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ABSTRACT 

Tuberculosis tends to be seen as a disease of the past, however by reviewing this infectious 

disease and its prevalence it arises the need for new drug combinations for the treatment 

of drug-susceptible microorganisms which are proliferating. The steps in the drug 

development path can benefit of the predictive power of the preclinical methods.. By 

introducing preclinical imaging tools such as the μCT, the disease progression can be 

followed up with mild suffering of the animal and every animal can reach the assay end 

point, where histopathology will confirm and extend the information already seen in the 

images. Thus preclinical imaging complies with the guiding principles of the 3Rs 

(replacement, reduction and refinement) for performing more humane animal research.  

This thesis is focused on the refinement of soft tissue X-ray imaging in small animal micro 

computed tomography (μCT) for assessing the host response of pulmonary infectious 

diseases in the preclinical stage of drug combination development programs, i.e. in in vivo 

efficacy assays.  We propose refinement interventions at every application of the imaging 

system: at the acquisition, by optimizing the protocol for soft-tissue imaging tasks; at the 

proccessing level, by quantifying the disease progression with a novel radiological 

biomarker; and at the histological analysis, by guiding the block slicing straight to the 

lesions of interest, previously located in the μCT of post portem samples with metallic 

staining. 

These contributions are a major refinement allowing the assessment of disease 

involvement in the lungs, with translational capabilities for clinical diagnosis of any 

pulmonary diseases causing lung opacities (i.e. injury, infection or tumorigenesis). In 

preclinical imaging, it will significantly reduce heterogeneity and animal numbers while 

improving reproducibility of disease models which are key issues in non-humane primate 

models. The outcomes from this thesis could eventually help bring more effective drugs to 

patients by improving the predictive power of preclinical methods. In clinical imaging, X-

ray imaging is currently in the World Health Organization guidelines for patients suspected 

of tuberculosis, and this first diagnostic line by imaging can directly benefit from the 

biomarkers thoroughly verified in preclinical models. 
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CHAPTER 1 MOTIVATION FOR IMAGING TOOLS IN DRUG 

DEVELOPMENT PROGRAMS 

1.1 Introduction 

The steps in the drug discovery and development path can benefit of the predictive power 

of the preclinical methods. Furthermore, preclinical imaging complies with the guiding 

principles of the 3Rs (replacement, reduction and refinement) for performing more 

humane animal research.  

1.2 Critical path to drug regimens 

Drug discovery programs are designed to meet the need of diseases without suitable 

medical treatments up to date. Under the current paradigm, clinical development is 

expected to take no less than six years for a novel drug and around twenty years for a 

combination regime developed sequentially. The latter can take a more direct path if the 

development is simultaneous, i.e. multiple drugs to be tested together as companions [1].  

The first step of the process is the basic research that develops a hypothesis that a molecule, 

such as a gene or protein, targeted with a drug or a combination of them, presents a 

therapeutic effect in the disease state. This hypothesis is then proven by screening assays 

which validate the promising lead compounds that will progress into preclinical 

development [2]. Figure 1.1 exemplifies these steps. 

The rationale for in vitro screening assays is the identification of potential genotoxic issues 

and to investigate mechanism of action and relative potency of compound combinations. 

Many screening assays are available to investigate different mechanisms of DNA damage, 

to find relationships between chemical structure and biological activity of compounds and 

to optimized the combinations and doses [3], [4]. 

The progression to in vivo disease models further assesses the therapeutic potential of the 

optimized companion drugs. Animal models are also used to validate the activity of 

compounds in pharmacodynamic modelling and in preclinical toxicity studies. 

 



The phases of the clinical trials of the approved candidate combinations will involve first 

trials on absorbance and elimination of the drugs, as well as their side effects in healthy 

volunteers; in the second phase, the patient pool widens with afflicted volunteers closely 

monitored for changes in their condition (side effects or improvement); and in phase 3, the 

competent authority states the primary endpoint which defines the success of a tested drug. 

Assuming the new regimen safely meets its primary endpoint, the next step is to file for its 

approval for production. 

Typically, for each project 5000 to 10000 compounds might be screened initially. During 

the following optimization programs, only 250 compounds are screened to hone down to 

10s of drug combinations for preclinical phase. From those, only one in 10 candidates 

reaches the clinical trials [5], [6]. Studies prior to clinical development are key to establish 

predictive translational models. The identification of biomarkers may complete the disease 

understanding.  

 
Figure 1.1 Regimens discovery and development path. From in vitro screening to approval. For novel 
combo testing, multiple new drugs (blocks of the beam) tested together at the early development 
phases.
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 1.3 Imaging technology for the 3Rs 

The ethical question of the use of animals in research may shadow the predictive power of 

preclinical methods. Any research is exposed to risk and opportunity factors which will 

influence the quality of the scientific outcomes. Among those factors, the animal welfare has 

been proven to make the difference between reliable conclusions and unwanted variations 

[7]. Thus, the health, well-being and humane suffering may compromise quality of science 

and public/personal attitudes.  

Opinion polls in Europe show that 35% of the public reject animal experimentation, and 

those who accept it is on the premise of no alternative and no unnecessary suffering for the 

animals. The experimentation goal is also a topic the public feel strongly about. The use of 

laboratory animals is only justified for medical and/or environmental purposes [8], [9]. 

Policies and terms of research grants also reflect the concern of the funders on the 

protection of animals. This increasing awareness demands the adherence to the principle 

of the 3Rs of animal use [10]:  

Replacement Before using animals, look for alternative models and tools to replace them. 

Reduction If there are not alternatives, design robust and reproducible assays which add 

knowledge and minimized the number of animals. 

Refinement Exploit the latest in vivo technologies for monitoring animal welfare and 

improving the understanding of scientific outcomes. 

Regulatory authorities have endorsed the principle of the 3Rs [11]. The Directive 

2010/63/EU on the protection of animals used for scientific purposes includes an explicit 

reference to the 3Rs principle and it was transposed into the Spanish law “RD- 53/2013 

Animales Experimentación”. 

Some figures on Spanish experimentation provided by MAGRAMA[12] are shown in Figure 

1.2. The European Union Reference Laboratory for Alternatives to Animal Testing (EURL 

ECVAM) count animal experiments (not number of animals) on all vertebrates as well as 

cephalopods. Invertebrates (e.g. fruit flies and nematode worms) and embryos are not 

considered by the legislation. The prevalence of small animals as preferred strains in 

medical research make murine the top of research strains in Spain.  
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Although it is strongly advised to reuse animals in different assays, it becomes a risk factor 

that may compromise the experimental factors when dealing with animal models of human 

diseases.This is the reason why only 1.27% of the animals could be reused in 2017, cases 

where the experimental procedures of the first assay implied a mild suffering.  

Research protocols on disease progression or compound efficacy assays traditionally relay 

on parasitaemia, which implies the attrition of subjects at the designated time points. 

Despite the histopathological analysis is refined to the point of being considered as ground 

truth, reduction on the number of animals is impossible. By introducing preclinical imaging 

tools such as the μCT, the disease progression can be followed up with mild suffering of the 

animal and every animal can reach the assay end point, where histopathology will confirm 

and extend the information already seen in the images. Statistical power of the scientific 

results will be increased, encouraging the launch of curation assays which consist on 

continuing the experiment after treatment to evaluate the relapse risk. Furthermore, 

imaging opens the door to model the human diseases progression by the biomarkers 

developed on small animal models, reducing the number of procedures on non-human 

primates.   

  
Figure 1.2 Figures of animal research in Spain (2017). Preferred animals (circle graph) for 
experimentation are the small animals. The bar plot shows the effect of the 2010 law and the 
consecutive stabilization on the number of total procedures (grey). The number of procedures in 
mice (dark blue) is stable over the years. Data source: MAGRAMA[12] 
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1.4 Thesis overview 

The development of preclinical imaging approaches contributes to advance 3Rs science. 

This thesis is focused on the refinement of soft tissue X-ray imaging in small animal micro 

computed tomography (μCT) for assessing the host response of pulmonary infectious 

diseases in the preclinical stage of drug combination development programs, i.e. in in vivo 

efficacy assays.  

The image quality requisites of this thesis are imposed by the peculiarities of the 

experimental research for the infectious disease tuberculosis in mouse models (Chapter 2). 

Within the framework of the 3Rs we will initially define suitable μCT system configurations 

and protocols for contrast enhancement and respiratory motion avoidance. The μCT 

technology has been highly developed in the past decades and its robustness has made from 

it the worldwide imaging solution for structural reference. To take X-ray imaging to the next 

level, and starting from the in-house developmental know-how, a new μCT system is 

ensembled with the latest detection technology to fulfil the requirements of thoracic soft-

tissue imaging tasks (Chapter 3). Once the quality of the images reaches the task 

requirements, the system is placed in production and μCT imaging is included in the efficacy 

assay planning.  

Using appropriately powered experiments in mouse models, we design and characterize 

the in vivo biomarker of the disease involvement by image processing methods. The 

radiological involvement biomarker is the quantitative analysis of the disease progression 

and it is automatically computed by the developed desktop application. Prospectively, the 

biomarker verifies the successes of the infection and the disease current stage per animal. 

Retrospectively, it evaluates the disease progression and drug efficacy per experimental 

group as a complement to the histopathological analysis (Chapter 4). Aiming for the 

stratification of the pulmonary lesions and their different compartments, we also propose 

a method for guiding histological analysis and ensuring its direct correspondence with μCT 

scans (Chapter 5).  
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Recent advances in detection technologies for medical imaging led by CERN, the European 

Organization for Nuclear Research, encouraged us to close this thesis with a pilot study of 

the potential in infected pulmonary imaging by the cutting-edge technology of energy 

resolving μCT (spectral μCT) (Chapter 6). 

These approaches are a major refinement allowing the assessment of disease involvement 

in the lungs, with translational capabilities for clinical diagnosis of any pulmonary diseases 

causing lung opacities (i.e. injury, infection or tumorigenesis). In preclinical imaging, it will 

significantly reduce heterogeneity and animal numbers while improving reproducibility of 

disease models which are key issues in non-humane primate models. The outcomes from 

this thesis could eventually help bring more effective drugs to patients by improving the 

predictive power of preclinical methods. In clinical imaging, X-ray imaging is currently in 

the World Health Organization guidelines for patients suspected of tuberculosis, and this 

first diagnostic line by imaging can directly benefit from the biomarkers thoroughly verified 

in preclinical models. 



CHAPTER 2 EXPERIMENTAL RESEARCH FOR TUBERCULOSIS 

2.1 Introduction 

tuberculosis tends to be seen as a disease of the past, however by reviewing this infectious 

disease and its prevalence it arises the need for new drug combinations for its treatment. 

The experimental requirements for the development of new drug combination regimens 

are imposed by the experimental animal model and the biosafety requirements associated 

with tuberculosis research.  

2.2 Tuberculosis pandemic 

The World Health Organization (WHO) estimates that a billion people in 150 countries 

suffers from neglected diseases. These are called neglected because their socio-economic 

importance is not based on profit. They occur most often in developing countries, and in the 

case of tuberculosis, it is not considered as a deadly disease. However, the bacillus 

Mycobacterium tuberculosis (Mtb) caused 10.3 million incident cases in 2017 and one third 

of the world’s population is estimated to be infected with Mtb but asymptomatically. Mtb 

can also develop resistance to the antimicrobial drugs and the spread of this strains claims 

for new combinations of anti-tuberculosis treatments[13]. 

Tuberculosis is an airborne infectious disease spread through droplets in sneeze, cough or 

breath of an infected person[14]. Thus, the bacilli are inhaled and settle throughout the 

airways. Once the mucus fails as physical defence, the bacteria reaches the lungs where the 

host immune response intervenes to content and stop it. The subject is then infected with 

pulmonary tuberculosis and it can present symptoms such as cough, fever, night sweats, 

fatigue (active state of the disease) or if the immune system success, the bacilli remain 

trapped and in a latent state.  

2.2.1 Lung lesions 

In humans, pulmonary disease is characterized by its heterogeneous cellular composition 

and organization of the lesions called granulomas. When Mtb invades and infects the lungs, 

the macrophages retain the bacilli in the alveolar epithelium, thickening the interstitial 
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tissue, as first immune response. Subsequently, the recruitment of immune cells form a 

granuloma [15]. 

In the active state of the disease, Mtb replicates itself, using the granuloma as culturing 

media. When the expansion of the lesion travers an airway wall, the bacterial load will 

disseminate and proliferate in any group of cells. At this phase, the bacteria can involve 

other organs or be released through the respiratory tract [15]. In the latent state of the 

disease, Mtb is starved inside the granuloma. Replication and spreading are avoided thanks 

to the immune response.  

The lesions which are more difficult to treat are the granulomas with propensity to progress 

toward irreversible tissue damage, loss of cell function and finally, cavity formation. These 

are called necrotic lesions, one of the most important consequences of tuberculosis and a 

main target in drug discovery because of the low penetration of the compounds into them 

[16], [17]. 

However, not every patient progresses the same way nor present all the above-mentioned 

lesion types. The variety of clinical presentations makes it difficult to model the disease 

considering the wide range of affecting environmental and host factors: age, smoker/non-

smoker, immune system, etc. 

2.2.2 Diagnosis and management by radiology 

A chest radiograph is the first diagnostic line in the evaluation of patients who are suspected 

of having active tuberculosis. Those patients may present unexplained symptoms (fever, 

cough, malaise, etc) or they fall in the risk groups (recent exposure, immunosuppressed). 

The chest X-ray will be supported by the bacteriological examinations such as the sputum 

test where the two-week culturing of the sputum lead to the count of active colony forming 

units (CFUs) [18]. At the first 48-hours of culturing, the nucleic acid amplification positive 

test is used as the initial diagnosis to confirm the presence of bacilli.  
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The lesions expected for tuberculosis are detected by X-ray imaging due to the abnormal 

density of pulmonary tissue and can be summarized in:  

• Lymphadenopathy: Consolidation of lymph. 

• Consolidation: Predomination of necrotic granulomas and cavitation (apical and upper 

zones). 

• Pleural effusion 

• Miliary nodules: random distribution of 1-3 mm granulomas. 

The control of latent tuberculosis is important to lower the reactivation risk of the disease 

and the transmission. In this diagnostic the patient undergoes a tuberculin skin test, where 

a purified protein derivative is the antigen injected intradermally. If the skin induration, 

read after a period of 48-72 h, is large enough (10-15 cm)[19], a chest radiograph is taken 

for the evaluation of calcified granulomas (scars from previous exposure), of volumetric 

changes over the past six months and of cavities or consolidations (as indicators of 

reactivation)[18].  

Other testing alternatives for determining weather a person has been infected with Mtb 

bacteria require a laboraory for processing blood samples, also called interferon-gamma 

release assays[20]. Upon results, additional tests have to be conducted for determining the 

active or latent state of the disease, with the recommendation of a chest radiograph. 

The radiograph diagnostic is not definitive. Nontuberculous mycobacteria, species other 

than Mtb complex which are ubiquous in the environment, mimic the radiological findings 

of pulmonary tuberculosis in terms of pulmonary involvement. Moreover, the prevalence 

of pulmonary disease is two- to threefold that of tuberculosis, thus the definitive diagnosis 

is only achieved by the combination of chest X-ray and sputum culture.  

2.2.3 Treatment 

The current first-line TB drug regimen of four drugs (isoniazid, rifampin, pyrazinamide and 

ethambutol) consists of a bactericidal phase, followed by a sterilizing phase and concluding 

with a single drug therapy for high risk of reactivation cases.  
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Some organisms have developed drug-resistance (DR) and these strains are proliferating 

rapidly in the past years. Drug-susceptible tuberculosis can be treated with variations on 

the described regimen. For example, patients with isoniazid-resistant tuberculosis, which 

is a drug-resistant strain, can be treated with the 6-month, three-drug regimen (rifampin, 

ethambutol, and pyrazinamide). Patients with tuberculosis resistant to more than one drug 

(multidrug resistant tuberculosis, MDR) are more difficult to treat, requiring regimens of 

the injectable anti-tuberculosis drugs (such as amikacin, kanamycin, or capreomycin). 

These treatments have more intakes of less effective drugs and increase the risk of adverse 

reactions. As a last resort, the infected site is removed by surgery. An even more difficult 

case is the extensively drug-resistant (XDR) tuberculosis, a rare type that is resistant to 

isoniazid and rifampin, plus any fluoroquinolone and at least one of three injectable drugs. 

The first-line regimen takes six to nine months to complete, and could have side effects, 

particularly when taken with antiretroviral drugs. Treatment for drug resistant strains of 

tuberculosis can last 2 years or longer, consisting of up to 14,000 drugs. These regimens are 

extremely expensive and resource-intensive to deliver [21]. 

2.3 PreDiCT-TB 

The unmet need is set: tuberculosis regimens with combinations of drugs to tackle 

persistent organisms. And the shortest (but critical) path to novel treatment regimens is 

the development and testing of new drugs together early in the development cycle.  

The IMI-funded1 PreDiCT-TB project, frame of this thesis work, takes a comprehensive 

model-based approach, synthesizing and integrating preclinical and clinical information. It 

aims to develop a set of preclinical enabling technologies to enhance the understanding of 

the basic biology of Mtb, its mechanisms and its relevance to the phenomenon of 

persistence in the infected host during therapy. These technologies will lead to the 

optimization of the decision pathway for combination regimens to progress to innovative 

early clinical trials.  

                                                 
1 Innovative Medicines Initiative Joint Undertaking (http://www.imi.europa.eu) [grant agreement 115337] 

for the PreDiCT-TB consortium (http://www.predict-tb.eu/). 
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2.4 Tuberculosis models 

Several animal models accurately reflect aspects of the progression of disease in macaques, 

marmosets[22]–[29], mice[30]–[32] and zebrafish[33], [34]. Macaques and marmosets are 

potentially excellent models because of their close similarity to humans. Published studies 

evaluating the efficacy of new vaccines reveal that the selection of model parameters (i.e., 

species, route, size of the challenge dose) can affect the outcome of experimental exposure 

to tuberculosis. tuberculosis can occur in any highly organized structure (e.g., 

gastrointestinal system, heart), thus explaining why zebrafish is presented as a cost-

effective animal model. Zebrafish-based research takes advantage of the optical 

transparency of larvae to monitor infection in real time using high-resolution microscopy: 

Mycobacterium marinum is injected into the hindbrain ventricle, a neuroepithelium-lined 

cavity devoid of phagocytes under baseline conditions. Although these studies enable direct 

imaging of host-pathogen interactions, they lack reliability when investigating the 

effectiveness of treatment in lung disease.  

The model for evaluation of treatment in this work is the murine model, the most widely 

used model for studying host response to tuberculosis. In general, lesions in the lungs are a 

mixture of macrophages, neutrophils and plasma cells hooked on the infected 

parenchyma[35]–[38]. Murine studies on disease progression have identified and 

characterized lesions in the lung parenchyma based on histological examination (Fig. 1). 

Common criteria rely on organization, by which lesions are defined as ‘unorganized’ when 

they lack a peripheral cuff of lymphocytes and as ‘organized’ when they have a cuff of 

lymphocytes. As for cell composition, the identification criteria are selected arbitrarily in 

the literature[30]–[32].  

For descriptive efficiency, we will follow the “unorganized lesions” notation previously 

defined by Irwin et al.[31] and depicted in our murine models. Briefly, lesions defined as 

unorganized are subdivided into three types, namely, Type 1, Type 2, and Type 3. Type 1 

lesions most closely resemble classic human tuberculosis, in which focal necrosis may 

present as a solid, encapsulated cup with a peripheral rim formed by focal accumulation of 

foamy macrophages interspersed with scattered lymphocytes. Type 2 unorganized lesions 

are composed of lymphocytes and circumscribed foci forming a more defined cup, 



frequently as a circular granuloma with variably demarcated borders and filling the 

alveolar walls. Type 3 lesions are typically small, composed of diffuse foci of inflammatory 

cells, forming a rim that lacks defined boundaries. 

To reduce heterogeneity at its minimum, it is worth considering the strains of both bacillus 

and mouse in the experimental design. Regarding the bacillus strains, the most virulent 

ones are Erdman, Beijing lineage HN878 and H37Rv [17], [39]–[42]. 

Figure 2.1 Tuberculous granulomas. Identification of lesions in lung parenchyma: (1) Organized type 
1 lesion resembling human caseating granuloma of tuberculosis. (2) Unorganized type 2 lesion 
presenting a cup encapsulated by a rim of macrophages. (3) Type 3 lesion comprising an unorganized 
aggregate of diffuse inflammatory cells.  

The commonly used mouse strains, C57BL/6 or BALB/c mice, recapitulate aspects of the 

chronic states of the disease, closely resembling military tuberculosis. The granulomas are 

exclusively intracellular, and they do not progress towards fibrosis or necrosis (type 3 only) 

[16], [35], [43]. The susceptible mouse strains CBA/J, DBA/2 and C3H are closer to the 

pathology reported on human tuberculosis disease[39], [43]–[45]. These strains present 

persistent but controlled infection, with lesion that progress toward necrosis and cavities.  

The risk associated with the infectious microorganism determined the containment 

measurements to be implemented in the research facilities where they will be manipulated. 

The World Health Organization (WHO) classifies the organisms in four risk groups (1,2,3,4) 

for the laboratory experiments, attending to the increasing contagious risk for the 

individual and for the population[46].  



The Mtb is considered as a level three pathogen agent, with high individual risk and low 

population risk. Therefore, experiments on tuberculosis can only be carried out in biosafety 

level three (BSL-3) facilities with scientist competent in handling infectious agents and 

associated procedures. Figure 2.2 represents the laboratory protective measures taken for 

assays on tuberculosis progression in mouse models.  

 

Figure 2.2 Protective laboratory clothing for infectious disease experimentation in BSL-3 facilities. 
Every room counts with a sterile prep and once inside, with isolation cabins (half suit, hand) or with 
respiratory isolation suits for all open manipulation of the agents and the infected subjects. The 
personal protective laboratory clothing is for a single use. No outdoor clothing or accessories to be 
worn, A shower must be taken when entering/leaving the facilities. 

It is of paramount importance that any new protocol, technique or procedures is compliant 

with the primary biosafety barriers: 

Physical containment devices for all open manipulation of agents or infected subjects. 

Protective laboratory clothing. Hands, face, eye and respiratory protection.  

Negative pressure from access to facilities, and from rooms to isolating cabins.  



2

X-ray CT can be defined as the structural medical imaging modality that provides a 

volumetric representation of the attenuation coefficient shown by the different body tissues 

to the incoming X-ray radiation. For example, and as mention in section 2.2.2 “Role of 

radiology in diagnosis and management”, tuberculous lesions appear as abnormal 

intensities inside the lungs in radiography (2D) and therefore in computed tomography 

(3D). Figure 2.3 exemplifies the identification of tuberculosis involvement by X-ray imaging. 

This non-invasive imaging technique consists on the acquisition of multiple projection 

images from different angular positions around the subject of the attenuation suffered by 

an X-ray beam. This projection images provide line integrals of the physical quantity under 

evaluation: the X-ray attenuation coefficient. The acquired projections relate to the 

distribution of the attenuation coefficient of the different tissues inside the subject by the 

Radon transform. Radon’s theory[47] states the complete characterization of the two-

dimensional distribution of a property inside an object by an infinite number of line 

integrals.  

2 Contribución: Ortega, A. (2013) “Desarrollo software de librerias y aplicaciones para el control de sistemas 
micro-CT” Master diss., Univerisdad Carlos III de Madrid 

 

 

Figure 2.3 Examples of abnormal intensities in lungs of two patients: (A) radiography of a patient 
with miliary tuberculosis radiograph and (B) CT of patient with cavitary tuberculosis. Source: Yale 
Rosen (Flickr.com)  

B 

B A 
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According to this, for the formation of the CT image, X-ray attenuation measurements are 

carried out in all angular directions around the subject, forming a projection dataset for 

each angular view. Many narrowly spaced data points are measured for each projection for 

the reconstruction of accurate anatomical structural images[48]. 

Usually the attenuation coefficient of a tissue is referred to that of water to minimize the 

impact of non-idealities of the acquisition process, yielding the so-called CT value or 

Hounsfield Unit (HU), which is the most common unit for CT data representation. Soft-tissue 

and hard-tissue nomenclature in X-ray imaging corresponds to the anatomical definition. 

In general, the skeletal system is referred as hard-tissue due to the high density of the 

components, and the other tissues of the body are soft tissues. The body tissue which 

presents the lowest density is the lung parenchyma.  

There are some remarkable differences between human body and small animal scanners 

which impose critical constraints over instrumentation prototypes, namely: 

• Laboratory animals are thousands of times less massive than humans, requiring 

proportional radiated dose delivery, and the consequent adjustment of the acquisition time. 

• Laboratory animals are short-lived (2-3 years) with short reproductive cycle, which 

appeal for minimally invasive in-vivo processes to reduce tissue damage during the scan 

and to give the possibility of carrying out follow-up studies. 

• Because of the two previous points a compromise between image quality and radiation 

dose must be sought. 

• The animal must remain steady during image acquisition. In human imaging, a single 

apnoea is enough for most of the acquisitions, whereas in the case of animal models, they 

are anesthetized, creating the need of monitorization during acquisition. 

The facts exposed above can be translated into numbers characterizing CT scanners and 

distinguishing them from preclinical (μCT )[49]–[51] and clinical (CT) systems (Table 2.1). 
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TABLE 2.1 ACQUISITION PARAMETERS FOR MOUSE AND HUMAN 
 Preclinical Clinical 

Focal spot size 50-200 µm 370-700 µm 
X-ray power 10-300 W 600-100 kW 
Spatial resolution 50-200 µm 400-1250 µm 
Min. Scan times 18 s 0.33-0.5 s 
Detector Flat panel, CCDs Solid states: silicon CCDs, UFC, … 
Field of view 30-100 mm 500- 2000 mm 
Dose                              ALARA3 

The accuracy of projection measurements is threatened by the difference between ideal 

conditions and real scenarios. Some of the assumptions or approximations may no longer 

hold when environmental factors have relevant effects.   

Such non-idealities impact diagnosis performance because of the distortions they introduce 

in the image, which in some cases, mime pathologies. Some sources of errors are scattered 

radiation that mainly adds a low-frequency bias that increases with radiated volume to the 

attenuation measurements; non-linearities of detector and/or acquisition systems due to 

dark current biasing, hysteresis or gain inequalities; and the polyenergetic nature of the X-

ray beam, reinforcing the energy dependency of the attenuation factor [52]. The 

reconstruction technique assumes the consistency of all acquired values, reflecting every 

acquisition error in the retrieved image. This systematic discrepancy between real 

attenuation and the computed CT value is known as CT artifact and can be recognized in the 

reconstructed image in which undesirable lines, shadows, rings or bubbles appear.  

The sources of artifacts are classified in four categories: artifact due to physics (beam 

hardening, lack of photons, subsampling, aliasing), due to electronics and mechanics (poor 

calibration and limitations of the system), due to multi-slice scanning (increasing number 

of slices implies losing homogeneity) and due to subject (patient motion, metallic implants, 

truncation)[53]. There are two strategies to combat artifacts, through correction or through 

avoidance. The μCT system presented in this thesis is designed to overcome the artifacts in 

pulmonary imaging due to the physics (low contrast inherent to soft-tissue density) and to 

the electronics and mechanics by optimizing the system calibration and working point. The 

avoidance of the respiratory motion artifact is also achieved by the design of dedicated 

acquisition protocols to stop inconsistencies propagation. 

                                                 
3 As low as reasonably achievable 



CHAPTER 3 INSTRUMENTATION DEVELOPMENT FOR TUBERCULOSIS 

3.1 Introduction 

To fulfil the requirements for soft-tissue imaging tasks, an X-ray μCT engineered model (SMI 

SL,Spain) is conceived as a flexible cone-beam platform (CBμCT) with variable parameters. 

The geometrical configuration of the hardware and the acquisition protocols are optimized 

to the imaging task of assessing lung infection burden.  

3.2 User and system specifications  

The prototype is a μCT system for 3D acquisition of soft-tissue samples for the visualization 

and accurate analysis pulmonary structures in small animal models (resolution of <100 

μm). The system counts with positioning feedback for every moving axis with a positioning 

tolerance of 50 μm and a gantry tolerance of 1º. The FDK cone beam analytic reconstruction 

algorithm runs in graphical process units (GPU) and provides the results in Hounsfield Units 

(HU). The system is CE marked and the declaration of conformity was issued for the X-ray 

source.  

It has total auto shielding for being host in any room, with a maximum radiation level: < 0.1 

μSv/h at 5cm from the cover. To be compliant with the security measures of the biosafety 

level 3 facilities, the metallic components and the cover itself are resistant to the 

disinfection protocol by air with VH2O2 and with UV light.  

Primary biosafety barriers in imaging protocols include the physical containment for the 

infected subject. To isolate the animal to be imaged, the cartridge in Figure 3.1 was designed 

as an anaesthetizing environment of a mixture of anaesthesia/air-oxygen continuously 

circulating through HEPA active carbon filtering (Figure 3.1A). The imaging protocol starts 

in an isolating cabin with the induction and positioning of the subject in a petg 

(polietilentereflalate glycol) bed (Figure 3.1B), which is attached to the airtight plug (Figure 

3.1C) of the PMMA tube (Figure 3.1D). The cartridge hermetically closed with the animal 

mounted can be safely manipulated in the BSL-3 equipment room and positioned in the 

imaging system.  



Figure 3.1 Isolation animal cartridge for BSL-3 imaging protocols. The main labelled components 
are: (A) the anaesthesia/air oxygen circulating circuit with the HEPA filters, (B) the petg bed where 
the subject is positioned and which is attached to (C) the sealing plug with the input connections for 
the air circuit and (D) the PMMA tube that creates the chamber surrounding the animal and which is 
hermetically closed by  the plug (C).   

4

The design of the acquisition geometry and protocol for the direct evaluation of soft-tissue 

structures within the lung of murine models was optimized following the strategy and 

recommendations proposed by A. Sisniega [54]. 

Figure 3.2 

components of the design can be identified, namely, the X-ray source, the X-ray detector and 

the positioning stages.  

Due to the experimental nature of the imaging process contemplated in the present project 

the design has been conceived as a flexible platform where the geometrical setup can be 

adapted to the requirements of the dedicated imaging task.  

4 Contribución Ortega-Gil, A., Marcos, A., Sisniega, A., Abella, M., Desco, M., & Vaquero, J. J. (2014). Accelerating 
Lung Image Acquisition in Small-Animal Cone-Beam CT: Advantages of Using a Slip-ring Based Scanner. ESMI  



The proposed system implements a cone-shaped X-ray beam (Cone Beam) which covers 

completely the detectors area. The microfocus X-ray source and a flat-panel detector are 

both mounted on top of linear translation stages that allow the modification of the axis-to-

source distance (ASD) and axis-to-detector distance (ADD), as required to modify the 

geometrical configuration of the system. 

 

Figure 3.2 Mechanical sketch of the engineered system. The main components are labelled in the 
side (left) and the frontal view (right). Image modified from technical sketches (SMI Sl, Spain) 

The linear stages are placed on a rotating gantry that makes use of a slip-ring to permit 

continuous rotation of the source-detector assembly. The possibility of continuous rotation 

opens the door to the implementation of protocols involving a set of acquisitions performed 

as close in time as possible, minimizing the scanning time for high throughput experiments. 

The X-ray source included in the system is a microfocus X-ray source (Hamamatsu 

Photonics K.K., Hamamatsu City, Japan) with a maximum power of 50 W for a voltage range 

from 40 to 100 kVp. The focal spot size ranges between 20 and 130 m, depending on the 

required power (6 W – 50 W). The X-ray source is operated in continuous mode. 

The X-ray flux traversing the sample is recorded using a CMOS-based flat panel detector 

(Dexela Ltd., London, UK). The X-ray photons are stopped in a 0.15 mm-thick CsI:Tl 

scintillator and the resulting visible light is then detected by a 3072x1944 CMOS active pixel 

matrix, with a pixel size of 75 m.  
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The detector offers the possibility of extending the area of a pixel by pixel binning (up to 4 

x 4 pixels), reducing the image integration time and offers two different working modes, 

one for high sensitivity protocols, where the X-ray flux is minimal, and one for high-dynamic 

range protocols. The main features of the detector are shown in table 3.1.  
TABLE 3.1 DETAILED CHARACTERISTICS OF THE DETECTOR 

Parameter Value 
Pixel size 0.075 (Binning 1x1) 
Photodiode area 229.8 x 145.4 mm 
Nº. Of  pixels  3072 x 1944  
Frame rate 26 - 86 fr/s (Binning 1x1 - 4x4) 
Dynamic range 66 / 70 dB (High sensitivity/High saturation) 
MTF @ 6 lp/mm > 0.2 

Figure 3.3 shows the block diagram of the μCT. The system that runs the software, the 

control unit (Fedora Core 9 Linux system), orchestrates the hardware elements of the 

gantry (motors for the movement of the gantry and the bed, X-ray tube driver and frame-

grabber for the semiconductor X-ray detector). Low level C++ libraries for controlling 

hardware elements were provided by the manufacturer in charge of the assembling of the 

system (SMI S.L, Madrid) 

 

Figure 3.3 Software block diagram of the μCT system. The left box is the μCT system and the right 
box is the workstation connected to it with the user interfaces. 
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The design and implementation of the high-level applications for the pulmonary task (Linux 

system) in the control unit included the acquisition and calibration protocols and the 

individual control interfaces for checking the components states. 

The corresponding acquisition user interface in the communication manager (Windows 

system) was developed fully in Matlab programming language (Matlab Inc, MA) and 

allowed the acquisition parameter selection. A second user interface allowed the image pre-

processing and reconstruction.  

All studies have been reconstructed with the algorithm presented by Feldkamp, Davis, and 

Kress (FDK) [55] using the Mangoose toolkit [56] on an NVIDIA GTX 760 GPU. 

3.3.2 Geometrical configuration 

The linear translation stages on which the X-ray source and the flat-panel detector are 

mounted, enable the modification of the axis to source distance in the range (38, 123) mm 

and the axis to detector distance, in the range (68, 153) mm.  

The selection of the geometrical configuration has a direct impact on the achievable 

reconstructed spatial resolution. A trade-off must be met between the bore size, radiation 

and field of view, which have opposite effects in the optimization parameters. Ideally, a 

large bore size (i.e. air gap between detector and X-ray source) reduces the image 

degradation due to scatter and the image resolution for small-animal imaging is reached 

with low power sources with small focal-spot sizes. But the required radiation increases 

according to the inverse squared distance law to ensure the signal at the detector: the larger 

the bore size, the higher the radiation, the lower the resolution.  

To investigate the impact on the spatial resolution and the limits in power as a function of 

the magnification of the system we followed the approach described by Sisniega[54] and 

based on the work by Zbijewski et al.[8]  

Briefly, the modulation transfer function (MTF) of the μCT system is the product of the 

presampled MTF of the detector and an analytical model for the MTF of the X-ray source 

focal spot at the plane which intersects the isocentre and it is parallel to the detector.  
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Both the presampled MTF of the detector and the modelled focal spot blur were given by 

the manufacturers. 

This approach considers the system MTF to be symmetric, since the flat-panels with square 

pixels and the analytical model of the X-ray source are indeed symmetric[54]. Under this 

assumption, the total MTF for the system is given by equation 3.1 and can be evaluated 

along the horizontal frequency direction. 

𝑴𝑴𝑴𝑴𝑴𝑴𝒖𝒖𝒖𝒖𝑴𝑴 (𝒇𝒇𝒖𝒖, 𝒇𝒇𝒗𝒗) =  𝑴𝑴𝑴𝑴𝑴𝑴𝒅𝒅𝒅𝒅𝒕𝒕𝒅𝒅𝒆𝒆𝒕𝒕𝒆𝒆𝒆𝒆(𝒇𝒇𝒖𝒖, 𝒇𝒇𝒗𝒗) ∙ 𝑴𝑴𝑴𝑴𝑴𝑴𝒔𝒔𝒆𝒆𝒖𝒖𝒆𝒆𝒆𝒆𝒅𝒅(𝒇𝒇𝒖𝒖, 𝒇𝒇𝒗𝒗)        (𝟑𝟑. 𝟏𝟏) 
where 𝑓𝑓𝑢𝑢 is the horizontal and 𝑓𝑓𝑣𝑣 the vertical components of the frequency (detector rows 

and columns, respectively). 

The achievable spatial resolution is characterized by the cut-off frequency for values of 

MTFs of 0.5 and 0.2, denoted as MTF50 and MTF20. 

3.3.3. X-ray working point and detector response. 

To maximize image quality per unit dose we optimized the spectral configuration by 

selecting the voltage and filtration that increased the penetration of the beam in soft tissue, 

enhancing the contrast. The current was also characterized for the saturation limit of the 

detector and the minimization of the radiation dose. 

The spectral configuration of X-ray beam was based on cascaded systems analysis[54]. 

Briefly, the working point was selected as the voltage that maximizes the fold of the signal 

provided by the system detector and an ideal signal of the same detector. This microfocus 

ideal signal was simulated with Spektr[57] as the flat energy response with pixel gain equal 

to the average gain in our detector. The average gain was computed as the mean value of 

the signal in the detector when imaging a soft-tissue (methacrylate PMMA) phantom of 

mouse and rat sizes (ǿ32 mm, ǿ50 mm). 

When using CsI:Tl-based flat-panel detectors with scintillators in the range of ~70 mg/cm2, 

which is the case, harder spectra are advised[54]. Translated to the filtration, this means 

that the beam is optimum with thicker aluminium or copper (Cu) filters and voltages 

around 65-80 kV instead of 40-50 kV (spectra of conventional protocols).   
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To reduce the intensity inhomogeneity within tissue, the detector general response as a 

function of the exposure level was characterized. It was tested by the mean of individual 

pixel response and of individual variances. Detector dynamic range was defined by the 

general detector response as a function of exposure defined by the mean pixel response 

from 50 frames per current step at a fix voltage (25 current steps in the range (32,800) uA 

with binning 4x4). The considered exposure times were 125 ms, 500 ms, 1000 ms and data 

was acquired for 35 kVp (a common setting for small-animal imaging) with no object in the 

field of view (FOV). 

The response of the detector is measured in analog-to-digital units (ADU). The linear model 

proposed by Sisniega [54] to characterize the flat-panel detector consisted on computing 

the mean pixel value and variance for every pixel of the detector at each of the exposure 

levels (equation 3.2) characteristic of a Poisson process:  

𝒎𝒎(𝒈𝒈𝒈𝒈) =  𝒈𝒈𝒈𝒈 + 𝒑𝒑                               
𝒗𝒗(𝒈𝒈𝒈𝒈) = 𝒉𝒉[𝒈𝒈𝒈𝒈] + 𝒏𝒏                   (𝟑𝟑. 𝟐𝟐) 

where the mean response (m) is represented as a function of the detected signal (gX) and 

the mean pixel signal in the absence of radiation (p). The variance (v) has a linear factor (h) 

relating mean and variance of the pixel signal, and a noise component (n) representing the 

additive noise sources which have an effect regardless the exposure. 

Thus, the overall response of the detector is defined by the average across all the pixels in 

the detector. To obtain the dynamic range properties, the resulting overall variance curve 

was adjusted to the pixel model and the limits were determined by the signal level for a 

signal-to-noise ratio (SNR) of one and the position of the saturation elbow (lower and upper 

limits respectively). 
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3.3.4 Optimization results 

To identify the limits in power for a required resolution as a function of the magnification 

of the system and to estimate the achievable spatial resolution, the function of magnification 

and X-ray energy was used to define the spatial resolution as the cut off frequency for MTF 

(modulation transfer function) values of 0.5 and 0.2. 

 The increase of focal spot size with power has a negative impact on resolution. The spatial 

resolution is half the spatial frequency. 

The geometrical measurements shown in Figure 3.4 were obtained from the geometry of 

the field of view (FOV) in our system. The maximum resolution at MTF20 for the lowest 

magnification (1.56) was 49.4 um at a power of 6 W and 54,5 um for 50 W. For the highest 

magnification (3.7) the resolution reached the 19.5 um and 41.9 um for the same power 

energies respectively. The degradation caused on the MTF50 by increasing power is lower, 

yielding better performance for mid-frequencies imaging tasks. 

  

Figure 3.4 System MTF evaluated along the horizontal direction of the frequency. The spatial 
resolution is defined as the cut-off frequency for values of MTF of 0.5 and 0.2. 

The chosen filtration was 0.2 mm Cu as the softer filtration recommended by Sisniega[54]. 

Figure 3.5 shows the characterization of the soft tissue optimized protocol in our μCT 

system, considering a mouse diameter of 32 mm and a rat diameter of 50 mm. In addition 

to the increase in soft-tissue contrast, beam hardening artifacts are reduced.  



The current was selected to maximize the source-to-detector signal by choosing the signal 

level at detector corresponding to the 80% of the saturation point (Figure 3.6).   

 

 

 

 

 

 

 

 

 

 

 
Figure 3.5 Optimal beam for soft tissue imaging tasks. Detector response characterized as the fold of 
the real detector signal and the ideal signal (considering a true homogeneous response in every pixel 
of the same detector) versus the working voltage of  X-ray source (0.2 mm Cu filtration) 

 

 

Figure 3.6 Relationship between the analog-to-digital-units (ADUs) generated and the number of 
electrons acquired on the CCD, defined by the system gain and the variance. WP represents the 
optimum working point for the beam configuration.  
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The characterization of the flat-panel detector was performed without sample in the FOV 

to avoid beam-hardening and scatter, the most typical object-related effects. Table 3.1 

characterizes the performance of the detector and the additive noise by exposure time of 

the dynamic ranges represented in Figure 3.7.  

The parameters for the linear noise model show a level of additive noise n= 135 ADU2 and 

a slope relating signal mean and variance of h=0.24 while reflecting the effect of the 

exposure time in the dynamic range. The lower limit for the dynamic range of the three 

integration times was 9.31 ADU above the dark signal. 

Based on the results of the system characterization and optimization, the selected 

configuration for pulmonary imaging requires 0.2 mm of copper filtration, a beam 

configuration of 68kV and 420 uA and a geometry configuration that provides a 

magnification factor 3.44, with a voxel size of 87 microns in reconstructed volumes. 
 

TABLE 3.1 PARAMETERS FOR THE LINEAR MODEL OF THE DETECTOR 
Exposure 
time (ms) 

Additive 
noise 

Variance 
slope 

Dynamic 
range 

125 137 0.25 12531:1 
500 127 0.26 12410:1 
1000 142 0.20 11734:1 

 

Figure 3.7 Experimental pixel variance as a function of the mean for three different exposure times, 
after subtracting the dark signal the linear relationship is truncated at the saturation point. 
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3.4 Correction of mechanic artifacts 

This section presents the geometric calibration workflow to overcome the slight 

misalignments of the system mechanics that could lead to resolution loss or artifacts in the 

reconstructed images. To achieve the best image resolution and assured a proper image 

quality, geometric calibration becomes an important step of the system assessment. 

3.4.1 Geometric calibration5 

The calibration algorithm chosen, given the properties of the scanner describe in section 

3.2, is the analytical method proposed by Cho et al. [58], which provides a set of calibration 

parameters that enables a full characterization of the system geometry as a function of the 

angular position of the gantry. From the parameters provided by the algorithm, only the 

detector offsets and the system distances are feed into our reconstruction algorithm to 

correct the orientation of sample under study relative to the source coordinate system. 

However, there is a limitation intrinsic to our system: the centre of rotation is not the 

isocentre of the source-detector configuration. This, in turn, contributes to the appearance 

of artifacts in the reconstructed images, especially due to deviations in highly sensitive 

parameters. To minimize the oscillatory error of the calibration parameters due to the 

positioning deviations from the rotation isocentre, the correction algorithm proposed by 

Ford et al. [59] was integrated in the calibration workflow. 

To improve the positioning of the calibration phantom in the rotation isocentre, a centring 

stage substituted the bed in the μCT system. It consists of three manual linear stages, with 

precision of 1 mm and three degrees of freedom: two radial (x,y) and longitudinally (z) from 

the centre of the system. The estimated displacement needed to reach the isocentre is 

provided by software from the acquisition of four projections at equidistant angular 

positions in 360º. This enhancements in the positioning of the phantom minimized the 

corrections needed for the calibration parameters. The phantom used for the system 

calibration was based on the suggested by Cho et al, but the dimensions were modified to 

                                                 
5 Contribución Marcos, A., Ortega, A., Abella, M., Desco, M., & Vaquero, J. J. (2015). Geometric calibration 

workflow for high resolution cone beam micro-computed tomography. In 2015 IEEE Nuclear Science 
Symposium and Medical Imaging Conference (NSS/MIC) (pp. 1–3). IEEE. 
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suit our requirements. It consists of two circular rings of 8 regularly spaced steel ball 

bearings of 0.5 mm in diameter, encased in a solid acrylic cylinder of 21 mm in diameter. 

The rings are separated by 17 mm. 

The calibration workflow can then be described in three steps. It starts from the positioning 

of the calibration phantom. Followed by the acquisition of 720 projections in binning 1 

along a complete gantry turn and the acquisition processing for flat field correction.  

Finally, a full set of parameters that characterize the geometry of the system is obtained for 

every angular position and corrected for isocentre offsets. This geometrical 

characterization is stored in a calibration master file. When an acquisition is performed, a 

specific calibration file for the actual angular positions of the projections is calculated by 

interpolating from the calibration master file. This file is afterwards used by the 

reconstruction software. 

The number of projections (angular steps) per acquisition was also optimized for the shake 

of image quality to 514 degrees, which ensures an axial resolution in the reconstruction of 

radius 5 cm following this equation: 

#𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝜋𝜋
2

 ∗  ∅𝐹𝐹𝐹𝐹𝐹𝐹(𝑝𝑝𝑝𝑝)               (3.3) 

3.4.2 Overall performance6 

Resolution in reconstructed images is estimated using the MTF as described in the ISO 

15708-2:2002 standard. Projections of a solid acrylic cylinder of 21 mm in diameter are 

acquired with 68 kV and 420uA as anode voltage and current respectively.  

For the magnification factor of 3.44 and with a pixel size of 0.29 mm, the calculation of the 

spatial frequency provides a resolution of 4.43 lp/mm, which corresponds to a spatial 

resolution of 0.11 mm (Figure 3.8). 

                                                 
6 Contribución Ortega-Gil, A., Marcos, A., Desco, M., & Vaquero, J. J. (2015). Development of a mouse lung 
phantom of infectious diseases for ΜCT. In 2015 IEEE Nuclear Science Symposium and Medical Imaging 

Conference (NSS/MIC) (pp. 1–3). IEEE. 
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Figure 3.8 Image resolution in the acquisition of a solid acrylic cylinder. The phantom edge in the 
axial slice whose profile is shown in the left graph (Grey level values (ADU)vs pixel position (px)) was 
used for the estimation of the MTF on the right. The data tip shows the spatial cut-off frequency at 
MTF 0.1 and its corresponding spatial resolution in lp/mm. 

To investigate the uniformity of pixel values across the volume we measured the degree of 

cupping in the reconstructed data. We defined μcenter and μedge as the mean value of a 30x30 

voxel ROI at the centre and close to the edge of the phantom area, respectively. Cupping was 

estimated as 

 

tcupping =
µedge − µcenter

µedge

*100 = 0.19

 

tcupping =
µedge − µcenter

µedge

*100 = 0.19
 (3.4) 

Due to the great difficulties of using TB infected animals, we needed to develop a mouse 

thorax phantom that emulates the different tissue densities of the TB lung to develop, test,  

calibrate and optimize the data acquisition protocols for a new family of μCT systems for in 

vivo imaging.  

Among the commercial options for lung granuloma enhancement phantoms, we can find 

some infant size [60],[61], and fewer when it comes to preclinical subjects. Mouse 

phantoms are commonly designed for working energies of 120kV and tissues substitutes 

are surrounded by a single material [61]–[64]. We proposed a granuloma-mimicking 

phantom, with TB-lesions-like inserts surrounded by soft-tissue and bone substitutes, 

which simulate the absorption of all thorax tissues in acquisitions using different X-ray 

energies. 
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A variety of possible substitutes were considered for soft-tissue, aerated lung, granuloma 

and bone. Their performance was assessed by means of density and Hounsfield Units (HU) 

at the optimal working point of the system. 

Table 3.2 shows the possible substitute materials arranged by tissue. The typical values for 

the biological reference, extracted from experimental data, are at the first raw of every block 

to compare density and radiographic values. The final selected materials are highlighted in 

italics. For the case of the TB granulomas, we could not find a single material with suitable 

properties. Hence, we proposed to adjust base materials from table 3.3 by mixing them with 

a contrast agent from table 3.4 [65]. 

 
TABLE 3.2. POSSIBLE SUBSTITUTE MATERIALS 

Tissue Material Density (g.cm-3) HU 
Bone biological 1.53 Image max. 

 
deproteinized 
bovine bone 1.66 4535 

 Aluminium[66] 2.70 4885 

Lung biological 0.30 (−750 
,−900) 

 polyurethane [67] 0.39 -787 

 polyurethane [67] 0.20 -847 
Soft tissue biological 1.06 (-400,200) 

 agar 1.00 47 

 PMMA 1.16 138 

 bee wax 0.97 -402 

 jelly 0.95 -468 

 
synthetic mounting 

media 0.95 -400 
TB Granulomas biological 1.06 (60,90) 

 

 TABLE 3.3. POSSIBLE BASIS GRANULOMA MATERIALS 
Base Compound Density(g.cm-3) HU 

Polyurethane fast-cast resin  
multicast 1 

isocyanate 2 1.00 -250 

Epoxy adhesive bisphenol A 
polyaminoacid hardener 1,10 -13 
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TABLE 3.4. POSSIBLE CONTRAST AGENTS 

Active ingredient Density (g.cm-3) HU 
Barium sulphate 980 mg/1 g 4.50 4463 

Meglumine amidotrizoate 66 g/100 ml and 
Sodium amidotrizoate 10 g/100 ml 4.94 5624 

Geotherapy clay 1,30 3779 
 
 

TABLE 3.5. OTHER EVALUATED MATERIALS 
Material HU 

MS polymer sealant   5250 
Water-based wood sealant 152 

Neutral silicone sealant -357 
Acid-cure silicone sealant 619 

Wheat pasta 418 
Contact adhesive 1542 

The differences in mass attenuation coefficients are insignificant for the energy range above 

60 keV [66], therefore our first criterion for material selection was the similarity with the 

physical density of the tissues we want to mimic. 

The candidate materials were also evaluated according to malleability, durability and 

obtainability. Table 3.5 is a list of HU values for alternative materials. To assess the 

mechanical and equivalency properties of materials we acquired and reconstructed CT 

images of the candidate materials as standalones. We determined the mixture to reach the 

selected granuloma density using the general density equation: 

𝑑𝑑𝑓𝑓 = 𝑑𝑑1⋅𝑣𝑣1+𝑑𝑑2⋅𝑣𝑣2
𝑣𝑣1+𝑣𝑣2

 (3.5)  

 

Known the densities of the two starting fluids (d1 and d2) and the desired final density (df), 

we want to know the volumes of the two fluids (v1 and v2) for getting a unit of final density 

(df) fluid. 

The size and shape of the phantom was a trade-off between true mouse anatomy modelling 

and machining simplification. We performed a scan of one wild type animal (k-ras male, 

25g) for size and tissue layering references.  
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TABLE 3.6. TISSUE THICKNESS. THE YELLOW LINES CROSSING THE TISSUES OF INTEREST ARE THE THICKNESS DEFINITION.  

  

   
Label Tissue Thickness (mm) 

1 Lung  31 
2 Lung  19 
3 Ribs 1 
4 Soft-tissue 5 
    

    

    
 

Average sizes and dimensions were calculated from measurements at lung, ribs and soft-

tissue thickness. The animal study was approved by the Institutional Animal Care and Use 

Committee. Symmetry was assumed, and shapes of structures were simplified into less 

rounded and more geometrical shapes. 

The lung model was mechanized with acorn shape from a sheet of high-density 

polyurethane, which mimics the mouse lungs in terms of HU units. The piece was then 

halved, and each part was drilled to generate 2 or 3 holes of 2 mm diameter by 2 mm depth.  

To simulate granulomas, we mixed the polyurethane fast-cast resin (M.C.P. Iberia, S.A., 

Madrid) with barium sulphate (Barigraf, ERN, S.A, Barcelona) in proportion of 100:0.7, to 

obtain ~80 HU, close to the value reported for fresh bleeds [8]. The hardened mixture was 

grinded and pulverized on a spare piece of polyurethane. The boreholes were then filled 

with a first layer of a mixture granules and a second one of polyurethane dust. One borehole 

contained just resin (without contrast agent) to have a reference insert of density 1 g/cm-3. 

We used deproteinized bovine bone (ACE Surgical Supply Co., Inc., Brockton, MA) to make 

the ribs: 0.25 - 1.0 mm granules were placed in rings around the acorn on different layers 

of melted bee wax. The wax provided a total coat of ~5 mm thickness mimicking the 

surrounding soft tissue. The phantom was imaged on the CT system and the images 

reproduce reliably the tissue inhomogeneities within the lung of a TB-infected mouse lung 

(Figure 3.9). 
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Figure 3.9 μCT slice of the proposed phantom and the grey value profile of the yellow line selection 
crossing the tissues of interest. 

As it can be seen in the profile drawn in Figure 3.8, bone material presents the maximum 

grey value of the image, with a difference of ~1000 HU with wax contrast (soft tissue 

contrast). 

Bee wax surrounds the PU acorn, including the groove between the halves, with a difference 

of 400 HU between wax and polyurethane. Finally, the nodule/granuloma substitute grey 

value (~63 HU) allows its detection within the acorn.  

3.5 Respiratory motion avoidance 

Respiratory motion in murine models causes blurring and artifacts in the CT projections 

and the reconstructed tomographic images. Imaging the thorax in vivo limits the accuracy 

of lesion detection and evaluation due, among other facts, to the relatively high breathing 

rate of the animals. The breathing pattern is also altered by the anaesthesia used to reduce 

the stress on the animals in every imaging procedure. 

Since the field of view (FOV) of cone-beam (CB) geometry scanners covers completely the 

mice thorax, a synchronization of the frames acquired at the axial angles around the animal 

will reduce the aberrations. The literature labels the different methods to compensate lung 

and rib motion depending on the type of synchronization performed: prospective, if it is 
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done by means of an external respiration synchronization signal[68]–[70] at acquisition 

stage or retrospective, if once the acquisition is finished, projections are analysed, sorted 

into different frames and reconstructed[71]–[74].  

Prospective protocols require a trigger signal produced by the real-time respiration 

tracking systems referred before, thus all the projections are acquired at the same 

respiratory phase. When imaging murine models of some infectious diseases it is 

compulsory to use isolation containers to prevent cross-contaminations. Any additional 

instrumentation for gas anaesthesia or for monitoring vital signals, either inside the 

cartridge or connected to an outside device, would be considered contaminated and it will 

have to go through a sterilization process before reusing it. This complication advises 

against using prospective protocols which require additional instrumentation.  The strategy 

proposed in section 3.4.1 minimizes the motion blurring by adapting the anaesthesia and 

acquisition parameters to the respiration pattern of the mouse.  

Retrospective algorithms are focused on acquiring at least one complete respiratory cycle 

per angular step to have frames for sampling every phase bin.  

Two approaches establish the correspondence between projection frames and respiratory 

phases: a) projection sorting and b) registration techniques to compensate lung elastic 

motion.  Since our focus is the assessment of pulmonary lesions rather than the assessment 

of the respiratory physiology, in section 3.4.2 we propose an extra step in the pre-

processing of the acquired images to freeze the motion on a single respiratory phase 

(expiration). 

The application of the method we propose is suitable for CB μCT scanners, equipped with 

flat-panel detectors and step-and-shoot multiframe acquisition protocols. When using this 

protocol, the rotating gantry, to which the X-ray source and detector are attached, stops at 

each angular position and acquires several frames before moving to the next angular 

position. Hence, we obtain non-contiguous segments of respiratory signal, one per angular 

position, while the mouse freely breathes inside an isolation chamber with anaesthetizing 

environment.  
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3.5.1 By optimization of the acquisition protocol 

The factors that can be controlled for increasing the thoracic image quality during the 

acquisition, i.e. prospectively, are the anaesthetic plane, the animal positioning and the 

frame rate. Inbred mice strains present different breathing patterns depending on the 

anaesthesia. In small animal imaging, two kind of general anesthetization methods are 

prevalent: injection and gas narcosis. Inhalational narcosis decreases the cardiac and 

respiratory rate while injection narcosis provides fast and irregular respiratory cycle[73]. 

Other advantages are the minimal animal handling, large margin of safety, ease of 

anaesthetic control and quick recovery times. Since the injected anaesthesia increases the 

breathing and heart rate, the recommended anaesthesia for imaging protocols is 

inhalational. The breathing rate can decrease to 20 breaths per minute. 

To keep the anesthetizing plane during the acquisition, the mouse is induced first in a 

chamber and then placed arms extended in supine position in the petg bed of the isolation 

cartridge (Figure 3.10). A mixture of Isoflurane at 3% air-oxygen with flow of 3 l/min 

circulates continuously through the isolation cartridge.  

The extracted air was treated with HEPA active carbon filter. Therefor the cartridge 

complies with two functions: to create an anaesthetizing environment where the mouse 

breathes freely and to isolate the infected animal in a container to prevent cross-

contaminations in the BSL-3 imaging room. It has been described in literature [75], [76] 

that the body temperature decreases under anaesthesia, thus an infrared lamp is set 

towards the gantry entry to warm up the environment. 

The breathing pattern under inhaled anaesthesia is characterized by alternated deep and 

superficial breath-takes and by a quick ventilation followed by a resting state lasting twice. 

Thus, the respiration cycle is asymmetrical, with 67% of the projections at expiration. This 

expiration phase shows almost no movement in the thorax except for the heartbeat. It is 

this latter fact which can be exploited by the acquisition parameters. In the step-and-shoot 

protocol, the displacement to the next angular position takes approximately one second. At 

each angular position the system acquires several frames. 



Figure 3.10.  Subject placed in the isolation cartridge and positioned for image acquisition. 

With the flat-panel set to the high-sensitivity mode, four projections of 50 ms of exposure 

time have a 7.7% risk of return period of the inhale phase, low enough to produce a 

projection with an acceptable SNR; the consequence is a reduction in the scan time and the 

dose given to the animal. 

Aside, we explored the compatibility and synchronization with a commercial blower 

scanner for small animal. A market study was conducted on the performance of different 

fan models. 

 The complexity of protocol preparation and monitoring of the mouse turn to be very high 

in studies of infectious lung diseases due to the cross-contamination risk, preventing from 

its use in tuberculosis assays. 

Scan type Step and shoot 
Tube voltage 68 kVp 
Tube current 420 µA 
Filtration 0.2mm Cu+1.8 mm Al intrinsic 
Exposure time  50 ms 
Magnification 3.44 
Pixel size (pixel binning) 0.29 mm (4x4) 
Data volume 2.17GB (1.44MB per frame) 
Circular projection  
Total acquisition time 8 minutes 
Radiation dose 1,25 mGy/s (0.59 Gy) 
Voxel size 88×88×88 um3 
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3.5.2 By image pre-processing7 

An optional module has been added as a retrospective selection of the exhalation phase, i.e. 

the resting state. This automatic tool has been developed in Matlab language and is 

incorporated into the workflow of the user interface processing μCT studies. By selecting 

the projections belonging to the respiratory resting phase of the standard acquisition 

protocol (step & shot 4 projections angular pitch of 0.7º) the acquired breath-takes are 

neglected, thus the artifact in the reconstruction due to the movement is further minimized.   

Through a graphical user interface, the user is asked to select a diaphragmatic ROI at the 

angular positions: 0°, 90°,180°and 270°. The final ROI is computed as the union of the 

selected ones (Figure 3.11).  

 

Figure 3.11 Diaphragmatic ROI. The union of the user selected ROIs  (a-d )is the region from where 
the respiratory signal will be extracted per projection. 

                                                 
7 Contribución: Asghariomabad, F., Ortega-Gil, A., de Ruiter, N. J. A., Raja, A., & Butler, P. A. H. (2018). Intrinsic 

Respiratory Gating for MARS imaging. In 2018 IEEE Nuclear Science Symposium and Medical Imaging 
Conference (NSS/MIC). 
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Aerated projections (belonging to a gasp) appear brighter whereas the thorax of resting 

projections is darker. The mean intensity values of these ROIs conform the respiratory 

gating signal as described by Chavarrías[74] and illustrated in Figure 3.12 . 

The respiratory signal corresponding to each angle is divided into two different bins by 

thresholding at a given percentage of the normalized amplitude range between the minima 

and maxima of the set of frames. As the typical breathing pattern under inhaled anaesthesia 

(isoflurane), presents an extremely long expiration in comparison with the expiration 

duration, the number of frames belonging to each respiratory phase is different. The 

threshold is therefore selected with respect to the duration of the expiration cycle to allow, 

in average, the selection of two frames per step. Averaging the frames assigned to the 

expiration bin resulted in a representative projection per angle with the respiratory motion 

avoided. 

Finally, the movement-free projection ensemble is reconstructed using filtered back-

projection (FBP)[56]. Reconstruction leads to a single volume at the end of expiration. The 

algorithm proposed by Feldkamp, Davis, and Kress (FDK), is a well-known 3D 

reconstruction procedure based on an approximation of the 2D FBP algorithm for the case 

of CBCT data.  

The analytic formula is derived by introducing a third (axial) coordinate in the FBP 

equation[56]. All the contributing rays can be considered provided their differences in 

length are compensated by properly adjusted weighting factors. In our approach, the low 

number of projections belonging to the expiration bin per step, leads to a noisier 

reconstruction compared with the non-gated ones (namely, all the projections). 
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A B 

                                C 

Figure 3.12 Respiratory signal extraction.  The mean intensity signal (a) contains two types of 
information: the intensity offsets intrinsic to the system motion (b) and the motion of the subject (c).  

3.5.2.1 Validation 

To assess the degree of motion correction achieved, we evaluated the image quality of a 

dataset comprehending twelve chronic diseased subjects from C57BL/6J and C3HeB mouse 

strains, weighting between 20g and 30g and challenged with HR37v Mtb. We measured the 

sharpness of the diaphragm-lung transition in the reconstructed non-gated volume and 

gated image corresponding to end expiration. We smoothed the profile data to reduce noise 

and calculated the average slope from 10% to 90% height on radial proles drawn at the 

diaphragm dome in coronal slices using ImageJ plugin Radial Profile Plot. This plugin 

produces a prole plot of normalized integrated intensities restricted to a certain cone as a 

function of distance from a point in the image. To assess the image quality and contrast 
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resolution, we quantify the intensity uniformity by means of the variance coefficient (VC), 

also known as relative standard deviation (RSD). It is a standardized measure of dispersion 

and it is expressed as a percentage of the ratio of the standard deviation σ to the mean 

intensity µ of a tissue. The ability to detect an aberrant object (lesion) in a radiography is 

related to the ratio of the differential intensity to the ambient noise level: the higher the 

more abrupt the intensity change compared to if the structure had the same attenuation 

coefficient as the surrounding material. This ratio is called the contrast to noise ratio:  

𝐶𝐶𝐶𝐶𝐶𝐶 =  
∆𝜇𝜇

𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏
                   (3.6) 

where ∆µ is the mean intensities difference or the change in background attenuation 

coefficient due to some small structure of interest and 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏 denotes the standard deviation 

of the background intensity due to noise processes[77]. We computed the VC of lung and 

lesion respectively, and the ratio of the differential intensity to the vicinity noise level 

(CNR): lesion to lung, lung to soft-tissue (muscle, diaphragm and heart). 

By visual inspection, the approach shows the decrease in the blurring surrounding the 

moving areas between the non-gated study and the single-gated study as illustrated in 

Figure 3.13. An average improvement was achieved in the diaphragm dome slope of single-

gated reconstruction. Study cases values are shown in Table 3.6.  

TABLE 3.6 QUANTITATIVE EVALUATION OF THE RECONSTRUCTION QUALITY 
 Non-gated Expiration-gated 
Diaph. Dome slope 517 1069 
Lung VC 5.7% 9.1% 
Lung CNR 23.95 11.89 
Lesion VC 26% 57% 
Lesion CNR 13.36 9.11 

 

  



                                                                                        

A

                                                                          B 

                                                                                                             

C 

                                                                                D 

Figure 3.13 Detail of reconstructions. Non-gated images are on the left column, gated images are on 
the right. Rib cage motion is avoided but increase on noise is noticeable. Lesions and vessels have 
keen edges (L in red). The airway bifurcation missing on (a) is visible on (b) (blue arrows). Central 
bronchioli are blurry on (c) and clearly identified on (d) (blue arrows), which also presents cardiac 
motion artifact alleviation (green arrows) 
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CHAPTER 4 IN VIVO ASSESSMENT OF DIFFERENTIAL VIRULENCE AND 

DISEASE PROGRESION 

4.1 Introduction 

The μCT system is in production since September 2015 in the BSL-3 research and 

development labs of a participant on the PreDiCT-TB project where the Tuberculosis mouse 

model was developed and where we performed the baseline studies of quantification and 

tracking of the infectious load by μCT imaging. 

4.2 Experimental design 

Therapeutic efficacy models in drug development comprises assays reflecting acute or 

chronic damage by virulent bacilli in wild type or sensitive mouse strains  

The acute assay pursues a high bacteria load spreading quickly through the lungs. Thus, 

these assays have a short duration, nine days for example, and the outcome hones down the 

candidate combinations for chronic assays. The role of immunity is minimized and there’s 

no evidence of granulomas. 

In chronic assays, the immune response can temporally stabilize the bacteria load, giving 

time to granulomas progress into complex compositions. The outcome is a follow up of the 

natural progression and response to treatment. The duration of these assays is longer, 

lasting four or five months.  

Regarding demographic aspects, C57BL/6J mice develop granulomas that closely 

resembles the miliary human tuberculosis, characterized by a wide dissemination of tiny 

size lesions and homogeneous intersubject progression. The bacteria remain intracellular 

and the lesions can be classified as Type III. 

C3HeB/FeJ mice present necrotic granulomas and similar heterogenicity of human 

pulmonary lesions. However, the variability within subjects can be an issue. This strain 

forms highly organized necrotic lesions of Type II with intracellular and extracellular 

bacteria. 



The longitudinal follow-up by imaging intends to image the critical points of the assays, 

where it is of paramour importance to assess the disease progression state. For that 

purpose,  images are taken at the time points where mice were sacrifice in non-imaging 

assays to confirm the disease progression, namely, before the insult, at the early stage of the 

infection, at the beginning of treatment and at the end of treatment. Figure 4.1 represents 

the proposed experimental protocol that introduces  imaging in the in-vivo assessment  

of tuberculosis progression.  

The animal models were developed by scientists in tuberculosis discovery performance 

unit, Global Health R&D, GlaxoSmithKline S.L, Spain. All animal studies were ethically 

reviewed and carried out in accordance with European Directive 2010/63/EEC and the GSK 

Policy on the Care, Welfare and Treatment of Animals. 

Figure 4.1 Experimental protocol design for longitudinal in-vivo assessment by imaging. Both 
acute and chronic assays can profit from imaging to follow up the disease progression and relegate 
histopathological analysis to the end-point. 

The pulmonary atlas presented in Figures 4.2,4.3 ,4.4 has been segmented from clinically 

respiratory system. It is important to define the appearance of a growth control mouse since 

any change in the anatomy will be consequence of the disease progression. 

The thoracic cage skeletal system and the cardiovascular system have imprints and 

openings in the lung anatomy. The lungs are hollow organs that mould to fit in the ribs and 

around veins and arteries.  



In the respiratory system there are four lobes on the right and one on the left. The right lung 

consists of superior, middle, post caval and inferior lobes. The superior and inferior lobes 

are folded over, giving an appearance of a deep single lobule. The inferior lobe extends from 

the diaphragm dome to the fourth rib (cranially), being the largest of the right lobes. The 

post caval and the middle lobe embrace the heart dorsally and ventral-laterally, 

respectively, and the heart settles on the diaphragm. 

The trachea divides first into right and left bronchus, at the carina, and then into four 

branches for the right lung, one to each lobe.  

  

Figure 4.2 Dorsal view of 3D  lung reconstruction of a 17-week-old female CH C3HeB/FeJ. Lobes 
have been manually annotated. 



Figure 4.3 Ventral view of 3D  lung reconstruction of a 17-week-old female CH C3HeB/FeJ. Lobes 
have been manually annotated. 

 

Figure 4.4 Axial view of 3D lung reconstruction of a 17-week-old female CH C3HeB/FeJ. Lobes 
have been manually annotated. 
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An illustration of the normal thoracic μCT histogram in HU scale (standardised CT numbers) 

is shown in Figure 4.5, including skeletal, cardiovascular and respiratory systems. As 

reference for HU linear scale, the radiodensity of air at standard temperature and pressure 

is defined as -1000 HU and 0 HU corresponds to the radiodensity of distilled water. The 

healthy lung window was stablished with a window level of -700 HU and a window width 

of 370 HU, covering the radiodensity differences intrinsic to the lobe densities. The bone 

window, stablished at window level of 400HU (window width 2695 HU), includes bony 

structures such as thoracic vertebrae and ribcage. The HU range in between lung and bone 

windows is the soft tissue window where the vascular and muscular systems are defined. 

  

Figure 4.5 Normal thoracic μCT histogram in HU scale (standardised CT numbers). Red 
discontinuous lines delimit the intensity values of lung parenchyma and blue dotted lines, the bone 
intensities, corresponding to the highest material densities.  

4.3 Design of the in vivo radiological involvement biomarker8 

In vivo low-dose high-resolution micro computed tomography (μCT) imaging provides 

metrics that allow following up the host response from day zero (before inoculation) to the 

end of treatment, thus reducing the number of sacrificed animals. The sensitivity of the 

radiological findings justifies the diverse approaches for the identification of specific 

tuberculosis biomarkers in X-ray longitudinal studies.  

                                                 
8 Contribución Ortega-Gil, A., Roca, J. J., Guijarro-Lopez, L., Muñoz-Barrutia, A., & Vaquero, J. J. (2019). A 

radiological involvement score for the assessment of Tuberculosis progression. European Rdiology 



Chapter IV In vivo assessment  

48 

Yet the literature, including non-clinical models and natural human disease, focuses on 

methods that analyzed the biomarker retrospectively, meaning the analysis is held at the 

end of the project or study to discuss what was the host response or drug efficacy[78]–[81]. 

Here, we propose an X-ray biomarker for prospective studies watching for outcomes during 

the study period. Thus the analysis is acompassed with the development of the disease and 

it is sensitive to suspected risk or protective factors.  

The biomarker assessment is based on an automatic analytical method that quantitatively 

measures total uninfected lung volume in live animals using micro-computed tomography 

scans, thus facilitating prospective studies in drug development programs. This procedure 

was evaluated using a well-characterized chronic tuberculosis progression mouse  model 

for two virulent Mtb strains, namely disease evolution and standard treatment response.  

All the μCT images were acquired using the optimized acquisition protocol described in 

section 3.5.1 for imaging freely breathing subjects: 0.7° step-and-shoot protocol covering 

360° and a multi-frame rate of four frames per gantry position at 20 frames per second. 

These acquisition parameters lead to a total volume data of 560 MB (486 frames in total) 

and a total acquisition time of eight minutes. Data-sets were reconstructed using the filtered 

back-projection (FBP) algorithm and an isotropic voxel size of 88 μm. 

4.3.1 Quantification tool description 

The quantification tool was integrated in the experimental workflow of the efficacy studies 

right after the acquisition of the μCT scan. It was developed using the Matlab programming 

language (Matlab Inc., Natick, MA, USA).  

The input expected is the reconstructed data sliced in the caudocranial axis. To load the 

dataset, the tool requires the image characteristics which depend on the scan acquisition 

parameters: CT volume size, pixel resolution and a data type from a header file or manual 

set up.  The default Hounsfield Unit (HU) range for healthy lung parenchyma tissue is set to 

(-700, -350) HU; and for the bones to (>400HU) HU. These parameters should be set for a 

given μCT and acquisition protocol.  



The extraction of the radiological biomarker consists on the segmentation of the thoracic 

region and the quantification and normalization of the uninvolved tissue volume in that 

region. Figure 4.6 illustrates the complete procedure. 

  

Figure 4.6 CT biomarker extraction. From (a) the CT scan of a mouse in the isolation cartridge, (b) 
the mouse contour is identified. (c) The uninvolved lungs and (d) the thoracic cavity reference (red 
volume) are segmented. CT Biomarker: The ratio between the segmented uninvolved lung volume 
and the volume of reference. 

Initially (Figure 4.6 (a)), the mouse contour is identified to isolate the subject from the 

background objects (e.g., scan bed, animal handler or isolation cartridge). To perform this 

task, the image components per slice are identified by Otsu thresholding. The mask image 

is sequentially eroded with a disk radius from (0, 20) pixels and the connected components 

are identified. The largest (highest cardinality) connected component .is filled, dilated and 

considered as a candidate.  

The candidate is validated by measuring its similarity with the previous slice candidate. A 

cardinality difference of less than 2% ensures the smooth transition from slice to slice. A 

valid candidate breaks the erosion loop and restarts the segmentation on the following slice. 

In case the similarity premise is not fulfilled by any of the candidates of the 21 eroded 

images, the mask of this component is erased, and the biggest remaining connected 

component in the current slice is evaluated.  
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This procedure is initialized with the segmentation of the slice at 1 mm from the first slice 

of the dataset to avoid encountering intensity artefacts at the edges of the acquisition. The 

erosion disk radius is empirically set to 5 by default for this initialization. Since this first 

segmentation has no previous slice to compare with, the premise to validate a candidate is 

that its cardinality does not over run half of the slice size. The validated candidate full stack 

mask applied to the original μCT dataset retrieves the CT volume of the isolated subject, 

which is the input for the following step (Figure 4.6 (c-e)).   

4.3.1.2 Segmentation of the uninvolved lung  

The CT lung volume is segmented by thresholding in the sagittal plane with the HU range 

for lungs. The unconnected elements are discarded using a connectivity of 26 for all three 

dimensions. Left and right lungs are connected through the trachea. The object with the 

largest volume in the axial plane determines the mask of the uninvolved lungs (Figure 4.6 

(c)). Mask slices with surfaces smaller than 5 mm diameter, which is the radius of the 

trachea before the bifurcation at the carina, are removed from the uninvolved volume. It is 

interesting to evaluate the bronchial tree as part of the uninvolved volume since the disease 

progression also includes the blockage of the branching structures.  

4.3.1.3 Measurement of the thoracic cavity reference volume 

Aware of the effects of the longitudinal changes in the lung volume owing the subjects’ inter-

variability (i.e., growth during the study, weight change, respiratory affection, variability in 

lung inflation in each serial CT), a normalization of the uninvolved lungs by a reference 

volume is needed for obtaining a biomarker robust to those changes. 

The cavity contained within the thoracic cage is an anatomical region insensitive to the 

subject’s intervaliability. The volume of this cavity is our thoracic cavity reference volume 

and it is measured as the cumulative sum of the area circumscribed in the ventral trunk. 

The cavity has the shape of a truncated cone, being narrowest superiorly, with the 

circumference increasing inferiorly, and reaching its maximum at the junction with the 

abdominal portion of the trunk[82]. This means that the most caudal slice of the thoracic 

cavity will correspond with the most caudal slice index from the uninvolved volume.  



The ventral trunk is isolated by thresholding with the HU value of the bones (>400HU). 

Then, the circumscribed area is extracted by the Newton-based Pratt circle fit by least 

squares[83], [84] with a fixed disk radius similarity of 1.02 (ratio between areas). The 

linearity of the ventral trunk radii is preserved at the thoracic vertebrae, where the only 

bones shown in the  are the rib cage ones. Bones belonging to the anterior extremities 

at the cervical vertebrae and the floating ribs at the lumbar vertebrae distort the estimated 

radius.  Since this volume is meant to be a reference for the relative value of the uninvolved 

tissue volume instead of the whole ventral trunk, we selected an abdominal portion of 4 

mm height for reducing the inter and intrasubject variability (Figure 4.6(f)). The 

confirmation on this region as the most uniform among subjects and ages is analysed in 

Figure 4.7. The section of the thoracic region which presents the most stable linear trend ( 

with a dissimilarity below 2%) is the cavity contained within the thoracic cage. Since this 

volume is meant to be for the relative value of the uninvolved tissue volume, instead of the 

whole ventral trunk, we selected an abdominal portion of 4 mm height for reducing the 

inter and intrasubject variability.The ventral cavity contained within the thoracic cage has 

a mean size of 418 ±63 mm^2 (83 growth control samples) and induces a deviation on the 

biomarker of the 7%. 

 

Figure 4.7 Example of the linearity of the ventral trunk radii conceived as a truncated cone for five  
subjects of mixed ages, mouse strains and disease state. On the left, the graph shows the resulting 
radii (in pixels) from the circumscribed circle fit per  slice. On the right, an example of segmented 
skeletal system serves as structural reference for the slice position. 
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4.3.1.4 Uninvolved lung biomarker  

The mathematical approach behind the quantitative information retrieved as a μCT 

biomarker is as follows: 

 𝐶𝐶𝑝𝑝𝑅𝑅. 𝑢𝑢𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑝𝑝𝑅𝑅𝑢𝑢𝑝𝑝𝑑𝑑 𝑅𝑅𝑢𝑢𝑝𝑝𝑙𝑙 = |𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑣𝑣𝑈𝑈𝑈𝑈𝑣𝑣𝑈𝑈𝑑𝑑 𝑣𝑣𝑈𝑈𝑈𝑈.|
|𝑇𝑇ℎ𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜𝑈𝑈𝑜𝑜 𝑜𝑜𝑜𝑜𝑣𝑣𝑈𝑈𝑐𝑐𝑐𝑐 𝑜𝑜𝑈𝑈𝑓𝑓.𝑣𝑣𝑈𝑈𝑈𝑈.|

 ∗ 100            (4. 1) 

 where |Uninvolved vol.| and |Thoracic cavity ref. vol| are the cardinalities of the two 

boolean sets (i.e., the number of elements in each set): the uninvolved lung tissue and the 

thoracic cavity. The relative uninvolved volume refers to how much space takes up the 

healthy tissue within a known volume.  

4.3.2 Biomarker evaluation cases 

4.3.2.1 Application case I: Disease evolution. 

C3HeB/FeJ inbred mice are extremely susceptible to virulent Mtb. They develop pulmonary 

tuberculosis presenting lesions that differ with respect to cellular composition, degree of 

immunopathology and control of bacterial replication[85]–[89].  

TABLE 4.1. FIRST EXPERIMENTAL PROTOCOL DESIGN FOR THE VALIDATION OF CT BIOMARKER.                                         
DESCRIPTION OF ANIMAL AND BACTERIA STRAINS. 

Mouse model Infection 
Strain  C3HeB/Fej Age  6-8 weeks Microorganism Erdman 

Sex Female Nº Infected mice 9 Route of infection Intratracheal 

Weight 18-20g Nº Control mice 1 Infective dose 100 CFUs 

The goal of this experiment is to determine the infectivity of Mycobacterium tuberculosis 

(Erdman Strain TMCC 107) in a model of C3HeB/FeJ infected mice by intratracheal infection 

with 100 CFUs inoculum. Table 4.1is a summary of the experimental details.  

Three animal groups were considered for the twelve-week experiment. One group served 

as growth control (n=1); a second group was followed during eight weeks (n=6), with 

histological analysis for infection confirmation; and a third one, during 12 weeks (n=3), 

with culturing to count bacterial colony forming units (CFUs) at the endpoint. The eight-

week date is the starting point and the eleven--week date, the end point of the treatment.  
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The micro CT acquisition time points are scheduled before the insult (week 0), at disease 

early state (week 3), at the chronic state (week 8) and at the assay endpoint (week 12). A 

total of 34 μCT scans are available for analysis. 

Histological analysis of the lung samples obtained at week 8 after infection was used to 

demonstrate the correspondence between the excised organs and the estimated uninvolved 

lung volumes. Relative uninvolved volumes summarized using t-test for the comparison of 

group means. The weight is the biological condition monitored along the experiment and a 

decay of 20% is established as the humane endpoint. The evolution of the weight and of the 

radiological biomarker percentages were compared from the insult to the endpoint (eight 

or eleven weeks later, depending on the group).  

Classification of the subjects by relative uninvolved lung volume in severely, moderately 

(mid) and minorly affected (and unaffected) lung was performed by k-means. This 

clustering| uses the k-means algorithm for centroid initialization and squared Euclidean 

distance for classification of the relative uninvolved lung biomarker. 

4.3.2.2 Application case II: Treatment response. 

C3HeB/FeJ inbred mice were inoculated intratracheally with H37Rv virulent 

microorganism. Strain details are summarized in Table 4.2. 
TABLE 4.2. SECOND EXPERIMENTAL PROTOCOL DESIGN. DESCRIPTION OF ANIMAL AND BACTERIA STRAINS 

Mouse model Infection 
Strain  C3HeB/Fej Age  6-8 weeks Microorganism Mtb H37Rv 

Sex Female Nº Infected mice 21 Route of infection Intratracheal 

Weight 18-20g Nº Control mice 10 Infective dose 10000 CFUs 

The goal of this experiment is to evaluate the therapeutic activity against mycobacterium 

tuberculosis in a murine model of approved treatment: the antibiotic cocktail isoniazid, 

rifampicin, pyrazinamide and ethambutol (HRZE). Three animal groups were considered 

for the twelve week experiment. One group served as healthy growth control (10 mice), a 

second one as infection control (12 mice) and a third one (9 mice) was treated with the 

standard antibiotic treatment (HRZE). Oral treatment (po) for four weeks was initiated 

eight weeks after infection. ΜCT scanners of each animal and each group were acquired at 

the beginning of the treatment and at the end. 
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The histopathological method considered the most reliable for measuring the 

concentration of viable microorganisms in culture is the quantification of colony-forming 

units (CFUs) per unit volume of culture[18], [32], [90]–[92]. Lung culturing was used to 

estimate the number of viable bacteria in 20 samples removed at week 11 after infection. 

The excised lungs were homogenate and spread in plates. After twelve days of culturing, 

plates are automatically counted by aCOLyte 3 HD (Synbiosis Ltd, UK). Then, the results 

were compared with the CT biomarker measured at the study endpoint. 

Relative uninvolved volumes were visualized by bar plots and summarized using one factor 

analysis of variance (ANOVA) for the multiple comparison of group means at the end of the 

experiment. As indicated before, the weight is the biological condition monitored along the 

experiment and a decay of 20% is established as the humane endpoint. The evolution of the 

weight and of the radiological biomarker percentages were compared from the starting of 

the treatment to the endpoint (four weeks later). 

Classification of the subjects by the biomarker in severely, moderately (mid) and minorly 

affected lung was performed by k-means as previously explained.  

4.3.3 Results 

4.3.3.1 Application case I: Disease evolution. 

In general, the disease involvement progression as recovered by the visualization tool at 

the different timepoints (before the insult, 3 weeks and 8 weeks later) presented minor 

lesions three weeks after the infection which evolved into severe damage of the lungs, with 

visible granulomas, within five weeks (Figure 4.8). The subject in the first row of Figure 4.8 

presented minor lesions three weeks after the infection which evolved into severe damage 

of the left lung, with visible granulomas, within five weeks. In the case of the subject in the 

second row in Figure 4.8, the granuloma in the middle lobe of the right lung was formed 

after the third week . The correspondence between the renders of the uninvolved lung from 

the last μCT scan and the excised organs was confirmed (Figure 4.8, two last rows) and the 

relative uninvolved values are confirmedby the histological evaluation of the group 

removed at week 8 after the infection  (Figure 4.9).  



 

Figure 4.8 Disease progression of the uninvolved lung volume segmented by the quantification tool 
(a subject per row). Renders of the disease involvement progression in the  volume as recovered 
at the different timepoints when the scans were acquired (before the insult, 3 weeks and 8 weeks 
later) for subject A (rows 1 and 2) and subject B (rows 3 and 4). The correspondence between the 
last  scan and the excised organs is illustrated by the last two rows. 



Figure 4.9 Histological confirmation of the inter-subject variability pointed out by the radiological 
biomarker. Lungs were excised after the  acquisition at week eight and processed to obtain the 
histological cuts stained with haematoxylin and eosin (H&E). Thus, the histological cuts on the left 
have the correspondent relative uninvolved lung volume shown on the last bar on the right 
histograms. 
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Figure 4.10 Weight (thin lines) and biomarker (thick lines) evolution (in percentage) from the day 
of the infection (0) to the endpoint. Weight and biomarker evolution were normalized to the 
maximum weight and biomarker value, respectively. Mean and confidence intervals are represented 
for each group. 

The relative uninvolved volume was computed for the 34 μCT scans. The evolution per 

experimental group of the resulting values is shown in Figure 4.10. Statistically significant 

difference among the mean relative uninvolved volume of μCT scans of non-infected  

(growth control group and infection control group before the insult) and infected (infection 

control group from week 3 to the endpoint) was confirmed by t.-test (p = 0.0125). The 95% 

confidence interval for the difference is (2.91, 21.61). 

In Figure 4.10, the evolution of weight percentage is represented by the mean and the 

confidence intervals per experimental group. The same representation is used for the 

percentage of relative uninvolved lung volume. The growth control subject follows the 

natural curve of a healthy C3Heb/FeJ mouse with a steady weight growth and a stabilization 

of the relative uninvolved lung volume as they approach adulthood. The animals in the 

infected group regardless their condition, grow in weight too but the uninvolved tissue in 

the lungs slowly begins to decrease (from day 0 to day 21) and then, continuous more 

abruptly, reaching as far as 60% of its maximum volume at the end point. The high inverse 

correlation between both evolutions (Rgrowth control =-0.9954 Rinfection control  =-

0.8858) is consistent with the diseases progression described in the literature[40], [85], 

where mice develop necrotic granulomas while presenting stable biological conditions. 



The regions in Figure 4.11 identify the severity of the disease extent. K-means results for 

the relative uninvolved lung volume set the cluster means in 38.96 (severe damage), 49.86 

(mid damage) and 57.28 (minor damage). The Leave-One-Out Cross-Validation error was 

2.3%, evaluated as the squared error distance of the centroids.   

Figure 4.11 Classification of the  biomarker according to the severity of the disease involvement 
in severe, moderately (mid) and healthy. Each point represents an observation value of the relative 
uninvolved lung volume. Colours represent the  time point at disease early state (week 3), at the 
chronic state (week 8) and at the assay endpoint (week 12). Shapes discriminate experimental 
groups. 



The relative uninvolved volume was computed for the 62  scans composing the 

experimental application. Despite the heterogeneity of the infection and the immune 

response, the uninvolved lung tissue in the infection control group decreases with time and 

the treatment control group lung tissue recovery after the RHZE intakes (Figure 4.12).  

 

Figure 4.12 Longitudinal course of tuberculosis involvement. The top row is an example of the 
infection control group and the bottom row, of the group treated with the standard antibiotic combo 
(RHZE). Tissue recovery depicts a disease recovery.

Figure 4.13 presents the histopathological validation of the relative uninvolved volume by 

means of the colonies forming units (CFUs) quantification. The CFUs are quantified in the 

logscale: the lower the value, the least infection burden and the higher the relative 

uninvolved volume. The growth group has no cultures and the higher biomarker value. The 

infection group has the higher CFU value and the lower biomarker value. From the treated 

groups, we can observe the variability of the host response since some subject have 

recovered more pulmonary tissue than others whereas their CFUs range from 104 to 105. 

-

infected (growth control group and rest of the groups before the insult), infected (infection 

control and treatment control before the beginning of treatment) and treated (treatment 

control at the end of treatment) was confirmed by one-way ANOVA. 



Figure 4.13 CFUs count and the corresponding radiological biomarker at the endpoint 

The corresponding p-values are p= 9.5e-10 involving non-infected subjects and p= 4.9e-09, 

involving treated subjects, thus those differences are significant. Both comparisons 

involving the infected subjects have confidence intervals that reject the hypothesis that the 

true difference is zero ([13.50,22.50] and [-23.81,-17.84], respectively).The statistical 

differences of biomarker between the non-infected and treated groups are not significant. 

A 95% confidence interval for the difference is [-6.21,6.53], so the hypothesis that the true 

difference is zero is not rejected. The corresponding p-value of 0.99 confirms this result. 

 

Figure 4.14 Evolution of weight and radiological biomarker (in percentage) from the starting of the 
treatment to the endpoint (four weeks later). Weight evolution and biomarker evolution were 
normalized to the maximum weight and biomarker, respectively. Growth control group shows the 
lower variations. The infection control group shows a continuous depletion of the measure whether 
the group treated with RHZE presents a considerable recovery. 



In the longitudinal analysis, Figure 4.14 shows the graphical evolution of the mean weight 

and mean relative uninvolved volume per experimental group from the start of treatment 

(8 weeks after insult) to the experiment endpoint (12 weeks after insult). The quantitative 

meaningful differences between treated and not treated groups state that the relative 

uninvolved volume of the untreated group decreases with the time, whereas the treated 

groups stops the involvement evolution and even recess it. The correlation between the 

evolution of the weight and the biomarker (Rgrowth =0.9785 Rinfection  =0.8366 

Rtreatment=0.7282) leads to state that the biological condition worsens once the relative 

uninvolved lung volume has critically decreased.  

 

Figure 4.15 Severity clustering. K-mean clustering| uses the k-mean algorithm for centroid 
initialization and squared Euclidean distance. Each point represents an observation value of the 
relative uninvolved lung. The regions identify the severity of the disease extent. . Colours represent 
the  time point at disease at the chronic state (week 8) and at the assay endpoint (week 12). 
Shapes discriminate experimental groups. 
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The regions in Figure 4.15 identify the severity of the disease extent. K-means clustering 

result for the relative uninvolved lung volume set the cluster means in 18.21 (severe 

damage), 33.66 (mid damage) and 48.64 (minor damage). The severely damaged class was 

composed by the observations at week eight which presented the higher damage and by the 

observations of the infection group at week twelve after infection. The moderately damaged 

class include some subjects at the treatment starting point, eight weeks after the insult, and 

the treated ones whose tissue recovery was not complete. The healthy and moderately 

damaged class included the growth control group, all the biomarkers of the scans 

performed before the insult, and the treated subjects whose recovery was highly 

satisfactory.  

4.3.3 Discussion and conclusions 

Our results confirm that automatic biomarker extraction fulfils the need for quantification 

tools in prospective drug efficacy studies. The method can assess the tuberculosis disease 

burden as well as the treatment response. The changes in the relative uninvolved volume 

provide evidence of the heterogeneity of the infection and the immune response. The tool 

has been integrated in the workflow of the efficacy assays performed at our collaborator’s 

BSL3-facilities. Radiology technicians can rely on the relative uninvolved lung volume and 

the 3D uninvolved lung rendering to take decisions at critical points of an experiment. In 

the event of weight decay, the relative uninvolved lung volume, the severity label associated 

and the rendering will elucidate whether it was due to a stressful situation or an evolving 

damage. It can also serve for selecting the subjects who have developed more distinct 

lesions and that are more suitable for testing new treatments, thus reducing the sources of 

bias and the undesired loss of animals during the essay. Owing the differential virulence of 

the Mtb strains and of the triggered immune response, the unsupervised classification is 

described per experimental design. The classifiers will prevail for new efficacy assays 

introducing new treatments.    

The stomach wall causes small drifts in the relative uninvolved lung volume (< 2%) which 

can be overcome by recomputing the biomarker on the image pre-processed with a median 

filter (of size 5x5).  
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This option was developed and included in the analysis with the main purpose of enhancing 

the uninvolved lung renders.  

The premise of finding connected components when segmenting uninvolved lung lobes is 

hold for tuberculosis damaged one since the infection starts on the alveoli. Nevertheless, if 

the lobes happen to be unconnected, strategies for merging close objects could be 

considered and easily implemented in the workflow. We decide to include the airway walls 

in the structural baseline of the CT biomarker because the disease progresses towards 

collapsing the airways, thus reducing the total volume of the uninvolved lung volume. The 

radiological biomarker uses the remaining healthy volume as an indicator of the disease 

progression, which can be drifted by inflammation. Inflammatory involvement is highly 

variable and can get worse or alleviate during the experiment. Atelectasis, which is a partial 

temporal collapsed of the lung tissue and generally an undesired effect of the anaesthesia, 

will also negatively affect the relative uninvolved lung volume.   

This study is based on the greyscale distribution of the voxels, measured in HU, to segment 

the uninvolved lung tissue by thresholding within the ranges provided in the set-up, which 

adds a subjective factor in the biomarker determination. It also relays on the HU 

reproducibility of the CT acquisition when comparing longitudinal scans.  

The limitations mentioned above will be addressed in future studies by increasing the 

sample size and using statistical modelling for characterizing the immune response to the 

different tuberculosis strains and establishing robust confidence intervals for exploiting  

the potential to help in intermediate decisions on prospective drug efficacy experiments. A 

decrease on the biomarker value can be interpreted as an indication of increasing adverse 

effects, which could be considered by investigators when developing scoring sheets for 

humane endpoints and complement well-known objective criteria as the weight 

decrease[93]–[95]. Furthermore, the biomarker has the potential to reduce the sources of 

bias in prospective studies such as the loss of individuals to follow up due to unsuccessful 

infection. Immediacy of the analysis results allow faster efficacy assessment, that is crucial 

for determining the therapeutic potential of new combination regimens for drug-resistant 

tuberculosis strains. 



The  system was the imaging tool for developing three animal models: C-57 mouse 

infected with 1000 CFUs of H37Rv, C3HeB/FeJ mouse infected with 100 CFUs of TMC107 

and C3HeB/FeJ mouse infected with 10000 CFUs of H37Rv microorganisms. The relative 

uninvolved volume was computed for the 228  scans composing the assays. Table 4.3 

specify the total number of imaging procedures ( ) in each essay per experimental group. 

Figure 4.16 represents the  sampling map per individual and timepoint for the 

described assays.  

 

Figure 4.16 Longitudinal course of tuberculosis involvement in three animal models: C57BL/6 
infected with 100 CFUs H37Rv (A), C3HeB/FeJ infected with 100 CFUs TMC107 (B), C3HeB/FeJ 
infected with 10000CFUs H37Rv (C). The bars depict the longitudinal relative uninvolved volumes 
for the growth control group, the infection control group and additionally in (C), the group treated 
with the standard antibiotic combo (RHZE). Positive increase in the bars depict disease recovery. 
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TABLE 4.3 ASSAY OVERVIEW OF THREE TUBERCULOSIS MODELS: TIMEPOINT, EXPERIMENTAL GROUP, NUMBER OF CT 

STUDIES, AND MEAN AND STANDARD ERROR OF THE RADIOLOGICAL BIOMARKER  

 
Post-infection Week Group μCT count Biomarker (mean+SEM) 

C
57

B
L/

6 
(1

00
 C

FU
s H

37
R

v)
 

5 Growth control 3 0.45±0.01 

 Disease control 5 0.49±0.02 

7 Growth control 3 0.48±0.03 

 Disease control 3 0.47±0.05 

8 Growth control 3 0.48±0.04 

 Disease control 3 0.43±0.02 

10 Growth control 3 0.46±0.04 

 Disease control 5 0.38±0.02 

11 Growth control 2 0.43±0.05 

 Disease control 5 0.34±0.02 

C
3H

eB
/F

eJ
  (

10
0 

C
FU

s  
TM

C
10

7)
 0 Growth control 3 0.45±0.01 

 Disease control 5 0.49±0.02 

3 Growth control 5 0.48±0.03 

 Disease control 9 0.47±0.05 

7 Growth control 9 0.48±0.04 

 Disease control 30 0.43±0.02 

11 Growth control 7 0.46±0.04 

 Disease control 16 0.38±0.02 

20 Growth control 3 0.43±0.05 

 Disease control 7 0.34±0.02 

C
3H

eB
/F

eJ
 (1

00
00

 C
FU

s  
H

37
R
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0 Growth control 4 0.49±0.03 

 Disease control 2 0.48±0.05 

3 Growth control 4 0.49±0.01 

 Disease control 6 0.33±0.02 

6 Growth control 8 0.49±0.01 

 Disease control 10 0.32±0.02 

 Treatment ctrl. 11 0.34±0.03 

8 Growth control 3 0.50±0.03 

 Disease control 6 0.30±0.03 

11 Growth control 14 0.48±0.01 

 Disease control 17 0.26±0.02 

 Treatment ctrl. 14 0.46±0.02 



-

infected (growth control group), infected (infection control) and treated (treatment control, 

if applicable) were confirmed by t-test or one-way ANOVA. Table 4.4 summarizes the 

corresponding p-values and confidence intervals.  

The corresponding p-values involving non-infected subjects and growth control subjects 

indicate  those differences are significant. Both comparisons involving the C3HeB/FeJ 

infected subjects have confidence intervals that reject the hypothesis that the true 

difference is zero. The differences in strength between the non-infected and treated is not 

significant. A 95% confidence interval for the difference is (-4.33,9.01), so the hypothesis 

that the true difference is zero. is not rejected. The corresponding p-value of 0.672 confirms 

this result. 

 

Figure 4.17 Evolution of radiological biomarker. Growth control group shows the lower 
variations. The infection control group shows a depletion weather the treated with RHZE presents 
considerable recovery. Differences on disease progression and growth control are also evident 
among mouse strains. 
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In the longitudinal analysis, Figure 4.17 summarizes the evolution of the biomarker for the 

mouse strains and infection strains described in the assays. The change of the growth 

control groups establishes the differential expression cut-off between relative uninvolved 

volumes. The C3HeB/FeJ strain are bigger and present higher biomarkers. Despite the 

heterogeneity of the infection and the immune response, the infection control groups 

present a negative change, i.e. the disease continues its progression, and the treatment 

control group present positive changes, confirming a lung tissue recovery. The disease 

progression has different trends depending on the microorganism of infection and the 

bacteria load. The C57BL/6 strain infected with 100 CFUs H37Rv was developed as a 

chronic model of the disease, and the lung is partially involved by the mycobacterium. 

Whereas in the case of C3HeB/FeJs strain infected with 10000 CFUs H37Rv was 

characterized by the lowest relative uninvolved lung, i.e. the diseases covered lobes 

completely. The same mouse strain infected with TMC107 have also lower biomarkers but 

the decreased started later. 

Assays including μCT assessments solves at very early stages the doubts on the insult 

succeed and allowing reallocation of subjects between groups. This minimises the effects of 

strain bias when allocating animals for treatment.  

Furthermore, to produce an 80% power with 2-sided confidence level at 5%, the necessary 

sample size is halved for experimental protocols of disease progression relaying on μCT 

rather than parasitaemia. 

Regarding the reference timepoints, μCT imaging system provide detail characterization of 

the disease. Imaging information helps to stablish the reference time points when the lesion 

progression reaches the desired point to start the treatment and how long it can be 

maintained without attrition. In the future, relapse assays where the treatments are 

interrupted, and the disease relapse is assessed will benefit from imaging follow up. 

Automatic radiological involvement score is blinded when assessing tuberculosis 

progression, analysing every μCT image under the same radiodensity widow and without 

information about the group, the timepoint or the strain.  
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CHAPTER 5 POST MORTEM LESION STRATIFICATION 

5.1 Introduction 

A pilot study was run for exploiting the X-ray imaging capabilities for the stratification and 

characterization of lesions. The main aim was defining the relationship between μCT 

intensities and cellular composition of tuberculosis-related lesions. This method set the 

basis for assessing drug efficacy by μCT. 

5.2 Tuberculosis histopathology on X-ray CT910 

Well established biomarkers are based on the intensity thresholding between the healthy 

and diseased lung parenchyma in thoracic μCT scans [22], [78], [79], [81], [96]–[98]. The 

nomenclature defines the mid-high intensity lung regions as soft diseased tissue and the 

high intensity lung regions as hard diseased tissue, remarking that the higher the diseased 

(soft and hard) volume, the higher the disease burden. More specifically, the larger the hard 

volume, the lower responsiveness to treatment[10]. Among the variety of texture features, 

the ones based on the grey level co-occurrence matrix (GLCM)[99] are proved to be 

especially useful in our context[100]–[103]. However, the relationship between those 

intensities, grey levels and the cellular composition of the tuberculous lesion is not yet 

defined. 

Under the hypothesis that the prognosis information given by those biomarkers reflects the 

pathological information, we propose a thresholding protocol to guide the histological 

analysis (Figure 5.1) integrated in the sample preparation. The achieved histopathological 

segmentation of the μCT images classifies granuloma intensities by cellular composition, 

thus the slicing of the paraffin block can be planned based on the lesion types of interest.  

To accomplish this objective, we first validated the staining protocol using high-atomic 

number contrast agents for the analysis of whole lung structure using 3D X-ray–based 

virtual histology, with a special focus on tuberculosis diseased lungs. Although the protocol 

                                                 
9 Contribución Ortega-Gil, A., Vaquero, J. J., Gonzalez-Arjona, M., Rullas-Trincado, J., & Muñoz-Barrutia, A. 

(2019). Metallic contrast enables X-ray-based virtual histology of Tb-infected lungs.  
10 Contribución Ortega-Gil, A., Muñoz-Barrutia, A., Fernandez-Terron, L., & Vaquero, J. J. (2018). Tuberculosis 
Histopathology on X Ray CT. In Image Analysis for Moving Organ, Breast, and Thoracic Images (pp. 169–179). 



can be used with any contrast agent, we present two alternatives (silver nitrate and iodine) 

targeting the diagnostic X-ray energy range (10 keV, 150 keV)[104]–[107]. The stained 

organs are embedded in ethanol and then, moved to paraffin, which enables longer storage 

of the biological phantom at room temperature. The histological analysis of our samples 

reveals the distribution of the contrast agent in the lesion subtypes associated with the 

tuberculosis model under study and the nature of their abnormal X-ray density.  

Once the staining protocol proved the preservation of the tissue and the enhancement of 

the tuberculous lesions, we designed the HU thresholding protocol for the segmentation of 

the whole  All methods presented in this section 

were developed in Matlab (Matlab Inc., Natick, MA, USA). 

Figure 5.1 Sample preparation procedures for guided histological analysis. The fixated excised lung 
is stained with metallic contrast agent and then embedded in paraffine. The block with the embedded 

-based segmentation is done using the histopathological labelling 
information. Histological slicing can be planned by the anatomical location and depth at which the 
microtome must slice to reach the lesion of interest in the paraffin block. The starred steps are the 
new ones validated and integrated for histological slicing planning by means of the 3D X-ray–based 
virtual histology. 



The stratification of abnormal X-ray densities associated with tuberculosis is highly 

challenging in preclinical research owing to low lung contrast and the ground glass 

appearance of lesions. Contrast agents enhance the X-ray attenuation of soft-tissue and 

could allow 3D visualization of lesion composition when using a polychromatic X-ray CT 

scan[108]. 

The use of contrast agents with a high atomic number (most commonly iodine or barium) 

for  imaging is extensively reported in literature both for in vivo and post mortem 

studies [108]–[110]. Small iodinated agents are commonly injected into blood vessels to 

enable visualization of the vascular system and organ perfusion[111] or for the estimation 

of the volume difficult and laborious procedure.   

 

Figure5.2 Flow chart for the validation of the metallic contrast agent staining protocol: 1. The excised 

embedding. 3. Inflated fixed lungs are immersed in the staining solution. 4. After 14 hours, they are 
5. The organ is then embedded in paraffin and 6. a 

third 7. Finally, after preparation with haematoxylin and haematoxylin-eosin, 
slices are digitized using optical microscopy. scans and histopathological images are ready for 
analysis. 

The sequential steps for the validation of the staining protocol are presented in Figure 5.2. 

The mouse organs were excised from ten females of the C57BL/6J strain. Five were 

inoculated with 100 CFUs of the virulent tuberculosis H37Rv strain at the age of 

weeks. All animals were sacrificed eight weeks after the intratracheal insult.  
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At that time, the infected mice had reached the chronic phase of the disease. Before the lungs 

were extracted, 1.5 ml of 10% formalin were instilled through the trachea. All animal 

studies were ethically reviewed and carried out in accordance with European Directive 

2010/63/EEC and the GSK Policy on the Care, Welfare and Treatment of Animals. 

5.2.1.1 Inflated lung staining 

The mouse organs were dehydrated by graded ethanol concentration fixation (GECF), a 

prior biochemical conditioning procedure described by de Silva et al.[109]. GECF begins 

with 50% ethanol for one hour and proceeds with ethanol solutions at increasing 

concentrations (70, 80, 90, 96 and 100%) for one hour each.   

Then, eight of the ten samples were immersed in the staining solution for 14 hours. The 

experimental groups are described in Table 5.1. The stains were silver nitrate (Sigma-

Aldrich Co.) and iodine (Sigma-Aldrich Co.) in 3% w/v solution.  
TABLE 5.1 NUMBER OF SAMPLES PER EXPERIMENTAL GROUP 

 Healthy Tb infected 
Control (No staining) 1 1 
Stained with silver nitrate 2 2 
Stained with iodine 2 2 

To prevent abrupt shrinkage of the fixed sample and ensure homogeneous staining 

throughout the subsequent immersions (GECF and staining), the organs are kept in 

suspension at a constant pressure of 20 cmH2O by connecting a computerized pneumatic 

circuit to the tracheal catheter. The pressure system keeps the lungs inflated in suspension 

to guarantee a homogeneous uptake, thanks to the subtle fluid stream. It serves also to 

prevent the lung tissue from collapsing, even in the case of perforation.  

The modified manometer is shown in Figure 5.3. A simple and accurate method to measure 

low air pressure is to balance it against a column of liquid. The weight of the column of 

liquid is known, and any pressure variations will be reflected in the height of the liquid. This 

manometer has no moving parts and requires no calibration. 

A microcontroller reads a differential pressure sensor, which is connected to the biological 

sample and controls the air flow with a pneumatic valve. When pressure in the samples 

surpasses the selected pressure by 0.1 cm/H2O (20 cm/H20 in our case), the valve closes. 



Thus, the pressure decreases in a controlled manner thanks to a flow valve. If the pressure 

falls 0.1 cm/H2O below the desired value, the valve opens, allowing the air of the pump to 

reach the sample with controlled flow. The modified manometer has two different safety 

systems for preventing damage to the sample: a) the microcontroller, which has a watchdog 

timer that closes the valve in the case of a delayed response of the pressure sensor and 

resets the control loop; and b) an relief valve in the main duct, which ensures that the 

pressure will always be below the water level of the exhaust chamber.  

 

Figure 5.3 Schematic of the pneumatic pressure system. The modified analogue manometer and the 
suspended lungs are connected through a catheter to a constant pressure of 20 cmH2O. The 
microcontroller (uC) reads the analogue pressure sensor and manages the aperture of the normally 
closed valve using a hysteresis controller, thus limiting the pressure changes to 1 mmH2O. 

Samples are stored in a 2 ml plastic container filled with 70% ethanol to prevent further 

dehydration of the tissue and can be kept without significant discolouring up to four 

months. After that time, staining should be repeated. The final preparation for histology 

consists on the immersion of the whole organs in paraffin blocks.  

The dedicated  was used for both in vivo and excised lung scans. Acquisition 

parameters, in accordance with the dedicated task protocol described in section 3.4.1.1, are 

detailed in Table 5.2. Before euthanizing the subjects, the ten mice were screened in vivo by 

. The excised lungs were screened post mortem two times: once the lungs were stained 

and embedded in ethanol and a last time, when embedded in paraffin (Figure 5.2).  



The axial 44-µm–thick CT slices of the paraffin blocks were acquired parallel to the 

microtome slicing plane, thus resulting in the aligned virtual volumes used to define the 

histology planes. Namely, planes of interest containing relevant tuberculosis lesions are 

e 

estimated (Figure 5.4). 

Three histological sections were processed per mouse: the first, with no further staining 

other than the metallic contrast agent; the second, with haematoxylin to enhance the nuclei; 

and the third, with haematoxylin-eosin, which adds the contrast for the cytoplasm and 

extracellular matrix. In total, 30 slides were digitalized using the Aperio CS2 image capture 

system (Leica Biosystems Nussloch GmbH, De) at 40x magnification and 0.251 µm x 0.251 

µm pixel size. 

 
In vivo Excised lungs 

Scan type Step and shoot 
Tube voltage 68 kVp 
Tube current 420 µA 
Filtration 0.2mm Cu+1.8 mm Al intrinsic 
Exposure time  50 ms 
Circular projection  
Magnification 3.1
Projections per angular step 4 8 
Pixel size (pixel binning) 0.29 mm (4x4) 0.14 mm (2x2)
Data volume (per frame) 2.17GB (1.44MB) 4.27 GB (2.88 MB) 
Total acquisition time 8 minutes 16 minutes 
Voxel size 88×88×88 µm3 44×44×44 µm3 

Figure 5.4  scan of the paraffin block guides the histological slicing by providing the depth of the 
tuberculosis lesion from the paraffin surface. The sagittal view of the  scan (a) is used to measure 
the depth at which the microtome must slice to reach the region of interest in the paraffin block (b). 
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5.2.1.3 Tissue analysis in μCT scans  

First, the volume preservation of the processed samples was assessed. The morphometric 

parameters applied for the assessment of sample preservation on the μCT scans were total 

volume of the healthy lung and volume of the diseased tissues in the infected and stained 

samples. The tissues of interest can be identified in the μCT slices owing to the difference 

on their grey levels. 

Lung volumes are quantified using thresholds computed on the histograms of lung voxels 

in Hounsfield units (HU), as described in Chen, R et al[79].  In brief, intensity (HU) windows 

can be depicted to individually capture lung tissue or apparent disease from the μCT scans. 

The thresholds delimiting each window are established to divide the HU histogram of the 

virtual volumes into the three parts above mentioned (healthy lung tissue, rim of foamy 

macrophages and neutrophil foci). Sample volumes are calculated by summing the total 

volume of the voxels belonging to each window. 

For the quantitative evaluation of contrast enhancement in lung tissue, we provide the 

edge-based contrast criterion (ECC) as a local index. The ECC is defined as the average of 

the pixel contrast values[112], [113] and is computed as follows: 

𝐸𝐸𝐶𝐶𝐶𝐶 =  1
𝑈𝑈𝑈𝑈 

∑ ∑ |𝐼𝐼(𝑈𝑈,𝑗𝑗)−𝐸𝐸�(𝑈𝑈,𝑗𝑗)|
|𝐼𝐼(𝑈𝑈,𝑗𝑗)+𝐸𝐸�(𝑈𝑈,𝑗𝑗)|

𝑈𝑈
𝑗𝑗=1

𝑈𝑈
𝑈𝑈=1    (5.1) 

where U and V are the horizontal and vertical size of the image in pixels and I(i, j) is the grey 

level value at pixel (i, j). 𝐸𝐸�  is the mean edge grey level computed within a local N=3 × 3 

square window as given by: 

𝐸𝐸�(𝑝𝑝, 𝑝𝑝) =  
∑ 𝐼𝐼(𝑏𝑏,𝑈𝑈)𝐺𝐺(𝑏𝑏,𝑈𝑈)(𝑘𝑘,𝑙𝑙)∈𝑁𝑁(𝑘𝑘,𝑙𝑙)

∑ 𝐺𝐺(𝑏𝑏,𝑈𝑈)(𝑘𝑘,𝑙𝑙)∈𝑁𝑁(𝑘𝑘,𝑙𝑙)
    (5.2) 

where G is the Sobel gradient magnitude.  

5.2.1.4 Tissue analysis in histology 

Histology is the gold standard for morphological tissue assessment. The tissue sections 

were analysed and labelled by three independent pathologists to evaluate the sample 

preservation after the preparation procedure in terms of obstructed/unobstructed airways 

and depiction of the lung cell types.  



Histology revealed the presence, extent, and appearance of the contrast agents in the 

tuberculosis lesions as indicators of the contrast enhancement in the  scans.  

The main steps of the proposed algorithm to define the HU thresholds for the classification 

of lesion components are presented in Figure 5.5. The 3D  volumes and the 2D 

digitalized histology images of the infected excised lungs stained with iodine described in 

section 5.2.1 of infected subjects were the input datasets for developing the registration, 

annotation and Hounsfield Unit (HU) thresholding steps. The output HUs ranges can be 

with stained lungs embedded to segment 

the whole organ by cellular composition and locate the lesions of interest.  

Figure 5.5 Translation methodology: The paraffine block with the embedded organ is scanned by 
 and then the block is sliced and digitalized. The  slices are registered with the annotated 

histology slides. HU-based segmentation is done using the histopathological labelling information. 

The histopathological labelling ground truth was annotated by an expert using the 

Trainable Weka Segmentation tool [114]. The segmentation accuracy already achieved in 

other microscopy applications [115]–[120] supported the utilization of the tool in this 

study.  



The histopathologist created and trained a classifier for tuberculous lesions from the right 

upper lobe of one infected slide. The structures of interest were highlighted by the 

haematoxylin and eosin (H&E) stain: lightest colour means healthy alveolar tissue, while 

violet means diseased (Figure 5.6). Other structures such as the airway or tracheal walls 

were stained in the same range as the lesion compartments.  

Trainable Weka Segmentation was then used for annotating the other regions of the slide 

(the lobes which were not use for training) and the remaining histological slides. The 

labelled results were pixel-based segmentations. The granulomas from the murine model 

under study are characterized by unorganized lesions composed of lymphocyte or 

neutrophil foci forming a more defined cup, and of diffuse inflammatory cells (foamy 

macrophages) isolated or surrounding those cups. Thus, the annotated images have four 

labels corresponding to background, healthy parenchyma (HP), foamy macrophages (FM) 

and neutrophil foci (NF). 

 

Figure 5.6 Lung tissue appearance in histological images. Detail of cells represented by the colour 
scale in haematoxylin and eosin stain. Scale bars represent 2 mm and 200 um. 
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5.2.2.2 CT-histology registration 

Data of the same excised sample taken by CT and by microscopy imaging of the histology 

preparations are affine sets at the work resolution, even after manipulating the paraffin 

block. The possible deformations may involve rotations, translations, scaling, and/or 

shears, which leads us to use the affine registration. The histological slide is put into the 

same coordinate system as each slice of the CT volume. By preserving collinearity and ratios 

of distances, the histological slide is deformed until the mutual information between it and 

the reference image is maximized by gradient descent. The mutual information is the 

similarity measure commonly used for registration of multimodality images and it is the 

parameter considered for the assessment of the optimum registration. 

The μCT slice correspondence and the transformation matrix between each 2D histology 

slide and 3D μCT volume allow us to compare structure measurements and lesion 

compartments in pairs. 

5.2.2.3 HU thresholding by histopathology 

A preliminary slice segmentation based on the CT volume histogram served as basis for the 

fine threshold determination using the histopathological annotations. This step consisted 

on the identification of three tuberculosis-related tissue classes by iso-data thresholding: 

healthy tissue, soft tissue and hard tissue. An extra class is added for the background 

identification. The segmentation was done according to the classes defined in literature 

[92], [96], [97], [121] and bounded the regions of interest to avoid the misclassification 

induced by noise and image artefacts. 

The four CT classes applied to each slice were then registered with their corresponding four 

histology classes using the previously derived affine transformation (Section 5.2.2.2). By 

separating the CT slices into four masks each corresponding to a normal distribution per 

tissue.  

The intersection points of their probability density functions determine the HU biomarker 

thresholds. Radiodensity biomarkers can then be applied to the 3D CT volumes of the 

paraffin blocks to stratify the pulmonary tissues.  
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5.3 Results 

5.3.1 Metallic contrast 

As previously indicated, the μCT scans of the samples embedded in paraffin facilitate the 

selection of planes-of-interest to be sectioned and subject to histological staining. Figure 5.7 

shows four sample slices of the 3D μCT scan of the paraffin block and their corresponding 

histological slide. The contrast of the metallic stained lungs is homogeneous, and the 

conductive airways were unobstructed. Axial slices of the 3D μCT scan of the paraffin block 

and their corresponding histological slides are shown in Figure 5.7 both for silver nitrate 

stained lungs ((a) infected and (b) healthy) and iodine stained lungs ((c) infected and (d) 

healthy). The contrast of the metallic stained lungs was homogeneous as observed in the 

histological slides (Figure 5.7, right panel). The dehydration step increased cell membrane 

permeation, and the staining molecules diffused more easily into the tissue. In this same 

Figure, it is also evident that the conductive airways are unobstructed. The air space 

diameters correspond to the lung structure measures found in the literature for the 

bronchus divisions (~1 cm) and the alveolar walls[122].  

Air spaces were homogeneously inflated, and septal walls were thin, with open corner 

vessels in sections Figure 5.7(a-c), suggesting successful perfusion fixation. Section Figure 

5.7 (d) of the thoracic pluck presented areas of alveolar wall collapse and high contrast 

agent precipitation on the heart tissue.  The extraction and perfusion fixation are critical for 

tissue preservation. When any of these stages is problematic, the resulting samples present 

partially collapsed regions that could not be recovered by the pressure system. 

In Figure 5.7 (a),(b), and (d), the oesophagus is visible in the centre of the sections. In every 

section, the bronchiolar ducts are maintained. Sections Figure 5.7 (b) and (d) show the 

tissue profiles of healthy controls. Sections Figure 5.7 (a) and (c) show lung histology of 

infected mice and a patchy area of alveoli that are filled with inflammatory cells. Destruction 

of lung tissue and diffuse oedema associated with the accumulation of a larger number of 

inflammatory cells are visible. Lung infection has extensive lesions and peribronchiolar 

inflammation.  



Figure 5.7 T slices and their corresponding histology slide. Silver nitrate stained lung: (a) Infected; 
(b) Healthy. Iodine stained lung: (c) Infected; (d) Healthy. The airways are unobstructed, and the 
structure of the parenchyma has been preserved. Tissue preservation in (d) is reduced owing to 
complications during instillation at the isolation and fixation step. 



 
Figure 5.8 Presence, extent, and appearance of the contrast agent deposition in tissue areas of the 
histology presenting abnormal density (i.e., blood vessel walls, airway walls, tuberculosis lesions) in 
the  images. All sections are stained with haematoxylin. Borders of the tissue (first row) and 
lesion regions (second row) are shown by columns for: No CA) no contrast agent, AgNO3) silver 
contrast agent, and I2) iodinated contrast agent. Orange circles indicate the pools of the contrast 
agents. A difference on the background colour is also noticeable. The scale bar represents 200 um. 

To obtain a detailed view of the contrast agent deposition, we acquired high-resolution 

histology images of tissue borders (first row, Figure 5.8) and tuberculosis lesions (second 

row, Figure 5.8). All sections are stained with haematoxylin (left column: unstained; central 

column: silver stained; right column: iodine stained lung). The lung cells remain intact both 

for healthy and diseased tissue. The silver nitrate-stained lungs are black, and the iodine-

stained lungs are yellow on visual inspection. Neither of the contrast agents interfere with 

the histological counterstain.The metallic contrast agent presence is visible as scattered 

pools (encircled in orange in Figure 5.8), confirming that the silver nitrate and iodine 

preparation protocol stains the whole organ. The deposition on the edges is responsible of 

nitrate and iodine are ionic contrast agents with the property of precipitate proteins and 

chlorides.  



Thus, significantly higher pool concentrations and background padding are found proximal 

to clusters of cells, targeting the structures with the abnormal densities (i.e., tuberculosis 

tuberculous lesions, the trend towards adhering to highly populated regions explains the 

contrast enhancement in the CT scans associated with inflammatory tuberculosis lesions at 

week 8 after inoculation[123], [124].  

parenchyma and into tuberculosis-infected lung sites in post mortem whole lungs. The 

s of the 

relevant lung structures (i.e., airways, blood vessels, and abnormalities).  

 

Figure 5.9 Example slice of a  lung scan acquired: (Left) in vivo (before euthanizing the mice) 
and (right) post mortem (without metallic contrast agent staining and embedded in ethanol). The 
intensity profiles (in HU) shown in the graph below corresponds to the red lines drawn on the  
slices. The lowest intensities correspond to the absence of pulmonary tissue (background, 
airways). The variation of the highest intensities in the in vivo image match up with the pulmonary 
structures under study. The low contrast of the excised image prevents to appreciate those 
variations. 



have not been stained with either metallic stain (Figure 5.9). For that reason, all subsequent 

 

For the volumetric estimations, an expert radiologist selected the thresholds by visual 

inspection (Table 5.3). Figure 5.10 (left) is an example of the desired segmentation. The 

organ is delimited with a blue contour. In the lesions, the rim of macrophages is delimited 

in green and the neutrophil foci in red.  

Figure 5.11 

samples. Healthy lung tissue volume slightly decreases (14,3%, Figure 5.11 (a)) after 

staining and embedding in ethanol while the estimated total diseased volume including the 

peripheral rim and the central foci decreases abruptly (53,7%, Figure 5.11 (b)). The former 

is due to the tissue dehydration and the latter is caused by the accurate delimitation of the 

peripheral rim edge enabled by the improved contrast.  

 

Figure 5.10 E

matches the H&E stained histological slice (right). 
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The hollow tissue (healthy parenchyma (31,8%, Figure 5.11 (a)), total diseased tissue 

(33,5%, Figure 5.11 (b)) and peripheral lesion rim (27,4%, Figure 5.11 (c)) further decrease 

their volume after embedding in paraffin, as expected, while the lesion core formed by the 

infiltrated nuclei maintains its volume (Figure 5.11 (d)).  

 

Figure 5.11 Illustration of the lung volume preservation on the stained lungs (for both silver 
nitrate and iodine staining) embedded in ethanol and paraffin in comparison with those measured 
in the in vivo μCT scan: (a) Total healthy tissue volume of the lung (lower intensity regions in the 
μCT volumes discarding the airway tree); (b) Total diseased tissue including rims of macrophages 
and neutrophil foci (high intensity regions); (c) Detail of the peripheral rim volume (mid 
intensities); (d) Detail of the infiltration nuclei volume (maximum intensities).  

Figure 5.12 illustrates the contrast enhancement in the lung tissue of the infected animals 

due to the staining. Reconstructed tomographic volumes are used for analysis before any 

processing or re-slicing. Each histogram shows the probability distribution of the voxel 

greyscale values (linear scale [HU]) from the concatenation of the segmented lung volumes 

available per condition. From the histogram, the mean and standard deviation values of a 

Gaussian fit of the intensity probability distribution are computed (Table 5.4). With respect 

to in vivo scans, the histograms of silver nitrate stained lungs are shifted by 771 HU (354 

HU) when embedded in ethanol (paraffin); the histograms of iodine stained lungs are 

shifted by 663 HU (261 HU) in ethanol (paraffin). This due to the different HUs of the 

paraffin and ethanol.  
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The abnormalities associated with the disease have intensities concentrated in the right tail 

of the histograms. Its width measured as the difference between the 95th percentile value 

and the mean is largely increased (Table 5.4). The increase in the width of the right tail of 

the silver nitrate lungs (497.72% (322.41%) when embedded in ethanol (paraffin)) and of 

the iodine lungs (397.52% (198.61%) when embedded in ethanol (paraffin)) indicates that 

the details on the abnormal densities are more finely resolved. The differences between the 

embedding medias may be due to the washing effect of the lungs being two hours 

submerged in hot paraffin before building the block.  

Finally, the ECC measures are computed on the four infected samples as defined in section 

5.2.1.3. For each embedding and each metallic stain, we considered the mean of the 

measurements for 31 slices per μCT volume of a lung region of interest with size 3.6 × 5.5 

mm2. The ECC metric reveals a contrast enhancement at relevant lung structures, 

summarized in Table 5.4. 

TABLE 5.4 METRICS FOR THE QUANTITATIVE EVALUATION OF CONTRAST ENHANCEMENT IN LUNG TISSUE                                  
(SEE FIGURE 5.12) 

 Embedding Histogram 
Gaussian fit (HU) 

Right tail 
width (HU) ECC increase (%) 

In vivo   μ=-481, σ=134 394.9 - 
Excised not stained  μ=56, σ=241 711.2 - 
Stained in silver in ethanol μ=-127, σ=252 1965.5 71.8 
 in paraffin μ=290, σ=391 1273.2 33.1 
Stained in iodine in ethanol µ=-222, σ=155 1569.8 62.85 
 in paraffin µ=182, σ=323 784.3 25.66 

 



Figure 5.12 Quantitative measure of contrast estimated from the histogram of the  lung 
volumes. The histograms show the probability distribution of the voxel greyscale values (linear 
scale [HU]) from the concatenation of the segmented lung volumes available per condition. A break 
in the y-axis is included from 16 to 28%. Renders of the  lung volumes from which the 
histograms have been computed are also shown.  scans of: (a) Lungs acquired in vivo (blue-
dashed) and unstained excised lungs (red); (b) Excised lungs stained with silver nitrate acquired 
while embedded in ethanol (blue-dashed) and in paraffin (red); (c) Excised lungs stained with 
iodine acquired while embedded in ethanol (blue-dashed) and in paraffin (red). 
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5.3.2 Classification of granuloma intensities by cellular composition 

Five histological slides (with silver nitrate staining) from tuberculosis-infected subjects 

were classified in the Trainable Weka Segmentation tool using the classifier created by the 

expert histopathologist and registered with their corresponding 3D μCT slices. From the 

five μCT slices, the HU tissue masks were extracted and the resulting normal distributions 

per tissue are shown in Figure 5.13. The points of intersections of their probability density 

function are the μCT thresholds. These thresholds were used for the segmentation of the 3D 

μCT volumes, comprising the remaining 75 slices of the Tb-infected mouse lung and the 80 

slices of dissected healthy mouse lung. 

 To evaluate and validate the proposed histopathological thresholding protocol, two 

metrics were defined: quantitative assessment by the Jaccard index, a well-known 

similarity index; used in this casae to compare the expert’s segmenation and the histological 

thresholding; and the visual assessment of the resulting segmented volumes for both the 

infected and the healthy samples. 

A 

Figure 5.13 Histogram per tissue of the CT-histology registered slices (bars) and their derived 
probability distribution function (curves) of the normal distribution. Labels from the histology 
annotation have been preserved 
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The diagnostic ground truth used for comparison is the manual segmentation of the 3D CT 

volumes by an expert radiologist, who used the intensity segmentation approach described 

in Gordaliza et al. [121] for evaluating disease burden. Table 5.5 gives a summary of the 

tissue segmentation thresholds used in the ground truth and in the presented histology-

based approach. 

TABLE 5.5. THRESHOLDS FOR SEGMENTATION OF CT VOLUMES (HU). MAXIMUM OF THE IMAGE (MAX) 3095 HU. 

Tissue Ground Truth Histological thresholding 
Healthy parenchyma −315 ≤ 𝐻𝐻𝐻𝐻 < −198 −345 ≤ 𝐻𝐻𝐻𝐻 < −185 
Foamy macrophages −198 ≤ 𝐹𝐹𝐹𝐹 < 157 −185 ≤ FM < 103 
Neutrophil foci 157 ≤ 𝐶𝐶𝐹𝐹 < 𝑚𝑚𝑚𝑚𝑝𝑝 103 ≤ 𝐶𝐶𝐹𝐹 < 𝑚𝑚𝑚𝑚𝑝𝑝 

The qualitative assessment is depicted in Figure 5.14 in which the composition of the 

segmented masks uses the colour scheme shown in Figure 5.13. The absence of disease 

tissue (in the form of inflammatory response or of granulomas) can be visually assessed on 

the healthy volume (Figure 5.14 (a)). The presence of disease tissue within healthy 

parenchyma can be assessed on the infected volume (Fig. 5.14 (b)). The trachea and the 

oesophagus are also segmented as diseased tissue, since the radiodensities of those 

structures lay in the same ranges as the macrophages or the neutrophils. This circumstance 

is also present on the histological annotations. 

The proposed quantitative measurement of the similarity between the radiologist diagnosis 

and the histology-based diagnosis is the Jaccard index between tissue segmented volumes, 

a metric that quantifies the size of the intersection divided by the union of the sets under 

comparison: the closer to the unit, the higher similarity. Table 5.6 shows the obtained 

Jaccard indexes for each segmented tissue and the total Jaccard index considering all 

segmented tissues. 
TABLE 5.6 JACCARD INDEXES BETWEEN HISTOLOGY-BASED AND RADIOLOGIST DIAGNOSIS. 
Tissue Healthy Organ TB infected Organ 
Healthy parenchyma 0,95 0,91 
Foamy macrophages 0,75 0,71 
Neutrophil foci 0,79 0,73 
Total 0,90 0,85 



 

Figure 5.14 Composite of the classified 3D micro-CT based on the HU distribution of the three 
tuberculosis-associated tissue volumes in (a) a healthy organ and (b) an infected organ. Black 
background, blue, parenchyma (alveolar walls); green, foamy macrophages; red, neutrophil foci.  

We have demonstrated the feasibility of post mortem whole lung silver and iodinated 

staining for X-ray histology to assess the 3D characteristics of abnormal bronchoalveolar 

tissue. We showed that this approach is not limited to a single staining agent by presenting 

comparable results with both solutions. In addition, we demonstrated that our preparation 

for staining is compatible with disinfection protocols and allows subsequent analysis using 

classical histology. Our protocol does not introduce any additional shrinkage of the tissue 

other than that expected from the chemical drying procedure and paraffin embedding 

typical of standard histological examinations. Compared with 3D high-resolution 

clearing process step 

required to image whole organs with optical microscopy[93] and avoids the limitations 

with histological analysis of 3D reconstructions obtained from 2D sections (such as the need 

cans also allow larger fields of view, 

and the possibility of imaging in vivo murine models[95]. 

Alternative CT systems, such as phase-contrast or dual-energy CT, can increase the 

contrast-to-noise ratio for unstained samples. 
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 However, these techniques are usually only feasible with synchrotron light sources[96]–

[99], which are only available in 73 facilities worldwide, thus preventing their use in high-

throughput studies. Cutting-edge spectral systems are expected to demonstrate superior 

image quality, even with larger voxel sizes than standard CT systems, provided that the 

attenuation of subjects under study is enhanced[88], [100], which could be achieved by 

staining preparations such as the one we propose. 

Both silver and iodinated contrast agents demonstrate low protein binding, thus explaining 

the clear depiction of vessels, airways, connective tissue, and lesions. Material 

decomposition techniques will benefit from this novel use of a silver-based contrast agent 

for lung staining, since silver has a low absorption edge value that is detectable with any 

spectral scan. Silver-based contrast agents also presented higher contrast in conventional 

CT, thus facilitating the depiction of the rim and central regions of the lesions. The iodinated 

contrast agent is a well-established technique and can be translated to in vivo scans using 

its injectable form.  

Many laboratories are actively working toward the development of staining protocols to 

use in combination with μCT for animal organs imaging[81], [101], [102]. Preparation 

techniques for murine organs try to avoid tissue collapse and enhance radiodensity by 

vascular perfusion with fixatives[81], [103] or formaldehyde inflation[102]. 

The use of an automatic tissue processor that performs fixation, dehydration, and wax 

immersion treatment is widely applied in pathology laboratories. The staining step could 

be added to the cycle; however, the samples would be caged in the cassette, thus preventing 

the stain from penetrating all lobes uniformly.  

Comparison of lung volumes throughout the process shows the expected shrinkage 

reported in the literature [102], [104], [105] and no shrinkage due to the contrast agents 

applied. We recommend that samples are stored in 70% ethanol to avoid further volume 

changes. An alternative to be considered is immersion in agarose gels, which do not wash 

out the staining agent or dehydrate the sample [101]. In the case of paraffin storage, 

preservation can be assured and moreover, the lungs can be scanned with a slight decrease 

in the image contrast while continuing to allow planning of the histological cuts to the 

regions of interest. 
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Silver nitrate produced higher contrast at a 3% concentration (saturated) than iodine at the 

same concentration on the analysed μCT images. A higher contrast could be achieved for 

iodine increasing its concentration up to its saturation limit. Subsequent histopathology 

enabled us to perform a detailed CT examination of the lung anatomy and composition from 

the payload carried by the contrast materials. Consequently, in the future, this method may 

enable stratification of abnormal CT densities associated with a wide variety of pulmonary 

diseases in preclinical research: any other model of injury, infection or tumorigenesis which 

also present clusters of cells as hallmarks of the host response, could be enhanced by 

metallic stains in μCT imaging.  

Potential adverse structural or health effects of contrast media designs have been 

extensively studied over the last 20 years. As a result, the design of small-molecule image 

contrast agents has been highly optimized with successful examples such as lipid emulsions 

(Exitron 12000, Miltenyi Biotec) and nanoparticles (Mvivo Au, MediLumine). The physical, 

chemical, and pharmacological properties of contrast agents can be manipulated and 

modified to fit the desired application and its design specifications[83]. Our proposed soft-

tissue analysis provides the bases for designing a low-osmolarity contrast agent/saline that 

could be used for in vivo imaging of the lung. 

Our results confirm that the proposed histopathologic-guided biomarker extraction 

provides a satisfactory estimation of the volumes of interest by statistically modelling the 

HU distribution and registering the CT with histological slides. These methods 

automatically assign thresholds to 3D micro CTs to the three modelled Gaussian 

intersection points for revealing the presence, extent and appearance of the immune 

responses to a tuberculosis challenge. 

Histological annotations based in intensity have misidentifications owing that multiple 

tissues are coded with the same colour range. In our case, the characteristic cells composing 

the walls of collapsed alveoli, trachea and airways are automatically annotated as diseased 

tissue, both in the 3D micro CT volume and in the 2D histological slide. Spots in the 

digitalized histology slide due to dust in the lens were also detected by the classifier as 

diseased tissue. Furthermore, the staining concentration also interferes the classification, 

preventing the extraction of a global set of thresholds for CT slices or He slides.  
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Approaches which worth consideration are exploring texture classifiers for histological 

slides or histogram equalization strategies to further generalized the HU thresholds for Tb-

related tissues. 

Registration of multimodal images is the most common method to acquire the 

correspondence between standard histology and molecular imaging techniques. Most of 

approaches rely on rigid registrations, such as the affine transform, for the initial slice 

correspondence between the 2D histology and 3D μCT volume. The intact tissue 

preservation and the digitalization quality are critical aspects for an optimum registration.  

There are multiple imaging techniques which benefit from the registration with histology. 

For example, the correspondence between MRI and histopathology is mostly applied in 

prostate cancer detection [125], [126]. In this type of cancer, it is generally difficult to 

differentiate the cancerous and non-cancerous regions directly on the preoperative in vivo 

MR images and the information that histopathological images offer ease the planning tasks. 

Regarding μCT images, the main area of research is bone structure. It has been 

demonstrated that it is a good method to compare the structure measurements, and to 

check that the diagnosis is correct[127], [128]. As far as we know, few results have been 

presented for soft tissue imaging tasks such as the pulmonary tissue[129]–[131].  

It must also be considered that there is not exact correspondence between the histology 

image and a slice in the μCT. The voxel size of our 2D μCT slice is 40 μm, meaning that the 

image is a flat cross-section which integrates all the structures within 40 um depth, whereas 

the width of the histology samples is 3 um. This may lead to misclassification of lesions or 

patterns that appear in the histology slide but not in the CT slice. One common event is the 

edge effect. Edges in histology have high intensity values and sometimes classified as 

neutrophil focus. However, those patterns are not expressed in μCT slice. The limitations 

mentioned will be addressed in future studies by considering multiple disease models, 

strains and disease mechanisms, which will extend the robustness and accuracy of the 

granuloma stratification.  
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We will focus on increasing the sample size of the training dataset with the goal of 

translating the approach to in-vivo longitudinal studies for a robust prediction of treatment 

outcome. With such studies, the efficacy of a compound on penetrating any type of lesion 

can be tested and therefor, save time on the proposal of compounds as candidates for 

clinical trials.  

To conclude, we have proposed a fully automatic method for the extraction of an imaging 

biomarker based on the radiodensities of tuberculosis involvement. The statistical model 

profits from the expert’s semiquantitative histopathological annotations. The proposed 

technique yields similar estimations to those obtained manually by a trained specialist. The 

method has the potential to define the correspondence of biomarkers with the pathological 

manifestations of infectious diseases involving any organ. 
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The assessment of the state-of-the-art capabilities of preclinical spectral systems for 

imaging of lung inflammation and infection in rodents also served to identify the current 

technical limitations and the prerequisites for the break-through technologies that need to 

be developed to enable effective spectral-CT lung imaging in rodents. 

Photon counting spectral  scanners have the key feature of selectively detecting specific 

contrast agents (e.g., silver, iodine, gadolinium, barium ...). The spectral detectors 

discriminate and account X-ray photons by energy ranges and each metallic contrast agent 

has a unique associated energy which allows its identification and location in the 

tomographic images. In fact, at this energy, the attenuation coefficient presents a sharp 

increase, shown in Figure 6.1, behaving differently than for every other surrounding 

material. 

 

Figure 6.1 Attenuation coefficient profile of Iodine, Silver and water. The k-shell binding energy 
is uniquely identified at the energy where the attenuation increases abruptly.  

The purpose of applying spectral imaging was to evaluate the possibility of quantifying the 

extent and heterogeneity of the host response to infection over time, which supplement the 

bacteriological information. 
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The detection technologies evaluated in this proof of concept are the hybrid pixel camera 

XPAD3.2 within the μCT prototype PIXSCAN-FLI (imXgam, Fr) [132], with a single energy 

threshold, and the hybrid pixel camera Medipix3RX in μCT-MARS (MARS Bioimaging Ltd., 

NZ), with up to eight energy thresholds  [133], [134]. Both spectral X-ray detector 

technologies were originally developed at CERN for the Large Hadron Collider and modified 

for medical applications and represent the state-of-the-art trends in spectral imaging. 

However, they present two different image approaches: PIXSCAN-FLI performs K-edge 

imaging and MARS follows a material decomposition strategy. 

6.3 K-edge imaging by PIXSCAN-FLI11 

The prototype PIXSCAN-FLI is shown in Figure 6.2 and the acquisition protocol is summed 

up in Table 6.1. It is equipped with different metallic filters used to calibrate the detector at 

the K-shell energy of a given material. Photon counting provides access to the energy of the 

detected X-ray by setting a single energy threshold on the detection of X-rays. This feature 

of the XPAD3 camera is exploited to perform K-edge imaging of X-rays passing through 

matter. The calibration procedures and the communication with the detector were 

developed using the Anaconda distribution with the latest Python 3 version (Continuum 

Analytics,Austin, USA).  
TABLE 6.1 PIXCAN-FLI ACQUISITION PARAMETERS  

                                                 
11 Contribución Ortega-Gil, A., Dupont, M., Boursier, Y., Portal, L., Cassol, F., & Morel, C. (2017). K-Edge spectral 
tomography of preclinical lung tissue: energy calibration and image analysis within the prototype PIXCAN-FLI. 

In 1st ySMIN Meeting (Ed.), Preclinical and clinical imaging tools and applications (pp. 14–15).  

Scan type Step-shot 
Tube voltage 90kV 
Tube current 500uA 
Filtration 0.3 mm Al 
Detection Technology  Direct photon counting (Polarized Si 500 um) 
Detection area 7.5 x 12 cm2 
Magnification 1.76 
Pixel size  130um 
Total acquisition time 20 minutes 
Radiation dose 11.02 uGy/s 
Energy thresholds 1 



Figure 6.2 PIXCAN-FLI components. 

A reading channel specific to each pixel comprises an analog part with a charge amplifier, a 

voltage-current converter and a comparator making it possible to compare the quantity of 

collected charges with an adjustable current threshold and a digital part with a counter. 

This makes it possible to operate it in photon counting mode, which is the innovative 

character of the XPAD3 camera compared to Commercial CCD (Charge Coupled Device) 

cameras, all of which operate in charge integration mode. Photon counting mode operates 

so that every detected photon is accounted independently of the detection of the other 

photons. Only the part of the spectrum with energy information higher than the imposed 

threshold will be detected by the XPAD3 camera, improving the signal-to-noise ratio (no 

integration of dark noise intrinsic to electronics) and enabling the work with low statistics. 

Moreover, in the photon counting mode, each photon is detected with the same weight as 

the other photons despite its energy and in contrast to the charge integration mode where 

each photon contributes to the charge collected proportionally to the energy it deposited 

into the sensor. 
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Thus the XPAD3 camera will potentially offer better contrast than load-balanced cameras 

such as CCD cameras[135]. 

Regarding the energy threshold, its value can be set between 4.5 and 35 KeV with a non-

linearity 10%. These thresholds are set by Digital Analog Converters (DACs) thanks to 

several parameters available by the electronics: in particular, with an overall intensity 

threshold or ITH (Intensity Threshold) which allows a coarse adjustment of all the pixels of 

the same chip to the same energy and a finer setting or DACL (Digital Analog Converter 

Local) of each pixel independently of one another to take into account the differences in 

efficiency between each pixel as well as the heterogeneity of the thresholds due to the 

dispersion of the DACL steps (0.7 keV is approximately step of DACL). 

Despite all the advantages offered by the XPAD3 camera, certain physical phenomena can 

influence the quality of the detection[136], such as: 

• Charge sharing at the interface between two pixels. For a threshold set at low energy 

relative to the energy of the incident photons, the partial charge deposited in each 

pixel can cause a count of the same photon by both if the photon arrives at the edge 

of the pixels, resulting in double counting. On the other hand, if the threshold is set 

to a high value relative to the energy of the incident photon, the photon sharing its 

energy between the two pixels is perceived as two photons of energy below the 

threshold and won’t be counted.  

• Homogeneity of pixel response. The absorption of an X-ray in the sensor induces the 

creation of several electron-hole pairs proportional to the energy of the incident 

photon. The charges are collected, amplified and then discriminated in the analog 

part of the integrated circuit. Given the variability of the electronic response of each 

pixel, it is necessary to first adjust the discrimination threshold of each pixel to get 

uniform responses of all the pixels illuminated by an X-ray beam. 

A joint calibration of all these parameters is necessary to consider the imperfections of the 

detector and to correct them. The current discrimination threshold applied to the electronic 

pulse resulting from the load integration is set by means of several analogue-to-digital 

converters or DACL.  
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Two parameters of the XPAD3 electronic chip are available: a global tuning parameter, 

named ITH, and a local tuning parameter, named DACL. The value of the threshold in energy 

is computed from: 

𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑙𝑙𝐸𝐸 𝑝𝑝ℎ𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑝𝑝𝑅𝑅𝑑𝑑 =  (𝑚𝑚 ∗ 𝐼𝐼𝐼𝐼𝐻𝐻 − 𝑏𝑏 ∗ 𝐷𝐷𝐷𝐷𝐶𝐶𝐷𝐷 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶𝐸𝐸) (6.1) 

ITH allows the global adjustment of all the pixels belonging to a chip (9600 pixels). The fine 

tuning is achieved by means of 6-bit DACL, which gives 64 steps to fix locally and 

independently each pixel. The ITH and DACL step sizes depend on the value chosen for 

ITUNE, set by an 8-bit DAC. As shown in equation 6.1, the threshold value decreases as the 

DACL value increases. A fourth parameter, IMFP, set by a 6-bit DAC, determines the duration 

of the load integration window of the signal perceived by the camera. The larger the 

window, the better the integration of the signal but the bigger the DACL step. With 

manufacturer optimal parameters for the XPAD3 camera (IMFP = 25 and ITUNE = 120), a 

DACL step is equivalent to about 0.7 keV. IMFP and ITUNE parameters remained unchanged 

in all the acquisitions presented in this proof of concept. 

The calibration procedure consists of successively adjusting the values of the ITH and DACL 

DACs by a dichotomous search so that the maximum number of pixels has the correct 

setting. Briefly, to determine optimal values of the ITH and DACL registers, a scan of the ITH 

values (with DACL fixed at 32) is performed to determine the ITH value corresponding to 

the average threshold required per chip. Once the value of ITH is fixed, a scan for DACL 

values is made to fix the DACL value of each pixel at the desired energy. The calibration of 

ITH-DACL pairs can be carried out to the noise level by adjusting the threshold to be placed 

just above the noise of the electronics, detailed in section 6.3.1.1, or at any energy between 

5 and 35 keV, range for which the load amplifier is considered as linear, as detailed in 6.3.1.2 

section. A small fraction of the pixels will remain poorly calibrated and will be identified as 

defective pixels: they have either an excessive signal present in the off-beam backgrounds 

or a signal too strong or too weak present in the on-beam backgrounds. 
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6.3.1.1 Over the noise (OTN) 

In the absence of photons, the analog output corresponds to the amplification of the 

electronic noise (white noise). An over-the-noise threshold can be applied in order to avoid 

measuring a signal in the absence of X-rays. For the XPAD3 camera, the energy value of the 

threshold adjusted to the noise level corresponds to approximately 6 keV. 

Considering that the electronic noise is described by a Gaussian random variable, this count 

corresponds to an error function equal to the integral of the Gaussian distribution whose 

inflection point corresponds to the average value of the noise. For the calibration protocol, 

the count rate of each of the off-beam pixels is measured by varying ITH and DACL. Since 

there are 64 discrete DACL values (6 bits), the DACL value is initially set to 32 and we 

perform a scanITH (measurement of the pixel count rate as a function of the value of ITH by 

scanning the ITH values from 50 to 20). During the scanITH, we look for ITH where 50% of 

the pixels of the chip are over the threshold, i.e. counting. Then the best ITH is recovered 

for all the pixels of the same chip and a scanDACL (measurement of the count rate of a pixel 

as a function of the value of DACL) decreasing step by step and search for the DACL valuer 

for which each pixel no longer counts. 

6.3.1.2 Thresholds in energy 

The threshold energy calibration makes it possible to set all thresholds of the detector 

pixels to the same energy: the threshold accuracy affects the precision on the acquisitions 

and consequently, the K-edge image quality. Multiple methods can be found in the literature 

for calibrating under polychromatic source of X-rays [136]. We opt for determining the 

energy thresholds from the K-edge of a metal filter placed between the source and the 

detector. When the incident radiation arrives on the atom and comes to tear electrons by 

photoelectric effect, these electrons receive all the energy of the incident photon minus the 

binding energy of the electrons on their electronic layers. If this effect takes place on the K 

layer, it means that the energy of the incident photon is greater than the electron binding 

energy of K layer. Conversely, if the energy of the incident photon is lower, ionization can 

only take place on electronic layers farther from the nucleus.  
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Thus, in the vicinity of the binding energy of the electrons belonging to the K layer, the 

probability of interaction is an order of magnitude smaller, hence the sawtooth shape, called 

the “K-edge” is the coefficient of attenuation per linear photoelectric effect as a function of 

the energy of the incident photon. The value of the K-edge is characteristic of the metal used 

for the filter: for example, it is 25.5 keV for Silver (Ag) and 33.2 keV with an Iodine-based 

liquid filter (I). 

It is therefore this discontinuity or leap that we will seek to identify during our scans of ITH 

and DACL. For the ITH global adjustment of the pixels of the same chip, whose step 

corresponds approximately to an increase of 0.5 keV in the energy threshold, we load the 

OTN calibration and increase the ITH register in the required number of steps, according to 

the chosen filtering, as follows: 

𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝 =  �𝐸𝐸𝐾𝐾 𝐹𝐹𝐹𝐹𝑙𝑙𝐹𝐹𝐹𝐹𝐹𝐹(𝑏𝑏𝑈𝑈𝑈𝑈)−𝑁𝑁𝑈𝑈𝑈𝑈𝑁𝑁𝑈𝑈(𝑏𝑏𝑈𝑈𝑈𝑈) 
0.5

� (6.2) 

Then, the scanDACL acquires an image for every 64 DACL step (0 to 63) in order to visualize 

the attenuation enhancement due to the K-edge. The XPAD3 camera is irradiated each time 

during 10 s through the desired filter and with the beam from the tungsten anode tube 

operated at 60 kV double and 500 uA. The X-ray source voltage and the exposure time were 

selected such that the detector starts counting from the very first DACL step. The general 

shape of a scanDACL curve (Fig. 6.3(a)) is given by a first slope, then a break and finally a 

second slope. The break point reflects the presence of the K-edge in the attenuation curves 

of the filter. It is this break that interests us for tuning our threshold to the energy of the K-

edge. The electronics are designed in such a way that when the DACL increases, the energy 

threshold decreases. On the curve of Fig. 6.3(a), we observe that the smaller the DACL, the 

lower the count (attenuation due to filtering) until the maximum value of the emitted 

spectrum lays below the applied threshold. Conversely, the bigger the DACL, the more the 

pixel counts. At very low energy (highest DACLs), a new break in the counting rate may 

appear due to load sharing and noise. 

In order to determine precisely at what step of DACL is located this point of break, we 

designed a fitting algorithm based on two iterations: a coarse search to approach the 

optimum point and a fine search to locate it.  



We propose to model the pixel signal and its break as the intersection of a first-degree 

polynomial and a second-degree polynomial, i.e. a straight line to the left of the K-edge and 

a parabola to the right of the K-edge as illustrated in Fig. 6.3(b). 

The mathematical description of the model corresponds to: 

( )  =  
+    

+ +   >   (6.3) 

 

Figure 6.3 Shape of a scanDACL curve for: (a) a pixel that shows a second break in the counting 
rate due to load sharing and noise and (b) the proposed fitting model. The abscissa axis accounts 
for the photon counting rate and the ordinates for the DACL level. 

By means of the numerical routines for optimization of the open-source software SciPy 

v0.18.1 library, this nonlinear least-squares problem can be solved with the following 

bounds and initial guess on the independent variables:  

For the coarse search: 

Monotonically increasing slope b1 and b2 – Searching for a convex paraboloid (a2 < 0). 

Result for optimum DACL x0 between 0-63.  

Abscissa crossing b1 initial guess at 0.8% of the pixel response at DACL = 0  

Rest of the independent variables set to zero.  

 

 



For the fine search in  a 20-step window  cantered on the DACL value found in the 

coarse search: 

Monotonically increasing slope b1 and b2. 

Searching for two straight lines (a2 = 0).  

Result for optimum DACL x0 between 0-63.  

Abscissa crossing c1 initial guess at 0.8% of the pixel response at DACL = 0.  

Optimum DACL x0 initial guess set to the resulting value from the previous stage.  

Rest of the independent variables set to zero. 

 

Figure 6.4 General shape of a scanDACL curve for three different pixels in a chip. The analysis 
requires 2 minutes per chip. The abscissa axis accounts for the photon counting rate and the 
ordinates for the DACL level. 

To analyse the scans, we solve for each pixel by using the linear regression approach we 

have just defined, and which provides the value of DACL to be applied to every pixel (if this 

value is not an integer, we take the nearest rounded value). As an example, in the case of 

the three pixel shown in Figure 6.4 the value of the DACL pitches (corresponding to a 

calibration of this pixel at the K-edge value of the Silver equal to 25.5 keV) are 34, 32 and 

48. The algorithm has been parallelized using the IPython package for parallel computing 

in order to speed up the complete detector analysis. 
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A certain number of pixel responses cannot be fitted to any model. It is then not possible to 

estimate correctly the value of DACL and these pixels are declared as “uncalibrable”, 

assigning them a DACL value of 63 and treating them prior reconstruction. In the case of 

pixels exhibiting counting aberrations, there can be several causes such as foundry defects, 

a poor connection between the sensor and the electronics, a defect in the pixel efficiency, or 

due to irradiation-induced aging. They typically represent about 10%. However, a poor 

calibration makes this value considerably higher (20% or 30%). The calibration quality can 

be check by means of the average of the DACL scan histogram, profiled per chip, since it 

should be centred at 32 to ensure we are looking at the desired energy band.  

Any displacement from this point lead to a readjustment of the ITH global register (increase 

ITH if the profile is shifted to left, decrease ITH if it is shifted to the right) and to reanalyse 

a new scanDACL.  
  



The diagrams represented in Figure 6.5 sums up the complete workflow for the calibration 

over the noise and in energy. 

 

Figure 6.5 Workflow diagram for calibration OTN and in energy protocols. 



To prevent a high radiopacity of the material contained in the filter and to be able to obtain 

enough photons at the output of the filter, we have calibrated with: a filtration of 0.75 µm 

Ag, together with 1 mm Al for hardening the beam and 8 mm liquid filter of 115 mg/ml 

dilution of Iomeron 400T M, a commercial Iodine solution. We calibrated for these two 

filtering choices in order to validate the implemented routines described in Sections 6.3.1.1 

and 6.3.1.2 mounting them in the wheel as shown in Fig.6.6. The result of a calibration is 

validated from the average and the standard deviation of the counting rates obtained for an 

acquisition of flat field backgrounds (i.e. no object between the source and the detector) 

with the thresholds set at the calibration values and the X-ray source turned on. The 

histogram must fit a Gaussian shape and few pixels (less than 10%) deviate from more than 

3 standard deviations from the mean. The uniformity of photon counting leads to deem a 

calibration as correct. 

 

Figure 6.6 Detail of the filters (upper left silver filtering, lower left iodine liquid filtering) and the 
filter wheel assembly. 



The obtained calibrations were used for scanning two phantoms (Figure 6.7): one filled 

with different concentrations of Silver nitrate and Iodine, with water background; and a 

biological phantom of stained mouse lungs. The data sets were formed by three sequential 

mono-threshold acquisitions at energies surrounding the K-edge, which can make visible 

within the reconstruction only the selected contrast agents. 

 

Figure 6.7 Insert phantom and biological sample for K-edge imaging. 

The insert phantom consists of a 100ml sampling tube with the so-called inserts which are 

seven 2.0 mL microcentrifuge tubes fixed at the bottom (10 mm of diameter). The Silver 

inserts are dilutions of AgNO3 in 1 mol volumetric solution (Fluka Analytical, Sigma-Aldrich 

Chemie S.a.r.l.,Fr) in concentrations 1:2, 1:4, 1:8. The Iodine inserts are dilutions of Iomeron 

400 mg of Iodine/mL (Iomeron, Bracco Imaging, Fr) in concentrations 1:10, 1:20, 1:40. 

There is an extra insert for soft-tissue reference filled with oil. The biological phantom 

consists of a syringe embedding a mouse lung fixed in ethanol and stained with Iodine. 

It is possible to identify the presence of an element within an object by the subtraction of 

data acquired in energy windows on either side of the value of the K-edge of this element.  

The subtraction of these acquisitions makes it possible to estimate the number of X-rays 

detected on each energy band as described in Equations 6.4 and 6.5.  
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A first subtraction is performed between the images acquired with the threshold displaced 

a distance ∆E below the K-edge, 𝐸𝐸𝐾𝐾
−, and in K-edge, 𝐸𝐸𝑏𝑏, and a second one between the images 

set to 𝐸𝐸𝐾𝐾 and to the threshold displaced a distance ∆E above the K-edge, 𝐸𝐸𝐾𝐾
+. 

𝐼𝐼−  =  𝐼𝐼�𝐸𝐸𝐾𝐾 �  −  𝐼𝐼(𝐸𝐸𝐾𝐾
−)  = ∫ 𝐼𝐼0(𝐸𝐸) 𝑝𝑝𝑝𝑝𝑝𝑝(− ∫ 𝜇𝜇(𝐸𝐸, 𝑝𝑝)𝑑𝑑𝑝𝑝𝑃𝑃 ) 𝑑𝑑𝐸𝐸𝐸𝐸𝐾𝐾 

𝐸𝐸𝐾𝐾  −∆E   (6.4) 

𝐼𝐼+  =  𝐼𝐼(𝐸𝐸𝐾𝐾
+)  −  𝐼𝐼�𝐸𝐸𝐾𝐾 �  = ∫ 𝐼𝐼0(𝐸𝐸) 𝑝𝑝𝑝𝑝𝑝𝑝(− ∫ 𝜇𝜇(𝐸𝐸, 𝑝𝑝)𝑑𝑑𝑝𝑝𝑃𝑃 ) 𝑑𝑑𝐸𝐸𝐸𝐸𝐾𝐾 +∆E

𝐸𝐸𝐾𝐾    (6.5) 

The results of integrals 6.4 and 6.5 show a greater difference whether the X-rays have 

traversed the element atoms (I + > I−) or not (I + < I−). Therefore, the final K-edge image of 

the contrast agent is obtained from the subtraction between the high-energy-band image 

and the low-energy-band image. In the resulting image, areas with contrast agent appear 

highlighted whereas areas without it are unnoticeable. Image reconstruction is done using 

piXpipe reconstructor developed by imXgam Group in Python and based on filtered back-

projection algorithms (RTK GPU implementation of FDK). The whole analysis is illustrated 

in Figure 6.8. 

Once the detector is calibrated for imaging the desired material, the detection energy be 

changed on steps of 0.7 keV. The K-edge imaging is based on the comparison of images taken 

at the K-shell binding energy (Ek) of the contrast agent (e.g. 33 keV for Iodine, 25.5 keV for 

Silver, 50 keV for Gadolinium, etc.) and at the surrounding energies. Thus, each K-edge 

image requires of three datasets of projections at 𝐸𝐸𝑏𝑏  𝑚𝑚𝑝𝑝𝑑𝑑 𝐸𝐸𝑏𝑏 ± 4.2 𝑘𝑘𝑝𝑝𝐹𝐹. 

By reconstructing the datasets acquired at energies below and above the k-edge, i.e. the 

high band and the low band represented in Figure 6.8, the average estimation of the 

attenuation coefficient is recovered in the two adjacent energy bins. The subtraction on a 

logarithmic scale allows the observation of small anatomic structures carrying the contrast 

agent, while removing practically all features due to other structures[137]. 

In order to maximize the difference between energy bands, the window width ∆E in 

Equations 4 and 5 has been chosen narrow enough to consider constant attenuation 

coefficient across the integration area but wider enough to detect a representative number 

of photons. This trade off ensures us to retrieve the K-edge image with the best contrast 

possible [136], [138]. 



Figure 6.8 Block diagram of the K-edge image processing and reconstruction.  

In our cases, for Silver and Iodine, we determine the optimal bandwidth experimentally by 

acquiring multiple images varying the DACL from the calibration, in the following steps: (-

10, -8, -6, -4, -2, 0, 2, 4, 6, 8, 10); the object to image is a water phantom and the filter used 

for the calibration, one on the top of the other. From that scans, the shape of the attenuation 

coefficient for each material was analysed by means of the number of counts as a function 

of the energy window which spans from 1.4 keV to 7k eV (2 DACL steps and 10 DACL steps, 

respectively). By the time of this proof of concept, the optimal bandwidth, i.e. the one that 

shows the highest differences between the high band and the low band for both the water 

region and the filtering material region, was 6 steps. Thus, this was the chosen bandwidth 

for the acquisition of the Silver and Iodine phantom and the Iodine stained lungs. 

The calibration suite of tools is composed by: high level routine library to configure and 

control the detector, including the query/loading of global and local registers and the 

calibration protocols. It also includes routines to perform the analysis and identification of 

the calibration parameters (ITH, DACL) from the acquired data sets. 



And finally, routines to process DICOM images for retrieving the images belonging to 

adjacent bins and the K-edge image with the best quality possible (correcting the 

uncalibrated or defective pixels using bilinear interpolation with the nearest neighbours). 

From the execution of such routines, Silver and Iodine fine calibrations were defined and 

validated. First, we analysed the resulting flat field images (acquired at 60 kV, 500 uA, 1.2 

mm Al filtration, 30 s exposure time) and validated them by visual inspection and gaussian 

fitting. An example of this results can be seen in Figure 6.9, with an average of 40545 counts, 

 

Finally, we acquired the K-edge images for the phantoms described in section 6.3.2. In the 

case of the insert phantom, we acquired the images OTN, Silver K-edge and Iodine K-edge. 

As it can be seen in Figure 6.10 in the OTN (left) the six metallic inserts are present whereas 

in the case of Silver calibration (centre) or Iodine calibration (right), only the inserts of the 

corresponding agents appear highlighted. The rest of the structures have disappeared. 

Moreover, the differences in the concentrations can also be noticed by computing the 

average estimation of the attenuation coefficient in the region of interests (ROI). Silver 

insert values (a.u.) from left to right were 0.042, 0.018, 0.005 (standard deviation of 0.005), 

which corresponds with the dilution concentrations described in section 2.4 

 

Figure 6.9 Flat field image for silver calibration (left), axis represent the pixel coordinates and the 
colour bar, the photon counts. Its histogram gaussian fit is shown on the right. 



.Iodine inserts present increasing intensity values 0.026, 0.022, 0.021 (standard deviation 

of 0.004) but the expected concentration ratios between the three iodine insets are about 

the same concentration in either three Iodine inserts. 

 

Figure 6.10 Insert phantom images. 

In the case of the biological phantom (Figure 6.11), the lack of contrast between the 

background and the sample lead to ring artifacts in the K-edge image and made it difficult 

to identify lung structures, further from the tissue that present a high iodine caption such 

as the trachea and the heart residuals. From the OTN image, the airway tree and small 

structures were easily identified thanks to the high-resolution geometry. 

 

Figure 6.11 Stained lung slices: left column, OTN ; right column, Iodine K-edge. 
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6.3.4 Discussion 

This work implied a detailed characterization of the counting performance of the hybrid 

pixel camera XPAD3 and of the precision of its energy calibration. It also established a first 

proof of concept for the utilization of the prototype PIXCAN-FLI for ex-vivo K-edge imaging 

of mouse lungs. We have encountered some issues regarding the calibration workflow 

which in the end lead to the degradation of the K-edge image quality. The process is not 

fully automated, which slows down the definition of the optimal ITH-DACL pairs. 

Empirically we have reached a calibration within the requirements at the third iteration of 

the calibration procedure. The differences on pixel responses result in inhomogeneities in 

the projections of uniform regions (cupping) and in ring artifacts on the reconstructed sets. 

Applying a global energy band may be sub-optimal if we consider this variability: some pixel 

may need a wider window whereas some others may benefit from narrower, so to reach 

uniform signal responses. At the end of the internship, we started with a composite pixel 

analysis. The principle is based on a single acquisition with composite pixels set at the three 

different thresholds, forming super pixels of 9 (3 × 3) pixels of 130 µm. Thus, instead of 

sequentially realizing three acquisitions, a single one will be sufficient for retrieving the 

information for K-edge imaging. These super pixels could be arranged in checkerboard 

pattern, for example. The FDK reconstruction in conical projection is based on a 

reconstruction of images by plane of the pixel lines, hence the spatially uncorrelated 

distribution of the thresholds won’t lead to a loss of contrast. The principle of setting 

thresholds for composite pixels is quite simple. It is enough to take a calibration at the 

energy of the K-edge of the contrast agent to be highlighted and to modify the thresholds of 

the pixels by the chosen DACL displacement in order to change the value of the threshold 

according to the selected setting pattern. Finally, this calibration method could be extended 

by exploring the hypothesis that a linear approximation of the calibration for any material 

could be extracted from calibrations already defined. For example, from the calibration of 

Molybdenum (z=42), Silver(Z=47) and Stain (z=50) we could approximate the calibration 

for any material with atomic number in a range 35-55. Threshold setting a priori assumes 

the linearity of the correspondence between steps of ITH or DACL and energy jumps.  
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The principle consists in modifying all the DACL values (incrementing or decrementing) by 

the required number of steps to reach the K-shell energy of the new material. It is essential 

to note that the steps of ITH and DACL are directly proportional to the energy. And the 

relationship among ITH, DACL and K-edge energy can be described by surface fitting from 

the scattered known-calibration data. 

6.4 Material decomposition by MARS μCT1213 

MARS spectral CT (Figure 6.12) scanner characteristics are summed up in Table 6.2 [133]. 

The Medipix3RX detector uses different energy counters depending on the operation mode: 

one arbitration counter, three Single Pixel Mode (SPM) counters and four Charge Summing 

Mode (CSM) counters[139]. The arbitration counter is set above the pixel’s noise level, thus 

setting the first threshold right above this counter is equivalent to the OTN calibration in 

the PIXCAN-Fli system (section 6.3.1.1) and it compensates leakage current from adjoint 

pixels [140]. The SPM mode operates in pixel by pixel basis which was the operation mode 

of the PIXCAN-Fli. In CSM mode, the sum of the charge of four neighbouring pixels is 

allocated to the pixel among them with the highest charge for a quasi-incident 

interaction[141]. This feature decreases the effect of charge sharing, the physical 

phenomenon affecting image quality, explained in section 6.3.1, and increases the overall 

energy resolution [140], [142]. There are eight energy thresholds that can be set, one per 

counter. Owing the benefits of the CSM operation, for this work only the energy thresholds 

for CSM counter are used, retrieving datasets of four energy bins per acquisition. 

By the time of this thesis, the defective pixel detection was already implemented as well as 

the flat field correction. The system automatically masked or interpolated the inherently 

non-functional pixels (dead or noisy pixels) due to sensor layer defects or bump-bonding 

failures.[143].  

                                                 
12 Contribución Lowe, C. D., & Ortega-Gil, A. (2018). MARS Pulmonary Spectral Molecular Imaging: Potential 

for Locating Tuberculosis Involvement. In 2018 IEEE Nuclear Science Symposium and Medical Imaging 
Conference (NSS/MIC). 

13 Contribución Ortega-Gil, A., Moghiseh, M., Lowe, C. D., Muñoz-Barrutia, A., Raja, A., Butler, A. P., Anderson, N. 
G. (2018). Spectral photon-counting CT of mice lungs infected with Mycobacterium Tuberculosis: potential for 

locating MTB involvement. EMIM 2018 
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The calibration in energy was also automatized, thus thresholds could be directly set for 

performing the acquisitions.  

TABLE 6.2 MARS -CT ACQUISITION PARAMETERS 
Scan type Helical 
Tube voltage 60 kV 
Tube current 90 uA 
Filtration 2 mm Al (+1.8 mm Al intrinsic) 
Detection Technology  Direct photon counting (CdTe 2mm) 
Detection area 14x42 mm2 
Pixel pitch 110 um 
Voxel size  1x1x1 mm3 

Total acquisition time 40 minutes 
Radiation dose 11.02 uGy/s 
Energy thresholds 8 

 

Figure 6.12 MARS-CT components. 

An acquired dataset contains 720 circular projections over 360º and -360º, acquired in 

continuous motion (a total of 1440 projections by helical scan). The projection set in DICOM 

format transferred from scanner’s server to the inbuilt patient archive communication 

system (PACS)[143]. The projection dataset resulting from the subtraction of projection 

datasets acquired at adjacent energy thresholds are the datasets of the energy bins. All four 

energy bins are reconstructed individually using MARS Algebraic Reconstruction 

Technique (mART) retrieving the volumetric representation in HU values per energy bin. 



Thus, the reconstructed images provided by the reconstruction software are based on 

subtracted energy thresholds (Figure 6.13).  

This system can also perform K-edge imaging, following the same approach as the one 

described in section 6.3.2.1, since subtracted energy bins are used to reconstruct the 

difference of the photon counts between the two subsequent counters. We have 

demonstrated the challenges of this strategy to image soft tissue in the previous prototype 

(PIXCAN-

material decomposition 

Figure 6.13 Block diagram of the MARS image processing and reconstruction. 

 For the material decomposition analysis two acquisitions are needed: one of the calibration 

phantom with vials of the desired materials; and a second one of the subject under study 

(Figure 6.14). 



Figure 6.14 Custom-made PMMA calibration phantom containing iodine at concentrations 
2.25,4.5, 9 and 18 mg/ml, lipid, and water (left) and organs derive from C57BL/6J mice, one 
healthy and one TB chronic (right). The lungs were stained with iodinated solution at 3% w/v . 

Material decomposition (MD) is a constrained least squares algorithm for material 

discrimination in the acquired samples (lungs in our case) using the material attenuation 

information obtained from known calibration materials. The calibration vials also quantify 

the amount of contrast agent present in the respective organ. 

The selection of energy thresholds is dependent on the materials to be analysed. In order to 

characterize the attenuation behaviour of the materials and to discriminate them 

simultaneously, the thresholds must be placed above and below the K-edge of high-Z 

materials.  

The X-ray spectrum and its filtered intensity at the acquisition settings (118keV, 2mm Al 

filtration, 13mA) determines the lowest and highest energy thresholds, ensuring the 

acquisitions are made over the noise. This theoretical X-ray spectrum is obtained by means 

of the TASMIP X-ray spectral model for microfocus X-ray sources[57].  

Our proof of concept focused on iodine contrast agents, so to discriminate water and lipid 

from iodine, the four energy thresholds in CSM set to 18, 30, 45, and 75keV cover the iodine 

K-edge (33.2 keV) as shown in Figure 6.15.  



Figure 6.15 Mass attenuation [144] profile for iodine. The tooth shape at the K-edge at 33keV is 
cover by two energy bins The  X-ray spectrum from an X-ray tube operated at 13uA and 
118kVp[57]. The grey shaded regions indicate the energy bins selected for experimental work (18, 
30, 45, and 75keV). 

Once the threshold in energy are set, the material attenuation linearity is characterized by 

the reconstructed volumes of uniform and central ROIs of the calibration vials The trend of 

the linear attenuation response across energy bins in the calibration dataset (Figure 6.16) 

is validated against the theoretical NIST mass attenuation coefficient multiply by the known 

material density (theoretical linear attenuation)[144].  

The spectral responses retrieved from the calibration phantom are the 
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Figure 6.16 Characterization of the spectral response by material and concentration at the energy 
bins E1 (18- 30 keV) E2(30- 45 keV), E3(45- 75keV) and E4 (75-100 keV). The kink on the iodine 
responses identifies the iodine K-edge. 

By the least squares linear regression (R2), the relationship between concentrations of each 

material in the calibration phantom and X-ray attenuation is fully characterized [145] as 

shown in Figure 6.17. The closer to unity the R2, the higher the linearity of the spectral 

response. The linearity equations for each material at different concentrations are then 

used in the material decomposition to identify the concentration of the material.  

6.3.1.3 Material decomposition 

The reconstructed calibration phantom dataset per energy bin, which can be seen as the 

reconstructions of dissimilar materials, are then broken down by type of material per 

energy bin. MD is described as the percentage of X-ray attenuation of given materials 

regarding their atomic number and Compton scattering[146]. 
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Figure 6.17 Least square linear regression (R2) of iodine at concentrations 2.25,4.5, 9 and 18 
mg/ml and HU X-ray attenuation at the energy bins Energy 1 (18- 30 keV) Energy 2(30- 45 keV), 
Energy 3(45- 75keV) and Energy 4 (75-100 keV). 

At this point, the energy dependence of calibration vials is placed in a constrained linear 

least squares algorithm mapping all voxels by means of  MD software (MARS Bioimaging 

Ltd., NZ)[147]. This algorithm is initialized by the spectral response and the linearity 

equations of the calibration phantom. All material images are merged and assigned a 

different colour for each material whose hue denotes the concentration of the material. 

The material decomposition is validated on the calibration phantom by analysing the 

percentage of material misidentified in the total vial volume of known concentration as 

represented in Figure 6.18. Data-Identification is based on measuring the percentage of 

correctly identified (successful) voxels (as a target material) in each ROI.   

According to results of experiments described in Moghiseh, 2018 [148] , the minimum 

acceptable detection target threshold for high-Z materials with concentrations > 8mg/mL 

is 80%. For other materials and concentrations, the threshold is set at 70%. 

 



Figure 6.18 MARS-MD material calibration phantom volumetric reconstruction and the material 
misidentification analysis. Each material is represented by a colour:  orange represents iodine, 
blue represents water and pink, lipid. The hue in the volumetric reconstruction of the material 
calibration  phantom at the top  is the indicative of concentration. 



With the iodine identification validated in terms of acquisition parameters and material 

decomposition, the reconstructed biological sample (i.e. mouse lungs) dataset per energy 

bin is also processed by the MD software.  

The material-specific attenuation curves of unstained lung parenchyma, and lung stained 

with Iodine for both healthy and infected lungs are sampled. The information extracted 

from the four energy windows was enough to separate unstained and stained tissues.  

 

Figure 6.19 Volumetric visualization of stained lung CT. Iodine characteristic attenuation profile 
is identified in yellow, and the hue of the colour relates to the concentration. 

Volumetric results (Figure 6.19) showed a sample’s uptake of iodine between 2.03 and 5.39 

mg/ml in the healthy sample and between 5,65 and 9.07mg/ml in the infected sample. 

Contrast agents were absent in unstained samples. Lesions (Figure 6.20) present colour 

maps of iodine concentration, suggesting the same metallic staining pattern of structures 

and cells as the presented in section 5.3.1. 



Figure 6.20 Differential concentration colour map within the typical tuberculosis lesion of the 
Chronic mouse model 

This study shows the ability of MARS spectral photon-counting  to differentially assess 

uptake of non-specific Iodine-based contrast agent into normal parenchyma and into TB-

infected lung sites in excised whole lungs. Namely, TB lesions were differentiated from 

normal lung tissue, identifying the site and suggesting a potential method for quantifying 

the disease burden in lungs. These promising results using a non-specific standard contrast 

agent, encouraged us to consider the use of specific contrast agents with translational 

potential such as gold nanoparticles (AuNP) for the estimation of TB involvement.  

Nanoparticles can be engineered as nanocarriers for effective and targeted delivery of 

drugs, diagnosis, treatment and control of biological systems In vivo measurements of these 

processes are required if we are to assess the effectiveness of drug delivery, the response 

to treatment and the toxicity to adjacent normal tissue. Advances in nanotechnology and 

imaging techniques show tremendous potential for the development of novel strategies in 

terms of theragnostic[149].  Theragnostic is a term coined to describe multi-functional 

platforms capable of performing diagnostic and therapeutic functions simultaneously.  
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Nanoparticles synthesized from high-Z material (high atomic number), for example gold, 

used in conjunction with MARS- CT spectral imaging, has the potential to be used as 

tumour/cellular markers and to identify drug penetration, and response to treatment, 

removing the need for invasive biopsies. In terms of theragnostic, gold nanoparticles can be 

easily adapted, due to easily controllable surface chemistry, to incorporate therapeutics or 

act directly as a therapeutic agent itself[150].  

To achieve high attenuation and thus, accurate identification and quantification, enough 

amounts of high-Z atoms (high atomic number) must accumulate within the tissue of 

interest. The size, shape, and concentration of gold nanoparticles have been shown to 

influence cellular uptake and X-ray attenuation[151]. Appropriate gold nanoparticles for 

clinical imaging purposes should be large enough for optimal imaging quality and 

biocompatibility. A study by Xu and colleagues[152] demonstrate that at the same 

concentration, smaller gold nanoparticles show greater X-ray attenuation than larger ones 

and that the smallest size had highest cellular uptake. This can be attributed to the increase 

of surface area with the decrease in gold nanoparticle size.  

Therefore, one of the challenges in this domain of molecular imaging is set to achieve 

enough payload of the tracer to allow quantification within every lesion in the lungs 

associated with TB. The ability to make this assessment at imaging would allow early 

diagnosis and personalised treatment of lung infections. 
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CONCLUSIONS AND CONTRIBUTIONS 

Tuberculosis tends to be seen as a disease of the past, however by reviewing this infectious 

disease and its prevalence it arises the need for new drug combinations for the treatment 

of drug-susceptible microorganisms proliferating. The experimental requirements for the 

development of new drug combination regimens are imposed by the experimental animal 

model and the biosafety requirements intrinsic to infectous disease research. 

Despite the efforts, the critical development path can take more than six years to enter the 

human clinical testing phase. By introducing preclinical imaging tools, the preclinical phase 

can be shorten and the success probabilty of the candidate drug combination can be 

increased. Imaging allows to follow up the disease progression with mild suffering of the 

animal and every animal can reach the humane end points stablished at the assay design. 

At those endpoints, histopathology will confirm and extend the information already seen in 

the images.  

The μCT technology has the advantages of being a highly developed tool for hard-tissue 

dedicated tasks and of allowing periodical high-troughput imaging acquisition of the 

experimental subjects. However, to over come the artifacts in soft-tissue imaging, a new 

μCT system is ensembled with the latest detection technology and conceived as a flexible 

cone-beam platform (CBμCT) with variable parameters, permitting the adaptation of the 

geometrical configuration of the system dedicated to assessing lung infection burden. For 

the complete characterization of the disease progression, imaging tasks are included in both 

the in vivo and post portem stages of the experimental desing of therapeutic efficacy assays. 

The optimization of the system calibration and working point corrected the artifacts due to 

the low contrast inherent to soft-tissue density and to the electronics and mechanics. The 

avoidance of the respiratory motion artifact is also achieved by the design of dedicated 

acquisition protocols to stop inconsistencies propagation. Additionally, an image 

processing algorithm is proposed for sorting projections into respiratory phases. 

The μCT system is in production since September 2016 in biosafety level 3 facilities. By 

analysing the scans of the disease progression of two mouse strains, infected with two 

different virulent Mtb, an in vivo radiological involvement score was designed, validated 
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and stablished as the biomarker for the assesment of differential virulence and disease 

progression. The desktop application allows the laboratory technicians to perform the 

quick biomarker analysis right after the image acquisition and decide weather a subject or 

a group is legible of pusuing the assay. Framed in efficacy assays, the analysis of 228 

biomarker results has characterized the disease progression of three animal models: C-57 

mouse infected with 1000 CFUs of H37Rv, C3HeB/FeJ mouse infected with 100 CFUs of 

TMC107 and C3HeB/FeJ mouse infected with 10000 CFUs of H37Rv microorganisms  

Statistical power of the scientific results is increased by the selection of the subjects whose 

inmune response closer resembles the human pathology, encouraging the launch of 

curation assays which consist on continuing the experiment after treatment to evaluate the 

relapse risk. Imaging tools opens the door to speeding up the entering of new regimens into 

the clinical trials and to model the human diseases progression by the biomakers 

developped on small animal models, reducing the need of procedures on non-human 

primates.X-ray imaging capabilities are also exploted for post mortem lesion 

characterization and stratification. tuberculosis histopathology on μCT is achieved by tissue 

staining with non-specific contrast agents (Iodine and Silver) which tend to adhere to highly 

cell populated regions such as granulomas. The contrast increase due to the metallic 

staining provides detailed images of the lung structures and tuberculosis lesions, 

advantageous information for 3D histology in whole organs and for guiding histological 

slicing. Post mortem μCT also allows the classification of granuloma intensities by cellular 

composition, which sets the basis for assessing drug efficacy in terms of penetration by μCT.  

The powerful results on traditional μCT imaging of lung inflammation and infection in 

rodents encouraged the proof-of-concept on preclinical spectral systems. The state-of-the-

art energy -resolving detection technologies for medical imaging, originally developped by 

CERN and mounted in the prototypes PIXSCAN-FLI (IMxGAM, Fr) and μCT-MARS (MARS 

Biomimaging Ltd., NZ), are able to differentially asses uptake of non-specific contrast agents 

(Iodine and Silver) into normal parenchyma and into Mtb-infected sites in post portem 

whole lungs. The current technical limitation for energy-resolved image in the d PIXSCAN-

FLI system is the image quality sensitivity to differences on pixel responses, which result in 

homogeneities in the projection of uniform regions and ring artifacts in the reconstructed 
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sets. In the case of the μCT-MARS, the technical limitation for in vivo is the long acquisition 

time (~40 min), inviable for high-throughput assays or subjects with low chance of survival 

of long anaesthesic induction due to the severe affection. Another aspect to take in 

consideration in spectral imaging is the high dependency of accurate 

identification/quantification on the size, shape and concentration of the metallic atoms 

accumulated within the tissue of interest. Many research efforts are nowadays focused on 

nanoparticle engineering and in light of the contributions of this thesis, future research 

lines will use specific contrast agents with translational potential to clinical imaging for the 

stimation of MTb involvement.  The ability to make this assesment at imaging would allow 

early diagnosis by a single scan and personalised treatment of lung infections. 

The refinement of soft tissue X-ray imaging in small animal micro computed tomography 

(μCT) achieved with this thesis are a major refinement of the technolgy, allowing the 

assessment of disease involvement in the lungs, with translational capabilities for clinical 

diagnosis of any pulmonary diseases causing lung opacities (i.e injury, infection or 

tumorigenesis). In preclinical imaging, it significantly reduces heterogeneity and animal 

numbers while improving reproducibility of disease models which are key issues in non-

humane primate models. These outcomes could eventually help bring more effective drugs 

to patients by improving the predictive power of preclinical methods. 

 
 

 

 



 

 
 

 
  



 

 
 

APPENDIX A 
 

The stratification of abnormal X-ray densities associated with tuberculosis is highly 

challenging in preclinical research owing to low lung contrast and the ground glass 

appearance of lesions. Contrast agents enhance the X-ray attenuation of soft-tissue and 

could allow 3D visualization of lesion composition when using a polychromatic X-ray CT 

scan[104]. 

The results reported in chapter 5 encouraged to launch a pilot study on lesion enhancement 

by commercial contrast agents in in vivo μCT imaging. The ideal lung contrast agent would 

be presented as an aerosols to improve small airway and lesion imaging. However, 

aerosolized contrast agents have still to overcome the high uptake in the trachea and 

augment the deposition in the parenchyma[153], [154]. The use of contrast agents upon 

intravenous injection with a high atomic number (most commonly barium or iodine) for 

μCT imaging is extensively reported in literature both for in vivo and post mortem studies 

[104]–[106],[155], [156]. They enable the visualization of the vascular system and organ 

perfusion[107] or the estimation of the volume of lesions within organs[157], [158].  

Under the hypothesis that the vascularization of necrotic granulomas is constraint to the 

lesion rim and absent in the central cup , we evaluated the contrast agents with higher 

contrast enhancement and slower clearance reported by Kush Lalwani et al[158], namely, 

a barium nanoparticle agent and an iodinated lipid agent. Both of them are specially 

formulated for μCT of small animals. 

The commercial name for the barium nanoparticle agent is ExiTron nano 1200 (Viscover 

Imaging, Miltenyi Biotec S.L., Germany). This contrast agent is alkaline and based on barium 

nanoparticles that circulates in the blood stream  for at least 4h [158]and accumulates in 

the macrophages of the liver for twenty days[157], based on an injection volume of 

100μL/25g body weight. The contrast entails a cost increase of 89.6€ per μCT scan.  

In the case of the iodinated lipid agent, the commercial Fenestra VC (MediLumine Inc., 

Canada) is composed of lipid emulsion particles that last four hours in the blood stream and 

its cleared in 24 hours, based on an injection volume of 200μL/25g body weight. In this case 

the cost increase amounts to 44.6€ per μCT scan. The contrast enhancement (in Hounsfield 



 

 
 

Units) is theoretically halved the contrast enhancement of the barium nanoparticles[158]. 

This fact was confirmed by the measured HU values per tissue summarized on table A.1 

from three subjects, each of which was performed a basal μCT scan, a μCT scan 20 minutes 

after the iodinated lipid agent and once this agent was cleared (i.e  at least 24 hours later), 

a μCT scan 20 minutes after the barium nanoparticle agent. 
 TABLE A.1 HUS MEAN AND STANDARD DEVIATION VALUES PER TISSUE REGION AND CONTRAST AGENT 

 Basal ExiTron nano 1200 Fenestra VC 

 Mean SD Mean SD Mean SD 
Background -961.47 39.04 -961.43 39.04 -961.43 39.04 

Lesion ≥5mm -87.80 52.14 122.41 77.59 -100.38 50.01 
Lesion≤3mm -182.03 50.68 97.30 56.00 -109.23 52.71 

Heart -81.34 49.85 224.93 56.04 19.56 49.81 
Anterior paw -251.54 52.70 -212.65 65.27 -50.61 71.02 
Healthy lung -426.42 60.31 31.78 78.88 -350.30 76.99 

In total, twelve subjects were injected with contrast agents to enhance the lesion 

composition. Table A.2 includes the details of strain, contrast and time points whent the 

acquisitions were performed. From the visual assessment of the images, we concluded that 

with both agents we achieved the cardiovascular enhancement (Figure A.1 and A.2), 

however, only the barium nanoparticle agent reduced the ground glass opacity in lesions to 

the point of confiming the presence of necrotic lesion (Figure A.1). Moreover, the long 

enhancement peak of the barium nanoparticle agent allows the integration of the procedure 

in BSL-3 imaging protocols, where the agent administration has to be carried out in the 

animal holding and then, taken to the imaging room. Owing the cost increase per μCT scan, 

the use of contrast agents is recommended for subjects with well delimited and uniform 

lessions, which are the ones suspected of necrosis. Concerns about the toxicity of the 

contrast agents arised from the slow clearance, reported also in literature[159], and will be 

addressed in a future study.  



 

 
 

TABLE A.2 SUBJECT DETAILS PER CT SCAN ACQUIRED FOR THE ASSESSMENT OF CONTRAST ENHANCEMENT IN LESIONS. 

Mouse strain CFUs Mtb strain Week post-
infection Contrast agent Days from 

first injection 
C3HeB 0  9 Basal -10 
   11 ExiTron nano 1200 0 
   11 ExiTron nano 1200 1 
   11 ExiTron nano 1200 3 
C3HeB 103 H37Rv 9 Basal -10 
   11 ExiTron nano 1200 0 
   11 ExiTron nano 1200 1 
C57BL/6J 100 H37Rv 14 Basal -1 
   14 Fenestra VC 0 
C57BL/6J 100 H37Rv 14 Basal -1 
   14 Fenestra VC 0 
C57BL/6J 100 H37Rv 14 Basal -1 
   14 Fenestra VC 0 
C3HeB 100 Erdman 8 Basal -2 
   8 Fenestra VC 0 
   8 ExiTron nano 1200 1 
   8 ExiTron nano 1200 2 
C3HeB 100 Erdman 11 Basal -1 
   1 ExiTron nano 1200 0 
C3HeB 100 Erdman 8 Basal -1 
   8 Fenestra VC 0 
C3HeB 100 Erdman 8 ExiTron nano 1200 0 
   8 ExiTron nano 1200 1 
C3HeB 100 Erdman 20 Basal -7 
   21 ExiTron nano 1200 0 
C3HeB 100 Erdman 20 Fenestra VC -7 
   21 Fenestra VC 0 
C3HeB 0  27 ExiTron nano 1200 0 

 



 

Figure A.1 Axial and coronal views of the thorax of a mouse infected with Erdman Mtb (102 CFUs, 8 
weeks post-infection). Basal  (left), barium nanoparticle agent (center) and Masson's trichrome 
histological slice (right). 

 

Figure A.2 Axial view of the thorax of a mouse infected with Erdman Mtb (102 CFUs, 8 weeks post-
infection). Basal  (left), iodinated lipid agent (center) and H&E histological slice (right). 
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