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Abstract

Background: Studies have shown a relationship between worse glycemic control and lower cognitive scores in youth with Type
1 Diabetes (T1D). However, most studies only assessed long-term glucose control (e.g., years-decades) and cognition at a single
time point. Understanding this relationship at a higher temporal resolution (e.g., minutes-hours) and in naturalistic settings has
potential clinical implications. Newer technology (e.g., continuous glucose monitoring [CGM] and ecological momentary
assessment [EMA]) provides a unique opportunity to explore the specific glucose dynamics that influence dynamic cognition;
that is, cognitive functions that fluctuate in the short-term and are influenced by environmental factors.

Objective: Before we can assess this relationship, we first need to determine the feasibility of measuring cognition in youth in
daily life and the practicality of integrating EMAs of cognition and continuously measured glucose—the purpose of this study.
Specifically, we assessed the acceptability of measuring dynamic cognition using a smartphone application (app), the youngest
age at which it was feasible to use a smartphone app, and adherence to cognitive testing in daily life in youth with and without
T1D. Further, we illustrated integration of dynamic cognitive performance scores from the smartphone app and glucose from
CGM in youth with T1D.

Methods: The study was conducted in three phases including one in-lab study and two remote studies. For all phases, youth
were asked to complete cognitive tests on the Ambulatory Research in Cognition (ARC) smartphone app that measured
processing speed, associative memory, and working memory. For the in-lab study, youth completed app testing four times during
their session. For the remote phases, youth were asked to complete cognitive tests five times per day for either 10 or 14
consecutive days in daily life. Youth were asked to rate their impressions of the app. Youth with T1D wore a CGM.

Results: N=74 youth (N=53 Control; N=21 T1D) aged 4-16 participated. Youth generally reported liking/understanding the
ARC app tasks in a lab and remote setting. Age was significantly correlated with task performance such that younger youth
performed more poorly; around age 9 is when youth started to perform well. Youth had high mean testing adherence in daily life
completing between 76.3%-80.2% of tasks. EMAs of cognition and glucose data were successfully integrated at two distinct
temporal resolutions for each participant with T1D—for each day of participation and for each individual cognitive test.

Conclusions: Data from this pilot and feasibility study support the use of an app to measure dynamic cognitive function in youth
?9 years old in naturalistic settings and the feasibility of integrating EMAs of cognition and glucose. Next steps include using
EMA in a fully powered study to determine the relationship between short-term glycemic control and cognition in youth with
T1D.
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Abstract

Background: Studies have shown a relationship between worse glycemic control  and

lower cognitive scores in youth with Type 1 Diabetes (T1D). However, most studies only

assessed long-term glucose control (e.g., years-decades) and cognition at a single time

point. Understanding this relationship at a higher temporal resolution (e.g., minutes-hours)

and  in  naturalistic  settings  has  potential  clinical  implications.  Newer  technology  (e.g.,

continuous  glucose  monitoring  [CGM]  and  ecological  momentary  assessment  [EMA])

provides  a  unique  opportunity  to  explore  the  specific  glucose  dynamics  that  influence

dynamic  cognition;  that  is,  cognitive  functions  that  fluctuate  in  the  short-term  and  are

influenced by environmental factors. 

Objectives: Before  we  can  assess  this  relationship,  we  first  need  to  determine  the

feasibility  of  measuring cognition in youth in  daily  life  and the practicality  of  integrating

EMAs  of  cognition  and  continuously  measured  glucose—the  purpose  of  this  study.

Specifically,  we  assessed  the  acceptability  of  measuring  dynamic  cognition  using  a

smartphone  application  (app),  the  youngest  age  at  which  it  was  feasible  to  use  a

smartphone app, and adherence to cognitive testing in daily life in youth with and without

T1D. Further, we illustrated integration of dynamic cognitive performance scores from the

smartphone app and glucose from CGM in youth with T1D.

Methods: The study was conducted in three phases including one in-lab study and two

remote  studies.  For  all  phases,  youth  were  asked  to  complete  cognitive  tests  on  the

Ambulatory  Research  in  Cognition  (ARC)  smartphone  app  that  measured  processing

speed, associative memory, and working memory. For the in-lab study, youth completed

https://preprints.jmir.org/preprint/60275 [unpublished, non-peer-reviewed preprint]
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app testing four times during their session. For the remote phases, youth were asked to

complete cognitive tests five times per day for either 10 or 14 consecutive days in daily life.

Youth were asked to rate their impressions of the app. Youth with T1D wore a CGM. 

Results: N=74 youth (N=53 Control; N=21 T1D) aged 4-16 participated. Youth generally

reported liking/understanding the ARC app tasks in  a lab and remote setting.  Age was

significantly  correlated  with  task  performance such that  younger  youth  performed more

poorly; around age 9 is when youth started to perform well. Youth had high mean testing

adherence in daily life completing between 76.3%-80.2% of tasks. EMAs of cognition and

glucose data  were  successfully  integrated at  two distinct  temporal  resolutions  for  each

participant with T1D—for each day of participation and for each individual cognitive test. 

Conclusions: Data  from this  pilot  and feasibility  study support  the  use  of  an  app  to

measure dynamic cognitive function in youth ≥9 years old in naturalistic settings and the

feasibility of integrating EMAs of cognition and glucose. Next steps include using EMA in a

fully powered study to determine the relationship between short-term glycemic control and

cognition in youth with T1D.

Keywords

Ecological  Momentary  Assessment;  EMA;  ambulatory;  smartphone;  continuous  glucose
monitoring; CGM

Introduction

Studies have shown subtly lower cognitive scores in youth with Type 1 diabetes

(T1D) compared to their peers without T1D, and a relationship between worse glycemic

control and lower cognitive scores[1-11].  These results highlight an important relationship

between glucose and cognition in T1D. However, they are based on measures of long-term

glucose control over long periods (e.g., years-decades) and cognitive function tested in a

https://preprints.jmir.org/preprint/60275 [unpublished, non-peer-reviewed preprint]
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lab  setting  at  a  single  time point.  Understanding this  relationship  at  a  higher  temporal

resolution  (e.g.,  minutes-hours)  and  in  naturalistic  settings  has  potential  clinical

implications. Newer technology (e.g., continuous glucose monitoring [CGM] and ecological

momentary  assessment  [EMA])  provides  a  unique  opportunity  to  explore  the  specific

glucose dynamics that influence dynamic cognition; that is, cognitive functions that fluctuate

in the short-term and are easily influenced by environmental factors[12-13]. Using these

approaches in adults with T1D, significant glucose fluctuations were shown to be related to

slower processing speed in the moment[14]. However, whether this relationship or others

are seen in youth with T1D is unknown. Before we can assess this relationship, we need to

determine the feasibility and practicality of measuring dynamic cognition in youth in daily life

using a smartphone app (initially designed for adults[15-17])  and integrating these results

with CGM data. 

Methods 

We  assessed  the  acceptability  of  measuring  dynamic  cognition  in  youth,  the

youngest  age  at  which  it  is  feasible  to  use  a  smartphone  app  for  this  purpose,  and

adherence to  testing in  daily  life  in  youth with  and without  T1D. Further,  we illustrated

integration of dynamic cognitive performance scores from the app and glucose from CGM

in youth with T1D at two temporal resolutions.

Participants and Procedures:

The study was conducted in three phases. Phase 1 was conducted in the lab setting.

Phase 2 and Phase 3 were conducted in  a remote setting.  The Washington University

HRPO  approved  procedures,  and  participants  provided  consent/assent.  Inclusion  and

exclusion criteria are outlined in Table 1. In Lab Study: Phase 1: Participants completed app

testing four times with five minute breaks. Remote Study- Phase 2: Participants had a video

call  with researchers to practice the app tasks. The following day, youth were asked to

https://preprints.jmir.org/preprint/60275 [unpublished, non-peer-reviewed preprint]
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complete  testing  in  daily  life  five  times  per  day  for  14  consecutive  days  —they  were

prompted to take the tests randomly and had two hours to complete them. They had a

video call  with the research team one and two weeks later to complete an Experiential

Interview. Remote Study- Phase 3: Participants had a video call or visited the laboratory to

practice the app tasks. The following day, youth were asked to complete testing in daily life

five times per day for 10 consecutive days —they were prompted to take the tests randomly

and had two hours to complete them. For both Remote Study Phases, monetary incentives

were provided to encourage adherence ($5 per day when ≥2/5 tests were completed; $0.50

https://preprints.jmir.org/preprint/60275 [unpublished, non-peer-reviewed preprint]
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per completed test). 

Measures

Ambulatory Research in Cognition (ARC) App: The app is comprised of three

tasks.  The Symbols Task assesses processing speed by asking participants to compare

visual stimuli. Participants are shown three cards with two images at the top of a screen

and two cards with two images at the bottom of a screen and asked to determine which

card on the bottom matches a card on the top as quickly as possible (Figure 1A). There are

12 trials. The performance score is median reaction time (RT), calculated for trials with

correct responses and RTs above 150ms to avoid anticipatory responses. The Prices Task

assesses associative memory. Participants are given a household item and an associated

price. They are shown 10 pairs and asked to recall the price (Figure 1B). The performance

score  is  percent  error  (0%=all  correct,  100%=all  incorrect).  The  Grids  Task assesses

working memory. Participants are shown a grid with three items and asked to remember

their location (Figure 1C). They are presented with a distraction task where they are shown

https://preprints.jmir.org/preprint/60275 [unpublished, non-peer-reviewed preprint]
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a screen of "E" s with sporadic "F" s and asked to select the "F" s. Then they are presented

with  a blank grid  and asked to  choose where the items were located.  Participants are

presented with this task twice per session. The performance score is the average Euclidean

distance from the selected response to the correct placement (0=perfect placement of all

items and trials). Each session, including all three tasks, only takes about three minutes to

complete. 

Figure 1. The Ambulatory Research in Cognition (ARC) App. (A) The Symbols Task assesses processing
speed. (B) The Prices Task assesses associative memory. (C) The Grids Task assesses working memory. 

https://preprints.jmir.org/preprint/60275 [unpublished, non-peer-reviewed preprint]
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Continuous  Glucose  Monitor  (CGM): Participants  with  T1D  wore  a  Dexcom

G5/G6 CGM to measure glucose every 5 minutes. Data sharing privileges from Dexcom

Clarity were established at study onset to reduce the likelihood of missing glucose data. 

Experiential Interview: For each task, youth were asked to rate on a scale of 1-5

how challenging or easy the task was, how confusing or clear the instructions were, how

confusing or clear the task was, and how boring or fun the task was. 

https://preprints.jmir.org/preprint/60275 [unpublished, non-peer-reviewed preprint]
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Statistical Analysis

Data were analyzed with R and SPSS. In-Lab Study: Phase 1- Pearson correlations

assessed the relationship between age and ARC task performance to determine at what

age it was feasible for youth to use the app (Kendall's Tau for non-normal data). Real-World

Study:  Phase  2  and  Phase  3:  Testing  adherence  was  calculated  as  number  of  tests

completed/number  of  tests  offered.  To  integrate  cognitive  and  glucose  data,  glucose

obtained from the CGM were matched to the corresponding cognitive test by timestamps

within each system, both set to CST. Given that glucose was assessed every 5 minutes, the

closest glucose measure from CGM was taken within 5 minutes of each cognitive session. 

Results

Participants

There were N=74 participants across all Phases. In-Lab Study: Phase 1: N=12 youth

without T1D aged 4-16 completed the study (N=11 had app performance data). Real-World

Study: Phase 2: N=44 youth aged 9-16 completed the study (N=30 Control, N=14 T1D).

Real-World Study: Phase 3: N=18 youth aged 9-16 completed the study (N=11 Control,

N=7  T1D).  As  shown  in  Table  2,  the  study  samples  were  homogenous,  with  most

participants being Non-Hispanic white. Glycemic measures for youth with T1D are shown in

Table  3.

https://preprints.jmir.org/preprint/60275 [unpublished, non-peer-reviewed preprint]
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Feasibility  of  Using a  Smartphone App to  Assess Dynamic  Cognitive
Function in Youth

In-Lab  Study:  Phase  1:  Youth  reported  liking  and  understanding  the  Grids  and

Symbols Tasks but not the Prices Task (Table 4). Performance on the tasks correlated with

age (Grids: R=-0.77,  P=.006, N=11; Prices: R=-0.77,  P=.005, N=11; Symbols: Tau=-0.42,

P=.07, N=11), such that younger youth performed worse than older youth. Around age 9 is

when youth started performing well (Figure 2). These data guided our decision to include

ages  9-16  in  the  Real-World  Phases. As  shown  in  Table  4,  youth  reported  positive

impressions of the Grids and Symbols Tasks but not the Prices Task. On average, youth

https://preprints.jmir.org/preprint/60275 [unpublished, non-peer-reviewed preprint]
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asked to complete testing for 14 days completed 76.3% (SD=19.0) of offered tasks, and

youth asked to complete testing for 10 days completed 80.2% (SD=13.0). 

Figure 2. Scatterplots representing performance on each of the Ambulatory Research in Cognition (ARC)
smartphone application tasks and age during the In-Lab Study. Each dot represents an individual participant.
Lower  scores  on  each  task  represent  better  cognitive  performance.  The  (A)  Symbols  Task  assesses
processing speed,  (B)  Prices Task assesses associative memory,  and (C)  Grids Task assesses working
memory.
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JMIR Preprints Ray et al

Integrating Cognition and Continuously Measured Glucose in Youth with
T1D

Cognitive and glucose data collected over the same time period were successfully

integrated at distinct temporal resolutions for N=20 participants with T1D. Specifically, data

were integrated for each day of participation and for each individual cognitive test (Figure

3).        

Figure 3. Example of data integration for glucose measured via CGM and cognitive function measured via the
Ambulatory Research in Cognition app for a participant with Type 1 Diabetes (T1D). Higher Working Memory
Error Scores represent worse performance. A) Mean Glucose against mean Working Memory Error Score for
each day of study participation.  B) Glucose level closest to the time of each individual cognitive test;  the
glucose  level  was  measured  within  5  minutes  of  the  cognitive  test.

Discussion

This study aimed to assess the feasibility of using a smartphone app to measure

dynamic cognitive function in youth in daily life and to integrate this information with data

from CGM for youth with T1D. Youth performed well on 2/3 app tasks (Symbols, Grids),

rated them highly (e.g., fun, understandable), and had high testing adherence (76%-80%) in

daily life.  This compliance is similar to that of adults from a previous study (~80%)[16].

Therefore, our data support the use of a smartphone app to measure dynamic cognition in

youth aged 9-16 years, with and without T1D in daily life. Future studies could use this

methodology  to  determine  the  relationship  between  short-term  glycemic  control  and

dynamic cognitive function in youth with T1D. 

https://preprints.jmir.org/preprint/60275 [unpublished, non-peer-reviewed preprint]
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There were limitations. Our sample was homogenous—mostly non-Hispanic white

with  high  household  incomes.  Studies  are  needed  to  develop  protocols  that  will  make

participation more feasible for youth from underserved communities. Our cognitive app was

only usable for age ≥9; further research is needed to determine what stimuli are appropriate

for cognitive testing in younger youth. It is also important to note that there is a documented

lag between interstitial glucose obtained from CGM and blood glucose in past literature[18-

19]. Given that lag time is patient-specific[20], we chose to use the glucose measurement

obtained closest  to  each individual  cognitive test  to  illustrate the integration of  glucose

measured  via  CGM  and  cognition  measured  via  the  smartphone  app;  future  studies

assessing  the  relationship  between  short-term  glucose  control  and  dynamic  cognitive

function need to consider multiple glycemic features that account for lag.

In conclusion, we found that it is feasible to obtain measures of dynamic cognitive

function in youth in daily life and integrate cognition measures and continuously measured

glucose.  This  approach  will  move  the  field  towards  a  fuller  understanding  of  cognitive

function variability in youth with T1D in naturalistic settings. 
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