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Introduction

It is generally accepted that successful joint arthroplasty surgical operations require skill in terms of both
technique and judgment. While the traditional apprenticeship model of surgical training adequately
addresses the judgment aspect, it puts patients at unnecessary risk as the learning curve is arduous to
hone technical skills. Even so, few satisfactory alternatives exist to the apprenticeship model of surgical
training. Additionally, it is well established that the outcome of an arthroplasty procedure such as total
knee replacement is critically determined by technical factors, such as the positioning of the prosthetic
components with respect to the skeleton, and the recreation of the natural ligamentous restraints of the
joint that accompany joint motion (Coventry 1979, Stulberg 2002, Berend 2004, Stulberg 2006).
However, there is no validated, objective method for quantifying technical skill. Consequently, there is
limited information available in terms of precise, quantitative measures about the extent to which
technical goals are achieved. Previously, we developed and validated a computer-based prototype
system for evaluating errors in instrument alignment for total knee arthroplasty (TKA) (Conditt 2007).
This system is designed to measure the technical success of a surgical procedure in terms of quantifiable
geometric, spatial, kinematic or kinetic parameters. This allows for surgeons to train outside the
operating room to develop and refine skills specific to a particular surgical procedure while objectively
quantifying their technical skill. Another goal of this project was to test the hypothesis that the use of
computerized training significantly enhances the speed and efficiency of acquisition of surgical skills
within the context of orthopedic procedures.
The purpose of the current project was to implement this previously validated methodology into a turn-
key, computerized Bioskills training facility based on commercial motion analysis hardware and
customized software.
The technical specific objectives of this project entailed:
1.0 To develop an operational computer-based Bioskills System to quantify the extent to which
surgeons achieve technical goals defining the outcome of each step of a surgical procedure.
2.0 To incorporate the Bioskills System into a surgical training facility which allows for simultaneous
training of four surgeons using cadavers or surrogate anatomic models.
3.0 Assess the effectiveness and efficiency of the computer-based facility in training surgeons to
perform at least one operative procedure.



Technical Objective 1.0. Development of Computerized Bioskills System

OVERVIEW

The goal of Technical Objective 1.0 was to deliver an integrated, turn-key, computerized bioskills system
based on commercial motion analysis hardware and software developed for installation into a surgical
training facility. All tasks were successfully completed and implemented for Technical Objective 1.0.

METHODS AND RESULTS

Software

A software development contract was awarded by Motion Analysis Corporation (MAC) to Innovative
Sports Training (IST) to fulfill the requisite subtasks outlined by Technical Objective 1.0. This partnership
was necessary to interface software that generated coordinate data acquired from motion analysis
cameras ("Cortex" distributed by MAC) with software developed to describe the kinematics of bodies
("The Motion Monitor" (TMM) distributed by IST). The TMM platform was utilized for all data collection,
specimen specific coordinate system extraction algorithms, measurement processing, and error
computations. The software was developed and validated as a joint effort with Innovative Sports
Training and Motion Analysis Corporation. Individual templates were created in Cortex to automatically
identify each tool and bone based on its unique marker configuration. All identified marker data was
collected real-time in Cortex and streamed to TMM software for data capture, computations, and data
export.

Specimen specific models were generated from computer tomography (CT) scans after attachment of
arrays to each of the bones being tracked. Details of model preparation are discussed in a previous
publication (Conditt et al., 2007) (Appendix A). CT scans were then obtained of each specimen using a
helical scanner. Contiguous CT slices of .8 mm in thickness were taken through the knee. Three-
dimensional reconstructions of the tibia and femur were prepared using specialized image processing
software (Materialise, Belgium) resulting in solid models of each bone with a dimensional accuracy of
approximately 0.2mm (Figure 1.1).
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Figure 1.1. Reconstructed CT image and corresponding solid model

The TMM software was developed to automatically extract assign coordinate systems to the femur and
tibia within each specimen-specific model, based on the recommended conventions of the ISB (Wu et
al., 2002) (Figure 1.2). Additionally, other specimen-specific geometries used for calculating deviations

from the target values of each computed parameter were generated by TMM software algorithms.

Figure 1.2. Example of a specimen-specific coordinate system automatically generated by the software
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The Bioskills analysis software developed for this project is comprised of a series of files that collect and
export the appropriate data for each step of the surgery. A script automates the process and can be
controlled by the command center operator or a surgical assistant via an analog hand held event trigger.
Appendix B lists the individual files with a description of the functional purpose of each.

Measurement data, error data and figures from the preference files are imported into Microsoft Excel
via macros. IST created a ‘report generator’ in MS Excel which incorporates all of the data for a specific
user into a report format. The requirement for report generation is a full set of appropriate files
exported from the individual preference files. Report generation takes less than one minute; therefore
the final report is immediately available at the conclusion of the session or may be generated at another
time in the future. See Appendix C for an example of the report.

The trainee communicates the target orientations and alignments of the components, which are
recorded in the report for comparison to actual component placement. Targets include femoral
component flexion/extension (Figure 1.3 (a)), varus/valgus (Figure 1.3 (b)), internal/external rotation
(Figure 1.3 (c)), medial/lateral placement (Figure 1.3 (d)), tibial component varus/valgus (Figure 1.4 (a)),
internal/external rotation (Figure 1.4 (b), and tibial slope (Figure 1.4 (c)).

/
» P )

Internal External
Extension Flexion - +
- +
\_/ H Medial «—» Lateral
- +
Varus Valgus
(a) - (b) + (c) (d)

Figure 1.3. Trainee specified femoral component targets: (a) flexion/extension, (b) varus/valgus, (c)
internal/external rotation and (d) medial/lateral alignment.

—//—:_i;:s‘lope

Internal\—/External

+

(a) (b) (c)
Figure 1.4. Trainee specified tibial component targets: (a) varus/valgus, (b) internal/external rotation and (c) tibial
slope
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Parameter Target Value

Femoral component position/alignment

(+)medial/(-)lateral (mm) 0
(+) varus/(-)valgus (deg) -5
(+)flexion/(-)extension (deg) 0

Tibial component alignment

(+) varus/(-)valgus (deg) 0
(+)anterior/(-)posterior slope (deg) -7
(+)internal/(-)external rotation (deg) 6

Table 1. Typical target values for parameters defining the position and alignment of the
femoral and tibial components

Hardware

The motion capture system operates on the principle that the spatial location of all tools and bones
within the bioskills laboratory can be tracked by measuring the position , in space, of arrays of 3-4
spherical retro-reflective markers attached to each tool , bone, or implant. In practice, this necessitates
that the geometric relationship between the markers within each array is precisely known throughout
the preparation and eventual tracking of each specimen in surgery. This is realized by attaching each
marker to a metal post which is inserted into a threaded hole in the base of an aluminum mounting
plate (Figure 1.5). By varying the spacing of the hoes utilized for marker attachment, unique geometric
configurations of markers are created, enabling each array to be identified from a set of spatial
coordinates of all bones, instruments and implants in use at any one instant. The array of holes for
attachment of markers to each plate was designed to provide at least 19 unique combinations of
marker positions with sufficient variation in marker separation to be recognized as unique by the
camera system. Further information relating to the design of the mounting plates is presented in
Appendix D. Figure 1.6 illustrates the original CAD model of the mounting plate, and a photo image of
one such late after fabrication in a CNC milling machine.

Previous experience has shown us that preparation of cadaveric specimens for use in bioskills
experiments is time-consuming and often necessitates freezing and storage of each specimen after CT
scanning, prior to its use in a training session. This creates a potential problem because the performance
of reflective markers deteriorates dramatically with exposure to sub-zero conditions. However, removal
and reattachment of markers from bones or mounting plates results in errors in tracking of each
specimen and any instrumentation. To overcome these challenges, we devised a novel design of
modular bone plate and mounting plate assembly to allow the mounting plate to be detached from the
bone after imaging and then reattached prior to a training session without loss of accuracy in tracking.
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< 3 N
Figure 1.5. Interchangeable flag system (A) CAD model (B) physical model

The assembly consists of a bone plate rigidly attached to the bone or surrogate anatomic model with
screws (Figure 1.6 (A)). The universal flag mates to a post that mates to the bone plate (Figure 1.6 (B)
and (C)). The bone plates were fabricated with a CNC milling machine.

(A) (B)

Figure 1.6. Detachable mounting system: (A) bone plate with holes to allow attachment to the femur of
tibia using bone screws, (B) Assembly (bone plate, post and universal flag) shown in exploded view, and
(C) Assembly in final orientation used for attachment to the bone via a skin incision.

The position and/or orientation of the surgical cuts, the surgical instruments, and the prosthetic
components were all measured with an instrumented plane jig and an intramedullary (IM) rod which we
designed in-house and fabricated on the CNC milling machine.
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6”

(A) (B)

Figure 1.7. Plane jig positional measurement tool: (A) CAD model and (B) physical model.

The plane jig (Figure 1.7) was designed with two faces (planes) for measuring the orientation of cut bony
surfaces with respect to the anatomical axes defined by the software. The IM rod (Figure 1.8) was
developed to enable measurement of the location and alignment of the femoral distal cutting guide with
respect to the femoral origin and axis system.

(B)

14”

Figure 1.8. IM rod positional measurement tool: (A) CAD model and (B) physical model.

Data Collection Sequence and Report Generation
At the commencement of each surgical training session, pre-operative values of a number of parameters
are measured to define the native alignment, range of motion and inherent laxity of the knee joint.
These data include:
1. Pre-operative alignment
2. Pre-operative laxity in the frontal (varus/valgus) and transverse (internal/external rotation)
planes at full extension, 30°, 60° and 90° (Shultz et al., 2007).
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3. Passive pre-operative range of motion (ROM) in the sagittal (flexion/extension) plane was
measured by moving the knee through its extension to flexion arc.
(c) tibial slope.

At the conclusion of each surgical step the position and orientation of the appropriate bones and tools
were measured with the motion analysis system. TMM software computed the following geometric
parameters:

1. The medial/lateral and anterior/posterior entry point of the femoral intramedullary (IM) rod

(Figure 1.8) and its inclination with respect to the anatomic axis of the femur in the sagittal
(flexion/extension) and frontal (varus/valgus) planes (Figure 1.9).

Femoral IM Red Insertion Point
Surgeon Actual

.‘—E-.
E
B
(=]
"
-
E
(=]
-
]
]
(=]
B
E
=

Lateral

-10 -5 0

Med/Lat Dev from Target {mm)

Med/Lat (mm) 2.9 AntiPost{mm) =1.2

Figure 1.8. Example of reported medial/lateral and anterior/posterior insertion point error (mm) of
intramedullary rod.
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IM Rod Ant/Post Deviation 135 ° 1M Rod MediLat Deviation -1.30 °

Figure 1.9. Example of reported medial/lateral and anterior/posterior insertion angle error (degrees) of
intramedullary rod.
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2. The alignment of the distal femoral cutting guide and cut with respect to the anatomical axis of
the femur in the sagittal (flexion/extension) and frontal (varus/valgus) planes (Figure 1.10).

y_.

Femoral Distal Cutting Block
Accuracy

Actual Cut

Femoral Distal Cut Accuracy = Block Alignment

Targets Relative Guide Alignment
Flexion 0.0° 21°
Valgus Angulation 5.0 ° 29° (varus)

Targets  Relative Cut Alignment
Flexion 0.0 ° -21°
Valgus Angulation 5.0 ° 1.6 ° (varus)

degrees of flexion

Sagittal Plane Dev from Target ()

6 12

Frontal Plane Dev from Target (°)

Figure 1.10. Example of plane jig orientation on cut surface (left) and reported deviations for femoral
distal cutting guide alignment and femoral distal cut alignment (right).
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3. The alignment of the posterior (4-in-1) femoral cutting guide and cut with respect to the
anatomical axis of the femur in the sagittal (flexion/extension) and transverse (internal/external

rotation) planes (Figure 1.11).

Femoral AP Cutting Block

Accuracy

Actual Cut

Femoral A/P Cut Accuracy = Block Alignment]

Targets Relative Guide Alignment
Flexion 0.0° -0.7°
External Rotation 3.0° 23 ° (external)

Targets  Relative Cut Alignment
Flexion 0.0° -24°

External Rotation 3.0° 1.9 ° (external)

degrees of flexion

Sagittal Plane Dev from Target ()

internal external

6 12

Transverse Plane Dev from Target (°)

Figure 1.11. Example of plane jig orientation on cut surface (left) and reported deviations for femoral
posterior cutting guide alignment and femoral posterior cut alignment (right).
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4. The resection depth of both the posterior and distal cuts. (Figure 1.12).

Lateral Medial Femoral Resection

Distal Cut: 74 94
Posterior Cut: 82 10.2

—_
E
E
b
™
L
z
L
4

Distal Cut
u Posterior Cut
8 12 16
Medial (mm)

Resection (mm) Lateral
Distal Cut 7.4
Posterior Cut 8.2

Figure 1.12. Example of reported medial and lateral femoral condyle resections (distal and posterior cuts).

5. The alignment of the tibial cutting guide and cut with respect to the anatomical axis of the tibia
in the sagittal (tibial slope) and the frontal (varus/valgus) planes. (Figure X)

6. The depth of tibial resection for the lateral and medial condyles. (Figure X)

7. The alignment of the tibial component in the transverse (internal/external rotation) plane

(Figure 1.13).
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Tibial Preparation

Targets Relative Guide Alignment
Posterior Slope 5.0° 25 ° (anterior)

Varus Angulation 0.0° 11 °  (varus)

Relative Cut Alignment

Posterior Slope 41° (anterior)

Varus Angulation 0.6 ° (varus)

Actual Cut

External Rotation I 7.7 °  (external)

Resection (mm)
Tibial Cut

Figure 1.13. Example of tibial measurements.

8. The net alignment of the knee joint was calculated in full extension post-operatively (Figure
1.14):

a) changes in the relative position of the tibia with respect to the femur were calculated
based on the displacement of the tibial coordinate system relative to the femoral
coordinate system.

b) the tibiofemoral alignment of the knee in the frontal plane (varus/valgus) was defined
by the angle between the tibial and femoral anatomical axes.

c) the tibiofemoral alignment of the knee in the transverse plane (internal/external
rotation) was defined by the angle between the medial/lateral femoral and tibial axes.



Postoperative Limb Alignment

Absolute Change

Flexion Angle (Flex-/Ext+) -1.1° -6.5°
Rotation Angle (Ext+/Int-) -6.3° -6.4°
Angulation (Valgus+/Varus-) -4.4° 44°
Tibial Slope 15° -3.5°

Figure 1.14. Example of frontal plane and sagittal plane alighment with components (left) and reported
postoperative limb alignment measures (right).

9. Post-operative laxity in the frontal (varus/valgus) and transverse (internal/external rotation)
planes at full extension, 30°, 60° and 90°.

10. Passive post-operative range of motion (ROM) in the sagittal (flexion/extension) plane was
measured by moving the knee through its extension to flexion arc.

11. Post-operative laxity in the frontal (varus/valgus) and transverse (internal/external rotation)
planes at full extension, 30°, 60° and 90°.

12. Passive post-operative range of motion (ROM) in the sagittal (flexion/extension) plane was
measured by moving the knee through its extension to flexion arc.
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Technical Objective 2.0. Development of a Surgical Skills Training Facility

OVERVIEW

The goal of Technical Objective 2.0 was to develop a facility for training surgeons in musculoskeletal
procedures using the computerized surgical skills system. This objective was successfully completed. A
fully operational training facility integrating the computerized bioskills trainer with all supporting
instrumentation was developed and implemented with the ability to conduct up to four surgical training
surgery sessions simultaneously.

METHODS AND RESULTS

We successfully developed a surgical training facility (Figure 2.1) consisting of the hardware necessary to
support up to four independent, simultaneous surgical training sessions in orthopedic procedures. This
facility is located within the Methodist Institute for Training, Research and Innovation at The Methodist
Hospital in Houston, and occupies a decommissioned operating room which was actively utilized for
surgical procedures until 2006. This location of this facility is ideal for demonstrating the capabilities of
any surgical training system because of the authenticity of the operative environment and the existence
of extensive infrastructure, including refrigerated storage rooms for human and animal cadavers.

As previously stated, the backbone of the surgical skills system is a 12-camera, infra-red digital camera
system (Motion Analysis Corporation, Santa Rosa, CA). The cameras identify the positions of reflective
markers attached to the bones and measurement instruments, with unique marker array combinations
representing each individual object. These marker position data are to TMM software for data collection
and analysis. The cameras are mounted to a custom frame designed to isolate the cameras from
external vibrations while maximizing the field of view of each camera.

E =

Figure 2.1. Bioskills surgical training facility.

Design and development of supporting instrumentation was a significant aspect of implementing a fully
functional training facility. Off-the-shelf surgical tools such as saw sets and retractor sets were
purchased, however the majority of hardware was developed and fabricated in-house. Customized
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tools and supporting instrumentation included: an interchangeable flag system, detachable mounting
plates for cadaver flags, plane jig and intramedullary (IM) rod tracking tools, surgical tables with
incorporated laxity test apparatus, and command center. Appendix D contains a description, computer
aided design (CAD) model and illustration of the finished product for each customized tool or piece of
hardware. Key components of the facility are the specialized operating tables and the command center.

The surgical tables (Figure 2.2) were designed and constructed to meet surgical, specimen fixation and
joint laxity test requirements. The table secures a cadaver specimen (L5 spinal segment to feet)
prepared for surgical procedures or a surrogate model. The foot of the specimen is secured on a rail that
accommodates a surgeon’s preference for knee flexion positioning as well as passive range of motion
during the procedure. Joint laxity testing is accomplished by applying both axial and perpendicular
torques to the tibia in a controlled manner via the laxity test apparatus (Figure 2.2). A torque wrench
with an intergraded torque sensing load cell (FUTEK Advanced Sensor Tech, Irvine Ca) was used to apply
the torques (5 Nm internal/external rotation, 10 Nm Varus/Valgus) to each specimen. Each surgical
station had its own dedicated data acquisition system (Measurement Computing, Norton, MA) used to
measure the output signal of each torque wrench during laxity test. This raw torque data was synced
with TMM software and joint laxity was calculated.

y Test Apparatus

Torque ¢
___YVrench

Figure 2.2. Customized surgical table with laxity test apparatus: (A) CAD model and (B) physical model.
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Each surgical station has its own dedicated video monitor allowing the
trainee to receive live feedback from the training software (Figure 2.3).

A central command center (Figure 2.4) was designed such that one person could monitor all surgical
stations and the motion capture system (Cortex) simultaneously. The command center accommodates a
dedicated computer and monitor for each surgical station, a separate computer for Cortex and four data
acquisition boards for all analog data.

Figure 2.4. Central command center.
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Technical Objective 3.0. Validation of Integrated Bioskills Surgical Training

System

OVERVIEW

The goal of Technical Objective 3.0 was to test the hypothesis that the Bioskills Training System
enhances the speed and efficiency of acquisition of surgical skills. The objective was successfully
completed.

METHODS

Eleven trainees were recruited to participate in the study. Trainees consisted of surgical students,
residents and fellows enrolled in programs at The University of Texas, Baylor College of Medicine, or
Methodist Hospital in Houston, Texas. Each trainee filled out a standard form describing their previous
surgical experience, including the total number of knee replacement procedures they have previously
observed, assisted or performed. Each trainee was given surgical procedure documentation for the
NexGen (Zimmer, Warsaw, Indiana) total knee replacement system (see Appendix E for the NexGen
surgical documentation). Trainees were graded based on their average of six different measures on their
initial sawbone surgery. Based on their initial assessment, trainees were divided into two groups of
average equal skill. Group 1 (n=6) performed the knee replacement first on a polymeric model then a
cadaver with conventional training. An instructor was available to supervise each trainee, providing
feedback and suggestions for the conventional (apprentice style) sessions. Group 2 (n=5) performed the
knee replacement procedure on a polymeric model with performance assessed by the Computerized
Bioskills system. Results of each surgical step as well as the final alignment as determined by the Bioskills
system were communicated to the trainee. The trainee then performed the procedure on a cadaver
under surveillance of the Bioskills system. Finally, the trainees exchanged group assignments and the
protocols were repeated.

RESULTS
Final Limb Alignment
All Cadaver Trials

The primary outcome of this surgical procedure is the post-operative alignment of the knee in full
extension. Final limb alignment measures included:

1. axial rotation of the tibia with respect to the femur (i.e. relative internal or external rotation),

2. axial alignment of the tibia with respect to the femur in the frontal (i.e. coronal) plane, commonly
referred to as the varus/valgus alignment of the knee, , and

3. the posterior slope of the tibial component with respect to the longitudinal axis of the tibia.
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When analyzed as one group, tibiofemoral rotation changed from 4.9°t1.1° of external rotation pre-
operatively to 2.4°+1.7° of internal rotation after knee replacement (Figure 3.1). Pre-operative
alignment of the knee in the frontal plane averaged 0.06 °+0.64° of varus and changed by less than one
degree to 0.74°+0.57° of varus after surgery (Figure 3.2). The trainees reduced the posterior slope of
the tibia from average of 6.0°+0.2° pre-operatively to 3.9°+0.6° after knee replacement (Figure 3.3).

Average Tibiofemoral Rotation for All Cadaver Trials
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Figure 3.1. Average tibiofemoral rotation for all cadaveric trials expressed in terms of the pre-operative and post-
operative alignment, and the change in alignment due to the surgical procedure.
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Figure 3.2. Average varus/valgus alignment for all cadaver trials compared pre-operatively, post-operatively and in
terms of the change in alignment due to the surgical procedure.
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- Average Tibial Slope Values for All Cadaver Trials
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Figure 3.3. Average tibial slope for all cadaver trials compared pre-operatively, post-operatively and for the
change in alignment due to the surgical procedure.

Group Analysis

When analyzed by assigned groups, tibiofemoral rotation went from 4.68°+1.73° external rotation to
4.03°+2.16° internal rotation in Group 1 (Figure 3.4). Group 2 averaged 5.21°+1.22° of pre-operative
external rotation and 0.22°+2.85°0of post-operative internal rotation. Pre-operatively Group 1 averaged
0.28 °+0.93° of varus and post-operatively averaged 0.29°+0.87° of varus (Figure 3.5). Group 2 averaged
0.23 °10.88° of valgus pre-operatively and post-operatively averaged 1.34°+0.63° of varus. Tibial slope
averaged 6.33°+0.28° for Group 1 and 5.44°+0.29° for Group 2 pre-operatively. Tibial slope post-
operative measures were 2.33°+0.80° and 5.88°+0.57°, respectively (Figure3.6).

Average Tibiofemoral Rotation by Group
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Figure 3.4. Average tibiofemoral rotation by group compared pre-operatively, post-operatively and for the change
in alignment due to the surgical procedure.
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Average Varus/Valgus Alignment by Group
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Figure 3.5. Average varus/valgus alignment by group compared pre-operatively, post-operatively and for the
change in alighment due to the surgical procedure.

Average Tibial Slope Values Compared by Group
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Figure 3.6. Average tibial slope by group compared pre-operatively, post-operatively and for the change in
alignment due to the surgical procedure.

Analysis by Trial Type

When analyzed by the type of trial performed (first cadaver trial or ‘Cadaver 1’ versus second cadaver
trial or ‘Cadaver 2’), tibiofemoral rotation measures pre-operatively were 5.42°+1.86° external rotation
for Cadaver 1 trials and 4.34°+1.14° external rotation for Cadaver 2 trials (Figure 3.7). Post-operative
measures were 0.11°+2.58° external rotation for Cadaver 1 trials and 5.15°+2.1° internal rotation for
Cadaver 2 trials (Figure 3.8). Pre-operatively Cadaver 1 trials averaged 0.01°+0.92° of varus and post-
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operatively averaged 1.13°+0.832° of varus (Figure 3.8). Cadaver 2 trials averaged 0.11°+0.95° of varus
pre-operatively and post-operatively averaged 0.32°+0.78° of varus. Tibial slope averaged 6.09°+0.32°
for Cadaver 1 trials and 5.8°+0.33° for Cadaver 2 trials pre-operatively. Post-operative measures were
3.48°£0.88° and 4.25°+0.98°, respectively (Figure 3.9).

Average Tibiofemoral Rotation by Trial Type

I

8.0

6.0

4.0 —

2.0 —

0.0

-2.0

4.0

6.0 —
ECadaver1 BECadaver2 l

8.0 —

-10.0 T

External (+)/ Internal (-) Rotation {(Degrees)

-12.0

Pre-Op Align Post-Op Align Change

Figure 3.7. Average tibiofemoral rotation by trial type compared pre-operatively, post-operatively and for the
change in alignment due to the surgical procedure.
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Figure3.8. Average varus/valgus alignment by trial type compared pre-operatively, post-operatively and for the
change in alignment due to the surgical procedure.
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Average Tibial Slope by Trial Type
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Figure 3.9. Average tibial slope by trial type compared pre-operatively, post-operatively and for the change in
alignment due to the surgical procedure.

Conclusions

e These results demonstrate that that surgical trainees generally have difficulty in achieving
correct alignment total knee replacement in terms of the axial rotation of the tibia with respect
to the femur . Additional difficulty is observed in achieving adequate posterior slope of the tibial
component. Interestingly, although the knees were generally left in more varus than planned,
the average error was less than one degree.

e Interms of the method of training, trainees instructed with traditional didactic methods were
further from target values of rotational alignment and tibial slope than those trained with data
derived from the Bioskills training system. However, varus/valgus alignment was superior in the
traditionally trained group.

e When these errors are broken down by the number of repetitions of the training exercise.,
varus/valgus alignment and tibial slope improved with the second cadaver session, compared to
the first, however tibio-femoral rotation deteriorated.

Soft Tissue Balancing

Pre-operative and post-operative frontal and transverse laxities were determined for each of the twenty
cadaver knees. For all pre-operative specimens, when subjected to 5 N/m varus torque, varus
angulation of the tibia relative to the femur generally increased across all flexion angles (full extension:
0.61°+0.12°,30°: 0.64° £ 0.12°, 60°: 0.67° £ 0.15°,90°: 0.76° £ 0.17°). Post-operative varus angulation
did not differ significantly from pre-operative angulation in flexion (30°: 0.70° £ 0.23°, 60°: 0.77° £ 0.23°,
90°: 0.78° £ 0.19°), although post-operative full extension was slightly increased (full extension: 0.86° +
0.26°; p=0.39). When 5 N/m valgus torque was applied, valgus angulation in pre-operative knees
generally decreased as flexion increased (full extension: 0.90° £ 0.20°, 30°: 0.60° £ 0.12°, 60°: 0.57°



30

0.14°,90°: 0.47° £ 0.08°). At full extension and at 30° of flexion, post-operative valgus angulation was
similar to pre-operative angulation (full extension: 0.72° £ 0.19°, 30°: 0.59° + 0.13°) and slightly
increased at higher flexion angles (60°: 0.93° + 0.35°, 90°: 0.65° + 0.27°), although no differences were
statistically significant. Application of 10 N/m internal and external torque revealed more transverse
rotational laxities than frontal varus and valgus laxities both pre- and post-operatively. Internal torque
resulted in corresponding internal rotation of the tibia relative the femur that increased with any flexion
pre-operatively (0°: 7.62° + 1.03°, 30°: 15.54° + 1.04°, 60°: 18.54° + 0.99°, 90°: 15.16° + 1.47°) and post-
operatively (0°: 5.42° + 0.64°, 30°: 14.51° + 1.51°, 60°: 16.57° £ 1.91°, 90°: 17.52° £ 2.42°). Similarly,
although pre- and post-operative full extension external rotation was greater than internal, external
rotation increased with any flexion as external torque was applied pre-operatively (0°: 10.18° + 1.65°,
30°:15.26° + 1.77°,60°: 12.38° + 1.59°, 90°: 15.07° + 1.83°) and post-operatively (0°: 10.52° + 2.37°, 30°:
17.54° +2.25°, 60°: 17.25° + 2.54°,90°: 20.99° + 2.83°).
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Figures 3.10 - 3.13. Pre-operative and post-operative frontal and transverse laxity measurements for all
surgeons.

The pre-operative and post-operative frontal and transverse laxity measurements were categorized into
subgroups based on Group 1 versus 2 and phase cadaver 1 versus cadaver 2 (Figure Al and A2,
respectively). Group 2 post-operative frontal laxity measurements tended to approach those of the
intact specimen with less deviation as compared to group 1’s post operative measurements, whereas
both groups had similar trends with regards to post-operative transverse laxity measurements matching
up with pre-op measurements. However, no significantly different trends were noticed between groups.
The only significant differences noted between the two groups were the pre-operative frontal laxity,
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varus measurement at 60 degrees of flexion (p=0.04 ) and in the pre-operative transverse laxity,
external rotation measurements at 90 degrees of flexion (p=0.04).

Femoral Preparation
All Trials

The alignments of the surgical instruments were measured after each step of the surgical procedure. As
a group, the average error in the IM rod insertion placement caused it to be positioned 1.15+0.56 mm
medial and -2.8310.65 mm posterior to the projection of the actual intramedullary axis (Figure 3.14).
The IM rod was angled 0.48°+0.19° lateral (varus) and 0.45°+0.31° anterior (flexion) to the anatomical
axis (Figure 3.16). This corresponded to group average deviations from the target insertion point of
4.09+0.48 mm anterior/posterior and 2.87+0.40 mm medial/lateral (Figure 3.15). Group average
deviations from target alignment were 1.02°+0.13° medial/lateral and 1.59°+0.18° anterior/posterior
(Figure 3.16).
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Figures 3.14 and3.15. Average IM rod insertion point relative to the ideal insertion point (the projection of the
actual intramedullary axis on the distal femur) for all trials (left) and deviation of the IM rod insertion point from
target values averaged for all trials (right).
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Figures 3.16 and 3.17. Average IM rod alignment for all trials (left) and deviation of IM Rod alignment from target
values averaged for all trials (right).

The distal cutting guide was positioned in 1.43°+£0.42° of flexion and 4.58°+£0.37° valgus with respect to
the femoral anatomical axis (Figure 3.18) for the entire group. This corresponded to deviations from
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target values of 2.52°+0.26° flexion/extension and 1.82°+0.26° varus/valgus (Figure 3.19). On average,
the posterior cutting guide (4-in-1 cutting guide) was placed in 0.70£0.75° of extension and 1.23°+0.89°
of external rotation with respect to the anatomical axis (Figure 3.20). The average deviation from target
in flexion/extension was 3.38°+0.57° and 4.51°+0.68° in external/internal rotation (Figure 3.21).
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Figures 3.18 and 3.19. Average alignment of the femoral distal cutting guide for all trials (left) and deviation of
alignment from target values averaged for all trials (right).
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Figures 3.20 and 3.21. Average alignment of the femoral posterior (4-in-1) cutting guide for all trials (left) and
deviation of alignment from target values averaged for all trials (right).

The femoral distal osteotomy alignments averaged 0.01°+0.49° in extension and 5.14°+0.31° in valgus
for all trials (Figure 3.22). The posterior osteotomy averaged 0.70°+0.98° in external rotation (Figure
3.22). Corresponding deviations from the intended targets were 2.42°+0.32° in flexion/extension,
1.76°+0.18° in varus/valgus and 4.83°10.73° in external/internal rotation (Figure 3.23).
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Femoral Osteotomy Alignment Averaged for All Trials Deviation of Femoral Osteotomy from Target
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Figures 3.22 and 3.23. Average alignment of the femoral osteotomies for all trials (left) and deviation of alignment
from target values averaged for all trials (right).

Conclusions

e These results demonstrate that surgical trainees tend to place the intramedullary guide rod at a
significant displacement away from the target position corresponding to the longitudinal axis of
the intramedullary canal. These errors are much larger in the anterior/posterior direction than
medial/laterally. In contrast, errors in the axial alignment of the rod are relatively small.

e Errors in placement of the distal cutting guide lead to 2-3 degree misalignment of the femoral
resections, both in flexion/extension and varus/valgus alignment. The varus/valgus component
is of particular concern, because deviations were typically in a varus direction.

Tibial Preparation

The alignments of the tibial cutting guide and tibial osteotomy were measured relative to the anatomic
and medial/lateral axes of the tibia.

Post-operatively, the average alignment of the tibial cutting guide was 3.36°+0.52° in posterior slope,
0.10°+0.45° in valgus and 5.23°+0.86° in external rotation for all trainees combined (Figure 3.24). This
corresponds to average deviations from target values of 3.33°40.39° in posterior slope, 2.46°+0.22° in
varus/valgus alignment, and 6.56°+0.60° in external/internal rotation (Figure 3.25).

Similar values were measured for the actual orientation of the tibial osteotomies. These were aligned at
an average of 3.22°10.41° in posterior slope, 0.98°+0.44° in varus and 5.38°+0.84° in external rotation
(Figure 3.26). This corresponds to deviations of 2.87°+0.36° posterior slope, 2.45°+0.27° varus/valgus
and 4.22°+0.51° external/internal rotation compared to target values (Figure 3.27).
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Figures 3.24 and 3.25. Average alignment of the tibial cutting guide for all trials (left) and deviation of alignment
from target values averaged for all trials (right).
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Figures 3.26 and 3.27. Average alignment of the tibial osteotomies for all trials (left) and deviation of alignment
from target values averaged for all trials (right).

Conclusions

e These results support the conclusion that the surgical trainees had significant difuculty in
preparation of the tibia, with an average increase of deviations of 2-3 degrees in varus
alignment, with a 3-4 degree shortfall in posterior slope.

e A source of major concern is the difficulty experienced by trainees in achieving the correct axial
rotation of the tibial component with respect to the femur, which could have serious clinical
consequences if reproduced in treatment of patients.
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Table 3.1. Group instrument and osteotomy alignment errors

Standard Deviation Standard

Mean
Error from Target Error

Femoral intramedullary rod

(+)medial/(-)lateral (mm) 1.15 0.56 2.87 0.40

(+)anterior/(-)posterior (mm) -2.83 0.65 4.09 0.48

(+)med/(-)lat (deg) -0.48 0.19 1.02 0.13

(+)posterior/(-)anterior (deg) 0.45 0.31 1.59 0.18
Distal femoral cutting guide

(-)varus/(+)valgus (deg) 4.58 0.37 1.82 0.26

(+)flexion/(-)extension (deg) 1.43 0.42 2.52 0.26
Posterior femoral cutting guide

(+)internal/(-)external rotation (deg) 1.23 0.89 4.51 0.65

(+)flexion/(-)extension (deg) -0.70 0.75 3.38 0.57
Tibial cutting guide

(+)varus/(-)valgus (deg) -0.10 0.45 2.46 0.22

(-)anterior/(+)posterior slope (deg) 3.36 0.52 3.33 0.39

(+)external/(-)internal rotation (deg) 5.20 0.86 6.56 0.60
Femoral Osteotomy

(+)flexion/(-)extension (deg) -0.01 0.49 2.42 0.32

(+)varus/(-)valgus (deg) 5.14 0.31 1.76 0.18

(+)internal/(-)external rotation (deg) 0.70 0.98 4.83 0.73
Tibial Osteotomy

(-)anterior/(+)posterior slope (deg) 3.22 0.41 2.87 0.36

(+)varus/(-)valgus (deg) 0.98 0.44 2.45 0.27

(-)internal/(+)external rotation (deg) 5.38 0.84 4.22 0.51

Surgical Procedure Metrics

Results from the analyses of specific surgical procedures are given in Appedix F. All major surgical steps
of the knee arthroplasty procedure were analyzed in terms of quantifying: (1) alignment of the cutting
guides and alignment of the resulting osteotomies. Group analyses (Group 1 assignment versus Group 2
assignment) and trial specific (sawbone versus cadaver) analyses are presented for alighment of the
guides/osteotomies and deviations from the intended targets.

Analyses by Group Assignment

Analyses by group demonstrated that significant differences did not exist between the skill levels of the
two groups when individual steps were analyzed. Therefore, the average skill level represented by each
group was representative of the overall skill level of study participants.

With respect to femoral preparation surgical steps, anterior/posterior placement of the IM rod, both in
terms of insertion point and alignment, demonstrated higher deviation from the intended target than
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medial/lateral measures (Figures F.1-F.4). There was also greater variability in alignment (i.e. angle)
measures compared to insertion point measures. Femoral cutting guide measures also showed
consistent similar alignment measures as well as deviations from intended targets when the two groups
were compared (Figures F.5-F.8). Similar trends were seen for tibial cutting guide alignment and tibial
osteotomy metrics (Figures F.21-F.25)

Analyses by Trial Type

Analyses by trial type involved grouping metrics based on the specific surgical trial for all surgeons who
performed that trial (i.e. Sawbone Trial 1, Cadaver Trial 1, Sawbone Trial 2, and Cadaver Trial 2).

With respect to femoral preparation surgical steps, there was great variability between sawbone trial
outcomes and cadaver trial outcomes. For example, in flexion/extension measures of IM rod alignment
the sawbone trials averaged IM rod alignmenst in flexion while the cadaver trials averaged IM rod
alignments in extension (Figure F.11). The same trend is seen in IM rod insertion point measures (Figure
F.13) and femoral cutting guide alignment (sawbone trials averaged net external rotational alignment
while cadaveric trials averaged net internal rotational alignment). These results might indicate that
sawbone polymeric models are not adequate surrogate models for knee arthroplasty procedures.

Tibial preparation steps demonstrated a learning curve trend, in terms of both sawbone trials and
cadaveric trials. Tibial guide placement improved with each subsequent trial of the same type (Sawbone
1 - Sawbone 2 and Cadaver 1 - Cadaver 2). For example, measurements of posterior slope increased
from 3.82°+0.91° to 5.30°+1.21°, where 5.5° was the average target value of posterior slope (Figure
F.26). Varus/valgus measures also demonstrated a learning curve (Figure F.28 and F.30) as the
magnitude of the deviation from target values decreased with subsequent surgeries of the same type.
Interestingly, external/internal rotation measures were highly variable and did not necessarily show a
learning curve effect, however tibial osteotomy alighment values in external/internal rotation closely
follow tibial cutting guide alignment values. This suggests that the design of the guide and associated
surgical tools to perform the osteotomy lends themselves to low error propagation (Figure F.27 and
F.29) for this particular alignment metric.
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Key Research Accomplishments

1. We have developed a reliable and accurate turnkey system for measurement of technical
performance parameters in orthopedic procedures, primarily total knee replacement.

2. Successful development of a robust software for automated measurement of bony landmarks,
computation of anatomic axes , and real time monitoring of the position and alignment of surgical
implants and instruments.

3. We have successfully developed a reproducible methodology for measuring the laxity of the knee
joint win all positions of normal function before and after joint replacement.

4. We have succeeded in generating automated reports documenting the technical performance of each
individual surgeon with case-specific illustrations and data with virtually no delay. This enables surgeons
to receive personalized reports immediately upon completion of each training exercise.

5. We have determined that bioskills training has variable impact on the technical skills of trainees and
that more structured use of the system is required to optimize its impact on skill acquisition and the
spectrum of technical tasks successfully acquired.

6. Our results have demonstrated that current surrogate models of the knee ("Sawbones"), used
worldwide for surgical training, do not emulate the acquisition of transferrable technical skills. We have
determined that more realistic anatomic models are needed for use in surgical training to replace
completely or at least to a significant degree the need for human cadavers.

Reportable Outcomes and Conclusions

The major reportable outcome of this study is the development of an operational Bioskills Training
facility at The Methodist hospital in Houston for the development of surgical skills in trainees within the
medical school and residency training programs, and in practicing surgeons within the community who
may wish to further refine their technical skills or learn new procedures. Discussions are underway with
the administration of Methodist- Cornell Medical School, Baylor College of medicine, and The University
of Texas to incorporate this facility into the training of Residents and fellows in orthopedic Surgery and
other specialties.

Experts at other training centers (D Chit Ranawat, Hospital for Special Surgery, New York and Dr Ron
Lehman, Walter Reed Hospital, Washington DC) have expressed an interest in developing satellite
versions of the Bioskill Systems to use in their own facilities. awe are interested in obtaining funding to
test and develop the outcome of training using this system, both in the sense of acute improvement of
technical skill, but, more importantly, in terms of outcomes and prevention of complications in clinical
practice. We are in the process of exploring funding sources to make this possible.
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Manuscripts of our findings will be prepared once we have completed enrollment of experienced
surgeons to serve as a reference datum. Nonetheless, the bioskills system has been presented to
surgeons and manufacturers in a variety of conference venues, including the American Academy of
orthopedic Surgery and the Australian Orthopedic Association.



39

References

Berend M, Ritter M, Meding J, Faris P, Keating E, Redelman R, Faris G, Davis K. Tibial component failure
mechanisms in total knee arthroplasty. Clin Orthop Relat Res. 2004; 428: 26-34.

Conditt M, Noble P, Thompson M, Ismaily S, Moy G, and Mathis K. A computerized bioskills system for
surgical skills training in total knee replacement. Proc Inst Mech Eng H. 2007; 221(1): 61-9.

Coventry M. Two-part total knee arthroplasty: evolution and present status. Clin Orthop Relat Res. 1979;
145: 29-36.

Shultz S, Shimokochi Y, Nguyen A, Schmitz R, Beynnon B, Perrin D. Measurement of varus-valgus and
internal-external rotational knee laxities in vivo — part I: assessment of measurement reliability and
bilateral asymmetry. J Orthop Res. 2007; 25(8): 981-8.

Stulberg B, Loan P, Sarin V. Computer-assisted navigation in total knee replacement: results of an initial
experience in thirty-five patients. J Bone Joint Surg Am. 2002; 84A, Suppl. 2: 90-98.

Stulberg B, Zadzilka J. Computer-assisted surgery: a wine before its time: in opposition. J Arthroplasty.
2006; 21(4), Suppl. 1: 29-32.

Wu G, Siegler S, Allard P, Kirtley C, Leardini A, Rosenbaum D, Whittle M, D’Lima DD, Cristofolini L, Witte
H, Schmid O, Stokes. ISB recommendation on definitions of joint coordinate system of various joints for
the reporting of human joint motion — part I: ankle, hip, and spine. J Biomech. 2002; 35(4): 543-8.



40

Appendices

Appendix A.1. Previously published journal article detailing methodology

Conditt M, Noble P, Thompson M, Ismaily S, Moy G, and Mathis K. A computerized bioskills system for
surgical skills training in total knee replacement. Proc Inst Mech Eng H. 2007; 221(1): 61-9.



SPECIAL ISSUE PAPER 61

A computerized bioskills system for surgical skills
training in total knee replacement

M A Conditt'*, P C Noble®?, M T Thompson', § K Ismaily’, G J] Moy’, and K B Mathis**
!Institute of Orthopedic Research and Education, Houston, Texas, USA

2 Baylor College of Medicine, Houston, Texas, USA
#John S. Dunn Foundation, Houston, Texas, USA

4 Department of Orthopedic Surgery, The Methodist Hospital, Houston, Texas, USA

The manuscript was received on 23 April 2006 and was accepted after revision for publication on 4 October 2006.

DOI: 10.1243/09544119]EIM254

INTRODUCTION

Abstract: Although all agree that the results of total knee replacement (TKR) are primarily
determined by surgical skill, there are few satisfactory alternatives to the ‘apprenticeship’ model
of surgical training. A system capable of evaluating errors of instrument alignment in TKR has
been developed and demonstrated. This system also makes it possible quantitatively to assess
the source of errors in final component position and limb alignment. This study demonstrates
the use of a computer-based system to analyse the surgical skills in TKR through detailed
quantitative analysis of the technical accuracy of each step of the procedure. Twelve surgeons
implanted a posterior-stabilized TKR in 12 fresh cadavers using the same set of surgical instru-
ments. During each procedure, the position and orientation of the femur, tibia, each surgical
instrument, and the trial components were measured with an infrared coordinate measurement
system. Through analysis of these data, the sources and relative magnitudes of errors in position
and alignment of each instrument were determined, as well as its contribution to the final
limb alignment, component positioning and ligament balance. Perfect balancing of the flexion
and extension gaps was uncommon (0/15). Under standardized loading, the opening of the
joint laterally exceeded the opening medially by an average of approximately 4 mm in both
extension (4.1+2.1 mm) and flexion (3.8 +3.4 mm). In addition, the overall separation of the
femur and the tibia was greater in flexion than extension by an average of 4.6 mm. The most
significant errors occurred in locating the anterior/posterior position of the entry point in the
distal femur (SD=8.4 mm) and the correct rotational alignment of the tibial tray (SD=13.2°).
On a case-by-case basis, the relative contributions of errors in individual instrument alignments
to the final limb alignment and soft tissue balancing were identified. The results indicate that
discrete steps in the surgical procedure make the largest contributions to the ultimate alignment
and laxity of the prosthetic knee. Utilization of this method of analysis and feedback in ortho-
paedic training is expected rapidly to enhance surgical skills without the risks of patient
exposure.

Keywords: total knee replacement, computer model, limb alignment

2]. These include the position and alignment of the

It is well established that the outcome of total knee
replacement, whether gauged by the short-term
function of the artificial joint or its ultimate dura-
bility, is critically determined by technical factors [1,
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prosthetic components with respect to the skeleton,
and the soft-tissue balance achieved intraoperatively
[3-6]. It is generally agreed that in the frontal plane
the desired alignment of the reconstructed knee is
such that the mechanical axis of the limb passes
through the middle of the knee joint [7, 8] or through
the middle third of the prosthesis [9]. In the sagittal
plane the goal is to restore normal patellofemoral
tracking and stability while simultaneously providing
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sufficient knee flexion for everyday activities. It is
also important to recreate the preoperative orien-
tation of the femur and tibia in internal/external
rotation with the knee in full extension, although
opinions differ concerning optimal rotational align-
ment with respect to the bony tibia. In addition to
the final limb alignment, another surgical goal of TKR
is to create symmetric and balanced flexion and
extension gaps [10].

Over the past 30 years of knee arthroplasty, there
have been numerous suggestions of the most effec-
tive procedures for achieving acceptable balance and
alignment of the artificial knee on a routine, repro-
ducible basis [7, 11-16]. Traditionally, the location of
each prosthetic component has been referenced to
anatomic landmarks on either the femur or the tibia,
often without reference to the other bones in the
joint. For example, the internal/external rotation of
the femoral component is traditionally aligned with
the posterior edges of the femoral condyles or the
epicondylar axis, while the rotational position of the
tibial component on the tibia is based on the location
of the tibial tubercle, the shape of the tibial plateau,
or the alignment of the malleoli. These techniques
have been shown to be unreliable in the osteoarth-
ritic knee [17]. More recently, the accuracy of prep-
aration of the tibia and femur has been increased
through adoption of a coupled-component tech-
nique in which the relative orientation of the articul-
ating components is referenced intraoperatively [18].
In addition, cutting guides for both the femur and
the tibia are commonly referenced to extramedullary
and/or intramedullary landmarks to overcome the
difficulty of visualizing the mechanical axis of the
extremity via the surgical incision. Although these
guides increase the reliability of implant placement,
errors still occur owing to the variability of bony
anatomy, and the difficulty of achieving rigid fixation
of the guide to the underlying bone, especially in
osteoporotic cases.

It is even more diflicult to restore the normal stab-
ility of the knee joint throughout the arc of motion
as the forces developed in the ligaments controlling
joint motion are sensitive to precise placement of the
prosthetic components. Moreover, the placement of
the new articulating surfaces must compensate for
the effects of the pathologic process, in addition to
the effects of differences in the geometry of the pros-
thetic and native joints [19]. In order to address bony
deformities, joint contractures, or instability, it may
be necessary to perform a series of soft tissue
releases in addition to the bony cuts to create sym-
metric and balanced flexion and extension gaps.
These soft-tissue balancing procedures are typically

performed without the aid of any instrumentation,
and consequently it is not surprising that, even when
specific techniques are employed to create equal
flexion and extension gaps, perfect soft-tissue
balancing is achieved in only approximately 50 per
cent of cases [20].

Clearly, successful completion of the operation
requires skill, in both technique and judgement.
However, there is limited information demonstrating
in precise, quantitative terms the extent to which
these technical goals are achieved on a case-by-case
basis. Moreover, it is not possible to establish which
specific errors/variations in surgical technique
account for deviations of alignment and balance
from the idealized preoperative plan. As there are
multiple sources of error, a quantitative method is
needed to measure the contribution of each potential
factor to the surgeon’s success in achieving the tech-
nical goals of the procedure. In this study, such a
method is presented, and its effectiveness in discern-
ing causes of malalignment of prosthetic compo-
nents and imbalance of the knee following TKR is
demonstrated.

2 MATERIALS AND METHODS

2.1 Preparation of computer knee models

Twelve normal lower extremities without evidence
of pre-existing contractures or deformities were har-
vested from cadaveric donors (eight males, four
females; average age 76 years). Anteroposterior and
lateral radiographs were prepared of each specimen
to exclude cases with evidence of previous trauma,
or significant skeletal pathology. Computer tomogra-
phy (CT) scans were obtained of each specimen
using a helical scanner (GE Medical Systems) and
contiguous slices of 2.5 mm through the shafts of the
tibia and femur with slices at a thickness of 1.25 mm
through the joint. Three-dimensional reconstruc-
tions of the tibia and femur were prepared
(Materialize, Belgium), resulting in solid models of
each bone with a dimensional accuracy of approxi-
mately 0.2 mm.

Utilizing computer aided design (CAD) software
routines (Unigraphics Inc., Cypress, California), a set
of anatomically based coordinate systems was devel-
oped to define the location and orientation of the
tibia and the femur from the three-dimensional solid
models. For the femur, the true flexion/extension axis
was found by fitting spheres to the posterior condylar
surfaces of the intact femur [21]. The longitudinal
anatomic axis was defined by the line of best fit
through the centroids of cross-sections from the
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distal third of the femur (Fig.1). The anterior/
posterior axis was defined by a line mutually ortho-
gonal to the other two axes. The origin of the femoral
coordinate system was the point on the longitudinal
axis closest to the flexion/extension axis. The
mechanical axis of the femur was defined as the axis
lying in the plane of the femoral anatomic axis and
perpendicular to the flexion/extension axis. The
longitudinal tibial axis was defined by the line of
best fit through the centroids of cross-sections from
the proximal third of the tibia, as shown in Fig. 1. For
the medial/lateral axis of the tibia, circles were fitted
to the cortical edges of the medial and lateral sides
at slices 2, 4.5, and 7 mm distal to the tibial plateau.
The medial/lateral axis was then calculated by
averaging the centres of these circles (Fig. 1). The
anterior/posterior axis was defined by a line mutu-
ally orthogonal to the other two axes. The origin of
the tibial coordinate system was the point on the
medial/lateral axis closest to the longitudinal axis.

2.2 Surgical preparation of each specimen

Following radiographic evaluation, the twelve
cadaveric knees were prepared for implantation of a
posterior cruciate ligament (PCL) sacrificing pos-
terior stabilized total knee replacement using one
standard set of instruments [Insall-Burstein 11 (IBII),
Zimmer]. This particular instrument set was selected
for use in these experiments because it incorporates
most of the design features common to many other
instrument systems without the specialized features
or accessories characteristic of more contemporary

Fig. 1 Example of CT reconstruction and definition of
anatomic and mechanical axes

instrumentation. The first step of the procedure
involved resection of the proximal tibia using a
cutting guide mounted on an extramedullary align-
ment jig. An intramedullary alignment rod was then
inserted through a drilled hole within the intercondy-
lar notch of the distal femur. The anterior cutting
guide was then indexed off the anterior femoral
cortex, guiding the resection of a preliminary
anterior cut to avoid notching of the femur. The distal
femoral cutting guide was then mounted on the cut
anterior femur to determine the level of the distal
femoral resection. The femur was then sized and the
posterior condylar and the final anterior cuts were
made. The flexion and extension gaps were checked
and, if necessary, the distal femur was recut. The
appropriate femoral notch/chamfer guide was then
pinned to the cut distal femur and controlled the
chamfer cuts and removal of the intercondylar notch.
The rotational position of the tibia was determined
by pinning the tibial stem template on the cut tibial
surface in rotational alignment with the tibial
tubercle. The tibial stem punch was then driven into
the cancellous bone, creating the cavity for the stem
of the tibial tray. Twelve individuals performed the
tibial and femoral cuts on the cadaveric knees: four
experienced surgeons (orthopaedic faculty), one
total joint fellow, five orthopaedic residents, one
physician’s assistant, and one orthopaedic assistant.

2.3 Quantitative assessment of instrument
alignment

During surgical preparation of each knee, the pos-
ition and orientation of the femur and tibia, each
surgical instrument, and the trial components
were measured with a three-dimensional coordinate
measurement system (NDI, Waterloo, Ontario,
Canada). Specifically, the instruments tracked were
the extramedullary tibial cutting guide, the femoral
intramedullary rod, the anterior femoral cutting
guide, the distal femoral cutting guide, and the tibial
stem punch. Based upon these spatial measure-
ments, the following geometric parameters were
calculated.

1. The medial/lateral placement of the extramedul-
lary rod within the tibia and its inclination with
respect to the longitudinal anatomic axis of the
tibia in both the frontal (varus/valgus) and sagittal
planes (tibial slope) (Fig. 2).

2. The medial/lateral and anterior/posterior entry
point of the femoral intramedullary rod and its
inclination with respect to the mechanical and
anatomic axes of the femur in both the frontal
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Fig.2 Computer reconstruction of the tibia with a
cutting block mounted on an extramedullary
alignment guide prior to pinning to the proxi-
mal tibia. The height of the guide is determined
by a threaded sleeve; its inclination is deter-
mined by the position of the rod with respect
to the distal tibia in both the frontal and sagit-
tal planes

(varus/valgus) and sagittal planes (flexion/exten-
sion).

3. The alignment of the anterior femoral cutting
guide with respect to the mechanical axis of the
femur in both the sagittal (flexion/extension) and
transverse planes (internal/external rotation).

4. The alignment of the distal femoral cutting guide:
(a) with respect to the mechanical axis of the

femur, in both the sagittal plane (flexion/

extension) and the frontal plane (varus/
valgus);

with respect to the flexion/extension axis of

the femur in the transverse plane (internal/

external rotation).

. The alignment of the tibial stem punch, relative
to the medial/lateral axis of the tibia in the trans-
verse plane (internal/external rotation).

6. The inclination of the femoral component with
respect to the mechanical axis of the femur in
both the sagittal (flexion/extension) and frontal
planes (varus/valgus).

7. The internal/external rotation of the femoral com-
ponent with respect to the flexion/extension axis
of the femur in the transverse plane.

8. The alignment of the tibial component in the sag-
ittal plane (tibial slope) and in the frontal plane
(varus/valgus), both with respect to the longitudi-
nal axis of the tibia and in the transverse plane
(internal/external rotation) with respect to the
medial/lateral axis of the tibia.

9. The net alignment of the lower extremity, both

b

o

before and after implantation, was calculated in
full extension (Fig. 3) and 90° of flexion:

(a) changes in the relative position of the tibia
with respect to the femur were calculated
from the displacement of the centre of the
tibial coordinate system with respect to the
femoral coordinate system;

the tibiofemoral alignment of the knee (varus/
valgus) was defined by the angle between the
tibial and the femoral anatomic longitudinal
axes in the frontal plane of the femur;

the internal/external rotation of the femur
with respect to the tibia was defined by the
angle between the medial/lateral femoral and
tibial axes in the transverse plane of the femur.

(b

=

(c

£

The ligamentous balance of each knee was measured
in extension and 90° of flexion after completion of
the bony cuts. An instrumented distraction instru-
ment was placed between the cut surfaces of the
femur and the tibia, and a fixed force of 44 N (10 Ibf)
was applied to distract the joint (Fig.4). During
distraction, the pivoting design of the tensometer
allowed differential opening of the medial and lateral
edges of the joint. During distraction, the medial and
lateral separation of the tibia and femur were meas-
ured with the coordinate measuring system. Based
on these measurements, the ‘flexion gap’ was defined
as the mean separation of the joint surfaces under
the distraction load with the knee fixed in 907 of
flexion. The ‘extension gap” was defined as the same
measurements performed with the knee in full exten-
sion. The imbalance of each gap was assessed by
measuring the angle between the cut tibial and fem-
oral surfaces within the frontal plane.

Fig.3 Computer reconstructions of the knee joint
before and after total knee replacement
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Fig.4 Photograph of a navigated joint distraction
device. The metal plates (A) are placed within
the joint space and are separated by turning the
rack and pinion mechanism (B) with a torque
wrench until a total distraction resistance of
44 N is developed between the femur and the
tibia. The distraction plates are [ree to angulate
to allow for unequal opening of the medial and
lateral compartments

3 RESULTS

3.1 Final limb alignment

One primary outcome variable defining the technical
goals of this procedure is the final limb alignment in
full extension. Post-arthroplasty, tibiofemoral align-
ment increased by an average of 2.1+5.8" of varus
with a range of 10.8” of valgus to 8.27 of varus with
respect to the initial, preoperative alignment. In
every specimen, the tibia was placed in more exter-
nal rotation than in the intact knee, with post-
operative external rotation ranging from 0.7 to 12.8°
(average value 5.6+4.3°). In addition, the post-
operative tibia was shifted 3.1 +4.9 mm medially and
13.949.7 mm posteriorly in relation to the femur,
and the tibiofemoral joint space was increased
4.7 +3.1 mm relative to the intact knee.

3.2 Soft tissue balancing

Another primary outcome variable is the balance of
the flexion and extension gaps. Gap measurements
were taken with 44 N (10 Ibf) of force spreading the
joint open. The average extension gap was 13.9+

59mm and the average flexion gap was 18.6+
6.8 mm. Within each surgery, the average difference
between the flexion and extension gap distance was
4.6 mm more flexion gap, with a range of 0.3 mm
tight in flexion to 8.0 mm tight in extension. Only 1
out of 12 surgeries is within a 1 mm acceptability
range in difference in the flexion/extension laxities,
with all others more lax in flexion. If 2 mm of differ-
ence in the medial and lateral gaps is considered
acceptable varus/valgus laxity, two out of 12 knees
were satisfactory in extension and two out of 12
knees were satisfactory in flexion. It should be noted
that these were not the same two knees. On average,
the extension gap was lax laterally 4.14+2.1 mm and
the flexion gap was lax laterally 3.8 +3.4 mm. In 58
per cent of the knees, there was greater asymmetry
in medial-lateral joint space opening in extension
than in flexion.

3.3 Femoral preparation

The alignments of the femoral intramedullary rod,
the anterior cutting block, the distal cutting block,
and the final component were measured relative to
the femur. The knees in this study had an average of
7.54+1.5% anatomic valgus prior to surgical prep-
aration. Post-operatively, the femoral component
was positioned in 2.2+5.2° of flexion, 1.0+4.4
valgus, and 0.2 +2.4° of external rotation with respect
to the mechanical and medial/lateral axes of the
femur.

The alignments of the femoral instruments were
measured during the surgical procedure. On average,
errors in the insertion point of the intramedullary
rod caused it to be positioned 1.2+3.2 mm lateral
and 2.6+ 8.4 mm posterior to the projection of the
actual intramedullary axis on the distal femur. In
alignment, the intramedullary rod was angled
0.743.6° anterior (flexion) and 6.2+2.1° lateral
(varus) to the anatomic axis. In the sagittal plane, the
anterior cutting guide was positioned in 2.4 +6.2° of
flexion and the distal cutting was positioned in
3.7+6.1° of flexion. In the transverse plane, both the
anterior cutting guide and the posterior cutting guide
were externally rotated 2.7+12.1° and 2.2+12.4
respectively. The distal femoral cutting guide was
positioned in 1.1+ 2.0" varus. While the mean values
for these alignments are not far from the intended
configuration, the extreme variability should be
noted (Table 1).

3.4 Tibial preparation

The alignments of the tibial extramedullary rod, the
tibial stem punch, and the final component were
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Table 1 Instrument and component alignment errors

Standard
Goal Mean deviation Minimum Maximum

Tibial EM rod

(+)varus/(—)valgus (deg) 0 0.1 3.1 5.8 3.9

(+)anterior/( —)posterior slope (deg) 3 44 3.8 13.0 1.2

(+)medial/(—)lateral position (mm) 0 14 13.9 —215 272
Tibial punch

(+)internal/(— Jexternal rotation (deg) 0 —8.1 14.5 -394 16.3
Distal femoral cutting guide

(+)varus/(—)valgus (deg) 0 1.1 2.0 —1.8 3.2

(+)internal/(— )external rotation (deg) 0 —22 12.4 —225 v o

(+)flexion/{ —)extension (deg) 0 3.7 6.1 5.6 12.2
Anterior femoral cutting guide

(+)internal/(— )external rotation (deg) 0 27 12.1 225 26.1

(+)flexion/( —)extension (deg) 0 2.4 6.2 —69 11.9
Femoral intramedullary rod

(+)medial/(—)lateral position (mm) 0 —-12 3.2 -9.1 2.8

(+)anterior/(—)posterior position (mm) 0 —26 8.4 —199 12.4

(+)varus/(—)valgus (deg) 0 6.1 2.1 2.1 8.6

(+)flexion/( —)extension (deg) 0 0.7 3.6 —55 6.8
Femoral component

(+)flexion/( —)extension (deg) 0 XX 5.2 —85 9.3

(+)varus/(—)valgus (deg) 0 1.0 4.4 6.5 8.9

(+)internal/(— )external rotation (deg) 0 —02 2.4 —30 32
Tibial component

(+)anterior/({ —)posterior slope (deg) 3 1.2 3.2 5.9 58

(+)varus/(—)valgus (deg) 0 2.2 2.0 —1.6 6.5

(+)internal/(— )external rotation (deg) 0 74 13.2 326 13.6

measured relative to the anatomic and medial/lateral
axes of the tibia. Post-operatively, the tibial compo-
nent was aligned in 1.2+3.2° of posterior slope,
2.2+2.0° varus, and 7.4+13.2° of external rotation
relative to the tibia. The intraoperative measurement
of the extramedullary cutting guide showed it
positioned in 0.14+3.17 of valgus and 4.4 +3.8° of
posterior slope. In addition, the cutting guide
was positioned 1.4 +13.9 mm medially to the centre
of the tibia plateau. The tibial stem punch was
inserted externally rotated 8.1 +14.5° (Table 1).

3.5 Performance evaluation

A system that quantitatively assesses all alignment
aspects of TKR allows objective performance evalu-
ations of the most critical aspects of the procedure.
For example, Fig. 4 shows a performance plot for two
variables critical to successful total knee replace-
ment. Because healthy knees were used for this study,
a desired alignment outcome was the restoration of
the preoperative varus/valgus alignment. The post-
operative change is plotted versus the amount of
imbalance in the extension gap. Quantitative criteria
can then be applied to assess performance. For
example, one standard might be that the varus/
valgus angle should not be more than 3° in either
direction from normal healthy alignment and that
the difference in the medial and lateral measurement
of the extension gap should not be more than 3 mm.

Only three out of 12 surgeries met these criteria, as
shown in Fig. 5.

Similarly, the accuracy of instrument alignment
can be quantified. Figure 6 shows a performance plot
of the posterior slope of the extramedullary tibial cut-
ting guide versus the flexion of the intramedullary

10
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Extension Gap Imbalance (mm)

Fig.5 Data points recorded from the 12 surgeons
participating in this study, superimposed on a
performance plot of the change in the tibio-
femoral varus/valgus alignment versus the
extension gap imbalance during application of
a fixed distraction force. The outlined area rep-
resents the zone of acceptable performance for
these performance metrics
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Appendix B - Preference Files

SetupVerificationFemur: Welcome message and trial that can be used to verify the correctness of the
initial Administration | EditBoneData and Administration|EditToolData through real time display of bones
and instrumentation. Trials are 15 seconds long and are autosaved as STrainerSetupVerificationxxxx.

PreOpAlignment: This preference file displays a message that a neutral alignment recording will be
performed. After the recording the bones are displayed with their software generated mechanical axis
(femur) and anatomical axis (femur and tibia). Also, the derived coordinate systems for the bones are
displayed (Figure X.X).

PreOpROM: This preference file displays a biofeedback window with flexion angle and rotation angle
graphs. Trial will terminate after maximum flexion is reached and the knee joint is returned to less than
15 degrees of flexion. Playback is automatic with flexion/extension and varus/valgus graphs together
with rollback information. The surgeon is prompted to specify targets that must be recorded in the
report.

IntactLaxity00, 30, 60, 90: The purpose of these files is to collect displacement information about the
joint when a specified toque is applied. Displacement indicates how tight or lax the joint is prior to
surgical intervention. This preference file will take the surgeon through a series of trials in which the
shank is flexed to specific angles (full extension, 30°, 60° and 90°). First internal and external rotation
tests are performed with a 5 Nm applied torque, then varus and valugus tests at 10 Nm of applied
torque. The user is provided a visual and auditory signal indicating when the proper combination of
flexion and torque is achieved and the trial ends automatically when the appropriate conditions are met.
Rotational displacement at target torque is the output.

IMInsertionAxis: Records trial with no feedback to compute deviation between the ‘ideal’ (software
computed) femoral IM rod insertion point and the actual insertion point. Output data includes AP and
ML insertion errors and AP and ML angle errors. The IM rod tool is used to take this measurement.

DistalCuttingGuide: determines the orientation of the femoral distal cutting guide relative to the
femoral anatomical axis. Orientation of the guide is reported in terms of flexion/extension and
varus/valgus. The plane jig tool is used to take this measurement.

FemurDistalCut: determines the orientation of the femoral distal cut relative to the femoral anatomical
axis. Orientation of the cut is reported in terms of flexion/extension and varus/valgus. In addition, the
distance from the plane of the tool to the most distal point of the medial and lateral condyles is
computed and reported as a measure of depth of resection. The plane jig tool is used to take this
measurement.

PosteriorCuttingGuide: determines the orientation of the femoral 4-in-one cutting guide (used to make
the posterior cut of the condyles) relative to the femoral anatomical axis. Orientation of the guide is
reported in terms of flexion/extension and internal/external rotation. The plane jig tool is used to take
this measurement.
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PosteriorCut: determines the orientation of the posterior condylar cut relative to the femoral
anatomical axis. Orientation of the cut is reported in terms of flexion/extension and internal/external
rotation. Additionally, the distance from the plane of the tool to the most posterior point of the medial
and lateral condyles is computed and reported as a measure of the depth of resection. The plane jig tool
is used to take this measurement.

TibiaCuttingGuide: determines the orientation of the tibial cutting guide relative to the tibial anatomical
axis. Orientation of the guide is reported in terms of flexion/extension and varus/valgus. The plane jig
tool is used to take this measurement.

TibiaCut: determines the orientation of the tibial cut relative to the tibial anatomical axis. Orientation of
the cut is reported in terms of flexion/extension and varus/valgus. Additionally, the distance from the
plane of the tool to the tibial plateau is computed and reported as the depth of resection. The plane jig
tool is used to take this measurement.

TibialComponentPlacement: determines the internal/external rotational orientation of the tibial
component. The plane jig is used to take this measurement.

PostOpAlignment: This preference file displays a message that a neutral alignment recording will be
performed. After the recording the bones are displayed with the femoral and tibial components.

PostOpROM: This preference file displays a biofeedback window with flexion angle and rotation angle
graphs. Trial will terminate after maximum flexion is reached and the knee joint is returned to less than
15 degrees of flexion. Playback is automatic with flexion/extension and varus/valgus graphs together
with rollback information.

ImplantLaxity00, 30, 60, 90: The purpose of these files is to collect displacement information about the
joint when a specified toque is applied. Displacement indicates how tight or lax the joint is prior to
surgical intervention. This preference file will take the surgeon through a series of trials in which the
shank is flexed to specific angles (full extension, 30°, 60° and 90°). First internal and external rotation
tests are performed with a 5 Nm applied torque, then varus and valugus tests at 10 Nm of applied
torque. The user is provided a visual and auditory signal indicating when the proper combination of
flexion and torque is achieved and the trial ends automatically when the appropriate conditions are met.
Rotational displacement at target torque is the output.
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Appendix C - Sample Report



Surgeon

SAB

Surgical Station
Date

Charles

Sawbone?2

4

10/2/2009

PreQOperative Limb Alignment

Flexion Angle (°)
Rotation (Ext+/Int-)

07 ° Angulation (Valgus+/Varus-)

6.7 ° Posterior Tibial Slope

-8.9 °

5.0

o

o1
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Alignment Accuracy

Femoral Component:
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-11.9

IM Rod Ant/Post Deviation

0.35°

IM Rod Med/Lat Deviation

-1.30 °
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Femoral Distal Cutting Block Femoral AP Cutting Block
Accuracy Accuracy

Actual Cut
= Block Alignment

Actual Cut
® Block Alignment

degrees of flexion

internal external

Sagittal Plane Dev from Target (°)
Sagittal Plane Dev from Target (°)

12 1
6 12 -12 -6 0 6 12

Frontal Plane Dev from Target (°) Transverse Plane Dev from Target (°)

Femoral Distal Cut Accuracy Femoral A/P Cut Accuracy
Targets Relative Guide Alignment| Targets Relative Guide Alignment|
|Flexion 0.0 ° 20 |Fiexion 0.0 ° 0.7 °
Valgus Angulation 5.0 ° 2.9 ° (varus) External Rotation 3.0° 2.3 ° (external)
Targets  Relative Cut Alignment Targets  Relative Cut Alignment
|Flexion 0.0 ° -21° |Fiexion 0.0 ° -2.4 °
Valgus Angulation 5.0 ° 1.6 © (varus) External Rotation 3.0° 1.9 ©  (external)




Lateral

Distal Cut: 74
Posterior Cut: 8.2

A
Y

Femoral Resection

Lateral (mm)

Distal Cut
= Posterior Cut

8
Medial (mm)

Resection (mm) Lateral Medial
Distal Cut 7.4 9.4
Posterior Cut 8.2 10.2

Tibial Preparation

Targets Relative Guide Alignment

Posterior Slope 5.0° 2.5° (anterior)
Varus Angulation 0.0° 1.1°  (varus)
Relative Cut Alignment
Posterior Slope 5.0° 4.1° (anterior)
Varus Angulation 0.0° 0.6 ° (varus)
Actual Cut
External Rotation 0.0° 7.7 °  (external)
Resection (mm) Lateral Medial

Tibial Cut 10.0 7.2
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PostOperative Limb Alignment

Absolute Change

Flexion Angle (°) -3.0° -3.7°
Rotation (Ext+/Int-) -04° -71°
Angulation (Valgus+/Varus-) 51° 3.8 °
Tibial Slope 0.9 ° -4.1°
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Appendix D - Supporting Instrumentation Developed and Fabricated In-

House

Interchangeable Flag System

A flag system (base to attach reflective markers) was needed to track the three dimensional positioning
of measurement tools, bones and prosthetic implants during surgical training sessions. Several criteria
needed to be met in terms of marker array flags used for tracking: (a) that marker arrays be rigidly
attached, (b) there needed to exist at least 19 unique flag array combinations with sufficient variability
so as to be recognized as unique by the camera system, (c) a marker array needed to consist of no less

than 3 markers with no camera system limitation for the maximum, (d) the marker array needed to be
sufficiently small as to not interfere with the surgery and (e) the marker array base needed to have
dimension (i.e. not be a flat surface). Markers attach to rigid posts which interface with the threaded
holes in the base. Figure D.1 illustrates the CAD and physical models of the interchangeable flag system.
The flag was fabricated with a CNC vertical machining center (HAAS, Oxnard, CA).

Figure D.1. Interchangeable flag system (A) CAD model (B) physical model

Detachable Mounting Plates for Cadaveric Flags and Sawbone Models
The detachable mounting plates were designed to meet the challenge of storing and performing CT
scans of the specimens prior to the training sessions. To ensure accuracy, there could exist no deviation

in the position of the marker flag array between the time of specimen CT and the surgical training
session. Additionally, the markers themselves had to be removed prior to freezing the specimen after
the CT was performed. A system was created to allow the marker array flag to detach from the bone
with the ability to reattach the flag in the same position for the surgical trial. The system consists of a
bone plate which is rigidly attached to the bone or sawbone (Figure D.2 (A)). The universal flag mates to
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a post that mates to the bone plate (Figure D.2 (B) and (C)). The bone plates were fabricated with a CNC
milling machine.

Dl kSRR AL

Figure D.2. Detachable mounting system: (A) bone plate, (B) bone plate, post and universal flag CAD model and (C)
physical model with reflective markers attached.

Positional Tracking Tools

Two positional tools, the plane jig and intramedullary (IM) rod, were designed and fabricated on the
CNC vertical machining center (HAAS, Oxnard, CA) to track and determine the position/orientation of
the surgical cuts, surgical instrument placement and implant component placement. The plane jig
(Figure 2.3) has two faces (planes) available for measurement. Either plane can be used to take any
measurement. The plane jig has an assigned coordinate system in the software so the appropriate
measurement is computed by determining the plane jig position with respect to anatomical landmarks
defined by the software. The IM rod (Figure 2.4) is the positional tool used to locate the position of the
drilled canal on the femur to allow the insertion of the surgical IM Rod (Figure 2.5). The IM rod, like the
plane jig, has an assigned coordinate system in the software so that the appropriate measurement is
computed by determining the IM rod orientation relative to femoral landmarks defined by the software.
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Figure 2.3. Plane jig positional measurement tool: (A) CAD model and (B) physical model with marker flag
attached.

Figure 2.4. IM rod positional measurement tool: (A) CAD model and (B) physical model with marker flag attached.

—

Figure 2.5 Surgical IM Rod.
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Appendix E - Zimmer Nex-Gen Surgical Technique
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Insert and Secure
Mini Distal Femoral
Cutting Guide

Drill 8mm Pilot Hole

Set External Rotation
(Posterior Referencing)

Set External Rotation
(Anterior Referencing)
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Cut Distal Femur Size the Femur

L

Place Femoral Finishing

Guide; Adjust M/L & Pin
(Anterior Referencing)

Finish the Femur

1. Anterior condyles
2. Posterior condyles
3. Posterior chamfer
4. Anterior chamfers




Zimmer MIS Mult

Introduction

Successiul total knee arthmoplasty
depends in part on re-establishment
of normal lower extremity allgnment,
proper implant design and orentation,
sescure implant fixation, and adeguate
salt tissue balancing and stability, The
Nexhen Complete Knea Salution and
Mudtl-Refesence 4-1n-1 Instnements
are designed o help the surgeon
accomplish These goals by combining
optimal alignment accuracy with a
simyulie, \I,r:_ilg!i‘l Tovrvedred Techendcpun.

The instruments and tec hinkgue
assist the surgeon in restoring the
center of the hip, knes, and ankle to
lie on a straight Line, establishing a
neutral mechanical axis. The femoral
and fibial componenis are ofenfed
perpendicular to this axis. Femoral
rofation is determined using the
pasterior condyles of eplcondylar
axis as a reference, The instruments
pramode accurate cuts to help ensure
secure component fixation. Ample
compeaien] sizes allow sall thaiie
balancing with appropriate soll tissue
relpase,

The Femur, tibla, and patells are
prepared independently, and can be
cul in any sequence using the principle
of measyred resection fremoving
encugh hone 1o sllow replacement

by ther prosthesis), .I"||1| wsirment Cuts
may be neaded Eater,

The M- Reference & In instruments
provide a cholee of sither anterior or
posterior referencing techniques for
making the Termaral Nshing culs,
The anterior referencing lechnigue
wses the anterkor corfex o sel the .ﬂ"l'l-'
position of the femoral component.
The pasterior condyle cul |s variabla
The posterior referencing technigue
uses the posterior condyles to set

The AP position of the Teme sl
companent. The variable cut is made
anteriorky.

The Mini-Incision TKA lechnique

has been developed o combine

The alignment goals of tolal knee
arthroplasly with less disruplion of
soft tissue. To accommodate this
technigue, some of the ||r|r_i||¢|l Mulr
Reference &-In-1 Instruments have
been modified. However, if preferred,
astandard Inclslon can be used with
the instruments. Prior lo using a
sinialler el slon, thie surgron sbucsiald
e familiar with Implanting Nestien
ompanents throug b a standard
ISR,

Total knee arthroplasty using a less
invasive lechnigue is suggested lor
nonobese patients with preaperative
flexion greater than 0%, Patients with
warus deformities greater than 17° or
valgus deformities greater than 13*
are typically not candidates for an
MIS technigue.

Please refer to the package inserts

for complete product information,
Including contralndication s, warnings,
precadtions, and adverse ofTects,
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Preoperative Planning

Use the templale overlay (available
though your Zimmer Representative)
1o detemming the angle between the
anatomic ads and the mechanical
i, This angle will be reproduced
Iintraoperatively. This surgical tedhnigu e
helps the surgeon ensure that the
afistal Bemur will b cil perpend ciobar
to the mechanical axis and, after sof
tissue balancing, will be parallel o the
resected surface ol the proximal tisa.

Surgical Approach

The Vermiar, tibka, and patella ane
prepared independently, and can be
out In any seguence using the princple
of measured resection [removdng
enough bone o allow replacement

bw the prosthesis). Adjustment culs
may be needed later.

= nanical Aus

Trars ver i Ais -
il
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Patient Preparation

To prepare the limb for M5 total
knea athroplasty, adequate muscla
relaxation is required. This may b
accomplished with a short-acting,
mravdepolarizing nwescle relaxant, The
anesthesiologist should adjust the
medication based on the patient’s
habitus and weight, and administer
o induce adequate muscle paralysis
fior a minimum of 30-90 minutes. Itis
Imperative that the muscle relaxant
be injected prios e inflation of the
toumiquat, Alternatively, spinal or
epidural anesthesia should produce
adequate musde relagation,

¥ desired, apply a proximal thigh
toumiguet and inflate it with the knee
in hypedlexion Lo maxmize thal
paation of the quadriceps that is below
the level of the tourniguet.

Once the patient is draped and prepped
o the operating table, detemmine the
Larwd mearks for the surgical indsion with
the beg in extensien.

Incision and Exposure

The incision may be made with the

leg in extension of Mexdon depending
on sargeon preference. The surgeon
can cheosa a midvastus approadh, a
sUBVAastus approadh, o a parapatellar
medial arthratomy. Also, depending on
surgesn prelerence, the patella can be
cither everted or sublied.

The length of the ingsien is dependent
on the size of the femoral component
neseded. Although the goal of a MIS
tedhnique is to comglete the surgery
with an approximately 10cm-14an
ingision, it may be necessary to
extend tha incision if visualization is
inadequate o if eversien of the patella
Is not possible without sk of avulsion
al the tibial tubercle, [T the ind sion
must be extended, itis advisable to
extend it gradually and only to the
degres necessany, The advantage

of a #lS technique |s dependant

on maintaining the axtansar
machanism insertion,

ake a slightly abligue parapatedlar
skimincision, beginning approsmately
2em proxdmal and medial to the
supenor pole of the patella, and axend
it approgimately 100m ta the level of
the superior patellar tendon insertion at
thie center of the tibial tuberde (Fig. 1.
Be careful to aveid dismption of the
teqwdon insartion. This will Facilitate
acciess o the vastus medialis obligquis,
and allew a minimal split of the muscle,
Itwill also improve visualization of the
lateral aspact of the joint abliquely with
thie patella everad, The length of the
Inclsion should be about 50% above and
50% below the joint line. I the length
of the incision is not distributed evenly
relative to the joint ling, it is preferable
thiat the greater portion be distal.

nstrumen lation Surgical Technique

Dividhe the subCutanemes tissue [ the
lewel of the ratinaculum.

NOTE: Using eledrocawtery 1o
comphete the exposuns will help
minimize bleading alter deflation

of the tourniquet, as well as late musde
Heading.
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MIS Midvastus Approach

Baka a medial parapatalilar incision
into the capsule, presardng
approdmately 1em of peritenon and
capsila medial to the patellar tend on,
Thils is important Lo facilitate complete
caprsular diosure,

Spdit the superficlal emveloping
faseia of the guadriceps musde
percutangoisly in a procimal diredion
over i length of approdmately écm,
Thiis will mobilize the quadriceps

and allow Tor sigmificantly greater
Laveral trarestation of the muscle while
minimizing tension an the patelar
tendan insertion.

Sgdin the vastus madialis abliquis
approdmataly 1.5cm-2om (He. ).

Use blunt dissection o undermine tha
<kiin incision approxdmately 1om-2ecm
around the patella.

Sl ghtly Aeax the knes and emove the
deap third of the fat pad.

The patedla can be aither everted

of subluxed, If everting the patella,
release the laleral patellolemornal
Egament to facilitate full eversian
and lateral translaticn of the patella.
Then usa hand -hald theee-pronged or

two-pronged hooks 1o begin (o gently
evert the patella. Be careful 1o avold
dismpting the extamsor insarion.

T help evert the patella, shvedy Mex
the joint and exdarnally rotate the
tibwia while applying gentle pressure,
Oncethe patella | everted, use a
standard-size Hohmanm refrador of
two small Hohmann retractons along
the lateral Rare of the tilsial metaphysis
to maintain the sersion of the patolla
and the exensor mechanism.

MOTE: It is imperaiive to mainiain
dosa observation of the patallar
tendon throughout the procadure 1o
eresure that tension on the tendon is
minimized, especlally during eversion
af the patella and positioning of the
patient.

Romaove any largs patellar osteaphnytos.

Redeasethe anterdor oudate ligament,
if present. Perform a sulbporiostaal
dissection along the prosdmal medial
amvdl lavaral tibia to the level of tha
tibia tendan inseion. Then parform
a limited release of the lateral capswla
lexss than Semm 1o el p minimize
temsion on the axtensor machanksm,
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MIS Subvastus Approach

The subwastus medial arthrotomy

has been slightly medified to optimize
minimally invasive sungery, It provides
e llent exposure for TEA while
preserving all four attachments of

the quadriceps to the patella. This
apgproach does nod require patellar
eversion, minimizes disruption of the
apprapatellar pouch, and lacilitates
rapid and reliabbe closure of the

kneea joint.

MHssect the submtaneous tssue down
1 bt met through the fasda that
wepdies the vastus madialis muscla,

kentify the inferor border of the vastus
medialis muscle, and incise the fascia
at appraxdmately 5om to 8om medial

1o the patellar border (Fig. 33 o #llow

a fimger to slide undar the musde bally
East on top of the underlying synavial
ining of the knes jEnt. Use the finger
to pull the vastus medialis obliguis
miuscle superiory and maintain slight
tension on the muscla.

Use electrocauteny to free the vashes
medialis from its confluence with the
medial refinaculum, leaving a small
uiff of myofasclal tissue attadhed to the
mferior border of the vastus medialis.

The tendonous portion of the vasius
medialis extends distally to insert

at the midpole of the medial border
of the patalla. Be careful to preserve
that portion of the wenden o protact
the vastus medialis muscle during
subsequent steps. An indsion along
the inferor border of the vastus
medlalis ta the superior pale of the
patella will resudl in a tear, split, o
maceration of the musde by retractors.
Incise the undedying synoviumin a
slightly more proximal position than
I typdcal with a standard subvasius
apgriach. This will allow a twio-layer
dosure of the joint. The deep layer will

b the synovium, while the superfidal
layer will be the medial retinaculum
amd the miyofascial sleeve of lissue that
has been left attached 1o the inferior
barder of the vastus medialis.

Camy the synovial ingision to the
medial border of the patella. Then tum
directly inferiorly 1o follow the meadial
barder of the patellar tendon to the
proxmal portion of the tibia Elevata
thie medial soft tissue slesae along the
prozdmal tibla in a standard fashion

Place a bent-Hohmann retractor in

thie lateral gulter and Lever it against
thi robust edge of the tendon that

has been preserved just medial and
supeiia b the patella. Retract the
patella and extensor mechanism

Into the lateral gutter. If necessary,
mehiliza tha vastus medialis either
fram its underying attachment 1o the
symirvium and adductor canal, or at its.
supeior surface when there ane finm
attachments of the overlying fasda to
the subcutaneous lissues and skin,
Depending on surgeon praforence, the
fat pad can be axdsed or presened.

Fexthe knea. The patella will stay
redracted in the latesal guiter behind
thie bent-Hohmann retractor, and the
quadriceps tendon and vastus medialis
will e over the distal anterior pomion
of the femur. To imgrove visualization
of the distal anteror petion of the
femur, place a thin knee retractor along
the anterior lemur and gently Lilt tha
extensar mechanism during itical
steps of the procedure. Altarnatively,
bring the knee inte varying degrees of
extenslon to improve visualization by
decraasing the Lension on the extensor
mechanism.
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MIS Medial Parapatellar
Arthrotomy

Minimally invasive total knee
arthroplasty can be performed

with a limited medial parapatellar
arthratomy. Begin by making a 10cm
14 cm midline skin incksion from the
superior aspect of the tiblal tubercle
to the superior border of the patella.
Following subcuaneous dissaction,
develop madial and lateral flaps,

and dissect proximally and distally

10 expE s the extenser medvanism,
This permits mokdliz ation of the skin
and subcutaneoas lissue as neadad
during the procedure, In addition, with
the knee in flexion, the incision will
stratch 2om-dam dueto the elasticity
of the skin, allowing broader exposura.

Tha goal of minimally invasive sirgery
s 1o limit the surgical dissection
without Compromising the procedure,
The medial parapatellar arthrotomy

is used 1o expose the joint, but the
proxcimal division of the quadriceps
tenden should be limited 1o a length
that permits only lateral subluxation
of the patella without eversion (Fig.

4. Incise the guadriceps tendon for
alength of Jem-dcm initially, I thera
s difficulty displacing the patelia
Laterally or if the patallar tendon is
risk al tearing, extend the artheotomy
proximally along the quadrices
tendon until adequate cxposurs

s achieved, Fig- 4
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Step One
Establish Femoral
Alignment

Use the Bmm i Drill w)Step to dill a
hile in the center of the patedlar sulcus
of the distal femas (Fig. 14), making
=awre that the drill |s paralled to the
shialt of the laias in bith the
anteropasterior and lateral projections.
The hale should be approcimately
one-half to one centimeter antarion

to the origin of the posterlor

cruciate ligament. Medial o lataral
displacement of the hole may be
neadad according o precperative
temiplating of the A&/P radicgrapi,

Hg. 1a

The step an the drill will enlarge the
entrance hole on the femur Lo 12 mam.

This will reduce intramaedullary pressurg

dhwring placement of subsequeant M
guides. Sudion the canal to remove
medullary cantents.

The bini Adjustable b Alignment
Guide is available with two
intramedullary rod lengths. The rod

o the stand ard instrument is 22 9mm
{%inches} long and the rod on the
ahart imstrument is 165mm (6.5
inchesh. Choose the length best suited
1o the length of the patient®s leg,

which will provide the mest acourate
reproduction of the anatomic axs. If
thie femoral anat oy has been altened,
as Ima femur with a lng-stemmed hip
prosthesis or with a femoral fractura
mialunion, use the Adjustable i
Alignment Guide, Short and usa the
opticnal extramedullary alignment
technique.

ROTE: The Mini Adjustabde I
Alignment Guide, Short (Fig, 1b)

Is a shortenad version of the Mini
Adiustable 1M Alignment Guide, Long.
when the Minl Standard Cut Plate is
attached Lo the Mini Adjustabde 1
Alignment Guide, Short, the same
amount of bone s removed as when it
is attached to the Min Adiustable I
Alignment Guide, Long. This is different
thias the original Madii-Relerence 4 in
1, Wicro 8 Alignment Guide 165mm
(6.5 imch) whidh was intended for
usewith Micre implants, Whn the
Standard Cut Plate was attached, the
Ficra Ib Aligniment Guide removad
one millimeter less distal bone than

the standard Adjustable I Alignment
Guide with the Standard Cut Flate
attached. The new ddni I Allgnment
Guides accommadate the resadion for
thie Ficro implants with the Mini Micro
Cut Plate,

Fig. ib

HOTE: It is preferabde to use the longest
intramedullary rod (o help ansurs

thie most accurate replication of the
anatomic axis.
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Zat the Mini Adjustable 1M Allgnment
Guide to the proper valgus angle

as determined by preoperative
radiagraphs. Chedk 1o envsura that the
proper “Right™ or “Left ™ indication
{Fig. 1¢) is used and engage thelodk
mechanism (Fig. 14
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The Standard Cut Plate must be
attached to the Adjustable IM
Alignmant Guide for a standard distal
femaral resactlon. Use a hex-head
screwdriver Lo tighten the plate an
the guide prior to use (Figs. 1e & 1f),
bt the saraws should bealoasened
fior sterilization. If preferred, remove
the Standard Cut Plate if a significant
flexion contrachure exists. This wall
allow for an additienal 3mm of distal
femoral bng resection,

ROTE: The iini Microe Cut Plate can be
used when templating has indicated
thiat a ddicre implant is likely. Wien
thie Mini Micro Cut Plate is attached

Lo thia WIS Adjustable [M Alignment
Garide, Short, one millimeter (1mm)
less bone is remaved. However, if a
sigmificant flexion contraciune exists
and no plate is attached, an additional
fman will be remaved compared to the
distal femoral cut when the Mini siore
Cut Plate is attached. For less bone
resection, adjustments can be made
using the +2mm,-2mm helas an the
Fiini Distal Cut Guide.,

Insert the 1k guide inte the hele in
the distal famur. If the epicondylas
are visible, the epicondylar axs

may b used as a guidein setting
the arientation af the Adjustable i
Aligmment Guide. IF desired, add the
Threaded Handlas ta the guide and
pasition the handles relative to the
epicondyles. This does not sat rotation
ol the lemaoral componant, bul keeps
the distal cut erentad to the final
compaent rotation.

Once the proper orientatien is
achieved, iImpact the I guide until it
seals o the most prominent condyla,
After impacting, check to ensure that
the vakgus setting has not changed.
Ensure that the guide is contading a
least one distal condyle. This will set
the proper distal lemoral rasection.

Optional Technigue: An Extramedullary
Alignment Arch and Alignment Rod cam
b wsed to confirm the allgnment. Iif
thiis is anticipated, idemify the conter
af the femaral head before draping. IF
axtramedullary alignmeant will be the
only mede of alignment, use a palpable
radiopagque marker in combination with
an AP x-ray filn o help ensure proper
location of the femaral head.
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Step Two
Cut the Distal Femur

‘Whila the Adjwst able 18 Alignmeant
Guide is being inserted by the surgean,
the scrub nurse should attach the Mind
Drstal Femoral Cutting Guide Lo e 0°
Distal Placement Guide (Fg. Ja).

Emsure that the attachment screw

is tight. Insen the Distal Placement
sde with the cutting guide into the
Addjusstabile 1M Alignment Guide until
the cutting guide rests on the antesior
femioral cortex (Fig. 2bi. The Mini Distal
Femoral Cutting Gulde is designed 1o
hedp aveld soft tissue Impingement,

Ag. 3%

Optional Tachnique: The 3° Dista
Macement Guide can be used to place
the BAini Distal Femiodal Cutting Gulde
in 3" of flexion to protect the anterior
cortex rom notding.

Using the 3. 2mm drill bit, drill holes
therough the two standard pin holes
marked =07 in e anterion sudace al
the Mini Distal Femoral Cullting Gasde,
amd place Headless Halding Fins.
theough the holes (Fig. 2c).

F

Additional 2mm adiustments may be
made by using the sets o holes marked
A, -2, +2, and +4. The markings onthe
cutting guide indicate, in millimeters,
the amount of bone resection eady

will yield relative to the standard distal
resection st by the Adiustable Ik
Alignment Guide and Standard

Cut Plate.

If more fixation is needed, use two

3. 2mun Headed Sorews or predrill and
Insert two Hex-head Holding Pins in the
sivuall oldlicpiie hioles o the Mim Distal
Femoral Cutting Guide, ar Silver Spring
Pires may b used in the large oblique
holes (Fig. 2d).

The M guide can be lelt in place
resection of the distal condyle, laking
care 1o aveld hitting the 1M rod when
using the osdllating saw,

Completely loosen the stachment
scressy (Fhg. el inthe Distal Placement
Guide. Then use the Slaphammer
Extractor to remove the [k guide and
thee Distal Placement Guide (R 20,

“\'.

Cut the distal Termur throu gh the
auiting slod in the cutting guide using
a L2ymm (0.050-in.) oscllating saw
blade (Fig. 28, Then remove the
autting guide.

Ched the flatness of the distal femoral
curt with a fMat surface, If necessary,
modify the distal femodal surface
sovthat it Is completely flat. Thisis
extremely important for the placement
af subsequent guides and for proper
fir o the imgalant,

Fig. 28 \r—-

IFyou prefer to complete tibial cuts
prior to completing the femur, refer
to page 22
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Step Three
Size Femur and Establish
External Rotation

Flexthe knee 1o 907, Attach the dIS
Threaded Handle to the Mini AP Sizing
Guide, and place the guide Mat onto
the smaothly cut distal fermur (Fig. 3a).
Agply the guide so that the flat surface
of the Mini AP Sizing Guide is Mush
againsi the resected surface of the
distal fermur and the feet of the Mini
AfP Sizing Guide are flush against the
posterior condyles.

Fig. 3a

Hide the bady of the Minl A/P Sizing
Guide along the shafi to the level of
the medullary canal. Position the gulde
mediolaterally, and chedk the position
By loaking throwgh bath windows of
the guide to ensurethat the medullary
camal is nit visitbe thraugh either,

NOTE: Remowe any esteophyies that
interfere with instrument positioning.

‘while halding the #ini AP Sizing
Guide in place, secure the guide to
the resected distal femur using short
3.2mm (1/8inch) Headed Screws or
predrill and insert shor head Holding
Fins into one of both of the holes in
the bywer portion of the guide. Do not
eertighten or the anterior portion will
i slide on the distal femur.

RS Screws are available in 3 lengths
[2Fmm, 33mm, 4 8mm}). The length
neseded will vary depending on the
patient’s bone dimensisns.

NOTE: Remawe the Threaded
Handdle before using the Screw
Inserter'Extractor,

Slightly extend the knee and retract
soft tissues to expose the anterior
femoral cortex. Clear any saft tissue
framm the anterior Cortes, Ensure that
the leg is in less than 207 of Aexion
(FOP-B0P), This will decrease thi
temsion of the patellar tendon to
fagiliate placement of the guide.

Attach the #ils Locking Becm t the
i A/P Sizing Guide. Ensure that the
skin does not put pressure on the top
of thee boom and petentially changs
its position. The position of the bamm
dictates the exit point of the anterior
bane cut and the ultimate position

of thee femnral component. When the
boom Is appropriately positioned, lock

= It vy turming the knuded knob (Fig. 3h).

Fiz. 3b

See Appendix 1 for alternative MIS
Telescaping Locking Boom technigue,

Read the femaral size dinectly From
the gulde between the engraved lines.
an the sizing tower (Fig, 30, Ther are
aight sizes labeled A through “H™. If
the indicator is betwaon wo sizes, the
dosest size is ypically chosen, Ifusing
a postenior referendng technique, and
the indicator is betwaon two sizes,

the larger size is typically chosen to
help presrent natching of the anterior
femaral cortex

fig. 3t

(¥4
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W using a posterior referencing
technique, remove the Mini AP Sizing
Guide and o 1o page 19, “51ep Fowr -
Finish the Femar, Posterior Referancing
Technique.”

There are four External Rotation Plates:
i 3* Left, 073" Right, 5°/ 7" Left,

and 577" Right, Choose the Extenmal
Bodation Plate that provides the desirad
wtarnal rotation tor the appropriate
Enee, The 0° option can be used when
positicning will be detemmined by the
AfP axis or the epicondylar axis, Use
the 3* option for vanss knees. Use

the 5% option lor kneas with avalgus
dedformity from 10¢ to 13°, The 7°
afation requires a standard exposure,
and is for knees with patellofemosal
disease accompanied by bone loss and
walgus deformity greater than 20°, In
this case, use the AP axds o doubie
aheck rotation.

Attach the selected plate to the FHini
AP Sizing Guide (Fig. 3dh. Place two
Headless Holding Fins in the plate
through the two holes that corres pond
Lo tha desired extemal rotation, and
impact theam (Fig. 3e). Leave the pins
proud of the guida.

NOTE: Do not impaa the Headlass
Halding Pins flush with tha Exdernal
Rotation Mate.

Fig. 3e

nstrumen lation Surgical Technique

Canefill attention should e taken when
placing the headless pins inta the
appeopriate Exernal Rotation Plate as
thase pins also set the &/F placement
for the WIS Fermoral Finishing Guida

in the nest step of the procedure. ITis
important to manitor the location of the
anterion e m on the anteror cormes of
the femar to halp ensure the anterior
cul will ned noetch the Tamuor, Positioning
the anterior boem on the =high™ part

af tha feamur by Lateralizing the location
of the beem can often lessen the
likedIhaod of natdhing the Femur.

Unback and rotata the beom of the
auide madially until it clears the maedal
condyle. Then remowe the guide, but
leave the two headless pins, Thase
pins will establish the AP position and
rotational alignment of the Femaral
Finishing Guide,
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Step Four when tha B /L position of the Femarsl Rmevie thia haadbiss pns from the
Hnish the Femur Finkshing Guide s sdl, use the Soey Femaoral Finishing Guide (Fig. 4c) with

Inserter/Extractor 1o insert 4 3.2mm the Headless Fin Puller,

Heded hr:mrur. pradrill andi Usg the Resedion Galde through the
Anterlor Referencl ng Technique 4 Hex:head Holding Pin through the

anterior cutting slot of the finishing
Sedect the comect size MIS Famoral supedior pinhole on the beveled medial
2 sicle:of the guide (Rg. AL, Then i guide, and chack the medial and lateral

sl o b the liteal e inthe samamannecyy 900510 bR st the cut wl ot
IS Flex Femoral Finishing Guide ¥ ; the anderior femoral comex (Fig. Ad),
igold coloreds as determined by nesded, predill and insert fwo Shor-
the measurement from the AP head Holding Pires through the infaior
Sizing Guide. An additicnal 2mm holes on ane or bath sides of the guide.
{approcimately) of bone is removed For additional stabllity, use &.5mm
from the pasterior condyles when scrows in the peg holes,
using the Flex Findshing Guide.

Face the finishing guide onto the
diistal lemur, over the headless pins
Fig. fay. This determines the AP
positicn and rotation af the gulde.
Remove any lataral osteophyies
that may interfere with guide
placemant. Positian the Min g
guidemaediclaterally by sliding it on
the headless pins, The width of the
finishing guide replicates the width
of the Mexten CR Femoral Component.
Thee wiiddth of the (lex linishing guide
raplicatos the width of the NextGen
LPS, UPS-Hlex, and CR-Flax

Femoral Companents.

o




77

firmmer MIS Mulli-Relerence &-im-1 Femoral Instrumentation Swgical Technigue

Optional Technigues Ui 1,2 From (0,05 0-i,) namow, Use the 1, Z7mim (0,05040.) narrow,
s etatk e Lieanen aftha antedii oscillating saw blade to cut the lemoral reciprocating saw blade to cut the

= profile in the following sequaence for base of the trochlaar recess (Fig. 4i)
ol and determine il natching will
ocriik: secuely tidhviei the Lodking optimal stabdlity of the inishing gelde ared scome the edges (g 4. Remove
Boom Attachment to the face of the (Rig. 42 ::::m:ir:;?:::: ERp
finishing gulde. Make cortain that the 1 Antedor conddes

attachment sits Aush with the Femoral

Finishing Guide (Fig. 4e). Connect the 2 mstertor contyles
45 Locking Boom ta the attadmant 1 Posterlor dhamfer
{Fig. 4. The boom indicates the depth
at which thie antesior femaral cut will
el the femur.

i Antedor Chamfiers

Use the Patellar/ Femoral Drill Bit to drll
thie past hisles (Fg. 4hk




Firrmrer IS M ulli- Beferen

Posterior Referancing Techniqus
Select the correct size MIS Femaral
Finishing Guide {silver colored) o
BAIS Flex Femoral Finishing Guide
{godd colored) as determined by
thie measurement rom the AP
Sizing Guide, An additional 2mm
{approximatel vl of bone is removed
from the posterior condyles when
wsing the Hex Tinishing guide.

Attachihe Posterior Relerence/
Rodation Guide to the selected
femoral Finishing guide (Fig. 4k). Lock
the femoral pasition lecator on the
roation guide to the zero position (Fig.
4lb. This zero setting helps o ensure
that, when the feet are flush with the
posterier condydes, the amount of
posterior bone resection will average
Smm when using the standard

IS Femoral Finkshing Guides, and
approximatety 11mm when wsing the
IS Flex Femoral Finishing Guldes.

o &-in-1 Femosa

msirarre nlalion

Place the linishing guide an the distal
Temur, bringing the feet of the rotation
guide Nush against the posterior
condyles of the femur (Fig. 4mi.

g o

F.'\_f &M

5ot the rotation of the finishing

guide parallel to the eplcondylar
ads, Check the rotation of the guide
by reading the angle indicated by

the Posterior Relerence/Rotation
Guide. The epicondylar line is rotated
extermally 0° to 8%, (4247), relative o
the posterion condyles. The external
rolation angle can alsa be set relative

to the posterior condlles, lining up the

degrees desired,

I desired, atach the IS Locking
Boom ta the face of the finishing guide
1o chieck the location of the anterior
ol and determine il notching will
aceur fFig. &nd. The boam tip indicates
where the anterion femoral cub will exit
the bone,

Remove any lateral ostesphytes

that may interfere with guide
placement, Position the finishing
guide mediclaterally, The width of the
finishing guide replicates the widih of
the Mexizen CR Femoral Component.
The width of the Flex Tinishing guide
repdicates the width of the MexGen
LPS, LPS-Flex, and CR-Fex Femoral
COompoents,
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When the propes rotation and the
mediclateral and anteropostenar
position are achieved, seoure lhe
finlshimg guide 1o tha distal Tema. Use
the Scrw Inserter/Exiractor (o inderl
a 3. 2mm Headed Screw or predrill and
msert a Hexhaad Holding Pin through
the superior pinfie on the bevelad
medial side of the Femoral Finlshing
Guide (Fig. 4ok, Then secure the
ateral side in the same mannar. For
additional stability, predrill and insert
two Short-head Holding Pins through
the inferior holes on one or both sides
of the guide.

i-in-1 Feman

L @ 1.2 Ty (0,05 C-in,) namow,
oscillating saw blade to cut the lemoral
profilein the following sequande for
optimal stabdlity of the inishing gelde
(Fg. 4pi:

1 Antedor conddes
2 Posterior condyles
1 Postarlior dhamfer

A Antedor Chamifers

Use the Patellar/Femosal Deill Bit to dell
the past holes (FRg. 44qk.

79

Ui the 1, 2Fmm (0L.050-in.) narmo,
reciprocating saw blade to cut the
base of the trochlear recess (Fig. 4n
ared scome the edges (Mg 455 Remove
thee findshing guide 10 complate the
frochiear eoess s,
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Option 1 Mate: The distal mediclate ral profile Wsg 4 reciprocating sas to out the
mis Hot:hﬂ:hamfer of the MIS Netch /Chamfer Guides, sides and base of the interconddar box
Trochlear Guide ante rlor to the tabs, can be used to (Fig. &wh. Protect the tibia with a wide
position the guide referancing the astamome,
| condyle.
T Bal5 Motch (Chamfier Trochlear Rsral condyle
Guide consists of 2 pieces for each Insaat v short headed pins or shos

size, the MIS Notch fChamfer Guideand  screws through the anterior flange
the #iS Trochlear Guide. Matching sizes  of the guide to secure the guide in
st ke vsed, position (Fg. 4ul.

The MIS Motch {Chamfer Trochlear
Guide may be used to complete the
chamfer cuts, the trochlear groove, the
intercondylar box and to drill the peg
hdes alter the antedior and posterior

outs have besen made with the 815 Fig. aw C utthe sides and base of the
Femuoral Finishing Guide. ntercondylar bos
R s Use the Patellar/Femoral Drill ta dril

have been made, chack the flaxion
gap and the extension gap using the
WIS Spacer Block. Make the necessary t Note: Do not use the LPS-Flex Femur
adjustmeants. Pag Drill, size A, B with the MIS Notchy
F-g. &1 In=2 ta0 short headed pins or short Chlml'tr GU-HI P “““ i' fie HDIP an
5w thiough the anteror flaxge the guide for this smaller drill. IFusing

a micro size (A, B) LPS-Flax Femaral

- the femoral post holes,

Knea in slight flaxion

Fosition the aj ate size MlS

chnmmmﬁz anle the Knee In9a° flaxban Camponent, the femoral post holes
feamur sa it is flush against the Sacure tha MIS Motdh/ Chamfer Guide must h-a drilled when the anteriar and
resectad sufaces both distally and o thee femur distally with twe Shom pastirier candyle cuts are made using
antariorly, Ensure that ne soft tissue oe SpANg Screws or 3.2mm (1/8-Indh) e spppriake stoalMIS Ehx emarat
osteaphytes interfere with instrument headed screws. Allematively, insert two  TInishing Guide and the LPS-Flax
positioning. Pos#tion the guide headed pins (Fig. avh. Femur Peg Drill

mediolaterally (Fig. &1). Then use an sscillating saw ta cut the

anterior chamfer and the posterior
charnfes (Fg. ax).

\(ﬂ
Fiz, &v Sacure thie MIS Natch/Chamfer Gulde
tothe femur

A

Fig, ax Cut the amtedor and postenor
chamfirs

Fg. a4t Positian the MIS NotohfC hamfer

Guids Mush against the femer
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Apply the matching size #lS Trodhlear
Guide to the MIS Notch/Chamfer Guida
with the hioles in the Trechlear Guide
aligned with the threaded holes in the
Match fChamier Guide (Hg. 4+, Thraad
the #ils Threaded Handle through

one of tha threaded helas to secure
the Trochlear Guide 1o the IS Moo/
Thamfer Guide (Fg. 47

Ag. 4 oly the matching Sine MIS Trochkear
Gulde with the hales aligned

Ag. 41 MIS Trochlear Guide Secunid
MIS Motehy'C hamfir Gu ide

Protect the tibia, Use a reciprocating
=aw through the slots in the Trodhlear
Guide to ul the sides and base of the
trochlear groowe (Fig. §aa). Bemove

the Trachlear Guide, and inserl an
astegtame over the reseded tibial
anface below the trochlear groave.
Theem wse the redprocating saw 1o finish
the trochlear cuts.

Remove the IS Notch fChamifer Guide,

Fiz. daa Cuf the sides and bass
troe: bk ar g mcre

Using the MIS Notch/Chamfer
Guide to downsize the femur
IFtherais a need 1o downsize the
femur, the M5 Notch/Chamfer and
Trodhlear Guide can be used for

sizes TG Standard implants and the
Notch /Chamfer Gulde can be used for
all Nex sizes,

NOTE: Size A, B and H WIS Trochlear
Guides cannot be wsed for downsizing.

Select the preferred size Notch f
Chaiiar Guide and pin 1o the distal
Temur with e Short Spring Saews

or 3.2mm (1 /&indh) headed screws.
Ca&mm lengthy, Altarnatively, insar v
Hex Headed pins. Emnsure that the gulde
is seated on the antarior and distal
femur, Use a redprocating saw bo reot
thea sides of the intercondylar box Usa
an oscillating saw 1o reout the antesior
and posterior chamfers.

If davwansizing for a CR-Flex or LFS-Flex
implant, usethe posterior surface of
the MIS Match/Chamder Guide lor the
posterion cut. If downsizing for a CR

or LPS implant, use the IS Threaded
Hamdle to attach the matching size MIS
Trodhlear Guide to the Natch [Chamfer
Guide, and vse the posterior surface

of the #4415 Trochlear Guide for the
postarior cut.

Remove the kIS Trochlear and Maotch)
Chamfer Guides.

nstrumen lation Surgical Technique

Surgeon Motes & Tips

Although a sequence of femoral
cuts has baan provded, the cuts.
may be mada in any sequence, it

is recommended for the surgeon to
complete the cuts in a consistent
secjeence to helpy ensure that all
culs are performed. However, the
pegholes should be drlled priorto

assembling the MIS Trochlear Guida,

If the Wil Femoral Finishing Guide is
used, the flexion gap should equal
thi extension gap.

Ithe WIS Flex Femdasal Finishing
Guide is used, then the flexon gap
will be approdmately 2mm graater.
For a Fles implant, use an s
Spacer Blade with the MIS Spacer
Block Flex Adapes 1o check

flexion gap.

An ascillating saws with a namow
blade may also be used, ora
reciprecating blade may be used
to cut the sides and a chisal or
ostaateme used o o the basa of
the natch.

Reamember that the indsion can be
maved both medial-to-lateral and
superior-to-inferior as needed to
gain oplimal exposwne,

T fadilitata the use of the mobile
window, when resecting on the
medial side, use retraction on

thie medial side while relaxing

thi lateral side. Likewise, when
resecting on the lateral sida, use
retraction on the lateral side while
redaxing the medial side.
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Option 2
MIS QS Notch Guide

Position the appropriate size MIS Q5
Motch Guide onto the femmar 50 1 is
flush against the resected swrfaces
boaty distally and antesiory, The MIS
5 Notch Guide will nod contad the
antarior chamiar, Use the presiousdy
prepared trochlear recess and/or the
Tanaral post holes 1o position the MIS
5 Notch Guide mediolaterally,

Sercure the WIS Q5 Notch Guide 1o
the femur with beo 3.2 mm {1/ 8-indhi
Headed Serees or predrill and insest
twi 1.2mm (1) B-inchy Holding Pins
(Fig. 4bb). Use a reciprocating saw
to cut the sides and the base of the
Intercondylar notdh (Fg. 4cd. Then
remove the WilS 05 Morch Guide (Fig.
Addi.

21
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Step Five
Resect Proximal Tibia

Thiis step axplains the alignmeant of
the tibial cut o help ensure propes
posterior slope and rotation, and the
resection of the tibia perpendiodar
to the mechanical axds. The kIS Tiblal
O Guide Assembly is designed Lo
facilitate tikial preparation through a
shortar incision and without everting
the patella,

Instruments Used
MIS Tibial Cut Gulde Assembly

#AIS Tibial Cut Guide (Right or Lefty
#AlS Tubarcle Anchor [Right or Lefty
HAIS Tibial Adjpestable Rod
#AlS Distal Telescoping Rod
Ankla Clamp o1 Spring
Ankle Bar
Resection Guide
WIS Tiblal Depth Resection Stylus
Osteatame
Various retractors
Kecher clamp
Hex-head Screwdriver
DrlllyReamer
MIS Screw InserterfExtractor
MIS Scraws

83
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Assemble the Guide

The WIS Tibial Cut Guide Assemibly
consists of instruments for dght or left
(Fig. Sai.

» Tibial Cut Guide
» Tubercle Anchor
* M5 Tikdal Adjustable Rod

liblalCut Bulde

_Tubercle Anchor

* IS Distal Telescoping Rod
» Ankle Clamp or Sgring
* Ankle Bar

MIS Tibial
Adjustable Rod

MIS Distal
Talemcoping Rod

Fig. 52 MIS Tibkal Cut Gulde Assembly



Attach the Ankle Clamp or optional
Spring to the Ankle Bar. Then slide

e Ankle Bar amo the dovetall ot e
battoim of the MIS Distal Telescoping
Rod. Tum the knob opposite the dowetad
to temporarily hald the bar in place.

Arrows are elchied anta bath the MIES
Tibkal Adjustable Rod and the KIS
Distal Telescaping Rod 1o indicate the
correct arientation during assembly,
With the atrows aligned, inserl the MIS
Tibial Adjustable Rod Inta the Distal
Telescoping Rad (Fg. ). Adjust the
fength bo approsd meate the length of the
patient®s tibla and tem poarily tighten
the thumb screw al the proximal end of
the distal rod.

R 5b Arrows s owsdng comect aligrmenit

Attach the carrect right orlell Tubercle
Anchor anto the corresponding side of
the MIS Tibial Adjustable Bod. For a keft
knee, the lelt anchor is inserted into
the right hale {Fig. 5.

Fig

For a right knee, the dght anchaor |s
inserted inta the kel hole (Fig. 5d).

Fig, 5l

Bar sure that the elched line on the
slcbes af the Tuberele Anchor aligns with
the comresponding etched line on the
anterasuperor face af the Adjrstable
Rod {Fig. Se).

Rz 58

NOTE: The Tiblal Cut Guide and
Tubercle Anchar are svailable in lef
and rght configumations. If the incamect
Tubserc b= Anchor ks used, the Cut Guide
will nat fully retract into the Adjustable
Mod and the vanues /valgus angle of the
tibial cut may be allected,

Insert the comect right or left Tibial
Cul Garlehes into thie Adjustalle

Rod and ratate the thumb whes|
corunberelockwise until the thrswds
engage (Ag. 50.

Cantinue to mtate the thumb wheel
urdil ther guidhe is approximately midway
thoough its range of traved. This will
allow the depth of the tibial msection
o e v jurstech after thee assembly is
secured to the bone via the Tubexle
Anchor.
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Position the Guide
Flace the spring anms of the Ankle

Camp around the ankle proximal 1o the

malleali and loosen the anterior knoke
that provides mediclateral adjustment
at the ankle, If prefenred, the Ankle
Spring may be used instead of the
Ak be Clamp,

Lopsen the knob on the proximal end
of the Distal Telescoping Rod and
adjust the length of the guide il
the Tibial Cut Guide |s positionsd at
the approximate depth of cull, With
the Tibial Cut Guide and Tuberde
Anchor contacting the bone, mowe
the Tibial Cut Guide mediolaterally te
align tha rad with the madial third of
the tibial tubercle (Fig. Sg. This will
wsually place the proxdmal end of the
Sfjustable Rod $o0 iis centerad balow
the interconddar cminence, The Tibial
ot Guide will contact the tibla at an
obdique angle and the low-profile
potion of the autting head will fit
wnder the patallar tandon., The Tuberde
sachar is shaped to fit betweon the
patellar tendon and the base of the
outing head.

He. 5g

NOTE: Be sure that only the low-profile
portion of the cutting head exends
beneath the patellar tenden (Fig. Shi.

Fiz. &h

Whan comectly aligned, the istal
Telescoping Rod and Adjustable Rod
shoudd be parallel to the tibia inthe
coronal and sagittal planes. Ta help
avoid retational malalignment of the
o, check its position fram a direct
anterior view, ie, stand at the foot of
the operating table.

Adjustthe distal end of the WIS Distal
Telescaping Rod by moving the slida at
thi foot of the red medially or laterally
until the guide is aligned with the
mechanical axs of the tibia. The end of
thie MiS Distal Telescoping Rod should
b pasitioned aboul Sammm-10mm
madial ta the midpoint between the
palpable madial and lateral malleoli
Thetip should point tethe second toe
{Flg. 50i. When the proper M /L position
is achieved, tighten the anterior knob
to secure the jlS Distal Telescoping
Rad 1o the Ankle Bar.

Hig. 5i

Lowsan the knoks on the sida of tha
distal end of the MIS Distal Telescoping
Rad. Then use the slide adjustment to
align the rod in the sagital plans so it
Is parallel to the anterlor tiblal shaft.
Thiis will create a 7 postedor bial
slope, IF more of less slope is desined,
use the slide adjustment to obtain the
desired slope. Then tighten the knob,
Ifthere ks a bulky bandage around the
ankle, adjust the rod 1o accemmodate
the bandage. This will help ensure
that the tibia will be cut with the
proper slope.,
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Insert an MIS Screw near the tbial Set the Final Resection Level -
tubercle through the hole in the With the Tiblal Cut Guide flush against
Tuber:le Anchor (Fig. 51. the anteromedial edge of the tibla,

Tabsarpre ingart the MIS Tibial Depth Resection

Anchar Hobe Stylus [nto the hole an the top of the

Tibial Cut Guide. Fora minimal cut,
swing the 2mm am of the stylus over
the defective tibial condyte. Adjust the
Tibial Cut Guide up or down by rotating
the thumb wheel until the tip ofthe
dmm stylus rests on the surface of the
candyle (Fig. 50. This will position the
Tibdal Cut Guide to remove 2mm of
bane below the tip of the shylus.

Fig. 5|

HOTE: The Tubercle Anchar position
does not determine the varus/valgus of

it o
the tibial cut, g vm

Then use the Resection Guide through
the cutting slot to assess the slope of
the cut (Fig. 5kJ.

These two paints of resection will
usually not colncide. Thie sumeon must
determine the appropriate level of
resectlon based on patlent age, bane
quality, and the type of prasthetic
fixation planned.

NOTE: The grooves an the stem of
the Tiklal Cut Guide epresent 2mm
Increments (Fg. Sn).

Alternatively, swing the 10mm arm of
the MIS Tibial Depth Resection Stylus
aver the least involved tibial condyle.
Adjust the Tibial Cut Guide until the
tip of the 10mm arm rests on the

Fig. 5k surface of the condyle (Fig. Sm]. This
will pasitian the Tibial Cut Gulde ta
remove 10mm of bome below the tip
of the stylus.

Fig. n
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Us the Hex head Sorewidriver 1o
tighten all of the screws on the tikial
assembdy to maintain position.

nsert an WIS Screw though the medial
oldang hole on the culting head (Fig.
So). This hole s angled 1o facilitate
sCrew insertion.

Flace another MIS Screw through the
contral anterior hole on the cutling
head (Fig. Spi.

Resect the Proximal Tibia

Usie & 1.27mum (0,05 0-in) oscllating
saw blade thraugh the slet on the Tiblal
Cut Guide Lo cut the prodmal surdace
aof the tibia Mat (Flg Sqi. AMar calting
through the medial side and as far as
possitde into the lateral side, remove
thie cut guide assembly, Extend the
ke and retract soft tssue on the
lateral side,

NOTE: Take care to protedt the patellar
tendon when culing the laieral side.

Use a Kacher camp 1o remove the
libial bone fragment. Then trim any
remaining bone spikes and maniscus
onthe 