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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

19



Elisenda Bonet Carné PhD Thesis

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 technigques 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 Il 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

guantitative 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
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Hospital Clinic 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 Clinic 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 Il [62, 63]). Then, quantusFLM™
(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

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

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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4.1. 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.
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Abstract

Objective: To evaluate the feasibility and reproducibility of
fetal lung texture analysis using a novel automatic quantita-
tive ultrasound analysis and to assess its correlation with
gestational age. Methods: Prospective cross-sectional ob-
servational study. To evaluate texture features, 957 left and
right lung images in a 2D four-cardiac-chamber view plane
were previously delineated from fetuses between 20 and 41
weeks of gestation. Quantification of lung texture was per-
formed by the Automatic Quantitative Ultrasound Analysis
(AQUA) software to extractimage features. A standard learn-
ing approach composed of feature transformation and a re-
gression model was used to evaluate the association be-
tween texture features and gestational age. Results: The as-
sociation between weeks of gestation and fetal lung texture
quantified by the AQUA software presented a Pearson cor-
relation of 0.97. The association was not influenced by delin-
eation parameters such as region of interest (ROI) localiza-

tion, ROl size, right/left lung selected or sonographic param-
eters such as ultrasound equipment or transducer used.
Conclusions: Fetal lung texture analysis measured by the
AQUA software demonstrated a strong correlation with ges-
tational age. This supports further research to explore the
use of this technology to the noninvasive prediction of fetal

ity. Copyright © 2012 S. Karger AG, Basel
lung maturit h |

Introduction

The most common cause of neonatal morbidity and
mortalityin preterm and term fetuses is lung immaturity.
The strongest predictor of lung maturity is gestational
age. Thus, infants who are born at <39 weeks have sig-
nificantly higher rates of neonatal morbidities, including
respiratory distress syndrome (RDS) when compared
with infants born at =39 weeks of gestation [1, 2].
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The surfactant to albumin ratio [3] is the most com-
mon method to assess lung maturity but requires an am-
niocentesis. In addition, the accuracy of this test is not
optimal assuming that the optimal cutoft to predict RDS
results in a sensitivity of 89% with a specificity of 83%,
respectively [4].

However, these studies have shown weak correlations
hindering their incorporation to clinical application.
Over the last 30 years, the prediction of lung maturity by
non-invasive methods has been extensively explored [5-
12] with promising results. Thus, changes in placental
maturity observed by ultrasound have been proposed as
markers of fetal lung maturity with contradictory results
[5-7]. Similar discordant results have been reported when
lung echogenicity changes, compared with liver, were
suggested as markers of lung maturity [8-11].

Quantitative ultrasound analysis has been proposed to
improve robustness and to solve the current ambiguities
in extracting additional information from ultrasound
images. This approach is based on an image processing
method tothealreadyacquired ultrasound picture, which
estimates tissue characteristics by means of a quantitative
analysis. The use of quantitative texture analysis in ultra-
sound has previously been investigated for medical diag-
nostic applications, including breast cancer [13-16] and
liver disease [17-19]. There are few references in the lit-
erature on the assessment of fetal lung texture by quanti-
tative ultrasound tissue characterization. Although dif-
ferent methodologies have been proposed, theyall report
differences in lung texture features along gestation when
compared to the reflection pattern of liver [20-24].

The Automatic Quantitative Ultrasound Analysis
(AQUA) is a custom-developed software, which remains
unmodified under illumination changesasit doesnot use
direct grey level from theimage or tissue references. This
method estimates texture features based on conditional
random fields (CRF) so that image texture features con-
verge robustly to different tissue characteristics indepen-
dently of the overall acquisition context (i.e. scanner set-
tings or operator skills). In a previous study, the AQUA
software was tested in preterm neonates and achieved a
high accuracy in the early identification of brain changes
in subclinical stages [25]. However, the feasibility of con-
ducting reproducible measurements in fetal tissue with
this software has not been explored.

In this study, we evaluated the feasibility and repro-
ducibility of the AQUA software for the estimation of
quantitative features in fetal lungs. We explored the abil-
ity of the features extracted by AQUA to provide informa-
tion related to gestational age as preliminary evidence to

Automatic Quantitative Ultrasound of
Fetal Lung

Fig. 1. Manual (a) and square (b) delineation of each lung. 1 =
Right lung; 2 = left lung. Gestational age = 33.4 weeks.

justify further research on noninvasive assessment of
lung maturity. In addition, the reproducibility and ro-
bustness of the method under different examination set-
tings were explored.

Methods

The study population included singleton pregnancies attend-
ing the Maternal-Fetal Medicine Department at Hospital Clinic in
Barcelona for routine pregnancy ultrasound scans from June 2010
to December 2010. Multiple pregnancy and structural/chromo-
somal anomalies were excluded from the study. The study protocol
was approved by the local Ethics Committee (ID 3823-2007) and
pregnant women provided written informed consent. In all preg-
nancies gestational age was calculated based on the crown-rump
length at first trimester ultrasound. The number of cases included
per each gestational age was approximately =30.

Image Acquisition and Regions of Interest

A semilateral transverse four-cardiac-chamber view plane for
lung image acquisition was performed using a Siemens Sonoline
Antares (Siemens Medical Systems, Malvern, Pa., USA), Voluson
730 Pro, Voluson 780 Pro (GE Medical Systems, Milwaukee,
Wisc., USA) and ALOK A Prosound Alpha-7 (Hitachi Aloka Med-
ical, Ltd.) ultrasound equipment, all equipped with curved linear
transducer with a frequency range from 3to 7.5 MHz. Equipment
settings were adjusted at the discretion of the clinician perform-
ing the ultrasound in order to obtain the optimal image quality
according to clinical criteria.

Data was digitally collected in the original Digital Imaging and
Communication in Medicine (DICOM) format and stored for the
off-line analysis in a custom made program with a Graphic User

Petal Diagn Ther 2012;31:230-236 231
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Table 1. Demographic characteristics and pregnancy cutcome of the study population

Parameter Total GA <220 GA = 38.0 GA 22.0-37.6
(n =957) (n=137) (n=112) (n =708)
Maternal age, years 31.1{5.7) 305 (6.2) 30.8 (5.7) 32.6(5.3)
Nulliparity, n (%) 288 (30) 42 194 52
GA at delivery, weeks 39.5(1.6) 39.1 (2.6) 39.4 (1.3 40.4(1.2)
Birthweight 3,320.1 (199.1) 32801 (576.7) 32744 (474.7)  3484.5 (465.8)
5-Apgar 9.9(0.5) 9.8 (1.1 9.9 (04) 9.9 (0.1)
UApH 7.21 (0.35) 7.23 (0.07) 7.22 (0.06) 7.16 (0.73)
Preeclampsia, n (%) 6 (0.6) 2(14) 3(2.6) 1(0.1)
TUGR, n (%) 11 (1.1 2(1.4) 6(5.3) 3(04)
Preterm birth < 34, n (%) 1(0.1) 1(0.7) 0 1(0.1)
NICU admission, n (%) 15 (1.5) 3(2.1) 11(9.8) 1(0.1)
RSD, n (%) 6 (0.6) 0 6(5.3) 0
Exitus, n (%) 0 0 0 0

Data given as means * SD or %. GA = Gestational age; UA = umbilical artery; ITUGR = intrauterine growth
restriction; NICU = neonatal intensive care unit; RSD = respiratory distress syndrome.

Interface (GUT) using MATLAB R2007b (version 7.5.0.342; MAT-
LAB; The MathWorks Inc., Natick, Mass., USA). Manual (free-
hand) and square (60x60 pixels) delineation were performed in
each lung by one physician ensuring that the delineation only in-
cluded lung tissue as illustrated in figure 1. Maternal and neonatal
outcomes were recorded. Clinical statistical analyses were per-
formed with the SPSS 18.0 statistical software. Statistical learning
analyses were performed using R statistical software [26].

AQUA and Statistical Learning Algorithm

A computing model of gestational age based on textural fea-
tures from transverse fetal lung ultrasound images was developed
following two basic steps: (1) feature extraction, and (2) statistical
learning algorithm. Feature extraction was performed by means
of an AQUA algorithm, mainly based on conditional random
fields (CRF) and previously reported by Tenorio et al. [25], based
ontextureanalysis. Details about the CRF methodology are avail-
able in the appendix.

Image features were calculated from each scan, lung and de-
lineation independently. Neither other regions nor scans were
used. The analysis was performed using different delineations to
ensure that feature extraction waslung side independent since in
some acquisitions the image quality differs in the left and right
lung. The feature extraction method obtained 15,300 features per
delineation. A statistical learning algorithm was then applied to
select only the most relevant features, those not influenced by
noise and clinical acquisition variability.

Regarding the statistical learning algorithm the data was split
into two bags. Bag 1 contained a cohort of fetuses with gestation-
al ages at acquisition below 22 weeks (Bag la) and =38 weeks of
gestation (Bag 1b) and Bag 2 contained the cohort of fetuses be-
tween 22 and 38 weeks of gestational age. These sets were used in
different parts of the learning algorithm; Bag 1 was used for fea-
ture transformation and Bag 2 to compute the regression model.

232 Fetal Diagn Ther 2012;31:230-236

The feature transformation algorithm was based on (1) a fea-
ture selection step by means of Mahalanobis distance between
ultrasound lung features from all Bag 1 fetuses, and (2) a dimen-
sion reduction step by means of principal component analysis.
Therefore, the relevant features providing the best information
related to gestational age were selected.

A regression model was computed using Bag 2 fetuses to test
the robustness of the previously selected features extracted by the
AQUA software and their association with gestational age. The
regression model was based on the random forest model to esti-
mate weeks of gestation using 30 relevant transformed features
extracted by AQUA as input. Since the same sample bag was used
to train and test, the regression was the same, and to ensure that
the model was not over-fitted, the number of features introduced
into the model was less than one third of the sample size [27].

The R?, Pearson correlation and root mean square error
(RMSE) were used as regression fitting indicators. Additional sta-
tistics were computed to evaluate the robustness of the algorithm
with regard to scanner settings and acquisition equipment.

Results

From June 2010 to December 2010 a total of 957 single-
ton pregnancies wereincluded in the study. Maternal char-
acteristicsare summarized in table 1. No significant chang-
esin characteristics disaggregated by group were found.

Thefeature transformation algorithm was first trained
with the ultrasound lung features of 249 fetuses, 112 with
less than 22 weeks of gestation (Bag la) and 137 with more
than 38 weeks (Bag 1b), obtaining 30 features. A regres-
sion model to correlate these 30 features with gestational

Cobo et al.
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Fig. 2. Histogram and distribution of total sample (n = 957). Thresholds in red (in the online version only) and the final sample size of

distributions.

age was then evaluated in a large cohort of 708 fetuses
between 22 and 38 weeks of gestational age (Bag 2).

Sample distribution by weeks of gestation is shown in
figure 2. The analysis showed a strong correlation of 97%
between the AQUA lung extracted and transformed fea-
tures (region of interest (ROI) size and side independent)
and gestational age (table 2).

The robustness of features extracted by AQUA and
transformed with regard to different scanner equipment
is illustrated in figure 3. GE equipment does not provide
transducers frequency information and therefore the im-
ages acquired with GE were not included in this analysis.
Regarding the frequency setting (fig. 4), of 491 acquisi-
tions evaluated, no significant differences were found.

Finally, there was a strong correlation between the es-
timated gestational age and the observed gestational age
(R =0.98) (fig. 5).

Discussion

This study provides preliminary evidence that the
AQUA software, which is based on texture models of
CRF, can extract reproducible quantitative image fea-
tures from lung ultrasound images related to 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 analyses per-
formed with AQUA were not influenced by delineation

Automatic Quantitative Ultrasound of
Fetal Lung

Table 2. Correlation between AQUA analysis and gestational age
according to lung side and ROI size

LLM RLM LLS RLS
Pearson correlation 0.98 097 0.98 0.97
R? 0.86 0.86 0.86 0.86
RMSE 1.6l 1.58 1.62 1.62

LLM = Left lung manual delineation; RLM = right lung man-
ual delineation; LLS = left lung square delineation; RLS = right
lung square delineation.

parameters such as ROI localization, ROI size, right/left
lung selected or sonographic parameters such as ultra-
sound equipment or transducers frequency used.

Quantification of lung structure using a noninvasive
methodology remains a challenge to predict lung matu-
rity in several obstetric situations. The use of quantitative
ultrasound tissue characterization of normal fetal lung
development has been investigated in recent years, show-
ing better accuracy than lung echogenicity to detect his-
tological changes [20-24].

Thus, Sohn et al. [20] reported a methodology to de-
termine the maturity of fetal lung by comparing the fre-
quency characteristics of lung echoes to those from the
fetal liver as a reference organ. They concluded that the
borderline between fetal lung immaturity and maturity
is a relation called Quean (Frequencyyean liver/Frequen-
CYmean lung) of 1.1 in which a higher ratio indicates lung

Petal Diagn Ther 2012;31:230-236 233
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Fig. 3. Relation between the estimated and the observed gesta-
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Fig. 5. Independence of GA estimation using features extracted
by AQUA, regarding frequency of the probe.
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Fig. 4. Robustness of GA estimation using features extracted by
AQUA, related to scanner equipment,

immaturity and a lower ratio lung maturity. Maeda and
coworkers evaluated grey-level histogram width (GLHW)
of fetal lung and liver showing that an increase in GLHW
lung-to-liver ratio at =30 weeks predicted RDS with an
accuracy of about 80-90% [21, 22]. Prakash etal. [23] pro-
posed three different training and test sets using a com-
plex algorithm of lung-to-liver feature values with an ac-
curacy from 73 to 96% to correctly classify their high pul-
monary risk group. Finally, Tekesin et al. [24] examined
the tissue-specific grey scale evaluating lung-to-liver grey
level distribution. Although no significant differences in
the mean grey value of fetal lung were observed along
gestation, the ratio between lung and liver increased sig-
nificantly from 24 to 31 weeks.

In line with previous data [20-24], the AQUA software
provides excellent 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 compute relative echodensities.
Thus, AQUA is not influenced by ROI localization, pro-
viding facilities for image acquisition to sonographer.
The robustness of the gestational age estimation using
features extracted by AQUA with regard to scanner
equipment as well as their independency of the variable

Cobo et al.
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of the different scanner settings, simplify its inclusion in
clinical practice.

The strength of this study is the large cohort of pa-
tients included to test the features extracted by the AQUA
software. Moreover, AQUA might overcome some limita-
tions of previous feature extraction methods; since no
other region is needed as a reference. Thus, the algorithm
proved to be robust when using different settings and
equipment during acquisition.

This study presents some limitations. Firstly, sincenot
all equipments provide frequency we could not ensure
that scanner frequency does not affect the validation in
all instances. However, no differences were found when
different settings were used. Secondly, this study provides
evidence that texture information extracted by the AQUA
software could be used to estimate gestational age. How-
ever, no blind samples were used to test the predictive
capacity of the model. Additional research is needed to
evaluate its ability as an image biomarker predictor of
lung maturity.

In summary, this study demonstrates that evaluation
of lung texture analysis by the AQUA software is feasible
and reproducible. In addition, texture quantitative fea-
tures were highly correlated with gestational age. These
results support further research to establish the potential
use of the AQUA software as a noninvasive predictive
method of fetal lung maturity.
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Appendix

Ingeneralterms, a CRF is a probabilistic graph model that en-
codes the conditional probability distribution between two sets of
variables, the target variables and the observed variables [28]. In
pattern recognition problems, the two sets of variables are defined
according to specific scheme of neighboring pixels (nodes of the
graph model) and pixel-to-pixel interactions (edges of the graph
model) are quantified by the mentioned conditional probability
distributions. These sorted conditional probability distributions
can then be used to define a rich set of image features that char-
acterize a particular ROI of a medical image. One of the main
strengths of the CRF representation is that we do not impose any
constraint on the distribution of the observed variables, and this
enables to incorporate data which might be peorly understood
(like ultrasound waves propagating through an unknown and
heterogeneous media like mother’s womb).

JObstet Gynecol 1982;143:941-943.

Automatic Quantitative Ultrasound of

Fetal Lung

Fetal lung to liver reflectivity ratio and lung
maturity. ] Clin Ultrasound 1987;15:384-387.
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4.2. STUDY 2
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fetal lung to predict fetal lung maturity
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Performance of an automatic quantitative ultrasound analysis
of the fetal lung to predict fetal lung maturity

Montse Palacio, MD, PhD; Teresa Cobo, MD, PhD; Monica Martinez-Terrén, MD; Giuseppe A. Ratta, MSc, PhD;
Elisenda Bonet-Carné, MSc Ivan Amat-Roldin, MS¢; Eduard Gratacés, MD, PhD

OBJECTIVE: The objective of the study was to evaluate the perfor-
mance of automatic quantitative ultrasound analysis (AQUA) texture ex-
tractor to predict fetal lung maturity tests in amniotic fluid.

STUDY DESIGN: Singlefon pregnancies (24.0-41.0 weeks) undergoing
amniocentesis 10 assess fetal lung maturity (TDx fetal lung maturity assay
[FLM]) were included. A manual-delineated box was placed in the lung area
of a 4-chamber view of the fetal thorax. AQUA transformed the information
intoa set of descriptors. Genetic algorithms extracted the most relevant de-
seriptors and then created and validated a model that could distinguish be-
fween mature or immature fetal lungs using TDx-FLM as a reference.

RESULTS: Gestational age at enrollment was (mean [SD]) 32.2 (4.5)
weeks. Accordingto the TDx-FL M results, 41 samples were mature and
62 were not. The imaging biomarker based on AQUA presented a sen-
sitivity 95.1%, specificity 85.7%, and an accuracy 90.3% to predict a
mature or immature lung.

CONCLUSION: Fetal lung ultrasound textures extracted by AQUA pro-
vided robust features to predict TDx-FLM results.

Key words: fetal lung maturity, pregnancy, quantitative ultrasound

Cite this article as: Palacio M, Cobo T, Martinez-Terron M, et al. Performance of an automatic quantitative ultrasound analysis of the fetal lung to predict fetal lung

maturity. Am J Obstet Gynecol 2012;207:504.e1-5.

he mostcommon cause of mortality

and neonatal morbidity in preterm
and early term fetuses is lung immatu-
rity. The strongest predictor of lung
maturity is gestational age, although a
quantifiable risk of pulmonary mor-
bidity caused by lung immaturity may be
present at any gestational age. Thus, in-
fants who are born at less than 39 weeks
have significantly higher rates of neona-
tal morbidity, including respiratory dis-

tress syndrome (RDS) when compared
with infants born at a gestation of 39
weeks or longer.”

The current methods used to test fetal
lung maturity (FLM), including lamellar
body count, lecithin-sphingomyelin ra-
tio, or TDx fetal lung maturity assay II
test (TDx-FLM II; Abbott Laboratories,
Abbott Park, IL),* are performed in am-
niotic fluid and, consequently, require an
invasive procedure. Over the last 30 years,
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the prediction of lung maturity by nonin-
vasiveultrasound methods has been exten-
sively explored. Earlier studies comparing
fetal lung echogenicity with the placen-
ta,” fetal gut,® or liver”'® demonstrated
ultrasonographic changes associated with
fetal lung maturation. Later studies have
used approaches based on quantitative ul-
trasound analysis to explore the poten-
tial of ultrasound to predict fetal lung
maturation.

Quantitative ultrasound is based on
applying processing methods to ultra-
sound images. This allows extracting
quantitative features and potentially iden-
tifying subclinical tissue differences that es-
cape subjective inspection. The use of
quantitative ultrasound analysis has previ-
ously been investigated for medical diag-
nostic applications, including breast can-
cer' ™ and liver disease.'*1° A few studies
have explored the assessment of fetal lung
maturity by quantitative ultrasound tissue
characterization with different methodol-
ogies,'*® with all reporting differences in
lung texture features along gestation, indi-
vidually or compared with the reflection
pattern of other organs such as the liver.
However, controversial results, limitations
in the sample size, and difficulties in re-
cording the parameters proposed with
standard means have prevented further
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FIGURE 1
View of fetal lung acquisition

Cross-sectional view of the fetal thorax with the manually delineated region of interest in the proximeal
lung.
Palacio. Fetal lung maturity using AQUA texture descriptors. Am J Obstet Gynecol 2012.

development into clinically applicable
solutions.

Among various quantitative imaging
methods, texture analysis is proposed as
apowerful approach to extract quantita-
tive features directly from medical im-
ages.'™*! We have previously developed
an automatic quantitative ultrasound
analysis (AQUA) algorithm, which is in-
variant under illumination changes and
does not use direct gray level from the
image or tissue references. The method
estimates texture features based on con-
ditional random fields so that image tex-
ture features converge robustly to identify
different tissue characteristics indepen-
dently of the overall acquisition context,
including scanner settings.” In a previous
study, we demonstrated that AQUA could
extract features from fetal lung ultrasound
images, showing a strong correlation with
gestational age.””

In this study, we evaluated the perfor-
mance of the AQUA texture extractor to

predict fetal lung maturity, as assessed by
the TDx-FLM II test in amniotic fluid.

MATERIALS AND METHODS

The study was carried out at the Mater-
nal-Fetal Medicine Department at Hos-
pital Clinic in Barcelona from October
2010 to March 2011. The study popula-
tion included singleton pregnancies with
gestational ages between 24.0 and 41.0
weeks.

Patients were selected from among
pregnant women undergoing amnio-
centesis to assess fetal lung maturity for
medical indications or to exclude infec-
tion in cases of preterm labor or preterm
rupture of membranes. In addition,
women scheduled for elective term ce-
sarean section for obstetrical indications
were also included. In this latter group,
the amniotic fluid was obtained intraop-
eratively after hysterotomy. Multiple
pregnancies and  structural/chromo-

DECEMBER 2012 A

somal anomalies were considered non-
eligible for this study.

The study protocol was approved by
the local Ethics and Institutional Review
Board (ID 3823-2007), and all patients
provided written informed consent. In
all pregnancies gestational age was calcu-
lated based on the crown-rump length at
first-trimester ultrasound. Maternal and
neonatal outcomes were recorded. De-
scriptive statistics were performed with
the SPSS 18.0 statistical software (SPSS
Inc, Chicago, IL).

Fetal lung maturity test

A fetal lung maturity was tested in amni-
otic fluid using the surfactant-to-albu-
min ratio by fluorescence polarization
{TDx-FLM II).” Gestational age-specific
cutoff values were used to classify the re-
sults as mature or immature. This ad-
justment for gestational age results in a
significant improvement in the capacity
of the test to predict the respiratory dis-
tress syndrome and may simplify clinical
decisions.”*

Image acquisition and delineation

of lung tissue

Ultrasound images were obtained the
same day of amniotic fluid collection in
all cases. A semilateral transverse 4 car-
diac-chamber view plane for lung image
acquisition was performed using Sie-
mens Sonoline Antares (Siemens Medi-
cal Systems, Malvern, PA) and Voluson
730/780 Pro (GE Medical Systems, Mil-
waukee, WI) ultrasound equipment, all
equipped with a curved linear transducer
with a frequency range from 3 to 7.5
MHz. Equipment settings were adjusted
at the discretion of the clinician per-
forming the ultrasound to obtain the op-
timal image quality according to clinical
criteria.

Images were digitally collected in the
original Digital Imaging and Communi-
cationin Medicine format and stored for
off-line analysis. Manual delineation was
performed in the proximal lung (accord-
ing to the distance to the ultrasound
transducer) with a custom-made pro-
gram with a Graphic User Interface tool
developed with MATLAB R2007b (ver-
sion 7.5.0.342; MATLAB; The Math-
Works Inc, Natick, MA). Care was taken
&n
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todelineate onlylung tissue as illustrated
in Figure 1.

AQUA and machine leaming
prediction

AQUA software was applied to extract
the texture features from the manually
delineated lungs. Once AQUA was exe-
cuted, each image became a set of de-
scriptors (15,300 per delineated lung),
which include a high amount of textural-
related information per delineation. Di-
mensionality reduction and machine
learning-based models were then ap-
plied to select a set of descriptors that
correlated robustly with the results of the
FLM test in amniotic fluid. For this pur-
pose, genetic algorithms™ and support
vector machines”” were applied.

Genetic algorithms are computational
techniques used to resolve the problem
of time that would need an exhaustive
algorithm to select every possible combi-
nation of the 15,300 descriptors to create
and validate a predictor. Support vector
machines (SVMs) are supervised ma-
chine learning algorithms that can be
used to predict or classify sets of labeled
objects. These SVMs work in 2 phases.
Phase 1 is called training, and at this
stage, a subset of objects (represented by
their feature vectorsand the class orlabel
they belong to) are given as inputs to the
system. Using the feature vectors, the
SVM builds a mathematical model. In
phase 2, which is called testing or valida-
tion, the model automatically deter-
mines the class or label of the new ob-
jects. The success rate in this stage is
measured, and therefore, the accuracy of
the model created is expressed.

In the present study, genetic algo-
rithms identified a set of 31 critical de-
scriptors, which were used in subsequent
steps. The support vector machines were
then used to develop a mathematical
model that combined the set of 31 de-
scriptors to evaluate their theoretical
predictive value of the results of lung ma-
turity in amniotic fluid. The association
and predictive value were tested with a
strategy consisting in the definition of 2
randomly created datasets, containing
the same number of women, “A” and
“B” with a similar number of mature and
immature fetuses. The set of 31 descrip-

Baseline characteristics of the population studied (n = 103)

Variable Mean (SD) or n (%)
Maternal age, y 314 (5.6)
Nuliparity 60 (58.3)
Gestational age at amniocentesis, wks 322(45)
2410 <28 19/103 (18.5)
2810 <32 26/103 (25.2)
3210 <34 21/103 (20.4)
3410 <37 14/103 (13.6)
=37 23/103 (22.3)

Indication for amniocentesis

Preterm labor

41/103 (39.8)

(
Preeclampsia/lUGR 81103 (7.8)
PPROM 29/103 (28.2)
Methrorthagia 41103 (3.9)
Elective 21/103 (20.4)
Gestational age at delivery, whs 343 (4.1)

Delivery <37 63/101 (62.4)

Delivery <<34 43/101 (42.6)

Delivery <28 6/101 (6.9)
Birthweight, g 2322 (976)
pHAU <7.10 373 4P
Apgar 5 minutes <7 4/101 (4.0)

NICU admission

56/101 (54.5)

Respiratory distress syndrome

(
17101 (16.8)

Days at NICU, d

19.8 (21.0

Neonatal death

5/101 (5.0)

Values were expressed inmean (SD) or n (percentage) when appropriate. Two women and their babies were 0st 1o follow-up.
UGR, intrautering oroweth retardation; MCU, neonatalintensive care unit; PPRON, premature prterm rupture of membranes.

# pH AU was not available for all babies; P Days at NICU of those admitted (n = 56)
Palacio. Fetad fung maturity using AQUA texture descripiors. Am ] Obstet Gynecol 2012,

tors was used to train a machine learning
model.

The accuracy of the model proposed
was double tested: the first model was
trained with data set B and validated in
A. Subsequently, the groups were inter-
changed and a second model was trained
with dataset A and validated in B using
the same 31 descriptors. The mean accu-
racy resulting from the 2 validation tests
was calculated and stored as the fitness.

RESULTS

A total of 103 women from 24.0 to 41.0
weeks of gestation were included in the
study. The baseline characteristics of the

504.e3 American Journal of Obstetrics & Gynecology DECEMBER 2012

study population are described in the Ta-
ble. Considering gestational age cutoff
values of the TDx-FLM test,”* 62 and 41
cases were classified as immature or ma-
ture, respectively.

The database was split randomly into 2
similar datasets or subgroups. Subgroup
A included 31/21 immature/mature
lungs and subgroup B included 31/20
immature/matures lungs. These data
sets were used for training and testing the
algorithm as described in the Material
and Methods section and Figure 2.

Figures 2, A and B, show the predic-
tion rates attained with the combination
of genetic algorithm and support vector
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Accuracy of the prediction of fetal lung maturity
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Blue and red dots in both charts represent the 103 women studied {X axis). Blue indicates that the
TDx-FLM result was mature, whereas red indicates immature. Women were randomly split into two
subgroups (A and B), containing a similar proportion of immature/mature results. A, Subgroup Bwas
used for training the texture algorithm (indicated with a T ahove each dot), which was then tested to
predict the outcome of TDx-FLM in amniotic fluid in cases belonging to subgroup A. A green circle and
a black cross indicate a correct or a wrong prediction, respectively. The accuracy for a correct
prediction was 92.31%. B, Subgroup A was used for training and subgroup B for validation of the
predictive value. Again, correct {green circfes) and wrong predictions (back crosses) are plotted. The

accuracy for a correct prediction was 88.24%.

TDx fetal lung maturity assay (TDx-FLM II}; Abbott Laboratories, Abbott Park, IL
Palacio, Fetal lung maturity using AQUA texture descripiors. Am J Qbstet Gynecol 2012,

machine approaches in the 103 women,
using the 31 previously selected AQUA
descriptors. The predictive accuracy
ranged from 88.24% to 92.31%, for an
average accuracy of 90.27%. The sensi-
tivity was 95.1% and the specificity was
85.7% to predict fetal lung maturity, as
assessed by TDx-FLM IL

COMMENT
This study provides evidence that AQUA
can extract robust quantitative image fea-

tures from lung ultrasound images, which
strongly correlate with fetal lung maturity
as assessed by a standard fetal maturity test
as TDx-FLM II. These findings open the
possibility to explore the introduction of
non-invasive techniques into clinical prac-
tice to test fetal lung maturity. In view of
the increasingly recognized importance of
respiratory morbidity"” and the growing
numbers of late preterm pregnancies un-
dergoingelective delivery, avoidance of the
need for invasive techniques may have a

Obstetrics

tremendous impact on the clinical man-
agement of these cases.

These results are in line with previous
studies showing that ultrasound images
contain nonvisible information that can
be extracted for clinical purposes. This
notion has already been demonstrated
for breast and liver disease,'* " but the
results in fetal lung ultrasound analysis
have remained nonconclusive.

Among recent studies, some failed to
identify differences in the patterns of fea-
tures assessed with quantitative ultra-
sound.'®"” Prakash et al'® evaluated the
ability to predict lung maturity, using
gestational age as a surrogate, by means
of ultrasound parameters and reported a
classification accuracy ranging from
73% to 96%. Ina study by Tekesin et al,"”
the mean gray value of the fetal lung
showed a changing pattern with fetal
lung development. However, no signifi-
cant differences were observed above 32
weeks” gestation, precluding its use in
clinical practice. Finally, Serizawa and
Maeda™ published a form of tissue char-
acterization named ultrasonic gray level
histogram width. This method, com-
bined with gestational age, predicted the
occurrence of RDS with a sensitivity of
0.96 and a specificity of 0.72, which was
comparable with invasive amniotic fluid
tests. The method required examination
of the lung and liver, and it was designed
in a relatively reduced sample of 22 and
25 fetuses with and without RDS, respec-
tively, but the results were promising.

The method tested here did not use di-
rect gray level or other tissue references
such as the liver. This may represent a
substantial advantage for clinical use as
compared with the other quantitative
analyses discussed in the previous text.
In addition, the AQUA texture extractor
has been shown to be unaffected by
moderate changes in the acquisition set-
tings as well as by the use of different ul-
trasound transducers, thereby facilitat-
ing its eventual clinical application.”*
These particular properties make appro-
priate viewing of the fetal lung easy to
obtain and further simplify its inclusion
in clinical practice.

In view of recent evidence stressing the
impact of respiratory morbidity in even
mild degrees of prematurity, determining
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the status of lung maturity has become a
need in a substantial number of late pre-
term pregnancies before the induction of
labor or elective cesarean section is indi-
cated for nonurgent reasons. "~ This entails
performing invasive procedures in thou-
sands of pregnancies vearly, whereas a
noninvasive method is not available in the
clinical practice and only gestational age is
a reliable approach to fetal lung maturity
status. In addition, aside from the obvious
implications for management costs, and
despite the relatively low rate of complica-
tions after third-trimester amniocentesis,
0.7-3% of events in otherwise uncompli-
cated pregnancies must be taken into
account.”**

This study has some limitations. Al-
though the study provides proof of princi-
ple that assessment of fetal lung maturity
could be achieved by means of a noninva-
sive method, the outcome of dlinical inter-
est is, obviously, the risk of respiratory
morbidity. To provide quick assessment of
the potential performance of the method
we decided to use amniotic fluid results,
and therefore, we used a surrogate of fetal
lung maturity. However, we acknowledge
that these results require confirmation
with the clinical outcomes of interest (ie,
respiratory morbidity and RDS). Taking
into account that TDx-FLM II also has a
limited sensitivity and specificity (89% and
83%, respectively)™ for the prediction of
RDS, it would be of great interest to assess
whether noninvasive evaluation of the fetal
lung texture might provide more precise
information. Ongoing clinical studies are
currently evaluating the ability of the tex-
ture extractor reported here to predict
neonatal respiratory outcomes. Because
the prevalence of these outcomes in ad-
vanced gestational ages may be lower than
5-10%,"” large sample sizes are required.
Such large studies will allow defining more
accurate predictive algorithms adjusted by
gestational age intervals.

Another limitation is that to ensure the
reliability of the models created, the quan-
tity of descriptors selected by the algorithm
should have been lower, given the reduced
number of subjects under study. Nonethe-
less, we plan to overcome this issue in fu-
ture research by enlarging the databases
with a higher number of subjects.

In summary, this study provides evi-
dence that AQUA descriptors contain
information that robustly correlates with
the results of fetal lung maturity tests in
amniotic fluid. These findings support
further research on the value of the
AQUA texture extractor asa noninvasive
quantitative image biomarker to predict
a relevant dinical outcome such as RDS.
Should these results be confirmed in
larger studies, the need for amniocente-
sis to assess fetal lung maturity might be
avoided in dinical practice.
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ABSTRACT
OBIJECTIVE: To develop and evaluate the performance of a novel method to predict neonatal

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

METHODS: A huge number of non-clinical and fetal lung ultrasound images were used to
develop a computerized method based on texture analysis and machine learning algorithms,
trained to predict neonatal respiratory morbidity risk on fetal lung ultrasound images. The
method, termed quantitative ultrasound fetal lung maturity analysis (quantusFLM™}), was then
validated blindly in 144 fetuses delivering at 28.0-39.0 weeks’ gestational age. Lung ultrasound
images in DICOM format were obtained within 48 hours of delivery and the ablility of the
software to predict neonatal respiratory morbidity, defined as either respiratory distress

syndrome or transient tachypnea of the newborn, was determined.

RESULTS: Mean gestational age at delivery was 36.0 (SD 3.3) weeks. There were 29/144
(20.1%) events of neonatal respiratory morbidity. Quantitative texture analysis predicted
neonatal respiratory morbidity with a sensitivity, specificity, positive predictive value and

negative predictive value of 86.2%, 86.9%, 62.5%, and 96.2% respectively.

CONCLUSIONS: Quantitative ultrasound fetal lung maturity analysis predicted neonatal

respiratory morbidity with an accuracy comparable to current tests using amniotic fluid.
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INTRODUCTION

Neonatal respiratory morbidity, defined as respiratory distress syndrome or transient
tachypnea of the newborn, is the leading cause of mortality and morbidity associated with
prematurity?. 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®”.
Fetal lung maturity (FLM) is mainly determined by pulmonary surfactant and it can only be
assessed with laboratory tests in amniotic fluid®*°. The need of amniocentesis has resulted in a
decline in the use of this information clinically. Non-invasive prediction of FLM on fetal lung
ultrasound images has been attempted for 25 years by means of gray level measurements,
lung tissue motion and relative features of lung to placental or liver images, among others'*?®,
These studies showed a good correlation with respiratory morbidity, but the diagnostic
accuracy was insufficient for clinical use.

Over years powerful quantitative techniques for ultrasound image analysis have been
developed thanks to improvements in computer capacity and image resolution’. Specifically,
texture analysis approaches are computerized methods that can analyze medical images and
identify subtle changes in the aspect, or texture, which are invisible to the human eye'®. These
textural patterns can then be used to train algorithms to predict clinical information. Recent
studies have demonstrated that texture analysis of fetal lung ultrasound images are able to
identify patterns of features that strongly correlated with gestational age®, or with the results
of FLM tests in amniotic fluid®. These studies provided a proof of concept of the potential of
texture based methods, but common problems of other quantitative imaging methods
remained, such as the lack of robustness to blind testing due to variable acquisition conditions.
Up to date the ability of texture analysis of fetal lung ultrasound images to blindly predict the
risk of neonatal respiratory morbidity has not been demonstrated.

To address these limitations, we have developed a new method termed quantitative

ultrasound fetal lung maturity analysis {quantusFLM™), which combines various image texture
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extractors and machine learning algorithms. In this study we describe the basic principles of
this novel method, and the results of a validation study to blindly predict the risk of neonatal

respiratory morbidity.
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METHODS

A novel quantitative ultrasound fetal lung maturity analysis was planned to offer automatic
assessment of neonatal respiratory morbidity risk using an ultrasound image of the lateral axial
transverse section of the fetal thorax at the level of the 4-chamber section of the fetal heart.
quantusFLM™ was specifically designed to be composed of two modules, a texture feature
extractor and a classifier. The latter uses information from the extracted features to assess the
risk of respiratory morbidity {Figure 1). Finally, the algorithm performance was validated using

blind samples in order to evaluate its potential use in clinical practice.

Development of a textural feature extractor module

The first aim was to develop a textural feature extractor module which showed the highest
robustness when tested using images acquired under different conditions. This module is used
to compact all the information contained in an image {or a region of an image) to a few
features which contain relevant information. For a given application, a feature extractor
module obtains the relevant information of an image. This way, it allows to represent the
information conveyed by the pixels of an image by a much more compact, application-
dependent set of values. Features should be invariant to clinical acquisition conditions such as
changes in lighting, shadows, rotation or resolution due to the lack of accessibility and control
over the fetus position during the image acquisition procedure. The region of interest for the
analysis is the region corresponding to fetal lung tissue, which is manually delimited by the
operator. Hence, the feature extractor module must be invariant to region of interest shape
andsize.

Different existing methods for image texture extraction based on wavelets, co-occurrence
matrix, histogram gradients, binary patterns, scale and rotation invariant features methods

P ad

and standard first and second order statistic measures were evaluate . Our previously

reported method for feature extraction, AQUA”’, was also tested in these series of
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experiments, but was discarded after the first rounds of experiments due to poor robustness
with respect to image variability. For each different extractor method, the process may be
considered to be robust when the robustness is demonstrated within a certain range in the
acquisition conditions that are not critical since certain acquisition parameters can be
controlled to some degree (for instance, minimum ROI size or shadows). Moreover, to ensure
the feasibility of quantusFLM™, the method should not require an area bigger than 400 pixels
to extract robust features.

OUTEX*® and PHOTEX® databases composed by texture images acquired using different
controlled parameters as illumination, spatial resolution and rotation angles were used for this
purpose. A total of 13.171 images were used for illumination and rotation experiments and
11.178 were used for the resolution ones. Moreover, each of these images was automatically
divided in 25 non-overlapping equal size images and in 30 overlapping different size regions to
test the robustness versus the region of interest. Affinity and measures such as correlation,
city block, Chebyshev or Euclidean distance were used to evaluate the performance of the
tested methods.

A newly developed feature extractor was then further refined and tuned up using real fetal
lung ultrasound scans. The images used were a set of 957 samples obtained ih a previous
study™. Using real lung images was critical to determine the final combination of textural
features in a manner that maximizes the robustness of the extracted features under those
variations occurring in fetal lung ultrasound acquisition in clinical practice. Over 7 billion
computerized experiments were performed to construct the quantusFLM™ feature extractor
module which combines the features that demonstrated to be invariant to geometric and

photometric transformations {in acquisition condition ranges).

Development and training of a classification algorithm
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The classification algorithm must combine the features obtained with the first module to
predict the occurrence of neonatal respiratory morbidity. Different supervised machine
learning methods including regression models, classification trees and neural networks were

d*** to combine the appropriate subset of features to identify those that contain

traine
relevant information to classify fetuses with high or low respiratory morbidity risk. The final
quantusFLM™ classification algorithm is a sequence of various machine learning steps that
combines the textural features selected {previously obtained with the extractor module) and
clinical data {gestational age) to estimate the prediction. The parameters of this model were
estimated and tuned up using 390 samples recruited prospectively among singleton
pregnancies between 24.6 and 41.6 weeks gestation. The cases used for training the algorithm
were hot used in any previous study. Lung ultrasound scans were obtained within 48 hours of
delivery, and the occurrence of neonatal respiratory morbidity was recorded. Ethical board
review approval was obtained (ID 2013/8892) and informed consent was obtained in all cases.
The final algorithm combined hundreds of textural features associated with the occurrence of
neonatal morbidity. The theoretical diagnostic performance obtained was as following: 87% of
accuracy [95% Confidence interval 82-90%)], Sensitivity of 91% [77-98%], Specificity of 86% [82-

90%], Positive Predictive Value of 47% [35-59%] and Negative Predictive Value of 98% [96-

99%].

Validation

The validation was carried out at the Maternal-Fetal Medicine Department at Hospital Clinic
Barcelona. The study protocol was approved by the local Ethics and Institutional Review Board
{ID 2013/8892), and all patients provided written informed consent. The validation group
consisted in new cases recruited prospectively for the purposes of this study until the sample
size fixed for the validation according to the study design (n=150) was reached. In this

validation study, the population included singleton pregnancies with gestational ages between
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28.0 and 39.0 [weeks.days]. Validation samples were not used for the generation of the
algorithm or for other previous study.

Pregnant women who were scheduled for or at risk of delivery within 48 hours were
considered eligible. This included patients scheduled for elective delivery or cesarean section,
or patients with pregnancy complications including threatened preterm labor, rupture of
membranes or various preghancy complications, mainly preeclampsia and intrauterine growth
restriction. Multiple pregnancies and those with fetal structural or chromosomal anomalies
were considered non-eligible. In all pregnancies gestational, age was calculated based on the
crown-rump length at first-trimester ultrasound. At enrolment, an ultrasound scan of the fetal
lungs was obtained but only patients actually delivering within 48 hours were finally included
in the study. Maternal baseline features and neonatal outcomes were recorded prospectively.
Neonatal respiratory morbidity was defined as respiratory distress syndrome or transient
tachypnea of the newborn. Respiratory distress syndrome was defined as respiratory
symptoms (eg, grunting, flaring, tachypnea, retractions) or need for supplemental oxygen
requirement, together with compatible chest radiography findings and NICU admission for
respiratory support and transient tachypnea of the newborn was determined by chest
radiography impression and clinical diagnosis established by the clinician in charge®.
Ultrasound images were obtained using a pre-established acquisition protocol by clinicians at
the Day Assessment Unit of the Department. A lateral axial transverse section of the fetal
thorax at the level of the 4-chamber section of the fetal heart was acquired (Figure 2). Images
were acquired either with Siemens Sonoline Antares (Siemens Medical Systems, Malvern, PA)
or Voluson 730/830 Pro (GE Medical Systems, Milwaukee, WI) ultrasound equipments, with
curved linear transducers of 3-7.5 MHz. For the purposes of the validation, the preset used to
perform the ultrasound did not contain any type of post-processing options, such as image
smoothing options, nor any Doppler measurements, calipers or pointers. The use of tissue

harmonic imaging, and adjustment of image settings such as gain, frequency and time-gain

This article is protected by copyright. All rights reserved.



Elisenda Bonet Carné

PhD Thesis

Accepted Article

compensation, were at the discretion of the physician performing the ultrasound. Images were
digitally collected in the original Digital Imaging and Communication in Medicine {DICOM)
format and stored for off-line analysis.

All DICOM images were inspected for quality control by two members of the research team
(A.P-M., E.B-C.). Images were discarded if the lung area contained calipers or obvious acoustic
shadows created by bony structures. Images passing quality criteria were processed by
clinicians (T.C., M.P.) using a specific software that allowed delineating the regions of interest
{ROI} for analysis. Delineation aimed to include the largest possible area of the fetal lung
proximal to the transducer (Figure 3). Care was taken to delineate only lung tissue, avoiding
the heart, great vessels and surrounding areas. In order to ensure the robustness of the
analysis, the software did not accept a ROI containing less than 400 pixels. The same software
was used to perform the automatic analysis. Neonatal outcomes were collected {J.P.} and data
analysis was performed by cne member of the research team (J.C.} who did not have
intervened in the other steps of the study.

The sample size for the study was established arbitrarily at 150 subjects, since it was estimated
that this would allow including 25-35 cases of neonatal respiratory morbidity. Descriptive

statistics were performed with R language®.

This article is protected by copyright. All rights reserved.

65



Elisenda Bonet Carné

PhD Thesis

Accepted Article

RESULTS

A total of 150 images from different pregnancies were analyzed in this study. After analysis for
quality criteria, six {3.7%) images were excluded, which left a total of 144 images for analysis.
Baseline characteristics of the study population are described in Table 1 and perinatal
outcomes are displayed in Table 2. Mean gestational age at delivery was 36.0 (SD 3.3} weeks.
There was a total of 29/144 (20.1%) events of neonatal respiratory morbidity, of which 15/29
(51.7%) corresponded to respiratory distress syndrome and 14 to transient tachypnea of the
newborn.

Quantitative ultrasound fetal lung maturity analysis predicted neonatal respiratory morbidity
with a sensitivity, specificity, positive predictive value and negative predictive value of 86.2%,
86.9%, 62.5%, and 96.2% respectively. Performance stratified per gestational age showed
similar values for cases delivering at 28.0 to 33.6 as compared to those delivering at 34.0-39.0

weeks’ gestational age (Table 3).
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DISCUSSION

This study provides evidence that quantitative texture analysis of lung ultrasound images
predicts neonatal respiratory morbidity with similar accuracy to current tests in amniotic fluid.
Previous studies exploring quantitative assessment of fetal lung ultrasound to predict FLM
used a variety of techniques. Prakash et al.”? compared ratios of fetal lung to liver image

1.** correlated

feature values, with reported accuracies ranging from 73% to 96%. La Torre et a
accurately several patterns of fetal breathing movements with fetal lung maturity tests.
Tekesin et al.”® evaluated the mean gray value of fetal lungs, showing a changing pattern with
fetal lung development. However, no significant differences were observed above 32 weeks’
GA. Later, Serizawa and Maeda'” tried to predict fetal lung immaturity by comparison of the
ultrasonic gray level histogram width {GLHW) of the fetal lung and liver, in 22 fetuses with
respiratory distress syndrome and 25 controls. In that study, GLHW combined with gestational
age identified differences associated with the occurrence of respiratory distress syndrome,
with a theoretical sensitivity of 0.96 and specificity of 0.72. In general, previous studies
demonstrated a correlation between quantitative image analysis and FLM, but either
diagnostic accuracy was low or results were not blindly validated, preventing its
implementation into clinical practice.

Up to the authors’ knowledge, this is the first study reporting blind validation of quantitative
imaging analysis software specifically designed to predict neonatal respiratory morbidity. A
difference with previous studies is that the software was constructed using a large amount of
theoretical and real images in order to address the main difficulties of quantitative analysis in
real practice. The first difficulty is the variability in image acquisition, which may create false
associations in small sample size studies. The texture extractor here used works with textural
features selected after millions of computer tests, which are highly correlated with the
ultrasound texture of the fetal lung, and highly robust to changes in the angle of insonation

and to the adjustments of image settings occurring in real practice of fetal ultrasound. In these
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respects, this approach represented a huge step forward and a completely new approach in
relation with our previously reported methodology AQUAY . While AQUA was a useful method
to demonstrate proof of principle, as a texture extractor it had important limitations in terms
of robustness, which were addressed by the newly developed feature extractors of
quantusFLM™. The second challenge of quantitative analysis is automation. Thus, once robust
textures have been selected, automated classifiers are required, and this entails very large
databases of real cases, to avoid spurious associations in the selected textural features. Again,
quantusFLM™ represents a completely new approach, since it incorporates highly robust
machine learning classification algorithms that have been trained extensively, which allowed a
fully automated performance and immediate clinical use.

The proposed algorithm performance is comparable to that reported with currently used tests
in amniotic  fluid®®. Thus, average reported sensitivity and specificity of
Lecithin/Sphingomyelin Ratio was 74% (range 48-96%) and 98% {range 81-100%), respectively.
Lamellar Body Count has a reported sensitivity and specificity of 86% (71-100%) and 86% {60-
100%), the Phosphatidyglycerol test 91% {86-94%) and 72% {67-79%) and surfactant/Albumin
Ratio 90% (83-96%) and 76% (95-88%), respectively. The average sample size used in these
studies was 167 {ranging from 28 to 301), which is similar to this study.

The results of this study open the possibility of using non-invasive approaches for prenatal
prediction of FLM. Despite improvements in clinical practice such as prenatal corticoids and
postnatal surfactant, respiratory morbidity remains a leading cause of neonatal morbidity and
mortality in late preterm (34 0/7-36 6/7 weeks of gestation) and even in early-term (37 0/7—
38 6/7 weeks of gestation)'. 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 relative indications or borderline clinical situations in which
late preterm or early-term delivery may seem a reasonable option but delivery could be

2,42-44
d =

postponed if fetal lung immaturity assesse In fact, recent data shows that
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approximately 1 in 15 neonates were delivered late preterm for “soft” indications™*.

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 FLM assessment
could be approached from a different perspective.

This study has some limitations that are worthwhile mentioning. The study was single-center
and image acquisition and delineation were performed by highly trained personnel in a clinical
research setting. In this study, only 3.7% images were excluded, but we acknowledge that this
number could be higher with a larger number of operators and settings. However, we believe
that the rate of failed acquisitions should be low with minimal training, since the axial sections
used are standard of practice for any healthcare provider trained in fetal ultrasonography. The
sample size in this study was similar to those of clinical studies to validate amniotic fluid tests,
but it prevented evaluating the performance within narrow gestational age ranges. We
acknowledge that a larger sample size should be used to obtain this information. A multicenter
international study to validate the results here reported is now 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. The performance obtained was similar to those reported for commercial FLM tests

in amniotic fluid. These results should be confirmed in larger multicenter studies.
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Table 1. Baseline characteristics of the study group.

n=144
Maternal age, y 32.8(5.7)
Nuliparity 86(59.7)
Antenatal Corticosteriods 52/144 (36.1)

Gestational age at scan, weeks.days 36.0(3.3)
28.0t0<33.6 38/144 (26.4)
2340 106/144 (73.6)

Values are expressed as mean (SD) or n {%) as appropriate,
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Table 2. Perinatal outcomes of the study population.

n=144
Gestational age at delivery (weeks.days) 36.1(3.3)
28.01033.6 36(25.0)
34.0t039.0 108 (75.0)
Reason for delivery (28.0-33.6)
Spontaneous preterm labor 12/144 (8.3)
Maternal / Fetal conditions 24/144 (16.7)

Reason for delivery (34.0-39.0)
Spontaneous preterm labor {34.0 to 36.6) 3/144 (2.1)
Maternal / Fetal conditions (34.0 to 36.6) 19/144 (13.2)

Early-term elective delivery (37.0 to 39.0) 86/144 (59.7)

Cesarean Delivery 97/144 (67.4)
Birth weight {g) 2644 (888)
Umbilical artery pH <7.102 6/132 (4.5)
Apgar 5 minutes < 7 0/144 (0)
Admission to NICU 53/144 {36.8)
Respiratory morbidity 29/144 (20.1)
Days at NICU ° 25.6 (33.1)
Neonatal death 0/144 (0%)

NICU: neonatal intensive care unit
Values are expressed in mean {SD) or n (percentage) when appropriate.

oH AU was not available for all newborns. "Of those admitted.
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Table 3. Algorithm performance stratified by gestational age subgroups.

Gestational age at scan

[28.0-39.0] [28.0-33.6] [34.0-39.0]

Total Samples
NRM (%)
™

™™

FP

FN
Accuracy
Sensitivity
Specificity
PPV

NPV

144 38 106
29 (20.1%) 21 (55.3%) 8 (7.5%)
25 19 6
100 16 84
15 1 14
4 2 2
86.8% 92.1% 84.9%
86.2% 90.5% 75.0%
86.9% 94.1% 85.7%
62.5% 95.0% 30.0%
96.2% 88.9% 97.7%

Accepted Article

NRM: Neonatal Respiratory Morbidity. TN: True Positive, TN: True Negative, FN: False

Negative, FP: False positive, PPV: Positive Predictive Value and NPV: Negative Predictive Value.
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Standard lateral axial section of the fetal thorax in a 4-chamber view as used for image analysis in this
study
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Abstract

Background: We tested the hypothesis whether texture analysis (TA) from MR images could identify patterns associated
with an abnormal neurobehavior in small for gestational age (SGA) neonates.

Methods: Ultrasound and MRl were performed on 91 SGA fetuses at 37 weeks of GA. Frontal lobe, basal ganglia,
mesencephalon and cerebellum were delineated from fetal MRIs. SGA neonates underwent NBAS test and were classified as
abnormal if =1 area was <5 centile and as normal if all areas were >5™ centile. Textural features associated with
neuradevelopment were selected and machine learning was used to model a predictive algorithm.

Resufts: Of the 91 SGA neonates, 49 were classified as normal and 42 as abnormal. The accuracies to predict an abnormal
neurobehavior based on TA were 95.12% for frontal lobe, 95.56% for basal ganglia, 93.18% for mesencephalon and 83.33%
for cerebellum.

Conclusions: Fetal brain MRI textural patterns were associated with neonatal neurodevelopment. Brain MRI TA could be a
useful tool to predict abnormal neurodevelopment in SGA.
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childheood [12]. 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 neurodevelop-

Introduction

Smallness for gestational age affects 10% of all pregnancies [1].
In clinical practice when an estimated fetal weight is below the

tenth centile and Doppler assessment of the umbilical artery is
normal, the diagnosis of a small-for-gestational-age (SGA) is
reached [2,3,4]. 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 [5]. Under these conditions brain reorganization may
take place, among other changes of the so-called fetal program-
ming [6]. 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 present an increased risk for an
adverse perinatal outcome [7,8,9] with an abnormal neonatal
neurobehavior [10,11] and impaired neurodevelopment in early

PLOS ONE | www.plosone.org

ment is limited since standard clinical examinations fail to identify
significant differences. For this purpose, it is crucial to develop new
biomarkers based on the characterization of distinctive brain
patterns associated with abnormal neurodevelopment. Quantita-
tive imaging based on texture analysis might offer an opportunity
for the development of such biomarkers.

Quantitative imaging techniques are based on the application of
imaging physics for the development of algorithms improving the
information obtained from medical images. These techniques
attempt to improve the performance of subjective inspection by
extracting quantitative information that may detect non-visible
changes and be used in a more objective fashion for prediction,
diagnosis and monitoring. Among various approaches, Texture
Analysis (TA) is a technique that extracts patterns from images
based on the characterization of the microstructural information

July 2013 | Volume 8 | Issue 7 | e69595
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that may not be assessed visually [13]. It has been widelv used in
different pathologies [13,14,15,16,17], being able to classify
pathological trom healthy tissues in liver |18], breast [17] and
tumors [ 4].We have previously tested a TA software whose
efficacy has been shown by ditferent studies on preterm
transcranial ultrasound lmaging demonstrating a high accuracy
in the early identfication of preterm white marter damage in
subclinical stages |29], on fetal MRIs showing a discrimination
based on brain textural features between SGA and AGA fetuses
[20] and also when applied on fetal lung ultrasound images,
showing a high correlation with gestational age [21]. In a previous
study we provided evidence that fetuses with SGA presented
statistical ditfferences in their brain MRI textural patterns with
respect to controls [207. In this study we explored whether these

patterns showed a correlation with neonatal newrobehavior,

T'he aim ot the study was to test the hypothesis that SGA tetuses
show abnormalites in different brain areas reflected by changes in
TA, which can be associated to an abnormal neonatal neurobe-
luwu\l,

Materials and Methods

2. 1 SubJECtS
tudy Is part of a larger prospective research program on
ssessment and short and long term

postnatal follow-np at the llespital Clinic (Barcelana, Spaini. A
prospective cohort of 91 3GA singleton fetuses, detined as an
estimated and confrmed birthweight helow the 10" centile
according to local standards [22| with normal UA pulsadlity
index (PL; elow the 95% centile } |23, was included for this study.
Lxclust
congenital malformations, chromosomal abnormalities, perinatal
intections and chronic maternal pathology.

I'renatal and neonatal data were prospectively recorded. The
protocol was approved by the instrurional ethics commirter of the
Hospital Clinic of Barcelona and all participants gave writen
infisrmed consent for exanms pertormed an themselves on the

55
of this izl and on their necnates as their legal euardians

nstitutional Review Board 2003/4422).

2.2 Data acquisition

2.2.1 Ultrasound data. Gestational age was comvected trom
feral crown-rump length in the first timester [24]. Prenarl
Doppler dlirasound examinations were pertormed within one
week fromm MRI scan. Weight extimation, placental and amniotic
fluid evaluation were pertormed using a Siemens Sonoline Antares
ultrasound machine equipped with a 6 2 Mblz linear-curved-
array transducer. Umbilical artery Doppler spectral parameters
were obtained automatically from three or more consecutive
waveforms with the angle of konation a3 close to zero as possible
from « free tloating cord loop.

2.2.2 Fetal MRI. All cases were scanned at 37 weeks of

gestation in a TIM TRIO 3.0 T scanner iSiemens, Germany:
without sedation. A body col with 8 elements was wrapped
around the mother’s abdomen. Routine fetal imaging took from
25 to 30 min. Fetal neuroimaging consisted on single-shot, fast
spin echo 12 weighted sequences [1R 990 ms, TE 137 ms, slice
thickness $.5 mm, FoV 260 mm, voxel size 14%1.4%3.5 nun, in
plane resolution (92, {lip angle 1807, acquisition time 24 seconds:
acquired in the three orthogonal planes. IF the quality of the
images was distorted due to fetal movements, consecutive
repetitions were acquired untll an acceptable guality image was
obtained.

PLOS ONE | waww.plosone.org

n criteria were non-cephalic presentation, the presence ot
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Structural MRI images were reviewed for the presence of
anatemical abnermulitics by an expericnced neororadiclogist,
blinded w group membership

2.2.3 Neurobehavioral performance.  Postnatul follow up
was offered to all patients. Neomaral Behavioral Assessment Seale
INBAS! rest a standard method for evaluating newborns’
capacity to respond to the enviconment, which reflects brain
maturation [25]. It was performed in all 97 patients prospectively
at 42 L1 weeks by 1 of 2 chservers acoredited by The Brazelton
Institute {Harvard Medical School, Bestor, MA? that were blinded
to the SGA diagnosis of this group and their perinal outcomes.
This test evaluntes 35 items that are tated on a1 o 9 scale, where
9 is the best performance for some areas and for others this is
represented by the central score of 5 [26]. Items are grouped into 6
clugters, including habituation (habitwation to light, ratle, bell and
ractile stimulation of the foof), motor igencral tone, elicited
actlvity, spontancous activity and motor maturity
tive (respenses to visoal, animate and inanimate anditory stimuli

5

3

and alertzes

of state Jrritabilicy, state 1

Sility,

maximal excitation and reaction time) and regularion of st
quieting and hand-to-mouth responses). Lhe social-internctive
cluster was subscored tor visual and anditory stimuli. In ad
as reported recendy by the authors of the NBAS test [27], an
aggregaton o & ual items {alertness, quality of the alert
respousiveness and cost of wllention) was used o evaluate the
capacity of the newhorn's attention. Neonates were assessed in the
atternoon, herween teedings in a small, semidack quier room wi Th
a temperature between 22° and L‘ in the presence of
parent,

In order to categorize the scores from the smdied clusters of the
NABS test to determine cases and controls, fifth centile was
caleulated for each cluster determining in each subject if their
perfurmance on that cluster was above or below this centile cutnt!.

2.3 Classification of the study groups

All 91 RGA neonates thar composed our sample were divided
Inte wo groups: Cases and controls based on abnormal or normal
NBAS test results, 5GAs were classitied as cases any of the
studied cluster’s score ihabituation, motor, social-intera:
organization of state, regulation of staw and attention) was below
the 5% cenile, and they were dussified a5 coutrds if all the scores
were above (he 5% cenuile.

2.4 Delineation of Regions of Interest (ROIs)

A cuwstom-made Graphical User Interface [(GUL tool on
MATLAB R2007h version 7.5.0.342, MATLAB; the MathWorks
Inc., Natick, Massachusctts, USA} was used to manually delincate
all nine regions of nterest (ROLs) Before delineation, all §
were checked lor ardlucts. If the anaomic area to be delineated
showed a suboptimal quality, it was discarded. Deline
perforwed by two experienced gperatons u nearoanatgmy Llinded
ti group membership. Right and lefi supra- and fnfiaventricnlar

ERG

tion was

frontal lobe, right and left basal ganglia, mesencephalon and
cerebellum were selected as clinically relevant ROls in the studied
condition (Figure .3, following the criteria for delneaton and
image reoricntation steps as explained elsewhere [20°

2.5 Image analysis

2.5.1 TA and Statistical learning algorithm. The TA
method used in the software that was applied &5 based on wavelet
decomposition [2¢] using Daubechies orthogonal wavelet basis
[20]. Wavelets were used to dcc‘ompmc the images in a pyramidal
scheme as deseribed by Quellec ¢ al. [30] and medified for the use
fn medical nages as previously described [197. Tewure deserip-
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Figure 1. Image selection and ROl delineation: 1a.1b- Right and
Left supraventricular frontal lobe; 2a.2b.- Right and Left
infraventricular frontal lobe; 3a. 3b- Right and left basal
ganglia;4a. 4b.-Right and left M 5- Cerebell
doi:10.1371/journal.pone.0069595.g001

tors of an image were described as the concatenation of the
marginal distributions of cach equalized sub-band image.

T'his method was applied to the delineated ROIs obtaining a set
of 13,300 descriptors per ROL  Based on their anatomic
functionality and clinical relevance, descriptors from all 9
delineated ROIs were grouped into 4 main areas:

1) Frontal lobe: left and right infra- and supra ventricular frontal
lobe.

2) Basal ganglia: left and right basal ganglia.

3) Mesencephalon: left and right mesencephalon.

4) Cerebellum.

Both infra and supraventricular frontal lobe regions were
grouped into one single vector to represent the complexity of the
frontal lobe at two different levels. In some cases, one of the ROIs
to be merged was not delineated due to an insufficient image
quality leading mevitably to a decrease i the number of
delineated areas in the frontal lobe. Due to this limitation, we
performed our discriminative analysis based on 81 subjects for
frontal lobe area, 88 for basal ganglia and mesencephalon and 83
subjects for cerebellum (Table 1).

2.5.2 Selection of descriptors and identification
algorithm. Computational models were applied in order
select an appropriate subset of descriptors to identify differences
between SGAs with normal or abnormal NBAS test results. To
this end, a combination of two artificial intelligence methods were
applied: Support Vector Machines (SVM) and Genetic Algorithms
(GALs) [31]. As a result, a compact subset of descriptors (between
28 and 77 depending on the area) was automatically selected.

PLOS ONE | www.plosone.org
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Table 1. Study areas obtained from delineated ROls.

Cases Controls

(N=42) (N=49) Total
Frontal lobe 38 43 81
Basal ganglia 41 47 88
Mesencephalon 41 47 88
Cerebellum 38 45 83

doi:10.1371/journal pone 0069595.t001

The procedure initially splitted the total sample into two subsets
of equal size (subsets “A” and “B”). Firstly, a model was created
with subsample “A™ and validated with “B”. The accuracy was
calculated as the percentage of correctly identified SGAs with
normal or abnormal NBAS test results in the validation subset
“B”. Subsequently, groups were permuted: a model was created
with subsample “B" (using the same subsct of descriptors) and
validated with “A”, obtaining a sccond identification percentage.
The mean accuracy resulting from the two tests to identify group
membership and therefore the possibility of obtaining a normal or
abnormal NBAS test was finally measured.

Each model validation result provided a score per subject that
was useful for further group comparisons. In order to obtain these
scores, the algorithm was designed in a way that the cut-off was
assigned to “0”, which is the standard value for SVM. Output
values above “07 indicated a high risk for abnormal neurobeha-
vior and below “0” indicated low risk.

2.6 Statistical analysis

2.6.1 Demographic and clinical data. Student’s t test for
independent samples and Pearson’s X* or Fisher’s exact tests were
used to compare quantitative and qualitative data, respectively.
Multivariate analysis of covariance was conducted to analyze the
results of the NBAS test and the prediction scores for cach area
between the two groups. For the first analysis a model was carried
out for each different set of skills (habiration, motor, organization
of state, regulation of state, social interactive and attention) with
the study group included as a factor and smoking during
pregnancy, gender, Apgar score below 7, days of adaptation from
birth to the test and gestational age at the moment of NBAS test as
covariates. For the second analysis, a multivariate analysis of
covariance was conducted to analyze the results from the
prediction scores adjusting for the same covariates.

Results were considered to be significant at p<<0.03, All
statistical calculations were done using the software package SPSS
statistical software, version 17.0{SPSS for Windows, SPSS Inc,

Results

3.1 Study groups characteristics

Anthropometric, ultrasound and MRI data were obtained from
all patients included in the study. All fetal MR images were
considered as normal, not finding signs of intracranial pathology.

As shown in Table 2, when we compared clinical characteristics
between SGAs with normal and abnormal NBAS test results, no
differences that could explain their different neurobehavioral
outcome were found: Both populations were similar in terms of
gender, birthweight and hiometries. Also, no differences were
found concerning signs of perinatal distress or in the rate of breast
feeding at discharge or in length of NICU admission (Table 3.

July 2013 | Volume 8 | Issue 7 | e69595
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Table 2. Maternal characteristics of the population.

Fetal TA Can Predict Neonatal Neurobehavior

Table 3. Perinatal outcomes of the population.

exact test as appropriate. Y: years. BMI: Body mass index. GA: Gestational
age.Us: Ultrasound. MRI: Magnetic Resonance Imaging; w= weeks. * Routine
occupations, long-term unemployment, or never worked (United Kingdom
National Statistics Socio-economic Classification).

doi:10.13771/journal pone.0069595.t002

3.2 NBAS test results

As shown in Table 4, both populations showed similar
adaptation times from birth until the performance of the NBAS
test and age at the moment of the test. Concerning the scores of
the NBAS test, overall worse results were found in the abnormal
NBAS test results group and were more pronounced in the
habituation and regulation of state clusters (Table 4).

3.3 Automatic identification of study group membership
based on fetal brain MRI TA

The mean accuracy obtained after the application of the
procedure previously explained for each area was 95.56% in basal
ganglia area, 95.12% in frontal lobe, 93.18% in mesencephalon
and 83.33% in cerebellum.

There was a significant difference between the scores repre-
senting TA for each algorithm output between SGAs with normal
and abnormal NBAS test results, in all studied areas. This
comparison was adjusted for smoking status, gender, Apgar score
below 7, days of adaptation and age at INBAS test. The
distribution of the scores obtained with the TA-based algorithms
for each area is displayed in Figure 2.

Discussion

This study provides evidence that fetal brain MRI textural
patterns are associated with neonatal neurcbehavior and sets the
basis for further research on in utero imaging biomarkers based on
quantitative assessment of brain microstructure.

The correlation between TA and functional outcome has
previously been demonstrated in adults with neurological condi-
tions and apparently normal MRI scans, such as in mild traumatic
brain injury or mild cognitive impairment [13,32]. In these
conditicns, TA 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. Different lines
of evidence have shown that fetuses and infants affected with early

PLOS ONE | www.plosone.org

Cases Controls Cases Controls

N=42) {N=49) P {(N=42) {N=49) P*
Maternal age (y) 31.14+59 32.14+5.4 041 GA at delivery (w) 38.79+1.03 38.88+1.26 0.72
BMI (kg/m*) 21.53+39 220+32 051 Labor induction 762 771 092
Primiparity 833 69.4 012 Emergency Cesarean section 238 306 046
Non-white ethnicity 26.2 204 051 Cesarean section 262 42.9 0.09
Smoker 26.2 204 051 Birthweight (g) 2446+289 2422+324 070
Superior studies 439 51.1 05 Birth weight centile 245 +274  293+279 041
Low -Socio-economic 265 184 041 Male 524 653 0.21
status * Head circumference (cm) 326114 325+213 074
GA at US (w) 37.08+1.06 37.2+0.86 043 Length (cm) 46044179 46.06+2.2 095
[ i L (e TR FpEIE 8 5 minute Apgar score of <7 24 41 0.65
Results are expressed as mean + and standard deviation or percentage Neonatal acidosis * 10 174 032
determined by Students t-test for independent samples, Pearson’s X* o Fisher's Breast feeding during 937 93.9 082

neonatal period
NICU admission 4.8 4.1 0.87
NICU stay length (d)

0.38+1.78 0.12+0.72 035

Results are expressed as mean *+ and standard deviation or percentage
determined by * Student’s t-test for independent samples, Pearson’s X* or
Fisher's exact test as appropriate. GA: Gestational age. NICU: Neonatal Intensive
care unit. g = grams; d = days; w = weeks. * Umbilical artery pH <7.15 and base
excess =12 mEq/L.

doi:10.1371/journal. pone.0069595.t003

and severe [UGR have significant differences in brain metabolism,
sulcation, composition, and microstructure [33,34,35,36]. Fur-
thermore, correlations between these brain disturbances and
neurological performance have been reported [33,35]. The major-
ity of earlier studies were conducted in early-onset IUGR.
However recent evidence supports that late-onset [UGR have
changes in the same direction, including differences in brain
metabolism and microstructure [37] and signs of increased axonal
loss at 5 years of age [38]. Along the same lines, in a previous
study we reported differences in textural patterns on fetal brain
MRI between term SGA and AGA fetuses [20]. In the present
study we provide evidence that these patterns are correlated with
post-natal neurobehavior.

From a pathophysiological point of view, textural patterns could
reflect brain microstructural alterations in late-onset TUGR
fetuses. Brain reorganization is thought te underlie developmental
deficits of SGA infants, which show cognitive disadvantages from
the neonatal period until adolescence [10] [39,40]. It is
increasingly accepted that subtle changes in brain morphology
may be present years before the clinical onset of neuropsychiatric
and neurodegenerative diseases [41,42]. These changes could be
identified by quantitative imaging in order to define “early
endophenotypes” as markers of future functional outcome [33].
Therefore, results obtained from this study encourage further
research aiming at the identification of such “imaging endophe-
notypes” in [IUGR, and possibly other neurocognitive disorders of
fetal and perinatal origin.

In this study we chose several brain areas that might potentially
be involved in brain reorganization affecting neurodevelopment.
Attention skills are generally attributed to the frontal lobe, due to
its importance for cognitive tasks and the results of MRI studies of
attention deficit and hyperactivity disorder [43]. On the other
hand, potential cerebellar microstructure alterations could be
preferentially involved in lower scores of the motor cluster,
including motor learning, memory and cognition and in behavior

July 2013 | Volume 8 | Issue 7 | e69595
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[44]. However, brain neurostructure and organization undergoes
substantial changes during the two first years of age, and in general
extrapolation of observations from older children or adults to fetal
and perinatal life is not feasible. In this study we did not find
definite correlations between specific areas and behavioral
domains. Actually, basal ganglia, frontal lobe and mesencephalon
obtained similarly high accuracies in predicting their neurobe-
havioral outcome. As mentioned, this was somewhat expected.
The contribution from each brain area to the NBAS test is
unknown, probably existing direct or indirect influences from all
areas in various NBAS clusters at this primitive stage of
neurodevelopment.

From a clinical perspective, the study 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 atrisk patients lays the basis for timely

Table 4. Clinical information and results regarding NBAS test.
Total sample (N=91} Cases (N=42) Controls (N =49) ld
GA at NBAS test (w) 42.68+2.82 4301281 4273%25 049
Adaptation time (d) 2844+17.24 3021 +18.06 2692+16.54 036
Scores from the clusters in the BAS test
Habituation 6331134 6.07+1.64 6574091 0.03
6.17+1.14 587+123 633+1.04 032
Motor 5434069 533+091 5.52+043 0.82
Organization of state 3.90+0.95 373+1.16 4.05+0.71 0.82
Regulation of state 426138 3494125 493+1.12 < 001
Attention 6.24+158 594+1.71 65+142 048
Results are expressed as mean * and standard deviation. *MANCOVA statistical analysis was used to compare scores in cases vs controls from each area of the NBAS
test adjusting for smoking status, gender, Apgar score below 7, gestational age at NBAS test and days of adaptation. GA: Gestational age. w= weeks; d= days.
doi:10.1371/journal.pone.0069595.1004

Interventions in utero to decrease the rate of adverse perinatal
results [8] and for selection of newborns for targeted interventions.
Evidence from randomized trials indicates how preterm-born
IUGR neonates that received the Newborn Individualized
Developmental Care and Assessment program (NIDCAP) showed
better neurabehavior, electrophysiology and brain structure than
those receiving standard care [43]. Other interventions with
demonstrated impact include breast feeding, with a positive effect
on brain white matter growth [46] and a worse adherence in

IUGR newborns due to a poorer regulation and organization of

state during the neonatal period [47]. The potential clinical value
of TA 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. Specifically, TA-based
applications require developing robust algorithms based on large
databases, software user interface platforms and feasibility studies
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Figure 2. Score distribution of MRI TA-based algorithms for each area under study. Significant differences are present in all areas between
cases and controls.*MANCOVA statistical analysis was used to compare scores from each brain area adjusting for smaoking status, gender, Apgar score

below 7, age at NBAS test and days of adaptation to NBAS test.
doi:10.1371/journal.pone.0069595.g002
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demonstrating its value in chinical practice, and it is likely to be
vears hefore these studies are ('ompl&tad

One strength of this study Iy that it evaluates hrain MBI TA
frenm  homogeneous cohort of term SGA fetuses selected in utero
and prospectively followed up until the neonatal peried. The
correfation with neurobehavioral scores weeks after birth supports
the importance of prenatal factors as a strong independent
contributor to neurodevelopment, irvespective of postnatal events.
It was remarkable that there was not any a priori potential bias on
NBAS examiners since 3GA newborms with sormal and abnormal
INBAS were homeogencous with respece of weight and length. In
addition, stady groups were similar in termss of perinatal outcomes
and other potential confounding factors, such as davs of
adaptation, breast feeding or educational level from the mother.

However, we grant some limitations and technical consider-
ations in this study. We acknowledge that this stwdy based its
functienal cutcome on neonatal neurchehiavioral scores and notin
long term cogeitive evaluation. However, increasing evidence
supports a pearebiclogical basis for infant or neonatal behavior
48], inking neonatal nevrobebavioral skills with Inter neurocog-
nitive development {25,36,4749,50} apd showing how scores on
newrobehavioral tests predict I at 6 years of age [23).
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Concerning the statistical learning algorithun that was developed
for this study, it should be stated thar the limired sample size
prevented the use of an esternal validation by an independent
group. However, the two-fold cross validation used can minimize
the inpact of this limitation. We acknowledge that these results are
preliminary and require cenfirmation in larger sample sizes
allowing external validation.

In semmary, this study provides evidence that feral brain
gquraniitative g based on MRI TA has 2 potental
predicting an abnormal aeurcbehavioral outcome. This study
supports further research on grantitative imaging technigues to

develap imaging biomarkers of abnormal nenrodevelopment in
tate-onset FUGR fetuses.

Author Contributions

Conceived and degigned the experiments: MSC GAR ERC AAINF IFNB
EG. Performed the experiments MSC GAR EBC AAL Analyzed the data
MSEC GAR EBC AA NP FF NB EG. Contributed reageats/ materials/
analysis foals: MSC GAR EBC AA NP FF NB EG. Wiote the paper: MSC
GAR EBC Aa NP FF NB EG.

o be;w:e,n a mnmuwmmd 11,:(hed bawi o Mummmd se'ﬁ(l!..)d

analysis and standard sound diagnesis using white matter damage in

preterm aconales @5 & model J Uirasound Med 300 1365 1377
Cierres M, Higueras ¥, &wcx Ciarné E, P Bargalla I,

brain MRE wxtire analysic idensifies i
adeqiate: and small for-gestational-age fenises
Fher,

21. Cokn T, Baner-Carne E, Maztinez- Terpon M, Pevez-Moreno A, Biias 1, o1 2]
(2042} Feasibilisy and reproducibility of fewl fung texture analysis by awomatic
quantitative Wiraseund anadysis and corredation with gestational age. Fetal
Ehagn Ther 31: 230 2

32, Fgueray F, Meler E, Iracla A, Bixanch E, Gall O, et al (2008 Customized
birthweight standards or a Spanish population. Eur ] Obstet Gynecol Reprod
il §36 20 M.

25, Azduini Tt, Rizeo G {1890} Nommal values of Pulsatility Index fromn fetal vessels: &
crosescctional study on 15346 healthy fitnses, § Perinet Med lﬁ I% 172,

24 Robinson HP, Floming JE {1875) A crifcal evaluation of sonar “crown-rump
length™ mseasurerneats. Br | Obstet Gynaccdl 82: 702 710,

25, Canals J, HemmandezMartinez ©, Leparo G, Ternander-Ballaz J (2081}
Neonala] Behavioral Ascssment Scale as a predictor of cognitive development
zod 10} 1a full-teorn infants 2 O-year longlnadinsl sindy. Actz Pacdiay 100:
LTI KETR

28, Braschon TB, Mugent JK {1995 Neonatal Behavioral Asiessment Scals.
London: McKeith Pr

27, Sagiv SK, Nugent JK, Brazelton TB, Choi AL, Tolber: PE, et al. {2005 Pr
erganochlorine expoute and meaw of behavior in infancy wing the
Neonatn] Behavioral Sssessrnent Scale (NBAS), Environ Health Perspect 16
GG 673

20, Malat 3G (1909 A dieory R mulivesciuton signal decomsposifion The
wavelel vepresentation., FEEE Transactions on pattern analysis and maching
intelligence FLTF), 674 683

29, Dunbeies T (1988 Orthonomal busss of compuety tupported waveles,

sications on Pure and Applied Mathematics $5{75900 96,

¢ G, Lamard M, Cuzugud G, Gechener B, Roux G (2010) Wavelel
ug)lmimdon for content-haged image reieval in medical dambuses, Med Dnage
Anal 145 247 241,

31, Kernwtsky A, Rost B (2009) Using genetic algoritams Lo selecl most predictive
provein fean Proweins 7% 73 58

32, de Olivelra M3, Balthazar ML, I¥Abren A, Yazada €L, I
MR imsaging wxnwe anadis of the corpus eaiovurs and halansug in aanesic

itd cognitivi srgpairment and mild Alabeiraer dissase, ATNR Am [ Mezoradiol

2,

nal (013

. tn pross. Feial Diagn

bl

ceno BF, e1 2]

i O, Dachiz A, Lazeysws F, ot ul {2
n newhorn: an sarly marker of
f)lE

Irmess b, Pared A, ot ad (20FE) Brain
A praton mag netic

o
483 o481 408,

Srubois J, Benders ¥, Berzaderi-F
Primay cortical falding in the b
funcilonal developmear. Brain 151 2008
308 arnodarain RS, Allsop ML, R
s in fatal intrautering growih
spectroscapy study. Am } Obstet Givnec

335

July 2013 § Volume 8 | ksue 7 | e69595



Elisenda Bonet Carné

PhD Thesis

- Same-Cories M, Flgueras T, Davgallo N, Dadik

. Larroque B, Tarcais 5,

= : rexricion an b‘am stuchure and
n preterm infants: a magnetic zesonzace imaging study. Brain Res

(20081
Izmanterine growth reswiction affeers the preterm infant's ki E mw

Res 63 438 447,

N, Arnat-Reldan I, 2t 2l (29103
£ in sxall-for-gestational-age
irasoundd Cbstet Gynecol

Absnarers ~x|iwueu uctute a\\.} nmabo]‘

it
im

3 I’Lcw Y, Oros I, Valie 3, Tuguet H, Guersi N, ot al. {2012} Axonal toss and

copitive defieits in reem idante born cnali fr gesmatonal age with nerinal

u'.ublveca‘ Y l\r-prla U v*a\'(\md (ibsm (xysm i AGIDT 505,

on P, Leger ] (2005 Scheol diffioul
wear eids who weae barn smalt for gestationst age at e n & regional cohori
LD B R L)

U {2060} V.

is of certical meurvanal-
T4 B8,

xa SM, et ok, (2007)
fice-based merphoma-

pudkase, |
, Dhierker £, Most: L Sehurann (aM Ris
Cortical Ilding abnonnalitas in aulisn revealed by
ety J Nawosa 27 EI725 BL73S.

PLOS ONE | wharw plosone.org

o

i,

4

45,

&

&
o

 Lnndquist Berson € (2041 orre)

. Clon SL, Bates JE, Sandy JM,

Fetal TA Can Predict Neonatal Neurobehaviar

Depue BE, Burgess GEIL B e B, Banich MT (010 Behavioral
performance predicts grey matier reductions in ihe right infizior Sontal gyrus in
yonng adults with cambined ype ADHD, Peychiamy Res 187 25t
Bailiienz H, Die Smet HJ, Paquier PF, De Dieya PP, Marien P (7008) Cerebeliar
neusocogition: insights into the bottor of the braln Clin Neurn] Newroney
Pk
Als M, Draffy TH, McAmdty G, Batler 8, Tightbody I, et 2, (2012 NIDCAT
mproves brain fnciion and siraciure i pretermn infants with severe ot
growth restriction. § Perinaal,

Lizacs EH, Fiuchi BR, Omm BT, Chum; WIL, Gadian DG, et al, {2000) Irapact
of breast milk on ine quotient, hrain size, and white matter
dewclopment. Pediak Res 37 B

a

iom between Jevel of selfregulation i the
newhorn infant. and developmieatal status &t two years of age. Acta Pacdiox 90
345 350

Herschlowitz M, Kagan J, Zilles K {1857 wobiological bases of behaviaral
dovelopment in the fisst yozr. Mewropediatrics 28 296 306,

“Folka OB, Ziming §, Warfield SK, Freschi M, Sancho Rosdignal A, o2 al (2004}
Ezly akteration of stuctural and fuach
Born with Intranterine growds restriction, Pedi

1 i deved in presaatare
: Res 56: §32 133

1 Bardy developmantal
s Feon bancy s middle

precursors of impulive and inat
childhand, § Chitd Poychal Pyychiany 3 433 1!’.

July 2013 | Volume 8 | lsue 7 | 69595

87



Elisenda Bonet Carné

PhD Thesis

88



Elisenda Bonet Carné

PhD Thesis

5.

DISCUSSION

89



Elisenda Bonet Carné

PhD Thesis

90



Elisenda Bonet Carné PhD Thesis

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 Il. 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 Il 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.

95



Elisenda Bonet Carné PhD Thesis

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 |l [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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guantusFLM™. 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.

97



Elisenda Bonet Carné

PhD Thesis

98



Elisenda Bonet Carné PhD Thesis
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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 CATALA

(SUMMARY IN CATALAN LANGUAGE)

9.1. Introduccid

Les técniques d’imatge s’utilitzen en medicina per crear imatges de les parts del cos
huma que estan ocultes per la pell i els ossos. Les imatges mediques es poden utilitzar
tant per diagnosticar com per a tractar malalties; aquesta Tesi es centra en el

tractament quantitatiu d’imatges mediques com a tecnica de diagnostic.

L'objectiu principal dels estudis de diagnostic basats en imatges és la caracteritzacid
dels teixits: les imatges s’adquireixen per tal de determinar si els teixits en |'area
d’estudi son normals (teixit sa) o patologics. L’analisi quantitatiu d’imatges mediques
pot augmentar la repetibilitat i ajudar a resoldre les ambiguitats en la interpretacié de
diferents imatges. Algunes disciplines, com la medicina Materno-Fetal, sén candidates
perfectes per I'analisi quantitatiu d’imatge com a eina de diagnodstic a causa de la

manca d’accessibilitat als teixits fetals.

Encara que hi ha moltes tecniques d’imatge, I'ecografia s’utilitza preferentment entre
els obstetres i esdevé una tecnologia principal de diagnostic en la medicina Materno-
Fetal, sobretot perque és no-invasiva, no requereix d’instal-lacions especials, es
transportable i el seu Us és economic. Diversos estudis demostren que les
caracteristiques de la senyal d’ultraso estan relacionades amb la microestructura del
teixit i que diferents arquitectures tissulars poden es poden reconeéixer i interpretar en
les imatges. Des de principis dels anys 80 la idea de que I'analisi qualitatiu d’ultraso pot
augmentar la repetibilitat i ajudar en la resolucié d’ambiglitats s’ha generalitzat. Per
altra banda, la ressonancia magnética és la técnica més comu per a la neuroimatge
estructural. També és una técnica no invasiva que ofereix un gran contrast entre la
materia blanca i la materia gris, per aquesta rad esdevé molt util per avaluar el sistema
nervidos central. També s’han realitzat diversos estudis per investigar I'GUs de la

ressonancia magnetica quantitativa per a diferents aplicacions mediques de diagnostic.
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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’ultraso del torax fetal per
als estudis de maduracid pulmonar fetal (Estudis 1, 2 i 3). D’altra banda, I'Estudi 4
forma part d’un estudi sobre els fetus petits-per-edat-gestacional (PEG). A continuacid

hi ha una breu explicacié dels problemes clinics associats als dos projectes.
9.1.1. Pulmo Fetal

La causa més comuna de mortalitat i morbiditat en prematurs i en fetus nascuts a
precocment a terme és la immaduresa pulmonar que causa morbiditat respiratoria
neonatal, definida com el distrés respiratori o la taquipnea transitoria del nounat.
Actualment, I'avaluacié de la maduresa pulmonar fetal es realitza mitjancant proves de
laboratori del liquid amniotic, que requereixen la realitzacié d’un procediment invasiu
per obtenir les mostres, 'amniocentesi. Aquesta, a part de ser arriscada, no es pot
realitzar en tots els entorns clinics a causa de les instal-lacions requerides. Per aixo, la
necessitat de I'amniocentesi ha resultat en una disminucid en I'Us d’aquesta
informacié clinicament. L’avaluacié de la maduresa pulmonar fetal amb metodes no
invasius és un problema no resolt malgrat hi ha hagut més de 20 anys d’investigacio en
el desenvolupament de solucions basades en imatges d’ultraso. Els estudis realitzats
anteriorment suggereixen que l'analisi quantitatiu d’imatge d’ultraso per a predir la
maduresa pulmonar fetal té potencial, pero la precisio en el diagnostic no és suficient

per a I'Us clinic.

Per tant, tot i avancar en els factors de risc i la introduccié d’estratégies de salut
publica destinades a reduir el risc de morbiditat respiratoria neonatal la seva prediccié

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 diagnostic sdn constitucionalment petits, en una
proporcidé substancial dels casos, el diagnostic de PEG identifica les formes lleus de la

restriccié de creixement intrauteri. Per tant, en aquests casos, el desenvolupament
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fetal es produeix en condicions suboptimes, amb un subministrament que priva de
I’oxigen i nutrients necessaris al cervell fetal. Diferents autors han demostrat que tot i
gue la majoria de PEG no presenten signes de deteriorament, hi ha una proporcié que
presenta un augment en el risc de patir un resultat perinatal advers amb un
neurocomportament anormal neonatal i un desenvolupament neurologic deteriorat

durant la primera infancia.

Tenint en compte la seva prevalenca, el diagnostic dels PEG constitueix un repte i una
oportunitat per millorar I'impacte de les condicions prenatals en la qualitat de vida. No
obstant, en l'actualitat la deteccid dels PEG que tenen risc de desenvolupament
neurologic anormal és limitada ja que els examens clinics estandards fallen en la

identificacid de diferencies significatives en aquest subgrup.
9.2. Objectius

Les tecniques d’imatge, com l"ultraso o la imatge per ressonancia magnetica, s’utilitzen
extensament com a eines de diagnostic medic. De fet, 'ultrasd és la técnica de
diagnostic per imatge més utilitzada en el camp de la medicina Materno-Fetal ja que
permet realitzar imatges de forma no invasiva, la maquina per a l'adquisicié és
portable i el seu Us economic. Encara que l'ultraso ha assolit el seu maxim potencial
per al diagnostic de canvis macroestructurals, les imatges d’ultraso tenen molta més
informacié que I'ull huma no és capag de distingir. Aquesta proposta de Tesi té com a
principal objectiu investigar I'Us potencial de biomarcadors d’imatge, utilitzant I’analisi
guantitatiu de textures, per millorar la interpretacié subjectiva de les imatges per tal

de predir diferents alteracions en la poblacié fetal.

La hipotesi principal d’aquest projecte és que els metodes d’analisi de la textura de la
imatge es podrien utilitzar per I'analisi d’imatges mediques (per exemple, en
ecografies o imatges de ressonancia magneética) en el camp de la medicina fetal, per
caracteritzar informacié de la microestructura que no es pot detectar mitjancant una
avaluacio clinica estandard. L’ecografia del pulmé fetal per I'avaluacié de la maduresa

pulmonar fetal és un candidat optim per a desenvolupar aguests metodes.
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Les hipotesis especifiques son:

L'analisi quantitatiu de la textura de les imatges d’ultraso del pulmé fetal
permet I'extraccié de forma reproduible de caracteristiques del teixit que es
correlacionen amb I'edat gestacional del fetus.

L’analisi quantitatiu de la textura de les imatges d’ultraso del pulmd fetal
permet I'extraccio de caracteristiques que es correlacionen amb els resultats de
maduracio pulmonar obtinguts amb les proves realitzades en liquid amniotic.
L’analisi quantitatiu de la textura de les imatges d’ultraso del pulmd fetal es pot
utilitzar per desenvolupar biomarcadors d’imatge per predir el risc de
morbiditat respiratoria neonatal.

Els metodes d’analisi quantitatiu de la textura de les imatges es poden utilitzar
per avaluar altres regions del fetus i, altres técniques d’adquisicié d’imatge
(com per exemple, imatges de ressonancia magnetica), poden ser utilitzats per
identificar patrons associats amb els canvis que es produeixen en el
desenvolupament del cervell fetal deguts a la restriccid de creixement

intrauterti.

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

meétodes basats en I'analisi quantitatiu de la textura de les imatges médiques (per

exemple, imatges d’ultraso i de ressonancia magnética) en el camp de la medicina

fetal, principalment per I'avaluacié de maduresa pulmonar fetal i del cervell fetal.

Els objectius especifics son:
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Avaluar la relacid entre la textura d’imatges d’ultraso del pulmd fetal i un
procés fisiologic ben definit, les etapes de la maduracié pulmonar durant la
gestacid.

Avaluar la possibilitat d’utilitzar metodes quantitatius d’analisis d’imatges

d’ultraso del pulmo fetal i la seva correlaciéd amb els resultats de la maduracié
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pulmonar fetal obtinguts amb els métodes estandard que requereixen de
I"analisi de liquid amniotic.

e Desenvolupar i avaluar el rendiment d’'un nou metode per predir el risc de
morbiditat respiratoria neonatal basat en I’analisi quantitatiu de textures
d’imatges d’ultraso pulmonars fetals.

® Provar si I'analisi quantitatiu de la textura en imatges de ressonancia magnetica
podria identificar patrons associats amb un neurocomportament anormal en
nadons petits I'edat gestacional, per avaluar el comportament transversal de

I’analisi 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 linia
d’investigacié i consten de quatre articles ja publicats o presentats per a la seva

publicacid en revistes cientifiques internacionals.

9.3. Metodes 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 patologic
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, I’estudi del cervell fetal no
seria un candidat adequat per a ser utilitzat com a model per la hipotesi 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 clinic. Per aquest motiu, la morbiditat respiratoria neonatal s’utilitzara com el
principal model patologic d’aquest projecte (Estudis 1, 2 i 3) i les imatges de
ressonancia magnetica del cervell fetal s’utilitzaran per provar la transversalitat de

I’analisi quantitatiu de la textura de la imatge en un altre model patologic (Estudi 4).
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9.3.1. Estudi 1. Viabilitat i reproductibitat de I'analisi automatic de textures del

pulmo fetal i la seva correlacié amb I’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 contribuit equitativament en aquest treball.

Estat: publicat

Factor d’impacte de la revista: 1.902

Quartil: 2n, area Obstetricia i Ginecologia.

Objectiu: Avaluar la factibilitat i reproductibilitat de I'analisi de la textura del pulmd fetal
utilitzant un nou metode quantitatiu d’analisi d’ultraso i, avaluar la seva correlacié amb I'edat

gestacional.

Metodes: Estudi observacional transversal prospectiu. Per avaluar les caracteristiques de la
textura, 957 imatges 2D del pulmd fetal dret i esquerra corresponents al pla quatre cameres
cardiaques foren delineades. Les imatges es corresponien a fetus que es trobaven entre les 20 i
les 41 setmanes de gestacid. La quantificacid de la textura pulmonar es va realitzar amb el
software AQUA (Automatic Quantitative Ultrasound Analysis), que s’utilitza per extreure les
caracteristiques de les imatges. Posteriorment, un procediment d’aprenentatge que consistia
en una transformacié de les caracteristiques i un model de regressié es va utilitzar per avaluar

I"associacio entre les caracteristiques de la textura i 'edat gestacional.

Resultats: L’associacio entre les setmanes de gestacio i la textura del pulmé fetal quantificada
mitjancant AQUA van presentar una correlacié de Pearson de 0,97. L’associacié no es va veure
influenciada pels parametres de la delineacid, com la ubicacié de la regié d’interes, la mida
d’aquesta o si el pulmd seleccionat era I'esquerra o dret. Tampoc es va veure influenciada pels
parametres de I'adquisiciéd de les imatges d’ultraso, ni per I'equip d’ultrasd o el transductor

utilitzat.
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9.3.2.

Conclusions: L’analisi de textura del pulmo fetal mitjancant AQUA demostra una forta
correlacio amb I’edat gestacional. Aixo déna suport a explorar I'Us d’aquesta tecnologia per a la

prediccid no invasiva de la maduresa pulmonar fetal.

Estudi 2. Realitzacio d’un analisi automatic quantitatiu d’ultraso del pulmo

fetal per predir la maduresa pulmonar fetal.

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

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, area Obstetricia i Ginecologia.

Objectiu: L'objectiu de I'estudi va ser avaluar el funcionament de I’analisi automatic quantitatiu
de la textura de 'ultraso (AQUA) per predir la maduresa pulmonar fetal determinada pel liquid

amniotic.

Metodes: S’analitzaren embarassos Unics (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 delinea un rectangle sobre el pulmé fetal en el pla de la imatge d’ultraso
corresponent a les 4-cameres cardiaques del torax fetal. AQUA s’utilitza per a transformar la
informacié de la delineacié en un conjunt de caracteristiques. S’utilitzaren algoritmes genétics
per extreure les caracteristiques més rellevants. Després es va crear i validar un model que
podria distingir els pulmons fetals madurs dels immadurs utilitzant el test TDx-FLM Il de

referéncia.

Resultats: L'edat gestacional de la mostra va ser (mitjana [desviacié estandard]) de 32.2 [4.5]
setmanes. D’acord amb els resultats del TDx-FLM 1l 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 precisid del 90.3% per predir un pulmé madur o

immadur.

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

proporcionen unes caracteristiques robustes per predir els resultats del test TDx-FLM II.
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9.3.3. Estudi 3. Andlisis quantitatiu de textura d’imatges d’ultraso per predir

morbiditat respiratoria 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: U0OG-2014-0288.R1

Factor d’impacte de la revista: 3.557

Quartil: 1r, area Obstetricia i Ginecologia.

Objectiu: Desenvolupar i avaluar el funcionament d’un nou métode per predir la morbiditat
respiratoria neonatal. El metode esta basat en I'analisi quantitatiu dels pulmons del fetus

mitjancant una ecografia.

Meétodes: Es van utilitzar un gran nombre d’imatges no cliniques i d’imatges pulmonars fetal
d’ultrasd per desenvolupar un meétode computacional basat en I'analisi de textura i en
algorismes d’aprenentatge automatic, entrenat per a predir el risc de morbiditat neonatal en
imatges d’ultraso de pulmons fetals. El metode, anomenat analisi quantitatiu d’ultraso 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 previes al naixement i
s'utilitzaren per determinar la capacitat del metode per predir la morbiditat respiratoria

neonatal, definida com a sindrome de distrés respiratori o taquipnea transitoria 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 respiratoria amb una sensibilitat, especificitat, valor

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

Conclusions: El meétode d’analisi quantitatiu d’ultraso de la maduresa pulmonar fetal
(quantusFLM) va predir la morbiditat respiratoria neonatal amb una precisié comparable a les

proves actuals que utilitzen liquid amniotic.
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9.3.4. Estudi 4. Analisi de textura automatic d’imatges de ressonancia magnética en
fetus petits-per-edat-gestacional i el seu us 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, area de ciéncies multidisciplinars.

Antecedents: Hem provat la hipotesi de si I'analisi de textura d’imatges de ressonancia
magnetica pot identificar patrons associats a un neurocomportament anormal en els nounats

petits-per-edat-gestacional (PEG).

Metodes: Es van adquirir imatges d’ultraso i de ressonancia magneética en 91 fetus PEG a les 37
setmanes d’edat gestacional. El I0bul frontal, els ganglis basals, el mesencéfal i el cerebel es van
delinear en les imatges de ressonancia magnetica fetal. Els nadons PEG es van sotmetre a la
prova NBAS i van ser classificats com anormals si una o més arees estaven per sota del percentil
51, com a normals si totes en totes les arees van obtenir un resultat superior al percentil 5. Les
caracteristiques de textures associades amb el neurodesenvolupament es van seleccionar i es

van aplicar técniques d’aprenentatge automatic per modelar un algorisme predictiu.

Resultats: Dels 91 nounats PEG, 49 es van classificar com a normals i 52 com a anormals. LA
precisié per predir un neurocomportament anormals basant en analisi de textures va ser del
95.12% pel lobul frontal, 95.56% pels ganglis basals, 93.18% pel mesencéfal i el 83.33% pel

cerebel.

Conclusions: Els patrons en la textura de la ressonancia magnética cerebral es van associar amb
el desenvolupament neurologic neonatal. L'analisi de textures en la ressonancia magnetica

cerebral podria ser una eina util per predir el desenvolupament neurologic anormal en els PEG.
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9.4. Discussio

Aquesta Tesi consisteix en diferents estudis per provar que I'Us de I'analisi quantitatiu
de la textura d’'imatges mediques pot predir el risc de resultats clinics anormals. La Tesi
es centra principalment en I'ds d’imatges d’ultrasd del torax fetal per predir la
morbiditat respiratoria neonatal. Aquest treball proporciona evidéncia que doéna
suport al concepte préviament estés de que les tecniques quantitatives d’imatge
extreuen informacio del teixit estudiat que pot ser d’ajuda en el diagnostic clinic.
Concretament, els resultats obtinguts amb el méetode desenvolupat per predir la
morbiditat respiratoria neonatal foren similars als reportats per les proves comercials

gue utilitzen liquid amniotic per I'analisi.

Els estudis de maduresa pulmonar (Estudi 1, 2 i 3) estan enfocats a utilitzar imatges del
torax fetal per a predir la morbiditat respiratoria neonatal, cada treball intenta superar
les limitacions que presentava I'estudi anterior. En el primer estudi, es correlacionaven
les caracteristiques del pulmdé amb |'edat gestacional, demostrant que es pot extreure
informacié de forma no invasiva que es correlaciona amb un procés fisiologic normal,
la maduracio pulmonar, I'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 pero, en aquest cas, es va utilitzar el resultat del test TDx-FLM Il que
utilitzava una mostra de liquid amniotic. D’aquesta manera es va demostrar que les
textures contenien informacié relacionada amb la maduracié pulmonar. Tot i aixo, el
test TDx-FLM 1l 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 metode d’analisi d’imatges (quantusFLM®) i s’utilitza com a
mesura de la maduresa pulmonar fetal el resultat clinic real, I'aparicié o no de
morbiditat respiratoria neonatal. A part de descriure els principis basics d’aquest nou
metode, en el tercer estudi s’avalua la metodologia de forma cega, utilitzant mostres
noves. El resultats de la validacié al predir cegament el risc de morbiditat respiratoria
neonatal utilitzant quantusFLM® sén comparables als reportats per les proves que

s’utilitzen actualment amb mostres de liquid amniotic. Tot i aixo I'avaluacié s’ha
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realitzat en un Unic centre, per aixo s’esta realitzant un estudi multicentric per avaluar

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

En el quart estudi es va avaluar la capacitat de I'analisi d’imatges de ressonancia
magnetica per detectar anomalies en diferents arees del cervell del fetus que podrien
estar associades amb un neurocomportament neonatal anormal. Aquest estudi es va
utilitzar per provar la transversalitat de les tecniques d’analisi quantitatiu d’imatge
utilitzant diferents tipus d’imatges i de resultats clinics. Aquest estudi proporciona
evidencia de que la ressonancia magnética del cervell dels fetus conté informacio
textural que esta associada amb el neurocomportament neonatal. Addicionalment,
I'estudi posa les bases per a realitzar una major investigacio en el tema dels

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

La limitacio principal, present ens els estudis 1, 2 i 4, és que no hi ha una validacié cega
dels models, sobretot degut al nombre reduit de mostres de les que es disposava. Com
a limitacié general de I'analisi quantitatiu de textures és que es requereixen grans
bases de dades per a crear biomarcadors d’imatges. En aquells casos en que la
prevalenca de la patologia sigui petita, sera un repte desenvolupar un biomarcador
guantitatiu d’'imatge basat en textures, si més no, utilitzant la metodologia aqui

presentada.

Com a punt fort de l'estudi 4 cal destacar que determinar el risc de morbiditat
respiratoria neonatal sense la necessitat d’una técnica invasiva podria tenir un impacte
important en el maneig clinic d’aquests casos. Segons el coneixement dels autors, el
quart estudi presentat en aquesta Tesi és el primer estudi que avalua cegament un
metode basat en analisi quantitatiu d’'imatges per a predir la morbiditat respiratoria

neonatal.
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9.5.

128

Conclusions

L’analisi quantitatiu d’imatges pot extreure informacié de les imatges d’ultraso
del pulmé fetal que esta relacionada amb els canvis microestructurals i, en
conseqliencia, amb el procés fisiopatotologic de la maduracié pulmonar fetal

durant la gestacio.

L’analisi de textures de les imatges d’ultraso del pulmé fetal es correlen amb la
maduracio pulmonar fetal, quan aquesta es determina mitjangant les tecniques

de laboratori estandard basades en mostres del liquid amniotic.

L’analisi quantitatiu d’imatge d’imatges d’ultraso de pulmons fetals pot avaluar
la morbiditat respiratoria neonatal de forma no invasiva amb una precisid

similar als tests utilitzats actualment basats en mostres de liquid amniotic.

L’analisi quantitatiu de la textura de la imatge es podria utilitzar en imatges de
ressonancia magnetics de cervells fetals per identificar patrons associats amb el

neurocomportament anormal en nadons petits per edat gestacional.



