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Abstract 36 

The mammalian placenta displays extraordinary structural diversity across scales of 37 

measurement, yet the quantitative basis and functional consequences of this variation 38 

remain poorly understood. Traditional approaches rely on qualitative categories or 39 

simple metrics such as length or depth which obscure the complexity of three-40 

dimensional (3D) tissue architecture. Here, we review methods for quantifying whole-41 

organ placental volume, surface area, and vascular organisation, highlighting trade-42 

offs between speed, expense, labour, precision, scalability, destructivity, and 43 

specificity. We then demonstrate how correlative multiscale 3D imaging techniques 44 

can overcome these limitations, enabling whole-organ quantification across species 45 

spanning several orders of magnitude in placental volume—from mouse to rhinoceros. 46 

Using integrated workflows that combine X-ray microfocus tomography (microCT), 47 

light (H&E histology), and electron (SBF-SEM) microscopy, we generate quantitative 48 

structural datasets across spatial scales. In a mouse placenta, correlative 3D X-ray 49 

histology (3D-XRH) links histological features directly to their 3D tissue context. In a 50 

human placenta, multimodal imaging integrates whole-organ microCT with correlative 51 

X-ray and electron microscopy (CXEM) to quantify the total exchange surface area, 52 

bridging organ-scale structure and ultrastructural detail. Finally, using placentas from 53 

giraffes and rhinos, we show how microCT can be used to quantify the whole organ 54 

structure of placentas from even very large mammals, quantifying metrics such as 55 

cotyledon volume distribution and blood vessel architecture. Together, these 56 

examples illustrate the power of correlative multiscale 3D imaging to resolve 57 

mammalian placental structure, bridging cellular and organ-level organisation. This 58 

integrative approach provides a unified framework for quantitative comparative 59 

placentation, linking structural diversity to physiological function.  60 

 61 

KEY WORDS: multiscale, correlative, 3D imaging, microCT, comparative placentation  62 
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1. Introduction  63 

Although evolving from a single common ancestor and performing conserved 64 

physiological functions, the mammalian placenta exhibits remarkable structural 65 

diversity across scales of measurement between species [1-3]. The evolutionary 66 

reasons for this structural diversity, and the consequences to physiological function, 67 

are poorly understood. At smaller structural levels, mammalian placental interfaces 68 

differ in the number of tissue layers separating maternal and fetal circulation and the 69 

degree of interdigitation between maternal and fetal tissues. Structural differences in 70 

gross placental morphology at the whole organ level, such as volume, exchange 71 

surface area, and major blood vessel networks, have received less attention. Variation 72 

in gross morphology between mammal species has historically been categorised using 73 

a qualitative schema [2, 4, 5]. However, lumping complex biological structures into 74 

discrete qualitative categories may obscure important variation. These qualitative 75 

categories of gross placental morphology can be ranked as a proxy, from which rates 76 

of nutrient transfer can be inferred, but it is not obvious if this is quantitatively true, 77 

particularly when integrated across orders of magnitude [1]. 78 

Changes in crude placental metrics such as weight and diameter have been 79 

associated with disorders such as gestational diabetes [6, 7], pre-eclampsia [8, 9], and 80 

growth restriction [10, 11] in human pregnancies. Likewise, changes in placental 81 

metrics such as weight and cotyledon number and morphology are indicative of 82 

suboptimal reproductive outcomes in livestock species, such as growth restriction [12, 83 

13] or hydrallantois (excessive accumulation of fluid in the allantoic cavity) [14, 15] in 84 

horses, sheep, and cows. What is less clear is whether these proxy metrics for 85 

available nutrient exchange capacity translate quantitatively to increased surface area 86 

or exchange volume and are therefore physiologically meaningful. As with 87 

comparative placentation, there exists a trade-off between convenience/ease and 88 

accuracy/precision in methods to quantify gross placental structure, and integration of 89 

multiple approaches is necessary to fully resolve the interaction of structure and 90 

physiological function. 91 

Likewise, the geometry of fetal blood vessel arrangement relative to that of the 92 

mother, which is key to understanding nutrient transport and flow, varies between 93 

species [1, 16]. Different placental vasculature organisations across mammal species 94 
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have also historically been allocated into qualitative categories (e.g. cross-current, 95 

counter-current) [2, 17]). In addition to comparative placentation, changes to gross 96 

placental vasculature organisation are associated with gestational disorders such as 97 

growth restriction and pre-eclampsia in human pregnancies [18, 19], and spontaneous 98 

abortion in livestock species [20, 21]. As a branching fractal system, holistic 99 

quantitative characterisations of blood vessel networks are particularly challenging to 100 

achieve methodologically but are integral to understanding nutrient transport. 101 

Three-dimensional (3D) imaging has been increasingly applied to mammalian 102 

placentas and has shed new light on placental structural organisation [1, 16, 22-27]. 103 

3D imaging allows researchers to quantify tissue architecture in its native 3D, both 104 

revealing novel structures not resolvable from 2D imaging and structural variation 105 

hidden by allocating placental types into qualitative categories [1, 22, 25, 28]. Unlike 106 

cruder metrics for gross placental changes, such as weight and diameter proxies, 3D 107 

imaging allows precise quantification of exchange regions specifically. Many 3D 108 

imaging techniques are also non-destructive of the sample, unlike traditional methods 109 

such as conventional histology or resin casting of blood vessels, which permits 110 

application of additional modalities downstream in the workflow. Although these 111 

benefits come at the cost of the need for specialised imaging equipment and technical 112 

training, the potential for 3D imaging techniques in quantifying complex placental 113 

structures is vast. 114 

The methodological toolkit available for quantifying gross placental structure is 115 

large and diverse (Fig. 1). Each method offers inherent strengths and weaknesses, 116 

often representing a trade-off between speed, expense, labour, precision, scalability, 117 

destructivity, and specificity [29]. Here, we will review and evaluate the available 118 

methods used to quantify volume, surface area, and blood vessel networks in 119 

mammalian placentas, with an emphasis on 3D imaging techniques. We then go on 120 

to detail how specifically correlative and multiscale 3D imaging workflows can be 121 

applied to quantify gross placental structure across orders of magnitude, using primary 122 

examples of mammalian placentas (whole mouse, human, giraffe, and rhino 123 

placentas, in addition to horse, cow, donkey, and sheep placental samples) from our 124 

work. 125 

2. Quantifying whole placental volume 126 
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The volume of a placenta differs from placental weight, such as that used to calculate 127 

neonate:placental weight ratios for comparison between species [17, 30] and for 128 

monitoring pregnancy outcomes clinically [31, 32]. Whereas weight can provide a 129 

proxy metric for total energy investment in a placenta relative to a fetus and make 130 

inferences about placental efficiency (although this is debatable), the volume 131 

represents a placenta’s occupation of 3D space. Whereas quantifying exchange 132 

structures as a surface area may be most appropriate for sheetlike diffuse placentas, 133 

the exchange zone of thick 3D placentas such as discoid placentas (e.g. humans and 134 

mice) or placental cotyledons (e.g. sheep and cows) can best be reflected as volumes. 135 

2.1 Volume estimation from geometry & weight, and water displacement 136 

The total volume of a placenta can be estimated by approximating its geometry to a 137 

perfect shape. For example, volume can be quickly calculated from one dimensional 138 

measurements such as placental length, depth, and width by approximating the 139 

placenta to a perfect Euclidean ellipsoid (i.e. volume = 4/3 x π x 0.5 x length x 0.5 x 140 

width x 0.5 x depth) or using a convex-concave shell formula [33, 34]. This technique 141 

is particularly useful in cases of medical or veterinary in utero sonography, where 142 

image data are often 2D and ex vivo techniques not possible, or where only digital 143 

photography is used for placental quantification [35, 36]. However, placentas do not 144 

exist as idealised Euclidean shapes and extrapolating 2D metrics from this assumption 145 

can only ever be an approximate estimate. As placental mass and volume are tightly 146 

correlated (R ≈ 0.96 [34]), volume can simply be approximated from mass assuming 147 

a placental tissue density of 1.05 g/cm3 as quantified from empirical studies [34, 37, 148 

38]. However, extrapolation of a volume from a known mass tells us nothing about the 149 

organisation of the placental structure in 3D space, and it is not known if the 1.05 g/cm3 150 

density value is conserved across mammal placentas. The water displacement 151 

method is an empirical method for placental volume quantification which mitigates 152 

against assumption errors in volume extrapolation. In accordance with the Archimedes 153 

principle, the placenta is fully submerged in water and the displaced water collected 154 

and measured either volumetrically (by volume) or gravimetrically (by weight) [39, 40]. 155 

This accounts for the organ’s irregular morphology, however the displacement may be 156 

inaccurate if air pockets form in or on the placenta and, as above, the raw placental 157 

volume does not provide insight into 3D organisation. Also, if not physiologically 158 

buffered, water displacement can damage finer tissue structure by osmotic stress 159 
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which will reduce the quality of downstream multiscale imaging workflows. This will be 160 

less prominent for formalin-fixed tissue, however formalin fixation causes tissue 161 

shrinkage which must be considered for downstream quantification. 162 

2.2 Whole placental volume from 3D imaging techniques 163 

3D imaging techniques provide a visualization of how the placenta is organised in 3D 164 

space and can be targeted to include only the volume involved in physiological 165 

exchange. 3D imaging modalities generate image intensity, whose physical or 166 

biological meaning depends on the specific modality. These datasets contain three 167 

spatial dimensions (x, y, and z), from which structures of interest can be labelled and 168 

quantitatively analysed. Three 3D imaging modalities are specifically suited for whole 169 

organ placental volume quantification: sonography, MRI (magnetic resonance 170 

imaging), and microCT (micro-computed tomography). Sonography of the placenta 171 

[41-44] enables quick, real-time, in utero placental imaging which is additionally 172 

diagnostic in a clinical or veterinary setting, however the spatial resolution (≈ 0.5-1 173 

mm) and soft tissue contrast is poor compared to other modalities, and motion 174 

artefacts are a problem. MRI (magnetic resonance imaging) imaging of the placenta 175 

[45, 46] has advantages over sonography in that it offers in utero placental images at 176 

higher contrast, but acquisition time is much slower and the equipment is more 177 

expensive and less portable. microCT imaging of the placenta [16, 47] provides 178 

images with better contrast and much higher spatial resolution (≈ 5-50 µm) than either 179 

MRI or sonography, however it can only be applied ex vivo due to the risks of ionizing 180 

radiation on a developing fetus (in clinical settings) and, due to the trade-off between 181 

spatial resolution and overall field of view [24], can typically only be applied to whole 182 

placentas from small species like rodents. This trade-off makes other higher resolution 183 

3D imaging modalities applied to the placenta, such as confocal fluorescence [23, 48, 184 

49] or volume electron microscopy [1, 22, 24, 25], pragmatically inappropriate for 185 

whole organ volume quantification and can only be used for subregions. 186 

Synchrotron-based X-ray computed tomography (sCT) techniques can provide 187 

faster imaging, at higher resolution as compared to off-synchrotron microCT imaging, 188 

though at the expense of working fully ex vivo [50, 51].  Until recently, sCT was limited 189 

to small samples only millimetres in diameter, but provided sub-micron resolution, 190 

sufficient to image biopsies of human placenta and resolve key features [52]. With the 191 
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recent upgrade of the European Synchrotron Radiation Facility to an Extremely 192 

Brilliant Source, a new technique called Hierarchical Phase Contrast Tomography 193 

(HiP-CT) has become available enabling non-destructive scans of whole human 194 

organs with hierarchically increasing resolution  (25 µm – 2 µm) [53], resulting in the 195 

first HiP-CT scans of whole human placenta in 2025 [54] and highlighting the need for 196 

robust, non-manual approaches to segmentation and quantification now that larger, 197 

more complex imaging is possible.   198 

3. Quantifying whole placental surface area 199 

Although in discoid and cotyledonary placentas the total exchange region can be best 200 

expressed as a volume, actual physiological exchange occurs across biological 201 

surfaces like villi or a labyrinth. Therefore, the total available surface area for 202 

physiological exchange within gross placental volume must be quantified if these 203 

numbers are to be biologically meaningful. For sheet-like diffuse placentas, such as 204 

those in horses, rhinos, and pigs, the total exchange region can be best expressed as 205 

a surface area, which is further amplified by finer placental structures such as villi and 206 

microvilli. 207 

3.1 Surface area estimation from diameter, 2D area, shape, and stereology 208 

As with volume, the surface area of a placenta can be approximated by assuming the 209 

organ to be a perfect shape, such as an ellipsoid, and extrapolating from 210 

measurements such as diameter [55, 56]. However, only part of the total surface area 211 

of a placenta will be involved in physiological exchange and, in discoid and 212 

cotyledonary placentas, most of the surface area for exchange is found within the 213 

depth of the placenta. The exchange surface can be represented by approximating 214 

the placental area to be a 2D shape, such as by segmenting the chorionic plate from 215 

digital photographs. This 2D area can only serve as a metric for placental size, 216 

however analysis of its geometry can be informative in quantifying placental shape 217 

variation beyond allocating placentas into qualitative categories such as ‘oval’, ‘round’, 218 

‘star’, and ‘multi-lobed’ [57, 58]. For diffuse placentas, the total exchange surface area 219 

can be represented as a 2D area and, for animals like horses and pigs, the total 220 

surface area can be quantified by placing the placenta flat under a clear acrylic marked 221 

with regular grids (1-10 cm) [59, 60]. The placental surface area can be calculated by 222 
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point counting grids or segmenting a scaled digital photo and doubling the exposed 223 

area to account for both sides of the organ.  224 

3.2. Whole placental surface area from 2D and 3D imaging 225 

By far the most widespread imaging-centred approach used to quantify placental 226 

surface area across whole organs has been stereology. Stereology is the umbrella 227 

term for mathematical and statistical methods used to quantify 3D biological structure 228 

from 2D images of tissue subsamples [61, 62] in accordance with the Cavalieri 229 

principle. In placental research, stereological approaches have been applied to images 230 

from both optical [14, 59, 63-65] and electron [60, 66-69] microscopy, and to quantify 231 

placental structures from humans [63, 64], mice [65, 70], and livestock species [14, 232 

59, 71]. As stereology calculates 3D structural information from 2D images, which can 233 

be subject to biases in tissue orientation and subsampling, errors in tissue sampling 234 

can compound to prejudice quantitation [61]. Stereological sampling also has 235 

limitations in that it is laborious, wax tissue sections can become physically distorted, 236 

and it is destructive to the tissue. However, when detailed protocols for unbiased 237 

systematic random selection for tissue sampling [72], high replication, and image 238 

analysis are followed, stereology can provide accurate calculations for 3D placental 239 

surfaces areas cheaply and effectively [61, 62]. 3D imaging techniques, both in utero 240 

and ex vivo, are largely as above for volume, quantifying surface area from surface 241 

meshes generated from image segmentation. High resolution 3D imaging techniques 242 

are advantageous for surface area quantification as they can specifically resolve 243 

internal exchange regions, such as the labyrinthine zone of the mouse placenta with 244 

contrast-enhanced microCT [47], and branching structures which are inaccurately 245 

resolved from 2D imaging alone, such as human placental villi [64, 73]. 246 

4. Quantifying whole placental blood vessel networks 247 

Placental blood vessel networks are particularly challenging to quantify 248 

methodologically, due to their fractal branching morphology. Accurate quantification of 249 

placental networks is however necessary to model nutrient transport and compare 250 

‘efficiency’ variation between species [1, 17, 48, 52, 74-76]. 251 

4.1 Blood vessels from 2D and 3D imaging  252 
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Major chorionic vessels can be approximated in 2D and traced from digital 253 

photographs for larger species, such as humans [77] and horses [20]. The tracings 254 

can then be quantified for 2D metrics such as fractality by the boxing counting method 255 

[78, 79]. This method is quicker and cheaper than 3D imaging but is limited to the 256 

largest visible vessels and cannot account for 3D structure. Likewise, physiologically 257 

meaningful placental vascularisation metrics (e.g. vessel volume density, capillary 258 

diameter) can be derived from 2D stereology [12, 70, 80], particularly if sections are 259 

stained with a vessel-specific marker such as von Willebrand Factor, but these do not 260 

account for 3D branching morphometry and arrangement. Placental angiography is an 261 

umbrella term for 2D or 3D biomedical imaging techniques focused on resolving 262 

placental blood vessels. Vessels are typically labelled with an intravenous contrast-263 

enhancing agent (e.g. those containing iodine, barium, or gadolinium, although 264 

imaging can be without contrasting agents [43]) using either radiography, MRI or 265 

sonography [43, 81, 82]. Angiography using non-ionizing imaging sources can be 266 

applied to placentas in utero to assess developmental metrics such as the 267 

vascularization flow index [43, 83], however high-resolution vessel geometry is not 268 

captured. The gold standard of quantifying placental blood vessel architecture in 3D 269 

is corrosion casting followed by microCT imaging [74, 75]. This approach involves 270 

cannulating major placental vessels ex vivo and perfusing the vasculature with a 271 

polymer resin (such as methyl-methacrylate), setting the polymer solid, and corroding 272 

the surrounding tissue with a highly alkaline solvent such as potassium hydroxide. The 273 

resulting vessel cast can be imaged in 3D by microCT at high resolution (~1-10 µm in 274 

XYZ) and the full architecture skeletonised and quantified for complex branching 275 

morphometrics such as branching angles, Strahler order, and tortuosity [74, 84]. This 276 

method is, however, laborious, involves hazardous reagents, and is totally destructive 277 

to the placenta. 278 

 279 

5. Correlative multiscale 3D imaging of whole placentas  280 

When selecting a 3D imaging technique for your sample there are pragmatic trade-281 

offs that must be considered, such as the inverse trade-off between spatial resolution 282 

and field of view, or sample preparation methods and fluorescence quenching [24, 85, 283 

86]. Correlative imaging workflows (the application of different imaging modalities to 284 
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the same sample [85]) can mitigate against the trade-offs and exploit the benefits of 285 

individual imaging techniques, making them powerful tools for resolving multiscale 286 

structures [1, 26]. Advanced imaging workflows have the benefit of being high 287 

resolution, region-specific, precise, and typically non-destructive, however this comes 288 

at the cost of greater expense, the need for specialised equipment, and a longer 289 

project time than individual imaging techniques.  290 

5.1 Correlative three-dimensional X-ray histology (3D-XRH) of small 291 

mammal placentas (whole mouse placenta) 292 

Correlative three-dimensional X-ray histology (3D-XRH) is an imaging technique 293 

where formalin-fixed paraffin-embedded (FFPE) tissue blocks are scanned in 3D by 294 

microCT prior to destructive sectioning and staining [26, 87, 88]. This generates a 3D 295 

volume of the tissue architecture prior to sectioning, which can be both structurally 296 

quantified and used to guide region selection for histological sectioning. As the FFPE 297 

tissue is processed identically to standard histological sectioning, the sample can be 298 

stained as per normal for either hematoxylin and eosin (H&E) or immunolabelling 299 

approaches [26], and applied to historic samples. These 2D labelled images can then 300 

be correlated back into the 3D image volume to place them in the context of the total 301 

tissue architecture, or they can be used to guide segmentation (structure labelling) of 302 

the microCT volume. We have previously demonstrated the applicability of 3D-XRH to 303 

quantifying mammalian placental structure [26], however the maximum tissue size for 304 

3D-XRH is typically < 1-10 cm, so it is mostly applied to placental samples as opposed 305 

to whole organs. 3D-XRH is however a powerful tool for quantifying the whole-organ 306 

structure of smaller placentas such as from mice, where whole-width histology 307 

sections are well characterised [70, 89]. Figure 2 outlines an example of an E18.5 308 

mouse placenta (total volume 28.8 mm3) where 3D-XRH is used to quantify the 3D 309 

volume and placement of the labyrinthine zone (19.7 mm3, 68.5% total volume) from 310 

an FFPE block, with correlative H&E sections to identify and ground-truth regions in 311 

the microCT volume. (The methodology underpinning Figs. 2-6 can be found in 312 

Supplementary Methods. All segmentation was conducted semi-manually as in [24] 313 

using Microscopy Image Browser [90]).  314 

5.2 Multimodal 3D imaging to achieve an integrated multiscale surface 315 

area (whole human placenta) 316 

Jo
urn

al 
Pre-

pro
of



11 
 

For larger placentas, multiscale quantification can be achieved by applying higher 317 

resolution 3D imaging techniques to subsamples from the whole organ. Multiscale 318 

imaging of the same sample allows quantification of structures across scales, which 319 

can be integrated into a holistic placental ‘morphome’, defined as the sum of an 320 

organ’s structural components [1, 91, 92]. Multiscale imaging workflows applied to the 321 

human placenta have proven to be powerful tools in quantifying all levels of structure 322 

[25, 54, 93]. In Figure 3, we outline an example of this approach to quantify the 323 

integrated total exchange surface area of a whole human placenta using multimodal 324 

multiscale 3D imaging [1]. The whole organ structure here was imaged on a formalin-325 

fixed iodine-stained term placenta by microCT using a walk-in diondo d5 system, as 326 

we have previously detailed for the imaging of an entire horse placenta [16], giving a 327 

total placental volume of 457,794 mm3. Whole width sections were randomly sampled 328 

(using a grid system and random number generator) into FFPE blocks, sectioned, and 329 

H&E stained for point counting of placental regions, to show that 73.5% of the placental 330 

volume was the villous exchange region (the region of the placental organ involved in 331 

physiological exchange (intervillous space + chorionic villi) excluding chorionic plate, 332 

decidua, and placental septa), giving a total exchange volume of 336,277 mm3. Prior 333 

to formalin fixation, villous tissue (3-5 mm) was subsampled by biopsy needle from the 334 

whole placenta immediately after collection and glutaraldehyde fixed to preserve fine 335 

structures. Villi were heavy metal stained, and resin embedded for correlative X-ray 336 

and electron microscopy (CXEM), a powerful tool for multiscale tissue imaging [94-337 

96], as we have detailed for placental tissue previously [24, 25]. Resin villous blocks 338 

were scanned by microCT in a Nikon custom ‘Med-X’ system to quantify villous surface 339 

area per unit volume (14.6 ± 1.1 mm-1). Finally, subregions of the villous resin blocks 340 

were excised and mounted for serial block face scanning electron microscopy (SBF-341 

SEM) [97, 98], a 3D electron microscopy technique, to quantify the surface area 342 

amplification factor of syncytiotrophoblast microvilli (4.9 ± 1 fold), giving a total 343 

integrated surface area of 24.06 m2. Adjusting for the surface tissue shrinkage factor 344 

from FFPE processing of 60.9%, this gives a surface area of 61.5 m2, comparable to 345 

the ~68 m2 given from stereological approaches [66, 99]. For the 3.95 kg neonate, this 346 

equates to 15.6 m2 kg-1, which can be systematically compared between species.  347 

5.3 Whole-organ microCT imaging of large mammal placentas (whole 348 

giraffe and rhino placentas) 349 
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The scale of the walk-in diondo d5 microCT system enables the scanning of whole 350 

large mammal placentas that are otherwise very challenging to image in 3D [16]. The 351 

giraffe placenta is a cotyledonary placenta where physiological exchange with the 352 

mother occurs through discrete units called cotyledons [100]. Full 3D imaging of an 353 

entire term giraffe placenta (Fig. 4A-F) (total microCT volume = 3,600 cm3) enables 354 

the quantification of cotyledon volume (mean ± SD = 12.0 ± 9.1 cm3) and distribution 355 

(Fig. 4F). Whole-organ quantification of multiple entire giraffe placentas (Fig. 4G-I) 356 

shows that that cotyledon size distribution is a right-skewed histogram (Fig. 4H) 357 

(skewness = 1.9, kurtosis = 8.5) with most cotyledons of a small to moderate size 358 

skewed by a few large outlier cotyledons. Unlike dissecting the cotyledons to measure 359 

size by wet weight, whole-organ microCT is non-destructive and the large cotyledons 360 

can be located in situ to the 3D tissue architecture, on the pregnant horn (Fig. 4F). 361 

Cotyledons on the non-pregnant horn are generally smaller than those on the pregnant 362 

horn, with the difference being greater for the pre-term placenta (normalised delta Δ = 363 

-0.74) than the term placentas (Δ = -0.37 & -0.34). As with the human placenta, 364 

subsamples of the whole giraffe placenta can be further processed for downstream 365 

correlative multiscale imaging approaches, such as to resolve the long unbranched 366 

villi in giraffe placentas from FFPE & CXEM imaging (Fig. 4J-K) and identify 367 

trophoblast protrusions in SBF-SEM (Fig. 4L) (perimeter:area ratio = 0.22 µm-1 [25]). 368 

Indeed, systematic comparison of placental villous tissue between mammal species 369 

3D imaged by CXEM microCT (Fig. 5) reveals remarkable structural variation in villous 370 

morphology -both quantitative and qualitative - which is otherwise hidden by a single 371 

qualitative ‘villous placenta’ category and not easily discernible from 2D histological 372 

sectioning. We have also previously used 3D imaging to show multiscale structural 373 

adaptations in human and equid placental villi consistent with materno-fetal conflict, 374 

which are otherwise hidden by a single qualitative category [25]. 375 

 Likewise, we imaged an entire diffuse rhinoceros placenta (Fig. 6). From the 376 

reconstructed placenta (Fig. 6B) (total volume = 5,596 cm3) we could segment out the 377 

blood vessel network at the whole organ level (total volume = 1,135 cm3) down to a 378 

minimum diameter of ~ 2 mm (Fig. 6C-D) [16], identifying arterial and venous portions 379 

(Fig. 6C) and resolving the vasculature into its individual vessels (Fig. 6D). 380 

Skeletonization of 3D blood vessel networks in the placental horns allowed full 381 

quantification of its branching architecture (total length = 8,478 cm, total number of 382 
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branches = 1,857). Considering the whole rhino and giraffe placentas (Figs. 5&6), and 383 

the whole horse placenta from our previous work [16], vasculature is generally more 384 

branched in the pregnant than the nonpregnant horn (Fig. 6E).  385 

Imaging the whole-placenta vascular network allows us to model network 386 

parameters like flow resistance. Computational modelling of flow in the actual 3D blood 387 

vessel network (Fig. 6F) showed a higher network resistance in the pregnant horn 388 

artery (12.3 × 105 Pa s/m3) than in the non-pregnant horn (3.5 × 105 Pa s/m3), with the 389 

latter value similar to the overall vein resistance (3.7 × 105 Pa s/m3). Relative 390 

resistance decreased rapidly as the network branched out. Flow resistance is sensitive 391 

to diameter and vessel dilation will be different in fixed tissue (where the diameter is 392 

smaller from tissue shrinkage and resistance higher) to in vivo. This may explain the 393 

relatively sharp drop in pressure at the inlet of the pregnant horn. However, it should 394 

be noted that current simulations include only the larger blood vessels that could be 395 

resolved at this scale, while most of the physiological resistance occurs in the 396 

arterioles. In larger studies this placental resistance could be related to fetal growth or 397 

used to compare between groups or species.   398 

 399 

6. Conclusion  400 

The placenta is arguably the most structurally diverse organ in mammals, the reasons 401 

for which are not well understood. There exists a vast methodological toolkit for 402 

quantifying whole organ placental structure, each with trade-offs. Here, we 403 

demonstrated the potential of correlative multiscale imaging workflows to quantify 404 

mammalian placental structure across all magnitudes, providing integrated structural 405 

measurements and mitigating against the trade-offs of individual imaging modalities. 406 

Using examples from mouse to rhino placentas, we show how different workflows can 407 

be applied to quantify comparative metrics for species across orders of magnitude 408 

(160,000-fold change in volume). Further application of advanced imaging 409 

technologies – such as synchrotron imaging, X-ray phase-contrast tomography, and 410 

correlative fluorescence techniques – will provide exciting new insights in the future to 411 

resolving mammalian placental diversity.  412 

 413 
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Figures 431 

 432 

Figure 1 – There is a suite of tools to quantify placental structure at the whole 433 

organ level, but each comes with trade-offs. Diagrammatic representation of 434 

methodological approaches to quantify (A) volume, (B) surface area, and (C) blood 435 

vessel networks in mammalian placentas.   436 
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 437 

Figure 2 - Correlative three-dimensional X-ray histology (3D-XRH) of a whole 438 

E18.5 mouse placenta. (A) Diagrammatic representation of the 3D-XRH workflow 439 

used to image the whole mouse placenta shown in B-F. (B-D) 3D-XRH generates both 440 

a 3D volume of the embedded placenta by non-destructive microCT (B) and correlative 441 

2D histology sections (C) which can be used to ground-truth and inform segmentation 442 

of the microCT volume (D). (E-F) When reconstructed in 3D, the segmented microCT 443 

volume can be used to visualize organ morphology (E) and quantify the volume of 444 

specific exchange regions, such as the labyrinthine zone (F).   445 Jo
urn

al 
Pre-

pro
of



17 
 

 446 

Figure 3 - Multimodal 3D imaging of the integrated multiscale surface area of a 447 

human placenta. (A) Diagrammatic representation of the multimodal, multiscale 448 

workflow used to image the human placenta shown in B-D. (B) The whole placental 449 

volume is imaged by whole-organ microCT in a diondo d5 walk-in system. (C-D) Villus 450 

subsamples are processed as if for electron microscopy for CXEM, where the villus 451 

surface area is quantified by microCT imaging (C) and a subregion of the trophoblast 452 

microvilli surface area amplification factor quantified by SBF-SEM (D). This multimodal 453 

multiscale surface area allows the quantification of total integrated surface area in this 454 

human placenta.   455 
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456 

Figure 4 – Whole-organ microCT cotyledon analysis of the giraffe placenta. (A-457 

C) Whole-organ microCT is normally not possible for medium to large mammal 458 

placentas, but the diondo d5 walk-in system can fully image in 3D the placenta of even 459 

the largest hoofed mammal species. (A) An entire term giraffe placenta was mounted 460 

to both sides of a polystyrene board with plastic toothpicks (B) and imaged inside a 461 

diondo d5 walk-in microCT system (C) as = amniotic sac, c = cotyledons, uc = umbilical 462 

cord. (D-F) Full 3D reconstruction of the whole giraffe placenta in (A) showing major 463 

components (D), individual disconnected cotyledons (E), and cotyledons false 464 

coloured by size (F). (G-I) Three giraffe placentas were quantitatively imaged in 3D 465 

(G), showing a right-skewed distribution of cotyledons sizes (H) and larger cotyledons 466 

on the pregnant horn than non-pregnant horn (I). These cotyledon distributions are for 467 

the examples presented here and further replication is needed to confirm these 468 

preliminary trends. (J-L) The same correlative 3D-XRH (J) and multimodal multiscale 469 

CXEM workflows (K-L) from Fig. 3A and Fig. 4A applied to giraffe placental villi, 470 

showing the architecture of long unbranched villi (J-K) and trophoblast protrusions 471 

(arrowheads) (L).   472 
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 473 

Figure 5 – 3D imaging allows systematic interspecific comparison of villous 474 

morphology. Samples of placental villous tissue from different mammal species 3D 475 

imaged by CXEM microCT. Reconstructions are shown to scale (top) with quantitative 476 

metrics (surface area: volume ratio (SA:V)) and square insets magnified (bottom) for 477 

comparison of qualitative villous morphology. SA:V values are for individual tissue 478 

pieces only and are not meant to imply broad interspecific differences without further 479 

replication.   480 
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 481 

Figure 6 - Blood vessel analysis from a whole rhino placenta. (A) An entire rhino 482 

placenta was mounted to polystyrene boards and imaged using the walk-in d5 483 

microCT system described above. Coloured plastic toothpicks hold the tissue in place. 484 

As = amniotic sac, pb = placental body. (B-D) The 3D reconstructed microCT scan (B) 485 

permitted full quantitative analysis of the rhino placental vasculature for both venous 486 

and arterial portions (C) and individual vessels (D). Skeletonization analysis shows 487 

blood vessels are generally more branched in the pregnant horn than the non-488 

pregnant horn for our imaged large mammal placentas (E), but further biological 489 

replication is needed to confirm these preliminary trends. 3D reconstructed 490 

vasculature from the whole imaged rhino placenta is used as realistic tissue 491 

architecture in which to model blood flow in individual vessels, showing higher 492 

resistance in the pregnant horn artery than the non-pregnant horn artery (F). Note the 493 

pressure gradient in the vein is reversed compared to the artery, with flow from 494 

peripheral veins to the central vein.   495 
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