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Abstract. We aimed this study at verifying the appropriateness of generalized partial directed 
coherence (GPDC) in detecting EEG–EMG information flow and identifying the characteristics of 
myoclonus-related EEG changes in patients with progressive myoclonus epilepsy (PME). Our results 
indicate that GPDC analysis is able to detect the presence of a different pattern of connectivity between 
the EMG and sensorimotor EEG derivations in all patients, namely a larger and more extensive flow of 
information in beta band coming out from the cortex and driving the muscular activity in patients with 
respect to controls. 
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1. Introduction 
After the earliest demonstration of synchronisation between muscles and cortical activities in 1990s 

[Farmer et al., 1993], spectral analysis became an important tool to investigate the human motor system. 
In the last decade, spectral analysis, namely coherence and phase analysis, based on Fast Fourier 
Transform (FFT) [Brown et al., 1999; Grosse et al., 2003] or autoregressive (AR) models [Panzica et 
al., 2003; Panzica et al., 2010] has been increasingly applied as an alternative method to jerk-locked 
back-averaging (JLBA) [Shibasaki and Kuroiwa, 1975] for investigating the relationship between 
rhythmic or quasi-rhythmic myoclonic events and EEG oscillations. Myoclonus can result from 
different neurological dysfunctons, presenting as sudden, brief, shock-like, involuntary movement 
caused by muscular contractions (or inhibitions). The diagnostic definition of cortical myoclonus is 
usally based on the presence of cortical correlates that are often difficult to detect. 

Studies investigating the EEG changes associated with cortical myoclonus indicated that 
significantly coherent beta activities occur in the motor cortex and muscles during cortical myoclonus. 
In this frequency range, often the phase difference between the EEG and EMG signals was compatible 
with direct corticomuscular conduction time between motor cortex and muscle, according to conduction 
measures performed by means of transcranial magnetic stimulation (TMS), thus suggesting a cortical 
origin of myoclonus. However, sometimes, the phase difference indicated a time lag that is lower than 
expected for the fastest conducting pathway. This phenomenon may be due to the presence of 
multidirectional activities that contributed to the cortico-muscular coherence between muscle and 
cortex (efferent control from the primary motor cortex to muscle and afferent feedback from the 
periphery) with differing phase relationships. Moreover, contribution from other cortical regions or 
from volume conduction effect cannot be excluded. Alternative methods based on multivariate 
autoregressive (MVAR) modeling together with the concept of Granger causality can be used to 
evaluate the existence and direction of causal influences among multiple time series. 

We aimed the present study at verifying the appropriateness of generalized partial directed 
coherence (GPDC) [Baccalà and Sameshima, 2001] in detecting EEG–EMG information flow and 
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identifying the characteristics of myoclonus-related EEG changes in patients with progressive 
myoclonus epilepsy (PME). 

GPDC is based on multivariate AR models that provide a multivariate representation of 
polygraphic signals, from which appropriate measures of coupling can be estimated. The main 
advantages of GPDC with respect to other measures is that it allows the estimation of the direction of 
information flow between any two channels by subtracting the interactions and possible common 
influences due to other remaining simultaneously observed time series. 

2. Material and Methods 
PMEs are complex neurological disorders resulting from different genetic defects and leading to 

multifocal and massive myoclonic jerks associated with seizures and other neurological symptoms 
(including mild ataxia and a variable degree of mental decline). Among the population of patients with 
PME observed at the Department of Neurophysiology of the IRCCS Foundation C. Besta Neurological 
Institute, we selected 8 patients with Unverricht-Lundborg disease (ULD). In this disorder, myoclonus 
is the more severe and invalidating symptom, while the mental decline is mild or absent. Moreover, the 
study involved 8 healthy volunteers as controls. 

2.1. Polygraphic recordings: EEG was recorded by means of Ag/AgCl surface electrodes placed 
on the scalp according to the 10–20 International System; surface EMG signals were simultaneously 
recorded from pairs of electrodes placed bilaterally 2–3 cm apart over the belly of the flexor and 
extensor wrist muscles. The recordings were obtained at rest and during simple voluntary motor 
activities (left and right hand extension, lasting at least two minute each). The EEG and EMG signals 
were acquired at a sampling frequency of 256 Hz (band pass filters 1.6–120 Hz). 

2.2. Connectivity analysis: The presence of artefacts on the EEG signals due to physiological or 
non-physiological sources was accurately checked by an expert neurophysiologist, and epochs 
contaminated by any type of artefacts were excluded from the analysis. As a pre-processing step, the 
signals were normalised by subtracting the mean value and dividing by the standard deviation and a 
spline Laplacian was applied to EEG channels to ensure reference-free and spatially sharpened data 
[Perrin et al., 1989; Babiloni et al., 2004]. Afterwards, one minute of EEG and EMG signals were 
segmented into non-overlapping 2 s epochs for the analysis. We considered these epochs as multiple 
realizations of the same process and thus we computed GPDC for each realization and then averaged 
them across all the realizations to obtain the final estimate. 

Given a set }1),({ MmkxS m ≤≤=  of M simultaneously observed stationary time series, 
the multivariate autoregressive (MVAR) model with order p is defined as 
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where A1, A2,… Ap are the coefficient matrices (dimensions MxM), with the 
coefficient )(raij describing the linear interaction of )( rkx j −  on )(kxi , and )(kwi represents a 
random (Gaussian) white noise driving innovation. The model order was determined using the 
multichannel version of the Akaike (AIC) criterion as a guideline. The goodness of the identification 
was verified by means of ‘portmanteau’ chi-square and Anderson’s tests [Box and Jenkins, 1970]. The 
multivariate time series for the MVAR modelling included the signals from the sensorimotor areas 
(F4,C4,P4, F3,C3,P3) that are critically involved in the generation of myoclonic jerks and EMG from 
the right or left wrist extensor. 
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Once the MVAR coefficients had been adequately estimated, the GPDC from channel j to i (πiJ) 
was calculated from the Fourier transform of the MVAR coefficients as: 
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Where iσ refers to the variances of the innovation processes, and 
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∆t is the sampling interval and I is the identity matrix of dimension MxM. 

The GPDC from j to i, describes the directional flow of information from signal xj(t) to xi(t). 
PDC values range between 0 and 1, and represent the fraction of the time evolution of the jth signal 
directed towards the ith signal, in comparison with all of j’s interactions with all the other channels.  

In order to assess the statistical significance of non-zero PDC values at each frequency, a 
bootstrap approach using phase randomisation [Zoubir and Iskander, 2004] was applied on the basis of 
Theiler’ method [Theiler et al., 1992].  

Only the significant flows outgoing from EEG and directed towards EMG signal was considered 
for the analysis. GPDC peaks values and areas (integration of GPDC across the significant frequencies) 
in the beta band was calculated and statistically analyzed by Mann-Whitney U test. 

All data analysis were performed using custom written routines in the Matlab environment 
(Version 7.13, R2011b; Mathworks Inc., USA).

  

 
 

3. Results 
In UL patients, the active movements typically elicited irregular bursts of myoclonic jerks 

intermingled with short segments of tonic muscle contraction (Fig. 1), or short rhythmic sequences at 
variable frequencies. 

 
Figure 1. Representative example of movement-activated myoclonus during voluntary right hand 

extension in a ULD patient. Myoclonic jerks are evident on the antagonist muscle couple (right wrist flexor and 
extensor) 
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Significant cortico-muscular GPDC in beta band was observed over the contralateral central 
derivation in all patients and in six out of the eight controls. Furthermore, the patients were 
characterized by the presence of significant additional outflow from other cerebral regions, contralateral 
(in all of the cases) and ipsilateral (in six) to the activated segment (Fig. 2 and 3). 

 

 
 
Figure 2. GPDC spectra showing the outflow from sensorimotor derivations towards muscle during 

right wrist extension. The dashed line indicates the 95% confidence level for the null hypothesis 
 
 

 
 
Figure 3. Outflow from cerebral regions towards muscle in beta band, for the same subjets reported in 

Fig. 2. Note also the ascending flow from muscle to the contralateral central cortex (C3). 
 
The peak frequency was slightly higher in ULD patients than in controls (21.2±4.2 and 

20.0±5.4 Hz) but the difference was not significant. Moreover, we did not find any significant 
difference in peak GPDC amplitude. On the contrary, the area subtended to GPDC curve over the 
contralateral central region in beta band was significantly larger in ULD patients that in controls 
(p=0.033, mean rank 9.69 and 4.58 respectively). The difference between ULD patients and controls 
was even larger taking into consideration the total outflow from cortex to muscle, that is the sum of the 
significant areas over all the electrodes (4.25±3.6 versus 0.62±0.058; p=0.007, mean rank 10.13 versus 
4.00). 

In six out of eight ULD patients, a significant causal influence in the ascending direction (from 
periphery to the contralateral sensorimotor region; see Fig. 3) was also observed. In two patients of this 
subgroup, the feedback was directed also towards the central area ipsilateral with respect to the 
activated segment. 

4. Discussion 
Our results indicate that MVAR models and GPDC appear to be a powerful tool capable of 

revealing and studying the oscillatory EEG activities associated with rhythmic or quasi-rhythmic 
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myoclonic discharges. With respect to other methods applied to evaluate cortico-muscular coupling 
(JLBA and coherence analysis between the EEG signal recorded by individual electrodes and EMG 
signals [Brown et al., 1999, Panzica et al., 2003, Shibasaki and Kuroiwa, 1975]), GPDC allowed the 
evaluation of multiple interactions between EEG oscillations and pathological EMG contraction.  

Indeed, PME patients, differently from healthy subjects, had obviously outflow from cerebral 
regions other than the motor area contralateral to the activated muscle. This suggests that the abnormal 
connectivity pattern might originate from a widespread cortical hyperexcitability [Visani et al., 2006]. 

The evaluation of multiple interaction occurring during cortical myoclonus and other movement 
disorders may help in understanding the mechanism of generation within a complex network exceeding 
the motor cortex. Moreover GPDC was capable of revealing not only cortical outflow influences, 
accounting for the myoclonic jerks, but also inflow influences directed from the periphery towards the 
cortical areas. This method can therefore allow to overcome problems of bi-directional interactions 
between cortex and pathologically activated muscle, that cannot be captured by other methods. 

References  
Babiloni C, Ferri R, Moretti DV, Strambi A, Binetti G, Dal Forno G, Ferreri F, Lanuzza B, Bonato C, Nobili F, Rodriguez 

G, Salinari D, Passero S, Rocchi R, Stam CJ, Rossini PM. Abnormal fronto-parietal coupling of brain rhythms in mild 
Alzheimer’s disease: a multicentric EEG study. European Journal of Neuroscience, 19:2583-2590, 2004. 

Baccalà LA and Sameshima K. Generalized Partial Directed Coherence. In: Proceedings of the 15th International 
Conference on Digital Signal Processing, IEEE, Cardiff, 162–166, 2007. 

Box GEP and Jenkins GM. Time series analysis. CA: Holden-Day. San Francisco , 1970. 

Brown P, Farmer SF, Halliday DM, Marsden J, Rosenberg JR. Coherent cortical and muscle discharge in cortical 
myoclonus. Brain, 122:461-72, 1999. 

Farmer SF, Bremner FD, Halliday DM, Rosenberg JR, Stephans JA. The frequency content of common synaptic inputs to 
motoneurons studies during isometric voluntary contraction in man. Journal of  Physiology, 470:127-155, 1993.  

Grosse P, Guerrini R, Parmeggiani L, Bonani P, Pogosyan A, Brown P. Abnormal corticomuscular and intermuscular 
coupling in high-frequency rhythmic myoclonus. Brain, 126:326-342, 2003. 

Panzica F, Canafoglia L, Franceschetti S, Binelli S, Ciano C, Visani E, Avanzini G. Movement-activated myoclonus in 
genetically defined progressive myoclonic epilepsies: EEG-EMG relationship estimated using autoregressive models. Clinical  
Neurophysiology, 114(6):1041-1052, 2003. 

Panzica F, Varotto G, Canafoglia L, Rossi-Sebastiano D, Visani E, Franceschetti S. EEG-EMG coherence estimated using 
time-varying autoregressive models in movement-activated myoclonus in patients with progressive myoclonic epilepsies. In the 
proceedings of the 32nd Annual International Conference of the IEEE Engineering in Medicine and Biology Society, 1642-1645, 
2010. 

Perrin F, Pernier J, Bertrand O, Echallier JF. Spherical splines for scalp potential and current density mapping. 
Electroencephalography and Clinical  Neurophysiology,72(2):184–187, 1989. 

Shibasaki H and Kuroiwa Y. Electroencephalographic correlates of myoclonus. Electroencephalography and Clinical  
Neurophysiology, 39(5):455-463, 1975. 

Theiler J, Eubank S, Longtin A, Galdrikian B, Farmer JD. Testing for nonlinearity in time series: the method of surrogate 
data. Physica D, 58:77-94, 1992. 

Visani E, Agazzi P, Canafoglia L, Panzica F, Ciano C, Scaioli V, Avanzini G, Franceschetti S. Movement-related 
desynchronization–synchronization (ERD/ERS) in patients with Unverricht–Lundborg disease. Neuroimage, 33(1):161–168, 
2006. 

Zoubir A and Iskander, DR. Bootstrap Techniques for Signal Processing. Cambridge University Press, Cambridge, 2004. 
 
 
 

 



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



