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INTRODUCTION
A frontier research discipline of nowadays is rep-

resented by tissue engineering, a multidisciplinary 
approach to the problem of restoring diseased or 
damaged tissues to its original state and function.

The innovative concept underlying tissue engineer-
ing with respect to the traditional methods of regener-
ative medicine (i.e. the employment of prostheses and 
organ transplantation) is the use of autologous cells, 
obtained from a biopsy of the patient. Three common 
strategies employed in tissue regeneration are: 
1. infusion of isolated cells;
2. �cells are included in a gel precursor solution 

which is injected in the site requiring restoration 
and subsequently cured in situ;

3. �implantation of a cell-scaffold composite. Cells are 
seeded on a porous scaffold which has the role of 
supporting and guiding cells towards the develop-
ment of tissue-like structures as well as providing 
a platform for the delivery under controlled release 
condition of growth, angiogenic factors, etc.

Of the three strategies, the use of cell-scaffold com-
posites generally leads to a more successful outcome. 
These scaffolds are often critical, both in vitro as well 
as in vivo, to recapitulating the normal tissue develop-
ment process and allowing cells to formulate their own 
microenvironments. In contrast to using cells alone, a 
scaffold provides a 3D matrix on which the cells can 
proliferate and migrate, produce matrix, and form a 
functional tissue with a desired shape. The scaffold 
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Summary. The structure and architecture of scaffolds are crucial factors in scaffolds-based tissue 
engineering since they affect the functionality of the tissue engineering construct  and the eventual 
application in health care. Therefore, effective scaffold assessment techniques are required right at 
the initial stages of research and development so as to select or design scaffolds with suitable prop-
erties. Furthermore, since the biological performances of a scaffold is evaluated with respect to its 
capacity of favouring cell adhesion, proliferation as well as production of extracellular matrix, it is 
important to have an analytical technique able to monitor the various stages of cell culture both in 
vitro and especially in vivo. Finally, the development of a vascular network inside the cell scaffold 
construct is a fundamental requisite for achieving a full integration of the developing tissue with the 
host tissue. Also in this respect it is mandatory to assess the propensity of the scaffold to be perme-
ated by blood vessels. In the review, it will be shown how X-ray microtomography (micro-CT) can 
give fundamental information regarding all the three aspects outlined above.

Key words: X-ray microtomography, tissue engineering, scaffolds, vascularization, tissue-engineered bone.
 
Riassunto (Il ruolo della microtomografia nella ingegneria dei tessuti). La struttura e l’architettura degli 
scaffold sono fattori importantissimi nell’ingegneria dei tessuti poiché influenzano la funzionalità dei 
tessuti ricostruiti e una loro eventuale applicazione in campo sanitario. È necessaria infatti, nelle prime 
fasi della ricerca, una valutazione tecnica degli scaffold in modo da selezionare o progettare quelli con 
proprietà più adeguate. Inoltre, poiché le prestazioni biologiche di uno scaffold sono valutate rispetto alla 
capacità di favorire l’adesione e la proliferazione delle cellule seminate e contemporaneamente la produ-
zione di una matrice extra-cellulare, è molto importante ricorrere all’uso di una tecnica analitica che sia in 
grado di monitorare le varie fasi della coltura cellulare, sia in vitro che in vivo. In ultimo, lo sviluppo di una 
rete vascolare all’interno della proliferazione cellulare dello scaffold è uno dei requisiti fondamentali per 
permettere la completa integrazione del tessuto in fase di sviluppo con il tessuto ospite. Anche in questo 
caso è assolutamente necessario valutare la propensione dello scaffold alla permeazione da parte di vasi 
sanguigni. In questa rassegna, sarà mostrato come la microtomografia a raggi X (micro-CT) sia in grado 
di fornire importanti informazioni riguardo ai tre aspetti evidenziati poco sopra.

Parole chiave: microtomografia a raggi X, ingegneria tissutale, scaffolds, vascolarizzazione, tessuto osseo inge-
gnerizzato.
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salso provides structural stability for developing tissue 

and allows incorporation of biological or mechani-
cal signals to enhance tissue formation. The biologi-
cal and mechanical properties of scaffolds may vary 
depending on the application, and can be designed to 
provide an environment with appropriate signals that 
stimulate cells to proliferate and/or differentiate. 

The design or selection of porous scaffolds for 
specific tissue engineering applications requires an 
understanding of the relationship between the scaf-
fold micro architecture and its intended biological 
and mechanical functions. Biological responses to 
implanted scaffolds are influenced by a wide variety 
of factors including scaffold design features such as 
material, degradation rate, and 3D micro architec-
ture [1, 2]. For instance, one of the key properties 
that is widely discussed in the literature is porosity [3, 
4]. Porosity would determine cell seeding efficiency, 
diffusion and the mechanical strength of the scaf-
fold. High porosity and high surface area to volume 
ratio are required for uniform cell delivery, cellular 
attachment and neo tissue ingrowths’ [5, 6]. 

Studies on scaffold design have revealed that be-
sides porosity, other factors such as pore intercon-
nectivity and permeability affect cell migration, fluid 
exchange and eventually tissue ingrowth and vascu-
larization (penetration of blood vessels). Other pa-
rameters which are used to assess the functionality 
of the scaffold would include surface area and pore 
size. A large surface to volume ratio would assist cel-
lular adhesion. Moreover, pore sizes should be suf-
ficiently large so as to encourage cellular ingrowth. 
Depending on the tissue type (soft or hard tissue), 
some of the tissue engineered construct must pos-
ses sufficient mechanical strength so as to withstand 
loading, thus strut/wall thickness, anisotropy and 
the cross sectional area of the scaffold would be of 
interest.

The biological performances of a scaffold in terms 
of cell adhesion, proliferation and production of 
extracellular matrix is a factor that has to be eval-
uated during in vitro culturing and in vivo testing. 
Sometimes a combination of techniques is required 
so as to achieve an in depth study of the scaffold 
properties and of its performance. However, the 
most attractive option is a single technique which is 
non-destructive, yet capable of providing a compre-
hensive set of data. A recently developed technique 
which is non-destructive uses X-ray microtomogra-
phy (micro-CT), which can produce 2D maps as well 
as 3D images of the porous scaffolds.

Micro-CT has been used to quantify complex ge-
ometries in 3D at small resolution. Images with vox-
el (the 3D equivalent of 2D pixel) sizes less than 10 
μm are potentially achievable [7], making it superior 
to other techniques such as ultrasound (30 μm) and 
magnetic resonance imaging (100 μm). Micro-CT has 
predominantly been used for visualising and ana-
lysing bone structure and development [8] and to 
evaluate the 3D microarchitecture of subchondral 
trabecular bone in osteoarthritis [9]. 

In micro-CT scanning, the specimen is divided in-
to a series of 2D slices which are irradiated from the 
edges with X-rays. Upon transversing through the 
slice, the X-rays are attenuated and the emergence 
X-rays with reduced intensities are captured by the 
detector array. From the detector measurements, 
the X-rays paths are calculated and the attenuation 
coefficients are derived. A 2D pixel map is created 
from these computations and each pixel is denoted 
by a threshold value which corresponds to the at-
tenuation coefficient measured at a similar location 
within the specimen. As the attenuation coefficient 
correlates to the material density, the resultant 2D 
maps reveal the material phases within the speci-
men. The quality of the 2D maps is dependant on 
the scanning resolution which ranges from 1 to 50 
μm [10-13]. At high resolution, intricate details are 
imaged, however more time is required for high res-
olution scanning and large processing and storage 
capabilities become necessary.

Scaffolds with intricate interior structures can be 
scrutinized using micro-CT, and any spatial location 
of the architecture can be digitally isolated out. This 
is crucial for scaffolds that exhibit different geomet-
ric layouts at different spatial locations. Within the 
digitally excised scaffold cube, scaffold material vol-
ume and surface area are measured, thus allowing 
the calculation of porosity and surface area to vol-
ume ratio. Three dimensional imaging allows a close 
up view of any specific location, thus the observa-
tion of pore shape and the measurement of pore size 
and strut/wall thickness can be conducted in these 
close ups. Scaffold anisotropy is evaluated via algo-
rithms and the cross-sectional area can be measured 
from 2D slice images. By inverting the threshold, a 
negative image is created which captures only the 
scaffold pores. By measuring the total and the in-
terconnected pore volumes, interconnectivity is de-
rived [14]. As micro-CT employs penetrative X-rays, 
closed pores can be imaged. The flexibility of micro-
CT analysis allows the evaluation of foams, textiles 
and nanofiber scaffold.

There are associated concerns despite of  the 
numerous advantages of  using micro-CT. Image 
thresholding is a crucial step that has to be executed 
prior to 3D modeling and it affects the subsequent 
analysis and visualization [15, 16]. In the conven-
tional approach, the thresholding range is selected 
via histographics and visual estimation and the 
problem arises when the scaffold is composed of 
multiple materials whose thresholding ranges over-
lap and this renders the digital separation of  these 
materials a difficult task. Moreover, as polychro-
matic X-ray beams are used in micro-CT, the lower 
energy rays would be readily attenuated by the sam-
ple resulting in a high exposure at the centre of  the 
scaffold. This effect is known as beam hardening 
and as a result thresholding is no longer depend-
ent solely on radiodensity but also on the specimen 
size [17, 18]. Micro-CT analysis is not suitable for 
scaffolds containing metals as X-rays are heavily 
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Fig. 1 | (A)Scanning electron micrographs. (B) X-ray micro-tomography images of a solid foam 2D sections. (C1) Radiograph of the 
solid foam and (C2) 3D reconstruction of the entire scaffold. 
Nominal pore volumes (PV): 85% (A1 and B1) and 90% v/v (A2, B2, C1 and C2). Gelatin concentration:12% w/v. Surfactant system used: poly-
Quaternium (0.8% w/v) and SDS (0.08% w/v). Reproduced from Barbetta et al. [24], with permission of The Royal Society of Chemistry.

A1 A2

B1 B2

C1 C2

http://dx.doi.org/10.1039/b920049e
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als results in dark and bright grainy artifacts which 
obscure important details in the scan images [19, 
20]. As micro-CT is a relatively new technology, 
improved algorithms and setups are anticipated, 
thus resolving such imaging errors.

A micro-CT study
The potential of  micro-CT scanning is demon-

strated in the following application which involves 
the evaluation of  the morphological characteris-
tics of  polymeric scaffolds that were produced via 
gas-in-liquid foam templating [21-23]. This method 
consists of  insufflating under controlled condition 
a predetermined volume of  an inert gas into a solu-
tion of  a biopolymer and an appropriate surfactant 
and induce, in a successive step, the gelation of  the 
film of  liquid phase surrounding the bubbles of  the 
gas phase. By dosing the volume of  the gas insuf-
flated, porous materials with very different pore 
volumes (from 75 to 95% v/v) can be readily syn-
thesised. The ensuing porous materials are charac-
terised by a trabecular morphology (Figure 1 (A1) 
and (A2)). In the present case two scaffolds made 
of  gelatin and characterised by a nominal pore vol-
ume of  85 and 90% v/v were prepared. As already 
apparent from the SEM micrographs (Figure 1 
(A1) and (A2)), the two samples although charac-
terised by the same geometrical layout, are rather 
different in term of  the size of  voids (originated 
from the gas bubbles entrapped within the gelatin 

solution) and interconnects (hole openings in the 
void walls originated from the rupture of  the film 
of  continuous phase surrounding adjacent bubbles 
at the point of  maximum approach). To visualize 
the scaffolds by micro-CT, it was necessary to stain 
them by a contrasting agent since the attenuation 
of  the X-ray beam through the sample made of 
relatively light elements (C, N, O) and character-
ised by relatively low density is not enough to give 
rise to clear images. The specimens were soaked 
into a solution 1% w/v of  osmium tetroxide. As 
it can been seen from the radiograph of  Figure 1 
(C1), the contrast was satisfactory, the foam-like 
morphology of  the specimen being well evident. As 
an example of  the potentialities of  micro-CT as a 
tool for monitoring the influence of  the processing 
parameters on the final scaffold morphology, the 
representative 2D images of two scaffolds are report-
ed in Figure 1 (B1) and (B2). Already qualitatively, 
it is evident the pronounced effect exerted by the 
volume of  gas insufflated on both the dimension 
of  voids and interconnects. To assess the suitability 
of  these scaffolds for the culture of  different cell 
type it is important to obtain a quantitative meas-
ure of  the void and interconnect diameter distribu-
tions. This information can be obtained from the 
elaboration of  the 2D micrographs obtained with 
micro-CT (Figure 1 (B1) and (B2)). Void and in-
terconnects size distributions for the two scaffolds 
are displayed in Figure 2. It is evident that both 
distributions shift to left side of  the diameter axis 

30

25

20

15

10

5

0

Vo
id

s 
w

ith
in

 ra
ng

e
(%

 b
y 

nu
m

be
r)

0 100 200 300 400 500 600
D (µm)

A1

30

25

20

15

10

5

0

Vo
id

s 
w

ith
in

 ra
ng

e
(%

 b
y 

nu
m

be
r)

0 100 200 300 400 500 600 700 800 900
D (µm)

B1

30

25

20

15

10

5

0

In
te

rc
on

ne
ct

s 
w

ith
in

 ra
ng

e
(%

 b
y 

nu
m

be
r)

0 60 120 180 240 300 360 420 480
d (µm)

A2

30

25

20

15

10

5

0

In
te

rc
on

ne
ct

s 
w

ith
in

 ra
ng

e
(%

 b
y 

nu
m

be
r)

0 30 90 150 210 270 360
d (µm)

B2

Fig. 2 | Number-distributions of voids (1) and interconnects (2) size of gelatin (type B) solid foam characterised by a nominal pore vol-
ume (PV) of: (a) 85%; (b) 90% v/v. The area of a histogram bar is proportional to the number fraction of either voids or interconnects 
within a size range. Reproduced from Barbetta et al. [24], with permission of The Royal Society of Chemistry.

http://dx.doi.org/10.1039/b920049e
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when the pore volume increases from 85 to 90 %v/v. 
Table 1 reports the data regarding average void and 
interconnect diameters for the two scaffolds.

Quantitative parameters of the scaffolds structure 
such as porosity, surface area to volume ratio, aver-
age wall thickness and interconnectivity were then 
extracted. Quantification first requires to separate 
scaffold material from background. This is classi-
cally done by thresholding the image grey levels. The 
threshold was selected by analysing the histograms 
of the image which associate to each grey level, the 
number of voxels having this grey level. In this way 
for example, the distribution of scaffold wall thick-
ness (Figure 3) can be obtained. Table 1 reports the 
set of characterization data for the two scaffolds.

Hence this study demonstrates the versatility of mi-
cro-CT in evaluating scaffolds as it is a single tech-
nique which is capable of characterising the scaffolds 
in multiple aspects.

Study of the ex vivo tissue engineering bone
Ex vivo imaging of tissue-engineering constructs 

with micro-CT plays a critical role in the evolution of 
new formed bone and in the behaviour of scaffolds 
after implant. Traditional methods for evaluating 
osteointegration of tissue-engineered constructs are 
based on 2D techniques such as histology, scanning 
electron and fluorescence microscopy imaging. 3D 
structural data and 3D quantitative analysis of the 

newly formed bone within the scaffold are difficult to 
obtain by these techniques. Histological techniques 
involve the analysis of two-dimensional slices from 
tissue samples. Although, two dimensional slices can 
provide useful information concerning the nature of 
the new bone, the fibrous tissue and the blood mar-
row cells, at 2D level it becomes very difficult, if  not 
impossible, the assessment of the scaffold and bone 
spatial structure. Moreover, it is practically impossi-
ble by histology techniques to obtain mean values of 
physical quantities such as the whole volume of the 
investigated sample. Finally, histology is a destruc-
tive method that does not allow further analysis of 
the samples. Conversely, radiography is a non-inva-
sive method to obtain images throughout the time 
course of clinical experiments, but is suffering from 
the low image quality, due to a projection of a 3D 
structure on a plane thus making it difficult to attain 
accurate information. Unlike to the above methods, 
micro-CT employs conventional X-rays, which can 
achieve a resolution of about 10 μm, when com-
mercial instruments are used, and up to 1 μm, when 
Synchrotron Radiation (SR) is used [24]. Based on 
the fact that new bone, fibrous tissue and ceramic 
scaffolds present different coefficients of absorption, 
this method permits to separate their 3D structures 
and to obtain the corresponding quantitative data 
such as bone volume, thickness, growth, destruction, 
remodeling and changes in bone density [25-27]. 

As an illustrative example, Mastrogiacomo demon-
strated [28] the possibility of non-destructive, quan-
titative analysis of tissue engineering constructs to 
determine the total volume and thickness distribu-
tion of newly formed bone into implants in a small 
animal model by using the micro-CT technique. This 
methodology offers major advantages including the 
possibility of investigating the influence of scaffold 
parameters such as porosity and spatial distribution 
of walls with regard to the growth of bone within the 
implant. In a more recent work [29], taking advan-
tage of micro-CT associated with SR, the kinetics of 
bone growth into tissue engineering constructs was 
investigated in an immunodeficient murine model. 
Images of the pure HA scaffolds were acquired be-
fore implantation and after 8, 16, and 24 weeks from 
implantation. In all cases, data were first obtained on 
the pure scaffold and then the same scaffold was seed-
ed with cells, implanted and, after its recovery, ana-
lyzed again by micro-CT to investigate the kinetics of 
the new bone growth. After implantation in immuno-
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Fig. 3 | Distribution of thicknesses computed from the 3D mi-
cro-CT images of the gelatin based scaffolds. Nominal pore vol-
umes: red bars 85% v/v; blue bars 90% v/v.

Table 1 | Nominal pore volume (PV), average void diameter (‹D›), average interconnect diameters (‹d›), degree of intercon-
nection (‹d›/‹D›), experimental pore volume (PVexp), interconnectivity and average wall thickness of gelatin solid foams

PVa (% v/v) ‹D› (μm) ‹d› (μm) ‹d›/‹D› PVexp
b(% v/v) Interconnectivityc Average wall

thickness (μm)

       85 250 ± 20 80 ± 15 0.32 86 ± 3 100% 74 ± 5

       90 360 ± 30 150 ± 20 0.41 89 ± 3 100% 38 ± 5

aNominal Pore Volume corresponding to the volume of gas injected. bExperimental Pore Volume as determined from micro-CT. cdefined as: 100%  x vol-
ume of interconnected pores/volume sum of interconnected and closed pores.
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deficient mice, bone tissue formation was observed in 
the pores (Figure 4). In addition, this newly formed 
bone was quantified at different time points following 
implantation. While in the case of the pre-implant 
scaffolds only one peak in the X-ray absorption his-
togram was observed corresponding to the biomate-
rial used for the manufacturing of the scaffold itself, 
in the case of the implanted samples an additional 
peak was observed at lower X-ray absorption values, 
which corresponded to the newly formed bone. The 
mean of the peak related to the newly formed bone 
shifted to higher values of linear attenuation coeffi-
cient as the implantation time increased. This effect 
can be explained by a progressive increase in the de-
gree of mineral concentration of bone as a function 
of implantation time.

In another work [30], by exploiting the advantages 
of micro-CT associated with synchrotron radiation, 
Si-TCP (silicon-tricalcium phosphate) scaffolds were 
characterized and the 3D bone deposition into tissue 
engineering constructs in vivo at different implanta-
tion times evaluated. Analyses of the ceramic scaffolds 
were performed before and after 2, 4, and 6 months 
of implantation. The results indicated that there was 
an increment of the new bone thickness during im-
plantation, while the thickness of the scaffold pro-
gressively decreased. Interestingly, the segmentation 
process showed a progressive alteration of the new 
bone and scaffold densities from the 2-month to the 
4- and 6-month implants. As the implantation time 
increased, bone mineralization took place, thus mak-
ing it denser. On the contrary, all Si-TCP scaffolds, 
that before implantation presented a homogeneous 
density, after cell seeding and implantation displayed 
locally segregated different densities. Through evalu-
ation of the thickness of the scaffold walls a remark-
able resorption of the biomaterial was determined 
especially in the 4- and 6-month implants.

Vasculature within scaffolds
Tissue engineering as a therapeutical approach to 

regenerate lost or diseased tissues or organs via deliv-
ery of cells, constructs and biomolecules to the appro-
priate site requires a functional vascular networks for 

adequate integration. It is generally accepted today 
that vascularization of cell engrafted matrices and 
scaffold is critical for the survival and proper function 
of tissue engineering constructs. Thus, a key issue in 
fabricating translatable regenerative tissue is the abil-
ity to generate a functional microvascular network 
within engineered constructs to provide oxygen and 
nutrients that facilitate growth, differentiation, and 
tissue functionality [31]. Oxygen and nutrient diffu-
sion are effective within 200 μm of a vascular supply 
source. The development of a functional vasculature 
is particularly critical in respect to bone defects which 
can be extensive. Therefore, research using tissue en-
gineering strategies has increasingly focused on ang-
iogenesis into biomaterials. 

Due to their low attenuation and small diameter, 
blood vessels are difficult to image in micro-CT. 
Radio-opaque contrast agents have enabled the 
visualization of microvasculature in tissues [32, 33]. 
However, none of these studies involved quantifi-
cation of the vasculature or the imaging of newly 
formed vessels in tissue engineering constructs. Duvall 
et al. [34] used contrast enhanced micro-CT analysis 
to quantify morphologic parameters, including vessel 
volume, thickness, number, connectivity, and degree 
of anisotropy of a 3D vascular network. Briefly, the 
technique involves perfusion of a radiodense silicone 
rubber contrast agent, “Microfil”, containing lead 
chromate and a curing agent through the vasculature 
immediately following euthanasia. The explanted 
samples were demineralised prior to scanning to al-
low segmentation of the vascular networks.

The development of a functional vasculature is par-
ticularly critical with respect to the augment, growth 
and repair of bone loss particularly in areas of trau-
ma, degeneration and revision surgery. However, 
the initiation and development of a fully functional 
vascular network are critical for bioengineered bone 
to repair large osseous defects, whether the materi-
al is osteosynthetic (poly(D,L)-lactic acid, PLA) or 
natural bone allograft. For example, in impact bone 
grafting for revision surgery (a recognised technique 
to develop bone using morsellized allograft) a blood 
supply will be a significant distance away from the 

Fig. 4 | Micro-CT analysis of the 
100% HA scaffold before and after 
4-months implantation. Panel A: 
a random segmented slice of the 
volume prior to cell seeding and 
implantation. Panel B: a random 
segmented slice of the volume after 
cell seeding and implantation for 4 
months in vivo. Reproduced from 
Papadimitropoulos et al. [30], with 
permission of John Wiley and Sons.
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central regions of the tissue. The proximity of this 
vascular supply will become critical when this tech-
nique is combined with mesenchymal stem cells to 
help regenerate the bone [35].

Bolland et al. [36] also used the “Microfil” tech-
nique to study angiogenesis in tissue engineering 
constructs combining human bone marrow stromal 
cells (HBMSC) with natural allograft and synthetic 
graft (PLA) implanted into the subcutis of immu-
nosuppressed mice for a period of 28 days. Microfil 
was perfused through the anaesthetised mice by in-
jecting it into the heart. Explanted and fixed sam-
ples were then scanned using a laboratory micro-CT 
scanner. Figure 5 shows the 3D reconstruction of 
new vessel formation outside (Figure 5A) and in-
side (Figure 5B) the capsules in impacted allografts/
HBMSC samples compared to allograft bone (B, 
insert). Figure 5C represents the 3D reconstruction 
of the impacted allograft scaffold. Similarly, new 
vessel formation was demonstrated outside (Figure 
5D) and inside (Figure 5E) the capsules in impact-
ed PLA/HBMS compared to PLA alone (E, insert). 
Figure 5F represents the 3D reconstruction of the 
impacted PLA scaffold. Quantification of several 
parameters within the scaffolds was achieved: total 
vessel volume; volume/volume of scaffold; vessel 
thickness; mean number of vessels per unit length 
and spacing between the vessels. The density (atten-
uation) of the silicone rubber was used to obtain the 
total vessel volume (total number of voxels corre-
sponding to the silicone rubber) within each sample. 

Algorithms developed for bone structural material 
specifically for bone structural material parameters 
were applied to the grey scale values corresponding 
to the microfilling material. Vessel thickness (VTh) 
was determined by the ratio of vessel surface (VS) to 
the vessel volume (VV) and was calculated using the 
Cauchy-Crofton theorem i.e. VTh = 2/BS/BV, where 
BS is the bone surface and BV is the bone volume. 
The mean number of vessels per unit length (VN) 
was calculated using VN = (BV/TV)/VTh, where TV 
is the total number of vessels. The vessels spacing 
(VSp) between vessel structures was determined us-
ing VSp = 1/VN – VTh.

Schmidt et al. [37] used micro-CT for the evalua-
tion of VEGF-induced vessel ingrowth into a po-
rous polyurethane scaffold through comparison 
with analysis by CD31 immunohystochemistry. 
Micro-CT allowed quantitative vessel detection al-
most down to the capillary level across the whole 
length of the implant. The strength of micro-CT 
was almost apparent in the analysis of the expected 
increase in vascularization induced by VEG, quali-
tatively showing very clearly the marked increase in, 
and more importantly the distribution of, the in-
duced vessel across the entire construct. A limitation 
of the micro-CT technique was the overestimation 
of average vessel size by 1.58 to 1.91 fold increase 
when compared to histologically assessed Microfil 
filled vessels. This is presumably due to a merging 
effect of vessels lying next to each other with an in-
ter-vessels distance of less than 12 μm [38]. 

Fig. 5 | 3D micro-CT visualization of vessel networks. Micro-CT 3D reconstructions demonstrating new vessel formation outside 
(A) and inside (B) the impacted allograft/HBMSC capsules compared to allograft alone (B insert) and outside (E) the impacted 
PLA/HBMSC samples compared to PLA (E insert) alone. 3D reconstructions of the impacted scaffolds: (C) allograft, (F) PLA. 
Reproduced from Bolland et al.  [36], with permission of Elsevier.
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sCONCLUSIONS

Micro-CT is a rather new technique but it has 
demonstrated various key advantages. Being a 
computational method, numerous parameters 
can be calculated and this depends on the compu-
tational capability of  the software and hardcore. 
Furthermore, it is non destructive, hence samples 
remain intact for further analysis. Now, there is a 
shift emphasis from improving the imaging tech-
nique, to developing new and improved image anal-
ysis technique to get the most from the 3D images, 
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as well as to monitor 3D cell response in vitro and 
bone and blood vessel ingrowth, including quality 
of  blood vessels.
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