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Abstract^
Objective: To determine the effects of age and central vision loss on driving skills.
Methods: Ten subjects with age-related macular degeneration and average binocular visual acuity of 20/70, and 11 age-similar subjects with normal vision, were examined with a battery of cognitive and visual tests, an interactive driving simulator, and an on-road driving test. Data were collected on the frequency of real-world accidents and convictions for traffic violations.
Results: There were no significant differences between the two groups on any of the cognitive tests. The age-related macular degeneration group demonstrated poorer performance on the driving simulator, including delayed braking response times to stop signs, slower speeds, and more of both lane boundary crossings and simulator accidents. The age-related macular degeneration group also demonstrated poorer overall on-road test performance, including having significantly more points deducted for driving too slowly and for not maintaining proper lane position. However, these effects on the simulator and the on-road test did not translate into an increased risk of real-world accidents for the age-related macular degeneration group. Significantly more control subjects than patients with age-related macular degeneration were involved in self-reported accidents, and significantly more control subjects had state convictions for traffic violations. There was evidence of compensation in the age-related macular degeneration group in four major areas: (1) not driving in unfamiliar areas; (2) traveling at slow speeds; (3) self-restricting their nighttime driving, and (4) taking fewer risks while driving (eg, not changing lanes). There was also evidence of compensation in the older control group.
Conclusions: Vision, simulator, and on-road test variables combined with subjective risk taking predicted self-reported real-world accidents in a logistic regression analysis. However, risk taking, rather than simulator or road-test performance, was the most significant predictor for both patients with age-related macular degeneration and the control group.
(Arch Ophthalmol. 1995;113:1033-1040)



Previous studies have shown little or no relationship between visual acuity and driving performance, most likely because performance was defined by numbers of crashes [1-3]. A study in our laboratory with relatively young subjects (age range, 22 to 54 years; mean age, 36 years) who had central vision loss caused by juvenile macular dystrophies (cone-rod dystrophy or Stargardt's disease), with visual acuities ranging from 20/40 to 20/70, showed that these younger patients had deficits relative to normally sighted control subjects in driving skills as measured with a driving simulator, but they did not have an increased risk of real-world accidents [4]. 

In the same study, we demonstrated that subjects (age range, 29 to 67 years; mean age, 42 years) with peripheral visual field losses caused by retinitis pigmentosa performed more poorly on the simulator and had twice the real-world accident risk compared with the normally sighted control subjects. The younger patients with juvenile macular dystrophy and central vision loss were able to compensate for their vision losses by restricting themselves to avoid driving at night and in unfamiliar areas. Those who restricted their driving to during the daytime had even fewer accidents than the control subjects. We proposed that peripheral field loss, like that seen in the patients with retinitis pigmentosa, may be more difficult to compensate for than central vision loss. We have shown in these studies that there is a relationship between vision and driving skills (ie, simulator performance), but that a clear relationship of vision and simulator-determined driving skills to real-world accidents is clouded by compensation factors during actual real-world driving. 

It has been well established that some vision, cognitive, and motor deficits that occur with the normal aging process [5] may relate to an increased risk of having an automotive accident [6]. In a more recent study in our laboratory, we measured the driving simulator performance of a group of older normally sighted subjects (age range, 62 to 83 years; mean age, 70 years) [7]. We found that these older subjects performed more poorly than a younger control group on the driving simulator. However, in the study, we did not relate simulator performance with any on-road driving measures. In addition, we did not explore the role of compensation factors in determining accident risk within this group. 

In the present study, we wanted to investigate the effects of age and central vision loss on driving skills and performance with the use of a sample of patients with age-related macular degeneration (ARMD) and a sample of older normally sighted control subjects. We compared driving skills as measured by an interactive simulator and an on-road test in the ARMD and control groups. In addition, we measured cognitive abilities by means of standardized adult neuropsychological tests to determine whether particular cognitive abilities strongly relate to driving skills. We then related the simulator skills, on-road test results, cognitive abilities, and self-reported levels of risk taking to real-world accidents and convictions for traffic violations. 

SUBJECTS AND METHODS^
OLDER CONTROL SUBJECTS^
Eleven subjects (four women and seven men; mean+-\SD age, 71.0+-\8.3 years) with binocular visual acuities better than 20/40 were included in the study as control subjects. None of the older control subjects had macular changes consistent with macular degeneration on fundus examination, and none had greater than mild nuclear or cortical lens opacities or glaucoma. One control subject was pseudophakic in the right eye, one control subject was pseudophakic in both eyes, and another control subject was aphakic in the right eye. All the control subjects held unrestricted driver's licenses at the time of testing. 

PATIENTS WITH ARMD^
Ten men (mean+-\SD age, 75.7+-\4.5 years) with the diagnosis of ARMD were included in the study. The diagnosis of this disorder was made with clinical criteria previously described [8,9]. The patients' binocular visual acuities ranged from 20/30 to 20/100, with a mean of 20/70. We assessed any visual acuity data that we were able to obtain from patient files that were within the 5-year period before the present testing. These historical data provided us with some information about the progression of the disease during the 5-year period during which the accident data were obtained. We did not have access to previous data from two of the patients who were new to the clinic. The visual acuities of four patients had changed markedly, while three for whom we had historical data showed only mild changes, and one patient showed improved visual acuity from 1990 to 1993. Patients with glaucoma or greater than mild cataracts were excluded. Only two patients had central visual field scotomas to the III-4-e Goldmann test target, and these measured 20 degrees in horizontal diameter in each eye. From Amsler grid testing, three patients had central scotomas in both eyes; one patient had metamorphopsia in both eyes; one patient had metamorphopsia in the right eye and a central scotoma in the left eye; another patient had metamorphopsia in the left eye and a central scotoma in the right eye; three patients had normal Amsler grid findings; and one patient had a fixation problem and could not perform the test. A fundus examination was performed by one of us (G.A.F.). Both eyes of each patient showed age-related macular degenerative changes. 

Only those patients who regularly drove a minimum of 1600 km/y (1000 miles per year, based on self-report) for the period for which accident data were analyzed were included. Only two patients held driver's licenses restricted to daylight driving, and the remainder of the patients held unrestricted licenses. The ARMD and the older control groups were equivalent in mean age (t(19 df)=-1.59, P=.10), mean years of education (ARMD, 12.6+-\3.6 years; control, 12.7+-\3.3 years; t(16 df)=0.09, P=.45), mean miles driven per year (ARMD, 9400+-\3800 miles per year; control, 8700+-\6300 miles per year; t(19 df)=-0.29, P=.40), and mean years of driving experience (ARMD, 57.7+-\8.3 years; control, 51.5+-\11.3 years; t(19 df)=-1.41, P=.10). 

YOUNGER CONTROL SUBJECTS^
The findings from the simulator and the self-reported accidents of the patients with ARMD and the older control subjects were compared with the data on these same indexes from 29 younger control subjects (14 women and 15 men), from a previous study [4], who had normal visual acuity and a normal-appearing fundus by ophthalmologic examination. The younger control subjects ranged in age from 19 to 62 years (mean+-\SD, 38.9+-\12.4 years). All held valid unrestricted driver's licenses and drove at least 1600 km/y. 

VISION MEASURES^
The patients and the older control subjects underwent slit-lamp and fundus examinations performed by one of us (G.A.F.). Further vision tests were performed by another of us (C.E.P.). These further tests included a visual acuity test with the Snellen charts and a visual field test with the Goldmann perimeter (III-4-e test target). Amsler grid testing was also conducted, as was contrast sensitivity testing measured with the Pelli-Robson Letter Contrast Sensitivity Charts [10]. Mesopic visual acuity and dazzle recovery time were measured (Ergovision Test System, AIT Industries Inc, Schaumburg, Ill). In the mesopic visual acuity test, visual acuity was tested within the ergovision device by means of standard Snellen optotypes. Initially, the subject's visual acuity was tested with a background light that measured 100 candelas per square meter. The light was then reduced to 0.1 cd/m2 and the subject's visual acuity was again tested. We recorded the number of lines of difference between the high-luminance and the low-luminance conditions as our mesopic index. 

Dazzle recovery time was tested by presenting a dazzling light to a subject's eyes for 10 seconds. When the light was turned off, a small white disk with a low luminance (1 cd/m2, which after 5 seconds changed to 2 cd/m2) was displayed. The subject fixated on the disk and was asked to count the number of black dots that were printed on it (six or seven). The subject's time to make a correct response (six or seven dots) was measured (up to 120 seconds). 

COGNITIVE MEASURES^
We measured cognitive abilities by means of a neuropsychological test battery that was administered by one of us (L.C.W.). Since dementia has been found to be a factor in driving ability [11], the vocabulary subtest of the Wechsler Adult Intelligence Scale-Revised [12] was used to provide an estimate of IQ. The digit span subtests (spans F and B) of the Wechsler Memory Scale-Revised [13] were administered to provide a measure of attention, concentration, and simple aural comprehension. The logical memory (I and II) and the verbal paired associates subtest (I and II) of the Wechsler Memory Scale-Revised were administered to obtain a standard verbal memory index that can be measured against the estimated IQ and thus give an indication of the presence of a dementing illness. The Benton Visual Form Discrimination Test [14] and the Benton Judgment of Line Orientation Test [15] were administered to provide an objective measure of visual perceptual ability and visual neglect. The ARMD and the older control group showed no significant differences on any of these indexes. 

SIMULATOR MEASURES^
Driving Assessment System^
All subjects underwent testing on an interactive driving simulator that has been previously described in detail [4,7,16]. The visual display provided 160 degrees of horizontal viewing field and 35 degrees of vertical viewing field to the subject seated 57.5 cm from the center screen. After a 15-minute training session on a practice course, data were collected for subjects' responses during an 8-minute session of driving the test course. 

Simulator Performance Indexes^
The simulator indexes analyzed included the following: (1) the number of lane boundary crossings (defined as any one of the four tires crossing over any of the lane's boundaries); (2) deviation in lane position (calculated as the SD of the lane position during the session); (3) steering angle (angular orientation of the steering wheel); (4) vehicle angle to the road; (5) braking response time to a stop sign (defined as the elapsed time between the presentation of a stop sign and the initiation of a brake pedal response); (6) slope of the braking response curve (defined as the slope of the deceleration curve that begins with the initial brake pedal response to the stop sign presentation); (7) braking response time to a red traffic light (defined as the elapsed time between the presentation of a red traffic light and the initiation of a brake pedal response); (8) mean speed (in miles per hour); (9) gas pedal pressure (in arbitrary units; calculated as the SD in gas pedal pressure during the session); (10) braking pedal pressure (in arbitrary units; calculated as the SD in brake pedal pressure during the session); and (11) simulator accidents. 

ROAD TEST MEASURES^
A real-world on-road test was administered by another of us (R.K.), a state-licensed kinesiotherapist with 10 years of experience in assessing patients for potential driving impairments. The subjects were asked to drive on a road course that included parking lot areas, access roads surrounding a Veterans Affairs hospital in suburban Hines, Ill, and suburban streets within a 4-block radius of the hospital complex. Points were deducted for errors in a number of areas that are described below. The examiner was masked as to whether the subject was from the ARMD group or the control group, and also to the results of the subject's driving simulator performance. 

The following road test measures were used. 

1. The driver was instructed to navigate the four stop signs on the road course. 

2. The four left turns and four right turns on the course were evaluated in four different areas: (a) Signal use--was it too late or too soon, or not applied at all? (b) Observation--did the driver have a visual awareness of the area? (c) Speed--was the driver in control of the vehicle when the turn was made? (d) Lane--was the turn initiated and completed in the proper lane (eg, the state does not allow entry into the right lane after completion of a left turn)? 

3. The driver's response to the four traffic signals on the course was evaluated. 

4. A merge into another driving lane was evaluated in four different areas: (a) speed adjustment; (b) visual check or awareness; (c) safe distance to complete the merge; and (d) signal use when merging. 

5. Turning around (offset reverse) was evaluated as follows: during a turn in which the subject drove in reverse around a corner at an intersection, the ability to maintain the proper lane throughout the maneuver was evaluated. 

6. The subjects in this study were required to demonstrate their backing skills for 150 ft. 

7. For lane observance, the examiner deducted two points for each instance of drifting outside the lane markings. 

8. For intersection observance, the subject was positioned at a stop sign and instructed to cross the intersection or complete a left turn; the cross street had two to four lanes of traffic, and the flow of the cross traffic was uncontrollable. 

9. Attention was scored in conjunction with the other indexes, as it is a more comprehensive assessment of visual attention throughout the course. The most common responses by the subject that reflected a general lack of attention were "I didn't see it" or "I was thinking of something else." 

10. Following was also based on a comprehensive assessment throughout the course, and not just one maneuver being performed. 

11. To evaluate speed too fast or too slow, the examiner deducted two points for each occurrence when the driver was traveling 5 mph above or below the posted speed limit. Allowances were made for recognition of changes between zones (the examiner began deducting points only after the driver had passed two speed limit signs indicating the change), and no points were deducted for speed adjustments for lane changes or for merging. 

12. For the use of brakes, the examiner deducted two points for each occurrence of inappropriate braking (eg, slamming on the brakes). 

ASSESSMENT OF RISK TAKING IN DRIVING^
All subjects were asked to respond true or false to statements intended to assess their perceived level of risk taking during their everyday real-world driving. The questionnaire and scoring system have been previously published [4]. The statements were as follows: (1) Most people are worse drivers than I am. (2) Cars are often passing me on the highway. (3) I feel less confident about my driving in bad weather conditions. (4) I rarely take any unnecessary risks when driving. (5) I rarely cut in and out of traffic. (6) Aggressive driving means better driving. (7) I am usually apprehensive when changing lanes in traffic. (8) Even if I am late for an appointment, I do not exceed the speed limit. (9) I often have other drivers honking at me. For statements 1 and 6, a score of 1 was given for a true response, and a 0 was given for a false response. For the remaining questions, a score of 0 was given for a true response, and a score of 1 was given for a false response. The summed total of scores given for each question was defined as the "subjective risk analysis score." Scores ranged from 0 to 9. 

REAL-WORLD ACCIDENT MEASURES^
We analyzed information about past accidents within a 5-year period that was obtained from two sources: a self-report questionnaire and state records of accidents. Accidents were defined as crashes with other moving or stationary objects resulting in property damage. Self-reported accidents were categorized as occurring during daytime or nighttime, based on detailed descriptions of the accidents provided by the subjects. These descriptions included estimates of the date and time of day of the accidents as well as the weather and road conditions. We also analyzed information about convictions for traffic violations from the state records within the same 5-year period. 

RESULTS^
EFFECTS OF VISION ON DRIVING^
Differences Between ARMD and Control Groups^
Table 1lists the major differences between the two groups on all of the vision indexes, the simulator indexes, and the road test indexes. In general, the patients with ARMD had worse performance on all of the indexes. The means and SDs for the younger control group on these same indexes are also indicated in Table 1. In general, the majority of older subjects (ARMD and older control subjects combined) had numbers of simulator accidents, numbers of lane boundary crossings, and average braking response times to a stop sign that were greater than the means for the younger control subjects and average speeds that were below the mean for the younger group. 

 



Table 1. Indexes Showing Differences Between Groups 



There were differences between the groups on similar indexes as measured by the simulator and the road test, including speed on both measures, and lane boundary crossings on the simulator and lane observance on the road test. In addition, there were 15 simulator accidents for the ARMD group and six simulator accidents for the control group, and most of the accidents that occurred on the simulator (four for the control group and 11 for the ARMD group) were a result of the driver wandering out into the oncoming lane and colliding with another vehicle. 

Vision and Simulator Driving Performance^
Better visual acuity, better contrast sensitivity, shorter dazzle recovery times, and smaller mesopic indexes were correlated with better performance on the simulator. The correlation coefficients for these relationships and their corresponding P values are given in Table 2. 

 



Table 2. Correlation Coefficients Between Vision, Simulator, Road Test, and Cognitive Indexes 



Vision and Road Test Performance^
Better visual acuity, better contrast sensitivity, and shorter dazzle recovery times were correlated with better performance on the road test. The correlation coefficients for these relationships and their corresponding P values are given in Table 2. 

Vision and On-Road Accidents and Traffic Convictions^
The visual acuity, contrast sensitivity, and dazzle recovery measures were not correlated individually with on-road accidents. However, larger differences between low-luminance and high-luminance visual acuity test measurements were related to increased numbers of daytime accidents (r(16 df)=.59, P<.01) and an increased rate of state convictions per mile (r(16 df)=.79, P<.01). 

RELATING COGNITIVE PERFORMANCE AND DRIVING^
Cognition and Simulator Performance^
Higher cognitive abilities were related to better driving performance on the simulator. Lower scores on the test of visual form discrimination were significantly related to higher slopes of the braking response curve. This may reflect a tendency for those who have difficulty discriminating the sign to brake more abruptly. 

Cognition and Road Test Performance^
Similarly, higher cognitive abilities were related to better driving performance on the road test. The correlations are given in Table 2. The overall score on the road test was related to the digit span subtest scores (a test of attention) and the scores on judgment of line orientation (a test of visual perception). 

RELATING SIMULATOR PERFORMANCE WITH ROAD TEST PERFORMANCE^
Lane Boundary Crossings^
Fewer lane boundary crossings on the simulator were correlated with higher scores on several subindexes of the road test, including the composite score for merging, maintaining proper lane position while making a left turn, the proper adjustment of speed while merging, visual check of the blind spot while merging, determining that there was sufficient distance to merge, and proper use of a signal. 

Speed^
Lower speeds on the simulator were correlated with lower scores for lane observance and lower scores for proper use of a signal before merging. 

Simulator Accidents^
More simulator accidents were related to lower scores for lane observance. 

Real-World Accident Performance^
We were able to obtain state records of accidents for 18 (10 older control subjects and eight patients with ARMD) of the 21 subjects in the study because three of the subjects had licenses from states other than Illinois. The state records that we did obtain showed no accidents in either group; however, there was a significant difference between the groups for the number of individuals who had one or more convictions from the state records (chi squared (chi2)(1 df)=5.24, P<.02). For the older control group, four of 11 subjects had one or more state convictions for traffic violations, and three of these four subjects had one or more self-reported accidents (accounting for five of the eight accidents for the group). There were 11 state convictions for the older control group; speeding was the most common violation, accounting for four of the 11 violations. None of the patients with ARMD had one or more state convictions. 

There was also a significant difference between the groups for the numbers of individuals involved in self-reported accidents (chi squared (chi2)(1 df)=4.68, P<.03). For the self-reported accidents, six of the 11 older control subjects had one or more self-reported accidents, and one patient with ARMD had one or more accidents. Only one subject in each group had one or more nighttime accidents. In comparison, 18 of the 29 younger control subjects reported being involved in one or more accidents, with five of the 29 younger control subjects having one or more nighttime accidents and six of 29 having one or more daytime accidents. The number of individuals involved in one or more self-reported accidents was significantly different between the younger control group and the ARMD group (chi squared (chi2)(1 df)=8.06, P=.01), but not between the younger control group and the older control group (chi squared (chi2)(1 df)=0.19, P=.70). 

There were a total of eight accidents in the older control group and two accidents in the ARMD group. Of the eight accidents for the older control group, seven occurred during the day and one occurred at night. Four of the eight accidents occurred during outdoor conditions that might impair visibility (extremely sunny, rainy, or dark). Another two accidents in the control group occurred when the drivers reported that they were in unfamiliar surroundings. The other two accidents for the older control group involved vehicles moving into the drivers' vision from the periphery, also while they were driving in unfamiliar locales. The two accidents in the ARMD group occurred at night at intersections while the driver was attempting to make turns. 

It is important, however, that when an analysis was conducted on accident rates between the two groups (self-reported accidents per mile), the results were nonsignificant. The accident rate was 0.26+-\0.59 for the control group and 0.01+-\0.04 for the ARMD group (t(19 df)=1.34, P=.10). For comparison, the self-reported accident rate for the younger control subjects was 0.11+-\0.25. The accident rate for the younger control group was not significantly different from that of either the older control group (t(38 df)=1.11, P=.15) or the ARMD group (t(37 df)=1.23, P=.10). 

WHAT RELATES TO ON-ROAD ACCIDENTS AND CONVICTIONS?^
It is clear that the patients with ARMD performed more poorly on the simulator and the road test. However, these differences did not translate into increased numbers of real-world accidents. We hypothesized that drivers with ARMD must somehow compensate for their poorer driving-related skills as measured by the simulator and the road test. 

Compensation by the ARMD Group^
There is evidence that the patients with ARMD may compensate by a number of behavioral restrictions on their driving. It was mentioned previously in this section that the ARMD group drove at slower speeds on the simulator and had more points deducted on the road tests for driving too slowly compared with the older control group. Speed may be one factor in reducing their accident involvement. The ARMD group had lower mean self-reported risk-taking scores (2.00+-\1.16) than did the control group (3.00+-\1.84); however, these differences were not significant (t(19 df)=1.47, P=.16). Six (60%) of 10 patients with ARMD reported driving infrequently (less than once per month) in unfamiliar areas, compared with four (36%) of 11 older control subjects. Although the percentage was higher in the ARMD group, the differences were not statistically significant (chi squared (chi2)(1 df)=1.17, P=.30). Despite the lack of statistical significance in the self-report data for driving in unfamiliar surroundings, we suspect that this may still be a factor in the reduction of accident involvement for the ARMD group, given that half of the accidents for the control group occurred while subjects were driving in unfamiliar locations. 

Both groups seemed to restrict their nighttime driving equivalently. The numbers of subjects in categories based on the frequency of driving after sunset for the ARMD and older control groups, respectively, were as follows: (1) every day, two and three; (2) several times per week, five and five; (3) once per week, one and one; and (4) less than once per month, two and two. This may be a compensation strategy for both groups in the reduction of accidents, since, as noted earlier, only one subject in each group had one or more nighttime accidents. 

Prediction of Real-World Accidents^
A logistic regression analysis was performed to determine which simulator variables significantly predicted real-world accident group membership: group 1 (no self-reported accidents) or group 2 (one or more self-reported accidents). The simulator variables (slope of braking response curve, speed, braking response time to stop sign, lane boundary crossings, braking pressure, and simulator accidents) combined with binocular visual acuity and risk taking significantly predicted accident group membership (chi squared (chi (2))(8 df)=18.1, P<.02). In addition, these same simulator variables combined with binocular visual acuity, risk taking, and the road test variables (including responses to stop signs, lane observance making left turn, lane observance making right turn, overall lane observance, and the overall score) significantly predicted accident group membership (chi squared (chi2)(13 df)=22.1, P<.05). However, risk taking alone resulted in a significantly predictive model of accident group membership (chi squared (chi2)(1 df)=7.2, P<.01). 

COMMENT^
We have demonstrated that the driving simulator test is sensitive to age-related changes in driving skills. In general, the older control subjects performed worse than the younger control subjects and had more simulator accidents, more lane boundary crossings on the simulator, and longer braking response times to a stop sign on the simulator course. As a group, the older control subjects drove more slowly on the simulator. Furthermore, the patients with ARMD performed worse than even the older control subjects on these same simulator indexes. 

We also demonstrated that vision loss from ARMD has an effect on driving skills as measured by the on-road driving test. Those with ARMD had lower scores than the older control group on such road test indexes as checking the blind spot while merging, proper use of a signal, speed, and lane observance. 

Although the patients with ARMD performed more poorly on the simulator and the road test, they did not have worse real-world accident records. This may suggest that these patients compensate for their losses in a fashion similar to that of the younger patients with central loss in our earlier study [4]. Therefore, the simulator may not be an accurate predictor of accidents in these patients with central loss. 

Although the overall number of older subjects in the study was relatively small at 21, it is important to emphasize the enormity of the data that were computed to reach our conclusions. On the simulator alone, data are collected at the rate of 16 times per second, which represents the collection of approximately 18000 simulator data points for each subject. The 90-minute road test also consists of multiple measures for each index. Also, because of the marked disparity in measured performance between the patients with ARMD and the control group, we believed that the numbers were suitable to conclude that the presence of the disease was a hindrance to driving skills. 

In effect, the data show a clear relationship between driving skills, cognitive abilities, and vision loss. As mentioned earlier, previous studies [1-3] that used crashes to define driving showed little or no relationship between vision and driving. We have demonstrated that when the dependent measure used is driving skills, rather than crashes, the significant role of vision emerges. 

Consistent with these previous studies [1-3], we also found that with regard to real-world accidents these relationships are less clear. Visual acuity, contrast sensitivity, and dazzle recovery time were not correlated individually with on-road accidents. The only vision index that proved to be individually correlated with self-reported accidents and state convictions per mile was the difference score between the high-luminance and low-luminance visual acuity measurements. The ARMD group had significantly fewer individuals involved in self-reported accidents than either the older or younger control groups. The older and younger control groups did not significantly differ from each other in individuals who had self-reported accidents. When accident rates (self-reported accidents per mile driven) were analyzed, none of the three groups differed from each other. In addition, no accidents were found in the state records for the older control group or the ARMD group. In contrast, 39% of the younger control subjects had one or more accidents found in their state records [4]. 

In reviewing the behavioral restrictions of the older subjects, we may better understand this seemingly counterintuitive finding. We can say conclusively that the group with ARMD drove at slower speeds. The differences between the ARMD group and the older control group were significant on the road test, with a tendency toward significance on the simulator test. These data suggest that reducing speed may be an important compensation strategy for the ARMD group. We also determined that the simulator indexes, the road test indexes, binocular visual acuity, and the self-reported risk-taking index significantly predicted accident group membership in a logistic regression analysis when we combined the data from the older control group and the ARMD group. Highlighting the importance of behavioral restrictions for both groups was that risk taking alone also resulted in a significantly predictive model. 

For comparison, in a previous study [4], a similar analysis was conducted for the group of younger control subjects, except that road test variables were not included because this test had not been performed. The regression model that predicted real-world accidents for the younger control group consisted of the simulator variables alone, including braking response time to a stop sign, braking pressure, and braking response time to a red traffic signal, but not risk taking. This previous finding provides further evidence of the important role of risk taking and other compensation strategies in the real-world accident prediction for the older groups. It appears that the clear relationship between raw driving skills and accidents found with the younger control group becomes obscured by behavioral restrictions or compensation factors caused by vision loss and/or increased age. 

Our results are consistent with those of other studies that investigated compensation in older drivers. Hakamies-Blomqvist [17] compared the fatal accidents of older drivers in a general population in Finland (aged >=65 years) with those of younger and middle-aged drivers (aged 26 to 40 years). In the study by Hakamies-Blomqvist, the older drivers were found to have fewer accidents under difficult external conditions (ie, bad weather, nighttime), and the driver's internal state (ie, alcohol induced, hurried, emotionally sensitive) was not related to the risk of causing an accident in the older group as it was in the younger and middle-aged drivers. In another study, Marottoli et al [18] investigated the reasons for the cessation of driving among older individuals and found poor vision to be a significant factor associated with cessation. Both of these studies, and the findings from our study, point to the effectiveness of self-restriction in older drivers in real-world conditions. 

However, loss of peripheral vision may be more difficult to compensate for than central vision loss for both younger and older subjects. In the study by Johnson and Keltner [6], which compared the peripheral vision and driving performance of 10000 driver's license applicants, drivers with field loss in both eyes had traffic accident and conviction rates twice as high as those for age- and sex-matched control groups with normal visual fields. In addition, Ball et al [19] found that those older drivers with substantial reductions in the attentional visual field were six times more likely to have had one or more crashes in a previous 5-year period. Our results with younger patients with peripheral vision loss caused by retinitis pigmentosa were consistent with the findings of Johnson and Keltner [6] and with those from the study by Ball et al [19]. In comparison, the findings presented herein for older patients with central vision loss are consistent with our previous findings for younger patients with central loss [4], in which patients with central vision impairment showed poorer driving skills when measured under simulator test conditions, but did not have an increased risk of on-road accidents. 

Regarding the counseling of patients with ARMD, our findings indicate that those with binocular visual acuity no worse than 20/100 (mean, 20/70) are not at greater risk for having accidents in the real world when compared with an older control group. Like the older normally sighted subjects in our study, they seem to reduce their risk effectively by driving more slowly, avoiding nighttime driving, and not driving in unfamiliar locations. However, patients with ARMD have the potential for a rapid progression to more severe vision loss, and we have no data regarding the on-road risk for those with later stages of the disease. 

In summary, driving skills are affected by age and further affected by normal aging combined with vision loss caused by ARMD. Accidents in older populations may be best predicted by a weighted interaction of driving skills combined with vision and risk taking. Because vision was correlated with the simulator and the road test measures, the suggestion of Keltner and Johnson [20] that periodic evaluations of visual acuity and visual fields should be performed every 1 to 2 years in the general population older than 65 years seems prudent. It would also seem prudent for future research efforts to be aimed at refining measurements of risk taking. 
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