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ABSTRACT

Two aspects of anterior cruciate ligament (ACL) reconstruction surgery were investigated in this
thesis. The first was the feasibility of adapting an existing image guided neurosurgery system for use
in ACL reconstruction surgery. The second was the creation of 3D models of the knee from MRI
scans, and the use of these models to analyse anatomical details of the knee and ACL reconstructed
knee. An orthopaedic surgeon specialising in ACL reconstruction, Dr Willem van der Merwe, was

consulted during the project.

A stereo-photogrammetric image guided neurosurgery system was developed at the University of
Cape Town in 2004. This system uses computer tomography (CT) images, surface fiducials for
registration, a reference frame for calibration, a tracked pointer and two smart cameras to register
theatre space with CT space. This gives neurosurgeons accurate anatomic guidance on the CT scans
during surgery. The system was to be adapted for use in ACL reconstruction. In this arthroscopic
procedure a torn ACL is reconstructed by drilling tunnels through the tibia and femur and fixing an
autograft through these tunnels. Positioning the tunnels accurately is the most critical step in the
success of the procedure. The task was to adapt the system for use with magnetic resonance images
(MRI) instead of CT and bony anatomic landmarks instead of surface fiducials. A further problem to
address was the movement of the knee during surgery with regard to maintaining registration and

navigation accuracy.

Separate tests were performed with dry bones, a plastinated specimen and finally a cadaver knee. A
clinical scan protocol, a T1 weighted transverse high resolution gradient echo sequence (TR =
1260ms; TE = 16 ms) with 3 mm slices, was used. The tibia and femur were registered separately. The
bony femoral landmarks which gave the best registration accuracy were: the highest point of the
articular cartilage laterally; the highest point of the articular cartilage medially and the highest point in
the femoral notch. The most accurate tibial bony landmarks were: the lateral tibial spine; the medial
tibial spine and the tibial tuberosity (palpated through the skin). The proposed navigation method to
eliminate the drilling of invasive tracking devices would be to register each bone when the tunnel
position on that bone is to be marked. The bone would then be held still whilst the navigation
information is used. Once the bone is manipulated, it would have to be re-registered if further
information should be required. The best accuracies achieved were average navigation displacement
errors of 1.4 mm for the femur and 2.2 mm for the tibia with the plastinated specimen. The
arthroscopic cadaver test gave average errors of 2.2 mm for the femur and 4.8 mm for the tibia. Thus
the conclusion is that the system is feasible for use in ACL reconstruction surgery and with slight

modifications will provide simple and useful navigation for orthopaedic surgeons.
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The second task of the thesis was to reconstruct 3D models of knees from MRI scans. These models
allowed detailed anatomical study of the insertion sites of the healthy ACL, and how these compared
to the position of the tunnels in ACL reconstruction. Guidance for this part of the project was given by
Dr David Fitzpatrick at University College Dublin (UCD). The scan protocol found to be most
effective for model generation was a sagittal T2 spin echo sequence with 2 mm slices (TR = 4960 ms;
TE = 80 ms). Scans of the left and right knees of 13 healthy subjects and 13 subjects with one ACL
reconstructed knee (all performed by Dr van der Merwe) were taken, making 52 knees in total. Each
set of scans was converted into a 3D model of tibia, femur and ACL (or ACL reconstruction) using
Mimics software. Reference axes were then set on these models using the Arthron software program
from UCD. These reference axes defined the following directions: Positive x was medial; Positive y
was posterior; Positive z was proximal. 3D measurements of the four ‘corners’ of the tibial and
femoral ACL footprint were taken on healthy knees, and of the four ‘corners’ of the tibial and femoral
tunnel exits on reconstructed knees. These four positions were averaged to give the centre of the
insertion or tunnel. The measurements were normalised for size using an AP measurement of the
thickness of the femur at the femoral notch, and an anterior-posterior (AP) measurement of the tibial

plateau and expressed as a percentage.

A 2-way ANOVA was run on these measurements to answer four questions. The results showed that
the ACL insertion varies quite widely between people with standard deviations of up to 12% in the
tibia and femur. Secondly, the results show that the ACL is bi-laterally symmetric, i.e. in healthy
knees, the ACL in the right and left knee of the same person is in the same place on both the tibia and
femur. Thirdly it was shown that the healthy ACL of those patients whose other knee had undergone
ACL reconstruction inserted in a similar place to all the other healthy knees in the study,
demonstrating that there is no outright anatomic or modelling difference between the two groups.
Finally, a comparison between the tunnel position in the reconstructed knee and the healthy ACL
insertion in the opposite knee of each ACL reconstruction patient was performed. This showed that in
general, tunnels are placed in the anatomical footprint of the ACL. However, the femoral tunnel is
drilled more proximally than the ACL’s femoral insertion and the tibial tunnel is drilled more
posteriorly than the ACL’s tibial insertion. This could indicate a need to change surgical procedure.
However, it must be noted that on examination of the knee models, the autograft and natural ACL did
align well, which could indicate that despite tunnel ‘misplacement’, the reconstruction is effective.
The results also show that MRIs of a patient’s healthy knee could be used to give the ideal position for
their ACL reconstruction, since the ACL is bi-laterally symmetrical.
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APPENDIX B — FULL RESULTS OF THE FEASIBILITY

TESTS

In this appendix, the full results of all the feasibility tests are provided.

Dry Bone Registration Test

Registration with Bones Longitudinal to the Camera

See Chapter 5 for a description of the experiment.

Calibration Error: 1.2 mm

Registration Error:

Test 1: 9.4 mm
Test 2: 5.6 mm
Test 3: 7.5 mm

All errors obtained from the navigation system are an indication of how well calibration and registration

has taken place.

Results for the first tests are shown in the table on the next page.
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Table B.10 Results of the separate registration of the femur of the cadaver leg.

Accuracy Marker Error Measurements [mm]

Lowest point  Middle of the top Medial highest Lateral Highest Highest Average  Overall
of Trochlea of the articular point of the point of the point of the
surface articular surface articular surface potch
Test 1 dx 55 0.5 5.3 0.8 0.5
dy 0.4 1.3 3.2 0.5 1.3
Average Error [mm]  dx 3.0 2.2
dy 1.4
Maximum Error [mm] dx 55 5.5
dy 3.2
Minimuom Error [mm] dx 0.5
dy 0.4 0.4
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Registration of the Tibia
The tibia was registered with the following landmarks:
1. The lateral tibial spine.

2. The medial tibial spine.

3. ‘Skin’ marker I on the anterior surface of the tibia.

The results for registration of the tibia are given below:
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Tabie B.11Results of the separate registration of the tibia of the cadaver leg.

Accuracy Marker Error Measurements [mm]

Middle of the lateral tibial plateau Tibial ACL Insertion Tibial Tuberosity Average Overall

Test 1 dx 5.1 8.5 16.0
dy 1.7 1.6 5.2
Average Error [mm] dx 7.4 4.8
dy 2.1
Maximum Error [mm] dx 16.0 16.0
dy 52
Minimum Error [mm] dx 5.1
dy 1.6 1.6
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Healthy Knee

Femoral Measurements

Table C.13 Repeatability measurements for the four femoral points of the ACL insertion.

FEMUR
Post Prox Ant Prox Post Dist Ant Dist
X y z X y z X y z X y Z
Test | -3.1 -1.4 -1.5 5.0 -4.3 -0.1 -3.06 -2.0 -17.0 6.2 -4.5 -15.2
Test 2 -3.2 -1.4 -1.7 4.7 -2.8 -0.2 -3.01 -2.0 -16.9 5.5 -3.8 -16.2
Test 3 -3.1 -13 -1.5 4.6 -4.0 0.3 -3.14 -2.0 -16.8 49 -3.5 -16.7
Test 4 -3.0 -1.4 -14 4.5 -3.9 0.2 -3.38 -2.0 -16.6 2.8 -2.9 -17.4
Test 5 -3.2 -1.4 -1.5 3.1 23 -0.2 -3.30 -2.1 -17.0 1.6 -1.5 -154
Average -3.1 -1.4 -1.5 4.4 -3.5 0.0 -3.18 -2.0 -16.8 4.2 -3.2 -16.2
Error 1 0.0 0.0 0.0 0.6 0.8 0.1 0.12 0.0 02 2.0 1.3 1.0
Error 2 0.1 0.0 0.1 03 0.7 0.1 0.17 0.0 0.0 1.3 0.6 0.0
Error 3 0.0 0.0 0.0 0.4 0.6 0.3 0.04 0.0 0.1 0.7 0.2 0.5
Error 4 0.1 0.0 0.1 0.1 0.4 0.2 0.20 0.0 0.3 1.4 0.4 1.2
Error § 0.1 0.0 0.0 1.3 1.1 0.2 0.12 0.1 02 2.6 1.8 0.8
Average Error 0.1 0.0 0.1 0.5 0.7 0.2 0.13 0.1 0.1 1.6 0.9 0.7
Average Point Error 0.1 0.5 8.1 1.1
Average x Error 0.6
Average y Error 6.4
Average z Error 0.2
Average Overall Error 0.4

150





















Howell SM (1998) “Principles for placing the tibial tunnel and avoiding roof impingement during
reconstruction of a torn anterior cruciate ligament”, Knee Surgery, Sports Traumatology, Arthroscopy, 6

[Suppl 1]: $49 — 855

Howell SM, Clark JA, Blasier RD (1991) “Serial magnetic resonance imaging of hamstring anterior
cruciate ligament autografts during the first year of implantation — a preliminary study”, The American

Journal of Sports Medicine, 19 (1): 42 ~ 47

Hitfner T, Gebhard F, Griitzner PA, Messmer P, Stéckle U, Krettek C (2004) “Which navigation
when?”, Injury, 35: S-A30 — S-A34

Hughston JC (1993) “Knee Ligaments — Injury and Repair”, Mosby, St Louis, pp 22 - 27, 370 - 376

Jackson DW (Editor), Arnoczky SP, Frank CB, Woo SLY, Simon TM (1993) “The Anterior Cruciate
Ligament — Current and Future Concepts”, Raven Press, New York, pp 7- 10, 39 - 43,305 - 320

Jiarveld T, Paakkala T, Jirveld K, Kannus P, Markku J (2001) “Grafl placement afier the anterior
cruciate ligament reconstruction: a new method to evaluate the femoral and tibial placements of the graft”,

The Knee, 8: 219 - 227

Jenny JY, Boeri C (2004) “Low reproducibility of the intra-operative measurement of the transepicondylar
axis during total knee replacement.”, Acta Orthopaedica Scandinavia, 75(1). 74 — 77

Jonsson H, Elmgvist LG, Kérrholm, Tegner Y (1994) “Over-the-top or tunnel reconstruction of the
anterior cruciate ligament? — a prospective randomised study of 54 patients”, Journal of Bone and Joint

Surgery [British], 76-B: 82 — 87

Joskowicz L, Taylor RH (2001) “Computers in Imaging and Guided Surgery”, Computers in Science and
Engineering, 3(5): 65 72

Julliard R, Lavaliée S, Dessenne V (1998) “Computer Assisted Reconstruction of the Anterior Cruciate
Ligament”, Clinical Orthopaedics and Related Research, 354: 57-64

Jyrkinsen L, Ojala R, Haataja L, Blanco R, Klemola R, Silven O, Tervonen O (2000) “Managing the

Complexity of the User Interface of a MRI Guided Surgery System”, 6* ERCIM Workshop “User Interfaces
Sfor All”

157














