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The pig is growing in popularity as an experimental animal because its gyrencephalic brain is similar to humans. 

Currently, however, there is a lack of appropriate brain templates to support functional and structural neu- 

roimaging pipelines. The primary contribution of this work is an average volume from an iterative, non-linear 

registration of 70 five- to seven-month-old male Yucatan minipigs. In addition, several aspects of this study are 

unique, including the comparison of linear and non-linear template generation, the characterization of a large 

and homogeneous cohort, an analysis of effective resolution after averaging, and the evaluation of potential in- 

template bias as well as a comparison with a template from another minipig species using a “left-out ” validation 

set. We found that within our highly homogeneous cohort, non-linear registration produced better templates, but 

only marginally so. Although our T1-weighted data were resolution limited, we preserved effective resolution 

across the multi-subject average, produced templates that have high gray-white matter contrast and demonstrate 

superior registration accuracy compared to an alternative minipig template. 
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. Introduction 

Across a broad spectrum of biomedical research, the pig is emerging

s an important experimental animal that is more human-relevant than

odents while balancing the monetary and ethical costs associated with

on-human primates. For neuroscience, pigs are advantageous because

heir gyrencephalic anatomy, developmental time course, and neuro-

hemistry are similar to that of human brains ( Conrad et al., 2014; Fang

t al., 2005; Ishizu et al., 2000; Jakobsen et al., 2006; Lind et al., 2007;

un et al., 2011 ). Because of this, it is not surprising that neuroimaging

tudies using pigs have been conducted across the full range of modal-

ties, including PET, CT, MRI, EEG and fNIRS ( Lind et al., 2007; Roura

t al., 2016; Sauleau et al., 2009; Schubert et al., 2016 ). Despite their

romise and increasing use, however, neuroimaging software and anal-

sis pipelines for pigs are currently lacking compared to primates, ro-

ents, and humans. As we outline here, one of the most critical current

eeds for pig neuroimaging is the development of templates for brain

apping studies. 

Most available neuroimaging analysis software was designed hand-

n-hand with human data. Fortunately, though, these tools are also gen-

rally very flexible. Thus to accommodate other species, many functions

an be applied directly or else can be readily adapted by establishing
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ew default parameters such as field-of-view, resolution, whole-brain

nd tissue specific volumes, spatial smoothness, and hemodynamic re-

ponse functions. Frequently the most data and labor intensive compo-

ent of species-specific analysis pipelines, however, is the development

f appropriate templates and atlases. Though both terms are sometimes

sed interchangeably, we refer to a template as a reference brain that de-

nes a standardized coordinate “brain space ” and an atlas as providing

he additional benefit of defined anatomical labels. Although a single

ubject can be used as a template, it is more common to use multi-

ubject data to better capture population features. Within an analysis

ipeline, the template defines the reference space. For a neuroimaging

tudy, the data can be normalized into this space through linear transfor-

ations and/or non-linear warping operations. One of the key benefits

f normalizing to a template is that it enables group statistics, with in-

reasing statistical power for every additional subject and the potential

o make inferences that apply beyond the study sample to the broader

opulation ( Mazziotta et al., 2001 ). Templates also provide a standard

nderlay image upon which to visualize multi-subject statistical results

rom structural and functional analyses. Finally, templates can provide

 coordinate system to report the spatial locations of those statistics. 

As mentioned, normalization (registering or aligning one brain into

he space of another) can be done through linear or non-linear transfor-
noke, VA, United States. 
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a  
ations. Technically, linear transformation matrices have six degrees

f freedom to enable 3D translations and rotations, while affine trans-

orms additionally include scaling, reflections, and shear, using twelve

egrees of freedom. Both are sometimes referred to as linear, in contrast

o non-linear transformations which use thousands of parameters. Usu-

lly normalization is performed in the context of analyzing study data

ith a pre-existing template. It is generally believed that the greater the

egrees of freedom for the normalization approach, the better the align-

ent ( Crivello et al., 2002; Klein et al., 2009 ). In practice, however, a

road range of techniques often lead to relatively equivalent results, de-

ending on the research goal, and the smoothness and resolution of the

tudy’s data in relation to the template. Computation time verses dimin-

shing returns on alignment quality is usually a secondary consideration,

ut can occasionally become paramount in the context of high resolution

atasets, large numbers of subjects, and long convergence times. Most

elevant for the work reported here, normalization is also the primary

tep used to generate templates from multiple subjects. Since the moti-

ation for multi-subject templates is to avoid being biased to any one

ndividual’s variability, the ideal goal is to capture the population mean

t every location in the brain. As outlined by Fonov et al. (2011) , the

ethods for achieving this can be categorized as relying predominantly

n feature matching or intensity matching strategies. Although there

re a variety of template building approaches for human data ( Ardekani

t al., 2005; Collins et al., 1994; Lorenzen and Joshi, 2003 ), most tend

o be initiated by linear registration followed by an iterative non-linear

efinement step. Many of the recent non-human templates tend to use

ools from the major neuroimaging processing packages (SPM, FSL, and

FNI) and often adopt methods of early human template creation such

s manual skull stripping, intensity normalization, and anterior commis-

ure to posterior commissure (AC-PC) alignment followed by normaliza-

ion techniques ( Collins et al., 1994; Conrad et al., 2014; Ella and Keller,

015; Evans et al., 1993; 1992; Fox et al., 1985; Nitzsche et al., 2018;

eidlitz et al., 2018; Ullmann et al., 2015 ). 

The present study utilizes the Yucatan minipig ( Panepinto et al.,

978 ) to develop a T1-weighted template. Adult commercial pig breeds

an be challenging in terms of experimental protocols, equipment de-

igns, and feed and care costs since they can weigh from 140 to 270 kg

300 to 600 lbs)( Estrada et al., 2008 ). Thus piglets and minipigs have be-

ome popular for overcoming this drawback. There are currently no MRI

rain templates available for the Yucatan minipig. Importantly, how-

ver, a T2-weighted adult Yucatan micropig template has been recently

eported ( Chang et al., 2020 ). (Please also see Chang et al., 2020 for

 detailed comparison between both our template and theirs as well

s the differences between Yucatan minpigs and micropigs). The addi-

ional limited number of pig templates that exist include the domestic

ig ( Saikali et al., 2010 ), the neonatal piglet ( Conrad et al., 2014 ), and

he Göttingen minipig ( Watanabe et al., 2001 ). The Yucatan is known to

e gentle, has an adult weight ranging from approximately 70 to 90 kg

150 to 200 lbs), and has been used extensively for developing surgical

nd experimental techniques as well as models for metabolic syndrome,

iocompatability, skin lesions, pharmacology, toxicology, and cardio-

ascular disease ( Curtasu et al., 2019; Estrada et al., 2008; Eubanks

t al., 2006; Hurtig et al., 2019; Lin et al., 1998; Lopez et al., 2017;

attern et al., 2007; Montezuma et al., 2006; Pak et al., 2006; Ques-

on et al., 2011; Swindle et al., 2011; 1990; Witczak et al., 2006 ). The

ucatan has also been used to develop a reliable brain tumor model for

lioblastoma ( Khoshnevis et al., 2017 ) and recent studies have utilized

RI to investigate head and neck vasculature, mechanical properties re-

ated to TBI, and stroke ( Guertler et al., 2018; Habib et al., 2013; Platt

t al., 2014 ). As a topic related to templates, it should be noted that for

eurosurgical procedures, stereotaxic coordinates in the form of topo-

ogical atlases for pigs have been available for decades ( Flix et al., 1999;

ind et al., 2007; Salinas-Zeballos et al., 1986; Yoshikawa, 1968 ) and

tereotaxic methodology continues to be an area of research and devel-

pment ( Bjarkam et al., 2009; Glud et al., 2017; Rosendal et al., 2010 ).

ndeed, other than the recent template by Chang et al. (2020) , the Yu-
2 
atan work most closely related to this report comes from a stereotaxic

omparative study between 6 animals imaged at 1.5 T and compared to

heir axially sectioned histology ( Yun et al., 2011 ). 

Unlike recent template development efforts in pigs and other ani-

al models ( Conrad et al., 2014; Ella and Keller, 2015; Hikishima et al.,

011; Love et al., 2016; McLaren et al., 2009; Nitzsche et al., 2018; 2015;

uallo et al., 2010; Saikali et al., 2010; Seidlitz et al., 2018; Watanabe

t al., 2001 ), the data collected here was not specifically motivated by

emplate creation from the onset. Rather, the T1-weighted data used in

his project consisted of a single scan among several in a multimodal,

ulti-time point study of blast-induced traumatic brain injury. Because

f the nature of the study, acquisition time was limited. This is offset,

hough, by the large number of subjects (70 total) and their high de-

ree of homogeneity in terms of age and weight. Thus for our group,

he study data provided both a need (as a pre-requisite to further data

nalysis) and an opportunity for this work. Moreover, the data used here

re representative of data that other groups might collect during imag-

ng sessions, where time is limited by the need to collect a broad number

f scans while minimizing both the subjects time under anesthesia and

canning costs. 

As will be described further, this project ultimately generated four

emplates. Although these templates are the primary contribution, sev-

ral aspects of this study are unique. First, we compared both lin-

ar and non-linear registration. Second, we used a large and homo-

eneous cohort compared to other currently available animal atlases.

his homogeneity allowed us to characterize the spatial variance that

ccurs with normal genetic variation across a narrow range of sub-

ect ages and weights. Third, we have characterized the effective res-

lution of our templates via the spatial Fourier transform. Fourth, we

valuated our templates and compared them to the Göttingen minipig

 Watanabe et al., 2001 ) using a left-out validation set to compare

egistration errors to anatomical regions with independent data. The

our templates are publicly available ( https://lacontelab.github.io/VT-

ucatan-MRI-Template/ ). In addition, we have archived our analysis

cripts, the original T1-weighted volumes, a full field of view (not skull-

tripped) template, and each subject’s estimated gray matter, white mat-

er, and cerebrospinal fluid maps. 

. Materials and methods 

.1. Image acquisition 

MRI data were acquired in male Yucatan minipigs in accordance with

he Virginia Tech Institutional Animal Care and Use Committee. Imag-

ng was performed during the baseline condition of a multi-time point

tudy of traumatic brain injury. In total, 72 subjects were scanned using

ix cohorts, ranging from 6 to 19 subjects per cohort, collected over a 3

ear period. Two subject scans were omitted due to noticeable artifacts.

he remaining 70 subjects had a mean age of 5 months, 16 days (mini-

um 4.9 months, maximum 7.3 months) and a mean weight of 23.18 kg

minimum 17.4 kg, maximum 30.3 kg). Scanning was performed with

 Tim Trio 3 Tesla scanner (Siemens AG, Erlangen) using 3 elements

f an 8-channel spine array coil. Subjects were supine with their heads

ear the foot of the table. The anesthesia and end-tidal 𝐶𝑂 2 tubing was

un through a waveguide in the control room along with a fiber-optic

able for an MRI-compatible pulse oximeter, passing approximately 4.6

 from the wall to the scanner’s isocenter. T1-weighted anatomical vol-

mes (resolution = 1 × 1 × 1 mm 

3 ; TR = 2300 𝑚𝑠 ; TE = 2.89 ms ; TI = 900

s ; FOV = 256 mm 

2 ; FA = 8 ◦; BW = 140 Hz ∕ pixel ) were collected with

 three-dimensional magnetization prepared rapid acquisition gradient

cho (MPRAGE) pulse sequence ( Mugler and Brookeman, 1990 ). 

.2. Image preprocessing and template generation 

Images were processed in AFNI ( Cox, 1996 ) using procedures

dapted from recent animal brain template reports ( Ella and Keller,

https://lacontelab.github.io/VT-Yucatan-MRI-Template/
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Fig. 1. The final ( 𝑇 𝐿 58 ) and ( 𝑇 𝑁𝐿 58 ) templates. Shown are the sagittal, axial, and 

coronal views of the median subject (5m, 17d and 24 kg) compared to the final 

58 subject linear and non-linear templates. In the top row, the median subject 

is skull-stripped, intensity-corrected, and AC-PC aligned. In all three volumes, 

the horizontal axis is set to the AC-PC line and the origin is set at the anterior 

commissure (AC). 
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p  
015; McLaren et al., 2009; Nitzsche et al., 2018; Quallo et al., 2010;

eidlitz et al., 2018 ). Processing was performed with shell scripts using

NU parallel ( Tange, 2011 ) for load balance. We used both affine trans-

ormations ( 3dAllineate ) and non-linear warping ( 3dQwarp ) ( Cox and

len, 2013 ) to generate four brain templates. Since the project was ini-

iated before data collection was completed, 58 subjects from the first

ve cohorts were used to generate initial templates. The 12 subjects

rom the last cohort then were used as a validation set to test out-of-

ample performance. After characterizing the 58-subject template we

dded these 12 to produce a full 70 subject template. For simplicity of

aming, we refer to the affine templates as ‘linear.’ Thus the four brain

emplates comprise 1) a 58 subject linear template ( 𝑇 𝐿 58 ), 2) a 58 sub-

ect non-linear template ( 𝑇 𝑁𝐿 58 ), 3) a 70 subject linear template ( 𝑇 𝐿 70 ),

nd 4) a 70 subject non-linear template ( 𝑇 𝑁𝐿 70 ). Linear transformations

pplied to the preprocessed scans were saved and later applied to full

eld-of-view datasets to create a 58 subject full field-of-view linear tem-

late ( 𝑇 𝐿 58 _ 𝐻𝐸𝐴𝐷 ). 

To begin the procedure, each subject’s scan was AC-PC aligned

n AFNI, which requires manual designation of the anterior commis-

ure (AC), posterior commissure (PC) and the mid-sagittal plane. Image

on-uniformity was corrected in AFNI ( 3dUnifize ) after manual skull-

tripping. This intensity correction was applied to remove spatially-

ependent intensity non-uniformity (e.g. from rf-shading). An iterative

trategy was then used to produce successively refined templates by

ligning each subject’s data to an existing template and then voxel-wise

veraging all of the aligned data to form the next template. Transfor-

ation data sets for each subject were saved and later applied to se-

ected landmarks for validation. To initiate the process, a single subject

losest to the 58-subject median age and weight (5m, 17d and 24 kg)

erved as the initial template, 𝑇 (0) . Affine transformations aligned the

emaining subjects to this one to produce 𝑇 (1) . After this, the linear and

on-linear templates branched. Affine transformations produced 𝑇 (2) 𝐿 ,
 (3) 𝐿 , ... and affine transformations followed by non-linear warping pro-

uced 𝑇 (2) 𝑁𝐿 , 𝑇 (3) 𝑁𝐿 , ... Landmark validation errors served as the pri-

ary criteria for terminating the iteration. Specifically, we took the av-

rage spread of the AC, PC, and habenular nuclei (HB) locations (see

lso Landmark Validation ) and compared across the 58 subjects using

 repeated-measures t -test. Based on this criteria, 𝑇 (3) 𝐿 was not sig-

ificantly better than 𝑇 (2) 𝐿 ( p = 0.78) and 𝑇 (3) 𝑁𝐿 was not significantly

etter than 𝑇 (2) 𝑁𝐿 ( p = 0.79). Note that other quality assessments (tissue

robability maps, spatial variance, and spatial signal-to-noise-ratio) had

onverged by this iteration as well. Thus our final 𝑇 𝐿 58 and 𝑇 𝑁𝐿 58 cor-

esponded to 𝑇 (3) 𝐿 and 𝑇 (3) 𝑁𝐿 , respectively. Finally to incorporate the

emaining 12 subjects, we used the 𝑇 (3) 𝐿 and 𝑇 (3) 𝑁𝐿 to align all 70 sub-

ects. The voxel-wise averaging across all subjects then produced linear

nd non-linear templates that we refer to as 𝑇 𝐿 70 and 𝑇 𝑁𝐿 70 , respec-

ively. A full field-of-view template, 𝑇 𝐿 58 _ 𝐻𝐸𝐴𝐷 , was also subsequently

reated using the linear transformations from 𝑇 𝐿 58 . 

.3. Characterization of the 𝑇 𝐿 58 and 𝑇 𝑁𝐿 58 templates 

Tissue Probability Maps : FSL ( Smith et al., 2004 ) was used to gener-

te tissue probability maps for each subject’s AC-PC aligned images. The

SL-FAST tool ( Zhang et al., 2001 ) generated gray matter (GM), white

atter (WM), and cerebrospinal fluid (CSF) maps. Subsequently, each

ubject’s respective affine and non-linear transformations were applied

o the tissue maps. The voxel intensities were normalized from 0 to 1

ithin each tissue type and then averaged across all 58 subjects to create

roup CSF, GM, and WM tissue probability maps. 

Contrast-to-Noise : We also used the GM and WM maps to calculate

he contrast-to-noise ratio (CNR) between gray matter and white matter

sing the formulation in Nitzsche et al. (2015) . Specifically, we calcu-

ated 𝐶𝑁𝑅 = ( 𝑊 − 𝐺 )∕ 
√ 

𝜎2 
𝑊 

+ 𝜎2 
𝐺 
, where 𝑊 , 𝐺 , 𝜎2 

𝑊 

, and 𝜎2 
𝐺 

are the

ean white matter intensities, mean gray matter intensities, the vari-
3 
nce of the white matter intensities, and the variance of the gray matter

ntensities, respectively. 

Spatial Characteristics : The spatial quality of the templates was as-

essed using measures of voxel-wise variance and signal-to-noise ratio

SNR), where SNR was computed as the mean voxel intensity divided by

he voxel’s standard deviation across the 58 subjects. To quantify effec-

ive resolution of the templates we used the spatial Fourier transform to

xamine spectral power as a function of spatial frequency for both 𝑇 𝐿 58 
nd 𝑇 𝑁𝐿 58 . 

Potential bias from initial template : Using the median subject as

 (0) does not guarantee that the template is unbiased, which is ad-

ressed by ANTs through the uses of the Fréchet mean ( Avants et al.,

010 ). To evaluate for possible bias caused by using the median sub-

ect as 𝑇 (0) , we additionally examined two alternative 𝑇 (0) s that used

he heaviest and lightest subjects (30.3 kg and 18.1 kg, respectively) to

ltimately produce 𝑇 𝐿 58 _ 𝑏𝑖𝑔 , 𝑇 𝐿 58 _ 𝑠𝑚𝑎𝑙𝑙 , 𝑇 𝑁𝐿 58 _ 𝑏𝑖𝑔 , and 𝑇 𝑁𝐿 58 _ 𝑠𝑚𝑎𝑙𝑙 . 

Landmark Validation : Landmark validation used the AC, PC, and HB.

he centroids of these locations were manually selected in the AC-PC

ligned volumes for every subject as well as in the templates being eval-

ated. Most studies rely on the validity of a template by calculating

MS errors between fiducial landmarks within the same group of sub-

ects that were used to create the template ( Conrad et al., 2014; Ella

nd Keller, 2015; McLaren et al., 2009 ). We examined the internal er-

or for 𝑇 𝐿 58 and 𝑇 𝑁𝐿 58 by transforming each of the 58 subjects’ land-

ark coordinates to 𝑇 (2) 𝐿 and 𝑇 (2) 𝑁𝐿 using their subject-specific trans-

ormations obtained from iteration 2 (recall that data transformed to

 (2) 𝐿 and 𝑇 (2) 𝑁𝐿 were averaged to generate 𝑇 𝐿 58 and 𝑇 𝑁𝐿 58 ). Tem-

late registration accuracy was then determined using the 12 out-of-

emplate subjects from our final cohort as an unbiased measure. Affine

egistration accuracy was measured from the transformed subject’s land-

ark to the landmark in 𝑇 𝐿 58 , 𝑇 𝑁𝐿 58 , and 𝑇 𝐿 58 _ 𝐻𝐸𝐴𝐷 spaces as well

s to the Göttingen minipig, 𝑇 𝐺 ̈𝑜 𝑡𝑡𝑖𝑛𝑔𝑒𝑛 ( Watanabe et al., 2001 ). To pro-

ide a fair comparison across the two Yucatan and one Göttingen tem-

lates, non-linear registration was not performed as it would have con-

ounded the warping algorithm’s ability to compensate for inter-breed

istortions. 

. Results 

Fig. 1 shows the final ( 𝑇 𝐿 58 ) and ( 𝑇 𝑁𝐿 58 ) templates. For a visual com-

arison, the top row of Fig. 1 shows the median subject that served as the
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Fig. 2. Tissue Probability Maps. (A) CSF, GM, 

and WM group probability maps for 𝑇 𝐿 58 and 

𝑇 𝑁𝐿 58 . (B) Whole-brain gray matter and white 

matter CNR as a function of tissue probabil- 

ity threshold. (C) 𝑅 

2 vs. number of subjects 

to create a template. Two groups of linear 

T1-weighted templates were created using a 

range of group sizes. 𝑅 

2 shows the correla- 

tion between each of those two groups for the 

T1 templates as well as for their resultant tis- 

sue probability maps. Tissue probability maps 

were thresholded at 0.5. 
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nitial registration target, 𝑇 (0) , and is thus also representative of the data

ollected for the cohort. The axial, sagittal, and coronal views were de-

ned by the templates’ origin at the anterior commissure. A visual com-

arison demonstrates that the non-linear template has enhanced outer

dge boundaries and greater anatomical detail surrounding WM, GM,

nd ventricles compared to the linear template. These differences are

erhaps best highlighted by comparing the coronal slices. In addition to

isual inspection, we used several measures to characterize the quality

f these templates. 

.1. Tissue probability maps 

Fig. 2 shows the tissue probability mapping results. Fig. 2 A demon-

trates that both 𝑇 𝐿 58 and 𝑇 𝑁𝐿 58 have sufficient contrast to create high

robability masks of CSF, GM, and WM. By varying the probability

hreshold equally across these maps, we generated a plot of CNR be-

ween gray matter and white matter vs. tissue probability threshold

 Fig. 2 B). Based on visual comparison of Fig. 2 A and the CNR charac-

eristics of Fig. 2 B, both templates are highly similar. As a minor ob-

ervation, however, note that the CNR for the 𝑇 𝑁𝐿 58 is greater than

n the 𝑇 𝐿 58 for thresholds below 0.5 and then crosses so that 𝑇 𝐿 58 is

reater at the 0.9 threshold ( 𝑝 < 0 . 05 ). Similar to Croxson et al. (2018) ,

e examined the reproducibility across different linear template group

izes using these gray and white matter templates. For a direct com-

arison, we also include the reproducibility estimates for the T1 tem-

lates, themselves. Specifically, Fig. 2 C shows plots of 𝑅 

2 vs. number

f subjects per group. These were generated by repeating our methods

ith two groups of 5, 10, 15, 20, and 25 subjects to obtain the 𝑇 (3) 𝐿 
nd 𝑇 (3) 𝑁𝐿 templates analogous to 𝑇 𝐿 58 and 𝑇 𝑁𝐿 58 . We then used each

ubject’s transformations to create WM and GM group tissue probabil-

ty maps. These were thresholded at 0.5 probability and the voxel-by-

oxel correlation was calculated for each pair of group sizes. The ma-

or observation for Fig. 2 C is that the slopes for both WM and GM tis-

ues plateau around group sizes of 20 subjects. This suggests that for

hese WM and GM templates, having at least 20 subjects would lead

o representative maps. Beyond this adding additional subjects could

ontinue to improve between group correlations, but with diminishing

eturns. The T1 reproducibility in our data produces close to perfect

orrelations, even for templates generated with 5 subjects. These val-

es are much higher than in the human data shown in Croxson et al.

2018) . 
4 
.2. Spatial characteristics 

Fig. 3 maps the voxel-by-voxel variance and SNR for the templates. In

oth cases, these metrics were calculated across all subjects after align-

ent to 𝑇 (2) 𝐿 and 𝑇 (2) 𝑁𝐿 . Recall that averaging these volumes gener-

ted 𝑇 𝐿 58 and 𝑇 𝑁𝐿 58 . Fig. 3 A shows the spatial variance at each voxel.

or display purposes the variance was normalized by the maximum ob-

erved between the two maps. As shown, the regions with high variance

nclude the edges of the brain, the olfactory bulb, and brainstem. Visual

nspection demonstrates that the general pattern of variance is similar

ut reduced for 𝑇 𝑁𝐿 58 . Fig. 3 B complements Fig. 3 A, but the two metrics

re not redundant. Unlike the variance maps, the SNR is lowest at the

dges of the brain and higher for internal structures. The highest SNR is

ound in the white matter for both templates. Comparing across linear

nd non-linear templates, the non-linear again shows improvement. In

his case, 𝑇 𝑁𝐿 58 has an increased distribution of high SNR. 

Fig. 1 qualitatively suggests that the non-linear template has a higher

esolution than the linear one. This is characterized further in Fig. 4 ,

hich evaluates the effective spatial resolution for the median subject

nd compares this to 𝑇 𝐿 58 and 𝑇 𝑁𝐿 58 using the spatial Fourier transform.

ig. 4 A shows the axial slices that were used for visual analyses in pan-

ls B and C. The magnitude Fourier transforms of the slices are shown

n Fig. 4 B. Even though both templates as well as each subject’s data

ave a nominal 1 𝑚𝑚 

3 isotropic resolution, the spatial Fourier transform

rovides a quantitative comparison of the effective spatial resolution of

hese three images. The center of the spectra represent the mean of each

mage. Moving outward from the center represents the proportion of

mage power contained at higher spatial frequencies. Thus higher mag-

itudes at higher spatial frequencies generally indicates better effective

esolution. The major caveat to this is that noise tends to augment the

agnitude at all frequencies. For example, Gaussian white noise would

istribute uniformly across all frequencies, and thus creates a flat noise

oor. For these images, the highest spatial frequency is Nyquist-limited

o 1/2 mm 

−1 in each dimension. To simplify comparisons, Fig. 4 C plots

he profiles for the spectra along the colored lines indicated in Fig. 4 B.

ig. 4 C displays an increase in quality in 𝑇 𝑁𝐿 58 compared to 𝑇 𝐿 58 . Not

urprisingly, however, effective resolution is reduced in both templates

ompared to the median subject, which demonstrated the largest mag-

itudes at higher spatial frequencies. The templates’ reduced effective

esolution is due to heterogeneity across subjects as well as registra-

ion and interpolation errors. Note, however, that both templates pre-

erve a substantial amount of effective resolution while averaging over
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Fig. 3. Quality Inspection. (A) Undesirable spatial variance 

is concentrated along the edges of the template at a greater 

magnitude and extent in 𝑇 𝐿 58 . (B) Desirable SNR is greater 

within the internal structures and is enhanced in 𝑇 𝑁𝐿 58 . 
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 large number of subjects. Moreover, it is important to note that the

edian subject data (and all other individual subject data not shown)

lso has a grainy appearance and certainly consists of some level of

oise leading to high spatial variation even across uniform tissue types.

hus the decreasing magnitude in the templates at higher frequencies

lso demonstrates that the averaging across volumes to generate the

emplates acts as a low pass filter. Arguably, the non-linear alignment

rovides a more specialized filter that preserves power at higher spatial

requencies and therefore preserves edges and boundaries, while reduc-

ng high spatial variation that leads to image graininess. These qualita-

ive observations were quantitatively confirmed in Fig. 4 D by examining

0 circular shells of width 0.02 mm 

−1 spanning the range of spatial fre-

uencies. The brain extended through 52 slices in each data set. Thus by

aking the mean in each slice’s shell, we obtained 10 values per slice (52

alues per frequency band). The observations from Fig. 4 D suggested

 statistical tests. At lower spatial frequencies, we did not observe a

ignificant difference between the average magnitudes of the median

ubject vs. 𝑇 𝐿 58 ( 𝑝 = 0 . 5048 ) or median subject vs. 𝑇 𝑁𝐿 58 ( 𝑝 = 0 . 3948 ).
owever, at higher frequencies we did observe significant difference be-

ween the median subject vs. 𝑇 𝐿 58 ( 𝑝 < 0 . 0001 ), median subject vs. the

 𝑁𝐿 58 ( 𝑝 < 0 . 0001 ), and 𝑇 𝐿 58 vs. 𝑇 𝑁𝐿 58 ( 𝑝 = 0 . 0075 ). Statistics were done

sing a two-sided t-test. Note that a nominal 𝑝 < 0 . 05 threshold would

eed to exceed 𝑝 < 0 . 01 with a Bonferroni correction for these five tests.

.3. Landmark errors and alternative template 

The use of the median subject did not produce significant bias. Based

n the mean landmark errors tested across the 58 subjects, we observed

 𝐿 58 vs. 𝑇 𝐿 58 _ 𝑏𝑖𝑔 and 𝑇 𝐿 58 _ 𝑠𝑚𝑎𝑙𝑙 led to 𝑝 = 0 . 81 and 𝑝 = 0 . 37 , respectively.

imilarly, 𝑇 𝑁𝐿 58 vs. 𝑇 𝑁𝐿 58 _ 𝑏𝑖𝑔 and 𝑇 𝑁𝐿 58 _ 𝑠𝑚𝑎𝑙𝑙 produced 𝑝 = 0 . 78 and 𝑝 =
 . 69 , respectively. 

The internal validity of the 𝑇 𝐿 58 and 𝑇 𝑁𝐿 58 templates is quantified in

able 1 , which lists the average and maximum distances for the AC, PC,

nd HB across the 58 subjects. On average, the landmark errors were

pproximately one voxel in linear dimension (1 mm), with the greatest

rrors found in the AC. In addition, the final 12 subject cohort was used
5 
s an independent (out-of-sample) validation set to compare registra-

ion accuracy to 𝑇 𝐿 58 , 𝑇 𝑁𝐿 58 , 𝑇 𝐿 58 _ 𝐻𝐸𝐴𝐷 and the only alternative Göttin-

en minipig template ( Watanabe et al., 2001 ). See Table 2 . The out-of-

ubject performance between the 𝑇 𝐿 58 and 𝑇 𝑁𝐿 58 showed no significant

ifference, indicating that the warping transformations did not affect the

verall registration accuracy. However, compared to the Göttingen tem-

late, both templates had significantly improved registration accuracy

n the PC ( 𝐹 = 18 . 27 , 𝑝 < 0 . 0001 ) and the HB ( 𝐹 = 10 . 77 , 𝑝 = 0 . 0003 ). The

ead template performed similarly to that of the Göttingen. 

. Discussion 

A multi-modal TBI study created an opportunity to produce a highly

pecialized template of the five- to seven-month-old male Yucatan

inipig based on 70 subjects. Our initial objective was to apply non-

inear warping to develop a T1-weighted template of the male Yucatan

inipig using 58 subjects. Before finalizing this template, however, we

ad collected an additional 12-subject cohort. We also decided early in

he process that producing a linear (affine) template required only min-

mal additional effort while providing an opportunity to make compar-

sons with the non-linear one. Thus, we have produced and archived four

emplates that are suitable for use in neuroimaging analysis pipelines. 

We are not aware of previous template characterizations that have

n additional left-out validation set. As one of the anonymous reviewers

oted, since the same landmark validation metric was used to estimate

oth convergence of the template construction and compare results be-

ween algorithms, the comparison may be most valid for the final 12

ubject cohort. Further, our approach raises at least two issues. The first

s that this suggests the possibility of doing a fully cross-validated study.

e decided not to pursue this because of the high computational costs,

nd the additional burden of interpretation. More importantly, though,

ecause this data set is so homogeneous across a number of dimen-

ions (same scanner, all males, narrow age range, etc.) and based on

he uniformity/consistency observed between the first 58 subjects and

he final 12 subjects in Table 1 and Table 2 , the likely utility of a fully

ross-validated study is low in this case. We note, though, that such a
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Fig. 4. Effective spatial resolution. (A) The spatial Fourier 

transform was applied to the axial slices shown for the me- 

dian subject, 𝑇 𝐿 58 , and 𝑇 𝑁𝐿 58 . (B) The magnitude spectra 

for each of the 2D brain slices shown in (A) for reference. 

(C) Representative spectra taken from the colored profiles 

indicated in (B) enables a visual comparison across the 

three data sets. For visual comparison, each of these spec- 

tra were normalized by their respective maximum magni- 

tudes. (D) Quantitative evaluation of the differences across 

spectra used 10 circular shells, each of width 0.02 𝑚𝑚 

−1 

centered at frequencies ranging from 0.05 to 0.50 𝑚𝑚 

−1 , 

illustrated as the blue circles on the median subject. In 

each data set, the brain spanned 52 slices, and the same 

circular shells were were evaluated in each slice. The mag- 

nitude in each slice was averaged to produce a single 

value for each shell. Subsequently, the mean and standard 

deviation shown were calculated across slices. At lower 

spatial frequencies, there is no significant difference be- 

tween the average magnitudes of the median subject vs. 

𝑇 𝐿 58 ( 𝑝 = 0 . 5048 ) or median subject vs. 𝑇 𝑁𝐿 58 ( 𝑝 = 0 . 3948 ). 
However, at higher frequencies there is a significant differ- 

ence between the median subject vs. 𝑇 𝐿 58 ( 𝑝 < 0 . 0001 ), me- 

dian subject vs. the 𝑇 𝑁𝐿 58 ( 𝑝 < 0 . 0001 ), and 𝑇 𝐿 58 vs. 𝑇 𝑁𝐿 58 
( 𝑝 = 0 . 0075 ). Statistics were done using a two-sided t-test 

and the values shown here are uncorrected. 

Table 1 

Average and maximum distances from the template landmarks (in mm) between the 58 subjects and 

the 𝑇 𝐿 58 and 𝑇 𝑁𝐿 58 templates. 

Anterior Commissure Posterior Commissure Habenular Nuclei 

Template Mean Max Mean Max Mean Max 

T L58 1.00 2.11 0.82 1.54 0.79 1.51 

T NL58 1.03 2.07 0.79 1.44 0.79 1.48 
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a  
ross-validated approach may be worth further investigation and would

ikely complement consensus-based template creation processes such as

he one proposed by Avants et al. (2010) , which aim to produce tem-

lates that are not biased by any one of the template subjects. Along

hese lines, our choice of using the median subject as 𝑇 (0) did not seem

o introduce bias in these data, based on comparisons with alternative

hoices of 𝑇 (0) using the largest and smallest subjects in the cohort. 

The second issue is that the use of the added validation set implies

hat the 58-subject templates are more fully characterized than the 𝑇 𝐿 70 
nd 𝑇 𝑁𝐿 70 . But based on the minor differences that we have observed,

e expect that the quality of the 70 subject templates are equivalent or

etter than 𝑇 𝐿 58 and 𝑇 𝑁𝐿 58 . Although not definitive, the paired group

emplate analysis in Fig. 2 C suggests that template quality as a func-

ion of number of subjects started to slow with group sizes beyond 20

ubjects for this population and MRI acquisition parameters. Based on
6 
his observation it can still be said that the more subjects the better,

ut the greatest contribution appears to come from exceeding that ap-

roximately 20 subject level. We note also that to examine this effect,

e needed a large sample size (50 subjects are required to obtain two

roups of 25). In addition, we anticipate marginally enhanced perfor-

ance from the non-linear templates. While relatively comparable, the

on-linear template was equal to or slightly better than the linear tem-

late in all qualitative and quantitative assessments, with the exception

f the small but significantly greater gray-white matter CNR in 𝑇 𝐿 58 oc-

urring at very high tissue probability levels. Thus, our recommendation

s to use the 70 subject non-linear template ( 𝑇 𝑁𝐿 70 .). Practically, how-

ver, we believe that all four templates will achieve similarly acceptable

esults. 

Wilke et al. (2017) has thoughtfully summarized many of the issues

nd tradeoffs that occur along the continuum of registrations that span
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Table 2 

Average and maximum distances from the centroid of the template landmarks (in mm) following regis- 

tration of the 12 validation subjects to the 𝑇 𝐿 58 , 𝑇 𝑁𝐿 58 , 𝑇 𝐿 58 _ 𝐻𝐸𝐴𝐷 , and Göttingen templates. 

Anterior Commissure Posterior Commissure Habenular Nuclei 

Template Mean Max Mean Max Mean Max 

T L58 0.82 1.34 0.84 1.56 0.81 1.05 

T NL58 0.99 1.75 0.82 1.69 0.89 1.19 

T L58_HEAD 1.44 2.08 0.84 1.81 1.15 1.66 

T Göttingen 1.08 2.06 1.52 2.29 1.23 1.75 
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t  
ow dimensional affine transformations to high dimensional warping.

hile we used rather conventional techniques, the simultaneous gen-

ration of both affine and non-linear templates is unusual. At a basic

evel, this allowed us, during the actual process of template generation

o evaluate the quality and relative merits of both approaches. Visu-

lly, it is not surprising that the non-linear looked better. In fact, this

ill always be the case since the aim of warping is to decrease residual

roup variance. By then looking at spatially localized measures of vari-

nce and SNR across subjects as in Fig. 3 and by also inspecting globally

iagnostic measurements using the Fourier transform to examine effec-

ive resolution in Fig. 4 , we see modest advantages to the non-linear

arping approach. Indeed, our homogeneous cohort probably presents

 special case. The similarity between 𝑇 𝐿 58 and 𝑇 𝑁𝐿 58 is likely strong

onfirmation that this is a highly uniform sample of subjects. 

Beyond qualitative visual assessments of Fig. 1 , the quality of the

emplates was quantified by tissue segmentation ( Fig. 2 ), voxel-wise

ariance and SNR ( Fig. 3 ), effective resolution ( Fig. 4 ), and landmark

rrors ( Tables 1 and 2 ). Tissue segmentation worked well in both the

inear and non-linear Yucatan templates. One issue that has been his-

orically troublesome in non-human templates has been the lack of con-

rast ( Seidlitz et al., 2018 ). Visually, Fig. 2 A demonstrates that the tem-

lates have sufficient contrast to enable GM, WM, and CSF mapping. As

oted, the tissue probability maps are sharper for the 𝑇 𝑁𝐿 58 . Although

oth templates were similar across all tissue probability levels, CNR was

igher across subjects for 𝑇 𝐿 58 at the 90% threshold. The CNR for both

 𝐿 58 and 𝑇 𝑁𝐿 58 is high relative to other estimates reported in the liter-

ture. Specifically, they are in the same range as ( Nitzsche et al., 2015 )

ho reported a CNR of approximately 1.85 for a non-linear sheep at-

as. Both 𝑇 𝐿 58 and 𝑇 𝑁𝐿 58 exceed this level beyond the 70% probability

hreshold. It is worth mentioning that the other works cited here report

ifferent CNR values that are hard to directly compare with our work

and even amongst themselves). One issue is that different groups use

lightly different definitions of CNR. A second issue is that most other

eports use a single GM ROI and a single WM ROI to estimate CNR,

ather than the whole-brain approach reported in Fig. 2 . For example

hang et al. (2020) used a 1 mm 

3 spherical ROI in caudate nucleus (GM)

nd used an ROI in midline corpus callosum (WM). Beyond these consid-

rations, our nearly identical linear and non-linear template CNR values

ere unexpected. Noting Chang et al. (2020) again, they report higher

NR for non-linear compared to a linear rigid-body co-registration pop-

lation average template, which differs from our Fig. 2 observations.

e suspect that differences between data sets arising from one or more

actors such as the number of subjects, the groups’ brain homology, and

he acquisition resolution play a larger role than the specific CNR calcu-

ation and WM/GM selection. Ultimately, though, this conjecture would

equire comparison across several datasets to resolve. Finally, we note

lso that the objective here was to produce templates for neuroimag-

ng processing pipelines for functional and structural analyses, and we

ave not considered their utility for surgical planning, although subcor-

ical contrast is also a major factor for surgical planning in experimental

rocedures ( Rosendal et al., 2010 ). 

In human data, Croxson et al. (2018) examined the optimal num-

er of participants for templates using data from the Human Connec-

ome Project (HCP) ( http://www.humanconnectome.org ). Specifically,

hey used two independent groups ranging in size from 4 to 16 subjects
7 
nd calculated 𝑅 

2 in both T1-weighted gray matter templates and FA-

erived white matter templates. They observed a prominent plateau in

he white matter correlation that occurred at 10 subjects. In Fig. 2 C we

bserved a plateau at 20 subjects in both gray and white matter tissue

robability maps. However the T1 templates produced stable and high

 

2 values at our lowest (5 subject) group sizes. Neither our study nor

hat of Croxson et al. (2018) is definitive, and it should be pointed out

hat spatial correlation is only one metric and alternative measures may

e more or less sensitive to important template features that improve as

he number of subjects increases. Further, we would not have been able

o do this paired group comparison if we had not had a large number

f subjects. Thus ultimately as a wider range of comparable data sets

cross species become available, future studies will be able to better

scertain the most important factors determining optimal group sizes.

uman brains would be expected to be inherently more variable and,

urther, Croxson et al. (2018) used a wider age range and had equal

umbers of males and females in each group compared to our homo-

eneous male only cohort. Our direct comparison with the T1-weighted

emplates confirm this intuition, but the analogous analysis on the tissue

robability maps indicate that those particular estimates benefit from

arger group sizes. It is also important to point out that when compar-

ng summary metrics across studies, other factors to consider might in-

lude group heterogeneity, smoothing and other preprocessing, SNR,

NR, and acquisition resolution normalized by subject brain volume. 

The maps of voxel-wise variance and SNR measures highlight the

ndividual brain structure variability and should also be diagnostic of

lignment accuracy. The most noticeable features of the variance maps

n Fig. 3 A show that the outer surface of the brain, the edges of the

entricles, the olfactory bulb, the brainstem, and the transverse fis-

ure separating the cerebellum from the cerebrum varied most promi-

ently across subjects. Notably, the variance decreased for the 𝑇 𝑁𝐿 58 
ompared to the 𝑇 𝐿 58 . Still, voxel-wise variance in the non-linear tem-

late remains prominent in the brainstem and olfactory bulb and resid-

ally present in the ventricles, suggesting that these are regions of rel-

tively higher inter-subject variability. The variance at the outer edges

lso reflects variability in brain volume across each subject. In addi-

ion, however, this surface variance also likely reflects imperfect skull-

tripping. Nonetheless, there are no obvious systematic errors in the

kull-stripping and the large number of subjects resulted in templates

ith smooth, crisp edges that plausibly represents the subject popula-

ion. The brainstem includes a possible third source of variability. In

ddition to anatomical variability and manual skull-stripping, the high

ariance also likely arises from variation in neck angle during scanning.

he voxel-wise SNR estimates of Fig. 3 B complement the variance maps.

he most striking shared properties across the two metrics are the rela-

ively low SNR (high variance) at the edges of the brain and the higher

NR (lower variance) for internal structures. Like the variance maps,

NR improves in the 𝑇 𝑁𝐿 58 . While variance highlighted regional inter-

ubject variability, the SNR maps highlight similarities. For example,

he white matter is most prominent in the 𝑇 𝑁𝐿 58 SNR maps, indicating

tructures that are highly conserved across the study subjects. 

The Fourier analysis in Fig. 4 suggests that the templates preserve

patial resolution while also filtering some noise from the original data.

n general contexts, signal has finite support while noise spans the en-

ire Fourier space. Our analyses suggest that the attenuation in higher

http://www.humanconnectome.org
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patial frequencies of the templates compared to the median subject ap-

ear to be a reasonable balance between filtering noise and preserving

patial signal. Based on the axial slices shown in Fig. 4 , we would ex-

ect most of the power to be concentrated in an oval - since the image

ata are longer from anterior to posterior, this direction has a longer

eriod (lower spatial frequency) compared to the left to right direction.

his oval relationship is less pronounced in the median subjects power

pectrum compared to the two templates. In addition, it is desirable to

reserve as much high frequency signal as possible, since this reflects the

emplate’s effective spatial resolution. Inspection of the tails in Fig. 4 C

nd D shows that the non-linear filter has preserved power at a level

hat is approximately the mid-level between the original data and the

inear template. 

Distance variations for the AC, PC and HB landmarks were calcu-

ated within the 58 subject templates and are reported in Table 1 . The

C and PC have been used almost ubiquitously in past studies ( Black

t al., 1997; 2001; Conrad et al., 2014; Ella and Keller, 2015; Love

t al., 2016; McLaren et al., 2009 ). The habenula was selected here

s a third measure that was independent of the AC-PC alignment and

ould serve as a distinct location that could be consistently manually

abeled. The HB followed similar trends to the AC and PC, however,

t is expected that landmarks selected along the outer regions of the

rain would have diminished registration accuracy due to the increased

emplate variance along the edges. Indeed, while Rohlfing (2012) notes

hat rigid registration error at any given point is completely deter-

ined by errors at three non-collinear landmarks, for non-linear meth-

ds only a very dense set of landmarks can fully characterize regis-

ration accuracy (see also Fitzpatrick et al. (1998) ). In previous re-

orts, the neonatal piglet template ( n = 15) showed a mean variation

f 0.41 and 0.65 mm (maximum 0.72 and 1.07 mm) for the AC and

C landmarks, respectively ( Conrad et al., 2014 ). In a sheep brain tem-

late ( n = 18), the average distance from AC and PC points was about

.44 and 0.56 mm, respectively with maximum distances of 1.0 and

.2 mm ( Ella and Keller, 2015 ). Similarly, the rhesus macaque template

n = 82) had an average variation of 0.8 and 0.8 mm with maximum dis-

ances of 1.87 and 2.24 mm ( McLaren et al., 2009 ). Our numbers in

able 1 are thus relatively high. Interestingly, though, this effect seems

o be closely correlated with the large voxels used here. We acquired at

 × 1 × 1 mm 

3 , which corresponds to a cubic voxel dimension of 1 mm.

onrad et al. (2014) had 0 . 35 × 0 . 35 × 1 mm 

3 (corresponding to an effec-

ive voxel length of 0.64 mm). Ella and Keller (2015) used 0 . 5 × 0 . 5 × 0 . 5
m 

3 (0.5 mm voxel length) and McLaren et al. (2009) used data

rom several sites, but had an effective linear resolution of approxi-

ately 0.57 mm. When normalizing fiducial distance errors by these

ffective cubic voxel sizes, our Yucatan templates as well as those of

onrad et al. (2014) and Ella and Keller (2015) have an approximately

:1 ratio, while the McLaren et al. (2009) results produce a factor of ap-

roximately 1.4. Thus it appears that most non-human templates have

rrors that compare closely with their effective cubic voxel size, which

s reasonable since this is the major limiting factor for defining the cen-

roids of fiducial markers. Based on this, the relatively low resolution of

ur T1-weighted data is its major limitation, and should be the primary

actor to target for improving the quality of future templates. 

The 12-subject validation set provided an independent measure of

andmark variations to assess internal bias that could arise from the

tandard practice of using the same subjects to both create and test

 template. As mentioned, when comparing results between 𝑇 𝐿 58 and

 𝑁𝐿 58 , these twelve had less variation in terms of mean and max than

he internal 58-subject results. This is the opposite of what would be

xpected if within-sample bias were present. Since any internal bias

rom creating the template and then testing with those same subjects

hould have made Table 1’s results appear better. Thus Table 2’s out-of-

ample validation provides strong evidence that such bias is not a factor

n the 58 subject templates. We also used these 12 subjects to assess

he utility of the full field-of-view head template 𝑇 𝐿 58 _ 𝐻𝐸𝐴𝐷 and found

hese errors to be acceptable. Such a template is an important comple-
8 
ent to the skull-stripped templates because it enables the possibility of

egistration-based brain extraction ( Avants et al., 2010; Glasser et al.,

013 ). Finally, Table 2 showed that even though the nominal voxel size

f the of the Göttingen template is better ( 0 . 473 × 0 . 473 × 1 . 125 mm 

3 ),

he registration errors were higher for the 12-subject validation set com-

ared to both 𝑇 𝐿 58 and 𝑇 𝑁𝐿 58 . This confirms the utility of specialized

emplates. 

. Conclusion 

While the minipig is growing in experimental popularity, there is cur-

ently a lack of appropriate brain templates for neuroimaging pipelines

o support structural and functional studies. We have generated and

ompared linear (affine) and non-linear templates in a large, homoge-

eous population of Yucatan minipigs. We have also validated templates

rom 58 subjects using an additional 12 subject validation set. Our char-

cterization of these templates across visual appearance, spatial SNR,

ray-white matter CNR, effective resolution, and landmark coordinate

ariation generally found that the non-linear approach was slightly bet-

er than the linear one and that there was no strong evidence for internal

ias of the 58 subject templates. All processing scripts, the original and

C-PC aligned skull-stripped data, tissue probability maps, and each

ubjects estimated gray matter, white matter, and cerebrospinal fluid

aps, and four resulting brain templates 𝑇 𝐿 58 , 𝑇 𝑁𝐿 58 , 𝑇 𝐿 70 , and 𝑇 𝑁𝐿 70 
s well as a full field-of-view head template 𝑇 𝐿 58 _ 𝐻𝐸𝐴𝐷 are archived at

 https://lacontelab.github.io/VT-Yucatan-MRI-Template/ ]. As we and

thers continue to utilize this collective resource and generate addi-

ional results, we will continue update this repository. 

redit authorship contribution statement 

Carly Norris: Investigation, Methodology, Software, Writing - orig-

nal draft. Jonathan Lisinski: Methodology, Software, Data curation,

riting - review & editing. Elizabeth McNeil: Investigation, Writing -

eview & editing. John W. VanMeter: Investigation, Writing - review

 editing. Pamela VandeVord: Investigation, Supervision, Writing - re-

iew & editing. Stephen M. LaConte: Investigation, Methodology, Su-

ervision, Writing - review & editing. 

cknowledgments 

The authors would like to thank Christopher Anzalone, Douglas

han, Shaylen Greenberg, and Allison Guettler for their assistance with

mage acquisition, Daniel Glen for suggestions and Bob Cox for 3dUnin-

ze support. The authors also acknowledge the constructive comments

rom the anonymous reviewers as well as those from the ANTS Github

epository contributors, especially Gabriel A. Devenyi, Nick Tustison,

nd Philip Cook. MRI scans provided by Office of Naval Research award

0001414-C-0254. 

eferences 

rdekani, B.A., Guckemus, S., Bachman, A., Hoptman, M.J., Wojtaszek, M.,

Nierenberg, J., 2005. Quantitative comparison of algorithms for

inter-subject registration of 3D volumetric brain MRI scans. J. Neu-

rosci. Methods 142 (1), 67–76. doi: 10.1016/j.jneumeth.2004.07.014 .

http://www.sciencedirect.com/science/article/pii/S0165027004002717 

vants, B.B., Yushkevich, P., Pluta, J., Minkoff, D., Korczykowski, M., Detre, J.,

Gee, J.C., 2010. The optimal template effect in hippocampus studies of diseased pop-

ulations. NeuroImage 49 (3), 2457–2466. doi: 10.1016/j.neuroimage.2009.09.062 .

http://www.sciencedirect.com/science/article/pii/S1053811909010611 

jarkam, C.R., Cancian, G., Glud, A.N., Ettrup, K.S., Jr-rgensen, R.L., Srensen, J.-C.,

2009. MRI-guided stereotaxic targeting in pigs based on a stereotaxic localizer

box fitted with an isocentric frame and use of SurgiPlan computer-planning soft-

ware. J. Neurosci. Methods 183 (2), 119–126. doi: 10.1016/j.jneumeth.2009.06.019 .

http://www.sciencedirect.com/science/article/pii/S0165027009003240 

lack, K.J., Gado, M.H., Videen, T.O., Perlmutter, J.S., 1997. Baboon

Basal Ganglia Stereotaxy using internal MRI landmarks: validation

and application to PET imaging. J. Comput. Assist. Tomogr. 21 (6).

https://journals.lww.com/jcat/Fulltext/1997/11000/Baboon_Basal_Ganglia_ 

Stereotaxy_Using_Internal_MRI.6.aspx 

https://lacontelab.github.io/VT-Yucatan-MRI-Template/
https://doi.org/10.1016/j.jneumeth.2004.07.014
http://www.sciencedirect.com/science/article/pii/S0165027004002717
https://doi.org/10.1016/j.neuroimage.2009.09.062
http://www.sciencedirect.com/science/article/pii/S1053811909010611
https://doi.org/10.1016/j.jneumeth.2009.06.019
http://www.sciencedirect.com/science/article/pii/S0165027009003240
https://journals.lww.com/jcat/Fulltext/1997/11000/Baboon_Basal_Ganglia_Stereotaxy_Using_Internal_MRI.6.aspx


C. Norris, J. Lisinski, E. McNeil et al. NeuroImage 235 (2021) 118015 

B  

 

 

C  

 

 

C  

 

C  

 

C  

C  

 

C  

 

C  

C  

 

 

E  

E  

 

 

E  

 

E  

 

 

E  

F  

 

 

F  

F  

 

 

F  

 

F  

 

 

G  

 

 

G  

 

 

 

G  

 

H  

 

 

H  

 

 

 

 

H  

 

 

I  

 

 

 

J  

 

 

K  

 

 

 

 

K  

 

 

 

 

L  

 

L  

 

L  

 

 

L  

 

L  

 

 

 

M  

 

M  

 

 

 

 

 

 

M  

 

 

M  

 

M  

N  

 

 

 

N  

 

 

 

P  

 

 

P  

P  

 

 

 

Q  

 

 

Q  
lack, K.J., Snyder, A.Z., Koller, J.M., Gado, M.H., Perlmutter, J.S.,

2001. Template images for nonhuman primate neuroimaging: 1. Ba-

boon. NeuroImage 14 (3), 736–743. doi: 10.1006/nimg.2001.0752 .

http://www.sciencedirect.com/science/article/pii/S1053811901907529 

hang, S.J. , Santamaria, A.J. , Sanchez, F.J. , Villamil, L.M. , Pinheiro Saraiva, P. , Ro-

driguez, J. , Nunez-Gomez, Y. , Opris, I. , Solano, J.P. , Guest, J.D. , Noga, B.R. , 2020.

In vivo population averaged Stereotaxic T2w MRI brain template for the adult Yu-

catan Micropig. Front. Neuroanat. 14, 89 . 

ollins, D.L., Neelin, P., Peters, T.M., Evans, A.C., 1994. Automatic 3D intersubject reg-

istration of MR volumetric data in standardized Talairach space. J. Comput. Assist.

Tomogr. 18 (2), 192–205. http://europepmc.org/abstract/MED/8126267 

onrad, M.S., Sutton, B.P., Dilger, R.N., Johnson, R.W., 2014. An in vivo three-dimensional

magnetic resonance imaging-based averaged brain collection of the neonatal piglet

(Sus scrofa). PLOS One 9 (9), e107650. doi: 10.1371/journal.pone.0107650 . 

ox, R.W. , 1996. AFNI: software for analysis and visualization of functional magnetic

resonance neuroimages. Comput. Biomed. Res. 29 (3), 162–173 . 

ox, R.W. , Glen, D.R. , 2013. Nonlinear warping in AFNI. In: Proceedings of the Poster

presented at the 19th Annual Meeting of the Organization for Human Brain Mapping,

Seattle, WA, USA . 

rivello, F., Schormann, T., Tzourio-Mazoyer, N., Roland, P.E., Zilles, K., Mazoyer, B.M.,

2002. Comparison of spatial normalization procedures and their impact on functional

maps. Hum. Brain Mapp. 16 (4), 228–250. doi: 10.1002/hbm.10047 . 

roxson, P.L., Forkel, S.J., Cerliani, L., Thiebaut de Schotten, M., 2018. Structural variabil-

ity across the primate brain: a cross-species comparison. Cereb Cortex 28 (11), 3829–

3841. doi: 10.1093/cercor/bhx244 . https://pubmed.ncbi.nlm.nih.gov/29045561/ 

urtasu, M.V., Knudsen, K.E.B., Callesen, H., Purup, S., Stagsted, J., Hedemann, M.S.,

2019. Obesity development in a miniature Yucatan Pig model: a multi-compartmental

Metabolomics Study on Cloned and Normal Pigs Fed Restricted or Ad Libitum High-

Energy Diets. J. Proteome Res. 18 (1), 30–47. doi: 10.1021/acs.jproteome.8b00264 . 

lla, A., Keller, M., 2015. Construction of an MRI 3D high resolution sheep brain template.

Magn. Reson. Imaging 33 (10), 1329–1337. doi: 10.1016/j.mri.2015.09.001 . 

strada, J.L., Collins, B., York, A., Bischoff, S., Sommer, J., Tsai, S., Petters, R.M.,

Piedrahita, J.A., 2008. Successful cloning of the Yucatan minipig using commer-

cial/occidental breeds as oocyte donors and embryo recipients. Cloning Stem Cells

10 (2), 287–296. doi: 10.1089/clo.2008.0005 . 

ubanks, D.L. , Cooper, R. , Boring, J.G. , 2006. Surgical technique for long-term cecal can-

nulation in the Yucatan minipig (Sus scrofa domestica). J. Am. Assoc. Lab. Animal

Sci. 45 (1), 52–56 . 

vans, A.C., Collins, D.L., Mills, S.R., Brown, E.D., Kelly, R.L., Peters, T.M., 1993. 3D sta-

tistical neuroanatomical models from 305 MRI volumes. In: Proceedings of the 1993

IEEE Conference Record Nuclear Science Symposium and Medical Imaging Confer-

ence, pp. 1813–1817vol.3. doi: 10.1109/NSSMIC.1993.373602 . 

vans, A.C. , Collins, D.L. , Milner, B. , 1992. An MRI-based Stereotactic Atlas from 250

Young Normal Subjects, Vol. 18. Society for Neuroscience Abstracts . 

ang, M., Lorke, D.E., Li, J., Gong, X., Yew, J.C.C., Yew, D.T., 2005. Postnatal changes

in functional activities of the pig’s brain: a combined functional magnetic res-

onance imaging and immunohistochemical study. Neurosignals 14 (5), 222–233.

doi: 10.1159/000088638 . 

itzpatrick, J.M., West, J.B., Maurer, C.R., 1998. Predicting error in rigid-body point-based

registration. IEEE Trans. Med. Imaging 17 (5), 694–702. doi: 10.1109/42.736021 . 

onov, V., Evans, A.C., Botteron, K., Almli, C.R., McKinstry, R.C., Collins, D.L., Brain De-

velopment Cooperative, G., 2011. Unbiased average age-appropriate atlases for pedi-

atric studies. NeuroImage 54 (1), 313–327. doi: 10.1016/j.neuroimage.2010.07.033 .

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2962759/ 

ox, P.T., Perlmutter, J.S., Raichle, M.E., 1985. A stereotactic method of anatomical local-

ization for positron emission tomography. J. Comput. Assist. Tomogr. 9 (1), 141–153.

doi: 10.1097/00004728-198501000-00025 . 

lix, B., Lger, M.E., Albe-Fessard, D., Marcilloux, J.C., Rampin, O., Laplace, J.P., Duc-

los, A., Fort, F., Gougis, S., Costa, M., Duclos, N., 1999. Stereotaxic atlas of the

pig brain. Brain Res. Bull. 49 (1-2), 1–137. doi: 10.1016/S0361-9230(99)00012-X .

https://www.sciencedirect.com/science/article/abs/pii/S036192309900012X 

lasser, M.F., Sotiropoulos, S.N., Wilson, J.A., Coalson, T.S., Fischl, B., Andersson, J.L.,

Xu, J., Jbabdi, S., Webster, M., Polimeni, J.R., Van Essen, D.C., Jenkinson, M., 2013.

The minimal preprocessing pipelines for the Human Connectome Project. Neuroimage

80, 105–124. doi: 10.1016/j.neuroimage.2013.04.127 . 

lud, A.N., Bech, J., Tvilling, L., Zaer, H., Orlowski, D., Fitting, L.M., Ziedler, D.,

Geneser, M., Sangill, R., Alstrup, A.K.O., Bjarkam, C.R., Sørensen, J.C.H., 2017.

A fiducial skull marker for precise MRI-based stereotaxic surgery in large ani-

mal models. J. Neurosci. Methods 285, 45–48. doi: 10.1016/j.jneumeth.2017.04.017 .

http://www.sciencedirect.com/science/article/pii/S0165027017301164 

uertler, C.A., Okamoto, R.J., Schmidt, J.L., Badachhape, A.A., Johnson, C.L., Bayly, P.V.,

2018. Mechanical properties of porcine brain tissue in vivo and ex vivo estimated by

MR elastography. J. Biomech. 69, 10–18. doi: 10.1016/j.jbiomech.2018.01.016 . 

abib, C.A., Utriainen, D., Peduzzi, N.J., Dawe, E., Mattei, J., Latif, Z., Casey, K.,

Haacke, M., 2013. MR imaging of the Yucatan pig head and neck vas-

culature. Magn. Reson. Imaging 38 (3), 641–649. doi: 10.1002/jmri.24003 .

https://onlinelibrary.wiley.com/doi/abs/10.1002/jmri.24003 

ikishima, K., Quallo, M.M., Komaki, Y., Yamada, M., Kawai, K., Mo-

moshima, S., Okano, H.J., Sasaki, E., Tamaoki, N., Lemon, R.N.,

Iriki, A., Okano, H., 2011. Population-averaged standard template

brain atlas for the common marmoset (Callithrix jacchus). Neu-

roImage 54 (4), 2741–2749. doi: 10.1016/j.neuroimage.2010.10.061 .

http://www.sciencedirect.com/science/article/pii/S1053811910013546 

urtig, M., Zaghoul, I., Sheardown, H., Schmidt, T.A., Liu, L., Zhang, L., Elsaid, K.A.,

Jay, G.D., 2019. Two compartment pharmacokinetic model describes the intra-
 

9 
articular delivery and retention of RHPRG4 following ACL transection in the Yucatan

mini pig. J. Orthop. Res. 37 (2), 386–396. doi: 10.1002/jor.24191 . 

shizu, K., Smith, D.F., Bender, D., Danielsen, E., Hansen, S.B., Wong, D.F., Cumming, P.,

Gjedde, A., 2000. Positron emission tomography of radioligand binding in porcine

striatum in vivo: Haloperidol inhibition linked to endogenous ligand release. Synapse

38 (1), 87–101. doi: 10.1002/1098-2396(200010)38:1 < 87::AID-SYN10 > 3.0.CO;2-C .

akobsen, S., Pedersen, K., Smith, D.F., Jensen, S.B., Munk, O.L., Cumming, P., 2006. De-

tection of 𝛼2-Adrenergic receptors in brain of living pig with 11C-Yohimbine. J. Nucl.

Med. 47 (12), 2008–2015. http://jnm.snmjournals.org/content/47/12/2008.abstract

hoshnevis, M., Carozzo, C., Bonnefont-Rebeix, C., Belluco, S., Leveneur, O.,

Chuzel, T., Pillet-Michelland, E., Dreyfus, M., Roger, T., Berger, F.,

Ponce, F., 2017. Development of induced glioblastoma by implanta-

tion of a human xenograft in Yucatan minipig as a large animal model.

J. Neurosci. Methods 282, 61–68. doi: 10.1016/j.jneumeth.2017.03.007 .

http://www.sciencedirect.com/science/article/pii/S016502701730064X 

lein, A., Andersson, J., Ardekani, B.A., Ashburner, J., Avants, B., Chiang, M.-C., Chris-

tensen, G.E., Collins, D.L., Gee, J., Hellier, P., Song, J.H., Jenkinson, M., Lepage, C.,

Rueckert, D., Thompson, P., Vercauteren, T., Woods, R.P., Mann, J.J., Parsey, R.V.,

2009. Evaluation of 14 nonlinear deformation algorithms applied to human brain MRI

registration. NeuroImage 46 (3), 786–802. doi: 10.1016/j.neuroimage.2008.12.037 .

https://pubmed.ncbi.nlm.nih.gov/19195496 

in, S. , Chen, L.L. , Chien, Y.W. , 1998. Comparative pharmacokinetic and pharmacody-

namic studies of human insulin and analogues in chronic diabetic Yucatan minipigs.

J. Pharmacol. Exp. Therap. 286 (2), 959–966 . 

ind, N.M., Moustgaard, A., Jelsing, J., Vajta, G., Cumming, P., Hansen, A.K., 2007. The

use of pigs in neuroscience: modeling brain disorders. Neurosci. Behav. Rev. 31 (5),

728–751. doi: 10.1016/j.neubiorev.2007.02.003 . 

opez, D., Pan, J.A., Pollak, P.M., Clarke, S., Kramer, C.M., Yeager, M., Salerno, M.,

2017. Multiparametric CMR imaging of infarct remodeling in a percutaneous

reperfused Yucatan mini-pig model. NMR Biomed. 30 (5). doi: 10.1002/nbm.3693 .

https://pubmed.ncbi.nlm.nih.gov/28164391/ 

orenzen, P.J. , Joshi, S.C. , 2003. High-dimensional multi-modal image registration. In:

Gee, J.C., Maintz, J.B.A., Vannier, M.W. (Eds.), Biomedical Image Registration.

Springer, Berlin Heidelberg, pp. 234–243 . 

ove, S.A., Marie, D., Roth, M., Lacoste, R., Nazarian, B., Bertello, A.,

Coulon, O., Anton, J.-L., Meguerditchian, A., 2016. The average ba-

boon brain: MRI templates and tissue probability maps from 89 individ-

uals. NeuroImage 132, 526–533. doi: 10.1016/j.neuroimage.2016.03.018 .

http://www.sciencedirect.com/science/article/pii/S1053811916002160 

attern, H.M., Lloyd, P.G., Sturek, M., Hardin, C.D., 2007. Gender and genetic differences

in bladder smooth muscle PPAR mRNA in a porcine model of the metabolic syndrome.

Mol. Cell. Biochem. 302 (1,2), 43–49. doi: 10.1007/s11010-007-9423-8 . 

azziotta, J., Toga, A., Evans, A., Fox, P., Lancaster, J., Zilles, K., Woods, R., Paus, T.,

Simpson, G., Pike, B., Holmes, C., Collins, L., Thompson, P., MacDonald, D., Ia-

coboni, M., Schormann, T., Amunts, K., Palomero-Gallagher, N., Geyer, S., Parsons, L.,

Narr, K., Kabani, N., Le Goualher, G., Boomsma, D., Cannon, T., Kawashima, R.,

Mazoyer, B., 2001. A probabilistic atlas and reference system for the human

brain: International Consortium for Brain Mapping (ICBM). Philos. Trans. Royal

Soc. Lond. Ser. B, Biol. Sci. 356 (1412), 1293–1322. doi: 10.1098/rstb.2001.0915 .

https://www.ncbi.nlm.nih.gov/pubmed/11545704 

cLaren, D.G., Kosmatka, K.J., Oakes, T.R., Kroenke, C.D., Kohama, S.G., Ma-

tochik, J.A., Ingram, D.K., Johnson, S.C., 2009. A population-average MRI-

based atlas collection of the rhesus macaque. NeuroImage 45 (1), 52–59.

doi: 10.1016/j.neuroimage.2008.10.058 . 

ontezuma, S.R., Loewenstein, J., Scholz, C., Rizzo J. F., r, 2006. Biocompatibility of

materials implanted into the subretinal space of Yucatan pigs. Investig. Opthalmol.

Vis. Sci. 47 (8), 3514–3522. doi: 10.1167/iovs.06-0106 . 

ugler, J.P.r. , Brookeman, J.R. , 1990. Three-dimensional magnetization-prepared rapid

gradient-echo imaging (3D MP RAGE). Magn. Reson. Med. 15 (1), 152–157 . 

itzsche, B., Boltze, J., Ludewig, E., Flegel, T., Schmidt, M.J., Seeger, J.,

Barthel, H., Brooks, O.W., Gounis, M.J., Stoffel, M.H., Schulze, S., 2018. A

stereotaxic breed-averaged, symmetric T2w canine brain atlas including de-

tailed morphological and volumetrical data sets. NeuroImage 187, 93–103.

doi: 10.1016/j.neuroimage.2018.01.066 . 

itzsche, B., Frey, S., Collins, L.D., Seeger, J., Lobsien, D., Dreyer, A., Kirsten, H.,

Stoffel, M.H., Fonov, V.S., Boltze, J., 2015. A stereotaxic, population-

averaged T1w ovine brain atlas including cerebral morphology and tis-

sue volumes. Front. Neuroanat. 9, 69. doi: 10.3389/fnana.2015.00069 .

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4455244/ 

ak, Y., Stollberg-Zagar, K., Mayersohn, M., 2006. A porcine model for

fixed drug eruptions in humans: the case of antipyrine in the Yu-

catan micropig. J. Appl. Toxicol. 26 (1), 1–4. doi: 10.1002/jat.966 .

https://onlinelibrary.wiley.com/doi/abs/10.1002/jat.966 

anepinto, L.M. , Phillips, R.W. , Wheeler, L.R. , Will, D.H. , 1978. The Yucatan minature pig

as a laboratory animal. Lab. Animal Sci. 28 (3), 308–313 . 

latt, S.R., Holmes, S.P., Howerth, E.W., Duberstein, K.J.J., Dove, C.R., Kinder, H.A., Wy-

att, E.L., Linville, A.V., Lau, V.W., Stice, S.L., Hill, W.D., Hess, D.C., West, F.D., 2014.

Development and characterization of a Yucatan miniature biomedical pig permanent

middle cerebral artery occlusion stroke model. Exp. Transl. Stroke Med. 6 (1), 5.

doi: 10.1186/2040-7378-6-5 . 

uallo, M.M., Price, C.J., Ueno, K., Asamizuya, T., Cheng, K., Lemon, R.N., Iriki, A., 2010.

Creating a population-averaged standard brain template for Japanese macaques (M.

fuscata). NeuroImage 52 (4), 1328–1333. doi: 10.1016/j.neuroimage.2010.05.006 .

http://www.sciencedirect.com/science/article/pii/S1053811910007123 

uesson, B., Laurent, C., Maclair, G., deSenneville, B.D., Mougenot, C., Ries, M.,

Carteret, T., Rullier, A., Moonen, C.T.W., 2011. Real-time volumetric MRI thermom-

https://doi.org/10.1006/nimg.2001.0752
http://www.sciencedirect.com/science/article/pii/S1053811901907529
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0006
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0006
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0006
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0006
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0006
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0006
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0006
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0006
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0006
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0006
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0006
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0006
http://europepmc.org/abstract/MED/8126267
https://doi.org/10.1371/journal.pone.0107650
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0009
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0009
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0010
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0010
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0010
https://doi.org/10.1002/hbm.10047
https://doi.org/10.1093/cercor/bhx244
https://pubmed.ncbi.nlm.nih.gov/29045561/
https://doi.org/10.1021/acs.jproteome.8b00264
https://doi.org/10.1016/j.mri.2015.09.001
https://doi.org/10.1089/clo.2008.0005
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0016
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0016
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0016
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0016
https://doi.org/10.1109/NSSMIC.1993.373602
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0018
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0018
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0018
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0018
https://doi.org/10.1159/000088638
https://doi.org/10.1109/42.736021
https://doi.org/10.1016/j.neuroimage.2010.07.033
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2962759/
https://doi.org/10.1097/00004728-198501000-00025
https://doi.org/10.1016/S0361-9230(99)00012-X
https://www.sciencedirect.com/science/article/abs/pii/S036192309900012X
https://doi.org/10.1016/j.neuroimage.2013.04.127
https://doi.org/10.1016/j.jneumeth.2017.04.017
http://www.sciencedirect.com/science/article/pii/S0165027017301164
https://doi.org/10.1016/j.jbiomech.2018.01.016
https://doi.org/10.1002/jmri.24003
https://onlinelibrary.wiley.com/doi/abs/10.1002/jmri.24003
https://doi.org/10.1016/j.neuroimage.2010.10.061
http://www.sciencedirect.com/science/article/pii/S1053811910013546
https://doi.org/10.1002/jor.24191
https://doi.org/10.1002/1098-2396(200010)38:1<87::AID-SYN10>3.0.CO;2-C
http://jnm.snmjournals.org/content/47/12/2008.abstract
https://doi.org/10.1016/j.jneumeth.2017.03.007
http://www.sciencedirect.com/science/article/pii/S016502701730064X
https://doi.org/10.1016/j.neuroimage.2008.12.037
https://pubmed.ncbi.nlm.nih.gov/19195496
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0034
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0034
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0034
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0034
https://doi.org/10.1016/j.neubiorev.2007.02.003
https://doi.org/10.1002/nbm.3693
https://pubmed.ncbi.nlm.nih.gov/28164391/
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0037
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0037
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0037
https://doi.org/10.1016/j.neuroimage.2016.03.018
http://www.sciencedirect.com/science/article/pii/S1053811916002160
https://doi.org/10.1007/s11010-007-9423-8
https://doi.org/10.1098/rstb.2001.0915
https://www.ncbi.nlm.nih.gov/pubmed/11545704
https://doi.org/10.1016/j.neuroimage.2008.10.058
https://doi.org/10.1167/iovs.06-0106
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0043
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0043
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0043
https://doi.org/10.1016/j.neuroimage.2018.01.066
https://doi.org/10.3389/fnana.2015.00069
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4455244/
https://doi.org/10.1002/jat.966
https://onlinelibrary.wiley.com/doi/abs/10.1002/jat.966
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0047
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0047
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0047
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0047
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0047
https://doi.org/10.1186/2040-7378-6-5
https://doi.org/10.1016/j.neuroimage.2010.05.006
http://www.sciencedirect.com/science/article/pii/S1053811910007123


C. Norris, J. Lisinski, E. McNeil et al. NeuroImage 235 (2021) 118015 

 

R  

 

R  

 

 

R  

 

S  

 

 

 

S  

S  

S  

 

 

 

S  

 

 

S  

 

 

 

S  

 

S  

 

T  

U  

 

W  

 

 

W  

 

W  

 

Y  

Y  

 

 

 

Z  

 

etry of focused ultrasound ablation in vivo: a feasibility study in pig liver and kidney.

NMR Biomed. 24 (2), 145–153. doi: 10.1002/nbm.1563 . 

ohlfing, T., 2012. Image Similarity and Tissue Overlaps as Surrogates for Image Reg-

istration Accuracy: Widely Used but Unreliable. IEEE Trans. Med. Imaging 31 (2),

153–163. doi: 10.1109/TMI.2011.2163944 . 

osendal, F., Chakravarty, M.M., Sunde, N., Rodell, A., Jonsdottir, K.Y., Pedersen, M.,

Bjarkam, C., Sorensen, J.C., 2010. Defining the intercommissural plane and stereo-

tactic coordinates for the Basal Ganglia in the Gottingen minipig brain. Stereotact.

Funct. Neurosurg. 88 (3), 138–146. doi: 10.1159/000303526 . 

oura, E., Koopmans, S.-J., Lallés, J.-P., Le Huerou-Luron, I., de Jager, N., Schuurman, T.,

Val-Laillet, D., 2016. Critical review evaluating the pig as a model for human nutri-

tional physiology. Nutr. Res. Rev. 29 (1), 60–90. doi: 10.1017/S0954422416000020 . 

aikali, S., Meurice, P., Sauleau, P., Eliat, P.-A., Bellaud, P., Ran-

duineau, G., Vrin, M., Malbert, C.-H., 2010. A three-dimensional digi-

tal segmented and deformable brain atlas of the domestic pig. J. Neu-

rosci. Methods 192 (1), 102–109. doi: 10.1016/j.jneumeth.2010.07.041 .

http://www.sciencedirect.com/science/article/pii/S0165027010004164 

alinas-Zeballos, M.E. , Zeballos, G.A. , Gootman, P.M. , 1986, Vol. 2. Plenum Press, New

York, pp. 887–906 . 

auleau, P., Lapouble, E., Val-Laillet, D., Malbert, C.H., 2009. The pig model in brain imag-

ing and neurosurgery. Animal 3 (8), 1138–1151. doi: 10.1017/s1751731109004649 . 

chubert, R., Frank, F., Nagelmann, N., Liebsch, L., Schuldenzucker, V., Schramke, S.,

Wirsig, M., Johnson, H., Kim, E.Y., Ott, S., Holzner, E., Demokritov, S.O., Motlik, J.,

Faber, C., Reilmann, R., 2016. Neuroimaging of a minipig model of Huntington’s dis-

ease: feasibility of volumetric, diffusion-weighted and spectroscopic assessments. J.

Neurosci. Methods 265, 46–55. doi: 10.1016/j.jneumeth.2015.11.017 . 

eidlitz, J., Sponheim, C., Glen, D., Ye, F.Q., Saleem, K.S., Leopold, D.A., Ungerlei-

der, L., Messinger, A., 2018. A population MRI brain template and analysis tools

for the macaque. NeuroImage 170, 121–131. doi: 10.1016/j.neuroimage.2017.04.063 .

http://www.sciencedirect.com/science/article/pii/S105381191730383X 

mith, S.M., Jenkinson, M., Woolrich, M.W., Beckmann, C.F., Behrens, T.E., Johansen-

Berg, H., Bannister, P.R., De Luca, M., Drobnjak, I., Flitney, D.E., Niazy, R.K., Saun-

ders, J., Vickers, J., Zhang, Y., De Stefano, N., Brady, J.M., Matthews, P.M., 2004.

Advances in functional and structural MR image analysis and implementation as FSL.

NeuroImage 23 Suppl 1, S208–19. doi: 10.1016/j.neuroimage.2004.07.051 . 
10 
windle, M.M., Makin, A., Herron, A.J., Clubb, F.J., Frazier, K.S., 2011. Swine as mod-

els in biomedical research and toxicology testing. Vet. Pathol. 49 (2), 344–356.

doi: 10.1177/0300985811402846 . 

windle, M.M. , Thompson, R.P. , Carabello, B.A. , Smith, A.C. , Hepburn, B.J. , Bodison, D.R. ,

Corin, W. , Fazel, A. , Biederman, W.W. , Spinale, F.G. , et al. , 1990. Heritable ventricular

septal defect in Yucatan miniature swine. Lab. Animal Sci. 40 (2), 155–161 . 

ange, O., 2011. Gnu parallel - the command-line power tool. ;login: USENIX Mag. 36 (1),

42–47. doi: 10.5281/zenodo.16303 . http://www.gnu.org/s/parallel 

llmann, J.F.P., Janke, A.L., Reutens, D., Watson, C., 2015. Development of

MRI-based atlases of non-human brains. J. Comp. Neurol. 523 (3), 391–405.

doi: 10.1002/cne.23678 . 

atanabe, H., Andersen, F., Simonsen, C.Z., Evans, S.M., Gjedde, A., Cum-

ming, P., 2001. MR-based statistical atlas of the Göttingen minipig

brain. NeuroImage 14 (5), 1089–1096. doi: 10.1006/nimg.2001.0910 .

http://www.sciencedirect.com/science/article/pii/S1053811901909103 

ilke, M., Altaye, M., Holland, S.K., Consortium, C.A., 2017. CerebroMatic: a versa-

tile toolbox for spline-based MRI template creation. Front. Comput. Neurosci. 11.

doi: 10.3389/fncom.2017.00005 . 5–5 

itczak, C.A., Wamhoff, B.R., Sturek, M., 2006. Exercise training prevents Ca2+ dysreg-

ulation in coronary smooth muscle from diabetic dyslipidemic yucatan swine. J. Appl.

Physiol. (1985) 101 (3), 752–762. doi: 10.1152/japplphysiol.00235.2006 . 

oshikawa, T. , 1968, 1st ed. Univeristy of Tokyo Press, Tokyo and The Pennsylvania State

University, University Park . 

un, S.P., Kim, D.H., Ryu, J.M., Park, J.H., Park, S.S., Jeon, J.H., Seo, B.N.,

Kim, H.-J., Park, J.-G., Cho, K.-O., Han, H.J., 2011. Magnetic resonance

imaging evaluation of Yukatan minipig brains for neurotherapy applica-

tions. Lab. Animal Res. 27 (4), 309–316. doi: 10.5625/lar.2011.27.4.309 .

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3251761/ 

hang, Y. , Brady, M. , Smith, S. , 2001. Segmentation of brain MR images through a hidden

Markov random field model and the expectation-maximization algorithm. IEEE Trans.

Med. Imaging 20 (1), 45–57 . 

https://doi.org/10.1002/nbm.1563
https://doi.org/10.1109/TMI.2011.2163944
https://doi.org/10.1159/000303526
https://doi.org/10.1017/S0954422416000020
https://doi.org/10.1016/j.jneumeth.2010.07.041
http://www.sciencedirect.com/science/article/pii/S0165027010004164
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0055
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0055
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0055
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0055
https://doi.org/10.1017/s1751731109004649
https://doi.org/10.1016/j.jneumeth.2015.11.017
https://doi.org/10.1016/j.neuroimage.2017.04.063
http://www.sciencedirect.com/science/article/pii/S105381191730383X
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1177/0300985811402846
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0061
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0061
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0061
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0061
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0061
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0061
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0061
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0061
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0061
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0061
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0061
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0061
https://doi.org/10.5281/zenodo.16303
http://www.gnu.org/s/parallel
https://doi.org/10.1002/cne.23678
https://doi.org/10.1006/nimg.2001.0910
http://www.sciencedirect.com/science/article/pii/S1053811901909103
https://doi.org/10.3389/fncom.2017.00005
https://doi.org/10.1152/japplphysiol.00235.2006
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0067
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0067
https://doi.org/10.5625/lar.2011.27.4.309
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3251761/
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0069
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0069
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0069
http://refhub.elsevier.com/S1053-8119(21)00292-5/sbref0069

	MRI brain templates of the male Yucatan minipig
	1 Introduction
	2 Materials and methods
	2.1 Image acquisition
	2.2 Image preprocessing and template generation
	2.3 Characterization of the  and  templates

	3 Results
	3.1 Tissue probability maps
	3.2 Spatial characteristics
	3.3 Landmark errors and alternative template

	4 Discussion
	5 Conclusion
	Credit authorship contribution statement
	Acknowledgments
	References


