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WELCOME 

 

Dear workshop participant, 

 

The 1st International Workshop on Osteoarthritis Imaging (IWOAI) was held in Ainring, 

Germany in 2007. Since then, the Workshop has been held annually at various locations 

around the world. The meeting has become a unique forum for discussion on osteoarthritis 

(OA) and the use of different imaging approaches across various disciplines for the benefit 

of the patient, scientists and industry alike. This year we celebrate ten years of IWOAI 

meetings! 

The 2016 IWOAI meeting is held in the city of Oulu, Finland, also known as the Capital of 

Northern Scandinavia. Oulu is a gateway to urban culture as well as the unique nature of 

the North. At the time of the meeting, the vibrant city gathers people all over the world to 

enjoy the Nordic midsummer. While the weather may be unpredictable, we can guarantee 

you daylight almost 24/7 to get most out of the social program. 

We are proud to present an exciting scientific program, and would like to thank the 

keynote speakers for their commitment. We are pleased to have a record-breaking number 

of 73 high quality abstracts. We will announce the awards for the highest ranked abstracts 

by young investigators at the time of the meeting. 

This year our meeting highlights include imaging of different OA phenotypes, bridging 

imaging and histology as well as employing 7 Tesla MRI, ultrasound imaging and 

computational modeling for OA purposes. In the dedicated pre-course we will introduce 

the possibilities of parametric mapping of tissue properties from quantitative MRI data 

and x-ray based imaging. We will learn about the possibilities of automated cartilage 

segmentation in the dedicated segmentation challenge. 

We would like to extend our thanks to all presenters and moderators for their important 

contributions. Finally, but not the least, we would like to express our sincere gratitude to 

the sponsors – without their support our workshop would not be as successful. 

As Chairs, we warmly welcome you, and propose a toast (Finnish: kippis, Swedish: skål) 

for yet another successful IWOAI! 

 

 

Miika Nieminen   Martin Englund 

University of Oulu   Lund University  

Oulu, Finland   Lund, Sweden 
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2016 Honored Silver Sponsors 
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2016 Honored Bronze Sponsors 
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PROGRAM 
 

 
Day 1  Wednesday 15th June 
 
 
08:00 - 16:00  Registration desk open  
 

Pre-Course – Workshop: Parametric mapping in OA research 
  Eveliina Lammentausta, Jerome Thevenot 
 
09:00 – 10:30 Pre-course workshop part 1 
 
10:30 – 10:40 Coffee break 
 
10:40 – 12:00 Pre-course workshop part 2 
 
12:00 - 13:00  Lunch  
 
13:00 - 13:15   Welcoming words 
  co-chairs Miika Nieminen, Martin Englund 
13:15 - 13:30  Celebrating 10 years of International Workshops on Osteoarthritis 

Imaging 
  Felix Eckstein 
 
Session 1:   Imaging of different phenotypes of OA 

Moderators: Richard Frobell, Frank Roemer 
 
13:30 - 14:30  Keynote speaker and discussion 
  Stefan Lohmander: Diving in the Deep Sea of OA - an imaging 
perspective 
 
14:30 - 15:00  Coffee break and poster viewing 
 
Four abstracts selected for oral presentations 
15:00 – 15:15 Jos Runhaar: The PF OA phenotype; OA development over the course of 

6.6 years among asymptomatic overweight and obese women  
15:15 – 15:30 Antony Benny: Magnetic resonance imaging markers predict knee 

symptoms, cartilage volume loss and total knee replacement over 10.7 
years in older adults 

15:30 – 15:45 Mike Bowes: Cartilage thickness increases with specific spatial pattern 
in the femur for five years after ACL injury 

15:45 – 16:00 Akshay Chaudhari: T2 relaxometry of short T2 tissues in the knee with 
high SNR efficiency  

16:00 - 17:00  Poster session 
 
19:00 -    Welcome reception 
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Day 2  Thursday 16th June 
 
 
Session 2:  7 Tesla MRI for OA and joint study purposes 

Moderators: Ali Guermazi, Jonas Svensson 
 
09:00-10:00   Keynote speaker and discussion:  

Siegfried Trattnig: Ultrahigh field MR in Joint Imaging: Clinical 
applications 

 
Two abstracts selected for oral presentations 
10:00 – 10:15 Stefan Zbyn: Longitudinal in vivo evaluation of early femoral cartilage 

defects with sodium MRI and gag-CEST at 7 tesla 
10:15 – 10:30 Petri Tanska: The effect of cartilage fixed charge density on knee joint 

mechanics during gait 
 
10:30 – 11:00  Coffee break and poster viewing 
 
Session 3:  Connection between histology and imaging 

Moderators: Felix Eckstein, Mikko Lammi 

 
11:00 - 12:00  Keynote speaker and discussion 
  Kenneth Pritzker: How Osteoarthritis Histopathology Can Inform  
  Osteoarthritis Imaging: Past, Present and Future 
 
Two abstracts selected for oral presentations: 
12:00 – 12:15 Dzenita Muratovic: Knee osteoarthritis: comprehensive histological 

characterization of bone marrow lesions identified on MRI 
12:15 – 12:30 Harpal Gahunia: 3D-histopathological scoring of osteochondral tissue 

from contrast-enhanced micro-CT images 

12:30 - 13:30  Lunch 
 
Session 4:   Imaging of the hip in OA 

Moderators: Edwin Oei, Xiaojuan Li 
 
13:30 - 14:30  Keynote speaker and discussion 
  Carl-Johan Tiderius: The visualization of OA in the hip joint 
 
Two abstracts selected for oral presentations: 
14:30 – 14:45 Ilya Burkov: 3D cortical bone mapping of the proximal femur in a large 

prospective population-based study supports the Ganz hypothesis of hip 
osteoarthritis causation: Ages-Reykjavik study 

14:45 – 15:00 Tom Turmezei: 3D shape modes of the acetabulum predict total hip 
replacement: the Ages-Reykjavik study 

 
15:00 – 15:30  Coffee break and poster viewing 
 
 
Session 5:   Imaging Research with High Relevance to Industry 

Moderators: Chris Ladel, John Lynch 
 
15:30 - 16:30  Keynote speaker and panel discussion 
  Harrie Weinans: Imaging strategies in APPROACH project 
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18:00-  Transportation to Banquet at Maikkula Manor  
(including sauna and social program, included in 
registration fee) 

 
 

Day 3  Friday 17th June 
 
 

Session 6:   Ultrasound in OA imaging 
Moderators: Ida Haugen, Heikki Nieminen 

 
9:00-10:00   Keynote speaker and discussion 
  Simo Saarakkala: Future Role of Ultrasound in OA imaging 
 
10:00 – 10:30  Live demonstration of ultrasound for hand and knee OA 
  Ida Haugen, Juhani Koski 
 
10:30 – 11:00  Coffee break and poster viewing 
 
Session 7:   Segmentation of cartilage 

Moderators: Jeff Duryea, Mikko Nissi 
 
11:00 - 12:00  Keynote speaker and discussion: 
  Xiaojuan Li: MRI evaluation of cartilage morphology and composition –  
  segmentation and quantification 
 
12:00 - 13:00  Segmentation challenge results 
  Eveliina Lammentausta 
 
13:00 – 14:00  Lunch  
 
Session 8:  Beyond imaging – role of computational modeling 

Moderators:  Jukka Jurvelin, Jari Arokoski 
 
14:00 – 15:00  Keynote speaker and discussion 
  Rami Korhonen: Combination of imaging with computational modeling 
 
Two abstracts selected for oral presentations: 
15:00 – 15:15 J.D Johnston: Computational modeling of normal and osteoarthritic 

proximal tibiae: precision and preliminary comparison of subchondral 
bone mechanical properties 

15:15 – 15:30 Arttu Peuna: Texture analysis of T2 relaxation time maps reveals 
degenerative changes in articular cartilage: Oulu knee osteoarthritis 
study 

 
15:30 – 16:00  Coffee break and poster viewing 
 
16:00 – 17:00  Summary discussion and promotion of next year’s workshop 
  David Hunter 
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Day 4  Saturday 18th June 
 
8:00       Bus transportation to Rovaniemi, Arktikum museum 
11:00     Coffee and snack at Arktikum 
11:30     Guided tour of Arktikum www.arktikum.fi 
13:00     Transportation to Santa Claus Village 
13:15     3-course lunch at Restaurant Kotahovi www.laplandrestaurant.fi 
  
Free time to meet the Santa Claus, do some shopping, send greetings, see reindeers and enjoy the 
unique atmosphere of the Arctic Circle. www.santaclausvillage.info 
  
16:00     Transportation to Oulu 
18:00     Dinner at seaside restaurant Merihelmi 
20:30     ETA to Oulu. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Program committee 
Co-chair: Miika Nieminen, PhD, University of Oulu 
Co-chair: Martin Englund, MD, PhD, Lund University 
Richard Frobell, PhD, Lund University 
Eveliina Lammentausta, PhD, Oulu University Hospital 
Simo Saarakkala, PhD, University of Oulu 
Leena Seiteri, secretary, University of Oulu 
 
Scientific committee 
Chair: Richard Frobell, MD, PhD, Lund University 
Edwin Oei, MD, PhD, Erasmus MC, Netherlands 
Mikko Nissi, PhD, University of Eastern Finland 
Jos Runhaar, PhD, Erasmus MC, Netherlands 
Simo Saarakkala, PhD, University of Oulu 
 
 
 

 
 

http://www.arktikum.fi/
http://www.laplandrestaurant.fi/
http://www.santaclausvillage.info/
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THE PF OA PHENOTYPE; OA DEVELOPMENT OVER THE COURSE OF 6.6 YEARS AMONG 
ASYMPTOMATIC OVERWEIGHT AND OBESE WOMEN  

*Runhaar J., **Schouten B., **Vroegindeweij D., ***Oei E.H.G., ****Bierma-Zeinstra S.M.A. 

* Dept. of General Practice, Erasmus University Medical Center Rotterdam, the Netherlands 
** Dept. of Radiology, Maasstad Hospital Rotterdam, the Netherlands 
*** Dept. of Radiology, Erasmus University Medical Center Rotterdam, the Netherlands 
**** Dept. of General Practice & Dept. of Orthopedics, Erasmus University Medical Center Rotterdam, the 
Netherlands 

INTRODUCTION: Contrary to standard PA radiography of the knee, the patellofemoral (PF) joint can also be 
evaluated for structural changes when using MRI. It is however unknown whether evaluation of the structural changes 
in the PF joint is clinical relevant. 

OBJECTIVE: To evaluate the patterns knee OA (defined by MRI) among asymptomatic overweight and obese women, 
free of radiographic knee OA at baseline (KL<2), over the course of 6.6 years and compare differences in OA-related 
pain, function and stiffness between knees with PF, TF and combined PF and TF (COA) OA. 

METHODS: Data of the PROOF (PRevention of knee Osteoarthritis in Overweight Females, ISRCTN 42823086) study 
were used (Runhaar, Am J Med 2015). In this study, 407 women between 50 and 60 years with a BMI ≥ 27 kg/m2, but 
free of clinical knee OA were included and followed over a period of 6.6 years. At baseline and after 2.5 and 6.6 years, 
MRI of both knees was obtained. Using scores of the semi-quantitative MOAKS, OA was defined in the PF and TF 
compartment according to criteria proposed by Hunter et al. (OA&C 2011). At baseline, 1 year, 2.5 years and 6.6 years, 
the WOMAC questionnaire was filled in. 

RESULTS: At baseline, participants were 55.7 ± 3.2 years and had a BMI of 32.4 ± 4.3 kg/m2. After 6.6 years, MRI 
data of a random selection of 395 knees was available. At baseline, prevalence of pure PF OA, pure TF OA and COA 
was 5%, 11% and 5%, respectively (see Figure). Patterns of OA development are shown in the figure below. Among the 
available knees without MRI OA at baseline, incidence of pure PF OA, pure TF OA and COA was 2%, 35% and 9%, 
respectively. Among knees with pure PF OA or TF OA at baseline, prevalence of pure PF OA, pure TF OA and COA 
after 6.6 years was 9%, 4%, 78%, and 0%, 65%, 33%, respectively. WOMAC pain, function and stiffness scores for 
knees with pure PF OA, pure TF OA and COA at follow-up are given in the table below. 

CONCLUSION: Compared to knees without MRI OA or with pure TF OA at baseline, knees with pure PF OA develop 
more COA during a 6.6 years follow-up period. Having COA at follow-up was associated with worse scores for 
WOMAC pain, function and stiffness compared to knees without MRI OA or with pure TF OA. Therefore, subjects 
with pure PF OA might constitute a clinically important phenotype to be distinguished from those with no or pure TF 
OA on MRI. 

SPONSOR: ZonMw, Dutch Arthritis Foundation and European Committee FP7 Program 
DISCLOSURE STATEMENT: All authors declare no conflicts of interest. 
CORRESPONDENCE ADDRESS: j.runhaar@erasmusmc.nl  

Course of MRI defined OA across knee compartments (N = 814 knees, each cube represents 8% of the knees). 

 

 

 
WOMAC scores at 6.6 years follow-up for knees without MRI OA, PF OA, TF OA and COA at follow-up. 

 

 

 
 
 
 

Baseline

2.5 year

6.5 year
No OA PF OA TF OA COA N/A

mailto:j.runhaar@erasmusmc.nl
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MAGNETIC RESONANCE IMAGING MARKERS PREDICT KNEE SYMPTOMS, CARTILAGE VOLUME LOSS 
AND TOTAL KNEE REPLACEMENT OVER 10.7 YEARS IN OLDER ADULTS  
1Antony B., 1Jin X., 1Wang X., 1Han W., 2Pelletier J., 2Pelletier J.P., 3Cicuttini F., 1,3Ding C., 1Jones G. 
1 Menzies Institute for Medical Research, University of Tasmania, Australia 
2 Osteoarthritis Research Unit, University of Montreal Hospital Research Centre, Montreal, Canada 
3 Department of Epidemiology and Preventive Medicine, Monash University, Melbourne, Australia 
INTRODUCTION: Quantitative and semi-quantitative assessments of structural changes on MRI have been widely 
adopted in knee OA research. However, few long-term studies describe the independent association of these structural 
factors and knee symptoms, cartilage volume loss and total knee replacement (TKR) in general population-based older 
adults. 
OBJECTIVE: To determine whether cartilage defects, bone marrow lesions (BMLs), effusion-synovitis, infrapatellar fat 
pad (IPFP) intensity alteration, and meniscal pathologies at baseline independently predict knee symptoms, cartilage 
volume loss and TKR over 10.7 years. 
METHODS: 983 participants (mean age 62.8 years, 50% female) were randomly recruited from Tasmania and followed 
up at 2.6, 5.1 and 10.7 years later. A 1.5T MRI scan of the right knee was acquired at baseline (n=930) and 10.7-year 
follow-up (n=490). Cartilage volume was measured using a manual segmentation method on the T1-weighted fat-
suppressed SPGR sequence images at baseline and follow-up. Cartilage defects (grade 0-4), BMLs (grade 0-3), 
effusion-synovitis (grade 0-3), IPFP signal intensity alteration (grade 0-3), meniscal tears (grade 0-3) and meniscal 
extrusion (grade 0-2) was scored at baseline using T1-weighted and T2-weighted MRI. WOMAC knee pain and TKR 
data were recorded. Analyses were performed using linear mixed effects model, linear regression and cox proportional 
hazards models. 
RESULTS: After adjustment for age, sex, BMI, and radiographic knee OA status, baseline MRI measures (cartilage 
defects (HR=2.28/grade, p<0.01), BMLs (HR=2.10/grade, p<0.01), IPFP signal intensity alteration (HR=1.97/grade, 
p<0.01), effusion-synovitis at suprapatellar pouch (HR=1.80/grade, p<0.05) and grade 3 effusion-synovitis (HR=1.74, 
p<0.05) were associated with TKR over 10.7 years. These associations were independent of each other (except for 
effusion-synovitis), and there was a dose-response relationship between cartilage defects and BMLs at baseline and 
increased risk of TKR over 10.7 years. Those who had TKR all had grade 3 meniscal tears at baseline. The risk of TKR 
increased significantly when more MRI pathologies were simultaneously present at baseline (HR=1.84/unit, p<0.01). 
There was also a number-response relationship between the number of MRI pathologies at baseline and the risk of TKR 
(Figure 1). 
Cartilage defects (β=4.81, p<0.01), BMLs (β=2.20, p<0.01), effusion-synovitis (β=2.81, p<0.01) and meniscal extrusion 
(not tears)(β=3.21, p<0.01) were independently associated with total WOMAC scores and subscales over 10.7 years. 
Cartilage defects (β=0.27%, p<0.01), BMLs (β=0.22%, p<0.01), IPFP signal intensity changes (β=0.26%, p<0.01) and 
meniscal extrusion (β=0.28%, p<0.01) were independently associated with tibial cartilage volume loss over 10.7 years. 
CONCLUSION: Baseline knee MRI structural pathology markers can predict clinical symptoms, structural progression 
and TKR over long-term, suggesting that MRI structural markers are good predictors of rapid knee OA progression in 
the general population. 
SPONSOR: National Health and Medical Research Council of Australia (Grant ID 302204). 
DISCLOSURE STATEMENT: None 
ACKNOWLEDGMENT: Rob Warren performed cartilage segmentation. 
CORRESPONDENCE ADDRESS: Dr. Benny Antony, Email: Benny.EathakkattuAntony@utas.edu.au 
First and presenting author is a Young Investigator (PhD completed in Dec 2015) 
Figure 1. Number of MRI pathologies and total knee replacement 

 

mailto:Benny.EathakkattuAntony@utas.edu.au
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CARTILAGE THICKNESS INCREASES WITH SPECIFIC SPATIAL PATTERN IN THE FEMUR FOR FIVE 
YEARS AFTER ACL INJURY 

*Bowes M.A., *Guillard G., **Lohmander L.S., *Vincent G.R., ***Conaghan P.G., **Frobell R.  

* Imorphics, Manchester, UK: ** Lund University, Department of Clinical Sciences Lund, Orthopedics, Lund, Sweden: 
*** University of Leeds, Leeds, UK 

INTRODUCTION: An ACL tear is a common knee injury with a well-known increased risk of developing knee OA in 
the longer term, and we have previously reported that bone rapidly changes in size and shape following ACL damage. 
3D statistical shape modelling is an image analysis technique ideally suited to study the spatial change of cartilage 
change within a population over time. 

OBJECTIVE: In this study we used active appearance modelling to automatically segment the cartilage in an ACL-
injured population at baseline, 2 and 5 years to monitor cartilage thickness changes in the femur, and to create 
consistent regions of interest and display average changes for the population. 

METHODS: 121 young (32 women, mean age 26.1 years) active adults with an acute ACL tear in a previously 
uninjured knee were included in a randomized clinical trial (the KANON-trial, ISRCTN84752559). Patient treatment 
was not considered for this study, and the cohort includes all treatment groups including surgery. 108 patients had 
baseline, 2 and 5-year MR images available for analysis, and a subset of 48 of these also had images at 3, 6 and 12-
month time points. 3D fat saturated sagittal images were automatically segmented for bone and cartilage using active 
appearance models as previously described. Population change maps were prepared, with mean change in thickness at 
each correspondence point displayed on the mean femur shape (Figure 1). Regions of interest, based on those 
recommended by a nomenclature committee, and changes, expressed in mm (with positive values indicating increasing 
cartilage thickness) were compared using paired t-tests. 

RESULTS: 2 regions of cartilage increased markedly in thickness, the central medial femur (cMF) and the lateral 
trochlea (TrFLat). Change in cMF at 2 years was 0.09mm (0.06,1.23, p<10-4; 5 years 0.113mm (0.08,0.15), p<10-4; 
TrFLat 2y 0.06mm (0.02,1.02), p=0.007; 5y 0.10mm (0.05,0.15), p<10-4. In the subset containing all 6 time points 
(Figure 2) the pattern of change at earlier time points was demonstrated. cMF and TrFLat both began to increase in 
thickness almost immediately; cLF and TrFMed first decreased in thickness, and then increased over time. Figure 1 
shows a consistent region of cartilage loss superior to the cMF region – representing the area under the anterior medial 
meniscus. 

CONCLUSION: Change in cartilage thickness over 5 years following ACL rupture follows a consistent pattern. 2 
regions begin to increase in thickness almost immediately, and continue to increase over time. This long term change in 
cartilage morphology may be a response to changed knee loads after the ACL is damaged, or a consequence of initial 
trauma to joint surfaces. To understand this change it is important to study the patellofemoral joint in addition to the 
femorotibial joint. 

SPONSOR: ERRF Project Grant PEARL-OA 
DISCLOSURE STATEMENT: Bowes, Guillard and Vincent are employees of Imorphics 
CORRESPONDENCE ADDRESS: mike@imorphics.com  

 

Figure 1: Change in cartilage thickness in 108 patients, legend shows amount of change (left)  
Figure 2: Change in thickness by regions in 48 subset (right) 

mailto:mike@imorphics.com
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T2 RELAXOMETRY OF SHORT T2 TISSUES IN THE KNEE WITH HIGH SNR EFFICIENCY  

*Chaudhari A. S., *Sveinsson B., **McWalter E.J., *Gold G. E., *Hargreaves B.A.  

* Department of Radiology, Stanford University, Stanford, CA, USA. 

** Department of Mechanical Engineering, University of Saskatchewan, Saskatoon, SK, Canada 

INTRODUCTION: qMRI has the potential to non-invasively ascertain the physiological state of tissues. While being 
widely used in cartilage, the use of qMRI in short-T2 tissues is almost absent due to constraints of limited SNR and 
long scan-times. Since current research suggests that OA is a whole joint disease2, it is imperative to perform 
morphologic and quantitative imaging on these short-T2 tissues. 

OBJECTIVE: To use a single pulse sequence for SNR-efficient high-isotropic-resolution morphological knee imaging 
with simultaneous T2 mapping of cartilage, menisci, tendons, and ligaments. 

METHODS: 11 healthy volunteers were scanned twice with ultrashort echo-time DESS (UTEDESS)3  (TE = 
0.06,1,10,11ms, TR = 6ms, resolution = (0.5mm)3, scan time = 8:23) and Cartesian DESS (TE = 6,34ms, TR = 20ms, 
resolution = 0.5x0.5x3mm, scan time = 4:15) with a 16cm FOV. These were used to obtain SNR efficiency (η), 
repeatability coefficient of variation (rCV), and T2 maps in the patellar cartilage (PC), patellar tendon (PT), quadriceps 
tendon (QT), PCL, ACL, and the body (B), anterior (A), posterior (P) horns of the lateral (L) and medial (M) meniscus. 
Single-slice fast spin echo (FSE) (TE = 6,13,19,26,32ms, TR =2s) and multi-echo spin echo (MESE) (TE = 10,20,30ms, 
TR=2s) were used to validate the T2 maps.  

RESULTS & DISCUSSION: Table 1 shows the measured T2 values in short T2 tissues. Meniscal T2s in the MA and 
MP horns were (12.4±1.7, 11.2±1.4ms) with MESE and (12.0±1.4, 11.8±1.1ms) with FSE. PC T2’s with UTEDESS 
and DESS were (31.9±6.4, 33.2±7.7ms) respectively. Average η in the meniscus, tendons, and ligaments for the two 
UTEDESS echoes was (34±6, 18±1) and for DESS, it was (18±6, 4±1). Similarly, the average rCV in these tissues with 
UTEDESS was 7±1% and with DESS it was 6±5%.  

The T2 values in the PC agreed well between UTEDESS and DESS, but the values and the femoral and tibial cartilage 
have to be validated in the future. UTEDESS T2 values in the meniscus agreed well with those generated with DESS.  
The UTEDESS T2’s were slightly lower than those from FSE and MESE, but T2 overestimation was likely since FSE 
can produce stimulated echoes and T1 contamination while long TE’s (10ms for MESE) minimize available SNR which 
can overestimate T2 values3. In tendons and ligaments, the second echo of DESS had poor SNR which led to 
unnaturally high T2’s – a problem UTEDESS did not have due to its higher SNR. UTEDESS also demonstrated the 
ability to create fat/water separated images and images with T2 and diffusion weightings3.   

Figure 1: Sample UTEDESS morphological images & T2 maps generated in all three scan planes.  

  
Table 1: T2 values (in ms) measured with UTEDESS and DESS. All meniscal sub-regions begin with ‘M-’. 

CONCLUSION: UTEDESS offers high SNR, high resolution, multiple contrasts, as well as reliable T2 mapping in all 
tissues. Therefore, UTEDESS is a promising morphological and quantitative method to study whole joints in an OA 
population.  
SPONSOR: NIH R01-AR063643, NIH R01-EB002524, and NSF DGE-114747. 
DISCLOSURE: None 
CORRESPONDENCE ADDRESS: akshaysc@stanford.edu. REFERENCES: 1. Poole, A.R. et al. HSS Journal (2012). 
2. Chaudhari, A.C. et al. ISMRM (2015) #4223. 3. Raya, J.G. et al. MRM (2010).  

Sequence M-LA M-LB M-LP M-MA M-MB M-MP ACL PCL PT QT 
UTEDESS 10.6±1.5 9.7±2.1 9.7±1.5 11.4±1.6 10.9±1.4 10.9±1.8 7.1±1.1 6.8±0.9 6.0±1.1 5.2±0.5 

DESS 12.1±1.4 12.1±1.3 11.5±1.3 11.6±1.1 12.1±1.3 11.8±1.7 17.6±2.5 17.0±5.0 21.0±6.0 12.9±1.4 

mailto:akshaysc@stanford.edu
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LONGITUDINAL IN VIVO EVALUATION OF EARLY FEMORAL CARTILAGE DEFECTS WITH SODIUM MRI 
AND GAG-CEST AT 7 TESLA 

1Zbyn S., 1Mlynarik V., 1Schreiner M., 1Juras V., 2Laurent D., 2Goldhahn J., 2Haber H., 1Marlovits S., 1Trattnig S.  

1 Medical University of Vienna, Vienna, Austria & CD Laboratory for Clinical Molecular MRI, Vienna, Austria 

2 Novartis Institutes for Biomedical Research at Basel, Switzerland or at East Hanover, NJ, USA 

INTRODUCTION: Early stages of cartilage degeneration can be associated with depletion of GAGs. Several methods 
have been proposed for the noninvasive evaluation and quantification of GAG concentration in cartilage. Since GAGs 
in cartilage are in equilibrium with sodium (23Na) ions, 23Na-MRI is sensitive to even small changes in GAG content. 
GAG chemical exchange saturation transfer (gagCEST) is another promising MRI method that demonstrated its 
sensitivity to GAGs. These techniques have not been employed for the longitudinal evaluation of untreated cartilage 
defects yet. 

OBJECTIVE: i) To evaluate the reproducibility of 23Na and gagCEST measurements; ii) To compare 23Na and 
gagCEST results between different cartilage regions and at different follow-up intervals. 

METHODS: Six patients (5 females; mean age±SD: 52±4 years) with untreated 
chondral defects of ICRS grade 1 or 2 (3 right knees; 4 LF, 1 MF, 1 TrF) were measured 
four times (baseline, 1 week, 12 weeks, and 24 weeks follow-up) on a 7 T Siemens MR 
system. All proton images were acquired using a 28-channel knee array coil. T2-weighted 
we 3D DESS images were used for manual segmentation of cartilage and for 
measurements of cartilage thickness (Fig. A). For gagCEST, a series of 19 scans with 
equidistant saturation offsets and a scan without saturation were recorded with 
segmented 3D RF-spoiled FLASH sequence. Z-spectra were extracted from registered 
images and their asymmetry value (MTRasym) was calculated from integrals over the offset 
range ±∂ = 0.5–2.0ppm on a pixel-by-pixel basis (Fig. B). 23Na-images were obtained 
using a FLASH sequence with variable echo time scheme, and corrected for the spatially 
variable sensitivity of the 15-channel 23Na-only knee array coil (Fig. C). The cartilage 
thickness measurements were used to correct 23Na signal intensities for partial volume 
effects. All regions-of-interest (ROI) were drawn on DESS images and transferred to 
the corresponding 23Na-images and gagCEST MTRasym maps. ROI analyses were 
performed in a chondral defect (situated between arrows at fig. A, B, C), as well as in 
weight-bearing (WB) and non-WB regions of normal-appearing femoral cartilage on 
three consecutive slices. Repeated measures analysis of variance and intra- class 
correlation coefficients (ICC) were calculated.  

RESULTS: i) The reproducibility of 23Na-MRI was almost perfect (ICC; WB: 0.95, 
non-WB: 0.99), while the one of gagCEST was substantial to fair (ICC; WB: 0.73, 
non-WB: 0.36). ii) 23Na values were significantly lower in defect than in WB or non-WB ROIs at all time points (all 
p<0.01). MTRasym values were significantly lower in defect than in WB or non-WB region only at 12 weeks follow-up 
(all p<0.04). Although longitudinal evaluation of 23Na-MRI and gagCEST results did not show significant differences, 
mean values in defect at baseline and 1 week pooled together (23Na: 139±22 a.u.; gagCEST: 3.5±1.8 %) were higher 
than that at 12 and 24 weeks follow-up pooled together (23Na: 124±24 a.u.; gagCEST: 2.7±1.6 %). 

CONCLUSION: Our preliminary results demonstrate that 23Na-MRI is a robust technique which can differentiate low-
grade chondral defects from normally appearing cartilage. Although gagCEST is not as robust as 23Na-MRI, it may 
also be useful for in vivo evaluation of GAGs in the cartilage at sites without X-nuclei capabilities. Better knee fixation, 
measurement of more saturation offsets, more precise definition of Z-spectra or corrections for confounding factors 
might further improve the gagCEST data quality. 

SPONSOR: Novartis Institutes for Biomedical Research, Basel, Switzerland 
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THE EFFECT OF CARTILAGE FIXED CHARGE DENSITY ON KNEE JOINT MECHANICS DURING GAIT  

1Räsänen L.P., 1Tanska P, 3Zbyn S, 4,5Lammentausta E, 3Trattnig S, 1,2Jurvelin J.S., 4,5Nieminen M.T., 1,2Korhonen R.K. 

1University of Eastern Finland  and 2Kuopio University Hospital, Kuopio, Finland, 3High Field MR Center, Medical 
University of Vienna, Vienna, Austria, 4Oulu University Hospital, 5University of Oulu, Oulu, Finland. 

INTRODUCTION: Negatively charged glycosaminoglycan side chains of  PGs result in depth-wise distribution of 
fixed charge density (FCD) in articular cartilage. FCD is mainly responsible for the equilibrium stiffness, osmotic 
pressure and swelling of the cartilage tissue. It is also known that cartilage swelling causes tension for the collagen 
fibrils. However, none of the previous studies have investigated the influence of FCD on cartilage responses in the knee 
joint during gait.  

OBJECTIVE: To investigate how the depth-wise variation of FCD and fibril network stiffness (and their OA related 
changes) affect tissue swelling and cartilage mechanics during gait. 

METHODS: A 3-D finite element model of the knee joint (Fig. 1a) of an asymptomatic male subject was constructed 
from manually segmented MR-images (3D-DESS at 7T, TR/TE = 7.81/2.62 ms, isotropic resolution of 0.34 mm, High 
Field MR Centre, Vienna, Austria). The FCD distribution of the tibial cartilage of the same subject was determined 
from 23Na-MRI (an optimized 3D vTE-SPGR sequence at 7T: TR = 11 ms, TE1 = 1.42 ms, flip angle (θ) = 33º, 
resolution of 1.5 x 1.5 x 2.8 mm3, (Fig. 1b) after a set of post-processing steps. Briefly, 23Na maps were first calculated 
with respect to reference phantoms after applying corrections for radiofrequency field inhomogeneity, partial volume 
effect, biexponential T2* and monoexponential T1 relaxation of the observed MR signal in cartilage. Second, the FCD 
distribution was calculated by relating the calculated 23Na concentrations to the 23Na -concentration of synovial fluid. 
The determined FCD distribution (mean FCD: 0.18 mEq/ml) was implemented into the tibial cartilage of the knee joint 
model (“Healthy model”) with fibril reinforced poroviscoelastic swelling material properties (Fig. 1c). In addition, OA-
like changes were simulated by creating models with decreased FCD values (mean -17%, “Early OA model” and -47%, 
“Advanced OA model”) according to the known decrease of FCD in early and advanced stage of OA, respectively 
(Saarakkala et al. 2010, Fig. 1c). In addition, all the models were simulated using 1) reference and 2) decreased fibril 
network stiffness (20% of the reference moduli). Here the focus was on axial and fibril strains in the lateral tibial 
cartilage during the 1st peak load (at 20%) of the stance. 

RESULTS (Fig.1d): 1) Reference moduli for fibrils: decrease in FCD in the “Early” and “Advanced OA” models 
increased axial strains up to +18% and +44% and decreased fibril strains 
up to -17% and -50% in lateral tibial cartilage with respect to the 
Healthy model, respectively. 2) 20% moduli for fibrils: axial strains 
were increased up to +37% and +89% and fibril strains were decreased 
up to -25% and -67% in the “Early” and “Advanced OA” models, 
respectively. 

 

DISCUSSION: The decrease in the FCD in the OA models led to 
decreased tissue swelling and fibril strains and reduced cartilage 
stiffness, thus increasing tissue deformation. This behavior was further 
amplified as the fibril network stiffness was decreased, as the softer 
fibrils allow larger swelling of the tissue. In contrast to the previous 
conclusion made in the literature (Halonen et al. 2013), these results 
suggest that cartilage proteoglycans have an influence on knee joint 
function during dynamic joint loading particularly as the cartilage tissue 
degenerates, e.g., due to OA. 
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KNEE OSTEOARTHRITIS: COMPREHENSIVE HISTOLOGICAL CHARACTERIZATION OF BONE MARROW 
LESIONS IDENTIFIED ON MRI  

Muratovic D.,1,2 Cicuttini F.,3 Wluka A.,3 Wang Y.,3 Findlay D.M.,2 Otto S.,4 Taylor D.,5 1 Lee Y-R.,1,2 Kuliwaba J.S.1,2 
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3Department of Epidemiology & Preventive Medicine, Monash University, Melbourne, Australia. 
4Anatomical Pathology, SA Pathology, Adelaide, Australia. 
5Department of Radiology, Royal Adelaide Hospital, Adelaide, Australia. 
 

INTRODUCTION: The continued development of imaging techniques has allowed better understanding of the changes 
related to progression of osteoarthritis (OA). Changes identified by MRI in the subchondral bone, bone marrow lesions 
(BMLs), are of considerable interest because they correlate strongly with both the severity of knee OA symptoms and 
structural degeneration of the osteo-chondral unit (OCU). Furthermore, there is growing evidence that BMLs may offer 
diagnostic and predictive value in OA and potentially be used as therapeutic targets for this disease. However, little is 
known about what BMLs represent at the tissue level.  

OBJECTIVE: The aims of this study were to provide comprehensive histological characterization of BMLs at the tissue 
level, to investigate how the presence of BMLs detected by two sequences relates to changes in the OCU. 

METHODS: Tibial plateaus (TPs) were obtained from 60 patients (29 females, 31 males), aged 51-87 years, undergoing 
knee arthroplasty for OA. To identify BMLs ex vivo, MRI scans were performed using T1 and PDFS-weighted 
sequences. MRI images were used for cartilage and BML volume measurement. Micro-CT was used to assess bone 
microstructure of subchondral plate and trabecular bone. Histopathology across the OCU enabled OARSI grading and 
tissue pathology assessment, including vascular density and pathology, fibrosis and oedema. Static Bone turnover 
indices and accumulation of microdamage were quantified separately for the subchondral plate and trabeculae.  

RESULTS: MRI detected BMLs in 74% (n=44) of TP, while the remainder showed no BML. BML-1 (detected only by 
PDFS) represented 44% (n=26) of all TP, while BML-2 (detected by PDFS+T1) represented 30% (n=18) BMLs were 
predominantly present in the medial compartment of tibiae (84%), with their anatomical distribution aligning closely 
with predicted loading zones. BMLs were associated with more advanced OCU degeneration, including cartilage loss, 
than adjacent zones without BMLs.  

The most significant changes within BMLs were: reduced cartilage volume (p=0.008), higher OARSI grade (p=0.004), 
thicker subchondral bone plate (p=0.002), increased trabecular bone volume (p=0.001) with a more plate-like structure 
(p=0.0004), increased osteoid volume (p=0.03) and thickness (p=0.03) in both plate and subchondral trabeculae, 
increased crack density (p=0.01) in plate and trabeculae (p=0.0001) and more bone marrow oedema, fibrosis (p=0.002), 
necrosis (p=0.01) and fibrovascular cysts (p=0.04).  

Furthermore, comparison of BML 2 to BML 1 indicated that degenerative changes within BML 2 were more 
pronounced, with reduced cartilage volume (p=0.001), thicker subchondral bone plate (p=0.002), increased trabecular 
bone volume (p=0.01) with a more plate-like structure (p=0.03), increased osteoid volume (p=0.02) and thickness 
(p=0.01) in plate, and in trabecular bone osteoid volume (p=0.007) osteoid thickness (p=0.03). In bone marrow there 
was more oedema (p=0.01), fibrosis (p=0.0002) and necrosis (p=0.0008). 

 

CONCLUSION: This study demonstrated that area of OCU containing BMLs show a high degree of degenerative 
changes, with BML-2 apparently more advanced than BML-1. We therefore suggest that MRI may be able to 
distinguish two BML phenotypes and that BMLs are important biomarkers for OA progression and for development 
and monitoring of new therapies 
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3D-HISTOPATHOLOGICAL SCORING OF OSTEOCHONDRAL TISSUE FROM CONTRAST-ENHANCED 
MICRO-CT IMAGES 

*Gahunia H.K., *Pritzker K.P.H, **Karhula S., **Ylitalo T., ***Hæggström E., ****Lehenkari P., ***Saarakkala S., 
***Nieminen H.J. 

*University of Toronto, Toronto, Canada 
**University of Oulu, Oulu, Finland 
***University of Helsinki, Helsinki, Finland 
****Oulu University Hospital, Oulu, Finland 
 
INTRODUCTION: We recently demonstrated micro-CT (µCT) imaging of articular cartilage (AC) with fine micro-
structure details. Compared to conventional histology, µCT provides 3D assessment of the tissue covering greater tissue 
volumes for analysis in less destructive manner.  

OBJECTIVE: The goal was to propose a µCT scoring criteria of osteochondral (OC) tissue obtained from osteoarthritic 
(OA) knee. 

METHODS: Human OC cylinders (n = 31) were surgically excised from 15 total knee arthroplasty patients (age range 
51 to 89 years old; ethics approval PSSHP 78/2013; consents obtained). The samples were formalin-fixed and processed 
for conventional histology (half of the cylinder; safranin-O –staining) or immersion for 36 h in 70% EtOH containing 
1% w/v Phosphotungstic acid (PTA) (one quarter). Following this, the PTA-stained samples were imaged with µCT 
(Nanotom 180NF, Phoenix X-ray Systems/GE; 80 kV, 150 μA, 1600 projections, 750 ms/frame, 5 frames/projection, 
isotropic 3.0 μm voxel size). Projections were reconstructed using datos|x (version 1.3.2.11, GE Measurement & 
Control Solutions / Phoenix X-ray). Pathologically relevant OC degeneration features were identified, which formed the 
basis for the µCT scoring method. 

RESULTS: A visual grading system was established for µCT images evaluating three AC zones, calcified cartilage and 
subchondral bone. Features distinguishable from µCT images and relevant to OA pathology (Fig. 1) were selected: 
continuity of superficial AC, fibrillation, fissures, cellularity, extracellular matrix heterogeneity, fibrous tissue, vascular 
infiltration, tidemark, subchondral bone and granularity. The possible range for µCT grading is 0 (normal) to 44 
(highest score of Severe OA).  

CONCLUSION: µCT provides micro-structural information from OC tissue and enables visual histopathological 
scoring similar to OARSI, but in 3D. This could potentially enable more reliable histopathological scoring than 
conventional histology with 2D tissue sections subjected to preparation artefacts.  
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3D CORTICAL BONE MAPPING OF THE PROXIMAL FEMUR IN A LARGE PROSPECTIVE POPULATION-
BASED STUDY SUPPORTS THE GANZ HYPOTHESIS OF HIP OSTEOARTHRITIS CAUSATION: AGES-
REYKJAVIK STUDY 
1Burkov I. S., 2Treece G. M., 2Gee A. H., 2Turmezei T. D., 1Johannesdottir F., 3Sigurdsson S., 3Aspelund T., 
4Jónsson H., 3Gudnason V., 1Poole K. E. S. 
1Department of Medicine, Cambridge University, Cambridge, United Kingdom 
2Department of Engineering, Cambridge University, Cambridge, United Kingdom 
3The Icelandic Heart Association, Kopavogur, Iceland 
4Rheumatology, National University Hospital Center for Rheumatology Research, Reykjavik, Iceland 
 
INTRODUCTION: The mechanical aetiology hypothesis of hip osteoarthritis (OA) implicates focal mechanical wear of 
the joint surface from increased contact pressures, often associated with subtle abnormalities in 3D structure, such as 
those identified in femoro-acetabular impingement. Related to this, thickening of subchondral bone is emerging as an 
important disease feature in OA and may also be implicated in pathogenesis. Cortical bone mapping (CBM) is a proven 
technique that has been used to accurately measure structural properties of bone. 
 
OBJECTIVE: CBM technique was applied to hip clinical computed tomography (CT) scans in a large prospective study 
of healthy older individuals to identify locations where cortical and subchondral bone in people who were destined for 
eventual total hip replacement (THR) to treat OA differed, on average, from healthy controls. We hypothesise that areas 
of thickening will coincide with lifelong habitual contact pressures, such as during walking. 
 
METHODS: We undertook a prospective nested case-control study within a cohort of 3133 subjects with an average 5-
year follow-up from the Age, Gene/Environment Susceptibility-Reykjavik Study (AGES-REYKJAVIK). Using a 
previously published method [1], CBM was applied to clinical CT scans (slice thickness 1mm) to identify the regions 
where cortical thickness (CTh) in the proximal femur was significantly associated to eventual THR. After quality 
control 25 of the samples were rejected leaving 90 THR that were performed on 75 participants (49 female, 26 male, 
mean±sd age 74±4.7 yrs) at a mean±sd of 35.6±24.6 months after baseline CT scan, matched to 185 controls (117 
female, 68 male, mean±sd age of 74±4.7 matched for calendar year of recruitment, sex and age). CTh measurements 
were spatially aligned onto an average femur surface and statistical parametric mapping used to analyse the results 
presented as percentage difference between cases and controls. The model allowed for size, the first five non-rigid 
shape modes, group (case*control), age, sex, weight and height. 
 
RESULTS: We found highly focal regions of up to 70% greater CTh in the proximal femur, especially at the femoral 
head, among men and women who had a subsequent THR when compared to controls. Cortical and subchondral bone 
plate thickening in OA coincides with simulated peak contact pressure areas of the human hip, but is absent in less 
loaded regions of the hip. 

 

 
 
 
 
 
 
 
 
 
 
 
CONCLUSION: CBM and SPM show a pattern of femoral cortical bone and subchondral bone plate thickening in a 
large population destined for THR compared with controls in a novel 3D analysis that does not rely on subjective 
assessment of CT images. Such thickening patterns support the mechanical aetiology (Ganz) hypothesis of hip OA 
causation. 
 
SPONSOR: Adrian Crisp Scholarship 
DISCLOSURE STATEMENT: none 
ACKNOWLEDGEMENT: none 
CORRESPONDENCE ADDRESS: ib352@medschl.cam.ac.uk  

mailto:ib352@medschl.cam.ac.uk


 

 
26 

 

3D SHAPE MODES OF THE ACETABULUM PREDICT TOTAL HIP REPLACEMENT: THE AGES-REYKJAVIK 
STUDY 
 
1Turmezei, T.D., 1Treece G.M., 2Poole K.E.S., 1Gee A.H., 3Sigurdsson S., 3Jonsson H., 3Aspelund T., 3Gudnasson V. 
 
1 Department of Engineering, University of Cambridge, Cambridge, UK 
2 Department of Medicine, University of Cambridge, Cambridge, UK 
3 Icelandic Heart Association Research Institute, Kópavogur, Iceland 
 

INTRODUCTION: Joint shape has been established as an important risk factor in hip OA. However, statistical shape 
modeling has mainly been applied to 2D imaging. This study takes a 3D approach to shape mode analysis at the hip 
using output from a new technique called joint space mapping (JSM). 
 
OBJECTIVE: To find which 3D shape modes of the acetabulum predict total hip replacement (THR).  
 

METHODS: We undertook a nested case-control study within the prospective AGES-REYKJAVIK cohort of 3133 
healthy older adults. 1 mm slice thickness computed tomography (CT) of both hips was performed at baseline. After 
initial 2:1 matching of THR cases for age and gender, imaging exclusion criteria were applied for incomplete joint 
coverage or artifact. 3D acetabular surfaces were semi-automatically created for the remaining 408 hips using JSM, 
with shape modes determined from principal component analysis following registration to an average joint space patch. 
57 individuals with THR in the 5-year follow-up period (48 unilateral, 9 bilateral) were identified as suitable cases (21 
male, 36 female, mean ± SD age 73.4 ± 5.1 yrs), 172 individuals without THR as suitable controls (65 male, 107 
female, age 74.3 ± 5.0 yrs). When both sides were available, shape mode data was selected from one at random. Horn’s 
parallel analysis showed that beyond shape mode 19 could be considered noise; up to this mode accounted for 95% of 
shape variation. After central unblinding, ordinal linear regression was used to determine which modes had significant 
odds ratios (OR) for future THR, adjusting for age, sex and BMI in the model. 
 

RESULTS: After Bonferroni correction, shape modes 2 and 5 had consistently significant* ORs (see figure: posterior 
view of an average right hip joint). The table below gives representative ORs, % contribution to variation, p values and 
a description of the first 6 shape modes. 
 
Mode OR (95% CI) p value % Description 
1 0.99 (0.99-1.00) p = 0.08 44.7 scale/size of joint 
2 0.97 (0.96-0.98) p < 0.001* 19.3 extent of superomedial coverage 
3 1.01 (1.00-1.03) p = 0.15 7.0 open/flatness of acetabular roof 
4 0.99 (0.97-1.00) p = 0.12 4.8 pincering of anterior and posterior walls 
5 0.96 (0.94-0.98) p < 0.001* 3.8 extent of superior joint coverage  
6 0.98 (0.95-1.00) p = 0.10 2.5 angulation of anterior and posterior walls 
 

CONCLUSION: Two shape modes were predictive of THR, with 
increasing superomedial joint coverage the most substantial 
significant contributor to shape variation. However, given the study 
age group, this mode is most likely secondary to disease rather than 
causative. JSM should now be applied in younger individuals (CT 
or MRI) to explore the role of 3D shape in disease development 
and clinical symptoms. We will also examine 3D femoral shape in 
the same cohort. 
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COMPUTATIONAL MODELING OF NORMAL AND OSTEOARTHRITIC PROXIMAL TIBIAE:  
PRECISION AND PRELIMINARY COMPARISON OF SUBCHONDRAL BONE MECHANICAL PROPERTIES  
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5University of British Columbia, Canada 
 
INTRODUCTION: Subchondral bone is involved in the OA disease process. To clarify the role of bone in OA, accurate 
in vivo methods, such as subject-specific finite element (FE) modeling, are needed to reliably measure and monitor 
subchondral bone mechanical property variations. However, precision errors of FE-derived mechanical properties are 
not known. It is also unclear which mechanical properties differentiate normal and OA bone.  
 
OBJECTIVES: The primary objective of this study was to determine the in vivo precision errors for mechanical 
property measures at the proximal tibia. The secondary objective was to characterize mechanical property differences 
between normal and OA knees.   
 
METHODS: Fourteen participants (50 ± 12 years) were scanned using clinical quantitative CT, 3 times over 2 days. 
Seven participants had radiographic OA (KL grade ≥1). The distal femur, proximal tibia and fibula were segmented 
from surrounding soft tissue. The knee was oriented in a neutral standing alignment (MATLAB) mimicking orientations 
observed from standing Open-MRI scans. CT data was imported into FE software. CT-derived bone mineral density 
was mapped to bone’s elastic modulus (E) for the proximal tibia and fibula (distal femur was modeled as being 
infinitely rigid). To simulate knee joint soft tissues (e.g., cartilage, menisci), bones were surrounded by an 
incompressible cylindrical medium (E=10MPa; Poisson’s ratio=0.495). FE analyses provided measures of von-Mises 
stress (Fig. 1), pressure stress, principal compressive strain, von-Mises strain as well as medial and lateral stiffness. 
Root mean square coefficients of variation (CV%) were used to assess precision (i.e., repeatability) of mechanical 
property measures. Student’s t-tests, Mann-Whitney U tests and percent differences (relative to normal) were used to 
characterize mechanical property differences between OA and normal tibiae.   
 
RESULTS: FE-derived mechanical properties exhibited CV% precision errors less than 5% (average CV%: 3.9%). On 
average, stress measures were 46% higher (p<0.05) in OA versus normal bone whereas strain measures did not differ 
(p>0.05). Stiffness measures also did not differ (p>0.05).  
 
CONCLUSIONS: Our results suggest that FE modeling has potential to precisely quantify and differentiate mechanical 
property variations in normal and OA knees, in vivo. Our results also suggest that OA and normal bone exhibit 
dissimilar stress levels but similar strain levels, likely indicating adaptation of bone in response to altered joint 
mechanics and/or cartilage degeneration. 
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TEXTURE ANALYSIS OF T2 RELAXATION TIME MAPS REVEALS DEGENERATIVE CHANGES IN ARTICULAR CARTILAGE: OULU 
KNEE OSTEOARTHRITIS STUDY 
 
1,2,3Peuna A., 1,3Hekkala J., 1,2Haapea M., 1,3Podlipska J., 4Guermazi A., 1,2,3Nieminen M.T., 1,2,3Saarakkala S., 
1,2,3Lammentausta E. 
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INTRODUCTION: Texture analysis based on gray level co-occurrence matrices (GLCM) can extract spatial 
correspondence information from MR images otherwise uninterpretable by human perception. GLCM analysis probes 
the underlying information from T2 maps and of changes caused by osteoarthritis (OA). Learned algorithms can be 
utilized to classify asymptomatic and OA subjects. 
 
OBJECTIVE: To present how texture analysis is able to distinguish OA patients from healthy controls using K-nearest 
neighbors (KNN) and multilayer perceptron (MP) with texture features as input. 
 
METHODS: 64 asymptomatic volunteers (38 female, mean age 54.9 years (standard deviation, SD 13.9), body mass 
index 24.9 kg/m2 (SD 3.2)) and 80 symptomatic patients (49 female, 59.9 years (SD 7.7), 29.0 kg/m2 (SD 4.29)) were 
recruited with the permission from the local ethics committee. In total 80 asymptomatic volunteers were recruited via 
newspaper advertisement, while 16 subjects had to be excluded due to clinical MRI OA findings. Patients were selected 
from the hospital registry based on a long term non-specific knee pain or referring to knee replacement surgery. 
Exclusion criterion included trauma, rheumatoid diseases, previous knee surgery, or other underlying medical 
conditions that could affect the knee joint. T2 relaxation time mapping was performed with a multi-slice multi-echo 
spin echo sequence (TR=1680ms, TE’s(5)=13.8…69.0ms, ETL=5, FOV=160x160mm, matrix=384x384, thickness=3 
mm) using 3T Siemens Skyra (Siemens Healthcare, Erlangen, Germany). ROI-wise texture analysis was applied for 
segmented T2 maps with an in-house developed segmentation and analysis tool (MATLAB, Mathworks Inc., Natick, 
MA). For evaluating MP, 45% of subjects were used for training, 25% for validating and 30% for testing. KNN was 
trained with 65%/35% training/testing partitions with Euclidean distance cost. For both learning tasks, 264 GLCM 
texture features were used (3 offset directions 22 parameters in each for 4 different ROIs). Statistical analyses were 
performed using IBM SPSS statistics (IBM Corp., Armonk, NY). 
 
RESULTS: Mean T2 relaxation time was significantly different between the groups only in one of the four studied ROIs. 
However, GLCM allowed extracting statistically significant texture features from the relaxation time maps. Texture 
features were inputted to classification algorithms. MP showed moderate to good performance in classifying dataset 
into patients and controls. Correct classification rate for control subjects was 14 out of 19 (73.7%) and for patients 15 
out of 17 (88.2%). ROC curves showed excellent accuracy with Area Under the Curve = 0.950 for both the controls and 
patients. KNN correctly classified 22 out of 25 (88.0%) controls and 19 out of 25 (76.0%) patients into right class. 
 
CONCLUSION: T2 relaxation time maps contain underlying information that cannot be interpreted with simple statistics 
or visual interpretation; however, with GLCM it is possible. Learned classification algorithms can distinguish OA 
patients from asymptomatic volunteers. MP and KNN both have good to moderate performance and allow advanced 
analysis of texture datasets. 
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FACTORS ASSOCIATED WITH MENISCAL BODY EXTRUSION ON MRI IN OVERWEIGHT 
AND OBESE WOMEN 

 

1Zhang.F, 2Bierma-Zeinstra.S, 2Oei.E, 1Englund.M*, 2Runhaar J* 
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1Clinical Epidemiology Unit, Orthopaedics, Department of Clinical Sciences Lund, Lund University, 
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2 Erasmus MC University Medical Center Rotterdam, the Netherlands 

 

INTRODUCTION: Meniscus extrusion is a strong risk factor for knee osteoarthritis (OA) development 
and has been reported to be more frequent in women. 

OBJECTIVE: To determine factors associated with high degree of meniscal body extrusion in 
overweight and obese women at high risk of clinical knee OA. 

METHODS: Baseline data of the PRevention of knee Osteoarthritis in Overweight Females (PROOF) 
study, Netherlands, were used comprising n=407 women with a body mass index (BMI) ≥27 kg/m2, 
aged 50 to 60 years, free of clinical knee OA. All subjects completed a questionnaire on knee 
complaints and physical activity, underwent physical examination, radiography, and 1.5 Tesla MRI of 
both knees. Using the mid-coronal MRI slice, one blinded observer (orthopaedic surgeon) measured 
tibial plateau width and meniscal body extrusion of both menisci in both knees. All baseline factors 
were tested for their univariate association with medial and lateral meniscal body extrusion, 
respectively, using Generalized Estimating Equations to account for two knees per person. Next, all 
factors with a univariate p-value <0.1 were carried forward for a multivariable analysis. We used a 
continuous outcome of meniscal body extrusion (percentage of tibia width), to account for differences 
in knee (and meniscus) size. We considered a two-tailed p-value <0.05 to be statistically significant. 

RESULTS: Mean age of the final study sample (n=395) was 55.7 years and mean BMI 32.4. N=12 
women were excluded due to unreadable knee MRI. Of all available knees, 23% had an absolute 
medial meniscal extrusion ≥3.0 mm and only 4% had lateral meniscal extrusion≥3.0 mm. Baseline 
factors that were associated with high degree of medial meniscal body extrusion in the univariate 
analysis were high BMI, presence of Heberden’s nodes, varus malalignment, a history of knee injury, 
mild knee symptoms (‘knee pain in the last year’), K&L grade ≥1, and quadriceps muscle strength. 
Only the presence of Heberden’s nodes was associated with lateral meniscal body extrusion (β 0.284, 
p=0.066). In the multivariable analysis, high BMI (β 0.047, p=0.029), varus malalignment (β 0.333, 
p=0.010), presence of mild knee symptoms (β 0.422, p=0.003), and K&L grade ≥1 (β 0.653, p<0.001) 
were associated with medial meniscal body extrusion. 

CONCLUSION: High body mass index and varus malalignment are potentially modifiable factors 
associated with medial meniscal body extrusion in women. The cross-sectional design limits our 
possibility to make causal inferences. However, meniscus extrusion may be a key event on the causal 
pathway between obesity and high risk of knee OA. 
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SEX- AND AGE-DIFFERENCES IN LAYER-SPECIFIC FEMOROTIBIAL CARTILAGE T2 
RELAXATION TIME IN HEALTHY REFERENCE KNEES - DATA FROM THE OAI 
 
1Wehr B., 1Eckstein F., 1Maschek S., 2Roemer F., 1Wirth W., 
1Paracelsus Medical University, Salzburg, Austria & Chondrometrics GmbH, Ainring, Germany; 
2Boston Imaging Core Lab, Boston, MA & University of Erlangen, Germany 
 
INTRODUCTION: Previous studies suggest that knee cartilage T2 relaxation times depend on age, but 
not on sex. However, these studies a) did not control for structural disease status that is likely to play a 
role in elderly participants, b) were mostly focused on patellar cartilage, and/or c) did not differentiate 
T2 per cartilage laminae (e.g. superficial versus deep).  
 
OBJECTIVE: To evaluate sex- and age differences in laminar femorotibial cartilage relaxation time 
(T2) in healthy knees of elderly persons without risk factors of knee OA. 
 
METHODS: We examined the right knees of all 92 OAI healthy reference cohort participants (age 
54.7±7.5y; BMI 24.4±3.1), who had no radiographic signs (central readings), knee pain, or other risk 
factors of KOA at baseline. Laminar femorotibial cartilage T2 was determined from 3T OAI multi-
echo spin echo MRIs (resolution: 0.3x 0.3x 3.0mm, repetition time: 2700ms, echo time: 10, 20, 30, 40, 
50, 60, and 70ms, first echo excluded) by manual segmentation of the medial and lateral tibia (MT/LT) 
and the weight-bearing part of the medial/lateral femoral condyle (cMF/cLF). T2 was computed for 
each voxel in the superficial and deep layer, defined by a 50% distance between the cartilage surface 
and bone interface. T2 times and the superficial vs. deep T2 ratios were compared for values averaged 
over all 4 femorotibial cartilages (primary outcome) and for individual plates (exploratory). 
Comparisons were made between right knees of 37 men vs. 55 women, and between participants in the 
younger vs. older tertile (age: 47.5±1.2y vs. 63.5±6.0y), using unpaired t-tests. 
 
RESULTS: The superficial vs. deep cartilage T2 ratio across all 4 femorotibial cartilages was observed 
to be somewhat greater in men than women (1.29±0.06 vs. 1.26±0.07 ms [mean±SD]), but the 
difference failed to reach statistical significance (p=0.05). The superficial vs. deep T2 ratio did not 
differ between participants from the younger vs. older tertile (p=0.38). Neither deep nor superficial 
layer T2 differed between men and women (p=0.20/0.48, respectively; Fig. 1) or between participants 
from the younger and older tertile (p=0.67/0.76, Fig. 1). No significant correlation was observed 
between age and the superficial vs. deep cartilage T2 ratio (r=0.01) or with laminar femorotibial 
cartilage T2 over the 4 femorotibial cartilages (deep /superficial: both r=0.08). In exploratory analyses, 
a weak positive correlation was observed between age and cLF deep layer T2 in male knees (r=0.38, 
p=0.02). Further, the LT superficial vs. deep T2 ratio (1.39±0.07 vs. 1.35±0.07, p=0.01) and the MT 
superficial T2 (42.6±2.9 vs. 40.7±2.6 ms, p=0.002) was observed to be greater in men vs. women. 
 
Figure 1: Deep and superficial cartilage T2 (mean±95% CI) in femorotibial cartilages of the OAI 
healthy reference cohort: men vs. women (left) and the younger vs. older tertile (right)  

 
CONCLUSIONS: This study does not reveal a consistent relationship between laminar cartilage T2 vs. 
sex and age, across an age span of 45-78y. The strength of the current study is that the subjects studied 
were free of signs, symptoms, and risk factors of knee OA (OAI reference cohort).  Observations may, 
however, differ in population-based approaches that include participants with (risk of) knee OA. 
 
SPONSOR: Paracelsus Medial University research fund (PMU FFF) E-13/17/090-WIR 
DISCLOSURE STATEMENT: Chondrometrics GmbH & Boston Imaging Core Lab 
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CHANGES IN CARTILAGE QUALITY (DGEMRIC) FOLLOWING KNEE JOINT DISTRACTION OR 
HIGH TIBIAL OSTEOTOMY; A TWO-YEAR FOLLOW-UP 
 
Besselink N.J., Mastbergen S.C., Vincken K.L., Concepcion A., Marijnissen A.C.A., Lafeber F.P.J.G 
 
Rheumatology & Clinical Immunology, UMC Utrecht, The Netherlands 
  
INTRODUCTION: Knee joint distraction (KJD) and high tibial osteotomy (HTO) have been demonstrated 
to result in a progressive decrease in pain, normalisation of function, and increase in medial cartilage 
thickness on weight bearing x-rays and quantitative MRI analysis. Moreover an increase in serum collagen 
type II synthesis over breakdown was found. This suggests mechanically resilient hyaline cartilage repair 
activity.  
 
OBJECTIVE: To investigate the change in radiographic JSW and in quality of the repaired cartilaginous 
tissue using dGEMRIC after KJD or HTO treatment.  
 
METHODS: Of 40 patients with medial compartmental knee OA treated with KJD (n=20) or HTO (n=20), 
from two randomized controlled trials, dGEMRIC MRI was performed at baseline and two years post-
treatment. After automatic noise-reduction, phase correction, and image registration (all sequences rigidly 
transformed to TI 1650 ms), a T1 map was reconstructed by voxelwise fitting using the Levenberg-
Marquardt method. From each patient timepoint six ROIs (aMF, cMF, pMF, aMT, cMT, pMT) were 
delineated on the central slice through the medial tibiofemoral joint and two adjacent slices, by two 
independent observers, blinded for treatment. Inter-observer reproducibility was assessed by intraclass 
correlation coefficient (ICC) using 172 ROIs (8 KJD and 4 HTO). WOMAC and VAS pain scores were 
available. Mean JSW of the medial compartment (MC), average JSW, and minimal JSW were evaluated on 
standardized semi-flexed x-ray acquisitions using Knee Images Digital Analysis (KIDA). Differences 
between pre-and post-treatment values for both treatments (normally distributed) were evaluated by paired 
sample t-test. To compare the pre- and 2 years post-treatment change between both treatments an unpaired 
sample t-test was performed.  
 
RESULTS: For both the HTO and KJD group, three patients were lost to follow up. Two years after 
treatment a statistically significant increase in WOMAC and decrease in VAS Pain compared to baseline 
was observed (∆ WOMAC 35.2±13.4 and 31.9±13.7, both p=0.000 for KJD and HTO resp.; and ∆VAS 
Pain -28.4±23.4 and -35.0±21.0, both p=0.000 for KJD and HTO resp.). Mean medial and minimal JSW 
statistically significant increased over 2 years in the HTO and KJD group (∆ medial JSW 1.01 ±1.18 
p=0.007 and 1.11±0.86 p=0.000, for KJD and HTO resp.;  ∆ min. JSW 0.87±0.82 p=0.015 and 0.81±1.21 
p=0.023, for KJD and HTO resp.). Inter-observer reproducibility of the dGEMRIC values of the ROIs was 
high (ICC=0.96). No statistically significant differences were found between pre- and 2 years post-
treatment dGEMRIC values for the separate 
ROIs as well as for the average for the medial 
compartment in either of the treatment arms 
(see table). An increase in mean medial and 
min JSW correlated with an increase in 
cartilage quality in the lateral compartment 
after KJD (R=0.631 and 0.616, both p<0.05) 
but not after HTO (p=0.20 and p=0.40). 
 
CONCLUSION: There was no statistically significant difference in cartilage quality based on the 
dGEMRIC analyses of the cartilaginous tissue, while a statistically significant increase of JSW was found, 
two years after treatment of medial compartmental OA by HTO and KJD. Moreover, KJD led to a slight 
increase in cartilage quality in the less affected compartment. 
 
DISCLOSURE STATEMENT: F.P.J.G. Lafeber CSO, shareholder, co-founder ArthroSave i.f. 
CORRESPONDENCE ADDRESS: n.j.besselink-3@umcutrecht.nl  
 
 
 

 KJD  HTO  Both 
 ∆T1(ms) p ∆T1(ms) p T1 (ms) range 
mean -8.38 0.638 -22.59  0.407 455-1000 
aMF +21.69 0.565 -62.53 0.182 420-1088 
cMF +1.00 0.975 -121.87 0.072 390-1088 
pMF -38.85 0.051 -52.88 0.202 489-958 
aMT +6.62 0.863 +23.59 0.369 366-941 
cMT +43.00 0.121 +49.50 0.084 381-985 
pMT -25.08 0.239 -7.71 0.725 365-1060 
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AUTOMATED IMAGE REGISTRATION INCREASES THE EFFICACY OF HUMAN KNEE T1 
MAPPING USING DGEMRIC 
 
Besselink N.J., Mastbergen S.C., Vincken K.L., Concepcion A., Marijnissen A.C.A., Lafeber F.P.J.G 
 
Rheumatology & Clinical Immunology, UMC Utrecht, The Netherlands 
  
INTRODUCTION: Regions of interest in the medial and femoral cartilage are manually delineated on the 
image with optimal cartilage distinction (FSPGRTI=1,650). During dGEMRIC acquisition, patient motion might 
occur, possibly causing inaccuracies within an image and misalignment between the dGEMRIC images. 
These inaccuracies lead to imprecision of the T1 mapping due to suboptimal voxelwise fitting of the 
dGEMRIC signal. Image processing is utilized to minimalize these deviations and optimize the fit.  
 
OBJECTIVE: To evaluate the effect of automated image pre-processing on the efficacy of the voxelwise 
fitting and consequently the effect on the generated T1-maps. 
 
METHODS: 40 patients treated for medial compartmental knee OA with either knee joint distraction (KJD) 
or high tibial osteotomy (HTO) underwent dGEMRIC MRIs at baseline and two years post-treatment. All 
images were considered individual, unpaired acquisitions, yielding a total of 109 images. Three in-house 
developed algorithms were evaluated (implementing a nonlinear least-squares fitting using the Levenberg-
Marquardt algorithm). ImageXplorer (IX) applies a phase correction and smoothing algorithm (previously 
published). Matlab algorithm v1 implements equal pre-processing as IX, with the addition of noise 
reduction. Matlab v2 equals Matlab v1 with the addition of an intensity-based rigid image registration.  
 
RESULTS: IX fitted on average 86.6% of the ROIs (mean T1: 606±105ms), Matlab v1 fitted 87.0% (mean 
T1: 607±119ms), and Matlab v2 fitted to 92.1% (mean T1: 649±110 ms). Fitting efficacy and average T1 
values were statistically significantly increased for Matlab v2 when compared to IX (∆eff: 5.2±6% and 
∆T1: 42±60ms, both p<0.001), and Matlab v1 (∆eff: 5.0±6% and ∆T1: 42±63ms, both p<0.001).  
 
CONCLUSION: Image registration not only greatly improves the efficacy of the fitting, it also has a major 
impact on the generated T1 map (Fig 1), influencing the dGEMRIC values of the ROIs therefore also 
influencing this qualitative measure of cartilage quality.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DISCLOSURE STATEMENT: F.P.J.G. Lafeber CSO, shareholder, co-founder ArthroSave i.f. 
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Fig 1. A) Cartilage is segmented on a T1-
weighted image (FSPGRTI=1,650) . The effect 
of the various pre-processing steps on the 
fitting and consequently on the dGEMRIC 
T1 maps can be seen in B) Matlab v2, C) 
Matlab v1, and D) ImageXplorer. 
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ADIABATIC T1ρ AND T2ρ IN ARTICULAR CARTILAGE ARE ASSOCIATED WITH 
STRUCTURAL CHANGES IN EARLY OSTEOARTHRITIS 
 
1,2 Casula V., 3,4 Nissi M.J., 1,5 Podlipská J., 2,6 Haapea M., 1,2,6 Saarakkala S., 7 Guermazi A., 6 
Lammentausta E., 1,2,6 Nieminen M.T. 
 
1 Research Unit of Medical Imaging, Physics and Technology, University of Oulu, Oulu, Finland  
2 Medical Research Center, University of Oulu and Oulu University Hospital, Oulu, Finland  
3 Department of Applied Physics, University of Eastern Finland, Kuopio, Finland 
4 Diagnostic Imaging Center, Kuopio University Hospital  
5 Infotech Oulu, University of Oulu, Oulu, Finland 
6 Department of Diagnostic Radiology, Oulu University Hospital, Oulu, Finland 
7 Quantitative Imaging Center, Department of Radiology, Boston University School of Medicine, 
Boston, Massachusetts, USA 
 
INTRODUCTION: Preclinical studies have shown the superior sensitivity of adiabatic T1ρ (AdT1ρ) 
and T2ρ (AdT2ρ) relaxation times in assessing cartilage degeneration as compared to established 
quantitative MR parameters. In the present study the potential of these techniques in detecting signs of 
early osteoarthritis was investigated.  
 
OBJECTIVE: to determine the association of AdT1ρ and AdT2ρ with physical symptoms and MRI-
based structural abnormalities in cartilage and bone. 
 
METHODS: Study participants (n = 30, age range: 50-70 y) were selected from the OKOA (Oulu Knee 
Osteoarthritis Study) cohort, including 15 early OA patients and 15 volunteers with normal joint 
function, matched for age and sex. Physical symptom data were evaluated using the WOMAC 
questionnaire. Patients and volunteers underwent 3T knee MRI (Siemens Skyra). The protocol included 
six sequences: PD-TSE (TR/TE = 2800/33 ms, flip angle = 150 deg, matrix = 346x384 px2, FOV = 
140x140 mm2, 35 sag slices (3 mm thickness)); FS PD-SPACE (1200/26 ms, 120 deg, 236x256 px2, 
160x160 mm2, 176 sag slices (0.6 mm)); T1-TSE (650/18 ms, 150 deg, 320x320 px2, 130x130 mm2, 
25 cor slices (3 mm)); T2 mapping-multi echo spin echo (1680ms/five TEs between 13.8 and 69 ms, 
384x384 px2, 160x160 mm2, 18 sag slices (3 mm)); AdT1ρ mapping (trains of 0, 4, 12, 16 adiabatic 
full-passage HS4 pulses, pulse duration 6 ms, γB1max  = 800 kHz; FLASH readout: 4000/3.6 ms, 15 
deg, 256x256 px2, 180x180 mm2, 2 sag slices (3 mm)); adiabatic T2ρ mapping (adiabatic full-passage 
HS4 pulse train between adiabatic half-passage pulses).The clinical MR images were evaluated using 
using the MRI OA Knee Scoring (MOAKS) system, and AdT1ρ, AdT2ρ and T2 were determined in 24 
manually segmented cartilage subregions in lateral and medial central condyles. Comparisons using the 
Mann-Whitney nonparametric test were performed after dividing the study participants according to 
physical symptoms or presence of cartilage lesions, bone marrow lesions or osteophytes. 
 
RESULTS: Elevated AdT1ρ and AdT2ρ of articular cartilage were associated with different OA signs 
including cartilage loss (differences in means 17-36%, p-values = 0.020-0.038), and osteophytes (14-
26%, 0.007-0.047) in several regions. Elevated AdT1ρ was also associated with symptoms (12%, 
0.009) and bone marrow lesions (13%, 0.024). 
 
CONCLUSION: AdT1ρ and AdT2ρ of cartilage were associated with structural abnormalities of 
cartilage and bone, and thus may be applicable for in vivo OA research and clinical use. 
 
SPONSOR: Academy of Finland (grants No 260321, 285909 and 293970); Medical Research Center, 
University of Oulu and Oulu University Hospital, Oulu, Finland. 
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CARTILAGE AND SUBCHONDRAL BONE ANALYSES ACROSS THE TIBIA IN HUMAN 
OSTEOARTHRITIC KNEE VERSUS NORMAL KNEE: A MICRO-CT STUDY 
 
Bouhadoun H*, Engelke K**, Laredo JD ***, Chappard C* 
 

*B2OA, UMR CNRS 7052, University Diderot-PRES Sorbonne Paris Cité, Paris, France 
**Institute of Medical Physics, University of Erlangen-Nürnberg, Erlangen, Germany 
***Service de Radiologie Ostéo-Articulaire, Hôpital Lariboisière, Paris, France 
 
INTRODUCTION: Cartilage, meniscus and subchondral bone represent a functional unit. The destruction of 
articular cartilage seems to be the main feature of OA, meniscus plays an important role in load bearing 
transmission and the change of subchondral bone is suspected to exacerbate the degeneration of cartilage.   
OBJECTIVE: To determine differences in trabecular subchondral bone and cartilage thickness between 
osteoarthritic (OA) and normal knees in two locations, either covered by meniscus or not.  
METHODS: In a population of 40 cadaveric left knees (24 women and 16 men, mean age: 79.1 years±8.2, range 
63-90), the Kellgren-Lawrence (KL) score was determined from post mortem radiographs: KL=0 (n=11), KL=1 
(n=16), KL=2 (n=4), KL=3 (n=7) and KL=4 (n=2). 27 knees with KL=0 and KL=1 were considered as controls 
(n=17 women, n=10 men) and the remaining (n=6 women and n=6 men) were considered as OA. After 
dissection, 2 vertical cores (7 mm in diameter) were extracted in the central region of the medial tibial plateau 
(S1) not covered by meniscus a peripheral location (S2) fully covered by the meniscus. Each core was imaged 
with micro-CT (SkyScan 1172; pixel size 10.23 m). Cartilage thickness (Cart.Th,mm), subchondral cortical 
plate thickness (SBP_Th,mm) and porosity (SBP_porosity,%) were measured. In the first 1-5 mm and then 6-10 
mm beneath the subchondral bone plate: Bone Volume/Total Volume (BV/TV,%), Trabecular Number 
(Tb.N,1/mm), Trabecular Thickness (Tb.Th,mm), Trabecular Separation (Tb.Sp,mm), Degree of Anisotropy 
(DA), Structure Model Index (SMI) and Trabecular Bone Factor (Tb.Pf) were measured. 
To investigate differences between OA and controls, an ANCOVA with age as covariate was performed 
separately for men and women (see table).  
RESULTS: 
 Uncovered by meniscus (S1) Covered by meniscus (S2) *p<0.05, ** p<0.01 
1-5 mm OA  Control  OA  Control  , ¥ p<0.001 
Men (n=6) (n=10) (n=6) (n=10) There was a lower cartilage 

thickness in OA for S2 in 
women. There were no 
differences in SBP. For bone 
BV/TV and Tb.N differed 
significantly independent of 
location in women and only 
in S1 for men. Tb.Th and 
Tb.Sp differed significantly 
in both locations in women. 
Tb.Pf and SMI also differed 
significantly in S1 in both 
gender. At 6-10mm, there 
was no difference of any 
parameters between OA and 
controls in both men and 
women 
(data not shown). 

Cart_Th 2.05±0.70 2.34±0.45 1.66±0.24 1.99±0.49 
SBP_Th 0.58±0.16 0.73±0.25 0.40±0.14 0.50±0.24 
SBP_porosity 13.0±5.25 20.0±5.1 15.9±9.1 16.7±8.1 
BV/TV(%) 42.6±9.7* 33.8.±9.4 28.0±7.2 26.0±7.2 
Tb.Th(mm) 0.194±0.04 0.193±0.04 0.174±0.02 0.160±0.03 
Tb.N(1/mm) 2.24±0.59** 1.75±0.29 1.60±0.16 1.61±0.26 
Tb.Sp(mm) 0.39±0.08 0.47±0.10 0.49±0.05 0.48±0.06 
Tb.Pf -6.54±7.4** -0.86±2.2 0.46±2.43 0.68±0.57 
SMI -1.25±2.2** 0.43±0.67 0.64±0.60 1.05±2.56 
DA 1.40±0.17 1.48±0.20 1.77±0.36 1.67±0.27 
Women (n=7) (n=17) (n=7) (n=17) 
Cart_Th 1.86±0.86 2.29±0.40 1.30±0.50** 1.69±0.18 
SBP_Th 0.58±0.22 0.61±0.16 0.42±0.13 0.44±0.16 
SBP_porosity 19.4±7.7 17.2±5.2 18.9±4.8 19.1±8.3 
BV/TV(%) 31.1±5.8¥ 19.8±7.1 25.2±3.9* 15.2±7.5 
Tb.Th(mm) 0.17±0.01* 0.15±0.02 0.15±0.02¥ 0.13±0.02 
Tb.N(1/mm) 1.79±0.26¥ 1.26±0.31 1.60±0.21* 1.13±0.35 
Tb.Sp(mm) 0.43±0.07¥ 0.58±0.1 0.45±0.04** 0.60±0.10 
Tb.Pf 0.24±1.9** 3.3±2.0 1.89±1.55** 4.96±3.38 
SMI 0.58±0.53** 1.2±0.31 0.90±0.27 1.24±0.51 
DA 1.36±0.14** 1.76±0.38 1.69±0.26 2.08±0.48 
 
CONCLUSION: Subjects with OA showed altered subchondral trabecular bone structure in the first 5 mm 
beneath the subchondral plate further below OA related differences were not detected. The differences between 
OA and control subjects look stronger in areas not covered by meniscus compared in areas covered by meniscus 
(no difference in men). In OA subjects, BV/TV and Tb.N were increased in the first 5 mm with a lesser impact 
on cartilage and cortical subchondral plate whatever the location under the meniscus.  
SPONSOR: ANR MODOS N° ANR-09-TECS-018 and ANR VOXELO N° ANR-12-TECS-0018 
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SUBCHONDRAL BONE ANALYSES ACROSS THE TIBIA IN HUMAN NON OSTEOARTHRITIC KNEE: 
A HIGH RESOLUTION PERIPHERAL COMPUTED TOMOGRAPHY STUDY 
 
Youssef R*, Sevestre Ghalila S*, Boudahoun H**, Engelke K***, Laredo JD **, Chappard C** 
 

*CEA Linklab TELNET Innovation labs, Ariana, Tunisia  
**B2OA, UMR CNRS 7052, Diderot University, Paris, France 
***Institute of Medical Physics, University of Erlangen-Nürnberg, Erlangen, Germany 
 
 
INTRODUCTION: While destruction of articular cartilage seems to be the main feature of osteoarthritis (OA), 
the change of subchondral bone is suspected to exacerbate cartilage degeneration. Characteristics of subchondral 
bone are largely influenced by local mechanical conditions. Seventy five percent of the load across the knee is 
carried by the medial compartment; however, the local variation of the subchondral bone structure across 
different compartments of the tibial plateau is unknown.  
OBJECTIVE: To determine trabecular density and subchondral bone structure in the medial and lateral 
compartments in normal subjects or subjects with mild OA.  
METHODS: In a population of 40 cadaveric left knees (24 women and 16 men, mean age: 79.1 years±8.2, range 
63-90), the Kellgren-Lawrence (KL) score was determined from post mortem radiographs. 28 (n=18 women, 
n=10 men) were considered as normal with KL=0 (n=12) or KL=1 (n=16). High-resolution peripheral scans 
(XtremeCT, Scanco®) were performed (voxel size=82 µm) to analyze an approximately 8 cm thick layer of 
subchondral bone.. Trabecular bone volume fraction (BV/TV) in dedicated volumes of interest (VOIs) was 
derived from trabecular density in mg HA/cm3, assuming that fully mineralized bone has a mineral density of 1.2 
g HA/cm3. The VOIs were determined as follows: First, slices to be included were selected by an operator based 
on morphological criteria. Second, an automatic construction of convex hulls with partitioning in 4 VOIs, 
anterior and posterior in the medial and lateral tibial plateaus was performed excluding the central region of the 
tibial spines. BV/TV was determined in a depth of 1-5 mm (D1) and of 6-10mm (D2) beneath the subchondral 
bone plate.  
The significance of differences between medial and lateral compartments, anterior and posterior regions and 
between D1 and D2 was determined by a T test.  
RESULTS: 
n=28 Medial Plateau Lateral Plateau P Ant/Post 

(Med/Lat) 
P Med/Lat 
(Ant/Post) 

 Anterior Posterior Anterior Posterior   
BV/TV_D1 12.0±5.3 16.4±6.3 9.2±4.4 15.8±8.6 <10-4/<10-4 10-4/ns 
BV/TV_D2 9.3±3.9 7.8±3.8 6.6±3.5 8.6±3.9 10-4/2.10-4 10-4/3.10-2 
P (D1/D2) <10-4 <10-4 <10-4 <10-4   
For both compartments, BV/TV for D1 was higher than for D2 (p<10-4); BV/TV in posterior was higher than in 
anterior compartments (p<2.10-4). BV/TV in anterior but not in posterior areas was higher in the medial than in 
the lateral plateau. 
 
CONCLUSION: There is a large heterogeneity of trabecular bone volume fraction in the tibial plateau with 
respect to the medial versus lateral compartments, the antero-posterior positions and depending on depth below 
the subchondral plate. We speculate that these differences are related to local load variations.  
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MULTI-STRUCTURE JOINT SHAPE PREDICTS CARTILAGE THINNING 
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1 Biomediq, Copenhagen, Denmark 
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3 University Medical Center Utrecht, the Netherlands 
 
INTRODUCTION: Knee mal-alignment is a known biomechanical risk factor for OA. Recent research 
has demonstrated relationships between bone shape, particularly of the tibia, and OA. Less is known 
about the importance of the shape of the other joint structures or the shape of the joint as a whole.  
 
OBJECTIVE: We investigated the predictive information in 3D shape models of the cartilage 
compartments as well as the joint multi-object model for prediction of future cartilage loss.  
 
METHODS: The study included two epidemiological community cohorts. The first cohort from the 
Center for Clinical and Basic Research (CCBR) included 159 subjects from the greater Copenhagen 
area with baseline and 21 months follow-up MRI scans acquired using an Esaote C-span 0.18T 
scanner. The second cohort was the ERGO-3 sub-cohort from the Rotterdam Study including 859 
subjects with baseline and 5 year follow-up MRIs acquired with a GE Signa Excite 1.5T scanner. All 
knees with both BL and FU scans were used (266 and 1323 knees, respectively) including a total of 
3178 knee MRIs in the study. Using an automatic segmentation and modelling framework, each scan 
was modelled using a 3D joint shape model. For CCBR, the joint model included the tibia, and the 
medial tibial and femoral cartilages. For ERGO-3, the model included medial and lateral tibial and 
femoral cartilages. For BL and FU scans, the mean thickness was quantified for cartilage 
compartments. The joint models were composed of 6849 and 4788 points with anatomical 
correspondences optimized by the computational framework. The BL shape model point coordinates 
were evaluated for the ability to predict progressors using partial least squares dimensionality reduction 
followed by linear discriminant analysis. Progression was defined by the change in tibial cartilage 
thickness from BL to FU. The evaluation was performed using repeated, randomized cross-validation. 
The predictive ability was summarized by the difference in percentage change between the predicted 
progressor and non-progressor group, with statistical significance given by a two-sided, unpaired t-test. 
The evaluation was performed for each anatomical structure and for the whole joint model.  
 
RESULTS: The differences between cartilage thinning in the predicted progressor and non-progressor 
groups are given for each compartment below. Positive values, given in %, indicate higher cartilage 
loss for the progressors. Statistical significance is marked * for p<0.05, ** for p<0.01, *** for p<0.001.  

Compartment CCBR  ERGO-3  
Whole joint 1.75 *** 1.14 *** 
All cartilages 1.21 ** 1.09 *** 
Tibia 0.94 *  
MT 1.02 * 0.39 * 
LT  0.79 *** 
MF 1.26 ** 0.61 *** 
LF  0.73 *** 

 
CONCLUSION: The results demonstrated cartilage thinning prediction from the BL shape of the 
cartilages, both individually and when grouped into a joint model. Surprisingly, the predictive 
information in the cartilage shapes was as strong as for the tibia shape. The multi-object shape 
information captured by “All cartilages” or “Whole joint” may capture joint articulation, meniscal 
subluxation, and joint rotation. On-going investigation will visualize the shape aspects providing the 
predictive information, add additional cohorts with more bone shapes, and investigate if the prediction 
is independent of other known risk factors. If so, these shape descriptors may add insight into OA 
etiology and be applicable as prognostic markers for study population selection. 
 
SPONSOR: This research has received funding from the D-BOARD consortium, a European Union 
Seventh Framework Programme (FP7/2007-2013) under grant agreement n° 305815. 
DISCLOSURE STATEMENT: Erik B Dam is a shareholder of Biomediq.  
CORRESPONDENCE ADDRESS: erikdam@biomediq.com, +45 3917 9450 
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RELATIONSHIP OF THIGH INTERMUSCULAR AND SUBCUTANEOUS FAT CONTENT TO 
KNEE OA STATUS, SEX AND THE BODY MASS INDEX– DATA FROM THE OAI 
 
Dannhauer, T., Steidle-Kloc, E., Wirth, W., Eckstein, F. 
Institute of Anatomy, Paracelsus University Salzburg & Nuremberg, Salzburg, AUSTRIA 
 
INTRODUCTION: Both the thigh intermuscular (IMF) and subcutaneous fat (SCF) content has been 
shown to be associated with knee joint function and knee OA. Whereas total thigh fat content can be 
readily measured by dual energy X-rays absorptiometry (DXA), the individual analysis of SCF and - in 
particular – of IMF tissue content requires advance image analysis technology. The relationship of IMF 
content with knee OA status, sex, and BMI has not been systematically explored. 
 
OBJECTIVE: To test a) whether the IMF content differs between subjects with symptomatic and 
radiographic knee OA vs. those without OA, b) whether IMF differs between men and women (when 
normalized to bone size), and c) to what extent IMF is associated with BMI in men and women.  
 
METHODS: Of 4796 OAI participants, those with missing MRI acquisitions of the thigh, KL or pain 
scores, or demographic variables were excluded. Of the remaining 3837 participants, those without knee 
OA (KLG=0; no frequent or infrequent symptoms during the past 12 months), and those with knee OA 
(KLG≥2; frequent symptoms) in at least one knee were included. Knees with knee OA in one, and 
without knee OA in the contralateral knee were excluded. The remaining 1645 knees (one per 
participant) were grouped into 4 BMI strata: normal (18.5-25), pre-obese (25-30), obese class I (30-35), 
obese class II (35-40). Within each of these 4 strata, 76 participants (19 men/ 19 women with knee OA, 
and 19 men/ 19 women without knee OA) were matched 1:1 for body height (±5 cm) and age (±5 y) 
within each sex, and for age (±5 y) between men and women (total n = 304 participants). Axial 3T MRI 
images (T1-weighted spin echo) at a defined anatomical location of the thigh (33% from distal to 
proximal of the femoral length) were analyzed. Custom software was used to segment and analyze IMF, 
SCF, quadriceps and hamstring muscle, and femoral bone cross-sectional areas (CSA). 
 
RESULTS: The IMF content (normalized to bone area) was somewhat (13%) greater in men with knee 
OA than in those without knee OA, when analyzed across all BMI strata (p=0.019; paired t-test). The 
SCF content, in contrast, was smaller (-11%) in men with knee OA than in those without (p=0.048). No 
significant difference between OA and non-OA knees was, however, recorded in women in either IMF 
(p=0.58) or SCF (p=0.96)). The SCF content (normalized to bone area) was substantially greater in 
women than in men without ROA (+149%, p<0.001), and so was the IMF, albeit not as much as the 
SCF (+47%, p<0.001). Normalized IMF area was significantly associated with BMI (r²=61% in men; 
44% in women) and so was the normalized SCF area (r²=51% and 31%, respectively). Significant, but 
much smaller correlations also were observed for quadriceps (r²=8% in men; 8% in women) and 
hamstring muscle CSAs (r²=20% and 10%; respectively). 

 
Figure 1: IMF content (normalized to bone area) in different BMI strata (mean±SD, unit less) 

 
CONCLUSION: IMF was observed to be greater in men with knee OA than in those without, whereas 
SCF was found to be smaller in men with knee OA than in men without. Neither IMF nor SCF was 
found to be different in women with and without knee OA. The correlation of IMF content with BMI 
was as least as strong as that for SCF, whereas muscle CSA displayed a weak association with BMI. 
 
SPONSOR: Paracelsus Medical University research fund (PMU-FFF): E-13/18/096-DAH. 
DICLOSURE STATEMENT: Part time employment by Chondrometrics GmbH. 
ACKNOWLEDGMENT: Linda Jakobi for segmentation and Adam Culvenor for statistical advice. 
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A NEW DOTA-FOALTE CONJUGATE (CM09) FOR IMAGING OF FOLATE RECEPTOR EXPRESSING 
MACROPHAGES IN A RAT MODEL OF OSTEOARHTRITIS. 

 
de Visser H.M.1, Korthagen N.M.1, Müller C.2, Lafeber F.P.J.G.1,Beekman F 3, Krijger G.1, Ramakers R. 3, 
Mastbergen S.C.1,Weinans H.1,4 
1 UMC Utrecht, Utrecht, The Netherlands, 2 Center for Radiopharmaceutical Sciences, PSI, Villigen-PSI, 
Switzerland, 3 MIlabs bv, Utrecht, The Netherlands 4 TU Delft, Delft, The Netherlands 
 
INTRODUCTION: Inflammation in experimental OA can be monitored using animal SPECT/CT with a DOTA-
folate radioconjugate targeting the folate receptor that is specifically expressed on activated macrophages. However, 
the increase in folate receptor expression on macrophages in OA animal models is small and radioactivity 
accumulates in the kidneys. This is mostly a consequence of the rapid clearance of folic acid conjugates from the 
blood circulation and specific binding to the folate receptor which is expressed in the renal proximal tubule cells. A 
novel DOTA-folate conjugate (cm09) was recently developed with a low-molecular weight albumin-binding entity 
that enhances the blood circulation time of this conjugate, thereby improving the distribution of folate 
radioconjugates in the target tissue. In particular for its application in OA, where macrophages may be low abundant 
in the affected joint, this new radiotracer has potential applications. 
 
OBJECTIVES: 1) To evaluate the in-vivo characteristics of the new 111In-Folate-conjugate (111In-cm09) in an OA 
animal model. 2) Compare the amount of systemic accumulation of the new folate conjugate (111In-cm09) to a 
control folate conjugate compound (111In-EC0800) without albumin binding entity. 
 
METHODS: In twelve, 16 weeks old, male Wistar rats OA was induced by an intra-articular injection of mono-
iodoacetate (1mg) in one knee joint and PBS (50µL) in the contralateral knee joint. Four weeks after OA induction, 
the folate conjugates were radiolabeled with 111InCl3 at a specific activity of 20MBq/nmol and administrated via the 
lateral tail vein (60MBq, 3 nmol, in 600 µL of PBS) under sedation. In addition, the specificity of the technique was 
tested by blockade of the FRβ by injection of an 500-fold excess of folic acid (100µg in 100 µL of PBS) 
immediately before radiofolate administration in 2 animals. SPECT/CT was performed 24 hours after radiolabeled 
folate administration with a high specificity rat multipinhole collimator (VECtor4CT, MIlabs bv, Utrecht, The 
Netherlands). In-vivo whole-body and focused knee SPECT/CT images were obtained in all rats. Acquisition time 
was 55 minutes (48 minutes for SPECT and 7 minutes for µCT) per total body scan and another 50 minutes (46 
minutes for SPECT and 4 minutes for µCT imaging) for the focused knee scans. 
 
RESULTS: Labeling of compound cm09 had a high efficiency and a radiochemical purity of more than 98%. Four 
weeks after MIA induction in-vivo imaging with SPECT/CT resulted in a higher uptake in the experimental knee 
joint compared to the contralateral knee joint (116 ± 9.6 kBq vs. 95 ± 11.4 kBq) for cm09 at 24 hours after injection. 
Renal accumulation was significantly reduced compared to the folate conjugate without albumin binding entity (-
64,0%). An excess amount of folic acid almost completely blocked the uptake of radioactivity after 24 hours, 
observed in the MIA induced knee joints with a decrease of  99%, confirming the folate receptor specificity of the 
new compound. 
 
CONCLUSION: Macrophage activation can clearly be demonstrated in-vivo, using the new 111In-Folate-conjugate 
(111In-cm09) in a small animal MIA model of OA. In parallel, the albumin binding entity resulted in a significant 
decrease of kidney retention compared to the control folate conjugate, thereby improving the determination of the 
activity in the inflamed tissue. Therefore, folate radiotracer cm09 is suitable for SPECT imaging in small animal 
models of OA with specific binding to the folate receptor.  
 
SPONSOR: The research leading to these results has received partial funding from the European Union Seventh 
Framework Programme under grant agreement n◦305815 and the Dutch Arthritis Foundation (LLP-22). 
DICLOSURE STATEMENT: Two co-authors are employees of MIlabs bv. the manufacturer of VECtor4CT. 
CORRESPONDENCE ADDRESS: h.m.devisser-4@umcutrecht.nl 
 
FIGURE1: Increased activity in the new 111In-Folate-conjugate with albumin binding entity (Left) compared to a 
control folate conjugate compound without albumin binding entity (Right). 
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INTEGRATION OF ACCELERATED MRI AND POST-PROCESSING SOFTWARE: A FAST, 
ACCURATE, AND PRECISE METHOD FOR STUDIES OF KNEE OSTEOARTHRITIS 

 
Duryea J., Cheng C., Schaefer L., Smith S., Madore B.,  

Brigham and Women's Hospital, Harvard Medical School, Boston, MA, 
 
INTRODUCTION: Magnetic resonance imaging (MRI) is a powerful tool for visualizing structural 
changes of knee osteoarthitis (KOA).  However, for clinical studies, MRI is expensive due to both 
acquisition and reading costs.   
 
OBJECTIVE: Using accelerated MRI acquisition methods, it is possible to reduce scan time 
substantially while preserving much of the image quality. The high cost of reader evaluation can be 
reduced by using automated software methods to measure structural changes on the images.  The goal 
of this study is to directly address the high cost of MRI by evaluating a new protocol for KOA that 
integrates fast acquisition and automated post processing methods to jointly address both main factors 
that contribute to costs. 
 
METHODS: Ten healthy volunteers were recruited, (5 males and 5 females) with an average age of 
32.5 +/- 9.1 years.  A single knee of each subject was imaged using a 3.0 T scanner (Siemens 
Healthcare) with an 8-channel knee coil (Invivo Corporation) and three different MRI scans were 
acquired, each based on the 3D dual-echo steady state (DESS) pulse sequence.  These included a 
conventional DESS, and two experimental scans: Accelerated (DESS-Acc), and a multi-echo time, 
(DESS-MTE). The acquisition times were 11.0 , 5.8 , 10.2 minutes for the DESS, DESS-Acc, and 
DESS-MTE respectively.  DESS-MTE was acquired with essentially no acceleration compared to 
DESS, but employed a novel scheme that enabled an additional measurement of the cartilage T2 
relaxation time, a known biomarker for early KOA.  Cartilage volume (V) was determined in a 
subregion of the weight-bearing medial compartment femur using semi-automated software 
segmentation.  Accuracy was defined as the agreement of V between conventional DESS and each of 
the experimental scans.   For measuring T2 precision, two DESS-MTE acquisitions were made with 
subject repositioning in between.  Intra-class correlation coefficients (ICCs), root-mean square standard 
deviation (RMSSD), and the coefficient of variation (CoV) were used to quantify the agreement.  The 
reader (LS) performed a second evaluation of all 40 scans to measure reader reproducibility.   
 
RESULTS: Table 1 provides the accuracy and reproducibility results.  The average reader times were 
12.0, 12.2, and 10.4 minutes/scan for the DESS, DESS-Acc, and DESS-MTE respectively.  The data 
indicate that DESS-Acc is an accurate and precise surrogate for conventional DESS.  The results 
suggest that DESS-MTE is less accurate compared to DESS.  This may be a result of a 5-10% 
systematic decrease in cartilage volume observed for the DESS-MTE scans, possibly due to artifacts 
associated with this acquisition.  For future studies, a correction could be applied.  No loss of precision 
(reader reproducibility) was observed for DESS-Acc or DESS-MTE compared to DESS. The T2 
repositioning precision (5.8%) compares favorably to the literature. 
 
CONCLUSIONS: Our data demonstrate that accurate and precise measurements of cartilage volume 
are possible with an MRI scan acquired nearly twice as fast as a conventional scan.  Furthermore, the 
DESS-MTE scan provides precise measurement of T2 with no additional increase in acquisition time.    
Given the high level of accuracy and precision we report, it is likely that further reductions in 
acquisition time for both DESS-Acc and DESS-MTE are possible with minimal loss of image quality.  
Combining accelerated MRI with post-processing software is potentially a revolutionary tool that can 
be used to reduce the cost of KOA studies.        
 DESS-

Acc vs. 
DESS 
(Volume) 

DESS-MTE 
vs DESS 
(Volume) 

DESS Reader 
precision 
(Volume) 

DESS-Acc 
Reader 
precision 
(Volume) 

DESS-MTE 
Reader 
precision 
(Volume) 

DESS-MTE 
vs DESS-
MTE (T2) 

ICC 0.99 0.96 0.99 0.99 0.99 0.92 

RMSSD 23.0 mm3 39.6 mm3 23.6 mm3 18.7 mm3 17.8 mm3 1.46 msec 

CoV 3.7% 6.6% 3.8% 3.0% 3.1% 5.8% 

Table 1. Accuracy, precision results for cartilage volume and T2 measurements.   
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QUANTITATIVE CARTILAGE THICKNESS CHANGE IN RADIOGRAPHICALLY NORMAL 
KNEES WITH AND WITHOUT OA RISK FACTORS - DATA FROM THE OAI 

 
Eckstein F.1,2, Wirth W.1,2, Maschek S.1,2, Kwoh CK3, Sharma L.4  
1Paracelsus Medical University, Salzburg, Austria; 2Chondrometrics GmbH, Ainring, Germany;  
3University of Arizona College of Medicine, Tucson, AZ; 8 Northwestern University, Chicago IL 
 
INTRODUCTION: Quantitative cartilage thickness change, as measured by MRI, has been intensively 
explored as an imaging biomarker of structural progression in knee OA, and its sensitivity has been 
reported for various radiographic baseline disease severity strata. However, whether significant 
femorotibial cartilage change occurs in knees without radiographic knee OA, and whether it differs 
between knees from persons with and without common risk factors for knee OA, is unknown. 
 
OBJECTIVE: 1) To explore location-independent and region-specific measures of quantitative 
cartilage thickness change by MRI in knees without any evidence of radiographic knee OA in either 
knee; 2) To test the hypothesis that knees from persons with common risk factors for knee OA display 
significantly greater cartilage thinning (and thickening) than knees from persons without risk factors. 
 
METHODS: In the Osteoarthritis Initiative, a longitudinal cohort study of knee OA, we assessed the 
right knees of participants without any signs of radiographic knee OA (bilaterally KLG0; centralized 
readings). Of 755 knees, 77 were from healthy reference OAI participants (no pain, no risk factors for 
knee OA, 60% female; age 55.4±7.3y; BMI 24.4±3.2 kg/m²) and 678 from incident cohort participants 
(various levels of pain and risk factors of knee OA, 57% female; age 59.6±8.8y; BMI 26.7±4.2 kg/m²).  
The femoro-tibial cartilages were segmented and subregional thickness change was computed from 
year 1 and 4 (Y1/Y4) follow-up MRI data, using the sagittal DESS sequence and Chondrometrics 
software. Thinning (and thickening) scores were computed by summarizing all negative (and positive) 
subregion changes in each participant (primary analysis). Subregions and ordered values (OV) of 
subregional change were included as exploratory outcomes. Changes were reported including 95% CIs; 
statistical comparisons between both groups were made using the unpaired Welch t-test and Cohen D. 
 
RESULTS: In KLG0 knees with risk factors (risk cohort), the cartilage thinning score over 3 years 
exceed the thickening score by approx. 20% and was significantly greater than the thinning score in 
healthy reference cohort knees (Table 1: p=0.002). Cartilage thickening scores, however, were similar 
between both groups. 9 (of 16) OVs suggested greater thinning in the “risk cohort”  compared with the 
reference cohort (Table 1), whereas only 2 subregions (cLT; icMF) suggested greater thinning, and 2 
regions (iMT, ccMF) less thickening in “risk cohort” than in reference cohort knees (data not shown). 
 
Table 1: 3-year cartilage thickness change in KLG0 knees with risk factors (RFs) for knee OA (“risk 
cohort”) vs. those without RFs (healthy reference cohort); + = thickening; - = thinning. 

 
KLG0 knees at risk  KLG0 knees healthy ref. P-Value Effect size 

[µm] Mean SD 95% CI  Mean SD 95% CI T-Test Cohen's D 
Thinn. Score -634 516 -673 -596 -501 319 -573 -429 <0.01 -0.27 
Thick. Score 529 366 501 556 537 308 467 607 0.83 -0.02 
OV 1 -166 121 -175 -157 -142 91 -163 -122 0.04 -0.20 
OV 2 -116 85 -122 -109 -98 55 -110 -85 0.01 -0.22 
OV 3 -88 69 -94 -83 -75 48 -86 -64 0.03 -0.20 
OV 16 143 80 137 149 144 74 127 160 0.97 0.00 
 
CONCLUSIONS: Among individuals without radiographic evidence of OA in either knee, knees from 
persons at higher risk for OA experienced significantly greater cartilage thinning than those from 
persons without risk factors for knee OA, whilst the observed magnitude of cartilage thickening was 
similar between groups. Greater thinning in KLG0 knees with risk factors was most prominent in the 
(central) lateral compartment; yet, location-independent analysis was superior to region-specific 
analysis in elucidating these subtle between-group differences. 
 
SPONSOR: Grants from NIH/NIAMS R01 AR052918, and NIH/NHLBI HHSN2682010000 21 
DISCLOSURE STATEMENT: Chondrometrics GmbH 
ACKNOWLEDGMENT: The OAI investigators, participants, the Chondrometrics readers. 
CORRESPONDENCE ADDRESS: felix.eckstein@pmu.ac.at  
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QUANTITATIVE CARTILAGE THICKNESS CHANGE PRECEDING SURGICAL AND VIRTUAL KNEE 
REPLACEMENT STATUS - COMPARATIVE ANALYSIS USING DATA FROM THE OAI 

 
Eckstein F.1, Hannon M.J.2, Fujii T.3; Boudreau R.M.2, Wirth W.1, Maschek S.1, Guermazi A.3,4, Roemer F.4,5, Nevitt M.6, 
Ladel C.7, Sharma L.8 Hunter DJ9, Kwoh CK2,10 

 

1Paracelsus Medical University, Salzburg, Austria & Chondrometrics GmbH, Ainring, Germany; 2University of Pittsburgh 
School of Medicine, Pittsburgh, PA; 3Boston University School of Medicine; 4Boston Imaging Core Lab (BICL), LLC, 
Boston, MA, 5University of Erlangen-Nuremberg, Erlangen, Germany; 6University of California, , San Francisco, CA; 7 

Merck KGaA, Darmstadt, Germany; 8 Northwestern University, Chicago IL, US; 9 University Sydney, Sydney, Australia; 
10University of Arizona College of Medicine, Tucson, AZ 
 
INTRODUCTION: Quantitative cartilage loss was found to be greater in knees prospectively undergoing surgical (sKR+), or 
reaching virtual knee replacement status as defined by symptoms only (vKR+), than in matched controls (sKR-/vKR-). These 
findings suggest that cartilage loss is related to clinical outcomes and is a useful (and validated) imaging biomarker for 
disease modifying OA drugs. However, magnitudes of cartilage loss in sKR+ and vKR+ cases, relative to controls and to 
radiographic change, have not been studied in parallel. 
 
OBJECTIVE: 1) To examine the relationship between cartilage loss and surgical/virtual KR case/control status; 2) to 
compare discrimination of combined surgical/virtual KR vs. control status between MRI-based cartilage vs.  radiographic 
JSW loss, the accepted standard for disease modifying OA drug trials by regulatory bodies. 
 
METHODS: Image and clinical data were obtained from the Osteoarthritis Initiative (OAI). Femorotibial cartilage loss was 
determined from segmentation of sagittal DESSwe images (Chondrometrics) and radiographic JSW loss from fixed flexion 
radiographs (Jeff Duryea). 134 sKR+ cases were matched 1:1 to sKR- controls without an sKR up to 60M follow-up, by sex, 
age (±5y), baseline central reading KLG, and compartment affected by radiographic JSN. Another sample comprised 83 
vKR+/vKR- case-control-pairs matched by the same criteria that displayed high (top 10%; vKR+) or low (lowest 20%; vKR-
) probability of being a sKR. Probabilities were derived from clinical data of the OAI, with the best-predicting model relying 
on current knee pain (KOOS) and quality of life scores, and 2-year change in pain. vKR+ knees had to display greater pain 
when reaching vKR+ status than at baseline, and to maintain pain and QOL levels at the visit after reaching vKR+. sKR+ 
knees that also met vKR+ criteria were rematched with vKR controls for a combined analysis. Cartilage and JSW loss was 
determined at the time point prior (T0) to reaching sKR+ or vKR+ status as well as two years earlier (T-2). Knees had to 
display sKR+, vKR+, sKR- or vKR- status at 36M, 48M, or 60M to be included in this study. All analyses reported were 
conditional logistic regression with controls matched to the case knees.   
 
RESULTS: Of 134 sKR+ cases, 58 met vTK+ status before becoming sKR+ (sKR+/vKR+), whereas 76 did not (sKR+/vKR-
). Of the 134 sKR- controls, 3 displayed vKR+, and 31 vKR- status at the time of matching.  
2-year medial femorotibial compartment (MFTC) cartilage loss was substantially greater in the sKR+ cases than in matched 
sKR- controls (-256±405 µm vs. -100±191 µm [mean±SD]; odds ratio [OR] 6.5 [95% confidence interval 2.7, 15.9]). The 58 
sKR+/vKR+ cases displayed somewhat greater MFTC cartilage loss (-302±481µm than the 76 sKR+/vKR- cases (-
222±334µm); respectively, the ORs for these groups were 5.4 [1.8,15.9] and 8.8 [2.0, 37.9]) relative to sKR- controls. When 
56 (of 58) sKR+/vKR+ cases were compared to matched vKR- rather than sKR- controls, the OR was found somewhat 
greater (7.2 [2.2, 23.1] vs. 5.4 [1.8,15.9], due in part to the lower rates of cartilage loss in vKR- (-73±191 µm) than in sKR- 
controls (-96±213 µm). In vKR+ cases, MFTC cartilage loss was about twice greater than in vKR- controls (n=83; -138±237 
µm vs. -72±185 µm; OR 5.6 [1.2, 27.1]. When “sKR+/vKR+” and “vKR+ only” cases were combined (n=139) and were 
compared with vKR- controls, the OR of MRI-based cartilage loss was 6.4 [2.5, 16.6]. In the 111 case/control pairs that had 
MRI and radiographic JSW loss measurements, ORs were 4.7 [1.8, 12.3] (MRI), 1.6 [1.1, 2.4] (mJSW) and 1.9 [1.2, 2.9] 
(x=22.5% JSW), and were 1.3 [1.1, 1.6] (MRI), 1.3 [1.1, 1.7] (mJSW) and 1.4 [1.1, 1.8] (x=22.5% JSW), respectively, when 
the ORs were standardized to the SD observed in controls. 
 
CONCLUSIONS: These observations reveal distinct and significant associations of surgical and virtual knee replacement 
case and controls status with femorotibial cartilage loss. They confirm a significant relationship between an MRI-based 
imaging marker of structural progression and relevant clinical outcomes in knee OA that is comparable to that of 
radiographic JSW, a currently approved imaging biomarker for structure modification.  
 
SPONSOR: Grants from MerckKGaA (Darmstadt, Germany) and the NIH (NIH/NHLBI Contract No. HHSN2682010000 21 
[POMA]; N01-AR-2-2258 [OAI CC], NIH/NIAMS R01 AR052918 [Sharma] 
DISCLOSURE STATEMENT: Chondrometrics GmbH, BICL, MerckKGaA, consulting for EMD Serono 
ACKNOWLEDGMENT: The OAI investigators, participants, the Chondrometrics readers; Jeff Duryea. 
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Figure 1: Mean T2 relaxation times of 6 regions at 5 centers. Bars indicate 
95% CI 

CARTILAGE T2 RELAXATION TIMES: REPRODUCIBILITY IN A MULTICENTER TRIAL  
 

Eijgenraam S. 1,2, Verschueren J. 1,2, Bron E. 1,3, Reijman M.2, Klein S.1,3, Wielopolski P. 1, Hernandez Tamames J. 1, Oei E. 1 
 
Depts. of Radiology & Nuclear Medicine 1, Orthopedic Surgery 2, and  Medical Informatics 3, Erasmus MC University, Medical Center Rotterdam, The Netherlands 
 

INTRODUCTION:  STARR (A Study of Traumatic meniscal tears, Arthroscopic resection versus Rehabilitation) is 
a multicenter RCT into the treatment of traumatic meniscal tears in which one of the outcomes is early knee 
cartilage degeneration on MRI after 2 years. At all participating centers, an MRI protocol was developed including 
morphological sequences and T2 mapping. An important challenge is the diversity of MRI equipment from various 
MRI vendors and diversity in MRI protocols used. Little is known about the reproducibility of quantitative MRI 
techniques for cartilage acquired on MRI scanners from different vendors and with varying field strengths.  
OBJECTIVE: To prospectively determine the multivendor reproducibility of T2 mapping for cartilage.  
METHODS: Four healthy subjects were MR scanned at five sites in one day. T2-mapping of the same knee was 
acquired of each subject at all sites. MRI scanners from different vendors and field strengths were used along with 
varying T2-mapping sequence parameters (Table 1). At one site a sagittal high resolution sequence (3D FSPGR) 
was also performed for cartilage segmentation which was subsequently propagated to all T2 mapping images. Mean 
T2 relaxation times were calculated in 6 cartilage regions of interest, i.e. the medial and lateral weight-bearing and 
posterior cartilage of the femoral condyles and tibial plateaus, using in-house developed post-processing software 
that incorporates automated rigid registration in 3D for motion correction. 
 

 Center 1 Center 2 Center 3 Center 4 Center 5 
Scanner 3-T Discovery MR750, 

GE Healthcare, 
Milwaukee, WI, United 
States 

1.5-T Aera, Siemens, 
Erlangen, Germany 

1.5-TAera, Siemens, 
Erlangen, Germany 

3-T Skyra, Siemens, 
Erlangen, Germany 

3-T Achieva dStream, 
Philips Healthcare, Best, 
The Netherlands 

Sequence type 3D FSE  SE SE SE TSE 
Echo times 5 

(3.1;13.4;27.0;40.7;68.1 
ms) 

8 
(8;16;24;32;40;48;56;
64 ms) 

6 
(13.8;27.6;41.4;55.2;
69;82.8 ms) 

8 
(8.5;17;25.5;34;42.5;51
;59.5;68 ms) 

9 
(7.3;14.6;22.9;36.5;43.8;51.
1;58.4;65.7 ms) 

Matrix 288x192 192x144 256x256 256x190 300x247 
Slice 
thickness/spacing 

3/0 3/0.2 3/0.3 3/0.4 3/0.3 

No of slices 36 28 30 27 40 
FOV (cm) 15 18 16 18  15 
Coil  8-channel S&R rigid 15-channel S&R rigid   15-channel S&R 

rigid  
15-channel S&R rigid 8-channel knee R rigid  

Table 1: Sequence parameters of T2 mapping sequence used in participating centers 
 

RESULTS: Large variations were found between sites in mean T2 relaxation times per cartilage region (Fig. 1). 
However, between-subject differences in T2 relaxation times were consistently reproduced at each center (Fig. 2). 
CONCLUSION: Given the low reproducibility between sites obtained in this pilot study, the multicenter 
applicability of T2 mapping seems challenging due to the different MRI equipment and T2 mapping protocols. The 
consistent between-subject differences in T2 relaxation times warrant further investigation into longitudinal 
reproducibility within sites, which is particularly relevant for STARR-trial patients who will all be followed-up with 
MRI on the same scanner as baseline. Also, MRI protocol harmonization at all participating sites will be pursued.  
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Figure 1: Mean T2 relaxation times of subjects per center (all cartilage regions 
pooled) 
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SYNCHROTRON MICRO-COMPUTED TOMOGRAPHY REVEALS CHANGES IN THE 
MORPHOLOGY OF OSTEO- AND CHONDROCYTES WITH OSTEOARTHRITIS SEVERITY 
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INTRODUCTION: Bone sclerosis is a hallmark of OA. Furthermore, at material level osteoarthritic 
bone tissue has been shown to be hypomineralized, which is characteristic of immature bone tissue. 
Thus, we hypothesize that cellularity and cellular hypertrophy increases in both subchondral bone and 
calcified cartilage with OA severity. 
 
OBJECTIVE: To quantify osteocyte and chondrocyte morphology in subchondral bone and calcified 
cartilage at different grades of OA by using synchrotron micro-computed tomography (SRµCT) 
 
METHODS: Seven cylindrical osteochondral samples were prepared from patients treated with TKA. 
Samples were imaged at the Canadian Light Source (Saskatoon, SK, Canada) on the Biomedical 
Imaging and Therapy insertion device (BMIT-ID, 05ID-2) beamline for SRµCT.  Beamline adjusted to 
produce x-rays with 31keV. Pixel size was set to 1.5µm and 720 projections were collected over 180 
degrees. Flat-field correction was manually applied for each projection set and reconstructions were 
performed in Skyscan Nrecon-software (v. 1.6.9, Bruker microCT). Analyses were performed with the 
CTAn-software (v.1.15.4.0, Brüker microCT, Kontich, Belgium). First calcified cartilage (CC) was 
manually segmented to provide tissue specific region of interest (ROI). Next CC ROI was subtracted 
from the image stack and subchondral bone ROI was segmented by using thresholding. Under these 
ROI’s osteocytes and chondrocytes were segmented and their morphology was analyzed with 
individual object analysis function. Samples were finally processed for histology and evaluated with 
OARSI histopathological grading system. 
 
RESULTS: Main results are shown in Figure 1. Both osteo- and chondrocyte volumes increased with 
OARSI grade. Similar positive correlation was found for the osteocyte volume fraction. Moreover, 
osteocytes showed linear change in their shape by becoming more round with higher OARSI grades as 
indicated by the structure model index. 
 
CONCLUSION: Our data shows increased cell volume in both osteo- and chondrocytes with OA 
severity. Osteocyte morphology and cellularity indicate that deposited bone tissue in osteoarthritis is 
more immature by nature. Furthermore, chondrocytes in calcified cartilage became more hypertrophic 
with increasing osteoarthritis severity. 

  
Figure 1. Visualization of osteocytes in subchondral bone and chondrocytes in calcified cartilage form 
SRµCT (on the left). Correlation analysis (on the right) showed was association between the 
osteoarthritis histological grade and both osteo- and chondrocyte volumes as well as osteocyte volume 
fraction and structure model index. 
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MEDIAL MENISCAL EXTRUSION IS ASSOCIATED WITH MEDIAL TIBIAL OSTEOPHYTE DEVELOPMENT 

AND THE DEGENERATION OF MEDIAL MENISCUS IN EARLY-STAGE OF KNEE OSTEOARTHRITIS 

*Hada S., * **Ishijima M., *Kaneko H., **Liu L., *Kinoshita M., *Arita H., *Shiozawa J., *Anwarjan Y., *Takazawa Y., 

*Ikeda H., ***Okada Y., * **Kaneko K. 

* Dept. of Med. for Orthopaedics and Motor Organ, ** Sportology Ctr., *** Department of Pathophysiology for 

Locomotive and Neoplastic Diseases, Juntendo Univ. Graduate Sch. of Med., Tokyo, JAPAN 

INTRODUCTION: Medial meniscus extrusion (MME) has been revealed to be associated with the cartilage damage and 

disease progression in knee osteoarthritis (OA). However, these studies provided no direct evidence for the mechanisms 

of MME formation. Osteophyte is the most frequently observed sign of knee OA. Since osteophyte is composed of 

cartilage- and bone-parts, which were developed by the process similar to the endochondral ossification, and the cartilage-

part cannot be detected by plain radiograph or conventional MRI, we hypothesized that these methods underestimate the 

sizes of the osteophytes. 

OBJECTION: The osteophyte distance, which is consisted of the cartilage- and bone-parts, in patients with early-stage 

knee OA was accurately evaluated using T2 mapping MRI and whether there was an association between the osteophyte 

and MME was examined. We also evaluated the osteophyte in the pre-stage knee OA patients longitudinally. These 

associations were also evaluated in the end-stage knee OA patients and the non-knee OA volunteers. 

METHODS: The patients with early-stage knee OA (K/L 1/2, n=50), those with anterior cruciate ligament torn-induced 

pre-stage knee OA (K/L 0/1, n=20), those with end-stage knee OA (K/L 4, n=4), and the non-OA volunteers in their 

twenties (K/L 0, n=20) were enrolled. MRI-detected knee OA changes were scored semi-quantitatively. Osteophyte 

distance were quantified by T2 mapping MRI and histology. 

RESULTS: The medial tibial osteophyte distance was associated with MME by a multiple logistic regression analysis (β: 

0.63, p<0.0001), and T2 values of the medial meniscus were also associated with MME of the early-stage knee OA, who 

showed ≥3 mm of MME (r: 0.58, p<0.01). A longitudinal analysis of the pre-stage knee OA indicated that MME was 

significantly increased between the two time points examined (2.5 vs. 2.0 mm, p<0.0001), and the percent increase of 

MME was associated with that of medial tibial osteophyte distance (r: 0.73, p<0.0001). The accuracy of osteophyte 

evaluation by T2 mapping was confirmed by the histological analysis in end-stage knee OA (ICC: 0.96). MME was 

associated with the medial tibial osteophyte distance (cartilage-part, 0.4 mm; bone-part, 0.5 mm) in the non-OA volunteers 

(r: 0.93, p<0.001). 

CONCLUSION: MME is associated with the medial tibial osteophyte development and may contribute to the 

degeneration of medial meniscus in early-stage of knee OA. 
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EVALUATION OF TWO MULTI-ATLAS CARTILAGE SEGMENTATION MODELS FOR KNEE 
MRI: DATA FROM THE OSTEOARTHRITIS INITIATIVE 

*Hansson N.M., *Achterberg H., **Oei, E.H.G., *Klein S.  

* Biomedical Imaging Group Rotterdam, Depts. of Medical Informatics & Radiology, Erasmus MC, 
Rotterdam, The Netherlands.                                                                                                                     
** Dept. of Radiology, Erasmus MC, Rotterdam, The Netherlands. 

INTRODUCTION: Multi-atlas segmentation has been applied in various formulations to the 
segmentation of cartilage in knee MR images. A comparison of classic multi-atlas segmentation with a 
more advanced multi-atlas appearance segmentation model, which incorporates the gray-level 
appearance of a structure, is instructive for future construction of knee segmentation pipelines. 

OBJECTIVE: Our aim was to evaluate the use of automated multi-atlas segmentation with and without 
the addition of an appearance model, for the segmentation of femoral and tibial cartilage in knee MR 
images from the Osteoarthritis Initiative (OAI) dataset.  

METHODS: OAI MRI data set release 1.C.2 (12 month) was used in this study.  A subset (n=32) of 
left knee sagittal DESS MRI volumes was selected from the iMorphics vendor dataset, which includes 
manual segmentations. In this study, we focus on the femoral cartilage and the lateral tibial articular 
cartilage. The data was automatically segmented using a multi-atlas segmentation model with and 
without the addition of an appearance model. The multi-atlas segmentation method is based on 
registering multiple atlas images to the unlabeled target image and creating the segmentation by a 
majority vote among the registered atlas images. The multi-atlas appearance model extends the multi-
atlas segmentation model by addition of information about a structure’s appearance, in form of its gray-
level voxel intensity distribution in the MRI volume and derived measures such as Gaussian scale 
space features, encoded by a random forest classifier. We used parameter settings for our model 
typically used in neuro-radiological applications (segmentation of brain structures), for which these 
models are well-proven. The methods were evaluated by 5-fold cross-validation, using Dice coefficient 
as evaluation measure. 

RESULTS: For multi-atlas without appearance we obtained a mean Dice score over cross-validation 
folds of 80.4% for femoral cartilage and 81.5% for lateral tibial cartilage. Corresponding results with 
the addition of an appearance model (exemplified in Fig. 1) were 84.6% and 85.0%.  

CONCLUSION: The addition of an appearance term to the classic multi-atlas segmentation model 
improves the results of the segmentation of articular cartilage. The obtained Dice scores are 
approximately at the level of state-of-the-art algorithms (~85%). We see great potential for 
improvements, such as adding more atlases, concurrent use of several structures that move together, 
optimized parameter selection, and refined appearance models. 

 

 

Figure 1. Ground truth (green), multi-

atlas appearance automatic 
segmentation (red), overlap (brown).  
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DIFFERENCES IN TIBIAL SUBCHONDRAL BONE STRUCTURE ASSESSED USING PLAIN 
RADIOGRAPHS BETWEEN KNEES WITH AND WITHOUT CARTILAGE DAMAGE OR BONE 
MARROW LESIONS - THE OULU KNEE OA STUDY 
 
1Hirvasniemi J, 1Thevenot J, 2Guermazi A, 1Podlipska J, 2,3Roemer F.W., 1,4Nieminen M.T., 
1,4Saarakkala S 
 

1. University of Oulu, Oulu, Finland, 2. Boston University School of Medicine, Boston, MA, USA  
3. University of Erlangen-Nuremberg, Erlangen, Germany, 4. Oulu University Hospital, Oulu, Finland 
 
INTRODUCTION: Subchondral bone structure can be evaluated from 2-D plain radiographs with 
texture analysis methods, and it is related to the true 3-D microstructure of bone. The differences in 
subchondral bone structure from radiographs among subjects with and without morphological changes 
of articular cartilage or BMLs in MRI has not been thoroughly clarified yet. 
 
OBJECTIVE: to investigate whether subchondral bone structure as characterized by local binary 
patterns (LBP)-based methods and fractal signature analysis (FSA) is different between subjects with 
and without i) articular cartilage damage and ii) BMLs. 
 
METHODS: Subjects (n = 80, aged 34-70 years) with different stages of knee OA (KLGs from 0 to 4) 
from the Oulu Knee OA study were included. Radiographs of the subjects were resampled to the pixel 
size of 143 x 143 µm2. A region of interest (ROI) (size: 14 mm x 6 mm) was placed into medial 
subchondral bone in the center of the medial and lateral tibial condyles, and another ROI (14 mm x 14 
mm) immediately below the dense subchondral bone area in the trabecular bone. Bone structure was 
evaluated from the radiographs using FSA and LBP-based methods. Randomness of local patterns was 
assessed using entropy of the grouped patterns (ELBP). The homogeneity index of the local angles 
(HIAngles) was calculated to measure the continuity of the main orientation of the adjacent bone patterns. 
Finally, the FSA method was used to estimate fractal dimension of horizontal (FDHor) and vertical 
(FDVer) structures, related to the complexity and roughness of an image. Within 6 months from 
radiography, all subjects were scanned with 3 Tesla MRI scanner (Siemens Skyra, Siemens Healthcare, 
Germany). Medial tibial articular cartilage defects and BMLs were scored using the MRI OA knee 
score (MOAKS). Subjects without medial tibial cartilage defects were compared with subjects with any 
defect in the anterior, central, or posterior tibia. Subjects without BMLs were compared with subjects 
with any BML in the medial anterior, central, or posterior part of tibia. Analysis of covariance was 
used to compare the bone structure between groups with and without cartilage defects or BMLs using 
IBM SPSS 22 software (IBM SPSS, USA). Bone structural parameters were adjusted with gender, age 
and body mass index. 
 
RESULTS: Subjects with medial tibial cartilage lesions had significantly higher FDHor in medial 
trabecular bone (2.57±0.11 vs 2.63±0.11, p=0.013), higher FDVer and ELBP in subchondral (FDVer: 
2.57±0.11 vs 2.63±0.11, p<0.001; ELBP: 3.72±0.06 vs 3.74±0.04, p=0.005) and trabecular bone regions 
(FDVer: 2.82±0.10 vs 2.88±0.10, p=0.001; ELBP: 3.62±0.08 vs 3.66±0.07, p=0.007), and lower HIAngles in 
trabecular bone (0.70±0.01 vs 0.69±0.01, p=0.002). Subjects with medial tibial BMLs had significantly 
higher FDHor in medial trabecular bone (2.61±0.09 vs 2.65±0.08, p=0.007), higher FDVer and ELBP and 
lower HIAngles in medial subchondral (FDVer: 2.78±0.10 vs 2.84±0.09, p=0.007; ELBP: 3.73±0.05 vs 
3.75±0.03, p=0.049, HIAngles: 0.69±0.01 vs 0.68±0.01, p=0.024) and trabecular bone (FDVer: 2.84±0.11 
vs 2.89±0.09, p=0.001; ELBP: 3.63±0.05 vs 3.67±0.07, p=0.039, HIAngles: 0.71±0.01 vs 0.71±0.01, 
p=0.010). 
 
CONCLUSION: Medial subchondral and trabecular bone structures from 2-D plain radiographs were 
different between subjects with and without medial tibial articular cartilage damage as well as between 
subjects with and without medial tibial BMLs. Due to cross-sectional data, we could not study the 
causality of the tissue changes. Analysis of the subchondral bone structure from plain radiographs 
should be considered as a complementary tool for the evaluation of OA. 
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THE RELATION OF SUPEROLATERAL HOFFA’S FAT PAD EDEMA AND SYNOVITIS TO 
CARTILAGE DAMAGE AND BONE MARROW LESIONS IN THE PATELLOFEMORAL AND 
TIBIOFEMORAL JOINTS: THE MOST STUDY 
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INTRODUCTION: Localized superolateral Hoffa’s fat pad (SHFP) edema has recently gained interest 
in the radiologic literature, and is thought to be a separate entity from Hoffa’s synovitis. SHFP edema 
is hypothesized to result from impingement between the lateral femoral condyle and the patellar 
tendon, while synovitis has been reported to predict incidence and progression of radiographic OA. 
 
OBJECTIVE: To determine the relation of SHFP edema and Hoffa-synovitis to cartilage damage and 
bone marrow lesions (BMLs) in the patellofemoral (PF) and tibiofemoral (TF) joints. 
 
METHODS: The Multicenter Osteoarthritis (MOST) study is a NIH-funded longitudinal cohort study 
of older individuals with or at risk for knee OA. We used data from the 60-month study visit where all 
eligible subjects had knee MRI assessed for other structural features of knee OA. SHFP edema and 
Hoffa-synovitis (infrapatellar and/or intercondylar) were assessed on sagittal proton density-weighted 
fat-suppressed MRI images by two musculoskeletal radiologists and dichotomized into presence (>1) 
and absence (=0). Cartilage damage and BMLs were scored in the PF and TF joints. We used three 
definitions of structural damage: 1) any cartilage damage (WORMS score of ≥2), 2) full-thickness 
cartilage damage (WORMS score 2.5, 5-6) and 3) any BML (WORMS score of ≥1). We further 
defined the location of PF and TF joint damage in the lateral and medial compartments. Separate 
logistic regression models were used to determine the relation of SHFP edema to our three definitions 
of structural damage in the medial and lateral PF and TF joints, adjusting for age, sex and BMI. The 
same models were used with Hoffa’s synovitis as the exposure instead of SHFP edema. 
 
RESULTS: 1041 knees were included; Mean (sd) age and BMI were 66.8 (7.5) and 29.6 (4.8), 
respectively; 65% were female. SHFP edema and Hoffa-synovitis was present in 12.7% and 59.3% of 
knees, respectively. Compared with knees without SHFP edema, knees with SHFP edema showed 
statistically significant increase in odds of any and full-thickness cartilage damage, and any BML in the 
lateral PF joint only. Compared with knees without synovitis, knees with Hoffa-synovitis showed 
statistically significant odds of any and full thickness damage, and BMLs in all 4 compartments (table). 
 
CONCLUSION: While synovitis is a marker of whole-joint disease, SHFP edema is a surrogate of 
local lateral PF joint disease only. SHFP edema is likely the result of mechanical impingement and 
maltracking leading to local structural abnormalities like cartilage and osseous changes. 
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ASSESSMENT OF MENISCUS WITH qMRI: ADIABATIC T1ρ AND T2ρ IN ASYMPTOMATIC 
SUBJECTS AND PATIENTS WITH MILD OA 
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INTRODUCTION: It has been demonstrated that adiabatic qMRI relaxation parameters in rotating 
frame, namely AdT1p and AdT2p, are superior in detecting early degenerative changes in cartilage over 
numerous other qMRI techniques. Since both cartilage and meniscus consist of a macromolecular 
framework of collagen fibers and proteoglycans, AdT1p and AdT2p are also hypothesized to be more 
sensitive to early meniscal biochemical changes.  
 
OBJECTIVE: To evaluate meniscal biochemical changes in asymptomatic subjects and patients with 
mild OA using adiabatic AdT1p and AdT2p. 
 
METHODS: Quantitative assessment of meniscus was performed with AdT1p and AdT2p mapping 
using a 3 T clinical MRI system (Siemens Skyra) in 15 asymptomatic volunteers and 15 patients with 
mild OA (KL = 1,2). Sagittal images of the knee were acquired using preparation block consisting of a 
train of 0, 4, 8, 12 and 16 adiabatic fast passage (AFP) hyperbolic secant pulses (pulse duration = 6 ms) 
of the HSn family, here HS4; followed by FLASH readout (TR/TE = 4000/3.36 ms, matrix = 256x256, 
FOV = 180x180 mm2, flip angle = 15°, γB1max = 800 Hz). For AdT2p, the AFP pulses were placed 
between two adiabatic half passage pulses. The cohorts were matched for sex and age. MR images of 
all the subjects were separately assessed by an 
experienced radiologist and scored using MOAKS. 
AdT1ρ and AdT2ρ values were calculated in four 
different regions of interests of meniscus (Fig.1). 
Then the calculated data was used to assess (i) 
meniscal biochemical changes in volunteers and 
patients and (ii) meniscus lesion in subjects 
classified based on MOAKS independent of their 
symptoms and KL. Differences in AdT1p and AdT2p 
relaxation times between asymptomatic subjects 
vs. patients, and MOAKS meniscal lesions vs. no 
lesion were compared with Mann-Whitney U 
nonparametric test.  
 
RESULTS: Both AdT1ρ and AdT2ρ in PHMED of patients were significantly longer than their 
respective asymptomatic compartments (p = 0.010, Δ (relative mean difference) = 17.5% for AdT1ρ, p 
= 0.008, Δ = 27.8% for AdT2ρ). Similarly, both AdT1ρ and AdT2ρ of PHMED with lesion were 
significantly longer than their relevant compartments with no lesion (p < 0.001, Δ = 26.4% for AdT1ρ, p 
= 0.019, Δ = 22.0% for AdT2ρ). The longer values of AdT1ρ and AdT2ρ for patients and subjects with 
lesion indicate the severity of meniscal biochemical changes in PHMED. 
 
CONCLUSIONS: Our findings indicate that AdT1ρ and AdT2ρ measurements could not only distinguish 
meniscal degeneration in subjects with clinical symptoms but could also distinguish the lesion in 
subjects clinically assessed by radiologists. AdT1ρ and AdT2ρ relaxation measurements have significant 
implication in detecting and monitoring noninvasively the early biochemical alterations in meniscus 
associated with meniscal lesions, and meniscal lesions are precursors to OA progression. 
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Figure 1: AdT1ρ and AdT2ρ relaxation time map of 
menisci in the medial joint compartment of 
representative subjects. ASYM and PAT correspond 
to asymptomatic and patient status, respectively. 
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CONTRAST-ENHANCED MICRO-COMPUTED TOMOGRAPHY WITH CA4+ REVEALS 
CHONDRONS OF HUMAN CARTILAGE EX VIVO 
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INTRODUCTION:  Contrast enhanced µCT with CA4+ can be used to detect the distribution of GAG in 
articular cartilage. The distribution of CA4+ in articular cartilage is based on the attraction of the positive 
CA4+ molecules to the negatively charged GAGs. However, cationic stains also tend to bind with the 
negative phosphate group of nucleic acids. To date, studies using the contrast enhanced µCT with CA4+ 
have been mostly conducted with insufficient resolution to detect the stainability of chondrons. 
 
OBJECTIVE: By using high resolution µCT 1) to determine whether CA4+ assimilates in chondrons and 
2) to determine if CA4+ assimilation to chondrons affects to macroscopic GAG analysis of human articular 
cartilage with CA4+.  
 
METHODS: Three adjacent cylindrical (diameter 2mm) osteochondral samples from total knee 
arthroplasty patients (n=3, ethics approval PSSHP 78/2013) were immersed in three different 
concentrations of CA4+ (3, 6 & 24 mgI/ml) and imaged with µCT (Skyscan 1272, Bruker; 45 kV, 3.2 µm 
voxel size, 1200 projections, 2 frames/projection, and 3050 ms/frame) in several time points (0 to 48 
hours). Diffusion in the whole articular cartilage was investigated by averaging Hounsfield Unit (HU) 
values inside the whole sample at different timepoints. Because CA4+ assimilated in chondrons, 
segmentation of chondrons from ECM was possible and enabled investigating the diffusion of chondrons 
and ECM separately.  
 
RESULTS: Cationic CA4+ assimilated in chondrons with all tested concentrations (Figure 1A). Different 
diffusion properties between the ECM and chondrons were observed. In the ECM and in the whole sample 
the CA4+ accumulation was similar with the relative change in HU values being less than 2% at different 
timepoints (Figure 1B). 
CONCLUSION: Our results show CA4+ assimilation to chondrons but macroscopic GAG quantification 
with low resolution images would not be remarkably affected by the chondron intake of CA4+. 

Figure 1. A. Images from contrast enhanced µCT with different CA4+ concentrations. On the right, 
Safranin-O stained histological slice from the adjacent plug shows the GAG distribution in the articular 
cartilage. B. CA4+ diffusion profiles. C. The relative difference between the whole sample and ECM 
attenuations across different time points. 
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VALIDATION OF A MODEL-BASED SEMI-AUTOMATED SEGMENTATION ALGORITHM 
FOR MUSCLE AND ADIPOSE TISSUE CROSS-SECTIONAL AREAS AT THE THIGH  
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INTRODUCTION: Muscle strength and adipose tissue are known to affect knee function and have 
been identified as risk factors of incident knee OA. Quadriceps muscle cross-sectional areas (CSA) 
represent an MRI-based “imaging biomarker” that is less dependent on voluntary activation and pain, 
and more sensitive to change, than strength. Further, segmentation of thigh tissues permits quantitative 
analysis of adipose tissue in different compartments of the thigh (subcutaneous vs. intermuscular). 
 

OBJECTIVE: To determine: i) whether an Active Shape Model (ASM) approach, using an Active 
Contour Model (ACM) and k-means clustering post-processing, permits accurate segmentation of thigh 
muscle and adipose tissue CSAs; and ii) whether training effects after 12 weeks training intervention 
previously observed by manual segmentation can be reproduced using the semi-automated 
segmentation approach. 
 

METHODS: The ASM was implemented using Matlab (Mathworks Inc, D.-J. Kroon library) and was 
trained using 117 manual segmentations of axial OAI MR images (T1-weighted 3 Tesla spin echo 
MRI; 0.98 x 0.98 x 5mm spatial resolution) located at 33% of the femur (from distal to proximal). To 
improve segmentation results given the large inter-subject variability, the user was allowed to manually 
correct the shapes identified by the ASM, before ACMs and k-means clustering were employed as 
post-processing steps. This approach was applied to image data from 35 women (age: 51±3 years, 
BMI: 26.5±4.8 kg/m²) who had participated in a 12 weeks lower-limb strengthening (N=16) or 
endurance (N=19) training intervention (3x 60 mins/ week). Semi-automated segmentation was 
obtained from baseline (BL) and 12 weeks follow-up (FU) axial MR images (T1-weighted 1.5 Tesla 
turbo spin echo MRI; 0.78 x 0.78 x 10mm spatial resolution), also located at 33% of the femur (from 
distal to proximal). Semi-automated analysis required approximately 6 minutes per image, compared 
with approximately 60 minutes for the manual segmentation. Agreement of semi-automated vs manual 
analysis was assessed using the DICE similarity coefficient (DSC). Paired t-tests were used to 
determine whether significant changes occurred over the training intervention period. The sensitivity to 
change was assessed using the standardized response mean (SRM = mean / SD of the change). 
 

RESULTS: The DSC (mean±SD) between the semi-automated and manual BL and FU segmentations 
showed a high agreement for subcutaneous (SCF) quadriceps and hamstring muscle, total femur, and 
femoral medulla CSAs (DSC ≥0.95); and a somewhat lower agreement for the adductor (0.85±0.06) 
and sartorius muscle CSAs (0.91±0.04). In the strength training group, significant decreases in SCF 
and intermuscular fat (IMF) CSAs and significant increases in quadriceps, hamstring, and adductors 
CSAs were observed using both approaches (Table 1). In the endurance training group, significant 
decreases in SCF and IMF CSAs and a significant increase in the sartorius ones were observed by both 
approaches (Table 1). The SRMs were similar between both methods, except for the adductors and 
sartorius muscles in the strength training group. 
 

Table 1: Change (in %) in thigh muscle and fat CSAs observed after 12 weeks (* p<0.05, ** p<0.01) 
 
 
 

Strength Training Endurance Training 
Manual Semi-automated Manual Semi-automated 

Mean 95% CI SRM Mean 95% CI SRM Mean 95% CI SRM Mean 95% CI SRM 
SCF -5.9* -11.4, -0.5 -0.58 -6.0* -11.2, -0.8 -0.61 -6.3* -11.7, -1.0 -0.57 -4.8* -9.3, -0.2 -0.51 
IMF -12.2* -21.3, -3.1 -0.71 -10.4** -17.2, -3.5 -0.81 -14.0* -24.7, -3.4 -0.63 -15.8* -29.5, -2.1 -0.56 

Quadriceps 2.7* 0.5, 4.9 0.66 2.7** 0.9, 4.5 0.80 2.0 -1.0, 5.0 0.32 1.5 -1.1, 4.0 0.27 
Flexors 3.1* 0.2, 6.1 0.58 3.4* 0.6, 6.1 0.65 -0.6 -3.2, 2.0 -0.11 0.4 -2.7, 3.4 0.06 

Adductors 10.4** 3.7, 17.0 0.83 9.3* 1.0, 17.5 0.60 -1.6 -16.9, 13.6 -0.05 -0.9 -11.7, 10.0 -0.04 
Sartorius 5.3* 1.4, 9.2 0.72 0.4 -5.5, 6.3 0.04 3.5* 0.6, 6.5 0.57 8.2* 0.04, 16.1 0.50 

 

CONCLUSION: The semi-automated thigh tissue CSA segmentation approach showed a high 
agreement and, more importantly, was able to reproduce the (significant) longitudinal training effects 
on both muscle and adipose tissue compartments, previously observed using manual segmentation. 
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3D ANALYSIS OF CHONDRON MORPHOLOGY OF HUMAN ARTICULAR CARTILAGE 
FROM MICRO-COMPUTED TOMOGRAPHY 
 
*Kestilä I., **Finnilä M.A., *Karhula S.S., *Rieppo L., ***Lehenkari P., *Thevenot J.,  
***Saarakkala S. 
 
* University of Oulu, Oulu, Finland 
** University of Eastern Finland, Kuopio, Finland & University of Oulu, Oulu, Finland 
*** University of Oulu, Oulu, Finland & Oulu University Hospital, Oulu, Finland 
 
INTRODUCTION: Currently available methods to quantify 3D morphology of articular cartilage 
chondrons have been limited to serial sectioning, confocal microscopy, and synchrotron-based µCT. 
Therefore, there is a need for cost-effective method to assess 3D morphology of chondrons within the 
full articular cartilage depth. 
 
OBJECTIVE: To develop a cost-effective sample processing protocol for imaging the morphology of 
articular cartilage chondrons in 3D using desktop µCT. 
 
METHODS: Three cylindrical osteochondral samples (diameter 2 mm) were prepared from human 
medial tibiae (OARSI grades: 1.0, 1.5, 4.0). The samples were fixed in 4% saline-buffered 
formaldehyde, dehydrated in ascending ethanol series, treated with hexamethyldisilazane (HMDS) for 
three hours and then left to dry in room temperature overnight. The samples were then imaged using 
desktop µCT (SkyScan 1272, Bruker; 40kV, 250 µA, 3600 projections, 6 frames/projection, 2000 
ms/frame, isotropic voxel side length 0.75 µm, no additional filtration). Finally, chondrons were 
manually segmented and chondron volume (V), depth in the tissue, structure model index (SMI), and 
sphericity were analysed. 
 
RESULTS: The developed HMDS protocol provided sufficient intrinsic contrast between the 
chondrons and the ECM (Fig. 1, left), allowing segmentation of chondrons and analysis of their 
morphology in 3D (Fig. 1, middle). Chondron volume increased from the cartilage surface towards the 
subchondral bone (Fig. 1, right). The average SMI±SD decreased from the surface (3.14±0.20) to 
approximately 40-50% of the full tissue depth (2.90±0.15), and finally increased until the subchondral 
bone (3.04±0.04). The average sphericity behaved similarly along the articular cartilage depth 
(0.82±0.06, 0.75±0.04, 0.79±0.01). 
 
CONCLUSION: We have developed a cost-effective HMDS-based protocol which allows 3D 
quantification of chondron morphology with the desktop µCT. By increasing the number of samples it 
will be possible to statistically relate the chondron 3D morphology distribution with the OA severity in 
the future. 

 
Figure 1. Left: 2D slice of human cartilage treated with HMDS protocol and imaged with µCT; 
middle: 3D visualization of representative chondrons at different depths (% from cartilage surface) and 
their corresponding volumes; right: chondron volume distribution as a function of relative distance 
from the cartilage surface. 
 
SPONSOR: European Research Council, grant no: 336267; Academy of Finland grant no: 273571, 
268378; Sigfrid Juselius Foundation; Infotech Oulu. 
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EFFECT OF SIMULATED WEIGHT LOSS ON CARTILAGE STRESSES IN OBESE SUBJECTS: 
DATA FROM THE OSTEOARTHRITIS INITIATIVE 
1Klets O., 2Mononen M.E., 2Liukkonen M.K., 1Nieminen M.T., 1Saarakkala S.J., 2,3Korhonen R.K. 
1Research Unit of Medical Imaging, Physics and Technology, Faculty of Medicine, University of Oulu & 
Medical Research Center, University of Oulu and Oulu University Hospital, Oulu, Finland; 2Department of 
Applied Physics, University of Eastern Finland, Kuopio, Finland; 3Diagnostic Imaging Center, Kuopio 
University Hospital, Kuopio, Finland 
 
INTRODUCTION: It is known that obesity is strongly related to the onset and progression of knee 
osteoarthritis (OA) (Powell et al. 2005). Messier et al. (Messier et al. 2005) detected a significant 
relationship between weight loss and reduction in compressive knee joint forces. Cumulative stresses have 
been suggested to show locations in cartilage leading to OA (Mononen et al. 2016).  

OBJECTIVE: To find the relationship between changes in body mass index (BMI) and cumulative stresses 
within articulate cartilage during gait cycle after simulated weight loss in obese subjects, and compare these 
results with normal weight controls. 

METHODS: Finite element models of the knee of three obese subjects (BMI=37±2) who did not have OA 
at a baseline (Kellgren-Lawrence grade (KL)=0) but developed OA in four years (KL=3) and three healthy 
controls (BMI= 23±1) were created based on the baseline 3D-DESS MRI data from the OAI database. 
Cartilage was considered as a transversely isotropic poroelastic material and meniscus as a transversely 
isotropic elastic. For each model, generic input of walking was implemented. Weight loss to BMI=24 in 
obese subjects was simulated. Cumulative maximum principal stresses were calculated during the stance 
phase of gait and compared with healthy controls. 

RESULTS: Peak cumulative stresses within articular cartilage in obese subjects were 10±2 MPa (Figure 1), 
and after the simulated weight loss, they were 6±1 MPa, which was within similar range as in healthy 
control subjects (6±2 MPa). Weight loss by 35±3% decreased the peak values of cartilage cumulative 
stresses by 30±6%. Furthermore, areas of high cumulative stresses were also decreased due to simulated 
weight loss in obese subjects. 

 

FIGURE 1: Cumulative maximum principal stresses during the stance phase of gait in three obese subjects 
with simulated weight loss. 

CONCLUSIONS Substantial reduction in cumulative stresses within articular cartilage was shown in obese 
subjects after simulated weight loss, being in the same range as in healthy controls with normal BMI. 
Increased levels of cumulative stresses have been suggested to be one indicator for the onset of knee OA 
(Miller et al. 2014). This kind of simulation approach presented here may be clinically useful in evaluating 
subject specific effects of weight loss or surgical operations on cartilage responses and possible OA 
progression. 
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MUSCLE ADIPOSITY AND SUBCUTANEOUS FAT IN THE LOWER LEG ARE ASSOCIATED WITH 
WALKING PAIN AND KNEE-RELATED QUALITY OF LIFE IN INDIVIDUALS WITH KNEE OA 
 
1Kontulainen S.A., 2Hunter D.J., 3McLennan C.E., 3Hazel D., 3Talmo C., 4Wilson D.R., 1Johnston J.D. 
 
1University of Saskatchewan, Canada 
2University of Sydney, Australia 
3New England Baptist Hospital, USA 
4University of British Columbia, Canada 
 
INTRODUCTION: Joint pain and limitations in mobility and physical function are associated with impaired quality 
of life in individuals with knee OA. Muscle adiposity and weakness of the thigh muscles have been associated with 
altered gait and progression of OA. Less is known about calf muscle properties in relation to pain and quality of life 
in individuals with OA, despite the importance of plantar flexors in gait and mobility.   
 
OBJECTIVES: We hypothesized that CT-imaged lower leg muscle subcutaneous fat, muscle area (surrogate of 
strength) and muscle adiposity would be associated with knee pain, physical functioning and quality of life (QOL) 
scores in individuals with knee OA.   
 
METHODS: The affected lower leg of 41 participants (15 males, 25 females) was scanned with clinical CT (GE 
Lightspeed, 150 mAs, 120 kVp, Bone filter, 0.625 mm isotropic voxel size,) at the 66% site (66% of tibia length 
proximal to the distal tibia endplate) prior to total knee replacement (Kellgren-Lawrence TF scores 2-4). We used 
custom analyses (Analyze, Matlab) to define subcutaneous fat, muscle area and adiposity from the calf of the 
affected limb. We measured pain severity using the pain subsections of the WOMAC and knee-related QOL by the 
composite and subsection questions of Knee Injury and Osteoarthritis Outcome Score (KOOS) questionnaires. We 
explored associations between imaged muscle and fat outcomes and scores of pain and QOL used Spearman 
correlation coefficients with sexes combined and separately. Significance was set at p<0.05. 
 
RESULTS: Pain while walking on a flat surface was positively associated (rho 0.38, p<0.03) with subcutaneous fat 
at the calf. The QOL composite score (rho 0.36, p=0.027) and scores for ‘modified lifestyle to avoid potentially 
damaging activities to knee’ were positively associated with subcutaneous fat (rho 0.51, p=0.002) but negatively 
associated with calf muscle fat (rho -0.42, p=0.038). When sexes were analyzed separately, subcutaneous fat was 
associated with walking pain (rho 0.52, p=0.015) and calf muscle fat was associated with ‘modified lifestyle to 
avoid potentially damaging activities to knee’ score (rho -0.41, p=0.04) only in females.  Muscle area was not 
associated with pain or quality of life scores.  
 
CONCLUSIONS: Greater subcutaneous fat at the calf was associated with walking pain and poorer quality of life 
and more modifications in lifestyle, particularly in females. Also, lower muscular adiposity was associated with 
more modifications in lifestyle. Findings add to the evidence reported from the thigh and suggest a site-specific role 
of adiposity at the calf on pain and knee-related quality of life in patients with knee OA. 
 
SPONSOR: Unsponsored 
DISCLOSURE STATEMENT: none 
ACKNOWLEDGEMENT: The authors wish to thank the volunteers who participated in this study. 
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MRI-DETECTED CARTILAGE DAMAGE AND MENISCUS DAMAGE PRIOR TO INCIDENT 
RADIOGRAPHIC OSTEOARTHRITIS AND THE SUBSEQUENT TRAJECTORY OF LOSS OF 
JOINT SPACE WIDTH 
1Kwoh C.K., 2,3Roemer F.W., 1Ashbeck E.L., 1Ratzlaff C., 4Duryea J., 2Guermazi A. 
1Division of Rheumatology and Arizona Arthritis Center, University of Arizona, Tucson, AZ; 2Boston University 
School of Medicine, Boston, MA; 3Department of  Radiology, University of Erlangen-Nuremberg, Erlangen, 
Germany; 4Brigham and Women’s Hospital, Harvard Medical School, Boston, MA   
 
INTRODUCTION: Loss of radiographic joint space width (JSW) is the recommended standard to 
define disease progression by regulatory bodies, but both cartilage and the meniscus contribute to JSW 
and neither are directly visualized by radiographic techniques. The extent to which radiographic JSW 
loss reflects cartilage damage vs meniscal damage is unclear. 

OBJECTIVE: To evaluate the impact of MRI-detected medial cartilage and meniscal damage one year 
prior to incident radiographic osteoarthritis (ROA) on the subsequent trajectory of medial JSW over 
three years follow-up. 

METHODS: Knees (n=327) from the OAI that 
developed incident ROA through 48 months of follow-
up were identified based on Kellgren-Lawrence grade 
(KLG) ≥2.  Cartilage and meniscal damage (i.e., tears 
and maceration) were assessed in the year prior to 
incident ROA using MRI Osteoarthritis Knee Score 
(MOAKS), and annual radiographic fixed JSW (fJSW) 
(x=0.250 mm) was assessed over three years of follow-
up.  The sample included n=1,289 fJSW measures in 
327 knees contributed by 301 participants between two 
years prior to incident ROA and up to two years after 
incident ROA detection.  Trajectories of mean medial 
fJSW and 95% confidence intervals (CI) were estimated 
using a mixed model with participant and knee treated 
as random effects (Figure 1). 

RESULTS: Knees with a medial cartilage damage score 
≥1.1 one year prior to incident ROA (compared to knees 
with score of <1.1) had a significantly lower mean 
medial fJSW in the three years following, with a 
difference in mean fJSW of 0.393mm [95%CI: 0.182, 
0.604; p<0.0003] one year later, 0.454mm [95%CI: 
0.233, 0.676; p<0.0001] two years later, and 0.754mm 
[95%CI: 0.508, 1.000; p<0.0001] three years later.  
Similarly, knees with a medial meniscal damage score 
≥2 one year prior to incident ROA (compared to those 
with score of <2) had a significantly lower mean medial 
fJSW in the three years following, with a difference in 
mean fJSW of 0.238 [95%CI: 0.002, 0.474; p<0.0483] 
one year later, 0.288 [95%CI: 0.041, 0.534; p<0.0223] 
two years later, and 0.448 [95%CI: 0.180, 0.716; 
p<0.0011] three years later. There was no difference in 
the trajectory of fJSW loss in those with cartilage and meniscal damage vs. those with only cartilage 
damage. 

CONCLUSION:  Knees with medial tibiofemoral cartilage damage and/or meniscal damage on MRI 
assessed in the year prior to radiographically evident OA had significant loss of mean medial fJSW 
during three years of follow-up.  While loss of fJSW reflects both cartilage and meniscal damage, the 
magnitude of the differences suggests cartilage damage is the predominant factor in the loss of fJSW. 

SPONSOR: NIH HHSN2682010000 21C Pivotal OAI MRI Analyses (POMA) 
DISCLOSURE STATEMENT: F.W.R. is CMO and Director of Research of Boston Core Imaging 
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FULLY AUTOMATED RADIOGRAPHIC KNEE SHAPE ANALYSIS OF THE OAI DATASET:  
IS KNEE SHAPE ASYMMETRY AN EARLY INDICATOR OF UNILATERAL KNEE OA? 
 
Lindner C., Cootes T.F. 
 
Centre for Imaging Sciences, The University of Manchester, Manchester, United Kingdom  
 
INTRODUCTION: Symmetry between the knees of an individual is required for the knee joint to 
function without causing any discomfort. Knee shape asymmetry may develop as a sign and/or 
consequence of disease. The analysis of radiographic bone shape in large scale datasets provides the 
opportunity to examine predictors and biomarkers for OA such as knee shape. However, manually 
outlining the shape of interest in every image is tedious, time-consuming and prone to inconsistencies.  
 
OBJECTIVE: To develop a fully automated shape analysis (FASA) system to study radiographic knee 
shape, and to apply the system to radiographs from the OAI dataset to explore the role of knee shape 
asymmetry (KSA) in unilateral radiographic knee OA (urKOA, defined by KLG ≥ 2 and JSN ≥ 1). 

 
METHODS: All analyses were based on bilateral PA knee radiographs from the OAI dataset where all 
right knees were mirrored to appear as left knees. For the development of the FASA system (following 
[DOI: 10.1007/978-3-642-40763-5_23]), we used 508 subjects randomly selected to include cases and 
controls (254 without rKOA, 254 with rKOA); none of these subjects was included in the KSA 
analysis. We designed the system to automatically locate 74 points along the contour of each knee, and 
evaluated its performance using 2-fold cross-validation experiments. We report the point-to-curve error 
averaged over all points per knee (P2C), comparing the fully automatic search results with manual 
annotations. For the analysis of KSA, we included 894 controls without any urKOA at both baseline 
and 96 months, and 293 cases with urKOA at 96 months of which 60 subjects (caKL01) had no urKOA 
at baseline, 172 subjects (caKL2) had urKOA with KLG=2 at baseline, and 61 subjects (caKL3) had 
urKOA with KLG=3 at baseline. We applied the FASA system to automatically locate all 74 points on 
each control/case knee, aligned the landmark positions of both knees per subject into a normalised 
reference frame, and calculated the signed x-/y-displacements between both knees to estimate KSA. 
We used the displacement values as features to train a Random Forest (RF) for classifying control and 
case subjects. This was done in both asymmetry directions (i.e. left minus right knees, and right minus 
left knees) for training and testing, using the maximum case response as classification result. For each 
experiment, we randomly sampled 80% for training and used the remaining 20% for testing the RF, 
and repeated this 50 times. We summarise the classification performance using the area under the 
receiver operator curve (AUC) averaged over all 50 iterations with a 95% confidence interval.  
 
RESULTS: The FASA system (available from www.bone-finder.com) searched a single knee in on 
average 12 seconds, and achieved a cross-validated P2C error of less than 0.7mm for 99% and within 
1.0mm for 100% of all 508 images; the mean P2C error over all knees was 0.3mm. Table 1 gives the 
results of the classification experiments, and Figure 1 visualises the KSA in cases.  
Table 1: Results of subject classification based on KSA as given by standardised x-/y-displacements. 

 controls vs caKL01 controls vs caKL2 controls vs caKL3 controls vs caKL0123 
AUC [95% CI] 0.615 [0.598-0.632] 0.620 [0.608-0.632] 0.860 [0.845-0.875] 0.874 [0.866-0.882] 

 
CONCLUSION: The FASA system fully 
automatically outlines the shape of the knee 
with high accuracy and robustness. Utilising 
the latter to analyse radiographic KSA has 
the potential to automatically identify 
subjects with urKOA, even at an early stage. 
The caKL01 classification performance 
suggests that KSA is an indicator of 
disease before characteristics of urKOA 
can be identified. 
 
SPONSOR: Engineering and Physical Sciences Research Council UK (EP/M012611/1). 
DICLOSURE STATEMENT: All authors report that they have no conflicts of interest. 
ACKNOWLEDGMENT: We thank J. Thomson for contributions to the manual knee annotations.  
CORRESPONDENCE ADDRESS: claudia.lindner@manchester.ac.uk 

 caKL01 caKL2 caKL3 
Figure 1: Visualisation of shape asymmetry between means of affected 
(red) and unaffected (blue) knees at baseline (exaggerated by factor 5 to 
aid visualisation). Left/right knee differences not taken into account.  
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SUBJECT-SPECIFIC COMPUTATIONAL MODELING FOR EVALUATING THE EFFECT OF 
BARIATRIC SURGERY-INDUCED WEIGHT LOSS ON CARTILAGE FAILURE SITES 
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7Arokoski J.P., 8Korhonen R.K. 
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4,7,8 University of Eastern Finland, Kuopio, Finland & Kuopio University Hospital, Kuopio, Finland 
 
INTRODUCTION: Excessive loading and cumulative loads has been suggested to be a risk for the 
onset and progression of OA. Thus, obesity causes an increased risk for knee OA and this risk is 
generally suggested to decrease by weight loss. However, it is not known how excessively accumulated 
stresses on cartilage surfaces change after weight loss.    
 
OBJECTIVE: To investigate the effect of bariatric surgery-induced weight loss on knee cartilage 
stresses and risk for the onset of OA using subject-specific computational models. We hypothesized 
that cumulatively accumulated stresses are reduced after weight loss, decreasing the risk of OA. 
 
METHODS: Gait analysis was performed for obese individuals (N = 2, BMI = 43 ± 7 kg/m2) before 
and one year after the bariatric surgery at the self-selected walking speed, i.e., normal walking speed of 
the subjects (Fig 1B). Ground reaction forces were measured with force plates and kinematic data were 
obtained using a 3D motion capture system with six cameras. Forces and moments of the knee joint 
were calculated using inverse dynamics based on the skin-mounted reflective markers. 
     Subjects were imaged with a 0.18 T MRI scanner (E-Scan XQ, Esaote SpA, Genoa, Italy) using 3D 
GR sequence (TE=30 ms, TR=34ms, voxel size = 0.7x0.7x0.9). Cartilages, menisci and ligaments were 
segmented manually using Mimics v15.01 (Materialise, Leuven, Belgium) (Fig 1A). Two different fi-
nite element (FE) models were created (Abaqus v6.13-3, Dassault Systèmes, Providence, RI, USA) for 
both individuals; before and after the weight loss. Cartilage was modeled as a fibril reinforced porovis-
coelastic material, transversely isotropic elastic material was used in menisci, and ligaments were mod-
eled with nonlinear springs. In all models, femur and tibia were considered as rigid and tibial cartilage-
bone interface was fixed in all directions. Calculated forces and moments from baseline and one-year 
follow-up gait analysis were implemented into the FE model as a relative moments/forces of femur 
with respect to tibia. Finally, cumulatively accumulated tensile stresses during the stance phase of gait 
were determined. In the risk analysis predicting the progression of knee OA, areas that exceeded failure 
limit of 7 MPa were considered to have an increased risk level for the progression of the knee OA. 
 
RESULTS: Average weight loss was 21 ± 2 kg corresponding to 8 ± 1 kg/m2 decrease in BMI. 
Maximum cumulative tensile stresses in the MT cartilage surface decreased ~10 % after weight loss 
(Fig 1C). Risk areas for the progression of the knee OA decreased ~5 and ~6 % after weight loss on the 
MT and LT cartilage surface, respectively (Fig 1D).  
   
CONCLUSION: Weight loss decreased slightly cumulatively accumulated excessive stresses, 

especially in the MT cartilage, and risk 
areas for the progression of the knee 
OA. Minor decreases in the risk areas 
indicate that weight loss for these 
subjects was not enough to 
substantially reduce the risk of the 
progression of the knee OA.  
 
SPONSOR: Kuopio University 
Hospital (VTR grant 5041752) & 
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University of Eastern Finland 
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PROXIMAL FEMORAL SHAPE AND ITS ASSOCIATION WITH INCIDENT RADIOGRAPHIC HIP 
OSTEOARTHRITIS: DATA FROM THE OSTEOARTHRITIS INITIATIVE. 
 
J.A. Lynch1, F. Liu1, I. Tolstykh1, B. Wise2, N.E. Lane2, C.E. McCulloch1, T.M. Link1, M.C. Nevitt1. 
University of California at San Francisco1 and University of California Davis Medical Center2. 
INTRODUCTION: The shape of the proximal femur is known to be associated with bone changes related 
to hip osteoarthritis. In the present study, we examined whether the shape of the outline of the proximal 
femur of radiographically normal hips (with no signs of definite radiographic hip OA (RHOA) was 
associated with the incidence of definite RHOA over a 48-month follow-up period using statistical shape 
modelling. 
OBJECTIVE: To examine whether the shape of the proximal femur is associated with incidence of hip 
osteoarthritis in men and women. 
METHODS: Participants from the Osteoarthritis Initiative were eligible for this study if they did not have 
definite radiographic hip osteoarthritis (RHOA) in at least one hip on their baseline visit pelvis x-ray.  
Cases of incident RHOA were hips which developed definite RHOA by 48-month follow-up. Control hips 
were randomly selected, frequency matched by contralateral RHOA status, from hips which had not 
developed RHOA by 48-month follow-up.  The outline of the proximal femur on the baseline x-ray was 
recorded using a semi-automated method with120 points placed around the proximal femur from the 
medial side at most distal point of the lesser trochanter to a point laterally opposite. Binary logistic 
regression (with GEE to allow for more than one hip per person in the analysis) was then used to determine 
whether the scores for each mode of variation from the statistical shape model predicted incident RHOA, 
with models corrected for covariates of age and body mass index and contralateral RHOA status. Separate 
models were run for each sex. 
 RESULTS: In this study, 680 hips (452 participants) were analysed (268 men, 412 women).  In men, there 
were 42 hips with incident RHOA and 226 control hips. In women, there were 68 hips with incident RHOA 
and 344 control hips. In the statistical shape model 13 modes explained 96% of the variance in the data and 
were then examined for associations with incident RHOA. Of those, 5 were significantly associated 
(nominal p<0.05) with incident RHOA (see Table 1) in one or both sexes. Modes 4 and 11 were 
significantly associated with incident RHOA in both sexes with similar odds ratios. Mode 8 was only 
significantly associated with incident RHOA in men and Mode 9 was only significantly associated with 
incident RHOA in women.  Mode 12 has a similar odds ratio for predicting incident RHOA in both sexes, 
but was not significant in men and only just significant in women. Variations in both mode 4 and 11 
appeared to be related to alterations in the concavity of the superior side of the femoral neck-head junction, 
with mode 4 also being related to the prominence of the greater trochanter. Mode 8 appeared related to a 
relative flattening of the supero-medial portion of the femoral, and mode 9 appeared related to a relative 
curvature of the supero-lateral portion of the femoral head. 

CONCLUSION: In this within-sex analysis of the associations between the shape of the proximal femur 
and incident RHOA, it was found that some modes of variation in hip shape were associated with incident 
RHOA regardless of sex, whereas other modes of variation may be associated with incident RHOA in a 
sex-specific manner. Further work is needed to examine the influences of both sex and shape of the 
proximal femur on the incidence of RHOA. 
SPONSORS: The research presented here was supported by HHSN268201000019C “Hip morphology and 
limb specific risk factors for radiographic hip osteoarthritis” funded by NIH. 
CORRESPONDENCE ADDRESS: jlynch@psg.ucsf.edu  

Table 1. Significant (p<0.05) associations of shape mode scores with incident RHOA for men & women. 
 MEN WOMEN 
Predictor Adj OR 95 % CI p Adj OR 95 % CI p 
Mode 4 0.61 -0.88 to -0.10 0.013 0.58 -0.90 to -0.18 0.003 
Mode 8 1.78 0.20 to 0.95 0.002 1.18 -0.12 to 0.46 0.256 
Mode 9 0.89 -0.46 to 0.21 0.480 0.62 -0.84 to -0.12 0.009 
Mode 11 0.61 -0.84 to -0.15 0.005 0.62 -0.82 to -0.14 0.005 
Mode 12 0.70 -0.77 to 0.05 0.085 0.70 -0.70 to -0.01 0.043 
all 13 shape-derived predictors were in the each sex-specific model, and the two models were also 
adjusted for age, BMI & contralateral RHOA status 
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CLINICAL VALIDATION OF A REGULATORY COMPLIANT SOFTWARE FOR 
QUANTITATIVE ANALYSIS OF ARTICULAR CARTILAGE MORPHOLOGY 

 
1Maschek S., 1Wirth W., 2Haefner P., 3Boeth H., 3Duda G., 1Eckstein F.  
1Chondrometrics GmbH, Ainring, Germany & Paracelsus Medical University, Salzburg & 
Nuremberg, Austria, 2Haefner Industrieberatung GmbH, Wien, Austria, 3Julius Wolff 
Institute, Charité - Universitätsmedizin Berlin, Berlin, Germany 
 
INTRODUCTION: Application of cartilage morphometry in phase 3 clinical DMOAD trials 
recommends regulatory compliance of the software platform used. This is defined by a series 
of laws, directives, and standards, including, but not limited to, CFR 21 part 11.  
 
OBJECTIVE: To clinically validate a novel, regulatory compliant cartilage morphometry 
software (CHM 3.0) vs. a previous software version, which had been externally validated 
versus cartilage volume measures obtained from surgically replaced knees.  
 
METHODS: MRIs from two published studies were re-examined using the new software:  
I) 12 men with PCL rupture and consecutive reconstructive surgery (age 41.1 ±8.9 yrs.);  
II) 10 male adolescent volleyball athletes (aged 16.3±0.7 yrs.). In the PCL group (I), sagittal 
SPGR images had been acquired 4-15 (8.6±3.2) years after PCL surgery, and again 1 year 
later. In the young athletes (II), the same type of images was acquired at age 16 and 2 years 
later. Manual segmentation of the medial femorotibial (MFTC) knee cartilages was performed 
with the novel software. The latter was designed and implemented as a class IIa medical 
device according to the EU medical devices directive (MDD) 93/42/EEC and to also fulfill 
the requirements defined in 21 CFR Part 11. Segmentation was performed by the same user. 
 
RESULTS: Baseline medial femorotibial cartilage thickness showed a high level of 
agreement between both applications (limits of agreement ±0.35mm; systematic pairwise 
difference 0.13±0.18mm [3.3%]; random difference 0.17±0.14mm [±4.3%], correlation r = 
0.97. Longitudinal medial cartilage loss in PCL participants was -157±128µm (p=0.001) with 
the former, and -166±157µm (p=0.002) with the “compliant” software; cartilage thickening in 
the volleyball athletes was +149±231µm (p=0.07) with the former, and 77±248µm (p=0.35) 
with the “compliant” software. Results for the MT and the cMF are shown in Table 1. 
 
Table 1: Baseline (BL) cartilage thickness and one-year change: New vs. former software 
 Medial Tibia (MT) Medial Femur  (cMF) 

Former New Former New 
Mean SD Mean SD Mean SD Mean SD 

Baseline 
[mm] 

PCL Patients 1.9 0.2 1.9 0.2 2.0 0.5 2.1 0.6 
Young Athletes 1.7 0.2 1.8 0.3 2.1 0.4 2.2 0.3 

1-year 
change [µm] 

PCL Patients -80 76 -77 78 -77 60 -88 90 
Young Athletes 51 100 0 124 98 139 77 134 

 
CONCLUSIONS: When applying cartilage morphometry to phase 3 clinical trials, use of 
compliant software is recommended that fulfills requirements defined by the FDA, EMEA, 
and other regulatory agencies. To this end, we implemented a class IIa medical device 
according to the EU MDD 93/42/EEC. The results obtained with the new compliant software 
showed good agreement with previous analyses, and very similar group means for cartilage 
thinning in PCL patients as well as thickening in young adolescent athletes. 
 
SPONSOR: Image analysis was funded by NanoDiaRa (NMP4-LA-2009-228929) 
DISCLOSURE STATEMENT: Chondrometrics GmbH 
ACKNOWLEDGMENT: The study participants. 
CORRESPONDENCE ADDRESS: felix.eckstein@pmu.ac.at 
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OA CLASSIFICATION USING LATERAL KNEE RADIOGRAPHS 
 
1Minciullo L., 1Cootes T.F.. 
 
1Centre for Imaging Sciences, The University of Manchester, UK. 
 
INTRODUCTION: Lateral Knee radiographs are often ignored both by clinicians and the research 
community when diagnosing OA. We present results of preliminary experiments exploring how 
discriminative are image features contained in the lateral view. We built a machine learning based 
system which can locate the outlines of bones in the lateral view and classify the KL grade based on 
features derived from the shape of the bones.  
 
OBJECTIVE: 1) To evaluate how accurately we can classify the KL grade using bone shape features 
extracted from Lateral Knee Radiographs 2) To compare our results with those of similar techniques 
applied to PA radiographs. 
 
METHODS: For a preliminary study we used 300 unilateral weight-bearing knee radiographs from the 
MOST dataset (randomly selecting 60 images per KL grade [0..4]) . Lateral images, unlike PA 
radiographs, provide information on the patella-femoral joint as well as the tibio-femoral joint space. 
The 5 KL grades have been split into two groups: non-AO (KL0,1), and OA (KL2-4). We manually 
annotated each image with 103 landmark points (Figure below), outlining structures on the femur, tibia 
and patella. We built a linear statistical shape model to capture the main variation in the data. Each 
shape is then encoded using the shape model parameters. We trained Random Forest classifiers to (1) 
distinguish between OA and non-OA and (2) classify the KL grade using the shape parameters. 5-fold 
cross validation was performed using different combinations of shapes, with results expressed as the 
area under the ROC curve (AUC) for the binary task or the percentage of correctly classified grades for 
the KL grade task. 
  
RESULTS: The table shows the mean (±Std.Error) for the two tasks for each individual shape or 
combination of shapes. The best model gives AUC 0.842 for the OA vs non-OA, which is better than 
the performance using a similar technique on PA radiographs of AUC0.796 [1]. 
 
Shape OA vs non-OA 

(AUC) 
KL-Grade 
(%) 

Patella 0.759 ± 0.021 45.3 ± 3.3 

Lateral Femoral Condyle 0.666 ± 0.020 32.6 ± 1.2 

Medial Femoral Condyle 0.671 ± 0.011 35.6 ± 1.6 

Tibia 0.771 ± 0.008 30.9 ± 2.8 

Patella+LCon 0.720 ± 0.005 40.6 ± 0.8 

Patella+LCon+MCon 0.754 ± 0.011 45.3 ± 2.8 

Pat+LCon+MCon+Tib 0.842 ± 0.017 47.9 ± 0.8 

  
CONCLUSION: The lateral view contains informative shape features that can achieve performance of 
the same level if not better to that of the PA view. In part this is because the patella is clearly visible in 
the lateral view, but it is obscured by the femur in PA images. The most discriminative features were 
found, for both tasks, in the patella and the tibia, while the best overall results are obtained using all the 
bones together. Future work will involve the combination of shape and texture features as well as the 
combination of the PA and the lateral view.  
 
REFERENCES: [1] Thomson, J., O’Neill, T., Felson, D.,Cootes, T.F. Automated Shape and Texture 
Analysis from Detection of Osteoarthritis from Radiographs of the Knee. Springer International 
Publishing Switzerland 2015: MICCAI 2015, Part II, LNCS 9350, pp. 127-134, 2015. 
SPONSOR: EPSRC, Centre for Doctoral Training Grant 1512584. 
CORRESPONDENCE ADDRESS:luca.minciullo@manchester.ac.uk , 
timothy.f.cootes@manchester.ac.uk  
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QUANTITATIVE SUSCEPTIBILITY MAPPING OF ARTICULAR CARTILAGE 
 
1Nykänen O, 1,2Töyräs J., 1Kolehmainen V., 1,2Nissi M.J. 
 
1Department of Applied Physics, University of Eastern Finland, Kuopio, Finland 
2Diagnostic Imaging Center, Kuopio University Hospital, Kuopio, Finland 
 
INTRODUCTION: Quantitative susceptibility mapping (QSM) is an MRI method that has been used 
for example for detection and quantification of calcifications or iron deposits in the brain (1). Recently 
the use of QSM has also been extended to musculoskeletal imaging (2-4). As an inherent property of 
tissue, magnetic susceptibility also has a potential to serve as biomarker in OA; however the most 
optimal methods and the ultimate utility of QSM for cartilage are yet to be determined. 
 
OBJECTIVE: To examine the feasibility of QSM for evaluation of articular cartilage and to determine 
the optimal measurement method for further studies.  
 
METHODS: Cylindrical osteochondral plugs (n=4, diameter=6mm) from bovine patella were prepared. 
The samples were immersed in perfluoropolyether inside a custom-built holder, which allowed rotation 
of the specimens with respect to the B0. MRI was performed at 9.4 T using a 19 mm quadrature RF 
volume transceiver and VnmrJ3.1 Varian/Agilent DirectDrive console. Samples were imaged at 
different orientations from 0 to 90 degrees with respect to B0. At each orientation, single echo GRE data 
was measured. The samples were scanned with different echo times (TE=2-10 ms) and with an isotropic 
resolution ranging from 104 to 156 μm. For QSM post-processing, a mask that contained all the 
cartilage was first created using the magnitude data. The GRE phase images were extracted, unwrapped 
with Laplacian unwrapping algorithm (5) and then background field corrected using Laplacian 
Boundary Value (LBV) method (6). Finally the susceptibility maps were calculated using the superfast 
dipole inversion (SDI) method (7).  
 
RESULTS: Depth-wise susceptibility profiles over the cartilage depth at different orientations (1x1 mm 
average columns of cartilage) indicated anisotropic susceptibility in articular cartilage (Figure 1). At 0 
and 90-degree orientations, depth-wise changes were observed with the susceptibility changing from 
diamagnetic to more paramagnetic from articular surface towards the cartilage-bone interface, with a 
dip to more diamagnetic values in deep cartilage close to the interface (Figure 1).  
 
CONCLUSION: The chosen processing steps enabled successful QSM of articular cartilage. Articular 
cartilage exhibited both depth-wise and orientational anisotropy of the susceptibility. While the exact 
reason for the susceptibility changes is not yet know, the anisotropy of the collagen fiber network as 
well as changes in water content of cartilage are potential sources. Especially in the deep cartilage, 
increasing calcification is expected to affect the susceptibility (the diamagnetic dip) and potentially 
bring about the sensitivity to degenerative changes. Echo time was observed to also affect the 
susceptibility values, suggesting that multi-echo data might be required to solve the phase nonlinearity. 
Based on the findings, further studies are warranted to explore the biological relevance of QSM in 
cartilage. 
 
SPONSOR: Academy of Finland grants 
#285909 and #293970. 
DISCLOSURE STATEMENT: The authors 
have nothing to disclose 
CORRESPONDENCE ADDRESS: 
olli.nykanen@uef.fi 
REFERENCES: [1]. Wang Y et al. Magn 
Reson Med 73: 82-101, 2015.  [2]. Dimov 
AV et al. 2015. Proc. Intl. Soc. Mag. Reson. 
Med. p 938. [3]. He Q et al. 2015. Proc. Intl. 
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MJ et al. PLoS One 10: e0132167, 2015. [5]. 
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CHEMOMETRIC PREDICTION OF TENSILE MECHANICAL PROPERTIES OF ARTICULAR 
CARTILAGE 

 
*Oinas J., *Rieppo L., **Finnilä M., ***Iivarinen J.T., ****van Weeren R., ***Helminen H.J., *****Brama 
P.A., ***Korhonen R.K., ******Saarakkala S. 
 
* University of Oulu, Oulu, Finland  
** University of Oulu, Oulu, Finland & University of Eastern Finland, Kuopio, Finland 
*** University of Eastern Finland, Kuopio, Finland 
**** University of Utrecht, Utrecht, Netherlands 
***** University College Dublin, Dublin, Ireland,  
****** University of Oulu, Oulu, Finland & Oulu University Hospital, Oulu, Finland 
 
INTRODUCTION: The biomechanical properties of articular cartilage (AC) arise from its structure and 
composition. Fourier transform infrared (FTIR) imaging spectroscopy and polarized light microscopy (PLM) 
provide detailed information on the composition and structure of AC.  
 
OBJECTIVE: Tensional mechanical properties of equine AC tissue will be chemometrically predicted from 
PLM and FTIR data. 
 
METHODS: Equine osteochondral samples (N = 19) were used in the study. For testing of mechanical tensile 
properties, five 150-µm-thick sections parallel to the surface of AC were cut with a microtome. 5-µm-thick 
depth-wise sections were prepared from the adjacent tissue block for the FTIR and the PLM. Young’s Modulus 
(YM) and the breaking energy (W) were predicted from PLM (AC structure) and FTIR (AC composition) data 
using the partial least squares regression (PLSR). The PLM and the FTIR data individually, and the combination 
of the FTIR spectra and the PLM data were used as predictors. Further, competitive adaptive reweighted 
sampling (CARS) was used to select the optimal variables for the PLSR models. Finally, Pearson correlation 
coefficients of the PLSR models were statistically compared. 
 
RESULTS: The correlation coefficients between the predicted values and the reference values were rYM = 0.75, p 
< 0.0001 and rW = 0.60, p < 0.0001, when PLM was used alone and rYM = 0.82, p < 0.0001 and rW = 0.67, p < 
0.0001 when the FTIR was used alone. When the combination of the FTIR spectra and the PLM data was used, 
the corresponding correlation values were rYM = 0.89, p < 0.0001 and rW = 0.74, p < 0.0001 (Fig. 1A and B). 
Statistically significant differences between correlation coefficients against the combination of the PLM and the 
FTIR were observed for the PLM with both YM (pYM < 0.0001) and W (pW < 0.05), while for the FTIR only with 
YM (pYM < 0.05). 
 
CONCLUSION: The results indicate that the more accurate prediction was obtained when the data from the AC 
composition and the structure was used simultaneously for the PLSR model. 
 

 
 
Fig. 1. Scatter plots between the reference values and the predicted values of the Young’s modulus - YM (A) and 
the Breaking energy - W (B), when the combination of the FTIR spectra and the PLM data was used. 
 
SPONSOR: Academy of Finland, Grant No 268378 & 273571, European Research Council, Grant No 336267 
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DIFFERENCES IN KNEE MALALIGNMENT BETWEEN SYMPTOMATIC AND HEALTHY 
KNEES: LINE OF THRUST ASSESSMENT USING VIDEO CAMERAS 
 
*Ojaniemi M., *Thevenot J., *Tiulpin A., *Podlipská J., *Seppänen T., **Saarakkala S. 
 
* University of Oulu, Oulu, Finland 
** University of Oulu, Oulu, Finland & Oulu University Hospital, Oulu, Finland 
 
INTRODUCTION: Malalignment of the knee (varus or valgus) during the gait cycle is one of the 
mechanical factors associated with cartilage damage. Uneven loads on medial and lateral tibiofemoral 
compartments may result in both development and progression of OA. Possible changes in inclination 
are commonly assessed by a physician and confirmed with MRI. A deeper understanding of knee 
kinetics assessed from basic video imaging could provide low-cost approaches for automatic detection 
of knee conditions.  
 
OBJECTIVE: The objective was to extract varus-valgus angles during gait cycles from a basic video 
imaging protocol to detect the differences between symptomatic and healthy volunteers. 
 
METHODS: 37 participants were recruited and divided in two groups: 15 volunteers with chronic knee 
pain and 22 volunteers with asymptomatic knees. The symptomatic group, which consisted of 
volunteers with diverse backgrounds including OA (n=3) and other knee conditions (meniscal injury, 
ligament laxity, runner’s knee, etc.), filled out WOMAC questionnaires. Malalignment of the knee was 
assessed in a setup where participants walked repeatedly back and forth a straight line, while two 
cameras were used to record both front and side views. Colored markers were positioned on the femur, 
the tibia and the patella to calculate the tibiofemoral angle during gait cycles. Additionally, volunteers 
with symptomatic knees underwent ultrasound examination to obtain measurement of the knee’s 
femoral articular cartilage thickness and meniscal extrusion in the medial and lateral side. Pearson’s 
correlations were calculated between the ultrasound measures and the angles assessed from video. 
 
RESULTS: Using the median angle of the second half of the gait cycle (preswing + swing phase) we 
were able to perform a preliminary discrimination of symptomatic volunteers, including OA patients, 
from healthy ones (Fig. 1A). For the symptomatic subjects, the median angle correlated positively with 
medial-lateral difference in tibial cartilage thickness (R2=0.67, p=0.001, Fig. 1B) and negatively with 
medial-lateral difference in meniscal extrusion (R2=0.58, p=0.004, Fig. 1C). Furthermore, comparison 
with WOMAC revealed a trend between increased pain during walk and severity of varus-thrust. 
 
CONCLUSION: Our preliminary results suggest that the presented method can be used as a 
discriminating tool for abnormalities in the inclination of the knee. Correlations between separately 
examined ultrasound results and angle data suggest that the line of thrust can already be used by itself 
to provide information on cartilage and meniscal degradations. 
 

 
Figure 1: (A) Distribution of the angles in respect to their standard deviation for the subjects, varus on 
bottom, valgus on top (red: OA patients, orange: other knee condition, green: healthy). Angle assessed 
from video analysis versus medial-lateral difference in cartilage thickness (B) and meniscal extrusion 
(C) (n=12). 
 
SPONSOR: Oulu Center for Health and Technology. 
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MRI-DEFINED BONE MARROW LESIONS 
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INTRODUCTION: MRI-defined bone marrow lesions (BML) are important biomarkers of severe 
degenerative changes of the knee joint. BMLs are associated with symptomatic knee osteoarthritis 
(OA) and they predict the disease progression. Additionally, it has been reported that BMLs increase 
the risk of cartilage loss locally. However, not much is known on the co-localized relationship of 
BMLs and osteophytes. Knee ultrasound enables direct assessment of the femoral articular cartilage 
and it is also highly sensitive in detecting tibio-femoral osteophytes. 
 
OBJECTIVES: To examine the site-specific relationship between ultrasound-defined osteophytes, 
articular cartilage damage, and MRI-defined BMLs. 
 
METHODS: The ultrasound and MRI data of the Oulu Knee Osteoarthritis (OKOA) study including all 
160 subjects (age = 57.8 ± 11.4, range = 24-70) were used for the analysis. Presence and size of 
medial-femoral, medial-tibial, lateral-femoral and lateral-tibial osteophytes were graded from 
dynamically obtained ultrasound videos. Alike, damage of femoral articular cartilage was semi-
quantitatively assessed in medial and lateral condyle. MRI Osteoarthritis Knee Score (MOAKS) was 
used to evaluate osteophytes and BMLs in medial and lateral femoral and tibial sites. Cartilage was 
assessed for any loss (MOAKS I) and full-thickness loss (MOAKS II) in femoral condyle. The most 
severe cartilage/BML grade from anterior and central femoral region was used for comparison with 
site-specific ultrasound-defined cartilage grade and the most severe BML grade from anterior, central 
and posterior regions was used for comparison with site-specific ultrasound-defined osteophytes. The 
relationship was analyzed using Spearman’s correlation (r). 
 
RESULTS: All correlations are listed in Table 1. Concerning r’s of MRI-defined osteophytes with 
BMLs as a reference, ultrasound-defined osteophytes associated with BML equally well in medial 
femoral condyle and reached close correlations in lateral condyle. Medially, the correlation levels of 
ultrasound cartilage grade with BML were comparable to correlations of cartilage MOAKS I, however, 
differed regarding correlations of cartilage MOAKS II as well as in both lateral cartilage assessments. 
Table 1: Spearman’s correlations with 95% confidence intervals of ultrasound- or MRI Osteoarthritis Knee Score (MOAKS)-
defined osteophytes and cartilage loss and MOAKS BML grade (n = 159-160). 

 
Medial 

Femoral BML 
vs. OP 

Lateral 
Femoral BML 

vs. OP 

Medial Tibial 
BML vs. OP 

Lateral Tibial 
BML vs. OP 

Medial 
Femoral AC 

BML vs. Cart 

Lateral 
Femoral AC 

BML vs. Cart 

Ultrasound  0.627* 
(0.523-0.713) 

0.397* 
(0.257-0.520) 

0.543* 
(0.424-0.644) 

0.436* 
(0.301-0.554) 

0.614* 
(0.507-0.703) 

0.313* 
(0.165-0.447) 

MOAKS (I and 
II for cartilage) 

0.634* 
(0.531-0.718) 

0.370* 
(0.227-0.497) 

0.612* 
(0.505-0.701) 

0.557* 
(0.439-0.656) 

0.658* 
(0.560-0.738) 

0.808* 
(0.746-0.856) 

0.617* 
(0.510-0.705) 

0.623* 
(0.518-0.710) 

*p < 0.001 

CONCLUSION: Our results showed that ultrasound-defined osteophytes and medial cartilage damage 
strongly to moderately relate to local presence and severity of BMLs. As confirmed by comparison 
with MRI outcomes, ultrasound-defined osteophytes and cartilage lesions may help to explain patient’s 
localized symptoms. 
 
SPONSOR: University of Oulu (strategic funding), Academy of Finland (project 268378), iBioMEP. 
DICLOSURE STATEMENT: AG is Shareholder of BICL, LLC. He is Consultant to MerckSerono, 
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MECHANICAL CONDITION OF ARTICULAR CARTILAGE REGULATES EZYMATIC 
ACTIVITY  

 
Pouran B1,2., Arbabi V1,2, Ruberti J.W3., Zadpoor A.A.2, Weinans H1,2 

1UMC Utrecht, Utrecht, The Netherlands. 2Delft University of Technology, Delft, The Netherlands. 3 
Northeastern University, Boston, USA 

INTRODUCTION: Osteoarthritis (OA) initiates from the gradual loss of proteoglycans (PGs) followed 
by disorientation and damage of collagen type II fibrils. Loss of proteoglycans implies decreased fluid 
pressurization within cartilage extracellular matrix leading to lower pre-stress on collagen fibrils. 
Previous studies suggest that the extent of enzymatic cleavage of collagen fibrils in cornea and in pure 
collagen type I depends predominantly on the initial pre-stress on collagen fibrils.  
 
OBJECTIVE: We investigate the possible effect of mechanical condition of collagen fibrils on the 
enzymatic activity in articular cartilage.  
 
MEHODS: Osteochondral plugs (diameter=8.5 mm and 1-2 mm cartilage thickness) were extracted 
using a custom-made drill from a cadaveric equine femoral condyle (medial). Post-harvest the plugs 
were stored dry at -20 °C before further use. After thawing we separated the cartilage from the 
osteochondral plugs and split it into four quarters. Two adjacent quarters were first allowed to reach 
equilibrium by soaking them for 1 hour in a physiologic isoosmolar saline solution (400 mOsm/kg). 
Next, one quarter was transferred to an isotonic (400 mOsm/kg, normal collagen fibrils state) while the 
other was transferred to a hypertonic solution (4000 mOsm/kg, shrunk collagen fibrils) to induce two 
different loads on collagen fibrils. After 1 hour collagenase type II (Worthington Biochemical 
Corporation) was added to each activated solution (0.5 μM enzyme and 0.4 mM Ca++) and enzymatic 
process was allowed for 1 hour at 37 °C. We performed matrix micro-indentation tests (PIUMA, 
OPTICS, The Netherlands) on articulating surface of cartilage (wet, 400 mOsm/kg) on an area of 1.6 
mm by 1.6 mm consisting of 25 measurements points before and after enzymatic treatment under iso-
osmolar condition.    
 
RESULTS: We observed that samples based on their intrinsic stiffness (prior to enzymatic treatment) 
could be classified into two groups: soft and hard. The group “soft” revealed mechanical stiffness well 
below MPa range (267.47±54.27 kPa), whereas the group “hard” revealed mechanical stiffness well 
above MPa range (5.06±3.77 MPa). The group “hard” exhibited aggravation of mechanical stiffness 
under 4000 mOsm/kg (shrinkage) condition compared to 400 mOsm/kg condition (normal) (Figure 1). 
In contrast, group “soft” was protected against enzymatic cleavage under 4000 mOsm/kg (shrinkage) 
compared to 400 mOsm/kg condition (normal) (Figure 1). 
 
CONCLUSION: Enzymatic cleavage process could be captured using micro-indentation test on the 
cartilage surface before and after enzymatic treatment. High osmolarity (severe shrinkage) of soft 
cartilage specimens protected it against enzymatic activity, however, high osmolarity led to substantial 
damage of the hard cartilage specimens. Although the data presented here is preliminary, we aim to 
enrich the study further by applying different tonicities and more relevant enzymes as well as 
correlating enzymatic activity with the mechanical state of the collagen fibrils within articular cartilage.   
 
DISCLOSURE STATEMENT: The authors have nothing to disclose.  
ACKNOWLEDGEMENT: This work was supported by a grant from Dutch Arthritis Foundation (13-
3-406). 
CORRESPONDENCE ADDRESS: b.pouran-2@umcutrecht.nl & b.pouran@gmail.com. 
 

Figure 1: Mechanical stiffness loss as a result of enzymatic treatment under 400 mOsm/kg and 4000 mOsm/kg conditions. 
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DEFINING THE YARDSTICK FOR RADIOGRAPHIC CHANGES IN KNEE OSTEOARTHRITIS:  
FIXED JOINT SPACE WIDTH AS AN EASY, RESPONSIVE MEASURE TO QUANTIFY ONE YEAR 
TRANSITIONS IN KELLGREN-LAWRENCE GRADES AND OARSI ATLAS GRADES  
1Ratzlaff C., 1Ashbeck E.L., 2Guermazi A., 2,3Roemer F., 4Duryea J., 1Kwoh C.K. 
1University of Arizona Arthritis Center, University of Arizona, Tucson, AZ; 2Boston University School of Medicine, Boston, MA; 
3Department of  Radiology, University of Erlangen-Nuremberg, Erlangen, Germany; 4Brigham and Women’s Hospital, Boston, MA   

BACKGROUND: Incident knee osteoarthritis (KOA) and progression are commonly defined by transition (worsening) in 
Kellgren-Lawrence (KL) grade or OARSI Joint Space Narrowing (O-JSN) grade. However, the quantitative meaning of a 
transition in ordinal grades for KL grade or O-JSN has not been described. Fixed JSW (fJSW) is a quantitative reliable and 
responsive measure with good discrimination for important clinical outcomes such as knee replacement [Eckstein 2015].  
OBJECTIVE: To describe one year transitions in KL grade and O-JSN grade quantitatively using fJSW in the medial 
compartment, in a sample of knees with or at risk for KOA. 
METHODS: Radiographic assessments from the OAI were used to identify transitions in KLG and medial O-JSN grade 
between consecutive annual visits from all OAI knees between baseline and 48 months.  All available one year transitions 
were identified by the KL grade and medial O-JSN at the start of a year, and the change in grade at the subsequent annual 
visit. The fJSW was measured in the medial compartment at location x=0.250mm [Duryea 2003]. The distribution of change 
in medial fJSW (x=0.250mm) according to KLG transitions and O-JSN transitions are shown with box plots, and the mean 
annual change in fJSW was estimated using a mixed model, with participant and knee treated as random effects, given two 
knees per participant and multiple annual transitions for each knee through 48 months. 
RESULTS: KL grade and fJSW measures were available for 18,817 transitions from consecutive annual visits from 5,612 
knees contributed by 3,080 participants, while medial JSN grade with fJSW measures were available for 18,912 annual 
transitions from 5,614 knees contributed by 3081 participants. Results are summarized in Figure 1 and Table 1. 
 

 
Knees that remained stable with KL 0, 1, or 2 and O-JSN 0 or 1 over one year had mean fJSW loss <0.1mm/year, while the 
mean fJSW loss was 0.15 mm/year for knees that remained at KL 3 or 4 or O-JSN 2, and 0.21 mm/year for knees that 
remained at O-JSN 3. In general, the mean fJSW loss for a one grade annual increase in O-JSN was higher than for a one-
grade increase in KL grade. Transition from KL grade 0 to 1 within one year was indistinguishable from transition from KL 
grade 0 to 2..The highest annual changes in fJSW corresponded to transitions in two or more grades in KLG, and the greatest 
loss in fJSW for O-JSN 0 to O-JSN 2.(-1.8mm, n=68 knees).  
CONCLUSIONS: In this large longitudinal study of OAI knees, we have provided a reference ‘yardstick’ to quantify annual 
change in joint space for transitions in KL and O-JSN grades. Further, fJSW, a direct responsive quantitative measure, may 
more fully characterize the natural history of JSW loss. Establishing ranges of stable, incident, slowly progressive and 
rapidly accelerating radiographic KOA will facilitate the evaluation of interventions targeting structure. 
SPONSOR: NIH HHSN2682010000 21C Pivotal OAI MRI Analyses (POMA) 
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EVALUATION OF QUANTITATIVITY OF HISTOLOGICAL COLLAGEN STAINS IN 
ARTICULAR CARTILAGE 
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INTRODUCTION: Histological evaluation of articular cartilage (AC) proteoglycan (PG) content is 
often conducted using Safranin O stain. This allows even quantitative analysis when combined with the 
digital densitometry (DD) as Safranin O binds stoichiometrically to PGs. Stains for collagen also exist 
but it is unclear whether they bind stoichiometrically to collagens.  
 
OBJECTIVE: The aim of this study was to clarify whether traditional histological collagen stains, i.e., 
Masson’s trichrome or Picrosirius red, can be used for quantification of the collagen content in AC. 
 
METHODS: Human osteochondral samples (n = 15) were collected from patients undergoing total 
knee arthroplasty. Histological sections were prepared and stained with Masson’s trichrome and 
Picrosirius red with and without enzymatic digestion of PGs. DD was used to quantify the amount of 
stain in the sections. The measurements were conducted using the Carl Zeiss Axio 1 microscope. The 
measured grayscale values were calibrated to optical density values using neutral density filters. 
Fourier-transform infrared imaging (FTIRI) (Bruker Hyperion 3000 FTIR microscope) of unstained 
sections was used as a reference for collagen content in the tissue. The amide I (1585-1720 cm-1) 
absorbance was used to indicate the collagen content. 0-10 %, 11-35 % and 36-100% of the cartilage 
thickness from the cartilage surface were defined as the superficial, the middle and the deep layers of 
the cartilage. DD results were compared with the reference measurements (FTIRI) using Pearson’s 
correlation analysis.  
 
RESULTS: Significant correlation between the optical density of Masson’s trichrome and FTIRI (r = 
0.62, p < 0.001, Fig. 1A) was found. The removal of PGs further improved the correlation (r = 0.85, p 
< <0.001, Fig 1B). There was no significant correlation between the optical density of Picrosirius red 
and FTIRI (r = -0.19, p > 0.05, Fig. 1C). However, after the removal of PGs, the correlation between 
the optical density of Picrosirius red and FTIRI was significant, although lower than with Masson’s 
trichrome (r = 0.43, p < 0.01, Fig. 1D). 
 
CONCLUSION: Significant correlations between the optical densities of both stains and the reference 
collagen content in the AC were obtained. Enzymatic removal of PGs before staining improves the 
results, and is especially important in case of Picrosirius red. Based on these results, Masson’s 
trichrome with enzymatic removal of PGs could be considered as the most quantitative staining 
protocol. 
 

 
 
Figure 1. Scatter plots between the amide I absorbance measured with FTIRI (the reference for the 
collagen content) and the optical density of A. Masson’s trichrome, B. Masson’s trichrome after 
enzymatic removal of PGs, C. Picrosirius red, and D. Picrosirius red after enzymatic removal of PGs. 
OD = Optical density. 
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THE EFFECTS OF INTRA-ARTICULAR GLUCOCORTICOIDS AND EXERCISE ON PAIN AND 
SYNOVITIS ASSESSED ON STATIC AND DYNAMIC MRI IN KNEE OSTEOARTHRITIS: 
EXPLORATORY OUTCOMES FROM A RANDOMIZED CONTROLLED TRIAL. 
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INTRODUCTION: Intra-articular corticosteroids have been used in KOA for several decades and 
intra-articular corticosteroids as well as exercise are widely recommended in the non-surgical 
management of KOA. However, it remains unknown what the effects of the combination of intra-
articular corticosteroids/placebo followed by an exercise program are on MRI-measures of synovitis. 
OBJECTIVES: The objectives of the present knee osteoarthritis (KOA)-study were to:  i) describe and 
compare the changes in MRI-measures of synovitis following an exercise program preceded by an 
intra-articular injection of either corticosteroid or isotonic saline and ii) investigate if any of the 
changes in patient reported outcome measures (PROMs) were associated with changes in MRI-
measures of synovitis. 
METHODS: We performed a randomized, double-blinded, placebo-controlled clinical trial evaluating 
the effects of intra-articular corticosteroid vs. placebo injections given before exercise therapy in KOA-
patients. PROMs were assessed using the KOOS (knee injury and osteoarthritis outcome score). 
Synovitis was assessed on conventional non-contrast-enhanced, conventional contrast-enhanced and 
dynamic-contrast-enhanced MRI using both heuristic and pharmacokinetic analyses. PROMs and MRIs 
were obtained prior to the intra-articular injection, after termination of the exercise program (week 
14—primary endpoint) and week 26. 
RESULTS: Of 100 randomized participants (50 in each allocation group), 91 had complete MRI-data 
at baseline (63% female, mean age: 62 years, median Kellgren-Lawrence-grade: 3). There were no 
statistically significant differences between the two interventions in regards of changes in MRI-
measures of synovitis at any time-point. At week 14, we found no statistical significant MRI-
explanatory variables of either of the PROMs.  
CONCLUSION: The present study does not justify the use of intra-articular corticosteroids over intra-
articular saline when combined with an exercise program for reduction of synovitis in KOA. The 
improvement in pain and function following the intervention with intra-articular corticosteroids/saline 
and exercise could not be explained by a decrease in synovitis on MRI indicating other pain 
causing/relieving mechanisms in KOA. 
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INTRODUCTION: The KANON study is a randomized controlled trial comparing surgical vs. non-surgical 
treatment strategies of acute ACL injuries. Development of OA following ACL injury is a result of multiple factors 
that are poorly understood. It has been shown that inflammation is an important risk factor for incident OA of non-
traumatic origin. It is not known whether subjects without OA at baseline but with persistent signs of intra-articular 
inflammation following trauma may be at increased risk for OA development regardless of treatment approach or 
other baseline concomitant joint damage. 
 
OBJECTIVE: To compare risk of radiographically-defined and MRI-defined PF and TF OA at 5 years for knees that 
have persistent MRI-detected signs of Hoffa-synovitis and effusion-synovitis at 2 years vs. those that do not show 
inflammation. 
 
METHODS: The KANON study includes 121 active individuals, aged 18-35 at inclusion, with an acute ACL injury 
in a previously un-injured knee. Subjects were randomly assigned to structured rehabilitation plus early ACL 
reconstruction or to structured rehabilitation plus optional delayed ACL reconstruction. The current analysis focuses 
on baseline, 2 year and 5 year MRI regardless of treatment.  
MRI was performed using a 1.5 T system. The MRI pulse sequence protocol consisted of a sagittal 3D FLASH 
sequence, a sagittal T2*-weighted 3D gradient echo sequence, a sagittal and coronal dual echo turbo spin echo 
(DETSE) sequence, and sagittal and coronal Short Tau Inversion Recovery (STIR) sequences. All available MRIs 
were read with ALOAS scoring system by one musculoskeletal radiologist (FWR) with 14 years experience in 
standardized semiquantitative MRI assessment of OA. All readings were done with the chronological order of visits 
unblinded to the reader in order to maximize sensitivity to detect change. Logistic regression was performed to 
assess the associations of presence of any inflammatory MRI markers (Hoffa-synovitis and joint effusion-synovitis) 
with risk of radiographic and MRI-defined PF and TF OA at 5 years. Adjustment was performed for age, sex, BMI 
and “as-treated” group (early ACL reconstruction, delayed ACL reconstruction, rehabilitation) All statistical 
analyses were done using SAS® software (Version 9.1 for Windows; SAS Institute, Cary, NC). 
 
RESULTS: 111 patients had MRIs available for all three time points and were included. Mean age was 26.0 (±4.9) 
years old, mean BMI 24.1 (±2.9) at baseline and 32 (26.5%) were women.  Patients with positive inflammatory 
markers at 2 years (i.e. any Hoffa-synovitis or effusion synovitis ≥ grade 1) did not show increased risk for TF or PF 
OA at 5 years. However, patients with positive inflammatory markers did have an increased risk of MRI-defined TF 
OA (Hoffa-synovitis OR 5.44, 95% CI [1.10,26.95]; Effusion-synovitis OR 9.40 95% CI [1.14,77.48]) No 
statistically significant association were observed for risk of PFJ OA. 
 
CONCLUSION:  
MRI-detected inflammatory changes observed two years after the initial trauma may play a role in OA development 
at 5 years. While no increased risk was observed for development of radiographically defined PF or TF OA, the risk 
of MRI-defined TF OA was markedly increased in patients with signs of Hoffa- and effusion synovitis at 2 years. 
These findings suggest that inflammation is a potent risk factor in post-traumatic TF OA development. While X-ray 
defined OA shows structural changes only in late disease stages, the MRI definition of OA may be helpful in 
diagnosing patients with unfavorable outcomes more early.  
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INTRODUCTION: The KANON study is a randomized controlled trial comparing surgical vs. non-surgical treatment strategies 
of acute ACL injuries. The MRI-based ACLOAS1 assessment instrument describes in a semi-quantitative fashion structural joint 
damage in multiple subregions of the joint. Adequate reliability of ACLOAS has been published 1. Development to later OA 
following ACL injury is a result of multiple factors that are poorly understood. It is known that baseline structural injury pattern 
is an important predictor of subsequent OA development. While the radiographic definition of OA relies on the presence of a 
definite osteophyte, the MRI definition includes changes in several joint tissues and is likely to be more sensitive to early 
structural joint degeneration.  
 
OBJECTIVE: To assess structural baseline risk factors, i.e. osteophyte presence, meniscal damage and cartilage injury, for 
radiographic and MRI-defined OA at 5 years. 
 
METHODS: Included were 121 active individuals, aged 18-35 at inclusion, with an acute ACL injury in a previously non-injured 
knee. Subjects were randomly assigned to structured rehabilitation plus early ACL reconstruction or to structured rehabilitation 
plus optional delayed ACL reconstruction. The current analysis focuses on baseline and 5 year MRI irrespective of treatment arm. 
MRI was performed using a 1.5 T system. The MRI pulse sequence protocol consisted of a sagittal 3D FLASH sequence, a 
sagittal T2*-weighted 3D gradient echo sequence, a sagittal and coronal dual echo turbo spin echo (DETSE) sequence, and 
sagittal and coronal Short Tau Inversion Recovery (STIR) sequences. All available MRIs were read with the ACLOAS scoring 
system by one musculoskeletal radiologist (FWR) with 14 years experience in standardized semiquantitative MRI assessment of 
OA. Logistic regression was performed to assess the associations of presence of structural risk factors (i.e. cartilage damage, 
meniscal damage and osteophyte presence) at baseline and risk of radiographic and MRI-defined TF OA at 5 years. Two different 
definitions were used for MRI-defined OA taking into account the presence of several joint features as described by Hunter et al.2 
only differing by the cut-off for presence of bone marrow lesions (i.e. grade >1 or >2). Adjustment was performed for age, sex, 
BMI and “as-treated” group (early ACL reconstruction, delayed ACL reconstruction, rehabilitation alone). All statistical analyses 
were done using SAS® software (Version 9.1 for Windows; SAS Institute, Cary, NC). 
 
RESULTS: Mean age was 26.0 (±4.9) years old, mean BMI 24.1 (±2.9) at baseline and 32 (26.5%) were women.  11.5% of 
patients had TF ROA at 5 years and 31.0% and 27.4% respectively had MRI-defined OA depending on the two definitions. In 
regard to prediction of TF ROA, only baseline meniscal damage was a statistically significant risk factor (aOR 4.72 95% CI 
[1.34, 16.65]). The strongest risk factor for MRI-defined TF OA (definition 1 – BML≥1) was baseline cartilage damage (aOR 
13.26 [3.82, 46.01]), followed by meniscal damage (aOR 4.74 [1.68, 13.33]) with baseline osteophyte presence not being 
significant after adjustment. For the alternate MRI definition of TF OA (definition 2 – BML≥2) similar results were observed 
(cartilage damage aOR 13.59 95% CI [4.08, 45.29]; meniscal damage aOR 4.45 [1.61, 12.31]) with baseline presence of TF 
osteophytes being also a statistically significant risk factor (aOR 3.02 95% CI [1.07, 8.51]). 
 
CONCLUSION:  
The only structural predictor of TF ROA at 5 years was baseline meniscal damage. The strongest risk factor for MRI-defined TF 
OA was baseline cartilage damage followed by meniscal damage and presence of prevalent baseline TF osteophytes. The results 
confirm previous work suggesting that initial injury to the articular surface and meniscus is detrimental in regard to future 
development of structural OA changes in patients that have suffered ACL injury. 
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PURPOSE: Knee replacement (KR) is commonly considered the therapy of choice in advanced osteoarthritis (OA) with 
severe symptoms. However, the proportion of knees that underwent KR from the 12 month visit through the 48 month visit in 
the Osteoarthritis Initiative (OAI) with no or only mild radiographic disease (Kellgren-Lawrence – (K-L) 0-2) at baseline (BL) 
is high (~30%) 1. Aims are to assess 1.) whether structural damage seen on MRI potentially associated with pain differed at 
BL and the time point prior to reported KR (“T0”) between those with mild radiographic OA (ROA)  and those with severe 
ROA and 2.) whether change in pain levels from BL to T0 differed between those with mild ROA vs. severe ROA. 
 
METHODS: Participants who underwent KR were drawn from the OAI, a longitudinal observational study that includes 
4,796 participants with or at risk of knee osteoarthritis. The period between BL and T0 was 12 to 48 months, which in the 
context of OA disease progression is considered a short time interval. MRIs were assessed for bone marrow lesions (BMLs), 
Hoffa-synovitis, and effusion-synovitis at BL and T0. Descriptive statistics were used to describe progression of KL grades 
from BL to T0 for the mild ROA group (K-L 0-2).  
Logistic regression, with adjustment for demographic and clinical factors, was used to estimate the association between 
number of subregions affected by BMLs per compartment, presence of any Hoffa-synovitis, and effusion-synovitis at BL and 
T0 and mild vs advanced ROA at BL. Finally, logistic regression was used to estimate the association between mild ROA with 
pain presence at T0 and change in pain (from “no pain” to “presence of pain” in the last 12 months or last 30 days) from BL to 
T0 using the severe ROA group as the control group. 
 
RESULTS:  
181 knees with radiographic, MRI and pain assessments available underwent KR during the 5 years of observation. Of these, 
130 knees had severe ROA while 51 knees had mild ROA at BL. Of the mild ROA knees, 26 (51.0%) progressed to KL grade 
3 (n=19/37.3%) or 4 (n=7/13.7%) at T0. 
Compared to those with severe ROA at BL, mild ROA knees that later underwent KR had significantly increased odds of two 
or more subregions in the PFJ with BMLs (crude OR 7.92 95%CI [3.45,18.16]). 67% of the mild ROA knees had ≥ 2 
subregions with BMLs at BL vs 24% in severe ROA knees. Similar findings were observed for T0, with mild ROA associated 
with two or more subregions with BMLs in the PFJ (crude OR 9.44 95%CI [4.00, 22.28]) but decreased odds for medial 
(crude OR 0.21 95%CI [0.10,0.47]) and lateral (crude OR 0.39 95%CI [0.17,0.92]) TFJ BML subregion counts. Mild ROA 
knees had decreased odds of Hoffa-synovitis and effusion-synovitis at BL (crude OR 0.35, 95%CI [0.17,0.73] and 0.32, 
95%CI [0.16,0.65]) while at T0 there were no differences between groups. 
In regard to pain, mild ROA knees had increased odds for change from “no pain” to “pain presence” from BL to T0 (aOR 5.48, 
95%CI [1.25, 24.00]) for “pain within the last 12 months” but not for “pain within the last 30 days” (aOR 2.16 95%CI 
[0.60,7.81]). 
 
CONCLUSIONS:  
Over half of the knees with mild ROA progress to high grade ROA at the visit prior to KR indicating a more rapid progression 
of disease for many in this subgroup. BMLs in the PFJ were more often seen among knees that had mild ROA at baseline, 
among this sample of knees that went on to KR. The higher prevalence of BMLs in the PFJ compared to the TFJ in knees 
undergoing KR supports the role of structural damage for the PFJ and its contribution to pain development in the decision for 
KR. 
 
Reference: 1 Roemer FW, et al. Can Structural Joint Damage Measured with MR Imaging Be Used to Predict Knee 
Replacement in the Following Year? Radiology 2015;274(3):810-20  
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Purpose: MRI is more sensitive in the detection of osteophytes (OPs) than radiography. It is not known, 
whether specific locations or patterns of MRI-detected OP presence are associated with different degrees of 
severity of cartilage damage in knees with incident radiographic OA (ROA). 
The purpose of the current study is 1) to describe the MRI-defined maximum OP size by compartment and 
maximum grade of co-localized cartilage damage, and 2) to analyze the association of maximum OP size at 
specific locations and concomitant presence of any cartilage damage on MRI in  knees that developed 
incident ROA through the Osteoarthritis Initiative (OAI) 48 month visit. 
Methods: We studied knees that did not have ROA at the BL visit but developed incident ROA at or before 
the OAI 48 month annual visit. MR images were acquired at 3T. MRIs were read according to the semi-
quantitative MOAKS system for cartilage damage and OP presence and severity. A cross-sectional analysis 
was performed for the time point when ROA was diagnosed (“P0”). Descriptive statistics were used to 
describe maximum OP size and concomitant maximum cartilage damage severity by knee subregions. 
Logistic regression adjusted for potential confounders (i.e., age, gender, body mass index, race and 
contralateral K-L status) was applied to assess odds of any cartilage damage depending on OP location and 
size. 
Results: 296 knees that did not have ROA at the baseline visit but developed incident ROA during the 48 
month observational period were included. The radiographic status for knees included and their 
contralateral knees at BL was K-L0/0 for 57 (19.3%), K-L0/1 for 10 (3.4%), K-L1/1 for 67 (22.6%), K-
L1/0 for 49 (16.6%), K-L0/≥2 for 56 (18.9%) and K-L1/≥2 for 57 (19.3%). At the time point of incident 
ROA (P0), the ROA status was K-L = 2 for 237 (80.1%), K-L = 3 for 57 (19.3%), and K-L = 4 for 2 (0.7%). 
In the patella, the medial femur and the lateral femur, the most frequent OP grade was 1 (67.6%, 59.1% and 
51.7%, respectively), and in the posterior femur it was 0 (51.7%). For all OP sizes, the patella showed the 
highest frequencies of higher grade cartilage damage (grades 2.0-2.2), while in the posterior femur the 
majority showed no cartilage damage regardless of OP size (75.2% for grade 0, 73.6% for grade 1, and 
59.9% for grades 2 and 3). For all compartments, there was a linear trend found between maximum OP size 
and any concomitant cartilage damage. In the medial TF compartment, the adjusted odds ratio (aOR) for a 
maximum osteophyte grade of 1 was 2.49, 95% confidence interval (CI) (1.33-4.64); for grade 2 and 3 
combined the aOR was 3.56, 95%CI(1.57-8.08). For the lateral TF compartment, the aOR for a maximum 
OP grade of 1 was 2.46, 95%CI (1.48-4.09); for grade 2 it was 5.69 95%CI (2.68-12.09), and for grade 3 it 
was 12.01 95%CI (1.61-89.54). For the patella, the aOR for a maximum OP grade of 1 was 1.12 95%CI 
(0.53-2.40); for grade 2 it was 6.77 95%CI (1.44-31.92), and for grade 3 it was 3.64 95%CI (0.41-32.49).  
Conclusions: In this sample of knees with incident ROA, assessed at the time point when ROA is 
diagnosed, the patella shows more severe cartilage damage regardless of concomitant osteophyte size; in 
the posterior femur, cartilage damage is rare despite the presence or size of concomitant osteophytes. An 
increased odds for any concomitant cartilage damage is observed with increase in osteophyte size for all 
locations, suggesting that cartilage damage and osteophyte formation are observed in conjunction with each 
other in early OA. 
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ARE MRI-DETECTED STRUCTURAL FEATURES ASSOCIATED WITH ACCELERATED 
INCIDENCE OF RADIOGRAPHIC KNEE OSTEOARTHRITIS IN THE OSTEOARTHRITIS 
INITIATIVE? 
 
1,2Frank W. Roemer, 1Ali Guermazi, 3Erin L. Ashbeck, 3Charles Ratzlaff, 4Tomoko Fujii, 5Michael J. Hannon, 4Robert 
M. Boudreau, 6David J. Hunter, 7Felix Eckstein, 3C. Kent Kwoh 
 
1Quantitative Imaging Center, Department of Radiology, Boston University School of Medicine, Boston, MA;  2Department of  Radiology, University of 
Erlangen-Nuremberg, Erlangen, Germany; 3Department of Rheumatology and Arizona Arthritis Center, University of Arizona, Tucson, AZ; 4Department 
of Epidemiology, University of Pittsburgh Graduate School of Public Health, Pittsburgh, PA; 5Division of Rheumatology and Clinical Immunology, 
University of Pittsburgh School of Medicine; 6Department of Rheumatology, University of Sydney, Australia; 7Institute of Anatomy, Paracelsus Medical 
University, Salzburg, Austria 
PURPOSE: To identify structural features on MRI that distinguish knees with accelerated incident radiographic 
osteoarthritis (ROA) from those with slow development of OA. 
METHODS: Participants were drawn from the Osteoarthritis Initiative (OAI) study of 4796 participants with or at risk 
of knee OA with regular annual visits over 5 years. Incident cases of ROA were identified, defined as Kellgren and 
Lawrence (KL) grade ≥2, through 48 months of follow-up. Structural features in the year prior to incident ROA were 
assessed using the semi-quantitative MOAKS instrument. Two radiographic definitions of the development of 
accelerated incident OA over two annual OAI visits were used as outcomes in the analyses, accelerated KL grade (i.e., 
from KL 0 or 1 to ≥3) and accelerated OARSI medial joint space narrowing (i.e., OARSI JSN; 0 to ≥2 or 1 to 3). The 
association between structural damage one year prior to incident ROA and accelerated incident ROA was estimated 
using logistic regression with generalized estimating equations. Knees showing slow incident ROA (i.e., from KL 0 or 
1 to 2 or OARSI JSN from 0 to 1 or 1 to 2) served as controls.   
RESULTS: Altogether 328 knees were included in the KL grade –based analysis and 329 knees for the JSN-based 
analysis. 20.4% and 9.1% showed accelerated incident ROA acccoding to the different definitions. One year prior to 
incident ROA, only presence of effusion-synovitis was associated with increased odds of accelerated early OA based 
on KL grade (OR=1.97, 95%CI [1.10, 3.51], p=0.0223). No other structural features distinguished accelerated incident 
ROA compared to those knees that with slow development of incident ROA (Table 1). 

 
Table 1. sqMRI features (MOAKS) one year prior to Incident ROA (P-1) 

 Accelerated incident ROA  - two definitions of this radiographic outcome 
 Accelerated incident OA by KL Grade definition Accelerated incident OA by medial JSN definition  

sqMRI features 
 (MOAKS) Accelerated,  

no. (%) 
Slow, 

no. (%) OR (95%CI) 
Accelerated

,  
no. (%) 

Slow, 
no. (%) 

OR 
(95%CI) 

 67/328 (20.4) 261/328 (79.6)  30/329 
(9.1) 

299/329 
(90.9) 

 

Any Hoffa synovitis 42 (62.7) 151 (58.1) 1.18 (0.67, 2.06) 16 (53.3) 178 (59.7) 0.63 (0.28, 1.39) 
Any effusion synovitis 47 (70.1) 145 (55.6) 1.97 (1.10, 3.51)* 21 (70.0) 172 (57.5) 1.87 (0.75, 4.70) 

BML score ≥ 2 
Whole knee (excluding PFJ) 

10 (14.9) 27 (10.3) 1.53 (0.67, 3.51) 4 (13.3) 34 (11.4) 1.27 (0.41, 3.91) 

Cartilage damage score ≥ 
1.1 

Whole knee (excluding PFJ) 

40 (59.7) 147 (56.3) 0.98 (0.59, 1.65) 16 (53.3) 172 (57.5) 0.59 (0.27, 1.30) 

Meniscus damage medial,  
any tear or maceration 

32 (47.8) 100 (38.3) 1.51 (0.83, 2.76) 13 (43.3) 119 (39.8) 1.02 (0.45, 2.28) 

Meniscus damage lateral, 
 any tear or maceration 

13 (19.4) 39 (14.9) 1.24 (0.60, 2.57) 2 (6.7) 51 (17.1) 0.29 (0.07, 1.14) 

Medial meniscal extrusion 8 (11.9) 23 (8.8) 1.48 (0.60, 3.62) 1 (3.3) 30 (10.0) 0.28 (0.02, 3.23) 
Lateral meniscal extrusion 1 (1.5) 2 (0.8) 1.89 (0.10, 35.48) 0 (0.0) 3 (1.0) n/a 

Note: All odds ratios were adjusted for age, sex, and BMI *statistically significant at p< 0.05 
 
CONCLUSIONS: Presence of effusion-synovitis one year prior incident ROA is associated with accelerated incident 
ROA based on the K-L definition supporting a role of joint inflammation in accelerated disease onset. The fact that 
presence of none of the other structural parameters could distinguish knees with accelerated from those with slow 
incidence of ROA suggests that factors other than the presence of these features may play a role in radiographically-
defined accelerated disease onset. Alternatively, other characterization of MRI-defined structural features (such as 
change over time, instead of presence of a feature) may be associated with radiographically-defined accelerated OA. In 
addition known shortcomings of radiography for structural assessment of knee OA, including positioning issues on 
repeated p.a. fixed flexion radiographs, may account for some apparent cases of accelerated incident ROA, leading to 
misclassification of this entity. 
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SENSITIVITY TO CHANGE OF MENISCUS POSITION AND SIZE MEASURES OVER TWO 
YEARS PRIOR TO SURGICAL KNEE REPLACEMENT – DATA FROM THE OAI 
 
1Roth M., 1,2Wirth W., 3Emmanuel K., 4Kwoh C.K., 5Hunter D.J., 1,2Eckstein F. 
 
1Institute of Anatomy, Paracelsus Medical University Salzburg & Nuremberg, Salzburg, Austria 
2Chondrometrics GmbH, Ainring, Germany; 3Barmherzige Schwestern, Linz, Austria 
4University of Arizona Arthritis Center, Tucson, AZ, USA; 5University of Sydney, Sydney, Australia 
 
INTRODUCTION: Previous studies reported a greater magnitude of radiographic JSW and 
femorotibial cartilage thickness loss in knees subsequently undergoing surgical knee replacement (KR) 
than in non-replaced control knees with the same (baseline) radiographic disease stage, with the 
differences being particularly large in knees with baseline KLG 0-2. 
 
OBJECTIVE: To identify in knees with baseline KLG 0-2: a) whether quantitative parameters of 
meniscus position and size show significant changes prior to surgical KR, b) which quantitative 
meniscus measures are most sensitive to change in these knees, and c) whether changes in quantitative 
meniscus measures are correlated with loss in radiographic JSW. 
 
METHODS: 36 OAI knees with baseline KLG 0-2 reported surgical KR at the 36 through the 60 
month (M) follow-up visit. Each of these were matched with one control knee (without KR through 
60M) by age, sex, and baseline radiographic stage (KLG). Case-control pairs with lateral JSN were not 
included in the current analysis that focussed on the medial meniscus. In this sample, longitudinal 
reductions in medial minimum JSW (mJSW) and fixed location JSW (fixed flexion radiography) as 
well as cartilage thickness loss (by MRI) have been previously reported. To date, quantitative measures 
of medial meniscus position (extrusion) and size were determined in 9 randomly chosen case and 
control pairs. Coronal multiplanar reconstructions of 3T DESSwe images were used to manually 
segment the meniscus, using proprietary software. Images from the annual visit prior to KR (T0), and 2 
years prior to T0 (T-2) were analysed, with blinding to KR status and acquisition order. The sensitivity 
to change of quantitative meniscus parameters was assessed by calculating the standardized response 
mean (SRM = mean change / SD of the change). Pearson correlation coefficients were used to explore 
the association of meniscus and cartilage change with JSW change. 
 
RESULTS: 9 knees with subsequent KR (5 women; age: 66±3 years; BMI: 31.2±3.1 kg/m2; baseline 
KLG 0/1/2: n=1/3/5) and 9 control knees without KR (age: 65±5 years; BMI: 28.3±4.9 kg/m2; baseline 
KLG 0/1/2: n=2/2/5) were studied thus far. As a reference, the SRM of medial mJSW change in the 9 
KR knees was -0.71 (mean change [95% confidence interval]: -1.13mm [-2.40; 0.14]; p=0.14) and that 
in medial compartment (MFTC) cartilage thickness was -0.70 (-0.38mm [-0.73; -0.03]; p=0.07). 
Amongst quantitative meniscus measures, the change in mean extrusion distance was the most 
sensitive (SRM: 1.13; 1.09mm [0.46; 1.72]; p<0.05), followed by meniscus area not covered by the 
tibial cartilage (SRM: 0.95; 9.0% [2.8; 15.3]; p<0.05) and tibial cartilage area covered by the meniscus 
(SRM: -0.80; -8.6% [-15.6; -1.6]; p<0.05). Meniscus width also tended to decrease over time (SRM: -
0.68; -0.63mm [-1.24; 0.02]; p=0.08), whereas meniscus thickness (height) showed an increase (SRM: 
0.78; 88.2𝜇m [14.2; 163]; p<0.05). Meniscus volume did not display a significant change. The 
correlation between mJSW and mean extrusion change was r=-0.85 (p<0.05), and the correlation 
between mJSW and MFTC change was 0.96 (p<0.01). None of the JSW, cartilage or meniscus 
measures in the control knees displayed any significant change over time. 
 
CONCLUSION: This pilot study informs the selection of 3D meniscal parameters for further statistical 
analyses of the longitudinal correlation of quantitative meniscus and cartilage measures with 
radiographic JSW, and the analysis of differences between knees subsequently undergoing KR vs. 
those that do not. Quantitative meniscus measures were observed to be at least as sensitive to change 
over time as cartilage thickness measures, and to be highly correlated with longitudinal JSW loss. 
Differences between case and control knees will be reported once segmentation of the remaining 
sample is complete.  
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CHANGE IN INFRA-PATELLAR FAT PAD (IPFP) VOLUME AND MRI SIGNAL  
IN OSTEOARTHRITIC VERSUS HEALTHY KNEES: DATA FROM THE OAI 
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INTRODUCTION: The infra-patellar fat pad (IPFP) volume has been shown to decrease in subjects 
undergoing diet and exercise intervention. Yet, no differences in IPFP volume and MRI signal were 
observed between knees with vs. knees without progressive OA, suggesting that both measures are not 
predictive of progression. However, knees from the previous study all had established OA at baseline, 
and it is unknown whether IPFP volume and MRI signal differ in osteoarthritic vs. healthy knees. 
 
OBJECTIVE: 1) To investigate cross-sectional differences in IPFP volume and MRI signal between 
OAI participants with established (symptomatic) knee OA versus the healthy reference cohort (HRC); 
2) To evaluate potential differences in 2-year changes of IPFP volume and MRI signal between groups. 
 
METHODS: A subpopulation from the FNIH biomarker consortium cohort and from the healthy 
reference cohort of the OAI was studied. FNIH biomarker consortium participants (KLG1-3; WOMAC 
knee pain score 2.5±3.2 [0-20] at baseline [BL]) with and without radiographic progression (≥0.7mm 
JSW loss) and symptomatic progression (≥9 units on the 0-100 units WOMAC knee pain scale) from 
BL to year (Y) 2, 3, or 4 of follow-up (FU) were combined to one group (n=110+118= 228), given the 
previously reported absence of significant differences in IPFP volume and signal between both cohorts. 
From 89 participants of the OAI healthy reference cohort without risk factors for or established knee 
OA, 67 participants were studied. The IPFP was manually segmented using sagittal fat-suppressed 
intermediate weighted turbo spin-echo MR images (3.0mm) acquired at BL and Y2. Pathologies, e.g. 
cysts, were excluded when possible. Both, the baseline measures and the 2-year change in IPFP volume 
(per body weight) and the MRI signal distribution (the mean and the heterogeneity [SD]) were 
compared between osteoarthritic versus healthy knees (unpaired t-tests/ANCOVA). 
 
RESULTS: The 228 participants with established knee OA (63% women) were 61.1±8.7 years old 
(mean±SD) with a BMI of 30.8±4.8 kg/m2. The 67 healthy reference participants (57% women) were 
55.8±7.5 years old with a BMI of 24.3±3.1 kg/m2. There was no significant cross-sectional difference 
in IPFP volume between groups (p=0.15). However, IPFP volume/body weight was significantly 
greater in healthy reference than in OA participants, but the latter were also significantly heavier 
(87±16 vs 69±12 kg; p<0.0001). The baseline MRI signal heterogeneity (SD), but not the mean MRI 
signal, was greater in osteoarthritic vs. healthy knees (p<0.0001). Longitudinal changes in IPFP volume 
did not differ between groups (p≥0.29, Table 1), but the osteoarthritic knees had a significantly greater 
increase in the SD and mean MRI signal than healthy knees (p≤0.01, Table 1). The results were similar 
when adjusting for age, sex, and BMI. 
Table 1. Baseline values (mean±SD) and 2-year % changes (95% confidence interval) in infra-patellar 
fat pad volume and MRI signal in osteoarthritic knees and healthy knees. 
 Osteoarthritic knees Healthy knees    
 Baseline 2-Year % Change Baseline 2-Year % Change   
Volume (cm3) 28.7±8.0 -0.5 (-1.1, 0.2) 27.4±6.5 -0.9 (-1.7, -0.1) 
Volume/Body Weight (mm3/kg) 333±74.7 -0.2 (-1.2, 0.7) 398±62.8 -1.3 (-2.9, 0.4) 
Signal Mean 152±31.9 +29 (24.7, 32.9) 146±30.8 +11 (2.9, 19) 
Signal SD (heterogeneity) 74.3±16.0 +33 (28.2, 37.2) 61.8±10.4 +17 (9.0, 26) 

 
CONCLUSION: No differences in IPFP volume were detected at baseline or during 2-year longitudinal 
follow-up, with only the ratio of IPFP volume/body weight being smaller in the much heavier OA 
participants. However, there were significant baseline and longitudinal differences in MRI signal, 
suggesting increased (worsening of) IPFP structural pathology in osteoarthritic vs. healthy knees. 
  
SPONSOR: Image acquisition: OAI; Data analysis: PMU FFF (E-14/99/099-RUH) 
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QUANTITATIVE MEASURMENTS OF CARTILAGE AND OSTEOPHYTE VOLUME- 
ANALYSIS OF THE OA BIOMARKERS CONSORTIUM FNIH STUDY 

 
Schaefer L.F., Yin M., Sury, M., Jamieson S., Smith S., Duryea J. 

Brigham and Women's Hospital, Harvard Medical School, Boston, MA 
 
INTRODUCTION: Volume changes in osteophytes, cartilage, and bone marrow lesions (BMLs) are 
key features of osteoarthritis (OA). Fast and responsive tools to assess these features are needed for 
large OA trials. 
 
OBJECTIVE: We are developing the MRI Osteoarthritis Software Score (MOSS), a fully quantitative 
software-based method analogous to semi-quantitative scoring such as the Boston Leeds Osteoarthritis 
Knee Score and the MRI Osteoarthritis Knee Score. The goal of our study is to assess all 600 subjects 
of the OA Biomarkers Consortium FNIH Study longitudinally using three MOSS components: 
cartilage, osteophyte, and BML volume. This will further validate the method and demonstrate its 
suitability for use in highly-powered studies and clinical trials of knee OA. 
 
METHODS: The OA Biomarkers Consortium FNIH Study is a case-control study of knee OA 
progression nested within the Osteoarthritis Initiative (OAI). The study cohort was divided into four 
subgroups based on radiographic and pain progression: Group 1: radiographic and pain progression 
(n=194), Group 2: radiographic-only progression (n=103), Group 3: pain-only progression (n=103), 
Group 4: no radiographic or pain progression (n=200).  
Medial femoral cartilage volume was assessed in all 600 subjects at baseline and 24 months. 
Additionally, we measured osteophyte volume for 505 subjects at baseline and 24 months. Over 80% 
of the 1,800 scans making up the baseline, 12 months and 24 months visits have been read for BML 
volume.  All readings will be completed prior to the IWOAI workshop and will provide a total of 4,200 
individual measurements.  
The double echo steady state (DESS) pulse sequence was used for cartilage and osteophytes, and turbo 
spin echo (TSE) for BMLs. Volume changes were analyzed as predictor of case-control status in 
univariate models using logistic regression.   
 
RESULTS: Baseline to 24 months volume change in medial femoral cartilage, and osteophytes was 
associated with radiographic progression. This correlation was significant but less prominent with 
combined radiographic and pain progression. For pain progression alone, only borderline significant or 
not significant results were obtained. All three measurements (cartilage, osteophytes, and BMLs) can 
be performed in a total time of less than 30 minutes per knee, split roughly evenly between a research 
assistant and an experienced reader. 

 
CONCLUSION: We have demonstrated that measurements of cartilage and osteophytes using the 
MOSS method have clinical validity in a case/control study. The method is efficient and ideal for 
current and future large studies of knee OA requiring assessment of many thousands of MRI scans. 
 
ACKNOWLEGEMENTS: This research was supported by NIH/NIAMS Awards R01AR056664.  The 
authors gratefully thank John Lynch for his assistance with the statistical analysis.  

 
Primary analysis: cases 

(Group 1) versus controls 
(Group 2, 3, and 4) 

Radiographic (Group 1+2) 
versus non-radiographic 
progression (Group 3+4) 

Pain progression (Group 
1+3) versus no pain 

progression (Group 2+4) 
Variable Adjusted OR 

(95% CI) p-value Adjusted OR 
(95% CI) p-value Adjusted OR 

(95% CI) p-value 
Osteophyte 

volume 
(N=505) 

1.49 (1.21-1.83) 0.0002 2.22 (1.70-
2.90) <0.0001 1.15 (0.95-

1.40) 0.14387 

Cartilage  
volume 
(N=600) 

1.70 (1.40-2.07) <0.0001 3.13 (2.37-
4.12) <0.0001 1.26 (1.06-

1.51) 0.0107 
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RESPONSIVENESS OF THIGH INTERMUSCULAR FAT, SUBCUTANEOUS FAT AND MUSCLE TISSUE 
TO LONGITUDINAL CHANGE IN BODY WEIGHT - DATA FROM THE OAI 
 
Steidle-Kloc E., Dannhauer T., Wirth W., Eckstein F.; 
Institute of Anatomy, Paracelsus Medical University Salzburg & Nuremberg, Salzburg, Austria 
 
INTRODUCTION: Obesity represents an important risk factor of knee osteoarthritis (OA) and losses in quality-
adjusted life-years in the older population. Thigh intermuscular (IMF) and subcutaneous (SCF) adipose tissue 
content have been reported to be associated with knee joint function, and can be reliably measured by MR 
imaging. However, the responsiveness of IMF and SCF to longitudinal change (loss and gain) in weight, and that 
of thigh musculature, has not been systematically explored nor been compared between men and women. 
OBJECTIVE: To describe the responsiveness of IMF relative to that of the SCF during weight loss and gain, 2) 
to compare the responsiveness of IMF and SCF to weight loss/gain between men and women, and 3) to explore 
whether muscle anatomical cross-sectional areas (CSAs) are responsive to weight loss/gain in men and women. 
METHODS: All of the 4,796 Osteoarthritis Initiative (OAI) participants who a) displayed a >10% weight 
loss/gain between baseline and 2-year (Y2) follow-up, and b) maintained at least some of that weight change 
(≥5%) at 4-year follow-up were studied. Axial 3T MRI images (T1-weighted spin echo) were used to analyze 
thigh tissue composition at a consistent anatomical location (33% femoral length from distal to proximal). 
Longitudinal change in IMF, SCF, and extensor and flexor CSAs were determined from baseline and Y2 MRI 
acquisitions, using custom software. Within-subject changes (baseline →Y2) were tested for statistical 
significance using paired t-tests. The standardized response mean (SRM= mean change/SD change) was used as 
a measure of sensitivity to change. The Physical Activity Score for the Elderly (PASE) was also monitored. 
RESULTS: 52 participants had a >10% weight loss and 51 a >10% gain. Those with weight loss were 73% 
women (baseline BMI 30.1±4.6) [mean±SD] and 27% men (BMI 31.3±5.1), and those with weight gain 67% 
women (BMI 26.5±4.4) and 33% men (BMI 26.4±4.2). IMF and SCF both showed a significant decrease with 
weight loss and a significant increase with weight gain (*; p<0.05) in both men and women (Table 1). The 
magnitude of these changes appeared similar for weight gain and loss, and similar in men and women. Men and 
women with weight loss also encountered substantial reductions in muscle CSAs, whereas much smaller changes 
in muscle morphology were observed with weight gain. The PASE score was observed to increase over the 2 
years both with weight loss and gain, but these changes were not statistically significant (Table 1). 
 
Table 1: The responsiveness of IMF, SCF and muscle CSAs to changes in body weight 

 Men – Weight loss (n=14) Women – Weight loss (n=38) 
 Diff % 95%CI  SRM Diff % 95%CI  SRM 
Weight -13% -14,-11 -4.39* -16% -17,-15 -3.51* 
IMF  -18% -25,-11 -1.34* -15% -22,-7.3 -0.64* 
SCF -21% -32,-10 -1.01* -22% -27,-17 -1.32* 
Extensor -6.7% -10,-3.4 -1.06* -9% -11,-6.4 -1.13* 
Flexor -7.8% -12,-4.0 -1.06* -7% -9.4,-4.5 -0.91* 
PASE +30% -8.8,68 0.42 +12% -6.3,30 0.21 

 Men – Weight gain (n=17) Women – Weight gain (n=34) 
Weight +17% 14,21 2.27* +16% 14,19 1.95* 
IMF  +27% 11,43 0.80* +19% 6.5,31 0.51* 
SCF +31% 21,42 1.39* +25% 16,34 0.95* 
Extensor +2.6% -0.6,5.7 0.39 +0.3% -1.9,2.5 0.05 
Flexor +3.2% 0.1,6.4 0.49 +4.2% 2.1,6.2 0.69* 
PASE +15% -23,53 0.19 +16% -14,47 0.18 

 
CONCLUSION: This study shows that MRI-based measurement of thigh SCF and, more importantly, also that 
of IMF, is highly responsive to change in body weight. This was true for both weight loss and gain, in both men 
and women. Weight loss also was accompanied by measurable change in muscle CSAs. MRI thus represents a 
sensitive tool to explore how thigh muscle tissue composition may respond to different conditions of weight loss 
or gain in both sexes, caused by specific diet and exercise interventions or microgravity conditions. 
SPONSOR: Paracelsus Medical University Research Fund (PMU FFF E-13/18/096-DAH) 
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A COMPUTATIONAL ALGORITHM TO SIMULATE COLLAGEN REORIENTATION IN INJURED 
CARTILAGE 
 
1Tanska P., 1,2Julkunen P., 1Korhonen R.K.  
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INTRODUCTION: Cartilage injury due to trauma may disrupt normal collagen architecture of cartilage 
which may lead to osteoarthritis (OA). If the quantitative estimation of this disruption would be possible, it 
would enable us to simulate the cartilage degeneration and possibly prevent the progression of OA. 
 
OBJECTIVE: Our aim was to develop a new collagen reorientation algorithm and investigate its ability to 
predict adaptation of the collagen fibril orientation around cartilage injury. 
 
METHODS: Two finite element models representing osteochondral explants were constructed with fibril-
reinforced poroviscoelastic swelling properties. One model was kept intact while the other one included a 
20 µm wide and 750 µm deep crack throughout the explant (Fig. 1ab). Models included similar literature-
based depth-dependent structure and composition for cartilage. Bone-cartilage interface was fixed. Fluid 
flow was allowed through free surfaces. Following an initial free-swelling step, a ramp load of 2 MPa for 
0.1 s was applied in unconfined compression using a rigid platen with a frictional contact. Reorientation 
algorithm assumed that collagen fibrils align according to maximum tensile principal tissue strain 
directions when collagen fibrils experience tension. The fibrils were slowly rotated towards these tensile 
strain directions and a new simulation was followed. The architecture was evaluated after 50 consecutive 
iterations assuming convergence of the fibril directions. We also investigated the effect of shear forces on 
the fibril reorientation by introducing a sliding of 40 mm/s for 0.1 s after the compression (Fig. 1b). 
 
RESULTS: The presence of the crack led to more disorganized collagen architecture near the crack end 
(Fig. 1a). With sliding (shear), the algorithm predicted slightly more disorganized collagen architecture 
near the crack (Fig. 1b).  

Figure 1: Collagen fibril reorientation around 
the crack after 50 consecutive iterations of 
the adaptation algorithm. A) Initial 
orientation of an intact cartilage, B) injured 
cartilage explant in unconfined compression 
of 2 MPa, and C) injured cartilage explant 
subjected to shear sliding following the 
unconfined compression. The injury is 
highlighted with red and white lines. Greatest 
changes in collagen orientation are observed 
close to the crack end and at the cartilage-
bone interface. 
 
 
 
 
 

CONCLUSION: The collagen disorganization in injured cartilage was concentrated at the crack end rather 
than the superficial zone. Furthermore, shear forces amplified these changes in the architecture near the 
damaged area. If the prevention of this disorganization would be possible, it could be possible to slow 
down or stop the progression of degeneration. 
 
SPONSOR: European Research Council (281180) and Alfred Kordelin Foundation (150465). 
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MORPHOLOGICAL CHANGES IN BONE-CARTILAGE INTERFACE DURING OSTEOARTHRITIS 
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**** University of Oulu, Oulu, Finland & University of Eastern Finland, Kuopio, Finland 
 
INTRODUCTION: Osteoarthritis (OA) causes degeneration of articular cartilage along with subchondral 
bone sclerosis and remodeling. However, changes within the bone-cartilage interface, connecting articular 
cartilage to the subchondral bone, are still not well understood. Hence, detailed assessment of the cement 
line (CL) morphology can provide further leads for a better understanding of certain OA phenotypes. 
 
OBJECTIVE: The aim of this study was to correlate the morphology of the cement line of human tibia with 
the severity of osteoarthritis assessed by the histological OARSI grading system. 
 
METHODS: Tibial plateaus (Fig.1A) were harvested from 26 patients. Conventional histological sections 
(n=28) were prepared from the samples and stained with Safranin O. The sections were imaged with a 
digital slide scanner (N=18, Pannoramic 250F, magnification x5) or with a microscope (N=10, Nikon 
Eclipse, magnification x4). Each section was subjected to histological grading by three independent 
evaluators using the OARSI grading system, the average was used as the final OARSI grade. The CL of 
each histological image was segmented to approximately 3 pixels thick mask by applying a custom-made 
algorithm. A local binary patterns (LBP) –based analysis was performed as a novel alternative method to 
assess the distribution of the local angles within the segmented CL mask (Fig.1B). LBP descriptors were 
applied to the mask to assess the local elevation angles of the CL. For each image, the entropy (measure of 
randomness), homogeneity index (measure of curve sharpness), standard deviation of the angles (measure 
of shape variations), as well as conventional root-mean-square (RMS) surface roughness (deviation of the 
interface from its ideal smooth form) were calculated and compared to OARSI grades. 
 
RESULTS: The OARSI grades varied from 0.3 up to 4.5 (3.0±1.3). The segmentation of the CL was more 
accurate (thinner mask) in the slide scanner images than in the microscope ones (thicker mask). The 
homogeneity of the angles was inversely correlated with the OARSI grades (R2=0.60, p<0.001, Fig.1C) 
while the entropy of the angle had a positive correlation (R2=0.65, p<0.001, Fig.1D). The SD of the angles 
had a higher correlation with OA severity (R2=0.48, p<0.001) than the RMS roughness (R2=0.11, p=0.08).  
 
CONCLUSION: We propose here a novel solution to locally assess the morphology of the CL. As a result 
of progression of bone sclerosis and remodeling with OA, the CL changes from a continuous and planar 
shape to a more chaotic one. The LBP-based parameters presented here provide more detailed information 
about the CL than traditionally used RMS roughness since they are assessed locally. 
 

 
Figure 1. A. region of interest, B. histological sections with local angles distribution, C. / D. Linear 
correlation analysis between the OARSI grades and homogeneity index / entropy of local angles (N=28). 
 
SPONSOR: Infotech Oulu, European Research Council (grant no: 336267), Academy of Finland (grant no: 
273571, 268378) and Sigrid Juselius Foundation. 
DICLOSURE STATEMENT: none. 
CORRESPONDENCE ADDRESS: jerome.thevenot@oulu.fi 



 

 
81 

 

DISCRIMINATION OF SYMPTOMATIC KNEES FROM THERMAL IMAGING  
 
*Thevenot J., *Tiulpin A., *Kauppinen S., *Ojaniemi M., *Seppänen T., **Saarakkala S. 
 
*University of Oulu, Oulu, Finland 
** University of Oulu, Oulu, Finland & Oulu University Hospital, Oulu, Finland 
 
INTRODUCTION: The inflammation of the tissues in the knee joint can be caused by different knee 
disorders, inducing changes in the superficial skin temperature. Multiple studies have proven the potential 
of thermal imaging to assess tissues inflammation, however no standard protocol has yet been developed to 
collect the most relevant local temperatures of this modality at the knee joint. 
  
OBJECTIVE: The aim of this study was to assess the performance of thermal imaging to discriminate 
symptomatic knees from healthy ones, using a constant acquisition protocol. 
  
METHODS: 37 participants were recruited and divided in two groups: 17 volunteers with chronic knee 
pain and 20 volunteers with asymptomatic knees. The symptomatic group was constructed from volunteers 
with diverse backgrounds including OA (N=3) and other conditions such as meniscal injury, ligament 
laxity, runner’s knee, etc. For the experimental test, after 30 minutes rest at ambient temperature 
(21°C±0.5°C) in shorts, the participants were imaged by a thermal camera (FLIR T420, Infradex, 
resolution: 240x420) located 1 meter away. For each knee, a picture was taken for the anterior, posterior, 
lateral and medial views. Eventually, the participants were asked to perform 10 sit-and-stand movements 
followed by a 5 minute walk exercise before repeating similar imaging protocol. For data analysis, a 
custom-made algorithm was developed to manually select the thermal information at specific locations 
(Fig. 1A) both before and after exercise. Multiple tests based on principal component analysis (PCA and 
multidimensional scaling) were performed to select the most relevant features for cases discrimination, 
including the anthropometric data collected for all the participants. 
 
RESULTS: The intra- and inter-repeatability of manual selection of points of interest were CV(RMSD) = 
1.23% and CV(RMSD) = 1.60% respectively (in terms of temperatures, calculated from 14 subjects). The 
most relevant features used in the PCA (Fig. 1B) were: BMI, the medial area (at rest), the posterior area (at 
rest), the difference patella – posterior area (at rest) and the difference patella – medial area (after exercise). 
The information collected in the lateral area did not provide further improvements to discriminate subjects. 
 
CONCLUSION: Basic thermal analysis can already provide some hints on knee conditions, especially OA 
(Fig. 1C). Furthermore, the features used here suggest that the lack of information of skin thickness was 
balanced by the BMI, and the combination of thermal data from both patella (area poorly affected by 
inflammation) and the posterior area (temperature highly correlated to inner body temperature). 

  
Figure 1. A. Locations of the collected thermal data, B. Principal component analysis from thermal data 
(N=37, red: OA patients, orange: other knee conditions, green: healthy) and C. Example of OA patient. 
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INTRODUCTION: Pain is one of the main factors in determining disease management. Recent work 
has shown that radiographic features from the OAI dataset correlates weakly with occurrence and later 
onset of chronic pain. However, studies based on manual assessments are often limited by the data 
available and are expensive to read. Using a fully automated multi-feature analysis and radiographs 
from OAI, we looked at the accuracy of analysing these features across larger sets of images. 
 
OBJECTIVE:  
1) To examine the association between radiographic features and current and future onset pain using a 
multi-feature automated method. 2) To compare our algorithm with manually assessed features. 
 
METHODS: We used PA fixed flexion radiographs and assessments from the OAI dataset (n= 5932) 
images with missing pain, KL and JSW scores (3616) were removed. Data for the two experiments was 
split: 3845 knees without current frequent pain at baseline, and all 5932 to assess current pain. Pain 
was taken as the occurrence of any pain, aching or stiffness over the last 30 days in the specific knee. 
The two sets were split into pain/no pain groups: for the prediction of later onset pain, we used baseline 
images with no pain, 1472 knees developed pain over 48 months follow-up, the remaining 2124 had no 
occurrence of pain throughout follow-up; current pain classification split data by knees that were 
painful in the last 30 days (n =2096) vs. those with no pain in the past 30 days (n =3861). The 
radiographic images were analysed using an automated program to quantify shape characteristics of the 
overall outline, tibial spines and marginal osteophytes across the tibia and femur. Texture effects tested 
added little to the classifier’s performance and were therefore not included.  Each feature was analysed 
separately with the final classification calculated as the mean across each feature. We then trained and 
tested a Random Forest (RF) classifier combining all features using 5 fold cross validation, results are 
reported as a mean area under the ROC curve (AUC) across the 2 repeats. We compared these ROCs 
with those drawn from KL classification alone and with JSW drawn from the central OAI data set. We 
ran several random-effects panel logistic regression models, predicting current/future pain with 
participant ID modelled as a random effect in all models. This controlled for differences in knees, and 
controlled for the correlation between observations from the same patient. All confidence intervals (CI) 
are to 95%. 
 
RESULTS: For cross sectional associations with current pain (yes/no), the manually graded KL and 
JSW, achieved ROC of KL: 0.612 (CI: 0.6-0.63) JSW: 0.586 (0.57-0.6). For future pain, these figures 
were KL: 0.601 (0.58-0.62) and for JSW: 0.566 (0.55-0.58). The AUC’s for the classifier combining all 
features for current pain and future pain were 0.659 (0.64-0.67) and 0.621 (0.6-0.64) respectively. Of 
the individual features brought into the combined classifier, osteophytes worked better than other 
features, with 0.64 and 0.59 (current/future) pain. Combining JSW with our algorithm achieved a slight 
improvement in cross-sectional current pain 0.661 (0.65-0.68) and longitudinal future pain 0.626 (0.61-
0.64). The automated method was run on all baseline images, this achieved similar results: 0.659 (0.64-
0.67) current pain, 0.608 (0.59-0.62) future pain. 
 
CONCLUSION: The results show that automated methods can be used to analyse radiographic features 
and may distinguish painful from non-painful knees better than widely used approaches including KL 
grading and joint space narrowing alone. Our combined feature method is fully automated and can be 
run without any manual grading; as such it can quickly analyse large datasets. 
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INTRODUCTION: Advances in OA research continue to be frustrated by challenges in detecting 
relevant structural changes in vivo, particularly when using 2D radiographic imaging parameters. Joint 
space mapping (JSM) is a newly validated tool for the assessment of the hip joint from clinical 
computed tomography (CT) that brings a new 3D approach to disease assessment.  
 
OBJECTIVE: Assuming baseline symmetry in the state of non-OA hips, our hypothesis was that 3D 
JSW asymmetry would be greater in individuals undergoing future total hip replacement (THR).  
 

METHODS: We undertook a nested case-control study within the prospective AGES-REYKJAVIK 
cohort of 3133 healthy older adults. CT of both hips was performed at baseline with 1 mm slice 
thickness. After initial 2:1 matching of THR cases for age and gender, exclusion criteria were applied 
for incomplete joint coverage, artefact or no opposite side for comparison. 47 individuals with THR in 
the 5-year follow-up period (39 unilateral, 8 bilateral) were identified as suitable cases (19 male, 28 
female, mean ± SD age 74.3 ± 5.3yrs), 125 individuals without subsequent THR as suitable controls 
(51 male, 74 female, age 74.1 ± 4.8 yrs). 3D JSW maps were produced for each hip using JSM. After 
central unblinding and registration to an average right hip joint space patch (see figure), unsigned side-
side JSW difference maps were created for each subject. Statistical parametric mapping revealed 
statistically significant regions of unsigned side-side JSW difference between the two groups, allowing 
for age, BMI, sex and the first 5 joint shape modes in the general linear model. 
 

RESULTS: We identified extensive regions of statistically significant unsigned side-side JSW 
difference between cases and controls. This ranged on average from 0.1-0.7 mm greater difference in 
individuals undergoing subsequent THR (see figure). Controls with bilateral KLG of zero showed that 
a baseline assumption of no side-side difference in JSW was fair (no significance). Sub-analysis of fast 
progressors to THR compared to controls (baseline KLG <2) showed a similar distribution of 
significance and magnitude of difference, suggesting that this group have JSW changes not detectable 
with conventional 2D assessment of disease. 
 

  
 
CONCLUSION: JSM can identify asymmetry in 3D JSW distribution associated with future THR from 
standard clinical CT imaging, even in those with no radiographic disease at baseline that progress 
rapidly to THR. This new tool could be used to determine changes in JSW distribution, not just for a 
single time-point prognostication, but also for trial follow-up to identify treatment response. 
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INTRODUCTION: Osteoarthritis is a complex condition of multiple phenotypes that each progress 
towards joint failure. Current imaging standards have fallen short of finding biomarkers that can define 
or explain the disease process in vivo or predict outcome with appropriate sensitivity.  
 
OBJECTIVE: To present joint space mapping (JSM)[1] as a new platform for image analysis capable 
of automatically delivering multi-parametric quantitative data at the hip joint for 3D analysis. 
 

METHODS: We performed CT and volumetric 3D MRI acquisitions at 3T of a cadaveric hip in fixed 
position to show feasibility of this strategy. Imaging parameters were: (1-3) CT: 0.31 x 0.31mm, 0.5 
mm slice thickness; (4) DESS MRI 0.78 mm isotropic, TE 5.16 ms, TR 15.46 ms, flip angle 25°; (5-7) 
T2 mapping, 0.8 mm isotropic, TEs 6.5, 13.4, 27.0 and 40.7 ms, TR 1251 ms, flip angle 90°. VIBE 
MRI was also performed (alongside DESS) with 0.80 mm isotropic, TE 4.9 ms, TR 10 ms, flip angle 
90°. T1rho and T2* mapping sequences were performed alongside T2 (not shown) at a different 
session. After semi-automatic 3D segmentation of the joint space in CT and MRI (VIBE and T2*), 
joint space volumes were automatically built from JSM. A radial sampling strategy based on a sphere 
fit to the femoral head delivered parameter values. Subchondral bone plate thickness and trabecular 
density were derived from a model-based fit to the data. Signal was standardised in DESS by dividing 
by background noise, then taking (max-min) signal value for contrast:noise ratio (CNR). T2* joint 
space volume defined the ROI for 3D T2/T1rho/T2* value sampling. We applied a proportional 
cartilage thickness model from 82μm isotropic μCT to the compositional MRI data to set individual 
cartilage surface limits. T2 gradient was the slope of a line fit to values across each cartilage volume.  
 

RESULTS: We show selected output in 3D on an average joint space patch (figure, femoral data not 
shown) or as a volume, which allows for multi-parametric correlation and analysis using statistical 
parametric mapping within and between groups without need of image cross-registration.  
 
CONCLUSION: This robust 3D data sampling and visualisation strategy is proof-of-concept that 
multiple modalities and sequences can be applied to deliver disease-relevant measures with 
unprecedented phenotyping and disease monitoring capability. This will be developed with in vivo 

application and incorporation of additional MRI and PET sequences. 
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INTRODUCTION 
Molecular exchange across osteochondral interface 
plate has been shown to be critical for the proper 
function of articulating joints [1]. The rate of cross-talk 
(molecular exchange) between cartilage and 
subchondral bone may help in better understanding the 
active physiology and disease progression process [2-
4]. Previous data using murine model of osteoarthritis 
suggested a relationship between osteoarthritis 
progression and solute transport [3].  
OBJECTIVE 
We developed a multi-zone biphasic-solute model to 
quantify the diffusion across cartilage and subchondral 
bone in cadaveric human and equine samples.  
METHODS 
Osteochondral plugs (diameter=8.5 mm) were 
harvested from the medial condyles of cadaveric 
human (donors=3, n=4) and equine (donors=1, n=6) 
femurs. Finite volumes of a neutral contrast agent 
(Iodixanol, MW=1.55 g/mol, 420 mM, 290 mOsm/kg 
water, 500 L) were placed on cartilage and the lateral 
diffusion was prevented using shrinking sleeve. The 
transport of Iodixanol osteochondral plug was 
monitored using a micro-CT (Quantum FX, USA). To 
determine the diffusion coefficient in cartilage zones 
and subchondral plate we fitted a multi-zone biphasic-
solute model in FEBio (2.2.6) to concentration-time 
curves of cartilage and equilibrium concentration of 
subchondral plate separately (Figure 1). 

 
Figure 1. Schematic of multi-zone biphasic-solute 
model consisting of finite bath, superficial zone, 
middle zone, deep zone and subchondral plate. 
 
RESULTS 
Efficacy of the multi-zone biphasic-solute model in 
tracking the diffusive behavior of cartilage and 
subchondral bone is presented (Figure 2). The average 
diffusion coefficient in subchondral plate was 1.21 and 
0.35 for human and equine samples, respectively 
(Table 1A). The diffusion coefficient ratios between 
different layers indicate that deep cartilage zone and 
subchondral plate have more similar diffusion 
coefficients (Table 1B). 

  
 
Figure 2: A) model fitted to the concentration-time 
curve for cartilage B) model fitted to the equilibrium 
concentration for subchondral plate. 
 
Table 1. A) Average diffusion coefficients obtained 
from the multi-zone computational model for 
superficial, middle, deep and subchondral plate zones. 
B) The ratio of diffusion coefficients of superficial 
zone to middle zone, middle zone to deep zone  and 
deep zone to subchondral plate. 

 
Average diffusion coefficient (μm2/s ) 

 
 Human Equine 

DSuperficial
 

5.63 4.46 
DMiddle

 
2.07 0.60 

DDeep
 

1.53 0.44 
DSP

 
1.21 0.35 

 
 
 
 
 
 

CONCLUSIONS 
We developed a biphasic-solute finite element model 
which accounted for inhomogeneity of articular 
cartilage and subchondral plate and showed it is 
capable in deriving the diffusion coefficients of a 
neutral solute in different cartilage zone as well as 
subchodnral plate. Our model therefore could 
potentially be used to differentiate between a healthy 
and osteoarthritic articular cartilage and subchondral 
plate through obtaining diffusion coefficients in 
different layers.   
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INTRODUCTION: Meniscal pathology is a common finding in knees with OA. Meniscal extrusion might be an 
interesting target for early detection of individuals at risk for developing knee OA. 
OBJECTIVE: To evaluate the association between meniscal extrusion at baseline and the incidence of knee OA after 
6.6 years in a high-risk population, free of clinical and radiological knee OA at baseline. 
METHODS: We used data of the PROOF study, a preventive RCT which evaluated a high-risk population of 407 
middle-aged overweight and obese women (BMI ≥ 27kg/m2) at baseline and after 2.5 and 6.6 years of follow-up. 
Meniscal extrusion at baseline was defined as grade 2 or 3 extrusion on MRI according to the MOAKS criteria (≥ 
3mm), scored in both the medial and lateral meniscus centrally (coronal image) and anteriorly (sagittal image). The 
primary outcome measure was either incidence of clinical OA according to the ACR criteria or radiographic knee OA 
(Kellgren & Lawrence grade 2 or higher), determined after both 2.5 and 6.6 years. Using generalized estimating 
equations (GEE), we determined the association between knees with and without meniscal extrusion and both 
outcomes, corrected for the baseline differences between the two groups. 
RESULTS: 645 knees were available for statistical analysis at baseline of which 431 remained after 6.6 years due to a 
dropout percentage of 33%. At baseline, the completers had a small but significant difference compared to the dropouts 
regarding BMI (p=0.013), physical activity level (p=0.048) and maximum strength of the quadriceps muscle (p<0.001). 
24% of the knees had meniscal extrusion at baseline of which 95% involved the medial meniscus and 8% the lateral 
meniscus. After 2.5 and 6.6 years, the incidence of clinical knee OA was 5% and 14% for knees without extrusion and 
7% and 25% for knees with extrusion. Only the latter was statistically significant (adjusted OR 2.19, 95% CI 1.15, 
4.16). For radiographic knee OA, incidence was 3% and 10% (without extrusion) and 12% and 31% (with extrusion), 
respectively. Despite the higher numbers of knees with radiographic knee OA at 6.6 years, only at 2.5 years a 
significant adjusted OR was found (2.5y: OR 2.96, 95% CI 1.4, 6.25, 6.6y: OR 1.76, 95% CI 0.86, 3,59). 
CONCLUSION: Meniscal extrusion was associated with a significantly higher incidence of clinical knee OA after 6.6 
years in a high-risk population. Over time meniscal extrusion also leads to a rising incidence of radiographic knee OA. 
The results demonstrate the independent effect of baseline meniscal extrusion on the development of knee OA and 
therefore it is important that radiologists report the presence of meniscal extrusion on MRI. 
SPONSOR: ZonMw (Grant No 120520001), Dutch Arthritis Foundation (Grant No LLP19), European Committee 
under the 7th Framework Program (Grant No 305815). 
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INTRODUCTION: Focal cartilage defects are known to cause changes in the mechanical response of 
articular cartilage that could contribute to the progression of the defect and, thereby, lead to 
development of OA. Minimally invasive in vivo characterization of the changes in the local mechanical 
environment adjacent to the cartilage defect could lead to an improved understanding of the onset and 
progression of OA and help planning of the treatment.  
 
OBJECTIVE: The aims of the study were 1) to develop a subject-specific finite element (FE) model of 
a knee with a focal cartilage defect based on delayed cone beam computed tomography (CBCT) 
arthrography and 2) by utilizing the FE model, to evaluate subsequent changes in local mechanical 
response around the tissue defect, as compared to intact tissue during the stance phase of gait. 

METHODS: A symptomatic knee of a 40-year old female patient was imaged using a modern 
peripheral CBCT scanner (tube voltage: 96 kV, tube current: 12 mA, voxel size: 200×200×200 µm3). 
Prior to imaging, 40 ml of undiluted anionic ioxaglate (𝑞 = −1, 𝑀 = 1269 g/mol, 320 mM, 
Hexabrix™, Mallinckrodt, Inc., St. Louis, MO, USA) was injected intra-articularly into the joint. 
Based on obtained images, a FE model of the knee was constructed (Fig. 1a). In order investigate the 
effect of the cartilage defect on the mechanical function of the joint, two variations of the model were 
created: 1) model including a defect observed in central parts of medial tibial cartilage (defect case) 
and 2) without the defect (intact case). Local tissue strains were evaluated during the stance phase of 
gait. Finally, submodeling was applied to the defect site in order to improve the accuracy of the FE 
mesh and simulation results (Fig. 1a). 
RESULTS: Throughout the gait cycle, substantial increase in minimum principal (compressive) strains 
was observed around the location of defect as compared to the intact case (Fig. 1b). The maximum 
differences were observed at 85% stance (3-fold increase in magnitude, Fig. 1b). In the defect case, the 
magnitudes of minimum principal strains also exceeded a compressive strain limit of 30% that has been 
associated with chondrocyte apoptosis and loss of PGs (D’Lima D.D. et al. J Bone Joint Surg Am. 
2001;31-A Suppl 2(Pt 1):19-21). 

 
CONCLUSION: The present 
computational approach, based on clinical 
CBCT imaging, can reveal functional risks 
of the progression of focal cartilage 
defects, potentially leading to OA. This 
technique could aid the clinical decision-
making by identifying potentially harmful 
cartilage defects. 
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Figure 1. a) Construction of FE knee joint model with a focal 
cartilage defect based on delayed CBCT arthrography. b) 
Local differences in the level of minimum principal strains 
between the models with and without the focal defect. 
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INTRODUCTION: The development of OA drugs (DMOAD) that can prevent structural progression 
at an early stage of the disease requires models of “early knee OA” with a reasonable likelihood of 
progression in the near future. We have previously shown that radiographically normal (KLG0) knees 
in persons with definite radiographic OA (ROA, KLG2-4) in the contralateral (CL) knee show a greater 
likelihood of incident ROA in the next 2-4 years than KLG0 knees with a contralateral KLG0 knee. 
 
OBJECTIVE: To test the hypothesis that radiographically normal knees (KLG0), with definite CL 
ROA (KLG2-4) but without a trauma history (early OA knees), display detectable cartilage thinning or 
thickening, compared with knees from subjects with bilateral KLG 0 (reference group). 
 
METHODS: In the Osteoarthritis Initiative (OAI), a longitudinal cohort study of knee OA, we assessed 
the femorotibial cartilage thickness by manual segmentations in 828 radiographically normal knees 
(KLG0 in central readings) from 828 participants. Of these knees, 150 had CL ROA (KLG2-4, 59% 
female, age: 65.1±8.6 y, BMI: 27.8±4.3 kg/m²; CL KLG 2/3/4: n= 111/32/7) and 678 had no CL ROA 
(KLG0, 57% female, age: 59.6±8.8 y, BMI: 26.7±4.2 kg/m²) at baseline or 1-year (Y1) follow-up. 3-
year cartilage thickness change between Y1 and Y4 was computed using the sagittal DESS MRI 
sequence and Chondrometrics software. Thinning / thickening sum scores were computed as the sum of 
all negative / positive subregion changes in each knee (primary focus). Ordered values (OV) of 
subregional change were included as exploratory outcomes. Comparisons between both groups were 
made using ANCOVA (adjusted for age, sex, BMI) and using Cohen’s D as a measure of effect size. 
 
RESULTS: The cartilage thinning scores tended to be greater in knees with CL ROA than in reference 
knees, but the difference failed to reach statistical significance (p=0.07, Table 1). No significant 
between-group differences were observed for the cartilage thickening score (Table 1) or for any 
subregion except for the central lateral tibia. However, the first 3 OVs differed significantly between 
knees with and without contralateral radiographic knee OA (Table 1). Sensitivity analyses stratified by 
CL ROA status revealed that cartilage thinning scores were significantly greater in KLG 0 knees of 
participants with advanced CL KLG 3/4 (-1010 ± 1013µm, 95%CI: [-1339, 682] µm, p<0.001) than in 
reference knees, whereas no significant difference was observed between KLG 0 knees of participants 
with CL KLG 2 vs. reference knees. 
 
Table 1: Three-year cartilage thickness loss in selected location-independent measures  

 
Reference (bilat. KLG0) KLG0 knee / CL KLG2-4 P-Value Effect size 

[µm] Mean SD 95% CI Mean SD 95% CI (adjusted) Cohen's D 
Thinning score -634 516 -673 -596 -749 696 -861 -637 0.07 -0.21 
Thickening score 529 366 501 556 528 343 472 583 0.57 0.00 
OV 1 -166 121 -175 -157 -209 184 -239 -179 0.00 -0.32 
OV 2 -116 85 -122 -109 -142 127 -162 -121 0.01 -0.28 
OV 3 -88 69 -94 -83 -107 97 -122 -91 0.01 -0.25 
OV 16 143 80 137 149 150 71 138 161 0.16 0.08 

 
CONCLUSIONS: ROA status in the CL knee appears to impact location-independent measures of 
cartilage thinning but not thickening in radiographically normal knees. This difference in “early 
cartilage loss” was predominantly driven by contralateral knees with advanced ROA. Participants with 
discordant radiographic status (i.e. KLG0 with contralateral KLG 3/4) may thus represent a model for 
studying DMOADs that aim to prevent the onset of and “early progression” towards knee OA. This 
may represent a stage at which disease modification may be most realistic to achieve. 
 
SPONSOR: Grants from BMBF (01EC1408D) and NIH/NIAMS (R01 AR052918) 
DISCLOSURE STATEMENT: Chondrometrics GmbH 
ACKNOWLEDGMENT: The OAI investigators, participants, the Chondrometrics readers. 
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SEMI-AUTOMATIC 3D SURFACE CHARACTERIZATION OF DEGENERATED ARTICULAR 
CARTILAGE  

1,2 Ylitalo T., 3Gahunia H.K., 1Karhula S., 1,5Finnilä M.F., 2Suhonen H., 1,6Lehenkari P., 2Hæggström E., 
3,4Pritzker K.P.H, 1,6Saarakkala S., 1,2,3Nieminen H.J. 

1University of Oulu, Oulu, Finland, 2University of Helsinki, Helsinki, Finland, 3University of Toronto, 
Toronto, Canada, 4Mount Sinai Hospital, Toronto, Canada, 5University of Eastern Finland, Kuopio, 
Finland,  6Oulu University Hospital, Oulu, Finland 
 
INTRODUCTION: Contrast enhanced micro-CT (CEµCT) can be used to image articular cartilage 
(AC) with high structural detail. The topology of degenerated AC surface cannot be fully evaluated 
with conventional surface characterization methods such as those described in ISO 25178 standard (e.g. 
mean square root roughness, Rq).  

OBJECTIVE:  To develop quantitative surface characterization technique for complex topological 
features of AC surface. 

METHODS: Human OC cylinders (n=18) were obtained from 15 TKA patients (ethics approval 
PSSHP 78/2013). Half of each cylinder was used for reference histology (safranin-O). One quarter was 
formalin-fixed (5d) and stained (1% w/v Phosphotungstic acid in 70% EtOH) for µCT imaging 
(Nanotom 180NF, Phoenix X-ray Systems/GE; 80 kV, 150 μA, 1600 projections, 750 ms/frame, 5 
frames/projection, isotropic 3.0 μm voxel size). The X-ray projections were reconstructed with datos|x 
(version 1.3.2.11, GE Measurement & Control Solutions / Phoenix X-ray). We developed a custom 
C++ and Matlab tool chain to analyze AC surface topology by generating parameter maps and global 
parameters describing simple and complex 3D surface topologies of AC surface. For reference we used 
µCT based 3D method scoring for surface discontinuity (0-3), fibrillation (0-3) and fissure depth (0-5). 
ROC analysis was performed to evaluate applicability of topology parameters for identifying AC 
discontinuity and fissure depth. 

RESULTS: Tortuosity maps visually show increase of underlying (complex) surface features with 
increasing degeneration stage (See Figure). From ROC analyses, the AUC values were at best 0.98 
demonstrating that many of the global complex roughness parameters were in good agreement with 
pathological grades. 

CONCLUSION: We demonstrate semi-automatic 3D- surface characterization technique which takes 
account cavern like complex surface structures that are disregarded with standard methods assuming 
unambiguity.  
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