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The Beginning 
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 Motivation 

ά¢ƘŜ ŦǳǘǳǊŜ ƻŦ ǎǳǊƎŜǊȅ ƛǎ ƴƻǘ ŀōƻǳǘ ōƭƻƻŘ ŀƴŘ ƎǳǘǎΤ 
ǘƘŜ ŦǳǘǳǊŜ ƻŦ ǎǳǊƎŜǊȅ ƛǎ ŀōƻǳǘ ōƛǘǎ ŀƴŘ ōȅǘŜǎΦέ 

      /Rick Satava/  

Clinical: healing lesions 

ÅReducing error margins during surgery 

Im
a

g
e

 c
re

d
it:

 E
d

a
ya

 

4 

Engineering: applying technical innovation 
ÅConquering new fields 
ÅImproving effectiveness, benefits while reducing costs 

άLŦ ŀǘ ŦƛǊǎǘ ŀƴ ƛŘŜŀ ƛǎ ƴƻǘ ŀōǎǳǊŘΣ ǘƘŜƴ ǘƘŜǊŜ ƛǎ ƴƻ ƘƻǇŜ ŦƻǊ ƛǘΦέ  
     /Albert Einstein/ 
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Source:  Joel Jensen, SRI International, Menlo Park, CA 

MIS/open  
surgery 

Pre-op planning 

Intra-operative navigation 

Telesurgery 

Simulation, practice  
and warm-up 

Sensor fusion 

Robot-assisted surgery 

New paradigm 

INFORMATION Augmented  
reality 





 You name it! 
 

ωCIS:  Computer-Integrated Surgery 

ωCIIM: Computer-Integrated Interventional Medicine 

ωCAS:  Computer-Assisted Surgery 

Computer-Aided Surgery 

ωIGS(T): Image-Guided Surgery (Therapy) 

ωR-MIS: Robotic Minimally Invasive Surgery 
 

ωSurgical CAD/CAM: 

ωCASD Computer Aided Surgical Design 

ωCASM Computer Aided Surgical Manufacturing 

ωSurgical TQM: Total Quality Management  
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CIS Basics 
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Computer-Integrated Surgery 
[Taylor et al. 2008]  
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 Image-guided surgery 

ωVisualization and targeting in surgery   

  
ω Robotic navigation through IG 

  $1.6 B estimated market for IGS, several competitors 
 $1 B estimated for robotic surgery, few players 
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Errors in CIS 
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 Computer-Integrated Surgery 

(Taylor et al. 2008)  

 Operating room 
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Patient treatment 

Å   Errors mean risk and danger 

ÅInherent danger originating form HW&SW 
ςRobot structure 
ςEnd effectors 
ςSterility 
ςSoftware bug 
ςInterference of devices 
ςetc. 

 
 
 

 
 
 

Ready  
Run APENDICE 
Type mismatch  
Ready 
 

Run òApendice ó 
Syntax error  
Ready 
 

Run ôAppendice õ 
Appendice  not  
Ready  
 
 
 

found  

ÅNo routine operation 
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Facing the challenges in CIS 

ωHuman-in-the-loop control  

ςLeave the mapping to the surgeon  

  

ω Registration (image) based  
ς Human oversight  
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master  <--->  slave 

 Complete teleoperational system 15 
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Komplikációk 
ÅRapid change to open surgery 
ï [Patel 2007]: 4.7% complications (900 cases) 
ï [Bodnera 2005]: 2% lapar., 3% conversion (128 cases) 
ï [Olthof 2007]: 2.27% conversion (400 cases) 
ï [Borden 2007]: 2.6% technical problems (350 RLRP) 
ï [Zorn 2007]: 0.4% lapar., 0.5% conversion (850 RLRP) 
ï [Koliakos 2008]: 0.9% software errors (520 cases), 1 broken EW 
ï [Kim 2009]: 2.4% mech. failure, 0.17% conversion (1797 cases) 
ï [Murphy 2009]: device failure 0.2 ς 2.6% (survey paper) 
ï [Kaushik 2010]: 56.8% of surgeons (176) have experienced malfunction 

 

Å [Borden 2007]: Hardware errors 
ïwrist mechanical failure  
ïarm mechanical failure  
ïpower supply system 
ï loss of 2D screen 
ïcamera error 
ïmaster device break 
ïslave device break 
ïsoftware errors 
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Da Vinci meghibásodások 
ÅNot just the best of the best 

 
Å2002 Tampabay Hospital 
Å2009 Boca Raton Hospital  
ï42-y patient died after prostatectomy  

Å2010 collective lawsuit in the USA 
ïWentworth-Douglass Hospital 
ï4 surgical errors with robot 

ÅCleveland Clinic sued by retired colonel in 2010 
 

ÅJ. Urulogy [Barocas2010]: no real advantage over open RLPR 
Å Is Robotic Prostate Surgery Really Better? [NYTimes 2010] 
ÅJ. for Healthcare Quality [Lin 2011]: Robotic surgery is presented 

biased 

Complications II 17 
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Da Vinci meghibásodások 

Å [Hermsen2010]: Increased SSI with certain procedures 
ï6ς8x increase with hernia, prostate, colon, gyn   

ïNebraska Medical Center 

 

 
ÅLearning curve 

ÅSkill Simulator (MIMIC), ROSS 
ï1 week initial training, while 200 procedures are needed app.  

ïά[ŀƴƎǳŀƎŜ ƻŦ ǎǳǊƎŜǊȅέ ǇǊƻƧŜŎǘ 

Complications III 18 
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Accuracy assessment 
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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 
Á Trying to replicate clinical conditions as much as possible 

Accuracy of treatment delivery  is important 
Á Difficult to measure routinely 
Á Single 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. 

Curexo Tech. Corporation 
0.5 ς 1.0 1.0 ς 2.0 

NeuroMate 
Inn. Medical Machines Int. 

Int. Surgical Systems Inc. 

Renishaw plc 

0.75 / 0.6 

0.36 ± 0.17 
0.15 

0.86 ± 0.32 

1.95 ± 0.44 

da Vinci Intuitive Surgical Inc. 
1.35 

1.02 ± 0.58 

da Vinci S Intuitive Surgical Inc. 1.05 ± 0.24 

CyberKnife Accuray Inc. 
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 Mazor Surgical Technologies 0.87 ± 0.63 
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Standardization effortsτexamples 

Call for standardized reporting on accuracy in neurosurgery 
(Widmann et al. 2009) 

 

(A) Study design and evaluation methods: 
ωStudy design (controlled, non-controlled) 
ωStudy type (phantom,  anthropomorphic phantom, cadaver, patient) 
ωTarget design (anatomical, artificial, spherical, conical, pivot, size) 
ωError type (TRE, TPE-total, TPE-lateral, TPE-longitidinal, TPE-angular) 
ωSpace of TPE measurement (navigation space, post-op. image space, physical) 
ωStatistics (mean, standard deviation, range, statistical tests) 

(B) Specifications of the navigation technology: 
ωImage modality (CT, MRI, scanner characteristics) 
ωScan parameters (slice thickness, voxel size, image sequence, coils etc.) 
ωTracking technology (optoelectronic, electromagnetic) 
ωRegistration procedure  
ωTargeting technique 
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Standardization efforts 

ASTM working group F04.05 (2004ς) 
ωάStandard Practice for Measurement of Positional  
 !ŎŎǳǊŀŎȅ ƻŦ /ƻƳǇǳǘŜǊ !ǎǎƛǎǘŜŘ {ǳǊƎƛŎŀƭ {ȅǎǘŜƳǎ ό/!h{ύά  

 

ωStandards for procedures 
Ácutting, drilling, milling, reaming 

ωDistinct applications 
Ájoint replacement, implant nailing, osteotomy, etc.  

ωCertain imaging modalities 
Áfluoroscopy, CT, MRI, ultrasound 

24 

NIST Phantom (2007) 
ωComputer-Assisted Orthopaedic Hip Surgery 

(CAOHS) Artifact 

ωDesigned to mimic hip joint 

Courtesy of N.Dagalakis, NIST, U. Nebraska 



The real need for accuracy 

 έwŜƎǳƭŀǘƻǊȅ ōƻŘƛŜǎ ŀǊŜ ǘƻ ǇǊŜǾŜƴǘ ŦŀƛƭǳǊŜǎ ŀƴŘ ǎŀŦŜǘȅ ƛǎǎǳŜǎ   
  ƻǊƛƎƛƴŀǘƛƴƎ ŦǊƻƳ ōŀŘ ŘŜǎƛƎƴΦέ 

        

Food and Drug Administration (USA) 
ωPre-Market Approval (PMA): long, thorough, expensive  
ωрмлόƪύΥ ŘƻŎǘǊƛƴŜ ƻŦ άǎǳōǎǘŀƴǘƛŀƭƭȅ ŜǉǳƛǾŀƭŜƴŎȅέ 
ωFDA Quality System Regulations (QSR) 
ωAll surgical robots went down 510(k) 
 

European Economic Community (EU) 
ωCE mark (Conformité Européenne) managed by independent Notified Bodies 

Ápossibility of self-certification  

ωISO 9000 Quality Standards family (ISO 9001:2000) 
ωL{h мопурΥнлло άaŜŘƛŎŀƭ ŘŜǾƛŎŜǎτvǳŀƭƛǘȅ ƳŀƴŀƎŜƳŜƴǘ ǎȅǎǘŜƳǎέ 
ωNew: 2007/47/EC extension to 1993/42/EEC Medical Device Directive  

Ámore clinical data required 
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 Methodology  

ω risk analysis (system definition, hazard identification and risk estimation) 
ω risk evaluation (determine risk tolerance levels) 
ω risk control (implementing the right action for maximum safety) 

Risk management 

ω IEC 60812 International Standard on Fault Mode and Effects Analysis (1985), 

ω IEC 1508 Functional Safety: Safety-Related Systems (1995), 

ω European Norm (EN) 1441 on risk management (1997), 

ω American National Standards Institute (ANSI) R15.06 standard for industrial robot safety (1999), 

ω GHTF/SG3/N99-10:2004 Quality Management SystemsτProcess Validation Guidance (2004), 

ω IEC 62304 on Medical Device SoftwareτSoftware Life Cycle Processes (2006), 

ω IEC 61025 Fault Tree Analysis (Ed. 2.0, 2006), 

ω ISO 14971 Application of Risk Management to Medical Devices (2007), 

ω IEC 60601 international standard on Medical Electrical Equipment (Ed. 3.0, 2010), 

ω IEC 1508 draft standard on Functional Safety for software developers. 

 Standards and regulations 
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New standardization efforts  

  ANSI/AAMI ES60601-1:2005         Medical electrical equipment 
New amendment for medical robots (due August 2013) 
ωdefining technical requirements 
ωstreamlining the application of risk management 
ωclarifying the definition of essential performance  
ωidentifying essential performance and mitigating the risk 
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 IEC 60601-1 updates 
Åsupportive medical data as evidence for the safety and performance 
Årisk assessment and analysis even for OEMs  
Åfrom June 2012 in the EU, planned from 2013 in the USA  

 

 

   

 510(k) is under fire 
Å510(k) Working Group  
ÅTask Force on the Utilization of Science in Regulatory Decision Making 

Joint ISOςIEC workgroup on Medical Robot standards 
ÅISO/TC 184/SC 2 (Robots and Robotic Devices) 
ÅIEC/SC 62A (Common Aspects of Electrical Eq. used in Medical Practice) 



Errors in IGS 
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Sources of errors in IGS 

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 

ωImperfect system integration 

ωErrors enlarged by a series of transformation 
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Accuracy endangered 

  

Integrated IGS setups 

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

30 



ÂTo better understand error propagation  

ÂModeling registration and tracking errors in IGS  

  

 

Stochastical approach to error modeling  31 



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 

32 


