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Abstract

Objective: This study aims to evaluate the feasibil-
ity and accuracy of the Python Knee Cartilage Image 
Analysis Workflow (pyKNEEr), an open-source tool for 
automated segmentation of standard sagittal magnet-
ic resonance imaging (MRI) in assessing femoral knee 
joint cartilage tissue changes, in comparison with the 
established Whole-Organ Magnetic Resonance Imaging 
Score (WORMS) and actual arthroscopic findings.

Materials and methods: This study, conducted be-
tween January and October 2022, involved a cohort of 
10 patients with varying degrees of femoral bone carti-
lage changes. The patients underwent knee arthroscopy 
for internal meniscal damage. Sagittal MRI tomograms 

were analyzed using pyKNEEr v0.0.5 for cartilage tissue 
measurements, and manual assessment was performed 
using the WORMS scale. Statistical data processing was 
performed using Pingouin 0.5.3 and Numerical Python 
(NumPy) 1.24.2 for Python 3.9 (Python Software Foun-
dation, Delaware, USA). 

Results: The pyKNEEr analysis revealed an average 
total cartilage thickness of 2.26 ± 0.21 mm, (2.33 ± 0.26 
mm for men, 2.22 ± 0.19 mm for women), and an av-
erage total cartilage volume of 10242.2 ± 1860.75 mm³, 
(10,380.25 ± 2,654.41 mm³ for men, 10,150.17 ± 1,406.89 
mm³ for women).

A statistically significant strong inverse correlation 
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Introduction
The preoperative determination of hyaline cartilage 

thickness and the severity of its damage plays a pivot-
al role in decision-making regarding surgical treatment 
strategies. Standard assessment involves magnetic res-
onance imaging (MRI) of the knee joint, facilitating the 
evaluation of cartilage and subchondral bone status. 
Radiologists and orthopedic surgeons typically assess 
cartilage conditions based on their expertise [1,2]. For 
a more precise assessment of changes, it is possible to 
utilize specialized scales, such as the Whole-Organ Mag-
netic Resonance Imaging Score (WORMS) and Magnetic 
Resonance Observation of Cartilage Repair Tissue (MO-
CART) [3,4]. Obtaining specific data on the condition of 
cartilaginous tissue is achievable through the segmen-
tation of MR images, accompanied by the calculation of 
the thickness of the cartilage at each slice. The manual 
analysis method has proven to be effective, but its ap-
plication is limited by the considerable time and effort 
required by experts, up to 20 min per MRI slice, and a 
lot of effort for analyzing every individual MRI slice [5-
7]. Automated medical image segmentation techniques 
provide a solution to this problem.

To date, approximately 30 algorithms have been de-
signed to segment the femoral part of the knee joint [8]. 
These algorithms are based on different methods such 
as the active contour method, atlas-based (previously 
labeled images) method, graph-based method, machine 
and deep learning method, and hybrid combinations 
of methods, which have been developed by different 

research groups worldwide. Several algorithms have 
open-source codes that are publicly available in reposi-
tories [8-10]. It should be noted that segmentation algo-
rithms developed by Wang and Shan have some limita-
tions; for example, documentation on both code usage 
is limited, whereas, in another situation, the code itself 
is written using C++, requiring advanced programming 
skills for both compilation and execution. As a result of 
these limitations, we opted to use Bonaretti’s algorithm 
which has good documentation available along with Py-
thon source code.

One of the free tools with open-source code is Python 
Knee Cartilage Image Analysis Workflow (pyKNEEr), de-
veloped by a team from Stanford and Palo Alto (Unit-
ed States) and led by Serena Bonaretti. Segmentation 
is carried out in three stages: 1) search for a reference 
image, 2) highlight the femoral cartilage, and 3) assess 
the segmentation quality. In the first stage, based on 
the reference image, convergence analysis is performed 
to search for a reference image on sagittal T2-mode to-
mograms by iterations until the convergence of inten-
sity vectors, considering the femur bone and cartilage 
masks. The second stage, based on the atlas method, 
involves highlighting the femoral cartilage. The third 
stage involves evaluating the quality of the obtained 
data. The accuracy of the algorithm was studied on 
3 MRI databases of the knee joint «OAI1», «OAI2» and 
«inHouse», where the algorithm showed a  strong cor-
relation with test data (Pearson’s correlation coefficient 
0.958) and correspondence of the obtained images to the 

was found between cartilage thickness and WORMS 
score (r=-0.813, 95% CI -0.95 to -0.38, p=0.025). Addi-
tionally, a moderate inverse correlation was observed 
between cartilage volume and WORMS score (r=-0.777, 
95% CI -0.94 to -0.29, p=0.049). No statistically signif-
icant correlations were identified by using the ICRS 
scale. 

Furthermore, there was no significant association be-

tween cartilage thickness and volume as determined us-
ing pyKNEEr.

Conclusion: pyKNEEr for automated segmentation of 
standard sagittal MRI images, demonstrates alignment 
with the WORMS scale, but neither pyKNEEr’s automat-
ed segmentation nor the WORMS scale showed a sta-
tistically significant correlation with the arthroscopic 
depiction of cartilage defects.
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test data (Dice coefficient 0.86) for cartilage segmenta-
tion and morphology assessment.

Our study aimed to determine the Feasibility and ac-
curacy of applying pyKNEEr in clinical practice. Specif-
ically, to evaluate the changes in thickness and volume 
within the femoral knee cartilage, comparing our find-
ings with established scales such as WORMS, and assess-
ing the relevance of our results in relation to data ob-
tained during knee arthroscopy.

Materials and Methods
Between January and October 2022, a cohort of 34 pa-

tients with varying degrees of femoral bone cartilage 
changes were candidates for study, 10 were included in 
the study. All the patients provided informed consent 
for the use of their data. Planned surgical interventions 
were performed on all patients using knee arthrosco-
py to address internal meniscal damage. The inclusion 
criteria for this study encompass the following param-
eters: age ranging from 18 to 65 years, presence of knee 
joint MRI with a magnetic field strength of 1.5 Tesla, and 
the requirement for operative treatment using arthros-
copy. Exclusion Criteria: MRI artifacts: patients with ar-
tifacts on MRI images will be excluded from the study. 
Prior Knee Interventions: Patients who had undergone 
previous surgical or interventional procedures on the 
knee joint were not included. Time interval: Patients 
with a time interval exceeding 6 months between the 
MRI assessment and planned operative intervention will 
be excluded. Chronic disease: patients known to have 
endocrine disorders will be excluded to ensure that no 
other conditions will interfere with the controlled MRI 
assessment.

In all patients, photo and video documentation of 
the arthroscopic view of the femoral condyle cartilage 
was performed, followed by defect assessment accord-
ing to the International Cartilage Repair Society (ICRS) 
criteria. Sagittal MRI tomograms were analyzed using 
pyKNEEr version 0.0.5., to obtain measurements of the 
average thickness and volume of cartilage tissue. Ad-
ditionally, a  manual assessment of the femoral bone 
cartilage was performed using the WORMS scale. These 
two methods were independently performed by two 
orthopedic surgeons. Any discrepancies were resolved 
collaboratively by a third more experienced orthopedic 
surgeon. Data for each femoral bone cartilage zone was 

recorded in a table and subsequently aggregated. Statis-
tical data processing was performed using the statistical 
libraries Pingouin 0.5.3 and NumPy 1.24.2 for Python 3.9 
(Python Software Foundation, Delaware, USA). The Kol-
mogorov–Smirnov test (a  non-parametric method for 
comparing distributions, essential for various applica-
tions in diverse fields) was used to assess the normality 
of the distribution. For normally distributed quantita-
tive data, results are presented as mean ± standard er-
ror, whereas for non-normally distributed data, quanti-
tative results are presented as median and interquartile 
range (25th and 75th percentiles). Spearman correlation 
(a statistical measure that assesses the monotonic rela-
tionship between two ranked variables) was conducted 
between the thickness and volume results of cartilage 
tissue obtained from pyKNEEr and the WORMS scale, as 
well as the ICRS, considering the non-parametric nature 
of the data.

The study incorporated six females and four males. 
The median age of the patients was 42 ± 18 years (range, 
24–60 years). The right knee joint was affected in five 
patients and the left knee joint was affected in five pa-
tients. The duration between MRI examination and sur-
gical treatment was 1.7 months (ranging, from 0.25 to 
1.75 months), with a minimum of 1 day and a maximum 
of 6 months. Four examinations were conducted using 
a Toshiba scanner (Japan), two on Siemens (Germany), 
two on Philips (Japan), and two on GE scanners (USA). 
All scanners had a magnetic field strength of 1.5 Tes-
la and adhered to the standard protocol for knee joint 
examination using a phased array knee coil. A posi-
tioning device was used to ensure uniform placement 
of the knee among patients, T2-weighted images in the 
sagittal planes were acquired, using the following pulse 
sequence parameters: time to recovery (TR) of 3100 ms, 
time to echo (TE) of 75 ms, slice thickness of 2 mm, and 
field of view of 14 cm.

The associated knee joint injuries included 10 medial 
meniscal tears, 8 patellofemoral chondromalacia (aver-
age ICRS grade 3 B, ranging from ICRS grade 2 to ICRS 
grade 3C), 10 tibial plateau chondromalacia (1 patient 
with ICRS grade 1, 3 patients with ICRS grade 2, 3 pa-
tients with ICRS grade 3A, 1 patient with ICRS grade 3 
B, and 2 patients with ICRS grade 3C), 1 partial anteri-
or cruciate ligament tear, 2 lateral meniscus tears, and 
synovitis of the knee joint.

Automated Segmentation of Knee Joint Cartilage: 
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Table 1 Results of assessing cartilage tissue according to WORMS scale.

Patient № MCA, mm MCC, mm MCP, mm LCA, mm LCC, mm LCP, mm

1 4 4 3 1 5 3

2 1 5 3 4 3 3

3 1 5 3 1 4 4

4 1 3 3 3 4 3

5 3 5 4 1 1 1

6 1 5 5 1 3 3

7 1 5 1 1 3 3

8 3 5 3 1 3 3

9 5 5 3 1 1 3

10 1 5 1 1 1 3

Results 
The assessment according to the WORMS scale for 

each of the six zones of the femoral trochlea (MCA: 
medial anterior condyle; MCC: medial central condyle; 
MCP: medial posterior condyle; LCA: lateral anterior 
condyle; LCC: lateral central condyle; and LCP: lateral 
posterior condyle) is presented in Table No. 1 the aver-
age score for the femoral condyle compartments was as 
follows: MCA 2.4 ± 1.6, MCC 4.6 ± 0.7, MCP 2.9 ± 1.2, LCA 
1.5 ± 1, LCC 2.6 ± 1.5, LCP 2.7 ± 2.8. 

The results from the pyKNEEr analysis are as follows: 
The average total cartilage thickness was  2.26 ± 0.21 
mm. Among males, it was 2.33 ± 0.26 mm, while among 
females, it was 2.22 ± 0.19 mm. The total average carti-
lage volume was 10,242.2 ± 1,860.75 mm³. Among males, 
it was 10,380.25 ± 2,654.41 mm³, while among females, it 
was 10,150.17 ± 1,406.89 mm³.

The clinical assessment of the femoral condyle was 
conducted through arthroscopy with photo and video 
documentation, followed by an evaluation of the dam-
age according to the standard ICRS scale. Defects were 
identified in the cartilage of the femoral condyle, spe-
cifically in the medial compartment in 8 patients and 
the lateral compartment in 2 patients. All defects were 
classified as stage 3 according to the ICRS scale. Among 
these, four patients were at stage 3A, one patient at 
stage 3 B, and five patients at stage 3C. Figure 1 shows 
the arthroscopic view and the corresponding cartilage 
map of the femoral condyle, generated using PyKNEEr, 
where there is visual correspondence between the lo-

calization and depth of the defect in the medial femoral 
condyle. 

The average score for femoral knee cartilage on the 
WORMS scale was 16.7 ± 2.8. The results for each patient 
on the WORMS scale, as well as the pyKNEEr results and 
the ICRS assessment, are presented in Table 2.

Correlation analysis was performed using Spearman’s 
rank correlation coefficient, adjusted for multiple com-
parisons using Bonferroni correction. The resulting cor-
relation map is shown in Figure 2. 

The summary data on the results of Spearman’s cor-
relation calculation (ρ), along with the 95% confidence 
interval (CI), are presented in Table 3.

A statistically significant strong inverse correlation 
was found between cartilage thickness and WORMS 
score (r=-0.813, 95% CI -0.95 to -0.38, p=0.025). Addi-
tionally, a moderate inverse correlation was observed 

Automated Segmentation of Knee Joint Cartilage: 
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Figure 1. Results of the colour map by pyKNEEr and the 
arthroscopic image of the medial compartment of the femoral 
knee of patient № 5.
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between cartilage volume and WORMS score (r=-0.777, 
95% CI -0.94 to -0.29, p=0.049). No statistically signif-
icant correlations were observed using the ICRS scale. 
Furthermore, there was no significant correlation be-
tween cartilage thickness and volume as determined 
using pyKNEEr.

Discussion
The statistically significant correlation between the 

pyKNEEr results and WORMS scores indicates that 
both  MRI-based diagnostic techniques align with the 
MRI images of the patients. The existence of an  in-

verse correlation raises a question. Considering that 
the  WORMS scale assigns lower scores  to more severe 
cartilage damage, the observed inverse correlation 
suggests an  overestimation of the pyKNEEr results. 
We attribute this to defects in MRI segmentation using 
pyKNEEr and incorrect delineation of cartilage defects, 
resulting in an increase in cartilage tissue volume dur-
ing calculations rather than a decrease. The moderate 
strength of the correlation  between cartilage volume 
and WORMS scores is likely related to the resolution 
capabilities of stranded MRI scans and the greater slice 
thickness.

The lack of correlation with the ICRS arthroscopic 
classification is particularly noteworthy, not only for 
pyKNEEr, but also for WORMS. Both MRI-based methods 
do not exhibit a statistically significant correlation with 
the actual arthroscopic findings.

Importantly, there are alternative scoring systems 
that demonstrate good results when compared to 
WORMS. One such system is the Boston Leeds Osteo-
arthritis Knee Score (BLOKS) [11]. In various studies, 
BLOKS has been compared to WORMS, revealing that 
both systems yield equivalent information and exhibit 
high inter-reader reliability. However, it’s important to 
acknowledge that BLOKS’ scoring of cartilage lesions is 
more intricate and sophisticated than WORMS, which 
does require substantial effort during assessment [12–
14].

Additionally, the Cartilage Lesion Score (CALS) de-

 Table 2 WORMS Results, pyKNEEr Results, and Arthroscopic ICRS Evaluations 

Patient № Age, years WORMS Femoral 
scores

pyKNEEr 

Thickness, mm

PyKNEEr Vol-
ume, mm³

ICRS

1 60 20 1.91 8713 3C

2 60 19 2.15 8454 3A

3 24 20 2.23 9572 3A

4 58 17 2.2 10463 3C

5 26 15 2.29 12284 3C

6 54 14 2.32 10310 3B

7 46 14 2.47 10677 3C

8 52 18 2.08 8511 3C

9 52 18 2.31 9130 3A

10 52 12 2.7 14308 3A

Figure 2. Correlation map based on Spearman's rank cor-
relation coefficients.
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serves mention. In a comprehensive study, CALS 
demonstrated promising results alongside WORMS 
and BLOKS.  This scale is considered a reproducible 
and valid scoring system for cartilage lesions, with im-
proved sensitivity in detecting longitudinal changes 
compared to the established WORMS and BLOKS sys-
tems [15]. 

The primary advantage of employing pyKNEEr lies in 
its ability to enhance efficiency [8], while being correlat-
ed with established scales like WORMS as demonstrated 
by the results of our study.

To our knowledge no studies have directly compared 
existing automated-segmentation methods with actual 
arthroscopic images; these algorithms have been devel-
oped and tested on pre-annotated ideal data sets. Our 
study revealed an accuracy gap when comparing these 
results to the actual arthroscopic findings. Consequent-
ly, there exists a critical need to address this gap in the 
development of future scales or enhance existing ones 
to ensure greater relevance to actual cartilage defects.

A potential limitation of the study was the small sam-
ple size of patients, which could have influenced the ab-
sence of statistical correlation between the established 
WORMS assessment method and the arthroscopic imag-
es. Additionally, there may have been insufficient res-
olution in MRI studies that are commonly employed in 
routine clinical practice. 

Conclusions
Automated segmentation of standard sagittal MRI 

images using pyKNEEr enables the evaluation of chang-
es in femoral knee joint cartilage tissue. This method 
aligns with widely recognized assessment methods, 
such as WORMS. However, it has a calculation flaw, in 
addition to an increase in cartilage volume and thick-
ness in the presence of defects. Notably, neither pyK-
NEErs automated segmentation nor the WORMS scale, 
based on MRI diagnostics, demonstrated a statistically 
significant correlation with the arthroscopic depiction 
of cartilage defects. R

Table 3 Results of the correlation analysis 

Variable 1 Variable 2 ρ CI95% p-value

WORMS pyKNEEr thickness -0.813 [-095 -0.38] 0.025

WORMS pyKNEEr volume -0.777 [-0.94 -0.29] 0.049

WORMS ICRS 0.101 [-0.56 069] 1.0

pyKNEEr thickness pyKNEEr volume 0.758 [0.24 0.94] 0.067

pyKNEEr thickness ICRS 0.322 [-0.39 0.79] 1.0

pyKNEEr volume ICRS -0.127 [0.7 0.55] 1.0

ρ: the strength and direction of association between two ranked variables.
CI95%: 95% confidence interval from range of upper and lower number calculated from a sample.
p- value: the probability of obtaining test results at least as extreme as the result actually observed.

Automated Segmentation of Knee Joint Cartilage: 
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