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Reproducibility of Myocardial Radiomic Features in Cardiac  

MRI Imaging 

 

 

Article Type: Original Research 

 

Summary Statement: In cardiac MRI imaging of the myocardium, only a small subset of 

radiomic features are reproducible, and these reproducible radiomic features vary among 

different sequences. 

 

Key Points 

• Only a small subset of myocardial radiomic features are reproducible in cardiac 

MRI imaging, with different reproducibility patterns among different sequences. 

• In in-vivo test/retest reproducibility studies, gray level run-length matrix was the 

most reproducible feature family, and wavelet-LL was the most reproducible image 

filter in cine-bSSFP. Firstorder and gray level co-occurrence matrix were the most 

reproducible feature families in T1 and T2 mapping. ‘Gray level non-uniformity’ 

was the most reproducible feature name across all sequences. 

• In inter-/intra-observer reproducibility studies, only 32-47 % and 61-73 % of 

features were identified reproducible respectively. 
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List of abbreviations 

bSSFP, balanced steady-state free-precession 

IBSI, image biomarker standardization initiative 

GLDM, gray level dependence matrix 

GLSZM, gray level size zone matrix 

NGTDM, neighboring gray tone difference matrix 

GLRLM, gray level run length matrix 

GLCM, gray level co-occurrence matrix 

LBP, local binary pattern 

ICC, the intraclass correlation coefficient 
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Abstract 

Background: With the increasing potential of radiomics, repeatability and reproducibility are 

important issues that remain to be assessed. 

Purpose: To investigate reproducibility of myocardial radiomic features in cardiac MRI 

images. 

Materials and Methods: Test/retest studies were performed on a 3T MRI system using 

commonly used cardiac MRI sequences of cine-balanced steady-state free-precession (cine-

bSSFP), T1-weighted and T2-weighted imaging, and quantitative T1 and T2 mapping in 

phantom experiments and 10 healthy participants (29 (22 – 64) years). Additionally, we 

assessed repeatability in 51 patients (56 (25 – 79) years)) who were imaged twice within the 

same imaging session. Three readers independently delineated the myocardium to investigate 

inter-/intra-observer reproducibility of radiomic features. A total of 1023 radiomic features 

were extracted using PyRadiomics with 11 image filters and six feature families. The 

intraclass correlation coefficient (ICC) was estimated to assess reproducibility and 

repeatability, and features of ICC ≥ 0.8 were considered reproducible. 

Results: Different reproducibility patterns were observed among sequences in in-vivo 

test/retest studies. In cine-bSSFP, gray level run-length matrix (GLRLM) was the most 

reproducible feature family, and the wavelet low pass filter applied horizontally and 

vertically (wavelet-LL) was the most reproducible image filter. In T1 and T2 maps, intensity-

based statistics (firstorder) and gray level co-occurrence matrix (GLCM) were the most 

reproducible feature families, without a dominant reproducible image filter. Across all 

sequences, ‘gray level non-uniformity’ was the most frequently identified reproducible 

feature name. In inter-/intra-observer reproducibility studies, only 32-47 % and 61-73 % of 

features were identified reproducible in inter-observer and intra-observer studies, respectively. 
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Conclusion: Only a small subset of myocardial radiomic features is reproducible and these 

reproducible radiomic features vary among different sequences.  
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Introduction 

Radiomics has the potential to unveil image characteristics that are not recognized by the 

human observer (1). Using this technique, quantitative features of textural information are 

extracted from medical images based on their relation to neighboring pixels, with and without 

applying image filters. Radiomics has shown promise for precision medicine in diagnosis, 

prognosis, prediction of disease and therapy response. It is also widely applied in oncology 

practice, such as lung cancers, head and neck cancers, and rectal cancers (2-4). 

 

In cardiology, radiomics has recently been applied to myocardial tissue phenotyping for  

diagnosis of various cardiomyopathies using cardiac MRI images. Radiomic features applied 

to cine-balanced steady-state free-precession (bSSFP) showed promise at discriminating 

between different etiologies of left ventricular hypertrophy (5). Radiomics has also been 

applied to myocardial parametric mapping. Radiomics analysis of T1 and T2 maps revealed  

improved diagnosis of acute “infarct-like” myocarditis (6), as well as acute or chronic heart 

failure-like myocarditis (7). Furthermore, radiomic analysis of T1 maps enables 

discrimination between hypertensive heart disease and hypertrophic cardiomyopathy (8). 

 

Despite the emerging potential of radiomics, challenges remain, including assessment of 

repeatability and reproducibility (1). Various factors may impact reproducibility of radiomic 

features, such as imaging protocols, image filters, pre-processing steps, and feature extraction 

software. Studies have investigated radiomic feature reproducibility (9) in CT (2, 10, 11) and 

PET (12, 13). Radiomic reproducibility in MRI has not been extensively investigated, despite 

challenges associated with the qualitative imaging nature (9). A recent study assessing 

test/retest repeatability of radiomic features on multiparametric MRI images showed that 
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repeatability was highly sensitive to processing parameters (14). Although reproducibility of 

radiomic features in MRI has been explored in a phantom study, widely-used parametric 

mapping sequences and in-vivo reproducibility have not been investigated (15).  

 

To address these challenges, we sought to investigate the reproducibility of radiomic features 

extracted from standard cardiac MRI sequences in controlled phantom, healthy participants, 

and patient studies. A study on the robustness of radiomics features will improve our 

understanding of baseline feature variations, facilitate interpretation of disease progression or 

therapeutic intervention from measurement variability, which will provide benchmark on 

feature reproducibility to aid clinical decision-making. 

 

Materials and Methods 

Reliable and complete reporting is necessary to ensure reproducibility and validation of 

results (16). We report image processing and image biomarker extraction according to the 

image biomarker standardization initiative (IBSI) reporting guidelines (16) as presented in 

Supplemental Table 1. The data sets are publicly shared on Harvard Dataverse for the future 

benchmarking purpose for other groups (https://doi.org/10.7910/DVN/F63WPI). 

 

Study Design 

We studied both test/retest and inter-/intra-observer reproducibility. Test/retest 

reproducibility studies were performed in phantoms, healthy participants, and patients. 

Imaging was performed on a 3 T Vida (Siemens Healthineer, Erlangen, Germany) MRI 

system using an 18-channel body coil. The study was compliant with the Health Insurance 

Portability and Accountability Act (HIPAA). The imaging protocol was approved by the 
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BIDMC Institutional Review Board, and written informed consent was obtained from each 

participant before scanning. A total of 1023 radiomic features were extracted using 

PyRadiomics (17) with 11 image filters (original, image without applying any image filters; 

wavelet-L/H L/H, wavelet low/high pass filters applied in horizontal and vertical directions; 

square, square of image intensities; squareroot, squareroot of the abolute image intensities; 

logarithm, logarithm of the absolute image intensities; exponential, exponential of the 

absolute image intensities; gradient, the magnitude of the local gradient of image, local 

binary pattern (LBP)) and six feature families (firstorder, intensity-based statistics; GLDM, 

gray level dependence matrix; GLSZM, gray level size zone matrix; NGTDM, neighboring 

gray tone difference matrix; GLRLM, gray level run length matrix; GLCM, gray level co-

occurrence matrix) (Fig. 1). Healthy participants and patients images were contoured on 

Circle CVI42 (Circle Cardiovascular Imaging, Calgary, Canada) by manual delination of 

endo and epicardial contours. In 15 randomly selected patients, three independent readers (JJ 

(4 years of experience in cardiac MRI), JM (6 years of experience in cardiac MRI), SK (5.5 

years of experience in cardiac MRI)) independently delineated the myocardium for each 

sequence to study inter-observer reproducibility; one reader performed a second reading with 

an interval of 2-weeks to study intra-observer reproducibility (Supplemental Fig. 1). 

Radiomics analysis was performed for each sequence identical to all observers by applying to 

different regions based on each observer. 

 

Phantom Study 

The radiomic phantom study consisted of 16 fruits and vegetables (four onions, four limes, 

four kiwifruits, and four apples) to reflect different signal intensities, shapes, and tissue 

textures (15). The radiomic phantom (15) was imaged twice in each session, and a retest scan 

was performed after re-positioning the phantom. Images were acquired using cine-bSSFP, T1 
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mapping, T2 mapping, T1-weighted, and T2-weighted sequences. Details of the imaging 

sequences are included in Supplemental Table 1. 

 

Healthy Participants Study 

Ten healthy participants (29 ± 13 years; 3 men) with no cardiovacular disease were recruited 

for 2 separate test/retest visits. In each visit, participants were scanned twice to study within-

session variability. To study variability between sessions, the same participant returned 2 

weeks later and underwent scanning with the same imaging protocol. Images were acquired 

using cine-bSSFP, T1 mapping, T2 mapping, T1-weighted, and T2-weighted sequences. 

 

Patients Study 

Fifty one patients (56 ± 14 years; 34 men) referred for a clinical cardiac MRI were recruited. 

Demographics, clinical indications, and diagnoses of patients are presented in Supplemental 

Table 2. To study within-session variability, patients underwent repeat scans of cine-bSSFP, 

T1 mapping, T2 mapping at the end of the standard clinical protocols, without any changes in 

the condition including contrast administration between two repeated scans. 

 

Statistical Analyses 

Statistical analyses were performed to assess the intraclass correlation coefficient (ICC). We 

performed hierarchical modeling (linear mixed-effects models) where we captured the 

within-subject repeated measurements by modeling the within-subject correlation for the 

variance-covariance matrix of each feature as follows: 

𝑌!"# =	𝛽$ + 𝜂! + 𝜃!" + 𝜀!"# 
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where 𝑌!"# is the 𝑘'th measurement on a session 𝑖 from subject 𝑗, 𝜂! is the session 𝑖 random 

effect, 𝜃!" is the subject 𝑗 random effect where the session is nested within subject, and 𝜀!"# 

is the residual error. These random effects have variances σ%& , σ'&, σ(& that are estimated by 

the model via maximizing the restricted likelihood function.  

 

The ICCs are the proportion of the total variation explained by the respective blocking factor. 

The correlation between two randomly selected observations from the same subject is: 

𝐼𝐶𝐶(𝑆𝑢𝑏𝑗𝑒𝑐𝑡) = 	
σ'&

σ%& + σ'& + σ(&
 

 

The correlation between two randomly selected observations on the same session, and from 

the same subject is: 

𝐼𝐶𝐶(𝑆𝑒𝑠𝑠𝑖𝑜𝑛/𝑆𝑢𝑏𝑗𝑒𝑐𝑡	𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛) = 	
σ%& + σ'&

σ%& + σ'& + σ(&
 

 

For the inter-/intra-observer ICC, we also performed linear mixed effects modeling to 

estimate the variances due to subject and observer. ICC was reported as the mean ± standard 

deviation and visualized by heat map grouped by image filters and feature families. Features 

of ICC ≥ 0.8 were considered reproducible (18, 19). All statistical analyses were performed 

using SAS software (SAS Institute Inc, Cary, NC). 

 

Results 

Test/retest Reproducibility 

We observed different reproducibility patterns for each sequence, as shown in the 

summarized word cloud presentation of reproducible features (ICC ≥ 0.8) in the in-vivo 
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test/retest experiments (Fig. 2). In cine-bSSFP (Fig. 2a), GLRLM was the most reproducible 

feature family, and wavelet-LL was the most reproducible image filter. In both T1 and T2 

maps (Fig. 2b,c), firstorder and GLCM were the most reproducible feature families. 

Firstorder features are estimated based on the histogram, and therefore reflect the quantitative 

nature of the parametric T1 and T2 mapping sequences. There was no dominant reproducible 

image filter. ‘Gray level non-uniformity’ was the most frequently identified reproducible 

feature name across all image filters and feature families. 

 

Phantom Study 

In the phantom study, we found variability due to within-session and between-session 

repetitions relative to the total variation. Reproducibility patterns were different in each 

fruit/vegetable, representing various tissue types (Fig. 3). We report the results of the kiwi in 

this section, and the results of the apple/lime/onion are reported in Supplemental Table 3. 

 

Within-session Repeatability 

In the repetitions within the session, firstorder was the most reproducible feature family in 

cine-bSSFP, T1 map, and T2 map. GLCM was the most reproducible feature family in T1-

weighted and T2-weighted images. There was no dominant reproducible image filter (Fig. 3; 

Table 1). In each sequence, 45.4, 45.8, 46.2, 50.7, 29.1 % of features were reproducible in 

cine-bSSFP, T1-weighted, T1 map, T2-weighted, and T2 map, respectively. 

 

Between-session Reproducibility 

In the test/retest phantom study between sessions, similar reproducibility patterns were found.  

Firstorder and GLCM were the most reproducible feature families, with no dominant 

reproducible image filter (Fig 3; Table 1). In each sequence, 11.1, 16.2, 13.0, 2.2, 6.6 % of 
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features were reproducible in the cine-bSSFP, T1-weighted, T1 map, T2-weighted, and T2 map, 

respectively. 

 

Healthy Participant Study 

In the healthy participant study, we report variability due to within- and between-session 

repetitions (within-subjects) relative to total variation including different participants 

(between-subjects) for each imaging sequence. 

 

Within-session Repeatability 

In the test/retest within-session healthy participant study, firstorder was the most reproducible 

feature family in all sequences except T1-weighted image (Fig. 4; Table 2). No image filter 

was identified reproducible across all sequences; 4.7, 28.8, 13.3, 8.0, 2.6 % of features were 

reproducible in cine-bSSFP, T1-weighted, T1 map, T2-weighted, and T2 map, respectively. 

 

Between-session Reproducibility 

Only a few features were reproducible in between-session healthy participant reproducibility 

studies, where 3.1, 0.7, 2.2, 1.1, 2.2 % of features were reproducible in cine-bSSFP, T1-

weighted, T1 map, T2-weighted, and T2 map, respectively. Therefore, no consistent 

reproducible image filter or feature family was identified across different sequences (Fig. 4; 

Table 2).  

 

Patients Study 

In the patient study, we report variability due to within-session repetitions (within-subjects) 

relative to variability due to different patients (between-subjects). GLRLM was the most 

reproducible feature family in cine-bSSFP and T1 map, and GLCM was the most 
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reproducible feature family in T2 map. Gradient was the most reproducible image filter in 

both T1 and T2 maps (Fig. 5; Table 3). For each sequence, 8.9, 26.4, 34.8 % of features were 

reproducible in the cine-bSSFP, T1 map, and T2 map, respectively. 

 

Inter/Intra-observer Reproducibility 

Inter-observer Reproducibility 

In inter-observer reproducibility study in patients, 32.1, 46.7, 35.5 % of features were 

reproducible in cine-bSSFP, T1 map, and T2 map, respectively (Fig. 6; Table 4). GLCM was 

most reproducible feature family, and gradient was the most reproducible image filter in both 

T1 and T2 maps. 

 

Intra-observer Reproducibility 

In the intra-observer reproducibility study in patients, 73.1, 66.8, 61.1 % of features were 

reproducible in cine-bSSFP, T1 map, and T2 map, respectively (Fig. 6; Table 4). Intra-

observer reproducibility showed similar reproducibility patterns as inter-observer 

reproducibility, where GLCM and gradient were the most reproducible feature family and 

image filter. Higher reproducibility, with a higher number of reproducible features and a 

higher ICC magnitude, was shown in intra-observer reproducibility compared to inter-

observer reproducibility. 

 

Discussion 

With growing interest on the application of radiomics in cardiac MRI, it is important to 

assess the reproducibility of imaging-based biomarkers prior to their clinical adoption. 

Despite recent enthusasism on the increasing potential of radiomics, there are very limited 
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data on radiomic feature reproducibility. To address this void, we performed a rigorous 

reproducibility study to determine benchmark values for radiomic features in the most 

commonly used clinical cardiac MRI sequences. We report both test/retest and inter-/intra-

observer reproducibility of radiomic features. Our results demonstrate that (1) only a small 

subset of myocardial radiomic features are reproducible and that (2) imaging sequences 

influence the reproducibility of the radiomic features differently. 

 

While no singular image filter was identified as highly reproducible throughout all 

experiments, firstorder and GLCM were the most reproducible feature families identified 

across most experiments and sequences. Across all experiments and sequences, ‘gray level 

non-uniformity’ was the most frequently identified reproducible feature. Firstorder represents 

intensity-based statistics such as mean, median, range, entropy, and energy. GLCM 

represents the distribution of co-occurring values of neighboring pixels, where we studied 

distribution in pixels for Chebyshev distances of δ = 1, i.e., the distance to all 8 adjacent 

neighboring pixels from the given point in 2D is defined by one unit. Gray level non-

uniformity measures the variability of gray level intensity values in the image, where a lower 

value indicates more homogeneity in the underlying tissue textures. 

 

Radiomic reproducibility benchmarks should be sequence and tissue specific. Feature 

reproducibility patterns vary across different sequences. T1-weighted images had the highest 

number of reproducible features, which may reflect the sequence’s highest imaging signal-to-

noise ratio. Quantitative parametric mapping sequences showed similar levels of reproducible 

features as qualitative imaging sequences, without the need to perform any image 

normalization prior to feature extraction. Our results also show varying reproducibility 

patterns in different fruits/ vegetable radiomic phantoms, indicating different radiomic 
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reproducibilities based on the underlying tissue types. As expected, our study found greater 

variability between sessions than within sessions. Furthermore, inter-/intra-observer 

reproducibility showed greater variability compared to the test/retest reproducibility. 

Although inter-/intra-observer reproducibility is the more commonly used reproducibility test 

in the current practice of radiomic studies, it may not reveal all non-reproducible features. 

 

A systematic review by Traverso et al. investigated the repeatability and reproducibility of 

radiomic features in 41 studies using various imaging modalities (PET, CT, cone-beam CT, 

and MRI) studied in human participants and phantoms, and found no consensus regarding the 

most repeatable and reproducible features (9). A phantom study by Baessler et al. (15) 

extracted radiomic features from standard clinical brain imaging MRI sequences and 

identified 15 robust and reproducible features across all sequences. Although a direct 

comparison is not appropriate due to different software used to extract features (pyRadiomics 

vs. LIFEx), many of the reproducible features identified in our study are similar to those 

identified by Baessler et al, such as gray-level non-uniformity in GLRLM and GLZLM. 

Furthermore, some of these reproducible features were identified as clinically important in 

previous studies, such as T2 run length non-uniformnity for the diagnosis of acute infarct-like 

myocarditis (6). 

 

Calculation of texture indices resulting from different software can differ, and results should 

be compared and interpreted with great care. For example, the calculation from GLRLM 

matrix can differ between PyRadiomics vs. LIFEx; PyRadiomics crops the matrix to fit 

minimum to maximum gray-levels and run-length numbers, while LIFEx maintains the 

matrix index correspondance to grey level and the number of run (https://www.lifexsoft.org/). 

MATLAB texture analysis, MaZda, TexRAD, CGITA, IBEX, CERR, ImageJ, 
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OncoRadiomics, JFeatureLib are examples of feature analysis softwares, and IBSI offer 

benchmarks to determine if the software used to extract the set of image biomarkers is 

compliant with the IBSI benchmarks. 

 

Our study has several limitations. It was a single-center study where the data was acquired 

with a single 1.5 T scanner. We did not study the between-session test/retest reproducibility 

in patients. Furthermore, we only studied reproducibility of texture features in the 

myocardium, and the different reproducibility patterns in different tissues were simulated in 

our phantom study. How different imaging parameters, reconstructions, normalizations and 

feature extraction settings could impact reproducibility is outside the scope of this study, and 

should be investigated. 

 

In cardiac MRI imaging of the myocardium with commonly used sequences of cine-balanced 

steady-state free-precession, T1-weighted, T2-weighted imaging and quantitative T1 and T2 

mapping in phantom, 10 healthy participants, and 51 patients, only a small subset of radiomic 

features are reproducible, and these reproducible radiomic features vary among different 

sequences. 
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Table 1. Test/retest reproducibility results of kiwi phantom summarized for all image filters 

and feature family. 

 Reproducible Image Filter Reproducible Feature Family 

Within-Session Repeatability 

Cine-bSSFP Logarithm (n=65; ICC 0.99±0.02) Firstorder (n=114; ICC 0.99±0.01) 

T1-weighted Original (n=61; ICC 0.98±0.03) GLCM (n=145; ICC 0.96±0.04) 

T1 Map Logarithm (n=71; ICC 0.98±0.03) Firstorder (n=137; ICC 0.99±0.01) 

T2-weighted Wavelet-HL (n=74; ICC 0.99±0.02) GLCM (n=168; ICC 0.99±0.02) 

T2 Map Square (n=51; ICC 0.98±0.02) Firstorder (n=101; ICC 0.97±0.03) 

Between-Session Reproducibility 

Cine-bSSFP Square (n=26; ICC 0.88±0.04) Firstorder (n=43; ICC 0.87±0.04) 

T1-weighted Original (n=38; ICC 0.88±0.03) GLCM (n=39; ICC 0.87±0.04) 

T1 Map Squareroot (n=23; ICC 0.85±0.04) Firstorder (n=63; ICC 0.87±0.05) 

T2-weighted Logarithm (n=7; ICC 0.83±0.03) GLCM (n=10; ICC 0.84±0.03) 

T2 Map Square (n=13; ICC 0.83±0.02) Firstorder (n=33; ICC 0.85±0.04) 
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Table 2. Test/retest reproducibility results of healthy participant study summarized for all 

image filters and feature family 

 Reproducible Image Filter Reproducible Feature Family 

Within-Session Repeatability 

Cine-bSSFP Wavelet-LL (n=11; ICC 0.88±0.04) Firstorder (n=12; ICC 0.89±0.04) 

T1-weighted Wavelet-HH (n=53; ICC 0.97±0.03) GLCM (n=91; ICC 0.97±0.03) 

T1 Map Gradient (n=28; ICC 0.84±0.03) Firstorder (n=57; ICC 0.87±0.05) 

T2-weighted Original (n=13; ICC 0.85±0.03) Firstorder (n=21; ICC 0.84±0.03) 

T2 Map Logarithm (n=4; ICC 0.94±0.03) Firstorder (n=22; ICC 0.92±0.04) 

Between-Session Reproducibility 

Cine-bSSFP Wavelet-LL (n=11; ICC 0.85±0.03) Firstorder (n=10; ICC 0.87±0.0) 

T1-weighted Wavelet-HL (n=4; ICC 0.81±0.0) GLDM (n=2; ICC 0.81±0.0) 

T1 Map Gradient (n=10; ICC 0.84±0.02) GLCM (n=8; ICC 0.84±0.02) 

T2-weighted LBP-2D (n=7; ICC 0.84±0.01) GLSZM (n=4; ICC 0.83±0.02) 

T2 Map Wavelet-LL (n=4; ICC 0.82±0.01) Firstorder (n=18; ICC 0.82±0.01) 
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Table 3. Test/retest reproducibility results of patient study summarized for all image filters 

and feature family. 

 Reproducible Image Filter Reproducible Feature Family 

Within-Session Repeatability 

Cine-bSSFP Wavelet-LL (n=12; ICC 0.88±0.04) GLRLM (n=22; ICC 0.9±0.04) 

T1 Map Gradient (n=56; ICC 0.86±0.04) GLRLM (n=66; ICC 0.87±0.04) 

T2 Map Gradient (n=55; ICC 0.89±0.04) GLCM (n=81; ICC 0.87±0.03) 

  



24 

 

Table 4. Inter- and intra-observer reproducibility results in patients summarized for all image 

filters and feature family. 

 Reproducible Image Filter Reproducible Feature Family 

Inter-Observer Reproducibility 

Cine-bSSFP LBP-2D (n=59; ICC 0.86±0.04) GLCM (n=86; ICC 0.86±0.05) 

T1 Map Gradient (n=64; ICC 0.95±0.04) GLCM (n=121; ICC 0.91±0.05) 

T2 Map Gradient (n=48; ICC 0.94±0.05) GLCM (n=81; ICC 0.92±0.05) 

Intra-Observer Reproducibility 

Cine-bSSFP Wavelet-LH (n=83; ICC 0.95±0.04) GLCM (n=199; ICC 0.92±0.05) 

T1 Map Gradient (n=84; ICC 0.97±0.04) GLCM (n=184; ICC 0.93±0.06) 

T2 Map Gradient (n=83; ICC 0.95±0.04) GLCM (n=157; ICC 0.92±0.05) 
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Supplemental Table 1. A complete report on image processing and image biomarker 

extraction based on the image biomarker standardization initiative (IBSI) reporting guidelines. 

Patient 

Region of interest Myocardium 

Patient preparation 
Breath-hold instructions given to volunteers/ patients prior to image 

acquisition 

Contrast agent No contrast agent was administered to the volunteer/ patient 

Comorbidities No comorbidities that effect imaging quality 

Acquisition 

Acquisition protocol Standard clinical cardiac MRI imaging protocol was used 

Scanner type 3 T Siemens Vida (Siemens Healthineer, Erlangen, Germany) 

Imaging modality MRI 

Static/dynamic scans 

Scans were static except for cine-bSSFP 

Acquisition time per time frame for cine-bSSFP: 49.92 ms 

No temporal modelling technique was used 

Scanner calibration Weekly/ annual phantom testing and Siemens preventive services 

Patient instruction Patients were given instructions for breath holding during acquisition 

Anatomical motion 

correction 
ECG-gated; Breath-hold 

Scan duration ~1 hour for healthy volunteers and ~30 min for patients 

RF coil 18-channel body coil (Siemens Healthineer, Erlangen, Germany) 

Magnetic field strength 3 T 

Scanning sequence Cine-bSSFP 
MOLLI 

5s(3s)3s 
T2 map T1-weighted T2-weighted 

Repetition time (ms) 3.12 2.47 3.09 4.57 718 

Echo time (ms) 1.41 1.02 1.3 2.46 50 

Echo train length     177 

Flip angle (deg) 40 35 12 15 180 

Acquisition type Tfi 2D trufi Tfi 2D trufi Tfl 2D Gre Fl 2D Gre 2D TSE 

k-space traversal Linear Linear Centric Centric  

Number of averages 1 1 1 1 1 

In-plane resolution 

(mm2) 
0.9×0.9 1.7×1.7 1.7×1.7 0.5×0.5 1.4×1.4 

Image slice thickness 8 8 8 8 8 
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(mm) 

Image slice spacing 

(mm) 
16 16 16 16 16 

Reconstruction model 

(Factor) 
GRAPPA (2) GRAPPA (2) GRAPPA (2) GRAPPA (2) GRAPPA (2) 

Image Registration 

Registration method Siemens in-line motion correction was used for parametric mapping 

Image processing – data conversion 

Data conversions Siemens in-line parametric mapping reconstruction was used 

Image processing – post-acquisition processing 

Anti-aliasing None 

Noise suppression None 

Non-uniformity 

correction 
None 

Image normalization mean ± 3SD normalization for cine-bSSFP, T1-weighted, T2-weighted 

Other post-acquisition 

processing methods 
None 

Segmentation 

Segmentation method 

Manually; 3 independent experts; JJ (4 years of experience in cardiac 

MRI), JM (6 years of experience in cardiac MRI), SK (5.5 years of 

experience in cardiac MRI); no consensus, independent reading 

Conversion to mask MATLAB poly2mask 

Image processing – image interpolation 

Interpolation method SimpleITK sitkBSpline 

Voxel dimensions 1×1×1 mm3 

Image processing – ROI interpolation 

Interpolation method SimpleITK sitkNearestNeighbor 

Partially masked voxels N/A 

Image processing – re-segmentation 

Re-segmentation methods 
Absolute; Cine-bSSFP, T1-weighted, T2-weighted: [0, 255]; T1 map: [0, 

2000]; T2 map: [0, 200] for in-vivo [0, 400] for phantom 

Image processing – discretization 

Discretization method 

Fixed bin size (FBS); 1 for T2 map, exponential, and LBP images, 5 for 

the rest; the lowest intensity in the first bin for FBS discretization is set 

by range re-segmentation 



27 

 

Image processing – image transformation 

Image filter 
Original={}, Wavelet={}, Square={}, SquareRoot={}, Logarithm={}, 

Exponential={binCount: 50}, Gradient={ }, LBP2D={binWidth: 1} 

Image biomarker computation 

Biomarker set 

Intensity-based statistics (IS), gray level co-occurrence matrix (GLCM), 

gray level run length matrix (GLRLM), gray level size zone matrix 

(GLSZM), gray level distance zone matrix (GLDZM), neighborhood 

gray tone difference matrix (NGTDM) 

IBSI compliance Compliant with the IBSI benchmarks 

Robustness Test/retest analysis and inter-/intra-observer analysis 

Software availability 

PyRadiomics 2.1.2 

Numpy 1.16.2 

SimpleITK 1.2.0 

PyWavelet 1.0.2 

Python 3.6.8 

Image biomarker computation – texture parameters 

Texture matrix 

aggregation 
2.5D, direction-merged 

Distance weighting No weighting 

CM symmetry Symmetric 

CM distance Chebyshev distance of 1 

SZM linkage distance Chebyshev distance of 1 

DZM linkage distance Chebyshev distance of 1 

DZM zone distance norm Manhattan distance 

NGTDM distance Chebyshev distance of 1 
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Supplemental Table 2. Demographics, clinical indications and diagnosis of 51 patients who 

were referred for clinical cardiac MRI. 

Age Sex Indications Diagnosis 

64 M Cardiomyopathy, ARVC Normal 

72 M Thrombus Ischemic cardiomyopathy, No left ventricular thrombus 

56 M Cardiomyopathy, Pre-ICD 
implantation 

Mixed ischemic and nonischemic cardiomyopathy 

59 M Cardiomyopathy, Sarcoidosis Not suggestive of cardiac sarcoidosis 

62 F Cardiomyopathy, Hypertrophic 
cardiomyopathy, LVOT obstruction 

Hypertrophic cardiomyopathy 

66 M Cardiomyopathy, Coronary artery 
disease 

Non-ischemic cardiomyopathy 

68 F Systolic dysfunction/ 
cardiomyopathy, Coronary artery 
disease vs. myocarditis 

Non-ischemic cardiomyopathy 

39 F Stroke, Patent foramen ovale Normal 

57 F Thrombus, Left ventricular function Ischemic cardiomyopathy without left ventricular 
thrombus 

35 F Cardiomyopathy, Abnormal ECG Concerning for ARVC or other non-ischemic 
cardiomyopathy 

62 F Cardiomyopathy, Hemochromatosis Not suggestive of cardiac hemochromatosis 

28 M Aortic valve disease, Aorta, LV size 
and function 

Bicuspid aortic valve with moderate to severe aortic 
regurgitation 

53 M LV non compaction Not suggest left ventricular non-compaction. 

49 M Evaluation of the aorta, and LV Mild dilation of the aortic sinus without dilation or 
dissection, normal LV 

60 F Constrictive pericarditis, 
perimyocarditis 

Early and late gadolinium pericardial enhancement 
without evidence of constriction 

63 M MVP, Hx of NSVT Evaluate for scar Non-ischemic cardiomyopathy 

67 M Left ventricular function Normal left ventricular cavity size with dyssynchrony and 
mild global hypokinesis 

42 M Cardiomyopathy, Sarcoid No CMR findings of cardiac sarcoidosis or 
cardiomyopathy 

42 M Cardiomyopathy Mild nonischemic cardiomyopathy 

39 M Cardiomyopathy, LV Function, 
Thrombus 

Severe left ventricular cavity dilation, and severe global 
systolic dysfunction. 

25 M Cardiomyopathy, Hypertrophic 
cardiomyopathy 

Athletic heart 

50 F Source of VT, Scar/fibrosis Normal 

65 M Cardiac mass vs. thrombus Moderate mitral annular calcification without overlying 
mass 

56 M Bicuspid AV, Ascending aorta 
aneurysm, Cardiomyopathy, 
Fibrosis/scar 

Non-ischemic cardiomyopathy 

28 F Cardiomyopathy, Fibrosis/ Scar Mildly increased left ventricular cavity size with low 
normal systolic function 

65 F RA, Progressive DOE. Rule out 
pericarditis/constriction 

Pericarditis and/or pericardial scarring but not constriction 

75 M Evaluation of pericardial constriction Large pericardial effusion with no evidence of tamponade 
or early/late pericardial enhancement 
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58 M Suspicion of myocarditis Nonichemic cardiomyopathy 

64 M Ventricular tachycardia, premature 
ventricular contractions 

No evidence of cardiomyopathy 

67 M Hypertrophic cardiomyopathy Hypertrophic cardiomyopathy with fibrosis (LGE=5% of 
LV myocardium) and LVOT obstruction 

47 M Suspicion of infiltrative 
cardiomyopathy 

Non-ischemic dilated cardiomyopathy. No evidence of 
LGE 

79 M Investigation of dilated 
cardiomyopathy 

Non-ischemic dilated cardiomyopathy with patchy mid-
wall fibrosis 

52 F History of sarcoidosis No findinds to suggest cardiac sarcoidosis 

37 M Investigation of dilated 
cardiomyopathy 

Non-ischemic dilated cardiomyopathy with patchy mid-
wall fibrosis 

68 F Investigation of dilated 
cardiomyopathy 

Non-ischemic dilated cardiomyopathy with no evidence of 
scar 

63 F Investigation of dilated 
cardiomyopathy 

Non-ischemic dilated cardiomyopathy with no evidence of 
scar 

43 M Investigation of dilated 
cardiomyopathy 

Normal 

45 F Hypertrophic cardiomyopathy Hypertrophic cardiomyopathy with fibrosis and LVOT 
obstruction 

74 F Investigation of dilated 
cardiomyopathy 

Non-ischemic dilated cardiomyopathy with no evidence of 
scar 

55 M Suspicion of cardiomyoapthy Normal 

34 M History of pulmonary sarcoidosis Cardiac sarcoidosis (Mid-wall early and late gadolinium 
enhancement) 

51 F Suspicion of myocarditis Left ventricular hypertrophy with no evidence of edema, 
scar or dysfunction 

76 M Suspicion of non-compaction 
cardiomyopathy 

Normal (there is no evidence of LGE or non-compaction) 

79 M Suspicion of cardiac contusion Normal (no evidence of LGE or edema) 

52 M Suspicion of ischemic 
cardiomyopathy  

Transmural apical infarct with severely dilated left 
ventricle and moderate systolic dysfunction (Ischemic 
cardiomyopathy) 

42 M Suspicion of coronary artery disease Transmural apical infarct (Ischemic cardiomyopathy) 

65 F Suspicion of pericarditis Pericarditis without constriction 

72 M Suspicion of myocarditis Mildly dilated left ventricle with preserved ejection 
fraction. No evidence of scar. 

55 M Suspicion of myocarditis Non-ischemic dilated cardiomyopathy with patchy mid-
wall fibrosis 

65 M Transient atrioventricular blockage Normal 

60 M History of pulmonary sarcoidosis Cardiac sarcoidosis (Epicardial and mid-wall early and 
late gadolinium enhancementm 
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Supplemental Table 3. Test/retest reproducibility results of phantom study summarized for 

all image filters and feature family. 

 Reproducible Image Filter Reproducible Feature Family 

Apple, Within-Session Repeatability 

Cine-bSSFP Wavelet-HL (n=84; ICC 0.98±0.04) GLCM (n=196; ICC 0.98±0.03) 

T1-weighted Gradient (n=71; ICC 0.98±0.04) GLCM (n=190; ICC 0.98±0.03) 

T1 Map Wavelet-HL (n=73; ICC 0.96±0.04) GLCM (n=168; ICC 0.96±0.04) 

T2-weighted Gradient (n=90; ICC 0.99±0.02) GLCM (n=232; ICC 1.0±0.01) 

T2 Map Wavelet-HL (n=53; ICC 0.92±0.05) GLCM (n=102; ICC 0.92±0.05) 

Apple, Between-Session Reproducibility 

Cine-bSSFP Wavelet-LH (n=29; ICC 0.83±0.03) GLCM (n=17; ICC 0.84±0.03) 

T1-weighted Squareroot (n=2; ICC 0.9±0.06) GLRLM (n=5; ICC 0.9±0.07) 

T1 Map Logarithm (n=16; ICC 0.85±0.03) GLCM (n=36; ICC 0.85±0.03) 

T2-weighted LBP-2D (n=6; ICC 0.88±0.05) GLCM (n=7; ICC 0.86±0.03) 

T2 Map Square (n=15; ICC 0.87±0.04) GLCM (n=17; ICC 0.88±0.05) 

Lime, Within-Session Repeatability 

Cine-bSSFP Wavelet-LL (n=80; ICC 0.99±0.02) GLCM (n=163; ICC 1.0±0.02) 

T1-weighted Wavelet-LL (n=76; ICC 0.98±0.03) GLCM (n=172; ICC 0.97±0.05) 

T1 Map Exponential (n=72; ICC 0.95±0.04) GLCM (n=189; ICC 0.95±0.05) 

T2-weighted Gradient (n=85; ICC 0.99±0.03) GLCM (n=221; ICC 1.0±0.01) 

T2 Map Exponential (n=65; ICC 0.94±0.05) Firstorder (n=93; ICC 0.95±0.04) 

Lime, Between-Session Reproducibility 

Cine-bSSFP Original (n=23; ICC 0.85±0.04) GLCM (n=27; ICC 0.86±0.04) 

T1-weighted Wavelet-LL (n=53; ICC 0.85±0.03) GLCM (n=117; ICC 0.87±0.05) 

T1 Map Exponential (n=44; ICC 0.9±0.04) GLCM (n=90; ICC 0.87±0.04) 

T2-weighted Original (n=35; ICC 0.84±0.03) GLCM (n=47; ICC 0.85±0.03) 

T2 Map Logarithm (n=28; ICC 0.89±0.04) GLCM (n=36; ICC 0.9±0.04) 

Onion, Within-Session Repeatability 

Cine-bSSFP Logarithm (n=65; ICC 0.99±0.02) Firstorder (n=114; ICC 0.99±0.01) 

T1-weighted Original (n=61; ICC 0.98±0.03) GLCM (n=145; ICC 0.96±0.04) 

T1 Map Logarithm (n=71; ICC 0.98±0.03) Firstorder (n=137; ICC 0.99±0.01) 

T2-weighted Wavelet-HL (n=74; ICC 0.99±0.02) GLCM (n=168; ICC 0.99±0.02) 

T2 Map Square (n=51; ICC 0.98±0.02) Firstorder (n=101; ICC 0.97±0.03) 

Onion, Between-Session Reproducibility 
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Cine-bSSFP Square (n=26; ICC 0.88±0.04) Firstorder (n=43; ICC 0.87±0.04) 

T1-weighted Original (n=38; ICC 0.88±0.03) GLCM (n=39; ICC 0.87±0.04) 

T1 Map Squareroot (n=23; ICC 0.85±0.04) Firstorder (n=63; ICC 0.87±0.05) 

T2-weighted Logarithm (n=7; ICC 0.83±0.03) GLCM (n=10; ICC 0.84±0.03) 

T2 Map Square (n=13; ICC 0.83±0.02) Firstorder (n=33; ICC 0.85±0.04) 
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Figure 1. Examples of radiomics features extracted from cardiac MRI images (T1 mapping in 

this example) using pyRadiomics. (A) cardiac MRI image and the manually-delineated 

region-of-interest (ROI) were given as inputs and image filters were applied on the original 

image to create additional radiomics features. (B) 1023 features were extracted from various 

feature family. GLDM, gray level dependence matrix; GLSZM, gray level size zone matrix; 

NGTDM, neighboring gray tone difference matrix; GLRLM, gray level run length matrix; 

GLCM, gray level co-occurrence matrix. 

 
 

Figure 2. The word clouds representation of reproducible features (intraclass correlation 

coefficient (ICC) ≥ 0.8) for each image filter, feature family, and feature name. The word 

clouds illustrate the more reproducible feature names with greater prominence. Top 30 most 

reproducible features are presented in the word clouds. 

 
 

Figure 3. Test/retest reproducibility and repeatability results of phantom study summarized 

for all image filters and feature families. The heatmap highlights reproducible features 

defined at the intraclass correlation coefficient (ICC) ≥ 0.8 

 

Figure 4. Test/retest reproducibility and repeatability results of healthy participant study 

summarized for all image filters and feature families. 

 

Figure 5. Test/retest reproducibility results of patients study summarized for all image filters 

and feature families. 
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Figure 6. Inter- and intra-observer reproducibility results in patients summarized for all 

image filters and feature families. 

 

Supplemental Figure 1. Examples of manually delineated myocardial contours from 3 

independent readers. In 15 randomly selected patients, 3 independent readers manually 

delineated the endocardial (red line) and epicardial (green line) contours to assess inter-

observer reproducibility, and one reader performed a second reading with an interval of 2 

weeks to assess intra-observer reproducibility. 

 


