A software for recording and analysis of human tremor

M. Lauk^{1;4} J. Timmer^1 C.H. Lücking^2 J. Honerkamp^1 G. Deuschl^3

1Zentrum für Datenanalyse und Modellbildung and Department of Physics, University of Freiburg Eckerstr. 1, 79104 Freiburg, Germany 2Department of Neurology and Clinical Neurophysiology, University of Freiburg, Breisacher Str. 64, 79110 Freiburg, Germany 3Department of Neurology, University of Kiel, Niemannsweg 147, Kiel, Germany 4Center for BioDynamics, Boston University 44 Cummington St, Boston MA 02215

Submitted for publication 12/04/97

Running Title:

Recording and analysis of tremor

Address:

M. Lauk, Freiburger Zentrum für Datenanalyse und Modellbildung Eckerstr. 1, 79104 Freiburg, Germany Phone: +49 761 203-7710, Fax: -7700, email: lauk@fdm.uni-freiburg.de

Abstract

For many diseases various methods for the diagnosis and treatment monitoring are available. Presently, such methods are not established for an investigation of tremor diseases, although the different forms of tremor are common neurological symptoms and occur frequently in various neurological diseases and also other conditions. We developed an easy-to-use application for tremor-analysis and recording, running under MS-Windows, which allows to investigate different forms of tremor by advanced mathematical methods of time series analysis. The application is also useful for users who are not familiar with these kinds of data analysis. It provides tools for the diagnosis and treatment monitoring under laboratory conditions, based on previously developed and established methods of spectral and cross spectral analysis of tremor and electromyographic time series.

1 Introduction

The electrophysiological analysis of human tremor has a long tradition. The earliest works on this field usually investigated electromyographies (EMG), recorded from different muscles and plotted with analog devices ([1, 2, 3]). In the sixties, different techniques were used to measure the amplitude and frequency of tremor ([4, 5]). Spectral analysis was performed with analog computer devices. Later, with the fast development of digital computers, one began to sample the tremor records to analyze the data off-line mainly by the new developed methods of spectral and cross-spectral analysis of stochastic processes ([6, 7, 8, 9, 10, 11, 12]). From this time, the tremor has been usually measured with piezoresistive accelerometers (ACC). In the following years researchers presented a lot of different approaches to measure and modeling tremor ([13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23]).

Despite these intensive works, until today, the electro-physiological analysis of tremor using advanced mathematical methods is reserved to specialized laboratories. Each group working in tremor research uses its own developed soft- and hardware. A software or tools for tremor analysis, also available for people who are not specialized on this field could help to improve diagnosis and treatment monitoring of tremor diseases in widespread areas of neurology, rehabilitation and pharmacology.

In the meantime, the needed mathematical methods, e.g. the theory of linear stochastic processes or linear time series analysis, have been well investigated ([24, 25, 26, 27, 28, 29, 30]). Also the different proposed recording techniques, e.g. systems based on ACCs or lasers, have been well established and used in widespread areas of other sciences and in industry. The difficults are rather the proper interpretations of results in terms of physiology and physics and the development of so-called “data-driven” algorithms for special tasks like tremor analysis.

We developed a software for tremor recording and analysis (TRAS) which is useful for at least two different user groups. Firstly, people who want to analyze tremor records in a standardized daily clinical procedure, and secondly, users who work in the different fields of tremor research. The difference between the requirements of these two groups is the way they are working with an application: For the first group the software should provide the possibility to get the results of a tremor analysis by just “pushing two or three buttons” on the desktop, whereas researchers usually need the possibility to modify configurations and parameters. We here describe how this two different concepts were realized in TRAS.

TRAS was planned, written and tested together with clinical laboratories during the different stages of the development. Therefore, we could secure that our application is able to fulfill different criteria that would be necessary to build a software which will be accepted by clinical and laboratory staff.

This paper does not describe in detail any research work on both mathematical or clinical aspects of tremors. It was rather written to describe the implementation of new analysis methods, investigated and established in earlier clinical and methodological studies, in a highly integrated, actual software system.

The paper is organized as follows: The second section describes the basic concepts and the programming methods used. The third section describes the recording procedures, storage and pre-processing of data. Spectral-analysis methods are described in the fourth section. The fifth section gives an outline of the possibilities of cross spectral methods. Finally, we discuss prospects to future implementations and the use of our software in other applications.

2 Basic concepts

2.1 Outline of problems and tasks

As mentioned in the introduction, the electrophysiological analysis of the different tremor-related disorders and diseases has up to now only been done by a few specialized laboratories. TRAS is designed to provide solutions for the following tasks:

ffl Data recording: What technique should be used, how long should the data-record be and how many different channels are useful? Although these questions are not explicitly subject to the software development, it is important to discuss them here because the basis of each analysis method is the availability of proper recording methods and concepts.

ffl Quality of recorded data: In some cases the data consists of different recording failures and artifacts which could lead to serious misinterpretations. Examples of such failures are trends or drifts reflecting voluntary movements or crossing of the maximum A/D range.

ffl Data analysis: Advanced mathematical methods in data analysis often need to chose some initial parameter settings which require sometimes preliminary knowledge of the dynamics or assumptions on the underlying process for the data under investigation.

ffl Quantitative results should be given with confidence regions for a particular value to allow a comparison to well investigated populations of different groups. (i.e. controls and patients with different tremor diseases).

ffl Interpreting qualitative results of spectral and cross spectral methods in terms of physics and physiology is a difficult task and must be assisted by the application.

The bigger part of the above issues are caused by the fact that the various forms cover a wide range of different possible dynamics, though. They range from linear stochastic processes for the physiological tremor (PT) to non-linear, almost deterministic processes for some pathological forms of tremor ([31, 32, 33, 34]). The amplitude often differs more than three magnitudes between a weak PT and some pathological tremors ([23]).

Finally, a comfortable graphical and interactive user-interface with support for mouse, menus, icons and buttons provides an user-friendly, common interface which gives potentially any person the possibility to work with it.

2.2 Programming concepts and language

The application uses a multi-document-interface (MDI). Thus, the user can work with it in the same way he is used to work with common applications, e.g. word processing programs. An even bigger advantage of this strategy is the possibility to compare different records and results directly on the screen. The only restriction is the amount of available system resources.

TRAS was developed in C and C++. We separated strictly numerical parts and parts containing the interface sources and I/O routines. All numerical parts were developed in standard C without using any object-orientated programming feature. The other parts of the software which provide the user interface and different kinds of I/O, e.g. menus, dialog-boxes, graphics display and print-outs, were realized in a few C++ classes, based on Borland’s Object-Windows, which is a C++ class library for the development of Windows applications ([35]). This strict separation between numerical and system dependent elements provides an easy portability of the software to other platforms and also other programming languages. Furthermore, all strings like menus, titles, error messages and letterings reside in seperate resource files, which allows it to easyly create versions for other countries. Presently, English and German versions are available, running under Microsoft’s Windows 3.1(1), Windows 95, Windows NT 3.51 and NT 4.0.

Each data record, i.e. each stored data file, is coupled with a MDI-child window, in the following referred as the main window (MW). This window is based on a class which is responsible for the parameter settings, all analytic operations and storage and export of data. In the first instance, this main class represents an abstract, virtual class which can perform all operations on a single data-channel. Further instances of the main class, derived from the first instance, realize multi channel classes, i.e. classes which inherit all functionality of the main class but handle in addition multiple, simultaneously recorded channels. All graphs of the different analysis results reside in their own MDI-child classes and are independent of the main class. If the user requests the graph, the main class transfers the corresponding data to the graphics class, i.e. the graphics window. Fig. 1 displays schematically the basic structures of TRAS.

The main advantages of this concept are: (1) It allows easily to modify existing and to create new instances of multi channel classes due to its modular structure. (2) Further data analysis methods and graphics classes can be added in the future without any modification of the existing classes. (3) Since each graphically displayed result is independent from other windows, one can compare results originating from calculations with different parameter settings simultaneously on the screen. This is often needed in research applications.

2.3 General I/O concepts

All diagrams and graphics are implemented as objects which receive the corresponding data from only one channel to plot them automatically in a defined rectangular region on an arbitrary device context. Therefore, all graphics displaying results of multiple channels in one plot are highly modular and can also be easily extended to plot them on other devices as the so far implemented screen- and printer-outputs.

Furthermore, TRAS provides the possibility to export all kinds of analysis results in an ASCII format which can be read by other programs. To our experience this is helpful or even needed, especially for research applications. Beside the graphs offered by TRAS itself, users can create arbitrarily styled presentation graphics using results calculated by TRAS.

Note that TRAS does not store any result in own data formats and does not read any files containing results. Since the calculation of the results from raw-data, even for the most time-consuming analysis methods of TRAS, takes a maximum of only about 0.5 s for each channel on a standard Pentium 133 MHz PC (see also Tab. 1). Therefore, a storage and re-read of analysis results beside the provided ASCII export is not necessary. In addition, an advantage of this strategy is that changes in future releases will only affect the raw data files.

3 Recording procedures and pre-processing of data

3.1 Recording technique

Different approaches for tremor measurement have been proposed ([5, 19, 22, 23, 36, 37]). We recommend to measure tremor with ACCs since: (1) The “natural” high-pass filter effect of the ACCs reduce significantly the slow drifts which are often present due to voluntary movements ([19]). (2) ACCs are able to measure accurately over a wide range of amplitudes from less than 1 mm/s^2 to a few m/s^2. This is important to cover all types of tremor with the same measurement system.

Channel configuration 6 channels are measured for a standard tremor analysis, 3 per side of the body. In this standard measurements two ACCs, attached to the left and right belly of the hand, and four EMG, measured from the Flexor and Extensor carpi ulnaris of each body side, are recorded simultaneously.

Beside this suggested standard configuration, an arbitrary channel configuration can be chosen by the user. This is done with an interactive dialog-box displayed in Fig. 2. Along with a description and a short abbreviation which is displayed for each channel in graphs and print-outs, there are check-boxes to indicate whether the channel will be digitally rectified and filtered or not. Furthermore, one can choose if the channels 1 and 4 are ACCs or EMGs. TRAS excludes senseless configurations, e.g. a rectified ACC channel. The digital EMG-filters are non-causal high-pass filters which act in the Fourier space ([38]). They could be used to cut off signals lower than 60 Hz in unrectified EMGs to eliminate slow movement-artifacts. General aspects concerning EMG recordings can be found in ([19, 39]).

The use of digital filters and digitally rectified EMGs depends on the hardware and can not be dictated by the software. Nevertheless, the complete channel configuration can be saved interactively in configuration files together with later discussed parameters to prevent inexperienced users from erroneous decisions.

3.2 Recording procedure

TRAS uses a Keithley DAS 1602 A/D converter. This relatively cheap 12 bit A/D converter covers all needed features. Since Windows is far away from being a system which can be used for real-time routines, we realized the real time A/D sampling with direct memory access (DMA) by a cycling DMA buffer which is accessible under Windows. The timing during the sampling process is done by the A/D hardware.

The success of such a routine depends on the system’s and the graphic’s speed. With a standard Pentium 133 MHz PC sampling frequencies over 15 kHz per channel are reached; this is far away from the sampling intervals needed to record ACC- and EMG data. Tremor records are usually done with 1 kHz or even below 300 Hz if the EMGs are rectified by analog devices. Nevertheless, TRAS also checks during the recording procedure if an overrun of the cycling DMA buffer occurred.

During the records, the six channels are displayed in real-time consecutively with different colors from the upper to lower borders of a modal child window. A black, vertical line is running over the screen to indicate the actual position. On the top of the record window are buttons to control the recording. One of them starts the recording procedure without saving the sampled values as long as the user does not press a stop button. This is used as a preview of measured data, e.g. for setting up the different amplifiers and analog hardware before starting a tremor record. Another button starts a tremor record and is running as long as the user does not push the stop button or the previously chosen record length is reached.

We included the possibility to call an arbitrary external recording software by indicating the name and parameters of the external recording program in the initialization file of TRAS. In this case the external software is responsible to store the data in a format which can be read by TRAS. Since TRAS is a single-instance application, the external recording program just has to call the program again after it stopped its recording procedure. Further calls of our software with a filename as command-line parameter open the file but not further instances.

3.3 Testing the quality of data

For all further steps and analyses, the mean is subtracted from each record.

TRAS provides a heuristic test to check tremor time series for different recording failures and artifacts. Some kinds of tremor differ up to 4 magnitudes in amplitude which renders it sometimes difficult to chose the correct amplification for EMGs and ACCs. The first test shows an error if either the total variance is too small, i.e. the digitized series covers only^1_{100} or less of the maximum A/D range, or the variance is too high, i.e. the series reaches at least once the maximum A/D range of 0 resp. 4096 (12 Bit).

The second test is a heuristic test for stationarity of the mean. Due to voluntary movements during a trial it sometimes occurs that the mean of a series shows slowly varying trends over more than 20 tremor periods (partially caused by the bridge amplifiers used for the ACCs). An error is signaled whenever the mean of the series fluctuates between two or more of 20 period pieces more than the standard deviation of the whole data set.

The test is performed by pushing a button on the desktop. If the algorithm detects one or more of the described errors, a warning message with detailed informations on the error is displayed and the investigator is asked to repeat the measurement.

3.4 Storage and display of data

During a tremor recording the series are temporarily stored on the disk. By the menuitem “Save As” or the corresponding button the program displays a standard Windows File dialog box, where one can chose the location and name of the file. The data are stored as 2 Byte binary integer values, each channel in one block of size 2 N, where N denotes the number of data-points. Stored raw-data can be exported in an ordinary ASCII format.

All further informations like the channel configuration, amplification factors and the subject’s personal data are stored in a file header of size 4 kByte. Fig. 3 displays the dialog box to enter the informations on the investigated person, amplification factors and individual measurement specifications which are stored in the file header along with the channel configuration.

TRAS provides a multi-channel data scroller which displays multiple channels of recorded raw data in one horizontally scrollable window. The scroller provides different zoom factors and the possibility to print a previously chosen part of the data as a polygraphy. The chosen region can also be exported in ASCII. The scroller is important to visually inspect recorded data. It is realized with an object which reads raw data and displays them automatically in a defined rectangular region on an arbitrary given device context. The scroller is therefore highly modular and just consist of i times the raw-data graphics object whereas i is the number of channels displayed.

4 Spectral methods

In this section we discuss univariate spectral analysis methods. Since all multiple channel calculations and plots are based on one-channel classes and then expanded to multiplechannel objects as explained in Section 2.3, all further described concepts and results are only explained for one single channels. To overcome leakage ([26]), the data can be tapered (optional) before performing spectral and cross-spectral analyses.

4.1 Spectral estimation procedures

Although discrete Fourier transformations (FT) are defined on any number of data points, conventional Fast Fourier transformations (FFT) are restricted to numbers N = 2^j where j is an integer ([38]). Often the data series is filled up with zeros to reach the next number that can be written as N = 2^j. Unfortunately, this operation seriously modifies the statistics of the periodogram and the estimated spectrum ([26]). Therefore, we use an algorithm which handles all numbers N and is as fast as the FFT for numbers which can be written as N = 2^{j1} 3^{j2} 5^{j3} , where the j_k are integers [40, 38]. Especially for the estimation of auto- and cross-correlation functions by FFTs this is needed. For these calculations one can not fill a series with zeros up to the next possible number N = 2^j and therefore would have to cut the series to reach the next possible lower N = 2^j�^1.

After calculating the FT of a series, the spectra are estimated by a direct spectral estimation procedure([25, 26, 27, 28]) which was designed especially for this purpose. A detailed description of the estimation procedure is given in ([41]). Briefly, the periodogram is convolved with a triangular window of a variable width. The window width is determined automatically based on the broadness of the highest peak found in a preliminary estimation. This routine leads to good results for very low amplitude physiological tremors as well as for high amplitude, almost deterministic spectra of data recorded from severe pathological forms of tremor ([41]) without asking the user for special parameter settings or a kind of “a priori” knowledge of the underlying dynamics. Based on the confidence levels of the spectral estimate ([26]), TRAS searches for significant peaks in each spectrum. In addition, as described in detail elsewhere ([42]), confidence intervals for peak frequencies can be calculated by a bootstrap method. For each series a Kolmogorov-Smirnov-Test ([29, 38, 41]) is automatically performed to test the hypothesis that the series is consistent with white noise.

By pushing a button on the desktop, TRAS calculates all spectra of a record and displays them in a window which can be printed along with the patient’s data and a table with all quantitative results including confidence regions. Significant peaks are indicated by vertical lines. The calculation time for a standard 6-channel record, consisting of 6 series with 30000 points each, is about 3 s on a standard Pentium 133 MHz system. Fig. 4 displays an example for the estimated spectra of a standard 6-channel hand tremor recording of a patient suffering from an unilateral Parkinsonian tremor. On the unaffected left side, the tremor shows the typical characteristic of a physiological tremor. A single broad peak in the ACC spectrum and weak synchronizations in the EMG spectra appearing at higher frequencies as the ACC peak. On the affected right side, one can see a sharp peak with its higher harmonics in the ACC and EMG spectra at the same frequency, which is the typical picture for a Parkinsonian tremor.

Beside this standard estimation procedure there exists the option to choose different spectral estimators. Furthermore, users can modify all necessary parameters as the displayed frequency range, confidence levels, width of the spectral estimator and the tapering. This can be done conveniently by interactive dialog boxes and can also be stored in the above mentioned configuration files for later use.

Quantitative and qualitative values obtained with the spectral estimation methods can be compared to the results from a control population (approximately 240 subjects) and patients with different common and also uncommon tremor diseases (over 1000 subjects). These records have been done by the Departments of Neurology at the Universities in Freiburg and Kiel, Germany, during the last 5 years.

4.2 Autocorrelation function

Autocorrelation functions (ACF) are estimated using the FT. We use the “biased” estimator, since the ACF of tremor time series decay fast enough with increasing time lags ([28]). This is only available for one channel at a time because it is not a part of the suggested standard tremor analysis. Nevertheless, the result is also displayed in a independent MDI child window and can, therefore, be compared with other channels and/or trials. By default, the maximum time-lag displayed is 2 s. It can be modified using an interactive dialog box. The parameters are also stored in the configuration file.

Especially for tremor records the sometimes present asymmetric decay of the ACF is of interest ([32, 43]). A value representing the difference between the first two local maxima of the magnitude of the ACF is also calculated as described in ([32, 43]). The ACF is displayed together with the confidence intervals for a test against the hypothesis of linear independence ([25]). A plot of the ACF can also be printed and exported in an ASCII–file.

5 Cross spectral methods

In this section we give a brief overview on multivariate methods provided by TRAS. The spectral estimation procedures are the same as described for the univariate case without the variable window width in the direct estimation procedure. Confidence intervals and general aspects of the used estimators are discussed in ([25, 26, 27, 28]). Special aspects of the multivariate methods with respect to tremor time series are given in ([33]).

All multivariate methods are applicable to pairs of channels. The user chooses the first channel to be analyzed in the main window. After selecting a cross spectral method from the menu or by pushing the corresponding button, a dialog box for choosing the second channel to be analyzed from the list of the other available channels is coming up. Again, all results are displayed in separate, independent MDI child windows and, therefore, easily comparable with respect to different parameter settings and/or different trials. All results discussed in this section can be printed out and exported in ASCII-files.

5.1 Cross-correlation

The cross-correlation functions (CCF) are estimated using the FT. Similar to the ACF, the CCF is displayed with the confidence interval for the test against the hypothesis of zero correlation ([26, 33]). Note, that these confidence levels are only valid if at least one of the two series under investigation has a flat spectrum, i.e. is consistent with white noise ([25, 33]). Although there exists a filter method to obtain series with a flat spectrum, the so called “Prewhitening” ([25]), we recommend to do the test on significant correlations in the frequency domain using the coherency spectrum.

In general, CCF’s are difficult to interpret ([33]). Their use to investigate tremor records in a standardized manner is limited. One example for the use of CCFs in tremor analysis is the detection of EMG crosstalk ([44]). Since crosstalk is an instantaneous effect, the CCF between two EMGs affected by crosstalk shows a sharp, non-continuous “peak” at the time lag zero, which allows to detect and quantify crosstalk ([33]).

5.2 Coherence and Phase spectra

The normalized magnitude resp. the phase of the cross-spectrum are defined as the coherency resp. the phase spectrum ([25]). The coherency can be interpreted as measure of linear predictability ([33]). Phase and coherency spectra are useful to investigate tremor origins as well as their mechanisms ([34, 45]).

TRAS estimates the cross-spectrum and the coherency and phase spectra. The coherency and the phase are displayed in a new MDI-child window together with confidence regions and error bars (see Fig. 5 for an example). Phase spectra are drawn 2π periodically to simplify the by-eye detection of particular functional dependencies over a certain frequency range, e.g. a straight line in case of a time delay between the two series under investigation ([28]). Furthermore, TRAS provides a test against the hypothesis of zero coherency ([26, 33]).

The particular interpretation of phase spectra requires strong assumptions on the underlying dynamics of the analyzed series. An automated procedure for the interpretation of phase spectra is not available so far, but is planned to be realized in future releases. One simple example is the above mentioned time delay. If one series lags or leads the other one the phase spectrum is just a straight line whose gradient is proportional to the time delay.

Again, all parameters needed for this kind of analysis can be modified in interactive dialog-boxes.

Finally, TRAS provides an “overview” plot of two channels containing the ACFs, CCF, auto-spectra and cross-spectra, the coherency and the phase-spectrum to give an overview of the dynamics of the series at a glance.

6 Conclusion and Discussion

6.1 Conclusion

Our software shows that it is possible to integrate advanced mathematical methods in an easy-to-use application which is not designed for specialists in methodological and technical fields. In the meantime, our application is accepted as a convenient, powerful and fast but also secure tool in different hospitals. It is used for daily clinical routine as well as research purposes.

Figure 6 displays a screen-shot over the whole application frame window to give an impression of the design of our software.

6.2 Summary of features and performance

Table 1 summarizes the analysis methods provided by TRAS and the time they consume on a standard Pentium 133 MHz personal computer running under Microsoft’s Windows NT 4.0 (32 MB of RAM). The test data-set consists of 30000 point each channel, sampled at 1000 Hz.

6.3 Discussion

The concept to develop specialized software for particular tasks might seem to be expensive and time consumable. On the other hand, it is the only way to provide applications which are accepted by those who are not familiar with the used mathematical methods and/or algorithms. Other software packages which basically provide tools for time series analysis are available. But usually they require fully-fledged staff, which is too expensive for a daily clinical routine. Secondly, numerous mathematical methods can not be applied “naively” to arbitrary data. It is often essential to modify existing concepts to thread a special problem, which could not be provided by an analysis package like MatLab.

Besides its application in tremor research and clinical routine, TRAS has been recently used successfully to study Doppler signals and other cardio-vascular time series, motion analysis time series, arbitrary EMG and EEG data and the postural control system. It was obvious that there is a lack of easy-to-use software for analyzing electrophysiological time series in the framework of linear stochastic processes.

We always tried to work as close as possible with the future users, i.e. medical doctors and their laboratory assistants. This was one of the most important issues in developing such an application. Clinical tests have been done since three years in different European hospitals. Based on the results of these tests and suggestions or complaints of the users, we are permanently modifying the application to improve its performance and user acceptance. Furthermore, we implement newly established analysis methods as fast as possible and adopt new results from different fields of tremor research. Due to the modular structure of our application this could be done without modifying source codes of the existing application.

Acknowledgment We would like to thank our “beta-testers” Brigitte Guschlbauer, Bernd Köster, Jan Raethjen, Roland Wenzelburger, Paul Krack, Frank Gerstmann, Siegfried Häußler and Jörg Wissel for their helpful suggestions and criticisms. This work was supported by the German Federal Ministry of Education, Science, Research and Technology (BMBF) by the grant “Mathematik: Schlüsseltechnologie der Zukunft”.

Address for correspondence M. Lauk Freiburger Zentrum für Datenanalyse und Modellbildung Universität Freiburg Eckerstr. 1 79104 Freiburg, Germany Phone: +49 761 203-7710 Fax: +49 761 203-7700 email: lauk@fdm.uni-freiburg.de URL: http://www.fdm.uni-freiburg.de/~lauk

References

[1] Jung, H. Physiologische Untersuchungen über den Parkinsontremor und andere Zitterformen beim Menschen. Z. f.d. ges. Neurol. Psychiat. 173, 263 (1941).

[2] Marshall, J., and Walsh, E. G. Physiological tremor. J. Neurol. Neurosurg.

Psychiatry 19, 260 (1956).

[3] Lippold, O. J. C., Redfearn, J. W. T. and, Vučo, J. The rhythmical activity of groups of motor units in the voluntary contraction of muscle. J. Physiol. 137, 473 (1957).

[4] Randall, J. E., and Stiles, R. N. Power spectral analysis of finger acceleration tremor. J. Appl. Physiol. 19, 357 (1964).

[5] Lippold, O. C. J. Oscillation in the stretch reflex arc and the origin of the rhythmical, 8–12 Hz component of physiological tremor. J. Physiol. 206, 359 (1970).

[6] Stiles, R. N., and Randall, J. E. Mechanical factors in human tremor frequency. J. Appl. Physiol. 23, 324 (1967).

[7] Marsden, C. D., Meadows, J. C., Lange, G. W., and Watson, R. S. Variations in human physiological finger tremor, with particular reference to changes with age. Electroencephalogr. Clin. Neurophysiol. 27, 169 (1969).

[8] Marsden, C. D., Meadows, J. C., Lange, G. W., and Watson, R. S.

The relation between physiological tremor of the two hands in healthy subjects. Electroencephalogr. Clin. Neurophysiol. 27, 179 (1969).

[9] Fox, J. R., and Randall, J. E. Relationship between forearm tremor and the biceps electromyogram. J. Appl. Physiol. 29, 103 (1970).

[10] Randall, J. E. A stochastic time series model for hand tremor. J. Appl. Physiol.

34, 390 (1973).

[11] Stiles, R. N. Frequency and displacement amplitude relations for normal hand tremor. J. Appl. Physiol. 40, 44 (1976).

[12] Elble, R. J., and Randall, J. E. Mechanistic components of normal hand tremor. Electroencephalogr. Clin. Neurophysiol. 44, 72 (1978).

[13] Oguztöreli, M. N., and Stein, R. B. An analysis of oscillations in neuro– muscular systems. J. Math. Biology 2, 87 (1975).

[14] Stein, R. B., and Oguztöreli, M. N. Tremor and other oscillations in neuro– muscular systems. Biol. Cybern. 22, 147 (1976).

[15] Hagbarth, K. E., and Young, R. R. Participation of the stretch reflex in human physiological tremor. Brain 102, 509 (1979).

[16] Goodman, D., and Kelso, J. A. S. Exploring the functional significance of physiological tremor: a biospectroscopic approach. Exp. Brain Res. 49, 419 (1983).

[17] Stiles, R. N. Lightly damped hand oscillations: acceleration–related feedback and system damping. J. Neurophysiol. 50, 327 (1983).

[18] Gresty, M., and Buckwell, D. Spectral analysis of tremor: understanding the results. J. Neurol. Neurosurg. Psychiatry 53, 976–981 (1990).

[19] Elble, R. J., and Koller, W. C. “Tremor.” John Hopkins University Press, Baltimore, 1990.

[20] Bain, P. G., Findley, L. J., Britton, T. C., Rothwell, J. C., Gresty, M. A., Thompson, P. D., and Marsden, C. D. Primary writing tremor. Brain 118, 1461 (1995).

[21] Elble, R. J., Brilliant, M., Leffler, K., and Higgins, C. Quantification of essential tremor in writing and drawing. Mov. Disord. 11, 70 (1996).

[22] Boose, A., Spieker, S., Jentgens, C. H. and Dichgans, J. Wrist tremor:

investigation of agonist-antagonist interaction by means of long-term EMG recording and cross-spectral analysis. Electroencephalogr. Clin. Neurophysiol. 101, 355 (1996).

[23] Deuschl, G., Krack, P., Lauk, M., and Timmer, J. Clinical neurophysiology of tremor. J. Clin. Neurophysiol. 13, 110 (1996).

[24] Honerkamp, J. “Stochastic Dynamical Systems.” VCH, New York, 1994.

[25] Brockwell, P. J., and Davis, R. A. “Time Series: Theory and Methods.”

Springer–Verlag, New York, 1991.

[26] Bloomfield, P. “Fourier Analysis of Time Series: An Introduction.” John Wiley & Sons, New York, 1976.

[27] Koopmans, L. H. “The Spectral Analysis of Time Series.” Academic Press, San Diego, 1995.

[28] Priestley, M. “Spectral Analysis and Time Series.” Academic Press, New York, 1989.

[29] Hartung, J. and Elpelt, B. “Multivariate Statistik.” Oldenbourg, München, 1989.

[30] Hartung, J. “Statistik.” Oldenbourg, München, 1989.

[31] Gantert, C., Honerkamp, J., and Timmer, J. Analyzing the dynamics of hand tremor time series. Biol. Cybern. 66, 479 (1992).

[32] Timmer, J., Gantert, C., Deuschl, G., and Honerkamp, J. Characteristics of hand tremor time series. Biol. Cybern. 70, 75 (1993).

[33] Timmer, J., Lauk, M., Pfleger, W., and Deuschl, G. Cross–spectral analysis of physiological tremor and muscle activity. I. theory and application to unsychronized EMG. Biol. Cybern. 78, 349 (1998).

[34] Timmer, J., Lauk, M., Pfleger, W., and Deuschl, G. Cross–spectral analysis of physiological tremor and muscle activity. II. application to synchronized EMG. Biol. Cybern. 78, 359 (1998).

[35] Borland International, Inc. “ObjectWindows 5.0 User and Reference Guide.”

Borland Inc., Scotts Valley, CA, 1997.

[36] Elble, R. J., Higgins, C., and Hughes, L. Quantification of tremor with a digitizing tablet. J. Neurosc. Methods 32, 193 (1990).

[37] Beuter, A., and De Geoffroy, A. Can Tremor be used to measure the effect of mercury exposure in human subjects? Neurotoxicology 17, 213 (1996).

[38] Press, W., Flannery, B., Saul, S., and Vetterling, W. “Numerical Recipes.” Cambridge University Press, MA, 1992.

[39] De Luca, C. J. Towards understanding the EMG signal. In “Muscles Alive” (J. V. Basmajian, Ed.), pp. 53–78. The Williams & Wilkins Company, Baltimore, 1978.

[40] Swarztrauber, P.N. Vectorizing the FFTs. In “Parallel Computations” ( Rodrigue, G., Ed.), pp. 51–83. Academic Press, New York, 1982.

[41] Timmer, J., Lauk, M., and Deuschl, G. Quantitative analysis of tremor time series. Electroencephalogr. Clin. Neurophysiol. 101, 461 (1996).

[42] Timmer, J., Lauk, M., and Lücking, C. H. Confidence regions for spectral peak frequencies. Biometrical J. 39, 849 (1997).

[43] Deuschl, G., Lauk, M. and Timmer, J. Tremor classification and tremor time series analysis. CHAOS 5, 48 (1995).

[44] Koh, T. J., and Grabiner, M. D. Cross talk in surface electromyograms of human hamstring muscles. J. Orthopaedic Res. 10, 701 (1992).

[45] Köster, B., Lauk, M., Timmer, J., Winter, T., Guschlbauer, B., Glocker, F., Danek, A., Deuschl, G., and Lücking, C. H. Central mechanisms in enhanced physiological tremor. Neurosc. Lett. 241, 135 (1998).

Tables

Method Analyzed series Time in s Heuristic data test All 6 channels 0.4 Spectral estimation 6 channels, constant estimator 2.0 (including statistics) 6 channels, variable estimator 3.0 Autocorrelation 1 channel 0.6 Cross-correlation 2 channels 0.7 Cross-spectrum, coherency and phase 2 channels 0.4 Overview-plot (see text) 2 channels 0.9 Table 1: Available analysis methods and performance of the calculations (including the respective statistics as descibed in the text) on a standard Pentium 133 MHz personal computer. The operating system is Microsoft’s Windows NT 4.0, the computer has 32 MB of RAM.

Figure and Table captions

Fig. 1 Schematic display of the basic structure of the application. Dashed lines symbolize inheritance, solid lines simple I/O in the sense of function calls and the “use” of other classes. For sake of clarity the recording MDI child which interacts with the multi channel MDI window is not shown. All numerical parts are realized in standard C and do not use OOP-features.

Fig. 2 Screen shot of the channel configuration dialog-box. Channels 1 and 4 can be used as ACC or EMG channels, the other 4 channels for EMGs only. If the field “filter” is checked, the corresponding channel is digitally high-pass filtered to avoid movement artifacts in the EMG. If the button “Rect.” is checked, the corresponding channel is digitally rectified. The program avoids impossible combinations like, e.g., rectifying an ACC signal.

Fig. 3 Screen shot of the dialog box to enter recording informations and personal data for the recorded person. With the use of newer hardware, the explicit input of the amplification factors is obsolete, since they are transferred automatically to the program via the A/D converter or the parallel port (depending on the used amplification system).

Fig. 4 The MDI child window containing the estimated spectra of all 6 channels. The displayed example is a hand tremor of a patient with Parkinson’s disease (from the upper right edge to the lower left: ACC-spectrum right side, ACC left side, EMG-spectrum of the Flexor carpi ulnaris (Flex) right side, Flex left side, EMGspectrum of the Extensor carpi ulnaris (Ext) right side, Ext left side). Each plot contains the estimated spectrum (thick solid line) and the upper and lower confidence intervals (dashed lines). The vertical straight solid lines mark the significant peaks detected by the algorithm and the vertical dashed lines represent the peak width, which is determined by the frequencies where the power is half the maximum value at the peak. The sum over the power of this “half value with” is a good and also robust measure for the tremor power. This display can be printed out. The print-out also contains the numerical values. In the program, numerical values appear in the main-window (see Fig. 6).

Fig. 5 Coherency and phase between two EMGs of an orthostatic tremor (OT) in the corresponding MDI child window. The upper plot shows the coherency which is very high in a range around 15 Hz. This is a typical scenario for an OT, indicating that the two EMGs measured are driven by the same sources and/or mechanisms. The horizontal straight line corresponds to the level of significance (95%) for a test against the hypothesis of zero coherency. The lower plot shows the phase spectrum, plotted 2π periodically. The error bars are plotted on each fifth point. The error in the phase spectrum depends on the coherency, i.e. large errors in regions where the coherency is high and vice versa. Again, corresponding numerical values are displayed only in the main window and on the print-out.

Fig. 6 Screen-shot of the application. On top is the main window which is linked to the data file. Also displayed is the 6-channel-scroller (lower left window) and a part of the “overview-window”, containing the ACFs, CCF, Coherency, Phase, auto-spectra and the cross-spectrum of two series.

20

21

22

23

24

25