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1. Introduction
1.1 Background and Relevance

Sleep quality and diabetes management have a complicated, synergistic relationship. Both
adults and children with type 1 diabetes have been shown to have shorter measured sleep
duration than their peers without the condition'. This can translate directly into negative
outcomes in diabetes management; short sleep duration, poor sleep quality and reduced light
sleep have been associated with higher than ideal HbA1c values'. Social jetlag—recurrent
circadian rhythm disruption—is also associated with higher Hb1Ac in people with diabetes?.
Additionally, sleep duration and self-monitored sensor glucose checks are significantly
positively correlated, while they are inversely correlated with HbA1c®.

We can see that less sleep and poorer sleep quality leads to challenges in diabetes
management and worse glycemic outcomes, wherein a vicious cycle may continue indefinitely
without intervention. Thankfully, there are research groups investigating how improving sleep
may influence glycemic outcomes; thus far there have been improvements in sleep regularity
and time-in-range, and reductions in glycemic variability for adults with type 1 diabetes
following a sleep-specific intervention®.

While the importance of sleep is being addressed for those living with type 1 diabetes, rarely
is that consideration extended to caregivers of people with diabetes. Chronic sleep debt—
regardless of the presence of a chronic disease like diabetes mellitus—can significantly lower
glucose tolerance, and increase nighttime cortisol levels and sympathetic nervous system
activity®. More worrisome: even a single night of partial sleep deprivation is capable of inducing
both central and peripheral insulin resistance®. Thus there exists a bilateral relationship
between glycemic outcomes of the child and sleep debt of their caregiver; caregiver physical
and mental health is at risk, potentially up to the level of developing diabetes themselves.

The OPEN project is one such group that has taken notice of this underrepresented caregivers
group within the #WeAreNotWaiting community’. In an international survey concerning the
use of do-it-yourself artificial pancreas systems (DIYAPS)—now more broadly referred to as
automated insulin delivery (AID) systems—the caregiver of a 8-year-old girl living with
diabetes for four years had this to say on how AID had impacted their quality of life®:

“We were waking at 11pm, 2am, 5am, etc. to manually blood glucose check our
daughter. We haven't done that in years. | was having seizures from almost 5 years of
not sleeping more than a couple hours at [a] time. Now, we all sleep all night.”

Given the risks posed by chronically poor sleep on both developing and worsening symptoms
of diabetes'®, this is a relevant research topic.

1.2 OPEN Surveys

The aforementioned OPEN project is a consortium concerned with the “Outcomes of Patients’
Evidence With Novel, Do-lt-Yourself Artificial Pancreas Technology”’. DIYAPS/AID combine
readily available continuous glucose monitors, insulin pumps, and open-source software to
manage insulin dosing in a “closed-loop” where people with diabetes and their caregivers can
rely on medical technology to manage their diabetes overnight, optimizing their time-in-range
of normoglycemia®'°. Both open-source (OS-) and commercial (C-) AID systems exist and are
in use by people living with type 1 diabetes, however OPEN is primarily concerned with
individuals using open-source systems.



OPEN’s latest study recruited adults, children, and caregivers of those living with type 1
diabetes to respond to a series of questionnaires concerning their clinical outcomes and
quality of life living with diabetes, and to donate their AID data and more generally medical
device data. Of the questionnaires implemented, the Pittsburgh Sleep Quality Index (PSQl)
provided insight into participants’ subjective experience of their sleep quality within the past
two weeks''. Adults with T1D using OS-AID reported better sleep outcomes compared to
those not using an automated system'?.

Our project titled “Synergies in Sleep, Software and Diabetes Management” (SIESTA) aims to
extend analysis of OPEN’s survey to parent-child dyads—including their medical device
data—and see if a similar pattern of improved subjective sleep holds true for parents of
children with diabetes using AID.

1.3 Aims

Our primary aim is to analyze for correlations between real-world night-time sensor glucose
values of children with T1D, and subjective sleep quality of their caregivers. This is in pursuit
of establishing if improved clinical outcomes in children—mediated by AlD—translate to
improved sleep quality in caregivers. This

Our secondary aim is to investigate differences in AID system settings between parent-child
dyads; if caregivers have better sleep resulting from AlD-mediated management of their child’'s
diabetes, are there specific system settings that lead to these positive outcomes?

Finally, our tertiary aim is to commit to an open-source philosophy in the dissemination of our
work; this includes standardizing our data analysis protocols and publishing our research
results—including data and data processing strategies—open access.

2. Methods

The OPEN Project is a Horizon 2020-funded Research and Innovation Staff Exchange (RISE)
that was established to investigate—and share with the public—outcomes in patient evidence
of open-source automated insulin delivery system use. Unfortunately, many commercial
manufacturers do not allow users full access to their system data (basal rates, carb
corrections, temporary basals, etc.), making meaningful analysis of commercial-AID (C-AID)
data impossible. As such, all data donated to the OPEN project concerning AID systems is
from open-source systems only.

2.1 Data Structure
2.1.1 Survey Data

OPEN ran two surveys during which participants pseudonymously donated medical device
data and responded to survey questionnaires; these were internally titled the “Big OPEN
Survey” and “OPEN Light”, with the former being a general survey for people with diabetes
both using and not using OS-AID, and the latter specifically recruiting those who were willing
to involve their personal healthcare providers (HCPs) as clinical validators of their self-reported
clinical outcomes.

In the Big OPEN Survey, all questionnaires were responded to on a voluntary basis—study
participants were thus counted as having responded to at least the first questionnaire
concerning baseline demographics. The following table shows a breakdown of the various
participant groups for this cohort.



Total (—Dropouts)
Totals
Big OPEN Adults Caregivers Partners Teenagers (dropouts
removed)
Users 586 (—66) 132 (-9) 64 (-13) 3(-1) 696
Non-users 201 (-28) 56 (—4) 10 (-1) 0 (-0) 234
BIG OPEN Total completed at least baseline demographics: 930

Table 1: table detailing the breakdown of participant subgroups from the Big OPEN survey, including both total
number of “participants” (those who initiated the survey) and dropouts (those who did not complete at least the first
questionnaire).

Participants in Big OPEN had the opportunity to respond to the Pittsburgh Sleep Quality Index
(PSAQI), a questionnaire assessing individuals’ subjective sleep quality within the previous two
weeks''. After responding to a series of questions, scores are calculated from the aggregate
responses and scaled from 0—21; those scoring up to a 5 are considered as having good sleep
quality, whereas those above have increasingly severe instances of sleep disturbances
resulting in poor sleep quality'. In the case of parent-child dyads, parents responded to the
PSQI concerning their own sleep quality, whereas any donated medical device data was from
their children with T1D. Individuals from this cohort who completed both the PSQI and donated
medical device data will be included in our assessment of parent-child dyad sleep quality.

In OPEN Light participants were recruited to again respond to a series of questionnaires and
donate data, but with a streamlined questionnaire list focusing more on dynamics and
interactions with the healthcare providers (HCPs). Partners of people with T1D and teenagers
living with T1D were ineligible from participating in this survey. As shown in the following table,
fewer individuals participants in this survey compared to the Big OPEN Survey, which is
similarly reflected in how many more individuals from this cohort may have donated medical
device data to our online repository.

Total (~Dropouts)
Totals
OPEN Light Adults Caregivers Partners Teenagers (dropouts
removed)
Users 105 (-11) 12 (-1) N/A N/A 105
Non-users 39 (-7) 8 (-3) N/A N/A 37
OPEN Light Total completed at least baseline demographics: 142

Table 2: table showing participants and dropouts from the OPEN Light HCP-focused survey. Participants and
dropouts are defined the same as for the Big OPEN survey.

As OPEN Light participants did not complete the PSQI, they are unfortunately not eligible to
be included in the analysis of parent-child dyad sleep. However, for those from OPEN Light
that did donate medical device data, their contributions will be considered in identifying which
system settings contribute to attaining normoglycemia.

Survey data were recorded using REDCap and exported as .csv files™.




2.1.2 Medical Device Data

Medical device data were donated to the Open Humans open-source data repository™.
Participants uploaded their data using either Nightscout (NS) or AndroidAPS (AAPS), which
use different file system hierarchies for organizing AID data.

Nightscout segregates data into four distinct file types: Profile (user-defined variables for
visualizing basal rates), Entries (sensor glucose readings recorded every five minutes),
DeviceStatus (insulin pump information, glucose predictions, etc.) and Treatments (user-
entered log info for meal announcements, carbohydrate corrections, insulin boli, injuection site
changes, temporary basal rates, etc.)'®'. All data for a single participant is usually collected
in single folders of each data type but may be split into multiple folders if participants have
exceedingly large amounts of data.

AndroidAPS also segregates data based on type; these are Applicationinfo, Devicelnfo,
DisplayInfo, GlucoseValues and Uploadinfo. However, it continuously splits the data into
chunks, producing many files of the same file type. For example: while an NS user may only
have four total files (one of each file type), AAPS users will have hundreds of files for each file
type that have to be “stitched” back together when preparing the dataset for analysis'®.

2.2 Data Pre-processing

Survey data from REDCap does not require an extensive pre-processing methodology;
REDCap natively exports data subsets as .csv files with pre-determined parameters
(participant subgroups, specific questionnaires, etc.), so most data manipulation can be done
within the graphical user interface before export.

Pre-processing of device data from Open Humans is a laborious process due to the
differences between the two uploaders used. This is in addition to the fact that this is a donated
“real-world” dataset, where participants may have uploaded incomplete or corrupted historical
data. Our group is actively contributing to the existing OPEN project repository developing
data tools—the “Open Humans Data Tools—for working with data from Open Humans'®.

3. Current status of first six months (January—June 2023)

Ethical clearance was obtained for working with our dataset from the Charité Ethikkommision
with the corresponding application number EA2/206/21.

In total 727 participants responded fully to the PSQI, including 129 caregivers. A further
breakdown of their responses is included in a table below.

PSQl Adults Caregivers Total

Users <5 284 54 338
Users >5 169 39 208
Non-users <5 49 10 59
Non-users >5 96 26 122
Total 598 129 727

Table 3: breakdown of participant results to the Pittsburgh Sleep Quality Index as part of the Big OPEN Survey.
Questionnaire aggregate results equal to or below 5 (£5) are considered “good sleep quality” and results above 5
(>5) are considered “poor sleep quality”. Values indicate the number of participants within a participant sub-group
who received the indicated aggregate score.



The OPEN project officially closed donation to its repository on Open Humans in April 2023.
In total we were able to recruit 147 participants to the data donation platform, of which 134
donated medical device data. The latest version of the dataset was downloaded from Open
Humans on 23 May 2023, following updates to Open Humans’ APl—updates to the API were
necessary due to the size of our dataset compared to other Open Humans projects. We are
actively working to match PSQI responses to medical device datasets using OPEN'’s bespoke
data management platform?®.

We have continued development of the Open Humans Data Tools scripts, specifically the
latest fork connected to our team within the Institute of Medical Informatics. Previous versions
of our pre- and post-processing pipeline for working with Open Humans data only worked with
each of the data types in isolation; we had not developed a way of aggregating the myriad
variables in a meaningful way.

A B €

1 memberlD data_file

2 12345678 profile.json.gz

3 12345678 entries.json.gz

4 12345678 treatments.json.gz
5 12345678 devicestatus.json.gz
6 22345678 profile.json.gz

7 22345678 entries.json.gz

8 22345678 treatments.json.gz
9 22345678 devicestatus.json.gz

10 | 32345678 profile.json.gz |
1

Figure 1: The “date_file” column contains variables for all file types including Entries, Profile, DeviceStatus, and
Treatments for Nightscout, and Applicationinfo, Devicelnfo, Displaylnfo, GlucoseValues and Uploadinfo for
AndroidAPS. By iterating variable names within a single column, we can contain multiple data types within a much
smaller footprint, while standardising timestamp information, values associated with each variable, and containing
the units for each value in an adjacent column. This vastly reduces the number of separate “master” spreadsheets
needed for containing participant data and allows for more easy data manipulation across file types.

With our new format, we are able to aggregate data from all file types for all participants in a
single spreadsheet, allowing us to more easily unify timestamps and provide a more
standardised database for future analyses to work from. Script development began in January
2023 and is still ongoing?’.

4. Next steps

Our immediate next steps are to complete our version of the updated Open Humans Data
Tools; the final scripts should process and output the dataset in a way that is compliant with
HL7 FHIR standards?. We will then analyze for correlations between child AID system data
with parent responses to the Pittsburgh Sleep Quality Index and investigate which medical
device settings are most frequently associated with positive sleep outcomes. Data analysis
will be carried out using R Studio, with data visualization using both the Tidyverse and ggplot2
packages?. All analysis scripts will be stored using GitHub.

Additionally, we intend to investigate causal inference methods to establish a causal
relationship between child diabetes outcomes and parent sleep. Assad et al. address various
methods of causal discovery for time series data®*, as do Haufe et al.?®. Based on the



complexity inherent in multivariate time series analysis—especially when applied to causal
frameworks—we will continue our literature search to see if this is a viable path forward.

Finally, we will assess the OPEN dataset with how it adheres to FHIR standards before and
after processing. This will lead into establishing a truly “final” iteration with necessary
documentation for other researchers to work with the dataset now that the OPEN project has
reached its conclusion.



References

10.

11.

12.

13.

Reutrakul S, Thakkinstian A, Anothaisintawee T, et al. Sleep characteristics in type 1
diabetes and associations with glycemic control: systematic review and meta-analysis.
Sleep Med. 2016;23:26-45. doi:10.1016/j.sleep.2016.03.019

Rusu A, Ciobanu D, Bala C, Cerghizan A, Roman G. Social jetlag, sleep-related
parameters, and glycemic control in adults with type 1 diabetes: Results of a cross-
sectional study. J Diabetes. 2019;11(5):394-401. doi:10.1111/1753-0407.12867

Frye SS, Perfect MM, Silva GE. Diabetes management mediates the association between
sleep duration and glycemic control in youth with type 1 diabetes mellitus. Sleep Med.
2019;60:132-138. doi:10.1016/j.sleep.2019.01.043

Martyn-Nemeth P, Duffecy J, Quinn L, et al. Sleep-Opt-In: A Randomized Controlled Pilot
Study to Improve Sleep and Glycemic Variability in Adults With Type 1 Diabetes. Sci
Diabetes Self Manag Care. 2023;49(1):11-22. doi:10.1177/26350106221136495

Spiegel K, Leproult R, Van Cauter E. Impact of sleep debt on metabolic and endocrine
function. Lancet. 1999;354(9188):1435-1439. doi:10.1016/S0140-6736(99)01376-8

Donga E, Van Dijk M, Van Dijk JG, et al. A single night of partial sleep deprivation induces
insulin resistance in multiple metabolic pathways in healthy subjects. J Clin Endocrinol
Metab. 2010;95(6):2963-2968. doi:10.1210/jc.2009-2430

The OPEN Consortium. The OPEN Project. The OPEN Project. Published 2020.
Accessed March 1, 2020. https://open-diabetes.eu/

Cleal B, Braune K, O’donnell S, et al. 78-LB: Detailing the Experiences of People with
Diabetes Using Do-It-Yourself Artificial Pancreas Systems—Qualitative Analysis of
Responses to Open-Ended Items in an International Survey. Diabetes.
2019;68(Supplement 1):78-LB. doi:10.2337/db19-78-Ib

Lewis DM. Real-World Use of Open Source Artificial Pancreas Systems. In: Leibrand SM,
ed. American Diabetes Association Scientific Sessions. OpenAPS; 2016.
https://openaps.org/2016/06/11/real-world-use-of-open-source-artificial-pancreas-
systems-poster-presented-at-american-diabetes-association-scientific-sessions/

Lewis DM, Swain RS, Donner TW. Improvements in A1C and Time-in-Range in DIY
Closed-Loop (OpenAPS) Users. American Diabetes Association. 2018;67(Supplement
1):352-OR. d0i:10.2337/db18-352-or

Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh sleep quality
index: A new instrument for psychiatric practice and research. Psychiatry Res.
1989;28(2):193-213. doi:10.1016/0165-1781(89)90047-4

Schipp J, Hendrieckx C, Braune K, et al. 583-P: Psychosocial Outcomes among Users
and Nonusers of Open-Source Automated Insulin Delivery Systems: Findings from an
International  Survey of Adults with Type 1 Diabetes.  Diabetes.
2022;71(Supplement_1):583-P. doi:10.2337/db22-583-P

Smyth C. The Pittsburgh Sleep Quality Index (PSQl). J Gerontol Nurs. 1999;25(12):10-
11. doi:10.3928/0098-9134-19991201-10



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG. Research electronic
data capture (REDCap)—A metadata-driven methodology and workflow process for
providing translational research informatics support. J Biomed Inform. 2009;42(2):377-
381. doi:10.1016/j.jbi.2008.08.010

Greshake Tzovaras B, Angrist M, Arvai K, et al. Open Humans: A platform for participant-
centered research and personal data exploration. Gigascience. 2019;8(6).
doi:10.1093/gigascience/giz076

Lewis D. NS Data Types. GitHub. Published 2017. Accessed June 29, 2023.
https://github.com/danamlewis/OpenHumansDataTools/blob/master/NS-data-types.md

Nightscout Foundation. Nightscout. The Nighscout Project. Published 2021. Accessed
May 31, 2021. http://www.nightscout.info/

AndroidAPS Community. Welcome to the AndroidAPS documentation. AndroidAPS Read
the Docs. Published 2023. Accessed 2023. https://wiki.aaps.app/en/latest/

Lewis D. OpenHumansDataTools: tools to work with data downloaded from Open
Humans research platform. GitHub. Published 2023. Accessed June 29, 2023.
https://github.com/danamlewis/OpenHumansDataTools

Cooper D, Ubben T, Knoll C, et al. Open-source Web Portal for Managing Self-reported
Data and Real-world Data Donation in Diabetes Research: Platform Feasibility Study.
JMIR Diabetes. 2022;7(1):€33213. doi:10.2196/33213

Meyer F, Lewis D. OpenHumansDataTools. GitHub. Published 2023. Accessed June 29,
2023. https://github.com/falkmeyer/OpenHumansDataTools

Summary - FHIR v6.0.0-cibuild. HL7 FHIR. Published June 26, 2023. Accessed June 29,
2023. https://build.fhir.org/summary.html

RStudio. ggplot2. Tidyverse. Published 2022. Accessed January 25, 2023.
https://ggplot2.tidyverse.org/reference/ggplot.html

Assaad CK, Devijver E, Gaussier E. Survey and Evaluation of Causal Discovery Methods
for Time Series. jair. 2022;73:767-819. doi:10.1613/jair.1.13428

Haufe S, Nolte G, Mueller KR, Kraemer N. Sparse causal discovery in multivariate time
series. arXiv [statME]. Published online January 15, 2009. Accessed February 7, 2023.
http://proceedings.mir.press/v6/haufe10a/haufe10a.pdf



