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Abstract
Placental function involves multiple different processes which operate at different scales from centimetres to nanometres. Everything that the placenta does from mediating blood flow to gene expression, occur within the three-dimensional framework of its structure. This review outlines how multiscale three-dimensional imaging approaches can provide insight into placental structure and function. Three-dimensional imaging approaches include microCT, confocal, super resolution, light-sheet, and serial block-face scanning electron microscopy. Used together, these approaches allow three-dimensional imaging of the placenta across the scales at which different processes occur. Three-dimensional imaging illustrates the spatial relationships between structures and visualises structures that are not clearly apparent in two-dimensions. Understanding the three-dimensional structure of the placenta enables exploration of the relationship between structure and function, including through the development of computational models based on realistic geometries. Three-dimensional imaging approaches will enhance our understanding of placental function in health and disease.
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Introduction 
The three-dimensional structure of the placenta is the framework which enables it to support fetal development. The specific functions performed by the placenta occur at very different scales, from blood flow at centimetre-micrometre scale to membrane transport at the nanometre scale. Molecular and physiological processes are constrained and determined by placental structure. For this reason, an integrated understanding of placental function requires a multiscale understanding of its anatomy.
Placental function underpins fetal development, and poor placental function may compromise fetal development in ways which predispose to pre and postnatal disease [1]. The diversity in placental structures across species suggest that placental anatomy is subject to strong selective pressures and is of particular significance for successful reproduction. This diversity indicates that adapting placenta structure is an effective way to optimise pregnancy success and subsequent reproductive fitness.
Anatomical studies of the placenta have relied on two-dimensional images supported by three-dimensional data from scanning electron microscopy and vascular casting [2, 3]. Summative data reflecting the underlying three-dimensional structure of the placenta has also been derived from two-dimensional images using stereology [4]. However, these approaches are limited in the information they provide about placental structure, for instance, in describing the spatial relationship between cells or the extent to which there is regional heterogeneity in structure or protein localisation.
Quantification of three-dimensional images has the potential to provide more extensive quantitative information about the placenta, including factors like villous and vascular branching. Another advantage of three-dimensional imaging is that relationships between structures can be more clearly identified. It is also possible to identify structures that are not readily apparent in two-dimensions (e.g. long thin structures embedded within other tissues). Three-dimensional approaches allow a much more effective characterisation of spatial heterogeneity of structures or proteins than two dimensional approaches.
Choosing the right imaging approach, or combination of approaches, is necessary to provide the best understanding of placental anatomy and its relationship to function for any given questions (Table 1). Blood flow within a cotyledon occurs within a volume several centimetres across which might best be imaged by microCT. In contrast, the structures relevant to endocytosis are submicron in scale and best imaged by electron microscopy. Multiscale imaging allows the structures underlying placental function to be determined across multiple scales. By combining these approaches, an integrated view of the placenta can be constructed.
This review will focus on three-dimensional imaging approaches to study placental structure ex vivo using microCT, light microscopy and electron microscopy. It will not address in vivo placental imaging approaches, including MRI and ultrasound, which are well covered elsewhere [5-7].
Micro-computed tomography (microCT)
MicroCT uses X-rays to image samples which are rotated to allow data acquisition at multiple angles (typically hundreds to thousands) to reconstruct a three-dimensional volume [8]. MicroCT can image a whole human placenta ( 20 cm across) or cubic millimetres of tissue. There is a trade-off between size and resolution, and the highest resolutions can only be achieved with small samples.
In a medical X-ray, the bones are readily observed as their mineral content gives them radiopacity, providing a clear contrast between bone and soft tissue. The placenta, however, is a soft tissue and so the microCT approach will only be useful where there is sufficient contrast between the features of interest to allow them to be distinguished. X-ray contrast in a tissue can be enhanced in placental samples by vascular casting or processing tissues with contrast agents [9, 10]. Following microCT analysis of a vascular cast, correlative imaging is also possible with scanning electron microscopy to study the microscale cellular details imprinted on the resin. Alternatively, imaging approaches have been developed that are optimised for low contrast samples without contrast agents [8]. These low contrast approaches can image wax embedded tissues which may prove invaluable for studying placental tissue. As this approach is also non-destructive, it allows subsequent histological analysis of the sample and correlative imaging combining microCT and histology (Figure 1) [11].
MicroCT has been used successfully in mouse and human placenta, with studies to date primarily focusing on the vasculature [3, 12, 13]. However, the use of contrast-enhanced and low-contrast optimised approaches is expanding the potential of microCT [8, 10]. MicroCT may be particularly informative in studies on the rodent placentas which are small enough to image whole while maintaining high resolution. Multiscale microCT imaging can be used to image whole human placenta and then imaging specific regions at higher resolution to build a more detailed representation of specific regions [14].
Wholemount imaging
Wholemount approaches image an intact region of tissue, whether that be a single villus or cubic centimetre of villi. By using intact regions of tissue, wholemount imaging allows the analysis of the three-dimensional spatial relationships within that tissue without taking thin slices or deforming it under a coverslip. Wholemount imaging can be performed on fixed tissue or live-cell preparations, typically using fluorescent imaging approaches, but can also be performed using transmitted light to visualise tissues directly [15, 16].
For wholemount imaging, a region of tissue will be dissected, fixed and stained directly without embedding in wax or sectioning. Prior to staining, tissue will typically be permeabilised (e.g. with Triton X-100) and antigen recovery approaches are also possible [16, 17]. Tissues can be stained with fluorescently labelled antibodies, lectins as well as organelle and membrane specific dyes in a similar manner to two-dimensional preparations. However, in our experience, staining wholemount and two-dimensional sections under the same conditions does not always produce the same result, and individual optimisation is required. 
Once the tissue is stained, it should be optically cleared to optimise imaging. Clearing reduces the absorption and scattering of light within the sample increasing the depth to which imaging can be achieved, and technical considerations of tissue clearing are discussed in Susaki 2016 [18]. Optical clearing of tissues can be achieved with organic solvents, detergents and using electrophoretic methods. In placental tissue, blood can make clearing more difficult and tissue perfusion to remove blood before fixation is helpful, especially for light-sheet where deeper tissue penetration is required. Effective clearing may require optimisation, but good results can be achieved in placenta [19].
Confocal microscopes scan a laser across the surface of the sample in the X-Y dimension and image a specific depth in the Z dimension using a pinhole in front of the camera to exclude emitted light from other depths. Three-dimensional images are generated by sequentially imaging a series of Z planes (Figure 2). Confocal microscopes provide higher resolution than light-sheet microscopes but are more limited in terms of the breadth and in particular the depth of the image that can be generated. To image larger regions tile scanning approaches can be adopted. However, while tile scanning allows a wider field of view, the depth of the image is still limited.
Super-resolution microscopes have not yet been used widely to study placenta, but as they become much more widely available they are likely to replace confocal microscopes in many cases. These microscopes provide advantages over confocal microscopes, including generating higher resolution images, reduced bleaching and faster image acquisition [20]. These super-resolution microscopes will prove useful in exploring subcellular structures. Correlative imaging using super-resolution microscopy to localise specific fluorescent markers and electron microscopy to provide overall structure may also have great potential. 
Light-sheet microscopes allow imaging of larger tissue volumes than confocal or super-resolution microscopes. Light-sheet microscopes produce a thin wide beam of light (e.g. 5 mm by 1 cm), where the sample is moved through the beam so only a thin region is illuminated at any one time. The emitted light is recorded from the illuminated section, and then sequentially at different depths through the sample to create a three-dimensional image stack. While light-sheet microscopy provides a broad and deep field of view, the resolution is lower than other approaches.
Wholemount imaging can be performed on live-cell preparations, such as organoids or villous explants [21]. Wholemount imaging of live cells allows time-course studies. Unless using cells transfected with labelled proteins (e.g. GFP or a modern equivalent), fluorescent labels for live-cell wholemount imaging must be cell-permeable (e.g. mitotracker) unless however they are antibodies to cell surface antigens. Live-cell preparations cannot be optically cleared, which may limit the depth at which a sample can be imaged; however, post-fixation, clearing and reimaging would be possible. For time-course studies, confocal microscopy may lead to photo-bleaching, and light-sheet and some of the super-resolution approaches are better in this regard [20]. 
Stereo microscopy 
An alternative three-dimensional wholemount approach does not use fluorescence but directly visualises wholemount villous samples with transmitted light [15]. An interesting feature of stereo microscopy is that it incorporates the analysis of branch points within the imaging rather than trying to determine this later as is typically the case. A computer-assisted approach systematically moves through the villous tree marking branching points and diameters, allowing three-dimensional reconstruction of the villous tree. This approach is well suited for assessing the structure of the villous tree.

Electron microscopy
Traditionally three-dimensional electron microscopy has been limited to scanning electron microscopy (SEM) which focuses on the external surfaces of structures or an internal surface exposed by fracturing. However, SEM is limited in what it can tell us about the internal structure of the placenta. There are two approaches to address these questions, one is TEM- tomography, and others involve imaging serial sections and reconstructing these into a three-dimensional image.
Transmission electron microscopy (TEM) provides high-resolution images which can resolve very small structures (e.g. the two leaflets of a lipid bilayer), but only in two-dimensions. TEM-tomography allows three-dimensional images to be reconstructed by imaging the sample through a tilt series and processing these images to create a high-resolution three-dimensional image. The sections used for TEM-tomography can be 250 nm thick, so this approach produces high-resolution images, but with limited depth.
Serial TEM sections can be imaged and reconstructed to produce a three-dimensional image. Initially, this was done manually, particularly in the neurosciences, although this was very laborious. More recently, automated approaches have been developed to facilitate imaging of serial sections and provide detailed three-dimensional information. These include serial block-face scanning electron microscopy (SBF SEM), focused ion beam SEM (FIB-SEM) and the Array Tomography. SBF SEM includes an inbuilt ultramicrotome within the scanning electron microscope, and the microscope is used to take an image between each section with a Z resolution of around 50 nm [22] (Figure 3). FIB-SEM uses the ion beam to abate tissue from the block face (approximately 10 nm). Array tomography uses ultrathin sections (50-200 nm) that are cut sequentially onto glass slides or, more recently tape-based systems, that allow them to be visualised in sequence by TEM or fluorescent microscopy [23]. The different approaches have different strengths and weaknesses. For instance, FIB SEM can produce higher resolution (especially in the Z-axis) while SBF SEM can image a broader region of tissue (Table 1).
In the human placenta, SBF SEM has been used to identify novel structures, including the three-dimensional structure of different cell types, stromal macrovesicles and fetal red cells poking through gaps in the syncytiotrophoblast [22, 24]. In animals, FIB SEM has been used for a comparative study of microvilli structure [25]. These approaches have significant potential to identify new nanoscale structures, study the interactions between cells and the subcellular organisation within placental cells. The quantification of these images is also an important next step as this will allow for comparison between different population or experimental groups; be these different gestational ages, healthy vs pathological or control vs treated.

Image analysis
While three-dimensional image datasets contain large amounts of information, extracting the meaningful information and performing quantitative analysis can be challenging. Data may need pre-processing (e.g. to reduce noise, correct alignment), then the features of interest must be identified and distinguished from other structures so that they can be visualised and quantified. In addition, the data sets generated are large (for SBF SEM tens or hundreds of gigabytes is typical) and there are practical concerns in terms of data storage and computer processing power needed to work effectively with these datasets. The issues surrounding analysis of three-dimensional image data are extensive, and detailed coverage is beyond the scope of this review, but is reviewed here [26].
Analysis of three-dimensional image data requires specialised software and many packages are available from non-commercial and commercial sources. A core piece of imaging software is FIJI which has a wide range of capabilities with plugins available to support specific tasks [27]. A wide range of other free imaging programs are available online, and some are reviewed in Dufour et al. [28]. Commercial packages, including Avizo and Comsol, provide good segmenting and visualisation tools, at a cost.
To extract specific three-dimensional features (e.g. cell types, organelles) from a data set, the regions of interest must first be identified and labelled. In images made up of a stack of two-dimensional slices, the regions of interest must be labelled on each slice, and these labels can be used to reconstruct the three-dimensional structure. Regions of interest can be labelled, or segmented, manually by drawing around a feature which can be time-consuming. Thresholding can be used to define regions above or below an intensity threshold where there is good contrast between the region of interest and surrounding tissue. Semi-automated approaches are available, including that provided by ITK-SNAP software which use manual seeding and active contour methods to increase the speed and accuracy of segmentation [29]. Machine learning-based approaches have been used successfully in the analysis of placental ultrasound images [30]. For the imaging approaches described here, machine learning-based approaches are being developed in other tissues and will be able to be applied to the placenta [31].

Three-dimensional imaging as the basis for computational modelling
Computational models are being used to study many aspects of placental function, including blood flow, diffusion, membrane transport and metabolism [33]. The ability to produce three-dimensional images of the placenta provides the opportunity to include realistic spatial geometries into these models, improving their predictive power.
To date, studies modelling blood flow and oxygen transfer have taken the most advantage of these three-dimensional imaging approaches [34]. Maternal blood flow has been assessed using confocal imaging, but using microCT may allow modelling of flow across the whole cotyledon [17]. Modelling of the fetal capillary blood flow has also been performed using confocal images [34]. To date, these models have focused on establishing simplified systems with the flow in one circulation, therefore providing a firm foundation for more complex models.
Modelling of nutrient and cortisol transfer across the placenta, have used a compartmental approach which does not realistically reflect the spatial geometry [33, 35, 36]. These models can be experimentally validated against experimental data. However, these models work most effectively under equilibrium conditions. This is because they assume rapid mixing of blood within the intervillous space, and in reality, mixing is much slower because of the complex structures within the placenta [37]. By including spatial geometry into these models, their ability to predict placental function in non-equilibrium conditions will be enhanced. 
Ultimately to produce computer models that can represent placental function, different types of model addressing flow, diffusion transport and metabolism need to be incorporated, and this requires an anatomically representative framework. For instance, modelling how placental structure, blood flow and metabolism affect oxygen distribution throughout the cotyledon, which may affect ATP dependent processes. As such, three-dimensional imaging will be central to producing physiologically relevant models of placental function.

Future directions
These imaging approaches have great potential to advance our understanding of placental biology, and to achieve this we need to enhance our ability to extract specific features from the data sets and apply quantitative analysis. In relation to the placenta, three-dimensional imaging techniques will allow better pathological interpretation of samples, a more integrated view of the biology and new insight into comparative placentology. Correlative imaging, where different approaches are used on the same sample, also has significant potential to advance the understanding of placental function. 
Comparative placentology could also benefit from the use of three-dimensional imaging approaches [38]. Understanding the evolutionary pressures that shape the placenta provides insight into the factors that are important for successful pregnancy in different species. Modelling of placental structure-function relationships could shed new light onto studies of comparative placentology and help to understand how reproductive biology differs across species [38, 39]. One comparative study has been published using FIB SEM [25].
Correlative imaging applies multiple multiscale imaging approaches to the same sample, allowing additional data to be collected overcoming the limitations of a single technique [40]. There have been correlative imaging studies on human placenta but not using three-dimensional imaging approaches [41]. Paraffin-embedded blocks could be imaged by microCT, then sectioned to allow immunostaining and the resulting images mapped back onto the micro CT derived structure [11]. Correlative imaging in the placenta may prove particularly informative when it is used to combine in vivo techniques such as MRI. Correlative imaging combining in vivo and ex vivo approaches could allow functional measures such as flow to be related to detailed structural analysis or protein localisation. 
Online repositories are now available for 3D image data including the European Microscopy Public Image Archive (EMPAIR, www.ebi.ac.uk/pdbe/emdb/empiar). Three-dimensional imaging data sets can be difficult and expensive to generate, public archiving is important as it will allow reanalysis of datasets using improved methods and to allow different questions to be answered. 
When something goes wrong in a pregnancy placental pathology is one way to seek explanations for parents and clinicians [42]. Three-dimensional imaging approaches may allow greater insight into what has gone wrong in these pregnancies and provide more meaningful explanations. While these approaches may not be suited to routine investigations at the current time, the development of faster imaging approaches and the application of machine learning-based approaches to data extraction could make these techniques viable for use in routine pathological examination.

Conclusion
Multiscale imaging provides new tools which support a systems approach to understanding placental function. These approaches provide new insights into placental structure and will hopefully provide insight into its function. Three-dimensional imaging may prove particularly informative when used alongside genetic, epigenetic and transcriptomic approaches. As the throughput of these techniques improves, three-dimensional approaches may also be effective in studying pathological conditions and ultimately as a diagnostic tool.
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Table 1, Comparison of different 3D imaging approaches
	Imaging approach
	Scale
	Method
	Limitations

	Synchrotron
	Cm - m
	X-rays pass through sample as it is rotated stepwise
	Accessibility and cost

	MicroCt
	cm - m
	X-rays pass through sample as it is rotated stepwise
	Low resolution

	Light sheet
	cm - m
	Sample moves through laser light sheet 
	Sample clearing, resolution

	Confocal
	mm - m
	Laser moves across sample 
	Depth, sample clearing

	Stereo
	mm - m
	Light microscope
	

	Super-resolution
	m - nm
	Various approaches 
	Availability

	SEM
	m - nm
	Electrons bounce off surface
	Only sees the surface

	SBF SEM
	m - nm
	Ultra-microtome inside SEM 
	Z resolution < X and Y
Sample destroyed

	FIB SEM
	nm
	Ion beam ablates surface of sample
	Sample destroyed

	TEM tomography
	µm - nm
	Sectioning onto a tape or slide in sequence then imaged
	Loss of sections, requires alignment
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Figure 1, microCT on placental tissue in the cm to mm range including wax embedded tissue and vascular casting. A, MicroCT can be used to non-destructively generate a three-dimensional image of placental tissue within a paraffin wax block. Low contrast imaging approaches mean that it is not necessary to add contrast agents, allowing use of archival samples. B, A 2D slice taken from a 3D microCT data set showing wax embedded placental tissue. C, a 3D reconstruction of a region wax embedded villous tissue imaged by microCT ( 3 mm3). D and E, show microCT images of the same region of a whole placenta cotyledon (4 cm) where the fetal circulation had been perfused with microfill, in E the settings were adjusted to show only the larger vessels. The imaged region is 4.8 x 1.98 x 3.9 cm. The discontinuous regions seen in some vessels here suggest that insufficient microfill was perfused to clear the fluid from the longest sections of vessel resulting in fluid filled bubbles. F, microCT imaging of a smaller region of tissue (3 mm) allows resolution of smaller vessels and capillaries. The imaged region is 5.2 x 2.9 x 2.7 mm. 
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Figure 2, Three-dimensional projection of a confocal image stack showing term human placental villi with the blood vessels stained red (FITC-Aleuria Aurantia Lectin) and the macrophages stained green (anti-CD163 antibody). This image is 40m deep. 
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Figure 3, SBF SEM image stacks can be used to reconstruct subcellular structures. Here the plasma membrane, mitochondria and reticular structures of the cytotrophoblast are reconstructed. A, A two-dimensional image from the top of a SBF SEM stack showing a section of villus including cytotrophoblast (CTB) with mitochondria and reticular structures illustrated by arrows. B, a three-dimensional rendering of the cytotrophoblast within this stack with the cell in green, mitochondria in yellow and reticular structures (including endoplasmic reticulum and Golgi) in purple. STB = syncytiotrophoblast, Endo = endothelium.
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