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Abstract: The study of the contribution of spatial transformation skills to driving behavior is a
research topic substantiated by scarce evidence. In previous studies, we found that mental rotation
and perspective-taking skills have an influence on performance in driving tasks by conveying the
distal effects of the general cognitive efficiency on the execution of driving maneuvers. Studies have
provided evidence on the relevance of the cognitive processes of encoding, imagined rotation, and
spatial orientation in the accuracy of both the vehicle management during stressful driving situations
and the acquisition of visual information on the traffic scenario. Results can find applications in both
the training and the assessment of fitness to drive, as well as in the study of interaction between
the drivers and in-vehicle devices. The lack of cross-validations in path analysis models cannot be
assumed, a priori, to be capitalizing on chance and as an example of bad science. The non-replicability
of a study should be demonstrated before it is proclaimed. The purpose of this reply was to address
the questions raised by Kelly et al. (2022)—that is, “Do these results seem replicable?” and “How do
these results advance our understanding of brain function and/or human behavior?”—by providing
additional information on the study in question.

Keywords: path analysis; regression models; participant selection; Montreal cognitive assessment
(MoCA); spatial cognition; fitness to drive

1. Introduction

The studies commented upon by Kelly et al. (2022) [1] presented important similarities
because they are both part of the same PhD research project of the first author (L.T.).
However, it was not completely clear if the received comment was addressed only to the
more recent study, or if it encompasses both of those called into question. Anyway, some
crucial aspects that structurally differentiated these studies should be noted.

The above-mentioned project deals with the study of cognitive (i.e., mostly spatial
cognitive functions) and personality determinants of fitness to drive (FtD). The project also
includes an investigation of clinical samples that are not the object of the commented-upon
study/studies. Both studies employed the same measures of general cognitive status
(MoCA), mental rotation (MRT), perspective taking (PT), and the prerequisites of fitness to
drive (reaction times, resilience of attention, and perceptual speed, as part of the Vienna
Test System–DRIVESC). The earlier work [2] investigated the influence of the MoCA, MRT,
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and PT (as predictors) on driving measures (as outcomes) in a sample of young and adult
drivers (aged from 18 to 64). Age, gender, and years of education were controlled in the
analysis. The effects of the first-order interactions between demographic and cognitive
variables on measures of FtD were also assessed in this study.

Instead, the second work [3] examined the structural relationships among the same
variables in a sample of male participants aged from 18 to 91. A mediated mediation model
of relationships between variables was tested to find out a more efficient explanation of the
results found in the first study. In both studies, participants belonged to two different data
collection processes with an estimated overlap of about 26% of male participants.

The purpose of this report was to address the questions raised by Kelly et al. (2022) [1]:
“Do these results seem replicable?” and “How do these results advance our understanding
of brain function and/or human behavior?”

2. Do These Results Seem Replicable?

The term HARKing (hypothesizing after the results are known) generally indicates
the strategy of presenting an a posteriori hypothesis as if it were predetermined [4]. In his
recent work, Mark Rubin [5] (p. 308) describes three types of HARKing: “(1) using current
results to construct post hoc hypotheses that are then reported as if they were a priori
hypotheses; (2) retrieving hypotheses from a post hoc literature search and reporting them
as a priori hypotheses; and (3) failing to report a priori hypotheses that are unsupported by
the current results”.

Following these definitions, the first type of HARKing practice assumes that hypothe-
ses must be constructed when results are well known. In our publication history, the results
of the first study became the starting point of the aim formulated in the second study (to
explore structural relationships among the same variables in a sample involving also older
participants), so no a posteriori hypotheses were stated.

The second HARKing practice assumes that hypotheses must been formulated by
retrieving them from an a posteriori bibliographic search. To the best of our knowledge,
the study in question [3] is the first to explore pathways among the predictors of driving
fitness by including measures of both mental rotation and perspective-taking skills. The
research topic investigating the contribution of spatial imagined transformations (and
representations) on driving behaviors is quite new (until now it “has been neglected” in
driving research; see for instance [6] (p. 260)). In conclusion, neither the first nor the second
type of Harking can be applied to our publication story.

The third kind of HARKing practice involves the omission of predetermined hypothe-
sis that are unsupported by the obtained results. This practice implies that all the obtained
results, or at least most of them, should have a perfect fit with the predetermined hypothe-
ses. Conversely, few predetermined hypotheses reported in the study in question have been
only partially supported by results. Therefore, in that study, not all hypotheses formulated
have been corroborated by the results. In particular, (a) the mediated mediation of both
the spatial skills was hypothesized to predict the resilience of attention and perceptual
speed. Conversely, only mental rotation predicted the resilience of attention, while only
perspective taking predicted the perceptual speed, both through single mediations. More-
over, it was hypothesized that (b) mental rotation would have showed a mediation role
between the cognitive functioning and the reaction speed. Again, this hypothesis was not
verified by the results. Finally, hypotheses on both (c) the negative effect of age on driving
measures and (d) the positive effect of the MoCA expected on resilience of attention and
perceptual speed only were formulated following results obtained in our first study, and
they have been verified even in the second study. In this case, it is unclear how we would
have practiced this third kind of HARKing, since only two out of four among the declared
hypotheses have been found.

According to Kelly et al., the studies “lack important details concerning selection of
study participants, leading to puzzling discrepancies in the participant selection criteria
for the two studies”. However, (a) the assumptions underlying each study differed, (b) the
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two studies concerned diverse age cohorts, and (c) there were different data collections
at the base of the two studies (the enrolment criteria from the first to the second study
were partially modified). In both the studies, participants were required to (i) have Italian
as their mother tongue, (ii) have a valid current driving license, provisional or above,
(iii) have normal or corrected vision, and (iv) not being or had been a professional driver.
The first study included five enrolment criteria, while the second had six. Both the studies
were limited to a sample of (v) active drivers; however, while the former work included
participants who have driven at least one time in the previous month, the second study
included those who reported driving at least once in the previous week. These more restric-
tive constraints justify why the second paper involves only a quarter of the participants
of study one. This discrepancy was the consequence of the different aims of the studies.
The first study was completely explorative, while the second represented an attempt to
find a more efficient and exhaustive explanation from the point of view of the structural
relationships between variables through pathways models. The relationships between
variables which emerged firstly in terms of statistical causal models, if further confirmed
by studies of other groups/centers, might provide suggestions on the brain processes and
on the circuits involved in supporting driving performance. To address the aim of the
second study, we have chosen to limit the investigation to those drivers with a stronger
driving experience, i.e., those most frequently exposed to driving activity in everyday life.
As stated above, the sample of the second study involved only male participants aged from
18 to 91 years. The samples of the two studies differed because the second included only
males and older drivers.

The group of women drivers was excluded in the second study, since few of them
(adult and older) met the enrolment criteria. The same reason explains why three male
participants were excluded. Anyway, most of female drivers included in the first study
reported driving two or three times in the previous month. This may be the consequence
of the cultural trends in driving activity for older women in our geographic/cultural area.
Despite the continuous increase in the number of older women behind the wheel [7], they
represent a minority when compared to older male drivers (i.e., age 65–74: M, 81%; F, 42%;
age 75+: M, 61%; F, 18%; SafetyNet 2009) especially in the south of Italy (the place in which
the studies were carried out). Women tend to reduce their driving activity during ageing,
until definitively avoiding driving [8–10].

Nevertheless, the decision to restrict the investigation to male drivers was made to
avoid discrepancies between (1) the gender group sizes and (2) the distribution of age
within the gender groups. In other words, this was an attempt to avoid capitalizing on the
previous data collection. Finally, the fact that a “convenience sample” was included in the
second study had been clearly reported as a limitation in the paper.

To consider active drivers, those who drive at least once a week or once a month
(or in the last week/last month) is a well-consolidated stance in driving research [11–13].
Furthermore, in the second study, the MoCA total score inclusion cut-off above 17 was
added among criteria to include only participants who were in (vi) a general healthy
cognitive state based on the Italian cut-off. Table 1 shows the participant selection criteria
for both the studies.

Four out of the five enrolment criteria were the same among the studies. Considering
the methodological reasons supporting the choice, to both modify and add an extra criterion
in the second study, such discrepancies may perhaps seem less “puzzling” now.
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Table 1. Enrolment criteria for participants involved in both study 1 (Tinella et al., 2020) [2] and
study 2 (Tinella et al., 2021) [3].

Enrollment Criteria

Study 1 Study 2

1. Have Italian as their mother tongue X X
2. Hold a valid current driver’s license, provisional or above X X
3. Have normal or corrected to normal vision X X

4. Not being or had been a professional driver (e.g., taxi driver, truck
driver, transporter on delivery, etc.) X X

5. Have driven at least one time within the last month week
6. Be in a healthy cognitive state (MoCA inclusion cut-off above 17) - X

Kelly and colleagues pointed out some statistical limitations regarding path analyses,
structural equation modelling, and factor analyses. These issues limit the replicability of
the results in path analysis as, potentially, in any multivariate statistical technique. We
are also aware of solutions such as that indicated in the commentary, and that the sample
size does not always allow for cross-validations. The suggestions described by Kelly and
colleagues are useful and widely used methods to avoid these statistical limitations. Even
in this case, this issue was listed among the limitations, where the need to replicate the
studied model on a larger and more representative sample of drivers was clearly pointed
out. With an awareness of the limitations due to statistics-related methods, and in turn
to the generalization of results, the study provided tentative evidence on the structural
relationships between the employed variables. The fact that the study pointed out early,
weak, and limited evidence of statistical mediation among these variables itself is not
enough to consider it to be an example of bad science. A plethora of studies used similar
statistics (some of which inspired our work) and provided in the same way evidence of
mediated effects. Indeed, all the studies providing early evidence of a relationship between
variables without cross-validating it might be assumed to be capitalizing on chance, and
could be pointed to as examples of bad science. This is a radical—somewhat Manichean—
vision of research, in our opinion. Certainly, all statistical models are approximations.
Anyway, following the famous statistician George Box, we could affirm that “all models are
wrong, but some are useful”. In this report, the potential usefulness of the studied model
of mediation in driving research was highlighted by providing possible implications.

3. How Do These Results Advance Our Understanding of Brain Function and/or
Human Behavior?

Spatial perception, memory, and mental representation are a series of connected cog-
nitive skills useful for driving. Specifically, both egocentric (self-to-object) and allocentric
(object-to-object) spatial representations are assumed to be crucial when navigating by car
by supporting the management of the vehicle as, for example, when we turn at an inter-
section, or we drive through a roundabout. This occurs thanks to the flexible alternation
between the two kinds of spatial representation in a process known as spatial updating,
underlying navigation by walking as well as by driving [14–16]. Specific neural correlates
of spatial updating have been previously investigated by other works [14]; the study in
question was not focused on neural processes. Anyway, our first study highlighted (i) a
significant predictive effect of mental rotation skills on both reaction speed and resilience of
attention, and (ii) a significant effect of perspective taking on perceptual speed. Considering
the above, it seemed likely that both mental rotation and perspective taking (as measures
of object- and self-based spatial transformation, respectively) were playing a mediation
role between the cognitive functioning and the driving efficiency. The hypothesis of the
second study implied that imagined dynamic spatial transformations (which depend on
the individual’s general cognitive functioning) have an influence on driving performance
by facilitating both the visualization of the location of stimuli and the anticipation of their
movement in the driving scenarios. This influence was expected, being founded on the
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prerequisites of fitness to drive that underlie the safe management of the vehicle during
complex maneuvers. In this way, the study in question was aimed to reduce a knowledge
gap on the role of basic spatial transformation skills in the relationship between cognition
and driving behaviors. Significant results were found for the indirect effects of cognitive
functioning through both mental rotation and perspective-taking skills on the resilience of
attention and perceptual speed, respectively. Results suggest that the relationship between
cognitive functioning and driving abilities seems to be mainly explained by individual
differences in spatial transformations skills. Theoretically, results imply that the specific
processes of encoding, the imagined rotation of objects [15], and spatial orientation support
drivers’ abilities to manage their vehicles in stressful traffic situations and to quickly detect
visual stimuli from the traffic scenarios.

Undoubtedly, this suggests the key role of spatial transformation skills in the execution
of complex driving behaviors. Moreover, by relating both spatial transformation skills and
cognitive functioning with driving measures, these results may be useful for the assessment
of fitness to drive, the training of impaired driving abilities, and in studying the interaction
between the driver and the in-vehicle systems. Since spatial transformation skills are
key cognitive components of fitness to drive, these measures should be included in the
assessment, and it could be the target of training programs for driving capability. In-vehicle
systems aid the driver during navigation and in detecting visual scenarios beyond their
own visual field. Advanced driver-assistance systems support and facilitate complex
maneuvers, such as overtaking or parking. Sensors, cameras, and monitors detect and
display the driving scenario out of the driver’s visual field, helping to minimize errors
during the maneuver. Mental rotation and perspective-taking abilities are involved in both
the visualization and decoding of the spatial relations provided by these devices from the
displayed perspective. The study of spatial transformation skills may help researchers to
better understand the driver’s interaction with these devices. However, further research is
needed to assess whether spatial transformation skills contribute to the readability of the
spatial information provided by these systems.

Following Kelly et al., that the MoCA and spatial skills correlate to some degree with
the significant indirect effects of spatial skills is not surprising. Certainly, the results could be
explained with reference to shared visuospatial processes that are involved in the employed
measures. This explanation was put forward frequently in the discussion of the results.
Anyway, what surprises us is that both the spatial skills seem to work better if they are
considered to be mediators in the model, rather than if they are considered to be predictors.
It should be noted that among the theoretical assumptions of the statistical mediation,
the association between the independent variable and the mediator is mandatory [16,17].
As reported in Table 1 of the study, there were no issues of collinearity for correlations
between the MoCA and all the other variables. However, if there had been a complete
overlap of common visuospatial processes shared by the spatial skills and the MoCA, no
significant difference would be supposed to emerge between the model with direct effects
and the mediation model. Instead, the relationship between global cognitive functioning
and driving prerequisites was stronger if studied without the mediation of the spatial skills.
Conversely, in the mediation model, the influence of cognition on driving prerequisites
was reduced, since it was explained partially by spatial skills. Therefore, the mediated
model provided a more exhaustive explanation of fitness-to-drive variability than the single
direct effect of the MoCA. If the overlap between the measures of the MoCA with those
of spatial transformation seems so obvious, why, then, did considering spatial skills to be
mediators provide stronger results? In other words, if spatial skills were superimposed to
the predictor, why did they show better fit if treated as mediators rather than as predictors?

In fact, what we found suggests that the relationship between global cognitive func-
tioning and certain driving abilities is mostly a matter of spatial transformation skills.

As stated above, the research project including the commented-upon study/studies
also involves the investigations on a clinical sample of drivers. For this reason, the MoCA
test was employed among the test set. Moreover, the employment of the MoCA as a
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measure of general cognitive efficiency needs further clarifications. First, the considered
non-pathological range for the MoCA total score included 12 points (i.e., from 18 to 30).
Second, the distribution of the MoCA scores deviated from normality, but measures of
skewness (|0.195|) and kurtosis (|0.579|) did not exceed critical thresholds [18]. Both
these points suggested that the observed variability of the MoCA total score in the sample
was adequate to potentially explain the variability of other measures. In addition, this
variability showed to be enough to discriminate between different levels of cognitive
functioning within the normality range. Given these conditions, we just wanted to consider
those individual differences included in the range of the normal cognitive functioning
(according to the Italian cut-off). Certainly, the considered non-pathological range of the
MoCA total score cannot exclude a person with some degree of cognitive decline, especially
for older participants. Indeed, the considered cut-off score was found to discriminate
probable cognitive impairment and not probable dementia (i.e., cut-off: 14) [19]. However,
other studies validating the MoCA on a southern Italian sample found a lower cut-off
score than that used in our study (e.g., 15, 5) [20]. As suggested by Kelly et al., the MoCA
test is a screening measure of global cognitive impairment rather than global cognitive
functioning. We agree with them. A strong correlation coefficient between the MoCA and
age indirectly suggests the usefulness of the MoCA as a measure of cognitive impairment.
Although a significant correlation between age and the MoCA was observed, the coefficient
of −0.445 suggested a moderate and negative association between these variables. Anyway,
it was likely that a source of individual difference in global cognitive functioning was
detected in the considered non-pathological range. To this end, individual differences in
global cognition, measured with the MoCA score, were considered to be predictors in the
studied model.

For the same purposes, the MoCA total score had been used as a measure of “global
cognitive functioning” or “cognitive screening” in other studies [21], including healthy
young [22], healthy adults [21,22], and healthy elderly [23] participants. Some of these
studies provided evidence of the utility of the MoCA in predicting the performance of
healthy participants in cognitive tasks. Moreover, other instruments of mental status
similar to the MoCA have been employed as measures of cognitive functioning in the study
of the influence of cognition on fitness to drive in samples of young, adult, and elderly
drivers [12,13,24]. It should be noted that the aims of the studies were far away from
making assumption on cognitive decline. The usefulness of the MoCA indicated by Kelly
et al. in detecting cognitive impairment assumes the original diagnostic use that was not in
line with the aims of our study.

The case of the apparent association between two variables that is reversed when the
analysis is performed by considering a third confounding variable is known as Simpson’s
paradox [25]. The risk of not consider a spurious relationship that involves one or more
confounding variables that cause the studied correlation is a threat for any nonexperimental
cross-sectional study [26]. The Simpson’s effect regards qualitative changes in marginal
correlations between categorical variables, but it can occur even between continuous
variables. Some methods and good practices have been discussed to avoid the risk of
this paradox. For example, detecting early potential confounding variables through an
exhaustive literature review, then identifying relevant confounding variables through
pilot studies, and finally deciding upon an appropriate study design by balancing groups
on the confounding variables has been suggested [27]. Simpson’s paradox “could not
arise” if participants are equally distributed in groups based on the confounding variable;
thus, some statistical techniques have been suggested to produce balanced groups (e.g.,
simple randomization, randomized block design, and minimization) [27]. These practices
imply that large sample sizes produce proportional distributions [28], their accuracy is
influenced by the number of confounding variables [27], and they are vulnerable to the
presence of interaction between confounding variables [29]. Anyway, two elements are
needed to allow the occurrence of this paradox: a neglected confounding variable and
unequal distributions of the confounding variable among groups. Considering the study
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in question, we agree with Kelly et al. on the potential influence of several confounding
variables, such as physical or mental activity, which could have explained the significant
effects that were found. Particularly, we assumed that the driving frequency was one
crucial variable that could explain the studied relationships. The potential confounding
effects due to driving frequency/experience have not been observed in the path analysis,
but by enrolling only participants who drove at least one time in the week, it was likely
that the variability attributable to that variable has at least been reduced. To eliminate the
risk of Simpson’s paradox by controlling for any potential confounding variable that could
influence a studied relationship is a utopia.

Finally, in response to questions of Kelly et al., it could be useful to clarify that (i)
the MoCA was not used to define clinical samples, but as measure of general cognitive
functioning, and (ii) the study did not aim to investigate comparisons between healthy and
cognitively impaired people. Of course, the employment of the MoCA in the assessment of
FtD would be better suited for studying older drivers’ driving abilities than those of the
young and adults. In these studies, we were interested in investigating the driving abilities
of drivers in age stages which preceded the explicit cognitive impairment. The study of
driving fitness in participants with cognitive impairment remains an open issue in driving
research that needs exhaustive investigations, but it was not the aim of our paper(s).
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