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Abstract

Purpose: The purpose of this study series, which involves a questionnaire survey and qualitative
interviews, was to (a) evaluate patient-reported usefulness of continuous glucose monitor (CGM)
hypoglycemia-informing features and (b) identify challenges in using these features (ie, CGM
glucose numbers, trend arrows, trend graphs, and hypoglycemia alarms) during hypoglycemia in
adults with type 1 diabetes (T1LDM).

Methods: A cross-sectional questionnaire survey study was conducted with adults who have
T1DM and were using CGMs to assess the perceived usefulness of hypoglycemia-informing
features. A semistructured interview study with TLDM CGM-using adults and inductive thematic
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analysis were subsequently performed to identify challenges in using CGM hypoglycemia-
informing features to manage hypoglycemia.

Results: In the survey study (N = 252), the CGM glucose numbers, trend arrows, trend

graphs, and hypoglycemia alarms were found to be very useful by 79%, 70%, 43%, and 64%

of participants, respectively. Several challenges in using these features to manage hypoglycemia
were identified in the qualitative study (N = 23): (1) hypoglycemia information not fully reliable,;
(2) unpredictability of future blood glucose levels, (3) lack of awareness about how information
can be used, and (4) disruptions associated with information.

Conclusions: Although the majority of TADM adults found their CGMs’ hypoglycemia-
informing features helpful, challenges in optimally using these features persisted. Targeted
knowledge and behavioral interventions could improve CGM use to reduce hypoglycemia.

Real-time continuous glucose monitors (CGMs) are devices that assess and provide glucose
level information in real time to help people living with diabetes improve their diabetes
self-management, including reducing hypoglycemia.l CGMs have multiple features that
can inform users about hypoglycemia, including displaying current glucose numbers,

trend arrows, and trend graphs. CGMs can also generate alarms to warn users about
potential impending and ongoing hypoglycemia based on built-in mathematical algorithms
that integrate glucose numbers, trends in and rates of changes, and prespecified glucose
thresholds to predict upcoming possibly dangerously low blood glucose levels.2 Clinical
trials have demonstrated CGMs’ efficacy in reducing hypoglycemia in people with type

1 diabetes (T1DM).3~7 However, growing evidence suggests that clinically significant
hypoglycemia (ie, severe hypoglycemia or spending =1% of time with glucose levels

<54 mg/dL) continues to affect about 15% to 35% of people with T1IDM despite using
CGMs.811 This pattern underscores that health care gaps remain in eliminating factors that
contribute to hypoglycemia development and mismanagement.

Surveys and qualitative studies have evaluated patients’ perceived strengths and limitations
of CGMs, including CGM use for blood glucose management,12:13 |ife experiences with
CGMs, 1 perceived CGM accuracy,1® psychosocial factors around CGM use,3:16-18 and
barriers to using CGMs.13 Hypoglycemia-informing features are integral to CGM-facilitated
diabetes management. However, sparse research has reported patient—-CGM interactions
during hypoglycemia, namely, patient-perceived usefulness and challenges in adopting
these features for effective hypoglycemia self-management. Such information could inform
diabetes care and education specialists (DCESSs), health care providers, and researchers

for improving CGM user education or developing behavioral interventions to lessen
hypoglycemia risks.

The purpose of this study series, which involves a questionnaire survey and qualitative
interviews, was to evaluate patient-reported usefulness of CGM hypoglycemia-informing
features and to identify challenges in using these features during hypoglycemia in adults
with TIDM.
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Research Methods

Study Overviews and Settings

A cross-sectional questionnaire survey study and subsequent qualitative interview study
were conducted at the University of Michigan. The survey evaluated patient-reported
usefulness of CGM hypoglycemia-informing features; semistructured interviews explored
challenges in using these features, including explaining why some participants did not
find certain features helpful. The interview study was part of a larger project qualitatively
assessing people’s experiences with hypoglycemia while using CGMs.

Survey data were collected between January and April 2021, and interviews were held from
October 2021 to April 2022. Both studies were approved by the University of Michigan’s
Institutional Review Board (HUMO00189672; HUMO00197194). All participants provided
consent prior to completing study-related activities. Two checklists, STrengthening the
Reporting of OBservational studies in Epidemiology (STROBE)!® and Consolidated criteria
for Reporting Qualitative research (COREQ),20 were used to ensure the integrity of the
study design and data reporting.

Questionnaire Survey Study

Eligibility and recruitment.—Survey eligibility criteria were as follows: diagnosis of
T1DM, =18 years old, and CGM usage time >70%.21 Recruitment emails were sent to
1024 T1DM CGM users identified via electronic medical records (EMRs) of the University
of Michigan health care complexes, which provides care to a population of greater than 1
million people living in southeast Michigan. Telephone calls or physical letters were used
to recruit individuals without valid email addresses in EMRs. Surveys were administered
through REDCap.22 The study team provided telephone-based surveys for participants
without immediate internet access.

Data collection and statistical analysis.—Survey questions assessed participants’
diabetes duration, CGM use history, and reported usefulness of CGM hypoglycemia-
informing features (Table 1). Medical records were reviewed to collect demographic, A1C,
and insulin pump use information. CGM reports were obtained to record each participant’s
average glucose level and time with glucose <70 mg/dL. Descriptive analysis was conducted
to summarize survey results, with data presented in percentage or median (interquartile
range).

Qualitative Interview Study

Eligibility and recruitment.—Interview eligibility criteria were as follows: diagnosis
of T1DM, =18 years old, using a CGM for >6 months, and CGM usage time >70%.%1
Individuals with uncontrolled psychological conditions or chronic cognitive impairment
were excluded. Study candidates were identified through University of Michigan EMRs.
Purposive sampling based on the time spent in hypoglycemia, age, sex, race/ethnicity,

and socioeconomic status were considered during recruitment to ensure sample diversity.
Candidates were invited through emails and telephone calls. Demographic information,
CGM usage time, and the time spent with glucose <70 mg/dL were collected at screening.
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After recruitment, A1C and insulin pump information was extracted from EMRs; CGM
average glucose levels were collected from participants” CGM reports.

Semistructured interviews and analysis.—A semistructured interview guide was
developed to explore participants’ experiences using CGM hypoglycemia-informing
features for hypoglycemia management. The guide also covered how certain features (ie,
CGM glucose numbers, trend arrows, trend graphs, and hypoglycemia alarms) impeded
participants’ self-management (sample question and probe: “What CGM information gets
in the way rather than helps? Tell me more about how [a CGM feature] works for or
against your low management”). To refine the interview questions, pilot interviews were
held with 2 eligible volunteers who had TIDM and who were using CGMs; these data
were not included in the final analysis. Authors MD (PhD, mixed methodologist, woman)
and YKL (MD, clinical diabetes researcher/endocrinologist, man) conducted one-on-one
interviews. Due to the COVID-19 pandemic, interviews were completed through HIPAA-
compliant Zoom video/telephone calls. All recorded audio (range = 37:25-96:40 minutes)
was professionally transcribed. One participant had a second interview to answer additional
questions that emerged during data analysis. No participant had an established relationship
with the interviewer prior to the study.

Inductive thematic analysis?3 was conducted by 4 members of the research team, including
YKL, MD, AA (undergraduate research assistant, woman), and SC (research program
manager, woman), all of whom are trained in qualitative analysis. This process was
performed with analysis software MAXQDA. Six transcripts were initially coded together
to develop and ensure a shared understanding of the early coding scheme. Each transcript
was subsequently assigned to at least 2 team members, who individually applied existing
codes to segments of text in the interview transcripts. Additional codes were generated

and applied as needed based on new information in subsequent transcripts. After individual
coding, the team members met to review which codes applied to which segments, address
disagreements, and jointly determine a final set of codes. Participant checking of findings
was not conducted on the findings. In team meetings, data saturation was discussed, and
potential themes and supporting quotes were reviewed. Themes were established by linking
related codes and synthesizing participants’ experiences within the combined codes. The
wording of themes was subsequently finalized.

Survey Participant Characteristics

A total of 252 participants were included in the analysis: 65% women, median (interquartile
range) age of 43 (32-59), diabetes duration of 23 (14-32) years, A1C of 7.2% (6.4%—7.8%),
55.2 mmol/mol (46.4-61.7 mmol/mol), time with glucose levels <70 mg/dL of 1.4 (0.6%—
3.0%; Table 2). Based on EMRs, when the CGM was initiated, all participants had at least 1
visit with a DCES at the University of Michigan, which has an Association of Diabetes Care
and Education Specialists-accredited Diabetes Self-Management Education and Support
program.24
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Usefulness of CGM Hypoglycemia-Informing Features

Among survey participants, 79% reported finding the CGM glucose numbers very useful in
managing hypoglycemia; only 4% reported this feature was either somewhat not or not at
all useful (Figure 1). Similarly, 70% considered the CGM glucose trend arrows very useful
in managing hypoglycemia, and 64% found the CGM hypoglycemia alarms very useful

in managing hypoglycemia; 10% and 19%, respectively, found these 2 components either
somewhat not or not at all useful. Among all CGM features, the lowest proportion of survey
participants (43%) found CGM trend graphs very useful, and 27% found this feature either
somewhat not or not at all useful.

Interview Participant Characteristics

Twenty-three participants were enrolled, and all completed the interview study: 48%
women, median (interquartile range) age of 47 (33-60), diabetes duration of 25 (15-33)
years, A1C of 6.7% (6.2%—7.6), 49.7 mmol/mol (44.3-59.6 mmol/mol), and time with
glucose levels <70 mg/dL of 2.5% (1.0%-5.9%; Table 2). Participants’ household income
ranged from $50 000 to >$200 000/year. Their education level ranged from high school
graduate to doctorate holder. All participants had at least 1 EMR-documented visit with a
DCES at the University of Michigan when the CGM was being initiated.

Themes Related to Challenges in Using CGM Hypoglycemia-Informing Features

Four themes were identified regarding challenges in using CGM hypoglycemia-informing
features.

Theme 1. Hypoglycemia information not fully reliable.—Some participants
described the technological challenge of CGM glucose numbers being inaccurate compared
with their self-monitoring blood glucose (SMBG) devices. This circumstance limited these
participants’ use of CGM glucose numbers. Given this perceived lack of accuracy, one
participant described using her CGM only as a screening tool for hypoglycemia:

My CGM is probably about 50% accurate. | don’t rely on it for 100%. I rely on it
more as a warning alert to say, “Start paying attention.”

(55-year-old Caucasian woman)

Some participants related CGM glucose number inaccuracy to either the start (Table 3,
Quote 1) or near the end (Table 3, Quote 2) of sensor sessions. Some also reported that
sensor compressions could lead to false CGM hypoglycemia readings (Table 3, Quote 3).

In response to these accuracy concerns, several participants described always checking their
glucose levels via SMBG to avoid treating falsely reported hypoglycemia (Table 3, Quote 4).

Theme 2. Unpredictability of future blood glucose levels.—Although many
participants found CGM trend arrow information useful for managing hypoglycemia, some
were worried about the biologically unpredictable nature of blood glucose dynamics (Table
3, Quote 5) and wondered how to interpret the trend arrow details:

Although I know [the CGM] is pretty accurate, [the trend arrow] just makes you
wonder ... where it’s going to go next, regardless of what the arrows say....

Sci Diabetes Self Manag Care. Author manuscript; available in PMC 2024 March 23.
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Especially when you see the double arrows rising or falling. Like, “Oh, this sucks.
What am | going to spike to? What am | going to drop to? How do | correct for
this?”

(33-year-old Caucasian woman)

Theme 3. Lack of awareness about how information can be used.—Several
participants described only using CGM glucose numbers and trend arrows to manage
their hypoglycemia without acknowledging how trend graphs could provide additional
information (Table 3, Quote 6). One participant explained:

I don’t use [the CGM trend graph] as much as | use the numbers and the arrows....I
mean | look at it when | turn my phone on, but | already know that it’s going to be
going down when | have low numbers. | know that the trend is going down. | don’t
know why | don’t pay attention to the graph, to be honest with you.

(49-year-old Caucasian woman)

Theme 4. Disruptions associated with information.—Some participants described
feeling sufficiently informed about hypoglycemia with their own hypoglycemia symptoms
and other CGM features. They therefore found CGM hypoglycemia alarms redundant and
sometimes even annoying (Table 3, Quote 7). Several participants did not believe that
turning off CGM alarms would be problematic or dangerous:

| left the helpful alarms on there, but the ones that are saying, “Oh, you’re going
to be low in 30 minutes,” or whatever they are, | shut all those off. | look at [the
CGM] so often that | don’t need that alarm. It doesn’t really harm me any.

(33-year-old Caucasian woman)
Several participants also reported frustration related to a continuous alarm after treatment

(Table 3, Quote 8). They wished there were an option to temporarily silence this type of
alarm (Table 3, Quote 9).

Conclusions

In this questionnaire survey and qualitative interview study series evaluating patient-reported
usefulness of and challenges in using CGM hypoglycemia-informing features, the majority
of the TIDM adult CGM users reported CGM glucose numbers, trend arrows, and
hypoglycemia alarms to be helpful in managing hypoglycemia. Conversely, more than a
quarter of participants found trend graphs either less or not useful. Challenges in using

these features included perceived CGM inaccuracy, which affected the trustworthiness

of hypoglycemia information. The unpredictability of blood glucose also influenced
participants’ use of trend arrows. Finally, CGM hypoglycemia information, particularly
hypoglycemia alarms, could be disruptive to patients and lead them to stop using this
feature.

The high usefulness of CGM hypoglycemia-informing features reported by this cohort
is consistent with users’ predominantly positive CGM experiences described in prior
studies.13.2526 Challenges in using these features to manage hypoglycemia, which can be
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technological (Theme 1), biological (Theme 2), informational (Theme 3), and emotional
(Theme 4), could help explain the unfavorable reflections to the CGM features. Knowledge-
based interventions can be implemented to address some of these obstacles. Under Theme
1, participants reported comparing CGM glucose numbers with SMBG information to
determine CGM accuracy. Although CGMs’ glucose accuracy is comparable to most
commercially available glucometers,2’ the CGM sampling rate during daily use is much
higher than SMBG (eg, 288 vs 6 times per 24 hours, respectively). CGMs will therefore
likely produce more false glucose numbers than SMBG.28 In addition, participants are often
instructed to check SMBG if they suspect inaccurate CGM glucose readings. This behavior
may lead to sampling bias and perpetuate the impression that CGM glucose numbers are
inaccurate or even simply not useful.1° Setting expectations by explaining the nature of
CGMs and how these devices differ from SMBG could calibrate users’ accuracy perceptions
and thus improve the utility of CGM glucose information.

Knowledge about how to use trend graphs could also help improve the utility of this feature
for hypoglycemia self-management. A trend graph uniquely presents longitudinal glucose
information to assess glucose dynamics related to insulin, food consumption, exercise,

and other factors contributing to glucose changes, including hypoglycemia.2 Research

has demonstrated favorable outcomes in hypoglycemia reduction among people who favor
pattern analysis over minute-by-minute data.18 By contrast, trend graph interpretation can
be complex and may require substantial numeracy skills,3° limiting the use of this feature.
Knowledge gaps exist in how to use trend graph information and need to be better assessed
and addressed by DCESs and adapted for varied literacy and numeracy skills. Studies on
the feasibility of increasing trend graph utility may also inform interventions for targeted
populations to improve hypoglycemia self-management.

The unpredictability of blood glucose continues to affect hypoglycemia self-management
despite the availability of continuous glucose information. Current CGM trend arrows are
determined based on historical CGM glucose data3! and can often forecast hypoglycemia
development.20 However, the findings of this research indicate that CGMSs cannot predict
hypoglycemia recovery after patients’ treatment responses to hypoglycemia. Such a function
would inform patients’ decisions about whether additional treatment is needed; users could
then prevent ongoing hypoglycemia due to undertreatment and rebound hyperglycemia due
to overtreatment. Automated insulin delivery systems are capable of providing additional
protection for hypoglycemia reduction by reactively reducing insulin doses or suspending
insulin,32:33 yet active support for hypoglycemia recovery (eg, instructions on whether food
treatment is needed based on glucose trends) is limited. The early-phase clinical trial with
the dual hormone system has returned promising early data.3* Furthermore, initial data

on mini-dose glucagon have shown the possibility of reducing hypoglycemia and rebound
hyperglycemia.3®

Scholars have identified the roles of psychological factors in hypoglycemia self-
management11:36.37 and CGM use.13:16-18 Hypoglycemia alarms are a powerful feature
that can provide additional support to reduce hypoglycemia, even with the availability of
other continuous glucose information3839; however, this feature can also generate patient
discomfort?0:40 and thus discontinued use. Both hypoglycemia and currently available
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sharp, audible hypoglycemia alarms can produce poor patient experiences. Real-time
educational, behavioral, and psychosocial interventions could enable better user experiences
with hypoglycemia alarms and enhance this feature’s adoption. Opportunities exist where
DCESs, diabetes researchers, and patient experts can collaboratively develop effective
educational patient-centered messages and programs to ensure that CGM and other
technologies are used safely and for maximum benefit.

Strengths and Limitations

This study, to our knowledge, is one of the first to focus on patient-reported usefulness

and challenges of using CGM hypoglycemia-informing features to manage hypoglycemia.
This work combined a survey to demonstrate the prevalence of perceived feature usefulness
followed by a qualitative exploration of what and how challenges compromise these
features’ utility. The distribution of survey participants across racial/ethnic groups and the
proportion who reported using an insulin pump were similar to the 2016 to 2018 T1D
Exchange national report.#! The interview cohort also included a wide-spectrum population
based on time in hypoglycemia, age, sex, race/ethnicity, and socioeconomic characteristics.
Because participants were exclusively recruited from a tertiary academic hospital and had
received structured diabetes education, findings’ generalizability may be limited. However,
this study highlights that challenges persist in using CGM hypoglycemia-informing features
despite the current standard of care. In addition, the qualitative study was planned after the
survey study. The opportunity to design a sequential mixed-methods study using the survey
responses to guide interviews was hence missed. Even so, the qualitative study reached
content saturation, and the results were accordingly valid.

In summary, this quantitative—qualitative study series demonstrates that although most
T1DM adults found CGM hypoglycemia-informing features helpful, challenges in optimally
using these features remain. Additional knowledge about these features together with
ongoing advances in diabetes technologies and behavioral science could further improve
CGM use for reducing hypoglycemia.
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Figure 1.
Patient-reported usefulness of CGM hypoglycemia-informing features: (A) CGM glucose

number, (B) CGM glucose trend arrow, (C) CGM glucose trend graph, and (D) CGM
hypoglycemia alarm.
Abbreviation: CGM, continuous glucose monitor.
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Table 1.

Question Assessing Patient-Reported Usefulness of CGM Hypoglycemia-Informing Features

For making a decision on treating hypoglycemia, how useful do you find the various features of your CGM device?

a.

CGM glucose numbers
0 (not at all useful)

1 (somewhat not useful)
2 (somewhat useful)

3 (very useful)

CGM glucose arrows (up or down)
0 (not at all useful)

1 (somewhat not useful)
2 (somewhat useful)

3 (very useful)

CGM glucose graph

0 (not at all useful)

1 (somewhat not useful)
2 (somewhat useful)

3 (very useful)

CGM glucose alarms

0 (not at all useful)

1 (somewhat not useful)
2 (somewhat useful)

3 (very useful)

Abbreviation: CGM, continuous glucose monitor.
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Table 2.

Patient Demographic and Glycemic Characteristics (N = 23)

Outcomes, percentage or median
(interquartile range)

Questionnairesurvey  Qualitativeinterview

Characteristics participants (n =252)  participants (n = 23)
Age,y 43 (32-59) 47 (33-60)
Sex

Female 65 48

MalLe 35 52
Race

Caucasian 94 87

African American 2 13

Asian American 1 0

Other 3 0
Ethnicity

Non-Hispanic 94 100

Hispanic 4 0

Refused/unknown 2 0
Duration of diabetes, y 23 (14-32) 25 (15-33)
AIC level, % 7.2 (6.4-7.8) 6.7 (6.2-7.6)

AI1C level, mmol/mol

CGM type

55.2 (46.4-61.7)

49.7 (44.3-59.6)

Page 14

Dexcom 92 83

Medtronic 8 17
Insulin pump use 80 91

With autosuspension feature 70 61

With hybrid closed-loop feature 64 57
CGM usage time, % 97 (92-99) 94 (87-100)
Average CGM glucose level, mg/dL 158 (141-176) 147 (133-163)
Time with glucose levels <70 mg/dL (3.9 mmol/L) on CGM, % 1.4 (0.6-3.0) 2.5(1.0-5.9)

Abbreviation: CGM, continuous glucose monitor.
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Table 3.

Page 15

Themes, Relevant CGM Features, Sample Quotes, and Participant Profiles for Main Challenges in Using
CGM Hypoglycemia Information

Quote CGM feature

Quote

Participant profile

Theme 1 — Hypoglycemia information not fully reliable

1 Glucose
number
2 Glucose
number
3 Glucose
number
4 Glucose
number

“The only times that I've ever kind of noticed that the CGM might be off a little bit
is right after insertion. So some of those times I’ll test a couple of times and then
recalibrate for about an hour or so.”

“I just rely a lot on that information, so I’m just hoping it’s accurate. And | know
sometimes it's not always—sometimes at the beginning of a session or at the end
when it's starting to not work properly anymore, | definitely would rather have good
information.”

“If I look at my measurements and it’s been very steady, and then all of a sudden there’s
a dramatic drop, I’ve learned that that seems to be an artifact of the sensor, like if I’ve
been laying on it or something. Then it might give me what seems to be a false reading,
because I’ve learned that if | treat then, sometimes then I will spike really high.”

“[When | see lows on my CGM] Il finger prick myself just to make sure. Because I’ve
had some—I mean even last night, my CGM told me my sugar was 40 and | tested it
[with a finger prick], and it was 180.”

Theme 2 - Unpredictability of future blood glucose levels

5 Trend arrow

“Sometimes I’ll have a double arrow going down, and then 5 minutes later I’ll have an
arrow going kind of at an angle down. So I’m trying to figure out if it went from double
arrow 5 minutes before the angle arrow, then what happened in those 5 minutes? Why
did it change from two arrows to one arrow going at an angle?”

Theme 3 — Lack of awareness about how information can be used

6 Trend graph

“[The trend graph is] not so much for—well, not so much [helpful] for managing the
lows because it’s helpful to see where it was, but really, I’'m looking at kind of the
future. Where it’s going. So it’s really that trend arrow that gives me more—it’s just
more important, | guess, for where | need to go.”

Theme 4 - Disruptions associated with information

7 Alarm
8 Alarm
9 Alarm

“| hate the alarms on the CGM for being low. I would turn [them] off if | could.
Sometimes | do turn the Bluetooth off because it’s just annoying to me. I’m like, ‘I
know that I’m low. | don’t need it to tell me that I’m low ever ... ’I know that it’s
important for other people to have the—I understand why there’s an alarm. | just don’t
like that I can’t turn it off.”

“I guess | like it when it’s telling me when it’s initially, but when it keeps beeping
continuously after I’m already attempting to fix the problem, that’s when it gets
annoying.”

“I wish I could silence [the alarms]. Acknowledge yes, I’m low. Yes, I’m treating this
low blood sugar.... If it could have a screen pop up, ‘Are you treating this low?” “Yes.”
Just to say that I’ve acknowledged this. Yes, I’m treating it. Alert me again in 10
minutes or something like that.”

34-year-old Caucasian
woman

20-year-old African
American woman

33-year-old Caucasian
woman

24-year-old Caucasian
man

47-year-old Caucasian
woman

56-year-old Caucasian
man

36-year-old Caucasian
woman

21-year-old multiracial
woman

33-year-old Caucasian
woman

Abbreviation: CGM, continuous glucose monitor.
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