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Background: Digital neuropsychological tests reliably capture real-time, process-based behavior that traditional paper/pencil tests cannot detect, enabling earlier detection of neurodegenerative illness. We assessed relations between informant-based subtle and mild functional decline and process-based features extracted from the digital Trail Making Test-Part B (dTMT-B).

Methods: A total of 321 community-dwelling participants (56.0% female) were assessed with the Functional Activities Questionnaire (FAQ) and the dTMT-B. Three FAQ groups were constructed: FAQ = 0 (unimpaired); FAQ = 1–4 (subtle impairment); FAQ = 5–8 (mild impairment).

Results: Compared to the FAQ-unimpaired group, other groups required longer pauses inside target circles (p < 0.050) and produced more total pen strokes to complete the test (p < 0.016). FAQ-subtle participants required more time to complete the entire test (p < 0.002) and drew individual lines connecting successive target circles slower (p < 0.001) than FAQ-unimpaired participants. Lines connecting successive circle targets were less straight among FAQ-mild, compared to FAQ-unimpaired participants (p < 0.044). Using stepwise nominal regression (reference group = FAQ-unimpaired), pauses inside target circles classified other participants into their respective groups (p < 0.015, respectively). Factor analysis using six dTMT-B variables (oblique rotation) yielded a two-factor solution related to impaired motor/cognitive operations (48.96% variance explained) and faster more efficient motor/cognitive operations (28.88% variance explained).

Conclusion: Digital assessment technology elegantly quantifies occult, nuanced behavior not previously appreciated, operationally defines critical underlying neurocognitive constructs related to functional abilities, and yields selected process-based scores that outperform traditional paper/pencil test scores for participant classification. When brought to scale, the dTMT-B test could be a sensitive tool to detect subtle-to-mild functional deficits in emergent neurodegenerative illnesses.
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Introduction

The currently accepted medical practice to diagnose suspected mild cognitive impairment (MCI) and dementia requires a thorough medical examination and lab tests to rule out unobserved medical problem(s), a brain imaging study, and a comprehensive neuropsychological assessment. Additional information needed in order to characterize MCI and dementia is a care-giver assessment of everyday functional or instrumental activities of daily living (IADL) (1), querying how well patients can manage important everyday activities such as taking medication properly, understanding financial matters, shopping independently, and driving an automobile (2). Among patients with suspected MCI and dementia, problems revolving around episodic memory have traditionally been viewed as an early, if not the first, neurocognitive ability to decline. Nonetheless, recent research underscores an intimate relationship between the presence of dysexecutive behavior, in addition to declining memory abilities, and IADL compromise (3–6). For example, in recent research, Libon et al. (7) administered the Instrumental Activities of Daily Living – Compensation Scale (IADL-C) (8) to memory clinic patients where Jak/Bondi criteria (9, 10) were used to classify participants into MCI subtypes. These researchers reported that, under certain circumstances, declining IADL abilities were, as expected, linked with lower performance on an aggregate, verbal episodic memory index. However, more robust relationships were found linking declining IADL abilities and impaired performance on an executive function index score.

Among the executive tests used by Libon et al. (7) was the Trail Making Test-Part B (TMT-B; Army Individual Test) (11–13) where time to completion was the outcome measure. As is well-known, the Trail Making Test-Part A (TMT-A) asks participants to draw a line connecting numbers inside circles from 1 to 26. The TMT-B requires participants to draw a line starting with the number 1, then the letter A, alternating between numbers and letters until reaching the number 13. Past research suggests time to completion on both Trail Making Tests assess overlapping but different underlying neurocognitive constructs (12). For example, previous reports tend to link visual search and graphomotor information processing speed with Trails A total time to completion (14–16). Past research also links TMT-B time to completion and performance on tests that assess information processing speed (17); however, additional cognitive functions also contribute to successful performance.

TMT-B time to completion has been clearly linked to a wide variety of executive impairments (18–20), including perseverative errors on the Wisconsin Card Sort Test (21), WAIS-III Digit Span Backward test performance (16), and errors made on the clock drawing test (22). Moreover, successful performance on the TMT-B has consistently been shown to be related to relatively intact IADL, functional abilities (23–25). Indeed, the wide number of neurocognitive abilities underlying TMT-B time to completion (14) is a major reason why this test is so sensitive to brain illness.

There is now tremendous interest in the development and deployment of digital cognitive assessments (DCAs) that can be administered with commercial-off-the-shelf mobile devices and automatically scored. As pointed out by Libon et al. (26), advantages of deploying DCAs include standardized test administration and scoring. This mitigates the subjectivity associated with certain test items from traditional cognitive assessments such as the Mini-Mental State Examination (MMSE) and the Montreal Cognitive Assessment sentence production and figure copy test items, respectively (MoCA) (27, 28). Equally important, Libon et al. (26, 29) have demonstrated how DCAs can uncover, measure, and operationally define process-based behavior and neurocognitive constructs previously unobtainable using traditional pencil and paper tests that rely primarily on a single, final score. Indeed, DCA advances include moment-to-moment measures of motor, cognitive, and time-based performance (30–32). Unlike many traditional pen-and-paper or simpler DCAs that only examine a single final score, these process measures enable the detection of subtle preclinical signs of cognitive deficits and the classification of MCI subtypes, including single-domain or multiple-domain amnestic MCI (aMCI) and non-amnestic or dysexecutive MCI (naMCI) (33). Further, as suggested by Emrani et al. (34, 35), when brought to scale, digitally obtained, process-based measures could improve our ability to flag emergent neurodegenerative illness as early as possible.

Included in this new, emerging corpus of research are several reports where a digital version of the traditional paper and pencil Trail Making Tests have been used (14, 36–38). For example, Fellows et al. (39) recruited groups of healthy controls and a mixed group of neurologic/psychiatric patients. In addition to traditional time to completion, they tallied a number of process-based parameters, including pauses inside the target circles, pen lifts off the tablet, and time spent inside target circles. A series of regression analyses using other neuropsychological tests suggested that performance on the digital TMT-A was associated with tests measuring information processing speed. Similar regression analyses found total time to completion on the TMT-B was related to neuropsychological tests associated with inhibitory control, visual scanning, and visuospatial working memory. These researchers also obtained an in-clinic, performance-based assessment of medication management [i.e., the Medication Management Ability Assessment (MMAA)]; (13), and found that successful performance on the MMAA was related to digital TMT-B average pause duration, average time inside target circles, and average lift duration. Interestingly, similar analyses for TMT-A were not significant. The observation that digital TMT-B metrics are associated with an in-clinic assessment of medication management skills is both interesting and provocative. However, in clinical practice, IADL skills, such as medication management, are most often assessed with informant-rated questionnaires.

In the current research, a group of community-dwelling volunteers were assessed with an iPad version of the Trail Making Tests-Part B, and the Functional Activities Questionnaire (FAQ) (40), a commonly used informant-based IADL measure. Informant FAQ scores classified participants into three groups: unimpaired, subtle, and mild IADL disabilities. Between-group analyses were obtained to assess relationships between informant-based FAQ abilities and a panel of digital TMT-B process outcome measures. Moreover, factor analysis was undertaken to extract and better understand the neurocognitive constructs that underlie digital Trail Making Part-B test performance.



Methods


Participants

The sample consisted of 321 community-dwelling participants. These research participants were recruited for cognitive screening as part of an ongoing, multi-site, observational study of DCAs for AD clinical trial prescreening. The demographics for the entire sample were as follows: mean age = 70.21 ± 6.08; mean education = 15.85 ± 2.45; and mean MMSE = 28.14 ± 2.40; 56.00% female. Inclusion criteria consisted of completing the digital Trail Making Test-Part B (dTMT-B), being between 60 and 85, having a MMSE score of 20–30, and using English as the primary language. The exclusion criteria were extensive and based on underlying conditions, more information can be obtained by contacting the GAP consortium.1 All research participants provided written informed consent prior to participating in the study. Ethical approval was granted by the local IRB for each clinical site participating in the consortium.



The digital Trail Making Test-Part B

The dTMT-B is fully automated and administered using an iPad with a paired Apple Pencil. The participant is asked to connect circles alternating between numbers and letters in an ascending order (e.g., 1-A-2-B-3-C). The size of target circles and their layout mirror the TMT-B as described in Reitan and Wolfson (41) (Figure 1). The dTMT-B protocols were obtained by a trained psychometrist. If participants made an error by connecting a circle out of sequence, this line was erased from the user interface (UI), and the subject was queued to return to the previous circle and continue their stroke.

[image: Figure 1]

FIGURE 1
 Example of the dTMT-B assessment screen detailing the target circles and their layout.




dTMT-B outcome measures

A total of seven outcome measures were used in the current research. The iPad recorded the total time to completion, or the total amount of time necessary to complete the test in seconds. This outcome variable is analogous to the time to completion metric obtained using the traditional paper and pencil version of this test. In addition to total time to completion, a corpus of six comparatively new digitally produced process variables was used in the current research. Several of the outcome measures used in the current research have been described by other researchers (14, 39, 42).

Total drawn strokes (total strokes): This variable tallied the total number of drawn strokes necessary to complete the test, with a stroke defined as the time from when the stylus touched the screen to when it was raised from the screen.

Duration inside target circles (circle pause duration): This variable measured the time the stylus was in contact with the iPad while inside the target circles.

Stylus lift duration (lift time): This variable measured the time the pen was not in contact with or was lifted off the iPad.

Line deviation (line deviation): This variable provided a measure of the deviation from the optimally straight line drawn between the centers of successive circle targets (line deviation = total distance of a drawn path between two circles minus the shortest possible path between two circles, averaged for all paths made between target circles). A score of zero suggests no line deviation for a line drawn connecting successive target circles.

Total distance (distance): This variable measured the total length or distance of all drawing strokes used to complete the test.

Mean drawing stroke velocity (stroke velocity): This variable measured the average speed or velocity of individually drawn strokes connecting successive target circles (i.e., average velocity = path length between circles/path duration between circles, averaged for all paths made between circles).



Functional activities questionnaire groups

The FAQ (range 0–30) is a pencil and paper, informant-rated questionnaire that assesses 10 IADL skills (e.g., routine financial operations, and shopping). All FAQ items are scored from 0 (normal ability) to 3 (dependent ability). Pfeffer et al. (40) suggested that a score cutoff of ≥9, i.e., dependence on three or more IADL activities, is indicative of IADL impairment. In the current research, participants rated by their study partner with a FAQ score of 0 were classified as unimpaired; participants with FAQ scores from 1 to 4 were classified with subtle IADL impairment; and participants rated with FAQ scores from 5 to 8 were classified with mild IADL impairment.



Statistical analyses

Demographic and MMSE test performance was assessed with a series of one-way analyses of variance. Because of dTMT-B non-normality, non-parametric median tests were used to assess for FAQ between-group differences. The Bonferroni correction was applied to all between-group comparisons. A stepwise nominal regression analysis was obtained to assess how well the dTMT-B variables described above were able to classify participants into their respective groups, where the FAQ-unimpaired cohort was the reference group. Stepwise nominal regression was used because of the large number of predictor variables and the relatively modest sample size in some groups (43).

The corpus of dTMT-B variables described above was subjected to a factor analysis with direct oblimin rotation to extract underlying neurocognitive constructs. Exploratory direct oblimin, non-orthogonal rotation (SPSS) was used because of the presumed non-orthogonal interdependence between dTMT-B outcome measures (44). Finally, partial correlations between the resultant dTMT-B factors and each of the 10 FAQ items were obtained. These analyses were controlled for age, education, and sex. As described above, the Bonferroni correction was applied to these analyses.




Results


Demographic characteristics

Table 1 lists demographic and clinical information. No FAQ-group differences were found for age and education. The FAQ-unimpaired group obtained a marginally higher score on the MMSE than the FAQ-mild group (F[2, 318] = 4.15, p < 0.017; η2 = 0.025).



TABLE 1 Demographic and clinical information (means and standard deviations).
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Between-group dTMT-B performance

Full statistics can be found in Table 2. Total time to completion was faster for FAQ-unimpaired participants compared to FAQ-subtle participants (p < 0.002); and there was a trend for slower total time to completion when FAQ-unimpaired participants were compared to FAQ-mild participants (p < 0.069). When compared to the FAQ-unimpaired group, pauses or time duration inside of the target circles was longer for FAQ-subtle participants (p < 0.002) and for FAQ-mild participants (p < 0.050). FAQ-unimpaired participants completed the dTMT-B assessment with fewer total number of stylus strokes than other groups (FAQ-unimpaired/FAQ-subtle, p < 0.005; FAQ-unimpaired/FAQ-mild, p < 0.016).



TABLE 2 Digital Trail Making Test—Part B (means and standard deviations).
[image: Table2]

Stroke line deviation was greater for FAQ-mild participants compared to FAQ-unimpaired participants (p < 0.044); and there was a trend for greater line deviation when FAQ-subtle participants were compared to FAQ-unimpaired participants (p < 0.067). Individual pen stroke velocity, or the speed with which lines between successive circle targets were drawn, was faster for FAQ-unimpaired participants compared to FAQ-subtle participants (p < 0.001). Finally, the effect of the FAQ group on the total distance of all pen strokes was significant (p < 0.002), suggesting greater drawing distance produced by FAQ-subtle and mild participants compared to FAQ-unimpaired participants; however, after the Bonferroni correction was applied, these comparisons were no longer statistically significant. No between-group differences were observed for pen lift time.



Nominal regression

The corpus of seven dTMT-B measures described above was analyzed with a stepwise nominal regression (forward entry), where the FAQ-unimpaired cohort was the reference group. Only pause duration or time spent inside the target circles entered the model (X2 = 20.92, p < 0.001), and was able to classify participants into their respective groups (FAQ-unimpaired/FAQ-subtle, Wald = 17.44, p < 0.001; FAQ-unimpaired/FAQ-mild, Wald = 5.91, p < 0.015).



Factor analysis

Two separate two-factor solutions were obtained. In the first analysis, only the six new dTMT-B process variables were included. This analysis was undertaken to extract neurocognitive constructs exclusively related to the comparatively new, digitally defined process metrics. This analysis yielded a two-factor solution (77.84% variance explained). Factor 1 (48.96% variance explained) appears to be related to impaired, rudimentary motor/neurocognitive operations, i.e., a greater number of pen strokes, a greater line deviation, longer pen lift time, and a greater total drawing distance. On the other hand, factor 2 (28.88% variance explained) appears to describe relatively intact, more efficient motor/neurocognitive operations, i.e., faster velocity or speed of drawing between successive target circles, and shorter pause duration or time spent inside the target circles (Table 3).



TABLE 3 Digital trails: factor analysis (excluding total time to completion).
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The second factor analysis included the six new dTMT-B process variables, along with the traditional total time to completion metric. As displayed in Table 4, the composition of the six process variables was not significantly changed. However, the traditional total time to completion variable is cross-loaded between the two factors. Thus, on factor 1 (rudimentary motor/neurocognitive operations), there was a positive factor loading to suggest that the comparative impairment illustrated by the dTMT-B process variables was associated with a slower total time to completion. However, on factor 2 (efficient motor/neurocognitive operations), there was a negative factor loading for total time to completion to suggest faster total time to completion.



TABLE 4 Digital trails: factor analysis (including total time to completion).
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Partial correlations: FAQ items and factor analysis variables

Using the factor analysis comprised of only the six new dTMT-B process metrics, new variables were created, estimating factor score coefficients with a mean of 0 and variance equal to the squared multiple correlation between the estimated factor scores and the true factor values (SPSS v29). As described above, these factors appear to be related to impaired relatively rudimentary motor/neurocognitive abilities (factor 1) and efficient motor/neurocognitive operations (factor 2). Correlation analyses were obtained between these factor analytic-derived variables and the 10 FAQ items.

A negative correlation was obtained, suggesting that greater impairment in rudimentary motor/neurocognitive operations (factor 1) was associated with greater dependence on shopping for clothes, household necessities, or groceries (r = −0.121, p < 0.029). This is juxtaposed with positive correlations between more efficient motor/neurocognitive operations (factor 2) and relatively intact independence for shopping for clothes, household necessities, or groceries (r = 0.119, p < 0.030), keeping track of current events (r = 0.200; p < 0.001), and paying attention, understanding, and discussing TV, books, and magazines (r = 0.148, p < 0.007). Only correlations between factor 2 and keeping track of current events and paying attention, understanding, and discussing TV, books, and magazines persisted after the Bonferroni correction was applied. Full statistics can be found in Table 5.



TABLE 5 dTMT-B and FAQ items: partial correlation.
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Discussion

The current research examined how possible dysexecutive behavior using a digital version of the Trail Making Test-Part B might be associated with comparatively subtle-to-mild informant-based, IADL activities using the Functional Assessment Questionnaire (FAQ). Published research using the FAQ suggests that a score ≥ 9 is a reasonable cut score to identify individuals with IADL problems. Nonetheless, prior research suggests that even subtle IADL decline can be accompanied by neuropsychological difficulty (45). For this reason, the FAQ was used to characterize groups with unimpaired, subtle, and mild informant-based IADL difficulty.

In addition to time to completion, the traditional metric used to define impairment with the paper and pencil version of the Trail Making Test-Part B, a panel of six, comparatively new novel process-based measures (14, 39) was examined in relation to FAQ groups. A wide number of between-group differences were revealed. As compared to the FAQ-unimpaired group, other FAQ groups were slower to complete the entire test, were slower at drawing lines that connected successive test stimuli, spent more time paused inside target circles before proceeding to the next test stimuli, required more pen strokes to complete the test, and exhibited difficulty drawing straight lines connecting successive test stimuli.

The stepwise nominal regression analysis was conducted to assess how well the traditional time to completion, or the new digital TMT-B metrics could classify patients into their respective groups. Interestingly, only pause duration or time spent inside the target circles entered the model. These results are compelling. Nonetheless, as seen in Supplementary Table 1, all of these metrics are highly correlated with each other. Thus, the results of this analysis need to be interpreted with caution. Additional research with similar analyses needs to be undertaken to assess how well these new digital metrics operate for patient classification.

A factor analysis of these six new dTMT-B process-based variables suggests the presence of two underlying neurocognitive constructs. The production of dTMT-B protocols with greater numbers of pen strokes, difficulty drawing straight lines between successive test stimuli, greater time spent with the pen lifted from the iPad, and greater total drawing distance when the length of all pen strokes was tallied could suggest impairment involving a combination of comparatively rudimentary motor/neurocognitive operations. By contrast, other novel process-based dTMT-B measures, i.e., greater speed or velocity drawing pen strokes between successive test circles and less pause time when the pen is inside target circles, suggest comparatively intact motor/neurocognitive operations.

Some validity for these observations is supported when these factor analytic-derived metrics were correlated with FAQ test items. As described above, what appears to be compromised dTMT-B motor/neurocognitive operations were associated with a statistical trend suggesting greater informant-based impairment on selected FAQ items such as the ability to shop independently, an activity that is heavily reliant on mobility. However, more robust correlations were obtained between dTMT-B motor/neurocognitive operations and selected intact informant-based FAQ items requiring critical higher mental activities such as keeping up with current events and paying attention to complex media sources. Positive findings on the dTMT-B, as described above, could reveal a nascent illness along with possible treatment. Thus, clinically, the data described above suggest that the dTMT-B is an excellent test that could be used in both primary and specialty care to screen for mild or even subclinical IADL disabilities.

A closer examination of the factor analytic solutions described above suggests that an even wider variety of motor/neurocognitive operations appear to underlie performance on the dTMT-B. For example, motor problems or subtle disabilities in controlling the pen when drawing could be responsible for dTMT-B protocols with extraneous pen strokes, poorly drawn lines connecting successive target circles, and greater total drawing distance. Subcortical vascular disease could underlie these problems. Indeed, Davoudi et al. (46) described similar graphomotor impairment in their analysis of digital clock drawings produced by dementia patients with evidence of MRI subcortical white matter alterations.

Greater time spent with the pen lifted from the iPad could be associated with additional problems, including deficits revolving around visual scanning for successive target items and/or struggling to maintain the assigned mental set for this test, i.e., to draw a line alternating between numbers and letters. The prior studies of Du et al. (14) and Fellows et al. (39) tend to support this supposition. In research examining participants from the Framingham Heart Study, De Anda-Duran et al. (47) found that paper and pencil Trail Making Part B pen lifts was associated with subtle but statistically significant MRI gray and white matter alterations involving frontal, parietal, and temporal lobe brain regions—regions known to be involved in working memory functions [see (48)]. Moreover, prior research using the DCTclock™ has revealed the presence of intra-component or decision-making latencies (49) [see (26) for a review]. This behavior refers to measurable pauses or latencies between, say, drawing the clock face and the next stroke. Dion et al. (30) and Libon et al. (49) found that slower clock drawing intra-component latencies were associated with worse or reduced neuropsychological test performance.

The presumptive ‘visual scanning’ problems associated with the dTMT-B could be due to several problems. For example, Shi et al. (50) recently summarized a growing body of research suggesting an association between cerebral and retinal vasculopathy and cognitive decline in AD and MCI. These authors also noted an association between retinal vascular platelet-derived growth factor receptor-β (PDGFRβ) expression and greater pericyte loss along with retinal vascular amyloidosis and cerebral amyloid angiopathy in MCI and AD patients. Nishioka et al. (51) used diffusion tensor imaging (DTI) technology to examine visual pathways in patients with AD, MCI, and healthy controls and found increasing total diffusivity and radial diffusivity along with reductions in fractional anisotropy in optic nerves in AD and MCI patients. The changes seen in visual pathways mirrored changes in the splenium of the corpus callosum and were thought to be due to white matter alterations. All of these problems could result in slower total time to completion and impairment of other dTMT-B variables, as described above.

On the other hand, greater velocity or speed in drawing lines between successive target circles and less pause time when the pen is inside the target circles suggest participants were able to exercise inhibitory control (39) and marshal the necessary neurocognitive resources to maintain the assigned mental set associated with this test. Thus, as seen in Table 4, the total time to completion is faster. All of these data provide empirical support for what we know, i.e., that the variety or multitude of neurocognitive operations associated with successful Trail Making Part-B performance is very sensitive to the presence of brain illness. Moreover, IADL activities, as queried in the FAQ, are also associated with diverse and multiple underlying cognitive abilities. Therefore, it is perhaps not surprising that even minimal IADL alterations as defined in the current research are associated with a range of de-railed behavior when assessed with the dTMT-B.

The current research is not without limitations. First, no information regarding handedness was obtained in the current research. The degree of sinistrality could have affected the results reported above. Second, errors that may have been made on the dTMT-B, data from the dTMT-B practice portion of the test, and data from the companion digital Trail Making-Part A test condition were not available for analysis. As reported by other researchers (14, 39), these data need to be presented in order to obtain a fuller appreciation of the relations between FAQ-defined IADL activities and neuropsychological problems using the dTMT-B. Third, we acknowledge that the decision to create subtle and mildly impaired FAQ groups, as described above, is somewhat arbitrary and may have affected the results as reported. Moreover, future research regarding IADL abilities and the dTMT-B should be explored using a range of methods. Similarly, data from additional clinical groups, such as patients with movement disorders, would be useful.

Finally, an issue not explored in the current research is how the time-based and graphomotor metrics used in the current research change as a function of total time to completion. In previous research with patients diagnosed with Alzheimer’s disease/vascular spectrum dementia (52) and memory clinic patients characterized with various MCI subtypes (53), patients with vascular dementia and dysexecutive MCI, respectively, tend to display disproportionately greater dysexecutive impairment on the latter test epochs. These types of process-based measures, in conjunction with other process-based measures used by other research groups (14, 39) and in the current research, could increase the sensitivity of the dTMT-B to flag individuals with emergent neurodegenerative illness. Given the recent availability of disease-modifying medication to treat MCI and mild Alzheimer’s disease, there is increased urgency to develop effective and sensitive neuropsychological tests to screen for these disorders.

Despite these limitations, the current research has several strengths. For example, the data described in the current research replicates past dTMT-B research findings. Thus, in the current research and in the prior report of Fellows et al. (39), meaningful dTMT-B information regarding drawing pauses, time inside target circles, pen lifts, and time between target circles is described. The current research expands upon prior dTMT-B research in that several additional dTMT-B variables, including stroke velocity, total strokes, and total distance, are now added to the portfolio of dTMT-B outcome variables. Moreover, the results from both factor analyses suggest that dTMT-B behavior might be used to define important neurocognitive constructs related to neurodegenerative illness.

In sum, the current research provides an excellent example of what can be learned when traditional paper and pencil neuropsychological tests are coupled with new digital assessment technology.



Data availability statement

The datasets presented in this article are not readily available because data is not available at the current time. Requests to access the datasets should be directed to the GAP Consortium (https://globalalzplatform.org/).



Ethics statement

The studies involving humans were approved by the GAP Consortium (https://globalalzplatform.org/). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

DL: Conceptualization, Formal analysis, Investigation, Methodology, Validation, Writing – original draft, Writing – review & editing. RS: Conceptualization, Formal analysis, Methodology, Validation, Writing – original draft, Writing – review & editing. ST: Conceptualization, Formal analysis, Methodology, Validation, Writing – review & editing. AJ: Conceptualization, Writing – review & editing. DS: Writing – review & editing. CP: Conceptualization, Methodology, Writing – review & editing. ML: Conceptualization, Methodology, Writing – review & editing. AP-L: Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. Data were collected as part of a study sponsored and managed by the Global Alzheimer’s Platform Foundation (GAP). Linus Health received no financial or research support from GAP. This research was supported by R01 AG055337.



Conflict of interest

DL and RS consult to Linus Health, Inc. and receive royalties from Oxford University Press. DL receives royalties from Linus Health, Inc. DS, ST, AJ, and AP-L were employees of Linus Health, Inc. and receive shares or share options from Linus Health. AP-L serves as a paid member of the scientific advisory boards for Neuroelectrics, Magstim Inc., TetraNeuron, Skin2Neuron, MedRhythms, and Hearts Radiant. He is co-founder of TI Solutions and co-founder and chief medical officer of Linus Health and receives shares or share options from Linus Health. He is listed as an inventor on several issued and pending patents on the real-time integration of transcranial magnetic stimulation with electroencephalography and magnetic resonance imaging, and applications of noninvasive brain stimulation in various neurological disorders, as well as digital biomarkers of cognition and digital assessments for early diagnosis of dementia.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2024.1354647/full#supplementary-material



Footnotes

1   https://globalalzplatform.org/



References

 1. Lawton, MP, and Brody, EM. Assessment of older people: self-maintaining and instrumental activities of daily living. Gerontologist. (1969) 9:179–86.


 2. Santos Henriques, RPD, Tomas-Carus, P, and Filipe Marmeleira, JF. Association Between Neuropsychological Functions and Activities of Daily Living in People with Mild Cognitive Impairment. Exp Aging Res. (2023) 49:457–71. doi: 10.1080/0361073X.2022.2133292


 3. Farias, S, Giovannetti, T, Payne, BR, Marsiske, M, Rebok, GW, Schaie, KW , et al. Self-perceived Difficulties in Everyday Function Precede Cognitive Decline among Older Adults in the ACTIVE Study. J Int Neuropsychol Soc. (2018) 24:104–12. doi: 10.1017/S1355617717000546


 4. Fieo, R, Zahodne, L, Tang, MX, Manly, JJ, Cohen, R, and Stern, Y. The historical progression from ADL scrutiny to IADL to advanced ADL: assessing functional status in the earliest stages of dementia. J Gerontol A Biol Sci Med Sci. (2018) 73:1695–700. doi: 10.1093/gerona/glx235 

 5. Schmitter-Edgecombe, M, McAlister, C, and Weakley, A. Naturalistic assessment of everyday functioning in individuals with mild cognitive impairment: the day-out task. Neuropsychology. (2012) 26:631–41. doi: 10.1037/a0029352 

 6. Thomas, KR, Cook, SE, Bondi, MW, Unverzagt, FW, Gross, AL, Willis, SL , et al. Application of neuropsychological criteria to classify mild cognitive impairment in the active study. Neuropsychology. (2020) 34:862–73. doi: 10.1037/neu0000694 

 7. Libon, DJ, Emrani, S, Matusz, EF, Wasserman, V, Perweiler, E, Ginsberg, TB , et al. Instrumental activities of daily living and mild cognitive impairment. J Clin Exp Neuropsychol. (2023a) 45:473–81. doi: 10.1080/13803395.2023.2249626


 8. Schmitter-Edgecombe, M, Parsey, C, and Lamb, R. Development and psychometric properties of the instrumental activities of daily living: compensation scale. Arch Clin Neuropsychol. (2014) 29:776–92. doi: 10.1093/arclin/acu053


 9. Bondi, MW, Edmonds, EC, Jak, AJ, Clark, LR, Delano-Wood, L, McDonald, CR , et al. Neuropsychological criteria for mild cognitive impairment improves diagnostic precision, biomarker associations, and progression rates. J Alzheimers Dis. (2014) 42:275–89. doi: 10.3233/JAD-140276 

 10. Jak, AJ, Bondi, MW, Delano-Wood, L, Wierenga, C, Corey-Bloom, J, Salmon, DP , et al. Quantification of five neuropsychological approaches to defining mild cognitive impairment. Am J Geriatr Psychiatry. (2009) 17:368–75. doi: 10.1097/JGP.0b013e31819431d5 

 11. Army Individual Test Battery
. Manual of directions and scoring. Washington, DC: War Department, Adjutant General’s Office (1944).


 12. Ashendorf, L
. The trail making tests In: L Ashendorf, R Swenson, and DJ Libon, editors. The Boston process approach to neuropsychological assessment: A Practitioner’s guide. New York, NY: Oxford University Press (2013). 111–21.


 13. Patterson, TL, Lacro, J, McKibbin, CL, Moscona, S, Hughs, T, and Jeste, DV. Medication management ability assessment: results from a performance-based measure in older outpatients with schizophrenia. J Clin Psychopharmacol. (2002) 22:11–9. doi: 10.1097/00004714-200202000-00003


 14. Du, M, Andersen, SL, Cosentino, S, Boudreau, RM, Perls, TT, and Sebastiani, P. Digitally generated trail making test data: analysis using hidden Markov modeling. Alzheimers Dement. (2022) 14:e12292. doi: 10.1002/dad2.12292 

 15. Ríos, M, Periáñez, JA, and Muñoz-Céspedes, JM. Attentional control and slowness of information processing after severe traumatic brain injury. Brain Inj. (2004) 18:257–72. doi: 10.1080/02699050310001617442 

 16. Sánchez-Cubillo, I, Periáñez, JA, Adrover-Roig, D, Rodríguez-Sánchez, JM, Ríos-Lago, M, Tirapu, J , et al. Construct validity of the trail making test: role of task-switching, working memory, inhibition/interference control, and visuomotor abilities. J Int Neuropsychol Soc. (2009) 15:438–50. doi: 10.1017/S1355617709090626 

 17. Arbuthnott, K, and Frank, J. Trail making test, part B as a measure of executive control: validation using a set-switching paradigm. J Clin Exp Neuropsychol. (2000) 22:518–28. doi: 10.1076/1380-3395(200008)22:4;1-0;FT518 

 18. Fellows, RP, and Schmitter-Edgecombe, M. Between-domain cognitive dispersion and functional abilities in older adults. J Clin Exp Neuropsychol. (2015) 37:1013–23. doi: 10.1080/13803395.2015.1050360


 19. Kortte, KB, Horner, MD, and Windham, WK. The trail making test, part B: cognitive flexibility or ability to maintain set? Appl Neuropsychol. (2002) 9:106–9. doi: 10.1207/S15324826AN0902_5


 20. Spreen, O, and Strauss, E. Compendium of neuropsychological tests. New York: Oxford University Press (1990).


 21. Chaytor, N, Schmitter-Edgecombe, M, and Burr, R. Improving the ecological validity of executive functioning assessment. Arch Clin Neuropsychol. (2006) 21:217–27. doi: 10.1016/j.acn.2005.12.002


 22. Wilson, BA, Alderman, N, Burgess, PW, Emslie, H, and Evans, J. Behavioural assessment of the dysexecutive syndrome. London: Thames Valley Test Company (1996).


 23. Bell-McGinty, S, Podell, K, Franzen, M, Baird, AD, and Williams, MJ. Standard measures of executive function in predicting instrumental activities of daily living in older adults. Int J Geriatr Psychiatry. (2002) 17:828–34. doi: 10.1002/gps.646


 24. Cahn-Weiner, DA, Boyle, PA, and Malloy, PF. Tests of executive function predict instrumental activities of daily living in community-dwelling older individuals. Appl Neuropsychol. (2002) 9:187–91. doi: 10.1207/S15324826AN0903_8 

 25. McAlister, C, and Schmitter-Edgecombe, M. Executive function subcomponents and their relations to everyday functioning in healthy older adults. J Clin Exp Neuropsychol. (2016) 38:925–40. doi: 10.1080/13803395.2016.1177490 

 26. Libon, DJ, Swenson, R, Lamar, M, Price, CC, Baliga, G, Pascual-Leone, A , et al. The Boston Process Approach and Digital Neuropsychological Assessment: Past Research and Future Directions. J Alzheimers Dis. (2022) 87:1419–32. doi: 10.3233/JAD-220096


 27. Molloy, DW, and Standish, TI. A guide to the standardized Mini-Mental State Examination. Int Psychogeriatr. (1997) 9:87–150. doi: 10.1017/s1041610297004754


 28. Nasreddine, ZS, Phillips, NA, Bédirian, V, Charbonneau, S, Whitehead, V, and Collin, I. The Montreal Cognitive Assessment, MoCA: a brief screening tool for mild cognitive impairment. J Am Geriatr Soc. (2005) 53:695–9. doi: 10.1111/j.1532-5415.2005.53221.x


 29. Libon, DJ, Matusz, EF, Cosentino, S, Price, CC, Swenson, R, Vermeulen, M , et al. Using digital assessment technology to detect neuropsychological problems in primary care settings. Front Psychol. (2023b) 14:1280593. doi: 10.3389/fpsyg.2023.1280593 

 30. Dion, C, Arias, F, Amini, S, Davis, R, Penney, D, Libon, DJ , et al. Cognitive correlates of digital clock drawing metrics in older adults with and without mild cognitive impairment. J Alzheimers Dis. (2020) 75:73–83. doi: 10.3233/JAD-191089 

 31. Souillard-Mandar, W, Davis, R, Rudin, C, Au, R, Libon, DJ, Swenson, R , et al. Learning classification models of cognitive conditions from subtle behaviors in the digital clock drawing test. Mach Learn. (2016) 102:393–441. doi: 10.1007/s10994-015-5529-5 

 32. Souillard-Mandar, W, Penney, D, Schaible, B, Pascual-Leone, A, Au, R, and Davis, R. DCTclock: clinically-interpretable and automated artificial intelligence analysis of drawing behavior for capturing cognition. Front Digital Health. (2021) 3:750661. doi: 10.3389/fdgth.2021.750661 

 33. Matusz, EF, Price, CC, Lamar, M, Swenson, R, Au, R, Emrani, S , et al. Dissociating statistically determined Normal cognitive abilities and mild cognitive impairment subtypes with DCTclock. J Int Neuropsychol Soc. (2023) 29:148–58. doi: 10.1017/S1355617722000091


 34. Emrani, S, Lamar, M, Price, C, Baliga, S, Wasserman, V, Matusz, EF , et al. Neurocognitive constructs underlying executive control in statistically-determined mild cognitive impairment. J Alzheimers Dis. (2021) 82:5–16. doi: 10.3233/JAD-201125 

 35. Emrani, S, Lamar, M, Price, CC, Swenson, R, Libon, DJ, and Baliga, G. Neurocognitive operations underlying working memory abilities: an analysis of latency and time-based parameters. J Alzheimers Dis. (2023) 94:1535–47. doi: 10.3233/JAD-230288 

 36. Baykara, E, Kuhn, C, Linz, N, Tröger, J, and Karbach, J. Validation of a digital, tablet-based version of the trail making test in the ∆elta platform. Eur J Neurosci. (2022) 55:461–7. doi: 10.1111/ejn.15541 

 37. Karimpoor, M, Churchill, NW, Tam, F, Fischer, CE, Schweizer, TA, and Graham, SJ. Tablet-based functional MRI of the trail making test: effect of tablet interaction mode. Front Hum Neurosci. (2017) 11:496. doi: 10.3389/fnhum.2017.00496 

 38. Rodriguez, FS, Spilski, J, Schneider, A, Hekele, F, Lachmann, T, Ebert, A , et al. Relevance of the assessment mode in the digital assessment of processing speed. J Clin Exp Neuropsychol. (2019) 41:730–9. doi: 10.1080/13803395.2019.1616079 

 39. Fellows, RP, Dahmen, J, Cook, D, and Schmitter-Edgecombe, M. Multicomponent analysis of a digital trail making test. Clin Neuropsychol. (2017) 31:154–67. doi: 10.1080/13854046.2016.1238510 

 40. Pfeffer, RI, Kurosaki, TT, Harrah, CH Jr, Chance, JM, and Filos, S. Measurement of functional activities in older adults in the community. J Gerontol. (1982) 37:323–9. doi: 10.1093/geronj/37.3.323


 41. Reitan, RM, and Wolfson, D. The Halstead-Reitan neuropsychological test battery: Theory and interpretation. Tucson, AZ: Neuropsychology Press (1985).


 42. Dahmen, J, Cook, D, Fellows, R, and Schmitter-Edgecombe, M. An analysis of a digital variant of the trail making test using machine learning techniques. Technol Health Care. (2017) 25:251–64. doi: 10.3233/THC-161274 

 43. Harrell, F
. Regression modeling strategies: With applications to linear models, logistic and ordinal regression, and survival analysis. 2nd ed. New York, NY: Springer (2015).


 44. Fabrigar, LR, Wegener, DT, Mac Callum, RC, and Strahan, EJ. Evaluating the use of exploratory factor analysis in psychological research. Psychol Methods. (1999) 4:272–99. doi: 10.1037/1082-989X.4.3.272


 45. Villeneuve, SC, Houot, M, Cacciamani, F, Verrijp, M, Dubois, B, Sikkes, S , et al. Latent class analysis identifies functional decline with Amsterdam IADL in preclinical Alzheimer's disease In: Alzheimer's and dementia, (2019). 553–62.


 46. Davoudi, A, Dion, C, Amini, S, Tighe, PJ, Price, CC, Libon, DJ , et al. Classifying non-dementia and Alzheimer's disease/vascular dementia patients using kinematic, time-based, and visuospatial parameters: the digital clock drawing test. J Alzheimers Dis. (2021) 82:47–57. doi: 10.3233/JAD-201129 

 47. De Anda-Duran, I., Drabick, D.A.G., Hwang, P.H., Emrani, S., Matusz, E., Wasserman, V., et al. (2022). Neuropsychologically Derived Errors as Predictors of Neurocognitive Phenotypes: The Framingham Heart Study. In: Abstract presented at the annual AAIC meeting, San Diego, CA.


 48. Lamar, M, Catani, M, Price, CC, Heilman, KM, and Libon, DJ. The impact of region-specific leukoaraiosis on working memory deficits in dementia. Neuropsychologia. (2008) 46:2597–601. doi: 10.1016/j.neuropsychologia.2008.04.007


 49. Libon, DJ, Penney, DL, Davis, R, Tabby, DS, Eppig, J, Nieves, C , et al. Deficits in processing speed and decision making in relapsing-remitting multiple sclerosis: the digital clock drawing test (dCDT). J Multiple Scler. (2014) 1:113. doi: 10.4172/jmso.1000113


 50. Shi, H, Koronyo, Y, Rentsendorj, A, Fuchs, DT, Sheyn, J, Black, KL , et al. Retinal vasculopathy in Alzheimer's disease. Front Neurosci. (2021) 15:731614. doi: 10.3389/fnins.2021.731614 

 51. Nishioka, C, Poh, C, and Sun, SW. Diffusion tensor imaging reveals visual pathway damage in patients with mild cognitive impairment and Alzheimer's disease. J Alzheimers Dis. (2015) 45:97–107. doi: 10.3233/JAD-141239 

 52. Lamar, M, Price, CC, Davis, KL, Kaplan, E, and Libon, DJ. Capacity to maintain mental set in dementia. Neuropsychologia. (2002) 40:435–45. doi: 10.1016/s0028-3932(01)00125-7 

 53. Eppig, J, Wambach, D, Nieves, C, Price, CC, Lamar, M, Delano-Wood, L , et al. Dysexecutive functioning in mild cognitive impairment: derailment in temporal gradients. J Int Neuropsychol Soc. (2012) 18:20–8. doi: 10.1017/S1355617711001238



Copyright
 © 2024 Libon, Swenson, Tobyne, Jannati, Schulman, Price, Lamar and Pascual-Leone. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fneur-15-1354647-t004.jpg
Factor 1 Factor 2

Line deviation 0970 0.248
Circle duration 0.068 ~0.945
Pen lift duration 0695 —0.165
Total distance 0626 —0.131
Mean stroke velocity 0174 0977
Total time to completion 0419 -0.779
Total strokes 0962 0012
Eigen value/percent 369 189

variance 52.84% 27.12%





OPS/images/fneur-15-1354647-t005.jpg
dTMT-B Factor

il

dTMT-B Factor
2

Paying bills

Assembling records
Shopping independently
Games of skill and hobbies

Makis

g coffee
Preparing a balance meal

Keeping abreast of current
events

Understanding TV and
books

Memory for appointments,
family occasions,

‘medication

Independent travel

~0.095
~0.031

—0.1215p <0.029
~0.034
~0.063
~0.080

+0016

~0.007

40016

~0.064

0.087
0.002
0.119;p <0.030
0.105
0101
0103

0.200; p <0.001

0.148; p <0.007

—0.072

0071

FAQ, Functional Assessment Questionnaire. Bold values are stylistically meaningful.





OPS/images/fneur-15-1354647-t002.jpg
FAQ-normal FAQ-subtle (n =103) FAQ mild (n =25) Significance
(n =193)

U=14.67;df=2p <0.001

Normal < subtle; p <0.002

Total time to completion 110,15 (32.16) 123.87 (3265) 12481 (27.14)
U=14.90;df=2; p <0.001
Normal < subtle; p <0.005

Total strokes 7.08 (7.40) 865 (6.37) 948 (5.75) Normal < mild; p <0.016
Normal < subtle; p <0.067

Line deviation 0,059 (0.048) 0.066(0.03) 0.076(0.041) Normal < mild; p <0.044
U=17.83;df=2;p <0.001
Normal < subtle; p <0.001

Circle pause duration 11547 (68.94) 146,80 (78.80) 13135 (43.45) Normal < mild; p <0.050
U=1437;df=2;p <0.001
Normal > subtle; p <0.001

Stroke drawing velocity 126,46 (30.40) 113,52 (28.88) 11655 (24.97) Normal =mild

Pen life duration 24.02(19.09) 2536 (16.40) 2672 (13.49) ns

Total drawing distance 10,095.31 (1,226.29) 10,387.02 (1,285.61) 1081806 (1,811.52) ns

ns, not significant; FAQ, Functional Assessment Questionnaire.





OPS/images/fneur-15-1354647-t003.jpg
Factor 1 Factor 2

“Total strokes 0.965 0.007
Line deviation 0957 0.226
Circle duration 0.144 —0.938
Pen lift duration 0.698 —0.081
Total distance 0.640 =0.155
Mean stroke velocity 0.093 0972
Eigen value/percent 293 173

variance 48.96% 28.88%





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Dysexecutive difficulty and subtle everyday functional disabilities: the digital Trail Making Test



		Introduction



		Methods



		Participants



		The digital Trail Making Test-Part B



		dTMT-B outcome measures



		Functional activities questionnaire groups



		Statistical analyses









		Results



		Demographic characteristics



		Between-group dTMT-B performance



		Nominal regression



		Factor analysis



		Partial correlations: FAQ items and factor analysis variables









		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fneur-15-1354647-g001.jpg
Sesson Sttiogs






OPS/images/fneur-15-1354647-t001.jpg
FAQ-normal FAQ-subtle (n =103) FAQ Significance
(n =193)
Age 69.80 (5.68) 7075 (6.50) 7120 (7.11) ns
Education 15.69 (2.33) 1605 (2.64) 1624 (2:58) ns
MMSE 2839 (259) 27.94(1.99) 27.04(2.16) FAQ-normal > FAQ-mild; p <0.023
FAQ 00.00 (00.00) 206 (1.13) 6.44(1.12)
Gender (percent female) 56,00 percent

ns, not s

nificant; MMSE, Mini-Mental State Examination; FAQ, Functional Assessment Questionnaire.





OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

Dysexecutive difficulty and subtle
everyday functional disabilities:
the digital Trail Making Test












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Neurology






