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Abstract:



Dingus and colleagues (Proc. Nat. Acad. Sci. U.S.A. 2016, 113, 2636–2641) reported a crash odds ratio (OR) estimate of 2.2 with a 95% confidence interval (CI) from 1.6 to 3.1 for hand-held cell phone conversation (hereafter, “Talk”) in the SHRP 2 naturalistic driving database. This estimate is substantially higher than the effect sizes near one in prior real-world and naturalistic driving studies of conversation on wireless cellular devices (whether hand-held, hands-free portable, or hands-free integrated). Two upward biases were discovered in the Dingus study. First, it selected many Talk-exposed drivers who simultaneously performed additional secondary tasks besides Talk but selected Talk-unexposed drivers with no secondary tasks. This “selection bias” was removed by: (1) filtering out records with additional tasks from the Talk-exposed group; or (2) adding records with other tasks to the Talk-unexposed group. Second, it included records with driver behavior errors, a confounding bias that was also removed by filtering out such records. After removing both biases, the Talk OR point estimates declined to below 1, now consistent with prior studies. Pooling the adjusted SHRP 2 Talk OR estimates with prior study effect size estimates to improve precision, the population effect size for wireless cellular conversation while driving is estimated as 0.72 (CI 0.60–0.88).
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1. Introduction


Dingus et al. (2016) [1] (hereafter the “Dingus study”) estimated an unadjusted crash odds ratio (OR) for various secondary tasks or task categories, driver behavior errors and driver impairments in an early version 1.0 of the Strategic Highway Research Program Phase 2 (SHRP 2) naturalistic driving study (NDS) dataset [2].



The crash OR estimate is a comparison of the odds of exposure to a risk factor during a crash, to the odds of an exposure to that risk factor during a non-event (e.g., baseline driving without a crash or safety-critical event). The OR estimates the risk ratio (RR) in the general driving population, which is the effect size of interest. Before correction for biases, an OR estimate is known as a “crude” or “uncorrected” estimate; after correction, it is known as an “adjusted” estimate. An adjusted OR point estimate above 1 indicates the risk factor may increase crashes; below 1 it may decrease crashes. (Note: A list of definitions and abbreviations as used in this paper are at the end of the main body.)



In the Dingus study, the crude OR estimate for what it termed “Cell talk (handheld)” (hereafter, “Talk”) was 2.2, with a 95% confidence interval (CI) from 1.6 to 3.1. This Talk OR point estimate is substantially higher and in the opposite direction (i.e., above rather than below 1) compared to the effect sizes (i.e., the RR, rate ratio and OR estimates) of cellular conversation in prior real-world and naturalistic driving studies (see Appendix A). This discrepancy between the Dingus and prior study results raises a question about possible upward biases in the Dingus study Talk OR estimate. To answer this question, the Dingus study Talk OR estimate is first replicated with a new independent analysis of the SHRP 2 database, to verify exactly what analysis methods the Dingus study used to make its Talk OR estimate. The replicated Dingus study analysis methods are then examined for possible biases. Two substantial biases are identified and described. These are each removed in turn and adjusted OR estimates are calculated. Additional potential biases and limitations are noted in the Discussion.




2. Methods


Figure 1 is a flow chart depicting the overall method of the current study, using Talk as an example.


Figure 1. Method flow chart.
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2.1. Step 1: Replicate Dingus Study Talk OR Estimate


After requesting and receiving access to the online SHRP 2 database, Step 1 replicated the Dingus study result for the Talk task as closely as possible. That is, Step 1 queried the SHRP 2 database to determine the crash and baseline counts that best replicated the Talk OR parameter estimates in the Dingus study. This step required an independent analysis of the SHRP 2 database, replicating the analysis and filtering methods as described in the Dingus study. The objective was to reproduce as closely as possible the four specific Dingus study parameters for the Talk task: the Talk OR estimate (2.2); its lower and upper 95% confidence limits (1.6 and 3.1); and the percentage of the randomly-sampled video clips with Talk exposure during balanced-sample baseline driving (3.2%).



2.1.1. Method to Replicate Talk OR Estimate


Four counts of specific database records are required to make an OR estimate for a secondary task such as Talk. These counts form a 2 × 2 table from which the OR estimate is made. Consider the following notation for the distribution of a binary exposure and a crash in a sample of crash and baseline records:








	
	Exposed
	Unexposed





	Crsah
	a
	b



	Baseline
	c
	d





The counts a, b, c, d are of the number of instances of a secondary task occurring (or not) in the database records of 6-s video clip samples. There are two rows with two counts each. The two rows are cases (e.g., all observed crashes) and non-cases (e.g., samples of baseline driving with no safety-relevant event). Using the Dingus study OR estimation method, the two case counts are: a, the number of crash records showing exposure to the secondary task of interest (e.g., Talk); and b, the number of crash records showing no exposure to any secondary task. The ratio of these two counts forms the “case exposure odds,” or a/b. The two counts for the baseline row (i.e., the non-cases or control records) are: c, the number of baseline records showing exposure to the secondary task of interest (e.g., Talk); and d, the number of baseline records showing no exposure to any secondary task. The ratio of these two counts forms the “baseline exposure odds,” or c/d. The ratio of the case and baseline exposure odds is the “exposure OR” estimate, or (a/b) ÷ (c/d) = ad/bc. The exposure OR estimates the risk ratio (RR) in the general driving population, in the absence of bias.



The Dingus study did not publish the four record counts a, b, c, d that it used to calculate its Talk OR estimate, or any other OR estimate in that study. The necessary first step in the current study was therefore to replicate the Dingus study Talk OR estimate, in order to determine the counts and analysis methods the Dingus study used to calculate its Talk OR estimate. Based on this Step 1 replication, Steps 2 and 4 then identified biases in those analysis methods and Steps 3 and 5 removed them, giving rise to a final adjusted Talk OR estimate.



The current study uses Talk as an example but the identified biases are present in all the Dingus study OR estimates for secondary tasks and secondary task categories, as shown in Appendix C and Appendix D and discussed in Section 4.4.2.




2.1.2. Confidence Limit Estimation Method


The 95% confidence interval (CI) of the OR estimates were calculated with exact methods using the Stata 13 “cci” command [3]. An exact method is a statistical method based on the actual probability distribution of the study data rather than on an approximation, such as a normal distribution. It is commonly recommended in Epidemiology to use an exact solution when any count in the 2 × 2 table is less than about 10; if all counts are higher than that, the exact and inexact methods give rise to similar CIs. Slight differences in the exact confidence limits calculated in the current study replication (compared to the Dingus study confidence limits) may arise because the Dingus study did not report that it used an exact solution. In addition, there were likely some slight differences in the counts found in the current replication compared to what the Dingus study may have used (for reasons noted in Section 2.1.9), and these differences could also affect the confidence limit estimates.



Note: The CIs in this paper are used solely as a measure of effect size and must not be used as a measure of “statistical significance,” in accord with current best practices in epidemiology (Greenland et al., 2016 [4]; Rothman, 2016 [5]).




2.1.3. Database Versions and Tabulation Method for Crashes


As mentioned, the Dingus study [1] used an early version 1.0 of the SHRP 2 database [2] that was available at the time. This version has been superseded by several later versions. The current study replicated the Dingus study OR estimates for secondary tasks as closely as possible using version 2.1.1 of the SHRP 2 database [6] that was available at the time of the current study.



The tabulations in this paper have been updated from those in a previous conference technical paper (Young, 2017a) [7] that were based on the prior SHRP 2 database version 2.0.0, so there are some slight differences in some record counts.



The counts of SHRP 2 crash events with secondary tasks were tabulated using the Query system provided at the InSight website [6], which provides internet access to the database for qualified researchers. Secondary task occurrences associated with crashes were defined by the Virginia Tech Transportation Institute (VTTI) in a “case window,” which was 5 s prior to and 1 s after, a “precipitating event” before the crash.



In a few instances, the first crash was immediately followed by a second crash. In a few other instances, there was a non-crash (such as a near-crash) recorded as the first event, which was then immediately followed by a crash. The Dingus study does not specify how it handled such dual-event instances. However, it seemed implausible that a secondary task that occurred before the first event could have a direct causal relationship with a second event. It is more plausible that the first safety-related event would capture the driver’s attention and the second event was more related to driver control issues arising from the first event, rather than to a secondary task that occurred prior to the first event. As a check, the current analyses were redone counting all crashes (i.e., both first and second crashes, if any). There was little difference in the results, so only the crash events that first occurred in a sequence are reported here.



The Dingus study states that it tabulated only “injurious and property damage” crashes and it was assumed in the current study that these were crashes of severity levels I­–III, so these were tabulated here. The severity levels are defined in the SHRP 2 database information comments as: I (severe, an airbag/injury/rollover/high delta-V crash that is almost always police reported); II (property damage, including police-reported crashes and others of similar severity that were not police-reported); and III (minor, crashes involving physical contact with another object). Level IV crashes were “minor” tire strikes and were not included in the Dingus or current study.



The assumption that the Dingus study used only severity levels I–III was verified because the total number of crashes of severities I–III in the SHRP 2 version 2.1.1 database was 834, which was close to the total number of crashes reported by the Dingus study of 905. The most plausible reason for 71 (7.8%) more total crashes in the Dingus study than in the current version 2.1.1 of the SHRP 2 database is because of changes in the database from version 1.0 [2] used by the Dingus study to version 2.1.1 [6] at the time of the current study. This discrepancy in the total crash count does not affect the identified biases in the Dingus study, nor their adjustments, for reasons given in Section 2.1.9.




2.1.4. Tabulation Method for Balanced-Sample Baseline Records


To form the balanced-sample baseline dataset, the VTTI video reductionists randomly selected records from each driver’s videos, such that the number of baseline record samples for each driver was proportional to that particular driver’s total driving time over 5 mph while the ignition was on during the SHRP 2 study period. The VTTI video reductionists placed the records resulting from that sampling procedure into the baseline database records for that driver.



For the control (baseline) dataset without a safety-critical event, the SHRP 2 balanced-sample baseline database had 19,998 records in database version 2.1.1. This balanced-sample baseline was used for the current analysis, replicating the Dingus study methods. The Dingus study reported it had 19,732 balanced-sample baseline records in database version 1.0, or 266 fewer records than the 19,998 in the SHRP 2 database version 2.1.1. The reason for this 1.3% discrepancy is not determinable from the information in the published Dingus paper but it is again likely because of the different database versions. This discrepancy in the total baseline count also does not affect the identified biases in the Dingus study, nor their adjustments, again for reasons given in Section 2.1.9.




2.1.5. Tabulation Method for Secondary Tasks


There was a 6-s time window for counting secondary tasks in both crash and baseline video clips. Note that the “anchor point” for crashes was the time of the precipitating event, not the crash time. The case window used by the video reductionists for tabulating secondary tasks in the case database was then 5 s prior to and 1 s after this precipitating event anchor point.



Although the baseline control video clips were 20 s or more in duration, secondary tasks were tabulated for only the last 6 s. VTTI (2015) [8] (p. 6) states, “The anchor point for baselines is defined to occur one (1) second prior to the end (last timestamp) of the baseline epoch”. In other words, the baseline window employed by the video reductionists for tabulating secondary tasks in the baseline database was 5 s prior to and 1 s after, this anchor point.



In the online SHRP 2 database for crashes and baselines, there were up to 3 “slots” (i.e., fields or variables in a given database record) that could be filled with up to 3 secondary task types, if any, as observed by the VTTI video reductionists in the 6-s video samples. That is, either 0, 1, 2, or 3 of these secondary task slots could be filled with a secondary task name that was observed in a particular 6-s case or control sample window.



The start and end times of the secondary tasks (up to the limits of the 6-s window) were given in the database for the crash cases (but not the baseline controls). It can be deduced from these start and end times that most of the secondary tasks in a given record were simultaneously performed (i.e., multi-tasked) during the 6-s case window (e.g., conversing on a cell phone while adjusting an in-vehicle device), while some others were sequentially performed (e.g., ending one call and then dialing another).




2.1.6. Tabulation Method for Driver Behavior Errors


There are 69 separate and distinct types of “driver behavior errors” in the SHRP 2 version 2.1.1 dataset, along with operational definitions suitable for coding of each error when observed by VTTI video reductionists (VTTI, 2015) [8] (pp. 49–54). The entire list and definitions of these 69 driver behavior errors need not be presented here. Note that these definitions were empirical, based on observations of the driver behavior errors in the videos and they did not conform to nor were they based on any particular theory or model of driver errors, on which there is an extensive literature. Rather than individually analyzing each of these 69 driver behavior error types, the Dingus study summed many of them a priori into various categories and sub-categories it created.



The first major driver behavior error category in the Dingus study was “Driver Performance Error”. It was operationally defined [1] (p. 2636) as the sum of “driver performance error, including a variety of vehicle operation and maneuver errors (e.g., failing to yield properly to other traffic, making an improper turn)”. This category had an overall baseline prevalence of 4.81%. There were 10 major error subcategories observed in crash and baseline events in this “Driver Performance Error” category. “Failed to signal” had the largest baseline prevalence at 2.27%; “Stop/yield sign violation” was next highest at 1.05%; “Driving too slowly” was third-highest at 0.97%; and “Improper turn” was fourth-highest at 0.51% baseline prevalence.



The second major driver behavior error category in the Dingus study was “Driver Momentary Judgment Error (Speeding/Aggressive Driving)”. This category was operationally defined by the Dingus study [1] (p. 2636) as “momentary driver judgment error, including such factors as aggressive driving and speeding”. It had an overall baseline prevalence of 4.22%. There were 7 major error subcategories observed in crash and baseline events in this category. “Speeding (over limit and too fast for conditions” had the largest baseline prevalence at 2.77%; “Intentional stop/yield sign violation” was next highest at 1.04%; “Intentional signal violation” was third-highest at 0.19%; and “Illegal/unsafe passing” was fourth-highest at 0.18% baseline prevalence.



There were 3 “slots” or variables in the SHRP 2 crash and balanced-sample baseline database records that could each be filled with a driver behavior error if observed in the same 6-s video clip used to record secondary tasks. However, identification of driver behavior errors in that 6-s video window was enhanced by looking at the video file up to 20 s before the precipitating event.



These three driver behavior error variables were entirely separate from the three secondary task variables. The exception is an entry of “Distraction” in the first driver behavior error variable that was present for many records in the crash database but not in the baseline database. These “Distraction” entries were historically in the database simply to indicate that a secondary task was present in the case window before a crash. It does not mean that “Distraction” is a driver behavior error, nor was it not counted as such in either the Dingus study or the current study.




2.1.7. Impairments


The Dingus study (2016) [1] (p. 2637) states, “As impairment typically has a higher safety impact than distraction, impairment was excluded from the distraction assessment”. That is, the Dingus study filtered out all records containing a driver impairment from both the Exposed and Unexposed variables for both crashes and baselines, before calculating its secondary task OR estimates. Therefore, the current study also filtered out records with noticeable driver impairment from drugs, alcohol, drowsiness, etc., in its queries of the online SHRP 2 version 2.1.1 crash and baseline databases. Note that driver impairments were tabulated in the databases based on a 20-s window, rather than the 6-s window for secondary tasks and driver behavior errors, because it is difficult to identify impairments such as drowsy driving in short time windows (Ahlstrom et al., 2015) [9].



In the SHRP 2 crash database version 2.1.1, there were 58 out of 834 (7.0%) crash records of severities I–III with observable driver impairment. Filtering out crash records with driver impairment left 776 crash records of severities I–III without observable driver impairment in the current study.



In the SHRP 2 balanced-sample baseline database version 2.1.1, there were 381 out of 19,998 (1.9%) balanced-sample baseline records with observable driver impairment. The current study also filtered out all baseline records with impairment, leaving 19,617 balanced-sample baseline records without observable driver impairment in the current study.



In short, records with a driver impairment were filtered out of all cells in all Tables in the main body of this paper, replicating the impairment filtering method stated in the Dingus study.



Because all records containing a driver impairment were filtered out, driver impairments could not have biased the Talk OR estimates in either the Dingus or current study. Therefore, driver impairments are not considered further in the current paper.




2.1.8. “Model Driving”


The Dingus study defines its term “Model Driving” for crashes and baselines simply as “alert, attentive and sober” [1] (p. 2637). It is not explicitly stated in the Dingus study methods what was meant by those terms operationally. Indeed, the terms “alert” “attentive” and “sober” are not in the SHRP 2 database records. It was therefore assumed that by the word “alert” that the Dingus study meant that it filtered out all crash and baseline records with “drowsiness”. Likewise, it is assumed from the word “sober” that the Dingus study filtered out all records with observable drug or alcohol impairments. It is suggested by the word “attentive” that the Dingus study filtered out all records with a secondary task from its “Model Driving” counts of crash and baseline records; however, this is not explicitly stated in the Dingus study methods.



It is also not explicitly stated in the Dingus study methods whether or not video clips with driver behavior errors were or were not filtered out from its “Model Driving” definition, or from its crash cases. Therefore, OR estimates were calculated in the current study with and without filtering of driver behavior errors from “Model Driving” and crash cases. The “additional secondary task” and “driver behavior error” conditions that gave rise to the closest match to the Dingus study parameters for its Talk OR estimate are reported in the Step 1 replication in Section 3.1.




2.1.9. Database Issues and Workarounds


The Step 1 replication found only minor differences between the replicated and the original Dingus study results [1]. There were small differences in the total crash record counts as described in Section 2.1.3 and small differences in the total baseline record counts as described in Section 2.1.4. These differences were found in the Step 1 replication, before the bias adjustments in the Dingus study analysis methods in Steps 3 and 5.



A few of these differences were traced to bugs in the InSight Query program or in the SHRP 2 database itself, all of which were immediately reported to and fixed by, the Virginia Tech Transportation Institute (VTTI) Query database group, during the course of the current study. All results reported here are after correction of these bugs. However, several minor differences still remained in the crash and baseline record counts after correction of these bugs, as noted in the previous Section 2.1.3 and Section 2.1.4 for crash and baseline counts respectively.



The major reason for these minor differences was again likely because of the differences in the early version 1 of the SHRP 2 database [2] at the time of the Dingus study, compared to the SHRP 2 version 2.1.1 database update, released in May 2016 [6] and used for the current study. For example, the change descriptions in the database versions indicate that a number of crashes and baseline records were removed in version 2.1.1 compared to earlier versions because of privacy or consent issues, or driver ID corrections.



Regardless, these differences are immaterial to the main findings of the current study, which have to do with biases in the Dingus study analysis methods and their adjustment. Analysis biases affect any and all OR estimates regardless of the SHRP 2 database version. In other words, the differences between database versions are without consequence for the results and conclusions of the current study, because the biases found in the Dingus study were in the analysis methods it employed, which would bias the OR estimates no matter what data were in any particular version of the SHRP 2 database. In short, any small discrepancies in whatever counts the Dingus study may have used and the counts in the current study are immaterial to the main findings of the current study, which concern biases in the Dingus study analysis methods, rather than in the SHRP 2 database records themselves.



In summary of Step 1, various attempts were made to query the SHRP 2 database, using different assumptions about whether additional secondary tasks were or were not present and whether driver behavior errors were (or were not) present in the Talk-exposed and Talk-unexposed crash and baseline records that the Dingus study selected to analyze. The crash and baseline counts so found were placed into standard 2 × 2 matrices for calculating OR estimates (Rothman, 2012) [10] (pp. 87–102). The 2 × 2 matrix that most closely approximated the four Dingus study Talk parameters (the OR estimate, its upper and lower confidence limits and the % baseline prevalence exposure) was judged to be the correct replication.





2.2. Steps 2 and 4: Identify Selection and Confounding Biases


Once the counts were approximated in the Step 1 replication, Steps 2 and 4 could then easily determine whether biases were present in the Dingus study analysis methods. In particular, once the four record counts were known (the Talk-exposed and Talk-unexposed crash and baseline record counts), the biases could be easily identified and illustrated using standard 2 × 2 tables, applying standard epidemiological stratification and analysis methods. In other words, Step 2 involved an analysis of the filtering methods in the queries used to generate the replicated 2 × 2 Talk matrix, to identify possible biases in the analysis methods used in the Dingus study. If the replicated count tabulations in Step 1 revealed major biases in the analysis methods used to generate them, then it is plausible that these biases were likely present in the Dingus study as well.




2.3. Steps 3 and 5: Remove Biases, Final Adjusted OR Estimate


Once Steps 2 and 4 identified the biases, Steps 3 and 5 then removed those biases. Step 3 used two different methods of bias removal to provide an independent check. After Step 5, two adjusted Talk OR estimates were the final output, with the two major identified biases removed. There were two methods of “additional secondary task” bias removal in Step 3, so there were two final adjusted OR estimates.



These final adjusted Talk OR estimates have improved validity over the original Dingus study estimate because of bias removal. However, they are still not necessarily valid estimates of the population Talk risk ratio, because additional biases are likely still present, as noted in the Discussion Limitations Section 4.5.




2.4. Overall Summary of 2 × 2 Table Designs


A series of six 2 × 2 tables were designed with various combinations of additional tasks and driver behavior errors being present or not in the Talk-exposed and Talk-unexposed (or “Not Talk”) columns to accomplish Steps 1–6 in the procedure illustrated in Figure 1.





3. Results


3.1. Step 1: Replicate Dingus Study Talk OR Estimate


Table 1 is a 2 × 2 tabulation of the crash and baseline records in the SHRP 2 database that best replicated the Dingus study Talk OR estimate, confidence limits and the percentage of Talk-exposed baseline records.



Table 1. Replication of Dingus study Talk OR estimate.







	

	
Exposed

	
Unexposed

	

	






	
Additional secondary tasks a

	
Yes

	
No

	
→ Selection Bias




	
Driver behavior errors b

	
Yes

	
Yes

	
→ Confounding Bias




	

	
Talkab,c

	
Not Talk0b,d

	
Total

	
Prevalence




	
Crashes I–III

	
34 w

	
235 x

	
269

	




	
Balanced-sample Baseline

	
626 y

	
9,420 z

	
10,046

	




	
OR estimate (exact 95% CI)

	
2.2 (1.5–3.2)

	

	
3.2% e




	
Dingus OR estimate (95% CI)

	
2.2 (1.6–3.1)

	

	
3.2% f




	
p-value testing OR = 1

	
0.00002

	

	








Notes: a Additional secondary tasks besides Talk were present in a percentage of the selected records. b Driver behavior errors were present in a percentage of the selected records. c Talkab = Talk + 0, 1, or 2 additional secondary tasks + 0, 1, 2, or 3 behavior errors. d Not Talk0b = 0 secondary tasks + 0, 1, 2, or 3 driver behavior errors = Dingus study “Model Driving”. e Current study prevalence = 626 Talkab-exposed baseline records ÷ 19,617 total unimpaired baseline records. f Dingus study prevalence = “Cell phone conversation (handheld)” exposure in 19,732 baseline records. w 18 (53%) of 34 Talkab-exposed crashes had additional secondary tasks; 23 (68%) had behavior errors. x 0 (0%) of 235 Not Talk0b crashes had additional secondary tasks; 141 (60%) had behavior errors. y 92 (15%) of 626 Talkab-exposed baselines had additional secondary tasks; 54 (8.6%) had behavior errors. z 0 (0%) of 9,420 Not Talk0b baselines had additional secondary tasks; 778 (8.3%) had behavior errors. 








In the Exposed column in Table 1, the notation for the superscripts “a” and “b” for Talkab indicate the following: “a” indicates “additional” —Talk was not always the only secondary task in the 6-s record and could be accompanied by up to 2 additional secondary tasks; “b” indicates “behavior” — 0 to 3 driver behavior errors could be present in the same record as Talk.



In the Unexposed column in Table 1 (what the Dingus study called “Model Driving”), the notation for the superscripts “0” and “b” for Not Talk0b indicate the following: “0” indicates that 0 secondary tasks were present in the 6-s record; “b” indicates “behavior” — 0 to 3 driver behavior errors could be present in the record without Talk.



The Table 1 Talkab OR estimate of 2.2 (CI 1.5–3.2) closely replicated the Dingus study Talkab OR estimate of 2.2 (CI 1.6–3.1). In addition, the prevalence of Talkab (i.e., percentage of the total balanced-sample baseline records exposed to Talkab) was replicated at 3.2%. Thus, the replication was successful, because compared to the four Dingus study parameters, the replication has: (1) the same Talkab OR estimate to the first decimal place; (2) the same percentage of the total balanced-sample baseline records exposed to Talkab to the first decimal place; and (3) only a 0.1 difference in the first decimal place in the confidence limits. This slight difference is likely because the current study used SHRP 2 database version 2.1.1, which likely had slightly different records from the Dingus study SHRP 2 version 1.0, as noted in Section 2.1.9. As a result of these close similarities in the four Talk parameters, the replicated and Dingus study Talkab OR estimates have a p for homogeneity near 1.



From this successful Table 1 replication of the Dingus study Talkab OR estimate parameters, Steps 2 and 4 readily identified two major biases. The main objective was to find out if these biases help explain why the Dingus study Talkab OR estimate is biased upwards compared to prior epidemiological studies of Talk effect sizes, as shown in Appendix A.



Detailed definitions and evidence for the upward biasing effect of these two biases on the Talk OR estimate are presented in the following sections. As per the flow diagram in Figure 1, Step 2 (Section 3.2.1) identifies the selection bias and Step 3 (Section 3.2.2 and Section 3.2.3) gives two equivalent methods of removing selection bias from the OR estimate. Step 4 (Section 3.3.1) identifies a confounding bias from driver behavior errors and Step 5 (Section 3.3.2 and Section 3.3.3) removes this confounding bias from the two OR estimates from Step 3. The adjusted Talk OR estimates with both biases removed are then the final output.




3.2. Selection Bias from Additional Secondary Tasks


3.2.1. Step 2. Identify Selection Bias


Selection bias is a formal term in epidemiology which refers to a distortion in the effect size estimate that results from the procedures used to select subjects. A formal epidemiological definition of selection bias is given by Porta (2014) [11] (p. 258): “Bias in the estimated association or effect of an exposure on an outcome that arises from the procedures used to select individuals into the study or the analysis”.



The first major analysis bias identified in the replication is selection bias from additional secondary tasks. It is illustrated in the row in Table 1 labelled “Additional secondary tasks”. This bias occurs because there were additional secondary tasks in the Exposed but not Unexposed column. The Exposed column tabulates the database records of video clips which show the driver was Talkab-exposed. The Unexposed column tabulates the database records of video clips with Not Talk0b. Using different criteria for the Exposed and Unexposed columns is a classic example of selection bias.



In other words, the replication revealed that selection bias was present in the Dingus study analysis methods because its criterion for selecting its Talk-exposed records (with additional secondary tasks) was not the same as its criterion for selecting Talk-unexposed records (without additional secondary tasks). The current paper labels this additional task selection bias, because it arises from the differential selection criterion that the replication found that the Dingus study used for additional tasks for the Talk-exposed vs. Talk-unexposed drivers.



The details of this “additional task selection bias” in the Table 1 replication are seen in a close examination of the four cells in the 2 × 2 Table 1 matrix:

	
Upper left cell, note w. Of the 34 Talkab crash cases, note w shows that 18 of those cases (53%) had additional exposure to secondary tasks besides Talk in the same 6-s exposure window as Talk. There were actually 22 additional tasks, because four of the records with Talk contained two additional secondary tasks besides Talk; i.e., the driver was triple-tasking. Only 9 of those 22 additional tasks were visual-manual tasks associated with the hand-held cell phone used for Talk, such as browsing, dialing, holding, locating/reaching/answering, or texting.



	
Upper right cell, note x. There were 776 records without Talk exposure (Not Talk0b) in the 6-s case window, after which the driver crashed. The Dingus study methods section states that it purposefully selected only those Talk-unexposed cases with no secondary tasks at all (what it termed “Model Driving”), which the replication found occurred in only 235 (30%) of the total 776 crash cases.



	
Lower left cell, note y. There were 626 records with exposure to Talkab in the 19,617 total unimpaired balanced-sample baseline control records without any safety-critical event (3.2% baseline prevalence, note e). Note y shows that 92 (15%) of these 626 baseline records contained exposure to additional secondary tasks besides Talk.



	
Lower right cell, note z. There were 18,991 records without Talk exposure (Not Talk0b) in the 19,617 total unimpaired balanced-sample baseline control records without any safety-critical event. From those 18,991 records, the Dingus study purposefully selected only the 9,420 baseline controls with no secondary tasks at all.








Therefore, the left column of Table 1 (Talkab) tabulates counts not just of the records with exposure to Talk but also with exposure to additional secondary tasks besides Talk. (There is also exposure to driver behavior errors here as well, as later discussed in Section 3.3.)



On the other hand, the right column (Not Talk0b), tabulates counts only of those records which were deliberately selected by the Dingus study to have no secondary tasks at all—what the Dingus study terms Model Driving.



In other words, selection bias occurs because additional secondary tasks were present in the Talk-exposed counts (i.e., the Talkab records) but not in the Talk-unexposed counts (i.e., the Not Talk0b records). That is, the majority of the video clips with exposure to Talk and in which the driver crashed, contained concurrent exposure to additional secondary tasks besides Talk in the 6-s exposure window surrounding the precipitating event before the crash. The Dingus study analysis method exhibits selection bias because it contrasted these Talk-exposed record counts not just with the record counts of video clips without Talk exposure but a specific subsample of the Talk-unexposed records; namely, only those records in which a driver performed no secondary tasks at all.




3.2.2. Step 3. Method 1 to Remove Selection Bias: Talk0b


The first method to remove the “additional task” selection bias in the Table 1 replication was to filter out all those Talk-exposed drivers from the Exposed column of Table 1 who were multi-tasking with additional secondary tasks besides Talk in the same 6-s exposure window. This filtering creates Talk0b (i.e., Talk with no additional secondary tasks but with driver behavior errors). Selection bias is removed, because the drivers in both the Exposed and Unexposed columns now do not have exposure to secondary tasks other than Talk. Table 2 is the 2 × 2 matrix showing the adjusted OR estimate for Talk0b without “additional task” selection bias. Key changes in exposure conditions and cell counts from Table 1 are marked in italics.



Table 2. Method 1 to remove “additional task” selection bias from Table 1 (Stratum 1 of Table 1).







	

	
Exposed

	
Unexposed

	

	






	
Additional secondary tasks a

	
No

	
No

	
→No SelectionBias




	
Driver behavior errors b

	
Yes

	
Yes

	
→ Confounding Bias




	

	
Talk0b,c

	
Not Talk0b,d

	
Total

	
Prevalence




	
Crashes I–III

	
16 w

	
235 x

	
251

	




	
Balanced-sample Baseline

	
534 y

	
9,420 z

	
9,954

	
2.7% e




	
OR estimate (exact 95% CI)

	
1.2 (0.67–2.0)

	

	




	
p-value testing OR = 1

	
0.48

	

	








Notes: a,b,x,z Same as Table 1. c Talk0b records have Talk alone, with no additional secondary tasks and 0, 1, 2, or 3 driver behavior errors. d Same as Table 1. e Prevalence = 534 Talk0b baseline records ÷ 19,617 total unimpaired balanced-sample baseline records. w 0 (0%) of 16 Talk0b-exposed crashes had additional secondary tasks; 11 (69%) had driver behavior errors. y 0 (0%) of 534 Talk0b-exposed baselines had additional secondary tasks; 47 (8.8%) had driver behavior errors.








Table 2 gives rise to a Talk0b OR point estimate of 1.2, a 45% reduction from the Dingus study Talkab OR point estimate of 2.2 in Table 1. This result demonstrates that selection bias almost doubled the Talk0b OR point estimate from 1.2 in Table 2, to the Talkab OR point estimate of 2.2 in Table 1.



This false elevation of the Dingus study Talkab OR estimate from the “additional task” selection bias was confirmed by calculating the TalkAb OR estimate for the complement of the Talk0b Exposed column in Table 2. The complement was formed from the stratum of Talk-exposed cases in Table 1 that always had additional secondary tasks; i.e., the database records that were filtered out from Table 1 to form Table 2.



In Table 3, drivers in the “Exposed” column are now always double- or triple-tasking Talk with other secondary tasks in one 6-s video clip, or TalkAb (the superscript A denoting Always). Key changes from Table 1 in exposure conditions and cell counts are again marked in italics.



Table 3. Talk always has additional secondary tasks (Stratum 2 of Table 1).







	

	
Exposed

	
Unexposed

	

	






	
Additional secondary tasks a

	
Always

	
No

	
→ Increased Selection Bias




	
Driver behavior errors b

	
Yes

	
Yes

	
→ Confounding Bias




	

	
TalkAb,c

	
Not Talk0b,d

	
Total

	
Prevalence




	
Crashes I–III

	
18 w

	
235 x

	
253

	




	
Balanced-sample Baseline

	
92 y

	
9,420 z

	
9,512

	
0.5% e




	
OR estimate (exact 95% CI)

	
7.8 (4.4–13.3)

	

	




	
p-value testing OR = 1

	
7.6 × 10−20

	

	








Notes: a,b,d,x,z Same as Table 1. A Additional secondary tasks besides Talk were present in 100% of the selected 6-s video records. c TalkAb-exposed records always have 1 or 2 additional tasks and 0, 1, 2 or 3 driver behavior errors. e Prevalence = 92 TalkAb baseline records ÷ 19,617 total unimpaired baseline records. w 18 (100%) of 18 TalkAb-exposed crashes had additional secondary tasks; 12 (67%) had driver behavior errors. y 92 (100%) of 92 TalkAb-exposed baselines had additional secondary tasks; 7 (7.6%) had driver behavior errors.








Table 3 shows that this TalkAb OR estimate elevates to a substantial 7.8 (CI 4.4–13.3) when video clips always show the driver multi-tasking with additional secondary tasks during Talk, again compared with Not Talk0b with no secondary tasks. The resulting high TalkAb OR point estimate of 7.8 provides strong evidence that the additional secondary tasks in the Table 1 Exposed column caused a substantial upward bias in the replicated Dingus study Talkab OR estimate.



However, Talk0b and TalkAb in Table 2 and Table 3 respectively should not even be summed together to form the Talkab exposure in Table 1, as was implicitly done by the Dingus study. A homogeneity test of the OR estimates in Table 2 and Table 3 finds that the p-value testing homogeneity between these two strata is p < 0.0000001, indicating substantial heterogeneity between the Table 2 Talk OR0b estimate of 1.2 (CI 0.7–2.0) and the Table 3 TalkAb OR estimate of 7.8 (CI 4.4–13.3). One can therefore conclude with a high degree of confidence that the effect size (i.e., the OR estimate) is not constant across Table 2 and Table 3. Because the data do not conform to the assumption that the effect size is constant across strata, the strata must not be pooled (Rothman, 2012) [10] (p. 178). In other words, it is misleading (and technically incorrect) to represent the Talkab OR estimate of 2.2 in Table 1 as the valid estimate for the Talk crash risk ratio for the population, because it is composed of two heterogeneous effects: Talk always with additional tasks (Table 3) and Talk with no additional tasks (Table 2). Heterogeneity means that the Talk0b OR estimate of 1.2 (CI 0.7–2.0) and the TalkAb OR estimate of 7.8 (CI 4.4–13.3), must be separately analyzed and reported as per Table 2 and Table 3 and not pooled to create Table 1 (Rothman, 2012) [10] (p. 178) as was implicitly done by the Dingus study.




3.2.3. Step 3. Method 2 to Remove Selection Bias: Retain Other Secondary Tasks in Unexposed Group


A second method to remove the “additional task” selection bias in Table 1 is by selecting drivers with secondary tasks other than Talk in both the Exposed and Unexposed columns. The Exposed and Unexposed columns are then again balanced for tasks other than Talk, as they were in Table 2. In other words, balance is achieved when the Exposed and Unexposed columns are equal in their selection criteria. In Table 2, neither column had additional secondary tasks; in Table 3, both do.



Table 4 illustrates this second method. Key changes from Table 1 in exposure conditions and cell counts are again marked in italics.



Table 4. Method 2 to remove “additional task” selection bias from Table 1.







	

	
Exposed

	
Unexposed

	

	






	
Additional secondary tasks a

	
Yes

	
Yes

	
→ Confounding Bias, No Selection Bias




	
Driver behavior errors b

	
Yes

	
Yes

	
→ Confounding Bias




	

	
Talkab,c

	
Not Talkab,d

	
Total

	
Prevalence




	
Crashes I–III

	
34 w

	
742x

	
776

	




	
Balanced-sample Baseline

	
626 y

	
18,991z

	
19,617

	
3.2% e




	
OR estimate (exact 95% CI)

	
1.4 (0.95–2.0)

	

	




	
p-value testing OR = 1

	
0.07

	

	








Notes: a,b,c,e,w,y Same as Table 1. d Not Talkab = Talk-unexposed records with 0, 1, 2, or 3 secondary tasks and 0, 1, 2, or 3 driver behavior errors. x 222 (30%) of 742 Not Talkab crashes had additional secondary tasks; 377 (51%) had driver behavior errors. z 9571 (50%) of 18,991 Not Talkab baselines had additional secondary tasks; 1,538 (8.1%) had driver behavior errors.








Table 4 is unlike the replicated Dingus study analysis in Table 1 because it allows other secondary tasks besides Talk in the Unexposed column. The balance in the selection criteria for the Exposed and Unexposed columns again removes the “additional task selection bias” from the Table 1 Talkab OR estimate. In Table 4 the Exposed and Unexposed columns are balanced because they both included secondary tasks other than Talk. In Table 2 the columns are balanced because they both did not include secondary tasks other than Talk.



Table 4 calculates a Talkab OR estimate of 1.4 (CI 0.95–2.0). This Talkab OR estimate is homogeneous with the Table 2 Talk0b OR estimate of 1.2 (CI 0.67–2.0) with p for homogeneity = 0.65. In other words, either method of eliminating selection bias reduces the replicated Talkab OR estimate of 2.2 (CI 1.5–3.2) in Table 1 to about the same effect size: 1.2 (CI 0.67–2.0) in Table 2 and 1.4 (CI 0.95–2.0) in Table 4.



Note that Table 2 and Table 4 have different Talk-unexposed columns: the Table 2 Talk-unexposed column (Not Talk0b or “No Task”) has no exposure to any secondary task, whereas the Table 4 Talk-unexposed column (Not Talkab) has exposure to many secondary tasks other than Talk. The homogeneity in the Table 2 and Table 4 OR estimates indicates that the two unexposed methods are equally successful at eliminating selection bias, as long as the Exposed column is equal and balanced with the Unexposed column. Hence, the Table 2 Talk-exposed column (Talk0b) must have Talk by itself, with no exposures to any additional secondary tasks, whereas the Table 4 Talk-exposed column (Talkab) must have exposure to secondary tasks other than Talk.



However, the Table 4 Unexposed column “No Talk” method has some technical advantages over the Table 2 Unexposed column “No Task” method used in the Dingus study. First, it is more like common everyday driving, because the SHRP 2 drivers typically performed other secondary tasks in about 50% of baseline video clip samples without exposure to Talk (note z in Table 4). Second, Table 4 has a larger n in all four cells of the 2 × 2 matrix compared to Table 2 because the secondary tasks other than Talk were present in all four cells. This larger n improves the precision of the Talk OR estimate—the confidence interval is improved (i.e., reduced) from 1.33 (2.0 − 0.67) in Table 2 to 1.05 (2.0 − 0.95) in Table 4. The Table 4 method is also the standard epidemiological method, which evaluates the complement of the risk factor under investigation in the Unexposed column (i.e., Talk vs. Not Talk).



However, the Table 4 method may have a slight disadvantage over the Table 2 method because of a potential confounding bias (see Section 3.3.1) because secondary tasks other than Talk are now present in both the Exposed and Unexposed columns. Yet, as previously noted, the OR estimates in Table 2 and Table 4 are homogeneous, indicating that the potential confounding bias from other secondary tasks being present in both the Exposed and Unexposed columns is negligible.





3.3. Confounding Bias from Driver Behavior Errors


A second major bias was suspected of still being present after removal of the selection bias described in Section 3.2. The reason for this suspicion is that the Table 2 and Table 4 OR point estimates of 1.2 and 1.4, although reduced from the Dingus study OR point estimate of 2.2, were still both above 1. That is, these OR point estimates are still higher and in the opposite direction (i.e., above rather than below 1) compared to the prior real-world and naturalistic driving point effect sizes listed in Appendix A. This discrepancy raises the question of whether other upward biases are still present in the Talk OR estimates in Table 2 and Table 4.



3.3.1. Step 4: Identify Confounding Bias


A potential second bias is illustrated in the row labelled “Driver behavior errors” in Table 1, Table 2, Table 3 and Table 4. A confounding bias may arise from the fact that driver behavior errors were present in both the Exposed and Unexposed columns in Table 1, Table 2, Table 3 and Table 4. A formal definition of confounding bias is given in Appendix B, with evidence that driver behavior errors meet this formal definition.



It is not explicit in the Dingus study methods section whether driver behavior errors were removed or not before it made its secondary task OR estimates. However, the Table 1 replication revealed that all four cells in the 2 × 2 matrix contained varying percentages of records with driver behavior errors. Specifically, the Table 1 notes show that the following driver behavior error percentages were present in each of the four cells in the Table 1 2 × 2 matrix:

	
Upper left cell, Talkab-exposed cases, note w. Of the 34 crash cases with exposure to Talkab, 23 (68%) contained driver behavior errors: 15 single (44%), 7 double (21%) and 1 triple (3%) driver behavior error. There was thus a remarkable total of 32 driver behavior errors present in the 34 Talkab-exposed crash case records. The most common driver behavior error was “improper turn, cut corner” with 12 records (8 with single and 4 with double driver behavior errors).



	
Upper right cell, Not Talk0b Unexposed cases, note x. Of the 235 crash case records with no secondary tasks, 141 (60%) contained driver behavior errors: 103 single (44%), 28 double (12%) and 10 triple (4%), for a total of 189 driver behavior errors in 235 Unexposed crash cases. The most common error was “Exceeded safe speed but not speed limit” in 33 crash case records (21 single, 11 double, 1 triple error). The fact that 60% of the drivers in this Not Talk0b case column engaged in driver behavior errors, raises the question of whether the Dingus study term “Model Driving” for the Unexposed column is misleading.



	
Lower left cell, Talkab-exposed baselines, note y. Of the 626 baseline records with exposure to Talk, 54 records (9%) had driver behavior errors: 51 single (8%), 3 double (0.5%) and 0 triple (0%). The total is 57 driver behavior errors in 626 baseline control records. The most common error was “Exceeded speed limit”.



	
Lower right cell, Not Talk0b Unexposed baselines, note z. Of the 9,420 baseline control records with no secondary tasks, 778 records (8%) had driver behavior errors: 694 single (7%), 75 double (0.8%) and 9 triple (0.1%), for a total of 871 driver behavior errors in 9,420 baseline control records. The most common error was again “Exceeded speed limit” as in the lower left cell. The fact that 8% of the drivers in this Not Talk0b baseline cell had driver behavior errors, again raises the question of whether the Dingus study term “Model Driving” for the Unexposed column is misleading.








In short, the Table 1 replication revealed that the Dingus study methods did not filter out records with driver behavior errors in any of the four 2 × 2 cell entries in Table 1—the Exposed and Unexposed crash cases and the Exposed and Unexposed baseline controls. This bias is not a selection bias, because both the Exposed and Unexposed columns had the same selection criterion for driver behavior errors; that is, they did not filter out such errors. However, this bias potentially meets the formal definition of confounding bias for driver behavior errors as shown in Appendix B.




3.3.2. Step 5.1. Remove “Driver Behavior Error” Confounding Bias from Table 2


In Step 5.1, any potential confounding of the Talk OR estimate by driver behavior errors in Table 2 is removed by simply filtering out all records with driver behavior errors. Table 5 gives the 2 × 2 matrix for the Talk OR estimate after removing all records containing driver behavior errors from Table 2, which had already removed “additional task” selection bias. Key changes from Table 1 in exposure conditions and cell counts are again marked in italics.



Table 5. Remove “driver behavior error” confounding bias from Table 2.







	

	
Exposed

	
Unexposed

	

	






	
Additional secondary tasks a

	
No

	
No

	
→ No Selection Bias




	
Driver behavior errors b

	
No

	
No

	
→ No Confounding Bias




	

	
Talk00,c

	
Not Talk00,d

	
Total

	
Prevalence




	
Crashes I–III

	
5w

	
94x

	
99

	




	
Balanced-sample Baseline

	
487y

	
8,642z

	
9,129

	
2.5% e




	
OR estimate (exact 95% CI)

	
0.94 (0.30–2.3)

	

	




	
p-value testing OR = 1

	
0.88

	

	








Notes: a,b Same as Table 1. c Talk00 = Talk with no additional secondary tasks and no driver behavior errors (i.e., “Pure” Talk). d Not Talk00 = no secondary tasks and no driver behavior errors (i.e., “Pure” Driving). e Prevalence = 487 Talk00 baseline exposed records ÷ 19,617 total unimpaired baseline records. w,x,y,z 0 (0%) of crashes and baselines had additional secondary tasks or driver behavior errors. 








Table 5 has what may now be called “Pure Talk” for the Exposed column, because Talk00 has no driver behavior errors and no additional secondary tasks. That is, in Table 5, the Exposed cases and controls have only Talk, unlike the Dingus study replication in Table 1, which can have additional tasks and driver behavior errors in the same 6-s exposure window with Talk. Likewise, Table 5 has what may now be called “Pure Driving” for the Not Talk00 Unexposed column, because it has no driver behavior errors and no secondary tasks.



Table 5 shows that after removing driver behavior errors from the Exposed column of Talk0b and the Unexposed column of Not Talk0b in Table 2, the Talk OR0b estimate declines from 1.2 (CI 0.67–2.0) in Table 2 to the Talk00 OR estimate of 0.94 (CI 0.30–2.3) in Table 5, a further 23% decline beyond that after removal of the additional task selection bias given in Table 2. This further decline indicates that the confounding from “driver behavior error bias” also falsely elevated the Talkab OR point estimate in the Dingus study, as did the “additional task” selection bias. The 23% decline sums with the 45% decline in Table 2, for a total decline of 68% for the Talk00 OR point estimate of 0.94 in Table 5, compared to the replicated Dingus study Talkab OR point estimate of 2.2 in Table 1.




3.3.3. Step 5.2. Remove “Driver Behavior Error” Confounding Bias from Table 4


In Step 5.2, any potential confounding of the Talkab OR estimate by driver behavior errors in Table 4 is removed by filtering out all records containing driver behavior errors. Table 6 gives the 2 × 2 matrix for the Talka0 OR estimate after removing the “driver behavior error” records from Table 4, which had already removed records to eliminate “additional task” selection bias. Hence this method removes both driver behavior error bias and additional task selection bias, as did Table 5.



Table 6. Remove “driver behavior error” confounding bias from Table 4.







	

	
Exposed

	
Unexposed

	

	






	
Additional secondary tasks a

	
Yes

	
Yes

	
→ Confounding, No Selection Bias




	
Driver behavior error b

	
No

	
No

	
→ No Confounding Bias




	

	
Talka0,c

	
Not Talka0,d

	
Total

	
Prevalence




	
Crashes I–III

	
11w

	
365x

	
376

	




	
Balanced-sample Baseline

	
572y

	
17,453z

	
18,025

	
2.9% e




	
OR estimate (exact 95% CI)

	
0.92 (0.45–1.7)

	

	




	
p-value testing OR = 1

	
0.79

	

	








Notes: a,b Same as Table 1. c Talka0 = 0, 1, or 2 additional secondary tasks with Talk; no driver behavior errors. d Not Talka0 = 0, 1, 2, or 3 secondary tasks without Talk; no driver behavior errors. e Prevalence = 572 Talka0 ÷ 19,617 total unimpaired baseline records. w 6 (55%) of 11 Talka0-exposed crashes had additional secondary tasks; 0 (0%) had driver behavior errors. x 271 (74%) of 365 Not Talka0 crashes had additional secondary tasks; 0 (0%) had driver behavior errors. y 85 (15%) of 572 Talka0-exposed baselines had additional secondary tasks; 0 (0%) had driver behavior errors. z 8811 (50%) of 17,453 Not Talka0 baselines had additional secondary tasks; 0 (0%) had driver behavior errors.








Table 6 gives the result of removing the driver behavior error confounding bias from Table 4. Key changes in exposure conditions and cell counts from Table 1 are again marked in italics.



Table 6 has what is here termed Talka0 for the Exposed column, because records containing driver behavior errors have been removed from the Table 4 Exposed column of Talkab. That is, in Table 6, the term Talka0 for the Exposed column means it has Talk plus additional secondary tasks (superscript “a”) but no driver behavior errors (superscript “0”). Likewise, the term Not Talka0 for the Unexposed column means it does not have records containing Talk but it does have records containing other secondary tasks (superscript “a”) but not driver behavior errors (superscript “0”).



Table 6 demonstrates that filtering out driver behavior errors from both the Exposed and Unexposed columns reduces the Table 4 Talkab OR estimate with driver behavior errors of 1.4 (CI 0.95–2.0), to the Table 6 Talka0 OR Estimate without driver behaviors to 0.92 (CI 0.45–1.7).



The Table 5 Talk00 OR estimate of 0.94 (CI 0.30–2.3) and the Table 6 Talka0 OR estimate of 0.92 (CI 0.45–1.7) are homogeneous with p = 0.96, meaning both methods were equally successful in removing the two identified biases from the Dingus study replication in Table 1. These OR estimates are also homogeneous with the RR, rate ratio and OR estimates in prior real world and naturalistic driving studies listed (see Appendix A).



The Table 6 method for removing the confounding bias has an advantage over the Table 5 method because it has a larger n in every cell of the 2 × 2 matrix, due to the secondary tasks other than Talk in the Exposed and Unexposed columns. The larger n improves the precision of the OR estimate—the confidence interval is improved (i.e., reduced) from 2 (2.3 − 0.3) in Table 5 to 1.25 (1.7 − 0.45) in Table 6.



On the other hand, the Table 6 method has a possible disadvantage over the Table 5 method because it has a new potential confounding bias from the other secondary tasks in both the exposed and unexposed cases. However, the homogeneity (p = 0.96) of the OR estimates in Table 5 and Table 6 provides substantial evidence that this potential confounding bias from other secondary tasks is negligible.



The Table 6 Talka0 OR estimate of 0.92 (CI 0.45–1.7) is heterogeneous with the Dingus study Table 1 Talkab OR estimate of 2.2 (CI 1.5–3.2) (p = 0.017), confirming that removal of the two biases gives rise to a substantial reduction in the Dingus study Talk OR estimate.





3.4. Summary of Overall Design and Talk OR Estimates for Table 1, Table 2, Table 3, Table 4, Table 5 and Table 6


Table 7 summarizes the overall study design for Table 1, Table 2, Table 3, Table 4, Table 5 and Table 6 with the OR estimates for each.



Table 7. Overall study design and OR estimate results.







	

	

	

	

	
Talk-Exposed

	

	
Talk-Unexposed

	

	

	

	

	




	
Table

	
Purpose

	
Variable Name

	
Additional Tasks

	
Driver Behavior Errors

	

	
Variable Name

	
Additional Tasks

	
Driver Behavior Errors

	

	
OR

	
LL

	
UL

	
pc






	
1

	
Dingus Study Replication

	

	
Talkab

	
0–2

	
0–3

	

	
Not Talk0b

	
0

	
0–3

	

	
2.2

	
1.46

	
3.2

	
0.00002




	
2

	
Remove Selection Bias from Table 1: Method 1

	

	
Talk0b

	
0

	
0–3

	

	
Not Talk0b

	
0

	
0–3

	

	
1.2

	
0.67

	
2.0

	
0.48




	
3

	
Always Additional Tasks

	

	
TalkAb

	
1–2

	
0–3

	

	
Not Talk0b

	
0

	
0–3

	

	
7.8

	
4.40

	
13.3

	
7.6 × 10−20




	
4

	
Remove Selection Bias from Table 1: Method 2

	

	
Talkab

	
0–2

	
0–3

	

	
Not Talkab

	
0–3

	
0–3

	

	
1.4

	
0.95

	
2.0

	
0.07




	
5

	
Remove Confounding Bias from Table 2

	

	
Talk00

	
0

	
0

	

	
Not Talk00

	
0

	
0

	

	
0.94

	
0.30

	
2.3

	
0.88




	
6

	
Remove Confounding Bias from Table 4

	

	
Talka0

	
0–2

	
0

	

	
Not Talka0

	
0–3

	
0

	

	
0.92

	
0.45

	
1.7

	
0.79








Notes: a Additional secondary tasks besides Talk were present in a percentage of the selected 6-s video records. b Driver behavior errors were present in a percentage of the selected 6-s video records. A Additional secondary tasks besides Talk were present in 100% of the selected 6-s video records. cp-value testing OR = 1








The second column of Table 7 lists the purpose of each Table 1–6. The third column gives the Talk-exposed variable name. The fourth column is the number of possible additional tasks that could be tabulated in the same single database record as Talk, ranging from 0 to 2. The fifth column is the number of driver behavior errors that could be tabulated in a Talk record, ranging from 0 to 3. The next three columns have the same variable names as the previous three columns but for Talk-unexposed records; i.e., those in the Not Talk or Unexposed column. The last four columns give the OR estimates, lower (LL) and upper (UL) confidence limits, and the p-values for the OR estimates in the six Tables.



The main study objective was to determine why the Dingus study had an elevated Talkab OR estimate of 2.2 (CI 1.6–3.1), compared to the prior real-world and naturalistic driving studies in Appendix A, which all had Talk point effect sizes below 1.



To briefly summarize the results illustrated in Table 7, Table 1 replicated the Dingus study Talkab OR estimate as closely as possible using the SHRP 2 dataset that was current at the time of this study. Table 1 allowed two major biases to be identified in the Dingus study analysis methods of the SHRP 2 data. The first was a selection bias from additional tasks (Section 3.2) and the second a confounding bias from driver behavior errors (Section 3.3).



Table 2 then employed Method 1 to remove the selection bias from the additional tasks, which was simply to filter out all records with additional tasks in the Talk-exposed column. Method 1 reduced the OR point estimate from 2.2 to 1.2.



Table 3 calculated the Talk OR estimate (for the records that were removed) as 7.8, which is strongly heterogeneous with the Table 2 Talk OR point estimate of 1.2. Therefore, the Table 1 Talkab OR estimate was biased artificially high in large part because it implicitly pooled the Table 3 stratum with the heterogeneous Table 2 stratum.



Table 4 employed Method 2 to remove the selection bias in Table 1; namely, adding records with secondary tasks other than Talk into the Talk-unexposed column of Table 1. The Talk OR point estimate again declined (from 2.2 to 1.4), providing a second confirmation that the Table 1 OR estimate of 2.2 was elevated in large part due to selection bias from additional tasks. As long as the Talk-exposed and Talk-unexposed columns in the 2 × 2 matrix were matched (either both columns having additional tasks as in Table 4, or both columns not having additional tasks as in Table 2), the selection bias was successfully removed.



Table 5 and Table 6 give the final OR estimates which were calculated by removing the “driver behavior error confounding bias” from Table 2 and Table 4 respectively. The final adjusted Talk OR estimates after removal of both biases are given by the Table 5 Talk00 OR estimate of 0.94 (CI 0.30–2.3) and the Table 6 Talka0 OR estimate of 0.92 (CI 0.45–1.7). These estimates are homogeneous with each other, showing that the two methods for eliminating the biases were consistent in reducing the Talk OR point estimate to about the same effect size. These are also homogeneous with the effect size estimates below one in prior real world and naturalistic driving studies shown in Appendix A, unlike the Dingus study Talkab crude OR estimate of 2.2 (CI 1.6–3.1).




3.5. Population Risk Ratio for Talk


The adjusted SHRP 2 Talk OR estimate in Table 5 and Table 6 are homogeneous with the pooled estimate of 0.69 (CI 0.56–0.85) for the seven prior estimates A–E3 in Table A1 (p for homogeneity = 0.51 and 0.38 respectively). Therefore, the SHRP 2 adjusted OR estimates in the current study could be validly pooled with the 7 prior effect sizes in Table A1, with the final p for homogeneity equal to 0.98. The pooled population risk ratio for conversation on a cellular device while driving (including portable hand-held, portable hands-free and integrated hands-free) is then 0.72 (CI 0.60–0.88).



Table A1. Studies of wireless cellular conversation (“Talk”) while driving a passenger vehicle.







	
Study

	
Data

	
Event

	
Cases f

	
Location

	
Wireless Device

	
Study Design

	
Measure

	
Unexposed

	
Effect Size h

	
p






	
A. Redelmeier & Tibshirani (1997) [24]

	
real-world

	
I Severe b

	
699

	
Toronto

	
hand-held

	
case-crossover

	
adjusted rate ratio

	
Not Talk k

	
0.61 (0.38–0.98) i

	
0.03




	
B. McEvoy et al. (2005) [25]

	
real-world

	
I Severe c

	
456

	
Australia

	
hand-held

	
case-crossover

	
adjusted rate ratio

	
Not Talk k

	
0.64 (0.32–1.27) i

	
0.20




	
C. Young & Schreiner (2009) [37]

	
real-world

	
I Severe d

	
2,037

	
North America

	
integrated hands-free g

	
cohort

	
crude rate ratio

	
Not Talk k

	
0.62 (0.37–1.05)

	
0.07




	
D. Klauer et al. (2014) [38]

	
100-Car NDS j

	
I–IV & Near-Crash

	
281

	
Virginia

	
hand-held

	
case-control

	
adjusted OR

	
Not Talk k

	
0.74 (0.51–1.06)

	
0.10




	
E1. Fitch et al. (2013) [16]

	
NDS j

	
SCE e

	
13

	
Virginia

	
hand-held

	
matched case-control

	
crude OR

	
No Task l

	
0.79 (0.43–1.44)

	
0.44




	
E2. Fitch et al. (2013) [16]

	
NDS j

	
SCE e

	
9

	
Virginia

	
portable hands-free

	
matched case-control

	
crude OR

	
No Task l

	
0.73 (0.36–1.47)

	
0.37




	
E3. Fitch et al. (2013) [16]

	
NDS j

	
SCE e

	
6

	
Virginia

	
integrated hands-free g

	
matched case-control

	
crude OR

	
No Task l

	
0.71 (0.30–1.66)

	
0.42




	
Pooled A–E3 a

	
All

	
All

	
3,803

	
All

	
All

	
All

	
All

	
All

	
0.69 (0.56–0.85)

	
0.0005




	
F. Dingus et al. (2016) [1]

	
SHRP 2 NDS j

	
I–III

	
274

	
U.S.

	
hand-held

	
case-control

	
crude OR

	
No Task l

	
2.2 (1.6–3.1)

	
0.000004








Notes: ap-value for homogeneity = 0.99. b Substantial property damage but no personal injury. c Injury requiring hospital attendance. d Airbag-deployment crash. e SCE = Safety Critical Event = Crash severities I–IV, Near-Crash and Crash-Relevant Conflict. f Number of cases used to estimate effect size. g Integrated non-portable hands-free wireless cellular device embedded into vehicle. h Effect size with lower and upper 95% confidence limits. i Adjusted rate ratio estimate from Young (2013b) [39]. j NDS = naturalistic driving study. k Not Talk = records can include secondary tasks other than Talk, as well as driver behavior errors and impairments. l No Task = records contain no secondary tasks but can include driver behavior errors and impairments.










4. Discussion


These results provide strong evidence that the Dingus study Talkab OR estimate of 2.2 (CI 1.6–3.1) in the SHRP 2 data was biased substantially upwards by “additional task” selection bias and “driver behavior error” confounding bias. Using two different methods to remove the selection bias and then removing the confounding bias from each method, the Talk OR estimate was reduced to 0.94 (CI 0.30–2.3) or 0.92 (CI 0.45–1.7). The methods used to identify and remove the biases are first briefly summarized in this Discussion and then potential underlying mechanisms are discussed. Specifically, a potential mechanism underlying the interaction of secondary tasks and driver behavior errors is discussed. The question of whether secondary tasks increase or decrease driver behavior errors is also addressed.



4.1. Brief Summary and Discussion of “Additional Task” Selection Bias


The Dingus study selected video clips for the Exposed and Unexposed columns but used different criteria for additional secondary tasks. The majority of video clips selected with Talk exposure had one or two additional secondary tasks in the same exposure window with Talk but the video clips selected without Talk exposure were deliberately chosen in the Dingus study method to have no secondary tasks. The Dingus study method therefore gave rise to a selection bias because of the mismatch in the selection criteria for additional tasks between the Exposed and Unexposed columns. Selection bias was removed in the current study using two different methods. Both methods remove the “additional task” selection bias, because both the Exposed and Unexposed columns are now balanced or “matched” as to whether they had secondary tasks other than Talk.



4.1.1. Method 1. Removing Additional Secondary Tasks from the Talk-Exposed Column


Method 1 matched the Exposed and Unexposed columns by having no additional tasks in either column. The Talk0b OR point estimate fell to about half the Dingus Talkab OR point estimate of 2.2. That is, when additional secondary tasks were removed from the Talk-Exposed column to achieve balance with the Talk-Unexposed column, the Talk OR point estimate fell from 2.2 (Table 1) to 1.2 (Table 2), a substantial 45% decline.



Some may argue that the Talk0b OR estimate of 1.2 (CI 0.7–2.0) in Table 2 (without additional tasks) is abnormal, because performing other secondary tasks during Talk is prevalent during everyday real-world driving. That other secondary tasks are frequently paired with Talk is true, whether preceding crashes (53% of the case records have additional tasks besides Talk, as shown in Table 1, note w), or during baseline driving (15% of the control records have additional tasks besides Talk, as shown in Table 1, note y). The “abnormal” Method 1 to eliminate the selection bias reduces the Talkab OR estimate from 2.2 (CI 1.5–3.2) in Table 1 to the Talk0b OR estimate of 1.2 (CI 0.7–2.0) in Table 2.




4.1.2. Method 2. Allowing other Secondary Tasks in the Talk-Unexposed Column


Method 2 matched the Exposed and Unexposed columns by allowing tasks other than Talk in both the Exposed and Unexposed columns. The Talk OR point estimate fell from 2.2 (Table 1) to 1.4 (Table 4).



Method 2 may be more “normal” or usual driving as far as typical driver activity is concerned. This second method to achieve balance allows for the “real-world” driving environment, where additional secondary tasks are often performed concurrently with or without Talk. The Talk OR estimate using this second method also declined from the Dingus study estimate of 2.2 (CI 1.5–3.2) (Table 1) to 1.4 (CI 0.95–2.0) (Table 4).




4.1.3. Discussion of Additional Task Selection Bias Results


The elevated Talkab OR estimate of 2.2 (CI 1.6–3.1) reported in the Dingus study has little or nothing to do with the risk of Talk itself; the elevated value compared to prior studies arose primarily because of the differential selection of video clips for the Exposed and Unexposed columns. The Talk-Exposed column included other secondary tasks and the Unexposed column did not. Using two different methods (Table 2 and Table 4) to adjust for this selection bias, the Talk OR point estimate is reduced by about 40% compared to the Dingus study point estimate of 2.2 (Table 1). These adjusted Talk OR estimates using the two methods of eliminating selection bias are homogeneous with p = 0.63, confirming that selection bias caused a false elevation of the Dingus study Talk OR estimate.



Therefore, the Dingus study OR point estimate of 2.2 is not a valid estimate of the Talk population risk ratio. The OR estimate of 2.2 that the Dingus study claimed was for Talk, instead represents the OR estimate not just for Talk but also for the additional secondary tasks in combination with Talk.




4.1.4. Mechanisms of Why Selection Bias Inflated the Dingus Study OR Estimate


These additional tasks give rise not only to additive effects but also to multiplicative interaction effects from multi-tasking Talk with those additional secondary tasks. These two mechanisms by which additional task selection bias falsely inflated the Dingus study Talk OR estimate are here termed additive bias and multi-tasking interaction bias.



Additive bias may affect the OR estimate in Table 1 because the Dingus study Talkab OR point estimate of 2.2 is not just that for Talk but also for the additional secondary tasks performed during the same 6-s video clip as Talk. These other secondary tasks by themselves, without even considering any possible crash effects from Talk, can elevate the OR estimate. All these secondary tasks have individual OR point estimates above one as shown in Appendix C and Appendix D and discussed in Section 4.4.2. That is, if Talk could somehow be magically removed from all the records in Table 1, there would still be an elevated OR point estimate. In other words, even if there were 0 risk from Talk, the additional tasks would by themselves (falsely) appear to increase the OR estimate for Talk.



Multi-tasking interaction bias also may affect the OR estimate in Table 1, above and beyond the additive bias. Interaction bias arises because there is also a contribution from the multi-tasking effects of concurrently performing two or three secondary tasks during the same 6-s case time window. That is, the Dingus study Talkab OR estimate is also falsely inflated by the multi-tasking interaction risk from the double- or triple-tasking of secondary tasks, one of which just happens to be Talk. These additional secondary tasks bias the Talk OR estimate upwards by multiplicative, or even supra-multiplicative interaction bias, as first shown by Young (2017a) [7] (Appendix B and Appendix C). The Dingus study Talkab task would thus (falsely) appear to have an elevated OR estimate because of these interactions between secondary tasks, not because of any increased risk effects of the Talk task itself.



In other words, when a driver multi-tasks a particular secondary task with one or more additional secondary tasks (i.e., double- or triple-tasking), the interaction effects appear to give rise to a large increased risk solely from the conjoint effect. This conjoint risk may be far higher than the sum or even the product of the individual secondary task OR estimates, as shown in Appendices B and C in Young (2017a) [7]. In sum, the interaction effects of multi-tasking several secondary tasks can incorrectly inflate the OR estimate for a particular secondary task (such as Talk), when the Exposed column contains additional tasks and the Unexposed column does not, as in the Dingus study and its Table 1 replication.



The likely biological mechanism for this multi-tasking interaction bias is that the demand from two or three secondary tasks performed simultaneously increases demands on executive attention networks in the brain, due to the need to reduce conflict among the competing secondary task responses (see Posner and Fan, 2008; Foley et al., 2013) [12,13]. The negative driver performance effects from these executive attention response conflicts from the secondary task interactions are substantially higher than the sum of the behavioral effects on executive attention from the individual secondary tasks (Young, 2017a,b) [7,14].



It is conjectured that the initiation of additional secondary tasks is independent of Talk; that is, they are volitional on the part of the driver and not caused by the Talk task itself. However, one may conjecture that Talk itself somehow caused a multitasking burden, as when the driver chooses to write a note based on the conversation. However, the SHRP 2 data did not contain any instances of writing and talking on a cell phone at the same time, either before a crash or during baseline driving. Alternatively, the tasks of manual dialing or looking for and pushing a button to answer the phone could logically also occur in the same 6-s window as Talk and therefore could be conceived as being caused by the intention to Talk. However, these tasks would have occurred before Talk and hence could not have been performed at the same time as Talk; they are necessarily sequential and not concurrent with Talk. In addition, almost all the Talk tasks have a start time that was artificially fixed by the video reductionist at the beginning of the 6-s case window, rather than the actual time the Talk task started some time before. That is, most Talk tasks must have started many seconds or even minutes before the start of the case window, because Talk tasks typically are on average several minutes long (Bhargava and Pathania, 2013; Green et al., 2005; Fitch et al., 2013) [15,16,17]. That means that the tasks of dialing or answering the phone must have occurred before the 6-s window in which the Talk task was counted and so would not appear in the same case or control window as Talk.



In summary, the Dingus study claim of a Talkab OR point estimate of 2.2 is not supported by the SHRP 2 data after a removal of identified biases in the Dingus study analysis methods. The Talk OR point estimate of 2.2 in the Dingus study is biased artificially high in large part because it did not match the presence of additional tasks between the Exposed and Unexposed columns. That is, it allowed one or two additional secondary tasks in the Talk-exposed column but allowed no secondary tasks at all in the Unexposed column. The Dingus study Talk OR point estimate of 2.2 is therefore not a valid estimate of the Talk RR in the population; it is rather the OR estimate for Talk biased high by exposure to additional secondary tasks besides Talk.





4.2. Mechanism of Confounding Bias from Driver Behavior Errors


Note that the confounding effect of driver behavior errors on secondary task OR estimates shown in Section 3.3 may also be stronger than just additive or multiplicative. It may reflect a true biologic interaction when a driver attempts to multi-task not only up to three secondary tasks but also up to three driver behavior errors in the time near the precipitating event preceding the crash (see Section 4.1.4 and Young (2017a) [7]). In short, the current results suggest that driver behavior errors also upwardly biased the Dingus study Talk OR estimate, in addition to the “additional task” selection bias. Evidence that a driver attempting to multi-task behavior errors with secondary tasks gives rise to a supra-multiplicative interaction effect that substantially increased crash risk in the SHRP 2 dataset is given by Young (2017a,b) [7,14].




4.3. Do Secondary Tasks “Cause” Driver Behavior Errors?


The current hypothesis is that driver behavior errors are independently undertaken by a driver and are not a consequence of secondary task performance. As Young (2017a,b) [7,14] first demonstrated, driver behavior errors interact with Talk (or any other secondary task) to (falsely) inflate the OR estimate for that secondary task if the driver behavior errors are not removed or adjusted for. But does Talk “cause” driver behavior errors, which then in turn “cause” crashes? That a secondary task can in general directly cause driver errors was conjectured by K. Young and colleagues (Young and Salmon, 2013; Young et al., 2013) [18,19]. Based on their conjecture, an alternative mechanism to explain the strong interaction between Talk and driver behavior errors is that Talk “causes” driver behavior errors; that is, Talk is a contributing cause to driver behavior errors, which in turn cause the crash.



But K. Young and colleagues caution that there are a number of “fundamental gaps” in the mechanisms by which a secondary task presumably “causes” driver behavior errors. In addition, they present no real-world or naturalistic evidence to support their conjecture that secondary tasks cause driver behavior errors. The only evidence they do present is for experimental on-road data with secondary tasks specified by the experimenter. In addition, the evidence they presented shows only an association between secondary tasks and driver behavior errors, not a causative effect. Their conclusion that, “the notion that distraction has a role to play in the causation of driver errors is irrefutable,” is therefore not supported by the evidence they present. The following arguments also run counter to their conjecture.



4.3.1. Driver Behavior Errors Tend to Start Before Short Secondary Tasks


In general, driver behavior errors tend to start before the secondary tasks in the SHRP 2 naturalistic database. Note that the driver behavior error window was 20 s long for both case and baseline samples, to help decide if the behavior error occurred in the 6-s case window. The secondary task window was always only 6 s long. The video reduction data dictionary (VTTI, 2015) [8] states that, “Driver behaviors (those that either occurred within seconds prior to the Precipitating Event or those resulting from the context of the driving environment) that include what the driver did to cause or contribute to the crash or near-crash. Behaviors may be apparent at times other than the time of the Precipitating Event, such as aggressive driving at an earlier moment which led to retaliatory behavior later”. The argument can be made that there is an increased probability that a driver behavior will be recorded as having occurred in the 6-s case or control window, if there is a 20 s driving period to observe it before those windows (that is essentially what the VTTI definition above indicates). Most importantly, aggressive driving or other driver behavior errors that started more than 5 s before a precipitating event could not have been caused by a secondary task that started less than 5 s before that precipitating event, because a cause cannot follow the time of an event (i.e., reverse causality is impossible).



Unfortunately, this timing hypothesis of why secondary tasks are unlikely to increase driver behavior errors cannot be further tested with the information in the SHRP 2 InSight database, because the start and stop times of the observed driver behaviors are not recorded in that database. Also, the start times for long duration secondary tasks as recorded in the SHRP 2 crash database are pegged at 5 s before the precipitating event before a crash rather than the actual task start time. Furthermore, in the baseline database, there is also no record of the start or stop times of secondary tasks. Hence, the possibility cannot be precluded that driver behavior errors typically start earlier than the start of most secondary tasks in the video clip samples and therefore those driver behavior errors could not have been caused by the secondary task, because of the impossibility of time-reversed causality. Researcher access to the complete set of video clips could help resolve this timing question but the video clips in the online SHRP 2 database are only of the forward scene, without a view of the driver. However, from the “narratives” accompanying crashes, or from the video clips themselves, it is apparent from the narratives that at least some driver behavior errors (e.g., speeding or aggressive driving as can be observed from a forward view) began well before secondary tasks that started after the precipitating event and therefore the driver behavior error could not have been caused by the secondary task performance.



However, Talk tasks are an exception to this sequential pattern. It can be readily deduced that Talk tasks in the SHRP 2 database almost always started before the start of the 6 s case window. The Talk start times are typically pegged exactly at 5 s before the precipitating event. As mentioned previously in Section 4.1, Talk tasks are on average several minutes long, so the Talk tasks recorded in the SHRP 2 dataset must have started long before the Talk “start” times recorded in the SHRP 2 database. Therefore, it is plausible that most Talk tasks could potentially interact with driver behavior errors, unlike other secondary tasks, because most Talk tasks will overlap with the 20 s driver behavior error observation period. In short, because the duration of an average Talk task while driving is several minutes, it is likely that the Talk durations overlapped the driver behavior errors observed in the 20 s before the precipitating event. That is, the Talk tasks likely overlapped the time of driver behavior errors prior to the case and control windows as well as during them. But does that mean that Talk causes driver behavior errors? On the contrary, the preliminary evidence indicates that Talk may actually reduce at least some driver behavior errors, as shown next.




4.3.2. Talk Reduces Speeding Driver Behavior Errors


Young (2017b) [14] provided evidence in the SHRP 2 database that Talk tasks substantially reduce speeding driver behavior errors. Specifically, Young (2017b) [14] found that after removing selection bias and driver impairments, the “Exceeded speed limit” driver behavior error OR point estimate fell from 5.4 to 2.4 during Talk, a 54% reduction. Likewise, the “Exceeded safe speed but not speed limit” driver behavior error OR point estimate fell from 71.5 to 43.8 during Talk, a 39% reduction. The reductions in speeding driver behavior errors during Talk appears to contradict the conclusion of K. Young and colleagues at the start of Section 4.3 that, “the notion that distraction has a role to play in the causation of driver errors is irrefutable”. (Young and Salmon, 2012; Young et al., 2013) [18,19].



Such self-regulatory declines in speeding behavior errors during Talk may be part of the reason why the Talk OR point estimate is below one in prior real-world and naturalistic driving studies as shown in Appendix A (Table A1 and Figure A1) and also by Young (2014b) [20]. Young (2014b) [20] (Section 1.3.5.1, p. 73) also cited dozens of studies that found that drivers reduce speed with increased auditory-vocal cognitive demand.


Figure A1. Plot of effect size estimates in Table A1.
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Therefore, the available evidence in the SHPR 2 online database cannot reject the hypothesis that driver behavior errors are actions initiated and performed independently of secondary tasks and are not caused by the particular secondary tasks that drivers committing such errors may also choose to perform.



To the contrary, the evidence so far examined suggests that the major reason for crash risk increases when more than one driver behavior error or secondary task or both are simultaneously engaged in, is the supra-multiplicative interactions that give rise to response conflicts in executive attention brain networks (see Section 4.1.4 and Young, 2017a,b) [7,14]. Perhaps it is this interaction effect from concurrent performance of secondary tasks and driver behavior errors that led K. Young and colleagues [18,19] to conclude that secondary tasks somehow “caused” driver behavior errors. Instead, the evidence for increased risk that they cite can be more simply explained as arising from the conjoint performance of secondary tasks and driver behavior errors. This conjoint performance is what substantially increases crash risk according to the results and model of Young (2017a,b) [7,14]. The biologic interaction effects between secondary tasks and driver behavior errors do not require there to be any direct causal effect of secondary tasks on increasing driver behavior errors. Indeed, as mentioned, the Talk task actually reduces speeding driver behavior errors (Young, 2017b) [14].





4.4. Implications of Results for Driving Safety Research


4.4.1. Emphasis on the Single Secondary Task of Talk Is Misdirected


The results of the current analysis lead to the conclusion that the Dingus study Talk OR estimate of 2.2 (CI 1.6–3.1) is an invalid estimate of the population risk ratio for Talk. In fact, after removal of the two identified biases in the Dingus study, the Talk OR point estimate of the population risk ratio is below one, in agreement with prior studies (Appendix A).



Thus, the evidence presented in this paper suggests that the increased crash risk estimate for Talk reported by the Dingus study is caused in large part by drivers attempting to perform one or two additional secondary tasks at the same time as Talk, when compared with drivers who performed no secondary tasks at all. This upward bias is further increased by those drivers who concurrently engaged in one, two, or even three driver behavior errors at the same time as they were engaged in Talk, even while sometimes engaged in additional secondary tasks as well.



These results imply that the emphasis on the single secondary task of Talk in driver distraction safety research is largely misdirected. Performing the single secondary task of Talk in the SHRP 2 study (or in any of the prior real-world and naturalistic driving studies listed in Appendix A) did not result in an increased crash risk as shown by the point estimates of the effect sizes for risk ratios, rate ratios and OR estimates. The current study results suggest instead that the apparently increased crash risk during Talk in the Dingus study was caused in large part by the combination of Talk with other secondary tasks at the same time (i.e., multi-tasking of secondary tasks).



The current analysis and the results in Young (2017a,b) [7,14] further demonstrate that engaging in a single driver behavior error, unlike engaging in the single secondary task of Talk, does substantially increase crash risk. The increased risk is particularly strong when performing more than one driver behavior error in the same 6-s window.



In general, this observation suggests that crashes are primarily caused by: (1) interactions between two or more secondary tasks; (2) making one or more driver behavior errors; or (3) performing one or more secondary tasks concurrently with one or more driver behavior errors. Any one of these factors substantially increase crash risk beyond that of any single secondary task. As discussed in Section 4.1.4 and Section 4.2, these substantial increases occur because of a supra-multiplicative interaction between multiple activities, whether secondary tasks, driver behavior errors, or both, as long as these activities occur simultaneously or near-simultaneously (Young, 2017a,b) [7,14]. It is not that a secondary task somehow causes driver behavior errors as was considered “obvious” by K. Young and colleagues [18,19]. Rather, it is the response conflicts between multiple secondary tasks, multiple driver behavior errors, or both, that substantially increase crash risk.




4.4.2. Biases Affect All Secondary Task OR Estimates in the Dingus Study


The current study used the Dingus study Talk OR estimate as an example but the findings raise a concern that the same biases found here affect all other secondary task OR estimates in the Dingus study. The Dingus study made these OR estimates for other secondary tasks using the same analysis methods as for Talk and therefore these other secondary tasks could have the same biases as found here for Talk. The replication of all the OR estimates for secondary task categories in the Dingus study are given in Appendix C. The results of removing the two biases for all secondary task categories in the Dingus study are given in Appendix D.



Appendix Table A3A and Appendix Figure A2 confirm that the OR overestimate arising from “additional task” selection bias found for the Talk task generalizes to all except one of the other secondary task or task category OR point estimates in the Dingus study.


Figure A2. Solid gray bars: Replicated Dingus study secondary task category OR point estimates from Appendix B Table A2B. Diagonally-hatched green bars: Current “Task Alone” OR point estimates from Appendix D Table A3A. * indicates the category was formed from heterogeneous tasks that should not have been combined.



Table A2. (A) Dingus study secondary task OR estimates. (B) Current study replication.
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Looking at an object external to the vehicle k
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Notes: a Observable from 6-second pre-crash and baseline sample video segments. b Based on exact 95% confidence limit from Stata 13 epidemiology function “cci”. c Baseline prevalence is the baseline exposed count divided by the current study balanced-sample baseline record total of 19,617. d “Child in adjacent seat—interaction” + “Child in rear seat—interaction”. e “Passenger in adjacent seat - interaction” + “Passenger in rear seat—interaction”. f “Reading” + “Writing” + “Tablet device, Operating” + “Tablet device, Viewing” + “Tablet device, Other”. g “Eating with utensils” + “Eating without utensils”. h “Drinking with lid and straw” + “Drinking with lid, no straw” + “Drinking with straw, no lid” + “Drinking from open container”. i “Combing/brushing/fixing hair” + “Applying make-up” + “Shaving” + “Brushing/flossing teeth” + “Biting nails/cuticles” + “Removing/adjusting clothing” + “Removing/adjusting jewelry” + “Removing/inserting/ adjusting contact lenses or glasses”. j “Reaching for object, other” + “Tablet device, Locating/reaching” + “Reaching for food-related or drink-related item” + “Reaching for cigar/cigarette”“ + “Reaching for personal body-related item”. k There was no task in the database called “Extended glance duration to external object”. The closest fit was, “Looking at an object external to the vehicle”. lp-value for homogeneity between the Dingus study OR estimate and the current study replication. * Task categories formed in Dingus study by pooling tasks with heterogeneous OR estimates that should not be combined. † Task “7. Cell phone, dialing hand-held” typically had the following additional tasks present with it in the same SHRP 2 database record: “10. Cell phone, Talking/listening, hand-held” and “Cell phone, Holding”. In fact, there were no crash cases of dialing by itself; it was always accompanied in the 6-s case window with talking and/or holding the phone. Dialing by itself also rarely occurred during the 6-s baseline control window; holding or talking on the phone almost always accompanied it. Although the phones were all hand-held in the SHRP 2 study OR estimates, it is not stated in the narratives but conceivable that in some instances the driver may have had the phone mounted so they could manually dial without holding it.
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Table A3. (A) OR estimates after removing selection bias. (B) OR estimates after removing selection and confounding bias.







	
A. Secondary Tasks Alone vs. “Model Driving” (Selection Bias Removed)

	

	
B. Pure Tasks vs. Pure Baseline Driving (Both Biases Removed)




	
Observable Secondary Task or Task Category a

	
OR

	
LL b

	
UL b

	
Baseline Prev.c

	
Exposed Crashes

	
Exposed Baselines

	

	
OR

	
LL b

	
UL b

	
Baseline Prev. c

	
Exposed Crashes

	
Exposed Baselines






	
1. Overall *

	
1.6

	
1.4

	
2.0

	
41.08%

	
331

	
8058

	

	
2.1

	
1.6

	
2.7

	
37.87%

	
168

	
7428




	
Major Categories:

	

	

	

	

	

	

	

	

	

	

	

	

	




	
2. Adjusting/monitoring radio

	
1.7

	
0.4

	
2.3

	
1.29%

	
11

	
254

	

	
2.3

	
0.8

	
5.3

	
1.21%

	
6

	
238




	
3. Adjusting/monitoring climate control

	
1.3

	
0.1

	
4.8

	
0.33%

	
2

	
64

	

	
0.0

	
0.0

	
5.9

	
0.31%

	
0

	
60




	
4. Adjusting/monitoring other devices integral to vehicle

	
2.8

	
0.5

	
5.3

	
0.44%

	
6

	
87

	

	
4.5

	
1.2

	
12.5

	
0.41%

	
4

	
81




	
5. Total in-vehicle device

	
1.9

	
0.5

	
2.0

	
2.06%

	
19

	
405

	

	
2.4

	
1.1

	
4.7

	
1.93%

	
10

	
379




	
6. Cell phone, Browsing

	
2.7

	
1.1

	
3.0

	
0.37%

	
5

	
73

	

	
4.0

	
0.8

	
12.5

	
0.35%

	
3

	
69




	
7. Cell phone, Dialing hand-held †

	
7.0

	
1.7

	
20.6

	
0.12%

	
4

	
23

	

	
4.4

	
0.1

	
27.8

	
0.11%

	
1

	
21




	
8. Cell phone, Locating/reaching/answering

	
3.3

	
0.6

	
10.4

	
0.19%

	
3

	
37

	

	
5.6

	
0.6

	
22.3

	
0.17%

	
2

	
33




	
9. Cell phone, Texting

	
2.2

	
1.7

	
20.6

	
1.46%

	
16

	
286

	

	
4.4

	
2.2

	
8.1

	
1.38%

	
13

	
270




	
10. Cell phone, Talking/listening, hand-held

	
1.2

	
0.7

	
2.0

	
2.72%

	
16

	
534

	

	
0.9

	
0.3

	
2.3

	
2.48%

	
5

	
487




	
11. Total cell (handheld) *

	
1.9

	
1.3

	
2.6

	
4.86%

	
44

	
953

	

	
2.5

	
1.5

	
4.0

	
4.49%

	
24

	
880




	
12. Child in adjacent/rear seat—interaction *,d

	
0.5

	
0.1

	
2.0

	
0.75%

	
2

	
148

	

	
0.7

	
.02

	
4.1

	
0.66%

	
1

	
130




	
13. Passenger in adjacent or rear seat—interaction *,e

	
1.4

	
1.1

	
1.9

	
11.5%

	
81

	
2253

	

	
1.5

	
1.0

	
2.2

	
10.6%

	
34

	
2089




	
14. Reading/writing (includes tablet) *,f

	
10.0

	
0.2

	
101.7

	
0.02%

	
1

	
4

	

	
23.0

	
0.5

	
234.6

	
0.02%

	
1

	
4




	
15. Eating with/without utensils *,g

	
1.2

	
0.5

	
2.4

	
1.36%

	
8

	
266

	

	
1.5

	
0.4

	
4.0

	
1.25%

	
4

	
245




	
16. Drinking (non-alcohol) *,h

	
1.0

	
0.2

	
3.0

	
0.62%

	
3

	
122

	

	
0.8

	
.02

	
4.6

	
0.59%

	
1

	
116




	
17. Personal hygiene *,i

	
1.5

	
0.8

	
2.4

	
2.35%

	
17

	
461

	

	
2.6

	
1.3

	
4.8

	
2.15%

	
12

	
422




	
18. Reaching for object (non-cell phone) *,j

	
9.8

	
5.5

	
16.6

	
0.40%

	
19

	
78

	

	
17.9

	
9.0

	
33.4

	
0.37%

	
14

	
72




	
19. Dancing

	
1.3

	
0.3

	
3.9

	
0.48%

	
3

	
95

	

	
1.0

	
0.0

	
6.1

	
0.45%

	
1

	
88




	
20. Looking at an object external to the vehicle k

	
7.5

	
3.8

	
13.6

	
0.38%

	
14

	
75

	

	
12.5

	
5.3

	
26.2

	
0.34%

	
9

	
66








Notes: a–k Same as Table A2. † Dialing was the only task or task category allowed to have certain additional tasks present for “Task Alone” or “Pure Task”. See corresponding note in Table A2 for additional tasks that were typically present with dialing. * Task categories incorrectly formed by Dingus study by pooling tasks with heterogeneous OR estimates.








However, the confounding bias from driver behavior errors has a more complex effect, because it does not always deflate the OR estimates of other secondary tasks as it does for the Talk task. Indeed, the confounding effect of driver behavior errors increases rather than decreases many secondary task OR point estimates after removal of selection bias—see Table A3B and Appendix Figure A3. This opposite result to Talk likely occurs because of potentially complex interactions between driver behavior errors and particular secondary tasks, where the strength and direction of the biasing effect are apparently dependent upon the specific secondary task and the specific driver behavior error. These complex interaction effects between driver behavior errors and specific secondary tasks merit further research.


Figure A3. Task Alone compared to Pure Task. Diagonally-hatched green bars: “Task Alone” OR point estimates (same as hatched bars in Figure A2). Vertically-hatched blue bars: “Pure Tasks” with decreased OR point estimates after driver behavior errors removed. Solid red bars: “Pure Tasks” with increased OR point estimates after driver behavior errors removed. * indicates the category was formed from heterogeneous tasks that should not have been combined.
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4.5. Limitations


4.5.1. No Adjustments for Demographic and Environmental Variables


Neither the Dingus study nor the current study controlled for the fact that the control baseline records may be different than the crash case records by driver demographics (e.g., age, sex) and environmental variables (e.g., closeness to junction, time of day, traffic density). Therefore, the SHRP 2 secondary task OR estimates in the Dingus and current studies are not yet adjusted for these variables. Even though two identified biases were removed in the current study, the valid Talk and other secondary task OR estimates in Appendix D may be higher or lower than those reported here after necessary adjustment for demographic and environmental variables.



Because these other variables affect both crash and secondary task probability, these other variables can potentially confound the OR estimates of secondary tasks. For example, intersection junctions may influence the tendency of a driver to engage in Talk while stopped at a red light and intersections tend to have a higher crash rate than non-intersections. These confounding environmental factors were adjusted for in the 100-Car study dataset by Young (2015) [21], after digitizing the matched baseline graphed data in Klauer et al. (2010) [22]. All the 100-Car secondary task OR estimates declined after using a matched rather than a random baseline sample, demonstrating that the OR estimates using the random baseline in the Klauer et al. (2006) 100-Car study [23] were inflated by these confounding variables. It is therefore possible that all the OR estimates in the Dingus and current study may also still be inflated by demographic and environmental variables. Confounding from such multiple other risk factors must be controlled for in order to make a valid effect size estimate for the risk factor of interest.




4.5.2. Cases Unmatched to Baselines with Vehicles Moving at >5 mph


A further limitation of the Dingus study (and the current study) is the bias that arises because crash cases were not matched to baseline controls for the vehicle moving faster than 5 mph. The Dingus study states that its “random sampling method” selected “control driving segments greater than 5 mph”. Indeed, VTTI (2015) [8] (p. 42) states that for its SHRP 2 database, “Baselines were selected only if vehicle speed did not dip below 5 mph for more than 2 consecutive seconds”. An examination of the vehicle speed profiles for the 776 crash cases without impairment found that 365 of crashes (47%) did not meet this baseline criterion for driving speed. That is, the vehicle speed dipped below 5 mph for more than 2 consecutive seconds in the 20-s video clip preceding a crash. In a few Talk cases, examination of the time series data (confirmed by inspection of the video and narrative) found that the vehicle was stopped for the entire 20-s video clip (e.g., it was hit by another vehicle while stopped). The effect of this speed bias (tasks performed at speeds < 5 mph for more than 2 s were counted for cases but not for controls) can either increase or decrease a secondary task OR estimate from its true population value, depending on whether drivers have a different exposure to the secondary task when moving vs. not moving.



Indeed, Fitch (2013) [16] (Table 43) found that the mean Talk duration on a hand-held portable phone while driving above 5 mph was 178.7 s with standard error of 12.1 (n = 525). Below 5 mph the mean Talk duration was only 124 s, with standard error 10.4 (n = 260). The t-value of the duration difference for unequal sample size with unequal variances is 3.42, with p = 0.0006. Therefore, in the Dingus and current studies, the Talk exposure was likely higher for cases (which included driving speeds < 5 mph or even stopped), compared to baseline (with driving speeds never less than 5 mph for more than 2 s).



Because “not driving” affects both Talk exposure and the crash outcome, it meets the formal definition of a confounding bias for Talk in Appendix B. This “not driving” bias is more fully discussed in Appendix A.4.1, where the bias also occurred in two real-world case-crossover studies of Talk (Redelmeier and Tibshirani, 1997; McEvoy et al., 2005) [24,25].




4.5.3. Incorrect Analysis Method for Case-Cohort Epidemiological Study Design?


The Dingus study states that it used a “case-cohort” epidemiological design. In a case-cohort study, some participants are only cases, others are only controls and others are both cases and controls. However, the method the Dingus and current studies used to calculate their OR estimates is appropriate for a case-control design, where participants are only cases or only controls but never both. A case-cohort design requires a more complicated method than a case-control design to calculate OR estimates (Rothman et al., 2008) [26] (pp. 252–253).



In particular, note that the SHRP 2 study had “a minimum of 1 baseline per driver” (VTTI, 2015) [8] (p. 42); that is, every participant was deliberately entered into the SHRP 2 database as both a case and control. Hence, in the SHRP 2 database as a whole, every participant was both a case and control, as in a cohort study. However, in the analysis of any one particular secondary task or driver behavior error, only certain records are necessarily pulled from the crash and baseline databases to meet the Exposed and Unexposed conditions. Therefore, in the calculation of any particular OR estimate there are a few crash cases where the participant IDs are matched to those in baseline driving but most are not. If none of the participant IDs matched, then the case-control analysis method would be appropriate. If all of the participant IDs matched, then a cohort or case-crossover analysis method would be appropriate. If some participant IDs matched and some did not, then a case-cohort analysis method is appropriate. The amount of bias introduced by using an inappropriate case-control analysis method rather than the appropriate case-cohort analysis method would thus depend upon the number of matched vs. unmatched participants in the cases and controls in each particular analysis.



It is unknown to what extent the case-control analysis method that was incorrectly applied to a case-cohort design biased the OR estimates in the Dingus and current studies.




4.5.4. Were All Dingus Study Crashes “Injurious and Property Damage”?


The Dingus study referred to its crash events as “injurious and property damage” in the abstract and several times in the main body of the paper; e.g., “The SHRP 2 NDS crashes investigated in this paper included only those during which injury or property damage occurred” [1] (p. 2637). The current Dingus study replication found that all crashes of Severity Levels I–III were included in that study. However, it is not obvious that all of the crashes that are classified as severity level III in the SHRP 2 database involved “injurious and property damage” as the Dingus study claimed. For example, an examination of the crash “narratives” in the SHRP 2 database found that tire strikes were present in many of the level III crashes, which often occurred at low speeds (e.g., less than 5 mph as shown in the speed profiles), such as while parking. The definition of Severity III crashes states, “… all curb and tires (sic) strikes potentially in conflict with oncoming traffic and other curb strikes with an increased risk element” (emphasis added) (VTTI, 2015) [8] (p. 43). The Severity Level IV crash definition is, “Tire strike only with little/no risk element” (VTTI, 2015) [8] (p. 44). Severity III crashes therefore by their definition allow curb and tire-strikes with potential risk for property damage, not just those with actual property damage. If this reasoning is valid, then the Dingus study crash event description perhaps might have been better worded as “injurious and actual or potential property damage”.




4.5.5. Pooling of Heterogeneous Severity Levels?


Note that the Dingus study replication found that it pooled severity levels I–III for its Talk OR estimate but the Dingus study did not report that it checked for homogeneity between those severity levels before it summed them together, so that was also not done in the current study. However, if crash severity strata are heterogeneous as can be determined using standard epidemiological tests, they must not be pooled and should be separately reported (Rothman, 2012) [10] (p. 178). Knipling (2015, 2017) [27,28] has emphasized the importance of considering potential heterogeneity before summing across safety critical events with different severity levels.



Given that Talk has a similar effect size in studies that employed widely-different severity levels (see Appendix A), suggests that the Talk effect size does not vary substantially with severity level. However, that might not be the case for other secondary tasks, driver behavior errors, or impairments. It is certainly not the case for drowsy driving impairment, which has effect sizes that substantially increase with severity level (Young, 2013c) [29].



In short, before pooling any driver activity (whether a secondary task, driver behavior error, or impairment) across severity levels in an epidemiological analysis, homogeneity must be checked using standard epidemiological homogeneity tests available in software packages such as Stata [3] or the Episheet [30] meta-analysis tab. As mentioned first in Section 3.2.2, if strata are heterogeneous, they must not be pooled (Rothman, 2012) [10] (p. 178).




4.5.6. Pooling of Heterogeneous Secondary Tasks?


As Appendix C shows, most of the “Observable Distractions” in the Dingus study were not single secondary tasks in the SHRP 2 database but were “task categories” formed from summing together two or more secondary tasks that actually were present in the SHRP 2 database. Almost all the summations were across heterogeneous tasks, as identified with the secondary task categories with asterisks in Appendix C Table A2B and Appendix D Table A3A and Figure A2 and Figure A3. Again, heterogeneous strata must not be pooled; they must be separately reported (Rothman, 2012) [10] (p. 178).





4.6. Recommendations for Future Research


The following recommendations should be pursued to inform the ongoing discussion of how best to improve driving safety. To address the limitations of both the Dingus and current studies:

	1)

	
Adjust secondary task OR estimates for demographic and environmental variables (addresses limitation 4.5.1), using methods such as:

	◦

	
Stratify the OR estimates according to each demographic and environmental variable.




	◦

	
Use a logistic regression analysis model after an initial stratification. The model can include all the demographic and environmental variables that were previously stratified.




	◦

	
Develop a baseline database matched to cases in demographic and environmental variables and post it online for qualified researcher access.




	◦

	
Use a properly-designed case-crossover analysis method to automatically control for all driver individual differences (includes demographic, genetic and psychological factors).










	2)

	
Match cases to controls in the vehicle minimum speed criterion (addresses limitation 4.5.2).

	◦

	
Method 1: Filter out cases where the vehicle speed in the 20-s speed profile dipped below 5 mph for more than 2 consecutive seconds, thereby matching the speed criterion used for the baseline controls.




	◦

	
Method 2: Produce a new speed-matched SHRP 2 baseline database to the existing case database, which adds instances where the driver is in the vehicle and the engine is running, even when the vehicle speed is less than 5 mph for more than 2 consecutive seconds. Note: Improves precision in the point estimates compared to Method 1, because cases do not need to be discarded as in Method 1 but requires resources to obtain new baseline samples without a 5 mph speed criterion.










	3)

	
Use a proper case-cohort analysis method for calculating OR estimates (addresses limitation 4.5.3).




	4)

	
Pool safety-critical events only if homogeneous (addresses limitations 4.5.4 and 4.5.5).

	◦

	
Crashes of severities I–IV, curb strikes, near-crashes and crash-relevant conflicts or any subset can be pooled if homogeneous.




	◦

	
Potentially improves precision of the effect size estimate.




	◦

	
Improves ability to stratify the data by reducing scarcity of observations in individual strata.




	◦

	
Prevents misleading OR estimates from pooling heterogeneous safety-critical events.










	5)

	
Pool only those secondary tasks which are homogeneous (addresses limitation 4.5.6).

	◦

	
Improves precision of the effect size estimate.




	◦

	
Improves ability to stratify the data by reducing scarcity of observations in individual strata.




	◦

	
Prevents misleading OR estimates from pooling heterogeneous tasks.















Other recommendations:

	1)

	
Update OR estimates for secondary tasks, driver behavior errors and impairments with SHRP 2 database version 3 or higher.




	2)

	
Post the SHRP 2 de-identified cell phone records database online for qualified researcher access.

	◦

	
The de-identified cell phone records of a percentage of the SHRP 2 drivers were made available to the SHRP 2 study administrators with permission from the drivers.




	◦

	
This database would allow a definitive test of whether part-time driving in control periods biased prior case-crossover Talk RR estimates too high (see Appendix A.4.1).










	3)

	
Examine further the complex interrelationships between driver behavior errors (Young, 2017b) [14], secondary tasks and driver impairments in the SHRP 2 database and other naturalistic driving databases.











5. Conclusions


The Dingus study Talk OR estimate in the SHRP 2 naturalistic driving study data was biased high because of “additional task” selection bias and “driver behavior error” confounding bias. When these biases are removed using two different methods, the replicated Dingus study Talk OR point estimate declines from 2.2 (CI 1.5–3.2) to below 1, now consistent with prior real-world and naturalistic driving studies.
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Note added after study completion


Version 3.0 of the SHRP 2 database was released on 9 August 2017 after completion of the analyses in this paper, which were based on database version 2.1.1. The Talk00 OR estimate in Table 5 declined slightly from 0.94 (CI 0.30–2.3) in version 2.1.1 to 0.86 (CI 0.31–1.9) in version 3.0. The Talkab OR estimate in Table 6 rose slightly from 0.92 (CI 0.45–1.7) in version 2.1.1 to 0.99 (CI 0.55–1.7) in version 3.0. Thus, the adjusted Talk OR point estimates are still near 1 in version 3.0 and continue to support the main conclusion of this study that removing two major analysis biases in the Dingus study causes the Talk OR point estimate to decline from 2.2 to near 1, consistent with the effect size estimates of cellular conversation on wireless devices in prior real-world and naturalistic driving studies.




Definitions/Abbreviations as Used in This Study








	additional task selection bias
	In the current paper, refers to an upward bias arising from selecting video clips with additional secondary tasks for the Exposed column (drivers with exposure to the secondary task of interest) but selecting video clips with no secondary tasks for the Unexposed column. Such an imbalance meets the definition of selection bias.



	additive bias
	If two or more secondary tasks are performed during the case window but not during the control window, a bias can arise if the objective is to estimate the risk of just one of those tasks. See additive model.



	additive model
	A model in which the combined effect of several factors on an outcome measure (such as a risk or rate) is the sum of the effects that would be produced by each of the factors in the absence of the others. For example, if factor X adds x to risk in the absence of Y, and factor Y adds y to risk in the absence of X, an additive model states that the two factors together will add (x + y) to risk.– Porta (2014) [11] (pp. 3–4). See also interaction; multiplicative model; supra-multiplicative model.



	adjusted estimate
	An adjusted estimate of an effect size measure (such as an odds ratio estimate) refers to a measure in which “the effects of differences in composition of the populations being compared have been minimized by statistical methods”.—adapted from Porta (2014) [11] (p. 4). See also crude estimate, corrected estimate and matched controls.



	balanced-sample baseline
	An epoch of data selected for comparison to any of the conflict types (crash, near-crash, crash-relevant conflict) rather than due to the presence of conflict. For SHRP 2, these baselines are 21 s long and were randomly selected with a goal of 20,000 baselines, a minimum of 1 baseline per driver and the number of baselines for each driver proportional to the total driving time >5 mph for each driver. Baselines were selected only if vehicle speed did not dip below 5 mph for more than 2 consecutive seconds.—Adapted from VTTI (2015) [8] (p. 42)



	biologic interaction
	Interaction between factors A and B in a given instance corresponds to the occurrence of a situation in which A and B both played a causal role with direct interaction between them, giving rise to a multiplicative or supra-multiplicative interaction effect larger than the sum of the individual risks of A and B—see Rothman (2012) [10] (p. 182). This definition of biologic interaction was first applied to crash causation in Appendix B in Young (2017a) [7]. See also interaction and interaction risk ratio.



	case
	“A particular disease, health disorder, or condition under investigation found in an individual or within a population or study group. A person having a particular disease, disorder or condition (e.g., a case of cancer, a case in a case-control study)”. —Porta (2014) [11] (p. 34)

In the Dingus and current studies, case refers to a crash of severity level I (severe), II (property damage), or III (minor) and does not include Severity IV or near-crashes. See Severity levels I, II, III and IV.



	case-cohort study
	“A variant of the case-control study in which the controls are drawn from the same cohort as the cases regardless of their disease status. Cases of the disease of interest are identified and a sample of the entire starting cohort (regardless of their outcomes) forms the controls. This design provides an estimate of the risk ratio without any rare disease assumption”.—Porta (2014) [11] (p. 35)



	case-control study
	“The observational epidemiological study of persons with the disease (or another outcome variable) of interest and a suitable control group of persons without the disease (comparison group, reference group). The potential relationship of a suspected risk factor or an attribute to the disease is examined by comparing the diseased and non-diseased subjects with regard to how frequently the factor or attribute is present”.—Porta (2014) [11] (p. 35)



	case-crossover study
	“A type of case-only study and an observational analogue of a crossover study. It can be used when a brief exposure triggers an outcome or causes a transient rise in the risk of a disease with an acute onset. In this design, each case serves as its own matched control. The exposure status of each case is assessed during different time windows and the exposure status at the time of case occurrence is compared to the status at other times. Conditions to be met include the following: (1) acute cases are needed, an abrupt outcome applies best; (2) crossover in exposure status (there must be a sufficient number of individuals who crossed from higher to lower exposure level and vice-versa); (3) brief and transient exposures (the exposure or its effects must be short-lived); and (4) selection of control time periods must be unrelated to any general trends in exposure. Properly applied, the design allows estimation of the rate ratio without need for a rare disease assumption”.—Porta (2014) [11] (p. 36)



	case exposure odds
	The case odds of exposure to a secondary task are the record count across all cases of task exposures divided by the count of non-exposures to that task. The case exposure odds form the numerator of the odds ratio.



	case window
	In the SHRP 2 naturalistic driving study, a time period that starts 5 s before the onset of the precipitating event before a crash and ends 1 s after the onset of the precipitating event. The precipitating event occurs shortly before the time of the crash. The Dingus study [11] counted secondary tasks which had at least a portion of their task time in this case window. The SHRP 2 database (like the 100-Car database), allows for 3 “slots” in which 0, 1, 2, or 3 secondary tasks can be recorded by the analysis if they were observed in the video recording of the driver.



	cell phone conversation
	Talking or listening on a cellular device. See Talk.



	cellular device
	Includes hand-held portable phones, hands-free portable phones, hand-held embedded phones (e.g., “car phones” in the 1980s and 1990s) and a hands-free embedded cellular device such as OnStar. Embedded or integrated means a wireless cellular device built into the vehicle by the vehicle manufacturer, such as the OnStar device, before time of sale. An embedded cellular device is not technically a “phone,” because it cannot be used outside the vehicle as can portable phones that people can carry into the vehicle.



	cohort study
	“The analytic epidemiological study in which subsets of a defined population can be identified who are, have been, or in the future may be exposed or not exposed—or exposed in different degrees—to a factor or factors hypothesized to influence the occurrence of a given outcome. A common feature of a cohort study is comparison of incidences in groups that differ in exposure levels. The denominators used for analysis may be persons or person-time”.—Porta (2014) [11] (p. 50)



	confidence interval
	A range of values around a point estimate that indicates the precision of the point estimate. A wide confidence interval indicates low precision and a narrow interval indicates high precision (Rothman, 2012) [10] (p. 149).“If the underlying statistical model is correct and there is no bias, a confidence interval derived from a valid analysis will, over unlimited repetitions of the study, contain the true parameter with a frequency no less than its confidence level (often 95% is the stated level but other levels are also used)”.—Porta (2014) [11] (p. 54).

Assuming a 95% confidence interval, if the analysis is correct and without bias, the population risk ratio or rate ratio will be within the confidence interval of the OR estimate of that risk ratio or rate ratio 95% of the time.



	confounding
	“Loosely, the distortion of a measure of the effect of an exposure on an outcome due to the association of the exposure with other factors that influence the occurrence of the outcome. Confounding occurs when all or part of the apparent association between the exposure and the outcome is in fact accounted for by other variables that affect the outcome and are not themselves affected by exposure”.—Porta (2014) [11] (p. 55).



	confounding bias
	“Bias on the estimated effect of an exposure on the outcome due to the presence of a common cause of the exposure and the outcome”—Porta (2014) [11] (p. 55).Example: the apparent association between cell phone use and driving risk in two studies (Redelmeier and Tibshirani, 1997; McEvoy et al., 2005) [24,25] was confounded by part-time driving in control periods (see Appendix A.4). In driving safety studies, many factors (e.g., traffic and environmental conditions, driver demographic characteristics) are potential confounders that can bias RR estimates either up or down from the true RR. Confounding factors must be controlled for in order to estimate a valid RR.



	control exposure odds
	The odds in the control window of exposure to a secondary task are the count across all controls of task exposures divided by the count of non-exposures to that task. The control exposure odds form the denominator of the odds ratio. See odds ratio.



	control window
	In naturalistic driving studies, a short time period ideally with the same duration as the case window but during driving on some random day before the crash, when there was no safety-related event. Here defined to indicate the 6-second period during which VTTI tabulated the occurrence of secondary tasks during baseline driving. From these task counts, the odds of exposure to a secondary task during baseline driving can be calculated. The counts of exposures to a secondary task during baseline driving, when divided by the counts of non-exposures to that task during baseline driving, forms the denominator of the crude odds ratio. Control windows can be random or matched to cases windows. Control windows matched to cases in environmental and roadway variables are not available in the InSight SHRP 2 database at the time of writing.



	corrected estimate
	A corrected estimate refers here to an effect measure in which an arithmetic or mathematical error has been corrected. See crude estimate and adjusted estimate.



	crash
	“Any contact that the subject vehicle has with an object, either moving or fixed, at any speed in which kinetic energy is measurably transferred or dissipated. Also includes non-premeditated departures of the roadway where at least one tire leaves the paved or intended travel surface of the road”.—VTTI (2015) [8] (p. 39)

“Any contact with an object, either moving or fixed, at any speed in which kinetic energy is measurably transferred or dissipated. Includes other vehicles, roadside barriers, objects on or off the roadway, pedestrians, cyclists, or animals”.—Klauer et al. (2006) [23] (p. xiii)

Crashes can be rated in terms of severity (see crash severity levels).



	crash-relevant conflict
	“A subjective judgment of any circumstance that requires but is not limited to, a crash avoidance response on the part of the subject-vehicle driver, any other vehicle, pedestrian, cyclist, or animal that is less severe than a rapid evasive maneuver (as defined in near-crash event) but greater in severity than a “normal maneuver” to avoid a crash. A crash avoidance response can include braking, steering, accelerating, or any combination of control inputs. A “normal maneuver” for the subject vehicle is defined as a control input that falls [within] the 95 percent confidence limit for control input as measured for the same subject”.—Klauer et al. (2006) [23] (p. xiii)

“Any circumstance that requires an evasive maneuver on the part of the subject vehicle or any other vehicle, pedestrian, cyclist, or animal that is less urgent than a rapid evasive maneuver (as defined above in Near Crash) but greater in urgency than a “normal maneuver” to avoid a crash. A crash avoidance response can include braking, steering, accelerating, or any combination of control inputs. Crash Relevant Conflicts must meet the following four criteria

1. Not a Crash. The vehicle must not make contact with any object, moving or fixed and the maneuver must not result in a road departure.

2. Not pre-meditated. The maneuver performed by the subject must not be pre-meditated. This criterion does not rule out Crash Relevant Conflicts caused by unexpected events experienced during a pre-meditated maneuver (e.g., a premeditated aggressive lane change resulting in a conflict with an unseen vehicle in the adjacent lane that requires an non-rapid evasive maneuver by one of the vehicles).

3. Evasion required. An evasive maneuver to avoid a crash was required by either the subject or another vehicle, pedestrian, animal, etc. An evasive maneuver is defined as steering, braking, accelerating, or combination of control inputs that is performed to avoid a potential crash.

4. “Rapidity NOT required. The evasive maneuver must not be required to be rapid”.—VTTI (2015) [8] (p. 41)



	crash severity levels
	I—Most Severe; II—Police-reportable crash; III—Minor Crash; IV—Minor tire strike only. See also Severities I, II, III and IV.



	crude estimate
	A crude estimate of an effect size (whether a risk ratio, odds ratio, risk difference, rate ratio, rate difference, etc.) refers to a measure in which the effects of differences in composition of the populations being compared (e.g., differences in age or sex distributions) have not been minimized by statistical or epidemiological methods. See adjusted estimate and corrected estimate.



	density sampling
	“A method of selecting controls in a case-control study in which cases are sampled only from incident cases over a specific time period and controls are sampled and interviewed throughout that period (rather than simply at one point in time, such as the end of the period). This method can reduce bias due to changing exposure patterns in the source population and allows estimation of the rate ratio without any rare-disease assumption. A density-sampled control may subsequently become a case, before the study ends, in contrast to cumulative sampling”.—Porta (2014) [11] (p. 71)



	Dingus study
	Refers to Dingus et al. (2016) [1]



	driver distraction
	“Driver distraction is the diversion of attention away from activities critical for safe driving toward a competing activity, which may result in insufficient or no attention to activities critical for safe driving”.—Regan et al. (2011) [31] (p. 1776)

See also Regan et al. (2009) [32] and Foley et al. (2013) [13].



	driver behavior errors
	“Driver behaviors (those that either occurred within seconds prior to the Precipitating Event or those resulting from the context of the driving environment) that include what the driver did to cause or contribute to the crash or near-crash. Behaviors may be apparent at times other than the time of the Precipitating Event, such as aggressive driving at an earlier moment which led to retaliatory behavior later. If there are more than 3 behaviors present, select the most critical or those that most directly impact the event as defined by event outcome or proximity in time to the event occurrence. Populate this variable in numerical order”.—VTTI (2015) [8]

See Section 2.1.6 in the main body for a more complete definition of driver behavior errors in the SHRP 2 study and in the Dingus study.



	driver behavior error confounding bias
	A confounding bias that arises from driver behavior errors being present in both the Talk-exposed and Talk-unexposed database records.



	effect measure
	“A quantity that measures the effect of a factor on the frequency or risk of a health outcome or effect … Such measures include … risk ratios, odds ratios and rate ratios, which measure the amount by which a factor multiplies the risk, odds, or rate of disease. The identification of these quantities with effect measures presumes that there is no bias in the quantity”.—Adapted from Porta (2014) [11] (p. 90)



	effect size
	“The amount by which a factor multiplies the risk, odds, or rate of disease”.—Porta (2014) [11] (p. 90). See effect measure.



	exact method
	“A statistical method based on the actual (i.e., “exact”) probability distribution of the study data rather than on an approximation, such as a normal or a chi-square distribution”.—Porta (2014) [11] (p. 102).



	exposure odds ratio
	The exposure-odds ratio for a set of case-control data is the ratio of the odds in favor of exposure among the cases to the odds in favor of exposure among non-cases. See odds ratio.



	heterogeneity
	1. “(Syn: effect-measure modification) Differences in stratum-specific effect measures. When such measures are not equal it is said that the effect measure is heterogeneous or modified or varies across strata.

”2. “In a meta-analysis, the variability in the intervention effects being evaluated in the different studies. It may be a consequence of clinical diversity (sometimes called clinical heterogeneity) or of methodological diversity (methodological heterogeneity), or both, among the studies. It manifests in the observed intervention effects being more different from each other than one would expect due to random error (chance) alone”. – Adapted from Porta (2014) [11] (p. 134). See homogeneous.



	heterogeneous
	The effect size (e.g., the OR estimate) is not equal across strata, meaning that the effect size is modified or varies across strata. See Rothman et al. (2008) [26] (p. 63) and Porta (2014) [11] (p. 134).

Heterogeneous strata must not be pooled to create a single effect size estimate because the heterogeneity means the effect measure varies across the strata by more than a chance amount (Rothman, 2012) [10] (p. 178). Standard epidemiological tests for homogeneity should be used to ensure the strata are homogeneous before pooling is done. See heterogeneity and homogeneous.



	homogeneous
	Assume the population under study is divided into two or more categories or strata (e.g., defined by exposure and confounder levels). The homogeneous assumption is that within each analysis subgroup, “the probability (risk) of an outcome event arising within a unit of person-time is identical for all person-time units in the stratum”. —Rothman et al. (2008) [26] (pp. 239–240)

In other words, the term homogeneous means that the effect is constant or uniform across strata. Only if the strata are homogenous can they be properly pooled and this must be tested on a case-by-case basis. For example, crashes and near-crashes may be homogeneous for one type of secondary task but not another. Crashes of different severity levels may be homogeneous for Talk but not for drowsiness. See heterogeneous and heterogeneity.



	interaction
	1. The interdependent, reciprocal, or mutual operation, action, or effect of two or more factors to produce, prevent, control, mediate, or otherwise influence the occurrence of an event. In a broad sense, a biological interaction involves a biological, physical, chemical, cellular, or physiological interdependent operation of two or more factors.

2. Differences in the effect measure for one factor at different levels of another factor. See also heterogeneity.

3. The necessity for a product term in a linear model (Syn: statistical interaction). Based on the study substantive hypotheses, the (biological, clinical, social) nature of the interaction must guide its mathematical formulation and treatment.— Porta (2014) [11] (pp. 151–152).



	interaction risk ratio
	The risk ratio specifically due to the interaction between two causes. See Young (2017a) [7] (Appendix B) for a formal definition of interaction risk ratio applied to naturalistic driving studies. See also interaction, biologic interaction.



	LL
	Lower limit of 95% confidence interval.



	matched controls
	“Controls who are selected so that they are similar to cases in specific characteristics. Some commonly used matching variables are age, sex, race and socioeconomic status”.—Porta (2014) [11] (p. 59)

In real-world or naturalistic driving studies, refers to baselines matched to cases not just by demographic variables but also by environmental variables (e.g., time-of-day, weekday/weekend, weather, traffic, closeness-to-junction). Without matched controls, or adjustments for demographic and environmental variables using stratification or logistic regression analysis, the effect sizes (OR estimates, risk ratios and rate ratios) may be biased either upwards or downwards from their true population values by an unknown amount.



	Model Driving
	A term coined by the Dingus study (2016) [1]. A record of a video clip with 0 secondary tasks; 0, 1, 2, or 3 driver behavior errors; 0 driver impairments. Same as Not Talk0b.



	multiplicative model
	“A model in which the joint effect of two or more factors is the product of their individual effects. For instance, if factor X multiplies risk by the amount x in the absence of factor Y, and factor Y multiplies risk by the amount y in the absence of factor X, then the multiplicative risk model states that the two factors X and Y together will multiply the risk by x • y.“ – Porta (2014) [11] (p. 191). See also additive model; supra-multiplicative model.



	multi-tasking interaction bias
	The effects of concurrently performing two or three secondary tasks during the same 6-s case time window, but not during the control window The combined interaction effect on crash risk of two or three secondary tasks performed concurrently can be multiplicative or supra-multiplicative of the individual risks. See also interaction.



	MVMT
	Million vehicle miles traveled.



	naturalistic driving
	An example of non-experimental driving, as is real-world driving. Vehicles are specially equipped with video cameras that record the driver’s behavior and other instruments such as inertial sensors that record the vehicle’s behavior. These measurements occur in real time, while the vehicles are driven in everyday fashion over a prolonged period, from months to several years.



	NDS
	naturalistic driving study



	near-crash
	The 100-car study definition: “A subjective judgment of any circumstance that requires but is not limited to, a rapid, evasive maneuver by the subject vehicle, or any other vehicle, pedestrian, cyclist, or animal to avoid a crash. A rapid, evasive maneuver is defined as a steering, braking, accelerating, or any combination of control inputs that approaches the limits of the vehicle capabilities”.—Klauer et al. (2006) [23] (p. xv)

The SHRP 2 definition removes the term “subjective judgment”: “Any circumstance that requires a rapid evasive maneuver by the subject vehicle or any other vehicle, pedestrian, cyclist, or animal to avoid a crash”.—VTTI (2015) [8] (p. 41)

The SHRP 2 definition then lists and defines four criteria that a near-crash must meet: 1. Not a crash; 2. Not premediated; 3. Evasion required; and 4. Rapidity required. It states that, “Events classified as Near Crashes generally undergo further analysis”.

As near-crashes were not used in any of the analyses in the main body of this paper, their definition will not be further described.



	Not Talk
	A record of a video clip without Talk. Can have 0, 1, 2, or 3 secondary tasks; 0, 1, 2, or 3 secondary tasks. Various Not Talk names with superscripts indicating whether Not Talk can be accompanied by additional secondary tasks or driver behaviors or not have been coined in this paper to refer to Talk in these different circumstances. See Not Talk00, Not Talk0b, Not Talka0, Not Talkab.



	Not Talk00
	A record of a video clip with 0 secondary tasks; 0 driver behavior errors. Same as Pure Driving.



	Not Talk0b
	A record of a video clip with 0 secondary tasks; 0, 1, 2, or 3 driver behavior errors.



	Not Talka0
	A record of a video clip with 0, 1, 2, or 3 secondary tasks without Talk; 0 driver behavior error.



	Not Talkab
	A record of a video clip with 0, 1, 2, or 3 secondary tasks without Talk; 0, 1, 2 or 3 driver behavior errors.



	odds ratio
	“The ratio of two odds. The term odds is defined differently according to the situation under discussion. Consider the following notation for the distribution of a binary exposure and a disease in a population or a sample:
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The odds ratio (cross-product ratio) is ad/bc.

The exposure-odds ratio for a set of case-control or cross-sectional data is the ratio of the odds in favor of exposure among the cases (a/b) to the odds in favor of exposure among non-cases (c/d). This reduces to ad/bc. In a case-control study with incident cases, unbiased subject selection and a “rare” (uncommon) disease, ad/bc is an approximate estimate of the risk ratio; the accuracy of this approximation is proportional to the risk of the disease. With incident cases, unbiased subject selection and density sampling of controls, ad/bc is an estimate of the ratio of the person-time incidence rates in the exposed and unexposed (no rarity assumption is required for this)”.—Porta (2014) [11] (p. 205)In the Dingus and current study, the exposure odd-ratio is used in a case-control design analysis. The odds of exposure to a risk factor during an event (e.g., a crash) are compared to the odds of an exposure during a non-event (e.g., baseline driving without a crash or safety-critical event). Because the SHRP 2 study used density sampling of controls, the OR estimates the rate ratio and no rarity assumption for the crash is required. For driving safety research, the OR estimate (in the absence of bias) in a naturalistic driving study can therefore be a good approximation of the rate ratio. In general, the OR estimate, the RR and the rate ratio should all be approximately the same with unbiased subject selection and minimization of confounding factors.



	OR
	Abbreviation for odds ratio.



	point estimate
	“An estimate presented as a single value”.—Rothman (2012) [10] (p. 149)In the Talk examples in this paper, a point estimate (such as an OR) quantifies the estimated strength of the relation between talking on a cellular device and the occurrence of a crash. To indicate the precision of a point estimate, a confidence interval is used (see confidence interval).



	precipitating event
	The action of a driver that begins the chain of events leading up to a safety-critical event; e.g., for a rear-end collision, the precipitating event most likely would be lead vehicle begins braking (or lead vehicle brake lights illuminate).—Adapted from Klauer et al. (2006) [23] (p. xvi)Synonymous with “onset of conflict” and “precipitating factor”—Klauer et al. (2006) [23].



	primary driving tasks
	The operational tasks of driving per se which are critical to driving: namely, steering, pressing and releasing the accelerator, braking and detecting and responding with an appropriate steering or braking maneuver to objects and events in the roadway. In vehicles with manual transmissions, primary tasks would also include pressing and releasing the clutch pedal and operating the gearshift lever. Other tasks that are critical to the driving task were also defined as primary in the SHRP 2 study, including speedometer checks, mirror/blind spot checks and activating wipers/headlights. See secondary tasks.



	Pure Driving
	See Not Talk00.



	Pure Talk
	See Talk00.



	Pure Task
	A record of a video clip with a single secondary task and no additional secondary tasks and no driver behavior errors.



	rate ratio
	“The ratio of two rates; e.g., the rate in an exposed population divided by the rate in an unexposed population”.—Porta (2014) [11] (p. 240)



	real-world driving
	Another example of non-experimental driving, as is naturalistic driving. Real-world driving refers to driving a vehicle in an everyday manner, without experimental instructions or special instrumentation. In real-world driving, tasks such as engaging in a cell phone conversation that are secondary to primary driving, if performed at all, are performed at times and under traffic and environmental conditions chosen by the driver and no special equipment beyond that installed at the time of purchase is attached to the vehicle. Examples of real-world studies are in Appendix A, studies A–C.



	relative risk
	“Usually, a synonym for risk ratio. However, the term is also commonly used to refer to the rate ratio and even to the odds ratio (OR). To minimize confusion, it may be better to avoid this term in favor of more specific terms”.—Porta (2014, p. 245) [11]



	risk
	The probability of an event. In driving safety, risk often refers to the probability of a crash.



	risk ratio
	“The ratio of two risks, usually of exposed and not exposed”.—Porta (2014) [11] (p. 252).

Note that the risk ratio is not synonymous with the odds ratio (OR), which is used as an estimate of the risk ratio. For epidemiological study designs such as case-control based on samples of a full population cohort, the OR estimate may approximate the risk ratio and rate ratio in a population cohort.



	RR
	Abbreviation for risk ratio.



	SAE
	Society for Automotive Engineers



	safety-critical event
	Crashes (including curb strikes), near-crashes and crash-relevant conflicts.



	secondary tasks
	Tasks performed in a vehicle by a driver that are not related to the primary driving tasks.

“Observable driver engagement in any of the listed secondary tasks, beginning at any point during the 5 s prior to the Precipitating Event time (Conflict Begin, Variable 2) through the end of the conflict (Conflict End). For Baselines, secondary tasks are coded for the last 6 s of the baseline epoch, which corresponds to 5 s prior to “Conflict Begin” through one second after “Conflict Begin” (to the end of the baseline). Distractions include non-driving related glances away from the direction of vehicle movement. Does not include tasks that are critical to the driving task, such as speedometer checks, mirror/blind spot checks, activating wipers/headlights, or shifting gears. (These are instead coded in the Driving Tasks variable.) Other non-critical tasks are included, including radio adjustments, seatbelt adjustments, window adjustments and visor and mirror adjustments. Note that there is no lower limit for task duration. If there are more than 4 secondary tasks present, select the most critical or those that most directly impact the event, as defined by event outcome or proximity in time to the event occurrence. Populate this variable in numerical order. (If there is only one distraction, name it Secondary Task 1; if there are two, name them Secondary Task 1 and 2. Enter “No Additional Secondary Tasks” for remaining Secondary Task variables.)”—VTTI (2015) [8] (p. 16)

Note that this definition divides vehicle tasks into primary and secondary tasks. The vehicle tasks judged as “critical” to the driving task and counted as primary driving tasks and not secondary tasks are: “speedometer checks, mirror/blind spot checks, activating wipers/headlights, or shifting gears”. (The 100-car study found these tasks to have OR estimates below 1). Note that other vehicle tasks are judged “non-critical” and are therefore defined as secondary tasks: “radio adjustments, seatbelt adjustments, window adjustments and visor and mirror adjustments”.



	selection bias
	“Bias in the estimated association or effect of an exposure on an outcome that arises from the procedures used to select individuals into the study or the analysis”.—Porta (2014) [11] (p. 258).

An example of a potential reason for selection bias is if all drivers with a safety-critical event are chosen for the Exposed column and only at-fault drivers with a safety-critical event are chosen for the Unexposed column, as was done in the analysis of the 100-Car study data by Klauer et al. (2006) [23]. See Young (2013a) [33].

Another example of selection bias is if the Exposed column is selected to be records with additional secondary tasks in the same case and control windows as the secondary task of interest but the Unexposed column is selected to be records with no secondary tasks at all in the case and control windows, as was done in the Dingus study [1]. The presence of the additional secondary tasks along with Talk (but not without Talk) is an example of selection bias, because the additional secondary tasks either by themselves or conjointly with Talk, upwardly bias the Talk OR estimate (see Results Section 3.2 in main body of current paper).



	self-regulation
	An active adjustment by a driver of their driving behavior in response to changes in the driving environment or competing task demands to maintain an adequate level of safe driving.—Adapted from K. Young et al. (2009) [34] and Young (2014b) [20] (p. 68).



	Severity I—Most Severe
	“Any crash that includes an airbag deployment; any injury of driver, pedal cyclist, or pedestrian; a vehicle roll over; a high Delta V; or that requires vehicle towing. Injury if present should be sufficient to require a doctor’s visit, including those self-reported and those apparent from video. A high Delta V is defined as a change in speed of the subject vehicle in any direction during impact greater than 20 mph (excluding curb strikes) or acceleration on any axis greater than ±2 g (excluding curb strikes)”.—VTTI (2015) [8] (p. 43)



	Severity II — Police-Reportable Crash
	“A police-reportable crash that does not meet the requirements for a Level I crash. Includes sufficient property damage that it is police reportable (minimum of ~$1500 worth of damage, as estimated from video). Also includes crashes that reach an acceleration on any axis greater than +/−1.3 g (excluding curb strikes). If there is a police report this will be noted. Most large animal strikes and sign strikes are included here”.—VTTI (2015) [8] (p. 43)



	Severity III—Minor Crash
	“Physical Contact with Another Object. Most other crashes not included above are Level III crashes, defined as including physical contact with another object but with minimal damage. Includes most road departures (unless criteria for a more severe crash are met), small animal strikes, all curb and tires [sic] strikes potentially in conflict with oncoming traffic and other curb strikes with an increased risk element (e.g., would have resulted in worse had curb not been there, usually related to some kind of driver behavior or state)”.—VTTI (2015) [8] (p. 43)



	Severity IV—Low-risk Tire Strike
	“Tire strike only with little/no risk element (e.g., clipping a curb during a tight turn)”. —VTTI (2015) [8] (p. 44)



	SHRP 2
	Strategic Highway Research Program Phase 2



	slots
	The SHRP 2 and 100-Car NDS databases contain 3 “slots” or database entries to record secondary tasks during a case window and another 3 slots to record secondary tasks during a control window. There are another 3 slots to record driver behavior errors during a case window and another 3 slots to record driver behavior errors during a control window. The video reductionists may fill zero, one, two, or three of each of these slots with driver activities observed from the video recordings of a driver’s face and hands.



	supra-multiplicative model
	A model in which the joint effect of two or more factors is greater than the product of their individual effects. For instance, if factor X multiplies risk by the amount x in the absence of factor Y, and factor Y multiplies risk by the amount y in the absence of factor X, then the supra-multiplicative risk model states that the two factors X and Y together will have a have a risk that is greater than the product of x and y. See also additive model, multiplicative model. For formal definition and examples, see Young (2017a) [7] (Appendix B and Appendix C).



	Talk
	In the main body of this paper, “Talk” refers specifically to the SHRP 2 secondary task coded in the SHRP 2 databases as, “Cell phone, Talking/listening, hand-held”.

This task is defined in the SHRP 2 database as, “Subject vehicle driver is talking on a handheld phone or has phone up to ear as if listening to a phone conversation or waiting for person they are calling to pick up the phone. If driver has an earpiece or headset, the driver must be observed talking repeatedly”.—VTTI (2015) [8] (p. 58)

There are no hands-free wireless tasks recorded in version 2.1.1 of the SHRP 2 database. Naturalistic driving studies conducted by VTTI (such as 100-Car and SHRP 2) did not have audio recordings in the vehicle, only video. Therefore, determining whether a driver is engaging in a hands-free conversation, or just singing or talking to themselves, is difficult. The SHRP 2 video analysis researcher dictionary (VTTI, 2015) [8] (p. 58) states with regard to hands-free conversation, “This category cannot be reliably and consistently determined in many naturalistic studies due to insufficient information. Cell phone records, audio recordings and/or extensive review of extended video footage are required to code this category, none of which were available at the time of the current coding effort”. Because the video reductionists could not distinguish between “Cell phone, Talking/listening, hands-free” and “Talking/singing, audience unknown,” they combined these tasks into the single “Talking/Singing, audience unknown” category (VTTI, 2015) [8] (p. 1).

Hence, only hand-held cell phone conversations (Talk) were tabulated in version 2.1.1 of the SHRP 2 naturalistic driving study database.In the SHRP 2 dataset used by in the Dingus and current studies, Talk therefore refers specifically to hand-held cell phone conversation. However, the term Talk can be more generally used to refer to any wireless conversation while driving, whether via a hand-held portable phone, a hands-free portable phone, or a hands-free device embedded in the vehicle (e.g., OnStar), because all of these modes of wireless conversation have risk ratios, rate ratios, or odds ratio estimates that are homogeneous and near one (Appendix A). Thus, in Appendix A, the term Talk can refer to any one of these three modes of wireless conversation, depending upon the context.

Talk can also thus be used as a generic term referring to wireless cellular conversation on any device. Talk can be accompanied by additional tasks or driver behaviors, or not. Various Talk names with superscripts indicating whether Talk is accompanied by additional secondary tasks or driver behaviors, or not, have been coined in this paper to refer to Talk in these different circumstances. See Talk00, Talk0b, Talka0, Talkab, TalkAb and the corresponding Not Talk definitions.



	Talk Alone
	Same as Talk0b.



	Talk00
	A record of a video clip with Talk and no additional secondary tasks and no driver behavior errors. Same as Pure Talk.



	Talk0b
	A record of a video clip with Talk; 0 additional secondary tasks; 0, 1, 2 or 3 driver behavior errors. A Talk0b record can still have driver behavior errors and so is distinguished from Talk00 and Talka0. A “Talk Alone” record. See Talk.



	Talka0
	A record of a video clip with Talk plus 0, 1, or 2 additional secondary tasks and 0 driver behavior errors. See Talk.



	Talkab
	A record of a video clip with Talk plus 0, 1, or 2 additional secondary tasks and with 0, 1, 2, or 3 driver behavior errors. See Talk.



	TalkAb
	A record of a video clip with Talk and 1 or 2 additional secondary tasks and 0, 1, 2 or 3 driver behavior errors. See Talk.



	Task Alone
	A record of a video clip with a single secondary task; 0 additional secondary tasks; 0, 1, 2 or 3 driver behavior errors. A Task Alone record can still contain driver behavior errors.



	UL
	Upper limit of 95% confidence interval.



	unsafe driving
	The confidence interval of the effect size (whether a RR, rate ratio, or OR estimate) for the secondary task, driver behavior error, or impairment is entirely above 1.



	VTTI
	Virginia Tech Transportation Institute








Appendix A. Effect Measures of Talk in Prior Real-World and Naturalistic Driving Studies


There have been five major real-world or naturalistic driving studies known to the author that attempted to measure the crash effect size of Talk while driving using an epidemiological study design.



Because these five major studies often used different epidemiological designs, the effect measures they each employed were often different, such as risk ratio, rate ratio, or odds ratio estimate. Some understanding of the definitions of these effect measures is necessary before the effect sizes in these studies can be compared with each other, with the Dingus study and with the current study. Note that different study designs with different effect measures should all have approximately the same effect size, if the studies are free of bias (Rothman, 2012) [10] (Chapter 5).



Note that studies of Talk based solely on police crash reports or crash databases derived from such police reports have also been done but they typically not only have inexact crash times, they have inexact Talk times unless cell phone records are used. It is therefore difficult or impossible to establish the correct relative times of Talk or other secondary tasks to the crash with accuracy (Young, 2014a) [35] (Appendix A), so such studies are not cited in this Appendix.



Appendix A.1. Definition of Key Effect Measures


The term relative risk is usually a synonym for risk ratio (RR). However, the term is also commonly used to refer to the rate ratio and even to the odds ratio (OR) estimates of risk and rate ratios. To minimize confusion, the term relative risk is avoided throughout this paper, in favor of the more specific terms of risk ratio and rate ratio and odds ratio estimates of risk and rate ratios, as appropriate for a given epidemiological study design. Prior studies of Talk while driving have typically used one or the other of these three effect measures. A short summary of the definitions of these three measures is presented to facilitate the comparison of the Dingus study and current results which used OR estimates to prior real-world results, which used risk ratios or rate ratios. This section is only a brief introduction to these definitions; the Definitions section may be consulted for more detail.



The risk ratio (RR) is defined as: “The ratio of two risks, usually of exposed and not exposed” (Porta, 2014) [11] (p. 252). The RR is a population metric and it requires a cohort study to calculate it directly.



The rate ratio is defined as “The ratio of two rates; e.g., the rate in an exposed population divided by the rate in an unexposed population” (Porta, 2014) [11] (p. 240). The rate ratio is also a population metric, so it also requires a cohort study to calculate it directly. If the SHRP 2 study could someday tabulate all instances of Talk and not Talk during all driving from key-on to key-off, it would be a cohort study of Talk. All baseline driving would have to have its video reduced, which will likely only be feasible when computer vision methods are developed that can duplicate what video reductionists do now. From this new SHRP 2 cohort data, one could then directly evaluate the risk ratio or rate ratio for the cohort and from that generalize to the U.S. driving population.



The odds ratio (OR) is the ratio of two odds. The exposure-odds ratio was that used in the Dingus study and here. It is the ratio of the odds in favor of exposure among the cases to the odds in favor of exposure among non-cases. Note that the OR is only an estimate of the RR or rate ratio and hence the OR is not synonymous with the RR or rate ratio. However, in well-designed studies that minimize bias to the extent possible, the OR estimate, the rate ratio and risk ratio can closely approximate one another. In particular, in a well-designed case-control epidemiological study design that minimizes bias, the OR estimate approximates the RR and the rate ratio. The effect size is simply the numerical value of the effect measure, whether it is an OR estimate, RR, or rate ratio.



A point estimate is “An estimate presented as a single value” (Rothman, 2012) [10] (p. 149). A driver activity (such as a secondary task or driver behavior error) with a point estimate size above 1.0 means the crash risk is greater when engaged than when not engaged in the activity; i.e., a crash-increasing effect that is a potential detriment to driving safety. A point estimate size of 1.0 means that the crash risk when engaged in the activity is the same as when not engaged; i.e., the activity has no effect on driving safety. A point estimate size below 1.0 means the crash risk is smaller when engaged in the activity than when not engaged; i.e., there is a crash-reducing (protective) effect that is a potential improvement in driving safety.



There is typically a 95% confidence interval around these metrics, which simply indicates the precision for the metric. The 95% value indicates that with unlimited repetitions of the study, the confidence interval will contain the true metric with a frequency no less than 95% of the time (see confidence interval in Definitions section). As mentioned in Section 2.1.2 and repeated here for emphasis, confidence intervals for epidemiological measures are used solely as a measure of the precision of the effect size and should not be used as a measure of “statistical significance” as is common in the field of statistics. As noted in the main body Section 2.1.2, it is not in accord with current best practices in epidemiology to evaluate “statistical significance,” for reasons explained in Greenland et al. (2016) [4] and Rothman (2016) [5].



In a cohort study, risk ratios and rate ratios can be directly calculated, so OR estimates (which are derived from only samples of a cohort) are irrelevant. The SHRP 2 study used density sampling of controls, so the OR estimates in Table 1, Table 2, Table 3, Table 4, Table 5 and Table 6 in the current study are good approximations to rate ratios (as well as risk ratios), precluding the immediate need for a resource-intensive and expensive cohort analysis of the entire SHRP 2 video data. In summary, the OR estimate (in the absence of bias) in a case-control or case-cohort study can be a good approximation of the risk ratio or rate ratio in the population, as if a cohort design had been used.




Appendix A.2. Comparison of Effect Sizes Across Studies


This brief summary of prior Talk studies in this Appendix is not a systematic review performed according to the PRISMA checklist [36]. However, the author is not aware of any other prior real-world or naturalistic driving study with a formal epidemiological study design that used effect measures of rate ratio, RR, or OR estimates of wireless conversation while driving in a passenger vehicle, other than the studies in Table A1. Note that pooling of individual studies in a meta-analysis if the effect size estimates are homogeneous is a standard procedure that can be performed across epidemiological studies and does not require a prior systematic review.



Rows A to E3 in Table A1 show the study parameters and effect size estimates from five major real-world or naturalistic driving studies of Talk in passenger vehicles in rows A–E3, along with the pooled effect size estimate. Row F shows the Dingus study parameters and OR estimate in row F.





Table A1 shows that prior epidemiological studies of Talk used a variety of epidemiological designs, from case-crossover (A,B), cohort (C), case-control (D), to matched case-control (E1–E3). Different study designs should give approximately the same effect size, if the studies are free of bias (Rothman, 2012) [10] (Chapter 5). The studies in Table A1 used widely different event levels, number of cases, geographic locations, wireless device types, study designs, effect size measures and unexposed type: Not Talk or No Task. It is therefore remarkable that all seven effect size estimates A–E3 in Table A1 were homogeneous with p = 0.99 (note a). This homogeneity indicates that Talk has the same effect size regardless of these varying parameters and so the effect measures can be validly pooled. The pooled OR estimate is 0.69 (CI 0.56–0.85), with a p-value of 0.0005, indicating that the upper limit of the 95% confidence interval is below 1 with high probability.




Appendix A.3. Discrepancy of Dingus Study Talk OR Estimate with Prior Studies


The effect sizes in Table A1 are graphed in Figure A1.





It is obvious by visual inspection of Figure A1, that the Dingus study Talk OR estimate (F) is an outlier compared to the 7 prior real-world and naturalistic driving study estimates (A–E3). Point F is not only substantially higher than the prior effect size estimates (A–E3) but also its point estimate is in the opposite direction from prior studies; i.e., above 1 rather than below 1. This visual impression is confirmed by a homogeneity test, which indicates that the Dingus Talk OR estimate (Point F) is strongly heterogeneous with the pooled Talk effect size of studies (A–E3) with p < 0.00000001.



As mentioned, these prior studies had a wide variety of epidemiological study designs, geographic locales, participants, wireless device types, etc. Hence, the substantial upward discrepancy of the Dingus study Talk OR estimate likely has little to do with any differences in any of these factors with the SHRP 2 dataset. Therefore, it was hypothesized before this study began that the Dingus study had one or more substantial upward biases that led to its high Talk OR point estimate compared to prior studies. The current study was therefore undertaken with the main objective of identifying those biases and adjusting or correcting for them to the extent possible.




Appendix A.4. Biases in Prior Studies A–E3


The prior studies A–E3 are next briefly reviewed, because later research has found that studies A and B (for example) were shown to have major biases and the effect sizes originally published in those studies had to be adjusted to correct for those biases. The corrected effect sizes are those shown in Table A1 and Figure A1.



Appendix A.4.1. Biases in Analyses of Case-Crossover Studies A and B


The case-crossover studies A and B originally had uncorrected risk ratio estimates above 6. Redelmeier and Tibshirani (1997) [24] and McEvoy et al. [25] correctly recognized that if a driver did not drive at all during the control window (what they termed driving intermittency), the risk ratio would be biased. To correct this bias, drivers who had an injury crash were asked to recall in a survey at a considerable time after the crash whether they drove in the control window the day before the crash which had the same ten-minute clock time (i.e., the time of the day or night) as the ten-minute case window before the crash. The investigators discarded these drivers from their analysis who did not recall driving during the control window time. They then adjusted the crude risk ratio estimates downwards to adjust for this confounding bias, from above six to near four.



The case-crossover authors were correct to adjust for total non-driving in control windows. Non-driving is a confounding bias for Talk, because non-driving is a common cause of both Talk exposure and the crash outcome. People reduce their Talk exposure when not driving, because the call rate is about 7 times lower when not driving (Young, 2013b) [39] (Section 2.2.3). It is obvious that the crash outcome is also greatly reduced when the vehicle ignition is off, because other drivers rarely crash into a parked vehicle. See Young (2011, 2012a, 2013b, 2014a) [35,39,40,41] and Young and Seaman (2012) [42] for details.



However, the case-crossover investigators falsely assumed that those drivers who did recall driving in the 10-min control window, actually drove during the entire ten-minute window. GPS studies (Young, 2011, 2012a; Young and Seaman, 2012) [40,41,42] find that driving times are highly variable from day-to-day and on average drivers who drive 10 min on one day, drive for only 2 min (20% of the time) on other days during the identical 10-min clock time. Young (2011,2012a) [40,41] was the first to recognize this additional driving bias in the case-crossover studies, which he termed part-time driving bias. In short, the case-crossover authors recognized and adjusted for “driving intermittency” (no driving in a control window) but they neither recognized nor adjusted for part-time driving in control windows. That is, they failed to adjust for the fact that Talk and crashes were being falsely counted when the vehicle ignition was off during an estimated 80% of the control window duration. Thus, the part-time driving in control windows gave rise to an additional substantial upward bias in the Talk RR. When the part-time driving bias effect was removed in the adjustment procedure, the case-crossover Talk risk ratio decreased from 4 to near 1. Part-time driving bias thus (falsely) elevated the case-crossover risk ratio estimates by about 4 times. After adjustment for both part-time driving bias and misclassification of calls as before the crash when they were after the crash, the Talk risk ratio point estimates from the case-crossover studies fell even further, from about 4 to 0.61 and 0.64 in studies A and B respectively—see Young (2013b) [39] for details. Questions were raised about these adjustments (Mittleman et al., 2012; McEvoy et al., 2012; Kidd and McCartt, 2012) [43,44,45] but they have been answered (Young, 2012b,c) [46,47].




Appendix A.4.2. Bias in OnStar Study C


Two real-world driving studies have been done using the OnStar wireless device. Studies using the OnStar wireless device rely upon GPS, crash sensors and wireless phone records to determine the exact times and locations of all crashes severe enough to deploy an airbag, along with all communications using an embedded wireless device (OnStar).



The first real-world study to call into question whether Talk had a high absolute risk was that of Young (2001) [48]. However, this large cohort study of 8 million OnStar advisor calls and airbag deployments could only collect data on Talk exposure and did not have a measure of non-exposure, so the study could not calculate a risk ratio or rate ratio.



Young and Schreiner (2009) [37] used OnStar personal calling and were able to establish a non-exposed baseline. They found a crude rate ratio of 0.62 (CI 0.37–1.05), in a large cohort study based on the timing information for 93 million conversations and 2037 Severity I airbag-deployment crashes in 3 million drivers. This study had 47,609 driving-years, more than an order of magnitude larger than SHRP 2 (Young, 2013b) [39] (footnote 10).



Fitch et al. (2013) [16] also did a cohort analysis of Talk in an integrated hands-free device (in addition to the case-control analysis shown in study E3 in Table A1) and found a rate ratio of 0.61 (CI 0.27–1.41) for summed crash severities I–IV, near-crashes and crash-relevant conflicts. This rate ratio for integrated hands-free devices confirms Young and Schreiner’s (2009) [37] rate ratio of 0.62 (CI 0.37–1.05), even though the latter is based solely on Severity I crashes that deployed an airbag. This highly consistent result suggests that the Talk effect size is homogeneous across the full range of safety-relevant events.



Young and Schreiner (2009) [37] noted a major limitation in their OnStar study, that they “did not have demographic information for individual users” at the time of their study. Therefore, their rate ratio of 0.62 reflects the aggregate OnStar cohort and has not been adjusted for age, sex, or other demographic variables. It is possible that the Talk crash rate ratio differed within demographic subgroups of the aggregate cohort. The Fitch et al. (2013) [16] and Dingus study OR estimates have the same limitation. However, as noted in Section A.6, analysis of the Klauer et al. (2014) [38] data found a homogeneous OR estimate for Talk between novice and experienced drivers. This result suggests that age (which is strongly correlated with driving experience) might not have substantially biased the Young and Schreiner (2009) [37] rate ratio of 0.62.



Another limitation noted by Braver et al. (2009) [49] was that the OnStar Talk rate ratio of 0.62 in the Young and Schreiner study may have been biased low because drivers might have been using hand-held cell phones in the OnStar-unexposed driving periods. If hand-held cell phones had 4.0 risk ratios such as that found in the case-crossover studies (Appendix A.4.1), then hand-held use in the OnStar-unexposed driving periods could have biased the OnStar rate ratio artificially low. However, later evidence does not support the Braver et al. claim for several reasons. First, Fitch et al. (2013) [16] found that drivers who used one type of cellular device (portable hands-free, portable hand-held, or embedded hands-free) rarely used another. Second, Fitch et al. (2013) [16] found that the OR estimates of all three types of cellular devices were about the same, with point estimates all below one (Table A1, points E1-E3). Third, the current study shows in the SHRP 2 data that the Talk OR estimates are homogeneous with point estimates both below 1 whether other tasks are present in the Talk-unexposed column (Table 6), or are not present in the Talk-unexposed column (Table 5).




Appendix A.4.3. Biases in Analysis of 100-Car Study D


In the original 100-Car NDS study, Klauer et al. (2006) [23] overestimated secondary task ORs because of several epidemiological biases—see Young (2013a,b; 2014a; 2015) [21,33,35,39]. For example, for safety-critical events (i.e., cases), Klauer et al. (2006) [23] chose all drivers (whether they were judged by the video reductionist as at-fault or not) for the Exposed column but chose only at-fault drivers (as judged by the video reductionist) for the Unexposed column. Eliminating this selection bias and other biases reduced the Klauer et al. (2006) [23] Talk OR estimate from 1.29 (CI 0.93–1.8) to 0.78 (CI 0.56–1.1) (Young, 2013a,b; 2014a) [33,35,39].



Klauer et al. (2014) [38] later also re-analyzed the 100-Car dataset and eliminated these biases. They found a Talk OR estimate of 0.61 (CI 0.24–1.57) for novice drivers and 0.76 (CI 0.51–1.13) for experienced drivers. These two OR estimates are homogeneous (p = 0.67) so they were here combined into a pooled estimate of 0.74 (CI 0.51–1.06), with p-value = 0.099 (see study D in Appendix A, Table A1). This Klauer et al. pooled 100-Car Talk OR estimate of 0.74 validates the prior adjusted 100-Car Talk OR estimate of 0.78 (CI 0.56–1.1) made by Young (2013a,b; 2014a) [33,35,39]. The Dingus study [1] avoided the biases in the Klauer et al. (2006) [23] study identified by Young (2013a,b; 2014a; 2015) [21,33,35,39], but the current study presents evidence that the Dingus study introduced new upward biases in its secondary task OR estimates.




Appendix A.4.4. Biases in Cell Phone Study E


The Fitch et al. (2013) [16] cell phone study tabulated demographic and environmental variables in its Appendices, did not adjust its rate ratios and OR estimates for those variables. Hence its crude rate ratio and OR estimates may be biased either high or low from their true values. It did however use baseline control windows shortly before the time of the case windows, creating a matched case-control design and minimizing the biasing effect of demographic and environmental variables.





Appendix A.5. Homogeneity and Pooling of Prior Studies


In summary, after adjustment of the risk ratios in studies A and B, the effect size estimates of Talk in the real-world and naturalistic studies A to E3 in Table A1 and Figure A1 are homogeneous (p = 0.99). Homogeneity means that they provide a common population estimate of the Talk risk ratio, despite differences in crash severity level, location, type of wireless device (hand-held, hands-free, or embedded hands-free), study design, or the unexposed condition (No Talk or No Task). Because of this homogeneity, the estimates could be validly pooled in a meta-analysis using Episheet (Rothman, 2015) [30]. The pooled OR estimate of 0.69 (CI 0.56–0.85) indicates a net protective effect during Talk; that is, crashes are reduced during Talk.



One plausible explanation is driver self-regulation (Young, 2014b) [20], which can give rise to displacements (i.e., reductions) (Victor et al., 2015) [50] of driver activities or driver states that may increase risk. Some of the known driver activity reductions during Talk are: reductions in driver behavior errors such as speeding (Young, 2017b) [14]; reductions in multi-tasking with additional secondary tasks (Young, 2014b) [20]; and temporary reductions in drowsiness (Young, 2013c) [29].





Appendix B. Formal Definition and Evidence for Confounding Bias


Appendix B.1. Formal Definition of Confounding Bias


A formal epidemiological definition of confounding bias is given by Porta (2014) [11] (p. 55), “Bias of the estimated effect of an exposure on the outcome due to the presence of common causes of the exposure and the outcome”. In other words, confounding bias occurs when all or part of the apparent association between the exposure and outcome is in fact accounted for by other variables that affect the outcome and are not themselves affected by the exposure. The SHRP 2 data examined in Section 3.3 indicate that a substantial proportion of SHRP 2 drivers engaged in driver behavior errors at the same time as they engaged in secondary tasks.




Appendix B.2. Proof of Confounding Bias from Driver Behavior Errors


To meet the formal epidemiological definition of confounding in the above Section B.1, driver behavior errors must affect both crashes and secondary task exposure. In other words, the two requirements for confounding are: (1) Driver behavior errors must affect the event outcome (a crash); and (2) Driver behavior errors must affect the secondary task exposure (in this example, Talk). The following subsections show that driver behavior errors meet both requirements and are therefore a confounding factor for the Talk OR estimate.



Appendix B.2.1. Confounding Requirement 1: Driver Behavior Errors Affect Crash Odds


Confounding requirement 1 is met because driver behavior errors are well established to substantially increase the odds of a crash. Some examples are:

	
In the Dingus study, before adjustment for biases, “Right-of-way” error had a crude OR estimate of 936 (CI 124–7078) and “Sudden or improper braking/stopping” error had a crude OR estimate of 248 (CI 53.1–1,156).



	
After adjustment for biases, the adjusted OR estimate for “Exceeded speed limit” in the SHRP 2 database was 5.4 (CI 2.7–10.1) and for “Exceeded safe speed but not speed limit” was 72 (CI 37–136) (Young, 2017b) [14].



	
Table 1 in the main body of this paper reveals that crashes have a substantially elevated proportion of driver behavior errors, compared to baselines, in the absence of secondary tasks (the Unexposed column, or “Model Driving”). Indeed, 141 (60%) of the 235 Talk-unexposed crash cases had driver behavior errors (note x) but only 1538 (8.3%) of the Talk-unexposed 9420 baseline controls did (note z). A difference of proportions test in Stata [3] finds an extraordinarily high Z value of 26.6, with p near 0, so crashes definitely have a higher proportion of driver behavior errors than baselines.



	
In the 100-Car study, the crude OR estimates were 10 to 100 times larger for driver behavior errors than secondary tasks (Klauer et al., 2006) [23]. After adjustment for biases, the OR estimates for driver behavior errors were still extremely high (Young, 2015) [21].








The SHRP 2 video reduction methods (VTTI, 2015) [8] do not state that the video reductionists are “blinded” as to whether there was a crash or not in the video record they are analyzing. If they are not “blinded,” it is plausible that they scrutinize crash records more carefully for driver behavior errors than they do baseline records. For example, crash videos might be more carefully examined than baseline videos for stop/yield sign and traffic signal violations. However, “Exceeded speed limit,” with the largest baseline prevalence at 2.77%, is an objective measurement from GPS or the vehicle speedometer instrumentation and does not require video clip observations. In sum, it is plausible that drivers making behavior errors have a higher odds of crashing than drivers who do not, meeting confounding requirement 1.




Appendix B.2.2. Confounding Requirement 2: Driver Behavior Errors Affect Talk Exposure


Confounding requirement 2 is met if drivers making a behavior error alter their Talk exposure during that behavior. To determine if that is true, the proportion of Talk exposure with and without driver behavior errors may be compared, with additional tasks held constant. Table 2 in the main body shows that with no additional tasks, Talk0b had 47 (8.8%) of 534 exposed baseline records with driver behavior errors (note y). During Not Talk0b, 141 (60%) of the 235 Talk-unexposed crash cases had driver behavior errors (note x, same as Table 1). A difference of proportions test in Stata [3] between the proportion of behavior errors during Talk vs. Not Talk finds a Z value of 5.07, with p = 0.0000004. That is, baseline records with Talk exposure have a substantially lower proportion of driver behavior errors than baseline records without Task exposure. In other words, during Talk while baseline driving, drivers make fewer driver behavior errors than during Not Talk. The converse is that when a baseline record shows a driver is making a driver behavior error, the probability of Talk is reduced. In short, driver behaviors errors alter Talk exposure, meeting confounding requirement 2.




Appendix B.2.3. Empirical Proof that Driver Behavior Errors Confound the Talk OR Estimate


A second method to prove the confounding is from the direct empirical evidence of the effect of removing the bias. When driver behavior errors are removed from the Talk OR estimate by simply filtering out all driver behavior errors, leaving everything else constant, the Talkab OR estimate declines from 1.4 (CI 0.95–2.0) in Table 4, to the Talka0 OR estimate of 0.92 (CI 0.45–1.7) in Table 6. Hence, confounding from driver behavior errors increased the OR point estimate from 0.92 to 1.4. Similarly, the Talk0b OR estimate declines from 1.2 (CI 0.67–2.0) in Table 2, to the Talk00 OR estimate of 0.94 (CI 0.30–2.3) in Table 6. Hence, confounding from driver behavior errors must have increased the OR point estimate in both comparisons.





Appendix B.3. Consequences of Confounding Bias from Driver Behavior Errors


Note that “driver behavior errors” are present not just in Table 1 but also in Table 2, Table 3 and Table 4. Therefore, confounding bias from driver behavior errors is present in all the Table 1, Table 2, Table 3 and Table 4 presented in the main body of the current paper. That is, all OR estimates in Table 1, Table 2, Table 3 and Table 4 in this paper may not be valid estimates of the Talk OR estimate when combined with other secondary tasks (Table 1, Table 3 and Table 4), or not (Talk Alone, Table 2). All these Talk OR estimates are likely confounded by “driver behavior errors,” which can bias the Talk OR estimates.



Hence, the Dingus study Talk OR estimate of 2.2 (CI 1.5–3.1) in Table 1 (main body of current article) reflects not just the OR estimate of Talk with additional secondary tasks but also the confounding effect of driver behavior errors. Likewise, the Talk OR estimate of 1.2 (CI 0.67–2.0) in Table 2 (main body of current article) after removal of selection bias, still represents the effect of Talk confounded with driver behavior errors. In either scenario, the presence of driver behavior errors could thus bias secondary task OR estimates by additive, multiplicative, or supra-multiplicative confounding effects.



At a minimum, an additive effect would occur, because the OR estimates of driver behavior errors are substantially higher than the OR estimates for secondary tasks, as noted in Section B.2.1 A supra-multiplicative interaction effect that would substantially increase relative crash risk would also arise if the interactive effects of multi-tasking secondary tasks with one or more driver behavior errors (simultaneously or near-simultaneously with one or more secondary tasks) causes a biologic interaction effect (Rothman, 2012, p. 182) [10]. A theory for and evidence for this biologic interaction effect in driving safety, was first advanced for the SHRP 2 data by Young (2017a) [7] (Appendix B and Appendix C) and further evidence was provided by Young (2017b) [14]. These biologic interaction effects of driver behavior errors with secondary tasks are likely even greater than they are for interactions just between secondary tasks; see Section 4.1.4 and Young (2017a) [7] (Appendix B and Appendix C).





Appendix C. Secondary Task OR Estimates in Dingus Study vs. Current Replication


Table A2B shows the replication that most closely matches the Dingus study secondary task OR estimates in Table A2A.





Table A2A lists what the Dingus study terms “Observable Distractions” and their secondary task OR estimates in that study. The replication in Table A2B shows that all 20 replicated OR estimates were homogeneous with their corresponding original Dingus study OR estimate. That is, the p-value for homogeneity in the right-most column is always greater than the usual 0.05 criterion, meaning the hypothesis of homogeneity cannot be rejected.



Task Categories


Table A2B labels the “Observable Distractions” column in Table A2A with the more objective term “Observable Secondary Task or Task Category”.



It was discovered during the replication that most of the “Observable Distraction” names in the Dingus study (see Table A2A) are not actually present in the SHRP 2 database as single secondary tasks. The names not found in the database are “Observable Distraction” numbers 1, 5, 11, 12–18 and 20. The replication found that these were actually summations of secondary tasks that the Dingus study had formed by combining secondary tasks in the SHRP 2 database, not single secondary tasks. The Dingus study did not indicate which secondary tasks it had summed together to form these categories.



The replication therefore had to make the best estimate it could of the secondary tasks that were summed together by the Dingus study to form those categories, by finding those tasks whose sum gave the closest OR estimate to each of the 20 Dingus study “Observable Distractions”. The task categories in Table A2B are those in the SHRP 2 database version 2.1.1 that best matched the “Observable Distraction” names in the Dingus study as shown in Table A2A. The single tasks that were summed are indicated in notes d–j for Table A2B.



These task categories were checked for homogeneity between the summed tasks and almost all were heterogeneous (indicated with an asterisk at the end of the task names in Table A2B). Heterogeneity means that the task OR estimates should have been separately reported and not pooled together as was done by the Dingus study.



Note also that the replication found that “Overall” category 1 is not the sum of the categories 5, 11 and 12–20 as was expected from the layout of Table A2A. The balanced-sample baseline prevalence for “Overall Distraction” is given by the Dingus study as 51.93%. However, the sum of the baseline prevalence for the “Observable Distractions” in lines 5, 11 and 12–20 in Table A2A is only 33.32%. The replication in Table A2B found that all 10,197 exposed secondary task records for the 43 secondary tasks in the baseline database were apparently used in the Dingus study rather than the 39 “pooled tasks” in Table A3B. The replicated “Overall Secondary Task” prevalence of 51.98% is then consistent with the Dingus study “Overall” prevalence of 51.93% for “Observable Distractions”. It therefore appears that the Dingus study calculated its “Overall” prevalence estimate based on all secondary tasks in the SHRP 2 database version 1.0 that they used. The “Overall” OR replicated estimate in Table A2B for all secondary tasks is 2.1 (CI 1.8–2.5), which is homogeneous with the Dingus Study “Overall” estimate of 2.0 (CI 1.8–2.4) with probability 0.71, which shows the replication of the Dingus study “Overall” OR estimate was successful. Note however that the replication found that secondary task categories 1 and 11–18 were formed from secondary tasks with heterogeneous OR estimates and therefore should not have been pooled by the Dingus study.



Note that Appendix Table A2B in the current article is based on version 2.1.1 of the SHRP 2 database; a similar Appendix Table A3B in Young (2017a) [7] is based on the earlier version 2.0.0 of the SHRP 2 database. There are some slight reductions in the crash counts and the baseline counts in the two versions, because several crash and baseline records were dropped in version 2.1.1 according to the release notes. These are the likely cause of the slight differences in the OR estimates and confidence limits in the Appendix Table A2B in the current article and the Appendix Table A3B in Young (2017a) [7].





Appendix D. Dingus Study Replication with Biases Removed


Appendix D gives the OR estimates for the Dingus study secondary task categories with biases removed as per the procedure in Table 1 in the main body. Table A3A removes selection bias in the Table A2B replication. Table A3B then removes the driver behavior error confounding bias from Table A3A.





Figure A2 compares the replicated Dingus study secondary task OR point estimates from Appendix B Table A2B (solid gray bars), vs. the OR point estimates for “Task Alone” from Appendix D Table A3A (diagonally-hatched green bars), with the selection bias removed. (Task Alone means the secondary task category by itself with no additional secondary tasks in the database records.) The “Task Alone” bars are the last two columns in Table A2B. Figure A2 shows that the OR point estimate for every “Task Alone” category except for “18. Reaching for object (non-cell phone)” declines after the additional task selection bias is removed, as expected from the Talk task example in Table 2 in the main body of this paper. The Talk task from Table 2 in the main body is shown as Task 10 in Figure A2 (see the bar values for Task 10 in Table A2B and Table A3A).





Figure A3 replots the “Task Alone” OR point estimates in Figure A2 (diagonally-hatched green bars). These are now compared to the “Pure Task” point estimates from Table A3B which also removes driver behavior error confounding bias. The “Pure Tasks” with decreased OR point estimates after removal of driver behavior error confounding bias are the vertically-hatched blue bars (task categories 7, 10, 16 and 19). The “Pure Tasks” with increased OR point estimates after that removal are the solid red bars (all other tasks or task categories).
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