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Abstract 
 
Background: Trail Making tests (TMT) are commonly-used neuropsychological assessments that test a wide 
variety of cognitive processes. These tests can provide information regarding age- and trauma-related 
changes in brain function in addition to disease-related cognitive decline. Age-related targets can provide 
useful guides for practitioners, trainers, and patients seeking to optimize and track brain function over time.   
 
Objective: To validate a method for presenting age-stratified target ranges for completion times of tablet-
based (touch screen) Trail Making A and B tests (TMTA, TMTB), and physical reaction time (PRT) 
concurrent with an audio P300 test.  
 
Participants: One thousand nine hundred and fifty subjects aged 13-90.  
 
Methods: TMT and PRT  were measured as part of a health screening exam for studies through Colorado 
University, Children’s Hospital Colorado, Boone Heart Institute, WAVi Co., and various clinics  alongside 
other clinical evaluations such as EEG and audio P300. 
 
Group Results: TMT completion times in tablet-based, in-clinic testing show similar age-related changes 
seen in previous paper-based research, with TMTB showing the best agreement. PRT, on the other hand 
shows less age-related variation. 
 
Conclusion: A target reference of TMT completion times and PRT is a useful tool to compares 
trends with end points of high functioning people on both ends of the age range. 
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Introduction  
 
Trail making tests (TMT) have been widely used in neuropsychological assessments.1 2 3 In TMTA  the 

participant draws lines to connect circled numbers in a numerical sequence (i.e., 1-2-3, etc.), where in 

TMTB  the participant draws lines to connect circled numbers and letters in an alternating numeric and 

alphabetic sequence (i.e., 1-A-2-B, etc.). Both the time to complete the test and the number of errors are 

then recorded. These simple tests have been hypothesized to reflect a wide variety of cognitive processes 

including attention, visual search and scanning, sequencing and shifting, psychomotor speed, abstraction, 

flexibility, ability to execute and modify a plan of action, and ability to maintain two trains of thought 

simultaneously. 4 5 6 
 
A number of studies have examined the patterns of relations between trail-making ((and health, where 

TMTB time has been cited as one of the strongest predictors of MCI out of numerous other tests Frank 

reference)). 7 TMT completion times have been seen to decline with concussion, trauma, and age, where 

error rates may be less susceptible to age differences than time to completion. 8 9 10 11 
 
In classifying individuals into diagnostic categories, significant group differences are seen in time to 

completion between control, mild cognitive impairment, and Alzheimer’s, particularly for TMTB, but as 

with many tests the between-person variance is large enough to suggest these tests are best suited to be 

used in combination with other assessments and for longitudinal tracking.  
 
Physical reaction time also represents a straightforward measurement that correlates with a host of 

conditions, including concussion, executive-function tasks have shown some sensitivity in predicting 

functional decline and mortality, detecting persons at risk for AD, psychopathology, and in high-

functioning older adults PRT as a measure of successful independent functioning and medication 

compliance. 12 13 14 15 16 17 18 19 

 

The WAVi platform incorporates various EEG tests, including audio P300 ERP, and visual Flanker ERP, 

with and a tablet-based TMT. The system is designed to maximize information and minimize testing times 

in-clinic. The objective here is to validate the TMT measures across the lifespan for these metrics measured 

in real life clinical settings against published trends in research as well as to establish an in-clinic trend for 

PRT.  

 

Methods 
 
Subjects  



 
The subjects for this study were comprised of 1950 subjects from previous or ongoing studies, 1417 of 

those completing the TMT portion of the test. They are not intended to represent a normal control for a 

general population, rather to provide a target reference. One of the goals of this study is to compare in-

vivo data with historical research to test the validity of large-scale screening.  This study does have 3 

control groups (13-16 years of age, 17-23, and 81-90) and these will anchor the resulting age-matched 

curves as discussed below. It may be the case that these controls perform differently from a found in a 

normal population, where 2 of these control groups were taken from elite club, High School, or NCAA 

athletic teams while those in the oldest age range were volunteers living independently, still interested in 

brain science, and still interested in their brain performance. Each group will be discussed individually, 

but because of the suspected other-than-normal performance, we will focus on age trends and refer to this 

reference group as a target reference, with end points as discussed, rather than a normal reference.   

 

It is important to note that while there may be male/female differences, this is not the focus of this paper 

which is to compare trends to literature to establish a reference target.  

 

All studies were approved by appropriate IRB’s and written informed consent was obtained from the 

participants before study intake. 

 

Ages 8-12 

48 subjects aged 8-12 were taken from three previous studies: a study that followed athletes over the course 

of their sports seasons in Texas and Washington, control subjects measured as part a beta test to explore 

the outcome of an educational/wellbeing intervention program in an economically-challenged school, 20 

and wards accompanying  WAVi study volunteers discussed below.   

 

Ages 13-16 

This control group comprises 83 subjects from a previous study following 94 athletes aged 13-16 over the 

course of their sports seasons and at 4 different sites. These subjects are participants in youth soccer and 

youth basketball representing all players from single teams representing all players from single teams. 21 

 

In these previous studies, these subjects were controls against which pre-contact, post-concussion and 

return-to-play groups could be compared. Here P300 voltages, along with reaction time and Trail Making 

measurements, were assessed during the course of other pre-contact clinical evaluations administered by 

sports medicine staff. To follow the objectives of this study (as well as the above-mentioned studies) which 



involves real clinical settings, and because the primary marker being studied is nonspecific, our exclusion 

criteria are minimal. The “control” group, therefore, is a reference group taken from all players 

participating on these teams with no exclusions, except that those who had lower than 80% yield on the 

audio P300 protocol that were excluded due to artifact. Of these 83 subjects, 66 returned and completed a 

valid post-season second test which will be used to discuss test-retest variability.  

 

Ages 17-23 

This second control group is taken from a previous study that followed 364 athletes aged 17-23 over the 

course of up to 4 sports seasons and at 5 different sites. These subjects are participants in NCAA Div. 1 

men’s football (172 players, representing all players from a single team), woman’s soccer (29 NCAA Div. 

1, representing all players from a single team), men’s high school football (142 players, representing all 

seniors from a single team), and semipro men’s ice hockey (20 players, representing all players from a 

single team). 9 

 

In these previous studies, these subjects were controls against which pre-contact, post-concussion and 

return-to-play groups could be compared. Here P300 voltages, along with reaction time and Trail Making 

measurements, were assessed during the course of other pre-contact clinical evaluations administered by 

sports medicine staff on 356 of the 364 players tracked. To follow the objectives of this study (as well as 

the above-mentioned studies) which involves real clinical settings, and because the primary marker being 

studied is nonspecific, our exclusion criteria are minimal. The “control” group, therefore, is a reference 

group taken from all players participating on these teams and exclusions are limited to the players who 

fell asleep during the first-year test and passing the artifact criteria discussed above, leaving a total of 304 

players comprising the baseline reference group of Table I. Of these subjects, 70 returned injury free to 

completed a valid second test, which will be used to discuss test-retest variability for P300 amplitude, with 

a subset of 38 of these to test P300 latency variation (because of a change in protocol as noted in the 

study).9  

 

Ages 24-30 

128 individuals aged 24-30 were measured in clinic at baseline where some were to be tracked over the 

course of various interventions. Subjects include patients who visited the Boone Heart Institute Colorado 

for a combined preventative cardiology and EEG/ERP evaluation from June 2014 through June 2017. 

Only first-time patients receiving an initial evaluation were included in the sample, which was also used 

for a preventative cardiology study. 6 Because this is a target reference study, the exclusion criteria are 

minimal, the criteria being those who were taking beta-blockers or psychiatric medication and those who 



had lower than 80% yield on evoked responses due to artifact.  

 

Also included were subjects from Natural Bio Health (NBH) Texas  for a first-time preventative wellness 

exam, evaluated from 2017 through 2018; and a random sampling of subjects measured for demonstration 

purposes at 5 medical conferences. 

 

The remaining subjects were volunteers who were known to or associated with the study team and wanted 

to become pro-active in their brain health. In general these reference subjects were well educated and 

wanted to use WAVi to compare pre-intervention to post-interventions where interventions typically 

included some form of lifestyle change.  To follow the objectives of this study, which involves real clinical 

settings, and because the primary marker being studied is nonspecific, our exclusion criteria are minimal 

and all volunteers in this age group were analyzed for the purposes of this study. 

 

Ages 31-40 

204 individuals aged 31-40 were tracked over the course of various interventions and the above-mentioned 

clinics, conferences, and volunteers.  

 

Ages 41-50 

297 individuals aged 31-40 were tracked over the course of various interventions and the above-mentioned 

clinics, conferences, and volunteers. 

 

Ages 51-60 

377 individuals aged 31-40 were tracked over the course of various interventions and the above-mentioned 

clinics, conferences, and volunteers. 

 

Ages 61-70 

231 individuals aged 31-40 were tracked over the course of various interventions and the above-mentioned 

clinics, conferences, and volunteers. 

 

Ages 71-80 

56 individuals aged 31-40 were tracked over the course of various interventions and the above-mentioned 

clinics, conferences, and volunteers. 

 

Ages 81-90 



Our third control group comprises 42 people taken as volunteers, discussed above. This group were living 

independently, had not been diagnosed with dementia, and were by definition a population who had 

experienced what could be called successful cognitive aging. They provide an end point against the 20-

year old athletes for our target reference. 

 

 

 
Table I Profile of Assessments. 
Age 
(yrs) 

# Assessments 
(PRT/TMT) 

Subject Profile 

8-12 
 

73/66 Youth Sports and Educational studies: initial assessment upon enrollment into 
study. 

13-16 
 

79/58 Youth Sports study: initial pre-contact assessment upon enrollment into study. 

17-23 
 

314/247 High School and University Soccer, Hockey, and US Football study: initial pre-
contact assessment upon enrollment into study. 

24-30 143/108 Preventative Cardiology and Healthy Aging studies: initial pre-intervention 
assessment upon enrollment into study. 

31-40 228/187 Preventative Cardiology and Healthy Aging studies: initial pre-intervention 
assessment upon enrollment into study. 

41-50 344/249 Preventative Cardiology and Healthy Aging studies: initial pre-intervention 
assessment upon enrollment into study. 

51-60 414/279 Preventative Cardiology and Healthy Aging studies: initial pre-intervention 
assessment upon enrollment into study. 

61-70 263/173 Preventative Cardiology and Healthy Aging studies: initial pre-intervention 
assessment upon enrollment into study. 

71-80 63/33 Preventative Cardiology and Healthy Aging studies: initial pre-intervention 
assessment upon enrollment into study. 

81-90 29/17 Healthy Aging study: initial assessment upon enrollment into study. 

 

 
Test Administration  

The WAVi test begins with an intake, a 4-min audio P300, followed by TMTA and TMTB. Values were 

extracted using WAVi 9.7.5 software (intended to create the target ranges for WAVi 9.8-10.0 software). 

 

During the TMT, subjects were asked to press the circle containing the correct number or letter on the 

screen where a connecting line is then drawn for them when the correct choice is made. This is a small 

deviation from paper-based TMT which asks the subjects to draw the connecting lines between the 

appropriate items.   

 

The PRT is obtained during the 4-minute 2-tone eyes-closed audio P300 protocol.22 The P300 test used 

200 common tones and 40 randomly interweaved rare tones that were presented through headphones.  



Participants were instructed to manually respond by pressing the left button on a standard mouse 

whenever the rare tone was heard.  This test allowed for the recording of the PRT from this manual 

response alongside P300 voltage and latency times.  

 

Results: Age Trends 

Results for WAVi Trail A and Trail B testing times are shown in Figures 1 and 2 respectively. Here we 

compare the WAVi in-clinic touchscreen data, with the blue line the best fit, to a previous study of 911 

patients over the same age range.23 Because of the difference in techniques, with the touch screen methods 

typically slower than the paper methods, the previous TMTA was normalized up by 17 seconds and TMTB 

normalized by seconds to better guide the eye.  

 

For TMTA time to competion, the WAVi data show the maturation effects that seem to reach maximum 

performance around 20 years of age that remain flat until the later age. The WAVi trend matches the 

previous paper studies until the older ages where the age falloff is much steeper. It is not clear if this is 

actually age-related or an unfamiliarity with computers versus a familiarity with paper for this older group. 

 

Regarding TMTB completion time, however, the match with the previous paper methods is very strong 

for all ages with a strong age falloff in all cases. This large falloff is accompanied by large person-to-

person variation in the older ages. WAVi also sees a maturation prediction that peaks at around 20 years 

of age as with TMTA. 

 

Finally, the PRT data are shown in Figure 3. Here we see that after maturation peaks at around 20 years 

of age, the PRT remains fairly flat throughout the lifespan. Large person-to-person variation relative to 

the variation in age, however, makes the trend line less reliable than in the TMT cases. 
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A note on variance: It is common practice in medicine to quote “normal ranges” (middle 68 percent of 

people in a Gaussian distribution) in order to provide context for both the clinician and client. Because 

TMT and PRT are a combination of state and trait a Gaussian distribution cannot always be assumed, 

however. For TMTA, TMTB, and PRT we have found variances of +-25%; +-29%; and +-18% provide 

useful target ranges that adequately capture the middle ranges. 

 

Conclusion 

Test completion times for a tablet-based TMT collected in-vivo produce trends that decline with age in 

agreement with previous paper-based studies. These data also see a decline for younger ages presumably 

due to maturation. Physical reaction time, on the other hand, appears to be more flat across the lifespan.  

A target reference of TMT completion times and PRT is a useful tool to compares trends with end points 

of high functioning people on both ends of the age range.  
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