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1. INTRODUCTION 

 

1.1. Quantitative Medical Imaging 

Imaging techniques are commonly used in medicine to create images of the human 

body parts that are hidden by the skin and bones. Medical imaging can be used to 

diagnose as well as to treat disease; this Thesis is focused in quantitative medical 

imaging used as a diagnostic technique.  

The main objective of diagnostic studies based on images is the characterization of 

tissues: images are acquired in order to determine whether the tissues in the selected 

area for study show normal (healthy tissue) or pathological characteristics. The process 

to classify an image as pathological or not requires a complex evaluation performed by 

an experienced professional. However, there are some diagnostic problems for which 

simple visual analysis of the image is insufficient for the specific characterization of the 

tissue. Subtle changes in tissue brightness or texture are difficult or impossible to 

identify by subjective interpretation [1, 2].  

Quantitative analysis of medical images may increase repeatability and assist in solving 

ambiguities in the interpretation of different images. As a starting point, researchers 

naturally considered the image characteristics that radiologists use explicitly or 

implicitly in their evaluation of tissue appearance. Intensity, morphology and texture 

are usually quoted as important characteristics. Image texture analysis is known to be 

a particularly sensitive characteristic in the evaluation of pathologies. The human 

observer has a limited sensitivity to textural properties, whereas mathematical 

techniques for texture analysis give quantitative and therefore objective elements [3] 

which are invisible to the human eye [4]. 

The texture of image refers to the appearance, structure and arrangement of the parts 

of an object within the image. Texture analysis is a technique that extracts patterns 

from images based on the characterization of the microstructural information that 

may not be assessed visually [5, 6]. Texture analysis may be performed on any medical 
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image as ultrasound images [7], however most applications or studies have been 

performed on MRI because of the great amount of detail provided by this technique 

[8].  

Some disciplines, as Maternal-Fetal medicine, are perfect candidates for quantitative 

imaging as diagnostic tools due to the lack of accessibility to the fetal tissues. Although 

there are plenty of imaging techniques, ultrasound is the one extensively used among 

obstetricians and is a central diagnostic technology in Maternal-Fetal Medicine 

because ultrasound does not use radiation, does not require special facilities to 

perform an analysis, there are some pocket size ultrasound machines and its use is 

economic. Additionally, Magnetic Resonance Imaging (MRI) is the most common 

technique for structural neuroimaging since it is a non-invasive technique that 

provides a great contrast between grey and white matter which could be useful to 

evaluate the central nervous system [9]. 

 

1.1.1. Ultrasound imaging 

Ultrasound imaging is a non-invasive way to acquire images from body parts (for 

example, from soft tissues) based on acoustic waves. To generate ultrasound images a 

transducer is required to convert electricity into sound using piezoelectric crystals. The 

ultrasound waves are sent from the transducer and propagate through different 

tissues and they return reflected as echoes to the transducer. Those echoes are 

converted back into electrical impulses and are processed in order to form the 

ultrasound image. The waves are reflected at the surfaces between the tissues of 

different acoustic density. Ultrasound images can detect tissue variations because 

each type of tissue presents different acoustic properties. Different ultrasound 

machines and proves are currently available which makes ultrasound a bedside 

technique for tissue examination. 

Ultrasound image interpretation can be difficult, especially when the target is to detect 

subtle tissue pathologies or changes. Several studies demonstrate that theoretically 
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spectral ultrasound parameters are related to tissue microstructure and that different 

tissue architectures can be interpreted (e.g. Lizzi et al. 1983 [10]). From early 80’s the 

idea that quantitative ultrasound analysis may increase repeatability and assists in 

solving ambiguities in the interpretation of ultrasound examinations was widespread. 

Moreover, Insana et al. (1988) used quantitative techniques to estimate tissue 

characteristics and imaging techniques to extract diagnostic information of either the 

features contained in the ultrasound images or the reflected acoustic waves; thus 

demonstrated that specific image features can be measured consistently [7]. 

Furthermore, recent experiments, performed on cell samples exposed to a 

chemotherapeutic drug, illustrate that it is possible to detect and measure cell level 

changes in ultrasonic images [11, 12].  

Typical ultrasound imaging frequencies range from 1 to 15MHz and lateral resolution 

corresponds to 3mm to 0.3mm. This resolution is best at the focal length distance and 

widens away from this distance in a non-uniform way because of diffraction effects 

[13]. Due to the resolution, much information can be extracted from ultrasound 

images. This information, or image features, characterizes the biological tissue that has 

been analysed and can be understood as several markers which can be used to 

monitor or detect specific biological processes. Features can be used as an input to 

computer science, artificial intelligence or machine learning algorithms to generate 

computational techniques to predict or monitor a specific biological process. Several 

studies were performed to investigate the use of quantitative ultrasound for different 

medical diagnostic applications, including breast cancer [14, 15]and liver disease [16-

18]. Over years powerful quantitative techniques for ultrasound image analysis have 

been developed thanks to improvements in computer capacity and image resolution 

[8]. Up to the authors’ knowledge, nowadays elastography, which has been used 

successfully in liver diseases (Fibroscan®), is the only image analysis diagnostic 

technique used in clinical practice, besides of those based on morphometric measures 

[19].  
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1.1.2. Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is a non-invasive technique based on tissue 

response to radio-frequency pulses. In MRI, the patient is placed in the magnetic field, 

and a pulse of radio waves is generated by antennas (coils) positioned around the 

patient. The protons in the patient absorb the radio waves, and subsequently reemit 

this radio wave energy after a period of time that depends upon the spatially 

dependent magnetic properties of the tissue. The radio waves emitted by the protons 

in the patient are detected by the antennas that surround the patient. MRI produces a 

set of images that depict slices through the patient. Each point in an image depends on 

the micromagnetic properties of the tissue corresponding to that point in the body. 

Due to each type of tissue presents different local magnetic properties, MRI has a high 

sensitivity to anatomical variations. 

In MRI, frequency is proportional to magnetic field strength. There is no optimum field 

strength for MR imaging although certain MR-based techniques require high fields 

nevertheless clinical MR imaging does not. The diverse nature of applications requires 

different systems operating at an appropriate field [20]. 

Several studies were performed to investigate the use of quantitative MRI for different 

medical diagnostic applications [5, 21-23],also including breast cancer [24] and liver 

disease [25]. As far as the author knowledge, a computer software for calculation of 

texture parameters in MR images, MaZda, that extracts information from MR images is 

the only final software that is currently available for this purpose [26].  

 

1.2. Quantitative imaging in Fetal Lung Maturity 

The most common cause of mortality and neonatal morbidity in preterm and early 

term fetuses is lung immaturity that causes neonatal respiratory morbidity, defined as 

respiratory distress syndrome or transient tachypnea of the newborn [27, 28]. 

Neonatal respiratory morbidity is not restricted to very preterm births and remains 

high among late-preterm and early-term infants born before 39 weeks of gestation 
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[29-31]. Fetal Lung Maturity (FLM) is mainly determined by production of pulmonary 

surfactant by type II pneumocytes which increases during the gestation. Thus, the 

most accurate non-invasive predictor of lung maturity is gestational age. At present, 

assessment of FLM is performed by means of laboratory tests in amniotic fluid [32-36] 

which require the performance of an invasive procedure. Besides being risky, it cannot 

be performed in all clinical settings due to the required facilities. The need of 

amniocentesis has resulted in a decline in the use of this information clinically. It is 

clear that for some indications, delivery should occur regardless of FLM results. 

However, there is an open debate about the value of FLM testing in the decision-

making process for those clinical situations in which late preterm or early-term 

delivery may seem a reasonable option but delivery could be postponed if fetal lung 

immaturity assessed [28]. Determining the risk of FLM without the need for an invasive 

technique might have a tremendous impact in the clinical management of such cases. 

Aside from economic implications, avoiding the need of amniocentesis would be 

associated with less patients’ discomfort and related complications, and controversies 

about indications for fetal lung maturity assessment could be approached from a 

different perspective. 

Fetal lung maturity assessment by non-invasive methods is an unsolved problem 

despite 20 years of extensive research focused on the development of quantitative 

imaging solutions based on ultrasound imaging to test fetal lung maturity, reported 

approaches included gray level measurements, lung tissue motion and relative 

features of lung to placental or liver images [37-42]. These studies suggest the 

potential of quantitative analysis of ultrasound images to predict fetal lung maturity 

but the diagnostic accuracy was insufficient for clinical use. 

Therefore, despite advancing in the knowledge of risk factors and the introduction of 

many public health strategies designed to reduce the risk of neonatal respiratory 

morbidity, its prenatal prediction still remains a main challenge. 
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1.3. Quantitative imaging in Fetal Brain 

Smallness for gestational age affects 10% of all pregnancies [43]. In clinical practice 

when an estimated fetal weight is below the tenth percentile and Doppler assessment 

of the umbilical artery is normal, the diagnosis of a small-for-gestational-age (SGA) is 

reached [44-46]. Although some fetuses with this diagnosis are constitutionally small, 

in a substantial proportion of cases, the diagnosis of SGA identifies mild forms of fetal 

growth restriction due to placental insufficiency that are not expressed by umbilical 

artery Doppler. Therefore, fetal development occurs in suboptimal conditions, with a 

deprived delivery of oxygen and nutrients to the fetal brain [47]. Under these 

conditions brain reorganization may take place, among other changes of the so-called 

fetal programming [48]. Different authors have shown how despite the fact that most 

SGA fetuses reach term without signs of deterioration, there is a proportion of them 

that presents an increased risk for an adverse perinatal outcome [49-51] with an 

abnormal neonatal neurobehavior [52, 53] and impaired neurodevelopment in early 

childhood [54].  

The most common technique to acquire a brain image is MRI. However in Maternal-

Fetal field, cranial ultrasound is the preferred imaging modality to assess fetal or 

neonatal brain status since it allows visualization of brain structures in a non-invasive 

approach [55]. Cranial Ultrasound is bedside feasible, non-invasive and non-expensive. 

On the other hand, MRI is difficult to perform in infants, especially in those preterm 

neonates who need special cares. Previous works from our research group were 

focused on extracting textural information from neonatal brain ultrasound images [56, 

57]. When MRI and Cranial Ultrasound are compared as predictors of 

neurodevelopmental outcomes, they present a high variability in the studies but a 

close concordance between both techniques [58]. A previous study from our research 

group demonstrated that the evaluation of fetal brain using MRI texture analysis is 

feasible. Texture analysis on fetal brain MRI showed discrimination based on brain 

textural features between SGA and adequate-for-gestational-age (AGA) fetuses [59].  
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Considering its prevalence, SGA constitutes a challenge and an opportunity for public 

health to improve the impact of prenatal conditions in quality of life. However, at 

present the detection of SGAs at risk of abnormal neurodevelopment is limited since 

standard clinical examinations fail to identify significant differences.  

 

1.4. Relevance and justification of the research 

Imaging techniques as ultrasound, MRI (Magnetic Resonance Imaging) or CT 

(Computed Tomography) are extensively used as diagnostics technologies in medicine. 

In fact, ultrasound imaging is a central diagnostic tool used in Maternal-Fetal Medicine. 

Although it has reached its full potential for the diagnosis of macro-structural changes, 

ultrasound contains much more information, which the subjective human inspection is 

not able to distinguish [60, 61]. The proposed PhD Thesis has the main objective of 

finding potential imaging biomarkers, using quantitative image analysis, to improve the 

subjective inspection of images in order to predict altered outcomes in fetal 

population. 

In order to accomplish the objectives of this PhD Thesis and fully investigate possible 

imaging biomarkers for Maternal-Fetal medicine, a clear outcome and huge databases 

are required. Images of the fetal brain could not be used as an appropriate model to 

demonstrate the main hypothesis due to the uncertainty associated to the 

neurodevelopmental outcomes. Furthermore, huge databases are required to develop 

an image biomarker and MR images are more difficult to acquire than ultrasound ones 

because of the acquisition discomfort and prize. For these reasons, neonatal 

respiratory morbidity will be used as the main pathological model for this Thesis 

(STUDY 1, 2 and 3) and brain images will be used to test the transversely of the 

quantitative texture analysis in other pathological model (STUDY 4). 

This PhD Thesis is part of two larger projects. On one hand, fetal thorax ultrasound 

images were used for the fetal lung maturation studies (STUDY 1, 2 and 3) which are 

part of a Transmural Biotech and Fetal and Perinatal Medicine Research Group of 



Elisenda Bonet Carné                                                                                                PhD Thesis 

 

 

 

26 

Hospital Clínic of Barcelona larger project. On the other hand, STUDY 4 is part of a 

larger prospective research program on Small for Gestational Age (SGA) fetuses 

involving image fetal acquisition and short- and long-term postnatal follow-up at Fetal 

and Perinatal Medicine Research Group of Hospital Clínic of Barcelona.  

In summary, this Thesis consists on different studies to develop a non-invasive imaging 

biomarker to predict neonatal respiratory morbidity as a clinical outcome. In this case, 

the development of the imaging biomarker may help to plan delivery in some cases, 

and might have an impact in obstetric management. In general, imaging biomarkers 

could contribute to clinical diagnosis in a non-invasive manner. In STUDY 1, we 

evaluated the feasibility and reproducibility of a texture feature extractor software for 

the estimation of quantitative features in fetal lung. Specifically, we explored the 

ability to correlate quantitative image information with gestational age as a 

preliminary evidence to justify further research on non-invasive assessment of fetal 

lung maturity. STUDY 2 correlated quantitative image features with fetal lung maturity 

assessed by an amniotic fluid test (TDx-FLM II [62, 63]). Then, quantusFLMTM 

(Transmural Biotech, SL, Barcelona, Spain) was specifically designed to predict 

neonatal respiratory morbidity through the analysis of textural image features from 

fetal lung images. In STUDY 3 we described the basic principles of a novel method to 

predict neonatal respiratory risk in a non-invasive manner, quantusFLMTM; and we 

tested its performance. Transversely of texture analysis methods using another 

pathological model and a different acquisition image technique was tested in STUDY 4. 

The main goal of this Thesis is to use quantitative image features to predict the risk of 

abnormal clinical outcomes. In order to achieve this objective this Thesis is divided in 

four specific studies. 
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2. HYPOTHESES 
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2. HYPOTHESES 

 

2.2. Main hypothesis 

Image texture analysis methods could be developed for the analysis of medical images 

(i.e. ultrasound or magnetic resonance imaging) in the field of fetal medicine 

applications, to characterize microstructural information that may not be assessed by 

standard clinical evaluation, in a reproducible and reliable manner allowing its use as 

imaging biomarker to assess or predict specific clinical outcomes. Fetal ultrasound of 

the lung and the assessment of fetal lung maturity is an optimal candidate model to 

test a first approach in order to develop such methods. 

 

2.3. Specific hypotheses 

1. Quantitative image analysis of ultrasound images of fetal lung tissue allows 

extracting reproducible features and patterns that correlate with gestational age. 

 

2. Quantitative image analysis of ultrasound images of fetal lung tissue allows 

extracting reproducible features and patterns that correlate with the results of 

lung maturity tests in amniotic fluid. 

 

3. Quantitative image analysis of ultrasound images of the fetal lung can be used to 

develop reproducible imaging biomarkers to predict the risk of neonatal 

respiratory morbidity. 

 

4. Quantitative image analysis methods are potentially useful to assess other fetal 

areas and other techniques (i.e. magnetic resonance imaging) and to identify 

patterns associated with changes in fetal brain development induced by prenatal 

conditions, such as intrauterine growth restriction. 
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3. OBJECTIVES 
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3. OBJECTIVES 

 

3.1. Main objective 

To explore the development of a series of new methods based on image texture 

analysis allowing the analysis of medical images (i.e. ultrasound or magnetic resonance 

imaging) in the field of fetal medicine applications -mainly fetal lung maturity and fetal 

brain assessment-, to test their reproducibility and to select the best performing 

approach to develop an imaging biomarker predicting a clinical outcome of interest. 

 

3.2. Specific objectives 

1. To assess the relationship between ultrasound texture analysis of the fetal lungs 

and the stages of lung maturation occurring across gestational age. 

 

2. To evaluate the correlation between quantitative ultrasound analysis of the fetal 

lung and the results of fetal lung maturity assessed by clinical standard methods in 

amniotic fluid. 

 

3. To develop and evaluate the performance of a novel method to predict neonatal 

respiratory morbidity based on quantitative analysis of fetal lung by ultrasound. 

 

4. To test whether texture analysis in magnetic resonance images could identify 

patterns associated with an abnormal neurobehavior in small for gestational age 

neonates. 
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4. MATERIALS AND RESULTS 
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4.1. STUDY 1 

 

 

Feasibility and Reproducibility of Fetal Lung Texture Analysis by 

Automatic Quantitative Ultrasound Analysis and Correlation with 

Gestational Age 

 

T. Cobo, E. Bonet-Carne, M. Martinez-Terron, A. Perez-Moreno, N. Elias, J. Luque, I. 

Amat-Roldan, M. Palacio. Fetal Diagn Ther. 2012 Apr; 31(4):230-6. 

* T.C. and E.B.-C. contributed equally to this paper. 

Status: published 

Journal Impact factor: 1.902 

Quartile: 2nd 
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4.2. STUDY 2 

 

 

Performance of an automatic quantitative ultrasound analysis of the 

fetal lung to predict fetal lung maturity 

M. Palacio, T. Cobo, M. Martinez-Terron, G.A. Ratta, E. Bonet-Carne, I. Amat-Roldan, E. 

Gratacos. Am J Obstet Gynecol. 2012 Dec;207(6): 504.e1-5. 

Status: published 

Journal Impact factor: 3.877 

Quartile: 1st 

 

Results from this study have been presented in the following congresses:  

1. Ratta GA, Palacio M, Cobo T, Martinez-Terron M, Elias N, Bonet E, Amat I, Gratacos 

E. Non-invasive fetal lung maturity prediction through automatic quantitative 

ultrasound analysis texture extractor. ISUOG.September 9-13, 2012. Copenhagen, 

Denmark. 

2. Bonet-Carne E, Cobo T, Luque J, Martinez-Terron M, Perez-Moreno A, Palacio M, 

Gratacos E, Amat-Roldan I. Consistent association between image features of fetal 

lungs from different ultrasound equipments and fetal lung maturity from 

amniocentesis. IEEE ISBI. May 2-5, 2012. BCN, Spain. 

3. Palacio M, Cobo T, Martinez-Terron M, Ratta GA, Elias N, Bonet E, Amat-Roldan I, 

Gratacos E. Performance of an automatic quantitative ultrasound analysis (AQUA) 

texture extractor to predict fetal lung maturity assessed by TDx-FLM in amniotic fluid. 

SMFM.February 6-11, 2012. Dallas, USA.  
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4.3. STUDY 3 

 

 

Quantitative ultrasound texture analysis of fetal lungs to predict 

neonatal respiratory morbidity 

E. Bonet-Carne, M. Palacio, T. Cobo, A. Perez-Moreno, M. Lopez, JP. Piraquive, JC. 

Ramirez, F. Marques, E. Gratacos. Ultrasound in Obstetrics & Gynecology. 

Status: accepted, 5th June 2014. Ref: UOG-2014-0288.R1 

Journal Impact factor: 3.557 

Quartile: 1st 

 

 

Results from this study have been presented in the following congresses: 

1. Bonet-Carne E, Palacio M, Cobo T, Perez-Moreno A, Lopez M, Piraquive JP, Ramirez 

JC, Marques F, Gratacos E. Validation of a quantitative ultrasound texture analysis of 

fetal lungs to predict neonatal respiratory morbidity. ECPM. June 4-7, 2014. Firenze, 

Italy. 

2. Bonet-Carne E, Palacio M, Cobo T, Perez-Moreno A, Lopez M, Piraquive JP, Ramirez 

JC, Marques F, Gratacos E. Quantitative ultrasound texture analysis of fetal lungs to 

predict neonatal respiratory morbidity. ISUOG. September 14-17, 2014. Barcelona, 

Spain. 
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4.4. STUDY 4 

 

 

Automatic Quantitative MRI Texture Analysis in Small-for-Gestational-

Age Fetuses Discriminates Abnormal Neonatal Neurobehavior 

M. Sanz-Cortes, GA. Ratta, F. Figueras, E. Bonet-Carne, N. Padilla, A. Arranz, N. 

Bargallo, E. Gratacos. PLoS ONE 2013 8(7): e69595. 

Status: published 

Journal Impact factor: 3.730 

Quartile: 1st 

 

 

Results from this study have been presented in the following congress: 

1. Sanz-Cortes M, Figueras F, Padilla N, Bargallo N, Bonet-Carne E, Luque J, 

Amat-Roldan I, Gratacos E. Evaluation of a computer-based analysis of brain textures 

on fetal MRI to detect changes in small for gestational age (SGA) fetuses and to predict 

neurodevelopmental outcome. ISUOG.September 18-22, 2011. Los Angeles, USA. 
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5. DISCUSSION 

 

5.1. General overview 

This Thesis consists of different studies to test the use of quantitative image features 

to predict the risk of abnormal clinical outcomes. The Thesis is particularly focused on 

the use of fetal thorax ultrasound images to predict neonatal respiratory morbidity as 

a clinical outcome. The work provides evidence supporting the concept that purpose-

developed quantitative imaging techniques may help in clinical diagnosis. Specifically, 

the performance obtained with the software developed to predict neonatal respiratory 

morbidity was similar to that reported for commercial fetal lung maturity tests in 

amniotic fluid.  

Two different populations have been used in this Thesis to test the transversal 

usefulness of quantitative image features as a source of clinical information using 

different image modalities and different outcomes. Firstly, ultrasound images of fetal 

thorax were used to test quantitative images to predict neonatal respiratory morbidity 

(Studies 1, 2 and 3). Secondly, fetal brain MR images were used to test quantitative 

image features using abnormal neurobehavior as clinical outcome (Study 4). 

 

5.2. Quantitative imaging in Fetal Lung Maturity 

Our first study demonstrates that quantitative image features extracted from fetal 

thorax ultrasound images correlate with gestational age. Since gestational age is 

strongly associated with fetal lung maturity, the findings of this study open a pathway 

for future research evaluating the relationship between texture analysis and lung 

maturity. 

The use of quantitative ultrasound tissue characterization of normal fetal lung 

development has been investigated in recent years, showing a better accuracy than 

lung echogenicity to detect histological changes [37-41, 64]. Thus, Sohn et al.[64] 
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reported a methodology to determine the maturity of fetal lung by comparing the 

frequency characteristics of lung echoes to those from the fetal liver as a reference 

organ. Maeda and co-workers evaluated the grey-level histogram width (GLHW) of 

fetal lung and liver combined with gestational age showing that an increase in GLHW 

lung-to-liver ration at > 30 weeks of gestational age predicted respiratory distress 

syndrome with an accuracy of about 80-90%, a sensitivity of 96% and a specificity of 

72%, which was comparable with invasive amniotic fluid tests. It was designed in a 

relatively reduced sample of 22 and 25 fetuses with and without RDS, respectively, but 

the results were promising [37, 40]. La Torre et al. [41] correlated accurately several 

patterns of fetal breathing movements with fetal lung maturity tests. Finally, Serizawa 

and Maeda [40] published a form of tissue characterization named ultrasonic gray level 

histogram width. Prakash et al. [38] also used lung-to-liver features obtaining an 

accuracy from 73% to 96% to correctly classify their high pulmonary risk group. 

Tehesin et al. [39] also evaluated lung-to-liver grey level distribution. The results 

obtained in our first study are in line with these previous studies. The extractor 

software used provided relevant information about lung structural changes in 

transverse ultrasound images of fetal lung without the use of any other region or scan 

(such as liver) as a tissue reference to compare relative echodensities. The study also 

showed that the features extracted correlated robustly with gestational age with 

regard to scanner equipment as well as different scanner settings. Furthermore, since 

no other region was needed as a reference, the method presented might overcome 

some limitations of previous studies. It is worth mentioning that no blind samples were 

used to test the predictive capacity of the model. We acknowledge that additional 

research is necessary to evaluate the ability of the software to be used as an image 

biomarker predictor of fetal lung maturity. 

After testing the texture analysis of fetal lung ultrasound images and its correlation 

with gestational age, in our second study we tested the correlation between texture 

analyses and the existing fetal lung maturity test[62, 63].Thus the second study 

provided evidence that the image features from lung ultrasound images correlate with 
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fetal lung maturity test assessed by a standard test as TDx-FLM II. These findings 

opened the possibility to explore the introduction of non-invasive techniques into 

clinical practice to test fetal lung maturity. In view of the increasingly recognized 

importance of respiratory morbidity [27, 28] and the growing numbers of late preterm 

pregnancies undergoing elective delivery, avoidance of the need for invasive 

techniques may have a tremendous impact on the clinical management of these cases. 

These results are in line with previous studies showing that ultrasound images contain 

non-visible information that can be extracted for clinical purposes. This notion has 

already been demonstrated for breast and liver disease [14, 15], but the results in fetal 

lung ultrasound analysis have remained non-conclusive. Among recent studies, some 

failed to identify differences in the patterns of features assessed with quantitative 

ultrasound [37, 64]. However, no significant differences were observed above 32 

weeks’ gestation, precluding its use in clinical practice. In a similar manner than in our 

first study, the method tested here did not use direct gray level or other tissue 

references such as the liver. This may represent a substantial advantage for clinical use 

as compared with the previous quantitative analyses studies. The particular properties 

of the evaluated software (it seems to be unaffected by moderate changes in the 

acquisition settings) might facilitate its inclusion in clinical practice. It is important to 

note that in this study we used a surrogate of fetal lung maturity, such as amniotic 

fluid analysis. Taking into account that TDx-FLM II has also suboptimal sensitivity and 

specificity (89% and 83%, respectively) [65] for the prediction of RDS, it would be of 

great interest to assess whether non-invasive evaluation of the fetal lung texture might 

provide more precise information. Thus, the results of this study supported further 

research on ultrasound texture analysis as a non-invasive quantitative imaging 

biomarker to predict the clinical outcome, neonatal respiratory morbidity, which was 

to be tested in our third study. 

At this point, the ability of texture analysis of fetal lung ultrasound images to blindly 

predict the risk of neonatal respiratory morbidity was yet not demonstrated. In 

addition, the software used in study 1 and 2 presented some problems of robustness 
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when it was tested blindly in new samples. To address this limitation, we decided to 

develop a completely new method from the beginning, by abandoning all previous 

approaches and testing systematically all available quantitative feature extractors and 

machine learning approaches, in order to obtain a combination that offered the best 

possible robustness. We termed this new methodology quantitative ultrasound fetal 

lung maturity analysis (quantusFLM™), which combines in a unique and innovative 

manner several steps of different image texture extractor and machine learning 

algorithms. This, in the third study we described the basic principles of this novel 

method, and the results of a validation study to assess the ability of the method to 

blindly predict the risk of neonatal respiratory morbidity. Remarkably, this study 

demonstrated that the performance of quantusFLM™ was comparable to that 

reported with the use of current tests in amniotic fluid [66-70]. Of note, the average 

sample size used in these studies was 167 (ranging from 28 to 301), which is similar to 

the one used in this study (144). The clinical implications of this study are important, as 

it opens the possibility of using non-invasive approaches for the prenatal prediction of 

fetal lung maturity. We acknowledge that a larger sample size should be used to test 

the performance within narrower gestational age ranges. Currently, a multicentre 

international study to validate the results is underway. In summary, this study provides 

evidence that a purpose-developed software based on quantitative texture analysis of 

fetal lung ultrasound images predicts neonatal respiratory morbidity with a similar 

performance to that reported for commercial fetal lung maturity tests in amniotic 

fluid. 

 

5.3. Quantitative imaging in Fetal Brain 

In our fourth study, we evaluated the ability of image texture analysis to detect 

abnormalities in different fetal brain areas, and tested their association with abnormal 

neonatal neurobehavior. This study demonstrated the potential of quantitative 

imaging texture analysis for other image acquisition techniques and clinical outcomes. 

The study provided evidence that fetal brain MRI textural patterns were associated 
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with neonatal neurobehavior and set the basis for further research on in utero imaging 

biomarkers based on quantitative image analysis. 

The correlation between quantitative texture analysis and functional outcome had 

previously been demonstrated in adults with neurological conditions and apparently 

normal MRI scans, such as in mild traumatic brain injury or mild cognitive impairment 

[5, 71]. In these conditions, texture analysis was able to identify differences in relation 

with the progression of the disease and indicate the most affected areas. To our best 

knowledge, this is the first time in which brain quantitative imaging in fetuses has been 

used to establish associations with post-natal neurobehavior. The results are in line 

with the existence of brain reorganization in IUGR (intrauterine growth restriction). 

Different lines of evidence have shown that fetuses and infants affected with early and 

severe intrauterine growth restriction have significant differences in brain metabolism, 

sulcation, composition, and microstructure [72-75]. Furthermore, correlations 

between these brain disturbances and neurological performance have been reported 

[72, 74]. Along the same lines, in a previous study we reported differences in textural 

patterns on fetal brain MRI between term SGA and AGA fetuses [59]. In the present 

study we provide evidence that these patterns are correlated with post-natal 

neurobehavior. These changes could be identified by quantitative imaging in order to 

define ‘‘early endophenotypes’’ as markers of future functional outcome [72]. From a 

clinical perspective, this provides further evidence to support the existence of changes 

in brain development, which could be used for diagnosis of true forms of fetal growth 

restriction in utero. Identifying at-risk patients lays the basis for timely interventions in 

utero to decrease the rate of adverse perinatal results [50] and for selection of 

newborns for targeted interventions. The strength of this study is that it evaluates 

brain MRI texture analysis from a homogeneous cohort of term SGA fetuses selected in 

utero and prospectively followed up until the neonatal period. We acknowledge that 

these results are preliminary and require confirmation in larger sample sizes allowing 

external validation.  
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In summary, this study provided evidence that fetal brain quantitative imaging based 

on MRI quantitative texture analysis has a potential in predicting an abnormal 

neurobehavioral outcome. However, the potential clinical value of quantitative texture 

analysis in the identification of risk requires a great deal of further research. At this 

point, most quantitative imaging-based methods are still far from clinical applications.  

 

5.4. Limitations and technical considerations 

Several study limitations and technical considerations in relation with the work here 

presented should be mentioned. In the first study, the frequency of acquisition was 

not always available. This, we could not rule out that scanner frequency was not a 

critical issue for blind validation using new samples. To support this notion, when the 

extractor method [56] used in Study 1 and 2 was tested using databases with images 

acquired with controlled parameters (such as the spatial resolution of the images) it 

showed a very poor robustness to slight variations in image characteristics.  

Each study provided a further step towards the goal of developing a clinically relevant 

proof of principle. In the first study the outcome used was gestational age, a surrogate 

measure of fetal lung maturity. In the second study, the outcome also was a 

surrogated of fetal lung maturity but, in this case, we used the amniotic test result. 

TDx-FLM II [65] is a better surrogated value than gestational age but it also has a 

limited sensitivity and specificity (89% and 83%, respectively) for the prediction of 

respiratory distress syndrome. However we acknowledge that these results require 

confirmation with clinical outcome. Study 3 overcomes this limitation. 

Another limitation, present in Study 1, 2 and 4 was the lack of a blind validation of the 

method, mainly because of the reduced number of the available samples. Texture 

analysis-based applications require developing robust algorithms based on large 

databases, software user interface platforms and feasibility studies demonstrating its 

value in clinical practice. In contract, Study 3 used more than 1,000 real ultrasound 

images, and more than 13,000 from other databases [76, 77], to develop 
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quantusFLM™. However, we acknowledge that the sample used for blind validation 

should be expanded. Thus, only 144 completely new samples could be used to test the 

performance of the algorithm. The algorithm was evaluated in only one center and the 

image acquisition and delineation were performed by highly trained personnel in a 

clinical research setting. To overcome these limitations a multicenter international 

study is now underway. 

 

5.5. Concluding remarks and future work 

This Thesis consists of different studies focused in advancing towards the development 

of non-invasive imaging biomarkers to predict perinatal clinical outcomes. The majority 

of the work was focused on developing a quantitative imaging biomarker for neonatal 

respiratory morbidity.  

To our knowledge, the third study of this Thesis is the first study reporting blindly 

validation of quantitative imaging analysis software specifically designed to predict 

neonatal respiratory morbidity. 

Future work related with neonatal respiratory morbidity will be focused on the 

undergoing multicentre international study and on continuous improvement, for 

example, performing automatic image lung segmentation. Other lines will be explored 

to test the transversal value of the methodology in other clinical conditions where 

quantitative imaging analysis could improve the current clinical practice, essentially by 

reducing the need of invasive diagnostic procedures.  
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6. CONCLUSIONS 

 

1. Quantitative image analysis can extract information from subtle differences in 

the texture of the fetal lung ultrasound images that are related to gestational 

age tissue microstructure changes and consequently, to the pathophysiological 

process of fetal lung maturation. 

 

2. Fetal lung ultrasound texture analysis correlates with fetal lung maturity 

assessed by laboratory standard methods in amniotic fluid. 

 

3. Quantitative image analysis of fetal lungs can predict neonatal respiratory 

morbidity with similar performance to currently used laboratory methods in 

amniotic fluid.  

 

4. Non-invasive texture analysis could be used in magnetic resonance to identify 

patterns associated with abnormal neurobehavior in small-for-gestational-age 

babies.  
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9. APPENDIX: RESUM EN CATALÀ  

(SUMMARY IN CATALAN LANGUAGE) 

 

9.1. Introducció 

Les tècniques d’imatge s’utilitzen en medicina per crear imatges de les parts del cos 

humà que estan ocultes per la pell i els ossos. Les imatges mèdiques es poden utilitzar 

tant per diagnosticar com per a tractar malalties; aquesta Tesi es centra en el 

tractament quantitatiu d’imatges mèdiques com a tècnica de diagnòstic. 

L’objectiu principal dels estudis de diagnòstic basats en imatges és la caracterització 

dels teixits: les imatges s’adquireixen per tal de determinar si els teixits en l’àrea 

d’estudi son normals (teixit sa) o patològics. L’anàlisi quantitatiu d’imatges mèdiques 

pot augmentar la repetibilitat i ajudar a resoldre les ambigüitats en la interpretació de 

diferents imatges. Algunes disciplines, com la medicina Materno-Fetal, són candidates 

perfectes per l’anàlisi quantitatiu d’imatge com a eina de diagnòstic a causa de la 

manca d’accessibilitat als teixits fetals.  

Encara que hi ha moltes tècniques d’imatge, l’ecografia s’utilitza preferentment entre 

els obstetres i esdevé una tecnologia principal de diagnòstic en la medicina Materno-

Fetal, sobretot perquè és no-invasiva, no requereix d’instal·lacions especials, es 

transportable i el seu ús és econòmic. Diversos estudis demostren que les 

característiques de la senyal d’ultrasò estan relacionades amb la microestructura del 

teixit i que diferents arquitectures tissulars poden es poden reconèixer i interpretar en 

les imatges. Des de principis dels anys 80 la idea de que l’anàlisi qualitatiu d’ultrasò pot 

augmentar la repetibilitat i ajudar en la resolució d’ambigüitats s’ha generalitzat. Per 

altra banda, la ressonància magnètica és la tècnica més comú per a la neuroimatge 

estructural. També és una tècnica no invasiva que ofereix un gran contrast entre la 

matèria blanca i la matèria gris, per aquesta raó esdevé molt útil per avaluar el sistema 

nerviós central. També s’han realitzat diversos estudis per investigar l’ús de la 

ressonància magnètica quantitativa per a diferents aplicacions mèdiques de diagnòstic. 
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Aquesta tesi doctoral forma part de dos projectes més amplis i s’utilitzen dues 

patologies diferents. D’una banda, es van utilitzar imatges d’ultrasò del tòrax fetal per 

als estudis de maduració pulmonar fetal (Estudis 1, 2 i 3). D’altra banda, l’Estudi 4 

forma part d’un estudi sobre els fetus petits-per-edat-gestacional (PEG). A continuació 

hi ha una breu explicació dels problemes clínics associats als dos projectes. 

9.1.1. Pulmó Fetal 

La causa més comuna de mortalitat i morbiditat en prematurs i en fetus nascuts a 

precoçment a terme és la immaduresa pulmonar que causa morbiditat respiratòria 

neonatal, definida com el distrés respiratori o la taquipnea transitòria del nounat. 

Actualment, l’avaluació de la maduresa pulmonar fetal es realitza mitjançant proves de 

laboratori del líquid amniòtic, que requereixen la realització d’un procediment invasiu 

per obtenir les mostres, l’amniocentesi. Aquesta, a part de ser arriscada, no es pot 

realitzar en tots els entorns clínics a causa de les instal·lacions requerides. Per això, la 

necessitat de l’amniocentesi ha resultat en una disminució en l’ús d’aquesta 

informació clínicament. L’avaluació de la maduresa pulmonar fetal amb mètodes no 

invasius és un problema no resolt malgrat hi ha hagut més de 20 anys d’investigació en 

el desenvolupament de solucions basades en imatges d’ultrasò. Els estudis realitzats 

anteriorment suggereixen que l’anàlisi quantitatiu d’imatge d’ultrasò per a predir la 

maduresa pulmonar fetal té potencial, però la precisió en el diagnòstic no és suficient 

per a l’ús clínic. 

Per tant, tot i avançar en els factors de risc i la introducció d’estratègies de salut 

pública destinades a reduir el risc de morbiditat respiratòria neonatal la seva predicció 

segueix sent un repte. 

9.1.2. Cervell Fetal 

Un 10% dels embarassos resulten en un nounat petit-per-edat-gestacional (PEG). 

Encara que alguns fetus amb aquest diagnòstic són constitucionalment petits, en una 

proporció substancial dels casos, el diagnòstic de PEG identifica les formes lleus de la 

restricció de creixement intrauterí. Per tant, en aquests casos, el desenvolupament 
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fetal es produeix en condicions subòptimes, amb un subministrament que priva de 

l’oxigen i nutrients necessaris al cervell fetal. Diferents autors han demostrat que tot i 

que la majoria de PEG no presenten signes de deteriorament, hi ha una proporció que 

presenta un augment en el risc de patir un resultat perinatal advers amb un 

neurocomportament anormal neonatal i un desenvolupament neurològic deteriorat 

durant la primera infància.  

Tenint en compte la seva prevalença, el diagnòstic dels PEG constitueix un repte i una 

oportunitat per millorar l’impacte de les condicions prenatals en la qualitat de vida. No 

obstant, en l’actualitat la detecció dels PEG que tenen risc de desenvolupament 

neurològic anormal és limitada ja que els exàmens clínics estàndards fallen en la 

identificació de diferencies significatives en aquest subgrup. 

9.2. Objectius 

Les tècniques d’imatge, com l’ultrasò o la imatge per ressonància magnètica, s’utilitzen 

extensament com a eines de diagnòstic mèdic. De fet, l’ultrasò és la tècnica de 

diagnòstic per imatge més utilitzada en el camp de la medicina Materno-Fetal ja que 

permet realitzar imatges de forma no invasiva, la màquina per a l’adquisició és 

portable i el seu ús econòmic. Encara que l’ultrasò ha assolit el seu màxim potencial 

per al diagnòstic de canvis macroestructurals, les imatges d’ultrasò tenen molta més 

informació que l’ull humà no és capaç de distingir. Aquesta proposta de Tesi té com a 

principal objectiu investigar l’ús potencial de biomarcadors d’imatge, utilitzant l’anàlisi 

quantitatiu de textures, per millorar la interpretació subjectiva de les imatges per tal 

de predir diferents alteracions en la població fetal. 

La hipòtesi principal d’aquest projecte és que els mètodes d’anàlisi de la textura de la 

imatge es podrien utilitzar per l’anàlisi d’imatges mèdiques (per exemple, en 

ecografies o imatges de ressonància magnètica) en el camp de la medicina fetal, per 

caracteritzar informació de la microestructura que no es pot detectar mitjançant una 

avaluació clínica estàndard. L’ecografia del pulmó fetal per l’avaluació de la maduresa 

pulmonar fetal és un candidat òptim per a desenvolupar aquests mètodes. 
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Les hipòtesis específiques són: 

• L’anàlisi quantitatiu de la textura de les imatges d’ultrasò del pulmó fetal 

permet l’extracció de forma reproduïble de característiques del teixit que es 

correlacionen amb l’edat gestacional del fetus.  

• L’anàlisi quantitatiu de la textura de les imatges d’ultrasò del pulmó fetal 

permet l’extracció de característiques que es correlacionen amb els resultats de 

maduració pulmonar obtinguts amb les proves realitzades en líquid amniòtic. 

• L’anàlisi quantitatiu de la textura de les imatges d’ultrasò del pulmó fetal es pot 

utilitzar per desenvolupar biomarcadors d’imatge per predir el risc de 

morbiditat respiratòria neonatal. 

• Els mètodes d’anàlisi quantitatiu de la textura de les imatges es poden utilitzar 

per avaluar altres regions del fetus i, altres tècniques d’adquisició d’imatge 

(com per exemple, imatges de ressonància magnètica), poden ser utilitzats per 

identificar patrons associats amb els canvis que es produeixen en el 

desenvolupament del cervell fetal deguts a la restricció de creixement 

intrauterí.  

 

L’objectiu principal d’aquest projecte és explorar i testar el desenvolupament de nous 

mètodes basats en l’anàlisi quantitatiu de la textura de les imatges mèdiques (per 

exemple, imatges d’ultrasò i de ressonància magnètica) en el camp de la medicina 

fetal, principalment per l’avaluació de maduresa pulmonar fetal i del cervell fetal. 

Els objectius específics són: 

• Avaluar la relació entre la textura d’imatges d’ultrasò del pulmó fetal i un 

procés fisiològic ben definit, les etapes de la maduració pulmonar durant la 

gestació. 

• Avaluar la possibilitat d’utilitzar mètodes quantitatius d’anàlisis d’imatges 

d’ultrasò del pulmó fetal i la seva correlació amb els resultats de la maduració 
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pulmonar fetal obtinguts amb els mètodes estàndard que requereixen de 

l’anàlisi de líquid amniòtic. 

• Desenvolupar i avaluar el rendiment d’un nou mètode per predir el risc de 

morbiditat respiratòria neonatal basat en l’anàlisi quantitatiu de textures 

d’imatges d’ultrasò pulmonars fetals. 

• Provar si l’anàlisi quantitatiu de la textura en imatges de ressonància magnètica 

podria identificar patrons associats amb un neurocomportament anormal en 

nadons petits l’edat gestacional, per avaluar el comportament transversal de 

l’anàlisi quantitatiu d’imatges. 

 

Aquesta tesi s’ha dividit en quatre estudis i s’ha estructurat seguint la normativa per a 

la tesi doctoral, com a compendi de publicacions, per obtenir el grau internacional de 

Doctor en Biomedicina. Els estudis inclosos en la Tesi pertanyen a la mateixa línia 

d’investigació i consten de quatre articles ja publicats o presentats per a la seva 

publicació en revistes científiques internacionals. 

 

9.3. Mètodes i Resultats 

Per tal d’assolir els objectius d’aquesta tesi i investigar possibles biomarcadors 

d’imatges per a la medicina Materno-Fetal és necessari disposar d’un model patològic 

clar i de grans bases de dades d’imatges. A causa de la manca de mostres i de la 

incertesa associada als resultats de neurodesenvolupament, l’estudi del cervell fetal no 

seria un candidat adequat per a ser utilitzat com a model per la hipòtesi principal. Els 

problemes respiratoris neonatals, que es presenten poques hores després del 

naixement, poden proporcionar grans bases de dades sense haver d’esperar per al 

resultat clínic. Per aquest motiu, la morbiditat respiratòria neonatal s’utilitzarà com el 

principal model patològic d’aquest projecte (Estudis 1, 2 i 3) i les imatges de 

ressonància magnètica del cervell fetal s’utilitzaran per provar la transversalitat de 

l’anàlisi quantitatiu de la textura de la imatge en un altre model patològic (Estudi 4). 
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9.3.1.  Estudi 1. Viabilitat i reproductibitat de l’anàlisi automàtic de textures del 

pulmó fetal i la seva correlació amb l’edat gestacional. 

Corresponent a l’article: T. Cobo, E. Bonet-Carne, M. Martinez-Terron, A. Perez-Moreno, N. 

Elias, J. Luque, I. Amat-Roldan, M. Palacio. Feasibility and Reproducibility of Fetal Lung Texture 

Analysis by Automatic Quantitative Ultrasound Analysis and Correlation with Gestational Age. 

Fetal Diagn Ther. 2012 Apr; 31(4):230-6.  

* T.C. and E.B.-C. han contribuït equitativament en aquest treball.  

Estat: publicat 

Factor d’impacte de la revista: 1.902 

Quartil: 2n, àrea Obstetricia i Ginecologia. 

 

Objectiu: Avaluar la factibilitat i reproductibilitat de l’anàlisi de la textura del pulmó fetal 

utilitzant un nou mètode quantitatiu d’anàlisi d’ultrasò i, avaluar la seva correlació amb l’edat 

gestacional. 

Mètodes: Estudi observacional transversal prospectiu. Per avaluar les característiques de la 

textura, 957 imatges 2D del pulmó fetal dret i esquerra corresponents al pla quatre càmeres 

cardíaques foren delineades. Les imatges es corresponien a fetus que es trobaven entre les 20 i 

les 41 setmanes de gestació. La quantificació de la textura pulmonar es va realitzar amb el 

software AQUA (Automatic Quantitative Ultrasound Analysis), que s’utilitza per extreure les 

característiques de les imatges. Posteriorment, un procediment d’aprenentatge que consistia 

en una transformació de les característiques i un model de regressió es va utilitzar per avaluar 

l’associació entre les característiques de la textura i l’edat gestacional. 

Resultats: L’associació entre les setmanes de gestació i la textura del pulmó fetal quantificada 

mitjançant AQUA van presentar una correlació de Pearson de 0,97. L’associació no es va veure 

influenciada pels paràmetres de la delineació, com la ubicació de la regió d’interès, la mida 

d’aquesta o si el pulmó seleccionat era l’esquerra o dret. Tampoc es va veure influenciada pels 

paràmetres de l’adquisició de les imatges d’ultrasò, ni per l’equip d’ultrasò o el transductor 

utilitzat. 
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Conclusions: L’anàlisi de textura del pulmó fetal mitjançant AQUA demostra una forta 

correlació amb l’edat gestacional. Això dóna suport a explorar l’ús d’aquesta tecnologia per a la 

predicció no invasiva de la maduresa pulmonar fetal. 

 

9.3.2.  Estudi 2. Realització d’un anàlisi automàtic quantitatiu d’ultrasò del pulmó 

fetal per predir la maduresa pulmonar fetal. 

Corresponent a l’article: M. Palacio, T. Cobo, M. Martinez-Terron, G.A. Ratta, E. Bonet-Carne, I. 

Amat-Roldan, E. Gratacos. Performance of an automatic quantitative ultrasound analysis of the 

fetal lung to predict fetal lung maturity. Am J Obstet Gynecol. 2012 Dec;207(6): 504.e1-5.  

Estat: publicat 

Factor d’impacte de la revista: 3.877 

Quartil: 1r, àrea Obstetricia i Ginecologia. 

Objectiu: L’objectiu de l’estudi va ser avaluar el funcionament de l’anàlisi automàtic quantitatiu 

de la textura de l’ultrasò (AQUA) per predir la maduresa pulmonar fetal determinada pel líquid 

amniòtic. 

Mètodes: S’analitzaren embarassos únics (24.0 a 41.0 setmanes) als que s’havia realitzat una 

amniocentesis per determinar la maduresa pulmonar fetal (utilitzant el test TDx-FLM II). 

Manualment es delineà un rectangle sobre el pulmó fetal en el pla de la imatge d’ultrasò 

corresponent a les 4-càmeres cardíaques del tòrax fetal. AQUA s’utilitzà per a transformar la 

informació de la delineació en un conjunt de característiques. S’utilitzaren algoritmes genètics 

per extreure les característiques més rellevants. Després es va crear i validar un model que 

podria distingir els pulmons fetals madurs dels immadurs utilitzant el test TDx-FLM II de 

referència. 

Resultats: L’edat gestacional de la mostra va ser (mitjana [desviació estàndard]) de 32.2 [4.5] 

setmanes. D’acord amb els resultats del TDx-FLM II 41 mostres es corresponien a pulmons 

madurs i 62 a immadurs. El biomarcador d’imatge basat en AQUA va presentar una sensibilitat 

del 95.1%, una especificitat del 85.7% i una precisió del 90.3% per predir un pulmó madur o 

immadur. 

Conclusions: Les textures de les imatges d’ultrasò dels pulmons fetals extretes utilitzant AQUA 

proporcionen unes característiques robustes per predir els resultats del test TDx-FLM II. 
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9.3.3.  Estudi 3. Anàlisis quantitatiu de textura d’imatges d’ultrasò per predir 

morbiditat respiratòria neonatal. 

Corresponent a l’article: E. Bonet-Carne, M. Palacio, T. Cobo, A. Perez-Moreno, JP Piraquive, 

M. Lopez, E. Gratacos. Quantitative ultrasound texture analysis of fetal lungs to predict 

neonatal respiratory morbidity. Ultrasound in Obstetrics & Gynecology.  

Estat: acceptat, 5 de Juny 2014. Ref: UOG-2014-0288.R1 

Factor d’impacte de la revista: 3.557 

Quartil: 1r, àrea Obstetricia i Ginecologia. 

Objectiu: Desenvolupar i avaluar el funcionament d’un nou mètode per predir la morbiditat 

respiratòria neonatal. El mètode està basat en l’anàlisi quantitatiu dels pulmons del fetus 

mitjançant una ecografia. 

Mètodes: Es van utilitzar un gran nombre d’imatges no clíniques i d’imatges pulmonars fetal 

d’ultrasò per desenvolupar un mètode computacional basat en l’anàlisi de textura i en 

algorismes d’aprenentatge automàtic, entrenat per a predir el risc de morbiditat neonatal en 

imatges d’ultrasò de pulmons fetals. El mètode, anomenat anàlisi quantitatiu d’ultrasò de la 

maduresa pulmonar fetal (quantusFLM), després va ser validat a cegues en 144 fetus que 

naixeren entre les 28.0 i les 39.0 setmanes d’edat gestacional. Les imatges dels pulmons, 

guardades en format DICOM, es van adquirir dins de les 48 hores prèvies al naixement i 

s’utilitzaren per determinar la capacitat del mètode per predir la morbiditat respiratòria 

neonatal, definida com a síndrome de distrés respiratori o taquipnea transitòria del nounat. 

Resultats: L’edat gestacional mitjana al part va ser de 36.0 setmanes (3.3 DE). Hi va haver 

29/144 (20.1%) casos de morbiditat respiratòria amb una sensibilitat, especificitat, valor 

predictiu positiu i valor predictiu negatiu de 86.2%, 86.9%, 62.5% i 96.2% respectivament. 

Conclusions: El mètode d’anàlisi quantitatiu d’ultrasò de la maduresa pulmonar fetal 

(quantusFLM) va predir la morbiditat respiratòria neonatal amb una precisió comparable a les 

proves actuals que utilitzen líquid amniòtic. 
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9.3.4.  Estudi 4. Ànalisi de textura automàtic d’imatges de ressonància magnètica en 

fetus petits-per-edat-gestacional i el seu ús per discriminar 

neurocomportament anormal neonatal. 

Corresponent a l’article: M. Sanz-Cortes, GA. Ratta, F. Figueras, E. Bonet-Carne, N. Padilla, A. 

Arranz, N. Bargallo, E. Gratacos. Automatic Quantitative MRI Texture Analysis in Small-for-

Gestational-Age Fetuses Discriminates Abnormal Neonatal Neurobehavior. PLoS ONE 2013 

8(7): e69595. 

Estat: publicat 

Factor d’impacte de la revista: 3.730 

Quartil: : 1r, àrea de ciències multidisciplinars. 

Antecedents: Hem provat la hipòtesi de si l’anàlisi de textura d’imatges de ressonància 

magnètica pot identificar patrons associats a un neurocomportament anormal en els nounats 

petits-per-edat-gestacional (PEG). 

Mètodes: Es van adquirir imatges d’ultrasò i de ressonància magnètica en 91 fetus PEG a les 37 

setmanes d’edat gestacional. El lòbul frontal, els ganglis basals, el mesencèfal i el cerebel es van 

delinear en les imatges de ressonància magnètica fetal. Els nadons PEG es van sotmetre a la 

prova NBAS i van ser classificats com anormals si una o més àrees estaven per sota del percentil 

5 i, com a normals si totes en totes les àrees van obtenir un resultat superior al percentil 5. Les 

característiques de textures associades amb el neurodesenvolupament es van seleccionar i es 

van aplicar tècniques d’aprenentatge automàtic per modelar un algorisme predictiu. 

Resultats: Dels 91 nounats PEG, 49 es van classificar com a normals i 52 com a anormals. LA 

precisió per predir un neurocomportament anormals basant en anàlisi de textures va ser del 

95.12% pel lòbul frontal, 95.56% pels ganglis basals, 93.18% pel mesencèfal i el 83.33% pel 

cerebel. 

Conclusions: Els patrons en la textura de la ressonància magnètica cerebral es van associar amb 

el desenvolupament neurològic neonatal. L’anàlisi de textures en la ressonància magnètica 

cerebral podria ser una eina útil per predir el desenvolupament neurològic anormal en els PEG. 
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9.4. Discussió 

Aquesta Tesi consisteix en diferents estudis per provar que l’ús de l’anàlisi quantitatiu 

de la textura d’imatges mèdiques pot predir el risc de resultats clínics anormals. La Tesi 

es centra principalment en l’ús d’imatges d’ultrasò del tòrax fetal per predir la 

morbiditat respiratòria neonatal. Aquest treball proporciona evidència que dóna 

suport al concepte prèviament estès de que les tècniques quantitatives d’imatge 

extreuen informació del teixit estudiat que pot ser d’ajuda en el diagnòstic clínic. 

Concretament, els resultats obtinguts amb el mètode desenvolupat per predir la 

morbiditat respiratòria neonatal foren similars als reportats per les proves comercials 

que utilitzen líquid amniòtic per l’anàlisi. 

Els estudis de maduresa pulmonar (Estudi 1, 2 i 3) estan enfocats a utilitzar imatges del 

tòrax fetal per a predir la morbiditat respiratòria neonatal, cada treball intenta superar 

les limitacions que presentava l’estudi anterior. En el primer estudi, es correlacionaven 

les característiques del pulmó amb l’edat gestacional, demostrant que es pot extreure 

informació de forma no invasiva que es correlaciona amb un procés fisiològic normal, 

la maduració pulmonar, l’edat gestacional es va utilitzar com a mesura subrogada de la 

maduresa pulmonar fetal. En el segon estudi, el resultat utilitzat també va ser una 

mesura subrogada però, en aquest cas, es va utilitzar el resultat del test TDx-FLM II que 

utilitzava una mostra de líquid amniòtic. D’aquesta manera es va demostrar que les 

textures contenien informació relacionada amb la maduració pulmonar. Tot i això, el 

test TDx-FLM II també presenta una sensibilitat i especificitat limitada (89% i 83% 

respectivament). En l’estudi 3, per fer front a les limitacions anteriors, es va 

desenvolupar un nou mètode d’anàlisi d’imatges (quantusFLM®) i s’utilitzà com a 

mesura de la maduresa pulmonar fetal el resultat clínic real, l’aparició o no de 

morbiditat respiratòria neonatal. A part de descriure els principis bàsics d’aquest nou 

mètode, en el tercer estudi s’avalua la metodologia de forma cega, utilitzant mostres 

noves. El resultats de la validació al predir cegament el risc de morbiditat respiratòria 

neonatal utilitzant quantusFLM® són comparables als reportats per les proves que 

s’utilitzen actualment amb mostres de líquid amniòtic. Tot i això l’avaluació s’ha 
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realitzat en un únic centre, per això s’està realitzant un estudi multicèntric per avaluar 

el funcionament de quantusFLM® en més centres i utilitzant més mostra. 

En el quart estudi es va avaluar la capacitat de l’anàlisi d’imatges de ressonància 

magnètica per detectar anomalies en diferents àrees del cervell del fetus que podrien 

estar associades amb un neurocomportament neonatal anormal. Aquest estudi es va 

utilitzar per provar la transversalitat de les tècniques d’anàlisi quantitatiu d’imatge 

utilitzant diferents tipus d’imatges i de resultats clínics. Aquest estudi proporciona 

evidència de que la ressonància magnètica del cervell dels fetus conté informació 

textural que està associada amb el neurocomportament neonatal. Addicionalment, 

l’estudi posa les bases per a realitzar una major investigació en el tema dels 

biomarcadors d’imatge de cervell fetal basats en anàlisi quantitatiu. 

La limitació principal, present ens els estudis 1, 2 i 4, és que no hi ha una validació cega 

dels models, sobretot degut al nombre reduït de mostres de les que es disposava. Com 

a limitació general de l’anàlisi quantitatiu de textures és que es requereixen grans 

bases de dades per a crear biomarcadors d’imatges. En aquells casos en que la 

prevalença de la patologia sigui petita, serà un repte desenvolupar un biomarcador 

quantitatiu d’imatge basat en textures, si més no, utilitzant la metodologia aquí 

presentada.  

Com a punt fort de l’estudi 4 cal destacar que determinar el risc de morbiditat 

respiratòria neonatal sense la necessitat d’una tècnica invasiva podria tenir un impacte 

important en el maneig clínic d’aquests casos. Segons el coneixement dels autors, el 

quart estudi presentat en aquesta Tesi és el primer estudi que avalua cegament un 

mètode basat en anàlisi quantitatiu d’imatges per a predir la morbiditat respiratòria 

neonatal. 
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9.5. Conclusions 

 

1. L’anàlisi quantitatiu d’imatges pot extreure informació de les imatges d’ultrasò 

del pulmó fetal que està relacionada amb els canvis microestructurals i, en 

conseqüència, amb el procés fisiopatotològic de la maduració pulmonar fetal 

durant la gestació. 

 

2. L’anàlisi de textures de les imatges d’ultrasò del pulmó fetal es correlen amb la 

maduració pulmonar fetal, quan aquesta es determina mitjançant les tècniques 

de laboratori estàndard basades en mostres del líquid amniòtic.  

 

3. L’anàlisi quantitatiu d’imatge d’imatges d’ultrasò de pulmons fetals pot avaluar 

la morbiditat respiratòria neonatal de forma no invasiva amb una precisió 

similar als tests utilitzats actualment basats en mostres de líquid amniòtic. 

 

4. L’anàlisi quantitatiu de la textura de la imatge es podria utilitzar en imatges de 

ressonància magnètics de cervells fetals per identificar patrons associats amb el 

neurocomportament anormal en nadons petits per edat gestacional.  

 


