Partial Meniscectomy and Osteoarthritis: Evaluation with Quantitative Magnetic

Resonance Imaging

By
Megan E. Bowers

B.S.E., University of Connecticut, May 2005

Submitted in partial fulfillment of the requirements for the degree of Doctor of

Philosophy in the Program in Biomedical Engineering at Brown University

Providence, Rhode Island

May 2010



© Copyright 2010 by Megan E. Bowers



Date

This dissertation by Megan E. Bowers is accepted in its present form
by the Department of Biomedical Engineering as satisfying the

dissertation requirement for the degree of Doctor of Philosophy.

Date

Braden C. Fleming, Ph.D., Advisor

Date

Joseph J. Crisco, Ph.D., Reader

Date

Glenn A. Tung, M.D., F.A.C.S., Reader

Date

Benjamin B. Kimia, Ph.D., Reader

Date

Martha M. Murray, M.D., External Reader

Approved by the Graduate Council

Sheila Bonde, Dean of the Graduate School



Curriculum Vitae

Megan E. Bowers was born on August 14, 1983 in Groton, CT to Michael and
Donna Bowers. Megan was raised in Gales Ferry, CT with her older brother Robert. She
was the valedictorian of Ledyard High School’s Class of 2001. She received her
Bachelor’s of Science in Engineering from the University of Connecticut in 2005, with a
major in Biomedical Engineering and a concentration in Bioinformatics. Megan was a
University of Connecticut Honors Scholar. During her undergraduate education, Megan
was co-captain and treasurer of the University of Connecticut Equestrian Team (UCET),
and represented UCET in national competition in 2005, finishing 10" in her division.
After graduating from the University of Connecticut in 2005, Megan enrolled in the
Ph.D. program at Brown University, where she joined the Bioengineering Laboratory
within the Department of Orthopaedics at Brown Alpert Medical School/Rhode Island
Hospital. Working with Braden C. Fleming, Ph.D., her dissertation advisor, she has been

an author on five original peer-reviewed publications.



CURRICULUM VITAE

MEGAN ELIZABETH BOWERS

Bioengineering Laboratory (860)-235-3482 phone
CORO West, Suite 404 (401)-444-4418 fax

1 Hoppin Street Megan_Bowers@brown.edu
Providence, R1 02903 MeganEBowers@gmail.com
Education

Brown University, Providence, RI

Ph.D. Biomedical Engineering, expected May 2010

University of Connecticut, Storrs, CT

B.S.E. Biomedical Engineering, May 2005
Honors Scholar

Original Peer-Reviewed Publications

1.

Fleming BC, Oksendahl HL, Mehan WA, Portnoy R, Fadale PD, Hulstyn MJ,
Bowers ME, Machan JT, Tung GA. Delayed Gadolinium-Enhanced MR Imaging of
Cartilage (dGEMRIC) Following ACL Injury. Osteoarthritis and Cartilage, In
Press.

Bowers ME, Tung GA, Oksendahl HL, Hulstyn MJ, Fadale PD, Machan JT,
Fleming BC. Quantitative Magnetic Resonance Imaging Detects Changes in
Meniscal Volume in Vivo after Partial Meniscectomy. The American Journal of
Sports Medicine, In Press.

Bowers ME, Trinh N, Tung GA, Crisco JJ, Kimia BB, Fleming BC. Quantitative
MRI using “LiveWire” to Measure Tibiofemoral Articular Cartilage Thickness.
Osteoarthritis and Cartilage, 16: 1167-1173 (2008). (PMID: 18407529)

Bowers ME, Tung GA, Trinh N, Leventhal E, Crisco JJ, Kimia BB, Fleming BC.
Effects of ACL Interference Screws on Articular Cartilage Volume and Thickness
Measurements with 1.5T and 3T MRI. Osteoarthritis and Cartilage, 16: 572-578
(2008). (PMID: 17933559)

Bowers ME, Tung GA, Fleming BC, Crisco JJ, Rey J. Quantification of Mensical
Volume by Segmentation of 3T Magnetic Resonance Images. Journal of
Biomechanics, 40: 2811-2815 (2007). (PMID: 17391677)

Grants

National Football League Charities Medical Research Grant: ACL Reconstruction using
Biologically Enhanced Patellar Tendon Autograft. $124,985 (direct), 1/2009-1/2010,
Principal Investigator.



Professional Experience
Department of Orthopaedics, Brown Medical School/Rhode Island Hospital, Providence,
RI
— Ph.D. student under Dr. Braden Fleming, September 2005 - Present
Hartford Hospital and Connecticut Children’s Medical Center, Hartford, CT
— Student researcher, October 2003—- May 2005
Pfizer, Inc., Groton, CT
— Summer research associate, May — August 2003

Teaching Experience
Organ Replacement (Brown University Course Bl 1080)
Supplementary Teaching Assistant, January — May 2008
— Teaching assistant for Dr. Michael Lysaght’s course of approximately 100
undergraduate and graduate-level students
— Tracked students’ grades, answered general questions, and adjudicated regrades

Theses and Unrefereed Publications
Bowers ME. The Electronic Esophageal Stethoscope. Honors Thesis, Department of
Biomedical Engineering. University of Connecticut, April 2005.

Awards and Honors

Mimics Innovation Award, Presented by Materialise, May 2008

University of Connecticut Honors Scholar, May 2005

New England Scholar, April 2005

Deligeorges Family Scholarship in Biomedical Engineering, April 2004
University of Connecticut School of Engineering Scholarship, August 2003
Intercollegiate Equestrian Foundation Scholarship, May 2003

Connecticut Innovations Technology Scholarship, June 2001

Professional Memberships
Orthopaedic Research Society (ORS)
— Associate member, November 2008 - Present
American Society of Biomechanics (ASB)
— Student member, July 2008 - Present
Osteoarthritis Research Society International (OARSI)
— Student member, May 2008 - Present
Sigma Xi
— Associate member, Brown University Chapter, March 2008 — Present

University Panels and Memberships
Student Advisory Panel for the Office of BioMed Graduate and Postdoctoral Studies,
Brown University
— Biomedical Engineering representative, September 2007 — 2009
Women in Science and Engineering (WiSE)
— Mentor to first-year graduate students, September 2007 — 2009
University Health Services Emergency Medical Services Manager Hiring Committee

Vi



— Student representative on interview and discussion panel, March — May 2007
Biomedical Engineering Society (BMES)
— Member, University of Connecticut chapter, September 2001 — May 2005

Volunteer Experience
Brown University Emergency Medical Services
— American Heart Association BLS CPR Instructor, October 2005 — September
2011
— Volunteer EMT, September 2005 — December 2008
— Senior EMT, September 2006 — September 2008
— Brown University RIEMT-B Course Laboratory Instructor, June - August 2007
St. Margaret’s School, East Providence, RI
— Science fair instructor and judge for middle school students, November 2007 —
January 2008

Abstracts

1. Bowers ME, Tung GA, Oksendahl HL, Hulstyn MJ, Fadale PD, Fleming BC.
Delayed Gadolinium-Enhanced MRI of Cartilage (lIGEMRIC) 12 Months after ACL
Reconstruction. Poster presentation, Orthopaedic Research Society, New Orleans,
LA, 6-9 March 2010.

2. Tung GA, Mehan WA, Portnoy R, Fadale PD, Hulstyn MJ, Bowers ME, Oksendahl
HL, Fleming BC. Delayed Gadolinium-Enhanced MR Imaging of Cartilage
(dGEMRIC) after ACL Tear. Oral presentation, American Roentgen Ray Society,
Boston, MA, 26 April — 1 May 2009.

3. Fleming BC, Portnoy R, Tung GA, Fadale PD, Hulstyn MJ, Bowers ME, Oksendahl
HL. Delayed Gadolinium-Enhanced MR Imaging of Cartilage (dAGEMRIC) after
ACL Injury. Podium presentation, Orthopaedic Research Society, Las Vegas, NV,
22-25 February 2009.

4. Mehan WA, Tung GA, Portnoy R, Fadale PD, Hulstyn MJ, Bowers ME, Oksendahl
HL, Fleming BC. Delayed Gadolinium-Enhanced MR Imaging of Cartilage
(dGEMRIC) after ACL Injury. Radiological Society of North America, Chicago,
Illinois, 30 November-5 December 2008.

5. Bowers ME, Tung GA, Oksendahl HL, Hulstyn MJ, Fadale PD, Fleming BC.
Quantifying Meniscal Volume and Articular Cartilage Thickness in Patients Treated
with Partial Meniscectomy. Podium presentation, North American Congress on
Biomechanics, Ann Arbor, MI, 5-9 August 2008.

6. Bowers ME, Tung GA, Oksendahl HL, Hulstyn MJ, Fadale PD, Fleming BC.
Quantifying Meniscal Volume and Tibiofemoral Cartilage Thickness after Partial
Meniscectomy. Poster presentation, 2" Annual Workshop on Imaging-Based
Measures of Osteoarthritis, Boston, MA, 25-28 June 2008.

vii



10.

11.

12.

13.

14.

15.

16.

Portnoy R, Tung GA, Fadale PD, Hulstyn MJ, Bowers ME, Oksendahl HL, Fleming
BC. Delayed Gadolinium Enhanced MRI of Cartilage (lIGEMRIC) After ACL Tear.
Poster presentation, 2™ Annual Workshop on Imaging-Based Measures of
Osteoarthritis, Boston, MA, 25-28 June 2008.

Bowers ME, Tung GA, Trinh N, Crisco JJ, Kimia BB, Fleming, BC. Quantitative
MRI using "LiveWire" to Measure Tibiofemoral Articular Cartilage Thickness.
Poster presentation, Rhode Island Research Alliance Symposium, Providence, RI, 3
June 2008.

Portnoy R, Tung GA, Fadale PD, Hulstyn MJ, Bowers ME, Oksendahl HL, Fleming
BC. Delayed Gadolinium Enhanced MRI of Cartilage (dGEMRIC) in Early
Detection of Cartilage Degeneration in Patients with Acute ACL Injury. Podium
presentation, Northeast Bioengineering Conference, Providence, RI, 4-6 April 2008.

Bowers ME, Tung GA, Trinh N, Crisco JJ, Kimia BB, Fleming, BC. Quantitative
MRI using "LiveWire" to Measure Tibiofemoral Articular Cartilage Thickness.
Poster presentation, Orthopaedic Research Society, San Francisco, CA, 2-5 March
2008.

Bowers ME, Fleming BC, Tung GA, Leventhal EL, Trinh N, Crisco JJ, Kimia BB.
Effects of ACL Interference Screws on Tibiofemoral Articular Cartilage Thickness
Measurements with 1.5T and 3T MRI. Poster presentation, Rhode Island Hospital
Research Celebration, Providence, RI, 13 November 2007.

Bowers ME, Fleming BC, Tung GA, Leventhal EL, Trinh N, Crisco JJ, Kimia BB.
Effects of ACL Interference Screws on Articular Cartilage Thickness Measurements
with 1.5T and 3T MRI. Poster presentation, American Society of Biomechanics,
Palo Alto, CA, 22-25 August 2007.

Fleming BC, Bowers ME, Tung GA, Leventhal EL, Trinh N, Crisco JJ, Kimia BB:
Effects of ACL Interference Screws on Femorotibial Cartilage Thickness
Measurements using 1.5T and 3T MRI. Poster presentation, Workshop on Imaging-
Based Measures of Osteoarthritis, Salzburg, 11-14 July 2007.

Bowers ME, Tung GA, Fleming BC, Crisco JJ, Rey J. Quantification of Meniscal
Volume by Segmentation of 3T MR Images. Poster presentation, Orthopaedic
Research Society, San Diego, CA, 11-14 February 2007.

Bowers ME, Tung GA, Fleming BC, Crisco JJ, Rey J. Quantification of Meniscal
Volume by Segmentation of 3T MR Images. Poster presentation, Rhode Island
Hospital Research Celebration, Providence, RI, 14 November 2006.

Mclsaac JH, Bowers ME. The Electronic Esophageal Stethoscope. Poster
presentation, MEDi2005 Conference and Exhibition, Hartford, CT, October 2005.

viii



Preface and Acknowledgements

My thesis work has been truly enjoyable, and there are many to thank for
providing such a wonderful experience. My committee members deserve special thanks.
Drs. Crisco, Tung, Kimia, and Murray, | thank you for all of your help and support; I am
truly grateful to have such an exceptional team of scholars critique and improve my
work. | would also like to thank Dr. Michael Ehrlich and the rest of the Department of
Orthopaedics for all of their support.

Of course, my advisor, Braden Fleming, Ph.D., has been essential to my
dissertation work. It would be impossible to list everything he has taught me since |
began working with him. He has given me a more sound and productive start on my
career than | ever imagined. He has made the last five years fun, which is rare for any
graduate student. His guidance and incredible work ethic have been invaluable learning
tools for me. | am very fortunate to have been a part of his research efforts. A simple
thank-you does not suffice.

To my fellow students and colleagues in the Bioengineering Lab: thank you for
your support and encouragement. You have made my graduate experience fun, and our
“noon-sharp” lunches have kept me grounded.

Those who know me realize that without my furry, four-legged equine friends, |
would surely need a professional therapist. The horses that have tolerated and educated
me, and maybe even appreciated me during this process deserve special thanks. An
equally grateful thank-you goes to the Kil family, who has supported my equine habit,

provided me with endless opportunities, and has truly become like a second family to me.

iX



Similarly, 1 would have been institutionalized long ago without the help and
guidance of my friends. It seems they are always there for me, whether it is to support my
education or to provide a welcome distraction from it. I am unsure what | have done to
deserve such wonderful, unconditional friendships, and | am grateful for them each day.

Finally, there are simply not enough words to thank my parents for their
unconditional love and support during my lengthy education. Even on the worst days, my
loving family and happy yellow dog have provided sound advice and encouragement. |
am profoundly appreciative, even though I may not always find the right way to express

it. Without you, Mom and Dad, | would be lost.



Table of Contents

SIGNATUIE PAJE ...eveieiecii ettt et e st e e e st e s te et eaneesteenseaneenreeaeeneenren iii
CUITICUIUM VITAE ...ttt bbbt iv
Preface and ACKNOWIEAGEMENTS .........cveiieieiie e iX
TaDIE OF CONTENTS.....o.iitiiieiece bbbt sttt Xi
LISE OF TADIES ...ttt sb bbb XV
IS A0 T U =SS XVi
Chapter 1 — INtroduCtion ..........ccceeeiviiiiii i 1
L1 OVBIVIBW ..ottt bbbttt bbbt bt s et e b bbbt ne e 1
1.2 BACKGIOUNG .....oiiiiiiieitiitisieeie ettt bbb bbb 3
1,21 TRE IMIBNUSCH .ottt sttt bbbt bbb 3
1.2.2  MENISCAI TEAIS ....eeivieiieie sttt eie sttt ettt esre e e sreesteaneesreenneas 4
1.2.3 Surgical Treatment of Meniscal TEArS.........cccevveieiieieeie e 5
1.2.4 Osteoarthritis of the Tibiofemoral JOINt...........cccooviiiiieniie e 6
1.2.5 Meniscal Injury, Partial Meniscectomy, and Osteoarthritis................ccccceevennnns 7
1.2.6 Quantitative Magnetic Resonance Imaging.........cccceverirereeieenienenene e 9
1.3 SIONIFICANCE...c.ii it be e re e nre e e e ae s 12
1.4 SPECITIC ATMS ...ttt b bbb 13
1.5 RETEIBNCES ... 15

Chapter 2 — Quantification of Meniscal Volume by Segmentation

of 3T Magnetic Resonance IMages..........coceeevvieeeiiiieccciiee e, 26
2.1 ADSEIACE....ctiiecie ettt bbb 26
2.2 a1 oo [0 Tod 1o} o PSSR 28
2.3 IMBENOGS. ... bbb 30
2.3.1 MR IMAGING ..ttt bbbt b et 30
2.3.2  Segmentation TEChNIQUE. ......c..coviiiiiicie et 30
2.3.3  Water Volume TeChNIQUE .........cciiiiiiieeeeee s 30
2.3.4  Feasibility Study (AIM 1) .o 31
2.3.5 Reliability Study (AIM 2) ..ooieeceeeee e 31
2.3.6 Insitu Validation (AIM 3)....ccooiiiieiece e 32
24 RESUITS ...ttt neenae s 34
2.4.1 Feasibility Study (AIM 1) .oooiiieiieecc e 34
2.4.2  Reliability StUdY (AIM 2) .ooooeeieiieeseeee e e 34
2.4.3 Insitu Validation (AIM 3)....cueieiieecieseese e 34



25 DI CUSSION ..ttt nnnnnnnnnn 36
2.6 ACKNOWIEAGEMENTS......ccuiiiiieie ettt ste e sneenas 38
2.7 R B BN S ..ttt nnnnnnnnns 39

Chapter 3 — Effects of ACL Interference Screws on Articular
Cartilage Volume and Thickness Measurements with 1.5T and 3T

VIR L 47
T8 O A 111 - Yo PSSR 47
T8 N R O o] [T £ = SRS TUR P URPSTRRP 47
3,12 MELNOMS. .....eieeii et re s 48
313 RESUIES ..t 48
T8 0 O o 11 o] SRS SRSUPR 48
3.2 INEFOTUCTION ...ttt sbe et sre e 49
3.3 Materials and MethOds.........cccveiiiieieee e 52
3.3.1 SPECIMENS ..ttt sttt sttt sttt bt bt et e et e e neesreenbeeneenreenbeenee s 52
3.3.2 MR IMAGING .ttteiiieiteie ettt e st e e e e raesraeteannesnaenre s 52
3.3.3  ACL INtEIfEreNCe SCIEWS.....cuiiiiiiieiieeiesiee st eie st sie et stee st e ste e sreesbee e 53
3.3.4  TESEPIOLOCOL ... ettt ne s 53
3.3.5  Segmentation TEChNIQUE. .....c..coviiieiiiie e 53
3.3.6 Tibiofemoral Articular Cartilage VOIUME .........ccccoovevviieiiec e 54
3.3.7  Cartilage THICKNESS. .....ccuiiieiieie et 54
3.3.8  StatistiCal ANAIYSIS.......cccviiieiicie e 55
3.4 RESUIES ...t ae s 57
3.4.1 Tibiofemoral Articular Cartilage VOIUME .........cccooveviiieiiece e 57
3.4.2  Cartilage TRICKNESS. ......cuiiieiieie et 58
TR B [T 1 3] (oo PSS 60
3.6 ACKNOWIEAGEMENTS......ocuiiiiiii e et 66
3.7 RETEIENCES ...t ettt naenae s 67

Chapter 4 — Quantitative MR Imaging using “LiveWire” to

Measure Tibiofemoral Articular Cartilage Thickness................... 78
A1 ADSIFACT ... 78
A.1.1 ODBJECLIVE ...ttt b ettt neene s 78
A.1.2  IMEINOUS. ...t bbb 79
A.1.3 RESUIS ...ttt ettt ae s 79
414 CONCIUSIONS... .ottt bbbttt a e bbb ne e 79
4.2 INEFOTUCTION ...ttt sbe et sre e 81
4.3  Materials and Methods..........coiiiiiiiiiii s 84
4.3. 1 MR IMAGING c.eitiitiiiieiieie ettt sttt sb e e b e e sbe e b e sreenne s 84
4.3.2  Manual SEgMENTAtION ........c.cciveiieieiieie e 84
4.3.3  LiVEWIire SEgMENTALION ......cooeiieiieiiieie ittt e 84
4.3.4  LaSEr SCANNING....c.eeiveirerieeieeeesteeieseesteeeesseesseaeesseesseaseesseesseaseessaessesseesseensens 85



4.3.5 Cartilage TICKNESS. .......cuiiiiieiieieeie e 86

4.3.6  EXVIVO ASSESSIMENT.....cuviiiiriieiitiieiitieesitte e sitee s sitee s st e s sbee s sabe e e sabesesabeessrbeessreeeans 87
4.3.7 TN VIVO ASSESSIMEINT......vviiiiiiiiiiie i iiitiie e s ettie e e st e s et e e s s s b e e s s et b e e e s s sbbaaeessbaeeeas 88
4.3.8  StatistiCal ANAIYSIS........coveieiieiiee e 88
4.4 RESUIES ...ttt e e s e e s s e b b e e e s e b e e e e s abraee s 89
4.4.1 Reliability (AIM 1) .o 89
A4.4.2  ACCUIACY (AIM 2) 1ottt sttt sb et neesbeeae s 89
4.5 [ oW ST [ IS 91
4.6 ACKNOWIEAGEIMENTS. ... oottt eas 97
4.7 ] (1 (= (o= TSP 98

Chapter 5 — Quantitative Magnetic Resonance Imaging Detects
Changes in Meniscal VVolume in Vivo after Partial Meniscectomy

..................................................................................................... 108
51 AN 01 1 (o1 A 108
5.1.1  BaCKGrOUNG .......ccieieeiiiiecie ettt nns 108
5.1.2  PUrpOSe/HYPOLNESIS. .....ccuiiiiiieiiiesieeie e e 109
ST R T |V 1 1 T 1o 3SR 109
B.LA  RESUIS.....eviiie it s e e e e s a e e abbae s 109
5,15 CONCIUSIONS.....uviiitiieitie et ettt ete e s ebre e e eb e st e e s ba e e st e e e sabeeesabeeesabeeaas 110
5.1.6  ClINICAl REIBVANCE .....eoeiiiiiiiic ettt 110
5.2 1600 003 £ o o ISR 111
5.3 Materials and MEthOUS...........oocuviiiiiiiiie e 114
TR 00 11 o] 1= od S 114
5.3.2 MR IMAGING -.ctiiitieiieiie ettt nes 114
5.3.3 Manual SEgMENTAtiON .........ccceiiiiiiieiiee e 115
5.3.4  MEeNISCAl VOIUME .....ouviiiiiiiii ettt 115
5.3.5  Statistical ANAIYSIS.......ccoveiiiieiieie st 116
54 RESUIES ... e e e e e s e b e e e s e b r e e e s abrae s 118
5.5 [ oW 7Y [ SR 120
56  ACKNOWIEUGEMENTS......ocuiiiiiieiiieie et 124
5.7 ] (1 (= [0TSR 125

Chapter 6 - Quantitative Magnetic Resonance Imaging Can
Reliably Determine Tibiofemoral Articular Cartilage Thickness in

LY LYo TSR 137
6.1 YA 0] =T OO 137
6.2 a1 (oo [ To1 (0] o ISR SRS PPROUR 139
6.3 Materials and MEthOAS. ........c.eeiivie e 141
LCT0C 00 S TU o] 1= o SR 141
6.3.2 MR IMAGING -.ctiiiieieiie ettt es 141
6.3.3  Manual SEgMENTAtION .........cccveiieiieieseee e 142



6.3.4 Articular Cartilage ThICKNESS .......cccoiiiriiiiiiieseee e 142

6.3.5  Statistical ANAIYSIS.......cccveiiiieiieie s 143
6.4 RESUILS ... re e 145
G TR T B [T U7 (oo S 146
6.6  ACKNOWIEAGEMENTS......oiuiiiiiiie ittt 149
6.7 RETEIENCES ... re e e 150

Chapter 7 — Quantitative Magnetic Resonance Imaging of
Tibiofemoral Articular Cartilage in a Porcine Model of ACL

RECONSLIUCTION. .......viei e e 160
0 A 111 - Vo SO USRI 160
7.2 INEFOTUCTION ...t bbb 162
7.3 Materials and MEethodsS..........ooiiiiiiiiie e 164
7.3.1 Porcine Model of ACL RECONSIIUCLION ........cceivrieriiiinieieienie e 164
7.3.2 MR IMAGING ..ttt ettt ae e nes 165
7.3.3  Manual SEgMENTAtION .........cccveiieiiiieseere e 165
7.3.4  Articular Cartilage THICKNESS .......cccoiiieiieiiiieseee e e 166
T4 RESUIS ..o 168
7.5 [ 1T U 1] o] o PRSPPI 169
7.6 ACKNOWIEUGEMENTS......ccieiiieie ettt see e 172
7.7 RETEIBNCES ...ttt be e 173
Chapter 8 — Conclusions and Ongoing Studies...........c.cccccveenen. 178
T8 A O o 113 o] oSSR 178
81.1 Aim 1: Refine and validate an image segmentation technique to quantify
meniscal volume and articular cartilage thickness...........cccccooviinininiinnnnn 179

8.1.2 Aim 2: Apply the segmentation technique to patients with acute meniscal tears
........................................................................................................................ 181

8.1.3 Aim 3: Use the segmentation technique to evaluate outcomes of ACL
transection and ACL reconstruction in a controlled animal model ............... 183

ST O T o ToT [ To IS (1 o[- OP S 184
8.2.1 One-Year Follow-Up of Partial Meniscectomy Subjects ............c.ccocvvvrnnnns 184
8.2.2 Porcine Model of Biologically Enhanced ACL Reconstruction.................... 184
8.2.3 Delayed Gadolinium-Enhanced MRI of Cartilage (dAGEMRIC) After ACL
RECONSLIUCTION ..t 185

8.3 SUMMAIY ..ottt b e 187

Xiv



List of Tables

Chapter 2

Table 2.1: Mean (+ 1 standard deviation) MR-based and water displacement volumes of
one cadaver knee scanned 7 times (Aim 2). Water volume measurements were

FEPEALEA 3 TIMES ...cieiii et e e e et e et e nre e re e e 43
Chapter 3
Table 3.1: Pulse sequences employed on the 3T and 1.5T SCaANNers. .......ccccceevvevvereerreene. 71
Table 3.2: Mean (1 standard deviation) tibiofemoral cartilage volumes for each magnet
AN SCIEW CONTITION. ...ttt bbbttt 72
Chapter 4
Table 4.1: Coefficients of variation (%) for each specimen, method, and region of
1L =T PR URROT PR 104
Chapter 5

Table 5.1: Detectable changes in meniscal volume at power as a function of location. .131
Table 5.2: Pre-operative least squares mean meniscal volumes (mm?®) and their least
squares standard errors (SE) as a function of leg (injured vs. uninjured), meniscus
(medial vs. lateral), and compartment status (injured vs. uninjured). Direct
comparisons were made between the injured and uninjured leg for each group of
menisci by calculating the percent difference. .........c.cccooeve i 132

Chapter 6

Table 6.1: Detectable changes in tibiofemoral articular cartilage thickness (mm) at power
(%) as a fuNCtion Of 1OCALION. .......ccveiiiee e 156

XV



List of Figures

Chapter 1

Figure 1.1: Schematic of the knee joint depicting the medial and lateral menisci, as well
as the femur, tibia, articular cartilage, anterior cruciate ligament (ACL), posterior
cruciate ligament (PCL), medial collateral ligament (MCL), and lateral collateral
ligament (LCL). Figure by Patrick Bibbins............cccooiiiiiiiii e 25

Chapter 2

Figure 2.1: The user interface of the commercial segmentation software (Mimics 9.11;
Materialise, Ann Arbor, MI) used for this study. The top panes show coronal (left)
and axial (right) views; the bottom panes show the sagittal view (left) and 3-D
meniscal reconstructions (FGNL). ....c.coveoe oo 44
Figure 2.2: Mean (+1 standard deviation) MR-based and water displacement volumes for
right and left medial and lateral menisci of specimens used in Aim 3. Water volumes
of medial and lateral menisci for each pair of knees showed mean coefficients of
variation (CV) of 5.78% and 4.95%, respectively. MR-based volumes of medial and
lateral menisci for each pair showed mean CVs of 6.45% and 4.32%, respectively.
Mean MR-based volumes of the medial menisci of the right and left knees were
3102mm® and 2969mm?®, respectively. Mean MR-based volumes of the lateral
menisci of the right and left knees were 2913mm? and 2859mm?, respectively......... 45
Figure 2.3: Mean (+1 standard deviation) meniscal volumes for surgical and contralateral
control knees using MR-based segmentation and water displacement. 565mm?
(range 325-1000mm?; water displacement-based) were removed from the medial
meniscus of the surgical* knee. The mean surgical* pre-op water volume was
3020+987mm? (the sum of the post-op water volume and the volume of meniscus
removed during meniscectomy). Pre-op water displacement volume equaled post-op
water volume for medial control and all lateral Menisci. .........ccoovveriiiiieiiiinenen, 46

Chapter 3

Figure 3.1: Representative sagittal-plane images of a single cadaver specimen imaged
using the T1-weighted WE-3D FLASH sequence (a) at 3T without interference
screws, (b) at 3T with interference screws, (c) at 1.5T without interference screws,
and (d) at 1.5T with interference screws. These slices capture the lateral femoral
condyle, so only the femoral interference screw is visible. It can be seen that the
distortion is relatively localized around the femoral screw, and did not affect the
overall cartilage segmentations of the tibiofemoral joint. Image (b) shows an air
artifact near the anterior portion of the meniscus. Segmentation was interpolated
OVET AN AITITACES. ...ttt ae e 73

XVi



Figure 3.2: (A) The “notch” is marked by crosshairs on the lateral side of the TF joint,
seen in the sagittal plane. (B) A cylinder was fit to the femoral condyles. (C) A line
was drawn from the notch to the cylinder axis. The location of each ROI in the
sagittal plane of the femur IS SHOWN. .......ccoovviiiiii e 74

Figure 3.3: The ROIs for the tibial compartments are shown. Axes with the same
orientation as those from the medial compartment were centered about the centroid
of the lateral compartment to establish the coordinate system in that ROI. The
orthogonal was oriented out Of the PAge. .....cccvevveieeri i 75

Figure 3.4: The mean femoral cartilage thicknesses for both screw condition and
magnetic field strengths (error bars represent 1 standard deviation). (A) On the
medial femoral condyle, there were no significant differences in thickness between
magnet strengths or screw conditions for any ROI. (B) On the lateral femoral
condyle, the 70-100° ROI showed a strong trend for interaction between magnet
strengths (p=0.053). No other ROI on the lateral femoral condyle showed any
significant differences in thickness between magnet strengths or screw conditions. 76

Figure 3.5: Average medial and lateral tibial cartilage thicknesses for both screw
conditions and magnetic field strengths (error bars represent 1 standard deviation).
For the medial tibial ROI, there was no significant difference in thickness between
magnet strengths (p=0.35), but there was a significant difference in thickness
between screw conditions (p=0.03). For the lateral tibial ROI, however, there was a
significant difference in thickness between magnet strengths (p=0.004), but not
screw conditions (p=0.57). No significant interaction was found between screw
condition and magnetic field strength for any tibial ROI (p>0.11)........cccccevvvriiienene. 77

Chapter 4

Figure 4.1: Schematic representation of the laser scanning method. Each bone, with and
without articular cartilage, was scanned from twenty different views. Each view is
represented as a dot in this figure. The views were then merged to create 3D models,
from which a cartilage model was extracted. ...........ccccevveveiienecie s 105

Figure 4.2: Determination of cartilage regions of interest (ROIs) for thickness
measurements. ROIs were selected to represent load-bearing regions of TF articular
cartilage. Portions of this figure adapted from a previous manuscript with
0T 1577 (o] oSS OSPSTPSR 106

Figure 4.3: Ex vivo mean cartilage thickness values (mm) for (a) femoral and (b) tibial
regions of interest (ROIs) assessed with each technique. Significant differences
between laser scanning and manual segmentation, and between laser scanning and
LiveWire, are denoted with * (p<0.05) and # (p<0.01). Significant differences
between LiveWire and manual segmentation are not SNOWN. ...........cccoeveveneneennns 107

Chapter 5

Figure 5.1: Sagittal view of a knee imaged with the Constructive Interference in the
Steady State (CISS) sequence, from which the menisci were segmented................ 133

Xvii



Figure 5.2: MR-based 3D models of a subject’s medial meniscus with a radial tear in the
posterior region (a) before and (b) after partial meniscectomy. The virtual 3D models
created in this study captured both volume and morphology of the menisci. .......... 134

Figure 5.3: Flow charts depicting the use of data gathered from each subject. Each subject
had one injured and one uninjured knee, both of which underwent MRI before and
after the injured knee underwent arthroscopic partial meniscectomy. (a.) Aims 1 and
2 compared the volumes of the injured and uninjured menisci, respectively, before
and after partial meniscectomy. (b.) Aim 3 compared the pre-operative volumes of
the injured and UNINJUIEd MENISCI. .....ccviiieiieieeie e 135

Figure 5.4: Least squares mean volumes (mm?®) of the menisci of the injured (left 4 sets of
columns) and uninjured (right 2 sets of columns) legs, before and after arthroscopic
partial meniscectomy. Labels “Inj,” “Uninj,” “Lat,” and “Med” denote Injured,
Uninjured, Lateral, and Medial, respectively. * denotes adjusted p=0.000. Error bars
INdiCate £ STANAAIT BITOFS. ....cuiiiiieieie e 136

Chapter 6

Figure 6.1: Sagittal view of a knee imaged with the Fast Low-Angle Shot (FLASH)
sequence, from which the articular cartilage was segmented. .........cccccoeeivrinennene 157
Figure 6.2: Articular cartilage regions of interest (ROIs) defined for thickness
calculations. (a) Femoral ROIs were labeled “M” or “L” for medial and lateral
regions, respectively. The femoral regions were further denoted as 1 (anterior), 2
(middle), or 3 (posterior). (b) Tibial ROIs were centered about the centroid of each
condyle, and each region’s size was a percent of the cartilage compartment’s overall
size. Tibial ROIs were labeled “M” or “L” for medial and lateral regions, and further
denoted “T” (tibia). Portions of this figure adapted from a previous manuscript. ...158
Figure 6.3: Least squares geometric mean articular cartilage thickness values (mm)
within each region of interest before and after surgery (combined means from
injured and uninjured knees). Error bars indicate standard errors............ccccccevennen. 159

Chapter 7

Figure 7.1: Articular cartilage regions of interest (ROIs). ROIs were labeled “M” and “L”
for medial and lateral regions, respectively. (a) Femoral ROIs were further denoted
as 1 (anterior), 2 (middle), or 3 (posterior). (b) Tibial ROIs were further denoted “T”
(tibia). Portions of this figure adapted from a previous manuscript

Figure 7.2: Mean articular cartilage thickness values (mm) within the (a) femoral and (b)

tibial regions of interest for surgical and contralateral control limbs within each
group of animals. Error bars indicate standard errors ...........cccccoeevivereiveseese e 177

Xviii



Chapter 1

Introduction

1.1 Overview

The knee is the largest joint in the human body, and is comprised of two joints:
the patellofemoral joint, which is the junction between the distal femur and the patella,
and the tibiofemoral joint, which is the junction between the distal femur and proximal
tibia. The articulating surfaces of the patella, distal femur, and proximal tibia are lined
with articular cartilage. Healthy articular cartilage is a smooth tissue that allows
functional joint motion with little friction and minimal wear. The knee joint also contains
synovial fluid, which provides joint lubrication and cartilage nutrition. The knee has four
major ligaments: the anterior cruciate ligament (ACL), the posterior cruciate ligament
(PCL), the medial collateral ligament (MCL), and the lateral collateral ligament (LCL)
(Figure 1.1). The knee also has two cartilaginous menisci, which act as shock absorbers
for the tibiofemoral joint. Both menisci serve to increase contact area, and therefore

decrease contact stress, on the articular cartilage of the distal femur and proximal tibia.
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Injuries to the tibiofemoral joint, and specifically to the menisci, are common.
Meniscal tears are often treated with arthroscopic partial meniscectomy, a common
procedure in which the torn area of the meniscus is removed, while the unaffected, stable
portion is left intact. A meniscal tear and its surgical treatment may place the knee at risk
of developing osteoarthritis (OA) because it may disrupt the load-bearing and protective
functions of the meniscus. In the case of a symptomatic meniscal tear, partial resection is
routinely performed to eliminate symptoms while attempting to preserve the integrity of
the articular cartilage. Although the removal of meniscal tissue may not be the only factor
associated with the outcome of a partial meniscectomy, the volume of meniscus removed
contributes to functional loss. It is unknown, however, whether there is a critical
threshold amount of meniscal tissue that can be removed without diminishing the
structure’s chondroprotective function.

The long-term objective of this work is to identify whether such a threshold exists
by measuring the volume of meniscal tissue removed during partial meniscectomy, and
then tracking the development of OA using quantitative magnetic resonance imaging
(MRI) to assess articular cartilage thickness. In order to examine the existence of such a
threshold, it is necessary to first develop non-invasive techniques to examine meniscal
morphometry and articular cartilage thickness in vivo. The immediate goals of this work,
therefore, were to refine, validate, and apply MR imaging-based methods for quantifying
meniscal volume, and for mapping and quantifying changes in articular cartilage

thickness within the tibiofemoral joint.



1.2 Background

1.2.1 The Menisci

The menisci are crescent-shaped fibrocartilagenous load-bearing washers that
protect the articular cartilage by maximizing contact area and minimizing contact stress
within the tibiofemoral joint. The menisci are essential to long-term joint function
because they reduce contact stress [1-6], attenuate shock [7-9], and guide knee motion
[10-11]. The menisci are also believed to enhance joint lubrication [12] and joint
proprioception [12-13]. When the knee is fully extended, 50% of the tibiofemoral
compressive load is transmitted through the menisci. The portion of load supported by the
meniscus increases to 85% when the knee is flexed at 90° [1]. When the knee is subjected
to impact loads, the menisci are squeezed toward the periphery, in turn deforming the
resistive circumferential fibers and dissipating energy.

The complete removal of one meniscus (“total meniscectomy”) can decrease the
contact area by 50 to 70%, which significantly increases the contact stress on the articular
cartilage [1]. The shock-absorbing capabilities of the knee are reduced by 20% following
total meniscectomy [8]. The menisci also maintain joint congruity and provide stability to
the knee [12]. The menisci may also promote hydrodynamic lubrication, which in turn
may minimize cartilage wear [12]. Clearly, the chondroprotective function of injured
menisci must be restored to preserve the long-term integrity and function of the

tibiofemoral joint.



1.2.2 Meniscal Tears

Meniscal tears are typically classified as acute or chronic. The overall meniscal
injury rate is reported to be 0.7 per 1000 people per year [14]. Approximately 70% of
meniscal tears are “chronic” (i.e. degenerative), while 30% are due to an *“acute” injury
[15]. Acute tears are most common among younger patients. They frequently occur
during sporting activities, and usually take the form of longitudinal or radial tears [16-
17]. In contrast, degenerative tears, which typically take the form of horizontal, flap, or
complex tears, are more common in older patients [16-17]. 73-81% of all meniscal
injuries occur in the medial compartment [14, 16, 18-19]. Meniscal injuries are more
prevalent in males (over 3:1) [14-15, 18-19]. The work presented within this dissertation
will focus on the treatment of acute medial meniscal tears, rather than chronic tears.

Meniscal tears may place the cartilage at risk of developing OA. When a
meniscus is torn, the contact mechanics of the tibiofemoral joint are altered, which
disrupts the homeostasis of articular cartilage metabolism, placing the knee at risk for
early osteoarthritis. Biomechanical studies have clearly shown that joint contact
mechanics are altered following meniscectomy and meniscal transplantation [2, 6, 20-
24]. It has been hypothesized, though not proven, that acute tears may be responsible for
initiating OA, while chronic tears may be a result of the degenerative process [25]. In
older patients undergoing treatment for OA, meniscal tears are extremely common [26]
and have been shown to accelerate cartilage degeneration [27]. Similarly, from both
functional and radiographic perspectives, patients with degenerative tears who are treated

with meniscectomy do not fare as well as patients with acute tears who undergo similar
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treatment [15]. These data support the hypothesis that degenerative tears are the result,

and not the source, of OA.

1.2.3 Surgical Treatment of Meniscal Tears

There are several surgical treatment options for meniscal tears, the most common
of which is partial meniscectomy. Other alternatives include repair, which is limited to
longitudinal tears in the periphery of the menisci, and transplantation. It remains
unknown whether these alternative treatments are effective in preventing OA
development [12, 16-17, 28]. Total meniscectomy, or the complete removal of the
affected meniscus, was once the standard treatment for symptomatic meniscal tears. This
procedure decreases tibiofemoral contact area by 50-70%, a change which significantly
increases contact stress on the articular cartilage [1], and reduces its shock-absorbing
capabilities [8-9]. The link between total meniscectomy and OA has been well-
documented [29-31], and because this procedure has been linked to a high rate of OA
development, it is now avoided [29-32]. In a cross-sectional study, Roos et al. reported a
six-fold increase in the risk of OA following complete meniscectomy when compared to
age- and sex-matched controls [31]. Thus, partial resection, in which the undamaged
portion of the affected meniscus is preserved, is now routinely performed to eliminate
symptoms while attempting to preserve articular cartilage integrity [15, 25, 29, 33-34].

Arthroscopic partial meniscectomy is the most common knee-related orthopaedic
surgical procedure in the United States [17]. The American Academy of Orthopaedic
Surgeons (AAOS) reported that 1.5 million arthroscopic knee procedures are performed

in the United States each year, 850,000 of which are related to the meniscus [35]. The
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cost of surgery alone is estimated at $2.5 billion. This estimate does not include the long-
term costs associated with post-traumatic OA, which is likely to afflict many partial
meniscectomy patients in the future. Because meniscal tears place the knee at risk for
developing OA, a comprehensive understanding of the outcomes associated with current
meniscal treatment options is paramount.

Partial meniscectomy does not eliminate the risk of OA due to an acute meniscal
injury [15, 25, 28, 31, 33-34, 36-46]. Based on a 15-year follow-up study, Englund
concluded that 50% of patients who underwent partial meniscectomy had radiographic
evidence of OA, while an additional 20% had symptoms of OA without radiographic
evidence [16]. Factors contributing to poor outcomes included degenerative tears,
obesity, age, compartment, and sex [15, 25, 29, 33, 37, 43-44]. It should be noted that
Englund found no difference in radiographic evidence of OA (grading joint space
narrowing and osteophyte formation on a 4-point scale) between partial (<1/3) and
subtotal (1/3-2/3) meniscectomies [25]. The size of each meniscectomy was subjectively
assessed by each surgeon using an arthroscope. To date, no clinical studies have
objectively measured the amount of meniscal tissue that can be removed following acute
meniscal injury without placing the knee at risk of OA. In order to perform such a study it
is necessary to accurately and reliably measure changes in meniscal and cartilage

geometry after surgery and as OA progresses.

1.2.4 Osteoarthritis of the Tibiofemoral Joint

Osteoarthritis (OA) of the tibiofemoral joint is marked by distinct changes in

cartilage volume and thickness [47-58]. In vivo methods that can accurately track these
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initial volume and thickness changes are crucial for documenting the onset and
progression of OA. The application of such methods to patients who have undergone
partial meniscectomy for the treatment of an acute meniscal tear may help elucidate the
mechanisms by which OA develops after partial meniscectomy.

Although the mechanisms of OA in the acutely injured knee are not known,
altered joint contact mechanics are likely to contribute to OA development. When the
meniscus is torn, the contact mechanics of the tibiofemoral joint are altered, which in turn
disrupts the homeostasis of articular cartilage metabolism and places the knee at risk for
the early development of OA. Other factors that may promote OA in the meniscal injured
patient include joint inflammation [59-60] and impact damage sustained by the
subchondral bone at the time of meniscal injury [6, 61]. Biomechanical studies have
clearly shown that joint contact mechanics, specifically impact loading and contact area,
are altered in both meniscectomized knees and knees which have undergone meniscal
transplantation [2, 6, 20, 22-23, 62-63]. Cadaver and finite element models are valuable
for assessment of the variables that effect joint contact, but the application of such
models is limited because they do not incorporate the effects of joint inflammation and

healing.

1.2.5 Meniscal Injury, Partial Meniscectomy, and Osteoarthritis

Although several clinical follow-up studies that evaluate outcome after partial
meniscectomy have been performed, no cause-and-effect relationship between meniscal
injury, partial meniscectomy, and OA development has been established. The long-term

objective of the proposed work is to perform such a study. Most of the studies performed
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to date were designed as retrospective studies and were based on radiographic evidence
of OA progression and/or patient-oriented outcome measures [15, 25, 28, 31, 33-34, 36-
37, 39-44]. These long-term clinical studies, particularly those which incorporated
matched control groups [25, 28, 31, 34, 43], have provided valuable information related
to general outcome, and have identified variables that are most likely associated with the
development of OA following partial meniscectomy. However, they are not sufficient to
evaluate the mechanism of OA in patients following partial meniscectomy, largely
because they are retrospective studies that do not quantify the changes that occur within
the joint over time. Recent developments in imaging, proteomics, and biochemical
markers of articular cartilage metabolism have provided new methods to assess the initial
response of cartilage to partial meniscectomy. Using the methods described and validated
below, a long-term prospective study will be performed. This prospective study will
employ these methods to test the hypotheses that isolated acute partial meniscectomy will
affect the structure and metabolism of the articular cartilage, and that a change in joint
contact mechanics is likely a mechanism for disease progression. One aim of the study
will be to determine whether there is a critical volume of meniscal tissue that can be
removed following acute meniscal injury without placing the knee at risk of OA. Before
this long-term prospective study can be initiated, a method to quantify meniscal damage
and the associated healing response must be developed. Therefore, an accurate and
precise method for measuring the amount of meniscal tissue removed during partial
meniscectomy, and for assessing articular cartilage volume and thickness following
partial meniscectomy, is crucial for tracking patients’ progression toward OA following

this surgical procedure.



1.2.6 Quantitative Magnetic Resonance Imaging

Quantitative MRI is a promising technique for documenting the location and size
of a meniscal resection. In an effort to develop a technique for sizing meniscal allografts,
Stone et al. used an MR imaging approach to determine meniscal volume [64]. The
imaging protocol included a 3-D MRI sequence (TR =55 ms, TE = 15 ms, flip angle =
11°, 16-18 cm FoV; 256 x 256 acquisition matrix); however, details regarding the
segmentation process were not provided. The images were obtained on a 1.5T MRI
scanner. The MRI measurements were performed six times prior to excising the menisci
from the cadaver models used in the study. Once excised, the true meniscal volumes were
measured by placing each meniscus in saline and measuring the volume of saline
displaced. Stone et al. determined that the MRI technique was precise and repeatable,
though it consistently underestimated the true meniscal volume by 20 and 44% for the
medial and lateral menisci, respectively. Stone et al. concluded that the technique could
be useful for measuring changes within a meniscus allograft over time with healing, but
was not sufficient for sizing a meniscal allograft. The precision and repeatability values
they reported provide credence to the approach. However with the use of high resolution
MRI (3T) and improved segmentation techniques it may be possible to increase the
accuracy and resolution of the method. By determining the size of a meniscus before and
after surgery, it is possible to obtain a measurement of the amount of meniscus removed
by subtracting the volumes obtained before and after surgery. It is also possible to
recreate three-dimensional virtual models of the meniscus to assess regional changes in

meniscal morphometry that occur with surgery and remodeling.
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Quantitative MRI is also useful for documenting the volume and thickness of the
articular cartilage of the tibiofemoral joint. Quantitative magnetic resonance imaging
(gMRI) has been used to assess changes in cartilage morphometry, and it may prove to be
a valuable measure for studying OA progression [48, 54-55]. Eckstein et al. performed a
study to assess the accuracy of articular cartilage volume and thickness measurements
made using 1.5T MRI [65]. The images were segmented in the sagittal plane using a two-
step process, which included a region-growing algorithm. The volume and thickness
measurements made using MRI were compared to similar measurements made using CT
arthrography, which can be considered a gold standard for knee joint volume and
thickness measurements. Eckstein et al. found the technique to be accurate and
reproducible in both human and cadaver knees. High-resolution MRI (3T) and improved
segmentation techniques increase the accuracy and repeatability of this technique. By
using 3T quantitative MRI to examine articular cartilage thickness, it is possible to
examine changes that may occur in these parameters in patients following partial
meniscectomy.

The identification of regions of interest is necessary to track changes in articular
cartilage thickness over time. ldentifying specific regions of interest will allow the
examination of changes in the weight-bearing regions of the tibiofemoral joint, and
eliminate the variability associated with the cartilage at the edges of the joint. A
coordinate system can be established based on the bone-cartilage interfaces of the femur
and tibia that allows examination of the same areas of interest in vivo over time. While
many studies have examined the use of quantitative MRI for tracking overall changes in

cartilage volume and thickness [53, 58, 66-67], few have defined specific regions of
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interest within the segmented cartilage plates for morphological evaluation [55, 68-69].
Specific regions of interest allow investigators to focus on changes in the primary load
bearing regions, where they would be most significant, while excluding regions that are
not affected and would dampen these differences. For longitudinal studies, regions of
interest must be defined such that they can be reproducibly isolated at each time point. It
IS possible to use the three-dimensional models created by our segmentation technique to

establish such coordinate systems for each subject examined.
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1.3 Significance

Although it is generally accepted that total meniscectomy places the knee at
significant risk for early OA, it remains unknown whether the extent of meniscal
resection is predictive of outcome. The studies described in the following chapters
provide the preliminary data necessary to develop and justify a long-term prospective
controlled cohort study evaluating OA following partial meniscectomy. Such a study will
influence the future care of patients undergoing surgical treatment for meniscus changes.
This will be particularly important when a patient and his or her clinician must choose
between partial meniscectomy and other more complicated, expensive treatment
alternatives, which may include repair, allografts, xenografts, and tissue-engineered

replacements, as they become available.
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1.4 Specific Aims

Specific Aim 1: Refine and validate an image segmentation technique to quantify

meniscal volume and articular cartilage thickness.

The objectives of the first aim were to refine an MR-based image segmentation
and reconstruction technique to measure meniscal volume and tibiofemoral articular
cartilage thickness. We used meniscal phantoms, cadaver models, and in vivo models to
refine our segmentation technique. We then validated the segmentation method in situ
using cadaver specimens and in vivo models. Our primary hypothesis for this aim was
that meniscal volumes and articular cartilage thicknesses calculated using MR-based
segmentation would be equal and reproducible compared to the meniscal volumes and
articular cartilage thicknesses measured using water displacement and laser scanning

techniques.

Specific Aim 2: Apply the segmentation technique to patients with acute meniscal tears.

The objective of the second aim was to perform a study using ten human subjects
with meniscal tears who underwent partial meniscectomy. MR imaging of each subject’s
knees was performed just prior to surgery and one month after surgery. The segmentation
technique refined and validated in Aim 1 was then applied to these MR images. We

hypothesized that the segmentation technique would demonstrate a decrease in the
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volume of the resected menisci after surgery, and that the meniscal volume and articular

cartilage thickness measurements of each subject would be reproducible.

Specific Aim 3: Use the segmentation technique to evaluate outcomes of ACL

transection and ACL reconstruction in a controlled animal model.

The objective of the third aim was to apply the segmentation technique validated
in Aim 1 to ten Yucatan mini-pigs. The pigs were randomized into two groups of five.
The first group underwent unilateral ACL transection, and the second group underwent
unilateral ACL reconstruction with a bone-patellar tendon-bone allograft. The animals
were allowed to heal for 15 weeks, and each hind limb was harvested after euthanasia.
We obtained 3T MR images of each animal’s hind limbs after harvest, and applied the
articular cartilage segmentation technique to the images. We hypothesized that in both
groups, the articular cartilage of the surgical limbs would exhibit signs of early OA
development compared to the contralateral control limbs. We also expected that
differences in articular cartilage thickness would be more pronounced in the ACL-

transected limbs than the ACL-reconstructed limbs.
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Figure 1.1: Schematic of the knee joint depicting the medial and lateral menisci, as well
as the femur, tibia, articular cartilage, anterior cruciate ligament (ACL), posterior cruciate
ligament (PCL), medial collateral ligament (MCL), and lateral collateral ligament (LCL).
Figure by Patrick Bibbins.
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2.1 Abstract

Meniscal injuries place the knee at risk for early osteoarthritis (OA) because they
disrupt their load-bearing capabilities. Partial resection is routinely performed to alleviate
symptomatic meniscal tears. While the removal of meniscal tissue may not be the only

factor associated with partial meniscectomy outcome, the amount removed certainly
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contributes to functional loss. It is unknown, however, whether there is a critical amount
of meniscal tissue that can be removed without diminishing the structure’s
chondroprotective role. In order to examine the existence of such a threshold, it is
necessary to accurately quantify meniscal volume both before and after partial
meniscectomy to determine the amount of meniscal tissue removed. Therefore, our goal
was to develop and validate an MR-based method for assessing meniscal volume. The
specific aims were: (1) to evaluate the feasibility of the MR-based segmentation method,;
(2) to determine the method’s reliability for repeated measurements; and (3) to validate
its accuracy in situ. MR images were obtained on a 3T magnet, and each scan was
segmented using a biplanar approach. The MR-based volumes for each specimen were
compared to those measured by water displacement. The results indicate that the biplanar
approach of measuring meniscal volumes is accurate and reliable. The calculated
volumes of the menisci were within 5% of the true values, the coefficients of variation
were 4%, and the intraclass correlation coefficients were greater than 0.96. These data
demonstrate that this method could be used to measure the amount of meniscal tissue

excised during partial meniscectomy to within 125.7mm?>.
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2.2 Introduction

The menisci of the knee are crescent-shaped fibrocartilagenous washers that
protect articular cartilage by maximizing contact area and minimizing contact stress
within the tibiofemoral joint. When a meniscus is torn, the contact mechanics of the
tibiofemoral joint are altered, which disrupts the homeostasis of articular cartilage
metabolism, placing the knee at risk for early osteoarthritis (OA). Biomechanical studies
have clearly shown that joint contact mechanics are altered following meniscectomy and
meniscal transplantation [1-7].

Total meniscectomy was once the standard treatment for symptomatic meniscal
tears. This procedure decreases tibiofemoral contact area by 50-70%, a change which
significantly increases contact stress on the articular cartilage [8] and reduces its shock-
absorbing capabilities [9]. The link between meniscectomy and OA has been well-
documented [10-12]. Thus, partial resection, in which the undamaged portion of the
meniscus is preserved, is now routinely performed to eliminate symptoms while
attempting to preserve cartilage integrity [10, 13-16]. However, partial meniscectomy
may not eliminate the risk of early OA [12-26].

To date, no clinical studies have objectively measured the amount of meniscus
that can be removed following acute meniscal injury without placing the knee at risk of
OA. In order to examine whether a critical threshold exists, it is necessary to quantify the
amount of meniscal tissue removed during surgery. Quantitative magnetic resonance

imaging (MRI) has been used to assess dimensional changes of articular cartilage [27],
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and could be used to construct models of the meniscus before and after partial
meniscectomy; the difference between the two volumes would indicate the amount of
tissue removed.

This study’s objective was to validate an MR-based approach to document
meniscal size and assess changes in meniscal volume following surgery. The specific
aims were: (1) to evaluate the method’s feasibility (phantom model); (2) to determine the
technique’s reliability (cadaver model); and (3) to validate the technique’s accuracy in

situ (cadaver model).
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2.3 Methods

2.3.1 MR Imaging

Specimens were imaged on a 3T scanner (Siemens Trio, Erlangen, Germany)
using a surface coil. The T2*-weighted 3D-CISS sequence [constructive interference in
the steady state; TR/TE/FA, 14.5/7.3/35°, FOV, 160mm; matrix, 512x512, slice
length/gap, 1mm/0; avg, 1] was utilized. Preliminary testing determined that this

sequence provided high contrast between meniscal tissue and adjacent structures.

2.3.2 Segmentation Technique

The phantom model and cadaver menisci were manually segmented from both
sagittal and coronal plane image reconstructions using commercial software (Mimics
9.11; Materialise, Ann Arbor, MI). Three-dimensional voxel models were generated from
the biplanar segmentations and wrapped with a triangular mesh to create a solid model of
each structure. The solid models captured both meniscal volume and morphology (Figure

2.1). Each model’s volume was calculated by surface integration.

2.3.3 Water Volume Technique

The volume of each MR-based model was compared to its water displacement
volume [28]. After imaging, the menisci were carefully dissected from the joint. Each
meniscus was placed in a 25cc graduated cylinder containing 25cc of isotonic saline. The

displaced saline was removed from the cylinder, using a micropipette, until the fluid level
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was restored to 25cc. Each water volume measurement was repeated three times, and the
values averaged. Previous testing determined that the coefficient of variation for repeated

water displacement measurements was 1.5%.

2.3.4 Feasibility Study (Aim 1)

The feasibility of the segmentation method was evaluated using a plastic phantom
model. A single intact fresh human cadaver knee with no evidence of knee pathology was
imaged as described above. The menisci were segmented using MR-based biplanar
segmentation, and 3-D models of the menisci were generated. Using rapid prototyping
technology, plastic prototypes of these menisci were created. The volumes of the model
menisci (medial = 4352.67mm?®; lateral = 3741.38mm®) were confirmed by water
displacement. The plastic models were then embedded within 1.7% agarose gel. The gel
was created within a plastic cylinder (diameter 11cm, height 10cm) similar in size to a
human knee cross-section. The phantom was imaged as described, and the plastic
produced a contrast similar to that seen between menisci and surrounding tissues. The
plastic menisci were segmented, and the MR-based volumes were compared with the

known model volumes to establish a percent error in volume.

2.3.5 Reliability Study (Aim 2)

The reliability of the MR-based segmentation method for multiple scans was
evaluated using a fresh human cadaver knee. The knee was scanned 7 times; the
specimen was removed and repositioned within the coil between scans. After imaging,

the cadaver menisci were carefully excised, and their water displacement volumes were
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measured. After the menisci were segmented and reconstructed, the MR-based volumes
were compared to the water displacement volumes. The coefficients of variation for both

the medial and lateral menisci were calculated.

2.3.6 In situ Validation (Aim 3)

The MR-based segmentation method was then validated in situ. 10 fresh-frozen
human cadaver knees (5 pairs; mean age=56; range=52-60) with no gross evidence of
knee pathology were imaged, after which one knee from each pair underwent a partial
medial meniscectomy. Partial meniscectomies were performed within the inner rim of the
medial meniscus. Resection size was not standardized between specimens. All knees
were then rescanned. The “pre-operative” and “post-operative” MR images of each knee
were segmented, and the volumes of the medial and lateral menisci were calculated. The
MR-based volume of meniscal tissue removed during each resection was determined by
subtracting the post-operative volume from the pre-operative volume. This value was
compared to the water displacement volume of the portion of meniscus removed. The
post-operative scans of the medial meniscus of the contralateral knee and the lateral
menisci from both knees served as “repeated standards” to assess reliability. Because
these menisci did not undergo meniscectomy, no volume changes were expected between
scans. Both menisci were then removed from all 10 knees, and their water displacement
volumes were determined. Reliability was quantified by calculating intraclass correlation
coefficients (ICCs) for the repeated standards. Accuracy was assessed by calculating the

absolute error between the MR-based volume and water displacement volume for each
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meniscus. Variation between right and left medial and lateral meniscal volumes was

examined for these five pairs of cadaver specimens (Figure 2.2).
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2.4 Results

2.4.1 Feasibility Study (Aim 1)

When compared to the known volumes, the errors for the plastic medial and
lateral menisci were 0.3% and 3.3%, respectively. The phantom MR-based volumes
overestimated the intact model volumes for the medial and lateral menisci at 4363.8mm?®

(versus 4352. 7mm?®) and 3863.1mm? (versus 3741.4mm?), respectively.

2.4.2 Reliability Study (Aim 2)

The mean absolute errors between MR-based and water displacement volumes of
the medial and lateral menisci were 4.6% and 7.9%, respectively (Table 2.1). The

coefficients of variation were 4% for both compartments.

2.4.3 In situ Validation (Aim 3)

The ICCs for repeated standards were greater than 0.96, indicating that the
technique was reliable. The mean absolute errors between MR-based and water
displacement volumes across all specimens were less than 5.3% (Figure 2.3). The
average volumes of the resected pieces were 522 (range 330-880) mm?® and 565 (range
325-1000) mm® for the MR-based segmentation and water displacement methods,
respectively (Figure 2.3). Excluding the volumes of the resected pieces, the mean
absolute errors between MR-based volumes and water displacement volumes were 4.8%

and 3.0% for the medial and lateral menisci, respectively (Figure 2.2). The 95%
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confidence interval of the difference between the calculated (MR) and actual (water

displacement) volumes of the removed fragments was 125.7mm?°.
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2.5 Discussion

The amount of meniscus that can be removed following an acute meniscal injury
without placing the knee at risk of OA is unknown. In order to examine whether there is a
critical threshold, it is necessary to quantify the amount of meniscal tissue removed
during surgery. Such a method could be used to design a clinical study of partial
meniscectomy for simple acute tears, in which each patient’s partial meniscectomy and
residual meniscal tissue could be quantified. Each patient could then be tracked, and the
mechanisms of OA development following partial meniscectomy could be better
understood. We have shown that this MR-based approach is accurate and reliable for
tracking changes in meniscal volume. This method may also be useful for sizing meniscal
allografts, because the MR-based segmentation technique results in a 3-D model in which
both meniscal morphology and volume can be examined.

In developing a technique to size meniscal allografts, Stone et al. utilized a similar
imaging approach [28]. They used a 3-D MR sequence on a 1.5T magnet. Images were
segmented in the sagittal plane, and MR measurements were performed 6 times per
cadaver specimen before the menisci were excised. The volumes of the menisci were then
measured by water displacement. Stone reported that the MR technique was precise but
consistently underestimated true meniscal volume by 20% and 44% for medial and lateral
menisci, respectively.

Our MR-based segmentation approach has several improvements. Images were

obtained on a 3T magnet using the T2*-weighted, 3D-CISS sequence. The protocol
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provided high-resolution images and high contrast between meniscal tissue and adjacent
structures. Because meniscal contours are best seen in orthogonal images, segmentations
were performed using both sagittal and coronal views of the same volume to optimize the
central and anterior/posterior boundaries of the menisci, respectively. The reliability
study (Aim 2), in which coefficients of variation were less than 4% for both menisci,
indicated that results were reproducible. The calculated volumes of the menisci for the in
situ validation study were within 5% of their water displacement volumes, and the ICCs
between methods were greater than 0.96. The method was accurate for detecting meniscal
morphometry before and after partial meniscectomy to within 125.7mm?.

Some limitations should be noted. The evaluations were performed using
phantom (Aim 1) and cadaver specimens (Aims 2 and 3). Motion and blood flow artifacts
were not present; thus, a clinical evaluation of reliability is needed. The segmentations
were performed manually. To minimize variation, the images were segmented by a
trained examiner under a musculoskeletal radiologist’s direction. Since meniscal
segmentations were performed independently, the results of the repeatability (Aim 2) and
accuracy (Aim 3) studies minimize this concern. Although MRI is a reasonable means of
detecting displaced meniscal fragments [29], the accuracy of this approach for more
complicated tears (i.e. bucket handle tears) remains unknown. However, based on our
results (Figure 2.2), it would be possible to use the respective meniscus of the uninjured
contralateral knee as a baseline, or check, for complex tears. Despite these limitations, the
MR-based biplanar segmentation method provides an accurate and reliable way to

document meniscal volumes from 3-D segmented models.
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Water Vol. Mean MR-Based Mean

Meniscus (mm?®; n=3) (mm?®; n=7) %Error
Medial 3041 (+43) 2927 (+118) 4.6
Lateral 3067 (£71) 2801 (£112) 7.9

Table 2.1: Mean (x 1 standard deviation) MR-based and water displacement volumes of
one cadaver knee scanned 7 times (Aim 2). Water volume measurements were repeated 3
times.
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Figure 2.1: The user interface of the commercial segmentation software (Mimics 9.11;
Materialise, Ann Arbor, MI) used for this study. The top panes show coronal (left) and

axial (right) views; the bottom panes show the sagittal view (left) and 3-D meniscal
reconstructions (right).
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Figure 2.2: Mean (+1 standard deviation) MR-based and water displacement volumes for
right and left medial and lateral menisci of specimens used in Aim 3. Water volumes of
medial and lateral menisci for each pair of knees showed mean coefficients of variation
(CV) of 5.78% and 4.95%, respectively. MR-based volumes of medial and lateral menisci
for each pair showed mean CVs of 6.45% and 4.32%, respectively. Mean MR-based
volumes of the medial menisci of the right and left knees were 3102mm? and 2969mm?,
respectively. Mean MR-based volumes of the lateral menisci of the right and left knees
were 2913mm°®and 2859mm?, respectively.
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Figure 2.3: Mean (+1 standard deviation) meniscal volumes for surgical and contralateral
control knees using MR-based segmentation and water displacement. 565mm? (range
325-1000mm?; water displacement-based) were removed from the medial meniscus of
the surgical* knee. The mean surgical* pre-op water volume was 3020+987mm? (the sum
of the post-op water volume and the volume of meniscus removed during meniscectomy).
Pre-op water displacement volume equaled post-op water volume for medial control and
all lateral menisci.
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3.1 Abstract

3.1.1 Objective

To assess the effects of interference screws, which are commonly used to
surgically fix an anterior cruciate ligament (ACL) graft in the ACL-deficient knee, and
magnetic field strength on cartilage volume and thickness measurements with
quantitative MRI (QMRI).
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3.1.2 Methods

Five cadaver knees were imaged using a cartilage-sensitive sequence (T1-
weighted WE-3D FLASH) on 1.5T and 3T scanners with and without interference screws
implanted. The tibiofemoral articular cartilage was segmented and reconstructed from the
MR images, and volume and thickness measurements were made on the resulting three-

dimensional models.

3.1.3 Results

Although several load-bearing regions showed significant differences in volume
and thickness between magnet strengths, most showed no significant difference between
screw conditions. The medial tibial cartilage showed a mean decrease in volume of 5.9%
and 8.0% in the presence of interference screws at 3T and 1.5T, respectively. At 3T and
1.5T, the medial tibial cartilage showed a mean decrease in thickness of 7.0% and 12.0%,

respectively, in the presence of interference screws.

3.1.4 Conclusions

Caution should be used when interpreting thickness and volume of cartilage at 3T
in the presence of interference screws, particularly in the medial tibial compartment.
Additionally, 3T and 1.5T gMRI should not be used interchangeably to assess structural

changes in tibiofemoral articular cartilage during longitudinal studies.
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3.2 Introduction

Patients who undergo anterior cruciate ligament (ACL) reconstruction may be at
greater risk for early osteoarthritis (OA). Although many studies have evaluated the
success of these procedures, few have attempted to examine the condition of the articular
cartilage following surgery [1-5]. There is some evidence to suggest that ACL-
reconstructed knees will exhibit signs of cartilage degeneration within five years of
surgery using subjective radiographic grading techniques [1, 3, 6-7]. Objective methods
that could quantify temporal changes in articular cartilage morphometry would be useful
to document the natural history of OA in the ACL-injured knee, and to evaluate long-
term outcomes in response to different treatment options.

Quantitative magnetic resonance imaging (qMRI) provides a way to directly
assess the integrity and composition of the articular cartilage in vivo [8-11]. gMRI could
provide insight into the mechanisms of OA in the ACL-injured and reconstructed knee by
documenting temporal changes in articular cartilage volume and thickness associated
with OA progression. With gMRI, three-dimensional virtual cartilage models are
constructed from segmented MR images of articular cartilage using cartilage-sensitive
pulse sequences. These models are then used to document changes in cartilage geometry
over time [8-9, 12]. The precision of MRI-based cartilage volume measurements has been
reported to range between 1-4% [11, 13-15]. High degrees of reliability (interclass
correlation coefficients greater than 0.92) have also been published [8]. Using gMRI, the

cartilage volume of the tibiofemoral joint has been shown to decrease 0.3-0.5% per year



50
with natural aging [11], as compared to 4-6.5% per year in patients with radiographic
evidence of OA [11, 16-18].

In one method commonly used to reconstruct the torn ACL, the proximal and
distal bone blocks of the bone-patellar tendon-bone graft are typically fixed using
titanium interference screws; one is placed in the femoral bone tunnel, and the other in
the tibial bone tunnel. The screws, however, produce artifacts on MR images from
magnetic susceptibility, or local distortions in the uniformity of the magnetic field lines,
which could potentially affect the reliability of cartilage volume and thickness
measurements. These artifacts are seen on MR images at the interface between materials
of different magnetic susceptibility, such as metallic implants and surrounding tissues.
Ferromagnetic metals, such as nickel, iron, and cobalt, exhibit large magnetic
susceptibility and produce significant artifacts, while non-ferrous metals, such as
titanium, show lower magnetic susceptibility, and therefore less artifact [19]. Artifacts,
which generally appear in the image as a signal void in the region around the implant
(Figure 3.1), are directly proportional to the magnetic field strength, and are inversely
proportional to the readout gradient strength and voxel size [19-22]. The pulse sequence
selected for MR imaging also influences image degradation. Susceptibility artifacts are
greater for gradient-echo pulse sequences and are less conspicuous using turbo or fast
spin-echo pulse sequences when compared to conventional spin-echo sequences [20, 23].

MR imaging at 3T rather than 1.5T has recently been recommended for gMRI
because the higher magnetic field strength provides greater resolution and a higher
signal-to-noise ratio for detecting early changes in cartilage morphometry [13, 24].

However, magnetic susceptibility artifacts could be amplified at 3T because of the higher
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field strength, or they may be less conspicuous because of the smaller voxel size.

The effect of magnetic susceptibility artifacts on images obtained from knees
containing titanium interference screws is not known. Thus, it is necessary to evaluate
any errors the screws may introduce before gMRI can be used to document the
progression of OA in the ACL-reconstructed patient. The objectives of this study were to
assess the effect of tibial and femoral interference screws on articular cartilage volume
and thickness measurements from segmented images obtained on both 1.5T and 3T
scanners. We hypothesized that: 1) there would be no significant difference in the tibial
and femoral cartilage volume and thickness measurements with and without interference
screws placed in the knee; and 2) the cartilage volume and thickness measurements

reconstructed from 1.5T and 3T images would be equivalent.
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3.3 Materials and Methods

3.3.1 Specimens

Five fresh frozen, intact, right human cadaver knees (3 female, 2 male) were
acquired for this study. The mean age of the subjects from whom the specimens were
obtained was 56 (range, 51-59) years. The specimens had no evidence of ligament or
meniscal tears. Three of the specimens had signs of articular cartilage surface wear (2

mild, 1 moderate) by visual inspection.

3.3.2 MR Imaging

All knees were imaged on 1.5T and 3T magnets (Siemens Symphony and Trio,
respectively; Erlangen Germany), using commercially available polarized knee coils. The
manufacturers of the quadrature knee coils were Siemens Medical Systems (Erlangen,
Germany) and USA Instruments, Inc. (Aurora, OH) for the 1.5T and 3T magnets,
respectively. In a preliminary evaluation of several pulse sequences frequently used for
quantitative cartilage segmentation, we found that the T1-weighted, water-excitation,
three-dimensional fast low-angle shot (WE-3D FLASH) sequence on the 3T scanner
minimized image distortion from magnetic susceptibility artifacts and maximized
cartilage-bone contrast compared to fat-saturated, intermediate-weighted spin echo pulse
sequences (Table 3.1). A similar WE-3D FLASH sequence was adopted for use on the

1.5T magnet (Table 3.1).
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3.3.3 ACL Interference Screws

Two 9x20mm titanium interference screws (Arthrex, Inc; Naples FL) were placed
in the tibia and femur with the aid of an arthroscope and a commercial drill guide system
for ACL reconstruction (Arthrex, Inc; Naples FL). The screw locations were selected to
duplicate those typically used to affix an ACL allograft during surgery. Complete ACL

reconstruction was not performed.

3.3.4 Test Protocol

After thawing, the specimens were wrapped in plastic bags to protect the scanning
equipment from biohazard contamination. Each knee was placed in full extension and
positioned within a transmit-receive knee surface coil and the magnet following the
manufacturer-recommended protocol for positioning a patient for a knee evaluation. All
scans were performed by certified MR technologists.

Each knee was scanned on the 1.5T and 3T scanners, both with and without the
interference screws implanted. To minimize bias, test order was determined using a block
randomization procedure. Specimens were first randomized by screw condition (screws
implanted versus no screws implanted), and then within each screw condition, they were
randomized by magnetic field strength (1.5T versus 3T). A total of 20 volumetric scans
were performed (2 screw conditions x 2 magnetic field strengths x 5 specimens) using the

T1-weighted WE-3D FLASH sequence.

3.3.5 Segmentation Technique

The femoral and tibial articular cartilage structures of each specimen were
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manually segmented in the sagittal plane and reconstructed using commercial software
(Mimics 9.11; Materialise, Ann Arbor, MI). Three-dimensional voxel models were
generated and wrapped with a triangular mesh to create a virtual solid model of each
cartilage structure. The solid models captured both articular cartilage volume and

morphology.

3.3.6 Tibiofemoral Articular Cartilage Volume

The three-dimensional femoral articular cartilage model was cropped in order to
isolate the tibiofemoral joint. Cropping was performed along the anterior-posterior axis
such that the posterior half of the distal femur was selected. The volume was then further
separated into those of the medial and lateral femoral condyles for each screw and
magnet condition. The volume of each three-dimensional model of the articular cartilage
structures was determined by surface integration. Preliminary data showed coefficients of
variation (CVs) of 1.8% and 2.8% for the femoral and tibial cartilage volumes,

respectively (n = 7), indicating that these measurements are repeatable.

3.3.7 Cartilage Thickness

We focused our thickness measurements on specific load-bearing regions of
interest (ROIs). A cylinder was fit to the bone-cartilage interface of the femoral cartilage
model of the tibiofemoral joint (Figure 3.2). The notch marking the junction between the
tibiofemoral and patellofemoral joints on the lateral condyle was identified on one
sagittal MR image. A line was drawn from the notch (0°) to the center of the cylinder.

Each condyle of the tibiofemoral joint was then divided at 40°, 70°, 100°, and 130° from
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the notch point (anterior) toward the posterior aspect of the condyle to create 6 patches of
cartilage (3 medial, 3 lateral); the medial-lateral width of each patch was 20% of the
overall medial-lateral width of the femoral cartilage and centered about the midline of
each condyle.

Two regions on the tibial cartilage (1 medial, 1 lateral) were defined by
calculating the centroids of each segmented cartilage region (compartment) using
MATLAB (The Mathworks, Inc., Natick, MA). The inertial axes of the medial
compartment were also determined using MATLAB, and axes of the same orientation
were centered about the centroids of both the medial and lateral tibial compartments. The
ROI for each compartment was then defined as the area £20% of the overall anterior-
posterior depth and £15% of the overall medial-lateral width from the centroid (Figure
3.3). The average thickness of each patch was calculated by a closest point algorithm
using MATLAB.

Preliminary data showed mean coefficients of variation (CVs) of 4.7% and 2.7%
for the thicknesses of the femoral and tibial ROIs, respectively (n = 7), indicating that

both the coordinate system and the ROI thickness determination are repeatable.

3.3.8 Statistical Analysis

Based on preliminary data, the sample size for this study was derived to have
sufficient power (80%) to detect a 10% difference in tibial articular cartilage volume
between experimental conditions. A two-way repeated measures analysis of variance was
performed to compare (1) the cartilage volumes of the proximal tibia and distal femur in

response to screw condition (screws versus no screws) and magnetic field strength (1.5T
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versus 3T), and (2) the cartilage thickness of each ROI in response to screw condition and
magnetic field strength. Fisher’s least significant difference test was used to make pair-

wise comparisons between conditions. Statistical significance was set at p<0.05.
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3.4 Results

3.4.1 Tibiofemoral Articular Cartilage Volume

There were no significant differences in the medial femoral cartilage volumes
between magnet (12% reduction at 1.5T, p=0.07) or screw (1.0% reduction in the
presence of screws, p=0.85) conditions (Table 3.2). For the lateral femoral cartilage
volumes, there was a significant difference between magnet strengths (12.5% reduction at
1.5T, p=0.006), but not screw conditions (4.2% reduction in the presence of screws,
p=0.16) (Table 3.2). No significant interaction was found between the screws and
magnetic field strength conditions for either compartment (p>0.46).

For the medial tibial cartilage volume, there was no significant difference between
magnet strengths (5.9% reduction at 1.5T, p=0.46) (Table 3.2). There was, however, a
trend for a screw effect (p=0.08). The mean decrease in cartilage volume due in the
presence of the interference screws was less than 9% for this compartment. No significant
interaction was found between screw condition and magnetic field strength (p=0.75). For
the lateral tibial cartilage volumes, there was no significant difference between screw
conditions (4.1% reduction in the presence of screws, p=0.30), but there was a significant
difference between magnet strengths (p=0.03) (Table 3.2). The mean increase in the
lateral tibial cartilage volume at 3T compared to 1.5T was 9.1%. No significant

interaction was found between screw condition and magnetic field strength (p=0.19).
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3.4.2 Cartilage Thickness

For the most anterior ROI on the medial femoral condyle (40-70°; Region 1 in
Figure 3.2c), there was no significant difference in the mean thickness values between
magnet strengths (8.8% reduction at 1.5T, p=0.09) or screw conditions (3.5% reduction
in the presence of screws, p=0.39). For the central ROI on the medial femoral condyle
(70-100°% Region 2 in Figure 3.2c), there was no significant difference in thickness
between magnet strengths (3.4% reduction at 1.5T, p=0.46) or screw conditions (0.0%
change in the presence of screws, p=0.99). For the posterior ROI on the medial femoral
condyle (100-130°% Region 3 in Figure 3.2c), there was no significant difference in
thickness between magnet strengths (1.8% increase at 1.5T, p=0.60) or screw conditions
(1.3% increase in the presence of screws, p=0.81). No significant interactions were found
between the screws and magnetic field strength conditions for any ROI (p>0.51) (Figure
3.4).

For the most anterior ROI on the lateral femoral condyle (40-70°) there was no
significant difference in thickness between magnet strengths (0.1% increase at 3T,
p=0.72) or screw conditions (0.9% decrease in the presence of screws, p=0.79). For the
central ROI on the lateral femoral condyle (70-100°), there was no significant difference
in thickness between screw conditions (0.0% decrease in the presence of screws,
p=0.998), but there was a strong trend for an interaction between magnet strength and the
presence of the screw, suggesting that the screw effect was magnet-dependent (p=0.053).
For this ROI, there was a 1.5% mean difference in thickness between screw conditions at
3T, but only a 0.5% mean difference in thickness at 1.5T. In both cases, the thickness was

greater in the presence of interference screws than without the screws. For the posterior
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ROI on the lateral femoral condyle (100-130°), there was no significant difference in
thickness between magnet strengths (2.3% decrease at 1.5T, p=0.83) or screw conditions
(4.9% decrease in the presence of screws, p=0.09) (Figure 3.5).

For the medial tibial ROI, there was no significant difference in thickness
between magnet strengths (8.2% decrease at 1.5T, p=0.35), but there was a significant
decrease in thickness in the presence of interference screws (p=0.03). The mean
difference in thickness between screw conditions for this ROl was 11.5%. For the lateral
tibial ROI, however, there was a significant increase in thickness at 3T compared to 1.5T
(6.7% increase, p=0.004), but there was no significant difference in thickness between
screw conditions (1.2% reduction in the presence of screws, p=0.57). No significant
interaction was found between screw condition and magnetic field strength for any tibial

ROI (p>0.11) (Figure 3.5).
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3.5 Discussion

There is clinical evidence to suggest that patients who undergo ACL
reconstruction continue to exhibit progressive articular cartilage damage in the
reconstructed knee [1-3, 5, 25-28]. However, there are many factors that may affect
cartilage degeneration in the ACL-injured and reconstructed knee (i.e. initial subchondral
trauma, concomitant injuries of the meniscus, general inflammation, altered joint motion
and abnormal joint contact stresses) [29-30]. A quantitative method that is sensitive to
early changes in articular cartilage structure, and that could be applied to patients who
have undergone ACL reconstruction with titanium interference screws, would enable
researchers to evaluate potential mechanisms of OA progression in this patient
population. gMRI with cartilage-sensitive pulse sequences meets these requirements
within certain constraints.

The T1l-weighted WE-3D FLASH sequence is effective in tracking structural
changes in articular cartilage for patients with OA [9]. Bauer et al concluded that based
on signal-to-noise and contrast-to-noise ratios, the water-excitation gradient-echo
sequence at 3T is superior to both the fat-saturated gradient-echo sequence at 3T or 1.5T
and to the turbo spin-echo sequence for volumetric cartilage calculations [31]. The article
did not investigate the water-excitation gradient-echo sequence at 1.5T. Our investigation
used the water-excitation gradient-echo sequence on both the 3T and 1.5T magnets. Our
study showed a slight increase in both SNR and the effective SNR (SNRe) in the

presence of interference screws (Table 3.1). As expected, there was also a notable
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increase in both SNR and SNRe at 3T compared to 1.5T. To minimize the expected
magnetic susceptibility artifacts on the gradient echo sequence, we selected MR imaging
parameters to minimize voxel size. Our data demonstrate that measurements of
tibiofemoral cartilage volume and thickness were largely unaffected by the presence of
titanium interference screws, and that the lack of the screw effect was independent of
magnetic field strength. Although most ROIs showed no differences in volume and
thickness between screws or magnet strength, some differences were noted. The medial
tibial cartilage volume showed a trend for a 9% reduction in cartilage volume when the
screws were present. Similarly, the medial tibial ROl showed a significant decrease of
11.5% in the mean thickness value when the screw was present (p=0.03). The sensitivity
of the medial tibial compartment to the presence of the screw is not surprising, because
the screw is located just proximal to this compartment. Therefore, caution must be used
when interpreting gMRI volume and thickness measurements in the medial compartment
of the tibia in the presence of metallic interference screws. Although this does not
exclude the use of gMRI for tracking changes in the other regions of the tibiofemoral
joint, any changes in thickness less than approximately 0.30mm (11.5%) in the medial
tibial compartment may be due to artifact and not cartilage degeneration. In contrast, the
lateral femoral interference screw is farther away from the lateral femoral articular
cartilage.

Kornaat et al. imaged knees of ten healthy volunteers on both 1.5T and 3T
scanners using a sagittal fat-suppressed 3D-steady-state-free-precession (SSFP) sequence,
a sagittal Dixon 3D-SSFP sequence, and a 3D spoiled gradient recall echo sequence to

measure cartilage thickness of the distal femur from each sequence [24]. Although
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improvements were seen with respect to the signal-to-noise and contrast-to-noise ratios
with the 3T scanner, no significant differences in cartilage thickness were reported
between scanners or sequences [24]. The thickness of the tibial cartilage was not
evaluated [24]. Eckstein et al also evaluated the precision of gMRI when performed on
1.5T and 3T magnets [13]. They determined that cartilage volume and thickness
measurements decreased with reductions in slice thickness, and that these measurements
from the 1.5T and 3T MR images were highly correlated [13]. When the gMRI data of
these investigations are considered in conjunction with those of the present study, the
potential benefits for using 3T are highlighted. These results suggest, at the very least,
that it is prudent to use the same magnetic field strength when tracking longitudinal
changes in cartilage volume within a patient.

There are several limitations of this study. First, the findings apply directly to
articular cartilage segmentation based on the T1-weighted WE-3D FLASH sequence. The
results of other cartilage-sensitive pulse sequences may be different. Prior to this study,
we evaluated another cartilage-sensitive pulse sequence, the frequency selective fat-
saturation turbo spin-echo intermediate-weighted sequence. Counterintuitively, we found
that the T1-weighted WE-3D FLASH sequence minimized image distortion in the
vicinity of the interference screws (Figure 3.1) while the fat-saturation turbo spin-echo
intermediate-weighted sequence tended to increase magnetic susceptibility artifact. The
T1-weighted 3D gradient echo sequence was superior to the turbo spin echo sequence
with respect to both signal-to-noise and contrast-to-noise ratios for articular cartilage
imaging [31]. Thus, the T1-weighted WE-3D FLASH sequence was selected for this

study.
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The images used in this study were acquired from cadaver specimens, and were
not compromised by either knee motion or blood flow artifacts. It is possible that the
errors would be greater if the images were acquired in vivo [13]. Nonetheless, the cadaver
model was beneficial because it allowed us to systematically measure the effects of
interference screws and magnetic field strength, using each specimen as its own control.

The articular cartilage segmentations in this study were performed manually using
commercial software (Mimics 9.11). Semi-automated techniques have been developed to
increase the accuracy and efficiency of segmentation [8, 24, 32-33]. To reduce potential
sources of error and to minimize this concern, the cartilage segmentations in the present
study were performed by a single trained examiner under the direction of a
musculoskeletal radiologist.

Additionally, segmentations were not compared to a true gold standard in the
present study. Preliminary data did, however, show mean CVs of 4.7% and 2.7% for the
thicknesses of the femoral and tibial ROIs, respectively, and 1.8% and 2.8% for the
femoral and tibial cartilage volumes, respectively, indicating that these measurements are
repeatable.

Standard size (9 x 20mm) titanium interference screws were used in this study.
We cannot determine from the present study whether larger or smaller interference
screws would influence the results of gMRI differently. In general, one would expect that
a larger interference screw would cause some increase in the size of the magnetic
susceptibility artifact, though the relationship is not linear. The extent of the artifact also

depends on the position and composition of the interference screw, as well as the selected
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pulse sequence parameters. However, because standard size screws were used in this
study, the results apply to the majority of screws used for ACL reconstruction.

Complete ACL reconstructions were not performed on the cadavers imaged in
this study. While it cannot be determined from our results whether the outcome would
change if a complete ACL reconstruction were performed, we would not expect to see a
chance in outcome with complete reconstruction because the interference screws would
still be placed in the same locations, and other changes would involve only soft tissues.
Since the ACL autograft courses through the intercondylar notch, and is not proximal to
the femoral or tibial articular cartilage, one would not expect a major impact of the graft
on imaging of the femoral or tibial articular cartilage, and therefore on volume and
thickness measurements of this cartilage.

Freeze-thaw cycles and surgical intervention have the potential to introduce air
artifacts into cadaver specimens. Although air and articular cartilage have vastly different
intensities on MR images, these artifacts cannot be entirely eliminated. In the present
study, segmentation in post-operative limbs was conducted by interpolating over air
artifacts when present. This interpolation was performed to minimize the effects of any
air artifacts. In future studies, saline could be injected into the joints post-operatively to
attempt to eliminate air artifacts.

Although the data suggest that the medial tibial cartilage volume is affected by
magnetic field strength, we did not determine which field strength provides the most
accurate measurement. We assume that the 3T images are more accurate because more
slices are used to reconstruct the 3-D models. The slice thickness was 1.5mm for the 3T

magnet and 2.0mm for the 1.5T magnet. The slice thickness for each magnet was selected
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to keep the sequence acquisition time under 10 minutes, which is practical when imaging
subjects. Therefore, less interpolation was required when the 3-D voxel models were
created from the segmented 3T MR images. A comparison to a known standard would be
required in order to evaluate the accuracy of segmented volumes based on MR imaging at
different field strengths.

Finally, the effect of magnetic field strength on medial tibial cartilage volume was
marked by a strong trend, but it was not statistically significant (p=0.08). This study was
80% powered to detect a 10% difference in cartilage volume based on our sample size.
The mean difference in medial tibial cartilage volume was less than 6% between
magnetic field strengths.

The results of the present study suggest that caution should be used when
interpreting thickness and volume of the medial tibial cartilage at 3T in the presence of
interference screws. Additionally, 3T and 1.5T gMRI should not be used interchangeably

to assess structural changes in articular cartilage during longitudinal studies.
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3 Tesla

1.5 Tesla

gMRI

T1-weighted water-excitation three-
dimensional fast low-angle shot (WE-
3D FLASH): 20/7.6 [TR(ms)/ TE(ms)];
12° [flip angle]; 160mm [field of view];
0.3125mm/1.5mm/0mm [in-plane
resolution/slice thickness/interslice gap];
80 slices per slab; 130 hz/pixel
[bandwidth]; 512x512 [matrix];
right/left [phase encoding direction];
one average of two excitations. (With
screws: SNR = 72.9, SNRe = 3.6sec’™’%;
without screws: SNR = 41.3, SNRe =
2.1sec™).

T1-weighted WE-3D FLASH: 17.2/7.3;
30°% 160mm; 0.3125mm/2mm/0Omm [in-
plane resolution/slice thickness/interslice
gap]; 52 slices per slab; 160 hz/pixel;
512x512; anterior-posterior; one average.
(With screws: SNR = 25.6, SNRe =
1.2sec’¥?: without screws: SNR = 19.2,
SNRe = 0.9sec™?).

Table 3.1: Pulse sequences employed on the 3T and 1.5T scanners.




Femoral Volume (mm®)

Tibial Volume (mm?®)

Magnet Screw

Medial

Lateral

Medial

Lateral

3T No
3T Yes
1.5T No
1.5T Yes

2896 (+1142)
2978 (+1409)
2722 (+1090)
2583 (+1188)

3711 (£1502)
3611 (+1534)
3429 (+1370)
3230 (+1326)

2265 (+898)
2043 (+902)
2159 (+796)
1999 (+658)

3193 (+1205)
2915 (+1233)
2754 (+1046)
2790 (+1052)

72

Table 3.2: Mean (1 standard deviation) tibiofemoral cartilage volumes for each magnet

and screw condition.
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Figure 3.1: Representative sagittal-plane images of a single cadaver specimen imaged
using the T1-weighted WE-3D FLASH sequence (a) at 3T without interference screws,
(b) at 3T with interference screws, (c) at 1.5T without interference screws, and (d) at 1.5T
with interference screws. These slices capture the lateral femoral condyle, so only the
femoral interference screw is visible. It can be seen that the distortion is relatively
localized around the femoral screw, and did not affect the overall cartilage segmentations
of the tibiofemoral joint. Image (b) shows an air artifact near the anterior portion of the
meniscus. Segmentation was interpolated over air artifacts.
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Figure 3.2: (A) The “notch” is marked by crosshairs on the lateral side of the TF joint,
seen in the sagittal plane. (B) A cylinder was fit to the femoral condyles. (C) A line was
drawn from the notch to the cylinder axis. The location of each ROI in the sagittal plane
of the femur is shown.
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Figure 3.3: The ROIs for the tibial compartments are shown. Axes with the same
orientation as those from the medial compartment were centered about the centroid of the
lateral compartment to establish the coordinate system in that ROI. The orthogonal was
oriented out of the page.
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Figure 3.4: The mean femoral cartilage thicknesses for both screw condition and
magnetic field strengths (error bars represent 1 standard deviation). (A) On the medial
femoral condyle, there were no significant differences in thickness between magnet
strengths or screw conditions for any ROI. (B) On the lateral femoral condyle, the 70-
100° ROI showed a strong trend for interaction between magnet strengths (p=0.053). No
other ROI on the lateral femoral condyle showed any significant differences in thickness
between magnet strengths or screw conditions.
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Figure 3.5: Average medial and lateral tibial cartilage thicknesses for both screw
conditions and magnetic field strengths (error bars represent 1 standard deviation). For
the medial tibial ROI, there was no significant difference in thickness between magnet
strengths (p=0.35), but there was a significant difference in thickness between screw
conditions (p=0.03). For the lateral tibial ROI, however, there was a significant difference
in thickness between magnet strengths (p=0.004), but not screw conditions (p=0.57). No
significant interaction was found between screw condition and magnetic field strength for
any tibial ROI (p>0.11).
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4.1 Abstract

4.1.1 Objective

To assess the reliability and accuracy of manual and semi-automated
segmentation methods for quantifying knee cartilage thickness. This study employed both
manual and LiveWire-based semi-automated segmentation methods, ex vivo and in vivo,
to measure tibiofemoral cartilage thickness.
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4.1.2 Methods

The articular cartilage of a cadaver knee and a healthy volunteer’s knee were
segmented manually and with LiveWire from multiple 3T MR images. The cadaver
specimen’s cartilage thickness was also evaluated with a 3D laser scanner, which was
assumed to be the gold standard. Thickness measurements were made within specific
cartilage regions. The reliability of each segmentation method was assessed both ex vivo
and in vivo, and accuracy was assessed ex vivo by comparing segmentation results to

those obtained with laser scanning.

4.1.3 Results

The cadaver specimen thickness measurements showed mean coefficients of
variation (CVs) of 4.16%, 3.02%, and 1.59%, when evaluated with manual segmentation,
LiveWire segmentation, and laser scanning, respectively. The cadaver specimen showed
mean absolute errors versus laser scanning of 4.07% and 7.46% for manual and LiveWire
segmentation, respectively. In vivo thickness measurements showed mean CVs of 2.71%

and 3.65% when segmented manually and with LiveWire, respectively.

4.1.4 Conclusions

Manual segmentation, LiveWire segmentation, and laser scanning are repeatable
methods for quantifying knee cartilage thickness; however, the measurements are
technique-dependent. Ex vivo, the manual segmentation error was distributed around the

laser scanning mean, while LiveWire consistently underestimated laser scanning by
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8.9%. Although LiveWire offers repeatability and decreased segmentation time, manual
segmentation more closely approximates true cartilage thickness, particularly in cartilage

contact regions.
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4.2 Introduction

Osteoarthritis (OA) of the tibiofemoral (TF) joint is marked by distinct changes in
cartilage volume and thickness [1-13]. In vivo methods that accurately track these initial
changes are crucial for documenting the onset and progression of OA. Quantitative
magnetic resonance imaging (QMRI) has shown promise for assessing changes in
cartilage morphometry, and may prove to be a valuable measure for OA progression [2,
7,9, 14-16].

Quantitative MRI requires accurate, reliable, and efficient cartilage segmentation
techniques. Both manual and semi-automated segmentation approaches have been
developed [2, 17-23]. While manual segmentation allows full user control, it is user-
dependent, tedious, and time-consuming. Semi-automated approaches, while generally
faster, are also prone to segmentation errors because they may miss localized features of
cartilage damage, and do not function well in regions of poor contrast. Some studies have
shown semi-automated segmentation techniques to be more reliable than manual methods
21]: despite these findings, some commercial segmentation companies, including
Chondrometrics GmbH, have returned from semi-automated methods to manual
segmentation [2, 24-27]. Despite recent attempts [28] and the use of cartilage-sensitive
MRI sequences, a fully automated cartilage segmentation technique remains elusive due
to the limited contrast between the cartilage and adjacent tissues. Various pulse

sequences, such as the double-echo steady state (DESS), and the use of contrast agents

have been added to scanning protocols in an effort to improve cartilage contrast. Each
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method has theoretical and practical trade-offs [29-30], and no sequence or protocol has
shown unequivocal superiority.

There are several semi-automated segmentation algorithms, the most common of
which uses active contours, or “snakes” [20-21, 31-33]. With this method, the user plants
“seed points” near cartilage interfaces, and cartilage boundaries are fit to those surfaces
based on image contrast differences. Because active contours rely upon gradient descents,
they are prone to instabilities, errors, and selection of local minima, particularly in
regions of low contrast and local defects [34-35]. Because of these limitations, an
approach that directly follows cartilage edges may be advantageous. One such approach
is “LiveWire,” which uses localized image intensity to directly map cartilage boundaries
[23, 36-37]. With this approach, the user initiates a contour with the cursor, which then
“snaps” to the optimal boundary closest to the current cursor position. To continue the
segmentation, the user merely moves the cursor in the general vicinity of the cartilage
boundary, and the LiveWire algorithm selects the appropriate edge. Although semi-
automated, it is less likely to get trapped in local minima than active snakes or other
approaches. In a cadaver study of the patellofemoral (PF) joint, the accuracy of a
LiveWire segmentation approach for measuring cartilage volume was within 97.8% of
the true volume, with inter- and intra-operator coefficients of variation of 3.0% and 0.4%,
respectively [23]. For the present study, the LiveWire algorithm was adapted for
segmentation of the TF joint.

While many studies have examined the use of gMRI for tracking overall changes
in cartilage volume and thickness [8, 12, 38-39], only a few have defined specific regions

of interest (ROIs) within segmented cartilage for morphological evaluation [9, 31, 40-41].
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The identification of specific ROIs allows investigators to focus on primary load-bearing
regions, where thickness changes are most significant, while excluding regions that are
not affected and may mitigate these changes. For longitudinal studies, ROIs must be
defined such that they can be reproducibly identified at each time point.

The objectives of this study were to develop and implement a LiveWire-based
segmentation method to quantify TF articular cartilage thickness, and to compare
measurements to those obtained with manual segmentation. The specific aims were: (1)
to evaluate the reliability of TF cartilage thickness measurements using the LiveWire and
manual segmentation approaches both ex vivo and in vivo, and (2) to assess the accuracy
of TF cartilage thickness measurements ex vivo by comparing LiveWire and manual

segmentation approaches to laser scanning, a reference standard.
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4.3 Materials and Methods

4.3.1 MR Imaging

All images (fourteen total scans: seven of one cadaver, and seven of one subject)
were acquired on a 3T system (Siemens Trio; Erlangen, Germany) using a commercially
available polarized knee coil. MR images were acquired using the T1-weighted water-
excitation three-dimensional fast low-angle shot (WE-3D FLASH) sequence: repetition
time, 20ms; echo time, 7.6ms; flip angle, 12°; field of view, 160mm:; in-plane resolution,
0.3125mm; slice thickness/interslice gap, 1.5mm/Omm; slices per slab, 80; matrix, 512 x

512; phase-encoding, right-to-left; number of averages, one.

4.3.2 Manual Segmentation

The femoral and tibial articular cartilage structures of each specimen were
manually segmented in the sagittal plane by a single experienced investigator, and
reconstructed using commercial software (Mimics 9.11; Materialise, Ann Arbor, M,
USA). 3D voxel models were generated and wrapped with a triangular mesh to create a
virtual solid model of each cartilage structure. The solid models captured both articular

cartilage volume and morphology.

4.3.3 LiveWire Segmentation

The femoral and tibial cartilage structures from each scan of each knee were also

segmented using LiveWire. For this application, the LiveWire algorithm was adapted to
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work in concert with manual segmentation, such that the user could override the semi-
automated method in regions where cartilage boundaries were not clear. The resulting
contours were exported as point clouds that were used to generate closed-surface (solid)
models for each structure. The solid models were constructed by wrapping a triangular
surface mesh to the 3D point cloud [42].

Both the manual and LiveWire segmentations were completed independently by
an experienced user who was trained by a musculoskeletal radiologist. The resulting 3D

models were used to make cartilage thickness measurements.

4.3.4 Laser Scanning

The accuracy of each segmentation technique was assessed on a cadaver
specimen using a 3D laser scanner to obtain the true cartilage morphometry
(ShapeGrabber PLM Series; Vitana Corp, Ottawa, Ont). The laser scanner employed a
high-resolution scan head (SG-1000). The resolution along the scanning direction was
100um, and the depth resolution was 5um. For each bone that was scanned, all soft
tissues, except the articular cartilage, were first removed. Laser scans from twenty
different views of each bone were taken to fully image the cartilage surfaces, with
sufficient overlap for subsequent reconstruction (Figure 4.1). Six dry wall screws were
inserted into each bone to provide additional reference landmarks to facilitate the
registration of different views. The articulating end of each bone was regularly bathed in
physiological saline to prevent soft tissues from drying. After one set of scans was
completed, the cartilage was dissolved from the bone by immersing the articulating

surface in 5.25% sodium hypochlorite solution (Clorox® bleach) for four hours. The bone
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was then rescanned using the same protocol. After scanning, the laser data were
smoothed by treating each scan as a two-dimensional function (horizontal and vertical
directions as the x- and y- axes; depth as the z-axis), and smoothing the function using a
two-dimensional Gaussian kernel. The twenty scans were then merged to construct the
contours of the cartilage and bone surfaces [31]. The two surfaces were then
superimposed to obtain a laser scan model of each cartilage structure. The reliability of
the laser scanning method was determined to create a baseline for comparison of the
previously described segmentation techniques. For the purpose of this study, the resulting
3D models were considered the gold standard for comparison to the 3D models generated

from the cartilage segmentation algorithms.

4.3.5 Cartilage Thickness

TF cartilage thickness measurements were performed on specific load-bearing
ROIs [31, 41]. A distinct notch marking the junction between the TF and PF joints on the
lateral femoral condyle was identified on the first sagittal MR image in which it appeared
(Figure 4.2a). The bone-cartilage interface of the 3D femoral cartilage model was fit
with a cylinder (Figure 4.2b). A line was drawn from the notch (0°) to the center of the
cylinder. Each femoral condyle was then divided at 40°, 70°, 100°, and 130° from the
notch point toward the posterior aspect of the femur to create six femoral ROIs [three
medial (M1: 40-70°), (M2: 70-100°), (M3: 100-130°); and three lateral: (L1: 40-70°), (L2:
70-100°), (L3: 100-130°)] (Figure 4.2b, c). Each ROI’s medial-lateral width was 20% of
the overall medial-lateral width of the femoral cartilage, and each ROI was centered

about the midline of its respective condyle (Figure 4.2c).
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Two tibial ROIs [one medial (MT) and one lateral (LT)] were defined on the
cartilage regions of the 3D model resulting from segmentation. The centroid of each
compartment was calculated with MATLAB (The Mathworks, Inc., Natick MA, USA).
The inertial axes of the medial compartment were also determined using MATLAB, and
axes of the same orientation were projected onto the centroids of both the medial and
lateral tibial compartments. The ROI of each compartment was then defined as the area
+20% of the overall anterior-posterior length and +15% of the overall medial-lateral
width from the centroid (Figure 4.2d). The mean thickness of each cartilage patch was
calculated with a closest point algorithm using MATLAB.
The same procedures were used to identify the corresponding ROIs on the tibial

and femoral cartilage models obtained from the laser scanning process described above.

4.3.6 Ex vivo Assessment

One fresh-frozen human cadaver knee (54-year-old female) was used to evaluate
both the accuracy and reliability of the manual and LiveWire segmentation methods. The
specimen showed no evidence of knee injury or cartilage damage upon visual inspection.
It was imaged seven times using the T1-weighted WE-3D FLASH sequence. Between
each scan, the knee was removed from the coil, flexed and extended twenty times, and
reinserted into the coil. The resulting images were segmented and reconstructed using
both methods described above. After MR imaging was complete, the joint was
disarticulated, and the distal femur and proximal tibia were assessed using the described

3D laser scanning method.
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4.3.7 In vivo Assessment

The knee of a healthy volunteer (23-year-old female) was also scanned seven
times. Between each scan, the subject exited the scanner, walked around the facility for
five minutes, and then re-entered the scanner for the next scan. The MR scans were

segmented and reconstructed using both methods described above.

4.3.8 Statistical Analysis

The reliability of each technique (Aim 1) was established by calculating the
coefficients of variation (CVs) for the ex vivo and in vivo experiments. To assess the
accuracy of both segmentation methods, two-way analyses of variance (factors: method
and trials) were performed to compare the mean thickness values of the two segmentation
methods with those obtained from the laser scanner, and with each other. Each ROI was

analyzed in a separate ANOVA.
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4.4 Results

4.4.1 Reliability (Aim 1)

The reliability of both segmentation methods was assessed both ex vivo and in
vivo by determining the CV(%) for each ROl (M1-3, L1-3, MT, and LT) over the seven
repeated MR scans (Table 4.1). The cadaver specimen showed mean CVs across all
ROIs of 4.16%, 3.02%, and 1.59% for manual segmentation, LiveWire segmentation, and
laser scanning, respectively.

In vivo, the mean CVs across all ROIs were 2.71% and 3.65% for manual and

LiveWire segmentation, respectively (Table 4.1).

4.4.2 Accuracy (Aim 2)

The accuracy of both segmentation methods was assessed ex vivo by the
comparison of mean ROI thicknesses to laser scanning results (Figure 4.3). The mean
absolute error across all ROIs between manual segmentation and laser scanning was
4.07% (5.35% over six femoral ROIs; 0.22% over two tibial ROIs), while this error
between LiveWire segmentation and laser scanning was 7.46% (8.93% over six femoral
ROIs; 3.06% over two tibial ROIs). With the exception of MT, there were significant
differences in thickness values in each ROl measured ex vivo between LiveWire and
manual segmentation (p<0.02). Thickness values obtained from LiveWire segmentation
consistently underestimated those obtained by manual segmentation and laser scanning

(Figure 4.3). The region MT showed no significant differences between manual
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segmentation, LiveWire segmentation, or laser scanning (p=0.11). The regions M1, M2,
and L1 showed significant differences in thickness measurements between LiveWire
segmentation and laser scanning (p<0.001), whereas regions M3, L2, L3, and LT did not
(p>0.08). Similarly, the regions M2, M3, and L2 showed significant differences in
thickness measurements between manual segmentation and laser scanning (p<0.025),
whereas regions M1, L1, L3, and LT did not (p>0.11).

In vivo, each ROI over seven trials showed significantly different thickness
measurements between the two segmentation methods (p<0.011). LiveWire segmentation
consistently underestimated manual segmentation. When pooled across the femoral ROIs,
manual and LiveWire segmentations produced mean thickness values of 2.33(x0.024)mm
and 2.04(x£0.034)mm, respectively. Similarly, when pooled across the tibial ROIs, the
manual and LiveWire segmentations produced mean values of 2.81(+0.061)mm and

2.47(x0.041)mm, respectively.
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4.5 Discussion

Both the LiveWire and manual segmentation techniques were repeatable for
analyzing TF articular cartilage thickness. The segmentation-based thickness
measurements each had mean CVs of less than 4.17%, both ex vivo and in vivo, in the
defined ROIs over seven trials (Aim 1). Similarly, laser scanning thickness measurements
had a mean CV of 1.59% over seven trials, suggesting that this method is an acceptable
gold standard for the evaluation of segmentation-based cartilage thickness measurements.
In vivo, the mean CVs across all ROIs were 2.71% and 3.65% for manual and LiveWire
segmentation, respectively. When the accuracy of each segmentation technique was
assessed, the mean absolute error between manual segmentation and laser scanning was
4.07% (5.35% over the femoral ROIls; 0.22% over the tibial ROIs), while the mean
absolute error between LiveWire segmentation and laser scanning was 7.46% (8.93%
over the femoral ROIs; 3.06% over the tibial ROIs) (Aim 2). These results indicate that
although each method is repeatable, TF cartilage thickness measurements based upon
manual segmentation more closely approximate true cartilage thicknesses than do those

based upon LiveWire segmentation.

While there are several possible explanations for the generally lower CVs seen in
vivo, it is likely that a living knee has higher water content than does a cadaver knee, and
therefore provides greater articular cartilage contrast on MRI. Differences in age and
tissue fixation between the cadaveric and living specimens may also explain the noted

results. Similarly, there are several possible explanations for the much lower absolute
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errors seen in the tibial ROIs when compared to the femoral ROIs. The femoral cartilage
is curved, and therefore is not consistently orthogonal to the long axis of the magnetic
field when compared to the relatively flat tibia. The curved femoral cartilage is prone to
more error due to partial volume effects, as well as other MRI and voxel reconstruction
phenomena. In addition, tibial cartilage, in both compartments, is generally thicker than
femoral cartilage. Because the mean tibial thickness is greater, the error value will
translate to a smaller percent error than in the femur. When combined, these explanations
may account for the lower absolute errors seen in the tibia.

LiveWire thickness measurements consistently underestimated those made with
manual segmentation and laser scanning. This underestimation suggests a systematic
error in the calculation of cartilage thickness with LiveWire. It is feasible, therefore, that
this error may be reduced by systematically adjusting the cartilage thickness values
obtained from LiveWire segmentation, thereby improving the accuracy of LiveWire-
based cartilage thickness measurements. There are many possible explanations for this
segmentation bias; one is that each method uses a slightly different interpolation
algorithm when creating segmentation-based 3D models. Second, the process of
reconstructing a 3D model from LiveWire segmentation requires several steps of manual
user input, including the repair of any errors associated with the “wrapping” of the
triangular mesh, and therefore allows some room for variability. The 3D model
reconstruction process associated with manual segmentation, however, is automated.
Therefore, the source of error may be in the reconstruction process, rather than in
segmentation. Although this represents a limitation of the LiveWire method in its current

form, its 3D modeling process could be adjusted and streamlined in the future.
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Despite the apparently systematic error associated with LiveWire, the method has
several inherent advantages over manual segmentation. LiveWire segmentation is faster
than manual segmentation, which is tedious and time-consuming; manual segmentation
of one set of images may take up to two hours. Because LiveWire employs an algorithm
with smaller bounding boxes than traditional semi-automated segmentation techniques, it
is less likely to become trapped in local minima. As previously mentioned, LiveWire was
programmed for our purposes to work in concert with manual segmentation when a local
defect was encountered in which the segmentation was not clear. This feature was
employed only when LiveWire could not find an appropriate boundary. Thus, the option
to switch to manual segmentation when necessary allowed the user to capture features of
the articular cartilage that the primary semi-automated segmentation approach might have
excluded, while still decreasing segmentation time. Although it is not certain whether this
feature would be an advantage for segmenting of knees with generalized chondral
defects, we would hypothesize that the addition of the manual segmentation option to the
semi-automated algorithm would remain an advantage for such knees, especially since

these knees are often more challenging to segment than healthy knees.

After examining the results of the present study, we qualitatively evaluated the
differences between manual and LiveWire segmentation by overlaying representative
contours of each method onto their respective MR image slices. We saw that while
LiveWire seemed to more closely approximate cartilage boundaries toward the extreme
edges of the tibial and femoral cartilage, manual segmentation appeared to provide a
closer approximation in regions of low contrast and cartilage contact. Manual

segmentation results may have appeared more favorable in the present study because the
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ROIs examined were focused upon load-bearing cartilage areas, rather than the edges of
the cartilage structures. Additionally, it may be possible that the differences in thickness
seen in the varying weight-bearing regions may have been due simply to the fact that
some regions have greater average thickness values than others. In regions with greater
average thickness, such as L2 and LT, a small difference in thickness between
segmentation methods, although valid, may not be statistically significant, because the
percent difference is relatively small. Similarly, in regions with small average thickness
values, such as M1 and L1, a small difference in thickness may be statistically significant
because the percent difference is relatively large. Because LiveWire appears to be more
effective in some areas of the knee joint, while manual segmentation is better in others,
some efficient combination of both methods, similar to the program employed in this

study, may provide the best results while still offering decreased segmentation time.

The ROIs examined in the present study were chosen to represent the weight-
bearing regions of the femur and tibia. Because gMRI is useful for tracking the onset and
progression of early OA, it seems practical to focus on thickness changes in weight-

bearing regions.

A “fully” automated segmentation technique has recently been reported [13, 28,
43]. This method, however, requires the use of manual segmentation to “teach” the
software to properly segment cartilage. These methods have, thus far, only been applied
to healthy joints; their success on joints with varying degrees of OA progression remains

unknown, and the evaluations have only been performed using low-field (0.18T) MRI.
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In 2005, Koo et al. published a study evaluating knee cartilage thickness with
segmented MR images [31]. In that study, Koo et al. used a semi-automated B-Spline
snake segmentation method to measure cartilage thickness in six femoral ROIs ex vivo
and in vivo. The ex vivo specimens were porcine, and were evaluated with both MRI
segmentation and 3D laser scanning, similar to the evaluation described in the present
study. Koo et al. reported in vivo intra-observer femoral thickness measurement CVs of
2-3%, which are comparable to the values reported in the current study. For one in vivo
specimen that was scanned twice, Koo reported variability of approximately 4% of the
total cartilage thickness in weight-bearing regions. Although the ROIs defined by Koo et
al. were slightly different than those described in the present study, the results were
comparable in terms of accuracy and reliability. Although Koo et al. reported some tibial
thickness data, the details concerning these measurements were not specified.

The present study has some limitations. The accuracy assessment (Aim 2) of MR
imaging-based cartilage thickness measurements assumes that laser scanning is the gold
standard. A preliminary validation study showed laser scanning thickness measurements
of phantom articular cartilage to be within 4.5% and 3.6% of caliper-based thickness
measurements for the femoral and tibial cartilage, respectively. Although it is difficult to
determine the true cartilage thickness of a cadaver specimen, our laser scanning method
showed a mean CV of 1.59% for all ROIs over seven trials, indicating that the method
was reliable. The use of laser scanning also prevented the assessment of accuracy in vivo,
a problem that was offset in the present study by the addition of an ex vivo component.
Additionally, the ex vivo MR images used within this study were not affected by motion

or blood flow artifacts; for this reason, we also tested both segmentation methods in vivo.
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Finally, due largely to the amount of time required for acquiring and processing the laser
scan data, this study includes a limited number of samples (two knees—one cadaver, one
volunteer—each scanned seven times). Even with this number of samples, however, we
were able to detect statistically significant differences in articular cartilage thickness
measurements between methods. It is important to note that the purpose of this study was
to compare the reliability of two separate methods of articular cartilage segmentation;
therefore, knees of different stages of OA, focal and generalized chondral defects, and
different ages and genders were not evaluated. The ex vivo and in vivo specimens scanned
multiple times allowed for evaluation of variability due to each segmentation method,
without the complication of examining knees in various conditions.

In conclusion, manual segmentation, LiveWire segmentation, and laser scanning
are repeatable methods for quantifying tibiofemoral articular cartilage thickness.
However, the thickness measurements appear to be technique-dependent. Assuming that
the laser scanning method is an appropriate standard for comparison, manual
segmentation provided a more accurate measurement of cartilage thickness in load-

bearing regions of the tibiofemoral joint.
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Femur Tibia

Specimen Method | M1 M2 M3 L1 L2 L3 MT LT

Cadaver Manual |4.83 335 478 370 441 6.82 |[243 293
LiveWire |3.66 472 300 273 216 348 |215 223
Laser 1.00 127 248 0.75 1.86 1.10 1.52 2.74
Volunteer Manual |289 081 133 374 3.03 395 [423 168
LiveWire | 1.59 148 545 580 3.84 6.43 |254 2.08

Table 4.1: Coefficients of variation (%) for each specimen, method, and region of
interest.
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Figure 4.1: Schematic representation of the laser scanning method. Each bone, with and
without articular cartilage, was scanned from twenty different views. Each view is
represented as a dot in this figure. The views were then merged to create 3D models,

from which a cartilage model was extracted.
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Figure 4.2: Determination of cartilage regions of interest (ROIs) for thickness
measurements. ROIs were selected to represent load-bearing regions of TF articular
cartilage. Portions of this figure adapted from a previous manuscript with permission
[41].
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Figure 4.3: Ex vivo mean cartilage thickness values (mm) for (a) femoral and (b) tibial
regions of interest (ROIs) assessed with each technique. Significant differences between
laser scanning and manual segmentation, and between laser scanning and LiveWire, are
denoted with * (p<0.05) and # (p<0.01). Significant differences between LiveWire and
manual segmentation are not shown.
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5.1 Abstract

5.1.1 Background

Quantifying changes in meniscal volume in vivo before and after partial
meniscectomy (PM) could help elucidate the mechanisms involved in osteoarthritis

development after meniscal injury and its surgical treatment.
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5.1.2 Purpose/Hypothesis

To determine whether quantitative MRI (qMRI) could detect the immediate
reduction in meniscal volume created by PM, while ruling out changes in unresected
structures. We hypothesized that gMRI would be reliable for determining meniscal
volume within the repeated images of unresected menisci. Additionally, we expected no
significant difference in volume between the uninjured menisci of the injured knees and

the same menisci of the uninjured knees.

5.1.3 Methods

Ten subjects with meniscal tears were evaluated with 3T MRI before and after
arthroscopic PM. Manual segmentation was used to create models of the menisci and to
determine the pre- and post-operative meniscal volumes for each subject. The
responsiveness and reliability of gMRI for determining meniscal volume in vivo were
evaluated using these measurements. We expected a decrease in volume of the resected

menisci, but not in the uninjured menisci, after surgery.

5.1.4 Results

The mean pre-operative volume of the injured menisci was significantly greater
than the mean post-operative volume (2896+277mm? vs. 2480+277mm?; p=0.000). There
was no significant difference between the mean pre- and post-operative volumes of the

uninjured menisci (2687+256mm?® vs. 2694+256mm?®; p=1.000).
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5.1.5 Conclusions
Manual segmentation demonstrated a significant reduction in the volume of the
surgically resected menisci after PM, but no significant change in the volume of
unresected meniscal tissue, indicating that the manual segmentation method is

responsive.

5.1.6 Clinical Relevance

This approach offers a novel, reliable method to study the relationship between
the volume of meniscal tissue removed during PM and subsequent patient outcomes

during long-term clinical studies.
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5.2 Introduction

The menisci of the knee are fibrocartilagenous load-bearing structures responsible
for increasing cartilage contact area and decreasing contact stress within the tibiofemoral
(TF) joint [1-6]. These structures are thought to play a role in shock absorption, joint
congruity, and articular cartilage nutrition, and are essential for long-term joint function
[7-9]. Meniscal injury is known to alter knee joint contact mechanics [10], and may
disrupt the load-bearing capabilities of the meniscus, thereby adversely affecting articular
cartilage metabolism. Meniscal injuries, therefore, may place the knee joint at risk for
early osteoarthritis (OA).

Total meniscectomy, a procedure in which the entire damaged meniscus is
excised, was once a standard treatment for meniscal tears, but has since been identified as
a risk factor for OA [11-13]. Partial meniscectomy (PM), in which the torn portion of the
meniscus is removed, while the unaffected, stable portion is left intact, is routinely
performed to eliminate the painful symptoms and dysfunction that can accompany
meniscal tears. While regarded as an improvement, it is unknown whether PM decreases
OA risk compared with total meniscectomy [13-27].

The relationship between meniscal injury, PM, and OA is poorly understood. The
effects of meniscal tears and varying degrees of PM on TF joint contact mechanics have
been studied in finite element models and cadaver specimens [10, 28], but the results may
differ in vivo, and the amount of meniscal tissue removed and subsequent OA risk remain

unknown. Of particular clinical interest is whether there is a critical amount of meniscal
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tissue that can be removed during PM without compromising the load-bearing, shock-
dissipating, and nutritional support capabilities of the meniscus. While the amount of
meniscus removed during surgery may not be the only factor associated with the outcome
of PM, it almost certainly plays a significant role. Tracking these patients may help
determine the existence of such a threshold. These data could help surgeons predict OA
risk after PM, and may help determine when the procedure is the best treatment option
for meniscal tears, and when alternative treatments should be considered. Such studies
necessitate a quantitative method that can reliably assess changes in meniscal volume and
dimensions in vivo with sufficient accuracy to track changes in patients over time.

Quantitative magnetic resonance imaging (qMRI) has been used to assess
morphological changes in knee articular cartilage [29-36], and to estimate meniscus
allograft size [37]. Our group recently validated a qMRI approach for evaluating
meniscal volume ex vivo using phantom and cadaver models [38]. However, in order for
this method to be applied in long-term clinical studies, it must first be validated in vivo.

The purpose of this study was to assess the responsiveness of qMRI for
determining meniscal volume in vivo before and after PM in subjects with unilateral
meniscal tears. The main focus was to determine whether gMRI could detect the
immediate reduction in meniscal volume created by partial resection, while
simultaneously ruling out changes in unresected structures. Ten subjects participated;
their injured and uninjured knees were imaged before and after PM. The specific aims
were: (1) to determine whether gMRI could detect a decrease in the volume of surgically
resected menisci in vivo following partial resection; (2) to determine the reliability of the

method for quantifying meniscal volume in vivo by repeated imaging of the uninjured
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menisci; and (3) to determine whether the volume of the contralateral uninjured meniscus
could be used to estimate the pre-injury volume of the injured meniscus. We
hypothesized that there would be a decrease in the volume of the resected menisci, but
not in the uninjured menisci, after surgery (Hypothesis 1). We also expected the gMRI
method to be reliable for determining meniscal volume within the repeated images of the
unresected menisci (Hypothesis 2). Additionally, we expected no significant difference in
pre-operative volume between the menisci of the injured knees and the same menisci of

the contralateral knees (Hypothesis 3).
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5.3 Materials and Methods

5.3.1 Subjects

Study approval was granted by the Institutional Review Boards of Brown
University and Rhode Island Hospital prior to subject recruitment. Male and female
subjects between the ages of 18 and 50 years who were candidates for arthroscopic PM
were eligible for inclusion in the study. Subjects whose injury had occurred more than 12
months before surgery, those with a prior knee injury for which they sought medical
attention, or with diseases predisposing them to cartilage damage were excluded from the
study. The subjects represented a consecutive sample of those eligible and willing to
participate, whose MRIs could be scheduled prior to surgery. No participating subjects
were excluded after surgery for any reason.

Ten subjects (9 males, 1 female) with a mean age of 36.2 years (range 22-48
years) were included. The causes of injury varied among subjects. Five subjects
underwent unilateral partial medial meniscectomy, 4 subjects underwent unilateral partial
lateral meniscectomy, and 1 subject underwent both medial and lateral PM within the

same knee.

5.3.2 MR Imaging

MR imaging was performed on both knees of each subject, an average of 11.5
days (range 2 — 44 days) before and 27.2 days (range 14 — 46 days) after surgery; the time

between pre- and post-operative MRI assessments averaged 39.7 days (range 18 — 71
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days). Each knee was imaged on a 3T MR imaging system (Siemens Trio, Erlangen,
Germany), using a commercially available circular polarized knee coil. The medial and
lateral menisci of each knee were imaged using the T2*-weighted, 3D-CISS sequence
(Figure 5.1) [Constructive Interference in the Steady State; TR/TE/FA: 12.5/6.3/35°%;
FOV: 160mm; matrix: 512x512; in-plane resolution/slice thickness/interslice gap:
0.3125/1.0/0mm; bandwidth: 130 Hz/pixel; averages: 1; acquisition time: 13 minutes, 36

seconds] at both time points [38].

5.3.3 Manual Segmentation

The menisci of each scan were independently segmented in both the sagittal and
coronal planes by a single experienced examiner (M.E.B.) using commercial software
(Mimics 9.11, Materialise, Ann Arbor, MI). Each subject’s scans were segmented
consecutively, but the examiner was blinded to operative status and patient information.
Because the segmentation process is binary, the external contour of each meniscus was
segmented without noting any degenerative signal within the meniscal tissue. Once
segmented, the menisci were reconstructed, and a 3D voxel model of each structure was
created. Each voxel model was wrapped with a triangular mesh to create a virtual solid
model [33-34, 38]. Each virtual model captured both the volume and morphology of each

meniscus (Figure 5.2).

5.3.4 Meniscal Volume

Once a virtual solid model of each meniscus was created from manual

segmentation, the volume of each model was determined by surface integration [38]. The
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volumes of the right medial, right lateral, left medial, and left lateral menisci of each
subject were recorded both before and after PM. The pre- and post-operative volumes of
the surgically resected menisci were compared to demonstrate that the method could
detect the change in volume of the meniscus following PM (Aim 1; Figure 5.3a). The
pre- and post-operative images of the menisci that were not treated surgically were used
to establish the repeatability of the technique (Aim 2; Figure 5.3a). Additionally, the pre-
operative volumes of the injured and uninjured menisci were compared in order to
demonstrate that the volume of the contralateral uninjured meniscus could be used to

estimate the pre-injury volume of the injured meniscus (Aim 3; Figure 5.3b).

5.3.5 Statistical Analysis

Meniscal volumes were compared using mixed linear modeling. Within-subject,
within-knee, and within-meniscus correlations were accounted for by including random
effects for the intercept and a term for the interaction of these factors. Additionally,
repeated measurements of the same meniscus were modeled with correlated error. A
variance components variance-covariance structure was used for both random and
repeated effects. Orthogonal contrast statements were used to test the hypotheses
associated with each specific aim. P-values for multiple comparisons were adjusted using
the Holm test (sequential Bonferroni). The test-retest reliabilities of uninjured meniscal
volumes were estimated based on the intraclass correlation coefficient (ICC) for a fixed
set of ratings. Statistical analyses were carried out in SAS (Version 9.1.3, Service Pack 4;

SAS Institute, Cary, NC). Meniscal volumes were normally distributed.
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A post-hoc power analysis was conducted to estimate the smallest changes
detectable (2-tailed alpha = 0.05) with 10 subjects at powers of 80, 90, and 95% in the
uninjured compartments (Table 5.1). This analysis was informed by the standard
deviations and the correlations between the pre- and post-operative measurements of the
menisci. The detectable changes can be interpreted as the size of changes at or above that

which could be effectively ruled out with probabilities 80, 90, and 95%.
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5.4 Results

The pre-operative volumes of the injured medial and lateral menisci were
significantly greater than the post-operative volumes (adjusted p=0.000 for both; Figure
5.4). The post-operative volumes of the injured medial and lateral menisci were a mean
of 16.8% and 12.1% less, respectively, than the pre-operative volumes of those menisci
(Hypothesis 1).

There was no statistically significant difference between the pre- and post-
operative volumes of the uninjured menisci in the operated knees (adjusted p=1.000;
Figure 5.4). Similarly, there was no significant difference between the pre- and post-
operative volumes of the menisci of the contralateral uninjured knees (adjusted p=1.000;
Figure 5.4). The post-operative volumes of the uninjured menisci differed by a mean of
0.83% from the pre-operative volumes of the uninjured menisci (Hypothesis 2). The ICCs
for the uninjured medial and lateral menisci were 0.91 and 0.93, respectively (Hypothesis
2).

There was also no statistically significant difference between the pre-operative
volumes of the uninjured medial menisci of the injured knees and the medial menisci of
the uninjured knees (mean difference of 13.8%; adjusted p=1.000). The same result was
seen for the pre-operative volumes of the uninjured lateral menisci (mean difference of
7.4%; adjusted p=1.000). Additionally, there was no statistically significant difference
between the pre-operative volumes of the injured medial menisci and the medial menisci

of the uninjured knees (mean difference of 0.6%; adjusted p=0.963). The same result was
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seen for the pre-operative volumes of the injured lateral menisci and the lateral menisci of
the uninjured knees (mean difference of 18.4%; adjusted p=1.000). Complete results are

seen in Table 5.2 (Hypothesis 3).
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5.5 Discussion

Although meniscal injury and PM have been correlated with early OA [11, 13, 15,
18, 20-21, 24, 39-46], to date, a cause-effect relationship between these has not been
established. An accurate, reliable method that can quantify changes in meniscal volume
and dimensions in vivo would allow PM patients to be tracked over time, thereby helping
to elucidate the mechanisms involved in early OA development. Such a method could
also be used to size meniscal allografts. The method proposed in this study would provide
a valuable tool for both applications.

By showing statistically significant reductions in the volume of the resected
menisci after surgery, the present study demonstrates that gMRI is sensitive enough to
detect the surgical removal of meniscal tissue. The measured volume reduction was not a
product of bias, since no reduction was detected in the volumes of the uninjured menisci,
despite 95% power to detect changes in volume of 97mm?. These results suggest that the
described MR-based imaging and segmentation method is a responsive and reliable tool
for determining a change in meniscal volume in vivo after PM. This quantitative method
may be useful in future long-term studies designed to evaluate the outcome of meniscal
injury and PM.

It is possible that a loss of meniscal volume at the time of injury may affect the
pre-operative meniscal volumes indicated by our segmentation method. Preliminary data
have shown that it is possible to use the volume of the contralateral, uninjured meniscus

to estimate the pre-injury volume of an injured meniscus if necessary [38]. In the present
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study (Aim 3), the mean pre-operative volumes of the uninjured medial and lateral
menisci within the injured knees differed from the mean volumes of the same menisci
within the uninjured knees by 13.8% and 7.4%, respectively. Additionally, the mean pre-
operative volumes of the injured medial and lateral menisci differed from the mean
volumes of the same menisci within the uninjured knees by 0.6% and 18.4%,
respectively. It is likely that the lateral menisci that underwent partial resection were
more damaged during injury, contributing to the higher percent difference between these
menisci and their uninjured counterparts. These differences were not statistically
significant, and further suggest that contralateral menisci may be useful to estimate the
pre-injury volumes of injured menisci, particularly when an injured meniscus is badly
damaged.

Because the relationships between meniscal injury, PM, and OA are not well
understood, it is possible that the volume of meniscal tissue removed during surgery may
not be as meaningful as the location from which it is removed, and the status of the outer
rim of the meniscus. The 3D voxel models created from our manual segmentation
procedure capture both volume and morphology, so it will be possible to use these
models to assess not only the volume of meniscal tissue removed during surgery, but also
the location from which it is removed and the status of the meniscal rim.

Stone et al. used a similar MR-based approach to size meniscal allografts [37].
The technique involved the segmentation of 1.5T MR images in the sagittal plane. MR-
based meniscal volumes were compared to water displacement volumes to determine
accuracy. Stone et al. reported the water displacement volumes to be approximately

2500mm?®, which align well with the meniscal volumes estimated in the present study.
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While precise, their MR-based measurements consistently underestimated actual
meniscal volumes by 20 and 44% for the medial and lateral menisci, respectively. In
contrast, our group recently completed an ex vivo evaluation of the meniscal
segmentation approach described in the present study [38]. By segmenting 3T MR
images in both the sagittal and coronal planes, we were able to create 3D virtual models
of cadaver menisci. We then compared the volumes of these models to water
displacement-based volumes of the same menisci, excised from the cadaver knee. We
noted coefficients of variation of less than 4% for both medial and lateral menisci, and
MR-based volumes that were within 5% of water displacement volumes, indicating the
technique was both reliable and accurate ex vivo. The responsiveness of this method for
measuring meniscal volume has been further confirmed in vivo by the present study,
wherein pre- and post-operative volumes of the uninjured menisci across subjects showed
a difference of only 0.83% (range 0.16-1.57%), while the volumes of the injured menisci
showed a difference of 14.4% (range 12.1-16.8%) before and after PM. An in vivo
assessment was necessary to account for the errors introduced by motion and blood flow
artifacts, which were found to be negligible in the present study.

There are several limitations associated with the present study. First, the number
of subjects studied was relatively small (n=10). However, we were able to detect
statistically significant decreases in meniscal volume after surgery in the treated menisci
with this sample size, while simultaneously ruling out changes in the control menisci.
Our post-hoc power analysis suggests that with 10 subjects, the study was adequately

powered to detect changes in meniscal volume (Table 5.1). Additionally, the purpose of
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this study was to validate the described MR-based segmentation method in vivo so that
the method can be used in the design of future long-term clinical studies.

Second, the design of this study did not allow for any direct accuracy assessment
of meniscal volume. The nature of the arthroscopic PM procedure did not allow us to
measure the amount of meniscal tissue removed from each subject’s knee during surgery.
Attempts were made to filter each piece of tissue removed during preliminary studies, but
because each arthroscopy involved some shaving and debridement of the injured
meniscus, measurement was not feasible. However, our group has conducted studies
using phantom and cadaver models to assess the accuracy and reliability of our meniscal
segmentation technique ex vivo [38]. In future studies, it may prove useful to study
accuracy by taking intra-operative measurements of the resected menisci, and comparing
those to dimensions of the 3D voxel models created by our segmentation method.

Despite these limitations, the results of the present study, particularly when
combined with the ex vivo work evaluating the accuracy of the method [38], indicate that
MR-based segmentation is a responsive and reliable method for evaluating meniscal
volume in vivo before and after PM. This method can be applied in future long-term
studies of the outcomes of PM, which may begin to elucidate the mechanisms that drive

the relationship between meniscal injury, PM, and early OA.
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Leg Meniscus Compartment | Detectable Change (mm®)
Status 80% 90% 95%
Injured Lateral Uninjured 71 82 92
Injured Medial Uninjured 6 6 7
Uninjured Lateral Uninjured 110 127 143
Uninjured Medial Uninjured 113 130 146

Table 5.1: Detectable changes in meniscal volume at power as a function of location.
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Leg Meniscus Compartment Mean (SE) Pre-op I_Dercent
Status Volume (mm?®) Difference
Injured Medial Uninjured 3268 (324) 13.8%
Uninjured Medial Uninjured 2817 (205) '
Injured Lateral Uninjured 2249 (290) 7 4%
Uninjured Lateral Uninjured 2415 (205) )
Injured Medial Injured 2833 (265) 0.6%
Uninjured Medial Uninjured 2817 (205) )
Injured Lateral Injured 2958 (290) 18.4%
Uninjured Lateral Uninjured 2415 (205) '

Table 5.2: Pre-operative least squares mean meniscal volumes (mm®) and their least
squares standard errors (SE) as a function of leg (injured vs. uninjured), meniscus (medial
vs. lateral), and compartment status (injured vs. uninjured). Direct comparisons were
made between the injured and uninjured leg for each group of menisci by calculating the
percent difference.
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Figure 5.1: Sagittal view of a knee imaged with the Constructive Interference in the
Steady State (CISS) sequence, from which the menisci were segmented.
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Figure 5.2: MR-based 3D models of a subject’s medial meniscus with a radial tear in the
posterior region (a) before and (b) after partial meniscectomy. The virtual 3D models
created in this study captured both volume and morphology of the menisci.
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Figure 5.3: Flow charts depicting the use of data gathered from each subject. Each
subject had one injured and one uninjured knee, both of which underwent MRI before
and after the injured knee underwent arthroscopic partial meniscectomy. (a.) Aims 1 and
2 compared the volumes of the injured and uninjured menisci, respectively, before and
after partial meniscectomy. (b.) Aim 3 compared the pre-operative volumes of the injured
and uninjured menisci.
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Figure 5.4: Least squares mean volumes (mm°) of the menisci of the injured (left 4 sets
of columns) and uninjured (right 2 sets of columns) legs, before and after arthroscopic
partial meniscectomy. Labels “Inj,” “Uninj,” “Lat,” and “Med” denote Injured,
Uninjured, Lateral, and Medial, respectively. * denotes adjusted p=0.000. Error bars
indicate * standard errors.



Chapter 6

Quantitative Magnetic Resonance Imaging Can Reliably

Determine Tibiofemoral Articular Cartilage Thickness in Vivo

Megan E. Bowers, Glenn A. Tung, Heidi L. Oksendahl, Michael J. Hulstyn,

Paul D. Fadale, Jason T. Machan, Braden C. Fleming

The following chapter is in preparation for submission to Journal of Biomechanics.

6.1 Abstract

Quantifying changes in articular cartilage (AC) thickness in vivo may help
elucidate the mechanisms involved in the development of osteoarthritis after knee injury.
The objective of this study was to validate quantitative MRI (gMRI) as a means for
measuring AC thickness in vivo before and after partial meniscectomy (PM). We

expected no change in AC thickness over the 1-month study interval.
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Ten subjects with acute meniscal tears were evaluated with 3T MRI before and

after arthroscopic PM. Manual segmentation was used to determine AC thickness for

each subject before and after surgery. The reliability of gMRI for measuring AC

thickness was evaluated in vivo. There was no significant difference between the pre- and
post-operative thickness of any AC region (p=1.00).

Manual segmentation demonstrated no significant change in the volume of AC

thickness. This approach offers a novel method to study the relationship between knee

injury, its surgical treatment, and subsequent changes in AC thickness during long-term

clinical studies.
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6.2 Introduction

Osteoarthritis (OA) of the tibiofemoral (TF) joint is marked by distinct changes in
articular cartilage (AC) volume and thickness [1-13]. In vivo methods that accurately
track these initial changes are crucial for documenting the onset and progression of OA.
Quantitative magnetic resonance imaging (QMRI) has shown promise for assessing
changes in cartilage morphometry, and may prove to be a valuable measure for OA
progression [2, 7, 9, 14-16].

Meniscal injuries, which are common, are thought to place the knee joint at risk
for early OA. However, the relationship between meniscal injury and OA is poorly
understood. Of particular clinical interest is whether there is a critical amount of meniscal
tissue that can be removed during arthroscopic partial meniscectomy (PM) without
compromising the load-bearing, shock-dissipating, and nutritional support capabilities of
the meniscus, thereby affecting AC function. Tracking cartilage changes in PM patients
may help determine the existence of such a threshold. These data could help surgeons
predict OA risk after PM, and may help determine when the procedure is the best
treatment option for meniscal tears, and when alternative treatments should be
considered. Such studies necessitate a quantitative method that can reliably assess
changes in meniscal volume and dimensions in vivo with sufficient accuracy to track
changes in patients over time.

Quantitative magnetic resonance imaging (qQMRI) has been used to assess

morphological changes in knee articular cartilage [17-24]. Our group recently validated a
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gMRI approach for evaluating articular cartilage thickness ex vivo using phantom and
cadaver models [21-22]. However, in order for this method to be applied in long-term
clinical studies, it must first be validated in vivo.

The purpose of this study was to assess the validity of gMRI for determining AC
thickness in vivo before and after PM in subjects with unilateral acute meniscal tears.
Subjects undergoing PM were chosen primarily because they offered the opportunity for
repeated MR imaging. Ten subjects participated; their injured and uninjured knees were
imaged before and after PM. Our specific aim was to determine the reliability of our
segmentation method for quantifying TF AC thickness in vivo in specific load-bearing

regions. We expected gMRI to be reliable for determining AC thickness in vivo.
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6.3 Materials and Methods

6.3.1 Subjects

Study approval was granted by the Institutional Review Boards of Brown
University and Rhode Island Hospital prior to subject recruitment. Male and female
subjects between the ages of 18 and 50 years who were candidates for arthroscopic PM
were eligible for inclusion in the study. Subjects whose injury had occurred more than 12
months before surgery, those with a prior knee injury for which they sought medical
attention, or with diseases predisposing them to AC damage were excluded from the
study. The subjects represented a consecutive sample of those eligible and willing to
participate, whose MRIs could be scheduled prior to surgery. No participating subjects
were excluded after surgery for any reason. Ten subjects (9 males, 1 female) with a mean
age of 36.2 years (range 22-48 years) were included; MRI data from these subjects were

also used for a separate study of meniscal volume [25].

6.3.2 MR Imaging

MR imaging was performed on both knees of each subject, an average of 11.5
days (range 2 — 44 days) before and 27.2 days (range 14 — 46 days) after surgery; the time
between pre- and post-operative MRI assessments averaged 39.7 days (range 18 — 71
days). Each knee was imaged on a 3T MR imaging system (Siemens Trio, Erlangen,
Germany), using a commercially available circular polarized knee coil. AC was imaged

using the T1-weighted WE-3D-FLASH sequence (Figure 6.1) [Water-Excitation, 3D-
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Fast Low-Angle Shot; TR/TE/FA: 20/7.6/12°; FOV: 160mm; matrix: 512x512; in-plane
resolution/slice thickness/interslice gap: 0.3125/1.5/0mm; bandwidth: 130 Hz/pixel;

averages: 1; acquisition time: 8 minutes, 37 seconds] at each time point [21-22].

6.3.3 Manual Segmentation

The AC of each scan was manually segmented in the sagittal plane by a single
experienced examiner using commercial software (Mimics 9.11, Materialise, Ann Arbor,
MI). Each subject’s scans were segmented consecutively, but the examiner was blinded
to operative status and patient information. Once segmented, the AC was reconstructed,
and a 3D voxel model of each structure was created. Each voxel model was wrapped with
a triangular mesh to create a virtual solid model [21-22, 26]. Each virtual model captured

both the volume and morphology of each structure.

6.3.4 Articular Cartilage Thickness

The thickness of each of 8 regions of interest (ROIs) within the TF joint was
measured before and after surgery for each subject (Figure 6.2). The ROIs were selected
to represent load-bearing AC regions [21, 24, 27-28]. With each femoral cartilage model,
a cylinder was fit to the bone-cartilage interface of the femoral condyles. A line was
drawn from a “notch” point on the lateral condyle, which appears to separate the TF and
patellofemoral joints, to the center of the cylinder axis. Six ROIs (3 medial, 3 lateral)
were then defined by moving from the “notch” point toward the posterior aspects of the

femoral condyles in 30° increments. The mean thickness of each ROl was determined
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using a closest point algorithm. Each ROI was labeled M (medial) or L (lateral), and was
further denoted 1 (anterior), 2 (middle), or 3 (posterior) (Figure 6.2a) [21].

For each tibial cartilage model, the inertial axes of the medial compartment and
the centroid of each compartment (medial and lateral) were determined using MATLAB
(The Mathworks, Inc., Natick, MA) [21]. The inertial axes of the medial compartment
were then projected onto the centroid of each tibial compartment to determine ROI
orientation. Once oriented, the ROl of each compartment (1 medial, 1 lateral) was
defined as £20% of the overall anterior-posterior width of that compartment, and £15%
of its overall medial-lateral width (Figure 6.2b). The mean thickness of each tibial ROI

was calculated using a closest point algorithm in MATLAB.

6.3.5 Statistical Analysis

Statistical analyses were carried out using Proc Univariate and Proc Mixed in
SAS (Version 9.1.3, Service Pack 4; SAS Institute, Cary, NC). AC thickness values were
significantly positively skewed. A logarithmic transformation was applied to reduce this
skewness (absolute value of coefficient of skewness < 1). Statistical analyses of AC
thicknesses were performed on the log-transformed values, with means and confidence
intervals reported after back-translation to their original units.

Statistical analyses were carried out using mixed linear modeling. The
correlations of measures taken within the same subject, knee, compartment, structure, and
ROI were accounted for by including random effects for intercept and the interaction of
these factors. The measurements taken for the same region were assumed to be

independent from the other structures, and have correlated errors (repeated effects). The
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compound symmetry variance-covariance structures were used for both random and
repeated effects. Orthogonal contrast statements were used to test the difference between
pre- and post-surgery for each region. Type | error was maintained at 0.05 across all
comparisons by the Holm test (sequential Bonferroni).

A post-hoc power analysis was conducted to estimate the smallest changes
detectable (2-tailed alpha = 0.05) with 10 subjects at powers of 80, 90, and 95% in the
uninjured compartments (Table 6.1). This analysis was informed by the standard
deviations and the correlations between the pre- and post-surgery measurements of these
structures. The detectable changes can be interpreted as the size of changes at or above

that which could be effectively ruled out with probabilities 80, 90, and 95%.
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6.4 Results

There was no statistically significant difference between the mean pre- and post-
operative thickness of any ROI (adjusted p=1.00; Figure 6.3). The AC regions showed a

mean error of 0.86% between pre- and post-operative thickness values.
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6.5 Discussion

Although knee injury has been correlated with early OA [27, 29-42], to date, a
cause-effect relationship between these has not been established. An accurate, reliable
method that can quantify in vivo changes in AC thickness would allow knee-injured
patients to be tracked over time, thereby helping to elucidate the mechanisms involved in
early OA development.

The present study demonstrates that gMRI can reliably determine TF AC
thickness in vivo. There was no significant difference in AC thickness between time
points, despite 95% power to detect changes in thickness of 0.23mm. These results
suggest that our gMRI method is a repeatable tool for determining AC thickness in vivo.
This quantitative method may be useful in future long-term studies designed to evaluate
the outcome of knee injuries and their surgical treatments.

Our group has conducted two separate studies to evaluate the accuracy and
reliability of MR-based measurements of AC thickness [21-22]. In each study, the
manual MR-based segmentation approach described above was employed, and the same
regions of interest (ROIs) were identified. One of the studies compared ex vivo mean AC
thickness values to those obtained with a laser scanning technique, and showed a mean
absolute error of just over 4%. The same study indicated that AC thickness measurements
were repeatable in vivo, with CVs of less than 3%. These measures of variability align
well with a study by Koo et al., in which a semi-automated MR segmentation technique

was used to evaluate AC thickness in six femoral ROIs, both ex vivo, using porcine
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cadavers, and in vivo, using human subjects [24]. Their study noted CVs of 2-3% in vivo,
which are similar to the results of our previous studies [21-22], and of the present study.

Based on the data from this and previous studies, it is unknown whether gMRI
will be able to detect the small changes in AC thickness that one would expect during the
early stages of OA. Using a similar method, other authors have shown that the cartilage
volume of the TF joint decreases 0.3-0.5% per year with natural aging [20], compared to
4-6.5% per year in patients with radiographic evidence of OA [6, 12, 20, 27]. Based on
the reliability of AC thickness measurements indicated in the present study, and
confirmed by the post hoc power analysis, it is likely that over the course of a long-term,
prospective study of the outcomes of PM, our gMRI method would be able to detect
significant changes in the AC thickness of subjects with OA when compared to control
subjects.

There are several limitations associated with the present study. First, the number
of subjects studied was relatively small (n=10). Our post-hoc power analysis suggests
that with 10 subjects, the study was adequately powered to detect changes in AC
thickness. Additionally, the purpose of this study was to validate the described MR-based
segmentation method in vivo, so that it can be applied to larger long-term clinical studies
in the future.

Second, the design of this study did not allow for any direct accuracy assessment
of the AC thickness measurements. Fortunately, our group has conducted several studies
using phantom and cadaver models to assess both accuracy and reliability of our gMRI

methods ex vivo [21-22, 26].
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Despite these limitations, the results of the present study, particularly when
combined with the ex vivo work, indicate that MR-based segmentation is a reliable and
valid method for evaluating TF AC thickness in vivo before and after PM. This method
can be applied in future long-term studies of the outcomes of PM, which may begin to
elucidate the mechanisms that drive the relationship between meniscal injury, PM, and

early OA.
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Compartment Detectable Change (mm)

Leg Compartment Status Region 80% 90% 95%
Injured Lateral Uninjured L1 0.16 0.19 0.21
Injured Lateral Uninjured L2 0.11 0.13 0.14
Injured Lateral Uninjured L3 0.12 0.14 0.15
Injured Lateral Uninjured LT 0.06 0.07 0.07
Injured Medial Uninjured M1 0.15 0.18 0.20
Injured Medial Uninjured M2 0.19 0.22 0.25
Injured Medial Uninjured M3 0.20 0.23 0.26
Injured Medial Uninjured MT 0.24 0.28 0.31
Uninjured Lateral Uninjured L1 0.19 0.22 0.25
Uninjured Lateral Uninjured L2 0.14 0.16 0.18
Uninjured Lateral Uninjured L3 0.19 0.22 0.25
Uninjured Lateral Uninjured LT 0.23 0.27 0.30
Uninjured Medial Uninjured M1 0.27 0.31 0.35
Uninjured Medial Uninjured M2 0.17 0.20 0.22
Uninjured Medial Uninjured M3 0.31 0.36 0.40
Uninjured Medial Uninjured MT 0.16 0.18 0.21
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Table 6.1: Detectable changes in tibiofemoral articular cartilage thickness (mm) at power
(%) as a function of location.
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Figure 6.1: Sagittal view of a knee imaged with the Fast Low-Angle Shot (FLASH)
sequence, from which the articular cartilage was segmented.
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Figure 6.2: Articular cartilage regions of interest (ROIs) defined for thickness
calculations. (a) Femoral ROIs were labeled “M” or “L” for medial and lateral regions,
respectively. The femoral regions were further denoted as 1 (anterior), 2 (middle), or 3
(posterior). (b) Tibial ROIs were centered about the centroid of each condyle, and each
region’s size was a percent of the cartilage compartment’s overall size. Tibial ROIs were
labeled “M” or “L” for medial and lateral regions, and further denoted “T” (tibia).
Portions of this figure adapted from a previous manuscript [21].
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Figure 6.3: Least squares geometric mean articular cartilage thickness values (mm)
within each region of interest before and after surgery (combined means from injured and

uninjured knees). Error bars indicate standard errors.



Chapter 7

Quantitative Magnetic Resonance Imaging of Tibiofemoral

Avrticular Cartilage in a Porcine Model of ACL Reconstruction

Megan E. Bowers, Glenn A. Tung, Martha M. Murray, Braden C. Fleming

7.1 Abstract

Anterior cruciate ligament (ACL) injury is common, and places the knee at risk
for early osteoarthritis (OA). Large animal models are useful for studying disease-
modifying interventions. Quantitative MRI (gMRI) of articular cartilage (AC) may be
useful for tracking changes in cartilage thickness in such animal models. Our objective
was to determine whether 15 weeks of healing would be sufficient for gMRI to detect
changes in the AC thickness of ACL-transected and ACL-reconstructed porcine knees,

when compared to contralateral control limbs.
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Ten mini-pigs were randomized into two groups of five. One group underwent
unilateral ACL-transection, and the other underwent allograft ACL-reconstruction.
Animals were allowed to heal for 15 weeks before euthanasia. Their hind limbs were
harvested and imaged with 3T MRI. A segmentation technique was applied to determine
the AC thickness in eight regions of interest (ROIs) within each knee. Surgical limb AC
thickness was compared to control limb AC thickness.

The AC thickness in each ROI of the ACL-transected and ACL-reconstructed
knees was significantly greater when compared to their respective control limbs. There
was no significant difference in AC thickness between the surgical limbs of each group
after 15 weeks of healing.

The results suggest that gMRI is able to detect changes in AC thickness in ACL-
transected and ACL-reconstructed porcine knees after 15 weeks of healing. This method
may be used in future studies to help elucidate the mechanisms involved in OA
development after ACL injury and surgical intervention, and could be useful for

evaluating potential disease-modifying interventions.
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7.2 Introduction

The anterior cruciate ligament (ACL) is the most frequently totally disrupted
ligament of the knee joint. The injury is associated with severe functional deficits, and
places the knee at risk for early osteoarthritis (OA) [1]. Because the ACL does not heal
on its own, ACL reconstruction (ACLR) using an autograft or allograft is typically
performed to restore function. While ACLR improves knee joint stability and restores
function, the procedure does not eliminate the risk of OA associated with ACL injury.

ACL transection (ACLT), a procedure in which the ACL is surgically transected,
mimics many, although not all, aspects of a traumatically ACL-injured knee. ACLT is
often used to induce post-traumatic OA to study disease progression and potential
treatments in animal models [2-10]. In large animal models, which are crucial for
studying disease-modifying interventions before they can be applied to human subjects,
data regarding the length of time surgically-induced ACLT takes to precipitate early- and
late-stage post-traumatic OA are unclear.

Several magnetic resonance imaging (MRI) studies have demonstrated that while
advanced OA is marked by a decrease in articular cartilage (AC) thickness, a focal
increase in AC thickness is thought to be one of the earliest detectable indications of OA
[11-13]. These studies suggest that the breakdown of proteoglycan, an important
structural molecule of cartilage, attracts water into the tissue [12]. The ability to detect
these very early changes in AC morphometry may allow researchers to investigate early-

stage OA treatments in large animal models.
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Quantitative MRI (QMRI) has been used to assess morphological changes in knee
articular cartilage [14-21]. Our group recently validated a gMRI approach for evaluating
articular cartilage thickness ex vivo using phantom and cadaver models [18-19]. We have
also studied the method’s reliability in vivo in human subjects (Chapter 6). The method
has not yet been applied to a large animal model that is frequently used to study novel
treatment options. Doing so could help determine the length of time between ACLT or
ACLR and post-traumatic OA in these animals. The validation of gMRI in a large animal
model offers the ability to more comprehensively understand disease progression in these
animals.

Therefore, the objective of the present study was to apply our MR-based
segmentation technique to porcine stifle joints treated with both ACLT and ACLR. Our
specific aim was to determine whether 15 weeks of healing would be sufficient for our
gMRI method to detect changes in the TF AC thickness of the ACLT- and ACLR-treated
knees, when compared to contralateral control limbs. We hypothesized that after 15
weeks, there would be significant differences in AC thickness between the surgical and

control limbs.
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7.3 Materials and Methods

7.3.1 Porcine Model of ACL Reconstruction

Ten skeletally mature Yucatan mini-pigs with a mean weight of 50kg (range 31-
58kg) were included in the study. 5 pigs underwent unilateral ACL reconstruction
(ACLR) using a bone-patellar tendon-bone allograft. The other 5 animals underwent
unilateral ACL transaction (ACLT).

In each case, after the induction of anesthesia, the surgical knee was shaved,
prepared with a surgical iodine solution and alcohol rinse, and draped. An approximately
8cm incision was made at the medial border of the patellar tendon; the patella was then
retracted laterally. The fat pad was partially resected to expose the ACL. The ACL was
completely transected at the junction of the proximal and middle thirds of the ligament
using a scalpel. ACLT was verified by a positive Lachman examination.

In the animals undergoing ACLR, fresh-frozen allografts were harvested from 5
age-, weight-, and gender-matched donor knees. The entire patellar tendon,
approximately 10mm wide, was used. Bone blocks were trimmed to 7mm diameter to
allow for smooth graft passage through 8mm osseous tunnels in the femur and tibia. The
osseous tunnels were drilled to the insertion sites of the native ACL using a commercial
drill guide system (Acufex Elbow Aimer, Smith & Nephew Inc., Andover, MA). Once
the tunnels were completed, the graft was introduced intra-articularly through an
arthrotomy. One bone block was passed into the femoral tunnel and rigidly fixed using a

6mm bioabsorbable interference screw (CALAXO, Smith & Nephew, Inc.). The graft
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was then passed into the tibial tunnel, pre-conditioned using 20 cycles of manual tension,
held in maximum manual tension, and secured in the tibia using another 6mm
interference screw. The tibial screw was inserted into the tibial tunnel at the distal end of
the tunnel, and the screw was countersunk 3mm below the cortical surface of the tibia.

In each case, the retinacular and subcutaneous tissues were closed with
interrupted 2-0 Vicryl sutures (Ethicon Inc., Somerville, NJ). A 3-0 Vicryl subcuticular
stitch was used to close the skin incision. After surgery, the animals were allowed
unrestricted weightbearing. Postoperative pain was managed with narcotics delivered
transcutaneously. All animals were monitored closely for signs of discomfort or weight
loss. The pigs in each group were euthanized after 15 weeks of healing. The knees were

immediately harvested and imaged with the MR imaging protocol describe below.

7.3.2 MR Imaging

MR imaging was performed on both hind limbs of each animal immediately
following euthanasia and harvesting. Each knee was imaged on a 3T MR imaging system
(Siemens Trio, Erlangen, Germany), using a commercially available circular polarized
knee coil. AC was imaged using the T1-weighted WE-3D-FLASH sequence [Water-
Excitation, 3D-Fast Low-Angle Shot; TR/TE/FA: 20/7.4/12°; FOV: 140mm; matrix:
512x512; in-plane resolution/slice thickness/interslice gap: 0.3125/0.8/0mm; bandwidth:

130 Hz/pixel; averages: 3; acquisition time: 23 minutes, 16 seconds] [18-19].

7.3.3 Manual Segmentation

The AC of each scan was manually segmented in the sagittal plane by a single
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experienced examiner (MEB) using commercial software (Mimics 9.11, Materialise, Ann
Arbor, MI). The examiner was blinded to the operative status of each limb. Once
segmented, the AC was reconstructed, and a 3D voxel model of each structure was
created. Each voxel model was wrapped with a triangular mesh to create a virtual solid

model [18-19, 22]. Each virtual model captured AC volume and morphology.

7.3.4 Articular Cartilage Thickness

The AC thickness of each of 8 load-bearing regions of interest (ROIs) within the
TF joint was measured for each animal after euthanasia using a standardized anatomic-
based coordinate system (Figure 7.1). With each femoral cartilage model, a cylinder was
fit to the bone-cartilage interface of the femoral condyles. A line was drawn from a
“notch” point on the lateral condyle, which appears to separate the TF and patellofemoral
joints, to the center of the cylinder axis. Six ROIs (3 medial, 3 lateral) were then defined
by moving from the “notch” point toward the posterior aspects of the femoral condyles in
30° increments. The mean thickness of each ROI was determined using a closest point
algorithm with custom MATLAB (The Mathworks, Inc., Natick, MA) code. Each ROI
was labeled M (medial) or L (lateral), and was further denoted 1 (anterior), 2 (middle), or
3 (posterior) (Figure 7.1a) [18]. Because porcine stifle joints have a maximum extension
angle of approximately 30°, the MATLAB code allowed for angle correction to align the
vertical axis of the femur with the MRI scan axes.

For each tibial cartilage model, the inertial axes of the medial compartment and
the centroid of each compartment (medial and lateral) were determined using MATLAB

[18]. The inertial axes of the medial compartment were then projected onto the centroid
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of each tibial compartment to determine ROI orientation. Once oriented, the ROI of each
compartment (1 medial, 1 lateral) was defined as £20% of the overall anterior-posterior
width of that compartment, and +15% of its overall medial-lateral width (Figure 7.1b).
The mean thickness of each tibial ROl was calculated using a closest point algorithm in

MATLAB.
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7.4 Results

In the ACLT group, the mean AC thicknesses of the surgical knees were 1.56mm
and 1.43mm for the femoral and tibial ROIs, respectively. In the same animals, the mean
AC thicknesses of the contralateral control limbs were 1.27mm and 1.11mm,
respectively. In the ACLT group, there was a mean 22.8% increase in the femoral
thickness within the surgical limbs compared to the control limbs. There was also a mean
29.3% increase in the tibial thickness within the surgical limbs compared to the control
limbs. In each ROI, the mean AC thickness of the ACLT limbs was greater than the mean
AC thickness of the contralateral limbs (Figure 7.2).

Animals in the ACLR group had mean AC thicknesses of 1.59mm and 1.49mm
for the femoral and tibial ROIs, respectively, of the surgical limbs. These animals’ mean
contralateral control limb AC thicknesses were 1.37mm and 1.16mm for the femoral and
tibial ROIs, respectively. In the ACLR group, there was a mean 15.6% increase in the
femoral thickness within the surgical limbs compared to the control limbs. There was also
a mean 28.6% increase in the tibial thickness within the surgical limbs compared to the
control limbs. In each ROI, the mean AC thickness of the ACLR limbs was greater the

mean AC thickness of the contralateral limbs (Figure 7.2).
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7.5 Discussion

Although ACL injury is associated with the development of early OA, the
mechanisms involved in post-traumatic OA development after injury remain poorly
understood. An accurate, reliable method that can quantify in vivo changes in AC
thickness would allow knee-injured patients to be tracked over time, thereby helping to
elucidate these mechanisms. The ability to use this method in a large animal model of
knee injury would allow researchers to study disease progression, as well as evaluate
disease-modifying interventions before they are applied to human subjects.

The present study demonstrates that gMRI can detect a difference between the AC
thickness of ACL-transected, ACL-reconstructed, and their respective contralateral
control limbs in mini-pigs after 15 weeks of healing. The limbs that underwent ACLT
and ACLR had significantly greater AC thicknesses than their respective control limbs,
suggesting that our gMRI method can be used to evaluate AC thickness in large animal
models. This quantitative method may be useful in future large animal studies designed to
evaluate the outcome of knee injuries, their surgical treatments, and potential disease-
modifying interventions.

It is particularly interesting to note the marked increase of the AC thickness of
each group’s respective surgical limbs when compared to control limbs. It is
hypothesized that in the very early stages of OA development, AC undergoes a brief
swelling period, wherein proteoglycan breakdown draws water into the cartilage tissue

[11-13]. It is likely that, after 15 weeks of healing, the animals used in this study were
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euthanized while their limbs were undergoing the initial cartilage thickness changes
characteristic of early OA. While additional animals must be added to each treatment
group before firm conclusions can be drawn, the results of this study may indicate that 15
weeks are not sufficient to observe the cartilage loss one may expect during OA disease
progression.

Our group has conducted several studies to evaluate the accuracy and reliability of
MR-based measurements of AC thickness [18-19]. In each study, the manual MR-based
segmentation approach described above was employed, and the same regions of interest
(ROIs) were identified. One of the studies compared ex vivo mean AC thickness values to
those obtained with a laser scanning technique, and showed a mean absolute error of just
over 4%. The same study indicated that AC thickness measurements were repeatable in
vivo, with coefficients of variation (CVs) of less than 3%. These measures of variability
align well with a study by Koo et al., in which a semi-automated MR segmentation
technique was used to evaluate AC thickness in six femoral ROIs, both ex vivo, using
porcine cadavers, and in vivo, using human subjects [21]. Their study noted CVs of 2-3%
in vivo, which are similar to the results of our previous studies [18-19]. When considered
in the context of the present study, these results suggest that the MR-based method used
to evaluate porcine AC thickness is both reliable and accurate.

There are several limitations associated with this study. First, the number of
animals studied was relatively small (n=5 in each group). A power analysis conducted on
an in vivo study of human subjects (Chapter 6) suggested that 10 subjects provided

adequate power to detect changes in AC thickness.
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Second, this study did not include any direct accuracy assessment of the AC
thickness measurements. Our group has conducted several studies using phantom and
cadaver models to assess both accuracy and reliability of our gMRI methods ex vivo [18-
19, 22].

Despite these limitations, the results of the present study, particularly when
combined with the ex vivo work, indicate that MR-based segmentation can detect a
difference in TF AC thickness in porcine knees 15 weeks after ACLT and ACLR. This
method can be applied to future large animal models of knee injury, surgical intervention,
and potential disease-modifying interventions. Such studies may begin to elucidate the
mechanisms that drive the relationship between ACL injury, surgical intervention, and

OA.
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Figure 7.1: Articular cartilage regions of interest (ROIs). ROIs were labeled “M” and
“L” for medial and lateral regions, respectively. (a) Femoral ROIs were further denoted
as 1 (anterior), 2 (middle), or 3 (posterior). (b) Tibial ROIs were further denoted “T”
(tibia). Portions of this figure adapted from a previous manuscript [18].
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tibial regions of interest for surgical and contralateral control limbs within each group of
animals. Error bars indicate standard errors.



Chapter 8

Conclusions and Ongoing Studies

8.1 Conclusions

The data presented within this dissertation provide the groundwork necessary to
develop and justify a long-term prospective controlled cohort study evaluating the
development of osteoarthritis (OA) following partial meniscectomy (PM). The long-term
objective of this work remains to identify whether a critical amount of meniscal tissue
can be removed during PM without compromising the structure’s chondroprotective
function. Such a threshold may be determined by measuring the volume of meniscal
tissue removed from a patient’s knee during PM, and then tracking that patient’s
tendencies toward OA development by using quantitative MRI to assess articular
cartilage (AC) thickness. The specific aims of the work presented within the chapters of
this thesis were to: (1) refine and validate an image segmentation technique to quantify
meniscal volume and AC thickness; (2) apply the segmentation technique to patients with
acute meniscal tears; and (3) use the segmentation technique to evaluate outcomes of

anterior cruciate ligament (ACL) transection and ACL reconstruction in a controlled
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animal model. Chapter 1 describes the significance of our overall goal, and explains our

specific aims in detail.

8.1.1 Aim 1. Refine and validate an image segmentation technique to

quantify meniscal volume and articular cartilage thickness

Aim 1 of this thesis was accomplished with the studies contained in Chapters 2-4.
Chapter 2 describes a series of studies conducted to: (1) evaluate the feasibility of an
MR-based segmentation method for determining meniscal volume; (2) determine the
method’s reliability for repeated measurements; and (3) validate its accuracy in situ. In
these studies, which included phantom and cadaver specimens, MR images were obtained
on a 3T magnet, and each scan was segmented using a biplanar approach. The MR-based
volumes of the menisci of each specimen were compared to those measured by water
displacement. The overall results of these studies indicated that our biplanar segmentation
approach is accurate and reliable. The calculated volumes of the menisci were within 5%
of the water displacement volumes, and the coefficients of variation were 4%. The
intraclass correlation coefficients for our MR-based measurements were greater than
0.96. These data demonstrated that our segmentation method could be used to measure
the amount of meniscal tissue excised during partial meniscectomy to within 126mm?®.

Aim 1 was further examined within Chapter 3, wherein we assessed the effects of
interference screws, which are commonly used during ACL reconstruction, and magnetic
field strength on AC volume and thickness measurements with quantitative MRI. In this
study, we imaged 5 cadaver knees on both 1.5T and 3T scanners, with and without

interference screws implanted. The tibiofemoral (TF) AC was segmented and
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reconstructed from the MR images, and volume and thickness measurements were made
on the resulting 3D models. Although several load-bearing regions of AC showed
significant differences in volume and thickness between magnet strengths, most showed
no significant difference between screw conditions. The medial tibial cartilage showed a
mean decrease in volume of 5.9% and 8.0% in the presence of interference screws at 3T
and 1.5T, respectively. At 3T and 1.5T, the medial tibial cartilage showed a mean
decrease in thickness of 7.0% and 12.0%, respectively, in the presence of interference
screws. From this data, we concluded that caution should be used when interpreting AC
volume and thickness at 3T in the presence of interference screws, particularly in the
medial tibial compartment. Additionally, we observed that qMRI at different magnet
strengths should not be used interchangeably to assess structural changes in TF AC
during longitudinal studies.

Chapter 4 describes the final study used to accomplish Aim 1. Within this study,
we set out to assess the reliability and accuracy of manual and semi-automated
segmentation methods for quantifying knee cartilage thickness. This study employed both
manual and LiveWire-based semi-automated segmentation methods, ex vivo and in vivo,
to measure TF AC. In this study, the AC of a cadaver knee and a healthy volunteer’s knee
were segmented manually and with LiveWire from multiple 3T MR images. The cadaver
specimen’s cartilage thickness was also evaluated with a 3D laser scanner, which we
assumed to be the gold standard. Thickness measurements were made in the ROIs
described in previous chapters. The reliability of each segmentation method was assessed
both ex vivo and in vivo, and accuracy was assessed ex vivo by comparing segmentation

results to those obtained with laser scanning. The cadaver specimen thickness
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measurements showed mean CVs of 4.2%, 3.0%, and 1.6%, when evaluated with manual
segmentation, LiveWire segmentation, and laser scanning, respectively. The cadaver
specimen showed mean absolute errors versus laser scanning of 4.1% and 7.5% for the
manual and LiveWire segmentation, respectively. In vivo thickness measurements
showed mean CVs of 2.7% and 3.7% when segmented manually and with LiveWire,
respectively. From this data, we concluded that manual segmentation, LiveWire
segmentation, and laser scanning are repeatable methods for quantifying knee cartilage
thickness; however, the measurements are technique-dependent. Ex vivo, the manual
segmentation error was distributed around the laser scanning mean, while LiveWire
consistently underestimated laser scanning by 9%. We ultimately concluded that although
LiveWire offers repeatability and decreased segmentation time, manual segmentation
more closely approximates true cartilage thickness, particularly in cartilage contact
regions.

The data and conclusions offered in Chapters 2-4 were sufficient to satisfy Aim 1,

and allowed us to begin applying our refined and validated segmentation method in vivo.

8.1.2 Aim 2. Apply the segmentation technique to patients with acute
meniscal tears

Aim 2 of this thesis was addressed in Chapters 5 and 6. Within these chapters, we
describe a study in which ten subjects with meniscal tears were evaluated with 3T MRI
before and after arthroscopic PM. Manual segmentation was used to create models of the
menisci and TF AC of each subject’s knees before and after surgery. The purpose of this

study was twofold. With the meniscal segmentation, we intended to determine whether
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gMRI could detect the immediate reduction in meniscal volume created by PM, while
ruling out changes in unresected structures. By segmenting TF AC, we evaluated the
reliability of gMRI for measuring AC thickness in vivo.

Chapter 5 addresses the first purpose of this study. With meniscal segmentation of
each subject’s injured and uninjured knees at each time point, we determined that the
mean pre-operative volume of the injured menisci was significantly greater than the mean
post-operative volume (2896+277mm?® vs. 2480+277mm?). Additionally, there was no
significant difference between the mean pre- and post-operative volumes of the uninjured
menisci (2687+256mm?® vs. 2694+256mm°). From this data, we determined that manual
segmentation demonstrated a significant reduction in the volume of the surgically
resected menisci after PM, while simultaneously ruling out changes in the volume of
unresected meniscal tissue. We concluded that our manual meniscal segmentation
method is responsive in vivo.

Chapter 6 addresses the TF AC portion of the study. In each subject’s injured and
uninjured knees, we observed no significant difference between the pre- and post-
operative thickness of any AC region. We did not expect to see any differences between
time points, because the study was conducted over a short 1-month interval, and was
designed to assess repeatability in vivo.

From the data in Chapters 5 and 6, we were able to satisfy Aim 2 by determining
that our segmentation method offers a novel, reliable method to study the relationship
between the volume of meniscal tissue removed during PM and subsequent changes in

AC thickness in vivo during long-term clinical studies.
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8.1.3 Aim 3: Use the segmentation technique to evaluate outcomes of ACL

transection and ACL reconstruction in a controlled animal model

Chapter 7 addresses the final aim of this dissertation. This chapter describes a
study in which 10 mini-pigs were randomized into two groups of five. Group 1
underwent unilateral ACL transection (ACLT), and Group 2 underwent unilateral ACL
reconstruction (ACLR). The animals in both groups were allowed to heal for 15 weeks,
and were then humanely euthanized. Their hind limbs were harvested and imaged with
3T MRI. Our segmentation technique was applied to determine the AC thickness in 8
ROIs within each knee. Surgical limb thickness was compared to control limb thickness
in each group, and across groups. We found a marked increase in AC thickness in each
ROI of the ACLT and ACLR knees when compared to their respective control limbs.
There was no significant difference in AC thickness between the surgical limbs of each
group after 15 weeks of healing.

The results presented in Chapter 7 suggest that gMRI is able to detect changes in
AC thickness in ACLT and ACLR porcine knees after 15 weeks of healing. We
concluded that this method may be used in future studies to help elucidate the
mechanisms involved in OA development after ACL injury and surgical intervention.
The method could also be useful for evaluating potential disease-modifying interventions

in large animal models.
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8.2 Ongoing Studies

Our lab has several ongoing studies that seek to further address the aims described

within the chapters of this dissertation. Below is a summary of these studies.

8.2.1 One-Year Follow-Up of Partial Meniscectomy Subjects

The subjects described in Chapters 5 and 6 were each treated for meniscal tears
with arthroscopic PM. Initially, these subjects were imaged on a 3T scanner shortly
before and approximately one month after their surgical resections. We are in the process
of obtaining one-year follow-up data from these subjects. Follow-up data includes
updates on each subject’s perceived knee function, and additional 3T images of both the
surgical and control knees. These images will be processed in the manner described
above, and both meniscal volume and AC thickness will be determined. Data from these

subjects will serve to supplement Specific Aim 2 of this dissertation.

8.2.2 Porcine Model of Biologically Enhanced ACL Reconstruction

In addition to the animal study described in Chapter 7, we plan to apply our
segmentation method to several other groups of mini-pigs, each of whom have undergone
“biologically enhanced” ACLR. Dr. Martha Murray has developed a method for applying
a collagen scaffold and a proprietary platelet-rich plasma (PRP) mixture to traditional
ACL grafts to attempt to improve mechanical properties of the resulting ligament. While

the primary outcome measure of these studies will involve mechanical testing, we plan to
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supplement these data with not only information about the pigs’ articular cartilage
thickness, but also data on the volume of the ACL grafts. We plan to determine ACL
volume in a manner similar to the way we have determined meniscal volume in previous

studies.

8.2.3 Delayed Gadolinium-Enhanced MRI of Cartilage (AGEMRIC) After

ACL Reconstruction

Delayed Gadolinium-Enhanced MR Imaging of Cartilage (dGEMRIC) has been
used to study changes in articular cartilage glycosaminoglycan (GAG) content following
ACL injury. GAG is an important structural molecule of cartilage, and its loss is
associated with articular cartilage degeneration. dAGEMRIC involves the creation of T1
maps of hyaline cartilage after the administration of an IV dose of an anionic gadolinium
[Gd(DTPA)?] contrast agent. Because cartilage matrix is composed largely of negatively
charged GAG molecules, it repels the negatively charged ions of the contrast agent.
Subsequently, the Gd(DTPA)? concentration is higher in cartilage regions with lower
GAG concentration; the cartilage T1gq relaxation time is thereby reduced. The resulting
dGEMRIC index is correlated with cartilage GAG concentration.

Using the dGEMRIC method, our lab was able to study 15 subjects with unilateral
ACL injuries. Within each subject, each knee (ACL-injured and contralateral) was
imaged prior to ACL reconstruction. We observed a significant difference in the mean
dGEMRIC indices of the medial compartment between the injured and uninjured knees.

There was a mean 13% decrease in the dGEMRIC index of the injured knee compared to
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the uninjured knee, indicating that each subject’s ACL-injured knee had a lower GAG
content than the contralateral knee.

Eight of these subjects returned for a follow-up dGEMRIC scan on each knee
approximately one year after ACL reconstruction. Within these one-year follow-up
subjects, the dGEMRIC indices of the femoral and tibial AC of the injured knees
remained significantly lower than those of the contralateral uninjured knees. In fact, there
was no significant difference between the initial (pre-ACL reconstruction) and 12-month
follow-up dGEMRIC indices. These findings suggest that cartilage integrity may be
jeopardized following ACL injury, and ACL reconstruction does not restore cartilage

health in a one-year time frame.
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8.3 Summary

The studies described within this dissertation served to develop and assess the
tools necessary to quantify cartilage damage and partial meniscectomy, and to provide
preliminary data supporting a long-term prospective controlled cohort study evaluating
osteoarthritis following partial meniscectomy. Such a study will influence the future care
of patients undergoing surgical treatment for meniscus changes. This will be particularly
important when a patient and his or her clinician must choose between partial
meniscectomy and other more complicated, expensive treatment alternatives, which may
include repair, allografts, xenografts, and tissue-engineered replacements, as they become
available. Data from a long-term prospective study will also provide a glimpse into the
changes in articular cartilage thickness that occur after injury and its surgical treatment,
and may allow researchers to elucidate the mechanisms involved in post-traumatic

osteoarthritis development.
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