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Abstract

Objective: The goal of this project was to explore the initial psychometric properties (construct 

and ecological validity) of self-administered online (SAO) neuropsychological assessment (using 

the www.testmybrain.org platform) compared to traditional testing in a clinical sample, as well 

as to evaluate participant acceptance. SAO assessment has the potential to expand the reach of 

in-person neuropsychological assessment approaches.

Method: Counterbalanced, within-subjects design comparing SAO performance to in-person 

performance in adults with diabetes with and without Chronic Kidney Disease (CKD). Forty-nine 

participants completed both assessment modalities (type 1 diabetes N=14, type 2 diabetes N=35; 

CKD N=18).

Results: Associations between SAO and analogous in-person tests were adequate to good (r = 

0.49–0.66). Association strength between divergent cognitive tests did not differ between SAO 

versus in-person tests. SAO testing was more strongly associated with age than in-person testing 

(age R2=0.54 versus 0.23), while prediction of education, HbA1c, and estimated glomerular 
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filtration rate (eGFR) did not differ significantly between test modalities (education R2=0.37 

versus 0.30; HbA1c R2=0.20 versus 0.12; eGFR R2 = 0.41 versus 0.33). Associations with 

measures of everyday functioning were also similar (Functional Activities Questionnaire R2=0.08 

versus 0.07; Neuro-QoL R2=0.14 versus 0.16; Diabetes Self-Management Questionnaire R2=0.19 

versus 0.19).

Conclusions: The selected SAO neuropsychological tests had acceptable construct validity 

(including divergent, convergent, and criterion-related validity), and similar ecological validity 

to that of traditional testing. These SAO assessments were acceptable to participants and 

appear appropriate for use in research applications, although further research is needed to better 

understand the strengths and weaknesses in other clinical populations.

In recent years there has been a growing accumulation of evidence that many systemic 

diseases, medications, and medical procedures adversely impact cognitive function. 

However, several limitations of traditional neuropsychological approaches make application 

for clinical research a challenge. Measures traditionally in use are resource intensive and 

costly, as they require extensive examiner training and supervision, extended time occupying 

lab or clinic space, and complex scoring procedures that may introduce human error or 

bias. These costs are magnified in longitudinal study designs, such as those involved in 

clinical trials. Increasingly, researchers are exploring remote data collection (e.g., continuous 

glucose monitoring, GPS, physical activity tracking) and delivery of interventions (e.g., 

mHealth interventions for people with diabetes (1; 2). Variables that are not possible to 

measure remotely, such as cognition via in-person traditional neuropsychological testing, 

are not feasible in these novel trial designs. Therefore, there is a need for developing and 

validating remote cognitive assessment approaches that could allow for greater efficiency in 

conducting clinical trials.

Computerized cognitive assessment is often perceived as less difficult and distressing 

to patients (3), increases efficiency, and reduces associated costs (4). Many existing 

computerized cognitive tests, however, remain limited by the need for costly technology 

and skilled test administration in a clinical setting (e.g., NIH Toolbox Cognition 

Battery). Teleneuropsychology, or the use of video conferencing to administer traditional 

neuropsychology tests, has been shown to produce equivalent results to in person testing 

for many verbally administered measures (5; 6), although the evidence for non-verbal 

processing speed and executive functioning tests is limited (i.e., few studies and small 

sample sizes) (7; 8). While allowing for remote testing, teleneuropsychology requires skilled 

test administration and supervision via videoconferencing. Self-administered online (SAO) 

cognitive assessment addresses these economic and efficiency barriers by allowing patients 

to complete testing with no human supervision within their own homes using their personal 

electronic devices.

In addition to economic and logistical concerns, there are growing concerns about the 

representativeness of samples included in cognitive research, with particular concern about 

disparities in study enrollment based on dwelling location, socioeconomic status, race and 

ethnicity, comorbidities, gender, and age (9). Research that occurs in large urban medical 

centers is often not accessible to non-urban patients who may lack resources or willingness 
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to participate. In a review of reasons for declining research study participation in NIH 

intramural research (10), 33% of decliners cited inconvenience as the primary reason (e.g., 

inability to take time off of work; inability to travel to the Clinical Center; distance to 

NIH; lack of flexibility in the participant’s schedule; and inability to participate during 

the work week and/or during work hours). This is magnified for individuals who are 

homebound or have limited mobility. In particular, rural communities are under-represented 

in research (11), with declination also being related to inconvenience and travel cost 

(12). Attention to participant preferences when selecting outcome measures may result 

in better study recruitment, retention and representativeness, assuming psychometric rigor 

can simultaneously be maintained. Allowing participants to complete assessments in their 

homes when it is convenient for them to do so (e.g., SAO testing), would reduce barriers to 

participation (9; 13) and may result in the inclusion of more representative research samples.

Furthermore, evaluation of the psychometric qualities of online neuropsychological 

measurement tools in clinical samples is particularly important given the recent coronavirus 

disease (COVID-19) outbreak and the current need for physical distancing. This 

unprecedented time has necessitated that neuropsychologists be flexible and adapt to the 

changing health care environment, with increasing expectations to provide services remotely 

(14; 15). Providers are increasingly looking for evidence to support alternative assessment 

approaches, including SAO assessment (e.g., see the Evidence Based Neuropsychological 
Care During the Covid-19 Pandemic report by the Inter Organizational Practice Committee, 

which includes a call for further validation of web-based and computerized testing 

platforms). In addition, in-person clinical research unrelated to COVID-19 was largely 

discontinued, making SAO assessment particularly attractive to researchers wanting to 

continue studies remotely. This public health emergency has rapidly increased the need 

for data on the strengths and limitations of these approaches.

Although there are some challenges in using self-administered tests, such as the lack of 

control over the testing environment and the need for a minimal level of familiarity with 

technology and access to a wifi enabled device, there are many potential advantages. 

Traditional examiner-administered neuropsychological tests are conducted under artificial 

testing conditions that have little resemblance to everyday cognitive performance conditions, 

which is ideal for assessing maximal cognitive performance as needed for diagnostic 

purposes. There can be a disconnect, however, between performance under controlled 

conditions and performance in typical day to day environments due to many potential 

factors such as test-taking anxiety, being tested earlier in the day than preferred, or living 

in a distracting or noisy household (16; 17). Thus, it is important to include evaluation of 

ecological validity in SAO assessment validation studies.

Diabetes was chosen as the test population to investigate the use of SAO. Both type 1 and 

type 2 diabetes are associated with small, but significant cognitive deficits relative to those 

without diabetes (18–23), cognitive impairments in older adults (24; 25) and an increased 

risk of cognitive decline (21; 26–28), mild cognitive impairment (29) and dementia (30; 

31). Data also indicate a link between diabetes complications, including CKD, and increased 

risk for cognitive deficits (22; 25; 27; 28). Importantly, the degree of cognitive deficit is 

associated with glycemic control, as measured by HbA1c (23; 26) and kidney function, 
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as measured by estimated glomerular filtration rate (eGFR (32–34). Further, remote data 

collection in diabetes research is increasing with the availability of passive blood glucose 

monitoring technology (35). Meticulous assessment of cognition in diabetes and CKD 

research is uncommon, largely due to the logistical challenges associated with existing 

neuropsychological measures (36).

Despite the promise of the SAO approach, many existing SAO cognitive assessments lack 

rigorous psychometric validation (e.g., direct comparison to traditional neuropsychological 

testing, precise characterization of samples), testing in clinical populations with health 

conditions such as diabetes or CKD, the ability to scale for use in multi-site research, 

validation for home use, and/or evaluation of patient acceptance (13; 37–40). Further, many 

existing SAO assessments require the use of a specific device type or operating system (e.g., 

iPad), and/or consist of a packaged set of tests that may not be appropriate for all research or 

clinical contexts.

Our primary objective was to establish the construct (convergent, divergent, criterion-

related) and ecological validity of a battery of cognitive tests delivered via a research-based 

SAO cognitive assessment platform (www.testmybrain.org) compared to 1) in-person gold 

standard neuropsychological measures measuring similar cognitive constructs (convergent 

and divergent validity), 2) demographic and medical characteristics (criterion-related 

validity) and 3) measures of everyday functioning (ecological validity). Our secondary aim 

was to demonstrate acceptance of this approach in patients with diabetes (with and without 

CKD), a population susceptible to disease-associated cognitive deficits. Test My Brain 

is a not-for-profit program developed at Harvard Medical School and McLean Hospital 

by Dr. Laura Germine (co-supported by the 501c3 Many Brains Project). Over the past 

12 years, over 2.5 million people have completed cognitive tasks on the Test My Brain 

website. They have developed a wide array of neuroscience based measures for use in 

research applications, including in cognitive aging and psychiatric populations (41–43). The 

battery used in the current study has not been directly validated against traditional in-person 

neuropsychological measures in the same individuals.

Methods

Participants.

The study was reviewed and approved by Providence Health Care Institutional Review 

Board. Patients were recruited from outpatient clinics at Providence Medical Group clinics 

for Nephrology and Endocrinology (Spokane, WA) between June 2017 and February 2018. 

Participants were adults with type 1 or type 2 diabetes who 1) were ≥18 years old, 2) fluent 

in English and 3) had internet access. Exclusion criteria, as determined via medical record 

review of diagnostic codes and problem lists by the study coordinator (research nurse) in 

consultation with a practicing physician (KRT and the study PI, NSC), included: 1) clinical 

diagnosis of dementia based on medical records, 2) severe impairment in vision, hearing 

or manual dexterity that would preclude cognitive assessment (based on medical record or 

observation during consent procedures), 3) physical or mental condition that has known 

cognitive consequences (e.g., medical record diagnosis of traumatic brain injury of any 

severity, neurodegenerative disease, stroke, current substance use disorder, developmental 
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disorder), 4) CKD stage 5 treated by maintenance dialysis or kidney transplant. No 

additional screening was done to identify any of these exclusion criteria (i.e., cognitive 

screening for dementia or substance use questionnaire). Study candidates were identified via 

electronic medical record review and contacted by clinic staff. Interested patients met with 

a research coordinator at their next clinic visit to learn more about the study, complete the 

informed consent process, and complete the baseline questionnaires.

Study Design.

Baseline measures.—All baseline variables were assessed via review of medical records 

and self-report questionnaires. The following data were collected at the baseline clinic visit: 

Demographic variables including age, gender, race/ethnicity, and attained educational level. 

Medical record variables included: Medications, diabetes duration, diabetes complications, 

and laboratory data (HbA1c, serum creatinine for calculation of eGFR). Participants also 

completed the following self-report questionnaires assessing aspects of everyday functioning 

at the baseline visit: Instrumental activities of daily living was assessed via the Functional 

Activities Questionnaire (44), everyday cognitive functioning was assessed via the Neuro-

QoL Cognitive Function (45), and cognitively demanding medical management tasks were 

assessed via the Diabetes Self-Management Questionnaire (46).

Randomization.—Following the baseline visit, participants were randomized to one of 

two counter-balanced assessment order conditions, stratified by diabetes type and CKD 

status: 1) traditional in-person assessment followed by SAO assessment, or 2) SAO 

assessment followed by traditional in-person assessment. Permuted block randomization was 

used with randomly varying block order and length. The blocks varied in length between 

two and six. After randomization to test order, participants were contacted by a research 

coordinator to schedule the two assessment sessions (14 days apart).

Prior to any cognitive assessment, participants tested their capillary blood glucose with their 

home blood glucose meter via finger stick in order to ensure that testing did not occur during 

hypoglycemia (<70 mg/dL). If hypoglycemia was detected, participants were instructed to 

eat 15 grams of fast acting carbohydrate and wait until blood glucose was above 70 mg/dL 

prior to starting the testing.

SAO testing.—SAO testing was conducted through TestMyBrain.org (TMB), a web-

based testing environment that has adapted/developed cognitive assessments for use in 

research. The SAO test battery included the following measures: TMB Digit Symbol 

Matching, TMB Digit Span, TMB Letter Number Sequencing, TMB Matrix Reasoning 

and TMB Vocabulary. These tests were selected because they were directly adapted 

for SAO administration from well-established clinical neuropsychological tests and have 

acceptable reliability based on previous on-line data collection on the testmybrain.org 

website (TMB digit symbol matching – ρ = 0.93; TMB Letter Number Sequencing – ρ 
= 0.71 ; TMB Forward Digit Span – ρ = 0.73 ; TMB Backward Digit Span – ρ = 0.68; 

TMB Matrix Reasoning – ρ = 0.89; TMB Vocabulary – ρ = 0.83). Reliabilities were 

calculated using a split-half approach (TMB Digit Symbol Matching, Matrix Reasoning, 

and Vocabulary) or based on correlation between span scores from an interleaved alternate 
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form with independent stopping rules (TMB Forward Digit Span, Backward Digit Span, 

and Letter Number Sequencing). The TMB Digit Span Forward test has been shown to 

produce psychometrically comparable results between anonymous online participants and 

those tested within a laboratory setting using the same measures (47). Similar patterns of 

age-related differences using the TMB Digit Symbol Matching and Digit Span compared 

to WAIS Coding and Digit Span normative data, as well as using the TMB Vocabulary 

test and the General Social Survey Wordsum test (48). Participants were provided with a 

study-specific website address and unique ID and password to access the SAO cognitive 

assessment battery at home. Participants were instructed to start the battery when they 

had time to complete the entire battery without interruption (∼30–45 minutes) and when 

they were feeling well-rested and alert. They were asked to complete the testing without 

anyone else in the room and to turn off any devices that could distract or interrupt 

them (e.g., cell phone, TV, radio). Participants were provided with the phone number and 

email address for study personnel in case they had any questions. The TMB assessment 

platform contains standardized testing instructions, including practice trials with feedback 

on incorrect responses, prior to starting each test. The duration of the SAO test battery was 

approximately 30 minutes. Raw scores were used in all analyses. Of note, TMB tasks were 

based on similar tasks from the WAIS-IV (see In-Person Assessment below) but modified 

in order to optimize computerized administration, while maintaining the core cognitive 

construct being assessed. For example, TMB Vocabulary uses a multiple-choice format, 

while WAIS-IV Vocabulary uses an open-ended response format. Presentation modality for 

all TMB tests was visual and all responses utilized either a keyboard or mouse interface.

In-Person Assessment.—The following gold standard “pencil and paper” subtests from 

the Wechsler Adult Intelligence Scale – 4th edition (WAIS-IV) were administered per the 

published manual according to standardized testing guidelines: WAIS-IV Coding, WAIS-IV 

Digit Span, WAIS-IV Letter Number Sequencing, WAIS-IV Matrix Reasoning and WAIS-

IV Vocabulary. All testing was completed in a private office during normal business hours. 

The duration of the in-person test battery was approximately 30 minutes. Examiners were 

trained and certified in test administration by a board certified clinical neuropsychologist 

(NSC). Raw scores were used in all analyses.

Participant preferences for test modality were assessed via a locally developed 

questionnaire. After describing the two testing modalities, pre-assessment preferences for 

each methodology were assessed at the baseline clinic visit by asking the following 

question: “What is your overall opinion of testing in-person (over the internet)?” using a 

7-point Likert scale (e.g., 1 = strongly like in-person assessment, 4 = neutral, 7= strongly 

dislike in-person assessment). Participants were then asked to indicate which factors were 

important in determining preference (e.g., convenience, travel time, cost, social interaction). 

Participant preferences were then reassessed using the same questions after both testing 

modalities were completed via a RedCap survey.

Statistical Analyses.

Skewness and kurtosis statistics, scatterplots, bivariate correlations, Variance Inflation 

Factor, and tolerance were used to assess normality, linearity, and multicollinearity, 

Chaytor et al. Page 6

Clin Neuropsychol. Author manuscript; available in PMC 2022 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



respectively. Percentages for categorical variables and means with standard deviations 

for continuous variables (median and interquartile range are reported for non-normally 

distributed variables) were calculated. Preliminary analyses were performed to assess the 

statistical assumptions of our tests.

Pearson correlations were used to determine: 1) the association between the SAO tests 

and the corresponding in-person WAIS-IV tests (convergent validity); 2) if the associations 

between the SAO fluid tests (TMB Digit Symbol, TMB Digit Span Forward and Backward, 

TMB Letter Number Sequencing, and TMB Matrix Reasoning) and word knowledge 

(WAIS-IV Vocabulary) were similar to associations observed between the corresponding 

WAIS-IV fluid tests and WAIS-IV Vocabulary (divergent validity). Likewise, it was 

expected that TMB Vocabulary and WAIS-IV Vocabulary would have a similar (and low) 

correlation with WAIS-IV coding. It is expected that correlations using SAO tests would 

be similar to correlations using In-Person tests. Differences in the magnitude of two 

correlations (with one variable in common) were evaluated for statistical significance using 

Steiger’s Z test (49; 50). Regression analyses were used to determine the magnitude of 

variance accounted for (R2) by the SAO versus in-person tests in everyday functioning 

measures (ecological validity) and demographic and medical variables (criterion-related 

validity). Paired-samples t-tests were used to compare SAO versus in-person test preference 

ratings at baseline and again post-testing. Pre-assessment preference ratings for each test 

methodology were also compared to post-assessment ratings (paired-samples t-tests) to 

determine if ratings changed after exposure to testing. P ≤ .05 (two-tailed) was used to 

indicate statistical significance. We elected not to adjust for multiple comparisons give 

that the goal of these analyses was to retain the null that there are no differences in the 

associations between SAO tests and in-person tests.

Results

Demographic and Clinical Characteristics

Ninety-five participants completed informed consent, medical record review and 

questionnaires at the time of their initial baseline clinic visit. Forty-two participants did 

not complete any cognitive testing: 30 (71%) could not be reached, failed to schedule, 

or cancelled the two assessment sessions, 7 (17%) declined further study participation, 

and 5 (12%) developed medical conditions that precluded further participation. Four 

participants completed only one testing session (1 SAO only and 3 In-Person only). 

Forty-nine participants (52% of those initially consented for the study) completed both 

cognitive assessment modalities (hereafter referred to as the validation sample). Fourteen 

had a diagnosis of type 1 diabetes and 35 had type 2 diabetes (Table 1) and 18 had CKD 

(see Supplemental Table S1 for the breakdown by CKD stage). Compared to those who 

only completed the baseline assessment (N = 42), those in the validation sample (N= 49) 

had better self-reported Diabetes Self-management Questionnaire Scores, t(89) = −2.25, p= 

0.027 and lower HbA1c, t(86) = 2.27, p = 0.026. There were no differences between the 

groups in age, education, employment status, diabetes type, diabetes duration, frequency of 

diabetes complications, eGFR or self-reported instrumental activities of daily living on the 

Functional Activities Questionnaire.

Chaytor et al. Page 7

Clin Neuropsychol. Author manuscript; available in PMC 2022 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The two within-subjects testing sessions for the validation sample were an average of 

14.8 (SD = 6.0) days apart, with 26 participants randomized to complete the in-person 

testing first and 23 randomized to complete the SAO testing first. After completing the 

SAO battery, participants were asked if they had any technical difficulties. Nine of the 42 

(21%) participants who completed this item reported having some form of technical problem 

during SAO testing. The problems included difficulty logging in to the website, difficulty 

with using computers in general, or using a computer that was slow. These open-ended 

responses did not reveal any systematic problems and no one mentioned any interruptions 

during testing. Occasional “technical issues” also occurred infrequently during in-person 

testing (i.e., examiner forgetting to start the stopwatch or incorrectly reading a digit span 

sequence). There was no effect of test session order on performance, except for digit span 

backwards. Mean WAIS-IV Digit Span Backwards performance was better following prior 

SAO assessment (mean = 8.91, SD = 1.93) compared to when it was completed first (mean 

= 7.73, SD = 1.82), t(47) = −2.21, p = 0.03 (Cohen’s d = 0.63). However, TMB Digit 

Span Backwards performance was poorer in those who had previously completed in-person 

testing (mean = 4.08, SD = 1.41) compared to when it was completed first (mean = 5.32, SD 

= 1.64), t(46) = −2.82, p = .01 (Cohen’s d = 0.81). The SAO testing session occurred outside 

normal business hours (before 8 AM or after 4:00 PM) in 18 of 49 (37%) participants, with 

no adverse impact on test performance. Self-monitoring blood glucose values for in-person 

testing (median = 175 mg/dL; 95% CI [168, 217]) did not differ from those obtained prior to 

SAO testing (median = 160 mg/dL; 95% CI [149, 181]), Z = −1.86, p =0.063. There was no 

association between blood glucose value and any cognitive test performance in either testing 

session. In those who attended an in-person test session, there was no missing data for any 

individual cognitive test, while in those who initiated the SAO test session, 3 participants 

failed to complete all the individual subtests (1 missing Digit Span Backward, and 2 missing 

Digit Symbol and Letter-Number Switching).

Construct Validity

Convergent validity, or the degree of association between each SAO test and the 

corresponding in-person test, was adequate (0.30–0.60) or good (>0.60); ranging from 0.49 

for the TMB matrix reasoning task to 0.66 for the TMB digit symbol task (Table 2 and 

Supplemental Figure S2). Correction for attenuation (51) revealed correlation coefficients 

ranging from 0.54 to 0.75. The associations between divergent cognitive tests were similar 

for SAO tests and in-person tests, using Steiger’s Z test (Table 2).

Criterion-related validity was assessed via correlations between each cognitive test modality 

and variables known to be associated with cognitive performance (age, education, eGFR and 

HbA1c) (Table 3). The relationship between TMB vocabulary and age was stronger than that 

between WAIS-IV Vocabulary and age, while other associations were of similar magnitude 

across testing modalities using Steiger’s Z test. All correlations with education were similar 

between corresponding SAO and in-person tests. Correlation coefficients between clinical 

variables (HbA1c and eGFR) and cognitive performance were similar across modalities. The 

amount of variance accounted for in age was larger when using the SAO battery (Age R2 = 

0.54, p < 0.001) compared to the in-person battery (Age R2 = 0.23, p = 0.074), while the 

variance accounted for in education, HbA1c and eGFR were similar for the SAO battery 

Chaytor et al. Page 8

Clin Neuropsychol. Author manuscript; available in PMC 2022 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Education R2 = 0.37, p = 0.005; HbA1c R2 = 0.20, p = 0.182; eGFR R2 = 0.41, p = 0.002) 

and in-person battery (Education R2 = 0.30, p = 0.016; HbA1c R2 = 0.12, p = 0.514; eGFR 

R2 = 0.33, p = 0.009).

In terms of ecological validity (association between cognitive tests and measures of 

everyday functioning), the magnitude of variance accounted for in instrumental activities of 

daily functioning, self-reported everyday cognitive function and diabetes self-management 

performance by the battery of SAO tests (FAQ R2 = 0.08, p = 0.729; Neuro-QoL R2 = 0.14, 

p = 0.459; DSMQ R2 = 0.19, p = 0.188) was similar to that accounted for by the battery of 

in-person tests (FAQ R2 = 0.07, p = 0.762; Neuro-QoL R2 = 0.16, p = 0.333; DSMQ R2 = 

0.19, p = 0.175).

Participant Preference

The majority of participants had a favorable (“Moderately” or “strongly liked”) perception 

of both in-person and SAO testing, both before (In-person = 55%; SAO = 51%) and after 

(In-person = 67%; SAO = 54%) completing both assessment modalities, with convenience 

being reported as the most common factor supporting preference for SAO, and having 

someone to assist with testing being reported as the most common reason in support of in-

person testing (Supplemental Table S2). No statistically significant differences in continuous 

participant-reported preference scores between test modality were reported at baseline (SAO 

mean = 2.67, SD = 1.55; In-Person mean = 2.53, SD = 1.39), t(48) = −0.48, p = 0.63, or 

post-assessment (SAO mean = 2.86, SD = 1.54; In-Person mean = 2.28, SD = 1.47), t(42) 

= −1.66, p = 0.10. Further, no change in preference from baseline to post-assessment was 

detected for SAO (baseline mean = 2.72, SD = 1.47; post mean = 2.86, SD = 1.54), t(42) 

= −0.46, p = 0.65, or In-Person (baseline mean = 2.60, SD = 1.40; post mean = 2.28, SD = 

1.47), t(42) = 1.31, p = 0.20.

Discussion

The TMB battery of SAO cognitive assessments produced acceptable overall construct 

validity (convergent, divergent, and criterion-related validity), as well as associations 

with self-reported everyday functioning (ecological validity) that were comparable to in-

person assessments. The SAO tests were correlated with comparable traditional in-person 

neuropsychological tests, and associations between the SAO tests and other variables were 

generally similar to those obtained using the in-person tests. Importantly, SAO assessment 

was acceptable to participants before any exposure to the specific test/platform.

Criterion-related validity was explored by evaluating associations with demographic 

variables (age and education) as well as associations with laboratory measures that have 

been linked to cognitive performance in patients with diabetes and CKD (HbA1c and eGFR, 

respectively). Overall, the relationships between these variables and the SAO cognitive tests 

were comparable to those with the in-person tests, with one exception. TMB Vocabulary was 

more associated with age than WAIS-IV Vocabulary. This may be due to differences in the 

response format of the TMB version (multiple choice response). While this finding needs 

replication, a prior study using the TMB Vocabulary test showed a stronger association 

with the General Social Survey Wordsum Task (a vocabulary task that also uses a multiple 
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choice format) that the WAIS Vocabulary normative sample data (48). Overall, the SAO 

tests demonstrated a general pattern of associations with demographic and clinical variables 

of similar magnitude to that seen with in-person testing for most demographic and clinical 

variables. Participant-reported preference for the two testing modalities was positive and 

comparable, both before, and after completing them. Convenience of web-based testing was 

the most cited reason in support of SAO testing, while social interaction was the most 

common reason given in support of in-person testing. Participants, including older adults, 

were able to complete this SAO battery as instructed via email independently.

This study has limitations that must be considered when interpreting the results. First, we 

had a relatively small sample size, high variable to participant ratio, with a low rate of 

full study completion. However, even with the small sample it was possible to find an 

overall pattern of results that reveal acceptable construct validity and similar ecological 

validity to in-person testing, as well as good feasibility of SAO cognitive assessment 

in adults with diabetes, who are susceptible to subtle cognitive deficits. Of note, while 

study noncompletion was high, the majority was due to being unable to reach or schedule 

the testing sessions, while only 5/42 (12%) participants were unable to complete testing 

due to medical reasons. Nonetheless, a larger sample and a control group of individuals 

without diabetes would have made the results more robust and allow detection of potential 

differences between clinical and non-clinical samples. The lack of racial and ethnic diversity 

in our sample precluded analysis of potential differences in validity and/or preferences 

among racial and ethnic groups. This is an important area of further investigation. Second, 

in this study we did not investigate the test-retest reliability of these SAO assessments. 

Third, the battery of SAO tests together accounted for a similar (small to moderate) amount 

of variance in relevant self-reported everyday functioning (diabetes self-management, 

instrumental ADLs and cognitive functioning). It is possible that objective measures of 

everyday functioning may have produced different results. It has been suggested that 

the controlled clinic setting used with traditional neuropsychological assessment may be 

one possible reason for relatively limited correspondence between test scores and real 

world cognition (17; 52). Despite testing being conducted in the participant’s everyday 

environment, we did not find that the SAO tests had superior ecological validity to that 

of the in-person tests. It should be noted, however, that in order to maximize convergent 

validity participants were instructed to minimize interruptions and complete the SAO testing 

in a private location, which may have resulted in the home environment being more similar 

to the clinic environment than is typical. Ecological validity of neuropsychological tests is 

a complex issue (16) and additional research is needed to determine if SAO assessment, 

particularly when administered in an ecological momentary assessment study design, may 

result in greater insights into everyday cognitive functioning beyond what is possible with 

traditional neuropsychological assessment. Next, convergent validity ranged from 0.49–0.66 

(0.54–0.75 disattenuated). While adequate for use in research, these associations are modest. 

It is important to note that the test batteries were administered two weeks apart. The 

test-retest reliabilities for the WAIS-IV tests range from 0.81–0.94 in the standardization 

sample. This represents the maximum possible association, with expected lower test-retest 

reliability in patients with chronic health conditions such as diabetes. Further, these SAO 

versions of the WAIS-IV tests have key differences in assessment modality (e.g., auditory 
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vs. visual stimulus delivery, multiple choice versus open-ended oral response), which reduce 

the expected degree of association further. We were not able to evaluate other factors that 

might explain discrepant performance between SAO and in person testing (e.g., noise, 

people around, computer equipment used, not understanding instructions, true changes in 

cognition). Time of day and blood glucose were not associated with performance. To better 

understand environmental factors that might impact cognitive performance, further research 

with more sophisticated sensor-based data collection is needed. In addition, even though 

construct validity of this SAO battery was considered adequate for research purposes, it is 

important to note that SAO neuropsychological assessment should be used with extreme 

caution in clinical settings, as it does not replace the valuable qualitative observations 

provided by a well-trained professional. The TMB platform also does not confirm test-

taker identity nor include measures of performance validity. Ideally, clinical use of SAO 

assessment should also include observation via simultaneous teleconference.

In conclusion, the SAO cognitive assessment battery tested here appears to be an acceptable 

research tool. It may be particularly useful when repeated assessment is required or to 

reach previously underrepresented populations such as those living in remote areas or with 

transportation and mobility restrictions.
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Table 1.

Demographic and Clinical Characteristics of the Baseline Only (non-completers) and Validation Samples 

(completers).

Baseline (N=42) Validation (N=49) p-value

Age (years) Mean (SD) 59.6 (15.4) 57.7 (13.8) 0.540 †

Gender Women N (%) 20 (45) 26 (53) 0.605 ‡

Race/Ethnicity Non-Hispanic White N (%) 41 (98) 48 (98) 0.277 ‡

Education (years) Mean (SD) 14.0 (3.0) 14.8 (2.5) 0.179 †

Diabetes Type Type 1 N (%) 8 (19) 14 (29) 0.290 ‡

Complications* CKD N (%) 13 (31) 18 (37) 0.562 ‡

Hypertension N (%) 30 (71) 36 (73) 0.828 ‡

Dyslipidemia N (%) 30 (71) 35 (71) 0.816 ‡

Retinopathy N (%) 8 (19) 8 (16) 0.734 ‡

Neuropathy N (%) 14 (33) 14 (29) 0.624 ‡

CVD N (%) 16 (38) 11 (22) 0.103 ‡

HbA1c (%) Mean (SD)
mmol/mol

8.12 (1.84)
65 (20.1)

7.37 (1.25)
57 (13.7)

0.026 †

eGFR§ (mL/min/1.73m2) Mean (SD) 68.5 (33.8) 71.9 (32.4) 0.632 †

Diabetes Duration (years) Mean (SD) 16.8 (10.9) 17.9 (13.4) 0.680 †

DSMQ (0–10) Mean (SD) 6.9 (1.5) 7.5 (1.3) 0.027 †

FAQ Mean (SD) 1.6 (2.9) 1.0 (2.2) 0.286 †

Note:

*
Complications were determined by medical record review at the baseline visit.

Significance denotes independent samples t-tests

(†)
for continuous data and Χ2 tests

(‡)
for categorical data comparing participants with only baseline data vs. complete assessment data (validation sample). CKD = Chronic Kidney 

Disease; CVD = Cardiovascular Disease; DSMQ = Diabetes Self-Management Questionnaire; eGFR = estimated glomerular filtration rate; FAQ = 
Functional Activities Questionnaire; HbA1c = hemoglobin A1c; NeuroQoL = Neurological Disorders Quality of Life – Cognitive Function.

§
eGFR was derived from the serum creatinine concentration using CKD-Epidemiological calculation.
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Table 2.

Construct Validity: Convergent and Divergent Associations

Convergent Validity

Raw Score Raw Score

Pearson r*Mean (SD) Mean (SD)

 TMB Digit Symbol Matching 33.9(7.6) WAIS-IV Coding 56.7(15.8) .66 (.74)

 TMB Digit Span Forward 6.1(1.6) WAIS-IV Digit Span Forward 10.2(2.4) .53 (.69)

 TMB Digit Span Backward 4.6(1.6) WAIS-IV Digit Span Backward 8.3(1.9) .54 (.72)

 TMB LNS 6.1(1.2) WAIS-IV LNS 19.5(2.6) .59 (.75)

 TMB Matrix Reasoning 24.0(5.4) WAIS-IV Matrix Reasoning 16.5(4.3) .49 (.54)

 TMB Vocabulary 27.0(2.5) WAIS-IV Vocabulary 41.0(9.7) .58 (.65)

Divergent Validity Z† p-value

 WAIS-IV Vocabulary TMB Digit Symbol Matching .12 (.13) 0.578 0.281

WAIS-IV Coding .05 (.06)

 WAIS-IV Vocabulary TMB Digit Span Forward .41 (.49) −0.564 0.286

WAIS-IV Digit Span Forward .48 (.63)

 WAIS-IV Vocabulary TMB Digit Span Backward .40 (.50) −0.401 0.344

WAIS-IV Digit Span Backward .45 (.58)

 WAIS-IV Vocabulary TMB LNS .15 (.18) −1.162 0.123

WAIS-IV LNS .30 (.36)

 WAIS-IV Vocabulary TMB Matrix Reasoning .42 (.46) 0.667 0.252

WAIS-IV Matrix Reasoning .33 (.39)

 WAIS-IV Coding TMB Vocabulary −.05 (−.06) −0.741 0.229

WAIS-IV Vocabulary .05 (.06)

*
Good/Very Good (>0.60), Adequate (.30-.60), Weak (<0.30) associations (53)

TMB= TestMyBrain.org; LNS= Letter-Number Switching; WAIS-IV= Wechsler Adult Intelligence Scale – 4th edition

†
Steiger’s Z for comparing dependent correlation coefficients with one variable in common (49; 50).

Disattenuated correlation coefficients in parentheses (51).

N= 49; Statistically significant correlations in bold (p<0.05).
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Table 3.

Construct Validity: Associations with demographic and clinical variables (criterion-related validity)

Age Education HbA1c eGFR

TMB Digit Symbol Matching −.59 .16 −.17 .54

WAIS-IV Coding −.40 .11 −.21 .37

TMB Digit Span Forward −.01 .46 .20 .02

WAIS-IV Digit Span Forward −.09 .37 .12 .04

TMB Digit Span Backward −.22 .10 −.18 .04

WAIS-IV Digit Span Backward −.10 .32 .04 .21

TMB LNS −.06 .29 .18 .06

WAIS-IV LNS −.18 .23 .01 .31

TMB Matrix Reasoning −.21 .24 −.26 .19

WAIS-IV Matrix Reasoning −.27 .40 −.15 .34

TMB Vocabulary .52 * .43 .14 −.39

WAIS-IV Vocabulary .12* .47 .17 −.20

TMB= TestMyBrain.org; WAIS-IV= Wechsler Adult Intelligence Scale – 4th edition; LNS= Letter-Number Switching; HbA1c = hemoglobin A1c; 
eGFR = estimated glomerular filtration rate

N= 49; Note: HbA1c missing 2 and eGFR missing 1

*
Steiger’s Z = 3.30, p=.001

Statistically significant correlations appear in bold (p<0.05).
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