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Abstract 

Tissue engineering (TE) aims to generate bioengineered constructs which can offer a surgical 

treatment for many conditions involving tissue or organ loss. Construct generation must be 

guided by suitable assessment tools. However, most current tools (e.g. histology) are 

destructive, which restricts evaluation to a single-2D anatomical plane, and has no potential 

for assessing constructs prior to or following their implantation. An alternative can be provided 

by laboratory-based x-ray phase contrast computed tomography (PC-CT), which enables the 

extraction of 3D density maps of an organ’s anatomy. In this work, we developed a semi-

automated image processing pipeline dedicated to the analysis of PC-CT slices of 

oesophageal constructs. Visual and quantitative (density and morphological) information is 

extracted on a volumetric basis, enabling a comprehensive evaluation of the regenerated 

constructs. We believe the presented tools can enable the successful regeneration of patient-

specific oesophagus, and bring comparable benefit to a wide range of TE applications.  

Key words: 3D-Imaging, Laboratory-based phase contrast computed tomography (PC-CT), 

Regenerative medicine, In-vitro organ maturation. 

 

1. Introduction 

Tissue engineering (TE) is a branch of regenerative medicine that holds promise for the 

surgical treatment of volumetric tissue loss caused by trauma, cancer or congenital 

malformations[1]–[5]. TE allows the in vitro generation of patient-specific tissue, by combining 

synthetic and biological scaffolds with autologous or donor-derived cells. Despite TE 

techniques being under development for over four decades, their clinical use is still restricted 

to the partial replacement of tissues/organs with relatively simple architecture and function 

(e.g. skin grafts[6], bladders[7], cardiac patches[8]). In this context, we were the first to 

demonstrate that hollow structures could be generated using decellularised cadaveric 

tracheas seeded with autologous progenitors prior to implantation[9]. This TE approach would 
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be particularly valuable for other congenital malformations such as long-gap Oesophageal 

Atresia, which currently lack effective therapeutic options[10]. However, the generation of 

more complex constructs such as the oesophagus, requires a higher level of structural and 

functional characterisation prior to clinical translation. Methods currently used to assess 

scaffold architecture and in vitro tissue maturation include histology, immunohistochemistry 

and electron microscopy. These are destructive, and therefore cannot be used on constructs 

subsequently implanted in patients. They are limited to a single dissection orientation and 

small sampling areas, with no potential to assess the constructs’ three-dimensional 

architecture before transplantation. They do not allow inter-sample quantitative comparisons, 

nor provide volumetric structural information on the tissue’s architecture, which can be key to 

assessing its function. New assessment tools are therefore needed to unlock the full potential 

of TE, ultimately enabling the successful generation of functional engineered organs with 

complex architecture.  

We have identified a candidate in x-ray phase contrast computed tomography (PC-CT). PC-

CT exploits changes in the phase of x-rays as they traverse biological tissues, resulting in high 

soft tissue contrast and in the visualization of features that are classically considered x-ray 

invisible[11]. Its non-destructive, quantitative nature allows the extraction of high-resolution 

volumetric density maps of tissue architecture. Numerous demonstrations of PC-CT’s 

potential in the imaging of biological tissue and tissue engineered constructs exist, mostly from 

synchrotrons and, more recently, laboratory set-ups[12]–[16]. These are largely proof-of-

concept studies; e.g., Hagen et al.[17] showed that PC-CT allows the identification of 

oesophageal layers and confirmation of the preservation of the extracellular matrix (ECM) 

architecture in intact, rabbit-derived oesophageal scaffolds. That work demonstrated also that 

laboratory-based edge illumination (EI) PC-CT can provide results compatible with the 

synchrotron gold standard, through direct comparison of images of the same sample. 

However, all previous work on the use of PC-CT in TE was based on small sample sizes, and 

no structured attempts were made to integrate it into TE protocols.  
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In this work, we used a laboratory-based EI system to image clinical scale tissue engineered 

oesophagus. The primary objective of this TE work is to enable the generation of 

transplantable constructs for paediatric patients born with a congenital malformation known 

as oesophageal atresia, affecting 1:3000 to 1:5000 births[10], and for other congenital and 

acquired conditions affecting the oesophagus currently lacking effective therapeutic options. 

TE constructs were produced by growing patient-derived cells onto acellular porcine 

oesophageal scaffolds (Fig. 1). The protocol is at an advanced in-vitro testing stage, with the 

piglet selected as the large animal model for preclinical testing. At the time of writing, we have 

scanned 43 samples. To analyse the resulting PC-CT slices, we have developed a semi-

automated processing pipeline, which allows the volumetric visualisation of the samples’ 

architecture, and extracts quantitative sample information. The latter allowed intra- and inter-

sample assessments based on physical density and morphology.  

The combined information extracted through these tools enabled a thorough evaluation of the 

quality of the acellular scaffolds (through metrics such as density and morphological variation, 

the importance of which is discussed below), as well as the volumetric mapping of the areas 

of successful matrix repopulation in the recellularised samples. Alongside guiding the next 

steps of development of the TE protocol, in the longer term we expect that the access to this 

information will enable the successful generation of clinically viable, in-vitro matured 

oesophageal constructs. 

 

2. Materials and Methods  

2.1 Sample preparation 

Decellularised porcine scaffolds have been produced through a Detergent Enzymatic 

Treatment (DET) protocol[18],[19].  In this study, we upscaled the technique to clinically 

relevant sizes.  Scaffolds were generated from 3 kg piglets. Upon surgical isolation, 

oesophageal segments of approximately 15 cm in length were obtained. The lumen was 
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washed with a povidone iodine solution to reduce the bioburden. The organ was connected to 

a decellularization chamber by tying the proximal end to a silicon tube matching the luminal 

size. The tissues were then washed for 48 hours with deionised water and subjected to 2 DET 

cycles consisting of intraluminal perfusion with 4% Sodium Deoxycholate (SDC, Sigma) at 

3ml/min at room temperature for 4 hours, and 2000 Kunitz units of DNAse-I (Millipore) in 

Hank’s Balanced Saline Solution at 1ml/min at room temperature for 3 hours.  At the end of 

the decellularization protocol, the scaffolds were washed for 48 hours with DIW and sterilised 

by gamma irradiation. Matching native control specimens were obtained by sampling 1cm of 

each oesophagus prior to decellularisation. The recellularised samples have been prepared 

as described for rats oesophagi[19]. Briefly, a combination of 85% human mesoangioblasts 

and 15% human fibroblasts, were injected into the muscular layer of porcine acellular scaffolds 

at a concentration of 1x106 cells/30µl injection every 5mm. The key objective of this approach 

is to a achieve a homogeneous distribution of cells throughout the scaffold, similarly to that 

present in native samples. The seeded constructs were cultured in a bioreactor composed of 

a chamber, a luminal perfusion media circulation system and a media reservoir with a hepa 

filtered cap to allow for gas permeability. The system was kept in a cell culture incubator at 

37˚C 5% CO2 for 3 days in proliferation medium and 7-9 days in differentiation medium. A 

scheme of the TE process is depicted in Fig. 1. Prior to imaging all samples underwent critically 

point drying (CPD) treatment. The CPD protocol (as per Hagen et al[17]) entails all samples 

to be fixed in 4% paraformaldehyde (PFA) for a 24h period and stored at 4○C. Following PFA 

fixation the samples were dehydrated in graded ethanol-water cycles up to 100% ethanol and 

critically point dried using CO2. 

2.2 Histological data 

Following imaging, (critically point dried) samples were rehydrated in 4% PFA for a 24h period 

and stored at 4○C. They were then dehydrated in graded alcohols, paraffin embedded and 

sectioned at 5 μm. Tissue slides were stained with Haematoxylin and Eosin (H&E).  
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Fig. 1. Flow chart schematic of the processes involved in generating native, scaffold 

and recellularised samples. Native samples are oesophagi as extracted from a piglet, 

scaffold samples are native-derived acellular matrices generated though decellularisation 

based on detergent enzymatic treatment, recellularised samples are in vitro matured cell-

seeded scaffolds.  

2.3 Animals and primary cell cultures  

All the animals utilised for tissue procurement in this study have been obtained from JSR 

genomics, Home Office approved supplier.  Animals were euthanized via Schedule 1 methods. 

Sample sizing has been implemented following the NC3R principles. Human mesoangioblasts 

(hMAB) were isolated from paediatric skeletal muscle biopsies from patients aged from 1 week 

to 8 years old, with informed consent, during surgeries at the Great Ormond Street Hospital, 

London, in accordance with ethical approval by the NHS Research Ethics Committee, REC 

Ref: 11/LO/1522. The Committee was constituted in accordance with the Governance 

Arrangements for Research Ethics Committees and complied fully with the Standard 

Operating Procedures for Research Ethics Committees in the UK. Cells were isolated 

according to a previously published protocol[19] with modifications.  
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2.4 Imaging set-up and tomographic acquisitions 

The same system was used for performing two PC-CT acquisitions, namely: Phase Shift 

Computed Tomography, PS-CT[17], and Hybrid Computed Tomography, H-CT[20]; for 

comparison purposes, selected slices of conventional, attenuation-based tomography (A-CT) 

were also reconstructed (Figure 3a). System components and acquisition are described in 

Supplementary 1. Both PS- and H-CT acquisitions used phase-based image contrast which 

offers an improvement in image quality when compared to A-CT; this is quantitatively 

assessed in Supplementary 2.1, which presents a comparison among A-, PS- and H-CT based 

on signal to noise ratio (SNR). Specifically, image contrast in the PS-CT slices depends on 

the phase shift the x-rays experience as they traverse a material, which results in PS-CT 

datasets representing a quantitative volumetric density map of the imaged biological sample. 

H-CT offers a faster approach, resulting in a reduction in sample exposure time by at least 

50%, and generates slices which are qualitatively comparable to PS-CT (see Figure 3 and 

Supplementary 2.1), but in which however the voxel content contains a mixture of phase and 

attenuation. As a consequence, unlike PS-CT, H-CT dataset are not quantitative density 

maps. Preliminary indications exist that, through appropriate calibration, it should be possible 

to generate H-CT slices of a quantitative nature (see Supplementary 2.2). 

2.5 Semi-automated image processing pipeline 

The processing pipeline for sample assessment is exemplified in Fig. 2. Starting from the 

acquired PC-CT volume, the initial steps involve machine learning (ML) based 

segmentation[21] and mask generation for each sample (Fig. 2a). The ML inputs (Fig. 2a2) 

consist of a series of consecutive slices (1 to n) along the sample’s length, alongside manually 

segmented labels for slices 1 and n (labels 1 and n), generated using ITK-snap[22]. The ML 

algorithm automatically generates labels for slices 2 to n-1 (labels 2 to n-1, Fig. 2a3). These 

output labels, referred to as “initial labels”, are used to extract feature specific masks, namely 

“tissue” for oesophageal tissue layers, “lumen” for the oesophageal lumen, and “oesophageal” 
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for combined tissue and lumen (Fig. 2a4). In each mask, the feature of interest has value 1 

(white), and the remaining pixels are set to NaN (black).  

Sample isolation is obtained via an element-wise multiplication of “unmasked slice” and 

corresponding “tissue” mask, resulting in a “masked slice” (Fig. 2b). This enables the 

elimination of structures with a possible intensity overlap with the oesophageal tissue, which 

could interfere with the analysis if not removed (e.g. background, sample holder and adjacent 

samples, highlighted with an asterisk in the “unmasked slice”).  

The visual assessment (Fig. 2c) was carried out on slices generated through H-CT and 

involved the visualisation of the samples on a single slice basis (Fig. 2c1) and volumetrically, 

with the option to perform “virtual dissections” along any anatomical plane (Fig. 2c2).                                                                                                                                                                              

Finally the quantitative assessment (Fig. 2d) was based on the samples’ density and 

morphology. The density-based assessment (Fig. 2d1-2) employed PS-CT slices, in which the 

voxel content relates directly to tissue density (Supplementary 1.2), whilst the morphology-

based assessment used the corresponding oesophageal and tissue masks (Fig. 2d3).  

The density maps from PS-CT allow the extraction of “radial density profiles”, which enable 

the assessment of in-slice density variations (Fig. 2d1). This is included in the semi-automated 

pipeline. It starts from the identification of the two farthest points on the oesophageal tissue 

(Fig. 2d1.1). The line connecting these points represents the diameter of a virtual circle with 

centre C (Fig. 2d1.2). The mean intensity along a user-defined number of radii is then 

calculated, each representing the mean density value along that direction. In the depicted 

example we considered a single slice and a 30° measurement frequency. This was proven to 

be important information in a previous work[19], which adopted a similar concept but using a 

time consuming and destructive assessment method.  

Mean densities (Fig 2d2) were calculated on a single slice basis (d2.1) and volumetrically 

(d2.2) as follows: 
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(d2.1)                           Single slice density =  ∑"#$%&	()&*%+,-./01	23450∑ "#$%&	()&*%+64..70	,-./	
           

(d2.2)                            Volumetric density =   ∑"#$%&	()&*%+,-./01	8937:0
∑"#$%&	()&*%+64..70	8937:0;<45	,-./	

 

The “tissue percentage” (Fig. 3d3) expresses the fraction of oesophageal tissue over the 

entire oesophageal volume, i.e. the ratio between the tissue and oesophageal masks. This is 

also computed on a single slice (d3.1) and volumetric (d3.2) basis:  

(d3.1)          Single slice tissue percentage =  ∑"#$%&	()&*%+64..70	:-./
∑ "#$%&	()&*%+=0.9>?-@0-3		:-./	

	× 100  

(d3.2)           Volumetric tissue percentage =  
∑"#$%&	()&*%+8937:0	9D	;4..70	:-./

∑"#$%&	()&*%+8937:0	9D	90.>?-@0-3		:-./	
× 100 

Single-slice mean density and tissue percentage are used for assessing density and 

morphological variations, respectively, along the length of each sample (intra-sample 

assessment).  

The volumetric mean density and tissue percentage of each sample are used for an inter-

sample statistical comparison. Samples are grouped according to their type: native (as 

extracted from a piglet), scaffold (native-derived acellular matrices) and recellularised (in 

vitro matured cell-seeded scaffolds). The processes used for their generation are described 

in section 2.1, Fig. 1.  
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Fig. 2. The PC-CT image processing pipeline: (a) shows the inputs and outputs of the ML 

based segmentation tool used for extracting feature-specific masks from individual samples.  

(b) demonstrates the use of the ML-generated tissue mask to isolate the oesophageal tissue 

from its surroundings. (c) shows an example of the visual assessment tool, displaying the 

sample on a slice basis (c1) and volumetrically with examples of “virtual dissection” along 

different planes (c2). (d) describes the extraction of information used for the quantitative 

assessment. d1 shows the steps employed to extract the radial density profile, while d2 and 

d3 show the operations involved in the extraction of the sample’s mean density and tissue 

percentage respectively. This is performed on a single slices and volumetrically. Scale bars 

are 800 µm. 

2.6 Statistical testing 

Unless stated otherwise, the statistical comparison was performed by Wilcoxon rank sum test 

(two-sided) with Bonferroni’s correction using MATLAB (2020a).  A p-value ≤0.05 is 
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considered as statistically significant. Data for each population are expressed as mean and 

standard deviation, (mean±STD), with the n value of each reported in the manuscript. 

2.6 Image Visualisation tools 

For the two- and three-dimensional visualisation of the tomographic datasets we used the 

open source image processing packages Fiji[23] and Drishti[24]–[26] respectively. 

 

3. Results: test and validation of the proposed tools 

The visual and quantitative intra-sample assessment based on our semi-automated pipeline 

is demonstrated on a native (N1), a scaffold (S1) and a recellularised (R1) sample. For the 

inter-sample statistical comparison, we considered 17 native, 18 scaffold and 8 recellularised 

samples. Additional demonstrations are provided in Supplementary 3 for more native (N2-3), 

scaffold (S2-3) and recellularised (R2-3) samples. These were assessed on a single-slice 

basis, and sample irregularities were identified both visually and quantitatively.  

3.1 Validation of A-CT, H-CT, PS-CT through histology 

Hematoxylin/Eosin (H&E) histology slices were used as the gold standard against which the 

features visualised by and PS-CT and H-CT (as well as conventional, A-CT) were 

benchmarked (Fig. 3a). PS-CT and H-CT provide images that are compatible with current 

assessment standards, but with the advantage of preserving the integrity of the sample and 

providing complete 3D volumetric information (Fig. 3b). Regions of high physical density, e.g. 

cell-rich layers of N1, appear bright in the CT images, while low-density regions such as some 

cell-free layers of S1 appear dark. This enables a straightforward visual assessment of the 

recellularised sample R1, in which the cell-repopulated and cell-free areas appear bright and 

dark, respectively. While this is not strictly a one-to-one relation as for example compact 

collagen would also look bright, it still provides a valuable tool to identify cell-rich areas as 
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further demonstrated in Supplementary 4, where comparison with DAPI staining is also 

provided. 

Fig. 3a also shows compatibility between H-CT and PS-CT, which highlights the potential to 

use the faster H-CT modality for quantitative assessments (Supplementary 2.2). PS-CT slices 

were also compared to the A-CT ones, highlighting the diminished soft tissue contrasts of the 

latter: in samples N1 and S1 the distinction between oesophageal layers is not immediately 

evident, and in sample R1 the differentiation between cell-populated and cell-free regions is 

not possible. Furthermore, voxels in A-CT slices do not represent a quantitative density map. 

3.2 Oesophageal layer identification and volumetric visualisation 

Confirmation of the features identified in the visual assessment was obtained via comparison 

of H-CT and PS-CT with histological slices of the same samples (Fig. 3b). The intensity profiles 

extracted from each sample demonstrate the close similarity of both H-CT and PS-CT datasets 

with the corresponding histological slices, and confirm compatibility between the two phase-

based methods. All oesophageal layers expected in a native sample are visualised, both 

volumetrically and on a single slice basis, see labels 1-8 on sample N1.  Additional features 

emerged from the volumetric inspection, e.g. a neurovascular bundle and a vagus nerve (NVB 

and VN in the figure). Our method also allows confirming the preservation of the scaffold’s 

ECM architecture, through identification of the corresponding layers labelled as 2-8 on sample 

S1. The visual assessment of recellularised sample R1 enables observing a remodelling of 

the ECM architecture. The distribution of cells within the sample is visualised volumetrically, 

and a continuous cell-free region is identified. 

Further to providing volumetric sample visualisation with high soft tissue sensitivity, PC-CT 

enables overcoming some inherent limitations of histology. Histology involves embedding the 

sample in paraffin prior to dissection, which restricts visualisation to a fixed anatomical 

orientation. Moreover, the embedding process affects the plane of dissection, and therefore 

of observation. This can alter the features captured in a specific dissection plan, ultimately 
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influencing the biological conclusions in the absence of additional data. In Supplementary 5, 

we show how this could lead to misjudging the extent to which a recellularised sample is 

repopulated. Our method’s ability to fully explore a sample in 3D through “virtual” dissection 

eliminates this risk. 
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Fig. 3. a Histological Validation of A-CT, H-CT, PS-CT. The three CT methodologies 

(columns 1-3, corresponding to A-CT, H-CT and PS-CT respectively) are compared to H&E 

histology, half of which was converted into a grey scale image to further highlight the similarity 

with the x-ray datasets (column 4). Images on each row correspond to a native (N1), scaffold 

(S1) and recellularised oesophagi (R1). The arrows in R1 highlight cell poor or successfully 

repopulated areas, as per the corresponding labels. b Volumetric visualisation and 

oesophageal layer identification. Starting from the top, samples N1, S1 and R1 (columns 

1-3 respectively) are presented volumetrically, then a cut along the sagittal plane is used to 

identify the oesophageal layers in H-CT, PS-CT and Grey scale histology datasets (with the 

help of intensity profiles). The same labelling of the layers applies for all samples: 1. 

epithelium, 2. lamina propria and muscularis mucosae, 3. submucosa, 4. submucosa - inner 

circular muscular layer transition, 5. inner circular muscular layer, 6. inner circular muscular 

layer - longitudinal outer muscular layer transition, 7. longitudinal outer muscular layer, 8. 

adventitia. Prior to extracting the profile plots of H-CT and grey scale histology, image 

intensities were normalised to range between 0-1 to account for their non-quantitative nature. 

Conversely, plots from the PS-CT slices are quantitative and represent the density of each 

layer. A neurovascular bundle visualised in N1 and a vagus nerve visualised in S1 are labelled 

as NVB and VN, respectively. Scale bars are 800 µm. 

3.3 Quantitative intra- and inter-sample assessment 

3.3.1 Intra-sample assessment  

Radial density profile: Fig. 4a and 4b show PS-CT slices of samples N1, S1, and R1, and 

the corresponding radial density profiles. The repetitive architecture and composition of N1 

results in a relatively uniform profile, with minimal variations along different radii. The cell-free 

S1 also shows small variations between measurement directions, albeit with markedly lower 

density values. This is an indication of uniform (i.e. successful) cell removal. Conversely, the 

radial density profile of R1 shows a non-homogeneous cell-repopulation, visually noticeable 

in the PS-CT slice. Notably, the extracted density values fluctuate between those typical of 
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native and scaffold samples (Fig. 4b), and can therefore be considered indicative of cell-

populated and cell-poor parts of the sample respectively, with the former typically 

corresponding to injection points (indicated as IPa-b in Fig. 4a).  

Mean Density and Tissue Percentage: The intra-sample mean density and tissue 

percentage (used as a morphology metric) values across samples N1, S1 and R1 are plotted 

in Fig. 4c1 and Fig. 4d1. The plots for N1 confirm a uniform density and morphology across 

slices. Similar characteristics are observed for S1, confirming the generation of a cell-free 

scaffold with uniform density and morphology along its length. Conversely R1 demonstrates a 

higher variation in density and tissue percentage across slices, attributed to differences in the 

number of cells and/or their arrangement.  

3.3.2 Inter-sample assessment  

The inter-sample statistical comparison was based on the volumetric mean density (Fig. 4c2) 

and tissue percentage (Fig. 4d2) values of all samples considered in this work. Samples were 

grouped according to their type: native (n=17), scaffold (n=18) and rececellularised (n=8).  

Volumetric Density: The mean volumetric density values of the native, scaffold and 

recellularised groups were 0.53±0.05, 0.18±0.02 and 0.37±0.05, respectively (Fig. 4c2). A 

significant difference between the native and scaffold groups was found (****p=1.45×10-6), 

attributed to the cell-free nature of the scaffolds, leading to a significantly lower volumetric 

density. The recellularised samples show no significant difference from the native samples 

(p=0.12), and significantly higher volumetric density values than the scaffolds (**p=3.46×10-

3), indicating that cells were successfully reintroduced. 

Volumetric Tissue percentage: The mean volumetric tissue percentage values of the native, 

scaffold and recellularised groups were 81±3%, 60±2% and 76±2%, respectively. The 

volumetric tissue percentage values of the native and recellularised samples are not 

significantly different (p=0.26), while they are both significantly higher than the scaffolds 

(***p=1.03×10-4 and **p=1.90×10-3, respectively). These differences suggest a reduction in the 
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oesophageal wall thickness due to the removal of cells upon scaffold generation via 

decellularization, followed by an increase upon TE of the recellularised constructs.   

 

Fig. 4. Quantitative assessment. The PS-CT slices of a native (N1), a scaffold (S1) and a 

recellularised (R1) sample are shown in panel (a), with their corresponding radial density 

profiles sampled at every 1° shown in (b). The variation in mean oesophageal density and 

tissue percentage across slices over the entire volume of each sample are presented in panels 

(c1) and (d1), respectively. Finally the inter-sample statistical comparison performed on the 

basis of the volumetric mean density and tissue percentage of all samples considered in this 

work - native (N, n=17), scaffold (S, n=18) and recellularised (R, n=8) – are reported in panels 

(c2) and (d2), respectively. Boxplot elements: central mark indicates the median, and the 
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bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The 

whiskers extend to the most extreme data points not considered outliers, and the outliers are 

plotted individually using the '+' symbol. The statistical comparison was performed by 

Wilcoxon rank sum test (two-sided) with Bonferroni’s correction. A p-value ≤0.05 is considered 

as statistically significant; in panels (c2) and (d2) we indicate p≤0.01 as (**), p≤0.001 as (***) 

and p≤0.0001 as (****). NVB: neurovascular bundle, VN: vagus nerve, M: muscularis mucosae 

(layer 2 in Fig. 3.b), IP: injection point, scale bars represent 800 µm.  

3.4 Evaluation on a single sample basis 

The developed tools can be combined to perform a detailed evaluation of a specific sample. 

As an example, we used them to assess the successful generation of recellularised sample 

R1 (Fig. 5). 

Volumetric visualisation through virtual dissections along the sagittal and coronal planes (Fig. 

5a) enabled the qualitative assessment of individual IPs and their associated cell distributions, 

and the identification of regions with poor or no cell repopulation.  

The mean density (Fig. 5b) and morphology (Fig. 5c) values show variations across the 

sample’s length. To investigate this we extracted the radial density profiles of slices R1.1-3 

(Fig. 5d). Slice R1.1 demonstrates the highest mean density and tissue percentage, attributed 

to a near-complete and homogeneous cell-repopulation, achieved through four IPs (IPs1-4) 

simultaneously affecting the corresponding tissue area. Further down, a reduction in both 

metrics is observed in R1.2, corresponding to the presence of cell-poor regions. The 

comparison between the radial density profiles of R1.2 and R1.1 highlights the reduction in 

the number of IPs (two, IP4 and 5, as opposed to four), and that a higher proportion of the 

sample remained cell-poor. These observations address the associated reduction in density 

and morphology. 

Slice R1.3 cuts across four IPs (IP4-7) like slice R.1.1; however, the cells failed to proliferate 

and migrate across the entire slice. Unlike IP1-3 of slice R1.1, IP5-7 appear separated and 
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lacking integration with each other. This failed integration is reflected in a mean density and 

morphology with high fluctuations and reduction in tissue percentage, respectively.   

This suggests using radial density profiles extracted from different parts of the sample to 

quantitatively compare IPs based on their density and dimension. The same approach allows 

to quantitatively assess the volumetric expansion of specific IPs, e.g. IP4 is visualised 

volumetrically in Fig. 5a and assessed in all 3 profiles of Fig. 5d.  
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Fig. 5. Comprehensive sample evaluation. Combined results of the visual and quantitative 

assessment for recellularised sample R1. The visual assessment was performed by virtual 

dissection at orthogonal views (a); IP1-7 indicate injection points, and R.1.1-3 the levels at 

which the individual PS-CT slices shown in d were extracted. Injection points and cell-poor 

regions are clearly visible as brighter and darked areas, respectively. The mean oesophageal 

density and tissue percentage across slices are shown in panels (b) and (c) respectively, with 

points corresponding to slices R1.1-3 highlighted as such. PS-CT slices R1.1-3 and 

corresponding radial density profiles are shown in panel (d), with IP1-7 clearly identifiable in 

both. Scale bars 800 µm. 

 

4. Discussion  

We identified the lack of a three-dimensional, non-destructive imaging method with high 

resolution and tissue sensitivity as a gap in the tools needed to support the transition of TE 

towards clinical practice. Here we show that a laboratory-based PC-CT system can bridge this 

gap, and be integrated in a TE protocol. We have selected oesophageal TE as a case study 

both because it is a natural step forward from previously successful TE of the trachea[9], and 

because of its associated pressing clinical needs. However, we expect the developed tools to 

be useful in a wider range of TE applications, with relevance not only to hollow constructs, but 

also to more complex organs for intervening on both children and adult defects.  

After x-ray PC imaging demonstrated significant advantages in the imaging of soft tissues at 

synchrotrons (e.g. in mammography, where it has reached the in vivo stage[27]), methods 

have emerged that enable their implementation with conventional sources[28], a necessary 

step for clinical translation. Among the various methods, all of which have significant (and 

often complementary) advantages, we focused on EI, especially because it allows performing 

PC-CT scans in minutes[20]: throughput is expected to be a key driver for clinical uptake. 

Moreover, EI enables compact setups[29] and therefore systems with limited footprint, which 
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could facilitate adoption by clinics and TE labs. All this been said, other suitable candidates 

exist in the shape of Talbot-Lau interferometry [30], speckle-based [31] and propagation-

based imaging. The latter, arguably the simplest and was one of the first PC methods to be 

introduced [32]-[33] has recently seen significant advances in terms of imaging speed thanks 

to the introduction of new x-ray source technology [34]. A detailed discussion of the pros and 

cons of EI compared to these other approaches lays beyond the scope of the present article, 

and the reader is referred to a recent review paper [35]. 

Alongside the imaging method, we have developed a semi-automated pipeline for extracting 

volumetric images and quantitative density and morphological information, which were 

combined to perform unprecedentedly detailed TE sample evaluations.  

The availability of a non-destructive, 3D imaging method means that sample visualisation is 

no longer restricted to a fixed anatomical plane. This enabled us to volumetrically 1) identify 

all oesophageal layers; 2) confirm their preservation in scaffolds following cells removal; 3) 

assess cell repopulation in recellularised samples, by distinguishing between cell-populated 

and cell-poor regions. Furthermore, as demonstrated in Supplementary 5, PC-CT can 

overcome limitations associated with the manual handling of the specimens in histology, 

which, in extreme cases, could lead to erroneous conclusions on the quality of the engineered 

product.  

Alongside providing volumetric images, this methodology enables extracting quantitative 

information that can be used for intra- and inter-sample assessments. These are performed 

through a range of quantification tools developed in this study: radial density profile, mean 

density and tissue percentage. As well as a means to rapidly identify outliers such as poorly 

repopulated specimens, their use in combination with visual volumetric inspection enables an 

extensive, detailed evaluation of individual specimens. In the example of Fig. 5, we were able 

to identify variations in cell-amount (mean density) and cell-arrangement (tissue percentage) 

along the sample. Further investigation based on radial density profiles enabled ascribing 

these variations to inter-slice differences in IP numbers and/or associated cell-distribution. 
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Results from such thorough evaluations can be fed back to TE procedures, leading to a better 

understanding of the roles and effects of various steps, and ultimately to an improvement of 

the protocols themselves. 

The methodology also allowed the extraction of the mean density and tissue percentage from 

a group of samples on a volumetric basis, then used for a statistical inter-sample analysis. 

Significant differences were observed, for both metrics, between scaffold and recellularised 

groups. This provided an insight on the mechanisms taking place when these constructs are 

generated; furthermore, we demonstrated the potential of combining our tools for confirming 

the successful generation of scaffold and recellularised samples. 

In summary, we expect the presented pipeline to support the development of tissue 

engineering in a variety of ways. 

PC-CT can be used for a detailed characterisation of specific samples, which can 1) play a 

pilot role on driving and informing TE procedures and 2) provide a detailed quality control 

assessment of a regenerated organ prior to implantation. The ability to provide high-level 

characterisation of specific samples could also play a role in determining what constitutes a 

“releasable product” in TE, for example by comparison with native organs or other predefined 

gold standards. 

The pipeline can extract “global” quantitative parameters from a group of specimens, allowing 

the rapid identification (and consequent rejection, in an outlook where TE constructs will 

ultimately become available “off-the-shelf”) of substandard samples. This can either be utilised 

as a quality assurance process on its own merit, or to trigger further inspections. It should be 

noted however, that if the presented approach is adopted for quality assurance purposes, 

oesophageal samples would be irradiated prior to the cell-repopulation (scaffold) and 

transplantation (recellularised) stages. This would require reassurance that their exposure to 

ionising radiation does not result in any unwanted biological effect. A full assessment on this 

will require a dedicated study and lays beyond the scope of the present paper. However, it 
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should be noted that the dose delivered using a laboratory-based EI system is comparably 

low[36]–[38].    

Being scalable to larger samples, the presented workflow is compatible with TE protocols 

stepping up to larger animal models (e.g. from piglets to pigs, as presented in Supplementary 

6), and ultimately to humans. Crucially, the non-destructive nature of PC-CT could also allow 

in vivo assessments of TE constructs following their implantation in animal hosts, to investigate 

their successful integration.  

 

 

 

5. Conclusion  

In conclusion, we believe the use of PC-CT as a powerful tool for guiding the development 

and translation of TE protocols, enabling the progression of the field, and ultimately allowing 

for the successful regeneration of organs with complex architecture and function.  
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