
Long-Term Functional Outcomes and Correlation with
Regional Brain Connectivity by MRI Diffusion
Tractography Metrics in a Near-Term Rabbit Model of
Intrauterine Growth Restriction
Miriam Illa1,2, Elisenda Eixarch1,2,3, Dafnis Batalle2, Ariadna Arbat-Plana2, Emma Muñoz-Moreno2,
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Abstract

Background: Intrauterine growth restriction (IUGR) affects 5–10% of all newborns and is associated with increased risk of
memory, attention and anxiety problems in late childhood and adolescence. The neurostructural correlates of long-term
abnormal neurodevelopment associated with IUGR are unknown. Thus, the aim of this study was to provide a
comprehensive description of the long-term functional and neurostructural correlates of abnormal neurodevelopment
associated with IUGR in a near-term rabbit model (delivered at 30 days of gestation) and evaluate the development of
quantitative imaging biomarkers of abnormal neurodevelopment based on diffusion magnetic resonance imaging (MRI)
parameters and connectivity.

Methodology: At +70 postnatal days, 10 cases and 11 controls were functionally evaluated with the Open Field Behavioral
Test which evaluates anxiety and attention and the Object Recognition Task that evaluates short-term memory and
attention. Subsequently, brains were collected, fixed and a high resolution MRI was performed. Differences in diffusion
parameters were analyzed by means of voxel-based and connectivity analysis measuring the number of fibers reconstructed
within anxiety, attention and short-term memory networks over the total fibers.

Principal Findings: The results of the neurobehavioral and cognitive assessment showed a significant higher degree of
anxiety, attention and memory problems in cases compared to controls in most of the variables explored. Voxel-based
analysis (VBA) revealed significant differences between groups in multiple brain regions mainly in grey matter structures,
whereas connectivity analysis demonstrated lower ratios of fibers within the networks in cases, reaching the statistical
significance only in the left hemisphere for both networks. Finally, VBA and connectivity results were also correlated with
functional outcome.

Conclusions: The rabbit model used reproduced long-term functional impairments and their neurostructural correlates of
abnormal neurodevelopment associated with IUGR. The description of the pattern of microstructural changes underlying
functional defects may help to develop biomarkers based in diffusion MRI and connectivity analysis.
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Introduction

Intrauterine Growth Restriction (IUGR) due to placental

insufficiency occurs in 5–10% of all gestations [1] and it is

thought to increase due to the delay in the maternal childbearing

in modern societies [2]. Chronic reduction of placental blood

supply results in sustained exposure to hypoxemia and undernu-

trition with the subsequent consequences on the developing brain

[3]. The association between IUGR and short- term neurodevel-

opmental dysfunctions has been extensively described [4–9].

During neonatal period, term IUGR have poorer neurobehavioral

and cognitive performance when compared with control term

infants [4]. These neurobehavioral impairments seem to be even

more pronounced in preterm IUGR when compared with term

IUGR newborns, although these differences were not observed at

long-term period [5]. Besides this, long-term follow-up studies
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have reported that abnormal neurodevelopment after IUGR

persists until late childhood and adolescence [3,10–24]. Recent

reports have shown that children born with IUGR have long-term

cognitive impairment and learning difficulties in school

[13,14,17,20,22], being related to a characteristic pattern involv-

ing short-term memory, attention and anxiety, and increased risk

of attention-deficit hyperactivity disorder (ADHD) [13–15]. These

abnormalities have been suggested to reflect changes in specific

areas including the anterior hippocampal-prefrontal network,

parahippocampal complex, striatum, and thalamus [13,14,25–27].

Magnetic resonance imaging (MRI) studies have consistently

demonstrated structural brain changes in IUGR during fetal and

neonatal period including changes in brain texture analysis [6] and

decreased volume in cortical grey matter (GM) [7], in the

hippocampus [8] and differences in cortical development [9].

However, no long-term imaging studies have evaluated the

neurostructural substrates underlying functional impairments in

IUGR. This knowledge is required to explore the development of

imaging biomarkers for early diagnosis and monitoring of

abnormal neurodevelopment of prenatal origin [28].

IUGR is associated with disruption of normal brain neurode-

velopment rather than gross tissue destruction [29], requiring the

use of MRI modalities to identify subtle structural changes.

Diffusion MRI is a noninvasive approach based on the measure-

ment of the diffusion of water molecules in tissues [30], which

provides indirect information about brain microstructure. Diffu-

sion MRI has been used to assess brain reorganization in response

to brain injury in both developing and adult brain [31,32].

Specifically, diffusion MRI has been shown to detect changes

occurring in IUGR [33–35] and other fetal conditions also

associated with reduced brain oxygen supply such as fetal cardiac

defects [36]. Aside from water diffusion parameters, quantitative

tractography metrics can be obtained in order to estimate the

connectivity of WM pathways among brain regions regulating

specific brain functions. This approach has been used to identify

changes in diseases of neurodevelopment such as ADHD [37],

autism spectrum disorders [38] and periventricular leucomalacia

[39,40].

Evaluation of the long-term effects of IUGR on the human

brain is limited by the difficulty of conducting prospective studies

in sufficiently large sample sizes, and the potential influence of

uncontrolled environmental factors [41]. Notwithstanding the

obvious limitations, animal models provide the opportunity to

conduct comprehensive studies spanning long maturational

periods in homogeneous groups. Aside from the reproducibility

of experimental conditions, MRI can be performed in isolated

whole brain preparations allowing very long acquisition times with

high-resolution [42]. The rabbit is a suitable model to reproduce

IUGR [43–46] and it presents a human-like timing of perinatal

brain WM maturation [44]. We have previously used this model to

describe regional changes in fractional anisotropy in newborns

which correlated with poorer outcome in neurobehavioral tests

[34].

In this study we aimed at providing a comprehensive description

of the long-term functional and neurostructural correlates of

abnormal neurodevelopment associated with IUGR using a near-

term rabbit model. Furthermore, we evaluated the development of

quantitative imaging biomarkers of abnormal neurodevelopment

based on regional changes in diffusion MRI parameters and

connectivity. For all these purposes, we firstly assessed long-term

neurodevelopment at a preadolescent equivalent age with

functional tests extensively used in rodents. We tested the

hypothesis that the rabbit model would display similar changes

to humans, involving short-term memory, attention and anxiety

problems. Secondly, brain microstructural changes were studied

by means of diffusion MRI with high angular resolution schemes.

Differences in diffusion parameters were analyzed by voxel-based

analysis (VBA), to avoid the need for a priori hypothesis or

previous delineation [47]. We also evaluated the presence of

differences in the connectivity between brain areas described to be

involved in anxiety and attention (including amygdala, hippocam-

pus formation, striatum, thalamus and prefrontal, temporal and

cingulate cortices) and short-term memory (including hippocampal

formation, hippocampus, thalamus, prefrontal and temporal

cortices). Finally, VBA and connectivity results were also

correlated with the functional outcomes.

Materials and Methods

The methodology of the study is shown in Figure 1. Each step of

the procedure is detailed in this section.

1- Study protocol and procedures
1.1- Ethics Statement. The animal experimentation of this

study was approved by the Animal Experimental Ethics Commit-

tee of the University of Barcelona (permit number: 206/10–5440).

Animal handling and all the procedures were performed following

all applicable regulations and guidelines of the Animal Experi-

mental Ethics Committee of the University of Barcelona, and all

efforts were made to minimize suffering.

1.2- Animals and study protocol. The study groups were

composed of 10 cases with induced IUGR and 11 sham controls

obtained from New Zealand pregnant rabbits provided by a

certified breeder. 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 chow. At 25 days of gestation (term at

31 days), we performed ligation of 40–50% of uteroplacental

vessels following a previously described protocol [45] in 10

pregnant rabbits. Cesarean section was performed at 30 days of

gestation and living pups were obtained. On the 70th postnatal

day, which is considered to be equivalent to preadolescence period

in humans in terms of sexual maturity [48], functional tests were

applied and the rabbits were sacrificed thereafter. The brains were

then collected and fixed with 4% paraformaldehyde phosphate-

buffered saline (PBS).

1.3- Surgical model. Briefly, after midline abdominal

laparotomy, the gestational sacs of both horns were counted and

numbered. Afterwards, only one uterine horn was kept outside the

abdomen and the induction of IUGR proper was performed by

ligating 40–50% of the uteroplacental vessels of all the gestational

sacs from this horn. After the procedure, the abdomen was closed

in two layers and postoperative analgesia (meloxicam) was

administered for 48 hours. After surgery, the animals were

allowed free access to water and standard chow for 5 days until

delivery. Cesarean section was performed at 30 days of gestation

and living and stillborn fetuses were obtained. All living newborns

were weighed and identified by a subcutaneous microchip inserted

in their back (Microchip MUSICC, Avid Microchip S.L.,

Barcelona, Spain). Cases were considered those pups delivered

from the ligated horn, whereas controls were those delivered from

the contralateral horn (non-ligated). Both cases and controls were

housed with a wet nurse rabbit with part of the offspring (total

number of rabbit pups in all litters: 8) until the 30th postnatal day

when they were weaned. Thereafter both groups of rabbits were

housed in groups of three with a reversed 12/12 h light cycle with

free access to water and standard chow.

1.4- Neurobehavioral and cognitive evaluation: functional

tests. In order to assess functional changes, especially those

Long-term Neurostructural Changes in IUGR
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related to emotion and cognition, two standard tests used

extensively in rodents, such as the Open Field Behavioral Test

and Object Recognition Task, were adapted for application in

rabbits. Specifically, the Open Field Test evaluates locomotion

and exploratory activities that compete against fear, anxiety and

attention [49–51]. The Object Recognition Task evaluates

declarative short-term memory, specifically recognition [52], as

well as attention capacity [53] and is based on the tendency of

rodents to explore new stimuli for a longer time compared to

familiar stimuli [54–56]. Both tests were performed by placing

each animal in a squared arena (140 cm 6140 cm) surrounded by

opaque plastic walls (height 40 cm). First, we evaluated the Open

Field Test with their first contact to the novel environment. As we

sought to evaluate any degree of anxiety, we decided not to

habituate the animals to the novel area as suggested previously

[57]. After the Open Field Test, the animals were removed from

the arena and in 30 to 60 minutes were again placed in the arena

to evaluate the Object Recognition Task. Both tests were applied

between 10 am to 5 pm and after each session the exploring area

was cleaned with a 10% ethanol in order to erase any olfactory

cue. The room was insulated from sound and with full overhead

illumination. To minimize interference due to human contact,

each session was video-taped and later evaluated by two blinded

observers (MI, AAP).

The Open Field Behavioral Test was designed and used in

accordance with the procedure previously described [51]. The

testing area was divided into 36 squares of 23623 cm, the 4

central squares were considered as the internal area and the

remaining squares were defined as the peripheral area. For testing,

the rabbits were taken out of their cage wrapped with a cloth and

placed close to one of the lateral walls (starting point) and behavior

was assessed during 10 minutes. Multiple parameters were

Figure 1. Schematic and graphical representation of the study design and methods. PANEL 1: (A) Illustrative image of unilateral ligation
of 40–50% of uteroplacental vessels at 25 days of pregnancy, (B) Scheme of surgical procedures and study groups. PANEL 2: Illustrative pictures of
neurobehavioral and cognitive evaluation in the Open Field Behavioral Test (A) and Object Recognition Task (B). PANEL 3: MRI acquisitions: (A) Fixed
brains were scanned to obtain high resolution T1 weighted images and diffusion-weighted images. After masking brain volume, (B) global analysis
was performed to obtain average DTI parameters (FA, linearity, planarity and sphericity coefficients). (C) Then voxel-based analysis of diffusion-related
parameters was performed by elastic registration to a reference FA map. PANEL 4: (A) Illustrative image of tractography used for connectivity
analysis. It was performed by measuring the ratio of fibers involved in anxiety and short-term memory networks over the total number of fibers
reconstructed. (B) Manual delineation of brain regions involved in anxiety, attention and memory networks in coronal slices including prefrontal
cortex (PrC), striatum (Ca + Pu), cingulate cortex (CiC), temporal cortex (TeC), thalamus (Th), amygdala (Am), hippocampus (Hp) and hippocampus
formation (HpF).
doi:10.1371/journal.pone.0076453.g001
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PLOS ONE | www.plosone.org 3 October 2013 | Volume 8 | Issue 10 | e76453



recorded including latency of leaving the starting point (seconds),

number of squares explored (internal or external), total time spent

in internal and peripheral areas (seconds) and other general

activities such as number of rearing and grooming.

The Object Recognition Task was performed, being adapted

from the original description [58] including some modifications in

the stimulus used. Instead of using visual stimulus, odour-based

stimulus was used by means of placing pieces of fruit (apple or

orange) inside perforated plastic boxes, since olfactory sensitivity is

highly developed in rabbits [59]. This is in agreement with the

notion that the type of stimulus presented must be one in which

the sensory perception of the species chosen is adequate [59]. The

test was divided into two consecutives phases. First, two boxes

containing the same odour-based stimuli (apple) were presented to

the animal during 5 minutes. This constituted the Familiarization

phase. The rabbit was then returned to its cage for a 30-minute

retention interval. Then, one of the objects was removed and

replaced by a novel stimulus (orange) and the animal was again

placed in the area with the novel and familiar objects for 5 minutes

more in the Testing phase. Exploration of the object was

considered when the rabbit showed sniffing, touching and having

moving vibrissae while directing the nose towards the object at a

distance of less than 1 cm. Cumulative time (seconds) exploring

each object in the two sessions was recorded (right and left objects

in the Familiarization phase, whereas novel and the familiar

objects in the Testing phase). Finally, the discrimination index

(DI), which represents the ability to discriminate the novel from

the familiar object, was calculated as follows: DI = (Novel Object

Exploration Time – Familiar Object Exploration Time)/(Novel

Object Exploration Time + Familiar Object Exploration Time).

Learning criteria was considered when the DI was above 0.

Animals that did not explore the familiar object at least once in the

Testing phase or did not explore any of the objects in the

Familiarization phase were excluded from the analysis, as

previously suggested [60].

1.5- Sample collection. After the functional tests, the rabbits

were anaesthetized with ketamine 35 mg/kg and xylazine 5 mg/

kg given intramuscularly and were sacrificed with an endovenous

overdose of sodium pentobarbital (200 mg/kg). The left and right

common carotid arteries were cannulated and the brains were

perfused with phosphate-buffered saline (PBS) followed by 4%

paraformaldehyde PBS. Finally, the brains were dissected and

fixed in 4% paraformaldehyde PBS at 4uC for 48 h.

1.6- Magnetic resonance acquisition. MRI was performed

on fixed brains using a 7T animal MRI scanner (BrukerBioSpin

MRI GMBH). First, high-resolution three-dimensional T1 weight-

ed images were obtained in the brain samples by a Modified

Driven Equilibrium Fourier Transform (MDEFT) 3D sequence

with the following parameters: Time of Echo (TE) = 3.5 ms, Time

of Repetition (TR) = 4000 ms, 0.7 mm slice thickness with no

interslice gap, 70 coronal slices, in-plane acquisition matrix of

1846188 and Field of View (FoV) of 28628 mm2, resulting in a

voxel dimension of 0.1560.1560.7 mm3. Any potential tissue

alteration, mainly significant tissue loss that could alter the results

of further image-based analysis, was considered as exclusion

criteria. Afterwards, diffusion-weighted images (DWI) were

acquired using a standard diffusion sequence covering 126

gradient directions with a b-value of 3000 s/mm2 together with

a reference (b = 0) image. Other experimental parameters were:

TE = 26 ms, TR = 250 ms, slice thickness = 0.7 mm with no

interslice gap, 70 coronal slices, in-plane acquisition matrix of

40640 , FoV of 28628 mm2, resulting in a voxel dimension of

0.760.760.7 mm3. The total scan time for both acquisitions was

13 h56 m40 s.

2- MRI processing and analysis
2.1- Post-processing MRI. As a first step, the brain was

segmented from the background by means of customized software

implemented in Matlab 2011a (The MathworksInc, Natick, MA,

USA) similar to what has been described previously [34].

Tensor model of diffusion MRI was estimated at each voxel

inside the brain mask [61] using MedINRIA 1.9 [62] (Inria Sophia

Antipolis website, available at www-sop.inria.fr/asclepios/soft-

ware/MedINRIA/. Accessed 2013 September 1). Based on the

tensor model, a set of measures describing the diffusion were

computed: fractional anisotropy (FA) and the coefficients of

linearity, planarity and sphericity [30,63]. These are all based

on the three eigenvalues of each voxel tensor (l1, l2, l3). FA

describes the anisotropy of the diffusion, being higher in areas

occupied by WM tracts [30]. Linearity, planarity and sphericity

coefficients describe the shape of the diffusion. High values of

linearity indicate that diffusion occurs mainly in one direction,

which mainly involves the presence of fiber tracts; high planarity

indicates that diffusion is performed mostly in one plane, which

could be related to crossing fibers; and high values of sphericity are

related to isotropic diffusion [63]. In addition, the orientation

diffusion function (ODF) of each voxel was also reconstructed

following a Q-Ball approach [64]. The ODF of each voxel was

used to reconstruct fiber tracts by means of the deterministic

tractography algorithm implemented in MedINRIA 1.9 [62] (Inria

Sophia Antipolis website, available at www-sop.inria.fr/asclepios/

software/MedINRIA/. Accessed 2013 September 1).

2.2- Voxel-based analysis. To identify regional changes in

diffusion-related parameters, VBA was performed. This analysis

consists of the normalization of all the volumes to a reference

volume and the comparison of the values at the same voxel of all

the normalized volumes, thus identifying statistically significant

differences. Registration of the diffusion tensor imaging (DTI)

volumes to the reference was performed by means of a block

matching algorithm, based on a DTI-specific metric [65].

Moreover, to preserve the coherence between DTI orientation

information and the transformed volumes, the Preservation of

Principal Direction (PPD) algorithm was applied [66]. In order to

compensate for possible misregistrations and reduce noise effects,

the registered volumes were smoothed. This smoothing also

reduces the effective number of multiple comparisons in the

statistical testing, thereby improving statistical power [67]. Van

Hecke et al. [68] stated that anisotropic smoothing leads to more

accurate VBA results, since it preserves the edges between

different kinds of tissues, reducing the partial volume effects. For

this reason, we applied an anisotropic Wiener filter [69] to the

registered volumes. Once the images are aligned to the reference,

it can be assumed that voxels in the same location in all the

registered images belong to the same structure, and therefore, they

can be compared. Voxel-wise t-test was performed, thereby

obtaining voxels with a statistically significant different distribution

of diffusion-related parameters including FA and linearity,

planarity and sphericity coefficients, between controls and IUGR.

The main goal of the use of VBA in this study was to explore and

suggest potential relationships on all possible structural changes

underlying the functional impairments in our IUGR model.

Consequently, we decided to set a threshold of p,0.01 and we

deliberately decided not to perform multiple comparisons correc-

tion. In addition to the analysis of differences on DTI parameters

between cases and controls, the Spearman correlation between

diffusion parameters and functional outcomes at each voxel was

also calculated to identify which regions were related to the

changes observed in the neurobehavioral and cognitive evaluation.

Long-term Neurostructural Changes in IUGR
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Since VBA requires the definition of a reference brain, the

results may be biased by this choice. In order to avoid this bias and

to increase the reliability of the results obtained, the VBA

procedure was repeated taking all the subjects as template, and

only the regions where differences were consistently noted in all

the templates were considered. In this way, the variability

produced by the arbitrary choice of the reference template is

discarded.

2.3- Connectivity analysis. Connectivity analysis within

specific brain areas involved in anxiety, attention and short-term

memory were evaluated. We defined two main brain networks:

– Anxiety and attention network. The selection of areas was

based on previous evidence that regulation of attention and

emotional reactivity depends on the correct interaction

between brainstem, limbic and cortical systems [70,71]. Within

the limbic system, the amygdala and hippocampus were

included because of their role in fear and anxiety [72–74]. In

addition, several cortical areas (frontal, temporal, cingulate

cortices) and deep grey nuclei (striatum and thalamus) were

selected due to their relation with attention and emotion

[27,75–78]. Moreover, some of these brain areas have been

identified as components of the Papez circuit which has been

proposed to play a major role in emotion [79]. Given these

evidence, we arbitrarily defined the ‘‘anxiety and attentional

network’’ as all those WM fibers passing through the amygdala

and the hippocampus formation, and which additionally passed

through at least one of the following structures: striatum,

thalamus, prefrontal cortex, temporal cortex or cingulate

cortex.

– Short-term memory network. Brain areas proposed to be

involved in short-term memory were selected. Although the

exact type of memory encoded remains under debate, there is

universal agreement that the hippocampus [80,81], and

especially the hippocampal formation [82,83], have important

roles in declarative memory. In addition, memory based on

olfactory recognition depends of the temporal lobe, mainly of

the perirhinal cortex [84] and performance of the Object

Recognition Task has been proposed to rely on the correct

interaction within the perirhinal-hippocampal-medial prefron-

tal network [85–87]. Finally, recent evidence has suggested the

involvement of the thalamus in the regulation of short-term

memory [88]. Based on these data, we arbitrarily defined the

‘‘short-term memory network’’ as all those WM fibers passing

through the hippocampal formation and which additionally

passed through at least one of the following structures:

hippocampus, thalamus, prefrontal or temporal cortices.

Manual delineation of GM structures was performed in T1

weighted images including multiple cortical areas (prefrontal,

cingulate, temporal), putamen, caudate nucleus, thalamus, amyg-

dala, hippocampus and hippocampal formation (Figure 1, PANEL

4). Combining these regions with previously calculated tracto-

graphy, WM fiber tracts involved in the two networks of short-

term memory and anxiety were extracted. The measurement of

connectivity within each network was assessed applying two

different quantitative tractography metrics: 1) number of fibers

within proposed networks corrected by the total number of fibers

in each brain and 2) measurement of mean FA in fibers involved in

the proposed networks. For both networks, we analyzed global

circuit connectivity considering both right and left hemisphere

fibers together (bilateral analysis), and specific right and left circuit

connectivity, considering each hemisphere separately (right and

left analysis). In addition, correlation between ratio of fibers and

mean FA with functional test scores was also analyzed adjusting

for gender.

3- Statistical analysis
For quantitative variables, normality was assessed by Shapiro-

Wilk [89]. Results were expressed as mean and standard deviation

(SD); whereas median and interquartile range (IQR) was used in

non-normal variables. Differences between cases and controls

were studied after adjusting for gender by means of general lineal

model. In non-normal variables such analysis were performed

after a log-transformation. For categorical variables, chi-squared

test was used. SPSS 19.0 (SPSS Inc., Chicago, IL, USA) was used

for this statistical analysis. In VBA approach, registered and

smoothed volumes of FA, linearity, planarity and sphericity

coefficients were used to obtain volumetric maps of t-statistics,

showing the voxels that presented a significant difference between

groups (uncorrected p,0.01). In addition, a correlation volume (r)

was also calculated for each functional item, expressing positive

and negative Spearman correlations between FA, linearity,

planarity and sphericity coefficients and neurobehavioral and

cognitive outcomes. VBA differences between groups and also in

functional correlations were analyzed adjusting for gender. Image

analysis, processing and regression analysis was performed by

means of in-house software implemented in Matlab 2011a (The

MathworksInc, Natick, MA, USA).

Results

1- Sample characteristics
There were no surgical or postoperative complications in the 10

dams included. A total of 69 fetuses were included at the time of

the induction (23 controls and 47 cases), 49 of which were alive at

delivery (19 controls and 30 cases). Postnatally, 5 controls and 17

cases died within the first week of life, thus, 14 controls and 13

cases reached the long-term period. Overall, both the fetal and

neonatal mortality rate was higher in cases (stillbirth 17.4% vs.

36.2%, p = 0.08 and neonatal mortality 26.3% vs. 56.7%,

p = 0.01, controls vs. cases respectively). The birth weight was

significantly lower in cases compared to controls (49.54 g (SD

5.85) vs. 38.34 g (SD 5.36), p#0.001). Nevertheless, these

differences were not observed at the 70th postnatal day (2747 g

(SD 190) vs. 2626 g (SD 489), p = 0.41). Neither were any

differences found in the time of postnatal evaluation (71 (IQR 3)

vs. 70 (IQR 4) postnatal days, p = 0.099) nor in gender distribution

(63.6% vs. 50% females, p = 0.425).

Of the 27 animals that were functionally evaluated, 6 animals (3

controls and 3 cases) were excluded from the final analysis due to

gross tissue abnormalities resulting from sample extraction or

manipulation observed in the standard MRI acquisition, with 21

animals in the final sample (11 controls and 10 cases). During the

postnatal period, no gross motor abnormalities such as paresia or

spasticity were observed in either group.

2- Neurobehavioral and cognitive outcomes: functional
tests results

Concordance between the two functional tests from each

blinded observer was explored using the interclass correlation

coefficient which demonstrated good reliability (mean: 0.941).

In the Open Field Test, IUGR rabbits presented reduced

exploratory activities, with a significantly increased latency of

leaving the starting point and a trend to present reduced speed

while exploring and less rearing. In addition, cases showed a

significant reduction in time spent in the internal area as well as a

Long-term Neurostructural Changes in IUGR
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reduction in the number of areas crossed in both the internal and

external areas (Table 1).

Regarding the Object Recognition Task, 7 cases and 8 controls

fulfilled the previously established criteria. No differences were

found in the time exploring right and left objects between groups

in the Familiarization phase (right object: 9.50 s (SD 5.31) vs.

7.85 s (SD 0.04), p = 0.585; left object: 6.00 s (IQR 6.75) vs, 2.00 s

(IQR 11.00), p = 0.69, controls vs. cases respectively). On the

contrary, in the Testing phase controls spent significantly less time

exploring the familiar object compared to cases (3.63 s (SD 1.92)

vs. 6.71 s (SD 1.80), p = 0.011, controls vs. Cases, respectively).

Interestingly, significantly decreased DI was observed in cases as

well as a decreased proportion of rabbits achieving learning

criteria (Figure 2).

Additionally we explored the relationship between birth weight

and the neurobehavioral and cognitive measures, and as expected,

we observed a significant correlation in almost all the parameters

(Table S1).

3- MRI analysis
3.1- Regional analysis: Voxel-based analysis. When VBA

analysis was applied, statistically significant differences were found

in FA distribution with a decreased FA in cases compared to

controls in multiple structures including cortical regions (insular

and temporal) and subventricular WM. The coefficient of linearity

was also lower in cases in multiple areas including cortical regions

(insular, temporal, prefrontal, and occipital), thalamus, superior

colliculus, hippocampal formation and fimbria of hippocampus.

The coefficient of planarity showed increased values in the

occipital cortex and thalamus in IUGR rabbits, but decreased

values in the insular cortex and cerebellar hemispheres. Finally, an

Table 1. Open field behavioral results in study groups adjusted by gender.

Controls n = 11 Cases n = 10 p

Latency of leaving the starting point, seconds { 3.0 (29.0) 59.0 (217.5) 0.036

Total squares crossed, number { 113.0 (26.0) 74.5 (54.0) 0.272

Total time exploring, seconds 424.5 (106.3) 330.1 (149.5) 0.139

Velocity of travelling (total squares/total time) 0.3 (0.1) 0.2 (0.1) 0.395

External squares crossed, number 101.2 (37.3) 65.2 (35.4) 0.034

Time in external squares, seconds { 578.0 (16.0) 598.0 (8.0) 0.017

Internal squares crossed, number 9.2 (4.5) 3.3 (3.2) 0.004

Time in internal squares, seconds { 22.0 (16.0) 2.0 (8.0) 0.083

Grooming, number { 1.0 (2.0) 0.0 (0.0) 0.268

Rearing, number 23.3 (10.3) 15.7 (11.2) 0.165

Results are mean and standard deviation (mean (SD)) in normal variables, with median and interquartile range (median (IQR)) in non-normal variables {.
doi:10.1371/journal.pone.0076453.t001

Figure 2. Discriminatory index results and percentage of learning in study groups. (A) Discriminatory index values of the study group
(p = 0.013, adjusted for gender); (B) Percentage of controls and cases that reached the learning criteria (p = 0.03, adjusted for gender).
doi:10.1371/journal.pone.0076453.g002
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increased coefficient of sphericity was observed in insular cortex

and subventricular WM (Figure 3).

3.2- Correlation between MRI diffusion and

neurobehavioral and cognitive outcomes. The FA map

shows correlations between functional variables, especially for the

Open Field Test, and multiple brain areas (Figure 4 and Table 2).

Regarding the GM structures, FA changes in hippocampus and

hippocampal formation and in the cingulate and temporal cortex

were correlated with more neurobehavioral domains; followed by

the prefrontal cortex, thalamus and putamen nucleus. Interesting-

ly, the amygdala presented a significant correlation with two of the

variables that are strongly related to anxiety (number of squares

crossed and time spent in the internal area). Within the WM

structures, the anterior commissure and corona radiata areas

showed more correlations with neurobehavioral and cognitive

domains. All these findings were supported by similar changes in

linearity, sphericity and planarity coefficients (Figure S1, Fig-

ure S2 and Figure S3).

3.3- Connectivity analysis. Analysis of the total number of

WM fiber tracts reconstructed for the whole brain did not differ

between groups (14775 (SD 2332) vs. 13921 (SD 2148), p = 0.371,

controls vs. cases). Nevertheless, on evaluation of the percentage of

fibers involved in a specific network, the cases showed a trend to

present a lower ratio of fibers in both networks; being statistically

significant in the left hemisphere for both networks (Figure 5 and

6). Table 3 depicts the mean correlation coefficients between the

percentage of fibers and functional test results. Regarding the

anxiety network, the left hemisphere was significantly correlated

with nearly all the variables in the Open Field Test, whereas in the

memory network any variable achieved statistical significance.

Finally, we did not observe significant differences in the mean FA

in the two networks, although there was a trend to presenting a

lower FA in cases compared to controls, especially in the anxiety

network (Table 4). In addition, we did not observe a correlation

between FA results and the functional results (data not shown).

Again, we explored the relationship between birth weight and

the ratio of fibers in both networks observing significant

correlations in almost all ratios for both networks (Table S2).

Discussion

To the best of our knowledge, this is the first report

simultaneously characterizing long-term cognitive neurobehavior-

al and cognitive dysfunctions and the related neuroanatomical

changes in a near-term IUGR rabbit model using advanced

imaging techniques. It has been described that neurobehavioral

and cognitive impairments associated with IUGR mainly comprise

short-term memory, attention and anxiety, but neuroanatomical

correlations have not as yet been reported.

Figure 3. Fractional anisotropy, linearity, planarity and sphericity coefficients: regions showing statistically significant differences
(p,0.01) between cases and controls. Coronal slices of the 3D reference image displaying representative anatomical structures for specific
coefficients. Slice locations are shown in the T1 weighted images at the top. PANEL 1: Representative anatomical regions showing a significant
decrease in linearity (A) and planarity (B) coefficients and in fractional anisotropy (C) in cases compared to controls. PANEL 2: Representative
anatomical regions showing a significant increase in planarity (A) and sphericity (B) coefficients in cases compared to controls.
doi:10.1371/journal.pone.0076453.g003
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1- Long-term neurobehavior and cognitive results
Results from the Open Field Test showed that IUGR rabbits

presented a higher degree of anxiety expressed by reduced

exploratory activities similar to what has been described in rat

models after acute hypoxic-ischemic injury [90]. In addition,

there was an increase in the time spent in the periphery and in

the latency after leaving the starting point, a characteristic sign of

anxiety in animals [91]. Likewise, the IUGR rabbits presented

decreased grooming activity. Although the interpretation of

grooming behavior in rodents is complex, changes in the

incidence of this particular behavior have been also related to

altered levels of anxiety [92]. Increased anxiety has been

described in rats after perinatal hypoxic insult [93], and in

human adolescents and adults with a history of IUGR [11,24].

Data derived from the Object Recognition Task have demon-

strated that the IUGR rabbit model demonstrates short-term

memory and attentional disorders similar to what has been

reported in humans [13]. Our results are comparable to those

obtained in rats after prenatal unilateral uterine artery occlusion

[94,95].

Overall, with the application of these two tests we have

demonstrated that the surgical model of IUGR in pregnant rabbits

reproduces some of the cognitive and neuropsychological features

described in IUGR children.

2- MRI regional analysis
Long-term structural changes were more remarkable in GM

areas and included multiple cortical regions (insular, temporal,

prefrontal, occipital cortices and cerebellar hemisphere) and deep

GM nuclei (thalamus and hippocampus). Interestingly, our

findings of DTI changes in the prefrontal and entorhinal cortices

and hippocampus are in line with previous evidence aimed at

describing histology changes in the long-term period in the

offspring of pregnant rats with IUGR after prenatal occlusion of

the unilateral uterine artery. These histological changes include a

decreased number of neurons, astrogliosis, an increase in

GABAergic neurons and diffuse axonal degeneration [94,95].

Changes in GM detected by DTI have been proposed to reflect

changes in the dendritic architecture of pyramidal cells [31,96]

which could, in turn, suggest a connectivity impairment of these

GM structures. Concerning WM, regional analysis of DTI

parameters revealed significant differences with decreased FA

and linearity and increased sphericity values in the fimbria of the

hippocampus and in the subventricular WM in IUGR group. FA

values are closely related to myelination process, increasing its

values in WM areas during brain maturation [31]. Decreased

values of FA in WM tracts have previously been described after

mild hypoxic-isquemic injury and correlated with decreased

myelin content, persisting these changes after the recovery period

[97]. Consistently with decreased FA, IUGR showed decreased

linearity and increased sphericity coefficients that are related with

less organized fiber tracts in WM bundles [63]. Therefore, our

Figure 4. Correlation maps between neurobehavioral and cognitive tests items and fractional anisotropy values. Coronal slices (from
anterior to posterior) of the 3D reference image are displayed. Colormap highlights the areas where the correlation coefficient is higher than 0.2.
Spearman correlation p,0.001. PLANEL 1: (A) Latency of leaving the starting point, (B) Total squares crossed, (C) Total time exploring, (D) External
squares crossed, (E) Time in external area, (F) Internal squares crossed, (G) Time in internal area, (H) Grooming, (I) Rearing. PLANEL 2: (A) Time
exploring familiar object, (B) Time exploring novel object and (C) Discriminatory index.
doi:10.1371/journal.pone.0076453.g004

Table 2. Significant correlations (p,0.01) between neurobehavioral and cognitive tests items and fractional anisotropy in brain
regions adjusted by gender.

Positive correlation Negative correlation

Open Field Behavioral Test

A Temporal and cingulate cortices, putamen, thalamus,
claustrum, anterior commissure

B Cingulate cortex, claustrum, hippocampus, corpus callosum, anterior commissure,
lateral lemniscus

C Cingulate, prefrontal and occipital cortices, hippocampal formation, corona radiata

D Prefrontal, temporal, cingulate and insular cortices, putamen, thalamus, claustrum,
lateral lemniscus

E Cingulate cortex and hippocampus

F Cingulate cortex, thalamus, amygdala, hippocampus, claustrum, superior colliculus,
lateral lemniscus

G Cingulate and occipital cortices, amygdala, anterior comissure

H Caudate nucleus, cerebellar hemisphere

I Temporal cortex, hippocampus, thalamus, claustrum

Object Recognition Task

A Occipital cortex, corona radiata

B Occipital cortex, anterior comissure

C Cingulate cortex, anterior comissure

Open Field Behavioral Test items:(A) Latency of leaving the starting point, (B) Total squares crossed, (C) Total time exploring, (D) External squares crossed, (E) Time in
external area, (F) Internal squares crossed, (G) Time in internal area, (H) Grooming, (I) Rearing; Object Recognition Task items: (A) Time exploring familiar object, (B) Time
exploring novel object, and (C) Discriminatory index.
doi:10.1371/journal.pone.0076453.t002
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results support the hypothesis that IUGR is related with an altered

and delayed WM organization and maturation that persists even

at long-term period. It should be noted that WM changes seemed

to be less pronounced in comparison with our previous findings in

which structural brain changes in the neonatal period were

assessed using the same animal model [34]. One explanation for

the few differences observed in WM structures could be derived for

the voxel size used. It should be taken into account that a voxel

size of 0.760.760.7 mm3 may produce some partial volume

effects which may hinder the presence of differences in some small

brain areas, such as thin WM tracts. If these partial volume effects

had been present, they would have resulted in a conservative bias,

thus attenuating the existing differences and not affecting the

validity of the differences observed. Aside from methodological

limitations, the assignment of most of the diffusion changes

observed to GM compared to WM may indicate that long-term

brain plasticity throughout childhood and adolescence [98,99] is

more efficient at correcting WM than GM deficits. In line with this

notion, myelin content increases from the neonatal period up to

young adulthood in an IUGR surgical guinea pig model [100].

The same histological findings, together with a reduction in the

magnitude of differences with respect to controls in FA, have been

reported in long-term as compared with neonatal measurements in

rats [97]. Regional changes in FA showed significant correlations

mostly in GM structures with functional results, especially those

related to the Open Field Test. With this test, the hippocampal

complex, prefrontal and cingulate cortices presented the highest

number of correlations. Animal studies have demonstrated the

important role of a normal functioning of the hippocampus in the

regulation of anxiety [73,101,102]. Concerning prefrontal and

cingulate cortices, reduced volumes in children with ADHD [103]

and healthy individuals [104] as well as histological changes in

rodents [105] in these structures have been associated with

attention and anxiety traits. In addition, changes in diffusion MRI

parameters of the amygdala were correlated with the number of

squares crossed and the time spent in the internal area, two items

strongly related to anxiety. These findings are in line with the

reported role of the amygdala in the processing of fear and anxiety

[72,73].

Concerning correlations with the Object Recognition Task,

within GM structures we observed a significant correlation

between regional FA changes in the cingulate cortex and the

Object Recognition Task results. Several experimental studies in

rodents have found that the cingulate cortex plays a key role in

novelty detection, attention and memory in fearful situations [106–

109], and any disruption in this structure could impair memory

consolidation [110]. Taking this into account, although the Object

Recognition Task was conducted in the same arena in which the

rabbit had previously performed the Open Field Test, persistence

of any degree of anxiety while performing the Object Recognition

Task could not be ruled out. This could impair memory

consolidation in those animals with structural changes in the

cingulate, such as our results suggest. This suggestion is in line with

clinical studies that have postulated that short-term memory

problems observed in IUGR children may be accounted for by a

lack of sufficient attention rather than a deficit in processing the

information per se [13], impeding short-term memory function.

Regarding WM and Object Recognition Task results, the most

consistent correlations, as they were observed in all the DTI

parameters, were found in the anterior commissure and corona

radiata. These tracts connect several brain areas that are engaged

in memory and attention [111–113]. Contrary to our original

Figure 5. Ratio of fibers involved in the anxiety or memory networks over the total number of fibers. (A) Ratio of fibers adjusted for
gender in anxiety network; in global analysis (p = 0.10), in left (p = 0.01) and right hemisphere (p = 0.59 {); (B) Ratio of fibers adjusted for gender in
memory network; in global analysis (p = 0.08), in left (p = 0.03 {) and right hemisphere (p = 0.92 {). { Non-normal variables.
doi:10.1371/journal.pone.0076453.g005
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hypotheses, we did not observe any significant correlations

between GM and Object Recognition Task results in brain areas

classically described to be involved in memory recognition, such as

hippocampal formation, temporal lobe and prefrontal cortex [80–

82,84,86]. These findings suggest that short-term memory

impairment induced by IUGR as reflected in the Object

Recognition Task could depend more on the connectivity between

relevant regions than on intrinsic changes in their GM. This

notion is in line with previous findings supporting strong

dependence of memory formation and on the integrity of the

perirhinal-hippocampal-medial prefrontal network [85–87].

In summary, these results partially confirm the hypotheses

formulated in clinical studies on children and adolescents with

IUGR, but provide new insight as to the specific structural

anomalies underlying neurobehavioral and cognitive impairments.

3- Connectivity analysis
IUGR showed a decreased number of fibers in anxiety,

attention and memory networks over the total number of fibers

reconstructed. These differences were statistically significant in the

left hemisphere, with a trend to decreased FA in both networks.

Moreover, a significant correlation was observed between the ratio

of fiber in the left hemisphere for anxiety network and functional

results. Overall, our results are in line with previous MRI diffusion

studies in patients with anxiety and attention disorders or memory

impairments. Changes in connectivity within the prefrontal and

anterior cingulate cortexes and the amygdala have been correlated

with anxiety [78,114,115]. In addition, microstructural changes in

the connectivity within the fronto-striatal pathway and WM tracts

connecting the amygdala and the prefrontal cortex have been

described to be strongly related to the ADHD disorder in children

and adolescents [37,116–118]. Concerning the memory network,

reduced FA has been observed in WM tracts connecting the

temporal cortex and the hippocampus in children [119] and in the

corona radiata in adults with mild traumatic injury [112]. In these

studies, decreased FA was correlated with object recognition

results in children, and with attentional and memory impairment

in adults. In addition, changes in parahippocampal WM that

connects the entorhinal cortex with the hippocampus were

correlated with declarative memory problems in elderly patients

with mild cognitive impairment [120,121]. Most of the differences

observed in our study were restricted to the left hemisphere.

Differences observed in the left anxiety network are consistent with

previous evidence suggesting left hemisphere lateralization in fear-

related anxiety processing [122].

Altogether, the results of this study support the contention that

altered connectivity patterns within regions involved in anxiety,

attention and memory are involved in the functional impairment

associated with IUGR that persists up to the preadolescent period

and suggests the importance of completing the normal program-

ming of neuronal connectivity patterns for the achievement of

normal neurodevelopment. The data reported demonstrate a

decreased number of fibers in combination with more modest

changes in FA. These results are different to those observed in the

neonatal period [34], and support the idea that, in the long-term,

structural changes are essentially related to the distribution rather

than with the integrity of fibers. These findings are in line with

previous evidence demonstrating that delayed myelination during

critical developmental periods can be restored later [100], but will

lead to long-term consequences in the patterns of connectivity, as

has been consistently demonstrated in human and experimental

studies [123,124].

4- Methodological considerations and limitations of the
study

The methodology used to perform both VBA and connectivity

analysis in this study deserves some discussion. With regard to

connectivity analysis, we acknowledge that the networks defined in

this study have not been fully validated, although we used

consistent evidence from the literature demonstrating the involve-

ment of all the selected regions in the functions of interest. In

addition, we acknowledge that there are no standard or widely

validated approaches for quantifying tractography metrics in

defined networks. Several studies have previously used this

approach in human studies to characterize changes in brain

Table 3. Mean correlation coefficients between ratio of fibers
in anxiety and short-term memory networks and
neurobehavioral and cognitive tests item results (Spearman’s
correlation) adjusted by gender.

Global Left Hemisphere Right hemisphere

Anxiety network

A 20.30 20.50* 20.06

B 0.30 0.56** 20.05

C 20.01 0.13 20.01

D 0.30 0.55* 20.05

E 20.43 20.49* 20.10

F 0.35 0.52* 0.10

G 0.43 0.48* 0.10

H 0.05 20.05 0.24

I 0.18 0.18 0.22

Memory network

A 20.51 20.31 20.42

B 0.18 0.34 20.45

C 0.50 0.46 0.11

Open Field Behavioral Test items: (A) Latency of leaving the starting point, (B)
Total squares crossed, (C) Total time exploring, (D) External squares crossed, (E)
Time in external area, (F) Internal squares crossed, (G) Time in internal area, (H)
Grooming, (I) Rearing. Object Recognition Task items: (A) Time exploring
familiar object, (B) Time exploring novel object, and (C) Discriminatory index.
*,p 0.05.
**,p 0.01.
doi:10.1371/journal.pone.0076453.t003

Table 4. Fractional anisotropy values of fiber tracts within
each network adjusted by gender.

Controls n = 11 Cases n = 10 p

Anxiety network

Global 0.2539 (0.0161) 0.2448 (0.0250) 0.319

Left 0.2512 (0.0164) 0.2478 (0.0332) 0.759

Right 0.2519 (0.0408) 0.2391 (0.0283) 0.367

Memory network

Global { 0.2310 (0.0112) 0.2197 (0.0181) 0.128

Left 0.2322 (0.0118) 0.2203 (0.0216) 0.162

Right { 0.2233 (0.0273) 0.2219 (0.0128) 0.128

Results are mean and standard deviation (mean (SD)) in normal variables, with
median and interquartile range (median (IQR)) in non-normal variables {.
doi:10.1371/journal.pone.0076453.t004
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structure and its neurobehavioral correlates in neurodevelopmen-

tal diseases such as ADHD [37], focal perinatal brain injury [125],

and periventricular leucomalacia [39,40]. Only a few studies have

used fiber count to assess the connectivity within specific brain

areas [39,40,126] and these studies did not adjust for brain size or

total number of fibers reconstructed. In the present study we

introduced this methodological change in order to counter the

potential bias of differences in the total number of fibers

reconstructed from case to case. Regarding VBA, the use of this

approach implies weaker statistical power due to the large number

of voxels tested [67], increasing type I error rate. This is partially

compensated by the smoothing after registering the DTI volumes

to the reference. By smoothing the DTI maps, the effective

number of multiple comparisons in the statistical testing was

reduced, thereby improving statistical power [67]. We acknowl-

edge that not correcting for multiple comparisons introduces a bias

in the interpretation of results. However, as noted above, we

intended to use this method in an exploratory fashion which

allowed to suggest potential relationships. We would like to stress

that confirmation of the relationships here suggested requires

further studies with larger sample sizes. 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 result [67]. As described in

the methodology section, this issue was addressed by repeating the

VBA considering each of the subjects as the reference. Finally, we

did not include ADC data in the regional analysis since the

fixation process decreases the water content in brain tissue,

reducing absolute ADC values in a non-homogeneous and,

therefore, non-predictable manner [127], especially in hypoxic

tissue [128].

From the point of view of the experimental design, the high

mortality rate during the first postnatal week may have selected

less severe cases for the long-term follow up, thus attenuating the

true impact of the condition. Despite this conservative bias, we

were able to demonstrate structural and functional changes after

IUGR. Finally, we acknowledge that our sample size may be

underpowered to evaluate gender differences in the variables

assessed. However, we decided to include gender as a potential

confounder in our analysis since adjustment is recommended

when biologically confounding is likely, as occurs in many

neurobehavioral processes [129].

Conclusions

In conclusion, we have developed a rabbit model reproducing

functional and neurostructural consequences of near-term IUGR

which persist up to young adulthood. Diffusion MRI demonstrated

differences in the specific brain regions involved in the regulation

of anxiety, attention and memory and in their related networks

which were correlated with long-term functional impairments.

The study provides evidence of the type of structural changes

involved in long-term neurodevelopmental anomalies associated

with IUGR and support the potential value of methods based on

diffusion quantitative metrics to assess changes associated with

brain reorganization that are not demonstrable by standard

imaging techniques. Using the methodology described herein,

further multi-scale studies could be performed in order to advance

the understanding of the prenatal mechanisms underlying

abnormal neurodevelopment to thereby target potential biomark-

ers based on diffusion MRI and connectivity analysis for early

diagnosis and monitoring of the impact of interventional studies.

Figure 6. Reconstructed fibers in anxiety and memory networks in the experimental groups. Coronal and axial views of anxiety and
memory networks of one control (A) and one case (B). Reconstructed fibers are overlapped to the 3D reconstruction of T1 weighted images.
doi:10.1371/journal.pone.0076453.g006
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Supporting Information

Figure S1 Correlation maps between neurobehavioral
and cognitive tests items and linearity coefficient.
Coronal slices (from anterior to posterior) of the 3D reference

image are displayed. Colormap highlights the areas where each

correlation coefficient is higher than 0.2. Spearman correlation

p,0.001. PLANEL 1: (A) Latency of leaving the starting point,

(B) Total squares crossed, (C) Total time exploring, (D) External

squares crossed, (E) Time in external area, (F) Internal squares

crossed, (G) Time in internal area, (H) Grooming, and (I) Rearing.

PLANEL 2: (A) Time exploring familiar object, (B) Time

exploring novel object, and (C) Discriminatory index.

(TIF)

Figure S2 Correlation maps between neurobehavioral
and cognitive tests items and sphericity coefficient.
Coronal slices (from anterior to posterior) of the 3D reference

image are displayed. Colormap highlights the areas where each

correlation coefficient is higher than 0.2. Spearman correlation

p,0.001. PLANEL 1: (A) Latency of leaving the starting point,

(B) Total squares crossed, (C) Total time exploring, (D) External

squares crossed, (E) Time in external area, (F) Internal squares

crossed, (G) Time in internal area, (H) Grooming, and (I) Rearing.

PLANEL 2: (A) Time exploring familiar object, (B) Time

exploring novel object, and (C) Discriminatory index.

(TIF)

Figure S3 Correlation maps between neurobehavioral
and cognitive tests items and planarity coefficient.
Coronal slices (from anterior to posterior) of the 3D reference

image are displayed. Colormap highlights the areas where each

correlation coefficient is higher than 0.2. Spearman correlation

p,0.001. PLANEL 1: (A) Latency of leaving the starting point,

(B) Total squares crossed, (C) Total time exploring, (D) External

squares crossed, (E) Time in external area, (F) Internal squares

crossed, (G) Time in internal area, (H) Grooming, and (I) Rearing.

PLANEL 2: (A) Time exploring familiar object, (B) Time

exploring novel object, and (C) Discriminatory index.

(TIF)

Table S1 Mean correlation coefficients between func-
tional results and birth weight (Spearman’s correlation).

(DOC)

Table S2 Mean correlation coefficients between ratios
of fibers and birth weight (Spearman’s correlation).

(DOC)

Acknowledgments

We thank Professor V. D. Chamizo and coworkers (Universitat de

Barcelona) for their support in the evaluation of the neurobehavioral tests.

Author Contributions

Conceived and designed the experiments: MI EE DB EMM FF EG.

Performed the experiments: MI EE DB AAP EMM. Analyzed the data: MI

EE DB AAP EMM FF EG. Contributed reagents/materials/analysis tools:

MI EE DB EMM AAP. Wrote the paper: MI EE DB EMM FF EG.

Manual segmentation MRI: MI AAP. Evaluation of neurobehavioral test:

MI AAP.

References

1. Marsal K (2002) Intrauterine growth restriction. Curr Opin Obstet Gynecol 14:

127–135.

2. Balasch J, Gratacos E (2011) Delayed Childbearing: Effects on Fertility and the

Outcome of Pregnancy. Fetal Diagn Ther 29:263–273.

3. Rees S, Harding R, Walker D (2007) An adverse intrauterine environment:

implications for injury and altered development of the brain. Int J Dev

Neurosci 26: 3–11.

4. Figueras F, Oros D, Cruz-Martinez R, Padilla N, Hernandez-Andrade E, et al.

(2009) Neurobehavior in term, small-for-gestational age infants with normal

placental function. Pediatrics 124: e934–941.

5. Bassan H, Stolar O, Geva R, Eshel R, Fattal-Valevski A, et al. (2011)

Intrauterine growth-restricted neonates born at term or preterm: how different?

Pediatr Neurol 44: 122–130.

6. Sanz-Cortés M, Figueras F, Bonet-Carne E, Padilla N, Tenorio V, et al. (2013)

Fetal brain MRI texture analysis identifies different microstructural patterns in

adequate and small for gestational age fetuses at term. Fetal Diagn Ther

;33(2):122–9.

7. Tolsa CB, Zimine S, Warfield SK, Freschi M, Sancho Rossignol A, et al. (2004)

Early alteration of structural and functional brain development in premature

infants born with intrauterine growth restriction. Pediatr Res 56: 132–138.

8. Lodygensky GA, Seghier ML, Warfield SK, Tolsa CB, Sizonenko S, et al.

(2008) Intrauterine growth restriction affects the preterm infant’s hippocampus.

Pediatr Res 63: 438–443.

9. Dubois J, Benders M, Borradori-Tolsa C, Cachia a, Lazeyras F, et al. (2008)

Primary cortical folding in the human newborn: an early marker of later

functional development. Brain 131: 2028–2041.

10. Aarnoudse-Moens CS, Weisglas-Kuperus N, van Goudoever JB, Oosterlaan J

(2009) Meta-analysis of neurobehavioral outcomes in very preterm and/or very

low birth weight children. Pediatrics 124: 717–728.

11. Alati R, Najman JM, O’Callaghan M, Bor W, Williams GM, et al. (2009) Fetal

growth and behaviour problems in early adolescence: findings from the Mater

University Study of Pregnancy. Int J Epidemiol 38: 1390–1400.

12. Feldman R, Eidelman AI (2006) Neonatal state organization, neuromaturation,

mother-infant interaction, and cognitive development in small-for-gestational-

age premature infants. Pediatrics 118: e869–878.

13. Geva R, Eshel R, Leitner Y, Fattal-Valevski A, Harel S (2006) Memory

functions of children born with asymmetric intrauterine growth restriction.

Brain Res 1117: 186–194.

14. Geva R, Eshel R, Leitner Y, Valevski AF, Harel S (2006) Neuropsychological

outcome of children with intrauterine growth restriction: a 9-year prospective

study. Pediatrics 118: 91–100.

15. Heinonen K, Raikkonen K, Pesonen AK, Andersson S, Kajantie E, et al.

(2010) Behavioural symptoms of attention deficit/hyperactivity disorder in

preterm and term children born small and appropriate for gestational age: a

longitudinal study. BMC Pediatr 10: 91.

16. Larroque B, Bertrais S, Czernichow P, Leger J (2001) School difficulties in 20-

year-olds who were born small for gestational age at term in a regional cohort

study. Pediatrics 108: 111–115.

17. Leitner Y, Fattal-Valevski A, Geva R, Eshel R, Toledano-Alhadef H, et al.

(2007) Neurodevelopmental outcome of children with intrauterine growth

retardation: a longitudinal, 10-year prospective study. J Child Neurol 22: 580–

587.

18. McCarton CM, Wallace IF, Divon M, Vaughan HG, Jr. (1996) Cognitive and

neurologic development of the premature, small for gestational age infant

through age 6: comparison by birth weight and gestational age. Pediatrics 98:

1167–1178.

19. Morsing E, Asard M, Ley D, Stjernqvist K, Marsal K (2011) Cognitive function

after intrauterine growth restriction and very preterm birth. Pediatrics 127:

e874–882.

20. O’Keeffe MJ, O’Callaghan M, Williams GM, Najman JM, Bor W (2003)

Learning, cognitive, and attentional problems in adolescents born small for

gestational age. Pediatrics 112: 301–307.

21. Pyhala R, Lahti J, Heinonen K, Pesonen AK, Strang-Karlsson S, et al. (2011)

Neurocognitive abilities in young adults with very low birth weight. Neurology

77: 2052–2060.

22. Scherjon S, Briet J, Oosting H, Kok J (2000) The discrepancy between

maturation of visual-evoked potentials and cognitive outcome at five years in

very preterm infants with and without hemodynamic signs of fetal brain-

sparing. Pediatrics 105: 385–391.

23. Tideman E, Marsal K, Ley D (2007) Cognitive function in young adults

following intrauterine growth restriction with abnormal fetal aortic blood flow.

Ultrasound Obstet Gynecol 29: 614–618.

24. Vasiliadis HM, Buka SL, Martin LT, Gilman SE (2010) Fetal growth and the

lifetime risk of generalized anxiety disorder. Depress Anxiety 27: 1066–1072.

25. Cubillo A, Halari R, Smith A, Taylor E, Rubia K (2012) A review of fronto-

striatal and fronto-cortical brain abnormalities in children and adults with

Attention Deficit Hyperactivity Disorder (ADHD) and new evidence for

dysfunction in adults with ADHD during motivation and attention. Cortex 48:

194–215.

26. Eichenbaum H, Yonelinas AP, Ranganath C (2007) The medial temporal lobe

and recognition memory. Annu Rev Neurosci 30: 123–152.

Long-term Neurostructural Changes in IUGR

PLOS ONE | www.plosone.org 13 October 2013 | Volume 8 | Issue 10 | e76453



27. Kobel M, Bechtel N, Specht K, Klarhofer M, Weber P, et al. (2010) Structural

and functional imaging approaches in attention deficit/hyperactivity disorder:

does the temporal lobe play a key role? Psychiatry Res 183: 230–236.

28. Ment LR, Hirtz D, Huppi PS (2009) Imaging biomarkers of outcome in the

developing preterm brain. Lancet Neurol 8: 1042–1055.

29. Rees S, Harding R, Walker D (2011) The biological basis of injury and

neuroprotection in the fetal and neonatal brain. Int J Dev Neurosci 29: 551–

563.

30. Basser PJ, Pierpaoli C (1996) Microstructural and physiological features of

tissues elucidated by quantitative-diffusion-tensor MRI. J Magn Reson B 111:

209–219.

31. Neil J, Miller J, Mukherjee P, Huppi PS (2002) Diffusion tensor imaging of

normal and injured developing human brain – a technical review. NMR

Biomed 15: 543–552.

32. Nucifora PG, Verma R, Lee SK, Melhem ER (2007) Diffusion-tensor MR

imaging and tractography: exploring brain microstructure and connectivity.

Radiology 245: 367–384.

33. Batalle D, Eixarch E, Figueras F, Munoz-Moreno E, Bargallo N, et al. (2012)

Altered small-world topology of structural brain networks in infants with

intrauterine growth restriction and its association with later neurodevelopmen-

tal outcome. Neuroimage 60: 1352–1366.

34. Eixarch E, Batalle D, Illa M, Munoz-Moreno E, Arbat-Plana A, et al. (2012)

Neonatal neurobehavior and diffusion MRI changes in brain reorganization

due to intrauterine growth restriction in a rabbit model. PLoS One 7: e31497.

35. Sanz-Cortes M, Figueras F, Bargallo N, Padilla N, Amat-Roldan I, et al. (2010)

Abnormal brain microstructure and metabolism in small-for-gestational-age

term fetuses with normal umbilical artery Doppler. Ultrasound Obstet Gynecol

36: 159–165.

36. Berman JI, Hamrick SE, McQuillen PS, Studholme C, Xu D, et al. (2011)

Diffusion-weighted imaging in fetuses with severe congenital heart defects.

AJNR Am J Neuroradiol 32: E21–22.

37. de Zeeuw P, Mandl RC, Hulshoff Pol HE, van Engeland H, Durston S (2011)

Decreased frontostriatal microstructural organization in attention deficit/

hyperactivity disorder. Hum Brain Mapp 33: 1941–51.

38. Shukla DK, Keehn B, Muller RA (2011) Tract-specific analyzes of diffusion

tensor imaging show widespread white matter compromise in autism spectrum

disorder. J Child Psychol Psychiatry 52: 286–295.

39. Rha DW, Chang WH, Kim J, Sim EG, Park ES (2011) Comparing

quantitative tractography metrics of motor and sensory pathways in children

with periventricular leukomalacia and different levels of gross motor function.

Neuroradiology 54: 615–621.

40. Thomas B, Eyssen M, Peeters R, Molenaers G, Van Hecke P, et al. (2005)

Quantitative diffusion tensor imaging in cerebral palsy due to periventricular

white matter injury. Brain 128: 2562–2577.

41. Hall FS, Perona MT (2012) Have studies of the developmental regulation of

behavioral phenotypes revealed the mechanisms of gene-environment interac-

tions? Physiol Behav 107:623–40.

42. D’Arceuil H, Liu C, Levitt P, Thompson B, Kosofsky B, et al. (2008) Three-

dimensional high-resolution diffusion tensor imaging and tractography of the

developing rabbit brain. Dev Neurosci 30: 262–275.

43. Bassan H, Trejo LL, Kariv N, Bassan M, Berger E, et al. (2000) Experimental

intrauterine growth retardation alters renal development. Pediatr Nephrol 15:

192–195.

44. Derrick M, Drobyshevsky A, Ji X, Tan S (2007) A model of cerebral palsy from

fetal hypoxia-ischemia. Stroke 38: 731–735.

45. Eixarch E, Figueras F, Hernandez-Andrade E, Crispi F, Nadal A, et al. (2009)

An experimental model of fetal growth restriction based on selective ligature of

uteroplacental vessels in the pregnant rabbit. Fetal Diagn Ther 26: 203–211.

46. Eixarch E, Hernandez-Andrade E, Crispi F, Illa M, Torre I, et al. (2011)

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 32: 304–309.

47. Snook L, Plewes C, Beaulieu C (2007) Voxel based versus region of interest

analysis in diffusion tensor imaging of neurodevelopment. Neuroimage 34:

243–252.

48. Moorman WJ, Cheever KL, Skaggs SR, Clark JC, Turner TW, et al. (2000)

Male adolescent exposure to endocrine-disrupting pesticides: vinclozolin

exposure in peripubertal rabbits. Andrologia 32: 285–293.

49. Bouet V, Gahery Y, Lacour M (2003) Behavioural changes induced by early

and long-term gravito-inertial force modification in the rat. Behav Brain Res

139: 97–104.

50. Kowalska D BP, Pietras M. (2008) Suitability of behavioural tests for

determining the ways rabbits function in the environment and their

relationship with some productive traits. Ethology and Welfare 2008. Presented

at the 9th World Rabbit Congress – June 10–13, 2008 – Verona – Italy. The

World Rabbit Science website. Available: http://www.world-rabbit-science.

com/WRSA-Proceedings/Congress-2008-Verona/Papers/W-Kowalska.pdf.

Accessed 2013 September 1.

51. Walsh RN, Cummins RA (1975) Mechanisms mediating the production of

environmentally induced brain changes. Psychol Bull 82: 986–1000.

52. Olton DS, Feustle WA (1981) Hippocampal function required for nonspatial

working memory. Exp Brain Res 41: 380–389.

53. Cowan N, Nugent LD, Elliott EM, Ponomarev I, Saults JS (1999) The role of

attention in the development of short-term memory: age differences in the
verbal span of apprehension. Child Dev 70: 1082–1097.

54. Dere E, Kart-Teke E, Huston JP, De Souza Silva MA (2006) The case for

episodic memory in animals. Neurosci Biobehav Rev 30: 1206–1224.

55. Ennaceur A, Aggleton JP (1997) The effects of neurotoxic lesions of the
perirhinal cortex combined to fornix transection on object recognition memory

in the rat. Behav Brain Res 88: 181–193.

56. Mumby DG (2001) Perspectives on object-recognition memory following

hippocampal damage: lessons from studies in rats. Behav Brain Res 127: 159–

181.

57. Treit D, Menard J, Royan C (1993) Anxiogenic stimuli in the elevated plus-

maze. Pharmacol Biochem Behav 44: 463–469.

58. Ennaceur A, Delacour J (1988) A new one-trial test for neurobiological studies
of memory in rats. 1: Behavioral data. Behav Brain Res 31: 47–59.

59. Ennaceur A (2010) One-trial object recognition in rats and mice: methodo-

logical and theoretical issues. Behav Brain Res 215: 244–254.

60. de Bruin N, Pouzet B (2006) Beneficial effects of galantamine on performance
in the object recognition task in Swiss mice: deficits induced by scopolamine

and by prolonging the retention interval. Pharmacol Biochem Behav 85: 253–

260.

61. Fillard P, Pennec X, Arsigny V, Ayache N (2007) Clinical DT-MRI estimation,

smoothing, and fiber tracking with log-Euclidean metrics. IEEE Transactions
on Medical Imaging 26: 1472–1482.

62. Toussaint N, Souplet J-C, Fillard P (2007) MedINRIA: Medical Image

Navigation and Research Tool by INRIA. Proc of MICCAI’07 Workshop on

Interaction in medical image analysis and visualization. Brisbane, Australia.

63. Westin CF, Maier SE, Mamata H, Nabavi A, Jolesz FA, et al. (2002) Processing

and visualization for diffusion tensor MRI. Med Image Anal 6: 93–108.

64. Descoteaux M, Angelino E, Fitzgibbons S, Deriche R (2007) Regularized, fast,

and robust analytical Q-ball imaging. Magn Reson Med 58: 497–510.

65. Munoz-Moreno E, Martin-Fernandez M (2009) Characterization of the

similarity between diffusion tensors for image registration. Comput Biol Med

39: 251–265.

66. Alexander DC, Pierpaoli C, Basser PJ, Gee JC (2001) Spatial transformations
of diffusion tensor magnetic resonance images. IEEE Trans Med Imaging 20:

1131–1139.

67. Lee JE, Chung MK, Lazar M, DuBray MB, Kim J, et al. (2009) A study of

diffusion tensor imaging by tissue-specific, smoothing-compensated voxel-based

analysis. Neuroimage 44: 870–883.

68. Van Hecke W, Leemans A, De Backer S, Jeurissen B, Parizel PM, et al. (2010)

Comparing isotropic and anisotropic smoothing for voxel-based DTI analyzes:

A simulation study. Hum Brain Mapp 31: 98–114.

69. Martin-Fernandez M, Alberola-Lopez C, Ruiz-Alzola J, Westin CF (2007)
Sequential anisotropic Wiener filtering applied to 3D MRI data. Magn Reson

Imaging 25: 278–292.

70. Duncan GE, Knapp DJ, Breese GR (1996) Neuroanatomical characterization

of Fos induction in rat behavioral models of anxiety. Brain Res 713: 79–91.

71. Merker B (2007) Consciousness without a cerebral cortex: a challenge for

neuroscience and medicine. Behav Brain Sci 30: 63–81; discussion 81–134.

72. Butler RK, White LC, Frederick-Duus D, Kaigler KF, Fadel JR, et al. (2012)

Comparison of the activation of somatostatin- and neuropeptide Y-containing
neuronal populations of the rat amygdala following two different anxiogenic

stressors. Exp Neurol 238: 52–63.

73. Daenen EW, Van der Heyden JA, Kruse CG, Wolterink G, Van Ree JM

(2001) Adaptation and habituation to an open field and responses to various

stressful events in animals with neonatal lesions in the amygdala or ventral

hippocampus. Brain Res 918: 153–165.

74. Orsini CA, Kim JH, Knapska E, Maren S (2011) Hippocampal and prefrontal

projections to the basal amygdala mediate contextual regulation of fear after

extinction. J Neurosci 31: 17269–17277.

75. Haber SN, Calzavara R (2009) The cortico-basal ganglia integrative network:

the role of the thalamus. Brain Res Bull 78: 69–74.

76. Toft PB (1999) Prenatal and perinatal striatal injury: a hypothetical cause of

attention-deficit-hyperactivity disorder? Pediatr Neurol 21: 602–610.

77. Torta DM, Cauda F (2011) Different functions in the cingulate cortex, a meta-

analytic connectivity modeling study. Neuroimage 56: 2157–2172.

78. Tromp do PM, Grupe DW, Oathes DJ, McFarlin DR, Hernandez PJ, et al.

(2012) Reduced structural connectivity of a major frontolimbic pathway in

generalized anxiety disorder. Arch Gen Psychiatry 69: 925–934.

79. Papez JW (1995) A proposed mechanism of emotion. 1937. J Neuropsychiatry

Clin Neurosci 7: 103–112.

80. Squire LR (1992) Memory and the hippocampus: a synthesis from findings with
rats, monkeys, and humans. Psychol Rev 99: 195–231.

81. VanElzakker M, Fevurly RD, Breindel T, Spencer RL (2008) Environmental

novelty is associated with a selective increase in Fos expression in the output

elements of the hippocampal formation and the perirhinal cortex. Learn Mem

15: 899–908.

82. Battaglia FP, Pennartz CM (2011) The construction of semantic memory:

grammar-based representations learned from relational episodic information.

Front Comput Neurosci 5: 36.

83. Zola-Morgan SM, Squire LR (1990) The primate hippocampal formation:
evidence for a time-limited role in memory storage. Science 250: 288–290.

Long-term Neurostructural Changes in IUGR

PLOS ONE | www.plosone.org 14 October 2013 | Volume 8 | Issue 10 | e76453



84. Otto T, Eichenbaum H (1992) Complementary roles of the orbital prefrontal

cortex and the perirhinal-entorhinal cortices in an odor-guided delayed-
nonmatching-to-sample task. Behav Neurosci 106: 762–775.

85. Brown MW, Warburton EC, Aggleton JP (2010) Recognition memory:

material, processes, and substrates. Hippocampus 20: 1228–1244.
86. Delatour B, Witter MP (2002) Projections from the parahippocampal region to

the prefrontal cortex in the rat: evidence of multiple pathways. Eur J Neurosci
15: 1400–1407.

87. Powell HW, Guye M, Parker GJ, Symms MR, Boulby P, et al. (2004)

Noninvasive in vivo demonstration of the connections of the human
parahippocampal gyrus. Neuroimage 22: 740–747.

88. Watanabe Y, Funahashi S (2012) Thalamic mediodorsal nucleus and working
memory. Neurosci Biobehav Rev 36: 134–142.

89. Royston P (1993) A pocket-calculator algorithm for the Shapiro-Francia test for
non-normality: an application to medicine. Stat Med 12: 181–184.

90. Robinson S, Petelenz K, Li Q, Cohen ML, Dechant A, et al. (2005)

Developmental changes induced by graded prenatal systemic hypoxic-ischemic
insults in rats. Neurobiol Dis 18: 568–581.

91. Koob GF, Heinrichs SC, Pich EM, Menzaghi F, Baldwin H, et al. (1993) The
role of corticotropin-releasing factor in behavioural responses to stress. Ciba

Found Symp 172: 277–289; discussion 290–275.

92. Spruijt BM, van Hooff JA, Gispen WH (1992) Ethology and neurobiology of
grooming behavior. Physiol Rev 72: 825–852.

93. Lubics A, Reglodi D, Tamas A, Kiss P, Szalai M, et al. (2005) Neurological
reflexes and early motor behavior in rats subjected to neonatal hypoxic-

ischemic injury. Behav Brain Res 157: 157–165.
94. Delcour M, Olivier P, Chambon C, Pansiot J, Russier M, et al. (2012)

Neuroanatomical, sensorimotor and cognitive deficits in adult rats with white

matter injury following prenatal ischemia. Brain Pathol 22: 1–16.
95. Delcour M, Russier M, Amin M, Baud O, Paban V, et al. (2012) Impact of

prenatal ischemia on behavior, cognitive abilities and neuroanatomy in adult
rats with white matter damage. Behav Brain Res 232: 233–244.

96. Sizonenko SV, Camm EJ, Garbow JR, Maier SE, Inder TE, et al. (2007)

Developmental changes and injury induced disruption of the radial
organization of the cortex in the immature rat brain revealed by in vivo

diffusion tensor MRI. Cereb Cortex 17: 2609–2617.
97. Wang S, Wu EX, Cai K, Lau HF, Cheung PT, et al. (2009) Mild hypoxic-

ischemic injury in the neonatal rat brain: longitudinal evaluation of white
matter using diffusion tensor MR imaging. AJNR Am J Neuroradiol 30: 1907–

1913.

98. Larvaron P, Boespflug-Tanguy O, Renou JP, Bonny JM (2007) In vivo analysis
of the post-natal development of normal mouse brain by DTI. NMR Biomed

20: 413–421.
99. Paus T, Collins DL, Evans AC, Leonard G, Pike B, et al. (2001) Maturation of

white matter in the human brain: a review of magnetic resonance studies. Brain

Res Bull 54: 255–266.
100. Tolcos M, Bateman E, O’Dowd R, Markwick R, Vrijsen K, et al. (2011)

Intrauterine growth restriction affects the maturation of myelin. Exp Neurol
232: 53–65.

101. Bannerman DM, Rawlins JN, McHugh SB, Deacon RM, Yee BK, et al. (2004)
Regional dissociations within the hippocampus--memory and anxiety. Neurosci

Biobehav Rev 28: 273–283.

102. Deacon RM, Croucher A, Rawlins JN (2002) Hippocampal cytotoxic lesion
effects on species-typical behaviours in mice. Behav Brain Res 132: 203–213.

103. Emond V, Joyal C, Poissant H (2009) Structural and functional neuroanatomy
of attention-deficit hyperactivity disorder (ADHD). Encephale 35: 107–114.

104. Spampinato MV, Wood JN, De Simone V, Grafman J (2009) Neural correlates

of anxiety in healthy volunteers: a voxel-based morphometry study.
J Neuropsychiatry Clin Neurosci 21: 199–205.

105. Miller MM, Morrison JH, McEwen BS (2012) Basal anxiety-like behavior
predicts differences in dendritic morphology in the medial prefrontal cortex in

two strains of rats. Behav Brain Res 229: 280–288.

106. Vetere G, Restivo L, Cole CJ, Ross PJ, Ammassari-Teule M, et al. (2011) Spine
growth in the anterior cingulate cortex is necessary for the consolidation of

contextual fear memory. Proc Natl Acad Sci U S A 108: 8456–8460.
107. Weible AP, Rowland DC, Monaghan CK, Wolfgang NT, Kentros CG (2012)

Neural correlates of long-term object memory in the mouse anterior cingulate
cortex. J Neurosci 32: 5598–5608.

108. Weible AP, Rowland DC, Pang R, Kentros C (2009) Neural correlates of novel

object and novel location recognition behavior in the mouse anterior cingulate
cortex. J Neurophysiol 102: 2055–2068.

109. Zhao P, Zuo Z (2005) Prenatal hypoxia-induced adaptation and neuroprotec-

tion that is inducible nitric oxide synthase-dependent. Neurobiology of disease

20: 871–880.
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