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Introduction

• Goal of RCTs is to best 
evaluate test therapy vs. control

• Challenges in assessing repair 
tissue structural differences in 
Cartilage Repair RCTs:

– Categorical scoring systems

• Subjective and dependent on 
analyst expertise

• Precision limited to 
categorical resolution

– Biopsy data 

• Unvalidated staining and 
scoring methods

• Subsample – does not reflect 
entire fill volume

3

Objective 

Demonstrate a method for assessing 
cartilage repair tissue structure using 
MR imaging in RCTs that is: 

1)Quantitative

2)Highly-precise

3)Objective 

4)Standardized

5)Validated 

Important structural biomarkers:

1)Degree of lesion filling (%Fill)

2)Collagen structure and hydration by 
T2 relaxation time
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Methods – Study Design

• BST-CarGel® – Multicenter, Controlled, International RCT (Piramal)

– 21 sites – Canada, Spain, S. Korea

– 80 subjects, Grade 3 or 4 femoral cartilage defects, randomized (1:1)

• BST-CarGel® + Microfracture

• Microfracture alone (Control)

• Imaging obtained (Pre-Op, 1mo. Post-Op*, 12mo. Post-Op)

– 3D Gradient-Recall-Echo, 1.5mm, 15cm FOV, 256x256

– 3D Spoiled Gradient Recall Echo, Fat Sat, 1.5mm, 15cm FOV, 256x256

– Dual Echo Fast Spin Echo, Fat Sat, 20ms, 80ms, 2mm, 15cmFOV, 256x256

*1 month post-op scans used as basis for analysis

• Imaging Protocol Goals

– Highest in-plane resolution for structural accuracy

– Thinnest slices given imaging time/patient comfort constraints
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Methods – Reduction of Acquisition Variance

• Site Operations Plan (Totterman, Tamez-Pena, VirtualScopics 2005)

– Qualify Imaging Sites

• Proper Equipment and Personnel

• Technical Calibration of Scanners

• Proof of Personnel Training

– Continually Monitor Site Performance

• Monthly Calibration (Phantom Scans)

• T2 Phantoms in FOV of all subject scans

• Recurrent Training as Necessary

– Inspect All Data for Conformance

• Series complete and to Protocol

• No adverse artifacts (motion, positioning, etc)

– Quickly Correct Anomalies

• Recall/rescan promptly if necessary
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Cartilage Repair Imaged in 3D
12 months Post-Treatment

B

C

► T2 assesses entire repair tissue volume

Original Debrided Lesion Imaged in 3D
1 month Post-Treatment

B

C ► %Fill calculated using coregistration as percentage of 1 month 
baseline lesion filled at 12 months

% Fill

T2

Methods - Analysis of Lesion %Fill and T2

Methods – Expert Assessment of Defect/Treatment

• Experts manually traced defect boundaries on 
1mo. Post-Op images (represents debrided 
baseline lesion)

– Delimiting edge of (osteo)chondral defect

– Spatial placement of (virtual) normal bone-
cartilage interface

– Spatial placement of (virtual) normal articular 
surface

– Delineating edge of fill (bony and 
cartilaginous)

– Adjustment of bone and/or cartilage 
segmentation as deemed necessary

• Segmentations co-registered to 12mo. Post-
Op scans 

– Experts reviewed/adjusted boundaries as 
deemed necessary

– Automated measurements of %Fill (by type) 
and T2 made from co-registered structural 
(GRE/SPGR and Dual Echo) series
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Methods – Validated Cartilage Defect Analysis Process
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Anatomical Atlas
Automated 

Atlas-based 

Segmentation3D SPGR Fat Sat 
(Base, 12 mo)

3D GRE

(1mo, 12 mo)

3D SPGR Fat Sat 
(1mo, 12 mo)

Automated Co-
registration and 

fusion

Automated co-registration 

of co-registered and 

segmented 12 month visit 
set with co-registered 3D 

on one month 3D image 

sets.

Expert inspection 

of fused, co-
registered images

Expert manual tracing of original defect on the 
co-registered image set using the one month visit 
images as a guide, separating defect below the 

bone-cartilage interface from defect above the 
bone-cartilage interface.

Dual-echo spin 
echo (12 mo)

Automated Co-

registration and 
fusion

Dual-

echo T2 
Mapping

Expert 
inspection using 
PD map

Automated extraction of defect volume, new 
bone- and new cartilage-like tissue volume 
below and above the level of bone cartilage 

interface

Automated 
calculation of 

Fill %
Expert intervention, precision assessed 
by blinded repeated data

Automated process, validated per plan

Automated, validation published 

Methods – Validation of Analysis Technology

• Atlas-based Automated Segmentation of Bone and Cartilage

– Multi-step process; atlas used for initial co-registration

– Results compared to other valid methods

• Chondrometrics (Eckstein, et al) – Quantitative measurements of cartilage 
thickness published via the Osteoarthritis Initiative (OAI)

• Boston Imaging Core Lab (Guermazi, Roemer, et al) – Semi-quantitative 
BLOKS/WORMS scoring of OAI data

– Methods statistically compared for comparability (Bland-Altman 
method) and trending 

– Published 2011  - Tamez-Pena, J. et al. “Atlas based method for the 
automated segmentation and quantification of knee features”, IEEE, 
ISBI, pp 1484-1487, 2011

• Precision assessed using OAI public scan-rescan data 

• Accuracy compared to manual expert segmentation (Gold Std.)

10



Methods – Validation of Analysis Methods

• Analysis of Method Precision

– Synthetic Data based on lesion shape, varying size was created

– 120 test-retest fill simulations were analyzed for %Fill, Defect Area and
T2

– Linear correlation and comparison of variance from true at a 95%
statistical confidence level were used to estimate precision

• Analysis of Reader Independence and Variation

– Random subset (n=10) of image data from study was duplicated, re-
identified per study format and randomly mixed to generate 20 blinded 
images analyzed by two independent experts (S. Trattnig, S. 
Totterman)

– Intra-reader and Inter-reader variance was analyzed using RMS and 
Pearson’s correlations of repeated analyses; differences were 
analyzed using paired t-test
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Methods – Validation of Analysis Methods (cont.)

• Biopsies (n=38/80) at 13 mo. Post-Op from central regions of 
treated defects

– Scored using Polarized Light Microscopy (PLM) grading of collagen 
architecture and zonal stratification

– Linear and non-linear statistical models used to investigate possible 
correlations to mean T2 quantitative measurements from entire repair 
tissue volume
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Results – Inbound Quality Control of Image Data

• All images automatically 
processed for conformance

– DICOM header tags

– Completeness of series data

– All series present

• All series visually inspected for 
quality

– Scoring of artifacts (motion, 
hemosiderin, etc)

– Suitability for analysis
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Results – Estimation of Method Precision using 
Synthetic Data

Percentage of Fill

Volume : Tested Range

41 mm3 to 

3041mm3

Linearity

Linearity -1.29%

Adjusted 

Correlation 

R2 0.999

Intercept -1.32%

Slope 1.013

RMS 

Residuals 0.93%

Detection Limit 3.9%*

Quantitation Limit 11.9%**

Range
10.0% to 

100.0%

Relative Accuracy
-1.1% ±
0.17%

Precision
RMS 

Repeatability

0.7%^
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• Analysis precision depends on defect size relative to voxel size
• Small lesions (< 100 mm3) may have a 1ms T2 error

• T2 also subject to signal “smear” from adjacent tissues – most affected are 
superficial layers with adjacent free fluid (e.g. “pancakes” vs. “sno-cones”)

Shaded region indicates overlap with study lesion size
Fill % was evaluated using 120 test-retest fill simulations.  *Detection limit from 3.3 

times the RMS of deviation from the true values.  **Quantitation limit 10 times the 

RMS value.  ^errors are heteroscedastic.



Population
Reader Performance

Intra-Reader Inter Reader

Average std RMS r1 RMS r2 Diff (p-Value) SDD ρρρρ Std CV

Defect Volume (mm) 8.17 2.11 0.33 0.32 -0.31(0.042) 0.43 0.99 0.30 3.7%

Defect Volume @ Above 

(mm) 7.71 1.55 0.25 0.33 -0.34(0.042) 0.45 0.97 0.32 4.2%

Defect Articulating 

Surface  Area (mm) 13.12 4.03 0.56 0.44 -1.41(0.000) 0.79 0.98 0.56 4.2%

%Fill (%) 86% 18% 4% 8% -%0.77(0.828) 11% 0.85 7.64% 8.9%

Average T2 (ms) 96.88 61.48 24.79 27.72 2.60(0.531) 12.64 0.98 8.94 9.2%

Average T2, @ 

Superficial layer of the 

Repair tissue (ms) 110.67 68.11 31.00 44.36 9.70(0.131) 18.49 0.98 13.07 11.8%

Average T2 @ BCI (ms) 86.58 59.47 20.31 15.26 7.54(0.331) 23.21 0.99 16.42 19.0%

Average T1 (ms) 395.68 72.62 22.39 27.77 -15.14(0.013) 15.54 0.98 10.99 2.8%

Results – Estimation of Inter-Observer and Intra-
Observer Precision
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• High reader agreement and precision

New PLM Scoring System (Changoor et al, OA&C 2011)

Validated using SEM (Changoor et al, OA&C 2011b)

• Biopsy Specimens provide excellent evidence of sampled tissue quality

• For heterogeneous tissue, the point sample may/may not reflect the 
remainder of the repair tissue.

Results – Elective Biopsies at 13 Months



Results - T2 Predicted by Both Lesion %Fill and PLM

Strong Multiple Correlation with PLM and %Fill

Results Independent of Treatment Group

Structural AND Biological relationship

Conclusions

• Structural efficacy of cartilage repair therapies may be precisely and 
objectively evaluated in multi-site RCTs with careful planning and 
execution

• Identification and control of sources of variance is critical to analysis 
precision -> improved likelihood of statistically sound results

• The methodology presented is valid, analyst independent, and 
based on non-proprietary biomarkers (%Fill and T2)

• Detection limits are driven by resolution, due to partial volume
effects – higher in-plane resolution is better, obviously

• Analysts should be experienced in evaluating cartilage defect repair 
therapy
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