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Overview

• What is a graph? 

• Real problems as graph problems 

• Graphs in neuroscience and neuroimaging 

• Representing brain connectivity using graphs 

• Advantages and limitations of this approach 

• Robustness of in vivo connectomes 

• The importance of subnetworks 

• Combining information from multiple modalities 

• Future work



Graphs
• A highly abstract representation of a set of vertices connected by edges 

• Edges may be directed or undirected, and may have associated weights 
or costs 

• A natural representation of connected systems 

• Theoretically very well characterised 

• Broad range of applications
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The bridges of Königsberg
• Vertices are pieces of land; edges are bridges 

• Can you walk around the town crossing every bridge once? 

• Note: multiple links between two vertices make this a “multigraph”



A more modern graph problem

• Travel times as edge costs
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______________________________________________________________________________________
D2  Acton Central µ 2___________________________________________
D2  Acton Town  3___________________________________________
D6  Aldgate  1___________________________________________
D7  Aldgate East  1___________________________________________
D8  All Saints µ 2___________________________________________
B2  Alperton : 4___________________________________________
A1  Amersham Ÿ Á : D___________________________________________
C6  Angel  1___________________________________________
B5  Archway  2/3___________________________________________
A6  Arnos Grove Ÿ Á 4___________________________________________
B6  Arsenal  2___________________________________________
___________________________________________
C4  Baker Street : 1___________________________________________
F4  Balham Á 3___________________________________________
D6 § Bank : µ 1
  Waterloo & City line
  Mondays - Fridays 0615 - 2148
  Saturdays 0800 - 1830
  Closed Sundays___________________________________________
C6  Barbican  1___________________________________________
C9 § Barking : µ 4
  No Hammersmith & City line service
  Whitechapel - Barking early morning or
  late evening Mondays to Saturdays
  or all day Sundays___________________________________________
B9  Barkingside Ÿ : 4___________________________________________
D3  Barons Court : 2___________________________________________
C3  Bayswater  1___________________________________________
E9  Beckton Á µ 3___________________________________________
D9  Beckton Park Á µ 3

C9  Becontree Á : 5___________________________________________
B5  Belsize Park  2___________________________________________
D6  Bermondsey Á µ 2___________________________________________
C7  Bethnal Green  2___________________________________________
D5  Blackfriars  1___________________________________________
B7  Blackhorse Road Ÿ Á 3___________________________________________
D8  Blackwall Á µ 2___________________________________________
C4  Bond Street  1___________________________________________
E6  Borough  1___________________________________________
D1  Boston Manor : 4___________________________________________
A6  Bounds Green Á 3/4___________________________________________
C8  Bow Church µ 2___________________________________________
C7  Bow Road Á 2___________________________________________
B4  Brent Cross Ÿ Á 3___________________________________________
F5  Brixton Á µ 2___________________________________________
C8  Bromley-by-Bow  2/3___________________________________________
B3  Brondesbury  2___________________________________________
B3  Brondesbury Park  2___________________________________________
A8  Buckhurst Hill Ÿ Á : 5___________________________________________
A4  Burnt Oak Ÿ 4___________________________________________
A3  Bushey Ÿ___________________________________________
___________________________________________
B6  Caledonian Road µ 2___________________________________________
B6  Caledonian Road  2
      & Barnsbury___________________________________________
B5  Camden Road  2___________________________________________
B5 § Camden Town  2
  No entry from the street on Sundays

1300-1730 (exit and interchange only)___________________________________________
D7  Canada Water Á : µ 2

D8  Canary Wharf : µ 2___________________________________________
D8  Canning Town Á : µ 3___________________________________________
D6 § Cannon Street  1
  Open Mondays to Fridays until 2100 only.  
  Saturdays 0730-1930. Closed Sundays___________________________________________
B7  Canonbury  2___________________________________________
A3  Canons Park Ÿ Á : 5___________________________________________
A3  Carpenders Park µ___________________________________________
A1  Chalfont & Latimer Ÿ Á : µ C___________________________________________
B5  Chalk Farm  2___________________________________________
C5  Chancery Lane  1___________________________________________
D5  Charing Cross : 1___________________________________________
A1 § Chesham Ÿ Á : µ D
  Change at Chalfont & Latimer on
  most trains___________________________________________
A9 § Chigwell  4
  The service between Woodford - Hainault

operates until approximately 2400___________________________________________
D2  Chiswick Park Á 3___________________________________________
A1  Chorleywood Ÿ Á : µ B___________________________________________
F4  Clapham Common Á 2___________________________________________
E4  Clapham Junction  2___________________________________________
F4  Clapham North Á 2___________________________________________
F4  Clapham South Á 2/3___________________________________________
A6  Cockfosters Ÿ : 5___________________________________________
A4  Colindale Ÿ Á 4___________________________________________
F4  Colliers Wood  3

D5 § Covent Garden  1
  This station gets very busy at weekends
  and evenings. Avoid the crowds by taking a
  short walk there from Holborn (9 minutes),
  Leicester Square (6 minutes) or
  Charing Cross (11 minutes)___________________________________________
E8  Crossharbour µ 2___________________________________________
B6  Crouch Hill  3___________________________________________
A2  Croxley Ÿ Á : A___________________________________________
D9  Custom House Á µ 3___________________________________________
E8  Cutty Sark Á µ 2/3___________________________________________
D9  Cyprus Á µ 3___________________________________________
___________________________________________
B9  Dagenham East Á 5___________________________________________
B9  Dagenham Heathway : µ 5___________________________________________
B7  Dalston Kingsland  2___________________________________________
A8  Debden Ÿ Á 6___________________________________________
E7  Deptford Bridge Á µ 2/3___________________________________________
C8  Devons Road µ 2___________________________________________
B3  Dollis Hill : 3___________________________________________
___________________________________________
C1  Ealing Broadway Á : 3___________________________________________
D2  Ealing Common  3___________________________________________
D3 § Earl’s Court µ 1/2
  Earl’s Court - Kensington (Olympia)
  Mondays to Saturdays 0700-2345,

0800-2345 Sundays___________________________________________
C2  East Acton  2___________________________________________
A2  Eastcote Ÿ : 5___________________________________________
A5  East Finchley Ÿ Á 3___________________________________________
C8  East Ham Á µ 3/4

D8  East India Á µ 2/3___________________________________________
E3  East Putney Á 2/3___________________________________________
A4  Edgware Ÿ Á 5___________________________________________
C4  Edgware Road (Bakerloo)  1___________________________________________
C4  Edgware Road  1
     (Circle/District/H&C)___________________________________________
E5  Elephant & Castle  1/2___________________________________________
B8  Elm Park µ 6___________________________________________
E7  Elverson Road Á µ 2/3___________________________________________
D5  Embankment  1___________________________________________
A8  Epping Ÿ Á : µ 6___________________________________________
C5  Euston : ∏ 1___________________________________________
C5  Euston Square  1___________________________________________
___________________________________________
B9  Fairlop Ÿ : 4___________________________________________
C6  Farringdon : 1___________________________________________
A5  Finchley Central Ÿ Á 4___________________________________________
B4  Finchley Road  2___________________________________________
B4  Finchley Road & Frognal  2___________________________________________
B7  Finsbury Park Á : 2___________________________________________
E3  Fulham Broadway µ 2___________________________________________
___________________________________________
E9  Gallions Reach Á µ 3___________________________________________
B8  Gants Hill  4___________________________________________
D3  Gloucester Road Á : 1___________________________________________
B4  Golders Green Á 3___________________________________________
D3  Goldhawk Road  2___________________________________________
C5  Goodge Street  1___________________________________________
B5  Gospel Oak  2

A9 § Grange Hill : 4
  The service between Woodford - Hainault

operates until approximately 2400___________________________________________
C5  Great Portland Street  1___________________________________________
B1  Greenford Ÿ Á : 4___________________________________________
F7  Greenwich Á µ 2/3___________________________________________
D4  Green Park : 1___________________________________________
E2  Gunnersbury Á 3___________________________________________
___________________________________________
B7  Hackney Central  2___________________________________________
C7  Hackney Wick µ 2___________________________________________
A9 § Hainault Ÿ Á : 4
  The service between Woodford - Hainault

operates until approximately 2400___________________________________________
D3  Hammersmith Á µ 2___________________________________________
B5  Hampstead  2/3___________________________________________
B5  Hampstead Heath  3___________________________________________
C2  Hanger Lane Á : 3___________________________________________
B3  Harlesden  3___________________________________________
A7  Harringay Green Lanes µ 3___________________________________________
A3  Harrow & Wealdstone Ÿ µ 5___________________________________________
B2  Harrow-on-the Hill Ÿ Á : 5___________________________________________
A3  Hatch End Ÿ 6___________________________________________
E1  Hatton Cross Ÿ Á 5/6___________________________________________
A3  Headstone Lane  5___________________________________________
E1  Heathrow Terminals : µ ∏ 6
      1, 2, 3  ___________________________________________
E1 § Heathrow Terminal 4 : µ 6
  Open Mondays to Saturdays until
  2345 only. Sundays open until 2315___________________________________________
A4  Hendon Central  3/4

D8  Heron Quays µ 2___________________________________________
A5  High Barnet Ÿ Á : 5___________________________________________
B6  Highbury & Islington Á 2___________________________________________
A5  Highgate Ÿ 3___________________________________________
D3  High Street Kensington  1___________________________________________
A1  Hillingdon Á : µ 6___________________________________________
C5  Holborn   1___________________________________________
C3  Holland Park Á 2___________________________________________
B6  Holloway Road  2___________________________________________
B7  Homerton µ 2___________________________________________
B9  Hornchurch Ÿ Á 6___________________________________________
D1  Hounslow Central Á 4___________________________________________
D1  Hounslow East Ÿ : µ 4___________________________________________
E1  Hounslow West Ÿ Á µ 5
  Station is step-free for wheelchair
  users only___________________________________________
D4  Hyde Park Corner  1___________________________________________
___________________________________________
A1  Ickenham Ÿ Á 6___________________________________________
E8  Island Gardens : µ 2___________________________________________
___________________________________________
E5 § Kennington Á 2
  At off-peak times on Mondays to Fridays 
  and all day at weekends, all trains to/from
  Morden run via the Bank branch. 
  To travel to/from the Charing Cross 
  branch please change at Kennington___________________________________________
B3  Kensal Green  2___________________________________________
B3  Kensal Rise  2

D3 § Kensington (Olympia) Ÿ : µ 2
  Earl’s Court - Kensington (Olympia)
  Mondays to Saturdays 0700-2345,

0800-2345 Sundays ___________________________________________
B5  Kentish Town  2___________________________________________
B5  Kentish Town West  2___________________________________________
A3  Kenton  4___________________________________________
E2  Kew Gardens Á : µ 3/4___________________________________________
B4  Kilburn Á : µ 2___________________________________________
C3  Kilburn High Road  2___________________________________________
C3  Kilburn Park  2___________________________________________
B3  Kingsbury Á : 4___________________________________________
C5  King’s Cross St. Pancras Á : µ ∏ 1___________________________________________
E9  King George V µ 3___________________________________________
D4  Knightsbridge  1___________________________________________
___________________________________________
C3  Ladbroke Grove Á 2___________________________________________
E5  Lambeth North Á 1___________________________________________
C4  Lancaster Gate  1___________________________________________
D8  Langdon Park µ 2___________________________________________
C3  Latimer Road  2___________________________________________
D5  Leicester Square  1___________________________________________
F7  Lewisham Á : µ 2/3___________________________________________
B8  Leyton : 3___________________________________________
B8  Leyton Midland Road  3___________________________________________
B8  Leytonstone Ÿ : 3/4___________________________________________
B8  Leytonstone High Road  3___________________________________________
D7  Limehouse µ 2___________________________________________
C6  Liverpool Street Á : ∏ 1___________________________________________
D6  London Bridge : µ 1

A8  Loughton Ÿ Á 6___________________________________________
E9  London City Airport Á µ 3___________________________________________
___________________________________________
C3  Maida Vale  2___________________________________________
B6  Manor House  2/3___________________________________________
D5  Mansion House  1___________________________________________
C4  Marble Arch  1___________________________________________
C4  Marylebone Á : 1___________________________________________
C7  Mile End  2___________________________________________
A5 § Mill Hill East Ÿ 4
  At off-peak times on Mondays to Fridays 
  and all day at weekends, please change at
  Finchley Central for trains to/from
  central London ___________________________________________
D6  Monument  1___________________________________________
C6  Moorgate  1___________________________________________
A2  Moor Park Ÿ Á : 6/A___________________________________________
F4  Morden Ÿ : µ 4___________________________________________
B5  Mornington Crescent  2___________________________________________
E8  Mudchute µ 2___________________________________________
___________________________________________
B3  Neasden : 3___________________________________________
B9  Newbury Park Ÿ Á : 4___________________________________________
E7  New Cross Á µ 2___________________________________________
E7  New Cross Gate  2___________________________________________
C2  North Acton  2/3___________________________________________
C2  North Ealing Ÿ Á : 3___________________________________________
D1  Northfields Á : 3___________________________________________
D8  North Greenwich Ÿ Á : µ 2/3___________________________________________
A2  North Harrow Á : 5                         

B1  Northolt Á : 5___________________________________________
B3  North Wembley  4___________________________________________
B3  Northwick Park Á : 4___________________________________________
A2  Northwood Ÿ Á : 6___________________________________________
A2  Northwood Hills : 6___________________________________________
C3  Notting Hill Gate  1/2___________________________________________
___________________________________________
A6  Oakwood Ÿ Á : 5___________________________________________
C6  Old Street  1___________________________________________
D3 § Olympia Ÿ : µ 2
  Earl’s Court - Kensington (Olympia)
  Mondays to Saturdays 0700-2345,

0800-2345 Sundays ___________________________________________
D1  Osterley Ÿ Á : 4___________________________________________
F5  Oval   2___________________________________________
C4  Oxford Circus  1___________________________________________
___________________________________________
C3  Paddington : 1___________________________________________
C2  Park Royal : 3___________________________________________
E3  Parsons Green Á 2___________________________________________
C1  Perivale Ÿ Á : 4___________________________________________
D5  Piccadilly Circus : ∏ 1___________________________________________
E4  Pimlico  1___________________________________________
A2  Pinner Ÿ Á : 5___________________________________________
C8  Plaistow Ÿ Á 3___________________________________________
D9  Pontoon Dock Á µ 3___________________________________________
D8  Poplar Á : µ 3___________________________________________
B3  Preston Road : 4___________________________________________
D9  Prince Regent Á µ 3___________________________________________
C8  Pudding Mill Lane µ 2/3

E3  Putney Bridge Á 2___________________________________________
___________________________________________
A3  Queensbury Ÿ Á : 4___________________________________________
B3  Queen’s Park  2___________________________________________
C4  Queensway  1___________________________________________
___________________________________________
D3  Ravenscourt Park Á 2___________________________________________
B2 § Rayners Lane Ÿ Á : 5
  No Piccadilly line service
  Uxbridge - Rayners Lane in the
  early mornings___________________________________________
B8  Redbridge Ÿ Á : 4___________________________________________
C4  Regent’s Park  1___________________________________________
E2  Richmond Ÿ Á : µ 4___________________________________________
A1  Rickmansworth Ÿ Á : A___________________________________________
A8 § Roding Valley  4
  The service between Woodford - Hainault

operates until approximately 2400___________________________________________
D7  Rotherhithe Á 2___________________________________________
D9  Royal Albert Á µ 3___________________________________________
C3  Royal Oak  2___________________________________________
D9  Royal Victoria Á µ 3___________________________________________
A1  Ruislip Ÿ Á : 6___________________________________________
B1  Ruislip Gardens Ÿ : 5___________________________________________
A2  Ruislip Manor : 6___________________________________________
C5  Russell Square  1___________________________________________
___________________________________________
D4  St. James’s Park  1___________________________________________
B4  St. John’s Wood Á : 2___________________________________________
C6  St. Paul’s  1___________________________________________
B7  Seven Sisters Á : 3

D7  Shadwell µ 2___________________________________________
C3  Shepherd’s Bush  2
      (Central)___________________________________________
D3  Shepherd’s Bush   2
     (Hammersmith & City)___________________________________________
C7 § Shoreditch  2
  Station closed. Replacement buses 
  will operate between Shoreditch 
  (Bethnal Green Road) and Whitechapel 
  at the following times: 
  Monday-Friday 0700-1030 and 1530-2030.
  Saturday - no replacement bus service. 
  Sunday 0700-1500___________________________________________
D4  Sloane Square  1___________________________________________
B8  Snaresbrook Ÿ Á : 4___________________________________________
D2  South Acton µ 3___________________________________________
D2  South Ealing  3___________________________________________
E3  Southfields  3___________________________________________
A6  Southgate  4___________________________________________
C4  South Hampstead  2___________________________________________
B2  South Harrow Ÿ 5___________________________________________
D4  South Kensington : 1___________________________________________
B3  South Kenton  4___________________________________________
E8  South Quay µ 2___________________________________________
B1  South Ruislip Ÿ Á 5___________________________________________
A7  South Tottenham  3___________________________________________
E5  Southwark Á µ 1___________________________________________
F4  South Wimbledon  3/4___________________________________________
B8  South Woodford Ÿ Á : 4___________________________________________
D2  Stamford Brook Á : 2___________________________________________
A3  Stanmore Ÿ Á : µ 5

C7  Stepney Green  2___________________________________________
F5  Stockwell  2___________________________________________
B3  Stonebridge Park  3___________________________________________
C8  Stratford µ 3___________________________________________
B2  Sudbury Hill : 4___________________________________________
B2  Sudbury Town  Ÿ Á : µ 4___________________________________________
E7  Surrey Quays Á 2___________________________________________
B4  Swiss Cottage Á 2___________________________________________
___________________________________________
D5  Temple  1___________________________________________
A8  Theydon Bois Ÿ : 6___________________________________________
F4  Tooting Bec  3___________________________________________
F4  Tooting Broadway  3___________________________________________
C5  Tottenham   1
     Court Road___________________________________________
B7  Tottenham Hale Ÿ Á : µ 3___________________________________________
A5  Totteridge &  Ÿ Á : 4
     Whetstone___________________________________________
D7  Tower Gateway µ 1___________________________________________
D6  Tower Hill  1___________________________________________
B5  Tufnell Park  2___________________________________________
D2 § Turnham Green   2/3
  Also served by Piccadilly line trains
  early mornings and late evenings___________________________________________
A6  Turnpike Lane  3___________________________________________
___________________________________________
B9  Upminster Ÿ Á : µ 6___________________________________________
B9  Upminster Bridge  6___________________________________________
C9  Upney : µ 4___________________________________________
B6  Upper Holloway µ 2

C8  Upton Park  3___________________________________________
A1 § Uxbridge Á µ 6
  No Piccadilly line service Uxbridge -
  Rayners Lane in the early mornings___________________________________________
___________________________________________
E4  Vauxhall  1/2___________________________________________
D4  Victoria : ∏ 1___________________________________________
___________________________________________
B7  Walthamstow Central Ÿ Á 3___________________________________________
B7  Walthamstow Queens Road µ 3___________________________________________
B8  Wanstead Ÿ 4___________________________________________
B8  Wanstead Park  3___________________________________________
D7  Wapping  2___________________________________________
C5  Warren Street  1___________________________________________
C3  Warwick Avenue  2___________________________________________
E5 § Waterloo Á : µ 1
  Waterloo & City line
  Mondays - Fridays 0615 - 2148
  Saturdays 0800 - 1830
  Closed Sundays___________________________________________
A2  Watford Ÿ Á : A___________________________________________
A3  Watford Junction Ÿ Á : µ___________________________________________
A3  Watford High Street  ___________________________________________
B3  Wembley Central : 4___________________________________________
B3  Wembley Park Ÿ Á : µ 4___________________________________________
C2  West Acton Á : 3___________________________________________
C3  Westbourne Park  2___________________________________________
D3  West Brompton  2___________________________________________
D7  Westferry µ 2___________________________________________
A5  West Finchley : µ 4___________________________________________
C8  West Ham µ 3

B4  West Hampstead 2___________________________________________
B2  West Harrow : 5___________________________________________
D8  West India Quay µ 2___________________________________________
D3  West Kensington  2___________________________________________
D5  Westminster µ 1___________________________________________
A1  West Ruislip Ÿ : 6___________________________________________
D8  West Silvertown Á µ 3___________________________________________
C7 § Whitechapel : 2
  No Hammersmith & City line service
  Whitechapel - Barking early morning or
  late evening Mondays to Saturdays
  or all day Sundays___________________________________________
C3  White City : 2___________________________________________
B3  Willesden Green Á : 2/3___________________________________________
B3  Willesden Junction Á : µ 3___________________________________________
F3  Wimbledon Ÿ Á : µ 3___________________________________________
E3  Wimbledon Park  3___________________________________________
A8 § Woodford Ÿ Á : µ 4
  The service between Woodford - Hainault

operates until approximately 2400___________________________________________
B9  Woodgrange Park  3/4___________________________________________
A6  Wood Green Á 3___________________________________________
A5  Woodside Park Ÿ Á : µ 4
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for major line extension 
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Connectivity and the brain

Rees et al., Nat Rev 
Neurosci, 2002 

(after Felleman & 
van Essen, Cereb 

Cortex, 1991)



• Circuitry of the nematode nervous system is fully mapped out

The “connectome”

White et al., Philos Trans Roy Soc B, 1986



Connection and disconnection
• Development of the brain’s connectivity continues for years after birth 

• Differences in connectivity patterns may underlie some of the variability 
in intelligence and cognitive information processing 

• Disconnection between brain regions thought to be a key factor in age-
related cognitive decline 

• Many neurological diseases are also thought to be associated with loss 
of connectivity (disconnection syndromes) 

• Preserving connectivity is extremely important to ensure an optimal 
outcome after brain surgery 

• Neuroimaging offers the chance to study connectivity in vivo 

• Information can come from structural or functional MRI, EEG, MEG, etc.



Definitions of connectivity
• Structural connectivity: 

the physical axon bundles 
connecting brain regions 
together 

• Functional connectivity: 
associations between 
neural activity in spatially 
remote regions of grey 
matter 

• Effective connectivity: 
patterns of influence by 
some neural systems over 
others

Bullmore & Sporns, Nat Rev Neurosci, 2009



Structural connectivity: tractography



Functional connectivity: correlated time-courses



In vivo connectomics



Graph characteristics
• A range of measures have been developed in graph theory to describe 

characteristics of graphs and their vertices 

• Connection density: the proportion of all possible edges which are 
present in the graph (cost) 

• Average path length: the mean shortest path length between pairs of 
vertices (efficiency) 

• Betweenness centrality: the number of shortest paths between other 
vertices which pass through a particular vertex (hubs)



Clinical and cognitive relationships
• Epilepsy patients show increased path lengths in cortical thickness 

networks (Bernhardt et al., Cereb Cortex, 2011) 

• Changes to hubs and clustering properties of networks based on grey 
matter volume in patients with schizophrenia (Bassett et al., J Neurosci, 
2008) 

• Path length in functional networks related to intelligence (Langer et al., 
Hum Brain Mapp, 2011) 

• Tractography-based structural network efficiency related to cognitive 
abilities in old age (Wen et al., J Neurosci, 2011)

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bernhardt%20BC%22%5BAuthor%5D


Scope and limitations
• A graph can be created using any measure of association between brain 

regions of interest... 

• ... but an association does not necessarily correspond to a direct 
connection 

• Establishing direction of connections is challenging 

• Abstract nature of graph makes systematic errors in underlying data 
invisible 

• All the caveats of any preprocessing steps apply 

• Choice of regions to use as vertices matters (cf. Zalesky et al., 
NeuroImage, 2010), but is usually arbitrary 

• Substantial methodological variation in the literature



Some questions
• How robust are reconstructed connectomes? 

• How can one identify important subnetworks without strong prior 
expectations? 

• To what extent does structure predict function? 

• How should one combine information from different modalities?



Robustness
• There is little consistency in the processes used to reconstruct 

connectomes 

• Different pipelines may result in different results and therefore 
conclusions 

• We need confidence in the robustness of the result if we want to make 
reliable scientific inferences



Robust connections across data processing pipelines
24

Figure 5.Prevelance of convergent connections across subjects at the peak convergence density. The
prevelance is normalised in the region of [0,1] and shown for the common (left), Hammers (middle) and
Freesurfer (right) atlases. Convergent connections were defined as the intersection of subject networks
thresholded at the peak convergence density obtained from our bootstrap statistical analysis. The node
lobe memberships are indicated by the adjacent colour bars, as in Figure 2. Colours represent the temporal
(purple), frontal (green), parietal (blue), occipital (red), insula (turquoise) and cingulate (brown) lobes.

Figure 6.P1 fibers underlying convergent connections in the left hemisphere of a repre- sentative subject.
Fibers are coloured by their network connection. (a) Inter-lobe fibers viewed from the medial aspect.
(b) Intra-lobe fibers viewed from the medial aspect. (c) Inter-hemispheric fibers shown from the coronal
aspect. The paths of fibers underlying convergent inter-lobe connections agrees with that of major
anatomical tracts, such as the ILF (orange) and cingulum (green). Convergent intra-lobular connections
were mostly represented by short-range cortical U-fibers. Convergent inter-hemispheric fibers travel via
the corpus callosum and connected homotopic cortical regions, such as the superior, middle and inferior
frontal gyri (green). For visual clarity, a maximum of 200, 50 and 100 fibers from the subset of whole-
brain tractography fibers are shown per connection for (a), (b) and (c), respectively. Also, only fibers
greater than 7cm are shown for (a) and (b) and greater than 10cm for (c).
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Figures

Figure 1. Summary of network reconstruction stages applied to structural and di↵usion images for
P1 and P2. Alternative methods used at each stage are in bold for P1 (red) and P2 (blue) pipelines.
Nodes were defined by registration of the cortical parcels to di↵usion space. Edges were defined by
performing tractography from the parcel boundary through the fiber orientations. Note that the whole-
brain probabilistic tractography methods di↵ered only in relation to the recommended settings for the
software used to track through the fiber orientations. The network construction stage calculated the
connecting fiber density between all cortical parcel pairs across the entire cerebral cortex and was identical
for both pipelines.
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Figure 2.Merging cortical parcels of P2 parcellations. The native scale P2 parcellation (68 parcels) is
shown on the left and the merged P2 parcellation (34 parcels) is shown on the right. The merging pattern
was identical for both hemispheres and therefore only the left hemisphere is shown. The colour scheme
of brain regions is as in Fig. 2. Lines represent merging of native scale parcels (left) to their equivalent
common scale parcels (right). Coloured vertical lines correspond to regions in the temporal (purple),
frontal (green), parietal (blue), occipital (red), insula (light-blue) or limbic (yellow) lobes. Native scale
P1 parcellations (44 nodes) were merged to the common scale parcellation by merging all temporal lobe
parcels.

Figure 3.Representative cortical parcellations of P1 and P2 at the native and common node scale.
Temporal lobe regions in P1 native scale parcellations (P1-44, far left) were merged, resulting in a lower
scale parcellation (P1-34, middle right). Selected regions across the entire cerebral cortex in P2 native
scale parcellations (P2-68, middle left) were merged (P2-34, see Fig. 1). This resulted in a common and
anatomically equivalent parcellation scale of 34 nodes for both P1 and P2 networks.

Parker et al., 
PLoS ONE, 2014



The whole connectome?
• Connectome-level analysis is now 

becoming common 

• Graph theory can be used to describe 
network topology 

• But it is reasonable to assume that 
the whole network is not involved in 
any given task 

• Therefore development and disease 
processes may not show up as global 
topology changes 

• Strategy: partition or decompose 
network into interesting subnetworks



Principal networks

PN1 PN2

. . .,

cf. Clayden et 
al., PLoS ONE, 
2013



Between-modality prediction
• Given a connectome from one modality, can we predict another? 

• Are some measures of connectivity better than others for this purpose? 

• What information is most useful for the prediction?



Inter-modal functional connectivity

Sample et al. Running Title

(a) fMRI (b) � - EEG (c) ✓ - EEG (d) ↵ - EEG (e) � - EEG (f) � - EEG

(g) fMRI (h) � - EEG (i) ✓ - EEG (j) ↵ - EEG (k) � - EEG (l) � - EEG

frontal parietal occipital temporal limbic insula sub-cortical

Figure 3. The connections with the 15% highest absolute value in figure 2 (WTS) are shown as 3D
graphs in standard space. Connections are represented as cylinders with salmon colour when they are

positive and slate-gray when they are negative. Brain regions are represented with spheres. Their centres
and radii represent the centres of mass of each underlying region and its volume, respectively. The

colour-coding corresponds to different parts of the brain. Top row shows partial correlation networks
within cortical regions, whereas the bottom row shows partial correlation networks within cortical and

subcortical regions.

Frontiers in Brain Imaging Methods 19
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(b) Cortical and subcortical regions: Prediction performance based on dAI
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(c) Cortical regions: Inter-subject variability based on dAI
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(d) Cortical and subcortical regions: Inter-subject variability based on dAI

Figure 5. Results of prediction performance (WTS): This figure presents results of prediction
performance and inter-subject variability when both fMRI and EEG precision matrices are estimated
based on all time samples. The distance between the rs-fMRI precision matrices and each of the EEG

frequency banded precision matrices estimated with dAI . The smaller the distance the more similar the
connectivity matrices should be. a) It shows results based only on cortical regions that summarise the
prediction performance of fMRI from EEG (brown box-plots) and vice-versa (green box-plots) across

bands, as well as the distance between the fMRI precision matrices and the EEG precision matrices
within subjects (white box-plots), b) It shows results based on both cortical and sub-cortical regions that

summarise the prediction performance of fMRI from EEG (brown box-plots) and EEG from fMRI
(green box-plots) across bands, as well as the distance between the fMRI precision matrices and the EEG
precision matrices within subjects (white box-plots), c) It shows inter-subject variability for the precision
matrices estimated within cortical regions. d) It shows inter-subject variability for the precision matrices

estimated within cortical and subcortical regions.
Frontiers in Brain Imaging Methods 21

Deligianni et 
al., Front 

Neurosci, 2014



Structural vs functional
• Structural and functional connectivity are conceptually different… 

• … but are underpinned by the same systems 

• There should be substantial commonality 

• Graph approaches allow the two to be represented similarly… 

• … but patterns of connectivity often differ in important ways 

• Functional connectivity is often found to be more variable than 
structural connectivity 

• Combining the two effectively remains an elusive goal for now



Areas of current and future interest
• Joint modelling of structural and functional connectivity 

• Characterisation of population variability in connectivity patterns 

• Integration of prior knowledge into connectome analysis 

• Specialisation of image analysis approaches for sensitivity in particular 
diseases 

• One-versus-many approaches for identifying abnormalities in individual 
patients
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