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Magnetic resonance imaging of the neonatal piglet brain

Matthew S. Conrad’, Ryan N. Dilger?, Alec Nickolls? and Rodney W. Johnson'~

INTRODUCTION: Appeal for the domestic pig as a preclini-
cal model for neurodevelopmental research is increasing. One
limitation, however, is lack of magnetic resonance imaging
(MRI) methods for brain volume quantification in the neonatal
piglet. The purpose of this study was to develop and validate
MRI' methods for estimating brain volume in piglets.
RESULTS: The results showed that MRl and manual segmenta-
tion reliably estimated the changes in volume of different brain
regions in 2- and 5-wk-old piglets. Substantial increases in the
volumes of all brain regions examined were evident during the
3-wk period.

DISCUSSION: MRI can provide accurate estimates of brain
region volume during the neonatal period in piglets. A piglet
model that can be used in longitudinal studies may be useful
for investigating how experimental (e.g., nutrition, infection)
factors affect brain growth and development.

METHODS: Anatomic MRI data (non-longitudinal) were
acquired from 2- and 5-wk-old piglets using a three-dimensional
T1-weighted magnetization-prepared gradient echo (MPRAGE)
sequence on a MAGNETOM Trio 3T imager. Manual segmenta-
tion was performed for volume estimates of total brain, cortical,
diencephalon, brainstem, cerebellar, and hippocampal regions.
The MRI-based hippocampal volume estimates in 2-wk and 5-wk
old piglets were validated using histological techniques and the
Cavalieri method.

he domestic pig (Sus scrofa), due to its anatomic and physi-

ologic similarities to humans, is a common, well-accepted
preclinical model in cardiovascular, metabolic, and pediatric
nutrition research (1-3). Because pigs and humans share simi-
lar patterns in brain growth and development, appeal for the
pig as a model for neurodevelopmental research has recently
increased (4,5). In both pigs and humans, the major brain
growth spurt extends from late prenatal to early postnatal,
which is different from other common animal models (6). Both
pigs and humans are born with a brain weight that is roughly
25% of the final adult weight (6). In addition, gross anatomical
features, including gyral pattern and distribution of gray and
white matter of the neonatal pig brain, are similar to those of
human infants (7,8). Furthermore, because the pig s a precocial
species with fairly well-developed sensory and motor systems
at birth, it is amenable to behavioral testing to assess cognitive

development as early as 1-2 wks of age (9). Thus, the neonatal
piglet is a potential preclinical translational model for investi-
gating the effects of early-life experiential factors (e.g., infec-
tion, nutrition) on brain and cognitive development. As the
piglet is already used to study parenteral and enteral nutrition
in preterm infants (10), and preterm birth is associated with a
high rate of developmental delay and cognitive disability (11),
the availability of the piglet for investigating brain and cognitive
development would be particularly welcome. One limitation,
however, has been the ability to make use of quantitative mag-
netic resonance imaging (MRI) for in vivo assessment of brain
growth and development in neonatal piglets.

Quantitative MRI provides important information on brain
development in early childhood and adolescence (12-16), but
because of the potential health concerns for infants, few studies
have focused on the period from birth to 4 y of age, when dra-
matic brain development occurs. Most MRI studies of infants
have been with those born prematurely or with significant
health complications (17-19). Recently, MRI has been used to
assess the structural brain development of healthy full-term
infants from birth to 2 y of age (13). In the first year after birth,
total brain volume more than doubled, and hemispheric gray
and white matter increased 149 and 11%, respectively. Although
this application of MRI in human infants is impressive, the abil-
ity to address the mechanistic questions related to experiential
influences on brain growth and development is not adequate at
present because of practical or ethical concerns.

In older pigs, it is possible to obtain reliable estimates of brain
volumes using MRI (20), and MRI has been used in experimen-
tal neurosurgical procedures and to investigate several neuro-
pathological conditions (21-25). To the best of our knowledge,
however, MRI has not been used to obtain brain volumetric
data for in vivo quantitative analysis in neonatal piglets. As
a first step toward addressing this void, here, we report MRI
scanning and analysis protocols for estimating total brain, cor-
tex, diencephalon, cerebellum, hippocampus, and brainstem
volumes in neonatal piglets at 2 and 5wks of age. The reliabil-
ity of the MRI-based volume estimates was assessed for the
hippocampus by the Cavalieri method and planimetric analy-
sis with physical histological sections obtained postmortem.
The results indicate that MRI can provide an accurate in vivo
estimate of the changes in volume of brain regions over time

"Neuroscience Program, University of lllinois at Urbana—Champaign, Urbana, lllinois; 2Department of Animal Sciences, University of Illinois at Urbana-Champaign, Urbana,

Illinois. Correspondence: Rodney W. Johnson (rwjohn@uiuc.edu)

Received 6 May 2011; accepted 7 September 2011; advance online publication 21 December 2011. doi:10.1038/pr.2011.21

Copyright © 2012 International Pediatric Research Foundation, Inc.

Volume 71 | Number 2 | February 2012 Pediatric RESEARCH 179


http://www.nature.com/doifinder/10.1038/pr.2011.21
mailto:rwjohn@uiuc.edu
http://www.nature.com/doifinder/10.1038/pr.2011.21

ArtiCI es ‘ MRI of the neonatal piglet brain

during the neonatal period. Furthermore, substantial increases
in volumes for all brain regions examined were evident during
the 3-wk period. The potential to quantify brain growth and
development in vivo using MRI in a longitudinal study design
makes the piglet an attractive preclinical animal model.

RESULTS
Total brain and subregion volumes of 2- and 5-wk-old piglets
(n = 6) are shown in Table 1. As expected, there was a main
effect of age on total brain, cortex, diencephalon, cerebellum,
hippocampus, and brainstem volumes, demonstrating consid-
erable increases in volume between the 2-wk and 5-wk peri-
ods. There was no main effect of sex on any of the brain regions
studied, indicating that the volumes were similar in males and
females at this age (P > 0.05 for all measures). Because of this,
data for males and females (n = 6) were combined. Volume of
the left and right hippocampal formation was similar within
each animal irrespective of sex or age. Because no asymmetries
were observed, the left and right hippocampal volumes were
combined to create a total hippocampal volume measure at each
age. A three-dimensional (3D) segmented brain including all of
the aforementioned brain regions can be seen in Figure 1.

To determine the reliability of the MRI-based volume esti-
mates, the volume of the hippocampus was also determined
from physical sections obtained postmortem. The hippocampus

Table 1. Brain growth from 2 to 5 wks of age

2-wk-old, mm?  5-wk-old, mm? %
Region (SE) (SE) Increase Age
Total brain
volume 46,162 (642) 64,958 (1,341) 41 P <0.0001
Cortex 32,636 (736) 46,779 (1,224) 43 P <0.0001
Diencephalon 5,118 (85) 6,892 (189) 35 P <0.0001
Total 1,066 (42) 1,464 (58) 37 P <0.0003
hippocampus
Cerebellum 3,919 (69) 5,380 (93) 37 P <0.0001
Brainstem 3,422 (62) 4,443 (144) 30 P <0.0001

Figure 1. Three-dimensional (3D) brain reconstruction. The 3D
reconstruction shows the anatomical position of the left hippocampus
(yellow) and right hippocampus (red) in relation to the cortex (green),
diencephalon (teal), brainstem (dark blue), and cerebellum (pink).
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was chosen because it was smallest of all the areas examined
and most difficult to manually segment. Furthermore, tech-
nical challenges prevented the whole-brain slicing at 5-um
intervals. Using the histological sections, segmentation of indi-
vidual hippocampal subregions (dentate, CA1, and CA3) was
possible; however, owing to the small size of the hippocam-
pus in the young pig, it was not possible to identify these hip-
pocampal subregions by MRI. Thus, only whole hippocampal
volume was compared between the two methods. To reduce
variance due to genetic variability, piglets from the same litter
were used for the histological validation. A total of four pig-
lets were used: two that were 2wks of age and two that were
5wks of age. The average volumes determined histologically at
2 and 5wks of age were 165.29 mm’ (+9.75) and 246.70 mm’
(£11.74), respectively. The average volumes determined using
MRI at 2 and 5wks of age were 487.83mm?® (+38.28) and
658.87 mm® (+47.25), respectively. Although tissue blocks were
not measured before processing, the difference in the volumes
determined histologically and using MRI represents a reduc-
tion in the total volume (i.e., shrinkage) of ~64%. Finally, a
strong correlation between hippocampal volumes determined
by MRI and histology was evident (r = 0.9878, P = 0.0122).
The median intra- and interobserver agreement for two inde-
pendent raters for MRI-based volume estimates is shown in
Table 2. Intraobserver agreement was consistent across brain
regions, with the median values ranging from 94.4 to 96.6%. The
coeflicients of variation ranged from 2.1 to 6.4% across brain
regions. The interobserver agreement medians ranged from 96.6
to 98.8%, with coefficients of variation ranging from 2.0 to 5.2%.

Table 2. Intra- and interobserver agreements and coefficients of
variation for segmented regions

Region Intraobserver (%) Interobserver (%)

Total brain volume

Median agreement 94.7 98.1

cov 45 4.0
Cortex

Median agreement 94.4 97.2

cov 6.4 5.2
Diencephalon

Median agreement 95.6 98.0

cov 53 43
Cerebellum

Median agreement 95.2 96.6

cov 3.0 2.0
Total hippocampus

Median agreement 94.8 98.8

cov 2.1 25
Brainstem

Median agreement 94.9 97.4

cov 49 35

COV, coefficient of variation.
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DISCUSSION

MRI has been used in older pigs to quantify whole-brain and
substructure volumes; however, to the best of our knowledge, no
studies have used MRI to characterize normal brain development
during the neonatal period (20). Therefore, this study sought to
determine whether MRI could be used to estimate the volumes
of different brain regions in the neonatal period. The important
results showed that MRI and manual segmentation reliably esti-
mated the changes in the volume of different brain regions over
time. Furthermore, substantial increases in the volumes of all the
brain regions examined were evident during the 3-wk period.

Several challenges are presented when using MRI during the
neonatal period, including poor spatial resolution and low tis-
sue contrast, which cause difficulties in discerning between gray
matter, white matter, and cerebrospinal fluid (26). Because of
this, using automated segmentation procedures in the neonate
has been difficult. An additional obstacle of structural analysis in
the neonatal pig brain is the lack of a brain atlas specific to this
age. Currently, the only MRI-based atlas for the pig is in adult
animals, which is not suitable for neonatal brain analysis (27).
Because there is currently no atlas available for pigs during the
neonatal period, we chose to use manual segmentation for vol-
ume analysis. This technique requires significantly more time
than semi- and fully automated segmentation methods, but pro-
vides accurate volume estimations. Additional imaging data sets
are needed for the creation of structural MRI atlases, which will
allow for more complex, automated segmentation methods. A
future goal is to utilize more sophisticated techniques used for
human studies, such as neonatal cortical mapping, once age-
based MRI atlases have been created for piglets (17). Nonetheless,
the current procedure can be used in a longitudinal experimental
design to assess the effects of experiential factors (e.g., nutrition,
infection) on brain growth and development. This is important
because, similar to humans (6), overall brain weight of piglets in
the neonatal period is about 25-35% of normal adults.

Studies employing MRI for the volumetric analysis of spe-
cific brain regions typically validated this modality using clas-
sic histological techniques and the Cavalieri method (20).
Here, using a digital planimetry method, we examined the
high-resolution segment image sets of both MRI and histologi-
cal sections. The planimetry method is a reliable method for
volume estimation in which areas of interest are outlined on
a computer screen and the included pixels in series of images
are used for volume calculation (28). Using this method, we
demonstrated a highly significant correlation between the hip-
pocampal volume determined from the histological sections
and that determined using MRI, showing that MRI can pro-
vide accurate relative differences over time.

In addition to developing MRI methods for estimating brain
volume, by examining 2- and 5-wk-old piglets, this study also
provides evidence of substantial brain growth during this early
3-wk period. A limitation of this study was that it was not a lon-
gitudinal design due to the need to obtain brain sections for the
estimation of hippocampal volume using the Cavalieri method.
Nonetheless, the volumes for cortex and subcortical regions
including the hippocampus, diencephalon, cerebellum, and
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brainstem were 30-43% greater in 5-wk-old piglets as compared
with 2-wk-old piglets. No main effect of sex on absolute volumes
or differences in volumes between 2- and 5-wk-old piglets was
evident for these brain regions. These data are similar to a study
of humans aged 3 mo to 30 y that found no effects of sex on gray
and white matter volumes after accounting for head size (15).

Additional limitations of this study include the simplicity of
the volumetric analysis technique and the histological methods
used for the validation of the MRI volumes. Due to the lack
of age-specific MRI-based atlases for the neonatal piglet, more
sophisticated regional volume estimation methods could not be
used. Our lab is collecting MRI data to construct these aver-
aged brain MRI atlases to utilize techniques such as voxel- and
deformation-based morphology, which have been shown to
be powerful methods for volumetric analysis in the neonatal
brain (29). In addition, the automated skull-stripping features
of many semi- and fully automated procedures that were devel-
oped for humans do not currently work with the pig due to
anatomical differences. For this study, only two independent
observers were evaluated to construct the coefficients of varia-
tion. Although it would be ideal to evaluate additional observ-
ers, we obtained low coefficients of variation for our methods,
and the use of only two observers is similar to other manual
segmentation protocols for the analysis of human brain regions
(30,31). For the histological validation, there were differences in
the absolute volumes between the MRI and histologically deter-
mined hippocampal volumes. These differences were due to the
dehydration and paraffin-embedding of the hippocampal tis-
sue. We chose this approach in order to be able to slice the tissue
at smaller intervals to increase the resolution of our histologi-
cal method. Because of this, the correlation analysis is based on
relative differences in volume rather than absolute volumes. In
addition, another limitation is that tissues from only four brains
were used for the correlation analysis, although all of these
brains were from littermate pigs, allowing for reduction in vari-
ability. Despite the limitations of this study, the data support
this as a reliable method for quantification of brain region vol-
umes in the neonatal piglet, and future work will allow for more
semi- and fully automated segmentation of the piglet brain.

In summary, reliable estimates of changes in the brain vol-
ume over time in neonatal piglets can be obtained using
MRI and manual segmentation procedures. Because the pig
is a gyrencephalic species thought to have brain growth and
development similar to humans, it may serve as a preclinical
translational model for studying the developmental origins
of neuropsychiatric diseases. Using the methods introduced
in this study, ongoing studies will characterize normal brain
development in the pig from the neonatal period to adulthood
in a longitudinal design.

METHODS

Subjects

A total of 12 pigs, six male and six female (Sus scrofa domestica, York
breed), from three litters, were obtained from the University of Illinois
swine herd at 2 d of age and placed into an artificial rearing system that
has been previously described (9). Briefly, each piglet was housed indi-
vidually in an acrylic-sided cage with a 12-h light/dark cycle. Ambient
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temperature was maintained at 27°C with intracage temperatures
maintained at 32°C using radiant heaters located directly over the
piglets. Piglets received a commercially available milk replacer (Milk
Specialties Global Animal Nutrition, Carpentersville, IL) throughout
the 5-wk study. Milk replacer powder was reconstituted fresh each day
and 50 ml of liquid diet was delivered to individual feeding bowls once
an hour from 8 AM to midnight using a custom, automated system (9).
The pigs had an average weight of 1.86 + 0.05kg at birth and 3.08 +
0.05kg and 9.13 + 0.34kg at 2 and 5wks of age, respectively.

Experimental Procedures

At 2wks of age, six of the pigs, three male and three female,
were subjected to MRI procedures. Immediately before scan-
ning, pigs were anesthetized by intramuscular injection of a
telazol:ketamine:xylazine solution (4.4 mg/kg body weight), and
placed in a prone position in the MRI scanner. The pigs remained
anesthetized during the MRI scanning procedure (~20min) and
were later killed by intracardiac administration of an overdose of
sodium pentobarbital (390 mg/ml Fatal Plus—administered at a
rate of 1 ml/5kg body weight). Brains were removed and a 2.5-
cm’ tissue block encompassing the left hippocampus was excised
and placed in 4% paraformaldehyde. Tissue blocks were stored
in the fixative at 4°C for 3 wks before processing. Tissue blocks
from male and female littermates were selected and processed for
the determination of histological volume. The remaining six pigs
were scanned at 5 wks of age after which they were killed and their
brain tissue was collected and processed as described above.

Imaging

Magnetic resonance scanning was conducted using a Siemens
MAGNETOM Trio 3T imager by employing a Siemens 32-channel
head coil (Siemens, Erlangen, Germany). Anatomic images were
acquired using a 3D T1-weighted magnetization-prepared rapid
gradient-echo sequence with the following parameters: repetition
time = 1,900 ms; echo time = 2.48 ms; inversion time = 900 ms, flip
angle = 9°, matrix = 256 x 256 (interpolated to 512 x 512), slice thick-
ness = 1.0mm. The final voxel size was 0.35 x 0.35 x 1.0mm across
the entire head from the tip of the snout to the cervical/thoracic spi-
nal cord junction. Images were exported in the Digital Imaging and
Communications in Medicine format and analyzed using 3D visual-
ization software (AMIRA; Visage Imaging, San Diego, CA).

In vivo Quantification of Brain Region Volume Using MRI

The volumes for total brain, cortex, diencephalon, cerebellum, hip-
pocampus, and brainstem were quantified using AMIRA 3D visual-
ization software. Unsharp masking post-processing was performed to
improve the grayscale inhomogeneities (32). Manual segmentation of
the brain regions was facilitated by a Wacom Cintiq 21UX graphic
input screen and pen (Wacom, Vancouver, WA). The anatomical
criteria for the regions were based on the stereotaxic atlas of Félix
et al. (33). The boundaries for segmentation are shown in Figure 2.
For the hippocampus, the medial border was defined by the choroi-
dal fissure and the lateral border was the inferior horn of the lateral
ventricle. The superior border was the body of the lateral ventricle
and the inferior border was the parahippocampal gyrus. The total
brain volume was defined as the sum of cortical, subcortical, cerebel-
lar, brainstem, and partial spinal cord volumes. The spinal cord was
segmented to the posterior boundary of the cerebellum. The volumes
were calculated using the material statistics function of AMIRA,
which estimates the 3D volume of the manually segmented regions
given the aforementioned voxel size. To determine the reliability of
these measures, segmentation was conducted by two independent
observers and the intra- and interobserver agreements calculated.

Quantification of Hippocampal Volume from Histological Sections
Paraformaldehyde-fixed hippocampal tissue was dehydrated and
paraffin-embedded using a Leica ASP300 tissue processor (Leica,
Wetzlar, Germany). The tissue block was sectioned in the axial plane
at 5-um intervals and every 10th section was collected. The serial sec-
tions were hematoxylin and eosin-stained using a Sakura Tissue-Tek
DRS H&E stainer system and coverslipped with a Sakura Tissue-Tek
Glas coverslipper (Sakura, Tokyo, Japan). The slides were digitized
at x20 magnification using a Nanozoomer Digital Pathology System
(Hamamatsu, Hamamatsu City, Japan), creating high-resolution
virtual slide images. Digital images of the hippocampal region were
exported from the virtual slides as JPEGs for subsequent segmenta-
tion. Digital images of the serial sections were imported into AMIRA,
and the z-plane depth was adjusted to account for the 50-um distance
between the collected slices. Images were aligned and the hippocam-
pus was manually segmented for each section. The hippocampal
region was defined as the dentate gyrus, CAl, and CA3, as shown in
a representative slide in Figure 3. After the segmentation of all tissue
sections, the material statistics function of AMIRA was used to esti-
mate the hippocampal volume.

Figure 2. Magnetic resonance imaging segmentation boundaries. The left (yellow) and right (red) hippocampi are segmented in the coronal, axial, and
sagittal planes of view. The cortex (green), diencephalon (teal), brainstem (dark blue), and cerebellum (pink) are also shown.
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Figure 3. Hippocampus segmentation criteria for histological tissue
sections. The outlined area includes the dentate gyrus (DG), CA1, and CA3
regions of a horizontal cross-sectional slice of the hippocampal tissue
from the dorsobasal portion of the hippocampus. The subiculum (Sub)
was not included in volume analysis. Image was taken at x12.5 original
magnification.

Statistics

For the analysis of the brain region volumes in the 2- and 5-wk-old
piglets, data were subjected to two-way ANOVA (age x sex) using SAS
software (SAS, Cary, NC). It was determined that there was unequal
variance between the data obtained for 2- and 5-wk-old piglets, and to
correct for this, the data were log-transformed before ANOVA. There
was no significant effect of sex; therefore, the male and female data
were combined for the calculation of the means. Significance level
was set at P < 0.05. Validation of the MRI volume estimation of the
hippocampus was based on the technique employed in human stud-
ies by Bobinski et al. (34). The correlative relationship between the
hippocampal volumes obtained by MRI and histological measure-
ment was determined using GraphPad Prism 5 software (GraphPad
Software, La Jolla, CA). The Pearson product-moment correlation
coeflicient was used to determine the strength of the linear depen-
dence between the two volume estimations.

The intra- and interobserver agreements for manual segmentation
were calculated based on the statistical methods by Bland and Altman
(35). The intraobserver agreement was calculated by the following
formula, where x,  and x, , were repeat measures of the regional vol-
umes of six pigs using manual segmentation by one rater (M.S.C).
This rater was blinded to the pig brain images being segmented and
the order of segmentation was randomized.

X=X
Intraobserver agreement index = 100 — Mxloo
(xlst ~Xond )2

The interobserver agreement was calculated by the following formula

where x and x, are measures of regional volumes of each pig using
manual segmentation by two different raters (M.S.C and A.N.).

X, —X
Intraobserver agreement index = 100 — MXIOO
(x,=x,)/2

The intraobserver coefficient of variation was defined as 2 SD of the
following equation by the British Standards Institution (36):

|‘xlst _x2nd|

(xlst_xan)/2
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The interobserver coefficient of variation was defined as 2 SD of the
following equation:

=]
(x,=x,)/2

Ethics

All procedures were in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals and
approved by the University of Illinois Institutional Animal Care and
Use Committee.
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