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Abstract: The characterization and definition of homologyhe cerebral cortex needed for a species to
be adopted as a translational model in neuroscisre@nique challenge given the diverse array of
cortical morphology present in the mammalian lireeddsing the domestic pig as an example, we
provide a roadmap of how leveraging Magnetic Rescadmaging of the brain and data-driven
tractography can overcome these obstacles anddeeitortical alignment between distantly related
species. In doing so, we created a full platformeiroimaging tools to be used in the pig, inclgdin
volumetric and surface templates, a structuralevimatter atlas, and the establishment of a common
connectivity space to facilitate pig-human cortiabgnment. Releasing our data and code and our pig
human cortical alignment, we permit researchers already working wighigho accentuate the clinical
relevance and translational capacity of their w8k sharing the intermediate outputs and scripesl us
construct our pig-human cortical alignment, we g@isavide a roadmap to expand the current repertoire

of animal models used in neuroscience.
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Introduction:

The introduction of a new animal model in neurosceis challenging, given the vast body of worleadty
performed in the well-established rodents and Namgin primates (NHP). Mechanistic studies prefeentsl
since they are easy to handle and relatively easyodify genetically, but large animals’ similardyosize, organ
shape, lifespan, and metabolism better model cestspects of human disease. These advantagestaechsive
to NHPs, and large animal models, including piggsi and cats, all share a gyrencephalic brairgiwtan be
studied using human imaging equipment. Years getranjections, imaging, and invasive recordinggeha
provided a significant head start understanding\thi® cerebral cortex's organization. However, ggehas
recently grown in using the domestic pigg scrofa) as an alternative to NHP modeldVe take advantage of this,
and use the pig as an example of how the creafigalometric and surface templates, a novel whitgter atlas,
and a first pass towards mapping the pig and huwoeex via a common connectivity space enhance the

translational capacity of underutilized animals@uroscience.

The pig diverged from humans approximately 80 onillyears ago, but convergent evolution and an conaidiet
have led to a viscera strikingly similar to thatleé humah® The pig can be genetically modified and is alyead
used as a model for cardiac, renal, gastric, hepdgrmal, vascular, craniofacial surgery, makirgniideal model
to investigate the neural correlates of diseaskarbody° Advances in high resolution non-invasive magnetic
resonance imaging (MRI) and surgical methods hegédd the development of stroke, deep brain stitiaunla
Parkinson’s and Alzheimer’s Disease, traumaticromgury, and epilepsy models renewing intereghmpig as a
neurological model of disea$&* ¢ However, the translational value of these moitetsirrently limited by a
technical barrier, as no standardized resourcefpetines exist to process and contextualize pigimg studies
with the human brain. We overcome these limitatlopgreating a pig neuroimaging repository and piag a
cross-species translational mapping between thargghuman.

The basis of our pig neuroimaging repository ardfarting point for the translation of underuglizanimals in
neuroscience is creating a volumetric and surfearedard template; In this case, the Porcine Negicdd Imaging
Space (PNI50) composed of 50 pigs. These tempdateanalogous to the commonly used Montreal Negicdd
Institute volumetric template (MNI152) and the Freder average surface FSaverageUsing anatomical and
diffusion-weighted imaging (DWI), we then characterthe white matter structural organization irubgroup of
six pigs in an exploratory data-driven analysigy(iié 1Af®*°. Our exploratory analysis overcomes the scardity o
knowledge regarding the pig’s white matter architexzand was used to guide the definition of haraivd
tractography protocols in the PNI50 space for aateoh tractography in FSL autoPTX and Xtfatt We
delineated 27 tracts to include in our WM atlashef pig, includinghe projection, cross-hemispheric, association,
and limbic tracts. With our tracts defined, we next builcannectivity blueprint??, extending a method previously
used in the macaque to a non-primate. In doingesexemplify the robustness of tbennectivity blueprint
method and its ability to use shared connectitgdrtically align distantly related species suslite pig and the

human.
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Figure 1. An overview of the methods used to predhe White Matter Tracts and subsequ@orinectivity Blueprints. (A) Data-
driven tractography uses a gray matter surfaceirsgéal a low-resolution target. PCA is then runtba resulting tractogragh
matrix, followed by ICA in the PC subspace, anédinregrssion returns the tracts to their volumetric spacactography
protocols were then defined using information gdifiem the resulting ICAs, and masks were dramh@PNI50 space using the
Saikali et al. atlas. (B) Identifying common trabetween the pig and human, we calculated how #achconnected to each
vertex in the mid-thickness cortical surface. Wentlsreated a connectivity blueprint whereby thenestivity profile of each
vertex to all the common tracts was stored in @aeh and the tract cortical projection each coluifime pig blueprint was esl

with a human blueprint with proposed common traatsl a KL divergence similarity matrix was calcathto identify regions

with the highest similarity across species.

The connectivity blueprint is based on the simple idea that shared connections to homologous structurestea

used to characterize how similar an area is asmssie$?* The individual unit of @onnectivity blueprint is a
diagnostic ‘connectivity fingerprint’ whereby therslarity of an area or region of interestertical connectiasto
the underlying WM tracts is calculated to determansonnectivity profile which can be used to pragmsmdogy
in distantly related specié§?> Theconnectivity blueprint is a collection of connectivity fingerprintsr the vhole
cortex, whereby the WM connections of each vemethé cortical surface are profiled to create arfiowmn

connectivity space’ describing the brains of bathaes (Figure 1B5.

The shared connectivity space was built using tmeroon tracts included in our pig WM atlasd by calculéing
the Kullback-Liebler Divergence (KL) distance metbietween the pig and humeonnectivity blueprints. Using
the KL similarity matrix to measure conserved aaticonnectivity between species, we further show it can
be used to align the pig and human cortex to dpapieedict of regions of interest acroggecies. By releasingui
connectivity blueprints, tract protocols, white matter atlas, andtamical templates in the data and code

releasetittps://github.com/neurabenn/pig_connectivity beppini), we provide examples of the resourcesdes

to ease the adoption of a new animal model in laéingal neuroscience. We furthermore use the@dvide
insight into the organization of the mammalian errand enable experimental findings from pig dis@asdds to

be translated and used to form novel hypothestseofassociated neurological impact on the hunramb

Results:

Template and Average Surface Construction: A standard reference space and template is negdesdhe
exchange, communication, and replicability of néuamging data and analysis. Using 50 male largeenbitjs
weighing between 25-45 KG, we created the PNI5(ptate for spatial registration and normalizatioig(fFe 2A).
To allow for intuitive navigation of the pig braiwe registered the Saikali et al. cytoarchitectqigcgray mdter
atlas into PNI50 space and converted it to anawtare XML atlas for use in FSLeyes so that usars ¢
interactively navigate and describe their resugtgtially in the pig. We also created the PNI50 agercortical
surface, a surface analogous to Freesurfer’s Fsdyesior the pig (Figure 2B) These tools allow for mapping
volumetric results and mas defined in the PNI50 volume to be proiected ontdbrtical surfaceThe PNISC. as
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a common brain space for the pig, permitted usedata-driven methods to reconstruct tracts anldefudefine
standard masks for tractography protocols. All kissilescribed in the following sections are desatiin the
PNI50 space.

Porcine Neurological Imaging Space - Volumetric
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Figure 2. Average Volumetric and Surface Templafake Porcine Neurological Imaging Spade Volumetric
full body and brain extracted templates of the Per&Neurological Imaging Space N=50 (PNI50). Terrgda
were used as a standard space for group-level ggimgeporcine tract®. Average surfaces derived from
individuals making up the PNI50. The surface usatd-diriven tractography and blueprints were theayeemid-
thickness surfaces of each hemisphere. Volumetsialis in PNI50 space can be projected to theidad thus
enabled for translation using the pig's connegtivilueprint.

Exploratory Tractogr aphy used to Guide the Definition of Hand-drawn Tractogr aphy Protocols. A total of
27 tracts were identified and are included in owl\atlas. Tractography was performed in probtracfusing the
option —omat2 ¥° with the PNI50 average mid-thickness surface tseged from each vertex to a volumetric
low-resolution whole-brain target mask (1.4mm ieptc). This resulted in a matrix of streamlines miag each
cortical vertex to every brain vox&lwhich then underwent iterative Principal Compdsenalysis (iPCA), and
Independent Components Analysis (ICA) (Figure DA then linearly regressed the ICA spatial map& bao
volumetric space, where they were visually asseasadausible tracts for inclusion in the affadJsing the ICAs
in volumetric space as a guide, we then drew saddaaget masks by hand for tractography in theSPBNtandard
space (Figure 3-6). In doing so, we created stahtlactography protocols that recapitulate elemehthe data-
driven components for 27 tracts. The tractogrgmioyocols consist of a set of masks containingsted
(tractography start pointharget (waypoint, only streamlines that travel throughehare retainedgxclusion (areas
prohibited to the streamline), and occasionaigp (stops streamline propagation). All tractograptotcols
except for those of the cross-hemispheric strustuse the sagittal midline as an exclusion magkdweent
streamline propagation into the contralateral hptrése. These tract protocols allow for reproducitdetography
of pigs registered to the common PNI50 space amd@npatible with the recently released XTRACT payk-
The repository we present here provides all 2tagraphy protocols, the final tracts used to camstthe

connectivity blueprint, and the corresponding ditigen ICAs for each tratt®”.
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A White Matter Atlas of the Pig Brain: The 27 white matter tracts identified in the bsadrfi 6 pigs were grouped
by their respective systems: Projection, Cross-Bpharic, Associative, and Limbic. In the followisgction, we
describe each tract group and the structures assignit, including each tract's course, the ICAd® guide
protocol definition and the masks for each tracpfy protocol in the atlas. Tractography protoease defined
in PNI50 volume space and transformed into eac's pigtive DWI volume space where the tract was
reconstructed. The resulting tracts were then toamgd back to PNI50 space, where the group average
normalized streamlines of 6 pigs were used to fibrerfinal tract in our probabilistic white mattdtas. In the
absence of other gray matter atlases in the domneigti we used the Saikali et al. atlas for navigaand spatial
characterization of our resufts We use their assignations as spatial guidelioethé reader but acknowledge that
despite similar naming conventions, some labels nedyndicate homology to structures in the humiirb
However, conserved connectivity partially confirthe homology of some labels proposed in the Saditall. atlas
(Figure 10,11).

Projection Fibers: Exploratory tractography found multiple componessociated with the projection fibers and
using them to guide the definition of hand-drawetpcols; the whole thalamus was used as the sgaxhrfor all
four thalamic radiations presented here. Basedemptinciples of conserved cortical organizatiothe
mammalian brain-pl&fiwe expected the thalamocortical projections amtlomspinal tract to serve as a base for

comparison of conserved connectivity across species

The Projection Tracts, Components, and Protocols

Figure 3.TheProjection Tracts of the pig and human, including the Anterior (ATR)cipital (OR), Posterior
(PTR), and Superior (STR) thalamic radiations aondi€ospinal tract (CST) are visualized as 3D ratarctions.
A). The maximum intensity projection (MIP) of componé&r22, the tractography protocol used for the final
reconstruction, and the MIP of the ATR reconstrdatéth the mask protocolsB). The MIP of component L-16,
the tractography protocol, and the MIP of the @R.The MIP of component L-41, the tractography protoand
the MIP of the PTRD). The MIP of component L-36 is associated with th&SThe tractography protocol, and
the MIP of the STRE). The MIPof componenL-33, the tractography protocol, and the MIP of the (
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Anterior Thalamic Radiation (ATR): Component 22 of the left hemisphere (L-22) andhd®e right (R-45) contain
a structure connecting the thalamus with the prediccortex forming the ATR (Figure 3). Using these
components to guide the definition of the tractpgsaprotocol for the ATR, the target mask was d&fias the
caudate nucleus, and a coronal stop mask was dralew the thalamus at the level of the posterionmissure
(Figure 3A).

Optic Radiation (OR): The optic radiation OR connects the inferior vidohe with the thalamus and is present in
components L-16/41 and R-1/20. The target maskc@anal slice in the inferior junction of V1 an@\at the

occipitotemporal junction (Figure 3B).

Posterior Thalamic Radiation (PTR): The PTR runs superior to the OR and connects #lartius to a V1 target
mask. The PTR was present in components L-13/2&189R-6/15(Figure 3C).

Superior Thalamic Radiation (STR): The Superior thalamic Radiation found in componént¥/36 and R-8/22/31
radiates from the thalamus to the primary and sosegisory association cortex Figure (7,8D). Theetargan
axial section superior to the seed region, whegePttimary/Associative Somatosensory Cortex meaoi@d

slices anterior the genu of the corpus callosumadrible posterior commissure are excluded (Fighe 3

Corticospinal Tract (CST): The CST is partially found across components [1(B3/43 and R-0/23/42/19 (Figure
3E). The CST connects the brainstem and sensornimottex, replicating the structure of Bech ef&lThe CST
seed is drawn inferior to the thalamus, and thgetais an axial slice of the sensorimotor cortehe €xclusion
mask has two coronal slices at the posterior cosumgs the genu of the corpus callosum, and a #ial slice
inferior to the thalamus that does not includeititernal capsule (Figure 3E).

Commissural and cr oss-hemispheric Tracts: The commissural fibers and the cerebellar pedunete found in
components that span both hemispheres (Figureldthr@e tracts used a reverse seeding strategyeli¢he
target and seed were flipped in separate recotisingc al the final tract is presented as their averagethide

protocols largely replicate the tracts previouslgritified by Zhong et af™.
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The Cross-Hemispheric Tracts, Components and
Protocols

1CA 40 MIP 4 MIP FMA

c

Figure 4. TheCommissural and Cross-Hemispheric Tracts of the pig and human, including the Forceps Major
(FMA) and Minor (FMI), and the Middle Cerebellardemcle (MCP) reconstructed in 3B). The maximum
intensity projection (MIP) of component L-40, tliedtography protocol used for the final reconstaugtand the
MIP of the FMA reconstructed with the mask protacds). The MIP of component L-22, the tractography
protocol, and the MIP of the FMC). The MIP of component R-11, the tractography protcaod the MIP of the
MCP.

Forceps Major (FMA): The FMA (components L-40 and R-20) connects tfieated right visual cortices passing
through the splenium of the corpus callodtiiihe FMA was reverse seeded from V1 and V2 of dmchisphere,
and a coronal section anterior the splenium ottimpus callosum was excluded (Figure 4A).

Forceps Minor (FMI): The FMI connects the left and right prefrontal egrtas shown in components L-4/22 and
R-3/39 (Figure 4B). Coronal sections of the leftl aight dorsolateral prefrontal cortex are revessed for the

FMI, and there is no exclusion mask (Figure 4B).

Middle Cerebellar Peduncle (MCP): The MCP connects the left and right cerebellar peths and is found in
components L-6/32 and R-42, which contain multipéet structure®. The MCP used the left cerebellar peduncle
as a seed and the right as the target (Figure 4C).

Association Fibers:

Exploratory analysis identified three tracts withjéctories similar to the Inferior Fronto-OccipiEasciculus, the
Uncinate Fasciculus, and the Inferior Longitudifatciculus of Pascalau et al.’s white matter ditsestudy
(Figure 5%%. Components from data-driven tractography foundcstires reminiscent of the Superior Longitudinal
Fasciculus (SLF) from Pascaleu et al.’s white matiesectioff. Our attempts to define a hand-drawn SLF
tractography protocol were unsuccessful in reghcathe SLF-like data-driven components, and we tthose to

leave it out of the pig white matter atlas for now.
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The Association Tracts, Components and Protocols

Figure 5. TheAssociation tracts of the pig and human, including the Inferior-frdr@ccipital Fasciculus (IFOF),
the Inferior longitudinal Fasciculus (ILF), and tbacinate Fasciculus (UNC) reconstructed in 3).The
maximum intensity projection (MIP) of component 8;1he tractography protocol used for reconstruactibthe
IFOF, and the MIP of the IFOF reconstructed with task protocolsB). The MIP of component L-9, the
tractography protocol, and the MIP of the Il&F). The MIP of component L-48, the tractography protoand
the MIP of the UNC.

Inferior Fronto-Occipital Fasciculus (IFOF): Exploratory tractography found multiple independemmponents
containing IFOF-like structures connecting the alsand frontal cortex. In the left hemisphere, éhesuctures
were present in components 34 and 18 (L-34/18)cantbonent 21 (R-21) in the right hemisphere (Fadih).
These components guided the IFOF seed placement aisiisual cortex composite mask of V1, V2, and &
target mask was a coronal slice of the antericir@méal cortex, and the external capsule and timtricdes were

excluded in the axial plane (Figure 5A).

Inferior Longitudinal Fasciculus (ILF): A tract reminiscent of the primate ILF is presemaasubstructure in
components L-7/9 and R-15/20 (Figure 5B). The IbRrects the inferior temporal gyrus to the infedocipital
lobe. The seed mask is placed at the middle/infégimporal gyrus, and the target included the sapamporal
gyrus in an axial section at the level of the zimarta. Coronal slices anterior the seed and goste the target

were excluded (Figure 5B).

Uncinate Fasciculus (UNC): The UNC connects the anterior region of the infetéanporal gyrus, arcs into the
external capsule, and terminates in the AnteriefrBntal Cortex. The UNC (L-48 and R-14/30) is sskh the
inferior temporal gyrus, where it targets the jimetof the external capsule and putamen. The exrclusask

includes the visual cortex and the coronal plaoerd the target mask (Figure 5C).

Limbic Tracts: Data-driven tractography found components simtdaornix and cingulum, confirming the recent
work of Bech et al®*. As in primates, the cingulum bundle tractographgtocols were defined in three parts: the
temporal, dorsal, and pregenual bundles. ICA coraptmof the data-driven tractography found threérdit
structures of similar course and length to the Glingy proposed by Bech et al., suggesting their seded
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reconstruction approach is necessary to reconsiliutiree branches of the pig cingulum (Figur&#) We also
note that our cingulum’s cortical projections dd fovm a continuum but remain isolated within eaelgment. All
protocols for the cingulum were reverse seeded.faimex appears to be highly conserved across spexs the

primary hippocampal tract derived from data-drieemponents.

The Limbic Tracts, Components and Protocols

ICA 26 MIP

MIP CBT

Figure 6. TheLimbic tracts of the pig and human, including the Cingulum DoBahdle (CBD), The Pregenual
Cingulum (CBP), the Temporal Cingulum (CBT), and Bornix (Fx) reconstructed in 3B). The maximum
intensity projection (MIP) of component L-26, tliedtography protocol used for reconstruction of @D, and
the MIP of the CBD reconstructed with the mask peots. B). The MIP of component L-47, the tractography
protocol, and the MIP of the CBR). The MIP the component R-11, the tractography pa@nd the MIP of
the CBT. D. The MIP of component L-1, the tractography protpeoid the MIP of the Fx.

Cingulum Dorsal Bundle (CBD): The CBD can be found in components L-26 and Re28ging through the
cingulate cortex superior to the corpus callosurthasentral segment between the temporal and puede
bundles (Figure 6A). The CBD is seeded in a coraagibn of the dorsal posterior cingulate just abthe
splenium of the corpus callosum. The target maskdt the border of the anterior and posteriorutatg cortex as
defined in the Saikali et al. atlas, and the staghrs placed just anterior to the target maskuiie@igA). The tract
passes cleanly through both seed and target neaskinating at the border of the pregenual bundle.

Pregenual Cingulum (CBP): The CBP protocol is guided by components L-47 aptiRind is seeded inferior to
the genu of the corpus callosum with the CBD steghkras its target (Figure 6B). The axial exclusi@sk has a
slice superior to the genu of the corpus callosnthasecond axial slice at the level of the genth@fcorpus
callosum. A hole is left in the second slice af #xclusion mask, allowing streamlines to propatateughout the
Dorsal Anterior Cingulate. The tract enters thedabAnterior Cingulate and passes the genu ofdheus

callosum rostrally curving beneath it to termingtéhe anterior prefrontal cortex.
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Temporal Cingulum (CBT): The CBT is present in component R-11 running pelred the fornix, and connects the
dorsal posterior cingulate and parahippocampaégart concordance with the work of Bech et al. (Fg6CY°.

The CBT was seeded in the parahippocampal cortiéix,antarget in the dorsal posterior cingulate tpasr the
splenium of the corpus callosdinThe exclusion mask blocks the superior hippocanpisual cortex, the genu,
and the corpus callosum (Figure 6C). The stop rsdkided into two sections: one, anterior the¢dy and the

second, posterior the fornix.

Fornix (Fx): The Fornix is included in the Saikali et al. attasl is present in components L-01 and R-36/41
(Figure 6D)*"*"* The fornix is seeded at its apex as definedénShikali et al. atlas and runs inferior to the
corpus callosum through the hippocampus and amggddahinating in the parahippocampal area antéoitie
CBT. The coronal target mask is in the inferiorgdpampusand the exclusion mask has two coronal slices: one

posterior the caudate and the second posteriagethe of the corpus callosum (Figure 6D).

Connectivity Blueprints:

The Connectivity Blueprint approach depends orptioposal of homologous white matter tracts in arlowmn
space’ to compare the brain's structural orgaminadcross species (Figure 1B). The connectiongraicato the
cortex form a cortical tract projection. When thwetical projections of multiple tracts are storeulaormalized, a
probabilistic distribution of the tracts with comtiens to a given point on the cortical surfacerfera connectivity
fingerprint (Figure 1B). When we calculate the cectivity fingerprint for each vertex of the corticarface to its
underlying WM tracts, we create a connectivity ipltiiet, which can be used to compare structural eotivity
across the whole cortex for two brains (Figure IBjlculating the Kullback-Liebler divergence (KL)the
connectivity blueprint, we can measure the simifaof the connectivity fingerprint for each vertiexthe brain. In
doing so, we can identify regions with conservedcstiral connectivity (low KL) and those where stural

organization has diverged between species (high KL)

Prior to the calculation of KL divergence betweb®a pig and human, we first took the mean of theneotivity
blueprint to create a whole cortex connectivitygénprint in order to assess the symmetry of eaebisp
connectivity. We found the pig had greater conwégtin the left hemisphere to the FMI and CBP, vdas the
STR and PTR displayed a more robust connectivid§ilprwith the right hemisphere (Figure 7A). Funtmere, the
overall connectivity profile as compared with thedan brain found greater connectivity to the IFQF, and
CBD in the human, as opposed to increased conitgaifvthe UNC, STR, and PTR in the pig (Figure 7B)
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A. Symmetry of Porcine White Matter Cortical Projections B. Cross Species Whole Cortex Connectivity Fingerprints

atr) MR g
o chd | wam cbd r

unc__- chd

LA chtr

aam

\
AL
fer
ifof r
e . Y
[ T
orr -
ptrr
e “fmi strl strr
e i unct o uner
Left —— Right —— Left Human Left Pig Right Human —— Right Pig

Figure 7.A). Symmetry shown via the whole cortex fingerprinttwd left and right hemispheres shows the pig to
have similar connectivity within each hemispherén@te, the prefrontal Forceps Minor (FMI) and Gihgn
Pregenual Bundle(CBP) show a bias to the left heleise, while the superior and posterior thalamitations
(STR/PTR) have more robust connectivity in the trigemisphereB). Connectivity fingerprints of the left and
right cortex in both species. Connectivity acrossitspheres is overall symmetric in both species. ddnnectivity
fingerprint shows which tracts are vital in drivittge KL divergence across the pig and human co@éyparticular
note are the increased human connections to teadnfronto-Occipital Fasciculus (IFOF), Inferioongitudinal
Fasciculus (ILF), and Cingulum Dorsal Bundle (CBDhe pig cortex had increased connectivity with the
Cingulum Pregenual Bundle (CBP), Uncinate Fasc&(UINC), and the STR and PTR.

Between the pig and human, we calculated foursespgcies blueprints whereby tract groups werecadde
sequentially to the blueprint to understand eaatt fgroup's role in the formation of unique conivitgt
fingerprints for each species. The tract groupveeided to the connectivity blueprint in the foliogvorder:
projection fibers, commissural fibers, associative fibers, and limbic fibers. The order tract groups were added into
the connectivity blueprint started with the assuopthat the diverse trajectories of the projecti@cts would
provide an initial starting point to compare acrtigswhole cortex. The commissural, associativd,liambic fibers
were then added based on a separate leave oneadygia which determined which tract group mosttigbuated

to the KL divergence of the full connectivity bluep (Supplementary Figurel). By plotting the teaséquentially,
we visualize the evolution of divergence betweanttstructures and their overall impact in formdligtinct
connectivity profiles between the pig and humagFe 8). We further visualize the impact eachttgaoup plays
in the KL distribution through a leave-one-out lgsis and the calculation of the difference in Kiketgence
between the full KL divergence, and the connegtiliieprints where a tract group has been lefi(Bigiure S1,2).
Both our sequential tract addition, and the leawe-out analysis converge in identifying the regiovsst

impacted by each tract group(Figure 8, S1).

In the following section, we discuss the effecth@ addition of each tract group had on the distidim of the
minimum KL divergence between the pig and humamexgdained by each tract’s cortical projections. &l&o
map each blueprint's entropy to determine the dityeof tracts connecting to any given vertex. We seettieat
sequential KL divergence evolves not due to thebmmof tracts in each blueprint, but rather throtlghaddition

of specific WM structures.
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Tract Cortical Projections and Their Contribution to the Cortical Distribution of
the Minimum KL Divergence via Connectivity Blueprints
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Figure 8.A). Blueprint 1 contains the cortical tract projections of the &idr (ATR), Occipital (OR), Posterior
(PTR), Superior (STR), and Corticospinal tract (EShe minimum KL divergence is plotted to the kefiowing
slight peaks in regions of the ATR and CST in sihcies. The distribution of entropy or the divigref tracts each
vertex connects to displays a distribution indepenaf the KL divergencB). Blueprint 2 contains the cortical tract
projections oblueprint 1 and adds the Forceps Major (FMA), Forceps Mindiji-and Middle Cerebellar Peduncle
(MCP). C). Blueprint 3 adds the Inferior Fronto-occipital fasciculus (FQInferior Longitudinal Fasciculus, and
Uncinate Fasciculus taueprint 2. Doing so shifts the maximum of the min-KL divenge into the parietal and
frontal lobes of both specieB). Blueprint 4 adds the Cingulum Dorsal Bundle, the Pregenuad@im, Temporal
Cingulum, and Fornix tblueprint 3. The cingulum fibers in the human form a continuuwh found in the pig, and as
a result, the min-KL divergence shifts along thegcilum body and medial frontal lobe in both speci€his is
evidenced by a drop in entropy along the limbieffgin the human brain, not present in the pigs Fhggests the
continuum of cingulum tract projections presenthi@ human, but not the pig strongly increases theli¢ergence
across species.

Blueprint 1, The Projection Tracts: The lowest similarity between species, as showthbyighest KL
divergence, corresponds with the tract projectmfitbie ATR and CST (Figure 8A). The lateral divisiof the
prefrontal and somatosensory cortices in the @ddeo partial innervation of the pig’s anteriomstosensory
cortex by the ATR. The cortical projections of fhig CST extend into the anterior frontal lobe oapging with
the projections of the ATR, whereas in the humhbay remain within the pre and post-central gyruguie 8A).
The overlap between the CST and ATR of the pig eaas increase of unique connectivity fingerprintthe
pig’s frontal lobe where the local minimum of KLveirgence peaks(Figure 8A, S1A.2). Increased KL+giwece
is further observed in regions associated withRM& and OR given the increased presence of the moordical
projections of the temporal lobe (Figure 8A, SDAKey to interpreting the local-minimum of KL dikgence is
the non-convergence with the entropy maps, reptiesetie diversity of tracts connecting reachingoit on the
cortex. This implies that the minimum KL divergensealependent on the presence of distinct conrigctiv
fingerprints as opposed to the number of tractmeoting to each point. Of all the tracts in bluapdne, the
cortical projections of the STR appear to be thetrnonserved. The pig’s projection fibers conne higher
proportion of the cortex, but their relative orgaation appears to be conserved (Figure 7B,8). t\ieote that the

overall role of the projection fibers in driving Klivergence is significant (Figure S2.A,E), howewerstart our
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sequential addition with them as their diversestrgries provide a basis for comparing connectagoss the

whole cortex of both species.

Blueprint 2, BP1 + The Commissural Tracts: KL divergence increases minimally, suggesting thatsimilarity
between species of the commissural tracts is minid@vever, where it does increase is in regiomgivated by
the FMA and FMI. The cortical projections of the BNire conserved as they enter the medial occilibed in
both species, and similarly, the MCP is consetheaugh a lack of projections to the cortex in bgplecies
(Figure 8B). The FMI does increase KL divergencthmlateral prefrontal cortex of the human andnieglial-
inferior frontal lobe of the pig (Figure 8B, S1AHowever, the FMI's cortical projection does naiss the lateral
barrier into the somatosensory cortex, makingatisfly conserved within the prefrontal cortex (fiig 8B).
Contributing to the frontal lobe’s increased KL eligence observed in both species is likely thedrigh
connectivity to the whole cortex of the FMI in theman as compared to the pig (Figure 7B, ). Notabhere the
medial FMI and FMA tract projections terminate,reply decreases in both species. This appears tacintipe KL
divergence in these regions minimally (Figure SE)But accentuates the KL divergence observedeirdiritory

of the projection fibers.

Blueprint 3, BP2 + Assaciation Tracts: Adding the association fibers into the blueprine maximum of the min-
KL divergence of the pig brain shifts to the pretal cortex and anterolateral somatosensory cgFigxre 8C,
S1C.2). Conversely, the highest KL divergence entthman cortical surface shifted to the Angularf&omrginal
Gyri, and lateral prefrontal cortex (Figure 8C, SI)CIf we assume the pig’s tract coursing fromabeipital to
the frontal cortex to be the IFOF, we still obsettvat changes in the KL divergence are associaigdeach
species' distinct IFOF projection patterns. Théspi§OF projects to the cortical surface in theegiotr prefrontal
cortex and occipital lobe, but lacks the temporagtal projections found in the human IFOF (Figu®).8
Furthermore, the human IFOF innervates a far grgateion of the cortex, increasing the probabitfigt any
given point of the human cortex connects to theHEOmMpared to the pig, as shown through both treentortex
connectivity fingerprint (Figure 7), and increagadropy in the frontal and parietal lobes of thenhn brain
(Figure 8C). The UNC charts a course similar &t tf the human but shows increased KL divergendkea
temporal pole and inferior frontal cortex. The tigcortical projections remain close to the trsietrting in the
inferior temporal gyrus and end in the inferiomfral lobe. The pig’'s UNC appears elongated as cosdp@ that
of the human (Figure 8C). The pig’s lack of antatedal expansion in the temporal lobe causes thé_pi
projection to run horizontally from the inferior smperior temporal gyrus, likely contributing teetimcreased KL
divergence in the inferior temporal lobe of the iggure S1C). In the human brain, where significamterolateral
expansion of the temporal lobe has taken place acedpo the pig, the ILF's cortical projection rugiagonally in

order to connect similar regions (Figure 8C).

The IFOF, ILF, and UNC share structural charadiegsacross both species. However, the increased KL
divergence over the whole cortex signifies thaséhgacts' addition introduced a greater propoibmon-mutual
connectivity fingerprints between the pig and huraartompared to blueprints 1 and 2. The associatots

contribute to the KL divergence in the human braore so than in the pig (Figure S2C,G) . This deaslyt be
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attributed to the association tracts extensiveicarprojections in the human brain as comparetidse otthe pig
(Figure 7, 8C).

Blueprint 4, BP 3 + Limbic Tracts. Blueprint 4 contains all 27 tracts having addedGiegulum fibers and
fornix (Figure 8D). Among the limbic tracts, theriak has the most similar connectivity and cortipedjection
pattern, suggesting a highly conserved structwegathe mammalian lineage (Figure 8D). Howeverihe
divergence is high within the medial frontal lob®laingulum; the territory of the CBD, CBP, and GBifure
8D, S1D). The pig lacks the characteristic contintypically associated with the cingulum. Thisi®wn bythe
cortical projection of the pig CBD arcing upwarasoecting the precuneus and somatosensory/preisaar
complex instead of extending anteriorly into theitery of the CBP as in the human (Figure 8Dese chares
in cortical projections are reflected in the KL diyence of the leave one out groups, as well asrtrepy mas
of the sequential blueprints (Figure 8D, S2D,H)e Budition of the limbic tracts causes the entiogihe human
cortex to drop along the cingulum bundle but nahim pig. As the continuum of the cingulwonsists of theract
fibers projecting to one another, it is logicalittize diversity of tracts in this region decreasben added intthe
human blueprint, but without the continuums presancdhe pig the proportion ghared connectivity fingermts

decreases causing the KL divergence to rise (FigDreS1D).
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Figure 9. Spatial predictions of human regionsntdriest onto the porcine cortex using the KL sintifanatrix
calculated between the pig and human blueprif)4T he frontal pole, as defined in the Harvard/Oxfatids,
interpolated and predicted onto the pig (yellowd &me Saikali et al. DLPFC (green) in PNI50 sp&)e The
occipital pole in the Harvard/Oxford atlas intergeld and predicted onto the pig (yellow) and thkeigd truth V1
mask of Saikali et al. atlas in PNI50 spaCi. The precentral gyrus, as defined in the Harvaréfdxatlas,
interpolated and predicted onto the pig (yellowdl &me ground truth primary somatosensory cortehefSaikali
et al atlas in PNI50 spac

Connectivity blueprints can predict neural correlates between the pig and human. Using the full KL
Divergence matrix from blueprint 4, we predicted¥m regions of interest defined in the Harvard/Q@ctfo
MNI152 atlad® onto the pig cortex. Using masks of the frontdepoccipital pole, and precentral gyrus, we

predictedmatches to the Saikeet al atlas of the dorsolateral prefrontal cortex, priynswmatosensory cortexnd
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V1 of the visual cortex (Figure 9). We then preelitthe Saiakli et al. labels implicated in thetfpeedictionand
found reasonable alignment to the previously us@tsRrom the Harvard/Oxford atlas (Figure 10). Tway
predictions across species demonstrate the cowitgdtiueprint as a translational framework cagati
interpreting neuroimaging derived results from piigeto the human. Of course, we do not claim tligiamd
human frontal pole are homologous, as it is knovat farts of this part of the human brain are ausiexpasion

in that lineag®, but rather that results can be translated tosatest have similar connectivity fingerprints.
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Figure 10. The inverse of figure 9, predictionigf regions of interest onto the human cortex usiiegk L
similarity matrix calculated between the pig andniam blueprint 4A). The Saikali et al. DLPFC (green) in

PNI50 space interpolated and predicted onto thealmusurface (green) and the frontal pole as defiméioe
Harvard/Oxford atlas (yellowPB). The Saikali et al. V1 of the visual cortex (greenpPNI50 space interpolated
and predicted onto the human surface (green) anddtipital pole as defined in the Harvard/Oxfoilds

(yellow). C). The Saikali et al. Primary Somatosensory Corteagjg) in PNI50 space interpolated and predicted
onto the human surface (green) and the precentras @s defined in the Harvard/Oxford atlas (ye)ls

Discussion:

The pig is widely used in biomedical research baks the established study of cortical organizadio
fundamental tools that have made non-human prinihgepremier large animal model in neuroscienceydd
Bridging this gap, we show that characterizinggfgebrain’s structural organization and sharingtth@swe have
created can habilitate the use of an underutilez@chal model by the neuroimaging community. Levergg
comparative MRI, we created a pig-human corticghathent based on conserved structural organizatioime pig
and human neocortex. We enable the prediction afaheorrelates across species with 80 million yexir
evolutionary divergenceGiven the recent development of deep brain stinnfatParkinson’s, Alzheimer'snd
stroke models in the pig*>, the tools presented here have the potentialtmipéndings from these models
inform the design of novel therapeutic strategiethe treatment of neurological disease. Furtheentioe open
distribution of our translational imaging and arsgyplatformwill further allow for the neurological phenotiyg
of disease progression in the cardiac, renal, igakgpatic, and vasculdisease models already available ia th
pig “*° Doing so may provide insight into the adaptivep@nses and structural reorganization of the cortex

initiated by disease in the body and could fad#itdhe combination of longitudinal studies in pigsl cross-
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sectional studies in clinical subjects. This wopdatmit us to study disease through the lens ofcadrt

reorganization in a translational testing environtr&f new clinical hypotheses.

The PNI50 MRI T1 weighted anatomical template sefigeas a common space for pigs and is the builolimck
by which the application of conventional technigagesmmonly used in human neuroimaging can be apjuieide
pig. The corresponding average surface acts asetiet used in the data-driven tractography and slfonthe
projection of volumetric data and results ontodbeical surface. The volumetric and surface teteplides are

included in the data and code releds&6://github.com/neurabenn/pig_connectivity bgppinf, opening our

data-driven and protocol-based tractography mettmte used by other researchers. All protocolewlefined in
the PNI50 and form part of an open resource for@igarchers compatible with FSL's Xtract and atxté#,
Researchers working with pigs can register thetim tathe PNI50 and apply cross-species predictisn,
demonstrated in figures 9 and 10.We note that #sthve use of new methods in human neuroimagirgofien
release of data and code for new animal modelsigaificantly accelerate their adoption by the nemaging

community®.

Using the PNI50 volumetric and surface templatespext aimed to create standard definitions opibés white
matter tracts. We identified a total of 27 tracdgg a combination of data-driven and hypothesgeta
tractography. Combining both approaches to traejgiyy overcomes the scarcity of knowledge regarttisgVM
organization common in underutilized models like gig. Of the 27 tracts, 3 cross the medial walli 42 show
relative symmetry in each hemisphere (Figure M extended theonnectivity blueprint approach to a non-
primate species in the pig. We used the bluepiaissess the impact the projection, commissursdcégion, and
limbic tract groups had on conserved connectivégneen the pig and human (Figure 8, S1,S2). Wedfole
association and limbic tracts increased the ovi&ilalllivergence between both brains, suggestingtttatreas

innervated by these tracts are the least cons€Rigdre 8C,D, S2).

The full connectivity blueprint containing 27 traatas used to predict atlas regions of the preglegyrus, frontal
and occipital poles from the human to pig and vieesa. In the following section, we discuss sinitiles and
differences found in the visual, motor, limbic,rtal, and temporal regions of the pig brain and timey define its

experimental niche in translational models relexarfituman health in neuroscience.

Tracts of the Visual Cortex: The pig’s lateral eye placement has led to the ldpweent of a panoramic field of
vision that extends 310° degrees on each sideegfith and differs from the primate’s forward-loagivisual
system, which prioritizes binocular vision and deperceptiof?*° Given these stark differences, we were
surprised by the low KL divergence in the visuatter and conserved connectivity. Tracts innervating region
included the IFOF, ILF, PTR, OR, and FMA. We did fiod a tract similar to the Ventral Occipital E&gilus in
the pig, which likely impacted our mapping of siamity in the occipital lobe as connectivity blueps can only
account for tracts present in both species. Thie thgree to which structural connectivity was coves in
distinct visual systems was a surprise suggestirthér functional characterization of the pig braiay be needed

to highlight the organizational differences betwésnoccipital lobe of the pig and human (Figure 8)
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The tracts of the Somatosensory and Motor Cortex: The human division between the somatosensoryrandaf
lobes is in the anterior-posterior axis along theand postcentral gyri. The pig prefrontal and @smsensory
cortex division is lateral across the coronal ssilituthe frontal lob®. The somatosensory and motor cortex are
innervated by the STR and CST in both species. Wewéhe lateral division of the prefrontal and sdosensory
cortex is noted as the CST and STR extend antgiitd the pig’'s frontal lobe, and the ATR entead anly the
lateral prefrontal cortex but also the anterior atmeensory cortex (Figure 7). The Gottingen mingpgyefrontal
cortex was previously defined by the presence ®&fiR with an injected tracéf. Our ATR structure replicates
the tracer derived structure, but the ATR cortpr@jection’s entrance into the anterior somatosgnsortex
surprised us as it is typically considered a defjrfeature of the prefrontal division (Figure 8A&he proximity of
the ATR to the CST and STR cortical projectionsgasgs that studying the functional organizatiothefpig may
provide novel insight into potentially uniqgue commuation pathways between a laterally separatefigntal and
somatosensory cortex not present in the primagage. Despite these differences, our cross-spaiggsnent

accurately mapped the pig somatosensory cortexhamén pre-central gyrus to one another (Figurd @C).

The tracts of the Limbic System: The limbic system tracts were reconstructed witla-a@hiven methods, and our
mask protocols produced similar structures to #oemt work of Bech et &f.From our observations, the fornix
appears to be the best conserved tract in thedisystem as the primary tract of the hippocampudik®l in the
human, the cingulum tracts of the pig do not forooatinuum as evidenced through the discontinuac t
projections of the CBD, CBP, and CBT. The pig's C&&ends outwards from the dorsal posterior cirtgula
toward the parahippocampal area (Figure 6, 8Dpitordance with the study of Bech et al., but veeill expect
a homologous CBT to terminate closer to the fomithe amygdaf&. We found further divergence in the CBP’s
cortical projection, which overlapped with the gatjon of the forceps minor contrasting the hum&F® QOwhich
projects backward into the dorsal cingulum bunditee CBD of the pig fails to project into either ghiegenual or
temporal bundles preventing the continuum of stnatconnectivity that unites the CBD, CBP, and dBthe
human; this is reflected in a clear pattern of Hghdivergence and distinct entropy patterns altregcingulum
(Figure 8 D). The CBD, CBP, and CPT's partial dation by data-driven methods and their correspotelémthe
work of Bech et al. suggest their necessity inciienectivity blueprint to map divergence betweenply and
human brain, especially as it appears the limlaictsr most drive the KL divergence between bothispdEigure
S2D,H).

The tracts of the Temporal Lobe: The pig’s temporal lacks the anterolateral expanstwaracteristic of the
temporal lobe in primates. A clear difference igked as the rhinal fissure divides the tempora¢lobthe pig

from the main corpus of the cerebrum as opposétkt&ylvian fissure, a structure proposed to bguenio the
primate lineagé&** Despite a different size and structure of thepemal lobe, both species share the presence of
ILF, and UNC-like structures, but unlike the humtg projections of the visual tracts (OR and PTR)not

extend into the temporal lobe (Figure 8A, C). TigpIFOF enters the superior temporal gyrus, iprojections
remain contained within the external capsule catitrg the IFOF's widespread temporal and parigtgéptions
observed in the human (Figure 3,8A). Given the aidkomology between the pig and human temporad,lib
would be premature to claim the pig’'s IFOF as adlogous structure in both brains. However, it isabte that a

recent study on 130 mammalian species demonstaatedtral longitudinal tract is present in mostcspe,
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suggesting this is a common feature in the mammaliairt>. We did not attempt a mapping in the temporal lobe
between the pig and human, as given the limitedbmuraf shared tracts in this area, it is unlikelffisient

landmarks exist to map it accurately.

The tracts of the Prefrontal Cortex: The pig’s prefrontal cortex lacks a granular lalérbut has tract projections
to the medial dorsal thalamus as shown via tragections and our reconstruction of the AnterioalEimic
Radiation (Figure 8AY. In addition to the ATR, the IFOF, FMI, and UNGoshrelatively conserved trajectories in
both species. Unique connectivity fingerprints egeein the lateral prefrontal cortex with the adufitof the
association tracts, likely due to the presencé®fon-conserved connections of the human IFQifetparietal
and temporal lobe (Figure 8D, S1C). Notably, thephology of the Uncinate Fasciculus of the pigastér and
possesses a distinct angular orientation as compathie human. This is likely due to the minimateaolateral
expansion present in the pig’s temporal lobe (Fda): Our sequential blueprint, and leave one palyais,
further show that the greatest differences fourithénfrontal lobe follow the addition of the limbi@acts, and in
particular, the tracts of the cingulum (Figure 81D, S2D,H). The CBP’s extension into the territonyervated
by the FMA causes the highest proportion of unicomenectivity fingerprints in the medial prefrontairtex,

driving a marked increase in KL divergence (Fig8ibg S2D).

The success of Cross-Species prediction: The pig and human brains share similar tractstHaitare tailored to the
specific needs of each species. Despite profouadggs in tract structure and cortical projectiointhe cingulum,
and association tracts (especially the IFOF), wielate the connectivity blueprint approach by peéidg the
spatial coordinates of human regions of interet ¢ime pig cortex. This reverse-translation frormlam-to-pig
overcame the differences in connectivity describleolve, and we successfully predicted the humardipole,
visual cortex, and somatosensory cortex to theitigbcoordinates within the pig brain (Figure 9,IThese
predictions lined up with the work of Saikali et @lidating their cytoarchitecture atlas via cansd
connectivity’. The success this cross-species cortical alignprenides a powerful tool for researchers working
with the pig to contextualize their findings withethuman brain, and further shows ttatnectivity blueprints can
be used to characterize the cortex of lesser-siugfiecies. The blueprints used to map across specieded 27
tracts, including those least similar to that & Human, suggesting that identifying conservedregbetween

distantly related species requires the mappingtf Hifference and similarity between brains.

Limitations:

The tracts presented here are generally considgrachetrical in the human brain, and without the e3igp
Longitudinal (SLF), and Arcuate Fasciculus in bbllreprints, cortical symmetry of connectivity mag b
overestimated in both species (Figure 7). Whiledigefind data-driven componentaggesting SLF-like structures
and Pascalau et al. identify an SLF in a pig btlissection study, we were unable to reconstrucsttie with a
hand defined tractography protocol, leading ug&wvé it out of the final connectivity bluepfhtPost mortem
study at high resolution as opposed to the in-livbmm scans we performed might also provide a pmeise
delineation of the pig’s cingulum, and detangle dkerlapping cortical projections of the IFOF and@ in the

external capsule. Finally, we rely on the Saikahilecytoarchitectural atlas for the initial chetexization of each
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tract’s start and endpoint. In the future, dataerior metric registrations may provide a more eateustarting

point for identifying potential homologous struaaracross a wide array of spetiés*’

Although we have sought to match tracts based @n shmilarity in their course and termination pminthe labels
we use here are merely suggestive of homology.approach uses suggested hamglto investigate similarity
and difference across brains, but it can also be tstest explicit hypotheses of homology. Fotanse,
Roumazeilles et al. showed that when defining aaedh of the human ILF as homologous to macaqueddiRo
a greater overall divergence score than when diefimanother branch as homologbud his suggests that only
one of the human ILF branches is similar to thahefmacaque. A similar approach can be employéataally
test homology of all proposed tracts here. Howeivashould be noted that the labeling of tractdwgiimilar names
is only the start of the investigation in the prasgpproach and indeed we can show that some twhctse
homology is more certain, such as the corticospiaat and the optic radiation lead to blueprinithwelatively

low divergence scores.

Conclusions:

Using the pig as an example we exemplify how nenaging and a digital platform of open resources can
habilitate underutilized animals as translationallels in neuroscience. The large degree to whielpidpis
already used in biomedical research will advanaeuaderstanding of the neural correlates of wettglished
translational disease models in the pig. The digital open nature of the tools and resources plexséere
demonstrates the importance of data-sharing tdexate the acceptance of a new animal model aanass
currently working with pigs can now use the coniwitgtblueprints and resources provided here tatextualize
their findings with the human brain. Finally, dasdarge scale morphological changes in the spaitiglnization
of the pig and human brain, connectivity is relalyvconserved, suggesting these methods can pronfetence

into conserved patterns of cortical organizatiodigtantly related species.

M ethods:

Animal Preparation and MRI Acquisition: The institutional animal review board approvedexiberiments, and
all imaging was performed on a Philips 3T Achiegarsier (The Best, Netherlands). Pigs were anestioetvith a
cocktail of Ketamine (20 mg/kg), Midazolam (0.5 k), and Xylazine (0.2 mg/kg), and scanned lyinthia
prone position with a 32 channel cardiac coil.

Structural T1 Image Acquisition: A T1 weighted 3D Flash image was acquired (TR 10T&s4.8 ms, Flip
Angle(FA) 10°, FOV 210 mm, Matrix 264 x 238, 15@&sek at 0.8 mm isotropic resolution) was acquigdefich

p1g.

DW Image Acquisition: Diffusion-weighted data was acquired with 64 enngdiirections and a single BO image
(TR 13,500 ms, TE 100.5 ms, Flip Angle (FA) 10°,\FF@10 mm, Matrix 148 x, 150 slices, Slice Thickn&gs
Slice Gap 0, Resolution 1.4 mm isotropic). Fieldomoarretion was done with a blip phase-encoded imagheof t

same geometry and acquisition parameters as tffigsioih-weighted image.
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Volumetric Construction of the PNI5S0 template: A total of 50 adolescent male pigs weighing betw28-50Kg
were used to construct a T1 anatomical templatéagang the full field of view. Pigs were initigllregistered
linearly using FSL's FLIRT to a single subject gsir? degrees of freedom(d8f}°. Following initial alignment,
the antsMultivariateTemplate.sh script was runréate the "full-body" anatomical templateFollowing the
creation of the full-body T1 template, a brain masls defined in the template space. This mask veaped to all
50 pigs, where the brain was masked for extraclitwe. resultant images were then used to createia $pecific

template using the same process as in the "fulifbteinplate.

Average Surface Construction: Individual surfaces were first reconstructed usheyprecon_all pipeline

(https://github.com/neurabenn/precon).&recon_all is a fully automated surface recasion pipeline for

non-standard animal models in neuroimaging. Fodybimages were input, and brain extraction watopsed
via registration to the PNI50 volumetric templapase. Images were bias field corrected with AntsaNd
segmented using FSL's FAST, before running a nelifiersion of Freesurfer's surface generation ipggéf®>:
Individual surfaces were then used to create thagaverage surfaces within the precon_all libtesing a
modified version of the Freesurfer make_averagdaserscript. The average surface, originally retrooted with

10,242 vertices was then downsampled to 10,00icesrto match the dimensions of the Mars et ate;iuliwnt.22

Preprocessing of DWI data: DWI images were first corrected for susceptibilitduced distortions with FSL

topup, and then corrected for movement and eddgouoff-resonance effects in FSL eddy® Following these
initial steps, DWI images were rigidly registeredteir anatomical images in FSL FLIRT with 6 4bfThe linear
registration was concatenated to the nonlinear WSIp FNIRT generated in the brain extraction precss
precon_af*. The concatenated warp was then inverted, anstémelard brain mask resampled into the native DWI
space of each pig to allow for brain extractionlldwing brain extraction, we prepared the datapiababilistic
tractography by running a modified version of thegrocessing steps included in the autoPtx autamate
tractography pipelirf@ This included the generation of deterministicstens and Fractional Anisotropy images

using DTIfit, and was followed by a probabilistigd-fiber tensor model estimation in Bedpo$t¥->

Tractogr aphy

Data-Driven tractography: Using the average mid-thickness cortical surfadhé left and right hemispheres as a
seed, and a low resolution (1.4 x 1.4 mm) wholerbn@ask, we generated a matrix of streamlines pg$sbm
each vertex to every voxel in the brain. This wasedthrough the probtrackx2, --omatrix2 option, aratep

length of 0.35. After doing this for all 6 pigs, werformed iterative principal components anal(ist€A) on the
group averageortex x brain matrix generated in the previous step. The resfiliBCa were then fed into an
Independent Components Analysis with a dimensignaéit to 50 to identify exploratory tracts in thaface
space. Linear regression then mapped the compooernie surface space back into volumetric spabereby
they were saved and used to guide the tractognamtigcol definition. This was done with the Moriagnd
lookatmoriarty MATLAB scripts from the Mr Cat toast (www.neuroecologylab.oyf*° (Figure 1A). We do

note that we only identified 27 tracts in our pigWweétlas, despite setting the dimensionality of k&é to 50
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components. However, given the nature of ICA td@ spimponents, it was common to find ICAs which @omed
only part of what was likely the full tract struotu On the other hand, it was also common for I@&sved in this
manner to contain multiple tracts such as in ttee @d the ILF, and FMA. All 50 ICAs of the left @might
hemisphere are available as part of data and code

releasdfttps://github.com/neurabenn/pig_connectivity bgppini for visual inspection and for guidance in

defining future tractography protocols.

Tractography using mask protocols: Using both the Saikali et al. Atlas and the daisedr components, we defined
tract protocols in the PNI50 space, which couldibed with either the autoPtx and Xtract pack&gésThese
packages allow for tractography masks defineddtaadard space to be warped to a subject's indivghace for
tract reconstruction using probtrackx, significgr#ireantining the process of identifying tracts acrosstiple
subjects. Using the default options of probtrackauitoPtx, we successfully reconstructed 27 tiadispigs. We
then took each individual's tract and transforntdzhck into the PNI50 space, where the averag# nbemalized

streamlines was taken as the final group tractiferWM atlas.

Connectivity Blueprint Gener ation: The connectivity blueprint is @rtical surface x tract matrix describing the
connectivity fingerprint between each vertex of giney/white matter surface, and the tracts it cots® (figure
1B). The connectivity blueprint is created by theltiplication of acortex x brain matrix, and atracts by brain
matrix ?>. The grouportex x brain matrix was generated in step one of the data-driven waaphy and is the
matrix that iPCA is applied to. Theact x brain matrix is formed by a second tractography wheod égact is used
as a seed, and the same low-resolution mask froaddtaven tractography is the target once agaih thie —omat2
option specified in probtrackxXThe mean of this output is taken and added to @x@intaining the mean tract to
brain connections of all tracts included in theditint to form the finatracts x brain matrix. The connectivity
blueprint for each hemisphere was then generateduityplying thetract x brain andcortex x brain matrices

producing a matrix where each column contains tiiéoal projections of each tract (figure 1B?%)

Human Connectivity Blueprints:
Human connectivity blueprints and surfaces weraiobtl from Mars et al. 's original connectivity dywint paper

(https://git.fmrib.ox.ac.uk/rmars/comparing-conrieity-blueprints) 2.

I dentifying the tract Groups differ entiating the pig and human: The porcine connectivity blueprints contain 27
tracts, and the human blueprint had 39 tractsnédinalization and calculations of KL divergence evperformed
as in Mars et. &. Using a script in python (code release®, removed all tracts in the human blueprint thete

not present in the pig. Having equally sized blugpy we were then able to calculate KL divergelnesveen the
pig and human cortex. KL divergence functions aszasure of relative entropy between two given foiha
distributions and informs us about the amount fufrimation lost between the two distributions as sueed in

units of bits. Lower KL divergence means less infation is lost, and thus greater similarity betwbeth
distributions. In this case, mapping the minimum diergence over the human and pig surface proddésual
representation of regions where the connectivitgdiprints between the pig and human are the rmpdtleast

similar, where high KL signifies significant orgaational changes between species.
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Connectivity Blueprints consist of a collectioncohnectivity fingerprint of the whole cortex where the
probability of each vertex connecting to each whiggter tract is recorded. To better understanadmeribution
of each WM structure to the overall KL divergenae, plotted the mean probabilistic distribution ath
blueprint, which quickly showed the relative progpmm each tract connects to the cortex ( FigureThis allowed
us to quickly infer which WM tracts were likely b less conserved between species, and led us toaad
groups consecutively to the connectivity blueprsasve could individually assess the effect a tgastip had on
driving changes in KL divergence calculated betwtbenpig and human cortex. All calculations for the
consecutive KL divergence of tract groups are abdel data and code
releasefttps://github.com/neurabenn/pig_connectivity beppin) as part of an interactive Jupyter notebook
(Figure 8).

Cross-Species Prediction of Regions of Human Interest: Using the connectivity blueprint containing all 2ve
calculated the KL similarity matrix for every candil vertex between species. Regions of interest wem
projected to their respective surface, and inversighted distance interpolation was applied usimgecmodified

from the original Mars et al. connectivity bluefrjraper (Figure 9,163
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