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Abstract

Early embryonic heart development is a period of dynamic growth and remodeling, with rapid 

changes occurring at the tissue, cell, and subcellular levels. A detailed understanding of the events 

that establish the components of the heart wall has been hampered by a lack of methodologies for 

three dimensional (3D), high-resolution imaging. Focused ion beam-scanning electron microscopy 

(FIB-SEM) is a novel technology for imaging 3D tissue volumes at the subcellular level. FIB-

SEM alternates between imaging the block face with a scanning electron beam and milling away 

thin sections of tissue with a focused ion beam, allowing for collection and analysis of 3D data. 

FIB-SEM was used to image the three layers of the day 4 chicken embryo heart: myocardium, 

cardiac jelly, and endocardium. Individual images obtained with FIB-SEM were comparable in 

quality and resolution to those obtained with transmission electron microscopy (TEM). Up to 1100 

serial images were obtained in 4 nm increments at 4.88 nm resolution, and image stacks were 

aligned to create volumes 800–1500 μm3 in size. Segmentation of organelles revealed their 

organization and distinct volume fractions between cardiac wall layers. We conclude that FIB-

SEM is a powerful modality for 3D subcellular imaging of the embryonic heart wall.
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INTRODUCTION

Early embryonic heart formation requires a finely orchestrated series of biological events 

dictated by genetic programs and regulated by the environment in which the embryo 

develops. Both abnormal gene coding and altered blood flow conditions have been shown to 

detrimentally affect cardiac development, resulting in anomalous growth and remodeling of 

the heart wall and leading to congenital heart defects (Sedmera et al., 1999; Hogers et al., 

1999). Despite the obvious importance of proper cardiac growth, many aspects of normal 

cardiac development, especially at the subcellular level, are not known. A better 

understanding of the developmental processes that regulate heart development at the 

subcellular level could elucidate mechanisms that lead to structural defects.

Electron microscopy studies have been instrumental to our current understanding of early 

heart morphology. Scanning electron microscopy (SEM) studies of the embryonic heart 

have greatly contributed to our understanding of tissue-level cardiac structures. The 3D 

appearance of these inherently 2D, high-resolution images, and their relatively large field of 

view have enabled visualization of the entire embryonic heart during the earliest stages of 

development (Manner, 2000; Van der Heiden et al., 2005; Sedmera et al., 1999). SEM 

studies have revealed large-scale structural changes in the vertebrate heart throughout 

development (Manner, 2000), as well as the anatomical configurations of structural 

anomalies underlying congenital heart defects under perturbed hemodynamic conditions 

(Hogers et al., 1999; Sedmera et al., 1999). In contrast, transmission electron microscopy 

(TEM) studies look at thin sections of heart tissue, and have revealed unique cellular and 

sub-cellular properties of the endothelial lining (Zhang & Pasumarthi, 2007; Hurle & 

Colvee, 1983), extracellular matrix (Tan et al., 2011) in developing heart valves, and 

myofibrillar content in the embryonic myocardium (Barbera et al., 2000; Price et al., 1996). 

However, 2D TEM images are not ideal for demonstrating the 3D spatial organization of 

subcellular organelles including intricate networks of mitochondria and contractile 

myofibrils. Analysis of serial ultrathin sections reconstructed from TEM images has proven 

to be laborious and technically challenging due to frequent loss and deformation of sections 

and problems with image alignment due to drift (Blow, 2007). Further, other 3D techniques, 

such as confocal microscopy, serial 2-photon tomography, or magnetic resonance imaging 

(MRI), do not typically have sufficient resolution for imaging fine, subcellular structures 

(Messerli & Perriard, 1995). Thus our understanding of how cardiac cells internally organize 

and develop to eventually form an optimal beating structure has been hampered by a lack of 

3D imaging modalities for studying heart tissue organization at the subcellular level.

Focused ion beam scanning electron microscopy (FIB-SEM), or “slice and view”, is a novel 

technique for 3D structural imaging. Though widely applied in material sciences, the use of 

FIB-SEM is only now emerging for biological purposes (Knott et al., 2011; Villinger et al., 
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2012; Sonomura et al., 2013). Using FIB-SEM, a block sample face can be imaged with the 

SEM at nanometer resolution and then milled with the FIB in small increments (down to 4 

nm) to remove a thin sample layer and serially expose deeper layers of tissue to image. This 

procedure produces a stack of 2D SEM images that together form a 3D volume of tissue.

In the current study, we used FIB-SEM to image early embryonic cardiac tissue in the heart 

outflow tract (OFT) of the day 4 chicken embryo. At this stage in chicken embryos (stage 

Hamburger-Hamilton (HH)24; (Hamburger & Hamilton, 1992)) the heart is a beating 

tubular structure that is preparing for the intensive remodeling process required to give rise 

to chambers and valves. The OFT region, which will form the great vessels of the heart, is a 

site of extensive investigation due to its known sensitivity to hemodynamic perturbations at 

this stage, and its propensity for developmental changes that lead to congenital heart defects 

(Hove et al., 2003; Rothenberg et al., 2003). Outflow tract walls consist of three layers: the 

outer layer of contractile myocardium, middle layer of cardiac jelly (mostly extracellular 

matrix), and endocardial cells which line the vessel lumen. Despite the fact that this tubular 

heart segment is clearly a critical site for heart wall formation, in which cells from three 

distinct cardiac layers interact biochemically and mechanically during cardiogenesis, OFT 

sub-cellular structures have not been well characterized in 3D.

We present an en block staining protocol for imaging chick embryonic heart tissue and 

demonstrate that the individual ultrastructural 2D images obtained with FIB-SEM are 

comparable in quality and resolution to those obtained with TEM. FIB-SEM thus allowed 

for 3D image reconstructions of the heart wall with unprecedented sub-cellular details. We 

examine each of the three distinct layers of OFT tissue: the myocardium, cardiac jelly and 

endocardium. We further show that image segmentation of 3D tissue images allows for 

comparison of cellular and organelle organization as well as volume fractions between these 

regions.

MATERIALS AND METHODS

Sample Preparation

White leghorn chicken eggs (Featherland Farms, Eugene, OR) were incubated blunt end up 

in a humidity-controlled rocking 38°C incubator. After approximately four days of 

incubation the eggs were windowed and embryos were collected at HH24. Whole embryos 

were placed in fixative (2.5% paraformaldehyde, 2.5% glutaraldehyde) during dissection of 

the OFT region nearest to the ventricle. The fixed OFT was stained with 1% osmium 

tetroxide and 0.8% potassium ferrocyanide in 0.1 M sodium cacodylate buffer for 2 hours, 

rinsed with water, stained en block with 1% uranyl acetate for 30 minutes, then dehydrated 

with graded series of acetone (50-70-90-100% for 20 minutes each). Samples were then 

infiltrated with 1:1 mix of acetone and Epon 812 (EMS cat#14120) overnight with rotation. 

After this incubation step, the 1:1 mix was replaced with Epon 812 and allotted time to 

polymerize overnight at 60°C. The OFT tube was oriented longitudinally in the block such 

that when Epon block was subsequently trimmed, the imaging face would show the OFT’s 

three layers (myocardium, cardiac jelly, and endocardium) in cross section.
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Transmission Electron Microscopy

Thin sections (100 nm) obtained from the block face were imaged at 120 kV on a FEI-

Tecnai™ Spirit TEM system for assessment of tissue contrast and fixation, and for 

comparison with FIB-SEM images. Images were collected as 2048 × 2048 pixel, 16-bit gray 

scale using the FEI’s TEM Imaging & Analysis (TIA) interface on an Eagle™ 2K CCD 

multiscan camera.

Focused Ion Beam Scanning Electron Microscopy

The sample block was mounted on an aluminum ½″ slotted head, 1/8″ pin stub (Ted Pella 

cat# 16111) and sputter-coated with a thin layer (< 10 nm) of platinum/palladium using a 

Hummer X (Anatech Ltd) sputter coater to electrically ground the sample and limit 

charging. Silver paint (Leitsilber 200 Ted Pella cat# 16035) was added near the sample 

region to draw charge from this area during scanning. The samples were imaged and 

processed for 3D data collection on a FEI Helios 650 NanoLab™ DualBeam™ system 

(Figure 1A).

To locate the OFT, the block face was scanned at an acceleration voltage of 5 to 10 kV and a 

current of 0.2 nA on SEM at 4 mm working distance, using a Everhart-Thornley Detector 

(ETD). At this relatively high acceleration voltage, the three layers of the OFT were visible 

in cross section (Figure 1B). At this point any region of myocardium, cardiac jelly, or 

endocardium can be chosen at random for FIB-SEM imaging. To simplify selection and 

preparation for FIB-SEM, only regions where the layer of interest was linearly oriented, of 

approximately average thickness, and without overlying particles on the surface were 

chosen.

To run a slice and view using the FIB-SEM the following steps are needed: (1) isolation of 

the imaging face from within the sample, which requires milling into the resin of the block, 

(2) construction of three trenches using the ion beam, to provide a space for material milled 

during the slice and view process to deposit, and (3) milling of fiducial markers for 

automatic image detection and alignment between each slice and view pass. To protect the 

region of interest from ion beam damage during these processes, a thin layer of carbon (20 

μm × 17 μm × 1 μm, Figure 1 C,D) was deposited over the region of interest prior to any 

milling. A large trench (roughly 40 μm × 40 μm × 40 μm, Figure 1C) was made with the FIB 

(current 9.3–21 nA and acceleration voltage of 30kV) tangential to the block face, directly in 

front of the carbon-protected region. This trench revealed the imaging face. Two additional, 

smaller trenches (10 μm × 20 μm × 40 μm, Figure 1C) were made on either side of the 

carbon-protected region, providing a region for milled material to be deposited. Fiducial 

markers were added for automatic image detection and alignment correction in both the 

imaging and milling positions (Figure 1D). For the fiducial used in the milling position, a 

thin layer of platinum in an area of 5 μm2 was deposited and then the fiducial (M, Figure 

1C) was milled into it. Immediately prior to 3D volume image acquisition, the imaging face 

was cleaned with the FIB using a 0.79 nA current at 30kV.

Regions of interest were imaged utilizing FEI’s Auto Slice & View™ G3 software package 

to automate the serial sectioning and data collection processes. The block face was scanned 
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on SEM at 45° tilt and 2.5 mm working distance. For each slice, 4 nm of the tissue and resin 

was removed with the FIB at 52° tilt and 4 mm working distance. Each serial face was then 

imaged with a 2kV acceleration voltage and a current of 0.2 nA in backscatter mode (BSE) 

with inverse contrast using the through-lens detector of the Elstar immersion lens. Images 

were acquired as 4096 × 3536 pixels, 8-bit gray scale, at a resolution of 4.88 nm per pixel. 

1100 slices were obtained through the myocardial wall and into the cardiac jelly for an 

image stack 4.4 μm in depth. 400 slices were obtained through the endocardial cell layer for 

an image stack 1.6 μm in depth.

Image Processing and Segmentation

Image stacks were aligned and cropped using the FEI Amira ResolveRT™ software package 

(FEI, North America NanoPort 5350 NE Dawson Creek Drive, Hillsboro, Oregon 97124 

USA), creating volumes 800 μm3 (endocardium) and 1500 μm3 (myocardium and cardiac 

jelly) in size (Figure 2). 3D volumes were manually segmented using the Amira platform to 

label cellular tissue, cell nuclei, mitochondria, and myofibrils. Measurements of cellular and 

organelle volumes were extracted from these segmentations.

RESULTS

Prior to FIB-SEM imaging, thin sections were imaged with TEM for assessment of tissue 

contrast and fixation, and for later straight-forward comparison with FIB-SEM images 

(Figure 3). TEM images revealed that the fixative and en block staining procedures used 

were able to penetrate each layer of the OFT wall, resulting in a well-retained ultrastructure 

and ultrastructural contrast comparable to that of traditional TEM staining techniques. Due 

to the inverse contrast applied during FIB-SEM image acquisition, the appearance of cardiac 

tissue on FIB-SEM images was very similar to that of images obtained by TEM. Further, the 

FIB did not appear to cause damage to the resin or tissue ultrastructure at the block face, nor 

did the acceleration voltage (2 kV) used for SEM image acquisition, and thus SEM images 

were comparable to TEM images obtained from the same block. Further, FIB-SEM images 

revealed the same resolution of ultrastructures as TEM images (Figures 3C–E).

The field of view and resolution on FIB-SEM images allowed for ultrastructural 

comparisons of relatively large volumes. Example FIB-SEM images revealed the diverse 

ultrastructure of the three OFT tissue layers (Figure 4A–C). Though a relatively large region 

was imaged from the block face (up to 20 × 17 μm in this study, or 4096 × 3536 pixels at 

4.88 nm pixel size), resolution was not sacrificed, and as such, very fine details were 

observed (see also Figures 3C–E). Higher magnification views of images from the three 

layers (Figure 4D–F) demonstrated that organelles such as the mitochondria, Golgi 

apparatus, and endoplasmic reticulum, as well as endothelial microvilli were easily 

distinguished. Cristae were clearly visible within the mitochondria of each layer, bundles of 

myofibrils and sarcomeres were prominent in the myocardium (Figure 4A,D) and a network 

of fibril-like structures was visible in the extracellular matrix of the cardiac jelly (Figure 

4E).

The primary advantage of FIB-SEM over traditional TEM imaging is the 3D nature of the 

data. Image stacks were aligned using Amira visualization software to create 3D volumes. 
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The images in Figure 2 showing the XY, XZ, and YZ planes were acquired from the 

reconstructed 3D image stacks. Due to the small slicing thickness (4 nm) and comparable 

image pixel size (4.88 nm), an almost isotropic resolution was obtained. The 3D nature of 

this data could also be appreciated from panning through reconstructed image stacks 

(Supplemental videos at http://www.ohsu.edu/xd/education/schools/school-of-medicine/

departments/basic-science-departments/biomedical-engineering/research/examples-of-fib-

sem-images.cfm).

Image stacks were manually segmented, allowing for quantitative measurements of volume 

and volume fractions and visual assessment of subcellular organization. Segmentation was 

first performed to distinguish cellular from extracellular tissue (Figure 5A). These data 

revealed that the myocardial layer was the most densely packed tissue layer in the OFT, with 

negligible extracellular space. The endothelial cell layer was also very densely packed; 

extracellular space comprised only 2.5% of total volume. In contrast, the cardiac jelly layer 

was 72% non-cellular, reflecting its extensive extracellular matrix component. Further 

segmentation of cellular tissue into nuclear, mitochondrial, and myofibril components was 

used to assess relative distribution, organization, and organelle volume fractions (Figure 

5B). Nuclear cellular volume fraction varied widely between the three layers, from 6% in 

cardiac jelly to ~20% in endothelium and myocardial tissue. Mitochondrial cellular volume 

fraction was similar in the endothelial and cardiac jelly layers (5–6%), approximately half 

that of the myocardial layer (11%). Contractile myofibrils, only present in the muscular 

myocardium, made up 32% of the cells in this densely packed layer. Isosurface renderings 

of segmented organelles visually reflected these volume fractions (Figure 6).

Segmentation also revealed preliminary organization of the early embryonic myocardial 

tissue (Figure 7). Longitundinal alignment of mitochondria in a stack-like formation was 

clearly visible from segmented myocardial data. This was not evident from raw image data 

(Supplemental video 3 at http://www.ohsu.edu/xd/education/schools/school-of-medicine/

departments/basic-science-departments/biomedical-engineering/research/examples-of-fib-

sem-images.cfm), highlighting the importance of 3D imaging. The myofibrils were 

disorganized at this stage of development, as previously reported.

DISCUSSION

This study shows that FIB-SEM imaging and analysis of the early embryonic chicken heart 

wall provide qualitative visualization of subcellular structures and quantitative data that can 

be compared between tissue regions and between experimental groups. Images obtained 

with FIB-SEM were of comparable quality and resolution to those obtained with TEM, thus 

FIB-SEM was capable of resolving the ultrastructures of the developing heart wall. 2D 

images revealed distinct differences between the cells of the myocardium, cardiac jelly, and 

endocardium. Further, segmentation of 3D image stacks provided insight into subcellular 

organization and relative organelle volumes in the three layers of the OFT wall.

Strengths and limitations of FIB-SEM

Our study revealed significant strengths of the FIB-SEM technique for imaging tissues, 

which include: (1) fully automated high-resolution imaging of large volumes of tissue (up to 
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1500 μm3 in this study), (2) ability to visualize and reconstruct microstructures in 3D, (3) 

ability to trench and image multiple regions from the same tissue for comparative purposes, 

and (4) the precise FIB technology avoids sectioning artifacts and greatly simplifies image 

alignment compared to traditional serial TEM sections and serial block-face SEM. The 

ability to evaluate contrast on TEM imaged thin-sections prior to FIB-SEM imaging is 

another significant cost and time saving advantage. Additionally, others have shown that 

immunostaining markers are visible on FIB-SEM images of tissue, allowing for specific 

localization of molecules of interest within the microstructures (Sonomura et al., 2013). 

These advantages of FIB-SEM make it ideal to image cardiac chicken embryonic tissues, in 

which elucidation of 3D ultrastructural organization is important.

The FIB-SEM technique, however, has limitations for studies for the heart and, we 

anticipate, other tissues. Although image collection is fully automated, scan times for 

collecting large volumes of tissue can be on the order of days. Scan time depends entirely on 

user defined settings for image quality, slice thickness, and size of the tissue volume to be 

imaged. Imaging times can be decreased by decreasing volume size, milling away thicker 

sections of tissue or decreasing image capture quality (eg. resolution, frame averaging). 

However, this will compromise isotropic imaging and therefore resolution. We found that 

the manual segmentation of large image stacks is extremely time consuming. Alternatively, 

rather than labeling an entire tissue volume, tissue volume fractions could be determined 

using stereological methods for systematic random sampling (Muhlfeld et al., 2010). Such 

analysis is often done for TEM images of the heart (Gruber et al., 2012) and is a rapid 

method for systematically determining volumes. However, as stereology evaluates randomly 

selected, smaller areas of tissue to extrapolate to a larger volume, it does not confer 

information on connectivity, orientation, and interaction of sub-cellular components. The 

high contrast of our FIB-SEM images suggests that semi-automated segmentation analysis 

could be applied to these images, as has been done for TEM images of the kidney 

(Kamenetsky et al., 2009), which greatly reduced segmentation time, making analysis of 

larger number of specimens more feasible. Therefore in the future, novel imaging analysis 

and segmentation techniques will enable researchers to more efficiently extract information 

from these unique structurally rich FIB-SEM image stacks.

While relatively new to biological applications, the use of FIB-SEM is not limited to 

embryonic or cardiac tissue; recent studies have used it to visualize the microstructure of the 

brain (Knott et al., 2011; Sonomura et al., 2013; Blazquez-Llorca et al., 2013), the optic 

nerve (Schertel et al., 2013), and red blood cells (LCS Medeiros et al., 2012). FIB-SEM has 

also recently been used to image lipid droplets in adult heart ventricles (Wang et al., 2013). 

In future, these datasets should enable detection of subtle ultrastructural changes that could 

play a role in disease states. Indeed subtle, structural changes have recently been detected 

via FIB-SEM in a Drosophila model for Alzheimer’s disease (Park et al., 2013). We propose 

that FIB-SEM will provide a powerful tool for detailed study of ultrastructural changes in 

the embryonic heart during normal development and in response to genetic and hemodyamic 

perturbations.

Rennie et al. Page 7

Microsc Microanal. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Understanding embryonic OFT ultrastructure from FIB-SEM images

As expected for microstructures critical for heart contraction, mitochondria and myofibrils 

comprise a large proportion of the OFT myocardial wall. The volume fraction of 

mitochondria and myofibrils within the heart muscle increases during development and into 

postnatal life (Brook et al., 1983). Subcellular volume fractions in the ventricular 

myocardium range from 30–50% for myofibrils and 18–45% for mitochondria in the more 

mature late fetal, newborn, and juvenile heart wall (Chin et al., 1998; Olivetti et al., 1980; D 

M Medeiros et al., 1991). In the near term fetus, the myofibrillar fraction of the 

cardiomyocyte has increased to 56% but the extracellular fraction remains at 11% (Barbera 

et al., 2000). Thus, despite our small sample size, reports of 32% for myofibrils and 11% for 

mitochondria in the very early embryonic outflow tract tissue seem reasonable.

Mitochondrial volume fraction was lower in the non-contractile layers of the OFT wall (5–

6%), as expected. Cardiac jelly is known to be a predominantly extracellular layer, which is 

very apparent from our cellular volume fraction data (72% extracellular), and consistent 

with images from others at this stage of development (Tan et al., 2011). Though mostly 

extracellular, the extensive, radially-arranged fibril matrix of the cardiac jelly together with 

glycosaminoglycan components provides internal hydrostatic pressure that is thought to be 

critical both for structural support and for directing morphogenesis (Nakamura & Manasek, 

1981). A network of fibrils is apparent near the endothelial cell layer on our cardiac jelly 

images at this early stage. This matrix is produced mostly from fibroblast cells within the 

cardiac jelly layer, explaining their extensive protein synthesis producing machinery visible 

within the cells of this layer.

Endothelial cells formed a tightly packed monolayer with central, prominent nuclei. 

Interestingly, though nuclei appeared very dominant in some individual 2D slices (e.g. 

Figure 2B), nuclear volume fraction in this layer was similar to the myocardium (~20%). 

This result reflects the large number of image sections (>400) included in this volume 

measurement, and highlights the unbiased nature of the segmented data.

Segmented datasets also provided insight into organelle orientation at this early stage of 

heart development. Longitudinal stacking of mitochondria and myofibrils is a hallmark of 

mature myocardial tissue (and indeed all muscle tissue), and has been shown to aid in 

contraction (Roberts et al., 1979). Rigorous alignment is clear from longitudinally-oriented 

TEM images of mature heart muscle. Myofibril alignment has been shown as early as 51 

days (1/3 of gestation) in fetal sheep myocardium (Brook et al., 1983) and 24 weeks of 

gestation in humans (Kim et al., 1992). However, 2D TEM images were not able to 

distinguish the early stages of alignment, thus the time course of this vital process is poorly 

understood. Indeed, organization was not evident on 2D sections obtained from the FIB-

SEM. Myofibrils exhibited no alignment or organization in 3D image volumes at this early 

stage, consistent with reports on fetal sheep at a slightly later stage, equivalent to HH31 (day 

7) in chick (Brook et al., 1983). In contrast, after image stacking and segmentation, our 

myocardial dataset provided evidence for mitochondrial stacking in the HH24 chicken 

embryo heart, just 4 days into development. No evidence of alignment or clustering (e.g. 

around the nucleus) of mitochondria was observed in the endothelial or cardiac jelly layers. 
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These results highlight the usefulness of FIB-SEM in quantifying and visualizing early 

ultrastructural organization of cardiac tissues.

In conclusion, FIB-SEM imaging offers numerous strengths for 3D imaging of the 

embryonic heart subcellular microstructure at nanometer-level resolution, much higher than 

that of other 3D tissue imaging modalities (eg. confocal imaging, serial 2-photon 

tomography, or MRI). Further, large image volumes can be acquired with FIB-SEM that 

allow detailed analysis of organelle organization. Fully automated serial images are 

generated with comparable image quality to TEM images. 3D reconstruction and 

segmentation of these images enables qualitative and quantitative analysis of the developing 

ultrastructures in the heart wall. This information can be used to evaluate 3D subcellular 

organization and quantify organelle volume fractions in the embryonic heart wall. Results 

obtained in the current study show the utility of using FIB-SEM for understanding normal 

ultrastructural development of cardiac tissue, including understanding of sub-cellular 

architecture and organization, and also suggest its use for quantitative evaluation of 

anomalies in the genetically or environmentally-perturbed embryonic heart.
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Figure 1. Preparation steps for FIB-SEM imaging
(A) Schematic of FIB-SEM configuration demonstrates the angle of the FIB and SEM 

beams relative to the imaging plane. (B) Image obtained using a relatively high acceleration 

voltage, so that the OFT tissue could be located within the resin. From this image, the user 

selects a region of interest for FIB-SEM imaging. Dotted lines outline the OFT tissue layers 

(endocardium, cardiac jelly and myocardium), and the arrows denote the outer myocardial 

wall. (C) Carbon layer deposition and trenches. A thin layer of carbon is deposited with the 

FIB over the region of interest. Using the FIB, trenches are dug tangential to the imaging 

plane (40 μm width) and on either side of the region of interest (10 μm). (D) Fiducial 

markers. Imaging fiducial marker (Ø) is milled into the resin and the milling fiducial (M) 

onto a platinum coated area close to the carbon protected area. Both fiducials enable 

automatic image detection and alignment correction in both the imaging and milling 

positions between each slice and view pass. To acquire the image in panel D the stage was 

tilted such that the angle between the block face imaging plane and the SEM beam was 45 

degrees, the angle for optimal viewing of the block face.
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Figure 2. 3D view and orthoslices from FIB-SEM imaging of the endocardium
(A) Volumetric view of acquired images. Three imaging planes are shown to illustrate the 

3D nature of FIB-SEM data. A bounding box (white) outlines the total volume of this 

dataset. Scale, 5 μm. (B-D) Orthoslices from each of the imaging planes shown in A: (B) X-

Y plane; (C) X-Z plane; (D) Y-Z plane. Scale, 1μm. The X-Y plane (B) shows the view of 

sections as they come off the block face, while the X-Z plane (C) and Y-Z plane (D) 

demonstrate the depth of sectioning performed during this example scan (400 slices in the Z 

direction, with 4 nm distance between contiguous slices). A video panning through this 
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entire image stack can be found online (http://www.ohsu.edu/xd/education/schools/school-

of-medicine/departments/basic-science-departments/biomedical-engineering/research/

examples-of-fib-sem-images.cfm).
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Figure 3. Comparison of TEM and FIB-SEM images
Example images of the myocardial wall are shown for (A) TEM and (B) FIB-SEM imaging. 

TEM image was acquired at 9300X magnification at a resolution of 2.29 nm per pixel. 

Representative FIB-SEM images were acquired at 4.88 nm resolution. Both modalities 

highlight the fine structures such as myofibrils (20 nm in diameter) and mitochondrial 

cristae. (C–E) The resolution of FIB-SEM images is illustrated via higher magnification 

views, showing (C) double layer nuclear membrane (white arrow), (D) mitochondrial cristae 

(*), and (E) myofibrils (m). All scale bars, 0.5 μm.
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Figure 4. FIB-SEM imaging of the three layers of the cardiac outflow tract wall
FIB-SEM images of representative regions of the OFT wall layers: (A, D) myocardium, (B, 

E) cardiac jelly, and (C, F) endocardium. Top row (A–C), depicting regions of ~5.5 μm × 8 

μm, demonstrate general tissue contrast and highlight prominent differences in cellular 

organization and cellular versus extracellular composition of the three layers. Bottom row 

(D–F), showing higher magnification views, highlights organelle contrast and tissue 

ultrastructure. n, nucleus; m, myofibrils; f, fibers in extracellular matrix; *, mitochondria; 

arrow, microvilli.
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Figure 5. Cellular and sub-cellular volume fractions in the endocardium, cardiac jelly, and 
myocardium
Reconstructed and aligned 3D image stacks of the cardiac layers were manually segmented. 

The volume of each segmented region was ascertained, allowing for a quantitative 

comparison of volume fractions. (A) Cellular and extra-cellular volume fractions for each 

layer of the cardiac wall. As expected, only the cardiac jelly layer contained a significant 

portion of extra-cellular tissue. (B) Volume fractions of sub-cellular structures (nuclei, 

mitochondria, myofibrils) within the cells.
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Figure 6. Isosurface renderings of 3D segmentations within each of the three layers of the OFT 
wall
(A) Myocardium; (B) cardiac jelly; (C) endocardium. The segmentations show sub-cellular 

structures within the cells in each layer: nuclei (red), mitchondria (blue) and myofibrils 

(green). Note that the myofibrils, which are active contractile proteins, are only present in 

the myocardium. Also, a comparison of the panels demonstrates the densely packed nature 

of the myocardium and the mostly extracellular nature of the cardiac jelly. The endocardium 

consists of tightly packed, rounded cells that line the OFT lumen. Scale, 1 μm.
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Figure 7. Segmented sub-cellular structures of the early embryonic myocardium
(A) Nuclei (red) are shown spanning the depth of this FIB-SEM dataset. (B) Mitochondrial 

(blue) organization is apparent even at this early stage (HH24), and is evidenced by the 

stacked appearance and consistent directionality. A nucleus (n) and myofibrils (m) are 

evident on the bounding orthoslices. (C) Myofibrils (green) lack organization at this stage, 

appearing in random orientations and directions throughout the tissue. Scale, 1 μm.
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