






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































Impact of deep brain stimulation on upper limb

been recently shown to be impaired in PD, suggesting a possible mechanism for ..... Table 3. Summary of Reaction Time Test Results: STN Group. Task Measure. Stimulators OFF ...... physiological basis of tremor and rigidity. They may. 

















 Télécharger le PDF 






 218KB taille
 3 téléchargements
 255 vues






 commentaire





 Report
























Impact of Deep Brain Stimulation on Upper Limb Akinesia in Parkinson’s Disease R. G. Brown, PhD,* P. Limousin Dowsey, MD,*† P. Brown, PhD,* M. Jahanshahi, PhD,* P. Pollak, MD,† A. L. Benabid, MD,† M. C. Rodriguez-Oroz, MD,‡ J. Obeso, MD,‡ and J. C. Rothwell, PhD*



Recent pathophysiological models of Parkinson’s disease have led to new surgical approaches to treatment including deep brain stimulation (DBS) and lesioning of basal ganglia structures. Various measures of upper limb akinesia were assessed in 6 patients with bilateral DBS of the internal pallidum and 6 with DBS of the subthalamic nucleus. Stimulation improved a number of aspects of motor function, and particularly movement time, and force production. Time to initiate movements, and to perform repetitive movements also improved but less dramatically. Processes indicating preparatory motor processes showed no significant change. Few significant differences were found between the internal pallidum and subthalamic nucleus groups. In general, the effects of DBS closely parallel previous reports of the effects of dopaminergic medication. It is suggested that disrupted pallidal output in Parkinson’s disease interferes with the rate, level, and coordination of force production but has little effect on preparatory processes. The similarity of the effects of subthalamic nucleus and internal pallidum stimulation suggests this disrupted outflow is the most important determinant of upper limb akinesia in Parkinson’s disease. The effects of DBS were similar to the effects of unilateral pallidal lesions reported elsewhere. Brown RG, Limousin Dowsey P, Brown P, Jahanshahi M, Pollak P, Benabid AL, Rodriguez-Oroz MC, Obeso J, Rothwell JC. Impact of deep brain stimulation on upper limb akinesia in Parkinson’s disease. Ann Neurol 1999;45:473– 488



Clinical descriptions of akinesia in Parkinson’s disease (PD) detail impairments in initiating and executing even simple voluntary movements, but particularly complex actions involving the coordination of different muscle groups, and in movements involving continuous sustained motor activity. Laboratory studies have used a range of techniques that permit a more quantitative approach to the investigation of akinesia and a better understanding of the processes underlying the preparation, initiation, and execution of voluntary movements. For example, studies have used simple isometric and isotonic ballistic movements, either alone or in combination, confirming that patients have a particular problem in executing simultaneous1 or sequential movements.2 Reaction time (RT) tasks have been used extensively to investigate a range of factors relating to movement preparation and initiation. Warning signals have been used to assess the possible contribution of attentional factors,3,4 whereas simple reaction time (SRT) has been compared with choice reaction time (CRT) to evaluate, for example, response preprogramming.5– 8 Tasks such as repetitive finger tapping or tests of fine distal motor control have been used to assess more sustained motor activity.9 Finally, electro-



physiological techniques have been used to measure movement-related cortical potentials (MRCPs) preceding voluntary motor activity.10 Although typically considered separately from akinesia, other dopa-sensitive aspects of the motor symptomatology of PD may influence the speed of initiating and executing voluntary movement. These include muscle strength and abnormalities in the long-latency stretch reflex. Simple measurement of peak torque has been recently shown to be impaired in PD, suggesting a possible mechanism for reduced speed of voluntary movement.11,12 The long-latency stretch reflex is also impaired,13–16 although its sensitivity to the effects of levodopa and relation to clinical symptomatology, and specifically rigidity, are unclear.17,18 Five to 10 years ago, increasing knowledge of the synaptic connectivity of the basal ganglia led to development of a highly successful model of basal ganglia function. In the model, two parallel pathways from the striatum converge with opposite sign on the internal pallidum (GPi) and substantia nigra pars reticulata (SNpr), which together form the major output zones to the thalamus and brainstem. This output was found to be inhibitory and tonically active. The overall effect
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of striatal dopamine release on these circuits is to reduce the inhibitory output and thereby increase the activity of thalamocortical projection neurons. PD striatal dopamine depletion is thought to lead to imbalance between the opposed excitatory and inhibitory drives of these pathways, and a resultant increase in the tonic inhibitory output from the GPi.19 A decrease in thalamic excitatory input to cortical motor areas provides a possible mechanism to explain the clinical symptoms of akinesia, as well as the various experimental findings outlined above. Support for this pathophysiological model has come from various sources. Increased firing rate of GPi neurons has been observed in primate models of parkinsonism20,21 and in in vivo human studies.22 Studies using positron emission tomography have confirmed that regional cerebral blood flow is reduced in several cortical sites including the supplementary motor area (SMA),10,23 the main cortical component of the motor loop.24 This cortical hypoactivity is reversible by the provision of dopamine agonists.25 The model led to the prediction that parkinsonian akinesia should improve after lesions to the GPi, a prediction supported by the clinical evidence.26 –28 In addition, it was proposed that the same effect should be obtained from lesions or chronic stimulation of the STN, as this nucleus is the source of the major excitatory input to GPi. This prediction is also supported by clinical evidence.29,30 Surgical procedures involving either lesioning or chronic stimulation of the STN and GPi are now widely practiced. However, the success of these approaches has led to doubts about the validity of the very model that was used to develop them.19,31 An unexpected but welcome benefit of pallidotomy and STN stimulation has been the discovery that they can often abolish levodopa-induced dyskinesia. However, the effect is not predicted by the model. Indeed, it would predict that lesions or inactivation of GPi (or STN) should increase motor activity (as in the effects on akinesia), not prevent the excess seen during dyskinesia. This major discrepancy is leading to a reevaluation of the model, and speculation on the role of alternative connections of basal ganglia nuclei. However, although alternative explanations may be required to explain the unexpected effect on dyskinesia, the model may still be valid for akinesia. In the present study we give detailed measurements of the effect of chronically implanted brain stimulators in STN or GPi on the pathophysiological mechanisms that cause upper limb akinesia in PD. Besides providing useful data for quantitative assessment of treatment, these measures also give us the opportunity to test whether the general model of basal ganglia function can still make useful predictions. If akinesia is solely the product of overactivity of the inhibitory output of the GPi and
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SNpr because of striatal dopamine depletion, it follows that (1) pallidal and STN stimulation should produce the same results, both qualitatively and quantitatively, and (2) these effects should be the same as those already documented for the effects of levodopa. However, if the model is wrong, then the different surgical interventions might be expected to have different effects on the various components of akinesia, and possibly effects that differ from those observed previously with pharmacological treatments. The present study assesses only upper limb function and, therefore, aims to test the model only for upper limb akinesia. The present study also offered an opportunity to compare the impact of DBS and posteroventral pallidotomy (PVP). In a separate article,32 we have described the effects of PVP on many of the same measures reported here. Subjects and Methods Subjects and Details of Stimulation Twelve patients were assessed who had stimulating electrodes chronically implanted an average of 8.3 months before assessment (range, 2–25 months). Only patients able to travel to the UK and tolerate prolonged periods of time without the benefits of DBS or medication participated. All patients gave informed consent. In 6 of the patients, quadripolar stimulating electrodes (Medtronic Inc, Minneapolis, MN) had been implanted into the STN bilaterally, and in the posteroventral portion of the GPi in the remaining 6 patients. Surgery was performed in Grenoble, France, for all of the STN patients, and in GPi Patients 1 through 5. The remaining patient underwent surgery in San Sebastian, Spain. Details of the surgical procedure are provided elsewhere.33 None of the patients studied suffered any unwanted motor effects, including dyskinesia or proakinesia, with the stimulation parameters reported here. Before surgery all had severe and disabling PD, with Hoehn and Yahr34 stages IV–V off medication, and all had obtained a clinically significant benefit from DBS (Tables 1 and 2). Initially, all of the French series of patients undergoing surgery received STN stimulation. Subsequently, those for whom dyskinesia was the major clinical problem tended to be selected for GPi stimulation, whereas those for whom akinesia and gait problems were major sources of disability were selected for STN implants. It should be noted that the unmedicated UPDRS (Unified Parkinson Disease Rating Scale) scores of the patients postoperatively and without stimulation were often lower than the unmedicated scores preoperatively. This may reflect the effects of a structural microlesion produced by the implantation, or a beneficial carryover effect of DBS even after the stimulators were turned off. However, this effect tended to be small compared with the postoperative effect of stimulation per se. For the STN group, the stimulation characteristics were as follows: pulse width, 60 msec; frequency, 130 Hz; and voltage, 1.8 to 3.6V (mean, 2.6 V). For the GPi group, the characteristics were as follows: pulse width, 90 msec; frequency, 130 to 185 Hz (10 of 12 had 130 Hz); and voltage, 3.6V in all cases.



Table 1. Clinical Details of the Patients Postoperative (off medication)



Preoperative Patient STN 1 2 3 4 5 6 GPi 1 2 3 4 5 6



Sex



Age (yr)



Disease Duration



Hand



Worse Side



H&Y Off Med.



UPDRS(III) Off Med.



UPDRS(III) On Med.



UPDRS(III) Off DBS



UPDRS(III) On DBS



M F M M M F



51 60 49 56 50 52



16 15 10 23 15 14



R R R R R R



L L L L R R



5.0 5.0 5.0 4.0 4.0 5.0



79 60 65 52 51 73



31 15 12 7 19 25



68 37 63 30 67 48



13 24 31 10 26 26



M M F M M F



50 46 54 56 48 50



15 14 19 23 9 8



R/L R R R R R



L R R L L L



4.0 4.0 5.0 4.0 4.0 5.0



46 47 71 50 55 56



28 22 25 24 17 7



32 58 46 52 44 45



18 37 34 33 34 7



Med. 5 medication; H&Y 5 Hoehn and Yahr Rating Scale34; UPDRS 5 Unified Parkinson Disease Rating Scale; DBS 5 deep brain stimulation; STN 5 subthalamic nucleus; GPi 5 internal pallidum.



Table 2. Summary of UPDRS(III) Scores



Group Measure (Max Score) STN UPDRS(III) (108) Upper limb tremor (16) Upper limb rigidity (8) Upper limb akinesia (24) GPi UPDRS(III) (108) Upper limb tremor (16) Upper limb rigidity (8) Upper limb akinesia (24)



Stimulators OFF



Stimulators ON



Mean



SD



Mean



52.3 3.6 6.1 14.8



16.4 5.3 2.7 5.9



21.7 0.9 1.8 6.5



46.2 3.7 4.8 14.2



8.7 3.5 1.9 4.9



27.2 2.0 2.8 7.7



SD



Difference



% of Difference



Mean



SD



Mean



SD



8.3 0.9 1.4 3.5



30.7 2.7 4.3 8.3



15.5 4.4 1.3 2.4



56.9 — 71.2 56.2



16.2 — 47.0 40.7



12.0 3.0 1.7 4.6



19.0 1.7 2.0 6.5



10.2 0.5 0.2 0.3



41.6 — 41.4 45.9



22.3 — 11.3 6.9



Note: tremor, rigidity, and akinesia scores are the totals for the two limbs; percentage of change in tremor not calculated, as half of subjects had no measurable tremor in the off state. UPDRS 5 Unified Parkinson Disease Rating Scale; STN 5 subthalamic nucleus; GPi 5 internal pallidum.



Tasks Subjects were assessed on a range of measures. Various tests of RT were used to assess process of response preparation, initiation and execution, and the the effects of attention. Simple repetitive actions were assessed by using finger tapping and peg placement. The speed and coordination of more complex movements were measured by using a combined flex and squeeze task. Electrophysiological properties of movement preparation were indicated by measurement of MRCPs, and an isometric force production task allowed us to assess maximum strength and the rate of force production. Finally, long-latency stretch reflexes were measured to examine the possible contribution of rigidity. UNWARNED AND WARNED SIMPLE REACTION TIME (SRT) TASKS. The response apparatus had six buttons, each 2.5



cm in diameter. The two central buttons served as the



“home” keys for the left and right hands. Located 10 cm above and below were two pairs of response keys. In the SRT tasks, one home key and one of the upper response keys were exposed. Stimuli were presented on a computer screen. A central cross served as a fixation point. Each trial was initiated by the patient placing the index finger of one hand on the home key. In the unwarned task, the imperative stimulus (1-cm solid square) appeared at the fixation point after a random and variable delay of between 2 and 6 seconds. The patient had to respond as quickly as possible by lifting the finger from the home key (initiation time, IT) and moving to the response key (movement time, MT). The warned task was identical except that the imperative stimulus was preceded at 800 msec by a visual warning signal (a central open square). For both tasks, subjects received 25 trials with each hand. Condition order (warned/unwarned SRT) and hand (left/
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right) were counterbalanced both across subjects and also within subjects for the different stimulation conditions (stimulator ON/OFF). For each test, median IT and MT were assessed. In addition, the interquartile range (IQR) was measured as an index of variability, as well the 90th percentile of the IT and MT distributions, to give an index of extreme slow responses. Finally, the number of anticipations (IT , 150 msec) was noted. UNWARNED CHOICE REACTION TIME (CRT) TASK. This task was the same as the unwarned SRT task, with the exception that the subject used both hands and responded by using one of four response keys located above and below the two home keys. The imperative stimulus was a square appearing above or below and to the right or left of the fixation point in pseudorandom order. Patients had to respond by moving their index finger to the upper or lower response keys with the appropriate hand. IT and MT for each hand were measured as before. Patients received 48 trials for each stimulation condition, half with the left hand and half with the right. An equal number of responses were made to the upper and lower keys. Testing on the CRT task was performed after the two SRT tasks. Median, IQR, 90th percentile, and anticipations were measured as before. PEGBOARD TASK (PEG). This task involved peg placement by using the Purdue Pegboard.35 Subjects had to pick up metal pegs (3 3 25 mm) one by one from a well and place the pegs in a vertical row of holes drilled into a board. Patients performed the task three times, once with the right hand, once with the left hand, and once with both hands simultaneously. On each occasion, the patients had to place as many pegs as possible in a 30-second period. Unimanual and bimanual peg scores were calculated for each hand for each 30-second period. TAPPING TASK (TAP). Patients were required to repetitively tap a response button, using the index finger, for 30 seconds. The button had full travel of approximately 4 mm, and activated a standard 150 g microswitch. The tapping task was performed three times, once with the left hand, once with the right, and once bimanually. Unimanual and bimanual tapping scores were calculated for each hand for each 30second period. Testing on the tapping task was counterbalanced with the pegboard task. The two tasks were assessed after completion of the RT measurement in the same session.



Subjects sat with their forearm flexed at 90°, resting on a manipulandum. The hand held a vertical grip containing a strain gauge. Patients performed two types of movement, a 15° flexion of the elbow and an isometric 30 newton (N) hand squeeze, as described previously.1 The position of the manipulandum and the strength developed were displayed on an oscilloscope screen placed 1.5 m in front of the subject, allowing visual feedback of the amplitude of the movement. Patients were instructed to execute self-paced movements, as fast as possible. Three conditions were assessed, simple flexion performed alone, the two movements performed simultaneously, and finally the two movements performed sequentially in the order, squeeze then flex. After three to five training trials, patients performed 10 to 15 FLEX TASKS.
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movements in each condition for each hand in counterbalanced order. The position of the elbow and the force of the squeeze were recorded for each movement. Movement times were subsequently determined, by visual inspection, as the onset of the deflexion from baseline to the achievement of the end point. Only the flexion data for the first two conditions are considered here. For the sequential condition, only the inter-onset latency (IOL) between the onsets of the flex and squeeze responses is reported. MOVEMENT-RELATED CORTICAL POTENTIALS (MRCPs).



Patients sat in a comfortable chair and were required to move a joystick held between the finger and thumb of their most bradykinetic hand, once every 5 to 10 seconds, either left, right, forward, or backward. The patients chose both when to move and what movement to make on each occasion. Sixty to 80 movements were recorded without eye movement or other artifacts, under each stimulation condition. Twelve electroencephalographic (EEG) channels were recorded, using 9-mm Ag/AgCl electrodes fixed with collodion, in a monopolar configuration with a linked earlobe reference. Electrodes were disposed in three sagittal rows, according to the 10-20 International System (F3, FC3, C3, and P3 on the left side, Fz, FCz, Cz, and Pz on the midline, and F4, FC4, C4, and P4 on the right side). Electromyographic (EMG) activity of the first dorsal interosseous and abductor pollicis brevis were recorded with surface electrodes. EEG and EMG signals were amplified and filtered. A 5-second time constant (TC) and 100-Hz high-frequency cutoff were used for EEG signal and a 3-msec TC and 3-kHz highfrequency cutoff for EMG signal. EEG was recorded by back-averaging to joystick movement. Four-second sweeps, 3 seconds before movement and 1 second after, were sampled and digitized with 12-bit precision at 250 Hz (CED 1401Plus A/D converter) with SigAvg software (Cambridge Electronic Design, Cambridge, UK). EEG activity was averaged off-line after manual realignment of the traces to movement onset. A grand average was performed for each stimulation condition, and the data analyzed by visual inspection. In some subjects the amplitudes of the waveforms were small and it was not possible to reliably identify separate early and late components in all subjects. Because of this, only the peak amplitude of the MRCP at response onset was measured. STRENGTH. The method for measuring extension torque at the wrist has been described previously in detail.12 Subjects sat with the forearm pronated and held fixed on a table in front of the body. The wrist was extended about 15° so that the dorsum of the hand made contact with a strain gauge suspended from above. During each trial, the patient was instructed to extend the wrist as hard as possible against the strain gauge with the fingers flexed at the metacarpophalangeal and interphalangeal joints. Maximum effort was emphasized rather than speed. Subjects received two or three practice trials with at least 1 minute of rest between trials. Torque and EMG were recorded during a further three trials of maximum extension, and the trial with the greatest torque was analyzed. Surface EMG was recorded with 9-mmdiameter Ag/AgCl electrodes positioned over the forearm ex-



tensor muscles. EMG and wrist torque were bandpass filtered at 1 kHz with a 3-msec TC. This TC was chosen to limit any contribution of movement artifact to the 10-Hz peak in amplitude–frequency spectra. Signals were amplified and digitized with 12-bit resolution at a sampling rate of 2 kHz (CED 1401-Plus A/D converter). EMG was digitally rectified to determine mean EMG levels and before Fourier analysis. Peak torque and rectified EMG were measured by using Spikedos (Cambridge Electronic Design, Cambridge, UK), as well as time to reach both peak torque and 90% of peak torque. Rate of increase of torque to peak was also calculated. LONG-LATENCY STRETCH REFLEX. The methods for measuring the long-latency stretch reflex have been described elsewhere.13 The patients sat in a chair with the forearm of the most affected limb flexed and secured at 90°. The hand was held in a comfortable posture, slightly flexed at the wrist against a constant torque of 8 N. Every 3 to 5 seconds, a force of 13 N, 26 N, or 39 N was applied to the wrist, in random order, and the subject instructed to maintain hand posture. Sixteen trials were given in each condition. Forearm flexor EMG was recorded and rectified as described above. The latency and duration of the long-latency response was measured by visual inspection. The size of the response was calculated as the ratio of the mean amplitude of the response divided by the mean amplitude of the background EMG.



Design and Statistics Subjects performed the above tasks over a 4- to 5-day period. The order of testing on the tasks varied from subject to sub-



ject. On each day, patients were tested after an overnight withdrawal of antiparkinsonian medication (minimum, 12 hours). For the squeeze and flex tasks, the measurement of MRCPs, stretch reflexes, and strength, subjects were assessed once with both stimulators turned ON at optimal clinical settings and once with both turned OFF, the order counterbalanced across subjects. For the remaining tasks (warned and unwarned SRT, unwarned CRT, pegboard, and tapping), patients were assessed in the order OFF–ON–OFF. In practice, no significant differences were found between the first and second OFF assessments for any measure, and the two were averaged before subsequent analysis. Each transition between ON and OFF conditions was used for a brief rest period during the test sessions (minimum, 5 minutes). In the patients assessed in this study, the effects of turning the stimulators OFF or ON were evident clinically within the first minute, and often almost immediately. Mixed model analyses of variance were performed on the data by using the GLM procedure of SPSS.36 GROUP (GPi/ STN) was the between-subjects factor, and STIM (stimulator ON/OFF) a within-subject factor in all analyses. Other taskspecific within-subject factors were analyzed as described in Results. Unless stated otherwise, the F statistics were evaluated with (1,10) degrees of freedom (df ).



Results Tables 1 and 2 show the clinical data for the two groups. In addition to the mean group results for the stimulator ON and OFF conditions, Table 3 shows the



Table 3. Summary of Reaction Time Test Results: STN Group Stimulators OFF Task Measure Warned SRT Median IT, msec IQR IT, msec 90th %ile IT, msec Median MT, msec IQR MT, msec 90th %ile MT, msec Unwarned SRT Median IT, msec IQR IT, msec 90th %ile IT, msec Median MT, msec IQR MT, msec 90th %ile MT, msec Unwarned CRT Median IT, msec IQR IT, msec 90th %ile IT, msec Median MT, msec IQR MT, msec 90th %ile MT, msec



Mean



Stimulators ON



Differencea



% of Difference



SD



Mean



SD



Mean



SD



Mean



SD



485.2 217.0 753.6 553.0 180.1 877.3



186.2 135.4 297.3 327.8 142.7 462.0



425.3 163.4 719.1 307.3 65.6 447.3



146.4 131.6 328.8 118.6 20.4 169.2



59.8 53.6 34.5 245.7 114.5 429.9



46.2 101.4 69.2 277.9 136.6 443.6



11.3 21.1 5.9 34.9 43.3 40.6



5.6 36.9 10.2 26.6 33.7 28.3



505.8 181.2 742.8 535.7 132.8 778.3



259.2 216.5 538.6 347.7 98.1 394.9



422.7 113.8 676.0 267.0 53.3 434.8



115.2 81.9 433.5 87.7 14.1 206.7



83.2 67.4 66.8 268.7 81.3 343.5



162.2 142.7 165.7 308.4 93.3 410.0



9.7 20.6 5.0 37.7 47.9 35.9



20.0 30.4 23.1 24.8 26.4 31.8



719.6 227.8 1,035.7 772.7 343.8 1,215.3



249.8 115.4 433.2 598.2 283.1 749.9



658.4 182.6 924.4 505.2 246.9 870.1



225.2 82.5 318.6 273.1 165.9 429.0



61.2 45.2 111.3 270.5 96.8 345.2



43.6 86.1 196.9 360.4 150.4 465.1



8.2 14.0 7.5 26.1 23.2 24.4



5.6 33.9 18.4 21.6 28.6 29.3



a



OFF score minus ON score.



STN 5 subthalamic nucleus; SRT 5 simple reaction time; CRT 5 choice reaction time; IT 5 initiation time; MT 5 movement time; IQR 5 interquartile range.
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difference in scores between the two conditions (positive differences representing improvement with stimulation) and the percentage of improvement (with the exception of tremor). Subjects showed a marked clinical improvement in their unmedicated state when the stimulators were turned on. For the STN group the total UPDRS(III) score37 improved by 56.9%, and the GPi group’s score improved by 41.6%. The absolute improvement across groups was highly significant (STIM, F 5 43.6, p , 0.001). Although there was a trend for the STN group to show a greater improvement, neither the effect of GROUP (F , 1) nor the GROUP 3 STIM interaction (F 5 2.3, p . 0.10) was significant. For the ratings of upper limb tremor, rigidity and akinesia (totaled across the two limbs), none of the overall group differences were significant (in all cases, F , 1). For akinesia, there was a significant improvement after surgery (F 5 21.5, p , 0.01) but no differential effect between the groups (F , 1). For rigidity, there was a marked overall improvement (F 5 51.6, p , 0.001) with significantly greater effect in the STN group (F 5 8.2, p , 0.05). Tremor was mild or absent in many of the patients preoperatively, although previous studies have demonstrated the efficacy of STN stimulation in the treatment of severe tremor.38 The experimental data for the two groups are shown in Tables 3 to 6, and the results are analyzed below. However, before comparing the effects of stimulation



in the two groups, their performance in the OFF condition was compared on each of the measures. No significant difference was found between the GPi and STN groups on any of the measures. Unwarned and Warned SRT Tasks The warned and unwarned SRT tasks were analyzed together in a single analysis of variance to evaluate the impact of a warning signal. TASK (warned/unwarned) was an additional within-subject factor. Separate analyses were performed for the IT and MT data. INITIATION TIME (IT). There was no overall difference between median ITs for the two groups averaged across STIM and TASK (GROUP, F , 1), and none of the interactions involving GROUP approached significance (in all cases, F , 1.4, p . 0.10). Of the within-subject factors, overall IT was significantly faster with the stimulators ON (STIM, F 5 9.2, p , 0.05), with an average improvement across groups and tasks of 71 msec (Fig 1A and Tables 3 and 4). Although there was a tendency for ITs to be faster in the warned task, the difference failed to reach significance (TASK, F 5 3.1, p 5 0.10). The STIM 3 TASK interaction was not significant (F 5 1.3, p . 0.10). Individual variability across trials, as measured by the IQR, was the same in the two groups (GROUP, F , 1) and in the two tasks (TASK, F , 1). DBS led to an overall decrease in IT



Table 4. Summary of Reaction Time Test Results: GPi Group Stimulators OFF Task Measure Warned SRT Median IT, msec IQR IT, msec 90th %ile IT, msec Median MT, msec IQR MT, msec 90th %ile MT, msec Unwarned SRT Median IT, msec IQR IT, msec 90th %ile IT, msec Median MT, msec IQR MT, msec 90th %ile MT, msec Unwarned CRT Median IT, msec IQR IT, msec 90th %ile IT, msec Median MT, msec IQR MT, msec 90th %ile MT, msec



Mean



Stimulators ON



Differencea



% of Difference



SD



Mean



SD



Mean



SD



Mean



SD



474.4 168.0 716.8 534.2 123.3 686.4



103.0 89.7 195.2 214.6 90.4 294.4



425.7 117.8 575.9 459.8 51.6 453.3



114.1 66.1 174.4 240.1 13.8 127.3



48.8 50.2 140.8 74.4 71.7 233.2



36.2 47.8 101.6 74.6 87.1 256.9



10.7 27.5 19.2 15.2 43.9 27.8



8.5 30.0 12.9 15.8 29.3 22.1



537.3 197.7 755.0 519.5 80.8 614.2



101.1 113.8 243.1 193.3 40.4 205.9



451.0 136.4 622.1 375.3 55.1 456.5



104.4 93.2 189.8 124.2 10.3 124.3



86.3 61.3 132.9 144.2 25.8 157.7



64.8 68.3 138.1 162.9 33.4 167.2



16.0 29.3 16.5 23.7 23.2 22.2



10.8 24.2 12.6 20.2 23.6 17.1



762.7 210.2 1,093.5 719.7 215.3 1,044.3



130.4 59.7 300.3 397.5 176.2 536.7



678.3 179.2 919.6 463.3 96.8 616.3



74.3 32.0 117.5 111.1 18.8 124.3



84.3 31.0 173.9 256.3 118.5 427.9



125.9 72.4 299.2 369.1 188.5 523.2



9.4 7.7 11.6 26.6 35.9 32.5



15.2 31.2 21.8 24.2 32.3 23.6



a



See Table 3.



GPi 5 internal pallidum; SRT 5 simple reaction time; CRT 5 choice reaction time; IT 5 initiation; MT 5 movement time; IQR 5 interquartile range.



478



Annals of Neurology



Vol 45



No 4



April 1999



Table 5. Summary of Tapping, Pegboard, Flex, MRCP, Strength, and Stretch Reflex Results: STN Group Stimulators OFF Task Measure Tapping Unimanual, /30 sec Bimanual, /30 sec Pegboard Unimanual, /30 sec Bimanual, /30 sec Flex Flex (simple), msec Flex (simultaneous), msec IOL, msec Peak MRCPb C contra, mV Cz, mV C ipsi, mV Strength (n 5 5) Peak torque, Nm Mean rectified EMG, mV Time to peak torque, sec Time to 90% torque, sec Rate of torque increase, Nm/sec Stretch (26 N) Amplitude ratio Latency, msec Duration, msec



Mean



SD



Stimulators ON Mean



SD



Differencea



% of Difference



Mean



SD



Mean



SD



97.7 88.3



39.2 36.9



105.0 100.3



37.6 38.6



7.3 12.1



20.9 18.4



7.1 13.1



25.1 21.7



7.3 5.0



2.7 2.1



9.3 6.5



2.6 1.9



2.0 1.5



1.9 1.2



22.2 23.9



18.4 21.3



392.1 444.6 621.6



47.5 53.8 109.7



247.5 254.3 305.3



20.2 33.4 113.2



144.5 190.4 316.3



45.9 56.8 56.4



35.1 40.9 46.4



6.9 8.2 9.6



8.6 10.6 7.1



5.1 6.6 3.8



7.9 11.4 6.1



3.9 3.7 1.4



20.7 0.8 21.0



2.1 4.4 3.3



— — —



— — —



2.14 0.11 3.81 2.86 0.74



1.78 0.15 2.29 1.50 0.67



3.16 0.22 2.02 1.45 1.55



2.27 0.33 0.65 0.32 1.21



1.03 0.11 1.79 1.42 0.82



0.65 0.18 2.26 1.48 0.68



75.5 100.7 33.3 37.6 271.9



64.1 54.4 36.4 32.4 285.8



4.33 55.1 51.8



2.55 5.7 4.1



4.75 53.6 51.6



2.75 5.4 3.4



0.41 1.5 0.2



1.13 2.4 4.6



10.5 2.6 0.1



30.8 4.4 9.1



a OFF score minus ON score for Squeeze and Flex Tasks, Strength (times and rate) ON score minus OFF score for Tapping and Pegboard Tasks, MRCP, and Strength (peak torque and EMG). b % of change scores not calculated because of very low or zero values for some subjects.



MRCP 5 movement-related cortical potential; STN 5 subthalamic nucleus; IOL 5 inter-onset latency; EMG 5 electromyogram.



variability of 60 msec (STIM, F 5 10.4, p , 0.01), although there was no differential effect between the groups or in interaction with TASK (in each case, F , 1). Anticipations were rare in both groups and occurred almost exclusively in the warned SRT task (data not shown). The total number of anticipations made across all 12 subjects in this condition was 7 for the first OFF test, 21 for the ON test, and 16 for the second OFF test. The maximum numbers of anticipations made by any 1 subject were four, six, and four, respectively. Nonparametric analyses (Wilcoxon signed ranks test) failed to revealed any difference between the number of anticipations on the ON and OFF conditions or between the groups. For extreme slow response initiations (90th percentile), the only significant effect was an overall decrease in the mean latency of these slowest responses with stimulation (average, 94 msec across the two SRT tasks) (STIM, F 5 14.9, p , 0.01). There was a tendency for the GPi group to show a greater improvement in these slow responses (average, 137 msec) than the STN group (average, 51 msec), although the effect did not reach significance (F 5 3.2, p 5 0.10).



MOVEMENT TIME (MT). The changes in median MT paralleled those of the IT data but were quantitatively greater, with an average improvement of 195 msec (STIM, F 5 8.6, p , 0.05). The results in Tables 3 and 4 suggest that the STN group showed a greater improvement in MT with stimulation, but high between-subject variability meant that the effect was not significant (GROUP 3 STIM, F 5 1.4, p . 0.10). None of the other main effects or interactions was significant (in all cases, F , 2.2, p . 0.10). Figure 1B shows the mean data averaged across groups. Within-subject variability (IQR) in MT was substantially reduced by stimulation (average, 73 msec) (STIM, F 5 8.4, p , 0.05). Stimulation led to very considerable reductions in the slowest movements of both groups (average, 291 msec) (STIM, F 5 9.3, p , 0.05). Unlike with IT, the data suggest that the STN group showed more improvement in their slowest movements with stimulation, but the effects were not significant. A final analysis was performed to compare the relative effects of stimulation on MT compared with IT (averaged across SRT tasks). The results confirmed the pattern, suggested by the data, that MT improved
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Table 6. Summary of Tapping, Pegboard, Flex, MRCP, Strength, and Stretch Reflex Results: GPi Group Stimulators OFF Task Measure



Mean



Tapping Unimanual, /30 sec Bimanual, /30 sec Pegboard Unimanual, /30 sec Bimanual, /30 sec Flex Flex (simple), msec Flex (simultaneous), msec IOL, msec Peak MRCPb (n 5 5) C contra, mV Cz, mV C ipsi, mV Strength Peak torque, Nm Mean rectified EMG, mV Time to peak torque, sec Time to 90% torque, sec Rate of torque increase, Nm/sec Stretch (26 N) Amplitude ratio Latency msec Duration msec



SD



Stimulators ON Mean



SD



Differencea



% of Difference



Mean



SD



Mean



SD



82.5 75.6



21.3 20.2



97.8 89.8



22.2 19.2



15.3 14.1



13.8 17.7



14.9 14.4



14.1 18.9



6.0 3.9



2.4 1.7



7.6 5.5



3.3 2.9



1.6 1.6



1.8 1.9



15.5 20.6



21.6 33.0



404.5 507.2 562.7



190.7 277.7 195.5



315.5 367.0 287.7



151.5 216.0 134.1



88.9 140.2 274.9



58.6 97.8 82.4



21.2 26.6 41.3



9.8 12.9 16.7



5.5 8.8 6.1



3.6 6.1 5.4



6.5 11.1 6.1



5.2 9.5 6.6



1.0 2.2 0.0



5.6 11.5 6.9



— — —



— — —



1.84 0.23 5.45 3.45 0.53



1.03 0.13 4.29 2.23 0.41



2.25 0.27 3.63 2.26 1.09



1.22 0.17 3.71 2.05 0.73



0.42 0.04 1.82 1.23 0.56



0.61 0.04 1.29 1.27 0.51



30.3 13.3 35.4 33.5 130.7



40.8 12.9 22.2 27.6 122.6



4.35 56.4 48.8



2.3 4.4 7.9



4.90 54.2 49.17



2.98 5.3 7.5



0.55 2.21 0.33



1.47 3.35 2.35



11.1 3.9 1.58



38.8 5.8 12.0



a,b



See Table 5.



MRCP 5 movement-related; GPi 5 internal pallidum; IOL 5 inter-onset latency; EMG 5 electromyogram.



more with stimulation than IT (average, 184 and 69 msec, respectively) (F 5 5.3, p , 0.05). Unwarned SRT and CRT Tasks The unwarned SRT and CRT tasks were analyzed together in a single analysis of variance. This was to evaluate performance in a task where preprogramming was possible (SRT) compared with a task where such preprogramming was not possible (CRT). In the event, no differential effect of either group or stimulation on the two tasks was found, both of them improving to similar degrees when the stimulators were turned on. The results were qualitatively the same as those shown for unwarned and warned SRT, namely, an improvement in IT and especially MT, a decrease in intersubject variability, and a marked reduction in extreme slow response initiations and movements. Pegboard and Tapping Tasks As before, GROUP was the between-subjects factor and STIM a within-subject factor. TASK (unimanual/ bimanual) was the second within-subject factor. Stimulation led to a significant increase in the overall number of pegs placed per hand in each 30-second period (mean, 1.6) (STIM, F 5 14.7, p , 0.01). More pegs were placed in the unimanual than in the bimanual conditions (TASK, F 5 44.5, p , 0.001). No differ-
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ence was found between the two groups (GROUP, F 5 1.0, p . 0.10), and none of the interactions was significant (in all cases, F , 1) (Fig 2 and Tables 5 and 6). The same pattern of results was obtained for the tapping data with a mean improvement of 12.2 taps per hand in each 30-second period (STIM, F 5 6.1, p , 0.05). Flex Tasks In addition to factors GROUP and STIM, the withinsubject factor TASK was evaluated (flexion response in simple and simultaneous conditions). The group data are shown in Tables 5 and 6. Of the main effects, movements were faster in the simple than in the simultaneous condition (TASK, F 5 11.2, p , 0.01). Overall, movements were faster with the stimulators turned on (STIM, F 5 60.4, p , 0.001). No overall differences were found between the two groups (GROUP, F , 1). The STN group tended to show a somewhat greater improvement in overall duration (average, 167 msec) than the GPi group (average, 114 msec), although the effect was not significant (F 5 2.1, p . 0.10). None of the other interactions involving group were significant (in all cases, F # 2.2, p . 0.10). Figure 3 shows the data averaged across groups. Across groups there was a significant difference of stimulation on the two tasks (TASK 3 STIM, F 5 6.3, p , 0.05),



Fig 3. Average movement times on the simple and simultaneous flex tasks, and the inter-onset latency for the sequential task. Combined data for the 12 patients, with stimulators turned ON and OFF. Error bars indicate SEM.



Fig 1. Average initiation time (A) and movement time (B), for the 12 patients, with stimulators turned ON and OFF. Columns show the median, interquartile range (IQR), and the slowest responses (90th percentile). Error bars indicate SEM.



Fig 2. Average performance on the pegboard and tapping tests for the 12 patients, with stimulators turned ON an OFF. Error bars indicate SEM.



with the improvement in the simultaneous task being greater than the improvement in the simple condition. The IOL was similar in the two groups, both overall (F , 1) and in the interaction with stimulation (F 5 1.0). Across groups, stimulation led to a significant reduction in the IOL (F 5 210.3, p , 0.001).



Movement-Related Cortical Potentials Data were not available in 1 GPi patient. Although 12 electrode sites were used, only those at C3, Cz, and C4 (where the MRCP amplitudes are usually maximal) were used in the analysis. Sites C3 and C4 were defined as the side contralateral (C contra) or ipsilateral (C ipsi) to the hand being used to make the movement. SITE (electrode) was a within-subject factor, in addition to GROUP and STIM. The group data are shown in Tables 5 and 6, and averaged waveforms in Figure 4. This figure also shows the waveform for electrode site FCz. There was no significant difference between the peak amplitude of the MRCP in the two groups and no significant interactions involving group (in all cases, F , 1). Overall, across sites, there was no significant effect of stimulation (STIM, F , 1). There was a significant effect of SITE [F(2,8) 5 14.3, p , 0.01], with the largest amplitude found in the midline (Cz) electrode. The SITE 3 STIM interaction approached significance [F(2,8) 5 4.4, p 5 0.051]. Across groups, this seemed to be because of a trend toward increased MRCP amplitudes at midline and contralateral sites, and decrease or no change at the ipsilateral sites. However, none of the individual sites showed significant change with stimulation on post hoc analysis. Strength Peak torque and rectified EMG levels were analyzed separately. Data were not available for 1 STN patient. Group data are shown in Tables 5 and 6. Peak torque increased significantly with stimulation [STIM, F(1,9) 5 14.2, p , 0.01]. Although the two groups did not differ overall (GROUP, F , 1), there was a tendency for the STN group to show a larger improvement with stimulation (75.5%, compared with 30.3% for the GPi group). The interaction effect, however, was not significant [GROUP 3 STIM, F(1,9) 5 2.5,
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Fig 4. Averaged movement-related cortical disorders for the STN (A) and the GPi (B) groups for four electrode sites, obtained with the random joystick movement task. The dark lines show the average waveforms obtained with the stimulators turned ON and the gray line with the stimulators turned OFF. The vertical dashed line indicates the point of movement onset. Amplitude and time scales are indicated by the dark bars. Electrodes at sites C3 and C4 are related in relation to the hand used to make the movement, either the same side (C ipsi) or the opposite side (C contra).



p . 0.10]. Illustrative data from an individual patient with GPi implants are shown in Figure 5A. For mean rectified EMG data, an improvement was again found with stimulation, although the effect failed to reach significance [STIM, F(1,9) 5 4.1, p , 0.08]. Neither the main effect of GROUP nor the GROUP 3 STIM interaction were significant (in both cases, F , 1). A change in the nature of the EMG discharge was observed with stimulation. Without stimulation, the contraction consisted of a series of
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Fig 5. Illustrative data from a patient with internal pallidum stimulation turned ON and OFF during maximal voluntary extensions of the wrist. (A) Measurement of torque and forearm extensor electromyogram (EMG). (B) Expanded section of the surface EMG during maximal contraction to show 12-Hz action tremor when OFF and a 45-Hz Piper rhythm when ON. (C) Amplitude spectra of the rectified EMG during sustained contraction. OFF stimulation, muscle activity is dominated by oscillations at about 12 Hz. ON stimulation, this rhythm is suppressed and a new peak appears at 45 Hz. Note, there is no evidence of a peak at 130 Hz, the frequency setting of the stimulator.



polyphasic EMG discharges at about 10 Hz. With stimulation, contraction tended to consist of of a highamplitude Piper rhythm at about 45 Hz, whereas the 10-Hz activity was reduced. There was nothing in the data to suggest driving of the EMG discharge at the frequency of stimulation (see Fig 5B and C). As well as an increase in the peak torque that could be achieved, there was a decrease in the time needed to reach this level (STIM, F(1,9) 5 11.2, p , 0.01), but with no significant difference between the groups and no interaction between groups and stimulation (in both cases, F , 1). The results for the analysis of time to reach 90% peak torque were qualitatively the same as maximum torque. As would be expected from the above results, there was a marked improvement in the rate of increase in force production with stimulation



[F(1,9) 5 14.7, p , 0.01]. Once again, there were no significant group effects (F , 1), although the average improvement was more marked in the STN group (285%, compared with 131% for the GPi group). Long-Latency Stretch Reflex LEVEL (applied force) was a within-subject factor. The amplitude, latency, and duration data were analyzed separately, but the pattern of results in each case was the same. For each measure, there was no significant difference between the groups (F , 1 in each case), and no significant effects of stimulation (F , 1 for amplitude and duration; F 5 2.7, p . 0.10 for latency). Increasing force level led to an increase in amplitude of the reflex, a decrease in latency, and an increase in duration (F . 6.2, p , 0.05). However, none of the interaction terms involving GROUP or STIM were significant for any measure (F , 2.1, p . 0.10). Illustrative data for the 26 N condition are shown in Tables 5 and 6. Discussion First let us summarize the main findings. Clinically, bilateral DBS of the GPi and STN produced a significant improvement in the motor symptoms of the patients. Upper limb akinesia improved to a similar degree in both groups, and rigidity improved more in the STN patients. In terms of the experimental measures, stimulation had little or no effect on behavioral indices of movement preparation. There was a small but significant effect on movement initiation but a marked improvement in the speed of movement execution. Improvements were also observed in strength, but stimulation had little effect on the long-latency stretch reflex. With the possible exception of the latter result, these effects are the same as those found with levodopa or dopamine agonists on the same or similar tasks. Further, the effects of STN and GPi stimulation were remarkably similar on the various measures, both quantitatively and qualitatively. Such data suggest that the basic pathophysiological model of PD may still be useful in interpreting basal ganglia contributions to upper limb akinesia. Some comment is necessary about the absence of difference between the effect of DBS in the two groups of patients, particularly as there appeared to be a number of nonsignificant trends for the STN group to show greater benefit. One factor is the complication of choosing the best stimulation site in the GPi patients. Krack and colleagues39 showed that sites that were optimal for the control of akinesia could produce a worsening of dyskinesia, and vice versa. As most of the patients selected for GPi were chosen for the severity of their dyskinetic problems, the effect of DBS on their akinesia may have been suboptimal. Despite this, none of the comparisons between the two groups was signif-



icant. It could be said that this was partly a result of the small number of subjects in each group. However, we subsequently performed power calculations to estimate how many subjects would have been needed to detect group differences in DBS efficacy at the p 5 0.05 level with 80% power. For many of the measures, the number of subjects was estimated in the hundreds, and for most of the rest the numbers were 50 or more per group. Only the speed of forearm flexion suggested an effect size that would be demonstrated with reasonable numbers of subjects, in this case 18 per group. Preparation for Movement Any specific effect of dopaminergic medication or DBS on movement preparation would be inferred from a differential improvement on initiation in SRT tasks compared with CRT tasks. No such effect was found in the present study with DBS. Published reports into the effect of levodopa reveal either no difference between the two types of task,40 or a greater proportional effect on CRT.7 An alternative test of movement preparation in the former study, using a precued CRT task, also failed to reveal any effect of dopaminergic medication. Another aspect of the present results that challenges impaired motor preparation is in the impact of a warning signal in the SRT task. If patients were slow because they were failing to prepare their responses in time, then they might be expected to benefit more from a warning signal. Although there is some support for this hypothesis,3 most studies have failed to show any difference in the effect of a warning signal in PD.4,5,41 In the present study, although warned IT was slightly faster than unwarned IT, the effect failed to reach significance, and there was no differential effect of stimulation. Failure of advance preparation related to inattention, therefore, seems unlikely to explain the slowness in IT and the benefit obtained from stimulation. One possible unwanted effect of a warning signal and advance preparation could be premature responding. This might be expected if the subjects had a response prepared but were unable to suppress initiation until the “go” signal occurred. Just such a response tendency has been described in 6-hydroxydopamine– treated rats with bilateral STN lesions.42 Whereas the STN lesions reversed the slowness in response initiation, the rats had a marked tendency to react to the warning signal rather than wait for the go signal. Such a pattern was not found in the present study in either the STN or the GPi patients, and anticipations were rare whether stimulated or not. Although premature responding is not typical of patients with PD, it has been described in patients with Huntington’s disease where pathology is focused more on the caudate nucleus rather than the putamen.43 This suggests that the effect
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seen in rats may be caused by a larger lesion disrupting prefrontal circuitry. The electrophysiological measurement of MRCPs provided another approach to assessing preparatory processes, and particularly the potentials that precede voluntary movement. Several studies have found abnormalities in patients with PD.10,44 –50 The most consistent finding has been a lower amplitude of the early component (NS1), thought to indicate bilateral SMA activity, and which improves after administration of levodopa.51,52 In contrast, the late component (NS2) just before movement initiation, thought to result more from contralateral SMA and motor cortex, is reported to be relatively normal. In the subjects reported here, it was often difficult to clearly identify separate NS1 and NS2 components and so only peak amplitude was measured (equivalent to the sum of the NS1 and NS2 components). No significant effect of stimulation was found in either patient group. In combination, these data and the results from the RT tasks challenge any impact of DBS on motor preparation. Initiation Time and Movement Time Median IT improved by an average of 69 msec (11.9%) with stimulation for the SRT tasks, and 73 msec (8.8%) for the CRT task. These relatively small improvements in IT are consistent with previously reported effects of levodopa,7,53–55 although others fail to find any significant effect of medication.40,56 –58 Although median responses may tend to get faster, there is also a decrease in the trial-by-trial variability of the responses after levodopa,59 just as there was with DBS in the present study. Such variability may be characteristic of patients with PD, and has been related to problems in the accurate specification of force-related parameters for movement.60 – 63 One common factor contributing to response variability is the occasional very slow responses. It was in this aspect of behavior that one of the few differences between the GPi and STN groups was found. Although the STN group appeared to show an overall shift in the IT distribution with stimulation, the GPi group showed a disproportionate improvement in these slowest responses. Although levodopa may have a small effect on response initiation, it leads to a reliable and more marked improvement in MT.40,53,54,56,58,64,65 The same pattern was observed in the present study with DBS, where an average improvement of 183 msec (27.9%) was shown for MT for the SRT tasks and 263 msec (26.3%) for the CRT task. As with response initiation, DBS led to movement execution that was not just faster, but also less variable. There was also a considerable reduction in the duration of the slowest movements in both groups and particularly the STN
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group (eg, 344 msec [30.2%] in the SRT tasks, compared with 195 msec [25.0%] in the GPi group). Strength The velocity of ballistic movements is largely determined by the size of the initial agonist burst and the rate at which the force is generated. Force production has been extensively studied in PD by using isometric ballistic tasks.2,11,63,66 – 69 Results reveal that the rate of force production is slowed. Although force output can be scaled to suit the demands of the task, the amount of force produced by the initial agonist burst is often insufficient. Finally, there is increased variability of the degree and timing of force production within and between trials. Such findings imply that disturbances of accurate and reliable force production may be a central feature of the akinesia measured by ballistic tasks in PD. In the present study, stimulation led to a marked improvement in the peak torque that subjects were able to produce (0.73 Nm [52.9%]). Although the emphasis was on strength rather than speed of movement, there was also an improvement in the time required to produce peak torque (1.8 seconds [34.4%]). Such an effect provides a possible mechanism for the improvements in movement velocity seen in the RT tasks with stimulation. The smaller, but still significant, improvement in response IT may also be due to the improved rate of force generation. Electromechanical measurements of IT is closely related to force,70 with more rapid triggering of switches as force increases. Complex Movements The discussion, to this point, has concerned the results relating to initiating and executing simple movements. Although these are impaired in PD, even greater impairments tend to be found when more complex movements are performed.1,2,71 The time required to execute such complex movements also appears to be differentially improved by levodopa compared with the improvement seen with simple movements.65 In the present study, a similar differential effect was found with DBS, although the effect was evident only when the subjects attempted to perform the flex and squeeze tasks simultaneously. With the sequential task, subjects had very prolonged IOLs, even compared with other patients with PD.2 It appeared that the subjects were performing two independent movements, rather than a coordinated pair of actions. However, the fact that the IOL decreased suggests that this coordination improved with DBS. Simple repetitive movements such as finger tapping, and those involving fine distal coordination such as the pegboard task, have provided very sensitive measures of levodopa’s effectiveness in treating PD.72,73 Statistically significant improvements on such tasks were shown in the present study, although they were relatively modest and the patients remained markedly impaired relative



PVP in 27 patients32 (mean age, 55.4 6 1.7 years; mean duration of illness, 14.3 6 1.3 years). Clinically, the preoperative characteristics of the patients were similar to the present sample, all having mid- to latestage disease with marked akinesia, and many also suffering disabling dyskinesia, with a mean UPDRS(III) score of 56.5. 6 19.7. Postoperatively, their mean score was 44.1 6 16.6, substantially more than that of the DBS patients with stimulators on, in the present study. This offers the valuable opportunity to compare the effects of two major surgical approaches, using identical measures of upper limb function. The list of common measures and summary of the findings are shown in Table 7. For the purpose of comparison, the data for the STN and GPi implant patients are combined into a single group, although the separate results are available in Tables 3 to 6. The pallidotomy data refer to changes in performance in the hand/arm contralateral to surgery. From the pallidal outflow model, it might be expected that the bilateral procedure of DBS would have a qualitatively similar, but quantitatively greater, effect than a unilateral lesion. Several aspects of the data confirm this prediction. Speed of response initiation improved after both PVP and DBS, although the magnitude of change was somewhat greater after DBS. MT, also improved with both procedures, showed a greater



to normal controls. For example, unimanual tapping improved by an average of just 7.1% for the STN group and 14.9% for the GPi group. Such changes are surprising given the marked effect of STN DBS reported previously by Limousin and associates,74 when an improvement of 35% was found on a tapping task. One possible explanation for the discrepancy is the nature of the task. In the present study, repetitive distal movements were required, whereas in the previous study, more proximal movements were required of the whole upper limb. The possible role of impaired force production in ballistic tasks has already been discussed. It may also have a role in the control and coordination or more complex and repetitive tasks. Although most studies have focused on force production, some have shown that force release is also impaired in PD, perhaps even more so,11,68,75–77 and is responsive to levodopa.75 An impairment in both force production and force release would have serious consequences on the ability to perform rapid repetitive movements, or any task that involves the coordination of contraction and relaxation across muscle groups. A Comparison Between the Effects of DBS and Posteroventral Pallidotomy Many of the techniques reported in this study have been used in a separate study of the effects of unilateral



Table 7. Summary of Effects of DBS (GPi and STN Groups Combined) and PVP (Contralesional Limb) Mean Change With DBS Task Measure Unwarned SRT Median IT, msec Median MT, msec Unwarned CRT Median IT, msec Median MT, msec Tapping Unimanual, /30 sec Bimanual, /30 sec Pegboard Unimanual, /30 sec Bimanual, /30 sec Flex Simple, msec Complex, msec Peak MRCP Cz mV Stretch (26 N) Amplitude ratio



After PVP



n



Mean 6 SD



n



Mean 6 SD



12 12



84.7 6 117.8 206.5 6 243.9



16 16



54.5 6 76.2 146.8 6 222.8



12 12



72.7 6 90.6 263.4 6 347.9



16 16



40.8 6 74.3 61.0 6 176.8



12 12



11.3 6 17.3 13.1 6 17.2



21 21



8.5 6 26.9 7.0 6 34.9



12 12



1.8 6 1.8 1.5 6 1.6



21 21



1.1 6 3.6 0.8 6 1.7



12 12



116.7 6 57.9 165.3 6 80.6



18 18



37.7 6 79.7 97.5 6 129.3



11



1.4 6 7.9



12



2.5 6 4.4



12



0.4 6 1.1



11



1.9 6 2.7



Positive change score indicates improvement for all measures. DBS 5 deep brain stimulation; GPi 5 internal pallidum; STN 5 subthalamic nucleus; PVP 5 posteroventral pallidotomy; SRT 5 simple reaction time; CRT 5 choice reaction time; MRCP 5 movement-related cortical potential; IT 5 initiation time; MT 5 movement time.



Brown et al: Deep Brain Stimulation and Akinesia



485



change with DBS. This effect on rapid ballistic movements was particularly marked in the flexion tasks. In contrast to these clear effects of surgery, both techniques show only modest improvements in more distal motor control, measured by the tapping and pegboard tests. The measures considered so far suggest quantitatively similar effects of DBS and PVP on motor performance. However, an unexpected reversal of this trend is revealed in the electrophysiological measures of MRCP and the long-latency stretch reflex. A significant improvement was found in the peak amplitude of the MRCP at electrode Cz after PVP, but no significant change was found with even bilateral DBS. A similar pattern of findings was shown with the long-latency stretch reflex. The uncontrolled nature of this betweenstudy comparison makes it difficult to infer too much from these latter unexpected results, but suggest that the lesion approach may offer some advantages over even bilateral stimulation. However, there is no clear indication that these slight differences relate to any clinical superiority and they should be interpreted with caution. The Pathophysiology of Upper Limb Akinesia in PD One of the striking features of the present results are the qualitative similarities between the effects of DBS and dopaminergic medication on the different laboratory measures of upper limb akinesia. These parallels imply that they are having their impact on similar levels of the system controlling voluntary limb movement. The pathophysiological model described earlier could be applied equally to the action of levodopa and DBS. Levodopa or dopamine agonists, via stimulation of striatal DA receptors, could reduce the excessive inhibitory firing of GPi neurons and thus increase activity of the cortical projection sites. Jenkins and co-workers25 showed increased regional cerebral blood flow in the SMA of patients with PD after administration of apomorphine during the performance of a motor task known to activate the area in normal subjects. The task was the random joystick task used in the present study to investigate MRCPs. The same task was used in another study by Limousin and colleagues78 to investigate the impact of either STN or GPi stimulation on regional cerebral blood flow. Effective bilateral STN stimulation led to a significant increase in blood flow in SMA, cingulate cortex, and dorsolateral prefrontal cortex. GPi stimulation led to a smaller (and statistically nonsignificant) increase in the SMA and cingulate cortex but no change in the dorsolateral prefrontal cortex. However, this apparent dissociation must be interpreted in light of a previous study that found increased SMA and dorsolateral prefrontal cortex activation after PVP,79 and a separate finding that GPi stimulation increased positron emission tomographic activation in cortical motor areas.80 What mechanism might underlie these changes in



486



Annals of Neurology



Vol 45



No 4



April 1999



cortical activity? The traditional model would suggest that DBS “releases the brake” on cortical function by reducing pallidal overactivity. However, other models can be considered. One alternative is that it is not the overall increased firing rate of pallidal neurons that is important, but an abnormal synchronization of their firing pattern, with an increase in burst firing and intermittent pauses (for a review, see Wichmann and DeLong19). Such phasic changes may form the pathophysiological basis of tremor and rigidity. They may also underlie some of the phenomenon of akinesia by preventing the rapid and accurate buildup (and release) of force. This would slow movement execution and interfere with repetitive or sequential movements as described above. Brown and collaborators12 simulated action tremor in normal subjects with a 10-Hz electrical stimulation of the radial nerve. This stimulation greatly reduced the amount and rate of production of torque compared with a train of shocks at 40 Hz. Similar 10-Hz action tremor was noted in the present study in unstimulated patients (Fig 6), and has been reported previously by Brown and associates12 in unmedicated PD patients required to generate maximum isometric force. Both DBS and levodopa act to reduce the 10-Hz action tremor, while at the same time allowing greater force to be generated more quickly. If disturbed pallidal output is the main determinant of upper limb akinesia in PD, then qualitatively similar results should be achieved by stimulation of the STN, the source of the major abnormal excitatory drive to the pallidal neurons. The present results confirm this prediction, with similar results in the two patient groups. The STN group tended to show somewhat more benefit from stimulation on many of the measures. However, as with the clinical improvement in UPDRS total score and upper limb akinesia, the effects were not significant. Such minor quantitative differences may be due to the more efficient targeting of the anatomically smaller STN compared with larger GPi. This study has been concerned only with the effects of DBS on upper limb akinesia. Clinically, however, there is evidence that STN stimulation is more effective in tackling the full range of parkinsonian features.81 Some authors have speculated that this may be because of the influence of STN stimulation on basal ganglia output pathways other than through GPi/ SNpr. In their recent review, Wichmann and DeLong19 note the presence of pathways from the external pallidum (GPe) to the reticular nucleus of the thalamus, possible feedback pathways from STN to GPe, and descending pathways to the peduncular pontine nucleus. Such brainstem pathways in particular may be important in the postural and locomotor abnormalities of PD, features that are not reliably or significantly improved by either pallidal stimulation or lesion, but which may be show greater improvement



after STN stimulation. Further study with detailed laboratory measures should help to test the validity of these alternative pathophysiological models and modes of action of DBS. Support is acknowledged from the following organizations: Fondation Gustave Pre´vot (France), Medtronic, National Parkinson Foundation (Miami, FL), and Wellcome Trust (UK). We thank P. Asselman for technical support, and clinical colleagues in France and Spain for assistance given.
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