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Abstract

Late gadolinium enhanced (LGE) cardiac magnetic resonance (CMR) imaging can detect the 

presence of myocardial infarction from ischemic cardiomyopathies (ICM). However, it is more 

challenging to detect diffuse myocardial fibrosis from non-ischemic cardiomyopathy (NICM) with 

this technique due to more subtle and heterogeneous enhancement of the myocardium. This study 

investigates whether high-resolution LGE CMR can detect age-related myocardial fibrosis using 

quantitative texture analysis with histological validation. LGE CMR of twenty-four rat hearts 

(twelve 6-week-old and twelve 2-year-old) was performed using a 7 Tesla MRI scanner. 

Picrosirius red was used as the histopathology reference for collagen staining. Fibrosis in the 

myocardium was quantified with standard deviation (SD) threshold methods from the LGE CMR 

images and 3D contrast texture maps that were computed from grey level co-occurrence matrix of 

the CMR images. There was a significant increase of collagen fibers in the aged compared to the 

young rat histology slices (2.60±0.27 %LV vs. 1.24±0.29 %LV, p<0.01). Both LGE CMR and 

texture images showed a significant increase of myocardial fibrosis in the elderly compared to the 

young rats. Fibrosis in the LGE CMR images correlated strongly with histology with the 3 SD 

threshold (r=0.84, y=0.99x+0.00). Similarly, fibrosis in the contrast texture maps correlated with 

the histology using the 4 SD threshold (r=0.89, y=1.01x+0.00). High resolution ex-vivo LGE 

CMR can detect the presence of diffuse fibrosis that naturally developed in elderly rat hearts. Our 

results suggest that texture analysis may improve the assessment of myocardial fibrosis in LGE 

CMR images.
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This study assessed age-related diffuse myocardial fibrosis in two different age rat groups using 

quantitative texture analysis of high resolution ex-vivo late gadolinium enhancement (LGE) 

cardiac magnetic resonance (CMR) imaging. Results were compared with histological references. 

There was a significant increase of collagen fibers (%LV fibrosis) in the LGE CMR and contrast 

texture images of the elderly compared to the young group. Our results suggest that texture 

analysis may improve the assessment of subtle age-related myocardial fibrosis from LGE CMR 

images with a higher separability and increased SNR.
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diffuse myocardial fibrosis; gadolinium; magnetic resonance imaging; texture analysis; computer 
quantification; aging

INTRODUCTION

The presence of myocardial fibrosis is associated with the development of cardiomyopathies 

[1] and has been shown to increase with age [2–4]. Myocardial fibrosis in nonischemic 

cardiomyopathy (NICM) may alter the morphology and function of the myocardium and 

lead to adverse cardiac outcomes [5–7]. Non-invasive imaging methods are therefore 

desirable for the detection and quantification of fibrosis in the myocardium and to stratify 

the risk of sudden cardiac events.

Currently, myocardial infarction or scar from ischemic cardiomyopathies (ICM) is identified 

by late gadolinium enhancement (LGE) cardiac magnetic resonance (CMR) imaging [8]. 

The combination of the contrast agent kinetics and the jeopardized cellular structure of the 

myocardium result in signal enhancement in the diseased area. Ex-vivo imaging of 

myocardial infarction can be performed at a near-cellular level and closely match with 

histologic myocardial fibrosis [9]. Myocardial infarctions are focal, and are seen as 

concentrated patches of enhancement in LGE CMR images. However in the presence of 

diffuse fibrosis, there is an intermingling of healthy and diseased myocardial cells 

accompanied by an increased extracellular space, which results in subtle non-uniform 

regions of enhancement across the myocardium in LGE CMR images. It has therefore been 

challenging to quantify the level of fibrosis in the myocardium from NICM using 

conventional approaches. For example, clinicians relied on the visual appearance of 

enhanced regions in LGE CMR images to characterize diffuse myocardial fibrosis, using 

qualitative descriptions such as: “patchy foci, heterogeneous, multifocal, and non-specific” 

[1]. Standard quantification methods, such as signal enhancement thresholding, used to 

detect focal myocardial scars in ICM, may not work for diffuse fibrosis in LGE CMR 

images [10–13]. Other quantification methods of diffuse fibrosis relied on the non-focal 

aspect of diffuse fibrosis [14]. More recently, descriptors based on acquisition parameters 
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such as the pre- or post-contrast T1 and extracellular volume fraction (ECV) imaging 

techniques have emerged to measure diffuse myocardial fibrosis from various etiologies 

[10–13, 15–20]. There are an increasing number of studies assessing the reliability of these 

methods to detect diffuse myocardial fibrosis. The advantage of these methods is the 

absolute scale to measure these myocardial tissue properties. CMR diffusion tensor imaging 

(DTI) has been explored in patients with heart failure to characterize the myocardial 

microstructure in the presence of diffuse fibrosis [21]. Alternatively, T2 measurements have 

been successful in detecting diffuse myocardial fibrosis [22]. However, in former studies 

when the acquisition methods are not available, an image based analysis method to identify 

diffuse myocardial fibrosis could be beneficial.

Quantitative texture measures from CMR image have previously been applied to 

characterize the structural complexity of the myocardium that changes in the presence of 

disease. Eftestol et al. [23] found texture analysis in the infarct area combined with LV 

ejection fraction measurement could discriminate patients at higher risks of developing 

arrhythmia. Kotu et al. [24] studied how texture analysis could segment myocardium infarct 

region from remote myocardium and as well distinguish higher risk patients with 

implantable cardioverter defibrillator for the treatment of ischemic cardiomyopathies. More 

recently, Thornhill et al. [25] applied texture analysis to LGE CMR of patients with 

hypertrophic cardiomyopathy and found distinct texture features could discriminate those 

patients from healthy volunteers, even without the presence of significant hyper-

enhancement in the myocardium. However, all these studies lacked histological validation.

The specific aim of this study was to determine whether quantitative texture analysis of LGE 

CMR images can detect subtle myocardial fibrosis.We hypothesize that computational 

texture analysis of the LGE CMR images may improve the assessment of more subtle and 

heterogeneous myocardial fibrosis and may discriminate elderly from young hearts.

METHODS

Animal Model

The animal study was approved by the National Institute of Health Animal Care and Use 

Committee. Twelve 2-year-old F344 Brown Norway male rat (National Institute of Aging, 

Bethesda, MD) and twelve 6-week-old Sprague Dawley male rats Charles Rivers 

Laboratories Inc., Wilmington, MA) were used.

Once the rats were anesthetized with 1–5% isoflurane mixed with oxygen, Gadolinium 

diethylenetriamine pentaacetic acid (Gd-DTPA, Magnevist, Schering Berlin, Germany) 

contrast agent at a concentration of 0.6 mL/kg was administered intravenously. The rats 

were given potassium chloride 10 minutes after administration of the contrast agent to freeze 

the in-vivo myocardial distribution of gadolinium for subsequent ex-vivo imaging. 

Immediately, excised hearts were immersed in fomblin perfluoro-polyether (Solvay Solexis, 

West Deptford, NJ) for CMR imaging. Hearts were then fixed in a 10% Formalin solution 

for histology processing after the image acquisition.
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Image Acquisition

A 7T Vertical Bruker BioSpin small animal scanner (Billerica, MA) was used to obtain the 

images. A 3D gradient echo image acquisition sequence was performed with a repetition 

time of 20 ms, an echo time of 3.5 ms, and a flip angle of 30°. The field of view was 1.9–

2.0×1.9×1.9cm3, the matrix size was 256–320×256×256 with a pixel bandwidth of 325Hz. 

The resulting voxel size was ~75×75×75 µm3. For each heart, five to seven 3D images were 

acquired consecutively over a 3-hour period. Each image acquisition lasted 20 minutes 

without averaging. Three volumes were manually selected, based on their similarity with 

each other, and averaged to improve the signal to noise ratio for each individual heart.

Histology

Upon completion of the scanning process, all the fixed hearts were embedded in paraffin and 

cut in 5 µm sections in the short-axis (SA) plane from the apex to the base. Picrosirius red 

stain, which binds specifically to collagen fibrils (type I, II and III) [26], was used to 

evaluate fibrosis content in the myocardium. Slices were then digitized with a Leica 

MZFLIII microscope (Wetzlar, Germany) with a 10× objective lens.

Image Analysis

Histology Images—Histological image processing was done with a custom software 

developed with the Interactive Data Language (IDL, Exelis Visual Information Solutions, 

Boulder, CO). The slice with the most collagen, assessed visually, was chosen for 

myocardial fibrosis quantification. Quantification of collagen content from the histology 

images was performed with a multichannel thresholding method based on the color and 

illumination contents similar to Yabusaki et al. [27]. The histology image slices were first 

converted from red-green-blue (RGB) to huesaturation-value (HSV) channels [28]. In the 

HSV color space, the H channel is defined by a color wheel with primary colors associated 

to specific angles around the center: 0° = red, 120° = green, 240° = blue (Figure-1). The S 

channel describes the amount of white in a color given by the H. As S increases, the distance 

to the center of the wheel increases and less amount of white gets mixed with the given 

color. The V channel specifies the shading of a color in H, with a completely black color 

associated to 0.

The conversion of the color space from RGB to HSV is described in Foley et al. [28]. The 

RGB values are normalized between 0 and 1, and the values of H are cycling from 0° to 

360°. The Foley et al. equations are:
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(1)

The V channel contains the illumination component of an image and depicts the lighting 

variation across such an image. Therefore, the information contained in this channel is 

discarded from our segmentation process. The myocardium region of interest (ROI) 

segmentation was performed by removal of the white shades in the background. Since the S 

channel contains the amount of white in a color, a threshold of 0.2 was applied to this 

channel to eliminate the background pixels. To further isolate red stained collagen fibers in 

the myocardial ROI, two thresholds, one close to 0° and another close to 360 °, were used to 

pick up the color red in the H channel, and a threshold close to 1 was used for the S channel. 

The results of fibrosis quantification were expressed as the percent area of the left-ventricle 

(%LV) myocardium.

LGE CMR Images—Analysis of the LGE CMR images was performed with custom 

computer software developed in IDL with a graphical user interface for volume re-slicing 

and segmentation tasks. LGE CMR images were resliced in the SA direction from each 3D 

data volume to match the histological sections. The quantification of fibrosis content was 

performed by first manually tracing the LV endocardial and epicardial contour ROI on the 

re-sliced LGE CMR images, excluding epicardial fat and ventricular cavity blood pool. To 

determine the best thresholds for quantifying the amount of fibrosis within the myocardial 

ROI, a remote region was manually selected to estimate the mean and standard deviation 

(SD) of the normal myocardial signal intensity (SI). Semi-automated 2 to 6 SD thresholds 

above the mean SI were then applied to measure the distribution of bright pixel 

enhancement in the myocardial ROI and evaluate the amount of diffuse fibrosis in the LGE 

CMR and texture images quantitatively. The results were compared to the myocardial 

collagen content measured from the reference histology images to determine the best 

threshold for CMR and texture image quantification.

Texture Analysis—Three dimensional texture analysis was performed in the LGE CMR 

image volume using the grey level co-occurrence matrix (GLCM) from which texture 

features were derived following Haralick’s method [29]. Contrast texture maps of the 

myocardium were created by computing the GLCM for each pixel (Figure-2). Quantization 

of the signal intensity was performed to standardize the comparison of intensity distribution 

and to improve the computational time. Signal intensity histogram was computed from the 

myocardial ROI, in which the most prominent distribution was detected as the remote 

myocardium since it has the largest region in the image. Quantization was then performed 

by alignment of the peak of the remote myocardial distribution among all rat hearts.

Next, the 3D GLCM were computed in the image volume based on the extension of the 2D 

GLCM as defined by Haralick [29] to evaluate the probability of signal intensity occurrence 

among neighboring pixel pairs. For an image I with signal intensity range [0, N], a set of 
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GLCM of size N × N are derived for every pixel in the myocardial ROI to account for all 

possible signal intensity relationship among the adjacent neighbors. The GLCM initially 

contains the number of occurrence of pixel pairs with intensity values (i,j) within a given 

distance and orientation, defined by a displacement vector (Δx,Δy,Δz), from each other. The 

L1-norm is used to avoid signal intensity interpolation and a distance of 1 is used in all 

directions. The GLCM is, in this state, similar to a histogram of occurrence of intensity pairs 

(i,j) for all neighboring pixels within the myocardial ROI, with neighbors defined by the 

displacement vector. The final GLCM is obtained after normalization of the matrix to obtain 

the probability of occurrences Pi,j for a given pixel I at location (x,y):

(2)

Since the intensity values in paired neighboring pixels are interchangeable, i.e. (i,j) is 

considered the same as the intensity pair (j,i), only half of the twenty-six connected pixel 

neighbors need to be considered and the GLCM is made symmetrical. Therefore, a total of 

thirteen directions are computed, defined by four in-plane displacement (ΔxΔyΔz) = [(1,0,0), 

(1,1,0), (0,1,0), (−1,1,0)] and that correspond to the orientations 0°, 45°,90° and 135° from 

the considered position, and as well by the out-of-plane displacements (ΔxΔyΔz) = [(0,0,1), 

(1,0,1), (1,1,1), (0,1,1), (−1,1,1), (−1,0,1),(−1,-1,1), (0,-1,1), (1,-1,1)]. After obtaining the 

thirteen GLCM, the standard contrast texture feature [29], was computed in each direction 

and then averaged for all pixels in the myocardial ROI:

(3)

As in the LGE CMR image, myocardial fibrosis content in the contrast texture enhanced 

images was quantified with 2 to 6 SD thresholds in the same myocardial ROIs and compared 

to the histology reference.

Statistical Analysis

Results are presented as mean ± SD of the %LV in the myocardial ROI for group 

comparisons. The correspondence of collagen content estimation between histology slices 

versus LGE CMR and contrast texture images were performed with linear regression and 

Bland-Altman analysis. A two-tailed student t-test was used to determine if significant 

differences were present between different quantification techniques and the two age groups 

(p<0.05).

RESULTS

The elderly rats weighed 570±56 grams and were significantly heavier than the young rats at 

291±76 grams (p<0.01).

Histology Analysis

Histology images showed an increase of collagen fibers in the aged hearts compared to the 

younger ones (Figure-3). The fibrous collagen distribution was not typical of ischemic 

cardiomyopathies [30]. Rather, the presence of interstitial fibrosis was evident in the aging 
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hearts where an increase of collagen fibers was observed in sporadic locations, intermingled 

with healthy cardiomyocytes (Figure-4). Perivascular fibrosis was also apparent in the 

myocardium where collagen fibers surrounded the intramyocardial blood vessels (Figure-4). 

Quantification of the red-stained collagen fibers in histology images was possible with the 

HSV segmentation method (Figure-5).

Overall, the red-stained collagen structures occupied approximately 2.60±0.27% LV in the 

elderly rat hearts, compared to 1.24±0.29% LV in the young rats (p<0.01). These were in a 

similar range of myocardial collagen content as quantified in previous picrosirius studies 

[31–33].

LGE CMR and Texture Image Analysis

There was a general agreement of signal enhancement in the matched SA slices of the LGE 

CMR images that visually corresponded well with location of red-stained collagen fibers in 

the histology slices for both the elderly and the young rat heats (Figure-6 and Figure-7 

respectively). Figure-8 shows an example of myocardial fibrosis quantification on the LGE 

CMR, and the contrast texture images for one of the elderly rats. Different SI thresholds are 

compared to the histology segmentation. There is a correspondence but not complete 

correspondence of pixel enhancement between the LGE CMR and the contrast texture 

images as quantified by different thresholds (Figure-8).

For the LGE CMR images, our comparison showed the 3 SD threshold produced the closest 

estimation of fibrosis content to that obtained with histology quantification and was 

therefore retained for subsequent comparisons (Figure-9). For the elderly group, collagen 

content was estimated at 2.56±0.52%LV in the LGE CMR images compared to 2.60±0.27% 

LV fibrosis from the histology (p=NS). In the young rat hearts, fibrosis was estimated at 

1.11±0.47% LV compared to 1.24±0.29% LV obtained from the histology (p=NS). With the 

3 SD method, linear regression analysis showed a good correlation between LGE CMR and 

histology quantification for the group overall (r=0.84, y=0.99+0.00, Figure-10).

For the texture images, our data showed the 4 SD threshold applied to the contrast texture 

feature images resulted in fibrosis estimation that was closest to the histology quantification 

(Figure-9). In the elderly rat hearts, collagen content was estimated at 2.60±0.54% LV in the 

contrast feature images compared to 2.60±0.27% LV fibrosis from the histology (p=NS). 

For the young rat group, fibrosis estimation in the contrast texture feature images was 

1.17±0.42% LV compared to 1.24±0.29% LV from the histology (p=NS). For the group 

overall, linear regression analysis showed a good correlation of fibrosis quantification from 

the contrast texture feature images compared to the histology reference (r=0.89, y=1.01x

+0.00, Figure-10).

Table-1 summarizes the percent difference of fibrosis estimation between elderly and young 

rat hearts using different threshold levels. There is a larger difference and separation 

between the two groups using the contrast texture maps compared to the LGE CMR images 

with the 3 SD to 6 SD thresholds. Furthermore, there was a significant increase in SNR 

(21.9%, p<0.001) measured from the bright fibrotic pixels in the contrast texture maps 

compared to the LGE CMR images (SNR=10.76 and 8.83 respectively).
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DISCUSSION

This study demonstrated that high resolution ex-vivo LGE CMR can detect the presence of 

age-related interstitial and perivascular myocardial fibrosis in hearts with differing level of 

collagen content. A significant increase of myocardial fibrosis was found in the elderly 

group compared to the young rats as shown in our CMR and histology data. Our results 

show that the signal enhanced regions identified on the LGE CMR images correspond to the 

fibrosis on the histology. Likewise, the texture analysis also correlated well with fibrosis by 

histology.

Previous studies have shown that gadolinium contrast agent can delineate myocardial 

infarction and fibrosis at a near cellular level [9]. We extend this finding to less focal and 

more subtle, myocardial fibrosis present in the elderly rat hearts. Diffuse fibrosis present in 

the heart, from various etiologies, has been identified with CMR T1 mapping, ECV, and DTI 

methods [10, 13, 15–21, 34]. Moreover the increase of collagen content in the aging heart 

has been studied in animal models [3, 34–37] and patients [3, 12, 38] using these emerging 

CMR imaging techniques. It was found that T1, ECV, and various diffusion parameters in 

the myocardium have a strong association with age. An elderly animal model was therefore 

chosen in our study to examine a more subtle increase of diffuse fibrosis in the myocardium. 

Using high resolution ex-vivo LGE CMR imaging with histopathological correlation, our 

study indicates that there is a significant increase of patchy interstitial and perivascular 

fibrosis present in the aged hearts. The increase of diffuse myocardial fibrosis in the older 

rat hearts compared to the young could be influenced by different factors such as increased 

sedentary periods, lower metabolism or obesity, which can potentially be attributed to the 

process of aging. It was important to this study that the increase of fibrosis in our animal 

model developed naturally without direct intervention. This is consistent with previous 

studies that link higher amount of fibrosis with aging in animal models. The elderly animal 

model allowed us to study texture analysis in the presence of more dispersed fibrosis, which 

is currently challenging to assess with LGE CMR images.

The location of infiltrative collagen fibers as stained by the picrosirius red in the histology 

references corresponded well with the location of enhanced SI in the myocardium on the 

LGE CMR images qualitatively. We further showed that the estimation of collagen content 

in the histology images, as measured by the HSV method, correlated well with the detection 

and location of myocardial fibrosis on the LGE CMR images. This correlation reflects the 

accumulation of gadolinium contrast agent in the extracellular matrix, which in turn 

indicates an increased presence of collagen fibers. As Schelbert et al. mentioned in the 

previous study [9], Gd-DTPA accumulates in regions of slight collagen accumulation, a 

feature critical when imaging particular non-ischemic cardiomyopathies where there is 

absence of focal alteration to the cellular structure of the myocardium. Our study further 

confirms that subtle and dispersed accumulation of collagen fibers in the myocardium can be 

detected with high resolution LGE CMR imaging.

Depending on different clinical and imaging applications, quantification of myocardial 

fibrosis in LGE CMR images has been performed with SI thresholding that differs among 

studies [39–42]. We presented a comparative assessment for the amount of fibrosis using 
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various levels of threshold and showed all thresholds achieved a high accuracy separating 

the two groups. However, there was an increased separation of the two age groups in the 

contrast texture image quantification compared to the LGE CMR images for all threshold 

comparison (Figure-9). With a lower threshold setting such as the 2 SD method, the LGE 

CMR and contrast texture images had a tendency to overestimate fibrosis content as 

compared to the histology (Figure-9). Our results showed the 3 SD threshold applied to the 

LGE CMR images gave the closest estimation of collagen content to what was estimated in 

the histology images. These results were consistent with previous findings by Mikami et al.

[43] and as well by Moravsky et al. [39] that compared various levels of threshold applied to 

LGE CMR images with the presence of diffuse fibrosis in hypertrophic cardiomyopathy 

patients. Moravsky et al. stated that LGE CMR at higher SDs represents the denser fibrosis 

that probably consists of replacement fibrosis but also the denser interstitial fibrosis.

For the contrast texture feature images, our results show that the 4 SD method resulted in 

the best correlation with histology. We infer this increase of threshold value is due to the 

effectiveness of the GLCM computation to improve differential SI enhancement patterns 

among neighboring pixels. The contrast texture feature measures textural complexity in a 

given region by weighing the difference of signal intensity amongst neighbor pixels. Such 

texture extraction and pattern enhancement process can encapsulate more diffuse pixels with 

bright and dark neighbors next to each other than just the amount of bright pixels in the 

image. It not only enhances pixel locations where confluent gadolinium enhancement is 

present, but also the immediate neighboring regions where pixels are more subtly enhanced. 

Qualitative analysis of the LGE CMR and the contrast texture images (Figure-6) shows a 

strong association of enhanced pixels with the location of red-stained collagen fibers in the 

histology slices. The signal and contrast level of these bright pixel enhancement regions are 

markedly enhanced in the contrast texture image which have a significantly higher SNR 

compared to the LGE images. Texture measures can thus be exploited as indicators for the 

presence of a more complex collagen fibers distribution as depicted by both diffuse and 

confluent gadolinium enhancement patterns in the myocardium. Furthermore, since texture 

analysis computes local pixel-to-pixel signal variation, it is less prone to the influence of 

image artifacts caused by radiofrequency field inhomogeneity.

There are advantages to using LGE CMR images to detect myocardial fibrosis. The 

significance of signal enhancement found in the myocardium from this modality has been 

extensively validated and reproduced in many studies including multi-center studies. 

Acquisition protocols have been extensively tested and precise guidelines have been 

developed [44]. LGE CMR images are clinically used to diagnose ischemic 

cardiomyopathies and have been shown to exhibit identifiable enhancement patterns in non-

ischemic cardiomyopathies [45].We have demonstrated that both LGE CMR and contrast 

texture images could successfully discriminate the elderly from the young rat hearts. The 

subtle but visible increase of red-stained collagen fibers was assessed visually as well as 

quantitatively in histology images. This increase of fibrosis content was also quantified in 

LGE CMR images and texture images. Quantification of diffuse fibrosis in LGE CMR 

images can be challenging in a clinical setting due to an inherent lower spatial resolution. 

Texture analysis may thus improve the detection of more complex signal enhancement 
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patterns and signal intensity differences of neighboring pixels in the presence of diffuse 

fibrosis. Although we present texture analysis as a means to quantify myocardial fibrosis on 

LGE CMR images, this analysis method may also be applied to other types of CMR images, 

such as T1 or ECV maps, for tissue characterization and classification.

There are limitations to the current study. Picrosirius red staining allowed the delineation of 

collagen fibers more closely than would be possible with LGE CMR imaging technique. The 

lumen was not red stained in the histological images and thus discounted from the HSV 

segmentation. However the vessel lumen was enhanced by the contrast agent and accounted 

for false positive fibrosis content in LGE CMR images. Since the amount of diffuse fibrosis 

in the myocardium is much smaller than focal scars as in myocardium infarctions, these 

intrinsic differences are not to be overlooked when comparing diffuse fibrosis between 

different imaging modalities. This might account for part of the overestimation of the 

collagen content in LGE CMR and texture images compared to the histological reference. 

However, this overestimation is consistent throughout all cases in this study and does not 

impair the enhancement of diffuse fibrosis with texture analysis.

Partial voluming is a well-documented effect that is unavoidable and affects all quantitative 

analysis of diffuse fibrosis in LGE CMR images due to relatively subtle regional voxel 

enhancement [9, 46]. The morphological changes of myocardial tissue during histological 

processing may account for some of the anatomical discrepancy and misalignment between 

LGE CMR images and the histological slices. In spite of these discrepancies there was 

visual agreement in the general myocardial structure in LGE CMR images and in the stained 

histology slices.

Finally, the presence of collagen fibers was assessed with picrosirius red stain under bright 

light in our study. Polarized light could potentially provide more details about the structures 

and compositions of the diffuse myocardial fibrosis by exploiting the birefringence property 

of the stained collagen [47, 48].

The analysis of texture features in this study was performed with the contrast texture 

feature, which was extracted from the GLCM as computed from the LGE CMR images. 

This feature alone offered the best visual and quantitative assessment of diffuse myocardial 

fibrosis, compared to other GLCM features. Other texture features and classification 

methods may be explored in future studies to improve the detection of complex intensity 

patterns associated with diffuse myocardial fibrosis in LGE CMR images under different 

image resolution.

CONCLUSIONS

We demonstrated that high resolution LGE CMR images can detect the presence of subtle 

age-related myocardial fibrosis in ex-vivo rat hearts of different aged groups. Texture 

feature analysis of those images may add additional value to the assessment of fibrosis in the 

myocardium. A significant increase of myocardial fibrosis was found in the elderly group 

compared to the young rats in this study. Our results show both signal intensity and contrast 

texture analysis of the LGE CMR images can separate the two age groups of rats with great 
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accuracy, although the SNR was increased for the contrast texture maps. The quantification 

of fibrosis on both LGE CMR and histology data correlates well. This is the first CMR 

imaging study that confirms diffuse myocardial fibrosis that occurs due to aging can result 

in a complex signal intensity pattern in high resolution LGE images and that texture analysis 

can be successful in identifying fibrotic myocardial regions. These techniques may be useful 

for analyzing LGE CMR images in patients with various cardiomyopathies but this will 

require further studies.
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Abbreviations

CMR cardiac magnetic resonance

DTI diffusion tensor imaging

DTPA diethylenetriamine pentaacetic acid

ECV extracellular volume fraction

Gd Gadolinium

GLCM grey level co-occurrence matrix

HSV hue-saturation-value

ICM ischemic cardiomyopathies

LGE late gadolinium enhancement

LV left ventricular

NICM non-ischemic cardiomyopathy

NS not statically significant

ROI region of interest

SA short-axis

SI signal intensity

SD standard deviation
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SUMMARY

Late gadolinium enhanced (LGE) cardiac magnetic resonance (CMR) imaging can detect 

the presence of myocardial infarction from ischemic cardiomyopathies (ICM). However, 

it is more challenging to detect diffuse myocardial fibrosis from nonischemic 

cardiomyopathy (NICM) with this technique due to more subtle and heterogeneous 

enhancement of the myocardium. It was shown that ex-vivo LGE CMR imaging can 

identify myocardial fibrosis from ICM at nearly a cellular level. However, the signal 

enhancement obtained with the presence of collagen fibers across the myocardium in 

NICM is more subtle than with focal scars present in the ICM. This study investigates 

whether high-resolution LGE CMR can detect age-related diffuse myocardial fibrosis 

using quantitative texture analysis. Results are compared to histological slices for 

validation.

LGE CMR of twenty-four rat hearts (twelve 6-week-old and twelve 2-year-old) was 

performed using a 7 Tesla MRI scanner. All hearts were harvested 10 minutes after 

intravenous injection of gadolinium-DTPA and immediately subjected to CMR imaging. 

Picrosirius red stained myocardial sections and light microscopy were used as the 

histopathology reference for collagen assessment. Fibrosis in the myocardium was 

quantified with standard deviation (SD) threshold methods from the LGE CMR images 

and 3D contrast texture maps that were computed from grey level co-occurrence matrix 

of the CMR images.

There was a significant increase of collagen fibers in the aged compared to the young rat 

histology slices (2.60±0.27 %LV vs. 1.24±0.29 %LV, p<0.01). Both LGE CMR and 

texture images showed a significant increase of myocardial fibrosis in the elderly 

compared to the young rats. Separation of the two groups was excellent among various 

levels of SD threshold. Fibrosis in the LGE CMR images correlated strongly with 

histology with the 3 SD threshold (r=0.84, y=0.99x+0.00). Similarly, fibrosis in the 

contrast texture maps correlated with the histology using the 4 SD threshold (r=0.89, 

y=1.01x+0.00).

This study demonstrates that high resolution ex-vivo LGE CMR can detect the presence 

of subtle myocardial fibrosis present in various aged hearts. The variation of fibrosis 

content in the different-aged rat groups was successfully assessed with both LGE CMR 

and texture analysis and compared to histology reference measurements. Our results 

suggest that texture analysis can discriminate the elderly from the young rat groups and 

may improve the assessment of myocardial fibrosis in LGE CMR images.
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HIGHLIGHTS

• High-resolution LGE CMR imaging can detect age-related myocardial fibrosis.

• There was a significant increase of collagen in the aged versus the young rat 

hearts.

• Quantitative LGE and texture analysis correlated well with histology 

measurements.

• Texture analysis may improve the myocardial fibrosis assessment in LGE CMR 

images.
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Figure-1. 
Schematic representation of the color transformation from the RGB to the HSV space.
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Figure-2. 
3D pixel-wise texture map is obtained by computing the GLCM for every pixel in the 

myocardial region. To derive the GLCM with a spatial distance of one, neighboring pixel 

pairs in thirteen directions (red arrow) are compared per pixel. The probability of occurrence 

of signal intensity pairs in a 3×3×3 neighbor region surrounding a position was computed to 

construct the GLCM for each direction. The final texture value for each pixel is obtained by 

averaging the contrast feature computed from the thirteen GLCMs.
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Figure-3. 
Picrosirius red-stained histology images show an increase of collagen content (stained red) 

in the elderly rat (left) compared to the young rat (right).
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Figure-4. 
Magnification of a picrosirius red-stained histology slice from an elderly rat heart showing 

(a) interstitial and (b) perivascular fibrosis. Diffuse interstitial fibrosis appears as an 

intermingling of pink-salmon color healthy cardiomyocytes and red-stained collagen fibers.
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Figure-5. 
Segmentation of the histology slices was done after transforming the RGB channels into 

HSV color space. The illuminance variation of the image can be clearly seen in the V 

channel of the decomposed HSV images. The magnified picrosirius red-stained histology 

image shows our segmentation can depict detailed red-color collagen content in the 

myocardium.
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Figure-6. 
The appearance of collagen fibers in an elderly rat histology slices (top) matches well with 

the signal enhanced regions in the LGE CMR images (middle) and the corresponding 

contrast texture images (bottom). Regions of interstitial diffuse myocardial fibrosis 

identified in histology (white arrows) are enhanced in the matched LGE CMR and contrast 

texture images. Perivascular myocardial fibrosis in histology (black arrows) was also 

enhanced in LGE CMR and in the contrast texture image. The corresponding contrast 

texture images show a further increased signal enhancement in locations of myocardial 

fibrosis.
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Figure-7. 
The appearance of collagen fibers in a young rat histology slices (top) also matches closely 

with the signal enhancement in the LGE CMR images (middle) and contrast texture images 

(bottom). However, there are fewer amounts of collagen fibers compared to the elderly rat in 

Figure-6, and they appeared primarily in the perivascular regions (black arrows).

Beliveau et al. Page 23

Comput Biol Med. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure-8. 
Example of myocardial fibrosis quantification in histology (left), segmented LGE CMR 

(middle), and segmented contrast texture (right) images. The bottom row shows there is a 

high, but not complete, correspondence of signal enhanced pixels between CMR and the 

contrast texture images as quantified by different SD thresholds. There was a slight over 

segmentation in the lumen area of the LGE CMR and the contrast texture images when 

compared to histology due to residual contrast in the lumen.
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Figure-9. 
Myocardial collagen content in the elderly versus young rats as estimated by various 

standard deviation (SD) thresholds from LGE CMR (left) and contrast texture (right) 

images. Dashed lines show collagen estimation from the matched histology references. The 

optimal threshold values for LGE CMR were obtained with the 3 SD threshold and with the 

4 SD for the contrast texture images.
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Figure-10. 
Collagen estimation with the 3 SD threshold for LGE CMR images (left) and the 4 SD 

threshold for the contrast texture images (right) compared to the histology quantification. 

Linear regression and Bland-Altman analysis showed excellent correlation without 

significant bias for both LGE CMR and contrast texture images. Dashed lines indicate mean 

± two standard deviation in the Bland-Altman analysis.
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