Defining the human connectome

Van Wedeen

George Dai MGH

Ruopeng Wang MGH

Jeremy Schmahmann MGH

Jon Kaas Vanderbilt U

WY Isaac Tseng NTU Taipei
Patric Hagmann CHUV Lausanne
Emi Takahashi Boston Children's
T Ellen Grant Boston Children's
H Gene Stanley BU

Doug Rosene BU




Wendell Krieg 1963 - human white matter by dissection
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DTl tractography - HBM Paris 1995

* Abstracts +

WHITE MATTER CONNECTIVITY EXPLORED BY KMRI
VI Wedeen, TL Davis. RM Weisskofl, R Tootell, BR Rosen, I'W Bellivean

Muassachusetts General Hospital and Harvard Medical School, Bostan, MA, USA
troduction

Water dittusion assessed by MRI accurately portrays the [ocal material anisotropy af Tiving tasne. Tn
the ONS, MRI of diffuston aniselrepy can provide dramatic images of the otientation (ields of
cercbral white matter.  fn order 1) wap nenreanatomic connectivity. we have investgated the
feavibility of deducing from these o icw ation ficlds the large scale trajectorics of ocrebral white maiter
Iracls,

Fulalive while maller tracts were defined by numerical integrulion of the diffusion snisalropy lensar
field. Twa approachues wene investigatsl. The firsCapproach postulates fiber vacts puvalle] wath the

principal arientation of diffusivily at each localion. Then liber posilion x®(z), e [ 1.2,3], will
sulisly the i order dhifferental eyualzon:

dxtidr £ ep(x) v %) =0 i}
where g enotes the maximal eigenvalae of the ditffusion ensor and ¥q® is its respective et2envecor.
The sign arnbiguity of Tap. [173s resolved Dy an arhirary, hut locally consistent, choice. The sccond
approach considess the distance in Gissue delined by the mean diffusion times between points. This
distance defines a {non-Fuclidean) genmetey o which the role ol a metric renser is played by the
neganve of the diffusion wnsor, and 11 1 nataral to postulate thac Jther traces dre the minimal paths
hetsveen points. Such paths salisiy he second order peodesic equation:

AT + 1Y (AXMATHdXATY = O {2a)
with repeated indiozs swnmed, where T eepresents the conncction coctticients of I = D,

My = 12 (D719 (@D p/axT + dDy/OxP + 30,5/ 120,
q. [2] may be selved piven an initial point X% and an intial slops dx®d.
Resulis
Fiber wacts reconstructed via Eq. [ L] seere in good agree-
meot with known anatomy. Fig 1 shews fibers of the lefl
corond radiatd tracked fron: diencephalon to ¢onical mantle:
fibsy data are superposed upon purasagittal magniluds MRT;
night is vosteal,
Soiution of the geadesic Fy. {2a-2b] is less robust, Tn the
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Diffusion MRI - tissue structure is traced by 3D patterns

of water diffusion
1994: diffusion tensors show average fiber directions

diffusion tensor
tissue




Pathway overlap is a defining characteristic of the brain

not brainy




x-ray, overlap CT, overlap resolved




g-space

DTI: 7 g-samples, recon with tensor fit
DSI: 500 g-samles, recon with 3DFT




Water diffusion traces tissue fiber structure
2000: diffusion spectrum MRI (DSI) resolves the crossings

diffusion spectrum
brain tissue
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DSl tractography - Pons normal human subject in vivo
middle cerebellar peduncle - red
corticospinal tract - blue

3T DSI SE 3500/96
2.6mm b,,.,8500 53min

max
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Optic chiasm

Figure 3.6. The Functional Anatomy of the Optic Nerves, Chiasm and Tracts to the Geniculate Body

(It is suggested that the reader starts by reading all the Anterior clinoid process
captions to get a general idea of what happens and

why. Then individual quadrants of vision, and their
pathways should be followed right through from

retina to geniculate body. Finally an attempt to work

out the effect of lesions at ditferent points can be made
and checked against the field defects shown in subsequent
figures)

Fibres conveying
upper temporal
fibres cross low
in chiasm h , The upper temporal fibres loop forward
{See Figure 3.12) N - o into the opposite optic nerve. Pressure
Y = : i _here causes not only a blind right eye,
hut-a-small cut in the upper temporal
: A . field of the &t eye (the anterior Fibres sub-serving
Ma_cuiar i A\ 1 - ; - chiasmal syndyome) macular vision
vision = : ; - uocup\{ most of the
- = y o, % / central area of

Upper and lower
nasal fibres

90" rotation Optic tract the geniculate body
.
1 L~
Gl s ;

Upper and lower
temporal fibres -
— bres conveying
~ . — i~ X lower temporal
Note. The macular”” P 3 " - i fields, cross in
fibres move to the - e N ki "+ Y the chiasm high | Geniculate body in—— .
centre of the e N \ - E " and posterior 6 layers numbered  The lower left field of vision of the
nerve as the The lateral fibres _ e : A 5 \ (See Figure 3.12){ 1 — 6 from below  left eye {i.e. the temporal field of
papillomacular conveying the na ) : (S e upwards that eve) project on to layers 1.4
bundle S i 3 ! i \ and 6. The lower field of vision to
in the chiasm “Z2B S 55 ¥ | T . - the left of the right eye (i.e. its
FR N v N WA EEE, lower nasal field) project on to
Macular fibres 4 = ; DR A layers 2.3 and 5. Thus fibres from
decussate centrally [ VN { | LN " corresponding points of the retinae
in the chiasm ¥ (A & ) NN come to adjacent positions in the
! - L F geniculate body

In the optic tract the fibres serving the identical point of each of the
two retinae have to come together. The exact relationship is
established in the geniculate body, but a preliminary shig of fibres to
bring both upper and lower fields together is accomplished by a 90°
inward rotation in the tract (see above). This brings both lower fields
medially and both upper fields laterally in the tract. Due to the
rotation, pressure on the tract produces incongruous field defects
(see discussion and Figure 3.16); and later a complete homonymous
hemianopia
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DS/l vs DTl - centrum semiovale of macaque
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Tracer and DS/ - SLFIll




Macaque DSI and isotope gold standard

Muratoff bundle in context




Intracortical connectivity




DS/l vs DTl - connections of motor cortex
DTl is more or less all wrong

cortex

hor/zon ta_r/

corticospinal tract







Cerebellum




Tractography in caudate nucleus -
Amygdalo-striate bundle of Muratoff

DSI

Wedeen et al Neruoimage 2008 in press




Rat DSI paths of a saggital slice




Owl monkey DSI - 3D paths of 1 slice




DSI pathways of macaque cereb\ral hemisphere
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DS| human in vivo 3T




Cat DS/

Takahasi et al ISRMR 2008




Development of cortico-thalamic tracts in cat

Takahasi et al ISRMR 2008




Principles of organization common to all cortical areas

Long association
fibers
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. fibers
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Connectional neuroanatomy with diffusion spectrum imaging

e as ) . ROI - Y Short association
(injection site equivalent) i | 4 fibers (U-fibers)
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Schmahmann JD, Pandya DN, Wang R, Dai G, D’ Arceuil HE, de Crespigny AJ, Wedeen VJ




Connectivity of human superior frontal gyrus

short association

commissural

projection




Connectivity matrices

Cocomac
database

Sporns et al PLoS Biol 2008 in press




DS/ in vivo human human connectome

Hagmann et al PLoS Biol 2008




Human connectome hubs and core

4 or 5 subjects
. 3 subjects
P ® 2 subjects
« 0or 1subject
rPARH ot e

Hagmann et al PLoS Biol 2008




Macaque

3D MRI - paths superimpose 6D DSI - paths resolved

i e,




Macaque cingulum bundle
morphology explained by development




Macaque circuit of Papez ex vivo




Cingulum bundle human DSI in vivo 3T
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Owl monkey hippocampal associated pathways
DSI ex vivo, left lateral view

cingulum bundle
fornix

anterior commissure
hippocampus




Owl monkey hippocampus ex vivo DSI




Human temporal lobe / hippocampus ex vivo




Human hippocampus ex vivo,
digital dissection

subiculum

2 ' inal
dentate §2h°£2 ina

gyrus




Homologous woven motif of hippocampal pathways in mouse,
owl monkey, and_human




Myocardial fiber geometry for optimum efficiency

rat left ventricle hyper-complex numbers




Esophagus fiber structure - like Chinese finger cuffs

esophagus_sharp_25.trk -skip 20 -nx 6 58 -ny 16 38 -nz 30 100 -s -r 0.04




Chinese finger trap
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placazooan ur-bilaterian vertebrate

Two versions of Urbilateria

* Primitive heart




While gray matter has been mapped successfully
for 100 years, white matter and connectivity remain
problematic

Dejerine 1895 Brodmann 1909 Cajal 1911
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Wendell Krieg 1963 - human white matter by dissection
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The main reason neuro anatomy is more
difficult to figure out than other kinds of anatomy -
"fiber crossing” or overlap of structures in 3D




