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Abstract The term short-term saccadic adaptation (STSA) captures our ability to unconsciously move the endpoint of a saccade to the final position of a visual target that has jumped to a new location during the saccade. STSA depends on the integrity of the cerebellar vermis. We tested the hypothesis that STSA reflects the working of a cerebellar mechanism needed to avoid ‘fatigue’, a gradual drop in saccade amplitude during a long series of stereotypic saccades. To this end we compared the kinematics of saccades of 14 patients suffering from different forms of cerebellar disease with those of controls in two tests of STSA and a test of saccadic resilience. Controls showed an increase in saccade amplitude (SA) for outward adaptation, prompted by outward target shifts, due to an increase in saccade duration (SD) in the face of constant peak velocity (PV). The decrease in SA due to inward adaptation was, contrariwise, accompanied by a drop in PV and SD. Whereas patients with intact vermis did not differ from controls, those with vermal pathology lacked outward adaptation: SD remained constant, as did SA and PV. In contrast, vermal patients demonstrated a significant decrease in SA, paralleled by a decrease in PV but mostly unaltered SD in the inward adaptation experiment as well as in the resilience test. These findings support the notion that inward adaptation is at least partially based on uncompensated fatigue. On the other hand, outward adaptation reflects an active mechanism for the compensation of fatigue, residing in the cerebellum.



Introduction If during a saccade the visual target is shifted to a new location, the eyes miss the target, necessitating a corrective saccade, ultimately moving the eyes onto the target. However, if such a target shift is carried out repetitively, one typically observes that the metrics of the ﬁrst saccade change gradually such as to move the eyes closer and closer to the ﬁnal target position (McLaughlin, 1967; Deubel et al., 1986; Albano & King, 1989; Wallman & Fuchs, 1998; Noto & Robinson, 2001; Robinson et al., 2003; Hopp & Fuchs, 2004). As the adapted saccade is determined by the target location before the shift, ‘short-term saccadic adaptation’ (STSA), as this readjustment of saccade metrics is referred to, represents a remapping of a constant retinal vector onto a new saccade vector. STSA is a form of motor learning that critically depends on lobuli VI and VII of the cerebellar vermis as their surgical ablation in monkeys causes a permanent loss of STSA (Optican & Robinson, 1980; Takagi et al., 1998; Barash et al., 1999). Further, human patients suffering from cerebellar lesions have been shown to exhibit impaired STSA (Optican et al., 1985; Waespe & Baumgartner, 1992; Straube et al., 2001). The role of STSA has been a matter of speculation since its original description by McLaughlin (1967). Actually, McLaughlin was the ﬁrst
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to suggest that it might reﬂect a mechanism needed in order to overcome fatigue, understood as a change in the efﬁcacy of the oculomotor muscles due to usage. However, the existence of oculomotor fatigue due to usage-induced changes in the oculomotor plant has been controversial (Fuchs & Binder, 1983). While there is little doubt that the repeated execution of saccadic eye movements may lead to a deterioration in saccade performance (Bahill et al., 1975; Schmidt et al., 1979; Fuchs & Binder, 1983; Straube et al., 1997b), these changes have recently been attributed to cognitive fatigue (Schmidt et al., 1979; Fuchs & Binder, 1983; Straube et al., 1997b), i.e. to changes in saccade precision due to loss of motivation or changes in arousal or attention. However, irrespective of whether a deterioration in saccadic performance reﬂects cognitive or oculomotor fatigue, the question remains whether the human cerebellum is involved in counteracting this deterioration and, moreover, whether this role in guaranteeing saccade precision is a reﬂection of the mechanism tapped by the STSA paradigm. To address this question we studied patients with cerebellar lesions, sparing or including the cerebellar vermis, and compared their performance with those of controls on two tests of STSA, one requiring an increase in saccade amplitude (outward adaptation), the other one a decrease (inward adaptation), as well as on a test of saccadic resilience, a long series of stereotypic saccades designed to evoke fatigue. Our ﬁndings support the notion that inward adaptation is largely a result of an uncompensated decrease in saccadic amplitude due to fatigue, whereas outward adaptation reﬂects an active mechanism, residing in the cerebellar vermis, which compensates for fatigue.
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Materials and methods Subjects Fourteen patients participated in the study (nine male and ﬁve female; mean age 47 years, range 29–70 years). All patients suffered from neurological disease which at the time of experimental testing was conﬁned to the cerebellum as conﬁrmed by clinical examination, MRI and, in patients suffering from degenerative cerebellar disease, additional electrophysiological tests. Two of the 14 patients had focal lesions of one of their cerebellar hemispheres while the other 12 patients showed global pathology of the cerebellum. In ﬁve out of these latter patients, MRI demonstrated that the cerebellar vermis was most affected. Neurological diagnosis included ischemic cerebellar lesions (n ¼ 3), astrocytoma (n ¼ 1), global cerebellar atrophy of unknown aetiology (n ¼ 7), spinocerebellar ataxia SCA6 (n ¼ 2) and SCA7 (n ¼ 1). The two patients with isolated ischemic lesions of the cerebellar hemispheres [cerebellar territory of the posterior inferior cerebellar artery (PICA)] sparing the vermis, were considered separately from the 12 patients with cerebellar damage involving the vermis. Control subjects, age-matched with the patients (six male and eight female; mean age 45 years, range 29–66 years), were recruited either from the clinic staff or from the pool of patients with neurological disease conﬁned to the noncranial nervous system. None of the subjects was on drugs inﬂuencing the central nervous system. Table 1 summarizes the relevant information on the experimental subjects. Patients and controls suffering from refractive errors wore their glasses during testing. Patients with degenerative cerebellar disease received an ophthalmologic investigation in order to exclude any participation of the retina at the time of testing. Informed consent was obtained from all patients and normal subjects according to the Declaration of Helsinki and to the guidelines of the local ethics committee of the medical faculty of the University of Tu¨bingen, which had approved the study. All experiments were carried out in a dimly lit room. Computergenerated stimuli were presented on a 19-inch computer monitor (Mitsubishi; frame rate 72 Hz, 1280 · 1024 pixels). Subjects participated in the experiment with their head restrained by means of a bite



bar at a ﬁxed viewing distance of 57 cm. Eye movements were continuously registered and analysed as speciﬁed below. The three different experiments were performed in three sessions, usually on different days. In the four cases in which experiment 1 had to be followed by experiment 2 or 3 on the same day because of clinical constraints, the two were separated by a rest period of at least 6 h.



Experiment 1: test of saccadic resilience (‘fatigue’ experiment) Six hundred and forty visually guided saccades were elicited by targets appearing pseudo-randomly 9 to the left or right of the central ﬁxation point. Single trials started with the presentation of a central green ﬁxation point (10 min of arc, 3.5 cd ⁄ m2) on a grey background (0.2 cd ⁄ m2). After 500 ms of stable ﬁxation, a white target (10 min of arc, 5.5 cd ⁄ m2) appeared 9 to the right or left of the ﬁxation point and remained visible for 500 ms after the saccade had been executed. Subjects were required to make saccades to the peripheral target within 700 ms after target onset and ﬁxate on the target until it disappeared. Trials requiring saccades to the right or left were randomly interleaved with a constant intertrial interval of 1500 ms.



Experiments 2 and 3: outward and inward saccadic adaptation Each adaptation experiment consisted of 640 horizontal visually guided saccades, aiming at a target appearing pseudo-randomly left or right, at an initial eccentricity of 9. The experiment started with a block of 40 ‘baseline’ saccades with the same speciﬁcations as in Experiment 1. The subsequent second block consisted of 300 saccade ‘adaptation’ trials in which the target changed its position after saccade onset in a consistent manner. In experiment 2, the target was moved 3.8 outward (relative to its starting position at 9 right or left), i.e. further away from the ﬁxation point (Fig. 1A). In experiment 3, on the other hand, it was moved 2.7 inward, i.e. in the direction of the ﬁxation point (Fig. 1B). The ﬁnal third block consisted of 300 ‘extinction’ trials in which normal visually guided saccades like the ones in the ‘baseline’ condition were required in order to study the return of saccades to their initial state.



Table 1. Speciﬁcation of the patients (n ¼ 14) involved in the study Vermis included in lesion



Side difference in SA



Gaze-evoked nystagmus



Yes



Yes, left > right



Yes



Patient



Age



Gender



Diagnosis



MF



35



M



Subacute PICA infarct with extended lesion of left cerebellar hemisphere (examination 7 days after stroke onset)



GO



46



M



Astrocytoma II, inﬁltrating both cerebellar hemispheres and the vermis



Yes



Yes, left > right



No



FS KF



55 70



M F



SCA6



Yes No



Yes, left < right



Yes Yes



ML



37



F



SCA7



Yes



Yes, left > right



Yes



PR



52



F



Global cerebellar atrophy (unknown origin)



Yes



Yes, left < right



No



HH



56



M



Cortical cerebellar atrophy (unknown origin)



Yes



Yes, left > right



Yes



UK BB UP ES BK



62 49 26 44 52



F M M M F



Slowly progressive cerebellar degeneration of unknown origin, emphasizing the vermis



Yes



Yes, left > right No No Yes, left > right No



No Yes Yes No No



MS



29



M



Acute PICA infarct with extensive lesion of right cerebellar hemisphere (examination 6 days after stroke onset)



No



Yes, left > right



No



HL



45



M



Old cerebellar PICA infarct involving the basal left hemisphere (examination 7 months after stroke onset)



No



No



Yes
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Fig. 1. Course of outward and inward adaptation. (A) Outward saccadic adaptation: examples of single trials of target-directed eye movements of a healthy subject, collected at various times during the outward adaptation experiment. Each panel shows records of eye (solid line) and target position (dashed line) as function of time during a trial. Trial 1: start of ‘baseline’ period, visually guided saccades to target at 9; trial 41: start of outward adaptation with the initial target step to an eccentricity of 9 and a second step of 3.8 to a ﬁnal eccentricity of 12.8; trial 340: end of adaptation, the initial saccade is larger than during ‘baseline’ trials; trial 341: start of adaptation extinction with normal visually guided saccades of 9; trial 640: end of experiment; the saccades are back to normal. (B) Inward saccadic adaptation: same as A except that the second target step during the adaptation trials was 2.7 ‘inward’ to a ﬁnal eccentricity of 6.3. The extinction period from trial 341–640 is identical to the one described in A.



Recording and analysis of eye movements Eye movements were recorded at 200 Hz using an infrared limbus eyetracker (Am Tech, Weinheim, Germany). In adaptation trials, target shifts to the altered location were triggered by saccade onset, deﬁned as the point in time when the instantaneous eye velocity exceeded a velocity threshold of 40 ⁄ s not earlier than 50 ms after the target jump. The delay between saccade onset as determined by the velocity criterion and the shift was typically 14 ms. Target and eye position as well as saccade trajectories were sampled over a period beginning at the start of the trial until 750 ms after onset of the peripheral target and stored on hard disk. For analysis, only trials with stable ﬁxation in the baseline period were considered. Stable ﬁxation was characterized by the eyes staying within a position window of 1 centred on the ﬁxation spot. For analysis, saccades to the right and to the left were pooled. This seemed justiﬁed as there was no a priori reason to expect differential effects, depending on saccade direction, on the group level. In order to avoid spurious results due to unusual saccade trajectories, one of the investigators double-checked the saccade identiﬁcation suggested by the program, made adjustments or excluded complete trials in dubious cases. In ‘valid’ trials, the computer program detected the initial saccade relying on the aforementioned velocity criterion and calculated the median of the gain of the ﬁrst saccades made towards the target [median ‘initial saccadic gain’ (ISG): median of amplitude of initial saccade divided by initial target amplitude] and the lower and upper quartile range of the ISG (ISG QR) as a measure of performance variability for circumscribed blocks of trials. Subsequent saccades needed in order to correct for insufﬁciencies of the initial saccade (‘corrective saccades’), e.g. because of hypometria of saccades in the baseline period or because of insufﬁcient adaptation of the ﬁrst saccade, were excluded from this analysis. Corrective saccades were distinguished from saccades associated with gaze-evoked nystagmus



(GEN) exhibited by some patients (see Table 1) by visual inspection of the raw eye movement records. The numbers of corrective saccades and the slow phase amplitude as well as the numbers of GEN beats were compared at the beginning (ﬁrst 50 trials) and at the end (last 50 trials) of experiment 1 (saccadic resilience) for each subject, using Wilcoxon tests. In order to reveal changes in saccade amplitude in the course of an experiment, plots of saccade amplitude (SA) as a function of trial number were ﬁtted by a linear regression for experiment 1 and a logarithmic regression for experiments 2 and 3. In the case of a signiﬁcant ﬁt (P < 0.05), the percentage change in the ISG after 340 trials, predicted by the ﬁt, was taken as measure of the amount of fatigue (experiment 1) and STSA (experiments 2 and 3), respectively. In the resilience experiment (experiment 1) the linear regression was performed for the full length of the experiment, and the ISG after 640 trials could also be predicted by the regression. In the case of a nonsigniﬁcant ﬁt, the percentage change measure was set to zero. The regressions characterizing the performance of individual subjects in each of the three experiments are summarized in Fig. 3. In addition to the regression analysis, ISG changes were also assessed by comparing ISG medians, based on the ﬁrst (‘early’) 40 trials of an experiment (i.e. the baseline trials 1–40) and the last 40 trials (‘late’ trials: experiment 1, trials 601–640; experiments 2 and 3, trials 301–340; Fig. 2). For experiment 1, an ‘intermediate’ median ISG, based on trials 301–340, was also calculated, allowing a better comparison with the other two experiments in which ‘late’ ISG medians were based on trials 301–340. In STSA experiments the ISG medians of the extinction phase were analysed during ‘early’ trials (trials 341–380) and ‘late’ trials (trials 601–640). Statistical comparisons of ISG and other measures used to quantify saccades and their changes in the various experiments were based on medians and on nonparametric
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Fig. 2. Time course of changes of saccade amplitudes of a typical control subject (left) and a typical vermal patient (right) during the three experiments. The amplitude of each individual saccade is represented by a dot. Top row, outward adaptation and extinction; central row, inward adaptation and extinction; bottom row, resilience experiment. The target amplitude is given by a horizontal dashed line. The solid line depicts the regression curves ﬁtted to the data, a linear one in the resilience experiment and logarithmic curves in the two adaptation and extinction experiments. The grey areas mark the 40 trials used for the analyses. Resilience experiment: ‘early’ for trials 1–40, ‘intermediate’ for trials 301–340 and ‘late’ for trials 601–640; inward and outward adaptation: ‘early’ for trials 1–40 and ‘late’ for trials 301–340; inward and outward extinction: ‘early’ from trials 341–380 and ‘late’ from trials 601–640. Circles: expanded traces from the ﬁrst and last 40 saccades of the subjects aligned on the onset of the ﬁrst saccade.
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136 H. Golla et al. tests (the Mann–Whitney U-test and Kruskal–Wallis rank anova in the case of unpaired comparisons and the Wilcoxon test for paired ones, and the Wald–Wolfowitz runs test for distribution comparisons) as several of the distributions deviated from Gaussian distributions. Means and parametric comparisons based on unpaired and paired t-tests were used in order to compare the group percentage changes relative to baseline saccade amplitudes in experiments 1–3, shown in Fig. 4, as they followed Gaussians. In order to asses whether and how the kinematics of the initial saccade changed over time, we measured initial saccade peak velocity (PV), saccade duration (SD) and saccade latency (SL) for the same blocks of trials also used to calculate median ISGs (Fig. 2). The temporal resolution of these measures in individual trials was set by the 5-ms resolution of the eye tracker. However, the resolution of differences between the means of these measures was at least 1.25 ms. This was demonstrated by comparing the distributions of PV, SD and SL, respectively, for a given block and group of subjects with each other and with simulated distributions, constructed by shifting the original distributions on the time axis by varying amounts and comparing them with Mann–Whitney U-tests. Signiﬁcance levels were Bonferroni-corrected in the case of multiple comparisons. The analysis of saccade kinematics was conﬁned to the group of 12 patients with pathology involving the vermis and to their controls. The small number of patients with pathology sparing the vermis (n ¼ 2) precluded a meaningful comparable analysis of saccade kinematics in this subgroup. Mean values are quoted ± SEM.



Results Disturbances of saccade accuracy in patients with vermal pathology Visually guided saccades of patients with cerebellar damage involving the cerebellar vermis were dysmetric, characterized by a lower gain as well as a larger variability in the baseline periods of experiments 1–3. Whereas the median (lower and upper quartiles) ISG of healthy controls in the baseline period amounted to 0.960 (0.901, 1.016), the ISG of vermal patients was signiﬁcantly smaller [0.929 (0.819, 1.028); Mann–Whitney U-test, P < 0.001; data from experiments 1–3 pooled]. Moreover, the ISG QR of the patients was 1.81· larger than that of controls. Correspondingly, the distribution of the ISGs of patients differed signiﬁcantly from that of controls (ISG QR patients, 0.209; ISG QR controls, 0.115; Wald-Wolfowitz runs test, P < 0.001; data from experiments 1–3 pooled). Eight out of the 12 vermal patients exhibited signiﬁcant directional differences in SA as measured by the ISG based on data pooled from experiments 1–3 (see Table 1 for information on individual patients). The frequency of directional differences in SA in the patient group was not signiﬁcantly different from the group of controls, in which 10 out of 12 showed differences (Mann–Whitney U-test, P > 0.05). Six patients (BB, KF, MF, ML, UK and UP) showed GEN at the onset of experiment 1 (see also Table 1). Both the slow phase amplitude and the frequency of nystagmus beats increased in all towards the end of the experiment



Fig. 3. Linear and logarithmic regressions (solid lines) of SA representing the performance of the 12 vermal and the two nonvermal (*) patients in the three experiments, compared with the group performance of the corresponding groups of control subjects (broken line, mean regression; shaded areas bridge the lower and upper quartile. Left row, outward adaptation; central row; inward adaptation; right row; saccadic resilience. Patients are identiﬁed by the same two characters used in Table 1.
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A



B



C



D



Fig. 4. Change in saccade amplitude in vermal patients and their controls in the three experiments. Medians were calculated for bins of 25 trials except for the median representing the baseline phase which was based on 40 trials. Medians of patients are indicated by h, those of controls by n . The shaded areas give the lower and upper quartiles of the distribution of all saccade amplitudes in one bin. (A) Resilience experiment. (B) Outward adaptation; the broken vertical line depicts the onset of the extinction period. (C) Inward adaptation. (D) Mean percentage change in median saccadic gain relative to baseline during and after resilience and  percentage change in SA calculated adaptation experiments and their respective extinctions. Each bar represents the mean (m) Pfrom the 12 individual medians of the  ¼ 1=n  i ½ðmediant;i  medianb;i Þ=medianb;i g, change in the 40 trials in the given period of time vs. the 40 baseline trials for control subjects and patients fm where i is the individual subject, t represents the 40 trials in a given period of time, b represents the 40 trials of the baseline period and n is the number of subjects). The error bars are SEM. Signiﬁcance levels: ns, not signiﬁcant; *P < 0.05, **P < 0.01, ***P < 0.001. The symbols for the signiﬁcance levels of the t-tests vs. 0 (no change in gain) are shown directly above or below the bars, and symbols for comparisons between two groups (unpaired t-tests) or within groups (paired t-tests) are shown on the connecting lines above or below the bars and are Bonferroni-corrected for multiple comparisons. Signiﬁcance levels for resilience: ns, not signiﬁcant; *P < 0.025, **P < 0.005, ***P < 0.0005. Signiﬁcance levels for adaptation experiments: ns, not signiﬁcant; *P < 0.0166, **P < 0.005, ***P < 0.0005.



(Wilcoxon tests, P < 0.05). Two patients (FS and HH) did not show any GEN at the beginning of experiment 1 but had developed GEN at the end of the experiment.



Saccade gains in healthy controls and vermal patients were affected differently in the three experiments as demonstrated by the representative subjects presented in Figs 2 and 3 and summarized in Fig. 4A–C,
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138 H. Golla et al. Table 2. Statistical analysis of saccade amplitude gain Gain: median (lower, upper quartile)



Resilience experiment ISG1)40 ISG301)340 P-valueà ISG1)40 vs. ISG301)340 ISG601)640 P-valueà ISG1)40 vs. ISG601)640 Outward adaptation ISG1)40 ISG301)340 P-value§ ISG1)40 vs. ISG301)340 ISG341)380 ISG601)640 P-values§ ISG341)380 vs. ISG601)640 ISG1)40 vs. ISG601)640 Inward adaptation ISG1)40 ISG301)340 P-value§ ISG1)40 vs. ISG301)340 ISG341)380 ISG601)640 P-values§ ISG341)380 vs. ISG601)640 ISG1)40 vs. ISG601)640



Gain: median (lower, upper quartile)



Vermal controls (C)



Vermal patients (P)



P-value  C. vs. P



Non-vermal controls (C)



Non-vermal patients (P)



P-value  C. vs. P



0.952 (0.938, 0.997) 0.949 (0.931, 0.987)



0.925 (0.908, 0.979) 0.921 (0.879, 0.969)



*** ns



0.993 (0.936, 1.033) 0.991 (0.953, 1.047)



0.915 (0.871, 0.974) 0.925 (0.861, 0.971)



*** **



ns 0.966 (0.948, 0.980)



ns 0.863 (0.804, 0.929)



***



ns 1.012 (0.974, 1.047)



ns 0.936 (0.889, 1.007)



***



ns



***



ns



ns



0.941 (0.878, 1.010) 1.055 (0.961, 1.144)



0.907 (0.801, 1.002) 0.922 (0.800, 1.020)



*** ***



0.963 (0.913, 1.001) 1.044 (0.990, 1.107)



0.898 (0.857, 0.970) 1.022 (0.974, 1.077)



*** ns



*** 1.031 (0.945, 1.093) 0.992 (0.912, 1.063)



ns 0.921 (0.786, 1.027) 0.896 (0.808, 1.008)



*** ***



*** 1.021 (0.983, 1.058) 0.985 (0.937, 1.020)



*** 0.993 (0.926, 1.043) 0.972 (0.923, 1.046)



* ns



*** ***



ns ns



*** **



ns ***



0.976 (0.922, 1.024) 0.814 (0.752, 0.865)



0.937 (0.825, 1.034) 0.875 (0.745, 0.955)



*** ***



0.995 (0.952, 1.033) 0.842 (0.771, 0.893)



0.952 (0.911, 0.998) 0.825 (0.738, 0.894)



ns ns



*** 0.853 (0.788, 0.898) 0.905 (0.832, 0.951)



*** 0.857 (0.745, 0.955) 0.872 (0.748, 0.969)



ns ns



*** 0.901 (0.862, 0.945) 0.946 (0.901, 0.983)



*** 0.895 (0.801, 0.970) 0.927 (0.864, 1.007)



ns *



*** ***



ns ***



*** ***



* **



Values are: median (lower, upper quartile).  Mann–Whitney U-test; àKruskal–Wallis rank anova; §Wilcoxon test; ns, not signiﬁcant; *P < 0.05, **P < 0.01, ***P < 0.001.



which plots saccade amplitude as function of trial number for the three experiments, as well as in Fig. 4D which compares mean changes of amplitudes in ‘early’, ‘intermediate’ and ‘late’ periods of the respective experiments. In experiment 1, the test of saccadic resilience, healthy controls did not show any change in saccade size or variance during the course of the experiment, as indicated by nonsigniﬁcant effects of trial number on ISG and ISG QR (Kruskal–Wallis rank anovas, P > 0.05). Median ISG based on the ﬁrst 40 trials (ISG1)40) was signiﬁcantly smaller in the vermal patients than the vermal controls (Table 2, left), in accordance with the baseline hypometria described before. Moreover, the vermal patients exhibited a continuous signiﬁcant decrease in their SA as indicated by the mean change in median ISG representing early, intermediate and late parts of the experiment (ISG1)40 ⁄ ISG301)340 and ISG1)40 ⁄ ISG601)640). The continuous ISG reduction amounted to 1.30 ± 2.89% (SEM) after 340 trials and 7.08 ± 2.51% at the end of the experiment, i.e. after 640 trials. Correspondingly, median ISG601)640 based on trials 601)640 was signiﬁcantly smaller in patients than in controls (Fig. 4D). On the other hand, also in the vermal patients, the SA variance as captured by the ISG QR remained constant during the experiment (comparison of ISG QR1)40, 0.085; ISG QR300–340, 0.090; ISG QR600–640, 0.125; Wald–Wolfowitz runs tests, P > 0.05). Finally, in both groups SL did not change in the course of the experiment (Table 3A and Fig. 5, left). Note, however, that the SLs of patients were consistently longer in the baseline period (Table 4). The loss of accuracy in the vermal patients was further aggravated by the need to adapt saccade amplitudes in experiments 2 and 3 as



the patients exhibited a profound impairment of adaptation compared to controls. During outward adaptation, healthy subjects demonstrated an increase in their median SA over time that leveled off after the ﬁrst 25 trials of adaptation (Fig. 4B). The mean change in the median ISG after 340 trials (ISG340), i.e. when adaptation had plateaued, amounted to on average 13.06 ± 2.60% relative to baseline (Fig. 4D). On the other hand, the vermal patients lacked the merest hint of outward adaptation (Fig. 4B and D). Rather than showing the increase in SA demanded by the task, they actually did not change the mean SA by more than 0.36 ± 2.12% relative to baseline. This difference in the amount of outward adaptation shown by controls and patients was highly signiﬁcant (Table 2, left). In the extinction period of the experiment, i.e. from trial 341 to trial 640, the SA of healthy controls did not completely return to baseline, as indicated by the fact that the median ISG at the end of the extinction period differed signiﬁcantly from the baseline ISG. However, there was a signiﬁcant decrease in the ISG from trial 341 to trial 640. Actually, saccades were precisely on target at the end of the extinction period. In other words, the seemingly incomplete extinction may actually be an artifact of baseline saccades having been shorter than required. On the other hand, the SA of vermal patients did not change signiﬁcantly in the extinction period and, at the end of extinction, did not differ signiﬁcantly from baseline. The SL (Table 3B and Fig. 5, centre) did not change signiﬁcantly during outward adaptation, either in controls or in patients. However, during the extinction period, healthy controls, unlike the vermal patients, developed signiﬁcantly longer latencies.
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Saccade disturbances due to cerebellar disease 139 Table 3A. Resilience experiment: statistical analysis of kinematic saccade parameters Median (lower, upper quartile) Early (E) Latency (ms) Controls Vermal patients Peak velocity ( ⁄ s) Controls Vermal patients Duration (ms) Controls Vermal patients



P-value (E vs. I)



Intermediate (I)



270 (205, 325) 295 (225, 375)



ns  ns 



270 (205, 350) 305 (230, 380)



297.2 (269.8, 319.8) 275.5 (226.7, 308.3)



***à ***à



282.2 (255.2, 303.4) 256.7 (208.2, 290.4)



50 (50, 55) 55 (50, 60)



***à nsà



55 (50, 55) 55 (50, 60)



P-value (I vs. L)



Median (lower, upper quartile) Late (L)



ns  ns 



260 (215, 320) 300 (235, 390)



***à **à



268.8 (243.1, 295.8) 238.5 (163.2, 282.7)



***à nsà



55 (50, 60) 55 (50, 65)



Bonferroni-corrected for multiple comparisons.  Kruskal–Wallis rank anova; àWilcoxon test; ns, not signiﬁcant; **P < 0.005, ***P < 0.0005. Table 3B. Outward adaptation: statistical analysis of kinematic saccade parameters Adaptation: median (lower, upper quartile) Early (EA) Latency (ms) Controls Vermal patients



230 (190, 275) 290 (215, 370)



Peak velocity ( ⁄ s) Controls 287.8 (266.2,311.2) Vermal patients 259.6 (214.0,292.5) Duration (ms) Controls Vermal patients



50 (50, 55) 55 (50, 60)



Late (LA)



235 (195, 295) 290 (220, 370) 288.2 (263.9, 314.7) 255.5 (208.8, 290.4) 55 (50, 60) 55 (50, 60)



P-value (EA vs. LA) ns  ns  nsà nsà ***à nsà



Extinction: median (lower, upper quartile)



P-values



Early (EE)



(LA vs. EE)



(EE vs. LE)



ns  ns 



**  ns 



nsà nsà



***à nsà



nsà nsà



nsà nsà



230 (190, 295) 300 (220, 395) 287.6 (262.7, 313.0) 259.7 (203.5, 294.6) 55 (50, 60) 55 (50, 60)



Late (LE)



250 (205, 320) 280 (220, 370) 272.1 (244.5, 299.8) 254.2 (217.3, 288.3) 55 (50, 60) 55 (50, 60)



Bonferroni-corrected for multiple comparisons.  Kruskal–Wallis rank anova; àWilcoxon test; ns, not signiﬁcant; **P < 0.003, ***P < 0.0003. Table 3C. Inward adaptation: statistical analysis of kinematic saccade parameters Adaptation: median (lower, upper quartile) Early (EA) Latency (ms) Controls Vermal patients



245 (200, 300) 280 (205, 365)



Peak velocity ( ⁄ s) Controls 292.4 (271.6, 316.4) Vermal patients 268.3 (230.3, 298.1) Duration (ms) Controls Vermal patients



50 (50, 55) 55 (50, 60)



Late (LA)



255 (200, 310) 305 (225, 380) 255.1 (232.8, 273.7) 251.3 (212.7, 281.5) 50 (45, 55) 55 (50, 60)



P-value (EA vs. LA) ns  *  ***à **à ***à **à



Extinction: median (lower, upper quartile)



P-values



Early (EE)



(LA vs. EE)



(EE vs. LE)



ns  ns 



ns  ns 



nsà nsà



nsà nsà



nsà nsà



***à nsà



260 (200, 325) 300 (230, 385) 260.0 (233.1, 280.4) 245.6 (205.5, 272.8) 50 (45, 55) 55 (50, 60)



Late (LE)



265 (215, 320) 280 (225, 365) 264.4 (244.3, 284.0) 248.1 (183.9, 281.2) 50 (50, 55) 55 (50, 60)



Bonferroni-corrected for multiple comparisons;  Kruskal–Wallis rank anova; àWilcoxon test; ns, not signiﬁcant; *P < 0.0166, **P < 0.003, ***P < 0.0003.



During inward adaptation (Fig. 4C and D), the vermal patients showed the decrease in saccadic amplitude required by the paradigm. However, its amount as captured by the mean change in median ISG (i.e. ISG301)340 ⁄ ISG1)40) was only )7.42% ± 2.65 and therewith signiﬁcantly smaller than the )16.22% ± 0.88 decrease in SA demonstrated by the healthy controls (unpaired t-test, P < 0.001). At the end of the extinction period, the SAs of vermal patients no longer differed from those of healthy controls, due to the fact that healthy controls had been able to increase SA much more strongly and quickly than the vermal patients, thereby compensating for the larger amount of inward adaptation. However, recovery from adaptation was not complete in controls as the extinction period was possibly too short to



warrant full recovery (Straube et al., 1997a); (6.0 ± 1.5% decrease in ISG601)640 relative to ISG1)40; Bonferroni-corrected paired t-test, P < 0.003). In any case, comparing ISG341)380 and ISG601)640 showed a signiﬁcant recovery of SA during extinction in controls, which was absent in the vermal patients (Bonferroni-corrected paired t-tests: controls, P < 0.0003; patients, n.s.). The fact that ISG601)640 in patients was also not different from the ISG1)40, despite the fact that in between signiﬁcant inward adaptation had been observed and no signiﬁcant change in SA during extinction had taken place, must be attributed to the comparatively large variability in the ISG601)640 (patients: 8.3% ± 3.1 SEM decrease in ISG601)640 relative to ISG1)40; paired t-test, n.s). The SL (Fig. 5, right) of the controls did not show
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Fig. 5. Saccadic latencies during and after resilience and adaptation experiments. Median of saccade latency of the 12 control subjects (j) and the 12 vermal patients (h). Whiskers show the lower and upper quartiles. Left, resilience experiment: 1, early trials; 2, intermediate trials; 3, late trials. Center, outward adaptation. Right, inward adaptation: 1, early adaptation trials; 2, late adaptation trials; 3, early extinction trials; 4, late extinction trials. Signiﬁcance levels of Kruskal–Wallis anovas, Bonferroni-corrected for multiple comparisons: ns, not signiﬁcant; *P < 0.0166, **P < 0.003.



Table 4. Kinematic saccade parameters at the onset of the three experiments Parameters: median (lower, upper quartile) Latency (ms)



Peak velocity ( ⁄ s)



Duration (ms)



Resilience experiment Vermal controls (C) Vermal patients (P)   P-value C vs. P



270 (205, 325) 295 (225, 375) ***



297.27 (269.88, 319.88) 275.56 (226.77, 308.30) ***



50 (50, 55) 55 (50, 60) ***



Outward adaptation Vermal controls (C) Vermal patients (P)   P-value C vs. P



230 (190, 275) 290 (215, 370) ***



287.82 (266.25, 311.26) 259.69 (214.01, 292.85) ***



50 (50, 55) 55 (50, 60) ***



Inward adaptation Vermal controls (C) Vermal patients (P)   P-value C vs. P



245 (200, 300) 280 (205, 365) ***



292.48 (271.61, 316.45) 268.37 (230.89, 298.18) ***



50 (50, 55) 55 (50, 60) ***



 



Mann–Whitney U-test; ns, not signiﬁcant; ***P < 0.001.



any changes over the whole period of adaptation and extinction. On the other hand, patients increased their latencies signiﬁcantly during inward adaptation while not exhibiting any further change during extinction (Table 3C).



outward adaptation was normal in both groups as indicated by a signiﬁcant change in SA during extinction from both adaptations.



Largely normal saccadic performance in patients with cerebellar damage sparing the vermis



What, if any, is the functional connection of the two saccade disturbances displayed by vermal patients, namely the inability to maintain stable saccade amplitudes (experiment 1, resilience test) and the lack of normal saccadic adaptation (experiments 2 and 3)? An answer is provided by a consideration of saccade kinematics and their changes in the course of the three experiments, which suggests that vermal patients lack the capacity to optimize saccade duration. However, before looking more closely at the changes in the complex relationship of the various kinematic variables considered and the differential effects of the experiments on patients and controls, it seems pertinent to put on record that the vermal patients in any case exhibited signiﬁcantly lower peak velocities and signiﬁcantly larger durations of their saccades at the outset of each of the three experiments carried out (Table 4). The fact that the SA of healthy controls remained stable during the resilience experiment (Fig. 6A) was a consequence of the fact that median SD was increased from 50 ms at the onset to 55 ms at the



The two patients with lesions conﬁned to the cerebellar hemispheres and sparing the vermis exhibited somewhat smaller saccade amplitudes in the baseline condition [patients: median ISG1)40, 0.915 (0.871, 0.974); controls: median ISG1)40, 0.993 (0.936, 1.033); Mann–Whitney U-test, P < 0.001; in both groups based on pooled data from experiments 1–3]; however, without showing a higher saccade amplitude variability than controls (patients: ISG QR1)40, 0.103; controls: ISG QR1)40, 0.097; Wald-Wolfowitz runs test, P > 0.05; in both groups based on pooled data from experiments 1–3). In the test of saccadic resilience (experiment 1), the nonvermal patients exhibited a similar stability in SA as did controls (Table 2, right). They exhibited completely normal outward and inward adaptation proﬁles (Fig. 3 bottom; nonvermal patients marked with asterisks). Also, recovery from inward adaptation as well as from



Saccade disturbances in vermal patients can be explained by altered saccade kinematics
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Saccade disturbances due to cerebellar disease 141 end of the experiment (Table 3A, Fig. 6C), compensating for the decrease in median PV within the same time, from 297.2 ⁄ s to 268.8 ⁄ s (Fig. 6B). In other words, saccades at the end of the experiment deviated from the main sequence relationship of SA, PV and SD that had characterized saccades at the onset of the experiment. In contrast to healthy subjects, the vermal patients lacked any compensatory up-regulation of SD. Whereas PV declined as in controls, SD did not change signiﬁcantly over the course of the experiment. In order to compensate for the deterioration in saccade precision, vermal patients increased the number of corrective saccades: the median number of corrective saccades (Fig. 6D) was initially identical in patients and controls (Mann–Whitney U-test, P > 0.05). However, at the end of experiment 1 the patients exhibited signiﬁcantly more corrective saccades than at the beginning (Wilcoxon test, P < 0.001), whereas control subjects conversely showed a signiﬁcant decrease (Wilcoxon test, P < 0.001). A progressive reduction in saccade velocity was also observed in the inward adaptation experiment (Fig. 7B). However, unlike saccades in the resilience experiment, here neither controls nor vermal patients exhibited a compensatory increase in SD. Rather, both groups showed a signiﬁcant decrease in SD (Fig. 7C), thereby giving rise to the reduced SA characterizing both groups at the end of the adaptation period (Fig. 7A). The fact that the reduction in SA was smaller in the group of vermal patients was a consequence of the smaller reduction in PV and SD at the end of the adaptation period. During the extinction period only the healthy controls exhibited a signiﬁcant increase in SD while saccadic PV stayed unchanged. This SD change by +2.5 ms accounted for the increase in SA observed in the extinction period. Finally, in the outward adaptation experiment, the saccadic PV of the healthy controls did not change signiﬁcantly in the course of the experiment (Fig. 8B). However, SD grew signiﬁcantly (Fig. 8C) as a consequence of adaptation, from on average 50 to 55 ms. This increase in SD accounted for the larger saccade amplitudes reported above (Fig. 8A). On the other hand, the vermal patients did not exhibit a signiﬁcant change in SD. As saccadic peak velocity stayed constant throughout the course of the experiment, SA also did not change. During the extinction period of the outward adaptation experiment, healthy controls showed a signiﬁcant reduction in PV (Fig. 8B) but no change in SD (Fig. 8C) leading to a decrease in SA (Fig. 8A). In patients we found no change in either PV or in SD and, consequently, no change in SA, as reported above. We refrained from a quantitative comparison of saccade kinematics in the two nonvermal patients and their controls as the small sample size precluded a meaningful statistical comparison of the noisy kinematic measures.



Discussion Fig. 6. Medians of (A) saccade amplitude, (B) saccade peak velocity and (C) saccade duration for (1) the early, (2) the intermediate and (3) the late trials of the resilience experiment. Signiﬁcance levels of Wilcoxon tests, Bonferroni-corrected for multiple comparisons: ns, not signiﬁcant; *P < 0.025, **P < 0.005, ***P < 0.0005. Even if, sometimes, medians look very similar note that their distributions were signiﬁcantly different as, for example, the SD from (2) to (3) in control subjects changed from 55(50,60) to 55(50,65). (D) Medians of the number of non-gaze-evoked-nystagmus saccades during (1) early and (3) late trials. Signiﬁcance level of Wilcoxon tests: ns, not signiﬁcant; *P < 0.05, **P < 0.01, ***P < 0.001, j, controls; h, vermal patients. The whiskers give the lower and upper quartiles.



Dysfunction of the human cerebellar vermis leads to deﬁciencies in STSA, accompanied by increased variability in SA and reduced saccadic resilience. When challenged in a resilience test, vermal patients exhibited a continuously increasing decline in SA and, conversely, the development of continuously growing deviations of the primary saccade from the target while the number of corrective saccades increased in order to reach the target. This usagedependent hypometria was not exhibited by either healthy subjects or patients with lesions of the lateral hemispheres of the cerebellum. Likewise, only patients with vermal pathology exhibited severe
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Fig. 7. Medians of (A) saccade amplitude, (B) saccade peak velocity and (C) saccade duration for (1) the ﬁrst and (2) the last 40 trials of the inward adaptation experiment, and (3) the ﬁrst and (4) the last 40 trials of the ensuing extinction period. The black squares refer to controls, the open symbols to vermal patients. The whiskers give the lower and upper quartiles. Signiﬁcance levels of Wilcoxon tests, Bonferroni-corrected for multiple comparisons: ns, not signiﬁcant; **P < 0.003, ***P < 0.0003.



disturbances of STSA, the degree of which depended on the direction of adaptation, being complete when adaptive increases of SA were required but much milder if adaptive decreases in SA were needed.



Topography of saccadic adaptation in humans Three earlier reports, conﬁned to inward adaptation, have described disturbances of saccadic adaptation in humans (Waespe & Baumgart-



Fig. 8. Medians of (A) saccade amplitude, (B) saccade peak velocity and (C) saccade duration for (1) the ﬁrst and (2) the last 40 trials of the outward adaptation experiment and (3) the ﬁrst and (4) the last 40 trials of the ensuing extinction period. n, controls; h, vermal patients. The whiskers give the lower and upper quartiles. Signiﬁcance levels of Wilcoxon tests, Bonferroni-corrected for multiple comparisons: ns, not signiﬁcant; ***P < 0.0003.



ner, 1992; Straube et al., 2001; Coesmans et al., 2003). The only one of the three studies addressing the topography of the underlying pathology was the study by Waespe & Baumgartner (1992); it described a combination of persistent saccadic dysmetria and impaired inward adaptation in patients with Wallenberg’s syndrome, a consequence of ischemia in the territory of the posterior inferior cerebellar artery, which was also the cause of vermal pathology in three out of 12 patients in our study. Lesions in Wallenberg’s syndrome may encroach upon vermal lobuli VI and VII (oculomotor vermis; OV). However,
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Saccade disturbances due to cerebellar disease 143 rather than reﬂecting direct damage of the OV, disturbances of STSA in Wallenberg patients might actually result from damage to vermal outﬂow (Yamada & Noda, 1987) or be secondary to brainstem damage jeopardizing the climbing ﬁbre input to the OV (Brodal & Brodal, 1981; Yamada & Noda, 1987; Thielert & Thier, 1993), putatively driving the adaptation process (Catz et al., 2005). In any case, the other nine patients showing disturbances of STSA in our study suffered from pathology involving the vermis, without indication of brainstem damage on routine MRI scans. On the other hand, the two patients with large, unilateral hemispheric lesions sparing the vermis exhibited completely normal STSA. This topographic pattern is therefore largely in accord with the monkey lesion literature (Optican & Robinson, 1980; Takagi et al., 1998; Barash et al., 1999), implicating vermal lobuli VI and VII in STSA, and a report of STSA-related PET responses in the human posterior vermis (Desmurget et al., 1998). We add that our vermal patients also exhibited the permanently larger saccade latencies observed in monkeys with lesions in the OV (Takagi et al., 1998).



Fatigue The increased variability of saccade amplitudes in vermal patients suggests that the ability to adjust SA quickly and efﬁciently in response to varying demands may no longer be available. This interpretation is in line with the impairment of STSA characterizing the same group, assuming that STSA is a laboratory manifestation of a mechanism providing short-term adjustments of saccade metrics. However, it also goes with the reduced saccadic resilience of these patients, characterized by the emergence of increased hypometria at the end of a series of stereotypic saccades. We think that this usage-dependent hypometria is a manifestation of uncompensated oculomotor fatigue as it is characterized by a gradual decline in saccade peak velocity, not compensated for by an increase in saccade duration. Changes in saccade velocity could in principle also be a consequence of cognitive fatigue in the sense of a gradual drop in alertness, attention and general interest in the task. Actually, evidence for cognitive fatigue, characterized by the concurrent development of a decrease in saccade velocity and an increase in saccadic reaction time, has been previously observed by Straube et al. (1997b) in monkeys asked to carry out repetitive saccades. Performance changes were only observed in darkness, but not in dim light, the latter arguably better able to maintain a suitable level of alertness. In the light of this dissociation, suggestive of cognitive fatigue, these authors discarded a signiﬁcant role of oculomotor fatigue. Our ﬁndings differ from those of Straube et al. (1997b) insofar as neither patients nor healthy controls showed any change in saccade latencies. Moreover, any loss of alertness or attention would be expected to affect not only saccade velocity and latency but also saccade precision, lessening the latter (Kobayashi et al., 2002). However, healthy subjects did not show any drop in SA or increase in SA variability, although they demonstrated the same gradual drop in saccade velocity as patients. Nevertheless, healthy controls, unlike the patients, could maintain stable SA as they were able to increase saccade duration appropriately. Hence, if cognitive fatigue played a signiﬁcant role in our subjects we would have to assume that it had a selective effect on saccade velocity while sparing both saccade latency and saccade precision. Such a highly speciﬁc pattern is obviously at odds with the concept of cognitive fatigue as reﬂecting a general decline in the mobilization of cognitive resources. On the other hand, there is one peculiar observation on the vermal patients that might actually be more compatible with cognitive fatigue. In the outward adaptation experiment, the vermal patients did not



exhibit a signiﬁcant drop in saccade velocity. However, a drop would have been expected in view of the drop in saccade velocity in the resilience experiment, which imposes a similar strain on the oculomotor system. Hence, either the drop in velocity in the resilience experiment is indeed cognitive, or, alternatively, an as yet unknown factor, speciﬁcally active in the outward adaptation experiment, was able to stabilize eye velocity despite the occurrence of oculomotor fatigue. In any case, independent of whether saccade velocity changes as a consequence of oculomotor or cognitive fatigue, or both, it requires the OV to stabilize SA in the wake of changes in saccade velocity; this is largely in accord with the view that saccade amplitude is controlled by internal feedback involving a forward model of the oculomotor plant (Robinson, 1975; Scudder, 1988), which needs to be calibrated based on information on the adequacy of the performance of the controller (Kawato, 1993). If the system changes, for instance because the muscles get weaker and consequently eye velocity drops, the forward model would have to be adjusted such as to represent smaller peak velocities in conjunction with longer movement durations. In other words, the velocity–duration tradeoff we observed in healthy subjects is a necessary reﬂection of the dynamic nature of the forward model. The absence of an appropriate velocity–duration tradeoff in patients with vermal damage supports the view that the model is under vermal control (Optican & Robinson, 1980; Optican & Quaia, 2002).



Differences between outward and inward adaptation In the vermal patients, only outward adaptation was abolished completely; inward adaptation was only partially abolished. We think that the concept of fatigue, presented in the previous section, offers a clue to understanding this difference. We suggest that the residual inward adaptation exhibited by the patients was basically uncompensated fatigue, i.e. a usage-dependent drop in saccade velocity not compensated for by an increase in saccade duration. Controls showed a similar drop in velocity not compensated for by an increase in saccade duration. Actually, compared to the patients, they exhibited a signiﬁcantly larger change towards saccade durations even shorter than before adaptation onset, a change that accounts for the larger amount of inward adaptation in this group. Hence, inward adaptation may be a process that capitalizes on the development of fatigue; in other words, inward adaptation seems to have a substantial passive component. Outward adaptation, on the other hand, must be fully active as the passive changes act in the wrong, i.e. opposite, direction. The larger amplitudes required are achieved by increasing saccade duration, an increase in duration and amplitude that is not accompanied by substantial increases in saccade velocity, thereby moving the adapted saccade away from the main sequence curve for normal, unadapted saccades. This view of outward adaptation is in agreement with the ﬁndings of Abel et al. (1978) as well as those of Straube & Deubel (1995) who likewise described an increase in saccade duration during outward adaptation. The lack of outward adaptation in the vermal patients is the direct consequence of the lack of a sufﬁcient increase in saccade duration. These patients already showed increased saccade duration at the beginning of the experiments. Hence, one might argue that they were already at the upper limit, unable to increase saccade duration any further in order to compensate for too-small peak saccade velocities in experiments 1 (resilience) and 2 (outward adaptation). However, we think that this is not the case as humans can produce saccades of up to at least 80 ms duration (Bahill et al., 1975). Our vermal patients produced saccades at the beginning of the experiments of durations
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144 H. Golla et al. < 60 ms, which is clearly well below the physiological limits of SD. Furthermore, even the vermal patients were able to show some residual, though nonsigniﬁcant, modulation in SD of +1.5 ms when they were asked to change their SA after inward adaptation back to normal. Why do vermal patients show increased baseline saccade durations in the ﬁrst place? Possibly, the increase may reﬂect a longterm readjustment of mean saccade duration in response to the patients’ inability to adjust saccade duration on a short time scale. In conclusion, our ﬁndings indicate that OV is required to adapt saccade amplitudes to the needs of the visual system and to guarantee that optimal saccade amplitudes are being maintained despite the action of fatigue. The common denominator of the saccade disturbances observed in disease afﬂicting the OV seems to be insufﬁcient control of saccade duration. This conversely suggests that the function of the OV is the optimization of saccade duration. The notion that the OV is needed to optimize saccade timing is in full agreement with recordings from monkey OV Purkinje cells, which show a close correspondence between saccade timing and the timing of a Purkinje cell population signal (Thier et al., 2000, 2002). Disrupted saccadic timing due to disease suggests that the Purkinje cell signal may indeed have a causal role in saccade amplitude stabilization and adaptation.
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