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Abstract

:

We aimed to investigate the associations between intelligence quotient test scores obtained using the Raven’s Advanced Progressive Matrices (APM) and psychomotor testing using the Complex Reactionmeter Drenovac (CRD) test battery, while taking into account previous theoretical approaches recognizing intelligent behavior as the cumulative result of a general biological speed factor reflected in the reaction time for perceptual detections and motor decisions. A total of 224 medical students at the University of Split School of Medicine were recruited. Their IQ scores were assessed using Raven’s APM, while the computerized tests of CRD-series were used for testing the reaction time of perception to visual stimulus (CRD311), psychomotor limbs coordination task (CRD411), and solving simple arithmetic operations (CRD11). The total test-solving (TTST) and the minimum single-task-solving (MinT) times were analyzed. On the CRD11 test, task-solving times were shorter in students with higher APM scores (r = −0.48 for TTST and r = −0.44 for MinT; p < 0.001 for both). Negative associations between task-solving times and APM scores were reported on CRD311 (r = −0.30 for TTST and r = −0.33 for MinT, p < 0.001 for both). Negative associations between task-solving times in CRD411 and APM scores (r = −0.40 for TTST and r = −0.30 for MinT, p < 0.001 for both) were found. Faster reaction time in psychomotor limbs coordination tasks, the reaction time of perception to visual stimulus, and the reaction time of solving simple arithmetic operations were associated with a higher APM score in medical students, indicating the importance of mental speed in intelligence test performance. However, executive system functions, such as attention, planning, and goal weighting, might also impact cognitive abilities and should be considered in future research.
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1. Introduction


Cognitive actions, such as identifying the problem, processing information, creating a plan for the next step, carrying out this plan, and then evaluating the results, are necessary for medical students, especially in terms of medical decision making and problem solving [1]. More specifically, cognitive functions, such as executive functioning and working memory, are crucial in reasoning, the ability to problem-solve and acquiring new skills and knowledge [2]. Processing speed, as a factor that represents one’s cognitive performance in a specific amount of time and, therefore, the ability to process information quickly, is also strongly correlated with the ability to reason and with higher-order cognition [2,3,4,5,6,7].



Intelligence, the ability to acquire and apply knowledge and skills, integrates cognitive functions, such as perception, attention, memory, language, or planning [8,9]. It has been demonstrated that intelligence is a major predictor of success in education and occupations [10]. There is a positive association of educational attainment with intelligence test scores [11], and it has been shown that for each year of education, there is an increase in intelligence test scores [12]. Furthermore, education does have domain-specific effects, such as improvement in memory and reasoning ability [13]. However, education develops only certain, specific intellectual abilities, rather than general intelligence. Although the efficiency of cognitive operations may not be improved with education, the development of specific cognitive domains, such as memory, can have an extensive impact on cognitive development [13,14].



It has been shown that when students performed well in one subject, they would also perform well in other subjects. Even when the test results were discrepant, such as in scientific reasoning and standardized ability test, the correlation between the test results was improved by changing the format of the test presentation [7,15,16]. Such a positive correlation between performances on different tests indicates that there is an underlying factor conducting this success [17], known as the general intelligence factor. General intelligence refers to having reasoning ability and behavioral flexibility, and it is a good predictor for several components of life outcomes, including academic achievement, the probability of success in professional careers, occupational attainment, job performance, social mobility, and even health and survival [9,18,19].



Previous research has identified a positive correlation between different domains of cognitive performance and intelligence tests, implying that subjects who excel on one test would also excel on other cognitive tests. Especially strong associations with IQ were found for processing speed, working memory, and visual and verbal learning [20,21].



The theoretical background of the current research is found in an extensively elaborated relationship between psychometric intelligence and reaction times (RTs). The former association has been thoroughly described in three well-known elementary cognitive tasks (Hick simple and choice reaction time task, Sternberg’s short-term memory scanning, and Posner’s letter matching), with short reaction times (RTs) being associated with higher intelligence [16]. Such association has been explained with a proposal for a higher speed of information processing, reflecting a physiological difference. It should be underlined that theories contradicting these findings have also been published, suggesting that brain structural properties may influence both mental speed and general intelligence, giving rise to reported associations [20]. The direction of the association of reaction time and intelligence is therefore still inconclusive.



A battery test, Complex Reactionmeter Drenovac (CRD-series), is a computer-generated chronometric instrument measuring perception, memory, psychomotor reaction, and thinking as dynamic functions of the central nervous system and attention, as well as functional disturbances [22,23,24]. Fluid intelligence is usually assessed by nonverbal tests that require inductive reasoning and spatial visualization, and one of the most common tests used is Raven’s Advanced Progressive Matrices (APM) [25]. However, the association between intelligence tests performed through the Raven’s APM test and cognitive and psychomotor testing performed using the CRD-series has not yet been reported.



Using the CRD-series to test cognitive and psychomotor abilities provides additional information on performance stability during the testing process, represented through ballast measures. Investigating reaction time stability as a unique and accurate indicator of cognitive and psychomotor stability [26,27,28] provides complementary data to the existing literature on the association of cognitive abilities. Additionally, the use of the CRD-series enables the assessment of convergent thinking. Differentiation of divergent and convergent thinking was postulated in Guilford’s models, suggesting that both aspects are required in problem solving [29]. The development of and selection of ideas in working towards the optimal solution to a problem reflects convergent thinking [30]. It has been investigated and confirmed that mathematics performance mainly relies on convergent thinking, and theories supporting a relationship with mathematics performance suggest that convergent thinking aids in the evaluation of ideas and contributes to the finding of a good solution to a problem [31].



Furthermore, employment of medical students as a specific population in this research yields specific added value to the research. The lack of studies investigating reaction times among medical students has been previously emphasized [32]. Medical students are exposed to quite demanding schedules and high academic demands during their study [33,34], consequently leading to an increased stress load that might have detrimental effects on various cognitive abilities and reaction time [35]. To our knowledge, this is the first study reporting different aspects of reaction time performance, as well as the variability in reaction time during the test. One of the investigated measures of reaction time enabled the assessment of the reaction time of both the upper and lower extremities, rarely reported in this group of students. It is well known that shift work, to which doctors are often exposed, might decrease their reaction time [36,37]. Taking this into account, a comprehensive and thorough understanding of the reaction time performances of medical students is mandatory to enable an assessment of a longitudinal variability in various reaction time performances of future residents and doctors.



Thus, this study aims to investigate if there is an association between IQ test scores assessed with the Raven’s APM and cognitive and psychomotor testing through the CRD-series test battery in medical students. The hypothesis of the current research may be elaborated based on the mental speed theories of intelligence, suggesting that intelligent behavior may be seen as the cumulative result of a general biological speed factor reflected in the time required to make basic perceptual detections and motor decisions [6]. We hypothesize that a faster and more accurate performance on reaction time in the psychomotor limbs coordination task, the reaction time of perception to visual stimulus, and the reaction time of solving simple arithmetic operations, assessed by an electronic psycho-diagnostic test battery, will be associated with a higher score achieved on Raven’s APM in medical students.




2. Materials and Methods


The Biomedical Research Ethics Committee at the University of Split School of Medicine approved the protocol of this study (Approval number 33-1/06). All procedures were done in accordance with the ethical standards from the 1964 Helsinki declaration and its later amendments. All participants signed informed consent prior to the study protocol.



2.1. Participants


The participants involved in this study were second-year medical students at the University of Split School of Medicine (USSM) studying in the English and Croatian programs. From 2017 to 2019, a total of 224 subjects were recruited for participation in the study. Exclusion criteria were refusing to participate in this study and not being present at the examination. The participants were not asked to prepare in advance for any of the tests. All the tests were performed in the morning hours from 8 am to 11 am in a quiet laboratory room at the USSM.




2.2. Intelligence Testing


The intelligence of the students was measured through a multiple-choice, pencil-and-paper test version of the nonverbal test Raven’s APM. Students had 45 min to complete as many of the 36 items of the abstract reasoning test as possible. Each item required the student to identify the missing element that would complete the 3 × 3 matrix of patterns presented. There was increasing difficulty with each test item, and the student was given a choice out of eight possible answers and a “Do not know” option. The number of items answered correctly out of 36 was the score used for measuring performance on this test. APM provides a standardized cognitive ability test, primarily designed to measure high-level observation skills, clear thinking ability, and intellectual capacity as a non-verbal estimate of abstract reasoning or fluid intelligence [38]. It has been suggested by Spearman that Ravens matrices require both the eduction of correlates (predicting the configuration of the elements given the relation), as well as the eduction of relations (abstracting a relation from the configuration of concrete elements) [25].




2.3. Cognitive and Psychomotor Performance Testing


The computerized tests of the CRD-series shown in Figure 1 were used for testing the cognitive and psychomotor performance of the participants. The time needed to process information in this chronometric test represents the psychomotor function of the reaction time. For this investigation, three different tests from the CRD-series were used in the same order, from the simplest to the most difficult test: the light signal discrimination test, measuring the reaction time of perception to a visual stimulus (CRD311); the test of operative thinking, measuring reaction time in a psychomotor coordination task of participants’ upper and lower limbs (CRD411); and the test of convergent thinking, through solving simple arithmetic operations of addition and subtraction (CRD11), as shown in Figure 2. The CRD311 test included 60 tasks in a random sequence, appearing on a panel in nine circles arranged in one row (Figure 1). There was only one light presented at the time, and the subjects were instructed to press the corresponding square button below that light as quickly as possible when the light appeared. The square buttons had to be pressed using the index finger of the dominant hand. Once the correct button was pressed, the light would turn off and a new light would appear on the panel. The participant had to continue to press the appropriate button under the light until the whole sequence of 60 lights was displayed.



As for the CRD411 test, there was a panel where up to four lights could appear at the same time, arranged with two in the top row and two in the bottom row (Figure 1). Following the light appearance, participants would need to press the button with their corresponding hand, depending on whether the light appeared on the left or right side in the top row. The two lights of the bottom row, whether left or right, required that the individual push the pedal on the floor with their corresponding foot. It was possible for one, two, or three lights to appear in this 35-item test, which could involve the student pressing both hands or both feet, or one hand or one foot, or all possible combinations of hands and feet if all three lights appeared. By pressing the appropriate buttons and/or pedals, the task would be correctly solved, and a new light or combination of up to three lights would be turned on. The next task, represented by a new light or combination of lights, would begin once the previous task was answered correctly, and if more than one light was displayed, the corresponding buttons or pedals had to be pressed simultaneously for the participant to answer the task correctly.



In the CRD11 test, the subjects had to perform simple arithmetic operations of summation or subtraction. In the CRD device panel, there were 12 lights centrally in small circles, organized in four columns and three rows (Figure 1). Above each column, as well as to the right or left of each row, was a number that had to be used for summation or subtraction. Once the light appeared, it would indicate which numbers had to be used in the mathematical operation. Thus, one light presented centrally would indicate the numbers just above it and to the right/left of it to be used. An additional light next to a (+) or with a (−) sign would appear in the left/right corner of the panel to indicate whether the task needed summation or subtraction. The greatest number on the panel was 13, and there were 35 tasks to solve for the test to end. Subjects were instructed to press the correct answer by pressing the result of the sum or the subtraction of the indicated numbers (from 6 to 17), presented in the bottom row. The next task appeared once the student correctly answered the previous task. Before commencing each CRD test, the students were allowed a trial test to familiarize themselves with the dynamics of the test to prevent overwhelming the participant. Each student had the same variation of each test, so there were no differences in complexity, and they were all required to complete each test as quickly and accurately as possible. The study flow chart is shown in Figure 2.



In our protocol, there were no color-based responses, as all the light signals used in the test were presented in the same color. Furthermore, all the participants had no severe visual impairments, and myopia/hyperopia was appropriately corrected.




2.4. Data Collection and Statistical Analysis


Six parameters of each test of the CRD-series were recorded and analyzed: total test-solving time (TTST), minimum single-task-solving time (MinT), median single-task-solving time (MedT), start ballast (ST), end ballast (EB), and total ballast (TB). The indicators of speed, accuracy, and mental endurance were TTST, MinT, and MedT, respectively. The ballasts were descriptors of stability and showed the time that was wasted and not spent on solving the tests. It was calculated as the sum of the differences between the time spent on each individual task (Ti) and a minimum single-task-solving time. Start ballast (SB) represented the wasted time during the first half of the test, the end ballast (EB) the wasted time during the second half of the test, and the total ballast (TB) was the sum of SB and EB, i.e., the total wasted time during the whole test.



For statistical analysis, MedCalc for Windows version 11.5.1.0 (MedCalc Software, Mariakerke, Belgium) was used. The distribution of data was assessed for normality with the use of the Shapiro–Wilk or Kolmogorov–Smirnov test. In cases with asymmetric data distribution assessed with a significant Shapiro–Wilk and Kolmogorov–Smirnov test, a parametric analysis was performed due to a large sample size, as well as following inspection of Q-Q plots and the skewness or kurtosis of the asymmetrically distributed data. Categorical data were presented as absolute and relative frequencies, while continuous variables were presented as mean ± standard deviation, and the age of subjects was shown as median (minimum, maximum). The association between the performances on the CRD-series tests and Raven’s APM intelligence test was tested using Pearson’s correlation coefficient. The contribution of the CRD-series test results to Raven’s APM test was analyzed using multiple linear regression. The level of statistical significance was set at p < 0.05.



The data that support the findings of this study are available from the corresponding author, upon reasonable request.





3. Results


There was a total of 224 medical students involved in this study, of which 72 (32.1%) were men and 152 (67.9%) were women. The median age was 21 years (Table 1).



3.1. Performance on the Raven’s APM and CRD-Series of Study Participants


The medical students in this study had a mean Raven’s APM score of 27.12 (Table 1). Performance on the CRD11, CRD311, and CRD411 tests of the CRD-series is summarized in Table 1 and shown in detail in Figure 3.




3.2. Association between Performance on Raven’s APM Intelligence Test and CRD-Series Tests


The negative association between the performance on Raven’s APM intelligence test and the majority of the CRD-series tests is reported in Table 2 and Table S1, and shown in Figure 4. On the reaction time of the solving simple arithmetic operations test, task solving times were shorter in students with a higher APM score (r = −0.48 for TTST and r = −0.44 for MinT; p < 0.001 for both tests). A similar negative correlation was found for the ballast times and APM scores (r = −0.41, −0.24, −0.36; for SB, EB, and TB, respectively, all with p < 0.001).



On the reaction time of the perception to visual stimulus test, there are shorter task-solving times in correlation with a greater APM score (r = −0.30 for TTST and r = −0.33 for MinT, p < 0.001 for both variables). However, there was no significant association between the ballast times and the APM scores of the medical students.



As for the reaction time in the psychomotor limbs coordination task test, there was a negative correlation between task-solving times and APM scores, and with a higher APM score, task-solving times were shorter (r = −0.40 for TTST and r = −0.30 for MinT, p < 0.001 for both). Ballast times also demonstrated a negative correlation with APM scores (r = −0.41, −0.34, and −0.40 for SB, EB, and TB, respectively, all with p < 0.001).




3.3. The Contribution of Age, Gender, and CRD-Series Test Results to APM Score


A multiple linear regression was performed to analyze the contribution of age, gender, and CRD-series test results to the APM score (Table 3). Out of the analyzed variables, TTST on tests assessing the reaction time of solving simple arithmetic operations and the psychomotor limbs coordination task (β = −0.182, p = 0.009, and β = −0.215, p = 0.002, respectively), as well as MinT on a test assessing reaction time of perception to a visual stimulus (β = −0.158, p = 0.023), significantly contributed to the APM score.





4. Discussion


This study demonstrated that faster reaction time on different psychomotor reaction tests performed with the use of a psychodiagnostic test battery was associated with higher Raven’s APM scores. On the light signal position discrimination tests, students who were faster at accurately discriminating light signals had higher Raven’s APM scores, compared to students reacting slower. Likewise, students faster at accurately solving simple arithmetic operations, as well as those reacting faster on psychomotor coordination tasks of participants’ upper and lower limbs, had higher APM scores, while also having better stability of performance. This implies that medical students reacting faster when assessed with a computerized psychodiagnostic test battery had an overall greater APM score.



Our findings are in accordance with mental speed theories of intelligence, suggesting that intelligent behavior may be seen as the cumulative result of a general biological speed factor reflected in the time required to make basic perceptual detections and motor decisions [6,39].



Given that the speed of perception is a subdomain of cognitive function [40], a faster response at detecting the light stimulus might have led to a higher APM score. Similar results were found in a study exploring the relationship between intelligence and visual recognition memory in adolescents, where higher scores on intelligence tests were associated with a faster time in answering the visual recognition memory test [41]. Furthermore, it was revealed that children performing significantly better on a variety of cognitive and psychomotor tests had greater intelligence, with the strongest relationship on the tasks involving the visuospatial processing domain [42]. Thus, one might presume that the subjects with better perceptive abilities, who are more likely to process information at a faster rate, might have higher intelligence.



Since convergent thinking encompasses the use of logic, accuracy, and speed, and essentially means the ability to give a correct answer to a question, it might be evaluated with the use of a test assessing the reaction time of solving simple arithmetic operations [43]. Our results revealed that a better performance on the test of convergent thinking correlates with higher intelligence. This is probably due to being able to provide correct answers quickly to these arithmetic operations, and medical students in general often already have had greater mathematical knowledge and arithmetic skills with secondary school grades for math reflecting this. In a previous study, a positive correlation was found between convergent thinking assessed through calculation [44] and intelligence estimated by measuring one-word receptive vocabulary in elderly patients with and without brain dysfunction [45]. Thus, this study revealed that a greater intelligence would be associated with better cognitive performance, including convergent thinking [45], which is also represented in our study.



As for psychomotor skills, another cognitive function, they involve an organized and well-coordinated pattern of muscular activities prompted by environmental signals [23]. Likewise, faster reaction times on the test of psychomotor performance could be explained by a greater speed of processing, visuospatial abilities, and possibly better attention, which were all associated with a greater intelligence [21,42]. A previous study showed that most of the primary cognitive domains, including attention, psychomotor speed, episodic memory, working memory, and executive functioning, correlated with each other. It was also seen that higher intelligence was associated with better performances on the psychomotor test and executive functioning test [46]. Another study demonstrated a positive correlation between intelligence testing and cognitive performance, including simple psychomotor abilities, such as finger-tapping speed [47]. This further reinforces the evidence of a greater APM score correlating with better achievement on the reaction time in the psychomotor limbs coordination task test in the present study. We emphasize that low statistical power should be taken into account in the current study, since it might have increased the likelihood of a false positive result. Thus, correlations, such as those reported in our study, obtained with small samples may be unreliable, taking into account that the small sample size may increase the likelihood of obtaining a false positive large correlation coefficient.



Even though the direction of the association of reaction time and intelligence is still inconclusive, it has been proposed that even higher associations are found with increasing informational load [7]. Such findings are often elaborated with Spearman’s concept of general intelligence, as well as with proposals suggesting that more complex tests can better assess general intelligence. The advantage of the current study on this matter, is the use of different reaction time tasks of variable complexity. The current study reported that the total test-solving times on both tests of higher complexity, assessing the reaction time of solving simple arithmetic operations and psychomotor limbs coordination, had a significant contribution to the APM score. For the less complex test assessing reaction time of perception to visual stimulus, only MinT significantly contributed to the APM score. These findings recognize the speed and accuracy of the cognitive performance, as well as the mental endurance assessed by CRD-series tests, contributing significantly to intelligence. Our results are also in accordance with the results of the previous studies, which confirmed that there is an association between different domains of cognitive performance and intelligence; thus, individuals who excel on one test would also excel on other cognitive tests [21,45,46,47].



It is convincing that the students’ academic abilities and educational background may have provided them with better cognitive abilities. However, our result of an average Raven’s APM score among medical students is in accordance with the norms for undergraduate students. More precisely, a score of 27 equates to the 50th percentile ranking for undergraduate students [48], indicating that participants of this study were representative of the student population. However, caution has to be made regarding the generalizability of our results, considering that people with high intelligence, but with physical impairments, such as symptoms related to neurological conditions or trauma consequences, cannot perform well on the tasks used in the study.



The unequal proportion of genders in our study was the consequence of a higher proportion of female students enrolled in USSM, reflecting a worldwide trend of the feminization of medicine [49]. However, we believe that these unequal gender proportions did not influence our results. It has been previously shown that men achieved better results than women on convergent thinking (CRD11) and psychomotor (CRD411) tests [23], and that men usually have better calculation skills, and they typically have better motor and visuospatial skills, while females are better in verbal abilities [50,51,52]. Still, both genders share several similarities regarding their cognitive abilities [50,51,52], which is in accordance with our results, with no gender differences in the results of the Raven’s APM tests.



This study is not without limitations. Even though we used APM, which is one of the most commonly used tests in the assessment of fluid intelligence, we did not include an assessment of other types of intelligence, and no comprehensive assessments of verbal aspects of intelligence were performed.



Among the limitations, one might question the relevance of the participants’ population, students of the Croatian and English programs of medical studies. Still, we believe that this did not influence the results, given that neither the APM nor the CRD-series tests are culture or language sensitive. Other factors, such as lifestyle and sleep habits, as well as chronotype, might have had an impact on the students’ performance, especially bearing in mind that all the tests were carried out in the morning hours from 8 am to 11 am. However, we believe that accounting for these confounders would not materially change the observed effects since the observed effects were large. Further, there was no data from other distinctive populations that enabled comparison with our data obtained on medical students. Finally, current findings should be interpreted with caution, since a small study sample might have contributed to low statistical power, resulting in inflated effects compared to a true effect. Hence, a statistically significant correlation of CRD and APM results might represent a false-positive result, since a low sample size of the current study might negatively affect the likelihood that a nominally statistically significant finding indeed reflects a true effect.




5. Conclusions


In conclusion, this study is the first to examine the association between Raven’s APM scores and cognitive abilities testing through the CRD-series test battery in medical students, and it indicated that faster reaction times in tasks of convergent thinking, operative thinking, and speed of perception are associated with higher APM score. Thus, we recognized the relevant role of mental speed in intelligence. It should be underlined that the role of attention in the assessment of the association of reaction time performances and intelligence has also been investigated, and it has been suggested that both goal weighting and planning have a role in intelligent behavior, as part of the executive system functions [6]. These constructs should be considered in future studies; but we emphasize that the current study aimed specifically to investigate the possible association of reaction time in psychomotor tasks of different complexity and performance on Raven’s APM intelligence test as a measure of fluid intelligence.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/brainsci13020185/s1, Table S1: Power analysis was performed in G*Power Statistical Power Analyses program for Mac and Windows, with the post hoc type of power analysis computed achieving power with a given α (0.05), sample size (N = 224), and effect size.





Author Contributions


Conceptualization, I.P.D., L.L.K. and Z.D.; Formal analysis, I.P.D., A.Q., L.L.K., S.D. and M.V.; Investigation, I.P.D., A.Q. and S.D.; Methodology, I.P.D., L.L.K., S.D. and R.P.; Supervision, R.P., M.V. and Z.D.; Validation, I.P.D., L.L.K., M.V. and Z.D.; Visualization, I.P.D. and A.Q.; Writing—original draft, I.P.D., A.Q., S.D. and R.P.; Writing—review & editing, I.P.D., L.L.K., R.P., M.V. and Z.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research did not receive any external grant from funding agencies in the public, commercial, or not-for-profit sectors.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Biomedical Research Ethics Committee at the University of Split School of Medicine (Approval number 33-1/06).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable request.




Acknowledgments


The authors wish to express their gratitude to Jelena Baricevic (USSM) for technical assistance in data collection and Hishaam Ashraf (Wirral University Teaching Hospital, United Kingdom) for help in language editing.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kiesewetter, J.; Ebersbach, R.; Gorlitz, A.; Holzer, M.; Fischer, M.R.; Schmidmaier, R. Cognitive problem solving patterns of medical students correlate with success in diagnostic case solutions. PLoS ONE 2013, 8, e71486. [Google Scholar] [CrossRef]

	



Ferrer, E.; Whitaker, K.J.; Steele, J.S.; Green, C.T.; Wendelken, C.; Bunge, S.A. White matter maturation supports the development of reasoning ability through its influence on processing speed. Dev. Sci. 2013, 16, 941–951. [Google Scholar] [CrossRef] [PubMed]

	



Ferrer, E.; O’Hare, E.D.; Bunge, S.A. Fluid reasoning and the developing brain. Front. Neurosci. 2009, 3, 46–51. [Google Scholar] [CrossRef] [PubMed]

	



Kail, R.; Salthouse, T.A. Processing speed as a mental capacity. Acta Psychol. 1994, 86, 199–225. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.J.; Park, E.H. Relationship of Working Memory, Processing Speed, and Fluid Reasoning in Psychiatric Patients. Psychiatry Investig. 2018, 15, 1154–1161. [Google Scholar] [CrossRef]

	



Bates, T.; Stough, C. Processing speed, attention, and intelligence: Effects of spatial attention on decision time in high and low IQ subjects. Personal. Individ. Differ. 1997, 23, 861–868. [Google Scholar] [CrossRef]

	



Jensen, A.R. Individual differences in the Hick paradigm. In Speed of Information Processing and Intelligence; Vernon, P.A., Ed.; Ablex: Norwood, NJ, USA, 1987. [Google Scholar]

	



Colom, R.; Karama, S.; Jung, R.E.; Haier, R.J. Human intelligence and brain networks. Dialogues Clin Neurosci. 2010, 12, 489–501. [Google Scholar] [CrossRef]

	



Gottfredson, L.S. Intelligence: Is it the epidemiologists’ elusive “fundamental cause” of social class inequalities in health? J. Pers. Soc. Psychol. 2004, 86, 174–199. [Google Scholar] [CrossRef]

	



Gottfredson, L.S. g: Highly General and Highly Practical; Lawrence Erlbaum Associates Publishers: Mahwah, NJ, USA, 2002. [Google Scholar]

	



Strenze, T. Intelligence and socioeconomic success: A meta-analytic review of longitudinal research. Intelligence 2007, 35, 401–426. [Google Scholar] [CrossRef]

	



Hegelund, E.R.; Gronkjaer, M.; Osler, M.; Dammeyer, J.; Flensborg-Madsen, T.; Mortensen, E.L. The influence of educational attainment on intelligence. Intelligence 2020, 78, 101419. [Google Scholar] [CrossRef]

	



Ritchie, S.J.; Bates, T.C.; Deary, I.J. Is education associated with improvements in general cognitive ability, or in specific skills? Dev. Psychol. 2015, 51, 573–582. [Google Scholar] [CrossRef]

	



Ritchie, S.J.; Tucker-Drob, E.M. How Much Does Education Improve Intelligence? A Meta-Analysis. Psychol. Sci. 2018, 29, 1358–1369. [Google Scholar] [CrossRef]

	



Sternberg, R.J.; Wong, C.H.; Sternberg, K. The Relation of Tests of Scientific Reasoning to Each Other and to Tests of General Intelligence. J. Intell. 2019, 7, 20. [Google Scholar] [CrossRef]

	



Neubauer, A.C.; Riemann, R.; Mayer, R.; Angleitner, A. Intelligence and reaction times in the Hick, Sternberg and Posner paradigms. Personal. Individ. Differ. 1997, 22, 885–894. [Google Scholar] [CrossRef]

	



Johnson, W.; Bouchard, T.J.; Krueger, R.F.; McGue, M.; Gottesman, I.I. Just one g: Consistent results from three test batteries. Intelligence 2004, 32, 319. [Google Scholar] [CrossRef]

	



Burkart, J.M.; Schubiger, M.N.; van Schaik, C.P. The evolution of general intelligence. Behav. Brain. Sci. 2017, 40, e195. [Google Scholar] [CrossRef]

	



Schmidt, F.L.; Hunter, J. General mental ability in the world of work: Occupational attainment and job performance. J. Pers. Soc. Psychol. 2004, 86, 162–173. [Google Scholar] [CrossRef]

	



Schubert, A.L.; Hagemann, D.; Frischkorn, G.T.; Herpertz, S.C. Faster, but not smarter: An experimental analysis of the relationship between mental speed and mental abilities. Intelligence 2018, 71, 66–75. [Google Scholar] [CrossRef]

	



Mohn, C.; Sundet, K.; Rund, B.R. The relationship between IQ and performance on the MATRICS consensus cognitive battery. Schizophr. Res. Cogn. 2014, 1, 96–100. [Google Scholar] [CrossRef]

	



Lusic Kalcina, L.; Pavlinac Dodig, I.; Pecotic, R.; Valic, M.; Dogas, Z. Psychomotor Performance in Patients with Obstructive Sleep Apnea Syndrome. Nat. Sci. Sleep 2020, 12, 183–195. [Google Scholar] [CrossRef]

	



Pavlinac Dodig, I.; Kristo, D.; Lusic Kalcina, L.; Pecotic, R.; Valic, M.; Dogas, Z. The effect of age and gender on cognitive and psychomotor abilities measured by computerized series tests: A cross-sectional study. Croat. Med. J. 2020, 61, 82–92. [Google Scholar] [CrossRef] [PubMed]

	



Pecotic, R.; Dodig, I.P.; Valic, M.; Galic, T.; Kalcina, L.L.; Ivkovic, N.; Dogas, Z. Effects of CPAP therapy on cognitive and psychomotor performances in patients with severe obstructive sleep apnea: A prospective 1-year study. Sleep Breath. 2019, 23, 41–48. [Google Scholar] [CrossRef] [PubMed]

	



Jastrzębski, J.; Ociepka, M.; Chuderski, A. Fluid reasoning is equivalent to relation processing. Intelligence 2020, 82, 101489. [Google Scholar] [CrossRef]

	



Drenovac, M. An analysis of some attributes of the dynamics of mental processing. Rev. Psychol. 2001, 8, 61–67. [Google Scholar]

	



West, R.; Murphy, K.J.; Armilio, M.L.; Craik, F.I.; Stuss, D.T. Lapses of intention and performance variability reveal age-related increases in fluctuations of executive control. Brain Cogn. 2002, 49, 402–419. [Google Scholar] [CrossRef]

	



Stuss, D.T.; Pogue, J.; Buckle, L.; Bondar, J. Characterization of stability of performance in patients with traumatic brain injury: Variability and consistency on reaction time tests. Neuropsychology 1994, 8, 316–324. [Google Scholar] [CrossRef]

	



Guilford, J. The Nature of Human Intelligence; McGraw-Hill Book Company: New York, NY, USA, 1973. [Google Scholar]

	



Brophy, D.R. Comparing the Attributes, Activities, and Performance of Divergent, Convergent, and Combination Thinkers. Creat. Res. J. 2001, 13, 439–455. [Google Scholar] [CrossRef]

	



de Vink, I.C.; Willemsen, R.H.; Lazonder, A.W.; Kroesbergen, E.H. Creativity in mathematics performance: The role of divergent and convergent thinking. Br. J. Educ. Psychol. 2022, 92, 484–501. [Google Scholar] [CrossRef]

	



Jain, A.; Bansal, R.; Kumar, A.; Singh, K.D. A comparative study of visual and auditory reaction times on the basis of gender and physical activity levels of medical first year students. Int. J. Appl. Basic Med. Res. 2015, 5, 124–127. [Google Scholar] [CrossRef]

	



Vogel, S.; Schwabe, L. Learning and memory under stress: Implications for the classroom. NPJ Sci. Learn. 2016, 1, 16011. [Google Scholar] [CrossRef]

	



Nechita, F.; Nechita, D.; Pîrlog, M.C.; Rogoveanu, I. Stress in medical students. Rom. J. Morphol. Embryol. 2014, 55, 1263–1266. [Google Scholar]

	



Tyng, C.M.; Amin, H.U.; Saad, M.N.M.; Malik, A.S. The Influences of Emotion on Learning and Memory. Front. Psychol. 2017, 8, 1454. [Google Scholar] [CrossRef]

	



Rahman, S.A.; Sullivan, J.P.; Barger, L.K.; St Hilaire, M.A.; O’Brien, C.S.; Stone, K.L.; Lockley, S.W.; ROSTERS STUDY GROUP. Extended Work Shifts and Neurobehavioral Performance in Resident-Physicians. Pediatrics 2021, 147, e2020009936. [Google Scholar] [CrossRef]

	



Maltese, F.; Adda, M.; Bablon, A.; Hraeich, S.; Guervilly, C.; Lehingue, S.; Papazian, L. Night shift decreases cognitive performance of ICU physicians. Intensive Care Med. 2016, 42, 393–400. [Google Scholar] [CrossRef]

	



Raven, J.; Raven, J. Raven Progressive Matrices. In Handbook of Nonverbal Assessment; McCallum, R.S., Ed.; Kluwer Academic/Plenum Publishers: New York, NY, USA, 2003. [Google Scholar] [CrossRef]

	



Ceci, S.J. On the relation between microlevel processing efficiency and macrolevel measures of intelligence: Some arguments against current reductionism. Intelligence 1990, 14, 141–150. [Google Scholar] [CrossRef]

	



Jogan, M.; Stocker, A.A. Signal Integration in Human Visual Speed Perception. J. Neurosci. 2015, 35, 9381–9390. [Google Scholar] [CrossRef]

	



Zakharov, I.M.; Voronin, I.A.; Ismatullina, V.I.; Malykh, S.B. The relationship between visual recognition memory and intelligence. In Proceedings of the Fifth Annual International Conference—Early Childhood Care and Education, Moscow, Russia, 12–14 May; 2016; Volume 233, pp. 313–317. [Google Scholar] [CrossRef]

	



Mous, S.E.; Schoemaker, N.K.; Blanken, L.M.; Thijssen, S.; van der Ende, J.; Polderman, T.J.; White, T. The association of gender, age, and intelligence with neuropsychological functioning in young typically developing children: The Generation R study. Appl. Neuropsychol. Child. 2017, 6, 22–40. [Google Scholar] [CrossRef]

	



Galic, T.; Bozic, J.; Pecotic, R.; Ivkovic, N.; Valic, M.; Dogas, Z. Improvement of Cognitive and Psychomotor Performance in Patients with Mild to Moderate Obstructive Sleep Apnea Treated with Mandibular Advancement Device: A Prospective 1-Year Study. J. Clin. Sleep Med. 2016, 12, 177–186. [Google Scholar] [CrossRef]

	



Arevalo-Rodriguez, I.; Smailagic, N.; Roque, I.F.M.; Ciapponi, A.; Sanchez-Perez, E.; Giannakou, A.; Cullum, S. Mini-Mental State Examination (MMSE) for the detection of Alzheimer’s disease and other dementias in people with mild cognitive impairment (MCI). Cochrane Database Syst. Rev. 2015, 3, CD010783. [Google Scholar] [CrossRef]

	



Bieliauskas, L.A.; Depp, C.; Kauszler, M.L.; Steinberg, B.A.; Lacy, M. IQ and scores on the Mini-Mental State Examination (MMSE). Aging Neuropsychol. Cogn. 2000, 7, 227–229. [Google Scholar] [CrossRef]

	



Domen, A.C.; van de Weijer, S.C.F.; Jaspers, M.W.; Denys, D.; Nieman, D.H. The validation of a new online cognitive assessment tool: The MyCognition Quotient. Int. J. Methods Psychiatr. Res. 2019, 28, e1775. [Google Scholar] [CrossRef]

	



Warner, M.H.; Ernst, J.; Townes, B.D.; Peel, J.; Preston, M. Relationships between IQ and neuropsychological measures in neuropsychiatric populations: Within-laboratory and cross-cultural replications using WAIS and WAIS-R. J. Clin. Exp. Neuropsychol. 1987, 9, 545–562. [Google Scholar] [CrossRef] [PubMed]

	



Raven, J.; Raven, J.C.; Court, J.H. Priručnik za Ravenove Progresivne Matrice i Ljestvice Rječnika; Naklada Slap: Jastrebarsko, Croatia, 1999. [Google Scholar]

	



Steiner-Hofbauer, V.; Katz, H.W.; Grundnig, J.S.; Holzinger, A. Female participation or "feminization" of medicine. Wien. Med. Wochenschr. 2022, 2, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Buczyłowska, D.; Ronniger, P.; Melzer, J.; Petermann, F. Sex Similarities and Differences in Intelligence in Children Aged Two to Eight: Analysis of SON-R 2-8 Scores. J. Intell. 2019, 7, 11. [Google Scholar] [CrossRef] [PubMed]

	



Ardila, A.; Rosselli, M.; Matute, E.; Inozemtseva, O. Gender differences in cognitive development. Dev. Psychol. 2011, 47, 984–990. [Google Scholar] [CrossRef]

	



Jäncke, L. Sex/gender differences in cognition, neurophysiology, and neuroanatomy. F1000Research 2018, 7, F1000. [Google Scholar] [CrossRef]








[image: Brainsci 13 00185 g001 550] 





Figure 1. Complex Reactionmeter Drenovac (CRD)-series. In this research, test CRD311 assessing discrimination of simple visual stimulus was solved on the left panel marked with number 3, test CRD411 assessing complex psychomotor coordination was solved on the middle panel marked with number 4, and test CRD11 assessing convergent thinking through solving simple mathematical operations was solved on the right panel marked with number 1. The light stimulus in all tests was presented in small circles on each panel. 
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Figure 2. Study flow chart. A total of 224 medical students were tested with Raven’s APM and three tests (CRD311, CRD411, and CRD11) of the CRD-series test battery. APM = Advanced Progressive Matrices, CRD = Complex Reactionmeter Drenovac. 
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Figure 3. Total test-solving time (A,B) and minimum single-task-solving time (C,D) on test CRD11 (A,C) and tests CRD311 and CRD411 (B,D). Each panel shows overlying individual data points, with each point representing results of a single subject. CRD = Complex Reactionmeter Drenovac, TTST = total test-solving time, MinT = minimum single-task-solving time. 
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Figure 4. The correlations between results on CRD-series and APM scores. On upper panels ((A) for test CRD11, (B) for test CRD311, and (C) for test CRD411) are shown correlations between total test-solving times with APM scores, while on lower panels ((D) for test CRD11, (E) for test CRD311, and (F) for test CRD411) are shown correlations between minimum single-task-solving time and APM score. There were significant negative correlations between APM score and results on three tests of the CRD-series, where longer TTST and MinT on each CRD-series test was correlated with lower APM score. APM = Advanced Progressive Matrices, CRD = Complex Reactionmeter Drenovac, TTST = total test-solving time, MinT = minimum single-task-solving time. 
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Table 1. Demographic characteristics and performance of the Raven’s APM and CRD-series of study participants.
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Total (N = 224)






	
Age (years)

	
21 (19–31)




	
Croatian program, N (%)

	
171 (76.3)




	
English program, N (%)

	
53 (23.7)




	
Cognitive test results

	




	
 Raven’s APM score

	
27.12 ± 4.85




	
 CRD testing results

	
CRD11

	
CRD311

	
CRD411




	
  TTST (s)

	
104.38 ± 20.54

	
27.81 ± 2.41

	
29.52 ± 6.87




	
  MinT (s)

	
1.74 ± 0.30

	
0.34 ± 0.05

	
0.41 ± 0.08




	
  SB (s)

	
19.93 ± 7.57

	
4.02 ± 1.01

	
4.94 ± 0.20




	
  EB (s)

	
23.56 ± 9.28

	
3.71 ± 0.98

	
10.12 ± 4.02




	
  TB (s)

	
43.49 ± 14.78

	
7.73 ± 1.84

	
15.06 ± 5.54




	
  NoErr

	
2.92 ± 2.65

	
0 ± 0

	
8.38 ± 5.54








Age is shown as median (minimum–maximum), Raven’s APM score and CRD testing results are presented as mean ± standard deviation. APM = Advanced Progressive Matrices, CRD = Complex Reactionmeter Drenovac, TTST = total test-solving time, MinT = minimum single-task-solving time, SB = start ballast, EB = end ballast, TB = total ballast, NoErr = number of errors.
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Table 2. Correlation between Raven’s APM scores and performance on CRD-series testing.
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CRD11

	
CRD311

	
CRD411




	

	
r

	
p  1

	
r

	
p 1

	
r

	
p 1






	
TTST

	
−0.48

	
<0.001

	
−0.30

	
<0.001

	
−0.44

	
<0.001




	
MinT

	
−0.44

	
<0.001

	
−0.33

	
<0.001

	
−0.30

	
<0.001




	
SB

	
−0.41

	
<0.001

	
0.12

	
0.073

	
−0.41

	
<0.001




	
EB

	
−0.24

	
<0.001

	
0.13

	
0.052

	
−0.34

	
<0.001




	
TB

	
−0.36

	
<0.001

	
0.14

	
0.036

	
−0.40

	
<0.001




	
NoErr

	
−0.08

	
0.233

	

	

	
−0.15

	
0.025








CRD = Complex Reactionmeter Drenovac, TTST = total test-solving time, MinT = minimum single-task-solving time, SB = start ballast, EB = end ballast, TB = total ballast, NoErr = number of errors. 1 p values were calculated with the use of Pearson’s correlation coefficient.
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Table 3. Regression analysis of APM score based on the multiple linear regression model including total test-solving time (TTST) and minimum single-task-solving time (MinT) on CRD11, CRD311, and CRD411 tests, age and gender of medical students assessed in the study.
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R2

	
p *

	
β

	
t

	
p *






	
Age

	
0.279

	
<0.001

	
−0.132

	
−1.901

	
0.059




	
Gender

	
0.089

	
1.278

	
0.203




	
CRD11

	

	

	




	
 TTST

	
−0.182

	
−2.650

	
0.009




	
 MinT

	
−0.037

	
−0.531

	
0.596




	
CRD311

	

	

	




	
 TTST

	
0.052

	
0.746

	
0.457




	
 MinT

	
−0.158

	
−2.297

	
0.023




	
CRD411

	

	

	




	
 TTST

	
−0.215

	
−3.147

	
0.002




	
 MinT

	
<0.001

	
0.007

	
0.994








CRD = Complex Reactionmeter Drenovac, TTST = total test-solving time, MinT = minimum single-task-solving time p * values were calculated with the use of multiple linear regression.
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