camera noise
Å[0.02; 0.02; 0.02] mm  [0.002; 0.002; 0.002] radSTD

ï67.5% accuracy
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Case identification with system latency 
Å260 ms between robot and camera

ï75% accuracy

Simulation results ERC/LCSR Seminar
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Dry lab experiments

Applying patient motion compensation

ÅGenerated motions
ïarbitrary forces on the cranial frame
ïarbitrary forces on the robot
ïarbitrary forces on the patient cart
ïcrisp motion of the PAT (bumping into it)
ïdrifting motion of the PAT (primarily rotation)

ÅPreliminary results
ïSC1 and SC8:  100%
ïOther cases:   ~80%
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Dry lab experiments IROS2010

ÅAlternative algorithms for better identification
ïAdvanced KalmanFiltering (beyond UKF, Adaptive, two-stage)
ïMicro-macro neural networks
ïModel based identification

ÅClinical data collection 
ïWith an EMT system during neurosurgery and orthopedic 

procedures

Future work on patient motion compensation
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Telesurgery for space

On board & in simulated environments

NASA zero G experiments 
ω On board of a DC-9 hyperbolic aircraft
ω Simulated surgery (2007)
ω Suturing with M7 robot
ω Human control / automated task execution 

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

Zero G surgeries 
ω First surgery in weightlessness on a rat (2003)
ω Removal of a cyst from the arm of a human (2006)
ω Parabolic flights: 20-25 s of microgravity
ω ESA Zero-Gplane (modified Airbus A-300)
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Concept of complete telemedicine support
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[Haidegger&Benyó2008]


