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Markov Modeling of Minimally Invasive Surgery
Based on Tool/Tissue Interaction and Force/Torque
Signatures for Evaluating Surgical Skills

Jacob Rosen, Blake Hannafordilember, IEEEChristina G. Richards, and Mika N. Sinanan

Abstract—The best method of training for laparoscopic surgical Index Terms—Endoscopy, haptics, hidden Markov model,
skills is controversial. Some advocate observation in the operating human machine interface, minimally invasive surgery (MIS), soft
room, while others promote animal and simulated models or acom- tissues, surgical simulation, surgical training.
bination of surgery-related tasks. A crucial process in surgical ed-
ucation is to evaluate the level of surgical skills. For laparoscopic

surgery, skill evaluation is traditionally performed subjectively by I. INTRODUCTION

experts grading a video of a procedure performed by a student. .. . . . .

By its nature, this process uses fuzzy criteria. The objective of the HE USE OF minimally invasive surgical (MIS) techniques
current study was to develop and assess a skill scale using Markov has become widespread only within the last ten years. Al-

models (MMs). Ten surgeons [five novice surgeons (NS); five expert though the technology has been available in some form for over
surgeons (ES)] performed a cholecystectomy and Nissen fundopli- 100 years, only recently has the instrumentation developed to

cation in a porcine model. An instrumented laparoscopic grasper -
equipped with a three-axis force/torque /T) sensor was used an extent that makes the performance of laparoscopic general

to measure the forces/torques at the hand/tool interface synchro- Surgical procedures possible. Using a miniature video camera
nized with a video of the tool operative maneuvers. A synthesis and instruments inserted through small portals, operations pre-
of frame-by-frame video analysis and a vector quantization algo- viously performed through large incisions that required long re-
rithm, allowed to define F/T signatures associated with 14 dif- covery times are now performed with a much shorter recovery.

ferent types of tool/tissue interactions. The magnitude of"/T ap- ;
plied by NS and ES were significantly different o < 0.05) and The use of this new technology has also presented a new set of

varied based on the task being performed. High#'/T' magnitudes p_roblems; name_ly, the training of i_ndividuals to perform _te_ch-
were applied by NS compared with ES while performing tissue ma- higques that require a new set of skills. One of the more difficult
nipulation and vise versa in tasks involved tissue dissection. From tasks in surgical education is to teach the optimal application
each step of the surgical procedures, two MMs were developed of instrument forces and torques necessary to conduct an oper-

representing the performance of three surgeons out of the five in _,. P . . .
the ES and NS groups. The data obtained by the remaining two ation. This is especially problematic in the field of MIS where

surgeons in each group were used for evaluating the performance the tegcher is one step removed from the actual conduct of the
scale. The final result was a surgical performance index which rep- operation.

resented a ratio of statistical similarity between the examined sur- Surgical skills of MIS performed by senior surgeons and
geon's MM and the MM of NS and ES. The difference between gyrgeons during their residency were evaluated objectively by

the performance index value, for a surgeon under study, and the  _. : ; : :
NS/ES boundary, indicated the level of expertise in the surgeon’s using mechanical models, animal models and virtual reality

own group. Using this index, 87.5% of the surgical procedures were (VR) simulators With or WithOUt haptic i'nterface. The SUfgiF""'
correctly classified into the NS and ES groups. The 12.5% of the tasks used for skill evaluation have varied from simple actions
procedures that were misclassified were performed by the ES and like peg transfers, pattern cutting, clip and divide, endolooping,
classified as NS. However in these cases the performance indexnesh placement, fixation [1], drilling [2], transferring small

values were very close to the NS/ES boundary. Preliminary data . . . . . L
suggest that a performance index based on MM and?/T" signa- inanimate objects [5], making multiple defined incisions [6],

tures provides an objective means of distinguishing NS from ES. Suturing with intracorporeal or extracorporeal knots [1]-[5],
In addition, this methodology can be further applied to evaluate [7], [8], and palpation [9], [10] to full surgical procedure
haptic virtual reality surgical simulators for improving realism in [8], [11]. The quantitative parameters for skill evaluation in
surgical education. these tasks were in some cases only single measures such as
completion time, and other multiple parameter indexes, virtual
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Human - Machine interface (HMi)

surgical grasper containing embedded sensors that were capable
of measuring the forces and torqud&/{’) applied by the sur-
geons duringn-vivoMIS; 2) creating a database BT signals
during actual operating conditions on experimental animals; and
3) developing statistical models (MMs) of t#&'T" data, which

can be used to characterize surgical skills. Statistical models of
this database can be used to objectively evaluate surgical skills
for training advanced laparoscopic surgical procedures and veri-

0 Tiesue fying surgical training systems in addition to optimizing designs
for surgical simulators and robots.

Il. MATERIALS AND METHODS

Reality

Virtual Reality

Robot Master
or
Haptic Device

Fig. 1. The human machine interface in several surgical systems
setups—General overview. A. Experimental System Setup

The experimental setup, shown schematically on Fig. 2(a) in-
numerous investigators [14]-[16]. Many of these simulatoggudes two sources of information which were acquired while
under development couple the VR computer graphics wiierforming the MIS procedures: ¥/7 data measured at the
haptic (/7 reaction) feedback devices in order to provide Buman/tool interface and 2) visual information of the tool tip in-
fully immersed virtual environment, combining both visual angeracting with the tissues. The two sources of information were
haptic feedback of the tool/tissue interaction during the surgicgnchronized in time and recorded simultaneously for off-line
procedures [7], [11], [13], [17]-[19]. In parallel to the VRanalysis.
in medical training stations, the use of robotic technology to The forces and torques at the interface between the surgeon’s
aid surgeons has been actively studied [20]-[26]. Commercigind and the endoscopic grasper handle were measured by two
surgical robotic systems, like ZEUS by Computer Motion angensors. The first sensor was a three-&¥ig sensor (modified
the daVinci system by Intuitive Surgical, Inc., which are still ilATI—Mini model) which was mounted into the outer tube
clinical trials, may redefining the operating room of the future(proximal end) of a standard reusable 10-mm endoscopic

What both MIS, the VR/haptic surgical training stationsgrasper (Karl Storz)—Fig. 3(a). The sensor was capable of
and surgical robots have in common is a new human/machiimultaneously measuring three components of forgg, (
interface (HMI)—Fig. 1. This HMI may be subdivided intoF,, F.) and three components of torqué,( 7, 7-.) in the
human/tool and tool/tissue interfaces. While other studies ha@artesian frame [Fig. 3(b)]. The sensor orientation was such
focused on the tool-tip/tissue interaction [10], [27], [28], outhatX andZ axes generated a plane that was parallel to the end
research is aimed at analyzing the human/tool interface in Mi&fector’s internal contact surface when closed, andythend

The methodology developed in the current study was basBdixes defined a plane which was perpendicular to this surface.
on Markov modeling (MM) and a subset of hidden Markov The second force sensor (Futek—FR1010) was mounted on
modeling (HMM). HMM were extensively developed in thehe endoscopic grasper handle measuring the forces applied by
area of speech recognition [29], [32]-[34]. Based on the theattye surgeon’s thumb on the grasper’s handle. Due to the sensor’s
developed for speech recognition HMMs were emerged iwo beam parallel structure, it measured only the force compo-
the field of human operator modeling in general, and roboticent that was perpendicular to the handle. This force component
in particular. HMMs were applied for studying teleoperatiol’;) generates the moment on the handle which in turn creates
[35]-[37], human manipulation actions [38], human skillthe grasping/spreading interactions between the tissue and the
evaluation for the purpose of transferring human skill to robotsol tip.

[39]-[41], and manufacturing applications [42], [43]. Gesture The seven channels é%/T data ¢, Fy,, F., T,,T,,T., F;)
recognition with HMMs has also received increasing recemtere sampled at 30 Hz using a laptop computer witha PCMCIA
attention from the rehabilitation technology community (se&2 bit A/D card (National Instruments—DAQCard 1200). Pre-
[44] for review). They are also being applied to the recognitidiminary measurements at 1 kHz showed that 99% of W&

of facial expressions from video images [45]. Moreovesignals’ energy (PSD) was included in the 0—-10 Hz bandwidth.
HMMs may well prove useful in many of the other emergingn addition to the data acquisition, a LabView (National Instru-
applications beyond human computer interfaces, e.g., DNA aments) application was developed incorporating a graphical user
Protein modeling [46], fault diagnosis in nuclear power plantsterface for visualizing thé’/T" data in real-time superimposed
[47], and detection of pulsar signals [48]. Clearly, there is with the view from the endoscopic camera monitoring the move-
flowering of research in the last few years in this area indicatimgent of the grasper while interacting with the internal tissues
a wide appreciation of the potential of HMMs to provide betteand organs [Fig. 2(b)]. This synchronized visual integration was
models of the human operator in complex interactive tasks witichieved by using a video mixer in a picture-in- picture mode.
machines. The integrated interface was recorded during the surgical oper-

The goal of this study was to create new quantitative knowdtion for off-line analysis.
edge of the forces and torques applied by the surgeons on theidne of the grasper's mechanical features enabled the sur-
instruments during minimally invasive surgery. This goal wageon to rotate the grasper’s outer tube, using a joint located
pursued through several objectives: 1) developing a modifieéar the handle, in order to change the orientation of the tool
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Fig. 2. Experimental setup: (a) Block diagram of the experimental setup integratifity ielata and the view from the endoscopic camera, (b) Real-Time user
interface ofF'/T information synchronized with the endoscopic view of the procedure using picture-in-picture mode.

tip relative to the grasped tissue without changing the handlaimal size. Protocols for anesthetic management, euthanasia,
orientation. The alignment between the tool tip origin and thend survival procedures were reviewed and approved by the
sensor remained unchanged since the outer tube and the toohtigmal Care Committee of the University of Washington and
were linked mechanically. Moreover, due to the grasper’s ithe Animal Use Review Division of the U.S. Army Veterinary
ternal mechanism and the location of théT” sensor, whenever Corps.

a grasping force was applied to the handig)( the grasper’s

outer tube was compressed. This tube compression was sersetata Analysis

by the [/1" sensor [%.). The internal force coupling was de- Three types of analysis were performed on the raw data:

fined by a transfer function in the frequency domain, evaluat . . . o
based on preliminary measurement (Kinematic analysis of t% video analysis (VA) encoding the type of tool-tip/tissue

mechanism was performed in [10]). This transfer function Wéﬂnieractmn; 2) vector quantization (VQ) encoding thg

further used to decouple the force measurements included in ala into clusters (signatures); and 3) Markov modeling (MM)

e : . . ;
database. or evaluating surgical skill level. Using the human language

as an analogy, the VA was performed by an expert surgeon to
identify the basic Words' of the MIS “languagé for creating
a “dictionary.” In the same way as a single word is pronounced
Ten surgeons [five novice surgeons (NS) and five experiencaifferently by different people, the same tool/tissue interaction
surgeons (ES)] participated in the experiment following a clins performed differently by different surgeons, yet they all
ical protocol that included three major steps. During the firshare the same meaning, or outcome, as in the realm of surgery.
step each one of the subjects watched a video of the surgical prhe VQ was used to identify the typicdl’/T associated
cedures guided by an experienced surgeon. In the second siéfly each one of the tool/tissue interactions in the surgery
each one of the subjects performed a laparoscopic cholecystabtetionary,” or using the language analogy, it characterized
tomy and laparoscopic Nissen fundoplication in a porcine moddifferent pronunciations of a word. Utilizing thelittionary’
(pig). During the third step all the subjects performed each onésurgery, the MM was then used to define the process of each
of the 14 different pre-defined tool movements (Table Il) in a restep of the surgical procedure, or in other worddictating
peatable fashion for one minute while interacting with the sancbapters of the surgical story.”
organs and soft tissues as in the surgical procedures. Durind) Video Analysis:The VA was performed by two expert
these interactions the typicAl/ T involved in manipulating and surgeons encoding the video of each step of the surgical
dissecting the soft tissue were recorded. procedure frame by frame (NTSC—30 frames/s). The en-
In laparoscopic cholecystectomy, the gallbladder is reeoding process used a code-book of 14 different discrete
moved due to pain and inflammation from gallstone, wheretml maneuvers in which the endoscopic tool was interacting
laparoscopic Nissen Fundoplication is performed to correwith the tissue (Table Il). Each identified surgical tool/tissue
gastroesophageal reflux. Each operation was divided into stémeraction, had a uniqué’/T pattern. For example, in the
(Table I). Although all the steps were performed for each préaparoscopic cholecystectomy, isolation of the cystic duct and
cedure, data were recorded only when the instrumented graspery involves performing repeated pushing and spreading
was used with the following tool tips: atraumatic graspemaneuvers (PS-SP—Table Il), which are accomplished by
curved dissector, and Babcock grasper [Fig. 3(c)]. During tlagplying pushing forces mainly along thé axis (£.) and
surgical procedure, the endoscopic camera was held by #peeading forcesk) on the handle.
same experienced surgeon who also served as an assistahhe 14 tool/tissue interactions can be further divided into
throughout the whole surgery. A template was used for deténree types based on the number of movements performed si-
mining the port location of the tools and the camera. All thewultaneously. The fundamental maneuvers are defined as Type
surgical procedures were performed by the ten surgeons udinghe “idle” state was defined as moving the tool in space
the same tools, port locations, and approximately the saif@ddominal cavity) without touching any internal organ. The

B. Surgical Experiment Setup and Clinical Trial Protocol
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©
Fig. 3. The instrumented endoscopic grasper: (a) The grasper with the threé/dxisensor implemented on the outer tube and a force sensor located on the
instrument handle. (b) The tool tip add, Y, Z frame aligned with the three axis/T" sensor. (c) Tool tips used in the surgical procedure (from left to right):
Atraumatic Grasper, Babcock grasper, Curved dissector.

forces and torques developed in this state represent mainly thehe gravitational and inertial forces. In the “grasping” and
interaction with the trocar and the abdominal wall, in additiofspreading” states, compression and tension were applied to the
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TABLE |
DEFINITIONS OF SURGICAL PROCEDURE STEPS AND TYPES OF THETOOL TIPS THAT WERE USED(SHADED STEPS PERFORMED BUT NO
FORCHTORQUE DATA WERE RECORDED)

Procedure Step Description Tool Type  Hand Video
FiT
l.aparoscopic LC-1 Positioning Gall Bladder Atraumatic L +
Cholecystectomy Grasper
LC-2 Exposure of Cyctic Duct Curved R +

Dissector

LC-3 Dissection of Gall Bladder Fossae Curvéd R +
Dissector

Laparoscopic
Nissen
Fundoplication

LNF -3  Dissect Esophagus / Blunt Curved R +
Dissector

LNF -4  Placing a Wrap Around the Babcock R +
Esophagus Grasper

LNF -5  Suture Wrap / Intracorporeal Knot Curved R +
Tying With Needle Holder Dissector

DEFINITION OF TOOL/TISSUE INTERACTIONS AND THECORREE?EII\-HIDEIN(IB'DIRECTIONS OFFORCES ANDTORQUESAPPLIED DURING MIS
Type State Name State Force / Torque
Acronym
Fx Fy Fz Tx Ty Tz Fg

I Idle iD * * * * * * *
Grasping GR +
Spreading SP -
Pushing PS -

Sweeping (Lateral Retraction) SW +- - - +-

I Grasping - Pulling GR-PL + +
Grasping - Pushing GR-PS - +
Grasping - Sweeping (Grasping - Lateral Retraction) GR-SW - +- - H- +
Pushing - Spreading PS-SP - -
Pushing - Sweeping PS-SW - +- - +- -

Sweeping - Spreading SW-SP - - +H- o - -

ur Grasping - Pulling - Sweeping GR-PL-SW +H- o+ o+ - 4 +

‘ Grasping - Pushing - Sweeping GR-PS-SW +- - - -+ +
Pushing - Sweeping - Spreading PS-SW-SP - +H- - - - -

tissue by closing and opening the grasper handle, respectivéisocar frame). The rest of the tool/tissue interactions in Types
In the “pushing” state, the tissue was compressed by moving thand Il were combinations of the fundamental ones in Type I.
tool along theZ axis. “Sweeping” consisted of placing the tool 2) Vector Quantization:The second type of analysis used
in one position while rotating it around th€ and/orY axes the K-mean VQ algorithm to encode the continuous multi-
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dimensionalt’/T data ¢, Fy, F., T,, T,, T., and F,) into

discrete symbols representiity 7" cluster centers (signatures).

This step of the data analysis was essential for using the

discrete version of MM. During the first step of VQ analysis

the seven-dimensional’/T" data vector was reduced to a

five—dimensional (5-D) vector by calculating the magnitude of

the force and torque in th&Y plane ¢, 1,). Although it

may appear that information about the direction of By in

the XY plane was lost during this data reduction, this process

actually canceled out differences between surgeons duer# 4. Fully connected three-state MM architecture. The observation
variations in standing position relative to the animal. symbols of each state were selected based of'f#e magnitudes #—High,

Given M patternsX ;, X, ..., X contained in the pat- /—Medium, L—Low).
tern spaces, the process of clustering can be formally stated as
seeking theregionS;, S», ..., Sk suchthatevery datavector  a) Hidden Markov Model Definitions (HMM)From the
X;(=1,2, ..., M)fallsinto one of these regionsand A9 mathematical perspective, the model developed in the current
is associated in two regions, i.e., study was a MM. However, some of the mathematical notations,
B — — used for developing the surgical skill scale, were inspired by

S1US52U 85 o J 63" =5 (18)  the HMM theory. For that reason a short review based on [29]
5;NS; =0  Vi#j (1b)  was given for providing the basic terminology and defining the
. . o roblems associated with the HMM.

TheK-megns algorithm, is basgd on minimization of t_he SUM Eive elements should be defined in order to specify a HMM
of squared distances from all points in a cluster domain to tt\e: (A, B, ) [29]: 1) the number of states in the model:-
cluster center, 2) the number of distinct observation symbols per stat¢:-3)

min Z (X - _j)2 @) t_he state transition _p_robgbil_ity QistributionA+4) th_e _o_bserva-
tion symbol probability distribution-8; and 5) the initial state
distribution—r.
whereS; (k) was the cluster domain for cluster cent&tsat the Given the HMM architecture, there are three basic problems
kth iteration, andX was a point in the cluster domain. ofinterest[29]: 1) the evaluation problem; 2) uncover the hidden

The pattern 5pace§ in the current study were Compose(ﬁtates problem; and 3) the training problem. Out of the three
from the F/T applied on the surgical tool by the surgeon foproblems only the evaluation, problem i), was applicable to the
different tool/tissue interactions. A typical data vectoy was MM model developed in the current study. This is due to the
a 5-D vector defined a§F,,, F., Tn,, T., F,}. The cluster fact that the MM states were not hidden and could be identi-
regionsS, represented by the cluster centérs defined typ- fied by the VQ analysis. The evaluation problem 1) involves
ical '/ signatures associated with a specific tool/tissue inte¢omputing the probability’(O|\) of the observation sequence
action (e.g., PS, PL, GR, etc.). The number of clusters idef-= o1, 02, ..., or given the modeh = (A, B, r) and the
tified in each type of tool/tissue interaction was based on tig@servation sequence.
squared-error distortion criterion [see (3)]. As the number of b) Markov Model (MM) Architecture:For reasons that
clusters increased the distortion decreased exponentially. Fgpuld be further discussed in Section IlI-C, the selected MM
lowing this behavior, the number of clusters was constantly ikad a fully connected three-state architecture. The VQ cluster

creased until the squared-error distortion gradient as a functiegnters, representing tii&/7" signatures of each one of the 14
of k decreased below a threshold of 1% tool/tissue interaction (Table II), were divided into three groups

according to theirF’/T magnitudes H—high, A/—medium,
L—low). All the F/T signatures out of the 14 tool/tissue
interactions associated with ti#&, A/, andL groups were then
lumped to form the three states of the MM.
The cluster center&; for each tool/tissue interaction (Table Il) One of the fundamental requirements regarding the MM ar-
forming a code-book were then used to encode the entire dathitecture was that MMs representing surgeons with different
base of the actual surgical procedures converting the continugldl level should share the same model architecture (Fig. 4).
multidimensional data into a one-dimensional (1-D) vector of fifhis feature allowed quantitative comparison of MMs repre-
nite symbols representing/ T signatures. senting different skill level in terms of statistical similarities.
3) Markov Model (MM): The third and final step of the dataMoreover, the three-state architecture was based on the assump-
analysis was to develop the MM and the methodology for evdien that?'/T" magnitudes were one of the major differences be-
uating surgical skill in MIS. The MM was found to be a veryjtween surgical skill levels, an assumption that was further sup-
compact method to statistically summarize a relatively compl@orted by the experimental results (Section 1lI-C).
task such as a step of a MIS procedure. Moreover, the skill levelEach state in the MM had a unique set of observation sym-
was implemented into the MM by developing different MMsols (#'/T signatures). Under this condition, eaé¢lfT sig-
based on data acquired for expert surgeons and NS performiragure corresponded only to a specific state of the MM and,
the different steps of the MIS procedures. therefore, the VQ encoding analysis alone was sufficient for

k
dX. Z2)=|IX - Z)|I* = Y (X - Z:)*. ©)

=1
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identifying the MMs’ states. Therefore the matricdas B, Expert Novice
(problem ii) and the states sequence (problem iii) could be com-
puted in a straightforward manner rather then using the training
algorithms. However, the evaluation problem (problem i) still Ags
had to be solved by using the Forward—Backward procedure in. P(O| dpper ) P(O] Aiiric.)

corporating the scaling process [29].
As described in Section 1I-C, ten subjects (two groups: NS, ‘E

and ES) performed two MIS procedures which were further di-
vided into steps. Using the given MM architecture and the en-
codedF/T signals, two MMs were trained for each step of the
surgical procedures, representing the performances of three sul
jects out of five in each group (NS and ES), and further referred
to as the NS-MM Kys) and the ES-MM Ags), respectively.

The MMs developed based on the data of the two remaining
subjects in each group() and their encoded’/T signals (ob- @

servation vectors-6;) were used to define the skill scale based

on the statistical similarity to the main groupsss, Ags). This

procedure is schematically described in Fig. 5. Unknown Skill Level
Two statistical similarity factors were defined as follows:

Fig. 5. Skill evaluation using Markov model classification—Comparing
NSF = log(P(0;|Axs))/ log(P(O;|\;)) statistical similarities between the performance of a surgeon with an undefined

ESF — 10g(P(Oi|)\ES))/ 10g(P(Oi|)\i)). 4) skill level to the experts and novices surgeon groups.

The N SF defined the statistical similarity between the per
formances of the subject under study and the NS group, wher
the ESF indicated the statistical similarity relative to the ES
group. These two factors provided the major classification p
rameters for evaluating surgical skill in MIS. THéSF and
ESF form a two-dimensional (2-D) subspace with values i/

///

V'S
! GRPS-SW
W,

the range of0, 1). In this subspace, an absolute NS would b’ S
represented bW SF = 1 and ESF = 0, and vice versa for an

absolute ES. In this 2-D subspace, the W8 F" = ESF repre- TN
sented the boundary between the expert regiofi{ > NSF) “ ermsw )

L

and the novice regiol{SF < NSF).ThelineNSF = ESF
was only one line out of a group of lines representing iso-pe
formances. It is possible to define an iso-performance line su
that all the points £SF;, NSF;) on the line have a constant
ratio (C') between the squared distance to the points (0, 1) (¢
solute NS) and the squared distance to the point (1, 0) (absol
ES) (5). This transforms the 2-D subspace into a 1-D scale

C ={d((ESF,, NSF;), (0, 1))/d((ESF;, NSF;), (1, 0))}2 Fig.6. State transitions diagram of placing wrap around the esophagus during
laparoscopic Nissen fundoplication (solid line: ES; dashed line: NS; doubled

(53) ine: both).
(1— ESF,)? + NSF?

T ESFZ+(1-NSE)?

lll. RESULTS

A. Tool/Tissue Interaction States and Transition—Expert
Analysis

This list was further transformed into a more compact diagram
(as shown in Fig. 6) defining a typical tool/tissue transition dia-
gram of a surgical procedure in MIS. The tool/tissue transition
diagram depicted in Fig. 6 represented the surgical step in which
a wrap was placed around the esophagus during a laparoscopic
Nissen fundoplication (Table I, LNF-4). Although Fig. 6 illus-

Analyzing videotapes of the surgical procedures incorporatedtes a unique/tool tissue transition diagram of a MIS procedure
the visual view of the tool/tissue interaction and graphs of tletep, the star-shaped architecture was similar to all the other MIS
F/T at the tool/hand interface frame by frame allowed to deteps under study.
fine the primary tool/tissue interactions in the two MIS proce- The center state of the star shaped tool/tissue transition di-
dures and the direction of forces and torques associated watjram (Fig. 6) included the idle state. This state, in which no
them [Table II, Fig. 3(b)]. Once these tool/tissue interactiotwol/tissue interaction was performed, was mainly used by both

archetypes were defined, each step of the surgical proced
could be manually analyzed into a list of tool/tissue interactio

H2and NS to move from one operative state to the other. How-
Bver, the expert surgeons used the idle state only as a transition
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Fig. 7. Forces and torques measured at the human/tool interface while dissecting the gallbladder fossae during laparoscopic cholecystee tefinitians
of the X, Y, andZ directions, see Fig. 3(b). (a) Forces and (b) torques.

state while the novices spent significant amount of time in this Fxy [N]
state planning the next tool/tissue interaction. Another major
difference between ES and NS was related to the tool/tissue in-
teraction and tool/tissue transitions used by these two groups.
Essentially Fig. 6 was composed from two separate models rep-
resenting the ES model (double line and solid line) and the NS
(double line and dashed line). For the purpose of evaluating sur- Fg N
gical skills, the model representing the NS and the one repre-
senting the ES must share the same architecture. This require-
ment led to redefining the model states and architecture as de-
scribed previously in Section II-C3.

Fz [N]

B. Force/Torque Signatures

Typical raw data of forces and torques were plotted in a 3-D
space showing the loads developed at the sensor location while
dissecting the gallbladder fossae for 425 sec by an expert sur-
geon during laparoscopic cholecystectomy (Fig. 7). The black
ellipsoid is a region that includes 95% of t&/7" samples. —#—PS-SW-SP - 1 -#-PS-SW-SP -2 ~4—PS-SW-5P - 3
The forces along the axis (in/out of the trocar) were higher - PS-SWSP -4 —%-PS-SW-SP - 5 ~e-PS-SW-5P - 6

: : —- PS-SW-SP - 7 ——PS-SW-SP - 8 — PS-SW-SP - 9
compared with the forces in th€Y plane. On the other hand,
torques developed by rotating the tool around thexis were Fig.8. AtypicalF/T signatures (cluster centers) measured at the human/tool
extremely low compared with the torques generated while ripterface and associated pushing-sweeping-spreading tool/tissue interaction in
tating the tool along th& andY” axis while sweeping the tissue™'S:
or performing lateral retraction. Similar trends in terms of the
F/T magnitude ratios between th€, Y, and Z axes were may represent the enti#/T at this specific tool/tissue inter-
found in the data measured in other steps of the MIS procedurastion. The rest of the data associated with PS-SW-SP might

Fig. 7 provided a general overview of t&/T" magnitudes be considered as a variation of these nine themes and can be
applied during MIS, however, gaining a deeper insight intcorrelated to one of these signatures using the criterion defined
the processes of MIS was obtained by using the VQ analydiy. (3). Moreover, further analysis of entire code-book &7
Following the protocol described in Section 11-C2, 87 differengignatures) showed no overlap between signatures. There was
L/T signatures (cluster centers) were identified for the dikt least one dimension (out of the five) that differentiated each
ferent tool/tissue interactions. For example, Fig. 8 representdnature from the others.
nine F/T signatures (VQ code words) associated with the Once the code-book was defined, the entire database was en-
pushing-sweeping-spreading (Table II—PS-SW-SP) tool/tissceded into the 87"/T signatures. This encoding process al-
interaction. These nine signatures were dominated by negativeed exploration of a new aspect regarding the differences be-
values of £ (pushing), 7., (sweeping the tissue in th&Y tween NS and ES. This new aspect was related to the magnitudes
plane) and negative values df, (spreading). These nineof F'/T applied by NS and ES during each step of the MIS pro-
pentagonal cluster centers found in the PS-SWESR' data cedures for the different tool/tissue interactions (Table II).

Tz *10E-2 [Nm] Txy *10E-2 [Nm]
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Fig. 10. Time spent at each tool/tissue interaction by NS and ES while
performing suture wrap and intracorporeal knot tying with needle holder. The

time distribution in each tool/tissue interaction of the ten subjects is represented

sp by a notch box plot. The lower and upper lines of the box are the 25th and 75th

SR bLsw  Percentiles of the sample representing the interquartile range. The line in the

crps.sw  Mmiddle of the box is the sample median. The notches in the box depicts the
i ] o ) ) ] ~ 95% confidence interval about the median of the sample. The lines extending
Fig. 9. F/T magnitude distributions at different tool/tissue interactiongbove and below the box define the 95 percentiles of the sampled data.
applied by NS and ES during steps of an endoscopic surgical procedures (For

details see Table I). The pie bar on the left-hand side shows the distribution of

(oltissue teraions I wiich sgnfcant fferences € 007) 9ot was identiied in SW-SP which was 8% of all the toolfissue in-
F/T magnitudes were applied by NS and ES. In tool/tissue, interactions wéyactions. In all the other 92% of tool/tissue interactions, signif-
Sign(ijl‘_icant differet?]ces Vﬁrﬁ idgnt?ged ?\etwe?rr]l NS and ES éDottedbS;%ctor), fant difference was identified (left-hand pie chart). Out of the
E’V'j’T '%%rgrﬂlu%ls e ;gups'ofesirggfns fvh?ZSSﬁé’Q o (bg&eggcg%ge§ where significant difference was observed, in 23% of the
NS; and white sector: ES). tool/tissue interactions (e.g., SW, GR-SW, and PS-SW-SP) the
NS applied highe¥'/T" magnitudes compare with the ES and in

The entireF'/T database was lumped into two groups e.g69% of the cases (e.g., GR, SP, PS, GR-PL, etc.) the ES applied
the NS group and ES group. The distribution of #igl” sig- higher /T magnitudes compare with the NS (right-hand pie
nature for each tool/tissue interactions were then calculated &vart).
the NS and ES groups performing the different steps of the MISIn general, a significant difference was identified in most
procedures. The distributions of t&'T" signatures applied by of the tool/tissue interactions. Moreover, when the six surgical
the NS and the ES were tested using the median test (nonpataps were divided according to the nature of the tool/tissue in-
metric method) combined with the fourfold point statistical prateractions—e.g., 1) tissue dissection (LC-2, LC-3, and LNF-3);
cedure [30] to identified tool/tissue interactions in which th&) tissue manipulation (LC-1, LNF-4)—the results showed that
F/T magnitude distributions of the two groups were signifihigher magnitudes of'/7" were applied by the ES compared
cantly different. This analysis showed that th¢I" magnitudes with the NS when dissecting the tissues, whereas lower mag-
applied by the NS and ES in most of the tool/tissue interactiongudes of/’'/T were applied by the ES compared with the NS
were significantly differentg < 0.05) (Fig. 9). when manipulating the tissues.

Each one of thé’/ T magnitude distribution for two different Completion time of each surgical step was another criterion
surgical steps were represented in Fig. 9 by two pie diagrams$.surgical skill. Studying the median completion time of the
The pie diagram on the left-hand side defined the tool/tissue INS group and ES group showed a significant difference between
teractions in which no significant difference was found (grathese groupsy( < 0.05). The surgical procedure’s completion
sector) between NS and ES and cases where significant diffiame was longer for the NS by a factor of 1.5-4.8 compared
ence was observed (dotted sector). When a significant differenaith the ES. The difference between NS and ES was more pro-
was identified, the pie diagram on the right-hand side showéalind in steps requiring higher dexterity and manual skill (e.g.,
which group (NS—black sector, or ES—white sector) appliddNF-5) compared with steps where a specific organ was placed
higher magnitudes oF' /T in each one of the tool/tissue inter-in a specific position (e.g., LC-1). Moreover, the VA and VQ en-
actions. For example, in laparoscopic cholecystectomy Steg@ling allowed evaluation of the time intervals spent performing
(Fig. 9—LC-3) no significant difference in thE/T" magnitude different tool/tissue interaction (Fig. 10). The main factor con-

LNF-4
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Except for three cases, where ES were misclassify as NS, the
MMs were capable of classifying NS and ES correctly in terms
of statistical similarity into their respective groups.

Dotted lines in Fig. 12(a) indicate iso-performances (in addi-
tion to the solid line indicating the boundary between NS and
ES). Each iso-performance line was defined by a differ@nt
value [see (5)], and therefore all the points along this line had
the same squared distance ratio between the points: (0, 1) and
(1, 0) [see (5)]. Using the iso-performance paramétghe 2-D
performance domain [Fig. 12(a)] was mapped into a 1-D per-
formance scale [Fig. 12(b)] such that each iso-performance line
defined by theC' parameter was converted into a point along
the 1-D performance scale. On thiescale the ES region and
NS region were defined &9, 1) and(1, oo) correspondingly,
whereas the value one represents the boundary between ES and
NS. Although the range of th€ scale by definition was from
0 to infinity, practically all the data points lay between 0.65 and

Tyt [Hicicher: Fdarkoos llodel - 0. = &5 §

& blsing Coaaren

s 1.6. As demonstrated in Fig. 12(b), theskill scale differenti-
ates the performance of the NS from the ES for the MIS proce-
Fig.11. Graphical representation of a three-state fully connected MM definigg,re under study.
the step of positioning gallbladder during Laparoscopic Cholecystectomy
performed by NS.

IV. CONCLUSION

tributing to the significant difference in the completion times
between NS and ES was the time spent in the “idle” state. T
NS spent significantly more time in the idle state compare wi
the ES.

Minimally invasive surgery is a complex task that requires
esynthesis between visual and haptic information. Analyzing
IS in terms of these two sources of information is a key
step toward developing objective criteria for training surgeons
_ and evaluating the performance of a master/slave robotic or
C. MM and the MIS Skill Scale teleoperated system and VR simulations with haptic devices.
A typical MM representing the step of positioning the gallSynthesizing the visual and haptic information indicates five
bladder (LC-1) performed by NS was depicted in Fig. 11. Thareas in which the novice surgeon (NS) group was different
plot rendered the probability of each element of the matrick®m the expert surgeon (ES) group when performing MIS:
A, B, w as a color values, defining the three states of a fullyl) types of tool/tissue interaction being used, 2) transitions
connected MM. Similar MMs were developed for the NS groufetween tool/tissue interactions being applied, 3) time spent
the ES group, and the four remaining subjects (two NS amdile performing each tool/tissue interaction (especially the
two ES) for each step of the surgical procedures. Accordingittie state), 4) overall completion time, and B)T" magnitudes
the = vector, defining the initial state distribution, it was moréveing applied by the surgeons on the endoscopic tools.
likely the surgeon would start with state 1-Low in Fig. 4), All the criteria differentiating skill level between NS and ES
which was associated with the highest probability)( Once described above were found to be related. In general, it took
the surgeon was in a certain stafe, (M, or H) it was more the expert surgeon less time to perform a typical MIS compared
likely that he or she would stay in the same state rather thesth the novice surgeon, who spent most of the extra time in
move to another state. This phenomenon was demonstratedhsy “idle” state. This probably results from a number of fac-
the high probability values along the diagona);J compared tors including advanced knowledge of the anatomy, higher level
with the nondiagonal probability values;() of the state tran- of hand-eye coordination, and/or greater experience in handling
sition probability matrixA. Moreover, transitions from th&/  the endoscopic surgical instrument. The magnitude &F ap-
state to the state(M = L)—ay;and from theH state to the plied by NS and ES varied based on the task being performed.
L (H = L)—a3 were more frequent than the reverse statdigher F'/7" magnitudes were applied by NS compared with
transitions—a23 andasz. Thus, once the surgeon was in stateS when performing tissue manipulation. This might be a re-
L, the probability of moving to stat&/ (a;2) was almost equal sult of insufficient dexterity of the NS that might represent a po-
to the probability of moving to stat& (a13). Using a unique tential for tissue damage and time consumption. However, low
subset of symbols from the 87 symbols code-book for each MM/ T magnitudes were applied by the NS compared with the ES
state was exhibited by the fact that there was no overlap betweleming tissue dissection, which might indicate excessive caution
the rows of theB matrix. to avoid irreversible tissue damage. More dissection movements
The skill analysis performed by using MMs of two NS andvere required to be performed by the NS in order to tear the
two ES performing LC and LNF was summarized as a scattissue, a process which substantially decreases the efficiency of
plot in Fig. 12(a) representing th€ SF and theESF proba- the MIS procedure and increases the completion time. More-
bility [see (5)]. The solid line y SF = ESF) represented the over, using the’/T information in real-time during the course
boundary between the NS (top-left) and the ES (bottom-right)f learning as feedback information to the NS may improve the
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learning process, reduce soft tissue injury, and increase the effito] J. Rosen, B. Hannaford, M. MacFarlane, and M. Sinanan, “Force
ciency during endoscopic surgery.
The multidimensional information acquired during MIS was

integrated into a single model using the MM approach. The MM11]
was found to be a very compact yet comprehensive and powerful
tool to model the complexity of MIS. Incorporating MM in the [12]

surgical skill analysis allowed objective quantification of skill

defined as the statistical similarity of a data measured from

subject with apparently unknown skill level to the NS and ES

models. Using these techniques, 87.5% of the surgical proce-
dures were correctly classified into the NS and ES groups. The4!
12.5% of the procedures that were misclassified were performegls)
by the ES and classified as NS. However, in these cases the per-
formance index values were very close to the NS/ES boundarﬂrl.e]
The approach outlined in this study could be extended by inf;7
creasing the size of the database to include more surgical pro-
cedures performed by more surgeons. Our ongoing research

this field is focused on evaluating and tracking skill level of sur-

for evaluating skill level would allow NS to practice outside of

the operating room on animal models or using realistic VR simpzy)
ulators until they had achieved a desired level of competence
and compare themselves to norms established by experienc

surgeons and licensing organizations.

(23]
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