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Abstract

Background—Neuroscience research in brain development and disorders can benefit from an /n
vivo animal model that portrays normal white matter (WM) development trajectories and has a
sufficiently large cerebrum for imaging with human MRI scanners and protocols.

New method—Twelve three-month-old Sinclair™ miniature pigs (Sus scrofa domestica) were
longitudinally evaluated during adolescent development using advanced diffusion weighted
imaging (DWI) focused on cerebral WM. Animals had three MRI scans every 23.95 + 3.73 days
using a 3-T scanner. The DWI imaging protocol closely modeled advanced human structural
protocols and consisted of fifteen b-shells (b = 0-3500 s/mm?2) with 32-directions/shell. DWI data
were analyzed using diffusion kurtosis and bi-exponential modeling that provided measurements
that included fractional anisotropy (FA), radial kurtosis, kurtosis anisotropy (KA), axial kurtosis,
tortuosity, and permeability-diffusivity index (PDI).

Results—Significant longitudinal effects of brain development were observed for whole-brain
average FA, KA, and PDI (all p < 0.001). There were expected regional differences in trends, with
corpus callosum fibers showing the highest rate of change.
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Comparison with existing method(s)—Pigs have a large, gyrencephalic brain that can be
studied using clinical MRI scanners/protocols. Pigs are less complex than non-human primates
thus satisfying the “replacement” principle of animal research.

Conclusions—Longitudinal effects were observed for whole-brain and regional diffusion
measurements. The changes in diffusion measurements were interepreted as evidence for ongoing
myelination and maturation of cerebral WM. Corpus callosum and superficial cortical WM
showed the expected higher rates of change, mirroring results in humans.
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1. Introduction

Adolescence to early adulthood is a crucial period for human brain development that is
associated with acquisition of higher cognitive functions and emergence of neuropsychiatric
illnesses (Rapoport et al., 2005a; Casey et al., 2007; Kalia, 2008). Magnetic resonance
imaging (MRI) based brain assessments have become the primary approach for studying
human brain development, and there is a need for an animal model that allows equivalent
neuroimaging to be complemented with invasive neuroscience techniques. However, the
established animal models for brain development, including laboratory rodents and ferrets
(Jacob, 1999; Bryda, 2013; Rosenthal and Brown, 2007; Hardouin and Nagy, 2000;
Armstrong et al., 1991; Welker, 1990) and non-human primates (Goodman and Check, 2002;
Bontrop, 2001; Torres et al., 2010; Patterson and Carrion, 2005; VandeBerg and Williams-
Blangero, 1997), have significant limitations or challenges. Rats and mice have a
lissencephalic cortex and their brains are different from human in both appearance and
structural proportionality. Ferrets do have a gyrencephalic cortex, but their cerebral
gyrification process differs from humans and occurs after birth (Smart and McSherry, 1986;
Kochunov et al., 2010b). Further, the small brain volume of both rodents and ferrets
necessitates the use of dedicated high-field, small-bore animal MRI scanners and special
imaging protocols, which substantially reduces the potential for translational research. Non-
human primates have a cerebral development pattern comparable to humans and can be
studied using a human MRI scanner (Armstrong et al., 1991; Kochunov et al., 2010b;
Armstrong et al., 1995; Pillay and Manger, 2007; Kochunov et al., 2011a); however, non-
human primates are expensive and have ethical constraints that limit their availability for
basic neuroscience research. Here, we tested the miniature pig (Sus scrofa domestica), as an
animal model for translational neuroimaging studies of adolescent brain development that
overcomes most of the above limitations.

Human brain development includes two critical periods separated in time: primary
gyrification and primary myelination (Kochunov et al., 2010, 2009a). The primary
gyrification starts during the third trimester and is completed by birth. During this period,
the cortical folding coupled with cortical surface area expansion and the differentiation/
branching of axons and dendrites, leads to the creation of a gyrencephalic cortex (Xu et al.,
2010; Bayly et al., 2014). Abnormalities in cortical folding are generally caused by genetic
disorders and result in reduced cognitive ability (Bayly et al., 2014; Pang et al., 2008;
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Nordahl et al., 2007; Hardan et al., 2004). Primary cerebral myelination begins soon after
birth and continues until early adulthood (Flechsig, 1901a). It is a highly heterochronic
process (Dubois et al., 2012; Kulikova et al., 2015; Dean et al., 2016, 2015, 2017; Lebel and
Beaulieu, 2011; Lebel et al., 2012; Kinney et al., 1988; Barkovich et al., 1988) with motor
and sensory WM bundles become fully myelinated during childhood (Lebel et al., 2008;
Eluvathingal et al., 2007; Bonekamp et al., 2007; Ashtari et al., 2007; Barnea-Goraly et al.,
2005; Schmithorst et al., 2002; Mukherjee et al., 2001). Myelinated axons in the brain’s WM
support its functionality by propagating electric signal transmissions through saltatory
conductance (Hildebrand et al., 1993; Susuki, 2013; Miller et al., 2013). Thus, the
myelination level impacts the propagation speed of the action potential (Lutz et al., 2005;
Ashe and Georgopoulos, 1994; Bartzokis et al., 2010). In adolescence, changes in the fronto-
cortical and fronto-striatal circuits lead to the development of higher cognitive skills
(Bartzokis et al., 2010; Bartzokis, 2004; Bartzokis et al., 1999; Bastos Leite et al., 2004;
Kochunov et al., 2010a; Kochunov et al., 2009b; Prins et al., 2004; Schiavone et al., 2009).
Adolescence is also a peak period for the development of neuropsychiatric disorders, such as
schizophrenia, and when reduced inhibition and excessive reward seeking and risky
behaviors may lead to life-long substance use disorders (Weinberger and Lipska, 1995;
Lewis and Levitt, 2002; Rapoport et al., 2012, 2005b; Murray et al., 1992; McGorry et al.,
2011). Myelination of associative WM tracts improves connectivity of the intra-cortical
connectivity networks and maximizes information processing speed and energy efficiency
(Hildebrand et al., 1993; Harris and Attwell, 2012; Vaishnavi et al., 2010; Lee et al., 2012;
Wen and Chklovskii, 2005; Laughlin and Sejnowski, 2003).

The miniature pig is commonly utilized in translational research pertaining to the
cardiovascular, digestive, and integumentary systems (Stricker-Krongrad et al., 2016;
Swindle et al., 2012; Schomberg et al., 2016) due to anatomical, physiological, and genetic
similarities to humans (Swindle et al., 2012; Schomberg et al., 2016; Wernersson et al.,
2005). The intermediate size of miniature pigs allows for easier housing (Stricker-Krongrad
et al., 2016), and they are significantly less expensive than non-human primates (Schomberg
etal., 2016; Coors et al., 2010). Miniature pigs are intelligent, have a mild temperament, and
are amendable for training and cognitive research (Stricker-Krongrad et al., 2016;
Schomberg et al., 2016). Miniature pigs have a fully gyrencephalic brain, undergo primary
gyrification in-utero and as adults have an equal ratio of cerebral white and gray matter (Fig.
1), comparable to that in humans (Swindle et al., 2012; Schomberg et al., 2016; Conrad et
al., 2012; Ostergaard et al., 1998). Further, miniature pigs and humans have analogous brain
development, including similar myelination and brain white matter growth patterns (Sauleau
etal., 2009).

We used quantitative diffusion weighted imaging (DWI1) for longitudinal assessment of
changes in cerebral WM in the adolescent-age miniature pigs. Diffusion tensor imaging
(DTI) is the most commonly used DWI approach that describes the Gaussian properties of
the diffusion displacement distribution of water in the brain by fitting a mono-exponential
function to the weighted diffusion signal decay at a low “diffusion weighting” (b-value <
1000 s/mm?). The choice of a lower b-value range makes DTI sensitive to water molecules
with high diffusivities. Neuroimaging studies in humans have mapped the normal
developmental trajectory of cerebral WM using DTI’s fractional anisotropy (FA) of water
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diffusion (Kochunov et al., 2012; Flechsig, 1901b; Yakovlev and Lecours, 1967; Kochunov
etal., 2011b; Gao et al., 2009; Ben Bashat et al., 2005). FA is also a valuable phenotype in
neuropsychiatric disorders. Reduced FA has been found in adolescents with high clinical
risk for development of psychosis (Karlsgodt et al., 2009, 2012, 2015), schizophrenia
(Wright et al., 2015; Nazeri et al., 2013; Perez-lIglesias et al., 2010; Friedman et al., 2008;
Alba-Ferrara and de Erausquin, 2013; Phillips et al., 2012; Kubicki et al., 2007; Glahn et al.,
2013; Ellison-Wright and Bullmore, 2009), and substance use disorders (Acheson et al.,
2015, 2014a,b). FA is a simple and empirical parameter but it lacks biological specificity and
that makes interpretation of FA findings difficult (Alba-Ferrara and de Erausquin, 2013;
Pierpaoli and Basser, 1996). Moreover, the water diffusion signal is non-Gaussian, and at
higher b-values, DTI fails to approximate the non-mono-exponential decay of diffusion
signal that is caused by the restriction of diffusion by cellular membranes (Jensen and
Helpern, 2010; Sukstanskii et al., 2003, 2004). We supplemented DT metrics with two DWI
analysis methods: diffusion kurtosis imaging (DKI) (Jensen et al., 2005a) and permeability-
diffusivity (PD) (Kochunov et al., 2013). DKI and PD models overcome the limitations of
DTI and characterize the sources of the non-Gaussian distribution of diffusion signals.

In the present study, we hypothesized that the diffusion signal from white matter (WM) in
the miniature pigs can serve as a good animal model for adolescent to young adult brain
development in humans. Specifically, we used adolescent aged miniature pigs to (1) study
the sensitivity of the different DWI measurements to adolescent development in whole-brain
WM and (2) explore the WM regional heterochronicity to assess the different developmental
trajectories in various brain regions.

2. Methods

2.1. Animal subjects

Twelve female Sinclair™ miniature swine underwent three MRI scans every 23.95 + 3.73
days. Female swine were chosen to facilitate bladder catherization for the prolonged
duration MRI. All remained free of disease throughout the duration of the study. The
average ages for MRI #1, #2, and #3 were 102.58 + 16.91 days, 123.58 + 17.10 days, and
149.5 + 15.96 days, respectively. The sample was age-selected to correspond with human
adolescence/early adulthood (age 10-19 years). The pigs are considered late pre-pubescent
for MRI #1 and sexually mature by MRI #3. Four of the twelve animals were transferred
into another study prior to MRI #3 and one was missing DKI data on MRI #3. The local
Institutional Animal Care and Use Committee reviewed and approved all animal protocols.
All animals were housed in the 59th Clinical Research Division vivarium of Joint Base San
Antonio Lackland Air Force Base (AFB), TX.

2.2. Imaging protocol

All imaging was performed using a Siemens 3-T Verio scanner with a multi-channel knee
coil at the Wilford Hall Ambulatory Surgical Center, 59th Medical Wing, Joint Base San
Antonio-Lackland AFB, TX. A human knee coil (inner diameter ~ 180 mm) provided an
excellent coverage (field of view ~200 mm) for the brain and a comfortable fit for the
animals placed in prone position. It provided a better signal-to-noise ratio (SNR) than
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volumetric coils for human brain imaging, however, SNR may likely be improved by the use
of custom RF coils optimized for miniature pig anatomy. General anesthesia in the form of
isoflurane was administered with an MRI-compatible machine for the 3-h scan duration.
Metabolic and fluid status was continuously monitored and no subjects displayed signs of
distress. Pigs were imaged in the prone position.

2.3. Diffusion weighted imaging and data processing

The DWI protocol was developed based on g-space protocols for /n vivo mapping of water
diffusion in the brain (Wu et al., 2011; Clark et al., 2002). This protocol consisted of 15
shells of b-values (b = 0, 250, 500, 600, 700, 800, 900, 1000, 1250, 1500, 1750, 2000, 2500,
3000, 3500 s/mm?; diffusion gradient duration = 47 ms, diffusion gradient separation = 54
ms). Thirty-two isotropically distributed diffusion weighted directions were collected per
shell, including sixteen b = 0 images. Three dummy scans preceded the data collection to
establish the steady state. The highest b-value (b = 3500 s/mm?2) was chosen because the
signal-to-noise ratio (SNR) for the corpus callosum in the diffusion weighted image (SNR =
6.9 £ 0.7) measured during protocol development approached the empirically selected lower
limit of SNR = 5.0. The b-values and the number of directions per shell were chosen for
improved fit of the bi-exponential model and SNR (Jones et al., 1999). The imaging data
were collected using a single-shot, echo-planar, single refocusing spin-echo, T2-weighted
sequence with a spatial resolution of 1.72 x 1.72 x 1.70 mm and 40 slices prescribed in axial
orientation for complete brain coverage. The sequence was repeated with the reversal of the
phase encoding gradients for correction of spatial distortions and improvement in SNR (Fig.
2). In addition to DWI, high-resolution (0.5-mm isotropic) T1-weighted structural data were
collected.

Thermal noise in the data was reduced by applying the Marchenko Pastour Principle
Component Analysis (MPPCA) denoising technique that exploits the inherent redundancy in
diffusion MRI data (Veraart et al., 2016a,c,b). Thereafter, the data was corrected for Gibbs
ringing (Kellner et al., 2016), Rician bias (Gudbjartsson and Patz, 1995), geometric eddy
current and EPI distortions, and subject motion (Andersson and Sotiropoulos, 2016, 2015;
Andersson et al., 2003; Smith et al., 2004).

2.3.1. DKI model calculations—DKI is a model-independent diffusion signal
representation that extends conventional DTI by the addition of the kurtosis term to account
for non-Gaussian behavior of the diffusion signal (Eq. (1), Fig. S1, see supplement) (Jensen
and Helpern, 2010; Jensen et al., 2005b; Lu et al., 2006). Both the diffusion and kurtosis
tensors can be derived from the second-order expansion of the multi b-shell diffusion-
weighted signal decay as function of the b-value:

3 2 /3 2 3
b D;;
nS(b,g)=nS(0)~b > gig; Dij+— <§ : ) > gigigaWin+0 (°)
— 6 \— 3 =
i,j=1 i=1 i,7,k, =1 (1)

with g;the th component of gradient direction g and S(0) the nondiffusion-weighted signal
intensity. Dj;is the /ith element of the fully symmetric diffusion tensor D, characterized by
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six independent elements and Wjj, denotes an element of the diffusion kurtosis tensor W,
which is fully parameterized by 15 independent elements. The DKI model was fit based on
the reduced set of diffusion values (b up to 2500s/mm2) to minimize approximation errors
O(bd), yet to capture the non-Gaussian diffusion effect that become apparent at intermediate
b-values.

During the model fit, multivariate regression was used to estimate the eigenvalues for the
diffusion (L1 » 3) and kurtosis (Kj » 3) tensors. The three eigenvalues for diffusion tensor
were converted to axial (L)), radial, (L), and FA. Similarly, the three eigenvalues of the
kurtosis tensor were converted to axial (K)), radial, (K1), and kurtosis anisotropy (KA)
values (Poot et al., 2010)

2.3.2. Permeability-diffusivity model calculations—The PD model is based on the
bi-exponential fit of diffusion decay (Egs. (2) and (3)) (Kochunov et al., 2013):

S(b S(b
LHVIN e Pui(1-My,) - e*b'DrQ:Mu e PDup(1-M,) e PPr

So So )

ppr=Lr / D. @

Here S(b) is a diffusion weighted signal for a given b value, averaged across all directions.
M, is the compartmental fraction of the signal that comes from unrestricted diffusion, and
(1-My) is the signal from the restricted diffusing compartment. D, and D, are the diffusivity
of the unrestricted and restricted compartments, respectively. The expansion was fit based on
the full set of diffusion values (0-3500 s/mm2); using the following initial fit values: M =
0.5,. Dy =0.1 and D; = 0.01 mm2/s.

2.3.3. Global and regional diffusion measurements—All diffusion measurements
were extracted using tract-based spatial statistics protocol by combining ENIGMA-DTI
protocol (Jahanshad et al., 2013) with the piglet MRI brain atlas (Conrad et al., 2014).
Briefly, T1-brain images were registered to the pig brain atlas using a 12-parameter
transformation and the transformation was used to reslice FA images for individual brains.
Next, a “minimal deformation target” was created based on FA images from the
participating animals as previously described (Jahanshad et al., 2013). The data were then
processed using FSL’s tract-based spatial statistics (7B8SS; http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/TBSS) analytic method (Smith et al., 2006) modified to project individual FA values
on the hand-segmented pig skeleton mask. After extracting the skeletonized WM, FA values
corresponding to the middle of major WM tracts, based on the local maximum in the
direction normal to the skeleton, were projected onto the WM skeleton. This analysis was
repeated for images of the DKI and PD index (PDI) parameters using the non-FA option of
the pipeline. This option produced skeletonized WM images of corresponding non-FA
values. Following projection, regions of interest, derived from the pig brain atlas, were
transferred to extract the mean values for the full skeleton and average values for major brain
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areas, including the corpus callosum (CC) and superficial WM. Whole-brain averaged
diffusion parameters were obtained by averaging the entire skeleton. Overall, the entire DWI
imaging and DKI/PDI modeling approaches essentially remained the same as human DWI
protocols (Kochunov et al., 2016a) to maximize the translational potential of the miniature
pig model.

2.4. Statistical analyses

3. Results

2.4.1. Regression analysis—To assess longitudinal trends in the diffusion
measurements, we used a generalized linear mixed effects (GLME) model. The GLME
model partitions the variance in the measurements from each subject into the fixed
(predictor) effects that are observed on the group level and a random set of latent, non-
independent effects that are individual to each subject. The normality of the distribution of
the diffusion parameters were verified using Kolmogorov-Smirnov and Shapiro-Wilk
statistics (all p > 0.2) Modeling longitudinal measurements using GLME models allows the
results of the study to be more representative by accounting for non-independent individual
variance. The GLME model is more flexible than repeated ANOVA analyses because it does
not require the same number of measurements for each subject. The GLME modeling used
age as the fixed predictor for the diffusion measurements and a random effect variable (&) to
account for individualized variance for each animal. This model is shown in Eq. (4):

Pi,j:A+/8Age . Agem—i-ozi,j (4)

where P; j is the diffusion parameter (FA, KA, AK, AD, RD, or PDI) for the “jth” pig at the
age (Age; j) in days since birth of the “ith” imaging session, A is a constant, B is the
regression coefficient, and a;j is a mixed effect coefficient.

GLME modeling was performed in R (R-Development-Core-Team., 2009) using the
nonlinear mixed effect model library (nIme) (Pinheiro et al., 2012). The model accounts for
variance between subjects by determining both the fixed and random effects. Linearity
between the diffusion measurements and age is established before outputting the
standardized regression coefficients (B) and standard errors.

For the regional measurements, Bonferroni correction set statistical significance at p < 0.007
to reduce type 1 errors associated with multiple (N = 7 brain regions) comparisons; p-values
between 0.008 and 0.05 were deemed suggestively significant and were also discussed.

3.1. Whole-brain longitudinal trends

Significant longitudinal effects of age were observed for FA, KA and PDI (all p < 0.001)
(Table 1, Fig. 3). All three diffusion measurements showed consistent longitudinal rise with
age, except for one animal (Fig. 3). Significant decreases with age were observed for axial
kurtosis (AK) and radial kurtosis (RK) (p = 0.027 and 0.025, respectively) (Fig. 4). The
radial diffusivity showed a negative trend but it was not significant (Fig. S2). The average
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FA was significantly and positively correlated with both KA and PDI (r = 0.59 and 0.40, p <
0.001). KA and PDI were also significantly correlated (r = 0.81, p < 1078).

3.2. Regional longitudinal trends

Regional effects of aging were assessed using diffusion metrics obtained for six brain areas
from the piglet brain atlas (Conrad et al., 2014): CC, superficial WM, parahippocampal
WM, midbrain, thalamic radiation (TR), and internal/external capsule (I/EC) (Table 2).
Measures from the left and right hemispheres of the same structure were averaged, as there
was no evidence of significant lateralization.

Significant longitudinal changes in DWI parameters were observed for all brain regions
except for the parahippocampal WM which showed no age effects on any of the diffusion
measurements. FA and KA increased in all regions except for the parahippocampal WM, and
PDI significantly increased in the CC, superficial WM, midbrain, and TR. RK significantly
decreased in the midbrain and TR. The PDI increase in the corpus callosum was the most
robust effect observed (p = 6.7 1077), followed by the rise in KA in the TR (p = 1.4 1075)
and the rise in FA in the I/EC (p = 5.6 1075). Except for AK and RK, the diffusion metrics
increased with age.

4. Discussion

A longitudinal imaging protocol was used to assess changes in WM integrity during normal
adolescent maturation in miniature pigs. The trends of WM DWI measurements were similar
to these observed during the period of adolescence and young adulthood in humans
(Kochunov et al., 2012; Grinberg et al., 2017; Howroyd et al., 2016; Peter et al., 2016). In
addition to the rise in DTI-FA values, we observed significant changes in two DWI
parameters that describe the non-Gaussian diffusion properties KA and PDI. We interpreted
these changes based on findings in humans as evidence for ongoing structural maturation of
cerebral WM. Also, analogous to humans, the highest rates of change were observed in the
CC and superficial WM, suggesting heterochronicity of WM development in pigs
(Kochunov et al., 2012, 2011b).

We are developing the miniature pig adolescent WM development model to complement
existing small animal laboratory models including rats (Crum et al., 2017; Hansen et al.,
2017; Lentz et al., 2014; Petrenko et al., 2017) and ferrets (Das and Takahashi, 2017;
Hutchinson et al., 2016; Knutsen et al., 2010; Schwerin et al., 2017). Large, gyrencephalic
brains of miniature pigs can be studied using a human MRI scanner and imaging protocols
developed for human subjects (Kochunov et al., 2013, 2014). The lower costs and shorter
development span for the miniature pig model compares favorably with the non-human
primate research models of brain development (Kochunov et al., 2010b, 2011a; Kohama et
al., 2012; Li et al., 2017; Sakai et al., 2017a,b). Miniature pigs are sexually mature by six
months of age, while it may take 4-5 years for non-human primates to reach that
developmental landmark (Onyango et al., 2013; Abee, 2017). The gestational period for
miniature pigs is likewise shorter, lasting only 16 weeks (McAnulty et al., 2017) compared
to 38 weeks for non-human primates (Onyango et al., 2013; Abee, 2017). Mice have a
shorter (three week) gestational period and are sexually mature between 5 and 8 weeks of
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age (Lambert, 2007). However, weaning of mice at 3 weeks of age shortens the opportunity
for pre-/adolescent development research to 2-5 weeks. Miniature pigs are weaned at 6-8
weeks of age and therefore, longer, but still compressed, development period posits a
miniature pig as a valuable research model for adolescent development.

We observed significant increases in FA in pigs, similar to these reported during adolescent
development in humans. FA is a non-specific index that reflects the anisotropy of the
Gaussian diffusivity of the fast diffusing water pool (Kochunov et al., 2013). The non-
specific nature of this index renders interpretation of changes in FA speculative. For
example, increases in FA values may be due to increased myelination of WM
microstructures and can be considered an indirect measurement of myelin level (Budde et
al., 2007; Madler et al., 2008; Song et al., 2003, 2005). A decrease in RD, a parameter that
reflects water movement perpendicular to the fiber axis, reinforces this interpretation. In
pigs, RD showed a decreasing trend with age, but was not statistically significant due to
higher variance in this measurement. However, FA is also sensitive to reorganization of
white matter fibers including changes in axon diameter, axonal density, and/or membrane
permeability (Beaulieu, 2002; Jones and Cercignani, 2010; Jones et al., 2013; Takahashi et
al., 2002).

Advancements in DWI technology provide for a noninvasive, quantitative analysis of non-
Gaussian diffusion indexes to portray developmental trajectories that correspond to changes
in the slow diffusing pool of water that are sensitive to membrane permeability, axonal
growth, and maturation (Lebel et al., 2008; Barnea-Goraly et al., 2005; Kochunov et al.,
2013). Overall, our findings are suggestive of cerebral WM maturation and are consistent
with the study performed by Grinberg and colleagues, who showed significant changes in
Gaussian and non-Gaussian DWI parameters with age in adolescent humans (Grinberg et al.,
2017). The DTI-FA, DKI-KA and PDI rose significantly with age in pigs, similar to the
trends observed in humans (Grinberg et al., 2017). The DTI, DKI and PD techniques provide
convenient mathematical representation of the signal but make no specific assumptions
regarding the underlying biophysical phenomena. The derived diffusion metrics should
primarily be discussed in a phenomenological way, without necessarily referring to specific
biological postulations of the model features, but taking advantage of the measurements in
the extended range of b-values and bi-exponential fits (Grinberg et al., 2011). The robust and
significant changes in the FA, KA and PDI during maturation encourage basic neuroscience
and biophysics efforts to identify the water diffusion mechanisms governing these DWI
signal.

Analysis of regional diffusion trends suggested that pigs may have a heterochronic WM
development pattern. In humans, WM development is highly heterochronic (Dubois et al.,
2012; Kulikova et al., 2015; Dean et al., 2016, 2015, 2017; Lebel and Beaulieu, 2011; Lebel
etal., 2012; Kinney et al., 1988; Barkovich et al., 1988). The motor and sensory WM
bundles in humans become fully myelinated during childhood (Lebel et al., 2008;
Eluvathingal et al., 2007; Bonekamp et al., 2007; Ashtari et al., 2007; Barnea-Goraly et al.,
2005; Schmithorst et al., 2002; Mukherjee et al., 2001). In contrast, the associative WM
tracts develop into the third and fourth decades of life (Barkovich et al., 1988; Lebel et al.,
2008; Eluvathingal et al., 2007; Bonekamp et al., 2007; Ashtari et al., 2007; Barnea-Goraly
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et al., 2005; Schmithorst et al., 2002; Mukherjee et al., 2001), well past the average age of
onset for schizophrenia and other neuropsychiatric disorders (Flechsig, 1901a; Yakovlev and
Lecours, 1967; Kochunov and Hong, 2014; Kochunov et al., 2016b).

There are few DTI studies on normal longitudinal white matter development in mice (Zhang
et al., 2006; Larvaron et al., 2007). Small brain size and limited spatial resolution prevents
visualization of WM tracts and DTI imaging in mice is susceptible to partial volume effects
of GM/WM tissue and cerebral spinal fluid (Larvaron et al., 2007; Wu et al., 2013). Only
limited DTI research was conducted in ferrets due to similar limitations (Hutchinson et al.,
2016; Kroenke et al., 2009; Bock et al., 2010; Tao et al., 2012; Olavarria et al., 2012;
Hutchinson et al., 2017).

There are several limitations in this pilot study. First, an all-female pig population was used
due to ease of bladder catherization. Prior studies have established significant brain
maturation differences between the sexes, including development rates and brain-volume
differences (Eluvathingal et al., 2007; Luders et al., 2005; Allen et al., 2003; Durston et al.,
2001). This study is also limited by a small number of animals and the use of a coarse, piglet
brain atlas. Investigations with a larger sample size would allow for timing comparisons
amongst the regional trajectory rates. Future development should also include a detailed
atlas of cerebral WM tracts in pigs that is validated with histological measurements to map
the brain development trends from birth to maturity.

5. Conclusion

We demonstrated the applicability of an advanced DWI protocol in pigs and showed
agreement in trends and heterochronicity between adolescent development in pigs and
humans. The fully gyrencephalic brain and prolonged WM maturation make the miniature
pig a more accurate model of human development than small laboratory animals, and low
costs and a shorter period of cerebral development make it a good alternative to non-human
primate. A limitation of all animal models is the ability to translate research findings to the
humans and the use of animal-specific MRI scanners and sequences may delay translation.
The benefit of a miniature pig model is that human scanners/protocols can be used for
collecting neuroimaging indices in an animal model that permits basic neuroscience
research. We demonstrated the potential use of miniature pigs as an animal model for
neuroimaging studies of brain development. Additional applications of this model may
include traumatic brain/diffuse axonal injury, neuroinflammation and other neuroimaging
translational research studies that require large gyrencephalic animal models.
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HIGHLIGHTS

. An advanced diffusion weigted imaging protocol was used to map adolescent
brain development in miniture pig.

. Longitudinal effects of aging were readily observed for whole-brain and
regional diffusion metrics.

. Regional diffusion metrics showed the expected heterochronic developmental
patterns.
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Fig. 1.

Tlg-weighted and DWI-weighted (average across all b-value) images collected in a live pig.
T1-weighted image demonstrates fully gyrified cortex with excellent gray matter/white
matter contrast. DWI-weighted image demonstrates excellent resolution and lack of shape
distortion artifacts.
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Fig. 2.
Analysis of DWI data. DWI data collected with reversal of phase-encoding gradients was

denoised using MP-PCA filtering and corrected for shape distortions using TopUp and eddy
current corrections (Step 1). In step 2, DWI model parameters were estimated including
Fractional Anisotropy (FA) and Axial and Radial Diffusivity (AD and RD), Kurtosis
Anisotropy (KA), Axial and Radial Kurtosis (AK and RK) and Permeability Diffusivity
Index (PDI). Tract-based spatial statistics (TBSS) approach was used to warp individual FA
images to a population-optimized FA atlas and project the center of the major WM tracts on
the population-wide skeleton (Step 3). The other DWI parameters were projected on the
skeleton based on FA projection maps for each subject (Step3). A piglet-based brain atlas
was used to register the DWI brain template (Step 4). The overlap between regions of
interests provided by the atlas and the skeleton of the cerebral white matter was used to
calculate the regional average DWI parameters (Step 5).
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Fig. 3.

Average whole-brain Fractional Anisotropy (FA), Kurtosis Anisotropy (KA), and
Permeability-diffusivity index (PDI) showed significant longitudinal effects of age. The
fitted regresson line is shown in black. The average whole-brain diffusion trajectory for each
individual pig is shown in color.
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Fig. 4.

Average whole-brain AD, RD, AK, and RK diffusion measures versus age (days). AK and
RK showed suggestive significance with age (p = 0.02). The fitted regression line is
indicated in black.
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Table 1

Fixed factor regression results (beta + standard error (SE) and p-values).

Measurement  PBage + SE p-value
DTI Model
FA 6.22E-04 + 1.18E-04 1.46E-05
AD 2.52E-07 + 3.50E-07 0.54
RD —4.13E-07 + 2.29E-07 0.24
DKI Model
KA 3.89E-04 £ 6.91E-05 1.28E-05
AK -5.21E-04 + 2.19E-04  0.027
RK —6.26E-04 £ 2.60E-04  0.025
PDI Model
PDI 1.04E-04 + 2.49E-05 3.71E-04

Note: Bolded values indicate significance.
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