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A B S T R A C T

Background: Continuous myelination of cerebral white matter (WM) during adolescence overlaps with the for
mation of higher cognitive skills and the onset of many neuropsychiatric disorders. We developed a miniature-pig 
model of adolescent brain development for neuroimaging and neurophysiological assessment during this critical 
period. Minipigs have gyroencephalic brains with a large cerebral WM compartment and a well-defined 
adolescence period.
Methods: Eight Sinclair™ minipigs (Sus scrofa domestica) were evaluated four times during weeks 14–28 (40, 28 
and 28 days apart) of adolescence using monocular visual stimulation (1 Hz)-evoked potentials and diffusion MRI 
(dMRI) of WM. The latency for the pre-positive 30 ms (PP30), positive 30 ms (P30) and negative 50 ms (N50) 
components of the flash visual evoked potentials (fVEPs) and their interhemispheric latency (IL) were recorded in 
the frontal, central and occipital areas during ten 60-second stimulations for each eye. The dMRI imaging pro
tocol consisted of fifteen b-shells (b = 0–3500 s/mm2) with 32 directions/shell, providing measurements that 
included fractional anisotropy (FA), radial kurtosis, kurtosis anisotropy (KA), axonal water fraction (AWF), and 
the permeability-diffusivity index (PDI).
Results: Significant reductions (p < 0.05) in the latency and IL of fVEP measurements paralleled significant rises 
in FA, KA, AWF and PDI over the same period. The longitudinal latency changes in fVEPs were primarily 
associated with whole-brain changes in diffusion parameters, while fVEP IL changes were related to maturation 
of the corpus callosum.
Conclusions: Good agreement between reduction in the latency of fVEPs and maturation of cerebral WM was 
interpreted as evidence for ongoing myelination and confirmation of the minipig as a viable research platform. 
Adolescent development in minipigs can be studied using human neuroimaging and neurophysiological protocols 
and followed up with more invasive assays to investigate key neurodevelopmental hypotheses in psychiatry.

1. Introduction

Childhood-to-adolescent development in humans is associated with 

myelination of the associative white matter (WM) fibers that intercon
nect and support cross-hemispheric functional networks that are 
responsible for higher cognitive skills (Adibpour et al., 2020; Caffarra 
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et al., 2021; Flechsig, 1901; Natu et al., 2019). Deviations from the 
normal WM maturation trajectory and specifically altered maturation of 
frontal and commissural WM pathways are associated with the devel
opment of neuropsychiatric illnesses (Rapoport et al., 2005; Casey et al., 
2007; Kalia, 2008; Kochunov and Hong, 2014; Feinberg, 1982; Kochu
nov et al., 2020, 2023). Findings from the Adolescent Brain and 
Cognitive Development (ABCD) and Human Connectome Project (HCP) 
studies demonstrate that altered WM development contributes to risks 
for development of psychosis, depression, mania, substance use and 
other life-long disorders (Kochunov et al., 2023; Samara et al., 2016; 
Kulkarni et al., 2015; Hoffman et al., 2003; Heresco-Levy et al., 2002; 
Kane et al., 1988). Development of novel therapies and treatments to 
mitigate risks and prevent or delay the onset of symptoms requires 
translational animal models that can more faithfully reproduce normal 
adolescent brain development in humans.

Existing animal models of adolescent brain maturation have limita
tions and challenges for informing the results of human neuroimaging 
research studies (Jacob, 1999; Bryda, 2013; Rosenthal and Brown, 2007; 
Hardouin and Nagy, 2000; Armstrong et al., 1991; Welker, 1990; 
Goodman and Check, 2002; Bontrop, 2001; Torres et al., 2010; Patterson 
and Carrion, 2005; VandeBerg and Williams-Blangero, 1997; Kochunov 
and Duff Davis, 2009). Unlike the human gyrencephalic and precocial 
brain, the brains of rats, mice and other rodents are lissencephalic and 

altricial with respect to brain maturation (Duque et al., 2022). Rodent 
brains also have a small WM compartment and are structurally dissim
ilar from the human brain (Kochunov and Duff Davis, 2009). 
Conversely, non-human primates have large gyrencephalic brains 
(100–400 cm3), with cerebral development patterns closely resembling 
those of humans and can be studied using human MRI scanners 
(Armstrong et al., 1991, 1995; Pillay and Manger, 2007; Kochunov et al., 
2010, 2011a). However, the use of non-human primates in the context of 
cortical neurodevelopment research is limited by an extended adoles
cence period (3–6 years), regulatory restrictions, and economic con
siderations that pose challenges for longitudinal studies (Kochunov and 
Duff Davis, 2009). Miniature pigs are therefore gaining increasing 
attention for studies of neural, cardiovascular, digestive, reproductive, 
and integumentary systems (Stricker-Krongrad et al., 2016; Swindle 
et al., 2012; Schomberg et al., 2016) due to their anatomical, physio
logical, and genetic similarities to humans (Swindle et al., 2012; 
Schomberg et al., 2016; Wernersson et al., 2005). The small physical size 
of minipigs allows for easier housing (Stricker-Krongrad et al., 2016), 
and their use in research is more economical than that of non-human 
primates (Schomberg et al., 2016; Coors et al., 2010). Minipigs have a 
large (120–140 cm3), fully gyrocenphalic brain, undergo primary gyr
ification in utero (precocial), and have an equal ratio of cerebral white 
and gray matter as adults (Fig. 1) - parameters that are comparable to 

Fig. 1. Panels A-D: Commissure structures similar to the human brain, including Corpus Callosum (CC), Anterior Commissure (AC), Posterior Commissure (PC), 
Optic Nerve (ON) and Optic Chiasm (OC), are readily visualizable in the Sinclair pigs. Panel E: Pigs are predominantly monocular, with ~90 % of the ON fibers 
crossing over in the OC.
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those of humans (Swindle et al., 2012; Schomberg et al., 2016; Conrad 
et al., 2012; Ostergaard et al., 1998; Fil et al., 2021). Imaging studies 
using structural, and diffusion weighted magnetic resonance imaging 
demonstrated that adolescent brain development in humans can be 
heuristically modeled in minipigs (Ryan et al., 2017, 2018a; Conrad 
et al., 2014). Adolescent miniature pigs (defined as 14–26 weeks of age, 
late prepubescent to sexually mature) were age-selected to correspond 
with human adolescence/early adulthood (age 10–19 years). During this 
period, minipigs show significant longitudinal increases in whole brain 
myelination, especially in the frontal and parietal areas, thus mirroring 
developmental trajectories reported in humans (Ryan et al., 2017, 
2018a). Recent studies have confirmed considerable overlap in WM 
structure and utilized a “connectivity blueprint” (Mars et al., 2018) to 
create a cross-species common space based on the cortical projections 
and tracts (Benn, 2022).

The results from neuroimaging studies support the proposition that 
miniature pigs and humans have analogous brain development, 
including similar myelination and brain WM growth patterns (Ryan 
et al., 2017, 2018a). A functional readout paralleling these quantitative 
changes in WM development would constitute a significant addition to 
the growing value of a pig neurodevelopment platform. We therefore 
designed the present study to evaluate the combination of neuroimaging 
and electrophysiology techniques focusing on developmental cerebral 
myelination. To this end, we assessed electrophysiological endpoints 
with established relevance to WM integrity and function, i.e. flash visual 
evoked potentials (fVEPs) (Caffarra et al., 2021; Glass et al., 2010; Gray 
et al., 2020). fVEPs measure the timing of the brain response to visual 
stimulation and can provide an estimate of interhemispheric trans
mission time (via WM) by calculating differential timing between 
hemispheres (Adibpour et al., 2020; Pillay and Manger, 2007; Schom
berg et al., 2016; Benn, 2022; Glass et al., 2010; Gray et al., 2020; Rugg 
et al., 1984). In humans, fVEPs recorded over frontal versus occipital 
areas may also reflect regional variation in transfer time across the 
commissural tracks such as the corpus callosum (CC) (Rugg et al., 1985, 
1984) and is used in research and clinic diagnosis (Whitford et al., 2011; 
Brown and Jeeves, 1993). Notably, structural integrity of cerebral WM 
integrity (quantified using fractional anisotropy; FA) has been linked 
with the inter-hemispheric transfer time in both humans and non-human 
primates (Gray et al., 2020; Whitford et al., 2011).

Pigs differ from humans in the proportion of the visual fibers that 
cross over in the optic chiasm; this difference can be used as an 
advantage for studies focused on myelination (Fig. 1). Pigs are pre
dominantly monocular, with approximately 90 % of the visual fibers 
decussating in the optic chiasm (Herron et al., 1978) versus humans with 
~50 % of the optic fibers from each eye decussating in the optic chiasm. 
Therefore, monocular stimulation in pigs predominantly activates the 
contralateral visual cortex. The signal to the ipsilateral hemisphere is 
conveyed primarily via commissural fibers in the CC and can thereby be 
used to examine the latency of cross-hemispheric communications 
(interhemispheric latency; IL). The present study was designed to exploit 
the aforementioned advantages of the miniature swine model to estab
lish an experimental model of WM maturation that integrates advances 
in neuroimaging (Wijtenburg et al., 2024) and functional interrogation 
to investigate cortical development (Natu et al., 2019).

Our study design used frontal, central and occipital fVEP and WM 
measures as biomarkers to map structural and functional maturation to 
generate a translationally relevant miniature pig model of adolescent 
development. This platform can then take advantage of rapidly growing 
neuroimaging strategies to increase the resolution and specificity of 
structure/function across development and gain critical insights into the 
causative relationship between perturbations of the normal trajectories 
and the development of maladaptive behaviors. This model will 
contribute to integrated cross-species analysis (Geschwind and Rakic, 
2013) designed to explore the evolutionary backbone of neuro
development (Ardesch et al., 2022), its maturational asynchrony 
(Kulikova et al., 2015), organizational principles leading to unique 

human mental capacity (Luria et al., 2023) and provide a platform to 
study neurodevelopmental and psychiatric illness.

2. Methods

2.1. Animals

Experiments were performed on eight Sinclair minipigs (now termed 
Nanopigs) (4 male, 4 female) between 14 and 28 weeks of age. Body 
weights during this interval ranged from 14 to 30 kg. The pigs were born 
at the University of Maryland, Baltimore (UMB) School of Medicine from 
pregnant sows obtained from Sinclair Bio Resources (Auxvasse, MO). All 
experiments were performed at the Maryland Psychiatric Research 
Center (MPRC) imaging research facility. Animals were maintained in a 
12 hr:12 hr light:dark photoperiod in a climate-controlled vivarium in 
accordance with the Guide for the Care and Use of Laboratory Animals 
(10.17226/12910). Pigs were provided unrestricted access to clean 
water and restricted access to standard laboratory chow. The clinical 
condition of the animals was continuously monitored by a veterinarian, 
and all aspects of the study were reviewed and approved by the UMB 
Institutional Animal Care and Use Committee. The UMB animal facility 
is fully accredited by AAALAC International. The subject pool consisted 
of two treatment conditions run as part of a larger longitudinal study of 
the effects of the tryptophan metabolite kynurenine on adolescent 
development (P50 MH103222). The current study was not powered to 
find differences between groups or effects of sex but rather to demon
strate the plausibility of the techniques. A separate analysis was con
ducted (by individuals outside the research group) to confirm that 
results obtained in this longitudinal study were not driven by treatment 
groups. Thus, treatment contributed to the overall variance but did not 
affect the results at this stage of the larger experiment. The primary 
authors remained blinded to individual treatments.

2.2. Anesthesia

Four separate imaging/EEG studies were performed on each animal 
between postnatal days (PND) 91–98, PND 131–138, PND 271–278 and 
PND 187–194. Prior to each session, pigs were anesthetized with iso
flurane (3–5 % in 100 % oxygen applied by mask). An intravenous 
catheter was placed in either an aural vein or a saphenous vein to 
administer IV fluids (lactated Ringer’s solution or 0.9 % NaCl) at a rate 
of 2–5 ml/hr. Once stable, the pigs were intubated and ventilated using 
intermittent positive pressure with oxygen (1–3 % isoflurane in 100 % 
oxygen) using an MRI-compatible anesthesia machine (GE Anesthesia- 
MRI Aestiva, Chicago, IL). The tidal volume and ventilation rate were 
maintained between 10 and 15 ml/kg and 10–15 per minute, respec
tively. The animals’ body temperatures were maintained using 
isothermal heating pads from the induction of anesthesia through the 
completion of imaging.

2.3. Electrophysiology

We used sub-dermally implanted Pt/Ir needle electrodes (12 
×0.40 mm, Technomed, Maastricht-Airport, The Netherlands). Monop
olar flash fVEPs were recorded using Neuroscan SynAmp2 (Compu
medics, Charlotte, NC). Left and right frontal electrodes (F1 and F2) 
were located 1.25 cm anterior to the central placements and 1 cm lateral 
to the midline. Left and right central electrodes (C1 and C2, respectively) 
were placed 1.25 cm anterior to the level of the occipital crest and 1 cm 
lateral to the midline. Occipital (O1 and O2) electrodes were implanted 
at the level of the nuchal crest, 1 cm on the left and right side of the 
midline (Fig. 2). Ground and reference electrodes were placed on the 
midline 1.25 cm anterior to the frontals (ground) and 1.25 cm anterior 
to the ground (Fig. 4). Data were acquired at 5 KHz using a DC-1000 
bandpass filter. Electrode impedances were usually below 5 KΩ and 
never exceeded 10 KΩ.
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Visual stimuli consisted of brief flashes of white light (300 total) 
applied to each eye at 1 Hz using an LED Photic Stimulator (Lifelines, 
Louisville, KY) positioned 15 cm from the head. The contralateral eye 
was covered with a black patch. Dark adaptation was not attempted.

fVEPs were obtained offline from continuous EEG records bandpass 
filtered (1–50 Hz; 24 db) and epoched from − 100 to 249 ms relative to 
the onset of the light flash. Following baseline corrections, trials were 
rejected with artifacts that exceeded +/-75 µV. Records were averaged 
over 300 trials to obtain VEP waves. We focused on characterizing the 
latency for one positive and one negative waveform occurring at an 
approximate latency of 30 ms and 50 ms, respectively, after stimulus 
onset that was present in all animals Figure 2. The latency measurements 
included: Pre-Positive 30 (PP30; the latency of the inflection point that 
forms the P30 wave), Positive 30 (P30; the latency of the peak of the P30 
wave) and Negative 50 (N50; the latency of the peak of the negative 
wave). IL was calculated as the contralateral minus ipsilateral latency 
and averaged across both eyes.

2.4. Diffusion weighted imaging, processing and statistical analyses

The DWI protocol was developed based on q-space protocols for in 
vivo mapping of water diffusion in the brain (Wu et al., 2011; Clark et al., 
2002). This protocol consisted of 10 shells of b-values (b = 0, 250, 500, 
750, 1000, 1250, 1500, 2000, 2500, 3000 and 3500 s/mm2; diffusion 
gradient duration: 47 msec; 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/mm2) was chosen because the signal-to-noise ratio 
(SNR) for the CC in the diffusion-weighted image (SNR = 7.2) 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 selected for an improved fit of the bi-exponential model and SNR 
(Jones et al., 1999). Imaging data were collected using a single-shot, 
echo-planar, single refocusing spin-echo, T2-weighted sequence with 
the isotropic spatial resolution of 1.45 mm and 60 slices prescribed in 
axial orientation for complete brain coverage. The DWI sequence was 
then repeated with the reversal of the phase encoding gradients for 
correction of spatial distortions and improvement in SNR. 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 
Pastur Principle Component Analysis (MPPCA) denoising technique that 
exploits the inherent redundancy in diffusion MRI data (Veraart et al., 
2016a, 2016a, 2016b). Thereafter, the data were 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).

2.4.1. DKI model calculations
DKI is a model-independent diffusion signal representation that ex

tends conventional DTI by adding the kurtosis term to account for non- 
Gaussian behavior of the diffusion signal (Jensen and Helpern, 2010; 
Jensen et al., 2005; 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 a function of the b-value, 

lnS(b, g) = lnS(0) − b

×
∑3

i,j=1
gigjDij +

b2

6

(
∑3

i=1

Dii

3

)2
∑3

i,j,k,l=1
gigjgkglWijkl +O(b3) (1) 

Fig. 2. (A) The average ERP signal (for all electrodes); ipsi- and contralateral P30 and N50 peaks and the latency measurements for the Pre-P30 (PP30) and P30 and 
N50 variables. (B) P30 and N50 peaks are detectable across all three locations and (C) during four assessment sessions (early through late adolescence).
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with gi the ith component of gradient direction g and S(0) the non- 
diffusion-weighted signal intensity. Dij is the ij-th element of the fully 
symmetric diffusion tensor D, characterized by six independent ele
ments, and Wijkl 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 
2500 s/mm2) to minimize approximation errors O(b3), yet to capture the 
non-Gaussian diffusion effect that becomes apparent at intermediate b- 
values.

During the model fit, multivariate regression was used to estimate 
the eigenvalues for the diffusion (L1,2,3) and kurtosis (K1,2,3) 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 (K┴), and kurtosis anisotropy (KA) values 
(Poot et al., 2010).

2.4.2. Permeability-diffusivity model calculations
The PD model is based on the bi-exponential fit of diffusion MR 

signal decay (Eqs. 2 and 3) (Kochunov et al., 2013): 

S(b)
S0

= Mu • e− b•Du +(1 − Mu) • e− b•Dr (2) 

PDI =
Dr

Du
(3) 

Here S(b) is a diffusion-weighted signal for a given b value, averaged 
across all directions. Mu is the compartmental fraction of the signal that 
comes from unrestricted diffusion, and (1 – Mu) is the signal from the 
restricted diffusing compartment. Du and Dr are the diffusivities 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: Mu = 0.5, Du = 0.1 and Dr = 0.01 mm2/s.

2.5. Global and regional diffusion measurements

All dMRI data were extracted using a tract-based spatial statistics 
protocol by combining the 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-param
eter transformation, and the transformation was used to re-slice 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 (TBSS; http://fsl.fmrib.ox.ac.uk/fsl 
/fslwiki/TBSS) analytic method (Smith et al., 2006), modified to proj
ect 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 CC and the average value for the full skeleton 
excluding the CC. Overall, the entire DWI and DKI/PDI modeling ap
proaches essentially remained the same as human DWI protocols 
(Kochunov et al., 2016a) to maximize the translational potential of the 
miniature pig model.

2.6. Statistical analyses

A generalized linear mixed effects (GLME) model was used to assess 
longitudinal trends in the diffusion measurements. 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 
was 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 or the same interval for each subject. GLME 
modeling uses age as the fixed predictor for the fVEP and diffusion 
measurements, and a random effect variable (ε) to account for individ
ualized variance for each animal, 

Pi,j = β0 + βAge • Agei,j + αi + εij (4) 

where Pi,j is the dependent variable for the “j-th” pig (fVEP or DWI) at the 
age (Agei,j) in days since birth of the “i-th” imaging session, β0 is an 
intercept, βage is the regression coefficient, and αi is a random effect.

Finally, the GLME was used to model the longitudinal change in the 
fVEP measurements versus the change in the DWI parameters: 

EVPi,j = β0 + βDWI • DWIi,j + βAge • Agei,j + αi + εij (5) 

GLME modeling was performed in R (R-Development-Core-Team, 
2009) using the linear mixed effect model library (lme4) (Pinheiro et al., 
2012). The model accounts for variance between subjects by deter
mining both fixed and random effects. Linearity between the diffusion 
measurements and age is established before outputting the standardized 
regression coefficients (β) and standard errors. The GLME analysis 
typically requires 10 independent measurements per degree of freedom. 
In addition, our sample size was insufficient to achieve statistical sig
nificance after correction for multiple (3 locations, 3 fVEP components, 
and 4 DWI measurements for 2 locations) comparison, and we therefore 
deemed this analysis exploratory.

3. Results

3.1. Amplitude and latency of fVEPs

fVEPs were captured bilaterally for frontal, central, and occipital 
locations (Fig. 2). The deflection amplitude (the area under the curve) of 
the contralateral P30 potential was approximately 10 times that for the 
ipsilateral side, consistent with monocular vision (2.5 ± 0.06 and 0.2 ±
0.01 mVmS, p < 10− 16). The deflection amplitude of the N50 potential 
was greater for ipsi- than contralateral electrodes (-2.2 ± 0.07 vs. 1.3 ±
0.09 mVmS, p < 10− 6) (Fig. 2 A). There were no significant longitudinal 
trends in magnitude for any of the locations, and there was no significant 
longitudinal association between the magnitude of the signal and the 
DWI signal (all p > 0.1). Therefore, all further analyses were focused on 
the latencies.

3.2. Longitudinal trends in fVEP latency

The average (contra- and-ipsilateral) PP30 latency showed no sig
nificant changes as a function of time, while the latency of the average 
P30 and N50 potentials showed a significant reduction over the study 
period (p = 0.005 and 2⋅10− 5, respectively) (Fig. 3). Specifically, lon
gitudinal declines in the P30 and P50 latencies for the central location 
were significant (both p = 0.04) (Fig. 3). The P30 latency for the oc
cipital location showed a drop after the first session and did not change 
in sessions 2–4. The occipital N50 latency was stable for the first three 
sessions. There were no significant correlations among the latency 
measures from frontal, central and occipital locations (all r < 0.35, all p 
> 0.1).
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3.3. Longitudinal trends in IL

IL was calculated as the difference in latency on the contralateral 
versus the ipsilateral hemisphere and then averaged for both eyes. The 
IL of PP30 was not significantly different from 0 (average latency = 0.25 
± 2.50 msec), nor did it show any longitudinal changes. The IL for P30 
and N50 were positive (3.75 ± 3.05 and 4.65 ± 4.10 msec), and the IL 
for frontal P30 showed a significant decline as a function of adolescent 
age (Fig. 3).

3.4. Longitudinal trends white matter integrity

The diffusion parameters for whole-brain and CC WM showed highly 
significant changes over the four imaging sessions (t = 3.8–6.5, p <
2⋅10− 4), and the changes in the CC demonstrated similar significant 
trends (t = 3.3–5.6, p < 0.003) (Fig. 4). FA, KA, PDI and AWF showed 
consistent longitudinal increase for all animals.

3.5. Longitudinal changes in fVEP latency and IL and WM integrity

The exploratory longitudinal association between fVEP latency and 
DWI was modeled using Eq. 5. The strength of association between the 
latency and IL of fVEP components (PP30, P30, N50) are shown in 
Figures S1 and S2 (see supplement). Fig. 5 provides a summary of the 
suggestively significant findings. The strongest associations were 
observed for frontal and central N50 latency and FA of CC t=5.8 and 5.7 
(p=2⋅10− 5 and 3⋅10− 5), and reduction in occipital IL-30 and FA of CC (p 
= 3 ×10− 5). None of the associations were significant after correction 
for multiple comparisons.

4. Discussion

Maturation of cerebral WM during adolescence plays a critical role in 
the development of schizophrenia, bipolar depression, substance use 
and many other neuropsychiatric disorders (Kochunov and Hong, 2014; 

Roos et al., 2022; Patel et al., 2021; Kochunov et al., 2016b). There is a 
need for gyrencephalic animal models of adolescent brain development 
that combine modern longitudinal neuroimaging with classical neuro
science approaches. Here, we described a minipig model of adolescent 
brain development to complement rodent-, ferret- and non-human pri
mate-based models (Das and Takahashi, 2017; Hutchinson et al., 2016; 
Knutsen et al., 2010; Schwerin et al., 2017; Crum et al., 2017; Hansen 
et al., 2017; Lentz et al., 2014; Petrenko et al., 2017). We longitudinally 
tracked and analyzed the maturation of cerebral WM and changes in 
latency and IL of fVEPs. To our knowledge, this is the first longitudinal 
study in either humans or animals that evaluated cerebral WM brain 
development during adolescence and correlated it with changes in 
fVEPs. Our results suggest that changes in cerebral WM during adoles
cence in minipigs occur in a regionally specific way, and that these 
changes parallel changes in the speed of information processing. Over
all, our findings support the hypothesis that miniature pigs provide 
substantive advantages for the study of brain development during 
adolescence – a critical period of human development that can be 
challenging to accurately evaluate in other animals.

Minipigs have large, gyroencephalic brains with developmental 
milestones that parallel those observed in humans. Specifically, the 
primary gyrification occurs in utero, and myelination begins post-birth 
and continues during a well-defined period of adolescence. The brains 
of minipigs 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 of minipigs compare 
favorably with primate models of brain development (Kochunov et al., 
2010, 2011a; Kohama et al., 2012; Li et al., 2017; Sakai et al., 2017a,b). 
The gestational period for miniature pigs lasts only 16 weeks (McAnulty 
et al., 2011) compared to 35–40 weeks for non-human primates 
(Onyango et al., 2013; Abee, 2012). Miniature pigs become sexually 
mature at 6–8 months of age, while it may take 4–5 years for non-human 
primates to reach that developmental landmark (Onyango et al., 2013; 
Abee, 2012). Laboratory rodents have a shorter (a few weeks) gesta
tional period and are sexually mature between 5 and 8 weeks of age 

Fig. 3. Top Panel: Latency of PP30 and P30 and N50 peaks (and standard deviations), averaged for both sides, for the frontal, central and occipital sites and four 
sessions (color coded from blue (early) to yellow (late) adolescence; see text for experimental details). The significance (p-value) for longitudinal trends was 
evaluated using a linear mixed model. Bottom Panel: Interhemispheric latency of PP30 and the P30 and N50 peaks (and standard deviations), averaged for both 
hemispheres, for the frontal, central and occipital sites and four sessions (color coded from blue to yellow). See text for experimental details.
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(Lambert, 2007); this short period of adolescence limits the opportunity 
for interventional research during adolescence. In contrast, minipigs are 
weaned at 6–8 weeks of age and are sexually mature at ~26 weeks of 
age, providing a months-long window for investigation thus making 
them a valuable and preferable model for studying adolescent devel
opment. The scientific and practical ramifications supports our study in 
the context of cross-species analysis (Geschwind and Rakic, 2013) and 
basic neurodevelopment (Ardesch et al., 2022; Kulikova et al., 2015) 
and as a translational model to explore specific hypotheses of adolescent 
development and neurodevelopmentally-based illness.

fVEP is a classic clinical and research tool that has been used in 
humans and can be recorded soon after birth in both humans and swine 
(Mattsson et al., 1978). Our analyses were focused on measuring the 
latencies of the first pre-positive (PP30), positive (P30) and negative 
(N50) components that were reliably detected in all animals. Notably, 
minipigs have the same basic topology of the visual network as humans 
(retina → optic chiasm → geniculate → occipital → CC → occipital 
cortex). However, unlike humans, minipigs are chiefly monocular, with 
90 % of the visual fibers projecting to the contralateral hemisphere su
pervision (Herron et al., 1978). This can be seen as an advantage to 
study functional changes during WM development because single eye 
visual stimulation in minipigs primarily leads to activation of the 
contralateral visual cortex. These anatomical differences led to higher 
(~nine times) amplitude of the P30 fVEP signal for the contra vs. the 

ipsilateral cortex. In humans, the first fVEP (P1) evokes approximately 
the same amplitude in both hemispheres (Jeffreys and Axford, 1972; 
Thompson et al., 2023; Mangun et al., 1997). The N50 fVEP in pigs had 
about the same magnitude for both hemispheres, suggesting that the 
cross-hemispheric exchange of information took place leading to 
equalized evoked response (Herron et al., 1978). In the present study, 
we do not attempt to compare the P30 or N50 component in minipigs 
with P1 or follow up components in humans. There are significant dif
ferences between monocular vs. binocular visual pathways that go 
beyond the scope of this study. Instead, we focused on longitudinal 
development trends, where our findings mirror the reduction in the la
tency of P1 seen during adolescence in humans (Palumbo et al., 2022; 
Hayashi and Kawaguchi, 2017).

The large brains of minipigs allow investigators to combine longi
tudinal assessment using human-based imaging protocols with classical 
microscopic analysis of WM tissue integrity during normal and disturbed 
adolescence (Ryan et al., 2018a, 2018b; Kochunov et al., 2012; Grinberg 
et al., 2017; Howroyd et al., 2016; Peter et al., 2016). It also allows the 
longitudinal study of temporal and regional changes in both WM and 
fVEP during development. We interpret the observed significant rise in 
FA values, KA and PDI in minipigs as evidence for ongoing structural 
maturation of cerebral WM. The highest rates of change were noted in 
the CC, suggesting heterochronicity of WM development, as noted in the 
classic studies by Flechsig and later confirmed using neuroimaging 

Fig. 4. Panels A-D: Whole-brain (less CC) and CC average diffusion parameters: Fractional Anisotropy (FA), Kurtosis Anisotropy (KA), Permeability Diffusivity Index 
(PDI) and Axonal Water Fractions (AWF) for four imaging sessions color coded from blue to yellow. Significance of the longitudinal trends was estimated using a 
general linear mixed model. See text for experimental details. Panel E: T1-weighted and fractional anisotropy (DWI-FA) images from a minipig at 14 (Session 1, early 
adolescence) and 28 (Session 4, late adolescent) weeks post birth. The color overlay represents the skeleton of major WM tracts. Both T1 and FA images show rapid 
myelination, especially in the frontal brain areas, during this period.
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(Flechsig, 1901; Kochunov et al., 2012, 2011b). In addition to repli
cating our prior findings of longitudinal rise in FA, KA and PDI (Ryan 
et al., 2018a,b), the improved statistical power of four assessment points 
led to the discovery of another longitudinal diffusion parameter, i.e. 
axonal water fraction (AWF). Taken together, maturational changes in 
the WM of minipigs during adolescent development are readily detect
able and replicable, and the present study provides a significant advance 
by adding fVEP as a functional electrophysiology readout of WM 
integrity.

We observed significant variance in the fVEP developmental trends 
by both the component and the electrode location. For example, the 
fastest component (PP30) showed no significant changes with devel
opment, whereas the latency of the P30 and N50 waves was significantly 
reduced during development. The P30 and especially N50 also showed 
frontal-to-occipital differences (cf. Fig. 2). The latency of the occipital 
P30 signal showed a reduction from the first to the second assessment 
and remained stable thereafter while the latencies of the frontal and 
central P30 and N50 signals continued to decline. We calculated IL of the 
fVEP parameters for ipsi- vs. contralateral hemisphere. IL is hypothe
sized to be sensitive to speed of cross-hemispheric signal conduction 
(Elberger Aj Fau – Spydell and Spydell, 1988; Meissner et al., 2024; 
Saron and Davidson, 2024). The interhemispheric differences in 
P30/N50 latency peaks for ipsi- vs. contralateral stimulations may 
reflect the synchronization of multiple cerebral networks that span both 
hemispheres (Nalcaci et al., 1999; Pike and Polich, 1988). The binocular 
nature of the human vision system makes IL measurement challenging 
because it involves simultaneous bilateral visual stimulation of specific 
visual fields (Lobsien et al., 1936; Ashworth et al., 2024). In chiefly 
monocular minipigs, the ILs of P30 and N50 showed a reduction with 
development and a prominent frontal-to-occipital gradient. The shortest 
IL signals for both P30 and N50 were observed for electrodes placed over 
the occipital lobe. These findings fit well with spatial progressions in 
myelination across age in humans (Buyanova and Arsalidou, 2021; 

Gerván et al., 2017). Myelination begins in the spinal cord and brain
stem (caudal regions), and this caudal-to-rostral progression is pro
tracted, continuing well into early adulthood, gradually advances 
towards the frontal lobes of the cerebral cortex that are the last to 
achieve full myelination status (Flechsig, 1901; Kochunov et al., 2011b). 
Understanding this caudal-to-frontal progression of myelination is 
crucial for comprehending normal neurodevelopment and may provide 
insights into neurodevelopmental disorders and cognitive functioning 
across the lifespan.

Finally, we performed exploratory analysis where we modeled the 
change in the latency and IL of fVEPs compared to developmental 
changes in WM integrity. The strongest association for fVEP was 
observed with the longitudinal changes in the fractional anisotropy of 
the CC. This included the latency of the N50 components for the frontal 
and central location and the IL of the P30 for the occipital location. 
These findings suggest that the maturation of the CC, the largest 
commissural tract in the cerebrum, was associated with the longitudinal 
shortening of the fVEP parameters. Also of note, WM maturation during 
the adolescent time frame affected the timing of the signals measured at 
the frontal and central locations. This suggests that the maturation of 
commissural WM contributes to both the latency and the IL of the fVEP 
components in a regionally specific way.

4.1. Limitations

The present study is an initial step in a comprehensive approach to 
clarify cortical and WM-relevant developmental features using an 
informative animal model of adolescence. Limitations include the rela
tively small number of experimental animals used, reducing the statis
tical power and preventing evaluation of effects of sex on developmental 
trends. Future studies will benefit from the availability of a detailed atlas 
of cerebral WM tracts in pigs based on carefully conducted histological 
assessments from birth to maturity.

Fig. 5. Longitudinal association (t-value) between changes in latency of the fVEP and changes in diffusion measurements for whole brain average (blue bars) and 
corpus callosum (CC, red bars) for Fractional Anisotropy (FA), Kurtosis Anisotropy (KA), Permeability diffusivity index (PDI) and Axonal Water Fractions (AWF). * 
indicates significant (p<0.05) longitudinal associations.
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5. Conclusions

VEP measurements and imaging of WM maturation can be used 
jointly to study adolescent brain development in minipigs. The fully 
gyrencephalic brain and prolonged WM maturation make minipigs a 
more accurate model of human brain development than small laboratory 
animals, and the shorter period of cerebral development and lower 
resource demand of these animals provide an attractive alternative to 
non-human primates. The ability to measure heterochronicity in WM 
development using combined imaging and functional output presents 
unique opportunities for investigating mechanism-based hypotheses 
related to drug abuse, stress, sleep disruptions, and several other 
translational relevant conditions that may alter normal WM develop
ment (Mulder et al., 2019; Romero et al., 2022; Lees et al., 2020).
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