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Abstract

COVID-19 has impacted the ability to evaluate motor function in older adults, as motor 

assessments typically require face-to-face interaction. One hundred seventy-seven older adults 

nationwide completed an unsupervised functional upper-extremity assessment at home. Data were 

compared to data from an independent sample of community-dwelling older adults (N=250) 

assessed in lab. The effect of age on performance was similar between the in-lab and at-home 

groups. Practice effects were also similar. Assessing upper-extremity motor function remotely is 

feasible and reliable in community-dwelling older adults. This test offers a practical solution for 

telehealth practice and other research involving remote or geographically isolated individuals.
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Introduction

Assessing motor function in older adults is essential, as it is affected by neurologic 

conditions like stroke (Lang et al., 2013), Mild Cognitive Impairment (MCI) (Jekel et 
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al., 2015), Parkinson’s disease (Roalf et al., 2018) and Alzheimer’s disease (Kluger et al., 

1997). However, most clinical motor assessments require face-to-face administration and 

may also require specialized medical equipment (e.g., dynamometry) (Milne & Maule, 

1984), while more experimental measures typically use motion capture (Heath et al., 1999; 

Owings & Grabiner, 2004), robotics (Pearce et al., 2012), or other expensive technologies 

(e.g., transcranial magnetic stimulation, electromyography, or magnetic resonance imaging) 

(Ferber et al., 2002; Resnick, 2000; Schambra et al., 2015). Thus, these motor assessments 

are not feasible in remote contexts and are limited in re-test frequency or longitudinal 

evaluation due to cost and time constraints. Due to the COVID-19 pandemic, many medical 

practices and research methods have shifted to remote, internet-based approaches (Klil-Drori 

et al., 2021; Rowley et al., 2019; Thornton, 2020), and many older adults are unwilling 

or unable to engage in face-to-face, in-person research (Roe et al., 2021). These issues are 

barriers to evaluating motor function, tracking disease progression over time, and measuring 

the efficacy of an intervention as an outcome variable, particularly for older populations 

who have been encouraged to remain isolated/distanced due to COVID-19. Thus, there is 

an urgent need for objective motor assessments that are feasible and reliable for remote 

administration in people’s homes.

In light of this and other advances in telehealth, new research has focused on the feasibility, 

reliability, and validity of remote motor assessment and its relationship with clinical and 

demographic measures linked to neurodegeneration and aging. For example, for people with 

Parkinson’s disease and other movement disorders, virtual video-based clinical visits are 

feasible (Bull et al., 2014; Dorsey, Bloem, & Okun, 2020; Larson, Schneider, & Simuni, 

2021; Naito et al., 2021), although patient-reported outcomes tend to be more reliable 

than clinical motor assessments when administered remotely (Tarolli et al., 2020; see also 

Hoenig et al., 2018). In addition, at-home surveys can help patients accurately estimate the 

severity of their motor symptoms (Myers et al., 2021). However, the majority of virtual 

motor assessments still rely on a clinician during or after the visit, which is a limiting 

factor for telehealth both currently and in the near future. According to projections from 

the Association of American Medical Colleges (AAMC), the United States is expected 

to have a shortage of nearly 122,000 physicians by the year 2033 (AAMC, 2020), with 

geriatric and rural populations being among the most affected (Hing & Hsiao, 2014). To 

potentially reduce clinician burden, smartphone apps (e.g., Omberg et al., 2021; Zhou et al., 

2020), video game consoles (e.g., Synnott, Chen, Nugent, & Moore, 2012), and wearable 

sensors (e.g., Yu, Xiong, Guo, & Wang, 2016) have been developed to assess movement 

in a remote, unsupervised way. In particular, wearable sensors (e.g., accelerometers, inertial 

measurement units) are being used to measure motor deficits in-home after stroke (Del 

Din, Patel, Cobelli, & Bonato, 2011; Lang, Barth, Holleran, Konrad, & Bland, 2020; 

Maceira-Elvira, Popa, Schmid, & Hummel, 2019). While these new methods allow for 

more automated data collection, the availability, accessibility and affordability of such 

technological devices for assessing motor function currently limit their translation from 

research to clinical practice. For wearable sensors specifically, the need to wear them 

throughout the day for several days in a row to capture patterns in motor behavior during 

daily life (Lang et al., 2020; Ramezani et al., 2019; Wang, Markopoulos, Yu, Chen, & 

Timmermans, 2017) further limits their widespread use, while app-based assessments may 
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struggle with poor to moderate reliability when compared to paper-based, in-lab versions 

(John et al., 2021). Both types of remote assessments are computationally intensive for 

movement feature extraction, and subject to issues such as sensor noise, drift, battery life, 

and data compression (see Maceira-Elvira et al., 2019).

As a potential solution, a brief, low-cost upper extremity motor task has been developed as 

a more accessible and affordable assessment (Schaefer et al., 2015). It is fabricated from 

household items, requires minimal technology (only a stopwatch or timing device), and 

can be assembled and mailed for <$10. Research on the face-to-face version of the task 

(administered by an experimenter) has shown that older adult task performance is associated 

with cognitive status (Hooyman, Malek-Ahmadi, Fauth, & Schaefer, 2021), visuospatial 

memory (Lingo VanGilder et al., 2019), and a one-year decline in activities of daily living 

(Schaefer et al., 2020), yet is not subject to sex differences (Hooyman et al., 2021). It is also 

feasible for stroke (Schaefer et al., 2013), Parkinson’s disease (Paul et al., 2020), and MCI 

(Schaefer et al., 2020; Schaefer & Duff, 2017) populations. These features collectively make 

this task amenable to a remote, at-home setting, but it has not been validated for such use to 

date.

To test the reliability of this motor assessment as an unsupervised, at-home tool, we utilized 

the MindCrowd electronic cohort (Huentelman et al., 2020). MindCrowd is an internet-

based platform focused on neuroaging research that has collected participant data via online 

surveys and a brief cognitive assessment, as well as remote genotyping via mail (Talboom et 

al., 2019). Thus, the purpose of this study was to leverage the MindCrowd infrastructure to 

validate a remote, unsupervised version of our motor assessment within an in-home setting. 

To do so, we utilized a subsample of MindCrowd participants over age 40, and compared 

their at-home, unsupervised performance to data from an existing in-lab, supervised sample.

Methods

Participants

All participants in this study had no previous history of mental illness, neurologic disease, 

or injury (i.e., stroke, history of seizures, concussion diagnosis, brain disease, or arthritis 

of the hands or upper limbs). All participants reported normal visual acuity and absence 

of any peripheral sensory or motor loss/pathology. Although MindCrowd itself has users 

worldwide, all participants in this study resided in the United States.

Six hundred seventy-nine participants were recruited to this study via e-mail, which 

provided an overview of the motor task and the option to agree to participate if interested. 

If the participant consented (via e-mail), a kit containing the motor task, along with 

instructions for administration and reporting data, was sent to the mailing address provided 

by the participant. As of January 2021, 241 kits had been mailed to consented participants, 

and 177 participants (mean age = 59.13 years +/− 9.18; 132 female) had completed the task 

and reported their data back to MindCrowd. Thus, ~1/3 of contacted MindCrowd users were 

willing to participate, ~75% of whom completed the assessment with their dominant and 

non-dominant hand once consented. In this cohort, hand dominance was self-reported. The 

WCG Institutional Review Board approved this portion of the study.
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The MindCrowd data were then compared to an independent sample that had been 

previously completed collected in-lab (Hooyman et al., 2021) (N = 250, mean age = 

73.12 years +/− 8.22, female = 129). All participants in the in-lab cohort were assessed 

on their dominant and non-dominant hand and provided written informed consent before 

participation following the World Medical Association Declaration of Helsinki. The Utah 

State University and Arizona State University Institutional Review Boards approved this 

portion of the study. A subset of 106 participants from the in-lab cohort (mean age = 

71.29 +/− 8.67, female = 72) also completed three more trials of the motor task with 

the non-dominant hand to evaluate a practice effect. Hand dominance in this cohort was 

assessed with the Edinburgh Handedness Inventory (Oldfield, 1971).

Motor task

Details regarding the administration of the motor task have been published 

previously (Schaefer et al., 2015; Schaefer & Duff, 2015; Schaefer & Hengge, 

2016) and are viewable on Open Science Framework (https://osf.io/mebcq/?

view_only=ce5d894a2490462ebb87d60222462558). Importantly, this task has been related 

to measures of daily functioning in older adults (Schaefer et al., 2020), demonstrating 

its ecological validity. Briefly, task performance involved 15 repetitions of acquiring and 

transporting two kidney beans (~0.5cm3) at a time with a standard plastic spoon from a 

plastic ‘home’ cup (9.5 cm in diameter and 5.8 cm in height) to one of three ‘target’ 

cups that were the same size as the home container. The target containers were secured 

radially around the home container at −40°, 0°, and 40° at 16 cm. At the start of the trial, 

thirty beans were placed into the home cup (15 repetitions x 2 beans/rep). To replicate 

the experimental set-up at home, individual kits were mailed that had 4 cups, 30 beans, 

a spoon, written instructions, and a paper ‘gameboard’ that provided a visual of where 

the home and target containers should be placed relative to their body, along with tape 

adhesive to adhere the gameboard to a table while seated. Figure 1 illustrates an assembled 

view of the task. Participants started by reaching to the left target cup, then returned to 

the central cup to acquire two more beans to transport to the middle target cup, then the 

right target cup, and then repeated this 3-cup sequence five times for a total of 15 reaches. 

The trial ended once the last two beans were deposited into the last cup. Performance was 

measured as the amount of time it took to complete all 15 reaches, i.e., ‘trial time.’ Four 

trials were completed with the non-dominant hand (to evaluate a practice effect), and one 

trial was performed with the dominant hand. This is because the dominant hand tends to be 

significantly faster than the non-dominant hand, making it susceptible to a ceiling effect and 

unlikely to show any practice effect (Schaefer, 2015). MindCrowd participants either timed 

themselves (61%) or were timed by a partner (39%), while an experimenter timed the in-lab 

participants.

Statistical analyses

All analyses were performed in R (v4.0.0). To determine the reliability of the assessment, 

we performed a general linear model with task performance (i.e., trial time) as the dependent 

variable; group (MindCrowd vs. in-lab), sex, age, and hand were included as independent 

variables. Given the discrepancy in age ranges between the two groups, we also tested for 

a group-by-age interaction to determine if this age discrepancy influenced the relationship 
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between group and task performance. Since the non-dominant hand performed four trials 

overall, only the first trial was used in this first analysis. To determine the similarity 

in practice effects of the non-dominant hand between MindCrowd and in-lab groups, 

we performed an autoregressive linear mixed-effects model with performance of the non-

dominant hand across the four trials as the dependent variable, and trial number (1–4), 

group, age, and sex as fixed effects and random intercepts on the participant.

Results

The general linear model showed no significant effect of group (MindCrowd vs. in-lab) 

on task performance (p=.2), indicating that data collected in-lab by an experimenter was 

comparable to data collected at home by the participant unsupervised. For example, the 

mean difference in task performance between in-lab and MindCrowd groups was only 

~2% (1.3 seconds). The group-by-age interaction was also not significant (p=.4), indicating 

the difference in age range between the MindCrowd and in-lab cohorts did not have 

an effect on task performance. Regardless of group, there was a positive relationship 

between age and task performance (βage=.29, p<.0001, 95% CI=[.2, .38]), consistent with 

(Spedden et al., 2017). There was also an effect of hand dominance on task performance 

(βdominantHand=−8.62, p<.0001, 95% CI=[−9.46, −7.78]), consistent with previous data 

showing that the dominant hand is faster (Schaefer, 2015). Dominant and non-dominant 

hand performance is shown in Figure 2A and B, respectively, for each group. Since 

the non-dominant hand performed four trials to evaluate practice effects (see below), 

Figure 2B shows the first trial only. Furthermore, there was also no effect of sex on task 

performance (βSex=1.21, p=.17, 95% CI=[−.51, 2.94]), again consistent with previous data 

(Hooyman et al., 2021). Within the MindCrowd cohort, there was no significant effect 

on task performance based on whether participants timed themselves or were timed by 

someone else (mean non-dominant hand difference = 2.6 seconds, 95% CI=[−1.7, 6.4], 

p=.18; mean dominant hand difference=.51 seconds, 95% CI=[−1.6, 2.7], p=.65). These 

results collectively show that age (and hand used) impact task performance as we have 

shown previously, while the location and level of task supervision do not.

The autoregressive linear mixed-effects model also exhibited no effect of group on practice 

effects when the task is completed multiple times with the non-dominant hand (p=.12) (Fig. 

3). Consistent with earlier data, there was a significant effect of the trial (i.e., participants 

improved with practice) (βtrial=−1.8, p<.0001, 95% CI= [−2.27, −1.32]), but these results 

indicate that improvements in the motor task due to repeated exposure were also not 

dependent on location or level of supervision.

Discussion

The purpose of this study was to validate a remote, unsupervised version of a functional 

motor assessment within an in-home setting. Results showed that motor performance 

collected in-home without supervision was not significantly different from data collected 

face-to-face in a laboratory setting. In other words, task performance and corresponding 

practice effects that were measured in the home (either by the participants themselves or 

by a partner) were not statistically different from those measured in the lab. This suggests 
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that, in contrast to current options for remote motor assessment, older adults nationwide 

can reliably perform this motor task without supervision or clinical oversight, and without 

extensive need or reliance on technology (e.g., sensors or smartphone apps).

The feasibility and reliability reported here demonstrate measurable benefits for preclinical 

research in older adults. First, once participants consented to participate and the kits were 

mailed, it took only 174 days for all 177 participants to perform the task and report their 

data. This rate is >1 participant a day, including weekends, whereas the rate of recruitment/

participation in a face-to-face research study is often much slower, even before the 

COVID-19 pandemic. Second, the low cost and simplicity of the individual task components 

(e.g., beans, plastic spoon) allowed motor data to be collected from all over the United 

States. As shown in Figure 4, data were collected from participants in 33 different states, 

a paradigm much different than what is feasible in other single-site studies that involve 

face-to-face assessments. In addition, this figure illustrates the breakdown of participation by 

state, relative to how many participants were contacted. We note, however, that the variation 

in recruitment by state was not part of this study, but was instead simply an administrative 

by-product of using MindCrowd itself. Findings from this study are encouraging, given that 

people across the country were willing and able to participate in this study. The ability 

to collect across a geographically distributed sample can make research more inclusive, 

particularly for older adults who cannot drive or who do not have access to reliable public 

transportation (Park et al., 2010). Third, social isolation (due to the COVID-19 pandemic or 

otherwise) can substantially affect depression and psychological distress among older adults 

(Gorenko et al., 2021); thus, gerontological research must continue pursuing ways to engage 

and assess isolated older adults. Lastly, the feasibility and reliability of assessing motor 

function at home and unsupervised offers new avenues for Alzheimer’s disease screening 

and clinical trial enrichment. Performance on the motor task used here has been linked 

to visuospatial processes (Lingo VanGilder et al., 2018, 2019), which have been shown to 

decline earlier than memory scores in cases of eventual Mild Cognitive Impairment (MCI) 

diagnosis (Johnson, Storandt, Morris, & Galvin, 2009; Mitolo et al., 2013; Rizzo, Anderson, 

Dawson, & Nawrot, 2000); thus, this task has potential to screen for asymptomatic older 

adults who may be at risk for developing dementia. Performance on this motor task has 

also been shown to improve the prediction of eventual functional decline in confirmed 

MCI (Schaefer et al., 2020). The remote version of this task would allow researchers or 

clinicians to monitor or screen individuals easily, regardless of geographical location, for 

study enrollment or neuropsychological follow-up.

One key finding from this study is the reliability of the practice effect for this motor task 

(see Fig. 3), even when assessed remotely and unsupervised. In general, a practice effect is 

present when performance on a task/assessment improves as a function of repeated exposure 

(Calamia, Markon, & Tranel, 2012). Although practice effects have historically been viewed 

as a nuisance variable, research has shown that practice effects on cognitive assessments 

have diagnostic and prognostic value for Mild Cognitive Impairment and Alzheimer’s 

disease (Duff, Callister, Dennett, & Tometich, 2012). In other words, the extent to which 

one’s score changes (or does not change) over repeated trials of a cognitive assessment 

may be better at classifying and predicting cognitive impairment than a single trial of 

that assessment (Duff et al., 2007; Duff et al., 2011), since practice effects are thought 
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to reflect cognitive reserve and flexibility (Suchy, Kraybill, & Franchow, 2011). However, 

such practice effects have only been studied in-lab/in-clinic, and have not been tested for 

reliability in virtual or unsupervised settings. As the general concept of practice effects 

continues to become popular, it is important to consider practice effects in other types of 

assessments, including motor assessments like the one presented here, as they may have 

additional clinical utility for neuropsychologists specifically (Schaefer, Duff, Hooyman, & 

Hoffman, 2021; Schaefer, Malek-Ahmadi, Hooyman, King, & Duff, 2021). This motor task 

is less susceptible to a ceiling effect than other existing upper-extremity motor assessments 

like maximal grip strength via dynamometry (Dixon et al., 2005; Hogrel et al., 2020), the 

9-Hole Peg Test (Solaro et al., 2019), or the Fugl-Meyer (Gladstone, Danells, & Black, 

2002), particularly when the motor task is completed with the non-dominant hand (see Fig. 

3). Recent research suggests that complex movements of the non-dominant hand are more 

sensitive to white matter hyperintensities within the aging brain (more so than movements 

of the dominant hand, and more so than simpler movements like finger tapping) (Riaz et 

al., 2021), which may be a plausible explanation for the observed relationship between 

task performance and age in this study (see Fig. 2). This is consistent with previous work 

showing that this motor assessment is more sensitive than grip dynamometry (i.e., grip 

strength) to cognitive status (Hooyman et al., 2021). Thus, the motor task presented here 

may be a valid, reliable way to assess motor function remotely, as well as to measure motor 

practice effects as a proxy for motor learning (Schaefer & Duff, 2015).

Another unique feature of this study is its leveraging of an electronic cohort (MindCrowd). 

Electronic cohorts allow for more extensive data to be collected from more distributed 

samples, as evidence by Figure 4. MindCrowd has collected a number of demographic, 

health, and lifestyle variables on its users (see Talboom et al., 2019), although very few 

of these have been included in the analyses presented here because of limitations in the 

in-lab sample. In fact, all shared data elements (e.g., age, sex) between the two cohorts 

were included in the analyses to consider as many covariates as possible. While this is a 

limitation of this study, this highlights the advantage of leveraging electronic cohorts for 

human subjects research. They allow for more extensive and distributed samples and enable 

a much more robust set of data to be collected than typical face-to-face laboratory research. 

With the remote version of this motor assessment validated, future studies can investigate 

how other demographic and health factors affect motor function and motor decline in 

older adults. There is evidence from previous work suggesting that race/ethnicity (John 

et al., 2021), socioeconomic status (Schuz, Brick, Wilding, & Conner, 2020), occupation 

(Darweesh et al., 2018), marital status (Chen & Mok, 2018), co-morbidities (Smith, Hay, 

Campbell, & Trollor, 2011), polypharmacology (Airagnes, Pelissolo, Lavallee, Flament, & 

Limosin, 2016), and genetics (Tang et al., 1998) all may interact with each other while 

influencing performance on complex motor tasks.

To summarize, this study showed that this motor assessment could feasibly and reliably 

be collected remotely without supervision in older adults. We demonstrate that individuals 

across a range of geographical locations and ages were willing to participate in a study that 

involved the assembly, completion, and reporting of a task.
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Figure 1. 
Example of assembled task kit. Written instructions and link to the video tutorial on task 

set-up were included.
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Figure 2. 
Relationship between age and motor task performance by group on the first trial: in-lab 

(pink) vs. MindCrowd (blue); and hand: (A) dominant vs. (B) non-dominant. Gray shading 

indicates standard error.
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Figure 3. 
Estimated trial time of the non-dominant hand across four practice trials calculated from a 

linear mixed-effects model. In-lab (pink); MindCrowd (blue). Error bars = standard error. 

Note that the y-axis scale is different here than in Figure 2.
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Figure 4. 
US map with color intensity showing the ratio (and percentage) of the number of 

participants who completed the task relative to the number of contacted participants 

(i.e., those who received an email) per state, with greater color intensity indicating a 

higher percentage completed. The fraction within each state represents to total number of 

motor assessments completed (numerator) over the total number of participants contacted 

(denominator). This figure was generated from the first 589 participants contacted.
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