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SHORT ABSTRACT: 
Here, we present a protocol to obtain high resolution micro computed tomography images of healthy and pathological large mammalian whole hearts with collagen-selective contrast enhancement.

LONG ABSTRACT: 
Structural remodeling is a common consequence of chronic pathological stresses imposed on the heart. Understanding the architectural and compositional properties of diseased tissue is critical to determine their interactions with arrhythmic behavior. Microscale tissue remodeling, below the clinical resolution, is emerging as an important source of lethal arrhythmia, with high prevalence in young adults. Challenges remain in obtaining high imaging contrast at sufficient microscale resolution for preclinical models, such as large mammalian whole hearts. Moreover, tissue composition-selective contrast enhancement for three-dimensional high-resolution imaging is still lacking. Non-destructive imaging using micro-computed tomography shows promise for high-resolution imaging. The objective was to alleviate sufferance from X-ray over attenuation in large biological samples. Hearts were extracted from healthy pigs (N = 2), and sheep (N = 2) with either induced chronic myocardial infarction and fibrotic scar formation or induced chronic atrial fibrillation. Excised hearts were perfused with: a saline solution supplemented with a calcium ion quenching agent and a vasodilator, ethanol in serial dehydration, and hexamethyldisilizane under vacuum. The latter reinforced the heart structure during air-drying for 1 week. Collagen-dominant tissue was selectively bound by an X-ray contrast-enhancing agent, phosphomolybdic acid. Tissue conformation was stable in air, permitting long-duration microcomputed tomography acquisitions to obtain high-resolution (isotropic 20.7 &#181;m) images.  Optimal contrast agent loading by diffusion showed selective contrast enhancement of the epithelial layer and sub-endocardial Purkinje fibers in healthy pig ventricles. Atrial fibrillation (AF) hearts showed enhanced contrast accumulation in the posterior walls and appendages of the atria, attributed to greater collagen content. Myocardial infarction hearts showed increased contrast selectively in regions of cardiac fibrosis, which enabled the identification of interweaving surviving myocardial muscle fibers. Contrast-enhanced air-dried tissue preparations enabled microscale imaging of the intact large mammalian heart and selective contrast enhancement of underlying disease constituents.

INTRODUCTION: 
Structural heart disease accounts for the majority of cardiac-related mortality world-wide1. Remodeling of cardiac structure influences the myocardial environment and the interstitial space. Since both cardiac electrical and mechanical function depends on myocyte organization, disruption can lead to intolerable cardiac arrhythmia, impaired blood-pumping actions, and heart failure2–9. Developments of curative therapies for structural heart diseases are far outweighed by the disease prevalence2,5. As such, increasing numbers of preclinical models of structural cardiac diseases are emerging to better understand the anatomo-morphological profiles and resulting pathogenesis of cardiac arrhythmias10,11,12–23. Observed across the structural disease spectrum is the upregulation of interstitial fibrosis and, more commonly in ischemia-related cases, myocardial replacement by fibrosis and fat tissue18. Morphological understanding of pathological extracellular components can enable the identification of potential substrates of arrhythmia. The distribution and extent of the disease provide strong indicators of arrhythmogenic risk. Yet, challenges remain to comprehensively image disease profiles by integrating macro- and microscales in the intact heart. 

Micro-computed tomography (microCT), based on X-rays, is emerging as a powerful tool to interrogate soft biological tissue microstructure using contrast agents. Highly detailed anatomical maps have been obtained for hearts from small rodents24–26 and small dissected samples from large mammalian hearts27,28. However, imaging at the whole organ level of large mammalian hearts presents excessive path lengths over which X-ray photons are attenuated using conventional tissue preparation techniques. This involves contrast-loading the tissue and immersing the sample in a contrast agent solvent during acquisition. Increasing the sample size and resolution imposes a prolongation of the total acquisition time. Therefore tissue stability becomes crucial for useable image reconstruction, meaning that tissue deformation resulting from drying must be prevented. The use of an immersion fluid, however, has drawbacks: (i) the overall background signal intensity becomes non-negligible and (ii) promotes dilution of tissue-bound contrast molecules. Both of these factors contribute to lowering image contrast. 

This study details a novel tissue processing pipeline to alleviate background photon attenuation and optimize the dynamic range afforded by contrast-enhancement agents. It is suggested to use a tissue air-drying approach with chemical tissue reinforcement to limit tissue deformation29. Therefore tissue samples can remain stable in air for long acquisitions and omit background contributions from immersion fluids. This methodology pipeline provides: (i) a comprehensive tissue processing and imaging protocol optimized using whole pig hearts; (ii) an evaluation of contrast concentration and loading techniques and, (iii) application of this pipeline in two distinct chronic disease models of atrial fibrillation and myocardial infarction in sheep hearts. Development of the chronic disease models has been described elsewhere for each chronic cardiac disease model, myocardial infarction induced by percutaneous coronary artery embolization13 and self-sustaining atrial fibrillation30. 

PROTOCOL: 

All experiments were performed following the guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. Animal protocols were approved by the local ethical committee (CEEA50) at the University of Bordeaux.  Hearts were sourced from three large mammalian models, including (i) Healthy Large white pigs (N = 2, 2 months old); (ii) Sheep (N = 1, 2 years old) with induced myocardial infarction13 and (iii) Sheep (N = 1, 7 years old) with induced atrial fibrillation30.

1.	Solution preparation:

1.1.	Cardioplegic solution: Prepare 3 L of distilled water and add sodium chloride (110 mM), potassium chloride (16 mM), Sodium bicarbonate (10 mM), D-(+)-Glucose (9 mM), calcium chloride solution (1.2 mM) and magnesium chloride solution (16 mM). At the end, add 500 &#181;L/L of heparin sodium. Conserve this solution at 4 &#176;C. 

1.2.	Phosphate buffered saline – EDTA solution (PBS-EDTA).

1.2.1.	 First, add ethylenediaminetetraacetic acid (EDTA) to 1 L of distilled water for a final concentration of 10 mM. Increase and maintain a solution pH of 12 using sodium hydroxide solution (1 M) to dissolve the EDTA. 

1.2.2.	Once the EDTA is fully dissolved, lower the pH to 7.4 using hydrochloric acid. Add one foil pouch of phosphate-buffered saline to obtain a solution at 0.01 M (sodium chloride, 0.138 M; potassium chloride, 0.0027 M) and pH 7.4. Conserve this solution at room temperature (RT). 

1.3.	Ethanol – phosphomolybdic acid (PMA) contrast agent solution: Prepare 1 L of absolute ethanol and add the PMA to obtain a solution at 1% of concentration. Conserve this solution at RT. 

2.	Source of tissue

2.1.	Euthanize the animal and extract the heart according to local ethical guidelines. Quickly immerse the heart into cold cardioplegic solution and gently massage the ventricles for initial rinsing. 

2.2.	Ensure to cut the aorta below the aortic arch and clamp two sides of the arterial wall using needle holders. 

2.3.	Suspending the heart by the needle holders, insert an aortic cannula into the aortic root, taking care not to make contact with or protrude through the aortic valves. Wrap a 0 gauge suture around the aortic arch at the level of the cannula and firmly tie the cannula in place.  

2.4.	Using 50 mL syringes, inject 200 mL of cold (4 &#176;C) cardioplegic solution. Remove excess blood pooling in the cavities by tipping the heart on its posterior side to drain via the pulmonary veins. 

2.5.	Immerse the rinsed heart and keep in cold cardioplegic solution stored on ice until ready for dissection.

3.	Tissue preparation:

3.1.	Prepare a 1 L reservoir supported 80 cm above a dissection dish. Couple a thermoplastic tube 80 cm in length and 3.2 mm internal diameter and 4.8 mm external diameter to a drain port of the reservoir. 

3.2.	Fix a three-way tap to the drainage tubing and couple further thermoplastic tubing (20 cm, 1.6 mm internal diameter and 3.2 mm external diameter) to each free port on the three-way tap. Fix two-way taps to the fee ends of the tubing. 

3.3.	Fill the reservoir with the cardioplegic solution supplemented with heparin (2500 units). Open the taps to allow the cardioplegic solution to drain and remove all air bubbles, then close the two-way taps.

3.4.	Prepare cannulae for left and right coronary ostia using Polytetrafluoroethylene (PTFE) tubing (1 mm internal diameter and 2 mm outer diameter). 

3.4.1.	Cut 5 cm of tubing and heat one end by placing the tip next to a naked flame. Once 1 mm of the tip begins to melt and becomes translucent, press the tip against a hard heat resistant surface to shape a ridge at the cannulae tip to prevent cannulae from slipping out of the vessels. 

3.4.2.	Insert 1 cm of the non-heated end of each cannula in to the two ends of the drain reservoir drainage tubing.

3.5.	Remove the aortic cannula. Under cold cardioplegic solution, localize the left and right ostia of coronary arteries. 

3.6.	Using pointed scissors, carefully separate the aortic root from the surrounding tissue above and below the coronary ostia to enable threading of a 0 G silk suture under the coronary vessel. 

3.7.	Open the two-way taps and insert the cannulae tips into the coronary ostia. With the cannulae tips extending 1–2 cm into the ostia and beyond the suture placement, tie off cannulae. 

3.8.	Rinse the heart while gently massaging the ventricles for 15 min until the heart is cleared of blood. 

3.9.	After rinsing, close the two-way taps and disconnect them from the three-way tap. Transfer the heart to a 1 L plastic chemical-resistant container containing 500 mL of PBS-EDTA  solution. 

3.10.	Recirculate PBS-EDTA solution in the thermoplastic tubing under a fume hood using a peristaltic pump with two channels. Prime the pump tubing until the tubing is absent of air bubbles, then perfuse each coronary artery cannulae by recirculation at RT for 2 h at 80 mL/min.

3.11.	Ensure that the fume hood is operational. Stop the pump, drain the solution from the container and replace it with formalin (10%) for fixation for 1 h at RT at 80 mL/min. 

3.12.	Replace the formalin solution with PBS to rinse the fixative three times for 15 min each at 80 mL/min. 

4.	Tissue dehydration and drying:

NOTE: Use the same perfusion rate (80 mL/min) and let the tissue remain at RT throughout.

4.1.	Replace PBS solution with ethanol at 20%, diluted in ultra-pure water, and perfuse for a minimum of 3 h. 

4.2.	Perfuse the heart using a series of incrementing ethanol concentrations. 

4.2.1.	Start by replacing the 20% ethanol solution with ethanol diluted to 30% and perfuse for 2 h. 

4.2.2.	Repeat perfusion by incrementing the ethanol concentration at each iteration through 40%, 50%, 60%, 65%, 70%, 75%, 80%, 95%, 90%, 95%, 99%, and 100% for a minimum duration of 1 h at each step(concentration).

NOTE: Heart samples may rest with no perfusion flow overnight at any ethanol dilution if minimum perfusion of 15 min has taken place for that concentration.

4.3.	OPTIONAl: If applying contrast agents via perfusion, perfuse the heart with 100% ethanol supplemented with the contrast agent PMA, 1% for 48 h. Rinse the contrast agent by perfusion with 100% ethanol for 2 h. 

4.4.	To reinforce the heart tissue prior to air drying, recirculate a 50:50 mix of ethanol and hexamethyldisilazane (HMDS) for 10 min. Follow this by 100% HMDS for a further 2 h. 

CAUTION: HMDS is a highly toxic and noxious substance. A strong odor of ammonia is released in contact with air. Moreover, the liquid form of HMDS is highly volatile and catalyzed by iodine-containing agents. 

4.5.	Disconnect the cannulae from the tubing and suspend the heart from an aortic suture inside the fume hood. 

4.6.	Carefully slide a zip-lock bag over the heart and close the bag seal over the suture to reduce exposure of the heart to circulating air. Allow the heart to dry through evaporation for 1 week.

4.7.	OPTIONAL: For diffusion-loading contrast agents, wash the heart in 100% ethanol for 15 min while agitating. Immerse the heart in 100% ethanol supplemented with PMA, 1%, for 48 h under vacuum. Repeat step 4.6.

5.	MicroCT:

NOTE: A desktop X-ray microCT system was used for imaging pig hearts.

5.1.	Mount the air-dried heart onto an appropriate sample holder. Prevent any movement during the X-ray microCT measurements using a clamp anchored to the sample holder and secure the heart via the dried and rigid aorta. 

5.2.	Meticulously align the center of the heart sample along its longitudinal axis with the center of the imaging field of view for 0&#176; and 90&#176; angles of rotation. To achieve this in all orientations, suspend the heart in the air via an aortic clamp fixed to the sample support.

5.3.	After opening the software and initiating the X-ray microCT system, apply the X-ray filter aluminum, 1 mm, X-ray source voltage to 60 kV and current to 120 &#181;A. Set image dimensions to 2016 x 1344 pixels and pixel size to 20 &#181;m.

5.4.	 Retract the sample holder out of the field of view and calibrate the background image and X-ray exposure time by obtaining a flat-field correction. Ensure that the average background X-ray transmission is greater than 80%.

5.5.	Scout X-ray transmission images along the length of the support to determine the overall imaging field in the heart’s longitudinal axis. For scanning, use a rotation step of 0.18&#176;, a frame averaging of 5, and a sample rotation of 180&#176;. Select the offset scanning mode to image the full width of the sample support.

NOTE: The acquisition parameters indicated in this section have been selected to optimize the image quality of the ensemble heart composition.

5.6.	After scanning, use the software for tomographic reconstruction of an isotropic three-dimensional image volume. For the application of NRecon software, use acquisition-related artifact correction, including beam-hardening effects of 10% and ring artifact reduction of 8.

5.7.	To optimize data storage limitations, apply the minimum rectangular region of interest that encompasses heart-specific image voxels. Export the images in an 8-bit bitmap format as an image stack.  

5.8.	Visualize the reconstructed data stack using DataViewer software. Digitally orientate the sample within the image boundaries to realign the sample’s long and short axes with the three principal axes of the image volume. 

5.9.	Crop the image volume in all three axes to remove outer background layers of the image, to maximally reduce the total image size.

REPRESENTATIVE RESULTS: 
The preparation of large mammalian hearts using the dehydration and air-drying method removes all water content from the sample. Evidence of insufficient water replacement by ethanol can be observed during HMDS loading (see Protocol, step 4.4). The presence of water under HMDS will create bubbles rising from the tissue. In the case of excessive water levels, a rise in the temperature of the immersion fluid can occur. Keeping the immersion chamber surrounded by ice during initial HMDS loading can reduce the ill-effects of tissue heating. After air-drying hearts in the absence of contrast agents, the sample will appear white in color (see Protocol, step 4.6). The outer surface was often dried and structurally stable before intramural layers. Rinsing in ethanol prior to contrast agent loading removed the white deposit (see Protocol, step 4.7). Slicing through tissue using a sharp blade reveals macroscopically individual muscle fibers with clear separation. Contrast loading by immersing heart samples in contrast agent medium suffered from diffusion limit artifacts in thick and highly muscular regions of the sample. Diffusion contrast loading under vacuum provided more homogeneous coloration in muscle (heart sample #1, see Table 1 for contrast agent loading times). Macroscopically, the surface contrast agent distribution showed in-homogeneous staining between heart muscle and regions composed primarily of extracellular components, notably fat and connective tissue. Air-dried tissue samples, either prior to or after contrast agent loading, maintained stable structural integrity.

The time necessary to scan the full width of the sample at 20 &#181;m resolution under microCT using the abovementioned scanning parameters and an exposure time of 1700 ms was 6 h 34 min. Depending on the size of the sample in the gantry axis of the scanner, this duration was multiplied by the number of positions needed to capture the full length of the specimen. For pig and sheep hearts in this study, three to four positions were used. The NRecon software tiled the multi-position and offset scans to form a single X-ray projection image for each rotation step of the X-ray source and detector. In total, 1000 projections are stored as 16-bit images, generating 30–40 GB of data. Reconstructed volumetric images were 52–70 GB. 

Major anatomical landmarks, including the ventricular cavities, septum, and free walls of the ventricles, were easily identifiable from X-ray transmission imaging of air-dried pig hearts stained with contrast agent by diffusion-loading (Figure 1A). Moreover, highly textured regions indicating microstructural organization, such as myocardial fiber orientation, were also observed due to sensitive X-ray attenuation/transmission (Figure 1B). Tomographic reconstructions of three-dimensional image volumes showed distinct separation between tissue and background at both epicardial and endothelial boundaries (Figure 1D). Intramurally, low contrast and voxel intensity diffusion gradient were observed throughout thick transmural regions of the tissue. Despite that, vasculature and myocardial fibers separated by cleavage planes were still readily identifiable. A second higher intensity bandwidth of contrast was observed at the epicardial-most layer and in punctate sub-endocardial regions. Contrast enhancement was greatest at sites where extracellular components were accumulated, particularly epicardial connective tissue, epicardial fat and the connective tissue sheath of the Purkinje fiber network. Voxel signal intensity distributions showed high separation from the zero-intensity background (air) and two dominant populations of low and high contrast tissue (Figure 1D).

To validate contrast enhancement of microCT image reconstructions and the selectivity to collagenous compartments of the heart samples, histology, bright field microscopy, and fluorescent microscopy were employed (Figure 2). A transmural block of ventricular tissue from an air-dried heart without prior contrast agent-loading was prepared for paraffin embedding and sectioning. Adjacent tissue slices mounted on microscope slides were treated by either Masson’s trichrome staining, no treatment, or 48 h of PMA (1%). Immersion of slide-mounted tissue sections eliminated diffusion gradient effects of the staining process that was observed in whole heart samples. Mason’s trichrome staining showed collagen-positive staining at the epithelial and endothelial layers, perivascularly in the sub-epicardial tissue, and a connective tissue sheath surrounding a free-running Purkinje fiber protruding into the left ventricular cavity (Figure 2A). Bright field illumination showed darker coloration in collagenous structures after PMA-staining, supporting the preferential accumulation of PMA (Figures 2B,C). Moreover, PMA treatment has previously been shown to quench the autofluorescence of collagen macromolecular complexes31. Fluorescent images of ventricular tissue sections had PMA-induced loss of fluorescence at sites of collagen (Figure 2D vs. 2E, Figure 2D’ vs. 2E’ and Figure 2D’’ vs. 2E’’). In both bright field and fluorescent imaging, cellular compartments were not altered by the PMA treatment, and collagen had a selective accumulation of PMA staining and quenching of autofluorescence.

Heart sample #2 was stained with a contrast agent via perfusion prior to air drying. Image reconstruction revealed highly patchy staining within the myocardial compartment (Figure 3A). Contrast enhancement appeared unselective of tissue composition, with no further enhancement of signal intensity at the epicardial or sub-endocardial regions. Moreover, low contrast tissue showed poor separation from the background intensity (Figure 3B).

Ventricular fibrosis was induced by myocardial infarction and chronic ischemia (Heart sample #3). An antero-apical scar was formed by replacing myocytes with fibro-fatty deposits in the tissue downstream to the site of vascular embolization. Heart sample #3 was prepared and imaged from a dissected ventricular wedge covering the anterior left ventricle, septum, and right ventricular free wall. The preparation of this ventricular wedge configuration has been described previously32 and the application of wedges for cardiac imaging was reviewed in detail33. Scar morphology was transmural but heterogeneous (Figure 4). A central dense fibrotic lesion was surrounded by a loose and heterogeneous border zone (Figure 4A). The ventricular preparation was stained by diffusion-loading post-air drying and in a vacuum. Figure 4B–E shows the greatest signal intensities of reconstructed microCT image volumes at the tissue boundaries and scar regions. Contrast agents poorly stained healthy myocardium, yet microstructural contrast was retained (Figure 4C’). At the border zone, scar tissue was interspersed with surviving myocardium (Figure 4D’). Dense fibrosis appeared transmural yet textured, indicating variances in composition (Figure 4E’). Tissue sections of a transmural left ventricular region of the air-dried and PMA-stained tissue preparation were used to validate PMA selectivity for collagen in pathological tissue by comparing against Masson’s trichrome staining (Figure 4F). PMA staining was selective for collagen (sub-epicardium and sub-endocardium) and absent in regions of surviving myocardium (Figure 4G). 

Heart sample #4 with induced persistent atrial fibrillation was air-dried while conserving the native shape of the atrial cavity. Atrial appendage collapse was not observed. The major anatomical landmarks could be identified morphologically from reconstructed images (the atrial septum, pectinate muscles, coronary sinus, pulmonary vein ostia, vena cava and cristae terminalis).  Diffusion-staining under vacuum resulted in contrast enhancement in the aortic root and atrioventricular valves and discrete regions of the working myocardium. Muscle staining enhancement was constrained to the atrial appendages and posterior walls of both left and right atria (Figure 5). 

Figure 1: MicroCT imaging of an air-dried pig heart treated with PMA contrast agent by diffusion under vacuum. (A) X-ray projection image. (B) A transmission profile extracted from the red line in A. (C) Short-axis slice of the ventricles from a tomographically reconstructed three-dimensional volume. Yellow arrows indicate punctate regions of contrast attributed to sub-endocardial Purkinje fibers. Blue arrows indicate vasculature. (D) Signal intensity distribution of the reconstructed image slice shown in C. LV: left ventricle and RV: right ventricle.

Figure 2: Validation of PMA-selectivity for collagen. (A) Masson’s trichrome staining of a transmural tissue section from the ventricles of an air-dried heart. Myocardium is stained in red and collagen is shown with green coloration. Adjacent tissue sections (B) absent of staining or (C) stained with PMA (1%) were imaged with bright field illumination to assess the uniformity of coloration. (D) Tissue sections absent of staining or (E) stained by PMA were imaged by fluorescent microscopy. Panels D’ (solid red box) and E’ (dashed red box) are enlarged views of the sub-epicardium for unstained and PMA-stained sections. Panels D’’ (solid blue box) and E’’ (dashed blue box) are corresponding enlarged views of the sub-endocardium and a free-running Purkinje fiber. Arrows indicate sites of collagen content.

Figure 3: Perfusion-loading of PMA prior to air-drying and MicroCT imaging. (A) A short-axis slice of a reconstructed image volume of the ventricles from a pig heart. Blue arrows indicate vasculature. (B) The signal intensity distribution of the image slice from panel A. LV: left ventricle and RV: right ventricle.

Figure 4: MicroCT imaging of a sheep heart suffering a chronic myocardial infarction. (A) A dense scar was formed in the apical region (see inset photograph). A volume rendering of the apical region from an endocardial perspective was assigned coloration based on image intensity (red corresponding to scar tissue and myocardium in green). Orthogonal slices of the greyscale intensity show the dense scar distribution and bordering surviving myocardium. Separation between fibrotic tissue and myocardium corresponds to regions of adipose tissue. (B) A photograph of an air-dried ventricular wedge preparation from a sheep with apical scarring following myocardial infarction. Oblique slices of the reconstructed microCT image volume traverse the ventricles at the mid-level between base and apex and proximal to the site of (C) vascular occlusion (C – red line in panel B), (D) the peri-infarct region bordering dense scar and healthy myocardium (D – blue line in panel B) and (E) a region of dense fibrosis (E – green line in panel B). (C’) An expanded view of the septal region outlined by a red dashed box in C. (D’) An expanded view of the infarct region in the right ventricular apex (blue dashed box in panel D). (E’) An expanded view of the infarct region in the left ventricular apex (green dashed box in panel E). LV: Left ventricular cavity; RV: right ventricular cavity; MB: moderator band; Pap: papillary muscle. Yellow arrow indicates left anterior descending artery. (F) Masson’s trichrome staining of a histological section cut from the PMA-stained air-dried left ventricle. Collagen is stained blue and myocardium is stained pink/violet. (G) A corresponding tissue section of the PMA-staining distribution.

Figure 5: MicroCT image of a sheep heart following chronic induced atrial fibrillation. (A) A volume rendering of the atria with coloration assigned as in Figure 4A. (B) Bi-atrial microCT image slice in the long-axis of the heart. Short-axis slices were extracted at the level of the (C) atrioventricular valves (C – red line in panel B), (D) aortic root (D – blue line in panel B) and (E) left atrial roof (E – green line inpanel B). LA: left atria; RA: right atria; LAA: left atrial appendage; RAA: right atrial appendage; LV: left ventricle; RV: right ventricle; LVOT: left ventricular outflow tract; RVOT: right ventricular outflow tract and PA: pulmonary artery. 

Table 1: Heart samples and contrast agent treatment.

DISCUSSION: 
A detailed protocol for large tissue preparations is set out using whole hearts from large mammals for subsequent high-resolution structural imaging. An air-drying approach removed influences of background X-ray attenuation and maximally optimizing tissue: background contrast29. Using this approach, an isotropic resolution in the range of 20 &#181;m for volumetric imaging across samples up to 7.2 cm in diameter was achieved. MicroCT of soft tissue however typically relies on the use of non-specific contrast agents to ameliorate X-ray absorption and sensitivity of microCT systems34. Although X-ray contrast agents improve overall X-ray attenuation and soft tissue imaging enhancement, separation of tissue constituents based on biochemical composition remains challenging. However, it was observed that using air-dried hearts in combination with a common X-ray contrast agent in the laboratory setting, PMA, selectively stained extracellular components. Connective tissue associated with healthy myocardium and pathological structural remodeling in chronic diseases were enhanced. 

The process of air-drying biological tissue demands an intervention to resist the deformation of the sample. Sample preparation for electron microscopy has similar requirements. Typically, a critical-point drying method is employed, which uses a balance of tissue immersion medium, temperature, and pressure to eliminate surface tension of the tissue’s liquid content, which causes deformation at the molecular level upon evaporation35. This approach requires uniform replacement of the sample’s water content with liquid carbon dioxide, which is more reliable in small and easily diffusible samples. Alternatively, the structural integrity of the tissue can be improved and air-drying, i.e., the evaporation phase can be applied over a longer period to reduce overall deformation. The molecule HMDS undergoes silylation to form a silicone-based scaffold to reinforce and stabilize the molecular organization of the tissue sample36. The evaporation is further prolonged by limiting circulating air currents from the environment, also to avoid inhomogeneous evaporation, particularly between the sample surface and intramural layers.

Numerous contrast agents have previously been used for microCT imaging of soft tissues. The most common are iodine, phosphotungstic acid (PTA) and PMA. Iodine particularly has been employed due to a higher diffusion rate34,37,38. Nevertheless, iodine acts as a catalyst for the silylation of HMDS reagent36. The catalyzed reaction is aggressive and exothermic, with a high risk of the destruction of the specimen and safety risk if residual HMDS remains due to incomplete desiccation of the sample. Both PTA and PMA dissolved in ethanol can safely be used in conjunction with HMDS. PTA and PMA have been shown to provide greater resolving power of fine structures in non-mineralized intervertebral discs when compared to iodine staining38. In microCT imaging of mammalian samples, PTA and PMA have been used for staining mouse embryos39, mouse cardiovascular system37, rabbit muscle and brain40, and porcine veins41. PTA has a higher molecular mass and density in solution than PMA. This is partly due to a higher atomic mass of tungsten (atomic number is 74 g/mol), the principal attenuating element in PTA. By comparison, the heaviest element in PMA, molybdenum, has an atomic number of 42 g/mol. Both atomic mass and sample density underlie X-ray attenuation, in addition to the sample thickness42. Increasing the X-ray path length by augmenting sample sizes, X-ray attenuation becomes more sensitive to increased sample density. Therefore, the lower density PMA contrast agent was selected to reduce the risk of over attenuation and to optimize the dynamic range of image contrast for hearts of human-like scale. Further evidence has shown that diffusion-loading of PMA gives more homogeneous staining than for the larger molecule PTA in cardiac tissue43.

The method of contrast agent delivery impacts the uniformity of contrast agent distribution in heart tissue (Figure 3). Perfusion of contrast agents in the ethanol-dehydrated heart showed patchy background staining levels of PMA due to variable vascular resistance. In the air-dried heart, the muscle laminar structure is emphasized by the sample desiccation process, increasing muscle laminar separation. This ultimately improved the overall permeability of the tissue for diffusion-based contrast agent loading. Consequently, air-drying facilitated tissue: air contrast at the laminar and intra-laminar levels (Figure 4). Moreover, diffusion-loading can be further facilitated by application under a vacuum. It has further been shown that tissue shrinkage of non-dried samples is dependent upon contrast agent concentration40. However, prior morphological stabilization of the specimen by air-drying inhibits tissue shrinkage effects29. 

High-resolution microCT images of whole organs inherently produce large data volumes. The nature of tomographic imaging techniques enables visualization and image handling on a slice-by-slice basis, which eases the computer processing and memory burden. However, to visualize three-dimensional image stacks, for example, to render specimen volumes in three-dimensional representations, the recommended minimum computer specifications are 128 GB RAM and a processor speed of 3 GHz. Solid-state hard drives also greatly improved data transfer.

The emergence of microCT imaging in the cardiac field affords numerous advantages for translational studies and clinical validation. The advantages of its three-dimensional and micrometric imaging have already shown applications in determining the thrombotic burden of ST-elevation myocardial ischemia patients44,45. Mapping potential sources of arrhythmia in structural heart disease patients is largely dependent on determining the distribution of fibrotic scar tissue and localizing interweaving tracks of surviving myocardium. Second-line approaches for diagnosis of ventricular arrhythmias utilize magnetic resonance imaging46. It can robustly localize dense fibrosis but is limited to low-resolution morphological characterization and offers limited insight into microstructural remodeling and diffuse distributions of fibrotic lesions47. High-resolution examination of scar distribution and characterization has vast potential for improving our understanding of cardiac structural remodeling and the risk of developing heart failure.  Particularly, fundamental research studies or post-mortem investigations will benefit from corroborative structural images for electrical mapping of cardiac arrhythmia. 

In conclusion, hearts reinforced with HMDS treatment and air-drying can subsequently be stained with an X-ray contrast agent to enhance the X-ray attenuation of extracellular components. Specifically, in healthy myocardium, PMA accumulation occurs at the epithelium, valvular tissue, and compartments of the ventricular conduction system sheathed by connective tissue resulted in enhanced X-ray attenuation. Moreover, in structurally diseased myocardium, enhanced contrast was further selective for fibrosis.
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