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Abstract We measured saccadic eye movements in 168 normal human subjects, ranging in age from 5 to 79 years, to determine age-related changes in saccadic task performance. Subjects were instructed to look either toward (pro-saccade task) or away from (anti-saccade task) an eccentric target under different conditions of fixation. We quantified the percentage of direction errors, the time to onset of the eye movement (saccadic reaction time: SRT), and the metrics and dynamics of the movement itself (amplitude, peak velocity, duration) for subjects in different age groups. Young children (5±8 years of age) had slow SRTs, great intra-subject variance in SRT, and the most direction errors in the anti-saccade task. Young adults (20±30 years of age) typically had the fastest SRTs and lowest intra-subject variance in SRT. Elderly subjects (60±79 years of age) had slower SRTs and longer duration saccades than other subject groups. These results demonstrate very strong age-related effects in subject performance, which may reflect different stages of normal development and degeneration in the nervous system. We attribute the dramatic improvement in performance in the anti-saccade task that occurs between the ages of 5± 15 years to delayed maturation of the frontal lobes. Key words Saccade ´ Visual fixation ´ Anti-saccade ´ Reaction times ´ Express saccade ´ Frontal cortex ´ Aging ´ Senescence



Introduction Recent neurophysiological, neuroanatomical, and neuroimaging studies in humans and nonhuman primates have revealed a number of brain areas that are involved in the control of saccadic eye movements and visual fixation. The areas include the posterior parietal and frontal corti-



)



D.P. Munoz ( ) ´ J.R. Broughton ´ J.E. Goldring ´ I.T. Armstrong Department of Physiology, Queen's University, Kingston, Ontario, Canada, K7L 3N6 e-mail: [email protected], Tel.: +1-613-545-2111, Fax: +1-613-545-6840



ces, basal ganglia, thalamus, superior colliculus, cerebellum, and brain-stem reticular formation (Wurtz and Goldberg 1989; Leigh and Zee 1991). Because these areas span almost the entire neuraxis, there is considerable likelihood that neurological immaturity, degeneration, or malfunction may influence saccade performance. Indeed several neurological and psychiatric disorders are frequently accompanied by disturbances in the control of saccadic eye movements. This study attempts to create a foundation from which to study such possible relationships by providing important normative information across age groups. Several studies have investigated the effects of senescence on reaction times and the metrics and dynamics of saccadic eye movements (Spooner et al. 1980; Abel et al. 1983; Warabi et al. 1984; Sharpe and Zackon 1987; Wilson et al. 1993; Moschner and Baloh 1994; Bono et al. 1996; Fischer et al. 1997; Pratt et al. 1997). To date, very few studies have investigated age-related performance in saccadic tasks during different states of visual fixation (Pratt et al. 1997) or the ability to suppress reflexive saccades and generate voluntary saccades in the absence of a visual target (Fischer et al. 1997). The main goal of our study is to create a more comprehensive pool of data describing the influence of age on saccade suppression, saccade initiation, and saccade metrics and dynamics. The tasks we employ are frequently used in oculomotor studies: they can be combined with cell-recording studies in non-human primates, and they are being explored for their possible clinical relevance. Saccadic reaction times are dependent on the state of fixation at the time of target appearance. Reaction times are increased when the initial fixation point remains illuminated during the appearance of the new saccade target (overlap task; Fig. 1A) and reduced when the initial fixation point disappears some time prior to target appearance (gap task; Fig. 1B) (Saslow 1967; Kalesnykas and Hallett 1987; Fischer and Weber 1993; Munoz and Corneil 1995). A gap of 200 ms allows for the fastest responses to a target, likely related to the drop in fixation activity, which has been observed in the superior colliculus of
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of the efficacy of the brainstem saccade generating circuitry in generating a saccade. We describe the age-related changes in these parameters measured in normal human subjects from age 5 to 79 years. The data correlate with the delayed maturation of frontal lobe function. Some of these data have been presented in abstract form (Munoz et al. 1996).



Materials and methods



Fig. 1A±D Schema showing the different behavioral paradigms used. In the overlap condition (A), the central fixation point (FP) remained illuminated when an eccentric target (T) appeared. In the gap condition (B), the FP disappeared 200 ms before the appearance of the eccentric T. Within a block of trials, subjects were instructed to either look from the FP to the T (C Pro-saccade Task) or from the FP to the opposite side of the vertical meridian of the T (D Anti-saccade Task)



monkeys during the gap period (Dorris and Munoz 1995). This difference in saccadic reaction time (SRT) between the gap and overlap conditions is termed the gap effect. In some experimental conditions, SRTs can be reduced to a minimum of about 100 ms (Fischer and Rampsberger 1984; Fischer and Weber 1993). It has been suggested that subjects generating an abundance of these short-latency express saccades, especially in the overlap condition, may have some underlying pathology (Biscaldi et al. 1996; Cavegn and Biscaldi 1996). The anti-saccade task (Fig. 1D) probes the ability of a subject to generate a voluntary saccade after first suppressing a reflexive saccade (Hallett 1978; Hallett and Adams 1980). In this task, subjects are required to look away from an eccentric visual target that suddenly appears, rather than look towards it. It is supposed that, in order to perform this task correctly, the subject must first suppress a reflexive movement to the target and then generate a voluntary movement in the opposite direction to a location in the visual field in which no stimulus was presented. A number of parameters can be measured in the tasks and conditions illustrated in Fig. 1. Analysis of SRT distributions in the gap and overlap conditions yield insight into the influences of visual fixation. The distribution of SRTs from correct and incorrect responses in the proand anti-saccade tasks may be an indicator of the degree of reflexive versus voluntary control exerted during saccade-generation and thus can measure the inability of subjects to override reflexive behaviors. Amplitude, velocity, and duration measures of saccades provide an indication



All experimental procedures were reviewed and approved by the Queen's University Human Research Ethics Board. One hundred sixty-eight subjects between the ages of 5 and 79 years were recruited from the greater Kingston area with local newspaper advertisements and by word-of-mouth. All subjects were informed of the nature of the study and consented to participate. Parents provided informed consent for minors ( 
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