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Ability to drive a motor vehicle is very important for 
most adults. Loss of a driving licence has been linked to 
regret, loneliness, decreased self-esteem, isolation, depres-
sion, decreased social and recreational activities, and re-
duced overall quality of life (Johnson, 1999; Legh-Smith, 
Wade, & Hewer, 1986; Taylor & Tripodes, 2001; Wise-
man & Souder, 1996). Unfortunately, physical or cogni-

tive deficits, such as those observed following traumatic 
brain injury, stroke, neurodegenerative disease, or aging, 
often decrease a person’s ability to drive safely (Hawley, 
2001; Hunt, Morris, Edwards, & Wilson, 1993; Lings & 
Jensen, 1991; Wood, Worringham, Kerr, Mallon, & Sil-
burn, 2005). When conducting medical examinations, 
medical practitioners are commonly responsible for mak-
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Gish, Decina, Lococo, & McKnight, 1998; Wild & Cotrell, 
2003; Wilson & Smith, 1983) and associated with previ-
ous incidents of unsafe driving or on-road driving assess-
ment outcome (e.g., Galski, Bruno, & Ehle, 1993; Mazer, 
Korner-Bitensky, & Sofer, 1998; McKnight & McKnight, 
1999; Schanke & Sundet, 2000).

The ability of the combined battery of sensory-motor 
and cognitive tests to predict on-road driving ability was 
initially assessed in a group of 50 subjects referred to 
DAVAS who had been diagnosed with various brain dis-
orders (Innes et al., 2007). A binary logistic regression 
model identified measures from planning, complex at-
tention, sine tracking, ballistic movement, and divided 
attention as being predictive of on-road driving and cor-
rectly classified 47 of the 50 referrals as “pass” or “fail” 
on an on-road assessment (i.e., 94% accuracy). The util-
ity of SMCTests for predicting on-road driving ability in 
persons with brain disorders has been shown, but normal 
baseline performance data are also required. The present 
study provides normative performance data, construct 
validity, and face validity analysis of SMCTests from 60 
normal, healthy subjects across three age groups: 18–40 
years, 41–60 years, and 61–80 years. Test–retest stability 
and reliability of the novel cognitive tests were determined 
in a separate subset of 12 subjects. Correlations between 
SMCTests performance and on-road driving performance 
were also assessed in a separate subset of 12 subjects.

Method

Subjects
Sixty subjects (30 female) were recruited through personal con-

tacts and a newspaper advertisement and were evenly split among 
three age groups: younger group (mean age 5 29.8 years, range 5 
22–37), middle-aged group (mean age 5 50.5 years, range 5 41–
60), and older group (mean age 5 70.3 years, range 5 62–78). All 
subjects had held a current, full driver’s license for a minimum of 
3 years (M 5 30.8, range 5 3–65). No subject had suffered any 
form of brain injury or had any diagnosed psychiatric, neurologi-
cal, or musculoskeletal disorder. Ethical approval for the study was 
obtained through the Canterbury Ethics Committee.

Apparatus
Subjects undertook SMCTests in a modified car body interfaced 

to a Pentium PC. They used the steering wheel, indicator, accelera-
tor, clutch, brake pedals, and hand controls to respond to large (80 3 
60 cm) computer-generated test stimuli displayed by a data projector 
on a facing wall, with an eye-to-screen distance of 180 cm (visual 
angle, 11.3º). The SMCTests program generated the tests and stored 
and analyzed the performance data.

Off-road assessment. The off-road assessment for the study 
consisted of the battery of sensory-motor tests, the battery of newly 
developed cognitive tests, and a comparison battery of standard neu-
ropsychological cognitive tests.1

Sensory-motor tests. The sensory-motor tests are described in 
detail elsewhere (Christchurch Neurotechnology Research Pro-
gramme [CNRP], 2006; Heitger et al., 2004; Jones, 2006; Jones & 
Donaldson, 1995; Jones et al., 1989; Jones, Sharman, Watson, & 
Muir, 1993). They include three visuoperceptual tests, four visuo-
motor tests, and three eye–arm tracking tests. The three visuoper-
ceptual tests were Visual Resolution, which measured the minimum 
separation at which a subject was able to identify a dot as being off 
the center of a vertical line; Static Perception, which measured the 
minimum separation at which a subject was able to identify the tip 
of an arrow as being off a vertical line or a sinusoidal waveform; and 

ing judgments regarding their patients’ medical fitness to 
drive. Whereas most countries allow for voluntary report-
ing, medical practitioners in some U.S. states are required 
by law to report drivers who have medical or functional 
impairments affecting safe driving ability to the appropri-
ate licensing agency (Berger, Rosner, Kark, & Bennett, 
2000; Wang, Kosinski, Schwartzberg, & Shanklin, 2003), 
as are those in some Canadian provinces (Berger et al., 
2000) and Australian states (Austroads, 2006), as well as 
in New Zealand (Land Transport Safety Authority, 2002). 
When there is doubt regarding an individual’s fitness to 
drive, practitioners in most countries refer the patient to 
a specialist driving assessment service. In New Zealand, 
approximately 35 per 100,000 drivers are referred for spe-
cialist driving assessment each year due to brain lesions or 
age-related cognitive decline. However, currently, there is 
no international standard for the assessment of fitness to 
drive for cognitively or physically impaired persons.

We have developed a battery of computerized sensory-
motor and cognitive tests (SMCTests) as an assessment 
tool in neurology and neurorehabilitation, with particu-
lar application to the assessment of driving abilities in 
patients with neurological disorders. To increase user 
compliance and encourage optimal prediction of on‑road 
performance, the tests and apparatus were designed to be 
contextually close to the driving task, providing higher 
face validity than other standard physical assessments and 
neuropsychological tests.

SMCTests forms the off-road assessment at the Driving 
and Vehicle Assessment Service (DAVAS) in Christchurch. 
The sensory-motor tests from the SMCTests battery have 
proven valuable in (1) quantification of sensory-motor 
deficits in persons with neurological disorders (Dalrymple-
Alford, Kalders, Jones, & Watson, 1994; Heitger et al., 
2004; Heitger et al., 2006; Jones & Donaldson, 1995; 
Jones, Donaldson, & Parkin, 1989; Jones, Donaldson, 
Parkin, & Coppage, 1990; Jones, Donaldson, & Shar-
man, 1996; Jones, Donaldson, & Timmings, 1992; Jones, 
White, Lawson, & Anderson, 2002; Muir, Jones, Andreae, 
& Donaldson, 1995; Watson, Jones, & Sharman, 1997); 
(2) determination of the effects of alcohol, time of day, 
age, sex, and handedness on sensory-motor performance 
(Dalrymple-Alford, Kerr, & Jones, 2003; Jones, Williams, 
& Wells, 1986); (3) investigation of the characteristics and 
detection of microsleeps during a sustained visuomotor 
task (Davidson, Jones, & Peiris, 2007; Peiris, Jones, David-
son, Carroll, & Bones, 2006); and (4) validation of com-
putational models of the brain (Davidson, Jones, Andreae, 
& Sirisena, 2002; Davidson, Jones, Sirisena, & Andreae, 
2000). However, they can provide only limited quantifica-
tion of the higher mental functions that are important in 
the driving task. Thus, six cognitive tests were developed 
and added to form SMCTests: Complex Attention, Visual 
Search, Decision-Making, Impulse Control, Planning, 
and Divided Attention (Innes et al., 2007). Following an 
evaluation of the literature, deficits in these six cognitive 
functions were identified as those most frequently identi-
fied subjectively during on-road assessments of subjects 
with brain disorders (e.g., Heikkilä, Turkka, Korpelainen, 
Kallanranta, & Summala, 1998; Korteling, 1990; Staplin, 
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comprised 20 trials of static images, each containing 70 road-sign 
stimuli (Figure 1E). Each screen was presented for a maximum of 
10 sec. The subject searched each image for 1 of 2 target stimuli—a 
turn-left arrow and a turn-right—with only 1 of the 2 targets present 
on any given trial. Examples of the target stimuli were shown in a 
box at the top of all images. If the turn-left arrow was presented, the 
subject was required to turn the steering wheel to the left as quickly 
as possible, and, conversely, to the right for the turn-right arrow.

The Planning test assessed ability to use accurate timing and judg-
ment as an indicator of planning ability. The subject was presented 
with a screen showing a plan view of a road and its surrounding and 
was told that he or she was in the blue car near the bottom of the screen 
(Figure 1F). When the subject pressed the accelerator, the road environ-
ment scrolled down the screen at a fixed speed, simulating the subject’s 
car driving forward along the road. The preview time was 18.5 sec 
and represented scaled equivalents of a 257-m preview distance and a 
speed of 50 km/h. The subject used the brake to stop the blue car. The 
road included four curved sections, and at predetermined intervals, 
a hazard or crossroad appeared. Subjects were asked to drive as far 
as possible in 6 min, while avoiding stationary hazards and other cars.

The Decision-Making test assessed accuracy and speed of deci-
sion making related to road rules (Figure 1G). The subject was pre-
sented with images of a plan view of an intersection involving two 
or more cars. A blue car near the bottom of the image represented the 
subject’s car, and all other cars were yellow. Orange indicator lights 
signaled the driving intention of each car. A blue arrow extended 
from the front of the subject’s car to indicate the intended direction 
of travel. For each screen, the subject had to decide as quickly as 
possible whether to yield to another car, and do so by pressing the 
brake, or to proceed, and do so by pressing the accelerator. The 26 
trials were split into 12 basic trials (subject’s car and one other car) 
and 14 complex trials (subject’s car and three to six other cars).

Standard neuropsychological tests. These tests included the Test 
of Everyday Attention (Robertson, Ward, Ridgeway, & Nimmo-
Smith, 1996), Conners’ (1995) Continuous Performance Test, and 
the Tower of Hanoi subtest of the Delis–Kaplan Executive Func-
tion System battery (Delis, Kaplan, & Kramer, 2001a). Five subtests 
from the Test of Everyday Attention were used in the study: map 
search, elevator counting, elevator counting with distraction, tele-
phone search, and telephone search dual task. These subtests pro-
vided measures of complex attention, divided attention, and visual 
search. Conners’ Continuous Performance Test provided measures 
of impulse control and sustained attention. The Tower of Hanoi sub-
test provided a measure of planning.

Normal performance. The 16 SMCTests provided 28 key 
measures. The data generally failed to show normal distributions 
(Shapiro–Wilk W test, p , .05), and several measures were ordinal; 
therefore, the performance data, as well as the effect of demographic 
variables (age, sex, education) on performance, were analyzed using 
nonparametric techniques.

Construct validity. Construct validity of the cognitive tests was 
assessed using Spearman correlation analyses of the relationships be-
tween the subjects’ performance on novel cognitive test measures and 
standard neuropsychological test measures. Construct validity was 
also assessed using multidimensional scaling, an alternative to fac-
tor analysis (Borg & Groenen, 1997). The multidimensional scaling 
analysis was based on a correlation matrix including (1) correlations 
between novel cognitive test measures and standard neuropsycholog-
ical test measures, (2) correlations among novel cognitive test mea-
sures, and (3) correlations among standard neuropsychological test 
measures. Multidimensional scaling graphically represents correla-
tions between test measures by expressing these as relative euclidean 
distances, so that similar measures (those with high correlation coef-
ficients) cluster close together and dissimilar measures are farther 
apart. It uses a function minimization algorithm that assesses dif-
ferent configurations to maximize goodness-of-fit (StatSoft, 2003), 
and the degree to which the distances on the map are discrepant from 
the values from the Spearman correlation matrix is referred to as the 
stress of the model. Higher stress values indicate greater discrepan-

Dynamic Perception, which measured the minimum separation be-
tween the point of an arrow and a moving random preview target at 
which a subject was able to perceive the tip of an arrow as being off 
the target (as in Figure 1A but without the four horizontally point-
ing arrows).

The four visuomotor tests were Ballistic Movement, which mea-
sured the reaction time and maximum speed at which a subject could 
turn the steering wheel to move an arrow out of a box and across a 
pass-line in response to an unpredictable signal (3- to 7-sec latency); 
Footbrake Reaction, which measured the reaction and movement 
times at which a subject could respond to an unpredictable signal (2- 
to 6-sec latency) by moving his or her foot from the accelerator to the 
brake; Footbrake and Clutch Reaction, which measured the reaction 
latency and movement times at which a subject could respond to an 
unpredictable signal by releasing the accelerator and pressing both the 
clutch and brake pedals; and Hand Control Reaction, which measured 
the reaction and movement times at which a subject could respond to 
an unexpected signal by pushing back on a hand control lever.

The three eye–arm tracking tests measured the accuracy with 
which a subject could track a laterally moving target (preview of 
8 sec), using the steering wheel to move a horizontally moving 
arrow. The tracking target was either a sine wave (sine tracking) or 
a random wave (random tracking) (as in Figure 1A but without the 
four horizontally pointing arrows), or it jumped to the left or right 
(step tracking).

Driving-related cognitive tests. The driving-related cognitive tests 
are described in detail elsewhere (CNRP, 2006).

The Divided Attention test assessed ability to divide attention be-
tween two simultaneous visuocognitive tasks (Figure 1A). The test 
combined the preview random tracking task with a simultaneous vi-
sual scanning task. While the subject tracked the random target with 
the steering wheel, 12 consecutive sets of four arrows were displayed 
on the screen. The subject was required to maintain accurate tracking 
of the target while scanning the arrows and determining whether or not 
all four arrows were pointing in the same direction. The subject was 
required to respond verbally with “same” if the arrows were pointed in 
the same direction or “different” if they were not. This verbal response 
was recorded by an assessor by pressing the “S” or “D” button, respec-
tively, on the keyboard. Each set of arrows was displayed on the screen 
for 4.8 sec, with a 1‑sec delay between sets. Subjects were previously 
tested separately on the tracking and arrow perception tasks in order to 
obtain baseline performance on the component tasks.

The Complex Attention test assessed complex attention function 
(Figure 1B). The subject moved the steering wheel to maintain an 
arrow in a box on the same side of the screen as a green-light sym-
bol. The light symbol alternated between the left and right side of 
the screen and required the subject to turn the steering wheel from 
left to right repeatedly. Each green light was presented for 3 to 5 sec. 
Reaction and movement times were measured to give indications of 
slowed information processing, mental and physical fatigue, and 
lapses in concentration.

The Impulse Control test assessed ability to exercise anticipatory 
and inhibitory control (Figures 1C and 1D). The subject depressed 
the accelerator pedal to activate a green light (simulating simplified 
traffic lights) on a screen. When the green light went off (following a 
random delay of 3–5 sec), the red light came on, and the subject was 
required to release the accelerator and depress the brake as quickly 
as possible. In 10 of the 45 trials, a purple rather than red light was 
presented. This was a false stimulus trial for which the subject was 
asked to keep the accelerator pedal depressed. The presentation of 
the top light (red or purple) in both standard and false stimulus trials 
was cued by smaller yellow discs appearing on either side of the top 
light 500 msec prior to the top light’s changing. Incorrect releases of 
the accelerator in response to false stimulus trials were interpreted 
as inhibitory errors. In contrast, releases of the accelerator while 
the green light was still presented (or within 180 msec of the light 
change) were interpreted as anticipatory errors.

The Visual Search test assessed visual scanning and selective at-
tention, including left–right or central–peripheral vision bias, and 
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Figure 1. Sample screens from SMCTests. (A) Divided Attention: Subjects must respond verbally on whether 
or not the four horizontal arrows are all pointing in the same direction, while maintaining accurate tracking of 
the curve with the tip of the vertical arrow. (B) Complex Attention: Using the steering wheel, subjects must move 
the arrow from the gray box past the green line as quickly as possible when the green light changes from the left 
box to the right box. (C) Impulse Control: Four consecutive screens of a standard stimulus trial in which subjects 
must release the accelerator and press the brake as quickly as possible when the red light is presented. (D) Impulse 
Control: Four consecutive screens of a false stimulus trial in which subjects must suppress any impulse to release 
the accelerator when the purple light is presented. (E) Visual Search: Within the large box of 70 stimuli, subjects 
must locate 1 of the 2 invariant target stimuli shown in the top box. In this case, the turn-left arrow is presented, and 
the subject should turn the steering wheel toward the left as quickly as possible. (F) Planning: Subjects must drive 
the blue car down a road and across intersections while avoiding hazards and other vehicles. (G) Decision-Making: 
Subjects must decide as quickly as possible whether it is necessary to yield to any other car. In this case, the blue car 
does not need to yield to any other vehicles, and the subject should press the accelerator.
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assessment under the supervision of an independent driving instruc-
tor and an occupational therapist, both of whom were blinded to off-
road test performance. The on-road assessment used a standard test 
route and included single-lane roundabouts, dual-lane roundabouts, 
dual-lane roads, controlled intersections (yield sign, stop sign, or traf-
fic light), uncontrolled intersections, and changes in speed zone (i.e., 
50-km/h, 60-km/h, and 80-km/h sections). The assessments were 
approximately 45 min in duration. On-road driving performance was 
scored as a pass or a fail using the Advanced Driving Assessment 
System, the standard system used by all driving assessment occupa-
tional therapists in New Zealand. Performance was scored in terms 
of search, hazard identification, controls, and observation of traffic 
regulations. On-road performance was also rated on a 0–10 driving 
scale (for a description, see Innes et al., 2007). Spearman correlation 
analysis was used to determine the relationship between off-road test 
performance and on-road driving score.

Test–retest stability and reliability. A second subset of 12 sub-
jects (2 females and 2 males from each of the three age groups) was 
selected to represent a cross-section of relatively good, average, or 
poorer off-road test performance. These subjects carried out a repeat 
of SMCTests 6 to 9 months after their first test session in order to 
determine the test–retest stability and reliability of these tests. Test–
retest stability was assessed using the Wilcoxon matched-pairs test 
to identify any significant differences in subjects’ performance on 
28 key SMCTests measures between Session 1 and Session 2. Intra-
class correlations were calculated for the key measures between the 
first and second sessions in order to provide an estimate of reliability 
or consistency of values within cases.

Results

Each of the key SMCTests cognitive measures correlated 
with at least one measure derived from the standard neuro
psychological tests (Table 1). The strongest correlations were 

cies between the relative distances and the input correlation matrix, 
whereas lower stress values indicate a better fit. A rule of thumb 
is that a stress measure of under 0.1 is good; anything over 0.15 is 
considered unacceptable (Young, 1985). Measures expected to be 
similar to each other were planning, in terms of the Planning num-
ber of hazards hit and the tower of Hanoi total achievement score; 
sustained attention, in terms of the Complex Attention number of 
lapses and the Conners’ Continuous Performance Test omissions; 
impulsivity, in terms of the Impulse Control commissions and the 
Conners’ Continuous Performance Test commissions; visual search, 
in terms of the Visual Search number of correct responses and the 
Test of Everyday Attention map search number of items circled; and 
divided attention, in terms of the Divided Attention random tracking 
error and the Test of Everyday Attention dual-task time per target. 
The Decision-Making number of correct responses was also included 
in the analysis, although it was not expected a priori to correlate with 
any standard neuropsychological test measure.

Face validity. In order to investigate the face validity of SMCTests, 
subjects were asked to answer two questions at the end of the off-road 
assessment: (1) Which of the tests that you did today do you think 
would be most useful if it was used to try and predict your ability to 
drive? and (2) Which test do you think would be the least useful if it 
was used to try and predict your ability to drive?

Each subject was asked to rank up to three tests in answer to each 
question. For each subject, tests were given a score of 3 (most use-
ful ), 2 (second most useful ), 1 (third most useful ), 0 (neither most 
useful nor least useful ), 21 (third least useful ), 22 (second least 
useful ), or 23 (least useful ). A mean score was then calculated for 
each test. It was hypothesized that the tests that subjects would iden-
tify as being most predictive of on-road driving would reflect the 
degree of face validity, with respect to on-road driving.

On-road assessment. A subset of 12 subjects (2 females and 
2 males from each of the three age groups) was selected to represent 
a cross-section of relatively good, average, or poorer off-road test 
performance. These 12 subjects undertook a 60-min on‑road driving 

Table 1 
Spearman Rank-Order Correlations Between SMCTests Measures and Standard Neuropsychological Test Measures

Standard Neuropsychological Test Measure

TEA

CCPT
Tones Dual Task Tower
With Map Telephone Dual With of

SMCTests Measure  Omissions  Commissions  Tonesa  Distractiona  Searchb  Searchc  Taskc  Decrement  Hanoi

Complex Attention
  Reaction and movement time .43*** .00 2.27* 2.20 2.34** .50*** .50*** .01 2.20
  Number of lapses .49*** .09 2.23 2.05 2.24 .11 .31* .34** 2.25

Impulse Controld

  Number of commissions .21 .50*** 2.03 .15 .01 2.09 2.06 .01 2.05

Visual Search
  Mean response time .26* .04 .00 2.17 2.50*** .59*** .52*** .09 2.32*

  Correct responses 2.20 2.08 .03 .31* .57*** 2.45*** 2.54*** 2.30* 2.11

Divided Attention
  Dual-task random  
    tracking error

.28* .04 .07 2.24 2.47*** .48*** .42** 2.04 2.13

  Dual-task correct responses 2.24 2.16 .30* .29* .12 2.22 2.26* 2.24 .20

Planning
  Total distance traveled 2.10 .01 .05 .06 .48*** 2.35** 2.40** .00 .24
  Duration of lateral  
    position errors

.25 .01 2.21 2.23 2.29* 2.27* .37** .12 2.39**

  Number of hazards hit .31* .10 2.16 .05 2.15 .13 .13 2.14 2.25
  Number of crashes .23 2.02 2.28* 2.12 2.26* .34** .37** 2.07 2.22

Decision-Making
  Mean response time .34** 2.02 2.25 2.44*** 2.46*** .44*** .48*** .17 2.30*

  Correct responses 2.36** 2.25 .24 .35** .41** 2.52*** 2.57*** 2.21 .39**

Note—CCPT, Conners’ Continuous Performance Test; TEA, Test of Everyday Attention.  aNumber correct.  bItems circled in 2 min.  cTime per 
target (sec).  dCorrelations could not be made with omission errors from the novel test of impulse control, because only one omission error was 
recorded for the entire control group.  *p  .05.  **p  .01.  ***p  .001.
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mensional scaling. The multidimensional scaling analysis 
produced a 2-D model with a low stress value (0.078), in-
dicating a good fit between the multidimensional-scaling, 
relative-distance map and the input correlation matrix. 
Similarities (relative distances) between test measures are 
provided in Figure 2. 

Face validity analysis showed that subjects believed that 
the novel cognitive tests would be more useful for predict-

between the visual search measures and the Test of Everyday 
Attention telephone search (rs 5 .59) and map search (rs 5 
.57) subtests and between the decision making measures and 
the everyday attention dual-task subtest (rs 5 .57).

Correlations between measures from the SMCTests and 
from the standard neuropsychological tests that were ex-
pected to assess similar cognitive functions were used to 
form a correlation matrix and were analyzed using multidi-

Group and Possible Factor  Label  Test Type  Test Name and Measure

Group 1–Decision-Making 1S Standard Tower of Hanoi–total achievement score
6N SMCTests Decision-Making–correct responses

Group 2–Visual Search 2S Standard Test of Everyday Attention–map search items circled
2N SMCTests Visual Search–correct responses

Group 3–Impulse Control 3N SMCTests Impulse Control–commissions
3S Standard Conners’ Continuous Performance 

  Test–commissions
Group 4–Sustained Attention 4N SMCTests Complex Attention–number of lapses

4S Standard Conners’ Continuous Performance Test–omissions
Group 5–Divided Attention 5N SMCTests Divided Attention–random tracking error

5S Standard Test of Everyday Attention–dual-task time per target
Group 6–Planning  1N  SMCTests Planning–number of hazards hit

0.8

0.6

0.4

0.2

0.0

–0.2

–0.4

–0.6

–0.8

D
im

en
si

o
n

 2

–1.6 –1.4 1.4–1.2 1.2

Dimension 1

–1.0 1.0–0.8 0.8–0.6 0.6–0.4 0.4–0.2 0.0 0.2

1S

6N
Group 1

5N

5S
Group 5

4N

4S
Group 4

2S 2N

Group 2
1N

Group 63N

3S
Group 3

Figure 2. Representation of similarities (distances) between novel cognitive test measures (those labeled “N”) and 
standard neuropsychological test measures (those labeled “S”), using multidimensional scaling. Measures expected to 
assess similar functions were placed closed together and given the same number. Those with high correlation coefficients 
cluster together and dissimilar measures are placed farther apart. Visual Search number correct (2N) and everyday 
attention map search items (circled 2S) formed Group 2; Impulse Control commissions (3N) and Conners’ Continuous 
Performance Test commissions (3S) formed Group 3; Complex Attention number of lapses (4N) and Conners’ Continu-
ous Performance Test omissions (4S) formed Group 4; and Divided Attention random tracking error (5N) and everyday 
attention dual-task time per target (5S) formed Group 5. However, against expectation, planning number of hazards hit 
(1N) did not show any similarity with Tower of Hanoi total achievement score (1S). Tower of Hanoi total achievement 
score (1S) was most closely aligned with Decision-Making correct responses (6N), forming Group 1. Planning number of 
hazards hit (1N) was placed between Group 3 (impulsivity) and Group 4 (sustained attention).
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for measures of speed and reaction time on tests of visual 
search, complex attention, and decision making. Age did 
not affect performance on non-speed-dependent measures 
of accuracy, response inhibition, visual resolution, or static 
perception. No subject in any of the three age groups had 
difficulty understanding or remembering the test instruc-
tions or undertaking the test procedures. After controlling 
for age, years of education was not significantly correlated 
with performance on any SMCTests measures.

On average, males had higher upper-limb peak ve-
locities, had faster lower-limb reaction and movement 
times, had more accurate visuomotor tracking, drove far-
ther, and had fewer crashes with other vehicles in plan-
ning (Table 4). This is in keeping with previous studies 
(Boucher, Denis, & Landriault, 1991; Halpern, 1997; 
Jones et al., 1986; Lewis, Kamon, & Hodgson, 1986), in-
dicating better performance in males on tests of strength, 
acceleration, visuomotor coordination, and visuospatial 
and spatiotemporal functions.

Discussion

To meet the worldwide demand for specialized driv-
ing assessment, an accurate and comprehensive stan-
dardized off-road assessment procedure is required. We 
propose a novel battery of driving-related sensory-motor 
and cognitive tests—SMCTests—which has shown good 
face validity, stability, reliability, and construct validity 
in normal subjects. SMCTests has also previously been 
used to model on-road driving ability in drivers with brain 
disorders, with a classification accuracy for pass or fail of 
94% (Innes et al., 2007), which compares well with clas-
sification accuracies of 70%–94% in other test batteries 
(Brown et al., 2005; Fox, Bowden, Bashford, & Smith, 

ing on-road driving ability than would the standard neu-
ropsychological cognitive tests (Figure 3). Specifically, 
subjects felt that the novel cognitive tests of Decision-
Making and Planning would be most predictive of on-road 
driving ability. Conversely, the standard neuropsychologi-
cal tests Tower of Hanoi and Test of Everyday Attention 
were subjectively regarded as least useful.

Wilcoxon matched pairs analysis indicated no differ-
ence in performance between the two sessions on 26 of 28 
key SMCTests measures, the exceptions being Sine Track-
ing and Divided Attention Random Tracking (Table 2). 
Intraclass correlation analysis showed that the majority 
of key SMCTests measures (23 of 28) had significant 
reliability scores, indicating consistent performance by 
subjects on these measures across the two test sessions. 
Measures with nonsignificant reliability coefficients are 
shown in Table 2.

All 12 subjects who undertook an on-road assessment 
received “pass” driving scores (range 5 6–9). A relation-
ship between on-road driving and SMCTests performance 
was found, with significant Spearman correlations between 
driving scores and ballistic movement peak velocity (rs 5 
.80), and between mean reaction and movement time mea-
sures from footbrake reaction (rs 5 .75), hand control reac-
tion (rs 5 2.66), and complex attention (rs 5 2.62).

Age detrimentally affected performance on most 
SMCTests measures, with generally moderate correlations 
between age and performance (rs 5 .28 to .65) (Table 3). 
Table 3 also provides SMCTests medians for the three age 
groups, as well as Mann–Whitney U analysis of the dif-
ferences in SMCTests performance among the three age 
groups. Overall, correlations between age and performance 
were stronger for the novel cognitive tests than were those 
for the sensory-motor tests. Correlations were strongest 
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Figure 3. Histograms of subject opinions on the perceived usefulness of the various tests. Tests considered 
to be the most useful as predictors of on-road driving ability are shown as positive values. Tests considered 
to be the least useful as predictors of on-road driving ability are shown as negative values. CCPT, Conners’ 
Continuous Performance Test; TEA, Test of Everyday Attention; Tower, Tower of Hanoi.
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Kaplan, & Kramer, 2001b; Homack, Lee, & Riccio, 2005; 
Lezak, 1995). The dissimilarity between measures from 
the two tests suggests either that other cognitive functions 
are more important for performance in planning, or that the 
planning component of the Tower of Hanoi subtest is not as 
prominent as has been proposed in the literature. Planning 
number of hazards hit had some similarity with measures 
of impulsivity and sustained attention. The relative com-
plexity of planning is likely to be an advantage in detecting 
different and subtle deficits, at the same time making it 
more difficult to identify which deficits underpin poor per-
formance. There was no test measure with which Decision-
Making was expected a priori to be correlated. However, in 
contrast to Planning, Decision-Making was similar to the 
Tower of Hanoi subtest. Because Decision-Making does 
not appear to have any planning component, this result 
presumably emphasizes the shared visuospatial problem-
solving and decision-making aspects of Decision-Making 
and Tower of Hanoi performance.

So why not just use a set of standard neuropsychological 
tests to assess driving-related cognitive functions? There 
are a number of advantages that a specifically designed bat-
tery of tests of cognitive functions can confer for determin-
ing safe on-road driving: (1) using face validity hardware 
and software, so possible referrals can see how their deficits 

1997; Galski et al., 1993; Lundqvist, Gerdle, & Rönnberg, 
2000; Mazer et al., 1998; McKenna, Jefferies, Dobson, & 
Frude, 2004; Myers, Ball, Kalina, Roth, & Goode, 2000; 
Nouri, Tinson, & Lincoln, 1987).

A limitation of our study was the relatively small sample 
size of 60 healthy subjects. Although nonparametric anal-
yses are the most powerful methods to use with nonnor-
mally distributed data, especially with a small sample size 
(Bridge & Sawilowsky, 1999), a larger sample size would 
allow greater freedom to utilize parametric analyses.

Overall, the correlational and multidimensional scal-
ing analyses confirmed that four of the six novel cognitive 
tests (Impulse Control, Visual Search, Complex Attention, 
Divided Attention) had a moderately strong similarity to 
standard cognitive tests designed to assess similar cogni-
tive functions. However, contrary to expectations, multidi-
mensional scaling analysis revealed that Planning was not 
similar to the Tower of Hanoi subtest. Negotiating hazards 
and maintaining road position in Planning requires the 
integration of a number of cognitive functions for satis-
factory performance, including aspects of planning and 
visuospatial organization. Thus, it was expected that this 
measure would show some similarity to performance on 
the Tower of Hanoi subtest, as it has been described as as-
sessing planning and visuospatial problem solving (Delis, 

Table 2 
Test–Retest Stability and Reliability of SMCTests Measures

Intraclass

Median
Wilcoxon Correlation Intraclass

Matched Pairs Reliability Correlation
SMCTests Measure  Session 1  Session 2  Test p Level  Coefficient α  p Level

Sensory-Motor Tests

Visual Resolution (resolution, in mm) 0.47 0.47 1.00 .916 .00
Static Perception (resolution, in mm) 1.17 1.13 .29 .996 .00
Dynamic Perception (resolution, in mm) 1.36 1.36 .11 .883 .00
Footbrake (mean reaction and movement time, in msec) 660 628 .51 .822 .01
Footbrake and Clutch (mean reaction and movement time, in msec) 788 691 .07 .953 .00
Hand Control (mean reaction and movement time, in msec) 366 366 .85 .706 .03
Ballistic Movement (best reaction time, in msec) 297 300 .81 .585 .08a

Ballistic Movement (peak velocity, in mm/sec) 1,184 1,326 .06 .916 .00
Step Tracking (mean absolute error, in mm) 13.58 13.01 .18 .876 .00
Sine Tracking (Run 1 mean absolute error, in mm) 11.46 11.69 .75 .238 .33a

Sine Tracking (Run 2 mean absolute error, in mm) 7.86 7.02 .02b .831 .00
Random Tracking (Run 1 mean absolute error, in mm) 7.34 6.71 .59 .802 .01
Random Tracking (Run 2 mean absolute error, in mm) 6.11 5.20 .08 .721 .02
Arrows Perception (no. correct) 12 12 1.00 .868 .00

Cognitive Tests

Complex Attention (mean reaction and movement time, in msec) 668 724 .64 .929 .00
Complex Attention (no. lapses) 0 0 .23 2.200 .62a

Impulse Control (mean reaction and movement time, in msec) 911 1,020 .94 .883 .00
Impulse Control (no. commissions) 2.50 2 .24 .772 .01
Visual Search (response time, in sec) 4.30 4.40 .48 .843 .00
Visual Search (no. correct) 18.50 17 .76 .571 .09a

Divided Attention (Random Tracking mean absolute error, in mm) 7.89 6.93 .04b .660 .04
Divided Attention (no. correct, arrow perception) 12 12 .35 .447 .17a

Planning (distance traveled, in m) 3.80 3.80 .22 .831 .00
Planning (duration of lateral position errors, in sec) 4.40 4.80 .16 .652 .04
Planning (no. hazards hit) 2 2 1.00 .809 .01
Planning (no. crashes) 0.50 0 .07 .950 .00
Decision-Making (mean reaction time, in sec) 4.20 4.10 .67 .917 .00
Decision-Making (no. correct) 22.50 24 .16 .700 .03
aNonreliable measure between Session 1 and Session 2.  bNonstable measure between Session 1 and Session 2.
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The use of car images, road signs, symbols (such as 
traffic lights), and contextual apparatus (i.e., car body, 
steering wheel, pedals) to maximize the face validity of 
the novel cognitive tests was intentional. Face validity 
analysis confirmed that the apparatus and symbols were 
successful in increasing the subjective face validity of the 
tests in the opinion of our healthy subjects, who believed 
that the novel cognitive tests would give a better indication 
of on-road driving ability than would the standard neuro
psychological tests. Subjects considered Decision-Making 
to be the test most likely to predict their on-road driving 
ability, with Planning being second. Since these were the 

may affect the safety of their on-road driving; (2) increasing 
the ease and speed of administration for the assessor and re-
ferral through computerization of tests, in turn releasing the 
assessor from having to record times and errors, as is neces-
sary in some pen-and-paper tests; (3) decreasing the risk of 
assessor input error; (4) providing the assessor with more 
time to observe, for a more qualitative appraisal of a refer-
ral’s performance; (5) automating analysis of performance; 
and (6) being able to design hardware and software with a 
contextual human interface, so referrals who are computer 
illiterate and/or computer phobic can undertake the tests 
with as little stress as possible.

Table 3 
SMCTests Measures and the Effect of Age on Performance

Median Mann–Whitney U
Group 1 Group 2 Group 3 Correlation Between

SMCTests Measure  (Young)  (Middle)  (Older)  With Age  Age Groups

Sensory-Motor Tests

Footbrake (mean reaction and movement time, in msec) 581 575 648 .28* 1  3
Footbrake and Clutch (mean reaction and movement time, in msec) 645 693 779 .30* n.s.
Hand Control (mean reaction and movement time, in msec) 351 344 377 .44* 1 and 2  3
Visual Resolution (resolution, in mm) 0.18 0.18 0.18 .04 n.s.
Static Perception (resolution, in mm) 0.45 0.45 0.45 2.10 n.s.
Dynamic Perception (resolution, in mm) 0.54 0.54 0.54 .34* 1  3
Ballistic Movement (best reaction time, in msec) 291 297 311 .34* 1  3
Ballistic Movement (peak velocity, in mm/sec) 1,410 1,171 1,071 2.47* 1  2 and 3
Step Tracking (mean absolute error, in mm) 12.50 14.20 13.90 .44* 1  2 and 3
Sine Tracking (Run 1 mean absolute error, in mm) 11.20 12.60 14.20 .43* 1  2 and 3
Sine Tracking (Run 2 mean absolute error, in mm) 6.70 8.20 8.60 .39* 1  3
Random Tracking (Run 2 mean absolute error, in mm) 5 5.60 6.50 .37* 1  3
Random Tracking (Run 1 mean absolute error, in mm) 6.40 7.10 7.30 .36* 1  2 and 3
Arrows Perception (no. correct) 12 12 12 .13 n.s.

Cognitive Tests

Complex Attention (mean reaction and movement time, in msec) 668 800 894 .64* 1  2  3
Complex Attention (no. lapses) 1 2 1.50 .19 n.s.
Impulse Control (no. omissions) 0 0 0 .13 n.s.
Impulse Control (no. commissions) 2 2.50 3 .00 n.s.
Visual Search (mean response time, in sec) 3.40 4.30 4.50 .65* 1  2 and 3
Visual Search (no. correct) 20 18.50 17 2.55* 1  3
Divided Attention (Random Tracking mean absolute error, in mm) 6.70 8 8.40 .44* 1  2 and 3
Divided Attention (no. correct) 12 12 12 2.11 n.s.
Planning (distance traveled, in m) 4 3.80 3.80 2.50* 1  2 and 3
Planning (duration of lateral position errors, in sec) 1.20 5.50 7.10 .50* 1  2 and 3
Planning (no. hazards hit) 2 2 2.50 .22 1  3
Planning (no. crashes) 0 0 1 .43* 1  3
Decision-Making (mean response time, in sec) 3.20 4 4.50 .54* 1  2 and 3
Decision-Making (no. correct) 24.50 24 22 2.50* 1 and 2  3

Note—A higher Mann–Whitney U score is equivalent to a “better” score for some test measures and a “worse” score for the other test measures. 
However, for the results of the Mann–Whitney U analysis of the difference in performance between the three age groups, “” is equivalent to 
“better” performance. The result “1  3” indicates that Group 1 performance was better than Group 3 performance, but that Group 2 perfor-
mance was not different from that for Group 1 or Group 3.  *p  .05.

Table 4 
Effect of Sex on Performance of SMCTests: Measures With a Difference Between Males and Females

Median Mann–Whitney U Cohen-Type
SMCTests Measure  Females  Males  p Level  Effect Size

Ballistic Movement (peak velocity, in mm/sec) 1,114 1,297 .002 0.83
Sine Tracking (Run 2 mean absolute error, in mm) 9.2 7.3 .007 0.73
Random Tracking (Run 2 mean absolute error, in mm) 6.4 5.2 .012 0.68
Planning (no. crashes) 1 0 .032 0.63
Footbrake Reaction (mean reaction and movement time, in msec) 663 583 .024 0.62
Planning (distance traveled, in m) 3.8 3.9 .031 0.58
Footbrake and Clutch (mean reaction and movement time, in msec)  801  685  .044  0.55
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