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Abstract

:

The human primary motor cortex has dual representation of the digits, namely, area 4 anterior (MI-4a) and area 4 posterior (MI-4p). We have previously demonstrated that activation of these two functional subunits can be identified independently by functional magnetic resonance imaging (fMRI) using independent component-cross correlation-sequential epoch (ICS) analysis. Subsequent studies in patients with hemiparesis due to subcortical lesions and monoparesis due to peripheral nerve injury demonstrated that MI-4p represents the initiation area of activation, whereas MI-4a is the secondarily activated motor cortex requiring a “long-loop” feedback input from secondary motor systems, likely the cerebellum. A dynamic model of hand motion based on the limit cycle oscillator predicts that the specific pattern of entrainment of neural firing may occur by applying appropriate periodic stimuli. Under normal conditions, such entrainment introduces a single phase-cluster. Under pathological conditions where entrainment stimuli have insufficient strength, the phase cluster splits into two clusters. Observable physiological phenomena of this shift from single cluster to two clusters are: doubling of firing rate of output neurons; or decay in group firing density of the system due to dampening of odd harmonics components. While the former is not testable in humans, the latter can be tested by appropriately designed fMRI experiments, the quantitative index of which is believed to reflect group behavior of neurons functionally localized, e.g., firing density in the dynamic theory. Accordingly, we performed dynamic analysis of MI-4p activation in normal volunteers and paretic patients. The results clearly indicated that MI-4p exhibits a transition from a single to a two phase-cluster state which coincided with loss of MI-4a activation. The study demonstrated that motor dysfunction (hemiparesis) in patients with a subcortical infarct is not simply due to afferent fiber disruption. Maintaining proper afferent signals from MI-4p requires proper functionality of MI-4a and, hence, appropriate feedback signals from the secondary motor system.
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1. Introduction


It has been shown that digits and wrists within the primary motor cortex of non-human primates have double representation, namely, 4 rostral (MI-4r) and 4 caudal (MI-4c) [1,2]. Afferent inputs from digits and wrists to the primary motor cortex are similarly doubly represented. Substantial evidence has since been accumulated supporting that human MI also has two discrete areas of representation for the hands. The areas corresponding to primate MI-4r and MI-4c in the human are generally referred to as area 4 anterior (MI-4a) and area 4 posterior (MI-4p), respectively [3]. Utilizing an advanced functional magnetic resonance imaging (fMRI) technique based on independent component analysis, we have successfully demonstrated that these functional subunits of the primary motor cortex can be readily identified and quantitatively analyzed in humans non-invasively [4].



Subsequent studies in patients revealed that, while activation of MI-4p occurs in all subjects, regardless of severity of hand palsy, activation of MI-4a failed in patients with impaired “long-loop” feedback input from secondary motor systems, likely the cerebellum [5]. Given that MI-4p and MI-4a interact intimately with each other to produce proper hand motion, as suggested by non-human primate studies, lack of activation of MI-4a in hemiparetic patients may also indicate qualitative alteration of MI-4p activation (Figure 1). The successful stochastic modeling for self-organizing complex systems with robust applications was introduced by Haken and has been referred to as synergetics [6]. Subsequently, a dynamic model of hand motion based on the limit cycle oscillator has been extensively studied and the findings have been successfully implemented in accomplishing suppression of hand tremor in Parkinson’s patients [7]. Application of this technique, deep brain stimulation (DBS), has now been extended to a variety of neurological disorders [8], underlining the importance of stochastic analysis of brain functionalities. One such modeling most successfully implemented for clinical applications is the phase resetting model presented by Tass [9] based on ensemble behavior of limit cycle oscillators. The Tass model provides not only a highly effective analytic tool for DBS, but also for various physiological data in humans including electroencephalography (EEG) and magnetoencephalography (MEG). The most intriguing aspect of the Tass model is its capability of observing synchronization of oscillators and alteration in patterns of their ensemble behavior associated with a given stimulation [9]. Since real time fMRI data are believed to reflect ensemble behavior of neurons synchronized for a given functionality [4,5,10], the Tass model can be utilized to test certain hypotheses in appropriately designed fMRI experiments.
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Figure 1. Schematic summary of the human primary somatosensory cortex organization. The primary motor cortex is located in the pre-central gyrus (Brodmann area 4). Human has dual representation of the digits, the areas of which are referred to as area 4 anterior (MI-4a) and area 4 posterior (MI-4p). While MI-4a is located closer to the surface of the brain, MI-4p is within the central sulcus (CS) [3]. The advanced technique in functional magnetic resonance imaging (fMRI) based on independent component analysis is capable to individually assess their functionality [4,5]. The independent components which show significant correlation (r > 0.7, p < 0.001) are extracted and displayed in the original two dimensional image matrix (fMRI images). MI-4p (red in fMRI) is an initiation area (open arrow in diagram), which is activated based on intention of the motion. MI-4a (green in fMRI) is the secondary area, the activation of which requires long loop feedback from the secondary motor system (2nd in diagram), the cerebellar system. Patients with hand paresis due subcortical lesion (dotted line A) cannot activate MI-4a, whereas patients with hand paresis due to a peripheral lesion (dotted line B) still show MI-4a activation. MI-4a, 4 anterior area of the primary motor cortex; MI-4p, 4 posterior area of the primary motor cortex; CS, central sulcus; LMN, lower motor neuron. 
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The model allows for analysis of specific entrainment firing pattern with appropriate periodic stimuli. Under normal conditions, such entrainment introduces a single phase-cluster. Under pathological condition where entrainment stimuli have insufficient strength, the phase cluster splits into two clusters [9]. Observable physiological phenomena of this single cluster to two clusters shift are: (1) doubling of firing rate in output neurons; or (2) decay in group firing density of the system due to dampening of odd harmonics components (Figure 2). While the former is not testable in humans due to a lack of non-invasive methods capable of analyzing single neuron firing rates, the latter can be tested in humans by analyzing time series of appropriately designed fMRI experiments, the quantitative index of which is believed to reflect group behavior of neurons functionally localized, similar to those of the firing density defined in the entrainment theory.
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Figure 2. Simulated firing pattern. Cluster figures are redrawn based on the description of Tass [9]. The firing patterns were simulated utilizing Tass equation as described in Appendix. Observable physiological phenomena of the single cluster to two clusters shift are: (1) doubling of firing rate in output neurons; or (2) decay in group firing density of the system; due to damping of odd harmonic components. Although in animal experiments doubling in the firing rate can be directly examined by single cell recording, there is no non-invasive method applicable for humans. Nevertheless, with the appropriate fMRI paradigm, cluster changes can be examined as pattern changes in envelop of firing as schematically illustrated. 
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In this study, we tested the following hypotheses: (1) appropriately paced periodic voluntary motion of the corresponding hand can effectively introduce the conditions to which the entrainment model of dynamic theory of Tass can apply; (2) appropriately paced periodic voluntary motion of the corresponding hand in patients who failed to activate MI-4a can introduce the conditions where insufficient entrainment stimuli result in splitting of the single phase cluster into two clusters; and (3) the entrainment patterns can be assessed by fMRI as activation pattern reflecting the firing density of MI-4p.




2. Reproduction of the Tass Entrainment Model


The entrainment model of Tass is given as:


       ∂ n  (  ψ , t  )    ∂ t     =   −  ∂  ∂ ψ    {  n  (  ψ , t  )     ∫ 0  2 π    d  ψ ′  M  (  ψ −  ψ ′   )  n  (   ψ ′  , t  )      }       −  ∂  ∂ ψ   n  (  ψ , t  )  S  (  ψ , t  )       − Ω  ∂  ∂ ψ   n  (  ψ , t  )       +  Q 2     ∂ 2  n  (  ψ , t  )    ∂  ψ 2        








where n(ψ, t) represents: Average number density of (neuronal) oscillator phase ψ at time t, M(ѱ): phase-difference-dependent mutual interactions, S(ψ, t): Stimulation, Ω: Spontaneous synchronization frequency (eigenfrequency), and Q: Noise amplitude. Furthermore, average number density, n(ψ, t), meets the following boundary and normalization condition, respectively [9]:


   n  (  0 , t  )    =   n  (  2 π , t  )    










      ∫ 0  2 π    n  (  ψ , t  )  d ψ   =   1      











Full discussion of the Tass equation is above the scope of this manuscript. Further description of its transformation into discrete functions is discussed in the Appendix. In short, we have successfully reproduced changes in the pattern of firing density, p(t) = n(0, t), as described by Tass and shown in Figure 1. Numerical solutions of the differential equation were obtained on a 32-core shared memory Linux workstation (UV 2000 with 2.7 GHz Intel Xeon E5-4650 and 64 GB memory; SGI, Milpitas, CA, USA), using a parallelized scheme of the 4th order Runge–Kutta (RK4) method implemented on an in-house C program. The program code was compiled using Intel compiler version 13.0.1 and SGI message passing toolkit (MPT) library version 2.07. The results were plotted using MATLAB R2009B (The MathWorks, Natick, MA, USA) on a personal computer equipped with an Intel Core i7 processor. The simulation successfully reproduced the results shown by Tass (Figure 1).




3. Functional MRI


3.1. Subjects


Five normal volunteers and five subjects who had chronic (more than six months) hemiparesis due to a subcortical infarction participated in the study. Three subjects with chronic monoparesis (due to perinatal brachial plexus injury), in whom feedback from the secondary motor system was intact, were tested as pathological control. All “paretic” subjects had minor residual function of the corresponding paretic hand showing trace motion of the fingers as detectable by visual observation (Stage 3 of the Brunnstrom’s classification [11]). All studies were performed according to the human research guidelines of the Internal Review Board of the University of Niigata.



Voluntary motion of the hand comprised perform smooth, self-paced grasp motions with one hand at a constant rate of one grasp per second. The performance of constant grasping was monitored by CCD camera placed in the magnet room. A total of nine thirty-second epochs were organized in boxcar configuration in RMRMRMRMR sequence where R and M indicates rest and motion, respectively. For prolonged studies, the study sequence was extended as follows: RRMMMMMMR.




3.2. Data Acquisition and Processing


Images were obtained using a General Electric Signa-prototype 3.0 T system equipped with an Advanced NMR echo-planar imaging (EPI) module. Gradient echo echo-planar axial images (GE-EPI) were obtained with the following parameter settings: FOV 40 cm × 20 cm; matrix 128 × 64; slice thickness 5 mm; TR 1 sec. Spatial resolution was approximately 3 mm × 3 mm × 5 mm. To obtain high field homogeneity, each slab was restricted to 30 mm. Each slab, which consisted of four consecutive 5-mm slices with inter-slice gap of 2.5 mm, was obtained in a single session.



Following application of spatial smoothing using a 5-mm full width at half maximum (FWHM) kernel, fMRI time series data consisting of 270 consecutive EPI images for each slice were subjected to independent component analysis implemented as described by McKeown et al. [12]. The process used an infomax neural network that employed stochastic gradient ascent to find a square unmixing matrix which maximized the joint entropy of a nonlinearly transformed ensemble of zero-mean input vectors. Logistic infomax could accurately decompose mixtures of component processes which had a symmetric or skewed distribution, even without the use of specifically tailored non-linearity [13,14,15,16].



In brief, joint entropy maximization was performed on the input data after they had been linearly transformed and then compressed by a nonlinear sigmoidal function: y(t) = g [u(t)], where u(t) = Wx(t) + W0. Before training, W was initialized to the identity matrix, I and W0 to 0. W and W0 were iteratively adjusted using small batches of randomly selected data vectors according to:


   Δ W   =   ε   (   ∂ H ( y )   ∂ W   )  W T  W = ε   ( 1 + ϕ   u   ( t )  T  ) W   










   Δ  W 0  = ε   ϕ ( t )   








where H(y) was the joint entropy of y, ε the learning rate and the function φ (t) had elements:


   ϕ    i  ( t ) =  ∂  ∂  u i  ( t )   ln (   ∂ y ( t )   ∂  u i  ( t )   )   











The logistic nonlinearity gave a simple update rule:


      ϕ i  ( t ) → 1 − 2  y i  ( t )      w 0  ( t ) → ε   ( 1 − 2  y i  ( t ) )     








that biased the algorithm towards finding sparsely activated independent components with positive kurtosis [14]. Training was halted when the learning rate decreased below 0.000001.



Subsequently, 270 unmixed independent time series were subjected to cross correlation analysis using a delayed (6 seconds) boxcar model function reflecting one of the six sequential epoch patterns [4,5]. The independent components which showed significant correlation (r > 0.7, p < 0.001) were extracted and displayed in the original two dimensional image matrix (fMRI images). Anatomical identification of activated areas was performed individually by mapping these onto each of the subject’s own high resolution anatomical images obtained using identical coordinates. Reproducibility of the findings reported here was confirmed individually in each of the subjects.




3.3. Results


All subjects showed activation of MI-4p, while activation of MI-4a was not observed in patients who had a subcortical lesion, as shown in previous studies [4,5]. MI-4a was activated in normal and pathological (patients with monoparesis due to peripheral nerve lesion) controls. Representative time series of MI-4p activation are shown in Figure 3. The abscissa represents time in seconds, whereas the ordinate represents percent mean intensity changes. MI-4p activation in normal and pathological controls (peripheral) where MI-4a activation was observed showed the pattern indicating single cluster with appropriate entrainment stimuli regardless of functional condition, whereas MI-4p activation in patients who showed no MI-4a activation (subcortical) showed the pattern indicating its split into two clusters due to insufficient entrainment stimuli. Prolonged studies for normal control and subcortical patients, shown in Figure 4, clearly exhibited the predicted envelope pattern.
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Figure 3. fMRI time series. Red graphs indicate representative time series of independent components obtained with RMRMRMR sequence where R and M indicate rest and motion, respectively. Blue lines represent the 6 second delayed boxcar model function applied for cross correlation analysis. The abscissa indicates time in seconds and the ordinate indicates percent mean intensity change. While normal subjects and patients with a peripheral lesion showed box car like activation pattern, patients with a subcortical lesion, who lack MI-4a activation, showed a clear decay with time. 
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Figure 4. fMRI time series of prolonged motion study. In order to clearly identify an envelop pattern, prolonged motion studies with RRMMMMMMR sequence were performed. Patterns of activations of MI-4p for normal subjects and patients with a subcortical lesion clearly exhibited predicted patterns of single and two clusters shown in Figure 2. 
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4. Discussion


The discovery of the action potential and subsequent investigations led to the establishment of the field of mathematical modeling of brain activities based on the evaluation of single neuron activities as oscillator. It soon became apparent that synchronization of oscillatory neural activities represents a fundamental mechanism for integrating brain functionalities [17]. Pioneered by Winfree, practical medical applications have emerged from studies regarding the impact of external stimuli on a single oscillator [18]. The most successful example in clinical neurology remains to be the suppression of tremor in Parkinson patients by deep brain stimulation [7,8].



While ensemble of oscillatory neurons is key to various brain functionalities, it is fundamentally difficult to study neural activities directly in animals, let alone humans. Fortunately, group behavior of neurons responsible for a specific function can be directly observed in humans by means of functional imaging [10]. In this study, we investigated whether or not time series analysis of fMRI can be effectively utilized for assessing stochastic models of phase resetting presented by Tass [9]. The results clearly indicated that single cluster to two cluster splitting and resultant changes in entrainment patterns of target group of oscillators can be demonstrated by changes in firing patterns predicted by the model as a envelop of fMRI time series.



Identification of double representation of the digits within the primary motor cortex in humans, MI-4p and MI-4a, has introduced another window of motor system organization for voluntary motion [3,4,5]. This dual system for motor control is similar to another well-known motor control system of the humans, i.e., pursuit eye movement. In order to maintain proper pursuit, one has to have a system capable of accurately cancelling head motion. The primary system is the vestibular-ocular reflex (VOR) which is fine-tuned by secondary modifiable cerebellar learning units [19]. MI-4p is the primary system for voluntary hand motion. Nevertheless, in order to perform fine motions by digits, activities of MI-4p is modified by MI-4a which is fine tuned by feedback signals from the cerebellum. It is highly conceivable to conclude that systems performing fine movements, such as pursuit eye movements or voluntary hand motion, require dual motor control systems.



Significant modification of MI-4p activities resulting from lack of proper entrainment stimuli from MI4a has strong clinical implications, providing hitherto unrecognized factors for the treatment of disturbed motor systems in humans. Motor dysfunction (hemiparesis) in patients with a subcortical infarct is generally believed to be due to disruption of efferent fibers within corticospinal (pyramidal) tract. The current study indicated that this is not the case. Maintaining proper afferent signals from MI-4p actually requires proper functionality of MI-4a and, hence, proper feedback signals from the secondary motor system, i.e., the cerebellum. While applications of machine-brain interface and biomechanics for various clinical conditions are becoming common in neuroscientific investigations, the current study emphasizes the necessity of further understanding of underlying anatomical mechanisms of fine motor controls.
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Appendix


Discrete version of the Tass equation utilized is given as follows:


       ∂  n ^   (  k , t  )    ∂ t     =   − i k   ∑  ± m   =   1  4    M ^   ( m )   n ^   (  k − m ,   t  )   n ^   (  m ,   t  )         − i k   ∑  ± m   =   1  4    n ^   (  k − m ,   t  )   S ^   ( m )         − i k Ω  n ^   (  k , t  )       −  Q 2   k 2   n ^   (  k , t  )      



(A1)




where


     ∑  ± m   =   1  4    λ m      ≡    λ 1  +  λ 2  +  λ 3  +  λ 4  +  λ  − 1   +  λ  − 2   +  λ  − 3   +  λ  − 4     



(A2)







   n ^    is complex. However, based on the boundary and normalizing conditions shown in the text, n can be treated as a positive real number and, therefore:


    n ^   (  0 , t  )    =    1  2 π   ,  for all times  t   



(A3)






    n ^   (  − k , t  )    =     n ^  *   (  k , t  )  ,  for all wave numbers  k  and for all times  t   



(A4)







For discrete form for M and S, the following equations were adopted:


   M  (   ψ j  −  ψ k   )    =   −   ∑  m   =   1  4    {   K m  sin  [  m  (   ψ j  −  ψ k   )   ]  +  C m  cos  [  m  (   ψ j  −  ψ k   )   ]   }      



(A5)






   S  (   ψ j  ,   t  )    =     ∑  m   =   1  4    I m  cos  [  m  (   ψ j  − ω t  )  +  γ m   ]      



(A6)







Accordingly:


   n  (  ψ , t  )    =     ∑  k   ∈    Z      n ^   (  k ,   t  )   e  i k ψ       



(A7)






   M  (  ψ −  ψ ′   )  =     ∑  k   ∈    Z      M ^   ( k )   e  i k  (  ψ −  ψ ′   )        



(A8)






   S  ( ψ )  =     ∑  k   ∈    Z      S ^   ( k )   e  i k ψ       



(A9)







Due to its periodicity,    M ^    can be given:


    M ^   ( k )    =    {     π  (  −  C k  + i  K k   )    :   k   =   1 ,   2 ,   3 ,   4     − π  (   C  − k   + i  K  − k    )    :   k   =   − 1 ,   − 2 ,   − 3 ,   − 4     0   :   o t h e r w i s e        



(A10)







Without stimuli, time progression of n was obtained by translating    n ^    into n following integrating the Tass Equation (A1) with    S ⌢    = 0. With smooth periodic stimulation shown in Equation (A6), time progression of n was obtained by utilizing the fact that for θ defined as:


    θ j   ( t )    =    ψ j   ( t )  − ω t   



(A11)







The following equations for    n ^   ,    S ˜   ,    Ω ˜    can satisfy the Tass Equation (A1):


   n  (  θ , t  )    =     ∑  k   ∈    Z      n ^   (  k ,   t  )   e  i k θ       



(A12)






    S ˜   (   θ j   )  =     ∑ m    I m  cos  (  m  θ j  +  γ m   )      



(A13)






    Ω ˜    =   Ω   −   ω   



(A14)







Based on periodicity, Fourier representation of the stimulation,    S ^    is given as:


    S ^   ( k )    =    {      I k  exp  [  i  γ k   ]  / 2   :   k   =   1 ,   2 ,   3 ,   4      I  − k   exp  [  − i  γ  − k    ]  / 2   :   k   =   − 1 ,   − 2 ,   − 3 ,   − 4     0   :   o t h e r w i s e        



(A15)







Subsequently, n(ψ, t) can be determined by utilizing Equations (A11)–(A14).



For actual calculation, the following parameters have been utilized.



Spontaneous synchronization frequency (eigenfrequency):



Ω = 2π



Noise level:

	
Q = 0.4








Interaction (coupling) parameters:

	
K1 = 1, K2 = K3 = K4 = 0



	
C1 = C2 = C3 = C4 = 0








Stimulation parameters:

	
ω = 3π



	
I1 = 4, I2= I3 = I4 = 0 for single cluster



	
I2 = 4, I1 = I3 = I4 = 0 for two clusters



	
γ1 = γ2 = γ3 = γ4 = 0
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