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1. INTRODUCTION 

1.1. Intrauterine growth restriction: consequences in neurodevelopment

Intrauterine growth restriction (IUGR) due to placental insufficiency affects 

5-10% of all pregnancies. This condition is associated with an increased risk of 

stillbirth, perinatal morbidity and neonatal mortality [1]. In addition, IUGR is also a 

risk factor for brain damage after birth [2] and  cognitive disorders  later in 

childhood [3].  

The association between IUGR and short [4, 5] and long-term [4, 6-12] 

neurodevelopmental and cognitive dysfunctions has been extensively described. 

In the neonatal period, neurodevelopmental dysfunctions have been reported in 

IUGR babies, being attention, habituation, regulation of state, motor and social-

interactive competencies the most affected [5]. Regarding long-term effects, 

many studies have found associations between preterm IUGR and later 

behavioural [7, 13, 14], sensorial [12, 15], and cognitive [8-11] dysfunctions.  

Long-term outcomes for such infants reveal a specific profile of neurocognitive 

difficulties, with poor executive functioning, cognitive inflexibility, poor creativity, 

and language problems [8, 10].  Furthermore, suboptimal neurodevelopment with 

cognitive disadvantages[4, 16, 17], increase risk of attention deficit/hyperactivity 

disorder [18], and social skills [6] have also been described in term IUGR. 

Changes in brain structure of IUGR children have also been consistently 

demonstrated by magnetic resonance imaging (MRI) [13, 19-22]. In neonatal 

period, decreased volume in gray matter (GM) [13] and hippocampus [19], and 

major delays in cortical development [20] have been reported in neonates with 

IUGR. These structural changes have also been described in childhood , when it 

has been demonstrated reduced GM volumes [21] and decreased fractal 

dimension of both GM and white matter (WM) [22].  
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1.  INTRODUCTION 

1.2. Placental insufficiency and brain damage of prenatal origin 

Placental insufficiency occurring in IUGR produces a reduction of placental 

blood flow resulting in chronic exposure to hypoxemia and undernutrition [23] and 

this has consequences on the developing brain [24]. Chronic hypoxia in IUGR is 

mainly due to reduction of maternal-fetal oxygen exchange as a result of 

abnormal placental development [25]. In most cases, the fetus tries to adapt to 

hypoxic conditions by reducing his growth and activity and redistributing blood 

flow to the principal organs, such as the brain and heart [23]. This blood flow 

redistribution to brain in IUGR fetuses, which is called “brain sparing”, follows a 

regional pattern with increased perfusion in frontal area in early stages followed 

by a decrease in frontal area and increase in basal ganglia perfusion when fetal 

deterioration occurs [26]. However, evidence of the protective effect of this 

mechanism is controversial.  Recent studies have demonstrated that 15-20% of 

term SGA fetuses with normal umbilical artery Doppler have vasodilation in the 

MCA, and that this sign is associated with poorer perinatal outcome [27] and 

increased risk of abnormal neurobehavior neonatally [28, 29] and at two years of 

age [6].  

This regionality described in the “brain sparing” mechanism supports the 

hypothesis that brain damage of prenatal origin due to chronic hypoxia has also  

a regional distribution. Human and animal studies have demonstrated that fetal 

brain damage is related to the onset, severity and extent of the hypoxic insult. 

Animal models of acute hypoxia in early pregnancy have shown an increased 

vulnerability of Purkinje cells in the cerebellum, pyramidal cells in the 

hippocampus and cortical neurons [30].  Late in pregnancy, acute hypoxia 

produces neuronal death in the cerebral cortex and striatum [31], whereas 
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1. INTRODUCTION 

hippocampal and cerebellar neurons do not appear to be affected at the gross 

level. In term pregnancies, the white matter is damaged but less extensively than 

when insults are delivered earlier in gestation; this appears to be due to the 

vulnerability of immature oligodendrocytes to hypoxemia [32].  Experimental 

models of chronic hypoxia have also demonstrated a regional pattern of brain 

damage development with decreased myelination of white matter axons and 

reduced number of neurons [33]. Clinical studies showed that in term infants 

exposed to intrauterine hypoxia neurological damage is mainly expressed in 

neurons while in premature infants is presented as a reduction in glial cells and 

white matter damage [24].  In fact, as previously described, long-term follow up of 

IUGR infants have demonstrated abnormalities in specific developmental areas 

which  correlate with specific brain areas including, frontal and temporal cortex [6, 

8, 9, 18], hippocampus [19], and striatum [34].   

 

1.3. Animals models of IUGR

While it is well established that placental insufficiency occurring in IUGR 

produces changes in brain development, the pathophysiological pathways 

leading to adverse neurodevelopmental outcome and brain reorganitzation 

among growth restricted babies remain poorly understood [35]. The use of animal 

models is essential to advance in the understanding of brain injury in IUGR, but 

reproducing the features of the human condition in an experimental model is 

challenging.  

Animal models described so far have been based either in maternal food 

restriction or in surgical reduction of placental mass and/or blood supply [36, 37].  

Food restriction models do not involve a decrease in fetal oxygen supply, which 
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may be a critical factor in the pathogenesis of brain injury [24]. Uteroplacental 

embolization [38, 39] and bilateral uterine artery ligature [40] result in massive, 

non-predictable reductions of placental blood supply [41]. A systematic review of 

the latter technique concludes that it lacks of efficacy in reproducing the growth 

restriction in the offspring [42]. The uterine vasculature in some animal models 

allows selective ligature of a proportion of the vessels supplying each gestational 

sac, which should theoretically allow to achieve a gradable and more 

reproducible model of growth restriction. As an alternative, methods based on 

ligature of utero-placental vessels [43-46] are proposed as more appropriate 

models to achieve a combined restriction of nutrients and oxygen, and to better 

asses the impact of IUGR on fetal and neonatal brain [47]. 

Choosing the appropriate animal model to extrapolate to the clinical 

condition of placental insufficiency requires similarities in the involved organs. 

Firstly, human placenta is hemochorial, in which maternal blood is in direct 

contact with the chorion.  Secondly, brain maturation in humans in characterized 

by beginning in second trimester and continuing during the first years of life, that 

is, a perinatal maturation [48]. The association between hypoxic insult and neural 

damage has been previously documented in the hypoxic lamb model at the later 

third of gestation [49]. However, sheep have an epitheliochorial placenta [50] and 

prenatal brain maturation and by the time of birth, most of the white-matter tracts 

are myelinated [51].  Rodents have also been extensively used as a model for 

placental insufficiency [36]and brain damage[52]. Nevertheless, myelination 

begins postnatally in rats and mice [53] and the paucity of white matter in these 

species does not allow to replicate human neurological lesions [52]. Rabbit model 

has been proposed before to study intrauterine growth restriction [44] and acute 
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brain damage [51, 54, 55].  This model has several advantages compared with 

rodents and sheep. First, the placenta of the rabbit is discoid, villous, and 

hemodichorial [50], much similar to the human placenta. Second, there is a 

possibility to graduate the reduction of blood flow to each gestational sac [44] and 

to compare control and case fetuses obtained from the same pregnancy. Finally, 

rabbits resemble humans more closely than other species in terms of the timing 

of perinatal brain white matter maturation [54]. Because myelination in rabbits 

starts around term, rabbits may be more appropriate models for demonstrating 

neonatal brain injury from insults occurring in the perinatal period [51].  

 

1.4. Evaluation of brain damage in experimental models of IUGR 

Contrary to acute perinatal events, IUGR is a chronic condition that 

induces brain reorganization and abnormal maturation rather than gross tissue 

destruction [33]. In order to reveal these subtle differences in brain development, 

different approaches to characterize these changes should be used. 

At the cellular level, regional consequences could be assessed evaluating 

expression of histological markers of brain injury and proliferation. S100� is a 

calcium-binding protein which is mainly present in the cytosol of glial cells of the 

central and peripheral nervous system [56]. “In vitro” studies have demonstrated 

that S100� is actively secreted by astrocytes under hypoxic conditions [57] and 

serum levels of this protein are increased in several forms of brain injury. Thus, 

this parameter has been suggested as a biochemical marker of brain damage 

[58]. In clinical studies, increased values of S100� have been demonstrated after 

neonatal asphyxia [59], but also in neonates with IUGR, especially in those with 

“brain sparing” [60]. Ki-67 is a nuclear protein that is expressed by proliferating 
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cells [61] and this protein is present during all active phases of the cell cycle, but 

is absent from resting cells.  Changes in cell proliferation in the central nervous 

system have been previously described in response to either acute [62, 63] or 

chronic hypoxic damage [64]. Thus, regional differences in expression of these 

two proteins; S100 � and Ki-67, could be useful to assess effects of IUGR in 

brain development. 

Changes in brain organization could also be assessed by means of 

magnetic resonance imaging (MRI). Diffusion MRI measures the diffusion of 

water molecules in tissues and obtains information about brain microstructure 

and the disposition of fiber tracts [65].  White matter fibers are organized in 

bundles, consequently water molecules diffuse more freely along the direction of 

the fibers but are restricted in their movement perpendicular to the fibers 

(anisotropic diffusion). In order to describe tissue characteristics two main 

parameters are used: Apparent Diffusion Coefficient (ADC) that gives information 

about overall magnitude of water diffusion and Fractional anisotropy (FA) which 

indicates the degree of anisotropic diffusion [66].  Diffusion MRI has been 

consistently shown to be highly sensitive to changes after acute hypoxia in adults 

[67, 68] and fetuses [66, 69]. Aside from reflecting acute injury, diffusion MRI 

parameters seem to correlate well with brain maturation and organization in fetal 

and early postnatal life [66, 69]. In addition, preliminary clinical results suggests 

that diffusion MRI could also be suitable to detect maturational changes occurring 

in chronic fetal conditions, including fetal cardiac defects [70] and IUGR [71]. Use 

of diffusion MRI in experimental models allows to perform MRI with long 

acquisition periods in fixed whole brain preparations. This approach allows high 

resolution images which can reveal submillimetric structures, particularly in the 
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gray matter, which is difficult to measure in the in vivo images [72]. Such high 

quality would be difficult to achieve in vivo due to motion artifacts and limited 

acquisition times.   

Brain reorganization could also be revealed by demonstrating changes in 

neurobehavioral performance. The behavioral repertoire of newborn rabbits is 

somewhat limited. Compared with humans, rabbits are slightly more capable in 

motor development at birth [73] and at postnatal day 1, but sensory development 

is about the same as that of humans [51]. Based on the capabilities of the rabbit 

newborn pup, objective and standardized evaluation of neurobehavior can be 

performed in neonatal period [54]. Previous studies suggest the ability of the 

rabbit model to illustrate the neonatal effects of acute severe prenatal conditions. 

Thus, hypoxic-ischemic injury and endotoxin exposure produce hypertonic motor 

deficits [54, 74], reduced limb movement [75] and olfactory deficits [76] in this 

model.     

 

1.5. From animal to clinics: relevance of this project 

As previously mentioned, IUGR affects 5-10% of all newborns worldwide 

and it is a well-recognized cause of abnormal neurodevelopmental outcome 

during childhood. Prediction of neurodevelopmental outcome during infancy and 

childhood is a recognized clinical need. However, there is limited understanding 

of brain organization processes behind the restriction of oxygen and nutrients 

brought about by intrauterine growth restriction.  In order to advance in this 

direction, is essential the use of animal models.   

The studies included in this project are part of a research line on the 

development of imaging biomarkers of brain reorganization in IUGR to predict 
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abnormal neurodevelopment. Developing the appropriate animal model, 

describing regional pattern depending on severity and onset of injury and 

describing functional and structural effects in neonatal period, could be useful 

information which will contribute to the understanding of brain reorganization 

under chronic prenatal conditions. In addition, the studies included in this project 

provide a new experimental setting to develop future studies to test the impact of 

interventions aimed at improving neurodevelopmental outcomes.  
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2. HYPOTHESES 

 

Intrauterine growth restriction induces brain injury and reorganization in an 

experimental model on the fetal rabbit, and this model can be used to describe in 

detail the anatomical patterns of brain reorganization by MRI and to describe their 

neurobehavioral correlates  

 

Specific hypotheses 

1. An animal model based in selective ligature of uteroplacental vessels in 

the pregnant rabbit is a suitable model of intrauterine growth restriction, 

which reproduces better the human disease in comparison with an 

undernutrition model. 

2. The regional pattern and severity of brain damage depends on severity 

and onset of placental insufficiency in a surgical model of intrauterine 

growth restriction in the pregnant rabbit. 

3. Neurobehavioral abnormalities produced by intrauterine growth restriction 

are correlated with changes in brain reorganization demonstrable by high-

resolution magnetic resonance imaging diffusion techniques 
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3. OBJECTIVES 

 

To develop a suitable experimental model of intrauterine growth restriction in fetal 

rabbits, in order to conduct a detailed MRI description of the neurostructural brain 

abnormalities associated with this disease and their neurobehavioral correlates. 

 

Specific objectives 

1. To evaluate the best experimental model of intrauterine growth restriction 

in fetal rabbits by comparing selective ligature of uteroplacental vessels 

with a model based on maternal undernutrition in pregnant rabbit. 

2. To demonstrate the effects of different timings and severity of intervention 

in the best performing model, in terms of fetal mortality, biometrical 

restriction and histological markers of brain injury. 

3. To describe the anatomical pattern of fetal brain maturation changes and 

their neurobehavioral correlates by developing a high-resolution magnetic 

resonance imaging diffusion approach. 
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4. MATERIAL AND METHODS 

To achieve the main and specific objectives, three different projects were 

planned and performed as explained below. 

 

4.1. Project 1: Comparison of two experimental models of IUGR:

undernutrition versus. selective ligature of uteroplacental vessels 

Study design: Controlled laboratory study.

Study population: New-Zealand rabbits at 25 days gestation were included in a 

surgical (ligature 40-50%) or undernutrition protocol (reduction 70% of normal 

diet) and three different groups were obtained: 

a. Growth restricted rabbits by surgical protocol 

b. Growth restricted rabbits by undernutrition 

c. Control rabbit 

Interventions:

� Prenatal induction of IUGR at 25 days of gestation: surgical and 

undernutrition protocol 

� Ultrasound evaluation before delivery 

� Cesarean section at 30 days gestation 

� Sacrifice and samples collection 

Measures: 

a. Prenatal ultrasound evaluation: 

i. Abdominal perimeter 
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4. MATERIAL AND METHODS 

ii. Pulsed Doppler: Umbilical artery pulsatility index (UAPI) and Middle 

cerebral artery pulsatility index (MCAPI). 

iii. Echocardiography: Ductus venosus pulsatility index (DVPI), Aortic 

isthmus pulsatility index (AoIPI), isovolumetric contraction time (ICT), 

ejection time (ET), isovolumetric relaxation time (IRT) and myocardial 

performance index (MPI). 

b. Delivery data: neonatal and placental weight, crown-rump length, anterior-

posterior cranial diameter, transverse cranial diameter and brain weight. 

Outcome variables: Mortality, neonatal and placental weight, crown-rump 

length, cephalic perimeter, brain weight, UAPI, MCAPI, DVPI. AoIPI, ICT, ET, IRT 

and MPI. 
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4.2. Project 2: Evaluation of different timings and severity of the 

intervention: comparison of the effects of late versus early onset, and of 

various proportions of vessels ligated in a model of IUGR based on 

selective ligature of uteroplacental vessels 

Study design: Controlled laboratory study.

Study population: New-Zealand rabbits were included at two different moments 

of pregnancy: 21 or 25 days gestation. Within each group, surgical protocol was 

performed with two degrees of ligature (20-30% (mild) or 40-50% (severe)) 

obtaining six different groups: 

a. 21 D Controls 

b. 21 D Mild reduction 

c. 21 D Severe reduction 

d. 25 D Controls 

e. 25 D Mild reduction 

f. 25 D Severe reduction 

Interventions:

� Prenatal induction of IUGR at 21 or 25 days of gestation by means of mild 

or severe reduction 

� Cesarean section at 30 days gestation 

� Sacrifice, samples collection and processing: S100� and Ki-67 

immunohistochemistry staining 
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4. MATERIAL AND METHODS 

� Quantification of positive cells for S100� and Ki-67  immunohistochemistry 

staining 

Measures: 

a. Delivery data: neonatal and placental weight, crown-rump length, 

anterior-posterior cranial diameter, transverse cranial diameter and brain 

weight. 

b. Immunohistochemistry: ratios of positive cells over total number of cells 

for S100� and Ki-67. 

Outcome variables: Mortality, neonatal and placental weight, crown-rump 

length, cephalic perimeter, brain weight, ratio S100� positive cells and ratio Ki67 

positive cells. 
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4.3. Project 3: Development of a high-resolution brain MRI diffusion

approach to describe the anatomical patterns of brain reorganization 

induced by IUGR and to describe the postnatal neurobehavioral correlates 

of the neurostructural changes.

Study design: Controlled laboratory study.

Study population: New-Zealand rabbits at 25 days gestation were included in a 

surgical protocol and two different groups were obtained: 

a. Growth restricted rabbits  

b. Control rabbits 

Interventions:

� Prenatal induction of IUGR at 25 days of gestation: surgical protocol 

� Cesarean section at 30 days gestation 

� Neurobehavioral evaluation 

� Sacrifice and samples collection 

� Diffusion MRI  acquisition 

� Global and regional analysis of diffusion parameters 

Measures: 

a. Delivery data: neonatal weight. 

b. Neurobehavioral evaluation 

c. Diffusion MRI: Apparent diffusion coefficient (ADC), Fractional anisotropy 

(FA), axial and radial diffusivity and coefficients of linearity, planarity and 

sphericity. 
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Outcome variables: Neonatal weight, neurobehavioral evaluation scores, ADC 

and FA. 
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4.4. Description of research methodology

4.4.1. Surgical protocol

Prior to surgery, progesterone 0,9 mg/kg was administered intramuscularly 

for tocolisis. A peripheral ear venous catheter was placed and antibiotic 

prophylaxis (Penicillin G 300.000 UI) was administered. Ketamine 35 mg/kg 

and Xylazine 5mg/kg were given intramuscularly for anesthetic induction. 

Inhaled anesthesia was maintained with a mixture of 1-5% isoflorane and 1-

1.5 L/min oxygen. Maternal heart rate, oxygen saturation, central temperature 

and blood pressure were monitored during the procedure (Pluto Veterinary 

Medical Monitor, Bionics corp.). An abdominal midline laparotomy was 

performed and both uterine horns were exteriorized. Gestational sacs of both 

horns were counted and numbered and each fetus was identified taking into 

account the fetal position within the bicornuate uterus. The fetus at the 

ovarian end was considered to be the first fetus.  At random, one horn was 

assigned as the case horn and the other horn was considered as the control 

horn (no procedure was performed). In the case horn, part of the 

uteroplacental vessels of all gestational sacs were ligated in a proportion of 

20-30% or 40-50%, according to the experimental group. Ligatures were 

performed with silk sutures (4/0) (Figure 1). The exteriorized sacs were 

continuously rinsed with warm ringer lactacte solution. After the procedure 

the abdomen was closed in two layers with a single suture of silk (3/0). 

Animals were kept under a warming blanket until they awoke and became 

active, and received intramuscular meloxicam 0.4 mg/kg/24 h for 48 h, as 

postoperative analgesia. The animals were again housed and their well-being 

was controlled daily. 
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4.4.2. Undernutrition protocol

t 25 days of gestation, a sham-surgery following the surgical protocol 

iefly, after the abdominal midline 

laparotomy, the gestational sacs of both horns were counted and numbered. 

Then, both uterine horns were place d 

bdomen was closed in two laye /0).  

ostoperative analgesia was adminis used 

nd well-being was controlled each d on 

was induced by restricting 70% of of standard 

chow) for 5 days until delivery. 

 

A

previously described was performed. Br

d back into the abdominal cavity an

a rs with a single silk suture (3

tered and animals were again ho

ay. After surgery, severe undernutriti

the normal diet (45 g/day 

P

a

Figure 1. Description of 
surgical procedure. 
Identification of uteroplacental 
vessels of each placenta (a) and 
selective ligature of vessels with 
4/0 silk suture (b). Final 
appearance of uterine horn with 
vessels occlusion done (c) 

a b

c
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4.4.3. Ultrasound evaluation

Ultrasound evaluation (US) was performed using a Siemens Sonoline 

Antares (Siemens Medical Systems, Malvern, PA, USA) with a 14-10 MHz 

linear probe. The US examination was performed under anesthesia placing 

the probe directly on the uterine wall before fetal extraction at the time of the 

caesarean section (Figure 2). The angle of insonation was <30º in all 

measurements and a 70 Hz high pass filter was used to avoid slow flow 

noise.  

 

 

Figure 2.  
Ultrasound
evaluation at 
the time of 
caesarean
section.
The uterine 
horn is fixed 
and the linear 
probe is placed 
directly on the 
uterine wall.  

Parameters included in the US evaluation are depicted in Figure 3:  

 in a free-floating 

� Abdominal perimeter measured in a transverse view of the fetal abdomen 

at the level of the intrahepatic umbilical vein. 

� Umbilical artery pulsatility index (UAPI) was calculated

portion of the umbilical cord. 
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� Middle cerebral artery pulsatility index (MCAPI) was measured in a 

as obtained in a midsagittal or 

 the sample 

volume between the origin of the last vessel of the aortic arch and the aortic 

joint of the ductus arteriosus. 

performance index (MPI) was evaluated in the left fetal 

cardiac ventricle, as previously described [12]. Briefly, Doppler sample 

volume was placed on the lateral wall of the ascending aorta in an apical 4-

chamber view. The time-periods were then estimated as follows:  

isovolumetric contraction time (ICT) from the closure of the mitral valve to the 

opening of the aortic valve, ejection time (ET) from the opening to the closure 

h

 

transverse view of the fetal skull at the level of the circle of Willis. 

� Ductus venosus pulsatility index (DVPI) w

transverse section of the fetal abdomen positioning the Doppler gate at its 

isthmic portion. 

� Aortic isthmus pulsatility index (AoIPI) was also obtained in a sagittal 

view of the fetal thorax with a clear view of the aortic arch, placing

� Myocardial 

of t e aortic valve, and isovolumetric relaxation time (IRT) from the closure of 

the aortic valve to the opening of the mitral valve (Figure 3). The final MPI 

was calculated as: (ICT+IRT)/ET. 
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Figure 3. Biometric and Doppler measurements. 
(a) abdominal perimeter measured in a transverse view of the fetal abdomen, (b) 
UAPI obtained in a free-floating portion of the umbilical cord, (c) MCAPI obtained 
in a transverse view of the fetal skull at the level of the circle of Willis; (d) DVPI 
acquired in a midsagittal section of the fetal abdomen (e) AoIPI obtained in a 
sagittal view of the fetal thorax; (f) MPI evaluated in an apical 4-chamber view. 
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4.4.4. Neurobehavioral evaluation

Neurobehavioral evaluation was performed at postnatal day +1 following 

methodology previous described by Derrick et al. [35]. For each animal, the 

testing was videotaped and scored on a scale of 0–3 (0, worst; 3, best) by a 

blinded observer. Locomotion on a flat surface was assessed by grading the 

amount of spontaneous movement of the head, trunk, and limbs. Tone was 

assessed by active flexion and extension of the forelimbs and hindlimbs (0: 

 

 

No increase in tone, 1: Slight increase in tone when limb is moved, 2: Marked 

increase in tone but limb is easily flexed, 3: Increase in tone, passive 

movement difficult, 4: Limb rigid in flexion or extension). The righting reflex 

was assessed when the pups were placed on their backs and the number of 

times turned prone from supine position in 10 tries was registered. Suck and 

swallow were assessed by introduction of formula (Lactadiet with omega 3; 

Royal Animal, S.C.P.) into the pup’s mouth with a plastic pipette. Olfaction 

was tested by recording time to aversive response to a cotton swab soaked 

with pure ethanol. 

 

 

 

 

 

a b c

d e

Figure 4. Illustrati
Evaluation of locomotion (a), tone (b),
(d) and sucking and sw

ve pictures of neurobehavioral evaluation. 
 smelling test (c), righting reflex 

allowing (e) performed at +1 postnatal day 

 
44 



4. MATERIAL AND METHODS 

4.4.5. Diffusion MRI

4.4.5.1. Acquisition 

MRI was performed on fixed brains (4% paraformaldehyde phosphate-

b ker 

BioSpin MRI GMBH). High-resolution 

diffusion weighted images (DWI) were acquired. Specifically, DWI was 

on sequence covering 126 gradient 

  

we e 

brain from the background, in a similar way as previously described [77]. In 

brief, iDWI of each subject was min-max normalized, and non-brain tissue 

 have values below 5% of the maximum of the iDWI 

uffered saline for 24 hours at 4 ºC) using a 7T animal MRI scanner (Bru

three-dimensional T1 weighted and 

acquired by using a standard diffusi

directions with a b-value of 3000 s/mm2 together with a reference (b=0) image.

 

 

 

b c a

Figure 5. MRI acquisition 
Fixed brains (a) were scanned to obtain a high resolution T1 weighted 
(b) image and diffusion weighted images (c). 

 

4.4.5.2. Processing

As a first step, the brain was segmented from the background. The 126 

ighted image (iDWI) that was used to create a binary mask to segment th

values were estimated to

normalized volume. After applying the threshold, internal holes in the mask 

were filled by 3D morphological closing and isolated islands were removed by 

3D morphological opening. This mask was used to estimate brain volume and 

constrain the area where the diffusion related measures were analyzed. 
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Tensor model of diffusion MRI was constructed by using MedINRIA 1.9.4 [78] 

(available at www-sop.inria.fr/asclepios/software/MedINRIA/). Once the 

tensors were estimated at each voxel inside the brain mask, a set of 

measures describing the diffusion were computed: apparent diffusion 

coefficient (ADC), fractional anisotropy (FA), axial and radial diffusivity and the 

The parameters described in the previous section were computed at each 

voxel belonging to the brain mask, and their value was averaged in the whole 

brain, in order to perform a global analysis of the differences between controls 

 so as to avoid potential confounding values produced 

coefficients of linearity, planarity and sphericity [65, 79]. They are all based on 

the three eigenvalues of each voxel tensor (�1, �2, �3). ADC measures the 

global amount of diffusion at each voxel, whereas axial diffusivity measures 

the diffusion along the axial direction, that is, along the fiber direction. On the 

other hand, radial diffusivity provides information of the amount of diffusion 

orthogonal to the fiber direction. The other parameters are related to the 

shape and anisotropy of the diffusion. FA describes the anisotropy of the 

diffusion, since diffusion in fibers is highly anisotropic its value is higher in 

areas where fiber bundles are [65]. Linearity, planarity and sphericity 

coefficients describe the shape of the diffusion; higher values of the linear 

coefficient indicates that diffusion occurs mainly in one direction; higher 

planarity involves that diffusion is performed mostly in one plane, and higher 

values of sphericity are related to isotropic diffusion [79]. 

4.4.5.3. Analysis

4.4.5.3.1. Global analysis

and IUGR. In addition,
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by GM and cerebrospinal fluid (CSF), a second mask was applied to analyse 

the changes in the WM. 

4.4.5.3.2. Regional analysis

Manual delineation 

regions of interest (ROIs) was performed in T1 

weighted images including thalamus, putamen and caudate nucleus, 

prefrontal cortex, cerebellar hemispheres and vermis structures of each 

OIs (corpus callosum, fimbria of hippocampus, internal 

Manual delineation of GM 

hemisphere. WM R

capsule and corona radiata) were delineated directly in FA map. GM ROIs 

were co-registered to DWI by applying a previously calculated affine 

transformation of the T1 weighted images to DWI space. Mean diffusion 

related measures were obtained including ADC, axial and radial diffusivities, 

FA, linearity, planarity and sphericity coefficients. 

Voxel based analysis 

All rabbit brains were registered to a reference brain using their FA volumes 

[80]. Once the images are aligned to the reference, it can be assumed that the 

voxels in the same location in all the registered images belong to the same 

ore, they can be compared. Voxel-wise t-test was structure, and theref

performed, obtaining the voxels with a statistically significant different 

distribution of diffusion related parameters between controls and IUGR. 

Moreover, in this study, the Pearson correlation between the diffusion 

parameters and the neurobehavior test outcome at each voxel was also 

computed, to identify which regions were related to the observed changes in 

neurobehavioral tests. In order to increase the reliability of the results 
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obtained, the procedure was repeated using all the subjects as the reference 

in the elastic warping, allowing to discard variability produced by the arbitrary 

choice of the reference template. 

Figure 6. MRI analysis

to obtain average DTI parameters. 

map. Once subject brains were registered and smoothed, FA values distribution 

distribution in IUGR and the correlatio

a) MRI global analysis. After masking brain volume, global analysis is performed 

b) Voxel based analysis was performed by elastic registration to a reference FA 

for each voxel was analyzed to identify areas with statistically significant different 
n of changes with neurobehavioral tests. 

  
Global analysis

a

… 

Voxel based analysis
b

IUGR/controls 
significantly  

different regions 

Voxel 
IUGR/control 
distribution 

Elastic 
registration 

and smoothing 

Average DTI parameters 
Correlation with 

neurobehavioral tests 
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5. RESULTS 

5.1. Project 1: Comparison of two experimental models of IUGR:

undernutrition versus. selective ligature of uteroplacental vessels 

The results of this project have been published in:  

Eixarch E, Hernandez-Andrade E, Crispi F, Illa M, Torre I, Figueras F et al. 

Impact on fetal mortality and cardiovascular Doppler of selective ligature of 

uteroplacental vessels compared with undernutrition in a rabbit model of 

intrauterine growth restriction. Placenta 2011 Apr; 32(4):304-9.  

And presented in the following congresses: 

19th World Congress of Ultrasound in Obstetrics and Gynecology in Hamburg, 

October 2009 (oral communication: E. Eixarch; F. Figueras; E. Hernandez; F. 

Crispi; M. Illa; E. Gratacós. Selective ligature of the uteroplacental vessels in the 

pregnant rabbit is a more suitable model of intrauterine growth restriction than 

hyponutrition)  

7th World Congress in Fetal Medicine in Sorrento, June 2008 (oral 

communication: Eixarch, E Hernández-Andrade,F Figueras, A Nadal, F Crispi, I 

Torre,B Wojtas, E Gratacós. Rabbit model for Fetal growth restricion). 

5.1.1. Study population

A total of 153 fetuses were included (70 controls and 83 ligated fetuses) in the 

surgical group, 98 of which were alive at delivery (60 controls and 38 ligated 

fetuses), while a total of 20 fetuses were included in the undernutrition group, 19 

being alive at delivery. 

5.1.2. Mortality and biometric data 

Table 1 depicts the mortality and biometric outcome of the study groups.  Fetal 

mortality rate in control and undernutrition did not show any difference. On the 
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contrary, the ligature group showed a significantly higher mortality rate than the 

control and the undernutrition groups.  Neonatal biometries decreased 

significantly across the experimental groups. 

Table 1. Mortality and biometric measurements in experimental groups. 

Values are mean and standard deviation (mean (sd)) or rate (%(n/total)).  

 
Control 

(n=60) 

Undernutrition 

(n=19) 

Ligature 

(n=38) 
p* p** p*** 

Mortality rate  14.3 (10/70) 5.0 (1/20) 54.2 (45/83) <0,001 n.s. <0,00
1 

Neonatal weight (g) 45.9 (8.5) 37.9 (9.7) 33.2 (9.5) <0,001 0.003 0.000 

Placental weight (g) 6.8 (1.8) 5.3 (1.1) 6.1 (1.8) n.s. 0.006 n.s. 

Crown-rump length 
(mm) 9.52 (0.99) 9.16 (0.87) 8.84 (1.16) 0,002 n.s. 0.006 

Cephalic perimeter 
(mm) 8.08 (0.57) 7.75 (0.84) 7.43 (0.65) <0,001 n.s. 0.000 

Brain weight (g) 1.45 (0.14) 1.38 (0.16) 1.28 (0.15) 0,002 n.s. 0,001 

Brain/neonatal 
weight ratio 

0.020 
(0.004) 0.038 (0.008) 0.037 (0.006) 0,004 0,001 0,001 

g: grams; mm: millimetres 

p* linear trend ; p** control vs undernutrition; p*** control vs ligature 

 

 

5.1.3. Ultrasound evaluation

Results are shown in Figure 7 and Table 2. DVPI and IRT were significantly 

different and changed across the experimental groups. However, only ligature 

group showed significant changes when compared with control.  Interestingly, 

none of the controls or undernourished fetuses showed reverse flow during atrial 

contraction, whereas a 33,3% (5/15) of the cases in the ligature  group had a 

reverse flow (p=0.010). AoIPI showed a significant increase in the study groups. 
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However, neither the undernutrition nor the ligature group significantly differed 

from the control group.  UAPI and MCAPI did not show significant differences 

between groups. 

Figure 7.  Pulsatility index of ultrasound parameters in experimental groups.
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Table 2. Ultrasound parameters in experimental groups. 

Values are mean and standard deviation (mean (sd)) 

UAPI: Umbilical artery pulsatility index, MCAPI: Middle cerebral artery pulsatility index, DVPI: 

Ductus venosus pulsatility index, AoIPI: Aortic isthmus pulsatility index, ICT: isovolumetric 

contraction time, IRT: isovolumetric relaxation time, ET: ejection time, MPI: myocardial 

performance index 

 Control 
(n=15) 

Undernutrition 
(n=9) 

Ligature 
(n=15) p* p** p*** 

Abdominal 
perimeter (mm) 79.0 (5.5) 70.4 (5.5) 68.3 (8.8) 0.004 0.031 0.006 

UAPI 1.9 (0.5) 1.8 (0.5) 1.9 (0.4) n.s. ns ns 

MCAPI 1.1 (0.3) 1.2 (0.4) 1.0 (0.2) n.s. ns ns 

DVPI 0.8 (0.3) 0.9 (0.1) 1.3 (0.7) 0.003 ns 0.009 

AoIPI 3.0 (0.5) 3.5 (1.3) 3.8 (1.2) 0.029 ns ns 

ICT (ms) 25.5 (9.5) 29.1 (6.3) 25.5 (8.1) n.s. ns ns 

IRT (ms) 38.1 (7.7) 42.0 (8.5) 50.1 (12.4) 0.003 ns 0.008 

ET (ms) 149.2 (220.6) 150.6 (11.6) 155.9 (21.8) n.s. ns ns 

MPI 0.44 (0.10) 0.48 (0.07) 0.49 (0.08) n.s. ns ns 

p* linear trend ; p** control vs undernutrition; p*** control vs ligature 
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5.2. Project 2: Evaluation of different timings and severity of the 

intervention: comparison of the effects of late versus early onset, and of

various proportions of vessels ligated in a model of IUGR based on

selective ligature of uteroplacental vessels 

The results of this project have been published in: 

Eixarch E, Figueras F, Hernández-Andrade E, Crispi F, Nadal A, Torre I et al. An 

Experimental Model of Fetal Growth Restriction Based on Selective Ligature of 

Uteroplacental Vessels in the Pregnant Rabbit. Fetal Diagn Ther 2009; 

26(4):203-11. 

And presented in the following congresses: 

28th Annual Meeting of The Society for Maternal-Fetal medicine in Dallas, 

January 2008 (poster: E Eixarch, E Hernández- Andrade, F Figueras, S Oliveira, 

F Crispi, E Gratacós. Hypoxic brain damage as measured by fetal blood and 

amniotic fluid levels, and immunohistochemical brain expression of S100� in a 

rabbit model of intrauterine growth restriction) 

17th World Congress on ultrasound in Obstetrics and Gynaecology in Firenze, 

October 2007 (oral communication: E Eixarch, E Hernandez- Andrade, F 

Figueras, E Gratacos. Selective ligature of uteroplacental vessels in the pregnant 

rabbit: a novel experimental model of intrauterine growth restriction) 

 

5.2.1. Study population

In the 21D protocol a total of 101 fetuses were included (36 controls; and 29 and 

36 in the mild and severe reduction groups, respectively).  Of these 101 fetuses, 

62 were alive at delivery (32 controls, 19 mild reduction and 11 severe reduction). 
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In the 25D protocol a total of 145 fetuses were included (67 controls, 17 mild 

reduction and severe reduction). Of these 145 fetuses, 94 were alive at delivery 

(57 controls; and 15 and 22 in the mild and severe reduction groups, 

respectively).  

5.2.2. Mortality and biometric data 

All experimental groups showed significantly higher mortality rates than sham 

controls except for the 25D mild reduction group. There was a linear increase in 

mortality rates across the experimental groups when ordered by gestational age 

and severity (Linear-by-linear p<0.001) (Figure 8).  

Figure 8. Mortality rates across the study groups. 

 

Table 3 details the biometrical outcome in the study groups.  Birth weight, crown-

rump length and brain weight decreased significantly across the experimental 

groups (control, mild and severe reduction) both at 21D and 25D. Additionally, 
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brain/birth weight ratio increased throughout the study groups in both 21D and 

25D protocols. Placental weight showed no significant differences among 

experimental groups in either protocol.   

Table 3. Biometric measurements obtained from the different experimental groups.

 21D  Control 
n=32 

20-30% 
n=19 

40-50% 
n=11 

p 
 

Linear 
trend 

Birth weight (g)* 23.1 (4.2) 21.5 (3.7) 18.2 (5.6) 0.008 0.002 

Placental weight (g) ** 5.3 (1.7) 4.4 (1.7) 4.6 (2.2) 0.261  

Crown-rump length (mm) * 7.7 (0.5) 7.3 (0.5) 7.1 (0.6) 0.002 0.002 

Cephalic perimeter (mm) * 6.3 (0.4) 6.2 (0.4) 6.1 (0.6) 0.190 0.074 

Brain weight (g) * 0.8 (0.07) † 0.8 (0.08) 0.7 (0.06) 0.005 0.007 

Brain/birth weight ratio* 0.032 (0.003) 0.038 (0.006) 0.044 (0.012) 0.004 0.001 

25D  Control 
n=57 

20-30% 
n=15 

40-50% 
n=22 p Linear 

trend 

Birth weight (g) * 45.5 (8.5) 36.4 (8.9) 35.4 (8.6) <0.001 <0.001 

Placental weight (g) ** 6.5 (2.2) 5.5 (2.3) 5.9 (2.6) 0.108  

Crown-rump length (mm) * 9.5 (1) 9.4 (1.4) 8.8 (0.8) 0.014 0.004 

Cephalic perimeter (mm) ** 8 (0.8) 7.6 (1.1) 7.4 (0.6) 0.009  

Brain weight (g) * 1.4 (0.1)† 1.2 (0.1) 1.3 (0.1) 0.005 0.072 

Brain/birth weight ratio * 0.028 (0.003) 0.035 (0.007) 0.038 (0.005) 0.002 0.001 

* Values are mean and standard deviation, ANOVA test 

** Values are median and interquartile range, Kruskall-Wallis test 

† Data were available in only 10 fetuses 
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5.2.3. Immunohistochemistry results

Figure 9 displays immunohistochemistry results. In the 25D protocol, S100-� 

expression was significantly higher in the severe reduction group in cortical and 

brainstem regions.  In the 21D protocol, Ki-67 expression was significantly higher 

in the cortex and brain stem regions of the mild reduction group. In contrast, in 

the 25D protocol, Ki-67 expression was significantly higher in the cortex and brain 

stem regions of the severe reduction group.  

Figure 9. S100� and Ki-67 expression in fetal brain regions. 

Ki-67 
S100� 
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5.3. Project 3: Development of a high-resolution brain MRI diffusion 

approach to describe the anatomical patterns of brain reorganization 

induced by IUGR and to describe the postnatal neurobehavioral correlates 

of the neurostructural changes 

The results of this project have been submitted for publication in: 

Eixarch E, Batalle B, Illa M, Muñoz-Moreno E, Arbat A, Amat-Roldan I et al. 

Neonatal neurobehavior and diffusion MRI changes in brain reorganization due to 

intrauterine growth restriction in a rabbit model. PLoS ONE, submitted. 

And presented in the following congresses: 

10th World Congress in Fetal Medicine in St Julien, Malta, June 2011 (oral 

communication: M.Illa, E.Eixarch, D.Batalle, A.Arbat, R.Acosta-Rojas, F.Figueras, 

E.Gratacos. Fetal growth restriction: Evaluation of the fetal rabbit as a model to 

evaluate neurostructural and neurodevelopmental changes). 

 

5.3.1. Study population

A total of 10 control and 10 growth restricted neonates were included. Birth 

weight was significantly lower in cases than in controls (30.4 ± 12.2 g. vs. 47.0 ± 

9.3 g., p=0.007). 

5.3.2. Neurobehavioral results

Neurobehavioral test results are shown in Table 4. Growth restricted pups 

showed poorer results in all parameters, reaching significance in righting reflex, 

tone of the limbs, locomotion, lineal movement, forepaw distance, head turn 

during feeding and smelling response. 
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Table 4. Neurobehavioral test results in study groups

Values are mean and standard deviation (mean (sd)) or median and interquartile 

range (median (IQ)) when appropriate. 

 Control 
n=10 

IUGR 
n=10 p 

Posture, score* 3.0 (0) 3.0 (1) 0.143 

Righting reflex, number of turns 8.7 (1.5) 6.3 (3.0) 0.035 

Tone, score* 0 (0) 1.0 (1.5) 0.019 

Locomotion, score* 3.0 (0) 2.0 (2) 0.005 

Circular motion, score* 2.0 (1) 2.0 (1) 0.247 

Intensity, score* 3.0 (0) 2.5 (2) 0.089 

Duration, score* 2.0 (0) 1.5 (1) 0.052 

Lineal movement, line crosses in 60 sec  2.8 (1.4) 1.1 (1.1) 0.009 

Fore–hindpaw distance, mm † 0.7 (1.9) 7.6 (5.4) 0.007 

Sucking and swallowing, score* 3.0 (1) 1 (2) 0.075 

Head turn, score* 3.0 (1) 2.0 (1) 0.043 

Smelling test, score *† 3.0 (1) 1.0 (0) 0.006 

Smelling test time, sec † 4.0 (1) 8.5 (5) 0.021 

*U Mann-Whitney 

†Data available for 7 controls and 8 cases. 

 

5.3.3. Diffusion MRI results

a) Global analysis

Table 5 depicts the results of global analysis of diffusion related parameters. Whole brain 

analysis revealed non-significantly higher ADC values and significantly lower FA and 

linearity values in the growth restricted group. When the WM mask was applied, FA 

significantly differed between cases and controls. 
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Table 5. Whole brain and white matter global analysis of diffusion parameters 

Values are mean and standard deviation (mean (sd)) or median and interquartile range 

(median (IQ)) when appropriate. 

 Control 
n=10 

IUGR      
n=10 p 

Whole brain 

Fractional anisotropy 0.16 (0.02) 0.15 (0.02) 0.048 

Apparent Diffusion Coefficient (x10-3mm2/s)* 0.44 (0.08) 0.47 (0.10) 0.353 

Axial diffusivity (x10-3mm2/s)* 0.52 (0.10) 0.54 (0.11) 0.393 

Radial diffusivity (x10-3mm2/s)* 0.41 (0.07) 0.43 (0.10) 0.393 

Sphericity (Cs) 0.74 (0.02) 0.76 (0.02) 0.061 

Linearity (Cl) 0.16 (0.02) 0.15 (0.02) 0.044 

Planarity (Cp) 0.10 (0.01) 0.10 (0.01) 0.368 

White matter (threshold FA>0.2) 

Fractional anisotropy 0.27 (0.01) 0.26(0.00) 0.019 

Apparent Diffusion Coefficient (x10-3mm2/s)* 0.42(0.08) 0.44(0.11) 0.353 

Axial diffusivity (x10-3mm2/s)* 0.55 (0.10) 0.58 (0.15) 0.393 

Radial diffusivity (x10-3mm2/s)* 0.36 (0.06) 0.38 (0.09) 0.247 

Sphericity (Cs) 0.60 (0.02) 0.61 (0.01) 0.033 

Linearity (Cl) 0.29 (0.02) 0.28 (0.02) 0.201 

Planarity (Cp) 0.11 (0.02) 0.11 (0.03) 0.877 

*U Mann-Whitney 

b) Regional analysis

ROIs analysis of diffusion parameters only found differences in right fimbria of 

hippocampus, showing decreased values of FA in IUGR. When VBA analysis was 

applied, statistically significant differences were found in FA distribution between cases 

and controls in multiple structures such as different cortical regions (frontal, insular, 
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occipital and temporal), hippocampus, putamen, thalamus, claustrum, medial septal 

nucleus, anterior commissure, internal capsule, fimbria of hippocampus, medial 

lemniscus and olfactory tract (Figure 10).  

 

Figure 10. Fractional anisotropy values: regions showing statistically significant

differences between cases and controls. 

 

) Correlation between MRI diffusion and neurobehavioral outcome 

domains, being 

 

c

FA map showed multiple areas correlated with most of neurobehavioral 

posture, locomotion, circular motion, intensity, fore-hindpaw distance and head turn the 

domains showing more statistically significant correlated areas (Figure 11). Subcortical 

GM areas were mainly significantly correlated with posture, locomotion and head turn 

and WM structures essentially with posture and locomotion parameters. Within WM 

structures, both anterior commissure and fimbria of hippocampus were the areas 

correlated with a bigger amount of neurobehavioral items. 
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Figure 11. Correlation maps between neurobehavioral test items and fractional 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) Posture, (B) Righting reflex, (C) Tone, (D) Locomotion, (E) Circular motion, (F) 
Intensity, (G) Duration, (H) lineal movement, (I) Fore-hindpaw distance, (J) Sucking and 
swallowing, (K) Head turn, (L) Smelling test, (M) Smelling test time

anisotropy values. 

63



5. RESULTS 
 

 
64 



 

6. DISCUSSION 

 



 

 



6. DISCUSSION 

6.1.  General overview

This study provides evidence supporting the concept that a surgical model of 

IUGR in pregnant rabbits is suitable to evaluate the effects of placental 

insufficiency on brain development.  The results showed that chronic reduction of 

placental supply, which implies a reduction of both oxygen and nutrients, 

reproduces the human features of IUGR better than reduction of nutrients 

produced by undernutrition models. Changes in brain development produced by 

placental insufficiency showed different patterns according to the onset and 

severity of growth restriction induction. An early onset insult produces changes in 

proliferation on subcortical areas without changes in S100� expression, whereas 

late onset insults increase proliferation and S100� expression in both cortical and 

subcortical areas.  The correlation between abnormal neurobehavior and 

microstructural changes demonstrated by diffusion MRI in neonatal period 

illustrates that sustained intrauterine restriction of oxygen and nutrient induces a 

complex pattern of maturational changes. The model developed may be a 

powerful tool to correlate functional and structural brain information with 

histological, molecular and other imaging techniques. 
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6.2. Project 1: Comparison of two experimental models of IUGR:

undernutrition versus. selective ligature of uteroplacental vessels 

The results of this project demonstrated that, despite the fact that both 

surgical and undernutrition models in the pregnant rabbit result in a reduction of 

biometric parameters, only selective ligature of uteroplacental vessels was 

associated with an increase in fetal mortality and  remarkably more pronounced 

changes in Doppler cardiovascular parameters 

Mortality and biometric data 

Selective ligature of uteroplacental vessels has previously been used in 

rabbits [43, 44], guinea pigs [45] and rats [46] resulting in a reduction in fetal 

weight and increased mortality [43-46].   Undernutrition has mainly been reported 

in rodents by means of either caloric restriction or low-protein diet leading to a 

decrease in birth weight [37]. We 

found that both experimental 

models resulted in a significant 

reduction in fetal weight, with lower 

values in the surgical model. In 

keeping with previously reported 

data [37], maternal food restriction 

did not increase fetal mortality. This 

could be explained by the fact that 

undernutrition generates fetal 

hypoglycemia producing hypoinsulinemia, whereas reduced blood flow through 

placenta generates fetal hypoxemia and increase of lactate [36], producing 

Figure 12. Illustrative image of 
neonatal size differences between
growth restricted and controls pups 
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acidosis that could lead eventually to circulatory failure and fetal death [81]. Our 

finding supports the notion that hypoxia is an essential mechanism in the 

cascad

his observation is in line with a 

revious study in Guinea pigs [45]. In humans, increased pulsatility index in the 

found changes in placental vasculature, including 

a redu

d

from the fetal side is capable of inducing chan

83, 84].  Umbilical flow has been previously a

means of pulsed Doppler [85], reporting 

significantly lower than those observed in 

explained by the fact that we performed our

directly to uterine wall, whereas they perfo

without laparotomy.   

ro

oxygen and nutrients in fetal life [86] and has

e of events leading to the increased risk of fetal death in IUGR [81] 

Ultrasound evaluation 

In this project both of the two evaluated experimental models failed to 

induce changes in umbilical artery Doppler. T

p

UA is thought to result from pro

ction of over 30% of the placental mass [82] and severe vasoconstriction 

phenomena in the fetal-sided tertiary stemvilli [25] Since models based on 

uteroplacental vessel occlusion do not alter placental micro-anatomy, the 

absence of changes in the umbilical artery is not surprising. Indeed, previous 

irect embolization of placental tissue 

ges in umbilical artery Doppler [38, 

ssessed in normal grown rabbits by 

pulsatility index values that were 

the present study. This could be 

 examinations placing linear probe 

rm examination transabdominally, 

le in regulating the distribution of 

 been anatomically demonstrated in 

several species [87] including rabbits [88].  In IUGR, ductus venosus flow velocity 

during atrial contraction is progressively reduced as hypoxemia and acidemia 

experiments in sheep have shown that only 

The ductus venosus has a central 
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progress, with a consequent increase in pulsatility index [89]. In our rabbit model 

we reproduced these changes with a significant increase in pulsatility index in 

ligature fetuses only in the ligature group, with the presence of reverse flow 

uring atrial contraction in most severe cases (Figure 13). In addition, there was  

 isovolumetric relaxation time, with increasing values in 

the study groups. IRT is used in the calculation of the MPI in fetuses and is an 

early marker of fetal cardiac dysfunction [90].  

ple size.  Overall, changes in cardiovascular Doppler were 

substa

d

a remarkable increase in

 

Concerning MPI which has been reported to be increased in early and late onset 

IUGR fetuses [91-93], we could only demonstrate a non-significant trend for 

increased values. We hypothesize that the lack of significance may have been 

due to our limited sam

a b

Figure 13. Illustrative images of Ductus Venosus flow
a) Positive flow during atrial contraction in control fetus and b) reverse flow during 
atrial contraction in case fetus

ntially more pronounced and statistically significant in the surgical ligation 

group. However, the undernutrition model was associated with a trend for 

increased values in isovolumetric relaxation time. This observation should be 

confirmed in a large sample size, although this finding is in line with previous data 
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demonstrating postnatal changes in cardiac structure and hypertension in the 

offspring of rats exposed to undernutrition during pregnancy [94-97].  In 

conclusion, while we can not exclude a modest effect of undernutrition on cardiac 

function parameters, uteroplacental vessel ligation induced more pronounced 

cardiovascular Doppler changes supporting the suitability of this experimental 

model for future research on cardiac dysfunction in IUGR.  

Increased values of the aortic isthmus pulsatility index across the study 

o  in the surgical model. The aor isthmus plays an important role in 

redistributing blood flow to the brain under hypoxic conditions [98]. The aortic 

isthmus pulsatility index has been demonstrated to increase as placental 

insufficiency progresses in growth restricted fetuses [99] and this has been 

correlated with abnormal postnatal neurodevelopment [100, 101]. Consistently 

with our findings, a previous study using a growth restriction model in rabbits has 

also reported changes in maturation of cortical astrocytes [43]. However, we 

fail  

tu n to identify cerebral blood flow redistribution is a 

groups were demonstrated in this study, with more pronounced differences being 

bserved tic 

ed to demonstrated changes in blood flow in middle cerebral artery.  In human

ses with IUGR, the key sigfe

reduction in the pulsatility index in the MCA and this sign has been found to be 

associated with increased risk of abnormal neurobehavior [6, 28]. The lack of 

changes in fetal rabbits could be due to fundamental anatomical differences with 

human fetuses. However, since ultrasound examinations were done under 

anaesthetic drugs, which are associated with brain vasodilatation [102], we can 

not exclude a systematic bias induced by the experimental setting.  
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Limitations

Firstly, the high mortality rate in the ligature group may have biased our 

results, since biometric and ultrasound evaluations could only be performed in 

the surviving fetuses. However, it is likely to be a conservative bias as only the 

less affected fetuses would have been analysed, attenuating the differences 

between groups.  Secondly, all ultrasound examinations were done under 

anaesthetic conditions that produce haemodynamic changes in rabbit brain [102], 

and we can not exclude that this may have prevented the observation of 

differences in fetal Doppler brain parameters.  

 

Conclusion

Selective ligature of uteroplacental vessels in the pregnant rabbit partially 

reproduces the haemodynamic features of IUGR of human fetuses, particularly 

with regards to changes in cardiovascular function. In this respect, this model 

seems to be a better approach to mimic the human condition than undernutrition 

models.  
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6.3. Project 2: Evaluation of different timings and severity of the 

intervention: comparison of the effects of late versus early onset, and of

various proportions of vessels ligated in a model of IUGR based on

selective ligature of uteroplacental vessels 

The results obtained in this study show that selective ligature of 

uteroplacental vessels in the pregnant rabbit induces different degrees of fetal 

growth restriction associated with progressive increases in mortality and 

biometrical restriction and differences in brain histological response to hypoxia. 

   

Mortality and biometric data 

This model has previously been used by Bassan et al. in an experimental 

study to assess the impact of fetal growth restriction on renal development [44].  

The authors used a 20-30% ligature at 25 days of gestation and demonstrated a 

decrease in biometrical measurements and a deleterious effect on kidney 

development. Partial occlusion of uteroplacental vessels has also been used in 

guinea pigs and rats producing a decrease in body weight and an increase in 

mortality [45] [46].  In the present project we have further developed this 

experimental approach and evaluated the capability of the model to induce 

different degrees of growth restriction by modulating the timing and the proportion 

of vessels ligated.  

We obtained a linear decrease in mortality rate across experimental 

groups suggesting that gestational age and severity of blood flow reduction have 

a key role in fetal survival. In addition, linear changes in biometric measurements 

and in brain/birth weight ratio were obtained in both protocols, 21D and 25D, in a 

similar proportion to those obtained in previous studies [44, 45].  Thus, these 
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results support our hypothesis that it is possible to induce a progressive model of 

fetal growth restriction. It could be argued that fetal position in the uterine horn, 

which is a “natural model” of fetal growth restriction [103-109], could have 

influenced these results. However, we have found that in our model, mortality 

rate a

Immunohistochemistry results 

xpression in 25D severe reduction group in cortex and brain 

stem, 

nd biometries of growth restricted fetuses is not influenced by uterine 

position (Figure 14). 

controls cases 

Figure 14. Fetal weight values according to fetal position in uterine horn 
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Brain damage was evaluated by means of S100� that has been suggested 

as a biochemical marker of brain damage [58, 110-112]. We demonstrated an 

increase of S100� e

while at 21 days no differences were observed. This could be speculatively 

explained by the fact that this protein is a marker of astrocyte maturation during 

development [113].  It could then be argued that the central nervous system at an 

earlier gestational age has less capability to increase S100� expression in the 

presence of an injury. Another explanation could be that placental insufficiency at 
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21 days of gestation induces a transient increase in S100� expression that is 

later inhibited. Indeed, “in vitro” studies have demonstrated that chronic hypoxia 

induces a transient increase in S100� mRNA expression, followed by rapid 

downregulation with a sustained reduction of protein release [57].   

Regional changes in proliferation by means of Ki-67 expression were 

found in our model: while at 21D only the mild occlusion group showed signs of 

jured 

after hypoxic insult in term neonates [24]. Actually, when we analyzed the stained 

ost cases proliferating cells were found in 

subven

increased proliferation in basal ganglia and brain steam, at 25 days this 

phenomenon was only observed in the severe occlusion group in cortex and 

brain steam.  The data support the notion that the impact of chronic hypoxia on 

brain proliferation may differ depending on gestational age and severity of the 

insult [24]. Preterm birth is associated with white matter injury and neuronal 

damage in cortical and subcortical areas [114]. We could hypothesize that, at 21 

days of gestation, mild chronic hypoxia enhances proliferation in order to protect 

subcortical areas, while severe hypoxia inhibits this proliferation because of 

higher intensity. On the other hand, cortical neurons are predominantly in

tissue we discovered that in m

tricular zone as reported before [62-64]. Thus, these differences observed 

in brain histological changes at different gestational ages illustrate the potential 

usefulness of the model to explore the neurological impact of growth restriction at 

different gestational ages. 

 
Strengths and limitations 

The rabbit model described in this project may have several advantages 

compared to previously used models of intrauterine growth restriction.  Firstly, the 

model allows adjusting the timing and the severity of fetal growth restriction. As 
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illustrated by the progression in biometrical reduction and mortality rates 

observed in our study, different degrees of reduction in the uteroplacental blood 

flow may be achieved with a technically feasible and reproducible surgical 

procedure, which allows establishing comparisons among different severity 

groups

histological markers in this study were used to 

emonstrate that the progressive experimental model described here resulted in 

different histological brain changes, but the study was not designed to draw any 

pathophysiological conclusion on the impact of IUGR on brain injury.  

. Thirdly, although the fetal size in the rabbit does not allow us to place 

vascular catheters or sensors as sheep models [115], it still may allow us to 

perform certain manipulations more easily and reproducibly than in rodents, for 

example obtaining in vivo fetal biological samples or performing Doppler 

investigations [116]. Finally, the rabbit model may present some advantages with 

respect to other models to evaluate the impact of intrauterine growth restriction in 

basic aspects of brain development and maturation. Similar to humans, rabbits 

start the maturation process of white matter in the last period of pregnancy and 

continues postnatally [51] while in lambs and rodents such maturation occurs 

predominantly in fetal or postnatal life, respectively [52].   

Our study has some limitations. Firstly, as previously mentioned, the high 

mortality rate in the more severe occlusion groups reduces the number of fetuses 

available for analysis and it may have biased our results, since biometrical and 

immunohistochemical measurements could only be performed in the surviving 

fetuses. Secondly, although S100� has been described as a serological marker 

of brain damage, it is unclear whether and how chronic hypoxia could modulate 

S100� expression. Brain 

d
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Conclusion

In conclusion, selective ligature of uteroplacental vessels in the pregnant 

rabbit may be used to create a gradable model of fetal growth restriction that 

reproduces in a progressive manner different clinical manifestations of the human 

condition. In addition, this model demonstrated that changes in the severity and 

the onset of placental insufficiency produces different patterns of histological 

changes in fetal brain. 
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6.4. Project 3: Neurobehavioral and neurostructural effects of IUGR in

neonatal period 

In this project we demonstrated that rabbit model of IUGR was associated 

with brain regional changes in brain diffusivity, which were significantly correlated 

with neurobehavioral impairments. To the best of our knowledge, this is the first 

study that demonstrates that chronic reduction of uteroplacental blood flow in an 

animal model produces changes in brain diffusivity and in neurobehavioural 

function. 

 

Neonatal neurobehavior 

 It is well-known that IUGR in humans is associated with neonatal 

neurodevelopmental dysfunctions [4, 5], being attention, habituation, regulation of 

state, motor and social-interactive clusters the most affected [5]. In a similar 

manner, growth restricted rabbit pups in this model showed weakened motor 

activity and olfactory function, which is their principal way of social interactions 

[117]. These findings reinforce previous evidence suggesting the capability of this 

animal model to reproduce features of human IUGR [47, 116]. Previous studies 

suggested the ability of the rabbit model to illustrate the neonatal effects of acute 

severe prenatal conditions. Thus, hypoxic-ischemic injury and endotoxin 

exposure produce hypertonic motor deficits [54, 74], reduced limb movement [75] 

and olfactory deficits [76] in this model. The present study demonstrates that 

selective ligature of uteroplacental vessels is suitable to reflect the 

neurodevelopmental impact of mild and sustained reduction of placental blood 

flow occurring in IUGR. These results illustrate a more general concept that lower 

animal species are also susceptible of developing brain reorganization in utero, 
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and therefore they are suitable models to assess the chronic effects of adverse 

intrauterine environment on brain development. 

y challenge the ability to find obvious differences between groups. With 

the purpose of detecting subtle changes we used high-resolution MRI acquisition 

rations. This approach allows revealing submillimetric 

Diffusion MRI analysis

Changes in brain diffusivity and anisotropy have previously been reported 

after acute severe hypoxic experimental conditions in adults [68] and developing 

brain [118]. However, placental insufficiency results in mild and sustained injury, 

which ma

in fixed whole brain prepa

tissue structure differences, particularly in the GM, which are difficult to detect in 

vivo [72].   Regional analysis of diffusivity parameters may provide information of 

the anatomical pattern of brain microstructural changes in IUGR. Manual brain 

segmentation is a standard approach to found differences between brain regions. 

However, as shown in previous studies, this approach has limitations in small 

structures, due to the difficulty in obtaining accurate delineations [119] and to the 

partial volume effects [120]. Since these limitations were known, a VBA strategy 

was applied. VBA approach performs the analysis of the whole brain voxel-wise 

avoiding the need of a priori hypothesis or previous delineation [121], and 

allowed to localize regional differences between cases and controls distribution of 

diffusion parameters. 

 

a) Apparent Diffusion Coefficient

ADC is directly related with the overall magnitude of water diffusion, 

typically decreasing as brain maturation occurs [66]. After perinatal acute 
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hypoxic-ischemic event, it shows a dynamic process with a quickly decrease 

followed by a pseudo-normalization to finally increase to higher values than 

ormal [118]. In humans, ADC values have been demonstrated to be increased 

after chronic fetal conditions including IUGR [71] and 

fetal c

statistically significant differences between cases and controls 

n

in multiple brain regions 

ardiac defects [70]. Interestingly, these changes in ADC persist after birth in 

neonates with cardiac anomalies [122, 123].  In animal models, increased ADC 

values have been reported after prenatal acute hypoxic-ischemic injury in 

hypertonic rabbits [55]. In our study, global diffusivity analysis revealed a non-

significant trend for increased ADC in the IUGR group, and when VBA was 

applied, it also did not reveal regional differences between cases and controls 

(Figure 15). The lack of remarkable differences in ADC is possibly a reflection of 

the abovementioned notion that IUGR results in delayed brain maturation and 

reorganization rather than in significant brain injury [33, 124]. However, we could 

not rule out that due to our sample size, our study was underpowered to detect 

such differences.  

Figure 15. Apparent Diffusion Coefficient values: regions showing
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b) Fractional anisotropy  

In growth restricted pups, global decreased FA values were demonstrated 

in both whole brain and WM mask analyses. These findings are similar to those 

observed in acute hypoxic-ischemic injury models [55] and perinatal asphyxia in 

humans [66] demonstrating decreased values in FA particularly in WM areas. 

Aside from acute models, preliminary evidence in neonates with cyanotic 

congenital heart defects suggests also the presence of brain FA changes [122, 

123]. FA indicates the degree of anisotropic diffusion and typically increases in 

WM areas during brain maturation, being closely related with myelination 

processes [66]. After acute hypoxic-ischemic injury in rat pups, decreased values 

of FA have been related with decreased myelin content in WM areas [125]. 

Consistently with decreased FA, our findings demonstrated that IUGR had a 

significant decrease in linearity and a significant increase in sphericity, changes 

that have been related to reduced organization of WM tracts [79]. Therefore, the 

results of the study are consistent with the presence of decreased WM 

m  yelination and brain reorganization after exposure to IUGR in the rabbit model. 

 

Regional analysis of FA distribution revealed that cortical and subcortical 

GM areas were the most altered regions. Cortical changes are a feature of IUGR, 

as suggested by decreased cortical volume [13] and discordant patterns of 

gyrification due to pronounced reduction in cortical expansion in neonates [20] 

and differences in GM brain structure in infants [21] suffering this condition. Our 

results support the notion that these changes are based on microstructural 

differences. In line with this contention, microstructural changes in cortical 

regions have previously been demonstrated in a sheep model of IUGR, including 
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cortica yelin 

sheaths [49]. Importantly, these histological features have been shown to 

correlate with decreased FA in cortex [69] and subcortical WM [126].  

Regional analysis also revealed changes in multiple WM structures. The 

most pronounced differences were found in the internal capsule, anterior 

commissure and fimbria of hippocampus. Changes in WM structures have also 

been reported in human fetuses, with increased ADC in pyramidal tract in IUGR 

[71] and increased ADC in multiple WM in areas in fetuses [70] and newborns 

[122, 123] with congenital cardiac defects. Consistently with our results, prenatal 

chronic hypoxia models have demonstrated inflammatory microgliosis, mild 

astrogliosis [127], and a delay in the maturation of oligodentrocytes leading to a 

transient delay in myelination [124]. These changes result in global reduction in 

axonal myelination in absence of overt WM damage [128] which in turn is 

reflected by decreased values of FA [126] as observed in this study. 

 

The evidence of a significant decrease in global and regional analyses of 

FA together with lack of marked changes in ADC could seem inconsistent. 

However, previous evidence indicates that both parameters are actually  

independent [66].  It is known that the FA increase takes place before the 

histologic appearance of myelin [129-131]. The increases in FA in the 

“premyelinating state” could be due to an increase in the number of microtubule-

associated proteins in axons, a change in axon calibre, and a significant increase 

in the number of oligodendrocytes [131]. In rabbits, a rapid increase in immature 

oligodendrocyte density occurs from 29 days of pregnancy to postnatal day +5, 

followed by beginning of myelination around postnatal day +3 [74]. On the other 

l astrogliosis, fragmentation of fibers and thinner subcortical m
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hand, the ADC decrease during bran maturation has been postulated to be due 

to the concomitant decrease in overall water content [130]. Thus, we hypothesize 

that the pattern of changes described in our model with significant decreased FA 

and la

Functional-structural correlates 

Correlation between FA distribution and neurobehavioral function reveals 

different patterns in WM and GM areas. Reductions in FA values in cortical and 

subcortical GM areas showed high correlations with functional impairment. 

Among GM affected regions, the hippocampus showed the highest number of 

correlations with neurobehavioral domains. The hippocampus is known for its 

crucial role in cognitive function such as memory and learning. In human IUGR 

neonates, a reduction in neonatal hippocampal volume was associated with poor 

neurofunctional outcomes in neonatal period including autonomic motor state, 

attention-interaction, self-regulation and examiner facilitation [19]. Additionally, 

previous experimental data have demonstrated reduced number of neurons in 

ck of marked changes in ADC could be explained by two mechanisms. 

First, histological changes in brain organization due to “premyelinating state” 

have already appeared in rabbit pups suffering IUGR. Consequently, delayed or 

reduced brain organization occurring in IUGR leads to the decrease in FA values. 

Secondly, as myelin has not appeared in postnatal day+ 1 (in cases nor in 

controls), water content and the restriction to its movement which conditions ADC 

values remains similar in both groups. We acknowledge however that the results 

in ADC could have also been influenced by fixation processes used in this study, 

which decrease water content in a non-homogeneous, and therefore non-

predictable, manner [132].  
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hippocampus [133] and alterations in the dendritic morphology of pyramidal 

neurons [134] after IUGR. These findings support that impaired neurocognition in 

IUGR is mediated by microstructural changes in cortical and subcortical areas 

detectable with diffusion MRI, with hippocampus playing an important role. 

Concerning WM regions, internal capsule, anterior commissure and fimbria of 

hippocampus showed significant correlations with locomotion parameters and 

posture. Interestingly, anterior commissure and fimbria of hippocampus, WM 

structures with significant differences in FA distribution demonstrated by VBA, 

were the WM structures correlated with more altered neurobehavioral items, 

especially locomotion parameters and posture. Of note, these two WM tracks 

connect GM structures that also presented significantly decreased FA 

demonstrated by VBA. Anterior commissure contains axonal tracts connecting 

temporal lobes and fimbria of hippocampus contains efferent fibers from 

ippocampus. Finally, changes in olfactory tract and lateral lemniscus WM tracts, 

ion, were significantly correlated with smelling 

test results. This finding is consistent with previous data demonstrating that 

neurons of the olfactory epithelium in rabbit are sensitive to global acute hypoxia-

ischemia [76].   In summary, this study characterized regional alterations in WM 

diffusion parameters, findings which were in line with GM data and further 

suggest the presence of microstructural regional changes underlying brain 

reorganization in IUGR.  

h

which are closely related with olfact

Strengths and limitations 

Firstly, the absolute values of ADC obtained in this study were lower than 

those previously reported in the neonatal rabbit brain [55, 135]. As 
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abovementioned, that could be explained by the fact that brain fixation decreases 

water content in the brain reducing ADC values [132]. However, in order to 

preserve diffusion contrast we used high b-values as previously suggested [136]. 

In addition, all the brains followed the same fixation process and, theoretically, 

must be affected in a similar way. Secondly, in the global analysis, a FA 

thresholding approach was used to identify the voxels belonging to the WM. 

Although this thresholding has usually been described in order to segment the 

WM in human brains [137], to the best of our knowledge, it has not been defined 

for perinatal rabbit brain. Therefore, different thresholds were analyzed, showing 

that the differences between controls and IUGR are preserved for a wide range of 

values of the FA threshold (Figure 16).  

Figure 16. FA thresholds in the global analysis.

 

 

Thirdly, regional analysis of the images has been performed by means of VBA 

technique in order to overcome manual delineation limitations. However, the use 
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of VBA implies weaker statistical power due to the large number of voxels tested 

[138], increasing type I error rate even after smoothing diffusion related measures 

volumetric maps. Another issue concerning VBA is that the method requires 

registration of all the subjects in the dataset to a template volume, and therefore 

the arbitrary choice of this template could bias the results [138]. To avoid such a 

bias, the VBA procedure was repeated taking all subjects as template. Similar 

results were obtained with each template, and there was a high consistency 

among repeated tests for the regional changes identified. Finally, this work is 

based on diffusion related parameters, which measure either the amount of 

diffusivity or the anisotropy of the diffusion, but do not provide information about 

diffusion direction and therefore, about the fiber bundles trajectories. Further 

connectivit are identified, 

will permit a better understanding of the consequences of IUGR in the brain 

development. 

Conclusions

In conclusion, we developed a fetal rabbit model reproducing 

neurobehavioral and neurostructural consequences of IUGR. The results 

illustrate that sustained intrauterine restriction of oxygen and nutrient induces a 

complex pattern of maturational changes, in both GM and WM areas, expressed 

in diffusivity changes. The findings of the study reveal in detail the pattern of brain 

microstructural disruptions and their functional correlates in early neonatal life. 

The model here described allowed to characterize the most significantly affected 

gions. These anatomical findings will be of help in future multi-scale studies 

y studies, where WM tracts connecting different areas 

re

designed to provide a more complete picture of the adaptive processes 
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associated with IUGR. Therefore this study contributes to current and future 

research to improve the understanding of the mechanisms underlying abnormal 

neurodevelopment of prenatal origin. 
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7. CONCLUSIONS 

1. Selective ligature of uteroplacental vessels in the pregnant rabbit 

reproduces more closely the features of human intrauterine growth 

restriction -including mortality and the cardiovascular adaptative changes- 

than models based on maternal undernutrition. 

 

2. The gestational age and the proportion of vessels ligated produces gradual 

changes in mortality and biometrical restriction. Likewise, early and late 

growth restriction insults result in different patterns of histological changes 

in the fetal rabbit brain. 

 

3. Intrauterine growth restriction results in a complex regional pattern of 

neurostructural differences as demonstrated by high-resolution MRI global 

and regional diffusion related parameters. Regional changes are present 

already at birth and correlate with specific neurobehavioral changes in 

neonatal life.  
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a b s t r a c t

Objectives: To compare the impact on birth weight, mortality and fetal haemodynamic changes of
selective ligature of uteroplacental vessels vs maternal undernutrition as experimental models of
intrauterine growth restriction in the pregnant rabbit.
Methods: Three groups of NewZealand rabbit fetuses were compared: controls (n ¼ 60), selective ligature
of 40e50% of uteroplacental vessels (n ¼ 38) and 70% diet restriction (n ¼ 19), both starting at 25 days of
gestation. Cardiovascular Doppler evaluation was performed before delivery in a subgroup of fetuses
(15 controls and cases from surgical model and 10 fetuses from the undernutirtion model) before
delivery including: umbilical artery pulsatility index (UAPI), middle cerebral artery pulsatility index
(MCAPI), ductus venosus pulsatility index (DVPI), aortic isthmus pulsatility index (AoIPI), isovolumetric
contraction time, ejection time, isovolumetric relaxation time (IRT), and myocardial performance index.
Fetuses were delivered at 30 days of gestation by caesarean section and biometric measurements were
recorded.
Results: The mortality rate was significantly higher in the surgical group (54.2%) than in the undernu-
trition (5%) and control (14.3%) groups (p < 0.001). Changes of biometrical measurements increased
across experimental groups, being more pronounced in the surgical model. Ultrasound evaluation
demonstrated linear trend for increased values in DVPI (p ¼ 0.003) and AoIPI (p ¼ 0.029), and IRT
(p ¼ 0.003) across study groups, but statistically significant changes were only observed in the surgical
model. No significant differences were observed in the UAPI or MCAPI.
Conclusions: While animal models fail to perfectly reproduce the human condition, selective ligature of
uteroplacental vessels reproduces more closely cardiovascular features observed in human fetuses with
intrauterine growth restriction when compared with undernutrition.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Intrauterine growth restriction (IUGR) due to placental insuffi-
ciency occurs in 7e10% of all gestations [1] and is associated with
an increased risk of stillbirth, perinatal morbidity and neonatal
mortality [2]. The use of animal models is essential to advance in
the pathophysiological understanding of intrauterine growth

restriction, but reproducing the features of the human condition in
an experimental model is challenging.

Animal models described in the literature have preferentially
been based on maternal food restriction or in surgical reduction of
placental mass and/or blood supply [3,4]. Undernutrition models
are easier to implement, but they disregard the role of the placenta
and fail to reproduce the restriction of oxygen supply [5], which is
considered to be among the critical factors in the pathogenesis of
brain injury in IUGR [6]. As an alternative, methods based on liga-
ture of uteroplacental vessels [7,8,9,10,11] are proposed as more
appropriate models to achieve a combined restriction of nutrients
and oxygen, and to better assess the impact of IUGR on fetal and
neonatal brain [7]. The ability of any of the above models to
reproduce the haemodynamic changes observed in human fetuses
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has been poorly documented. In a previous study on guinea pigs,
vascular ligation failed to induce clear changes in the pulsatility
index of the umbilical artery[10], but the presence of differences in
other fetal vessels was not investigated.

In this study, we tested the hypothesis that surgical ligation of
uteroplacental vessels could better reproduce the cardiovascular
Doppler changes described in human fetuses with IUGR than
amodel based on undernutrition.We compared the impact of these
two experimental models on mortality, biometric measurements
and haemodynamic Doppler changes in rabbit fetuses.

2. Material and methods

2.1. Animals

Eighteen white New Zealand pregnant rabbits provided by a certified breeder
were included in the study. Dams were housed for 1 week before surgery in separate
cages on a reversed 12/12 h light cycle, with free access to water and standard rabbit
chow containing 17.7% protein, 3.3% fat and 16% crude fiber (2030 Teklad Global
Rabbit Diet; Harlan Laboratories, USA). Animal handling and all procedures were
performed in accordance with applicable regulations and guidelines and with the
approval of the Animal Experimental Ethics Committee of the University of
Barcelona.

2.2. Surgical model

In order to create the surgical model of fetal growth restriction, 16 dams were
included at 25 days of gestation (term at 31 days). At that time, we performed
ligation of 40e50% of uteroplacental vessels following a previously described
technique [7]. Briefly, prior to surgery tocolysis and antibiotic prophylaxis were
administered. Ketamine 35 mg/kg and xylazine 5 mg/kg were given intramuscularly
for anesthetic induction. Inhaled anesthesia was maintained with a mixture of 1e5%
isoflurane and 1e1.5 L/min oxygen. An abdominal midline laparotomy was per-
formed and the gestational sacs of both horns were counted and numbered. At
random, one hornwas assigned as the case horn and the other hornwas considered
as the control horn (no procedure was performed). In case horn, 40e50% of the
uteroplacental vessels of all gestational sacs were ligated. Ligatures were performed
with silk sutures (4/0). During the procedure only the manipulated sac was exteri-
orized and the remainder was kept inside the abdomen. The exteriorized sac was
continuously rinsed with warm ringer lactacte solution. After the procedure the
abdomen was closed in two layers with a single suture of silk (3/0). Postoperative
analgesia was administered and animals were again housed and well-being was
controlled each day. After surgery, animals were allowed free access to water and
standard chow for 5 days until delivery.

2.3. Undernutrition model

In order to create the undernutritionmodel, 2 dams were included. At 25 days of
gestation, a sham-surgery following the surgical protocol previously described was
performed. Briefly, after the abdominal midline laparotomy, the gestational sacs of
both horns were counted and numbered. Then, both uterine horns were placed back
into the abdominal cavity and abdomen was closed in two layers with a single silk
suture (3/0). Postoperative analgesia was administered and animals were again
housed and well-being was controlled each day. After surgery, severe undernutri-
tion was induced by restricting 70% of the normal diet (45 g/day of standard chow)
for 5 days until delivery.

2.4. Ultrasound evaluation

Ultrasound evaluation (US) was performed in one case fetus and in one control
fetus of each dam of the surgical model and in 5 fetuses of each dam of the
undernutrition model, using a Siemens Sonoline Antares (Siemens Medical Systems,
Malvern, PA, USA) with a 14e10 MHz linear probe. For technical reasons, data from
one malnourished fetus was not available. The US examination was performed
under the same anesthetic procedure placing the probe directly on the uterine wall
before fetal extraction at the time of the caesarean section (Fig. 1). The angle of
insonation was <30� in all measurements and a 70 Hz high pass filter was used to
avoid slow flow noise. Fig. 2 shows the parameters included in the US evaluation: (i)
the abdominal perimeter measured in a transverse view of the fetal abdomen at the
level of the intrahepatic umbilical vein; (ii) the umbilical artery pulsatility index
(UAPI) was calculated in a free-floating portion of the umbilical cord; (iii) the middle
cerebral artery pulsatility index (MCAPI) was measured in a transverse view of the
fetal skull at the level of the circle of Willis; (iv) the ductus venosus pulsatility index
(DVPI) was obtained in a midsagittal or transverse section of the fetal abdomen
positioning the Doppler gate at its isthmic portion; (v) the aortic isthmus pulsatility
index (AoIPI) was also obtained in a sagittal view of the fetal thoraxwith a clear view
of the aortic arch, placing the sample volume between the origin of the last vessel of

the aortic arch and the aortic joint of the ductus arteriosus; and, (vi) the myocardial
performance index (MPI) was evaluated in the left fetal cardiac ventricle, as previ-
ously described [12]. Briefly, Doppler sample volume was placed on the lateral wall
of the ascending aorta in an apical 4-chamber view. The time-periods were then
estimated as follows: isovolumetric contraction time (ICT) from the closure of the
mitral valve to the opening of the aortic valve, ejection time (ET) from the opening to
the closure of the aortic valve, and isovolumetric relaxation time (IRT) from the
closure of the aortic valve to the opening of the mitral valve (Fig. 2). The final MPI
was calculated as: (ICT þ IRT)/ET.

2.5. Sample collection and processing

Following US examination, caesarean section was performed at 30 days of
gestation. Living and stillborn fetuses were identified. After delivery, all living
newborns and their placentas wereweighed. Crown-rump length, anterior-posterior
cranial diameter and transverse cranial diameterwere alsomeasured in living fetuses.
Cephalic perimeter was calculated as: ((anterior-posterior diameter þ transverse
diameter)/2) � 3.14. Newborns were sacrificed by decapitation and dams by pento-
barbital 200 mg/kg injection. The brains of all case newborns (surgical and under-
nutrition models) and one control newborn of each dam of the surgical model
selected at randomwere collected and weighed.

2.6. Statistical analysis

Nominal variables were analyzed by the Pearson c2 test. For quantitative vari-
ables, normalitywas assessedby the Shapiro-FranciaW0 test [13]. Normal-distributed
quantitative variables were analyzed by one-way ANOVA. Additionally, a linear
polynomial contrast was used to analyze linear trends across the experimental
groups, where the weighted p value was considered. Non-normal-distributed vari-
ables were analyzed with the non-parametric KruskalleWallis test. The software
SPSS 15.0 (SPSS Inc., Chicago, IL, USA) was used for the statistical analysis.

3. Results

There were no surgical or postoperative complications in the
18 dams included. A total of 153 fetuses were obtained (70 controls
and 83 ligated fetuses) in the surgical group, 98 of which were alive
at delivery (60 controls and 38 ligated fetuses) while a total of 20
fetuses were obtained in the undernutrition group, 19 being alive at
delivery.

Table 1 depicts themortality and biometric outcome of the study
groups. Overall, the fetalmortality rate in controlswas 14.3% (n¼10/
70), with no significant differences when compared with the
undernutrition group which showed a mortality rate of 5% (n ¼ 1/
20). On the contrary, the ligature group showed a significantly
highermortality rate (54.2% (n¼45/83)) than the control (p<0.001)
and the undernutrition (p < 0.001) groups. Neonatal weight and
length, cephalic perimeter and brainweight decreased significantly
across the experimental groups (control, undernutrition and

Fig. 1. Ultrasound evaluation at the time of caesarean section. The uterine horn is fixed
and the linear probe is placed directly on the uterine wall.

E. Eixarch et al. / Placenta 32 (2011) 304e309 305



Author's personal copy

Fig. 2. Biometric and Doppler measurements. (a) abdominal perimeter measured in a transverse view of the fetal abdomen, (b) UAPI obtained in a free-floating portion of the
umbilical cord, (c) MCAPI obtained in a transverse view of the fetal skull at the level of the circle of Willis; (d) DVPI acquired in a midsagittal section of the fetal abdomen (e) AoIPI
obtained in a sagittal view of the fetal thorax; (f) MPI evaluated in an apical 4-chamber view.

Table 1
Mortality and biometric measurements in experimental groups.

Parameter Control (n ¼ 60) Undernutrition (n ¼ 19) Ligature (n ¼ 38) Linear trend Control vs under Control vs ligature

Mortality rate 14.3 (10/70) 5.0 (1/20) 54.2 (45/83) <0.001 n.s. <0.001
Neonatal weight (g) 45.9 (8.5) 37.9 (9.7) 33.2 (9.5) <0.001 0.003 0.000
Placental weight (g) 6.8 (1.8) 5.3 (1.1) 6.1 (1.8) n.s. 0.006 n.s.
Crown-rump length (mm) 9.52 (0.99) 9.16 (0.87) 8.84 (1.16) 0.002 n.s. 0.006
Cephalic perimeter (mm) 8.08 (0.57) 7.75 (0.84) 7.43 (0.65) <0.001 n.s. 0.000
Brain weight (g) 1.45 (0.14) 1.38 (0.16) 1.28 (0.15) 0.002 n.s. 0.001
Brain/neonatal weight ratio 0.020 (0.004) 0.038 (0.008) 0.037 (0.006) 0.004 0001 0.001

Values are mean and standard deviation (mean (sd)) or rate (%(n/total)). g: grams; mm: millimetres.
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ligature). Placental weight was significantly different in the under-
nutrition model and did not show a linear decrease among experi-
mental groups.

Table 2 and Fig. 3 depict the ultrasound and Doppler parameters
obtained in the experimental groups. DVPI and IRT were signifi-
cantly different and changed across the experimental groups.
However, only ligature group showed significant changes when
compared with control (p ¼ 0.009 and p ¼ 0.008, respectively).
Similarly, AoIPI showed a significant increase through the study
groups (p ¼ 0.029). However, neither the undernutrition nor the
ligature group significantly differed from the control group. In the
same way, UAPI and MCAPI did not show significant differences
between groups.

4. Discussion

The results of this study show that both surgical and undernu-
trition models in the pregnant rabbit result in a reduction of
biometric parameters, although only selective ligature of utero-
placental vessels was associated with an increase in fetal mortality.
In agreement with the hypothesis of the study, surgical ligationwas
associated with remarkably more pronounced changes in cardio-
vascular Doppler parameters. Interestingly, subjects exposed to
undernutrition displayed trends for abnormal cardiovascular
parameters, which are further discussed later in this section.

Selective ligature of uteroplacental vessels has previously been
used in rabbits [7,8,9], guinea pigs [10] and rats [11]. In rabbits, this
model results in a reduction in fetal weight, increasedmortality and
astrocytic changes in the brain [7,8]. Undernutrition has mainly
been reported in rodents by means of either caloric restriction or
low-protein diet leading to a decrease in birth weight [4]. We found
that both experimental models resulted in a significant reduction in
fetal weight, with lower values in the surgical model. In keeping
with previously reported data [4], maternal food restriction did not
increase fetal mortality. This finding supports the notion that
hypoxia is an essential mechanism in the cascade of events leading
to the increased risk of fetal death in IUGR [14].

In this study both of the two evaluated experimental models
failed to induce changes in umbilical artery (UA) Doppler. This
observation is in line with a previous study in Guinea pigs [10]. In
humans, increased pulsatility index in the UA is thought to result
from profound changes in placental vasculature, including
a reduction of over 30% of the placental mass [15] and severe
vasoconstriction phenomena in the fetal-sided tertiary stemvilli
[16]. Since models based on uteroplacental vessel occlusion do not
alter placental micro-anatomy, the absence of changes in the UA is
not surprising. Indeed, previous experiments in sheep have shown
that only direct embolization of placental tissue from the fetal side
is capable of inducing changes in UA Doppler [17,18,19].

In contrastwith the observations in theUA, experimental growth
restriction was associated with changes in fetal cardiovascular

functionparameters, particularly in the ductus venosus. This venous
vessel has a central role in regulating the distribution of oxygen and
nutrients in fetal life [20] and has been anatomically demonstrated
in several species [21] including rabbits [22]. In IUGR, ductus
venosus flow velocity during atrial contraction is progressively
reduced as hypoxemia and acidemia progress, with a consequent
increase inpulsatility index [23]. In addition, therewas a remarkable
increase in isovolumetric relaxation time (IRT), with increasing
values in the study groups. IRT is used in the calculation of the
myocardial performance index (MPI) in fetuses and is an early
marker of fetal cardiac dysfunction [24]. ConcerningMPI, which has
been reported to be increased in IUGR fetuses [7], we could only
demonstrate a non-significant trend for increased values. We
hypothesize that the lack of significance may have been due to
sample size restrictions. Overall, changes in cardiovascular Doppler
were substantially more pronounced and statistically significant in
the surgical ligation group. However, the undernutritionmodel was
associated with a trend for increased values in IRT. This observation
should be confirmed in a large sample size, although thefindings are
in line with previous data demonstrating postnatal changes in
cardiac structure and hypertension in the offspring of rats exposed
to undernutrition during pregnancy [25,26,27]. In conclusion, while
we cannot exclude a modest effect of undernutrition on cardiac
function parameters, uteroplacental vessel ligation induced
pronounced cardiovascular Doppler changes supporting the suit-
ability of this experimental model for future research on cardiac
dysfunction in IUGR.

Increased values of the aortic isthmus pulsatility index across
the study groups were demonstrated in this study, with more
pronounced differences being observed in the surgical model. The
aortic isthmus plays an important role in redistributing blood flow
to the brain under hypoxic conditions [28]. The aortic isthmus
pulsatility index has been demonstrated to increase as placental
insufficiency progresses in growth restricted fetuses [29] and this
has been correlated with abnormal postnatal neurodevelopment
[30,31]. Our findings are consistent with previous data reporting
changes in maturation of cortical astrocytes [8] and in S100b
expression [7] in rabbit models of fetal growth restriction.
However, neither model was associated with Doppler changes in
the middle cerebral artery (MCA). Interestingly, both undernutri-
tion and ligature models resulted in an increased brain/neonatal
weight ratio, that could be related with redistribution of blood flow
to maintain the development of the brain. In human fetuses with
IUGR, the key sign to identify cerebral blood flow redistribution is
a reduction in the pulsatility index in the MCA and this sign has
been found to be associated with impaired cognitive function at
5 years of age [32]. The lack of changes in fetal rabbits could be due
to fundamental differences with human fetuses. However, since
ultrasound examinations were done under anesthetic drugs, which
are associated with brain vasodilatation [33], we cannot exclude
a systematic bias induced by the experimental setting.

Table 2
Ultrasound parameters in experimental groups.

Parameter Control (n ¼ 15) Undernutrition (n ¼ 9) Ligature (n ¼ 15) Linear trend Control vs under Control vs ligature

Abdominal perimeter (mm) 79.0 (5.5) 70.4 (5.5) 68.3 (8.8) 0.004 0.031 0.006
Umbilical artery pulsatility index 1.9 (0.5) 1.8 (0.5) 1.9 (0.4) n.s. ns ns
Middle cerebral artery pulsatility index 1.1 (0.3) 1.2 (0.4) 1.0 (0.2) n.s. ns ns
Ductus venosus pulsatility index 0.8 (0.3) 0.9 (0.1) 1.3 (0.7) 0.003 ns 0.009
Aortic isthmus pulsatility index 3.0 (0.5) 3.5 (1.3) 3.8 (1.2) 0.029 ns ns
Isovolumetric contraction time (ms) 25.5 (9.5) 29.1 (6.3) 25.5 (8.1) n.s. ns ns
Isovolumetric relaxation time (ms) 38.1 (7.7) 42.0 (8.5) 50.1 (12.4) 0.003 ns 0.008
Ejection time (ms) 149.2 (220.6) 150.6 (11.6) 155.9 (21.8) n.s. ns ns
Myocardial performance index 0.44 (0.10) 0.48 (0.07) 0.49 (0.08) n.s. ns ns

Values are mean and standard deviation (mean (sd)). mm: millimetres; ms: milliseconds.
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This study has some limitations and technical considerations.
The high mortality rate in the ligature group may have biased our
results, since biometric and ultrasound evaluations could only be
performed in the surviving fetuses. However, it is likely to be
a conservative bias as only the less affected fetuses would have
been analyzed, attenuating the differences between groups. As
discussed above, all ultrasound examinations were done under
anesthetic conditions that produce haemodynamic changes in
rabbit brain [33], and we cannot exclude that this may have pre-
vented the observation of differences in fetal Doppler brain
parameters. In this study we used pregnant rabbits, which have
been proposed as suitable models to study intrauterine growth
restriction [9]. The rabbit presents characteristics that confer some
advantages when compared with other models: the placenta is
discoid, villous, and hemodichorial [34] and the fetal size may
facilitate obtaining fetal biological samples in vivo [35] and ultra-
sound biometric [36] and Doppler investigations [37]. As a trade-
off, the pregnant rabbit model is limited with respect to rodent
models regarding to the availability of commercial kits for molec-
ular or genomic studies which might constitute a limitation for
certain types of studies.

5. Conclusion

Selective ligature of uteroplacental vessels in the pregnant
rabbit partially reproduces the haemodynamic features of IUGR of
human fetuses, particularly with regards to changes in cardiovas-
cular function. In this respect, this model seems to be a better
approach to mimic the human condition than undernutrition
models.
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tive ligature of uteroplacental vessels in the pregnant rabbit 
results in a gradual model of growth restriction in terms of 
mortality, biometrical restriction and histological brain 
changes.  Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 Intrauterine growth restriction (IUGR) due to placen-
tal insufficiency is associated with an increased preva-
lence of mortality and neurological injury  [1–3] . The 
pathophysiological pathways leading to these adverse 
outcomes remain poorly understood. Although repro-
ducing the features of the human condition in an experi-
mental model is challenging, the use of animal models is 
essential to improve our understanding of the mecha-
nism of key events.

  The rabbit model has previously been used to study 
IUGR  [4]  and acute perinatal brain damage  [5–7] . It is an 
inexpensive and readily available animal model which 
presents features that may have some advantages when 

 Key Words 
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 Abstract 

  Introduction:  To describe an animal model of growth re-
striction based on selective ligature of uteroplacental ves-
sels in the pregnant rabbit.  Material and Methods:  Two ex-
perimental protocols (+21 and +25 days of gestation) with 
three groups were defined: controls, mild (20–30%) and se-
vere (40–50%) uteroplacental vessel ligature. Fetuses were 
delivered 120 h after the procedure by cesarean section. Bio-
metrical measurements were carried out. Brains were ob-
tained and glial response and cell proliferation were studied 
by S100 �  and Ki-67 immunohistochemistry.  Results:  Mortal-
ity rate and biometrical restriction increased across experi-
mental groups according to the time and severity of the pro-
cedure. S100 �  expression was significantly higher in the
severe reduction group at 25 days. Ki-67 expression was sig-
nificantly higher in the mild reduction group at 21 days and 
in the severe reduction group at 25 days.  Discussion:  Selec-
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compared to other models used to investigate fetal growth 
restriction, such as rats or sheep. Similar to humans, the 
placenta of the rabbit is discoid, villous, and hemocho-
rial  [8] . Furthermore, rabbits resemble humans more 
closely than other species in terms of the timing of peri-
natal brain white matter maturation  [5] . As in humans, 
brain maturation begins in the intrauterine period and 
continues during the first years of life  [9] .

  Several induction methods have been previously re-
ported in the literature. The rabbit provides a natural 
model of IUGR based on fetal position within the uter-
us, but with an uncontrollable and mild effect on birth 
weight  [10–16] . Food restriction models do not decrease 
fetal oxygen supply, which may be a critical factor in the 
pathogenesis of brain injury  [17] . Uteroplacental embo-
lization  [18, 19]  and bilateral uterine artery ligature  [20]  
result in massive, nonpredictable reductions of placental 
blood supply  [21] . A systematic review of the latter tech-
nique concludes that it lacks efficacy in reproducing the 
growth restriction in the offspring  [22] . Selective liga-
ture of the uteroplacental vessels has been used to pro-
duce growth restriction in guinea pigs and rabbits  [4, 
23] . However, the effects on the key events of IUGR, that 
are mortality and brain injury, of different timings of 
intervention and proportions of vessels ligated are un-
known.

  Some markers of brain injury secondary to chronic 
hypoxia are available for animal experimentation. S100 �  
is a calcium-binding protein which is mainly present in 
the cytosol of glial cells of the central and peripheral ner-
vous system  [24] . In vitro studies have demonstrated that 
S100 �  is actively secreted by astrocytes under hypoxic 
conditions  [25] , and serum levels of this protein are in-
creased in several forms of brain injury. Thus this param-
eter has been suggested as a biochemical marker of brain 
damage  [26] . Ki-67 is a nuclear protein that is expressed 
by proliferating cells  [27] . Changes in cell proliferation in 
the central nervous system (CNS) have been previously 
described in response to either acute  [28, 29]  or chronic 
hypoxic damage  [30] .

  The aim of this study was to develop a gradable model 
of fetal growth restriction based on selective ligature of 
uteroplacental vessels in the pregnant rabbit. We com-
pared the effects of different timings of intervention and 
proportions of vessels ligated in terms of fetal mortality, 
biometrical restriction and histological markers of brain 
injury.

  Material and Methods 

 Animals 
 Thirty-three pregnant New Zealand White pregnant rabbits 

were provided by a certified breeder. Before surgery, dams were 
housed for 1 week in separate cages on a reversed 12/12 h light cycle, 
with free access to water and standard chow. Animal handling and 
all procedures were performed in accordance with applicable regu-
lations and guidelines, and with the approval of the Animal Ex-
perimental Ethics Committee of the University of Barcelona.

  Two experimental protocols were defined according to the 
gestational age at the time of the surgical procedure (21 days (21D) 
or 25 days of gestation (25D)), designating the day of mating as 
day 0 of pregnancy. These 2 days match with the different stages 
of CNS development in rabbit  [31] . Additionally, complete organ-
ogenesis has been achieved at 19.5 days of gestation  [32] . Within 
each experimental protocol (21D and 25D), two experimental 
groups were created: ligature of 20–30% of uteroplacental vessels 
(mild reduction) and ligature of 40–50% of uteroplacental vessels 
(severe reduction). For each dam, all gestational sacs of one uter-
ine horn were treated, and all fetuses from the other horn were 
used as sham controls. Thus, a total of six study groups resulted 
for comparisons, 21D (controls, mild and severe reduction) and 
25D (controls, mild and severe reduction). Allocation of dams to 
the different protocols and experimental groups was performed 
at random, using the SPSS 14.0 statistical package (SPSS, Inc., 
Chicago, Ill., USA).

  Surgical Procedure 
 Prior to surgery, progesterone 0.9 mg/kg was administered in-

tramuscularly for tocolysis. A peripheral ear venous catheter was 
placed, and antibiotic prophylaxis (penicillin G, 300,000 IU) was 
administered. Ketamine 35 mg/kg and xylazine 5 mg/kg were giv-
en intramuscularly for anesthetic induction. Inhaled anesthesia 
was maintained with a mixture of 1–5% isoflorane and 1–1.5
l/min oxygen. Maternal heart rate, oxygen saturation, central 
temperature and blood pressure were monitored during the pro-
cedure (Pluto Veterinary Medical Monitor; Bionics Corp.). An ab-
dominal midline laparotomy was performed and both uterine 
horns were exteriorized. Gestational sacs of both horns were 
counted and numbered and each fetus was identified taking into 
account the fetal position within the bicornuate uterus. The fetus 
at the ovarian end was considered to be the first fetus. At random, 
one horn was assigned as the case horn and the other horn was 
considered as the control horn (no procedure was performed). In 
the case horn, part of the uteroplacental vessels of all gestational 
sacs were ligated in a proportion of 20–30 or 40–50%, according 
to the experimental group previously allocated. Ligatures were 
performed with silk sutures (4/0) ( fig. 1 ). The exteriorized sacs 
were continuously rinsed with warm Ringer lactacte solution. Af-
ter the procedure the abdomen was closed in two layers with a 
single suture of silk (3/0). Animals were kept under a warming 
blanket until they awoke and became active, and received intra-
muscular meloxicam 0.4 mg/kg/24 h for 48 h, as postoperative 
analgesia. The animals were again housed and their well-being 
was controlled daily.

  Sample Collection and Processing 
 A cesarean section following the anesthetic protocol previous-

ly described was performed to obtain and identify all fetuses. In 
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previous procedures, it was attempted to perform cesarean sec-
tion at term in the 21D group, but none of the procedures were 
successful in both mild and severe groups with a mortality rate of 
100% in case fetuses (data not shown). Therefore, a 120-hour pe-
riod of injury was defined for both the 21D and 25D group and 
cesarean section was performed on day +26 or +30 in relation to 
the group.

  A cesarean section was performed under the same anesthetic 
procedure 120 h after surgery, on day +26 in the 21D protocol or 
on day +30   in the 25D protocol. Living and stillborn fetuses were 
identified. After delivery, all living newborns and their placentas 
were weighed. Crown-rump length, anterior-posterior cranial di-
ameter and transverse cranial diameter were measured. New-
borns were sacrificed by decapitation and dams by a pentobarbital 
200 mg/kg injection. Within each dam, the brains of all case new-
borns and 1 control newborn selected at random were collected, 
weighed and fixed with 4% paraformaldehyde phosphate-buff-
ered saline (PBS), for 24 h at 4   °   C. Brain coronal blocks (2 mm) 
were embedded in paraffin and sectioned in 3- to 5- � m coronal 
slides containing the following regions of interest: cortex and bas-
al ganglia (temporal level) and brainstem (at the level of colliculus 
 inferior ). S100 �  protein expression was analyzed immunohisto-
chemically upon formaldehyde-fixed, paraffin-embedded sam-
ples. Briefly, 3- � m sections were obtained, dewaxed and rehy-
drated. Antigen retrieval consisted of incubation in 4 g/l of pepsin 
(Sigma-Aldrich P7012) in 0.01  N  HCl at 37   °   C for 8 min. Sections 
were incubated with the primary antibody (Sigma-Aldrich SH-
B1) at 1/500 1 h at room temperature. Reaction was detected with 
Envision (Dako Cytomation) and developed with 3,3 � -diamino-
benzidine. Sections were lightly counterstained with hematoxy-
lin. For each case, a section of rabbit tongue was equally processed 
as a positive control, and for the negative control the incubation 
with the primary antibody was replaced with PBS. Ki-67 expres-
sion was analyzed immunohistochemically upon formaldehyde-
fixed, paraffin-embedded samples. Paraffin tissue sections were 
incubated with 0.3% H 2 O 2  in methanol in order to quench the 
endogenous peroxidase activity. Unspecific binding of the anti-
body was blocked by incubating the tissue sections with 10% 
sheep serum in TBS. Then, tissue sections were incubated with 
the primary antibody that detects the Ki-67 antigen, monoclonal 
mouse anti-human Ki-67 (clone MIB-1; Dako Cytomation; 1.6 

 � g/ml). Primary antibody was detected with the secondary anti-
body biotinylated horse anti-mouse IgG (H+L) (Vector Laborato-
ries; 5  � g/ml). Sections were lightly counterstained with hema-
toxylin. In the negative control the incubation with the primary 
antibody was replaced with PBS.

  Images were captured and analyzed with ARIOL (automated 
scanning microscope and image analysis system). At least four 
circular areas corresponding to 40 !  were selected in the medial 
area of three brain regions: cortex (including all gray matter lay-
ers, white matter under the cortex and part of the subventricular 
zone), basal ganglia (including thalamus) and brainstem (includ-
ing nucleus pontis and nucleus raphis). Automatic counting of 
positive and negative cells was performed with Multi-Stain High-
Resolution assay. Finally, the ratios of S100 � - and Ki-67-positive 
cells over the total number of cells in the regions of interest were 
calculated.

  Statistical Analysis 
 Qualitative variables were analyzed by Pearson’s  �  2  test. For 

quantitative variables, normality was assessed by the Shapiro-
Francia W �  test  [33] . Normal-distributed quantitative variables 
were analyzed by means of one-way ANOVA. Additionally, a lin-
ear polynomial contrast was used to analyze linear trends across 
the experimental groups, where the weighed p value was consid-
ered. Non-normal distributed variables were analyzed by the non-
parametric Kruskal-Wallis test. SPSS 14.0 software (SPSS, Inc.) 
was used for the statistical analysis.

  Results 

 Of the 33 dams, 7 were excluded for different reasons 
(1 preterm delivery, 1 evisceration, 1 intestinal obstruc-
tion and 4 unexplained deaths), leaving 26 for analysis 
( fig. 2 ). In the 21D protocol a total of 101 fetuses were ob-
tained (36 controls, and 29 and 36 in the mild and severe 
reduction groups, respectively). Of these 101 fetuses, 62 
were alive at delivery (32 controls, 19 mild reduction and 
11 severe reduction). In the 25D protocol a total of 145 
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  Fig. 1.  Description of surgical procedure. Identification of uteroplacental vessels of each placenta ( a ) and selec-
tive ligature of vessels with 4/0 silk suture ( b ). Final appearance of uterine horn with vessel occlusion done ( c ). 
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fetuses were obtained (67 controls, 17 mild reduction and 
61 severe reduction). Of these 145 fetuses, 94 were alive at 
delivery (57 controls, and 15 and 22 in the mild and severe 
reduction groups, respectively).  Figure 2  shows the flow 
of cases in the study.

  Overall, fetal mortality rate in sham controls was 
12.7% (n = 14/110). All experimental groups showed sig-
nificantly higher mortality rates than sham controls ex-
cept for the 25D mild reduction group. There was a linear 
increase in mortality rates across the experimental groups 
when ordered by gestational age and severity (linear-by-
linear p  !  0.001) ( fig. 3 ).

   Table 1  details the biometrical outcome in the study 
groups. Fetal weight, fetal length and brain weight de-
creased significantly across the experimental groups 
(control, mild and severe reduction) both at 21D and 25D. 
Additionally, brain/birth weight ratio increased through-
out the study groups in both 21D and 25D protocols. Pla-
cental weight showed no significant differences among 
experimental groups in either protocol.

  Satisfactory samples for CNS immunohistochemistry 
were retrieved in 16 controls (61.5%) and 54 cases (80.5%). 
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  Fig. 2.  Distribution of rabbits in the experimental groups. 
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  Fig. 3.  Mortality rates (percentage and standard error) across the 
study groups.  *  p  !  0.05 when compared with control group. 
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The main reasons for considering samples unsatisfacto-
ry were tearing during extraction or inadequacy of im-
munohistochemical staining.  Figure 4  displays the re-
sults of the S100 �  expression for each anatomical region. 
No significant differences among study groups were ob-
served in the 21D protocol. In the 25D protocol, the ex-
pression was significantly higher in the severe reduction 
group in cortical and brainstem regions.  Figure 5  shows 
the results of the Ki-67 expression for each anatomical 
region. In the 21D protocol, Ki-67 expression was sig-
nificantly higher in the cortex and brainstem regions of 
the mild reduction group. In contrast, in the 25D proto-

col, Ki-67 expression was significantly higher in the cor-
tex and brainstem regions of the severe reduction group 
( fig. 6 ).

  Discussion 

 Our results show that selective ligature of uteroplacen-
tal vessels in the pregnant rabbit induces different de-
grees of fetal growth restriction associated with progres-
sive increases in mortality and biometrical restriction 
and differences in brain histological response to hypoxia. 
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  Fig. 5.  Ki-67 expression in fetal brain regions in the study groups. Data are mean    8  SE. Percentage of Ki-67-
positive cells in the 21D group (   a ; control n = 8, 20–30% n = 18 and 40–50% n = 9) and 25D group ( b ; control
n = 8, 20–30% n = 15 and 40–50% n = 12).  *  p  !  0.05.   



 Eixarch   /Figueras   /Hernández-Andrade   /
Crispi   /Nadal   /Torre   /Oliveira   /Gratacós    

Fetal Diagn Ther 6

a b

This may provide a guide for next studies to choose the 
model according to the degree of injury intended.

  This model has previously been used by Bassan et al. 
 [4]  in an experimental study to assess the impact of fetal 
growth restriction on renal development. The authors 
used a 20–30% ligature at 25 days of gestation and dem-
onstrated a decrease in biometrical measurements and a 
deleterious effect on kidney development. Partial occlu-
sion of uteroplacental vessels has also been used in guin-
ea pigs, which produced a decrease in body weight and a 

mild increase in umbilical artery resistance, with no dif-
ferences when compared with uterine artery ligation, but 
with lower mortality rate  [23] . In the present study we 
have further developed this experimental approach and 
evaluated the capability of the model to induce different 
degrees of growth restriction by modulating the timing 
and the proportion of vessels ligated. Firstly, we obtained 
a linear decrease in mortality rate across experimental 
groups, suggesting that gestational age and severity of 
blood flow reduction have a key role in fetal survival. Sec-

  Fig. 6.  S100 �  immunohistochemistry. 
Representative images of S100 �  expres-
sion in the brainstem of a case 25D 40–
50% the (     a ) and control 25D ( b ). In both 
pictures, brown cells are those expressing 
S100 �  (black arrowheads) and blue cells 
(white arrowheads) are negative cells. In 
figure 6a there is also an increase in S100 �  
presence in extracellular space. Orig. mag-
nif. 20 ! .             

Table 1. Biometric measurements of fetuses obtained from the different experimental groups

 21D Control
(n = 32)

20–30%
(n = 19)

40–50%
(n = 11)

p Linear
trend

Birth weight, g* 23.184.2 21.583.7 18.285.6 0.008 0.002
Placental weight, g+ 5.381.7 4.481.7 4.682.2 0.261
Crown-rump length, mm* 7.780.5 7.380.5 7.180.6 0.002 0.002
Cephalic perimeter, mm* 6.380.4 6.280.4 6.180.6 0.190 0.074
Brain weight, g* 0.880.07! 0.880.08 0.780.06 0.005 0.007
Brain/birth weight ratio* 0.03280.003! 0.03880.006 0.04480.012 0.004 0.001

25D 
(n = 57)

20–30%
(n = 15)

40–50%
(n = 22)

p Linear
trend

Birth weight, g* 45.588.5 36.488.9 35.488.6 0.000 0.000
Placental weight, g+ 6.582.2 5.582.3 5.982.6 0.108
Crown-rump length, mm* 9.581 9.481.4 8.880.8 0.014 0.004
Cephalic perimeter, mm+ 880.8 7.681.1 7.480.6 0.009
Brain weight, g* 1.480.1! 1.280.1 1.380.1 0.005 0.072
Brain/birth weight ratio* 0.02880.003! 0.03580.007 0.03880.005 0.002 0.001

* Values are mean 8 SD, ANOVA test.
+ Values are median 8 interquartile range, Kruskal-Wallis test.
! Data were available in only 10 fetuses.
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21 days no differences were observed. This could be spec-
ulatively explained by the fact that this protein is a mark-
er of astrocyte maturation during development  [44] . It 
could then be argued that the CNS at an earlier gesta-
tional age has less capability to increase S100 �  expression 
in the presence of an injury. Another explanation could 
be that placental insufficiency at 21 days of gestation in-
duces a transient increase in S100 �  expression that is lat-
er inhibited. Indeed, in vitro studies have demonstrated 
that chronic hypoxia induces a transient increase in 
S100 �  mRNA expression, followed by rapid downregula-
tion with a sustained reduction of protein release  [25] . 
Additionally, no changes were found in the 25D mild re-
duction group. It could be argued that at 25 days of gesta-
tion only severe chronic hypoxia could trigger astrocyte 
response or that mild chronic hypoxia produces a tran-
sient increase of S100 �  that later normalizes.

  Regional changes in proliferation by means of Ki-67 
expression were found in our model: while at 21D only 
the mild occlusion group showed signs of increased pro-
liferation in basal ganglia and brainstem, at 25 days this 
phenomenon was only observed in the severe occlusion 
group in cortex and brainstem. The data support the no-
tion that the impact of chronic hypoxia on brain prolif-
eration may differ depending on gestational age and se-
verity of the insult  [17] . Preterm birth is associated with 
white matter injury and neuronal damage in cortical and 
subcortical areas  [45] . We could hypothesize that, at 21 
days of gestation, mild chronic hypoxia enhances prolif-
eration in order to protect subcortical areas, while severe 
hypoxia inhibits this proliferation. On the other hand, 
cortical neurons are predominantly injured after hypox-
ic insult in term neonates  [17] . Actually, when we ana-
lyzed the stained tissue, we discovered that in most cases 
proliferating cells were found in the subventricular zone 
as reported before  [28–30] . Thus, these differences ob-
served in brain histological changes at different gesta-
tional ages illustrate the potential usefulness of the mod-
el to explore the neurological impact of growth restric-
tion at different gestational ages.

  Our study has some limitations. Firstly, the high mor-
tality rate in the more severe occlusion groups reduces the 
number of fetuses available for analysis. This high mor-
tality may have biased our results, since biometrical and 
immunohistochemical measurements could only be per-
formed in the surviving fetuses. However, it is likely to be 
a conservative bias as only the less affected fetuses would 
have been analyzed, attenuating the differences between 
cases and controls. Secondly, although S100 �  has been 
described as a serological marker of brain damage, it is 

ondly, linear changes in biometric measurements and in 
brain/birth weight ratio were obtained in both protocols, 
21D and 25D, in a similar proportion to those obtained 
in previous studies  [4, 23] . Thus, these results support our 
hypothesis that it is possible to induce a progressive mod-
el of fetal growth restriction. It could be argued that fetal 
position in the uterine horn, which is a ‘natural model’ of 
fetal growth restriction  [10–16] , could influence these re-
sults. However, we have found that in our model, mortal-
ity rate and biometries of growth-restricted fetuses is not 
influenced by uterine position (results not shown).

  The rabbit model described may have several advan-
tages compared to previously used models of IUGR. 
Firstly, the model mimics human pregnancy, since it is 
based on a reduction of placental supply, inducing a com-
bined restriction of oxygen and nutrients. IUGR models 
based on food restriction do not reproduce these condi-
tions as the role of the placenta is not considered  [34] . In 
line with this reasoning, hyponutrition models do not re-
sult in consistent increases in fetal mortality  [35–37] , 
which in humans is a key event in the natural history of 
growth restriction. Secondly, the model allows adjusting 
the timing and the severity of fetal growth restriction. As 
illustrated by the progression in biometrical reduction 
and mortality rates observed in our study, different de-
grees of reduction in the uteroplacental blood flow may 
be achieved with a technically feasible and reproducible 
surgical procedure, which allows establishing compari-
sons among different severity groups. Thirdly, although 
the fetal size in the rabbit does not allow us to place vas-
cular catheters or sensors as in sheep models  [38] , it still 
may allow us to perform certain manipulations more
easily and reproducibly than in rodents, for example ob-
taining in vivo fetal biological samples or performing 
Doppler investigations  [39] . Finally, the rabbit model may 
present some advantages with respect to other models to 
evaluate the impact of IUGR in basic aspects of brain de-
velopment and maturation. Like humans, rabbits show 
an important progression in the maturation of white 
matter during pregnancy that continues postnatally  [5] , 
while in lambs and rodents such maturation occurs pre-
dominantly in fetal or postnatal life, respectively  [40] .

  We assessed histological markers of brain injury and 
proliferation to demonstrate that different timings of in-
tervention and degrees of severity achieved demonstrable 
histological brain changes. Brain damage was evaluated 
by means of S100 �  expression that has been suggested as 
a biochemical marker of brain damage  [26, 41–43] . We 
demonstrated an increase of S100 �  expression in the 25D 
severe reduction group in cortex and brainstem, while at 



 Eixarch   /Figueras   /Hernández-Andrade   /
Crispi   /Nadal   /Torre   /Oliveira   /Gratacós    

Fetal Diagn Ther 8

  1 Marsal K: Intrauterine growth restriction. 
Curr Opin Obstet Gynecol 2002:   14:   127–
135. 

  2 Kady S, Gardosi J: Perinatal mortality and 
fetal growth restriction. Best Pract Res Clin 
Obstet Gynaecol 2004;   18:   397–410. 

  3 Jarvis S, Glinianaia SV, Torrioli MG, Platt 
MJ, Miceli M, Jouk PS, Johnson A, Hutton J, 
Hemming K, Hagberg G, Dolk H, Chalmers 
J: Cerebral palsy and intrauterine growth in 
single births: European collaborative study. 
Lancet 2003;   362:   1106–1111. 

  4 Bassan H, Trejo LL, Kariv N, Bassan M, 
Berger E, Fattal A, Gozes I, Harel S: Experi-
mental intrauterine growth retardation al-
ters renal development. Pediatr Nephrol 
2000;   15:   192–195. 

  5 Derrick M, Luo NL, Bregman JC, Jilling T, Ji 
X, Fisher K, Gladson CL, Beardsley DJ, Mur-
doch G, Back SA, Tan S: Preterm fetal hy-
poxia-ischemia causes hypertonia and mo-
tor deficits in the neonatal rabbit: a model for 
human cerebral palsy? J Neurosci 2004;   24:  
 24–34. 

  6 Drobyshevsky A, Derrick M, Wyrwicz AM, 
Ji X, Englof I, Ullman LM, Zelaya ME, 
Northington FJ, Tan S: White matter injury 
correlates with hypertonia in an animal 
model of cerebral palsy. J Cereb Blood Flow 
Metab 2007;   27:   270–281. 

  7 Tan S, Drobyshevsky A, Jilling T, Ji X, Ull-
man LM, Englof I, Derrick M: Model of cere-
bral palsy in the perinatal rabbit. J Child 
Neurol 2005;   20:   972–979. 

  8 Carter AM: Animal models of human pla-
centation – a review. Placenta 2007;   28:S41–
S47. 

  9 Ballesteros MC, Hansen PE, Soila K: MR im-
aging of the developing human brain. Part 2. 
Postnatal development. Radiographics 1993;  
 13:   611–622. 

 10 Flake AW, Villa RL, Adzick NS, Harrison 
MR: Transamniotic fetal feeding. II. A mod-
el of intrauterine growth retardation using 
the relationship of ‘natural runting’ to uter-
ine position. J Pediatr Surg 1987;   22:   816–
819. 

 11 Thakur A, Sase M, Lee JJ, Thakur V, Buch-
miller TL: Ontogeny of insulin-like growth 
factor 1 in a rabbit model of growth retarda-
tion. J Surg Res 2000;   91:   135–140. 

 12 Thakur A, Sase M, Lee JJ, Thakur V, Buch-
miller TL: Effect of dexamethasone on insu-
lin-like growth factor-1 expression in a rab-
bit model of growth retardation. J Pediatr 
Surg 2000;   35:   898–905. 

 13 Buchmiller-Crair TL, Gregg JP, Rivera FA Jr, 
Choi RS, Diamond JM, Fonkalsrud EW: De-
layed disaccharidase development in a rabbit 
model of intrauterine growth retardation. 
Pediatr Res 2001;   50:   520–524. 

 14 Skarsgard ED, Amii LA, Dimmitt RA, Saka-
moto G, Brindle ME, Moss RL: Fetal therapy 
with rhIGF-1 in a rabbit model of intrauter-
ine growth retardation. J Surg Res 2001;   99:  
 142–146. 

 15 Cellini C, Xu J, Arriaga A, Buchmiller-Crair 
TL: Effect of epidermal growth factor infu-
sion on fetal rabbit intrauterine growth re-
tardation and small intestinal development. 
J Pediatr Surg 2004;   39:   891–897. 

 16 Cellini C, Xu J, Buchmiller-Crair T: Effect of 
epidermal growth factor on small intestinal 
sodium/glucose co-transporter-1 expression 
in a rabbit model of intrauterine growth re-
tardation. J Pediatr Surg 2005;   40:   1892–
1897. 

 17 Rees S, Harding R, Walker D: An adverse in-
trauterine environment: implications for in-
jury and altered development of the brain. 
Int J Dev Neurosci 2008;   26:   3–11. 

 18 Gagnon R, Johnston L, Murotsuki J: Fetal 
placental embolization in the late-gestation 
ovine fetus: alterations in umbilical blood 
flow and fetal heart rate patterns. Am J Ob-
stet Gynecol 1996;   175:   63–72. 

 19 Duncan JR, Cock ML, Loeliger M, Louey S, 
Harding R, Rees SM: Effects of exposure to 
chronic placental insufficiency on the post-
natal brain and retina in sheep. J Neuro-
pathol Exp Neurol 2004;   63:   1131–1143. 

 20 Wigglesworth JS: Experimental growth re-
tardation in the foetal rat. J Pathol Bacteriol 
1964;   88:   1–13. 

 21 Lang U, Baker RS, Braems G, Zygmunt M, 
Kunzel W, Clark KE: Uterine blood flow – a 
determinant of fetal growth. Eur J Obstet 
Gynecol Reprod Biol 2003;   110(suppl 1):S55–
S61. 

 22 Neitzke U, Harder T, Schellong K, Melchior 
K, Ziska T, Rodekamp E, Dudenhausen JW, 
Plagemann A: Intrauterine growth restric-
tion in a rodent model and developmental 
programming of the metabolic syndrome: a 
critical appraisal of the experimental evi-
dence. Placenta 2008;   29:   246–254. 

 References 

unclear whether and how chronic hypoxia could modu-
late S100 �  expression. Brain histological markers in this 
study were used to demonstrate that the progressive ex-
perimental model described here resulted in different 
histological brain changes, but the study was not de-
signed to draw any pathophysiological conclusion on the 
impact of IUGR on brain injury. Thirdly, although the 
availability of commercial kits for molecular or genomic 
studies in rabbits is increasing steadily, we acknowledge 
that the number is still relatively low as compared with 
other models widely used in experimental research such 
as the rat or the mouse, and this might constitute a limi-
tation for certain type of studies.

  In conclusion, selective ligature of uteroplacental ves-
sels in the pregnant rabbit may be used to create a model 
of fetal growth restriction that reproduces in a progres-
sive manner different clinical manifestations of the hu-

man condition, such as fetal mortality and biometrical 
restriction, and results in histological changes in fetal 
brain.

  Acknowledgements 

 The Fetal and Perinatal Medicine Research Group is support-
ed by the Centro de Investigación Biomédica en Red de Enferme-
dades Raras (CIBERER), ISCIII, Spain. This study was supported 
by grants from the Fondo the Investigación Sanitaria (PI/060347) 
(Spain). E.E. was supported by an Emili Letang Fellowship by the 
Hospital Clinic and a grant from the Carlos III Institute of Health 
(Spain) (CM08/00105), F.C. was supported by a grant from the 
Carlos III Institute of Health (Spain) (CM07/00076), E.H.A. by a 
Juan de la Cierva post-doctoral fellowship, I.T. by a Sara Borrell 
post-doctoral fellowship (CD08/00176), and S.O. was supported 
by a Marie Curie Host Fellowship for Early Stage Researchers, 
FETAL-MED-019707-2.
 



 Selective Ligature of Uteroplacental 
Vessels as IUGR Model 

Fetal Diagn Ther 9

 23 Turner AJ, Trudinger BJ: A modification of 
the uterine artery restriction technique in 
the guinea pig fetus produces asymmetrical 
ultrasound growth. Placenta 2009;   30:   236–
240. 

 24 Heizmann CW: Ca 2+ -binding S100 proteins 
in the central nervous system. Neurochem 
Res 1999;   24:   1097–1100. 

 25 Gerlach R, Demel G, König HG, Gross U, 
Prehn J, Raabe A, Seifert V, Kögel D: Active 
secretion of S100 �  from astrocytes during 
metabolic stress. Neuroscience 2006;   141:  
 1697–1701. 

 26 Korfias S, Stranjalis G, Papadimitriou A, 
Psachoulia C, Daskalakis G, Antsaklis A, 
Sakas DE: Serum S100 �  protein as a bio-
chemical marker of brain injury: a review of 
current concepts. Curr Med Chem 2006;   13:  
 3719–3731. 

 27 Mollgard K, Schumacher U: Immunohisto-
chemical assessment of cellular proliferation 
in the developing human CNS using forma-
lin-fixed paraffin-embedded material. J 
Neurosci Methods 1993;   46:   191–196. 

 28 Zaidi AU, Bessert DA, Ong JE, Xu H, Barks 
JD, Silverstein FS, Skoff RP: New oligoden-
drocytes are generated after neonatal hypox-
ic-ischemic brain injury in rodents. Glia 
2004;   46:   380–390. 

 29 Ong J, Plane JM, Parent JM, Silverstein FS: 
Hypoxic-ischemic injury stimulates subven-
tricular zone proliferation and neurogenesis 
in the neonatal rat. Pediatr Res 2005;   58:   600–
606. 

 30 Fagel DM, Ganat Y, Silbereis J, Ebbitt T, 
Stewart W, Zhang H, Ment LR, Vaccarino 
FM: Cortical neurogenesis enhanced by 
chronic perinatal hypoxia. Exp Neurol 2006;  
 199:   77–91. 

 31 Clancy B, Darlington RB, Finlay BL: Trans-
lating developmental time across mamma-
lian species. Neuroscience 2001;   105:   7–17. 

 32 Beaudoin S, Barbet P, Bargy F: Developmen-
tal stages in the rabbit embryo: guidelines to 
choose an appropriate experimental model. 
Fetal Diagn Ther 2003;   8:   422–427. 

 33 Royston P: A pocket-calculator algorithm 
for the Shapiro-Francia test for non-normal-
ity: an application to medicine. Stat Med 
1993;   12:   181–184. 

 34 Huizinga CT, Engelbregt MJ, Rekers-Mom-
barg LT, Vaessen SF, Delemarre-van de Waal 
HA, Fodor M: Ligation of the uterine artery 
and early postnatal food restriction – animal 
models for growth retardation. Horm Res 
2004;   62:   233–240. 

 35 Cappon GD, Fleeman TL, Chapin RE, Hurtt 
ME: Effects of feed restriction during organ-
ogenesis on embryo-fetal development in 
rabbit. Birth Defects Res B Dev Reprod Tox-
icol 2005;   74:   424–430. 

 36 Ergaz Z, Avgil M, Ornoy A: Intrauterine 
growth restriction – etiology and conse-
quences: what do we know about the human 
situation and experimental animal models? 
Reprod Toxicol 2005;   20:   301–322. 

 37 Vuguin PM: Animal models for small for 
gestational age and fetal programming of 
adult disease. Horm Res 2007;   68:   113–123. 

 38 Hermans B, Lewi L, Jani J, De Buck F, Deprest 
J, Puers R: Feasibility of in utero telemetric 
fetal ECG monitoring in a lamb model. Fetal 
Diagn Ther 2008;   24:   81–85. 

 39 Eixarch EH-AE, Figueras F, Gratacos G: Se-
lective ligature of uteroplacental vessels in 
the pregnant rabbit: a novel experimental 
model of intrauterine growth restriction Ul-
trasound Obstet Gynecol 2007;   30:   442–443. 

 40 Rees S, Inder T: Fetal and neonatal origins of 
altered brain development. Early Hum Dev 
2005;   81:   753–761. 

 41 Persson L, Hardemark HG, Gustafsson J, 
Rundstrom G, Mendel-Hartvig I, Esscher T, 
Pahlman S: S-100 protein and neuron-spe-
cific enolase in cerebrospinal f luid and se-
rum: markers of cell damage in human cen-
tral nervous system. Stroke 1987;   8:   911–918. 

 42 Nagdyman N, Komen W, Ko HK, Muller C, 
Obladen M: Early biochemical indicators of 
hypoxic-ischemic encephalopathy after 
birth asphyxia. Pediatr Res 2001;   49:   502–
506. 

 43 Thorngren-Jerneck K, Alling C, Herbst A, 
Amer-Wahlin I, Marsal K: S100 protein in 
serum as a prognostic marker for cerebral in-
jury in term newborn infants with hypoxic 
ischemic encephalopathy. Pediatr Res 2004;  
 55:   406–412. 

 44 Raponi E, Agenes F, Delphin C, Assard N, 
Baudier J, Legraverend C, Deloulme JC: 
S100 �  expression defines a state in which 
GFAP-expressing cells lose their neural stem 
cell potential and acquire a more mature de-
velopmental stage. Glia 2007;   55:   165–177. 

 45 Barrett RD, Bennet L, Davidson J, Dean JM, 
George S, Emerald BS, Gunn AJ: Destruction 
and reconstruction: hypoxia and the devel-
oping brain. Birth Defects Res C Embryo To-
day, 2007;   81:   163–176. 

  





PROJECT 3: 

Neonatal neurobehavior and diffusion MRI 

changes in brain reorganization due to 

intrauterine growth restriction in a rabbit model. 

153





��������	
�

�
�������
����
������������������������������
������������
��������������
��
�����
���
� ��!���
���"������������������
�

##�����"��$�����##
�

�����"��$���%�
�&

'��"�
�()$
& �
�
��"��'��"�


*����(��
& �
�������
����
������������������������������
������������
��������������
��

�����
���
� ��!���
���"������������������
�

�����(��
& �
����
�����������������������������
��
������+ �

����
�$�������'����& 	������ ���"��,�������

-��$���������",�+���
���)�������"
����

���"
����,����"
�������'��

.
)!����& �������
�����������/�������
���
����!���
���"����0�+ �1/�����%���%��
�/���
�
"��


������
/���������������/���
����
������/������������
������%������0�(�1/����2
�����
�

����)����03�'1

'����"& �'�. ��+��&������
���
����!���
���"����0�+ �1����
"��4#567���������
!�����

�����������"��
��!�������������8���������%����
����
�
��$%
�9�(�
��%�������

$�
��������������
���������������
��)�����+ ����
�$����)���"�%
�
�9�:


�
�
��$
����������%��
������!�����
�������
����
������������
��%
����������

�
������������������������%���
�"��
�����"
��%������0���19�(�
���%�����
����)�!��

���
�"���
��
�$�
����������"������"���
��
������
����������
����������������"
�

�)��+ �9

�	(-����� ;<�������'��*����� �&��+ ��!�������"
�����56��
!�=
�������
��

��������)������������>6#467�����
��$��"
�����
��
��������
��������?4���)����

�
�����9�(
��"������
����������
��
��!
�
���
�����"������9��
���
����
"����!��

$
����%
����@6���)��0
�%�@5���)�19�'�$���������)�A5,��
���
��!
�
����
��
���)

������
���
����
���������
�����"�������
��������������
,��$����
������"�%����,

�
��
2�%�����"���),�%�����
�$���
��������"��)���%���,�����"����������������"8����

�!����!9�����
B�
��),��������!
�
�"���
"
��������2
����������!���$
����%
�������

��������
���������"B���������"�
%
9� �����������
�������0%�������
���
��������

��2
�����
������)���1�����������
������%������$���%

���!
�
�����)�
�9��+ ��!��

����"��
��!����������"���)�$���
���
����
����������$
����%��"
����%�����%����9

3�2
�����
������)�����
�
��
�����"�������������$)�0*'1�����
�
�"
�����%���$�
������

�
������������)�����!��
�%�
�,���"�������������,��������,��""�$��������
%$����

"��
2,���$$�"�%$��,�$��%
�,�����%��,�"������%,�%
������
$�����"�
��,���
����

"�%%�����
,���
�����"�$���
,���%����������$$�"�%$��,�%
������
%���"�����������"��)

��"9��
�������*'�"����
��!
�
�"���
��
��!���$���
����"�%
�����
����
��������


��9

�����+�����&��+ ���������"��
��!�����"�%$�
2�$�
�������������
�����������

���
��)�������,�!��"��%�)��$
���$$������
������
���)���
��
����9���������������"��

���
��������
��%���������%��8
�����"����"
���
�����%�������������
��������������


���
������
��
�9

'���'�����& 	���
����	�2��"�

������������


�����%�����

	%%����C��#���
��

'�������'���

�����'%�#������

*���"
�"�*���
���

	������ ���"��,�������

����
�
���
��
!
��& ��������

�

�
$��%
�����'���%)������
���������),�+���
���)�����
������
,�3�"9�@656,�'�������

Powered by Editorial Manager® and Preprint Manager® from Aries Systems Corporation



�9�

�D���%
��9
��9��

��
�������
2$
������
�
��
"����������
���
��)$�2�������
��
����������
�
��$%
�

 �
���)�'����)�
��8)

�������������
�����"������
��������
����
����
,�+���
���)�-��$������� 
�
��,

 
�
��,��!��
�����9

��
���)9���)�
��8)D����
9"�

-
�������
2$
������
����
�
��$%
�,���������%��
���
���$�
�����"������������

�����$$��"������������%���%��
��

�$$��
���
��
!
��&

Powered by Editorial Manager® and Preprint Manager® from Aries Systems Corporation



31 st August 2011 
 
 
To PLoS ONE, 
 
Enclosed please find our manuscript entitled “Neonatal neurobehavior and diffusion MRI 
changes in brain reorganization due to intrauterine growth restriction in a rabbit model” 
which you might want to consider for publication in the Journal. Each author has made 
substantial contributions to the study and has approved the final version of the manuscript. 
 
The study describes the pattern and functional correlates of fetal brain reorganization 
induced by intrauterine growth restriction (IUGR) in a rabbit model. IUGR affects 5-10% of 
all newborns worldwide and it is a well recognized cause of abnormal neurodevelopmental 
outcome during childhood. There is limited understanding of brain organization processes 
occurring under chronic restriction of oxygen and nutrients during intrauterine life.  
 
The study entailed development of a complex experimental setting which combined 
neurobehavioral tests and high resolution diffusion MRI in whole brain preparations. The 
findings demonstrate that IUGR results in a complex pattern of maturational changes in grey 
and white matter areas, as illustrated by voxel based analysis of regional changes in diffusion 
MRI. The results provide new information as to the functional and structural correlates 
occurring in IUGR which will be useful to the understanding of brain reorganization under 
chronic prenatal conditions. In addition, the study provides a new experimental setting to 
develop future studies to test the impact of interventions aimed at improving 
neurodevelopmental outcomes. Finally, the results support the use of diffusion MRI for the 
development of imaging biomarkers of brain reorganization and injury in IUGR and other 
prenatal conditions. 
 
The information included in the manuscript is of interest for scientists working in 
neurobiology and brain development, and in particular to healthcare professionals involved 
in neurodevelopmental aspects and care of fetal and child diseases, including maternal-fetal 
specialists, pediatricians, neurologists, neuropsychologists, and neuroradiologists.  
 
Finally, we would like to suggest Dr. Olivier Baud as Academic Editor, since he is an expert 
in neurodevelopment. 
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 2 

ABSTRACT (<300 words) 1 

BACKGROUND: Intrauterine growth restriction (IUGR) affects 5-10% of all newborns and is 2 

associated with a high risk of abnormal neurodevelopment. The timing and patterns of brain 3 

reorganization underlying IUGR are poorly documented. We developed a rabbit model allowing 4 

neonatal neurobehavioral assessment and high resolution brain diffusion magnetic resonance 5 

imaging (MRI). The aim of the study was to describe the pattern and functional correlates of fetal 6 

brain reorganization induced by IUGR. 7 

METHODOLOGY/PRINCIPAL FINDINGS: IUGR was induced in 10 New Zealand fetal rabbits by 8 

ligation of 40-50% of uteroplacental vessels in one horn at 25 days of gestation. Ten contralateral 9 

horn fetuses were used as controls. Cesarean section was performed at 30 days (term 31 days). At 10 

postnatal day +1, neonates were assessed by validated neurobehavioral tests including evaluation 11 

of tone, spontaneous locomotion, reflex motor activity, motor responses to olfactory stimuli, and 12 

coordination of suck and swallow. Subsequently, brains were collected and fixed and MRI was 13 

performed using a high resolution acquisition scheme. Global and regional (manual delineation and 14 

voxel based analysis) diffusion tensor imaging parameters were analyzed. IUGR was associated 15 

with significantly poorer neurobehavioral performance in most domains. Voxel based analysis 16 

revealed fractional anisotropy (FA) differences in multiple brain regions of gray and white matter, 17 

including frontal, insular, occipital and temporal cortex, hippocampus, putamen, thalamus, 18 

claustrum, medial septal nucleus, anterior commissure, internal capsule, fimbria of hippocampus, 19 

medial lemniscus and olfactory tract. Regional FA changes were correlated with poorer outcome in 20 

neurobehavioral tests. 21 

CONCLUSIONS: IUGR is associated with a complex pattern of brain reorganization already at birth, 22 

which may open opportunities for early intervention. Diffusion MRI can offer suitable imaging 23 

biomarkers to characterize and monitor brain reorganization due to fetal diseases. 24 

 25 

Keywords: brain reorganization; intrauterine growth restriction; animal model; selective ligature; 26 

diffusion MRI; neurobehavior, diffusion tensor imaging (DTI) 27 
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1-INTRODUCTION 1 

Intrauterine growth restriction (IUGR) due to placental insufficiency affects 5-10% of all 2 

pregnancies and induces cognitive disorders in a substantial proportion of children [1]. Reduction of 3 

placental blood flow results in chronic exposure to hypoxemia and undernutrition [2] and this has 4 

consequences on the developing brain [3]. The association between IUGR and short [4,5] and long-5 

term [4,6-12] neurodevelopmental and cognitive dysfunctions has been extensively described. 6 

Additionally, magnetic resonance imaging (MRI) studies have consistently demonstrated brain 7 

structural changes on IUGR [13-17]. Decreased volume in gray matter (GM) [13] and hippocampus 8 

[14], and major delays in cortical development [15] have been reported in neonates, as well as 9 

reduced GM volumes [16] and decreased fractal dimension of both GM and white matter (WM) [17] 10 

in infants. 11 

The development of imaging biomarkers for early diagnosis and monitoring of brain changes 12 

associated with IUGR is among the challenges to improve management and outcomes of these 13 

children. There is a need to improve MRI characterization of the anatomical patterns of brain 14 

reorganization associated with IUGR and to develop specific imaging biomarkers. In spite of 15 

previous studies the timing and pattern of brain abnormalities associated with IUGR is still ill-16 

defined. The acquisition of high resolution MRI images is limited in fetuses and neonates due to size 17 

and motion artefact issues [18,19]. In addition, there is some variability among MRI postnatal 18 

studies, which may be influenced by variations in the case definition used and the postnatal 19 

morbidity associated with IUGR [20]. Notwithstanding their obvious shortcomings, animal models 20 

may overcome some limitations of human studies. Aside from the reproducibility of experimental 21 

conditions, such settings permit performing MRI on isolated whole brain preparations, which allows 22 

increasing substantially the duration of acquisition time and hence, the use of high resolution 23 

acquisition approaches [21]. 24 

Contrary to acute perinatal events, IUGR is a chronic condition that induces brain 25 

reorganization and abnormal maturation rather than gross tissue destruction [22]. Consequently, it 26 

requires the use of MRI modalities allowing to identify subtle changes in brain structure. Among 27 

these, diffusion MRI offers a promising approach to assess abnormalities in brain maturation and 28 
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 4 

develop biomarkers for clinical use [23]. Diffusion MRI measures the diffusion of water molecules in 1 

tissues and obtains information about brain microstructure and the disposition of fiber tracts [24]. 2 

Diffusion MRI has been consistently shown to be highly sensitive to changes after acute hypoxia in 3 

adults [25,26] and developing brain [23,27]. Aside from reflecting acute injury, diffusion MRI 4 

parameters seem to correlate well with brain maturation and organization in fetal and early postnatal 5 

life [23,28]. In addition, preliminary clinical results suggests that diffusion MRI could also be suitable 6 

to detect maturational changes occurring in chronic fetal conditions, including fetal cardiac defects 7 

[29] and IUGR [30]. 8 

In this study we developed a rabbit model allowing to perform neurobehavioral tests and high 9 

resolution diffusion MRI. The fetal rabbit was selected for several reasons. Firstly, selective ligature 10 

of uteroplacental vessels in this model has been demonstrated to reproduce growth impairment and 11 

hemodynamic adaptation as occurring in human IUGR [31-33]. Secondly, the rabbit presents a 12 

human-like timing of perinatal brain WM maturation [34]. Finally, validated tests for the objective 13 

evaluation of neonatal neurobehavior are available [35]. In addition, we developed a protocol to 14 

perform diffusion MRI with long acquisition periods in fixed whole brain preparations. This approach 15 

allowed high resolution images which can reveal submillimetric structures. Such high quality would 16 

be difficult to achieve in vivo due to motion artifacts and limited acquisition times. Moreover, the use 17 

of high angular resolution schemes provides more accurate diffusion related parameters even using 18 

diffusion tensor imaging (DTI) approaches [36]. Since segmentation of anatomic regions in small 19 

developing brains presents substantial challenges [37], we explored a voxel based analysis (VBA) 20 

approach in order to overcome the limitations described for manual delineation. VBA approach 21 

performs the analysis of the whole brain voxel-wise and identifies anatomical areas presenting 22 

differences avoiding the need of a priori hypothesis or previous delineation [38]. The aims of the 23 

study were to describe the anatomical pattern of fetal brain maturation changes as assessed by 24 

MRI, and to establish functional-structural correlates of fetal brain reorganization induced by IUGR. 25 
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 5 

2-MATERIAL AND METHODS 1 

The methodology of the study is shown in Figure 1. Each of the steps of the procedure is detailed in 2 

this section. 3 

2.1-STUDY PROTOCOL AND PROCEDURES 4 

a) Animals and study protocol 5 

 Animal experimentation of this study was approved by the Animal Experimental Ethics 6 

Committee of the University of Barcelona (permit number: 206/10-5440). Animal handling and all the 7 

procedures were performed following all applicable regulations and guidelines of the Animal 8 

Experimental Ethics Committee of the University of Barcelona. The study groups were composed by 9 

10 cases with induced IUGR and 10 sham controls obtained from New Zealand pregnant rabbits 10 

provided by a certified breeder. Dams were housed for 1 week before surgery in separate cages on 11 

a reversed 12/12h light cycle, with free access to water and standard chow. 12 

At 25 days of gestation (term at 31 days), we performed ligation of 40-50% of uteroplacental vessels 13 

following a previously described technique [32]. Cesarean section was performed at 30 days of 14 

gestation and living and stillborn fetuses were obtained. At postnatal day +1, neurobehavioral 15 

evaluation was performed and afterwards neonates were sacrificed. Then, brains were collected 16 

and fixed with 4% paraformaldehyde phosphate-buffered saline (PBS). 17 

b) Surgical model 18 

 Induction of IUGR was performed at 25 days of gestation as previously described [32]. 19 

Briefly, prior to surgery tocolysis and antibiotic prophylaxis were administered. Ketamine 35 mg/kg 20 

and xylazine 5 mg/kg were given intramuscularly for anaesthetic induction. Inhaled anaesthesia was 21 

maintained with a mixture of 1-5% isoflurane and 1-1.5 L/min oxygen. An abdominal midline 22 

laparotomy was performed and the gestational sacs of both horns were counted and numbered. In 23 

one uterine horn, 40-50% of the uteroplacental vessels of all gestational sacs were ligated. 24 

Ligatures were performed with silk sutures (4/0). During the procedure only the manipulated sac 25 

was exteriorized and the remainder was kept inside the abdomen. The exteriorized sac was 26 

continuously rinsed with warm ringer lactacte solution. After the procedure the abdomen was closed 27 
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 6 

in two layers with a single suture of silk (3/0). Postoperative analgesia was administered and 1 

animals were again housed and well-being was controlled each day. After surgery, animals were 2 

allowed free access to water and standard chow for 5 days until delivery. 3 

 Cesarean section was performed at 30 days of gestation and living and stillborn fetuses 4 

were obtained. Dams were sacrificed by pentobarbital 200 mg/kg injection. After delivery, all living 5 

newborns were weighed and identified by ear punching. 6 

c) Neurobehavioral test 7 

 Neurobehavioral evaluation was performed at postnatal day +1 following methodology 8 

previous described by Derrick et al. [35]. For each animal, the testing was videotaped and scored on 9 

a scale of 0–3 (0, worst; 3, best) by a blinded observer. Locomotion on a flat surface was assessed 10 

by grading the amount of spontaneous movement of the head, trunk, and limbs. Tone was assessed 11 

by active flexion and extension of the forelimbs and hindlimbs (0: No increase in tone, 1: Slight 12 

increase in tone when limb is moved, 2: Marked increase in tone but limb is easily flexed, 3: 13 

Increase in tone, passive movement difficult, 4: Limb rigid in flexion or extension). The righting reflex 14 

was assessed when the pups were placed on their backs and the number of times turned prone 15 

from supine position in 10 tries was registered. Suck and swallow were assessed by introduction of 16 

formula (Lactadiet with omega 3; Royal Animal, S.C.P.) into the pup’s mouth with a plastic pipette. 17 

Olfaction was tested by recording time to aversive response to a cotton swab soaked with pure 18 

ethanol. After neurobehavioral evaluation, neonates were sacrificed by decapitation after 19 

administration of Ketamine 35 mg/kg given intramuscularly. Brains were collected and fixed with 4% 20 

paraformaldehyde phosphate-buffered saline (PBS), for 24 hours at 4 ºC. 21 

d) Magnetic resonance acquisition  22 

MRI was performed on fixed brains using a 7T animal MRI scanner (Bruker BioSpin MRI 23 

GMBH). High-resolution three-dimensional T1 weighted images were obtained by a Modified Driven 24 

Equilibrium Fourier Transform (MDEFT) 3D sequence with the following parameters: Time of Echo 25 

(TE) = 3.5 ms, Time of Repetition (TR) = 4000 ms, 0.25-mm slice thickness with no interslice gap, 26 

84 coronal slices, in-plane acquisition matrix of 128 x 128 and Field of View (FoV) of 32 x 32 mm2, 27 
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 7 

which resulted in a voxel dimension of 0.25 x 0.25 x 0.25 mm3. Diffusion weighted images (DWI) 1 

were acquired by using a standard diffusion sequence covering 126 gradient directions with a b-2 

value of 3000 s/mm2 together with a reference (b=0) image. Other experimental parameters were: 3 

TR = 26 ms, TE = 250 ms, slice thickness = 0.35 mm with no interslice gap, 60 coronal slices, in-4 

plane acquisition matrix of 46 x 46, FoV of 16 x 16 mm2, which resulted in a voxel dimension of 0.35 5 

x 0.35 x 0.35 mm3. Total scan time for both acquisitions was 14h20m04s. 6 

2.2-MRI PROCESSING AND ANALYSIS 7 

a) Processing of diffusion MRI 8 

As a first step, the brain was segmented from the background. The 126 DWI images were 9 

averaged to generate a high SNR isotropic diffusion weighted image (iDWI) that was used to create 10 

a binary mask to segment the brain from the background, in a similar way as previously described 11 

[39]. In brief, iDWI of each subject was min-max normalized, and non-brain tissue values were 12 

estimated to have values below 5% of the maximum of the iDWI normalized volume. After applying 13 

the threshold, internal holes in the mask were filled by 3D morphological closing and isolated islands 14 

were removed by 3D morphological opening. This mask was used to estimate brain volume and 15 

constrain the area where the diffusion related measures were analyzed. 16 

Tensor model of diffusion MRI was constructed by using MedINRIA 1.9.4 [40] (available at 17 

www-sop.inria.fr/asclepios/software/MedINRIA/). Once the tensors were estimated at each voxel 18 

inside the brain mask, a set of measures describing the diffusion wase computed: apparent diffusion 19 

coefficient (ADC), fractional anisotropy (FA), axial and radial diffusivity and the coefficients of 20 

linearity, planarity and sphericity [24,41]. They are all based on the three eigenvalues of each voxel 21 

tensor (λ1, λ2, λ3). ADC measures the global amount of diffusion at each voxel, whereas axial 22 

diffusivity measures the diffusion along the axial direction, that is, along the fiber direction. On the 23 

other hand, radial diffusivity provides information of the amount of diffusion orthogonal to the fiber 24 

direction. The other parameters are related to the shape and anisotropy of the diffusion. FA 25 

describes the anisotropy of the diffusion, since diffusion in fibers is highly anisotropic its value is 26 

higher in areas where fiber bundles are [24]. Linearity, planarity and sphericity coefficients describe 27 
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the shape of the diffusion; higher values of the linear coefficient indicates that diffusion occurs 1 

mainly in one direction; higher planarity involves that diffusion is performed mostly in one plane, and 2 

higher values of sphericity are related to isotropic diffusion [41]. 3 

b) Global analysis 4 

The parameters described in the previous section were computed at each voxel belonging to 5 

the brain mask, and their value was averaged in the whole brain, in order to perform a global 6 

analysis of the differences between controls and IUGR. 7 

In addition, so as to avoid potential confounding values produced by GM and cerebrospinal 8 

fluid (CSF), a second mask was applied to analyse the changes in the WM. It is known that WM is 9 

related to higher values of FA, and therefore a FA threshold can be defined to identify this kind of 10 

tissue. Thus, masks were built by a set of thresholds ranging from 0.05 to 0.40, and the diffusion 11 

parameters inside these masks were computed. The consistency of the results achieved using the 12 

set of masks was analyzed (Figure 2A). By visual inspection, it was estimated that a threshold of 13 

FA=0.20 allowed to best discriminate the structures of WM in the brains (Figure 2B), and thus, this 14 

threshold was used in further analyses. 15 

c) Regional analysis 16 

Manual delineation 17 

Manual delineation of GM regions of interest (ROIs) was performed in T1 weighted images 18 

including thalamus, putamen and caudate nucleus, prefrontal cortex, cerebellar hemispheres and 19 

vermis structures of each hemisphere. WM ROIs (corpus callosum, fimbria of hippocampus, internal 20 

capsule and corona radiata) were delineated directly in FA map. 21 

GM ROIs were co-registered to DWI by applying a previously calculated affine 22 

transformation of the T1 weighted images to DWI space. Mean diffusion related measures were 23 

obtained including ADC, axial and radial diffusivities, FA, linearity, planarity and sphericity 24 

coefficients. 25 

Voxel based analysis 26 
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 9 

All rabbit brains were registered to a reference brain using their FA volumes [42] by means 1 

of an affine registration that maximized mutual information of volume [43] followed by an elastic 2 

warping based on diffeomorphic demons [44] both available in MedINRIA 1.9.4 software. Registered 3 

volumes were smoothed with a Gaussian kernel of 3 x 3 x 3 voxels (1.05 x 1.05 x 1.05 mm3) in 4 

order to compensate for possible misregistrations, reduce noise and signal variations and reduce 5 

the effective number of multiple comparisons in the statistical testing thus improving statistical 6 

power [45]. 7 

Once the images are aligned to the reference, it can be assumed that the voxels in the same 8 

location in all the registered images belong to the same structure, and therefore, they can be 9 

compared. Voxel-wise t-test was performed, obtaining the voxels with a statistically significant 10 

different distribution of diffusion related parameters between controls and IUGR. Moreover, in this 11 

study, the Pearson correlation between the diffusion parameters and the neurobehavior test 12 

outcome at each voxel was also computed, to identify which regions were related to the observed 13 

changes in neurobehavioral tests. In order to increase the reliability of the results obtained, the 14 

procedure was repeated using all the subjects as the reference in the elastic warping, allowing to 15 

discard variability produced by the arbitrary choice of the reference template. 16 

2.3-STATISTICAL ANALYSIS 17 

Given the absence of preliminary data and the difficulty in estimating the magnitude of 18 

differences, sample size was arbitrarily established at 10 subjects and 10 controls. For quantitative 19 

variables, normality was assessed by the Shapiro-Francia W´ test [46]. Normal-distributed 20 

quantitative variables were analysed by t-test. Non-normal distributed variables were analysed with 21 

the non-parametric Mann–WhitneyU test. Correlation between different variables was assessed by 22 

means of Pearson correlation. In VBA approach, registered and smoothed volumes of FA and ADC 23 

were used to obtain volumetric maps of t-statistics, showing the voxels that presented a significant 24 

difference between groups (uncorrected p<0.01 and p<0.05). In addition, a correlation volume (ρ) 25 

was also calculated for each neurofunctional item, expressing positive and negative Pearson 26 

correlations between FA and neurofunctional outcome. Image analysis and processing was 27 
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 10 

performed by means of in-house software implemented in Matlab 2011a (The Mathworks Inc, 1 

Natick, MA, USA). SPSS 15.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. 2 
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3- RESULTS 1 

3.1-Perinatal data and neonatal neurobehavior  2 

Birth weight was significantly lower in cases than in controls (30.4 ± 12.2 g. vs. 47.0 ± 9.3 g., 3 

p=0.007). Regarding neurobehavioral test, growth restricted pups showed poorer results in all 4 

parameters, reaching significance in righting reflex, tone of the limbs, locomotion, lineal movement, 5 

forepaw distance, head turn during feeding and smelling response (Table 1 and Video S1). 6 

3.2-Brain MRI analysis 7 

MRI analysis revealed significant lower brain volume in growth restricted group (1345 ± 110 8 

mm3 vs. 1211 ± 152 mm3, p=0.037). When brain volume was adjusted by means of the brain/birth-9 

weight ratio, case group showed significantly higher values (29.2 ± 7.9 vs. 39.9 ± 6.5, p= 0.033). 10 

a) Global analysis 11 

Table 2 depicts the results of global analysis of diffusion related parameters. Whole brain 12 

analysis revealed non-significantly higher ADC values and significantly lower FA and linearity values 13 

in the growth restricted group. When the WM mask was applied, FA significantly differed between 14 

cases and controls (Figure 2). Regarding the correlation between neurobehavioral and diffusion 15 

parameters, head turn during feeding was significantly positively correlated with global FA (r=0.545, 16 

p=0.016), maintained when the WM mask was applied (r=0.566, p=0.012) (Table 3). 17 

b) Regional analysis 18 

Manual delineation 19 

ROIs analysis of diffusion parameters only found differences in right fimbria of hippocampus, 20 

showing decreased values of FA in IUGR (p=0.048) (Table S1). 21 

Voxel based analysis 22 

When VBA analysis was applied, statistically significant differences were found in FA 23 

distribution between cases and controls in multiple structures such as different cortical regions 24 

(frontal, insular, occipital and temporal), hippocampus, putamen, thalamus, claustrum, medial septal 25 

nucleus, anterior commissure, internal capsule, fimbria of hippocampus, medial lemniscus and 26 

olfactory tract (Figure 3). Non consistent significant changes were found in ADC (Figure S1). 27 

3.3-Correlation between MRI diffusion and neurobehavioral outcome 28 
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 12 

FA map showed multiple areas correlated with most of neurobehavioral domains, being 1 

posture, locomotion, circular motion, intensity, fore-hindpaw distance and head turn the domains 2 

showing more statistically significant correlated areas (Figure 4 and Table 4). Subcortical GM areas 3 

were mainly significantly correlated with posture, locomotion and head turn and WM structures 4 

essentially with posture and locomotion parameters. Interestingly, hippocampus is the GM structure 5 

that presented more correlations with neurobehavioral domains (locomotion, circular motion, lineal 6 

movement, fore-hindpaw distance and head turn). Within WM structures, both anterior commissure 7 

and fimbria of hippocampus were the areas correlated with a bigger amount of neurobehavioral 8 

items. To be highlighted, olfactory items correlate with very specific areas, including prefrontal and 9 

temporal cortex, caudate nucleus, olfactory tract and lateral lemniscus. 10 

11 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



 

 13 

4-DISCUSSION 1 

 In this study we developed a rabbit model to evaluate functional and structural impact of 2 

IUGR, providing high-resolution MRI description of the anatomical patterns of brain maturational 3 

changes occurring in utero. We demonstrated that IUGR was associated with different patterns of 4 

brain diffusivity in multiple brain regions, which were significantly correlated with the 5 

neurobehavioral impairments observed. The model developed may be a powerful tool to correlate 6 

functional and structural brain information with histological, molecular and other imaging techniques, 7 

In addition, it allows detailed regional assessment of the impact of interventions in the complex 8 

patterns of brain reorganization induced by adverse prenatal environment. 9 

Neonatal neurobehavior 10 

 It is known that IUGR in humans is associated with neonatal neurodevelopmental 11 

dysfunctions [4,5], being attention, habituation, regulation of state, motor and social-interactive 12 

clusters the most affected [5]. In a similar manner, growth restricted rabbit pups in this model 13 

showed weakened motor activity and olfactory function, which is their principal way of social 14 

interactions [47]. The findings reinforce previous evidence suggesting the capability of this animal 15 

model to reproduce features of human IUGR [32,33]. Previous studies suggested the ability of the 16 

rabbit model to illustrate the neonatal effects of acute severe prenatal conditions. Thus, hypoxic-17 

ischemic injury and endotoxin exposure produce hypertonic motor deficits [35,48], reduced limb 18 

movement [49] and olfactory deficits [50] in this model. The present study demonstrates that 19 

selective ligature of uteroplacental vessels is suitable to reflect the neurodevelopmental impact of 20 

mild and sustained reduction of placental blood flow occurring in IUGR. These results illustrate a 21 

more general concept that lower animal species are also susceptible of developing brain 22 

reorganization in utero, and therefore they are suitable models to assess the chronic effects of 23 

adverse intrauterine environment on brain development. 24 

MRI global analysis 25 

Changes in brain diffusivity and anisotropy have previously been reported after acute severe 26 

hypoxic experimental conditions in adults [26] and developing brain [27]. Placental insufficiency 27 

results in mild and sustained injury, which may challenge the ability to find obvious differences 28 
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 14 

between groups. With the purpose of detecting subtle changes we used high-resolution MRI 1 

acquisition in fixed whole brain preparations. This approach allows revealing submillimetric tissue 2 

structure differences, particularly in the GM, which are difficult to detect in vivo [21]. As a trade-off, 3 

fixation process may decrease brain water content reducing ADC absolute values, although 4 

diffusion anisotropy is preserved [51]. 5 

In growth restricted pups, global decreased FA values were demonstrated in both whole 6 

brain and WM mask analysis. Findings are similar to those observed in acute hypoxic-ischemic 7 

injury models [52] and perinatal asphyxia in humans [23] demonstrating decreased values in FA 8 

particularly in WM areas. Aside from acute models, preliminary evidence in neonates with cyanotic 9 

congenital heart defects suggests also the presence of brain FA changes [53,54]. FA indicates the 10 

degree of anisotropic diffusion and typically increases in WM areas during brain maturation, being 11 

closely related with myelination processes [23]. After acute hypoxic-isquemic injury in rat pups, 12 

decreased values of FA have been related with decreased myelin content in WM areas [55]. 13 

Consistently with decreased FA, the findings demonstrated that IUGR had a significant decrease in 14 

linearity and a significant increase in sphericity, changes that have been related with reduced 15 

organization of WM tracts [41]. Therefore, the results of the study are consistent with the presence 16 

of decreased WM myelination and brain reorganization after exposure to IUGR in the rabbit model.  17 

Global diffusivity analysis revealed a non-significant trend for increased ADC in the IUGR 18 

group. ADC is directly related with the overall magnitude of water diffusion, typically decreasing as 19 

brain maturation occurs [23]. In addition, after perinatal acute hypoxic-ischemic event, it shows a 20 

dynamic process with a quickly decrease followed by a pseudo-normalization to finally increase to 21 

higher values than normal [27]. In humans, ADC values have been demonstrated to be increased in 22 

multiple brain regions after chronic fetal conditions including IUGR [30] and fetal cardiac defects 23 

[29,53,54]. In addition, increased ADC values have been reported after prenatal acute hypoxic-24 

ischemic injury in hypertonic rabbits [52]. We found a non-significant trend to increased ADC values 25 

in IUGR. We acknowledge that sample size may have prevented to detect subtle differences in 26 

ADC. In any event, the lack of remarkable differences in ADC is possibly a reflection of the 27 

abovementioned notion that IUGR results in delayed brain maturation and reorganization rather 28 
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than in significant brain injury [22,56]. Further histological studies may help to clarify essential 1 

information about microstructural changes and allow correlations with findings in diffusion 2 

parameters here reported. 3 

MRI regional analysis 4 

Regional analysis of diffusivity parameters may provide information of the anatomical pattern 5 

of brain microstructural changes in IUGR. As expected, manual brain segmentation showed limited 6 

results and significant differences in a few brain areas. As shown in previous studies this approach 7 

has limitations in small structures, due to the difficulty in obtaining accurate delineations [57] and to 8 

the partial volume effects [37]. Since these limitations were known, a VBA strategy was applied. 9 

VBA approach performs the analysis of the whole brain voxel-wise avoiding the need of a priori 10 

hypothesis or previous delineation [38], and allowed to localize regional differences between cases 11 

and controls in FA distribution. 12 

 Cortical and subcortical GM areas were the most altered regions and as expected regional 13 

reductions in FA showed high correlations with functional impairment. Cortical changes are a 14 

feature of IUGR, as suggested by decreased cortical volume [13] and discordant patterns of 15 

gyrification due to pronounced reduction in cortical expansion in neonates [15] and differences in 16 

GM brain structure in infants [16] suffering this condition. Our results support the notion that these 17 

changes are based on microstructural differences. In line with this contention, microstructural 18 

changes in cortical regions have previously been demonstrated in a sheep model of IUGR, including 19 

cortical astrogliosis, fragmentation of fibers and thinner subcortical myelin sheaths [58]. Importantly, 20 

these histological features have been shown to correlate with decreased FA in cortex [28] and 21 

subcortical WM [59]. Regional analysis demonstrated that among GM affected regions, the 22 

hippocampus showed the highest number of correlations with neurobehavioral domains. The 23 

hippocampus is known for its crucial role in cognitive function such as memory and learning. In 24 

human IUGR neonates, a reduction in neonatal hippocampal volume was associated with poor 25 

neurofunctional outcomes in neonatal period including autonomic motor state, attention-interaction, 26 

self-regulation and examiner facilitation [14]. Additionally, previous experimental data have 27 

demonstrated reduced number of neurons in hippocampus [60] and alterations in the dendritic 28 
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morphology of pyramidal neurons [61] after IUGR. In summary, the findings support that impaired 1 

neurocognition in IUGR is mediated by microstructural changes in cortical and subcortical areas 2 

detectable with diffusion MRI, with hippocampus playing an important role. 3 

Regional analysis revealed changes in multiple WM structures. The most pronounced 4 

differences were found in the internal capsule, anterior commissure and fimbria of hippocampus, 5 

which showed significant correlations with locomotion parameters and posture. Changes in WM 6 

structures have also been reported in human fetuses, with increased ADC in pyramidal tract in 7 

IUGR [30] and increased ADC in multiple WM in areas in fetuses [29] and newborns [53,54] with 8 

congenital cardiac defects. Consistently with our results, prenatal chronic hypoxia models have 9 

demonstrated inflammatory microgliosis, mild astrogliosis [62], and a delay in the maturation of 10 

oligodentrocytes leading to a transient delay in myelination [56]. These changes result in global 11 

reduction in axonal myelination in absence of overt WM damage [63] which in turn is reflected by 12 

decreased values of  FA [59] as observed in this study. Interestingly, anterior commissure and 13 

fimbria of hippocampus, WM structures with significant differences in FA distribution demonstrated 14 

by VBA, were the WM structures correlated with more altered neurobehavioral items, especially 15 

locomotion parameters and posture. Of note, these two WM tracks connect GM structures that also 16 

presented significantly decreased FA demonstrated by VBA. Anterior commissure contains axonal 17 

tracts connecting temporal lobes and fimbria of hippocampus contains efferent fibers from 18 

hippocampus. Finally, changes in olfactory tract and lateral lemniscus WM tracts, which are closely 19 

related with olfaction, were significantly correlated with smelling test results. This finding was 20 

consistent with previous data demonstrating that neurons of the olfactory epithelium in rabbit are 21 

sensitive to global acute hypoxia-ischemia [50]. In summary, this study characterized regional 22 

alterations in WM diffusion parameters, findings which were in line with GM data and further suggest 23 

the presence of microstructural regional changes underlying brain reorganization in IUGR. 24 

Furthermore, reduced WM FA could indicate connectivity changes and a role for MRI diffusion 25 

connectomics for the development of more robust biomarkers of brain injury in IUGR, which deserve 26 

investigation in future studies. 27 
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Strengths and limitations 1 

Some issues must be noted concerning the methodology followed. Firstly, the absolute 2 

values of ADC obtained in this study were lower than those previously reported in neonatal rabbit 3 

brain [52,64]. As abovementioned, that could be explained by the fact that brain fixation decreases 4 

water content in the brain reducing ADC values [51]. However, in order to preserve diffusion 5 

contrast we used high b-values as previously suggested [65]. In addition, all the brains followed the 6 

same fixation process and, theoretically, must be affected in a similar way. Secondly, in the global 7 

analysis, a FA thresholding approach was used to identify the voxels belonging to the WM. Although 8 

this thresholding has usually been described in order to segment the WM in human brains [66], to 9 

the best of our knowledge, it has not been defined for perinatal rabbit brain. Therefore, different 10 

thresholds were analyzed, showing that the differences between controls and IUGR are preserved 11 

for a wide range of values of the FA threshold (Figure 2 and Figure S2). Thirdly, regional analysis of 12 

the images has been performed by means of VBA technique in order to overcome manual 13 

delineation limitations. However, the use of VBA implies weaker statistical power due to the large 14 

number of voxels tested [45], increasing type I error rate even after smoothing diffusion related 15 

measures volumetric maps. Another issue concerning VBA is that the method requires registration 16 

of all the subjects in the dataset to a template volume, and therefore the arbitrary choice of this 17 

template could bias the result [45]. To avoid such a bias, the VBA procedure was repeated taking all 18 

subjects as template. Similar results were obtained with each template, and there was a high 19 

consistency among repeated tests for the regional changes identified. Finally, this work is based on 20 

diffusion related parameters, which measure either the amount of diffusivity or the anisotropy of the 21 

diffusion, but do not provide information about diffusion direction and therefore, about the fiber 22 

bundles trajectories. Further connectivity studies, where WM tracts connecting different areas are 23 

identified, will permit a better understanding of the consequences of IUGR in the brain development. 24 

Conclusions 25 

In conclusion, we developed a fetal rabbit model reproducing neurobehavioral and 26 

neurostructural consequences of IUGR. Diffusion MRI in whole organ preparations allowed showing 27 

differences on global and regional diffusion related parameters, revealing in detail the pattern of 28 
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brain microstructural changes produced by IUGR already at birth and their functional correlates in 1 

early neonatal life. The results illustrate that sustained intrauterine restriction of oxygen and nutrient 2 

induces a complex pattern of maturational changes, in both GM and WM areas. The model here 3 

described allowed to characterize the most significantly affected regions. These anatomical findings 4 

could be of help in multi-scale studies to advance in the understanding of the mechanisms 5 

underlying abnormal neurodevelopment of prenatal origin. In addition, MRI diffusion changes can be 6 

used to monitor the impact of interventions. WM changes warrant the development of further studies 7 

for the development of imaging biomarkers of brain reorganization in IUGR and other fetal chronic 8 

conditions.9 
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Legends to figures 1 

 2 

Figure 1. Schematic and graphical representation of study design and methods.  3 

PANEL 1: (A) Illustrative image of unilateral ligation of 40-50% of uteroplacental vessels at 25 days 4 

of pregnancy (B) Scheme of surgical procedures and study groups. 5 

PANEL 2: Illustrative pictures of neurobehavioral evaluation of locomotion (C), tone (D), smelling 6 

test (E), righting reflex (F) and sucking and swallowing (G) performed at +1 postnatal day. 7 

PANEL 3: MRI acquisition. Fixed brains (H) were scanned to obtain a high resolution T1 weighted 8 

(I) image and diffusion weighted images (J). 9 

PANEL 4a: MRI global analysis. After masking brain volume, global analysis is performed to obtain 10 

average DTI parameters (FA, ADC, radial diffusivity, axial diffusivity, linearity, planarity and 11 

sphericity). 12 

PANEL 4b: Voxel based analysis was performed by elastic registration to a reference FA map. 13 

Once subject brains were registered and smoothed, FA values distribution for each voxel was 14 

analyzed to identify areas with statistically significant different distribution in IUGR and the 15 

correlation of changes with neurobehavioral tests. 16 

 17 

Figure 2. FA thresholds in the global analysis. 18 

(A) Control and IUGR group distribution of average FA on the mask of WM computed with different 19 

FA thresholds. Error bar depicts �1 SD. 20 

(B) Representative axial and coronal slices of WM mask based on different FA thresholds of a 21 

control subject of the study. The mask obtained with a 0.2 FA threshold was found to most 22 

accurately discriminate white matter areas. 23 

FA: Fractional Anisotropy, IUGR: intrauterine growth restriction, WM: white matter, 24 

* p<0.05 25 

 26 

Figure 3. Fractional anisotropy values: regions showing statistically significant differences 27 

between cases and controls.  28 
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 26 

Slices of the smoothed reference FA image. Red areas have a significance of p<0.01, green areas 1 

have a significance of p<0.05. The slices displayed contain representative anatomical structures. 2 

Slice locations are shown in the T1-weighted MRIs in the right. (A) Coronal slices from anterior to 3 

posterior. (B) Axial slices from superior to inferior. 4 

 5 

Figure 4. Correlation maps between neurobehavioral test items and fractional anisotropy 6 

values. 7 

Coronal slices (from anterior to superior) of the smoothed reference FA image. Colormap highlights 8 

the areas where the correlation coefficient is higher than 0.2.  9 

(A) Posture, (B) Righting reflex, (C) Tone, (D) Locomotion, (E) Circular motion, (F) Intensity, (G) 10 

Duration, (H) lineal movement, (I) Fore-hindpaw distance, (J) Sucking and swallowing, (K) Head 11 

turn, (L) Smelling test, (M) Smelling test time 12 

 13 

Figure S1. Apparent Diffusion Coefficient values: regions showing statistically significant 14 

differences between cases and controls.  15 

Slices of the smoothed reference ADC image. Red areas have a significance of p<0.01, green 16 

areas have a significance of p<0.05. The slices have been chosen because they contained the most 17 

representative anatomical structures.  Slice locations are shown in the T1-weighted MRIs in the 18 

right. (A) Coronal slices from anterior to posterior. (B) Axial slices from superior to inferior. 19 

 20 

Figure S2. Influence of the FA thresholds in the global analysis off DTI parameters on the 21 

mask of WM computed with different FA thresholds.  22 

Control and IUGR average (A) Apparent Diffusion Coefficient, (B) Axial Diffusivity, (C) Radial 23 

Diffusivity, (D) Linearity, (E) Sphericity, (F) Planarity. 24 

Error bars depict standard deviation. * p<0.05  25 

 26 

Video S1. Illustrative video of neurobehavioral tests in cases and controls. 27 
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Table 1. Neurobehavioral test results in study groups.  1 

 Control 

n=10 

IUGR 

n=10 
p 

Posture, score* 3.0 (0) 3.0 (1) 0.143 

Righting reflex, number of turns 8.7 (1.5) 6.3 (3.0) 0.035 

Tone, score* 0 (0) 1.0 (1.5) 0.019 

Locomotion, score* 3.0 (0) 2.0 (2) 0.005 

Circular motion, score* 2.0 (1) 2.0 (1) 0.247 

Intensity, score* 3.0 (0) 2.5 (2) 0.089 

Duration, score* 2.0 (0) 1.5 (1) 0.052 

Lineal movement, line crosses in 60 sec  2.8 (1.4) 1.1 (1.1) 0.009 

Fore–hindpaw distance, mm † 0.7 (1.9) 7.6 (5.4) 0.007 

Sucking and swallowing, score* 3.0 (1) 1 (2) 0.075 

Head turn, score* 3.0 (1) 2.0 (1) 0.043 

Smelling test, score *† 3.0 (1) 1.0 (0) 0.006 

Smelling test time, sec † 4.0 (1) 8.5 (5) 0.021 

 2 

IUGR: intrauterine growth restriction; sec: seconds; mm: millimetres. 3 
Values are mean and standard deviation (mean (sd)) or median and interquartile 4 
range (median (IQ)) when appropriate. 5 
*U Mann-Whitney 6 
†Data available for 7 controls and 8 cases. 7 

Table 1
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Table 2. Whole brain and white matter global analysis of diffusion parameters in 1 

study groups.  2 

 3 

Values are mean and standard deviation (mean (sd)) or median and interquartile 4 

range (median (IQ)) when appropriate. 5 

*U Mann-Whitney 6 

 Control 
n=10 

IUGR      
n=10 

p 

Whole brain 

Fractional anisotropy 0.16 (0.02) 0.15 (0.02) 0.048 

Apparent Diffusion Coefficient (x10-3mm2/s)* 0.44 (0.08) 0.47 (0.10) 0.353 

Axial diffusivity (x10-3mm2/s)* 0.52 (0.10) 0.54 (0.11) 0.393 

Radial diffusivity (x10-3mm2/s)* 0.41 (0.07) 0.43 (0.10) 0.393 

Sphericity (Cs) 0.74 (0.02) 0.76 (0.02) 0.061 

Linearity (Cl) 0.16 (0.02) 0.15 (0.02) 0.044 

Planarity (Cp) 0.10 (0.01) 0.10 (0.01) 0.368 

White matter (threshold FA>0.2) 

Fractional anisotropy 0.27 (0.01) 0.26(0.00) 0.019 

Apparent Diffusion Coefficient (x10-3mm2/s)* 0.42(0.08) 0.44(0.11) 0.353 

Axial diffusivity (x10-3mm2/s)* 0.55 (0.10) 0.58 (0.15) 0.393 

Radial diffusivity (x10-3mm2/s)* 0.36 (0.06) 0.38 (0.09) 0.247 

Sphericity (Cs) 0.60 (0.02) 0.61 (0.01) 0.033 

Linearity (Cl) 0.29 (0.02) 0.28 (0.02) 0.201 

Planarity (Cp) 0.11 (0.02) 0.11 (0.03) 0.877 

Table 2
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Table 3. Mean correlation coefficients between diffusion parameters and 1 

neurobehavioral test results (Pearson’s r correlation) 2 

 3 

* p<0.05, **p<0.001 4 

 Fractional 
Anisotropy 

Apparent Diffusion 
Coefficient 

Fractional 
Anisotropy 

(FA>0.2) 

Apparent Diffusion 
Coefficient  

(FA>0.2) 
Posture 0.260 0.007 0.242 -0.042 

Righting reflex  0.043 0.098 0.172 0.035 

Tone 0.092 -0.110 0.238 -0.105 

Tone2 -0.092 0.110 -0.238 0.105 

Locomotion 0.206 -0.265 0.213 -0.315 

Circular motion 0.382 -0.153 0.342 -0.213 

Intensity 0.241 -0.135 0.266 -0.148 

Duration -0.081 -0.234 0.011 -0.272 

Lineal movement 0.018 0.198 0.035 0.182 

Fore–hindpaw distance -0.458 0.181 -0.448 0.240 

Sucking and swallowing 0.150 0.118 0.446 0.096 

Head turn 0.540* -0.158 0.619** -0.135 

Smelling test 0.287 -0.428 0.200 -0.365 

Smelling test time -0.091 -0.013 -0.314 0.007 

Table 3
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 1 

Table 4. Correlations between neurobehavioral domains and fractional anisotropy in brain 1 

regions 2 

  Positive correlation Negative correlations 

Posture Cx: Frontal*, occipital*, temporal*  
 GM: Brain stem, thalamus*  

 
WM: Anterior commisure*, corona 

radiata, fimbria of hippocampus*, 
olfactory tract*, Optic tract 

 

Righting 
reflex 

Cx: Frontal, occipital*, temporal*  

 GM:  Caudate nucleus* 
 WM: Anterior commisure*, olfactory tract  
Tone Cx:  Frontal*, occipital*, temporal* 
 GM: Caudate nucleus*   
 WM:  Optic tract* 

Locomotion Cx: Insular*, frontal*, prefrontal, 
occipital*, temporal* 

 

 GM: Claustrum, hippocampus*, thalamus  

 
WM: Anterior commisure, fimbria of 

hippocampus*, lateral lemniscus*, 
olfactory tract 

 

Circular 
motion 

Cx: Frontal*, occipital*, temporal*  

 GM: Brain stem, hippocampus*, 
thalamus*  

 

 WM: Corona radiata*, fimbria of 
hippocampus* 

 

Intensity Cx: Insular*, temporal*  

 GM: Claustrum*, hippocampus*, inferior 
colliculus 

 

 WM: Olfactory tract*, optic tract*  
Duration GM: Brain stem  
 WM:  Corona radiata 
Lineal 
movement  

GM: Hippocampus* Caudate nucleus*, claustrum* 

Fore–hindpaw 
distance 

Cx:  Frontal*, occipital*, temporal* 

 GM: Caudate nucleus* Hippocampus*, thalamus 

 
WM: Corona radiata, olfactory tract Fimbria of hippocampus*, 

internal capsule*, lateral 
lemniscus* 

Sucking and 
swallowing 

Cx: Frontal*, Occipital*, Temporal*  

 
WM: Corpus callosum, fimbria of 

hippocampus*, lateral and medial 
lemniscus, olfactory tract 

 

Head turn Cx: Frontal*, Occipital*, Temporal*  

 
GM: Brain stem, caudate nucleus*, 

claustrum, hippocampus*, 
putamen*, thalamus*, vermis 

 

 WM: Anterior comissure*, corona 
radiata*, internal capsule*, fimbria of 

 

Table 4
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 2 

hippocampus*, olfactory tract 
Smelling test Cx: Prefrontal*, temporal*  

 GM: Hippocampus, thalamus Cerebellar hemisphere and 
vermis, hippocampus 

 WM: Olfactory tract* Corpus callosum, corona 
radiata, olfactory tract 

Smelling test 
time 

Cx:  Prefrontal, temporal* 

 GM: Caudate nucleus*, hippocampus Vermis 
 WM: Corona radiata, corpus callosum Lateral lemniscus* 

 1 

Cx: cortex, GM: gray matter; WM: white matter. *p<0.05 2 



Figure S1 



Figure S2 



Table S1-– Regional analysis of diffusion parameters in study groups. 

Fractional Anisotropy Apparent Diffusion Coefficient 
(x10-3mm2/s) 

Control
n=10

IUGR
n=10

p Control
n=10

IUGR
n=10

p

White matter structures 

Corpus callosum 0.29 (0.04) 0.28 (0.03) n.s. 0.35 (0.07) 0.34 (0.11) n.s.

Left internal capsule 0.26 (0.03) 0.27 (0.04) n.s. 0.37 (0.09) 0.37 (0.08) n.s.

Right internal capsule 0.27 (0.02) 0.25 (0.03) n.s. 0.36 (0.10) 0.38 (0.13) n.s.

Left fimbria of hippocampus 0.37 (0.05) 0.35 (0.04) n.s. 0.40 (0.09) 0.40 (0.05) n.s.

Right fimbria of hippocampus 0.40 (0.04) 0.36 (0.02) 0.048 0.40 (0.10) 0.36 (0.07) n.s.

Left corona radiata 0.23 (0.04) 0.23 (0.04) n.s. 0.40 (0.10) 0.39 (0.12) n.s.

Right corona radiata 0.23 (0.04) 0.24 (0.04) n.s. 0.41 (0.11) 0.40 (0.08) n.s.

Grey matter structures 

Cerebellar vermis 0.13 (0.02) 0.13 (0.02) n.s. 0.47 (0.21) 0.48 (0.15) n.s.

Left cerebellar hemisphere 0.11 (0.02) 0.11 (0.03) n.s. 0.57 (0.26) 0.57(0.24) n.s.

Right cerebellar hemisphere 0.11 (0.02) 0.12 (0.02) n.s. 0.53 (0.19) 0.54 (0.21) n.s.

Left putamen 0.18 (0.02) 0.17 (0.02) n.s. 0.39 (0.11) 0.69 (0.10) n.s.

Left caudate nucleus 0.18 (0.02) 0.17 (0.04) n.s. 0.46 (0.10) 0.46 (0.10) n.s.

Left thalamus 0.15 (0.02) 0.14 (0.02) n.s. 0.41 (0.11) 0.41 (0.10) n.s.

Right putamen 0.20 (0.02) 0.20 (0.03) n.s. 0.38 (0.10) 0.37 (0.10) n.s.

Right caudate nucleus 0.14 (0.02) 0.13 (0.02) n.s. 0.50 (0.18) 0.51 (0.10) n.s.

Right thalamus 0.15 (0.03) 0.14 (0.01) n.s. 0.40 (0.09) 0.41 (0.08) n.s.

Left prefrontal cortex 0.22 (0.03) 0.20 (0.02) n.s. 0.54 (0.17) 0.52 (0.12) n.s.

Right prefrontal cortex 0.17 (0.03) 0.17 (0.04) n.s. 0.63 (0.15) 0.62 (0.14) n.s.

IUGR: intrauterine growth restriction. Values are mean and standard deviation 


