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Motivation Functional specialisation



Functional integration



Varela et al. 2001, Nature Rev Neuroscience Interactions between distant regions



Analysis of regionally specific effects



Effective Connectivity



Functional Connectivity •



Correlations between activity in spatially remote regions



•



The influence one neuronal system exerts over another



•



independent of how the dependencies are caused



•



Requires a mechanism or a generative model of measured brain responses



MODEL-FREE



MODEL-DRIVEN



Conceptual overview Input u(t) c1



b23



a12



activity z2(t)



activity z1(t)



neuronal states activity z3(t)



y y



y BOLD



Use differential equations to represent a neuronal system • System = set of elements which interact in a spatially and temporally specific fashion. • System dynamics = change of state vector in time • Causal effects in the system: – interactions between elements – external inputs u



• System parameters θ : specify the nature of the interactions • general state equation for nonautonomous systems



 z1 (t )  overall   system state z (t ) =  ⋮  represented by state variables  z n (t )  z˙1   f1 (z˙z11...z n , u,θ1 )  change of dz  ⋮  =    state  vector  = z˙ =  ⋮  ⋮in time  dt  z˙ n   f n(z˙z1...z n , u,θ n )  n



z˙ = F ( z, u,θ )



Neurodynamics: 2 nodes with input u1 u1



u2



z1



z1



a21



z2 z2



 z˙1   − 1 0   z1  c  +  u1  z˙  = s a     2   21 − 1  z2  0



a21 > 0



activity in z2 is coupled to z1 via coefficient a21



Neurodynamics: positive modulation



u1 u2



z1



u1 u2 z1



z2



z2



 z˙1   − 1 0   z1   0 0  z1  c  + u2  2 +  u1  z˙  = s a        2  21 − 1  z 2  b21 0  z 2  0



index, not squared



modulatory input u2 activity through the coupling a21



b212 > 0



Neurodynamics: reciprocal connections



u1 u1 u2



u2 z1



z1 z2



z2



 z˙1   − 1 a12   z1   0 0  z1  c  + u2  2 +  u1  z˙  = s a        2  21 − 1  z 2  b21 0  z 2  0



reciprocal connection disclosed by u2 2 a12 , a21 , b21 >0



Haemodynamics: reciprocal connections



u1 BOLD



u2



(without noise)



z1



h1



4 2 0 0
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4 BOLD



z2



h2



(without noise)



2 0



h(u,θ) represents the BOLD response (balloon model) to input



blue: red:



neuronal activity bold response



Haemodynamics: reciprocal connections



u1 BOLD



u2



with



z1



y1



Noise added



4 2 0 0
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4



z2



y2



BOLD with Noise added



2 0



blue: red:



y represents simulated observation of BOLD response, i.e. includes noise



y = h(u,θ ) + e



neuronal activity bold response



Bilinear state equation in DCM for fMRI state changes



connectivity



modulation of state connectivity vector



direct inputs



external inputs



j j      z1   c11 ⋯ c1m   u1  ˙ z a ⋯ a b ⋯ b  1   11 1n  11 1 n m   ⋮ =  ⋮ ⋱ ⋮  + u  ⋮ ⋱ ⋮   ⋮ +  ⋮ ⋱ ⋮   ⋮  j         ∑   j = 1 bnj1 ⋯ bnnj    z n  cn1 ⋯ cnm  um   z˙ n  an1 ⋯ ann    



n regions



m mod inputs m



˙z = ( A + ∑ u j B j ) z + Cu j =1



m drv inputs



Etapes pratiques d’une étude DCM • 1) Analyse SPM conventionnelle (individuelle) – DCMs ajustés séparément pour chaque session • Considérer la concatenation des sessions ou une analyse 2nd niveau adéquate



• 2) Définition du modèle sur papier – – – –



Structure : quelles aires, connexions et entrées ? Quels paramètres représentent mon hypothèse ? Comment puis-je démontrer la spécificité de mes résultats ? Quels sont les modèles alternatifs à tester ?



• 3) Définition des critères pour l’inférence – Analyse individuelle : seuil statistique ? contraste ? – Analyse de groupe : quel modèle de 2nd niveau ?



Etapes pratiques d’une étude DCM • 4) Extraction des séries temporelles (VOI dans SPM) • 5) Eventuellement définir une nouvelle design matrix, si la design matrix initiale ne réprésente pas les entrées de manière appropriée – NB : DCM lit seulement l’information temporelle de chaque entrée depuis la design matrix



• 6) Définition du modèle – Via l’interface DCM – Directement dans MATLAB



Etapes pratiques d’une étude DCM • 7) Estimation des paramètres DCM – Les modèles avec beaucoup de régions ou de scans peuvent entraîner une défaillance de MATLAB !



• 8) Comparaison et sélection de modèles – Lequel parmi tous les modèles considérés est optimal ? – Outil de sélection bayesienne de modèle



• 9) Test de l’hypothèse fonctionnelle – Test statistique sur les paramètres pertinents du modèle optimal



Model comparison and selection Given competing hypotheses, which model is the best?



log p ( y | m) = accuracy (m) − complexity (m) p( y | m = i) Bij = p( y | m = j )



Pitt & Miyung (2002), TICS



Attention to motion in the visual system We used this model to assess the site of attention modulation during visual motion processing in an fMRI paradigm reported by Büchel & Friston.



Attention



Time [s]



? SPC Photic - fixation only - observe static dots - observe moving dots - task on moving dots



+ photic + motion + attention



 V1  V5  V5 + parietal cortex



V5



V1 Friston et al. 2003, NeuroImage



Motion



III. Application: Attention to motion in the visual system Model 2: attentional modulation of SPC→V5



Model 1: attentional modulation of V1→V5 Photic



SPC



0.85



Attention



Photic



0.86



0.70 0.84



1.36



V1



V1 0.57



-0.02 V5



0.23 Motion Attention



0.56



SPC 0.55 0.75 1.42 0.89



-0.02



V5



Motion



log p ( y | m1 ) >> log p ( y | m2 ) Büchel & Friston



Interactions physio-physiologiques dans DCM Modulation attentionnelle



V5



• Interaction psycho-physiologique – Effet bilinéaire :



z˙ = ( A + ∑ u j B j ) z + Cu



V1



Stimulation visuelle



• Interaction physio-physiologique – Effet quadratique :



SPC



z˙ = Az + z T Dz + Cu



V5



V1



Stimulation visuelle



Extension : Nonlinear DCM for fMRI nonlinear DCM



bilinear DCM u2 u1



u2 u1



Bilinear state equation m dx  (i )  =  A + ∑ ui B  x + Cu dt  i =1 



Nonlinear state equation m n dx  (i ) ( j)   =  A + ∑ ui B + ∑ x j D  x + Cu dt  i =1 j =1 



Here DCM can model activity-dependent changes in connectivity; how connections are enabled or gated by activity in one or more areas.



Neural population activity
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Nonlinear dynamic causal model (DCM): m n  dx  (i ) ( j) =  A + ∑ ui B + ∑ x j D  x + Cu dt  i =1 j =1 
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Stephan et al. 2008, NeuroImage



0



Extension : Nonlinear DCM for fMRI Can V5 activity during attention to motion be explained by allowing activity in SPC to modulate the V1-to-V5 connection? attention .



0.19 (100%)



SPC 0.03 (100%)



visual stimulation



1.65 (100%)



V1



( SPC ) V 5, V1



0.01 (97.4%)



V5 0.04 (100%)



motion



The posterior density of d indicates that this gating existed with 97.4% confidence. (The D matrix encodes which of the n neural units gate which connections in the system)



Conclusions Dynamic Causal Modelling (DCM) of fMRI is mechanistic model that is informed by anatomical and physiological principles.



DCM uses a deterministic differential equation to model neurodynamics (represented by matrices A,B and C or A, B, D and C) DCM uses a Bayesian framework to estimate model parameters DCM provides an observation model for neuroimaging data, e.g. fMRI, M/EEG DCM is not model or modality specific (Models will change and the method extended to other modalities e.g. ERPs)
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