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Background. Adolescents and young adults with type 1 diabetes have high HbA1c levels and often struggle with self-management
behaviors and attention to diabetes care. Hybrid closed-loop systems (HCL) like the t:slim X2 with Control-IQ technology
(Control-IQ) can help improve glycemic control. Te purpose of this study is to assess adolescents’ situational awareness of their
glucose control and engagement with the Control-IQ system to determine signifcant factors in daily glycemic control.Methods.
Adolescents (15–25 years) using Control-IQ participated in a 2-week prospective study, gathering detailed information about
Control-IQ system engagements (boluses, alerts, and so on) and asking the participants’ age and gender about their awareness of
glucose levels 2-3 times/day without checking. Mixed models assessed which behaviors and awareness items correlated with time
in range (TIR, 70–180mg/dl, 3.9–10.0mmol/L). Results. Eighteen adolescents/young adults (mean age 18± 1.86 years and 86%
White non-Hispanic) completed the study. Situational awareness of glucose levels did not correlate with time since the last glucose
check (p � 0.8). Inmultivariable modeling, lower TIR was predicted on days when adolescents underestimated their glucose levels
(r=−0.22), receivedmore CGM alerts (r=−0.31), and hadmore pump engagements (r=−0.27). A higher TIR was predicted when
adolescents responded to CGM alerts (r= 0.20) and entered carbohydrates into the bolus calculator (r= 0.49). Conclusion.
Situational awareness is an independent predictor of TIR and may provide insight into patterns of attention and focus that could
positively infuence glycemic outcomes in adolescents. Proactive engagements predict better TIR, whereas reactive engagement
predicted lower TIR. Future interventions could be designed to train users to develop awareness and expertise in efective diabetes
self-management.

1. Introduction

Adolescents and emergent adults (ages 15–25 years) with
T1D have the highest average HbA1c levels of any age group
with diabetes, peaking at 9.3%, well above goal of 7.0% for
most people with diabetes [1]. Diabetes technologies such as
hybrid closed-loop systems (HCL) can improve glycemic

control in children, adolescents, and adults with diabetes
[2–5]. HCL systems partially automate insulin delivery with
algorithms that use sensor glucose input to administer in-
sulin doses aimed at keeping glucose levels in target range.
Te Tandem t:slim X2 with Control-IQ technology (referred
to here as “Control-IQ”) is one of these HCL systems. Te
Control-IQ system consists of an insulin pump that
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implements the Control-IQ algorithm combined with
a Dexcom G6 continuous glucose monitor (CGM) [6].
Persons with diabetes who use the Control-IQ system wear
the system continuously and direct the pump to deliver
insulin boluses for meals and hyperglycemia as needed.

While the Control-IQ system improves glycemic control
in adolescents, user behavior and engagement remain im-
portant to achieving optimal glycemia [7, 8]. Diabetes self-
management behaviors are particularly difcult for ado-
lescents and young adults due to a variety of developmental,
cognitive, and psychological factors unique to the age group
[9–11]. Engagement with HCL systems like Control-IQ (e.g.
giving insulin boluses, monitoring glucose levels, and so on)
is one subset of self-management, together with other be-
haviors like food selection or timing, and physical activity.
We have previously shown how adolescents and young
adults have high interpersonal and intrapersonal variability
in their diabetes self-management behaviors, and how
a variety of biopsychosocial daily factors correlate with these
fuctuations [12]. Terefore, more research about their en-
gagement with their diabetes care is warranted.

Because adolescents face many competing challenges for
attention, we examined how “situationally aware” adoles-
cents and young adults were in relation to their diabetes care
throughout the day. Situational awareness is defned as
a combination of (a) knowing numerous pieces of data, (b)
having a deep understanding of context, and (c) being able to
project future states in reference to present goals [13]. Sit-
uational awareness is associated with expertise, and the
related cognitive processes often bypass conscious awareness
[14]. In the context of diabetes, situational awareness refers
to “strategic” awareness of current health states, an un-
derstanding of what they mean, and the ability to execute
self-management behaviors that afect them. Among adults
with diabetes, greater skill in recognizing glucose problems
was linked to better glucose control in a way that declarative
knowledge about diabetes was not [15]. Situational aware-
ness involves automatic perception and attention processes
that we have characterized as belonging to the “Intuitive
mind,” which can be diferentiated from factual knowledge
and intentions at the more conscious “narrative mind”
level [16].

Te purpose of this study, therefore, was to assess ad-
olescents’ engagement with the Control-IQ system, and their
situational awareness of glucose levels throughout the day,
and to evaluate these variables’ efects on glycemic control.
Identifying patterns of awareness, engagement, and glycemia
is a frst step to understand how adolescents and young
adults can more efectively manage their diabetes using the
Control-IQ system.

2. Methods

We conducted a prospective, 2-week study involving ado-
lescents and young adults recruited from the Barbara Davis
Center to collect data related to diabetes engagement, sit-
uational awareness, and glucose control. Te Colorado
Multiple Institutional Review Board approved this research.
Participants were ages 15–25 years old inclusive, had

a diagnosis of type 1 diabetes, and used the Control-IQ
system to manage their diabetes. Our intention was to re-
cruit individuals with diverse HbA1c levels at baseline, so
potential participants were prescreened for this and use of
Control-IQ. We chose Control-IQ as the HCL system of
interest because it was the most widely used HCL in our
clinic at the time of the study. Additionally, participants had
to be using a commercial iOS (Apple) iPhone device with the
HealthKit application and be willing to wear a compatible
smartwatch for the duration of the study.

2.1. Procedures. Participants were enrolled in this study for
2-weeks and wore their Control-IQ system continuously.
Although during routine use, Control-IQ users can check
glucose levels on the insulin pump itself or a separate CGM
app on a phone, we asked participants to only check glucose
levels on their insulin pump so we could collect data about
these interactions from the pump itself to better quantify
user engagement. Troughout the study period, participants
were sent 2-3 quasi-randomly timed “situational awareness”
surveys that asked about their current awareness of glucose
levels and predictions for future glucose levels.

2.2. Data Collection

2.2.1. Situational Awareness Questionnaire. Situational
awareness can be difcult to measure, but studies have
shown that “awareness-in-the-moment” measures are more
correlated with performance than a participant’s subjective
rating of how situationally aware they were after the fact [17].
We therefore assessed situational awareness with a 4-item
survey delivered at random times and asked participants: (1)
when did you last view your CGM glucose value? (In the past
15minutes, past hour, past 2 hours, past 3 hours, and longer
than 3 hours); (2) without looking, what is your glucose
now? (<70mg/dl, 71–120mg/dl, 121–180mg/dl,
181–250mg/dl, and >250mg/dl); and (3) without looking,
what direction is it trending? (going up, going down, and
staying stable); and (4) after looking at your CGM, what do
you think your glucose level will be 1 hour from now?
(<70mg/dl, 71–120mg/dl, 121–180mg/dl, 181–250mg/dl,
and >250mg/dl). Items 1 and 2 correspond to knowledge of
data, item 3 refects contextual knowledge, and item 4 re-
quires prediction, which are the three major components of
situational awareness. We expected that all of these com-
ponents would predict glycemic control.

2.2.2. Engagement with CGM. Engagement behaviors were
quantifed from Control-IQ downloads, including the daily
number of interactions with the Control-IQ system (in-
cluding checking glucose levels, responding to alerts, giving
meal boluses, and pump maintenance), the number of CGM
alerts, the percent of CGM alerts acknowledged by the user,
the number of boluses given, the number of grams of car-
bohydrate entered into the pump each day, and the number
and percent of boluses that included a carbohydrate entry.
Each of these system device functions can be part of
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a participant’s diabetes self-management approach, but at
the outset we did not have any clear expectation about which
of them might be most strongly correlated with glycemic
control.

2.2.3. Glucose Outcome. Daily glucose data were collected
from the CGM, with time-in-range (TIR, 70–180mg/dl, 3.9
to 10.0mmol/L) as the primary outcome variable.

2.3. Analysis. Participant demographics and missing data
patterns were examined descriptively, with complete data
available on the outcome variable (TIR) and no systematic
pattern of missingness for predictors. We used a two-stage
analysis to examine the efects of Control-IQ engagement
and situational awareness on TIR. First, we analyzed indi-
vidual participant characteristics as predictors of TIR, in-
cluding within-person average scores on the situational
awareness and Control-IQ engagement variables over the
full 2 weeks of data collection, as well as stable demographic
characteristics. With 14 participants, we had 80% power to
detect only moderate to large efects of r� 0.48 or greater at
α� 0.05, so Type II error is a potential concern in these
analyses.

Second, we analyzed day-to-day variation in TIR within
participants, which was substantial (ICC [2]� 0.497 for TIR,
meaning that about 50% of all variability in TIR was within-
persons). In the context of high day-to-day variability, it
makes sense to also examine predictors of TIR on a daily
basis; in contrast to the person-level efects, these tests ex-
amine more transient relationships between a person’s sit-
uational awareness and their TIR at a specifc point in time.
Variables that predict within-person changes in TIR could
be valid targets for tailored interventions that attempt to
improve diabetes self-management at the specifc moment
when an intervention would be most benefcial. To test
within-person relationships, we used linear mixed models in
SPSS v28.0, with restricted maximum likelihood estimation.
Control-IQ engagement and situational awareness variables
were each tested in separate models, and signifcant pre-
dictors were then combined in a single model to address
multicollinearity. We tested fxed efects for all predictors
and used an AR (1) data structure to account for the
autoregression noted in the TIR values, r� 0.69 for the
correlation between each day’s TIR value and the ones before
or after it. Because there was a slight linear trend in TIR
(showing improved daily glucose control from start to end of
the 2-week monitoring period), we also included study day
as a covariate in all models. Finally, to increase confdence in
causal associations, we also tested time-lagged models in
which the self-management variable on one day was used to
predict the outcome variable on the following day. Tese
tests add to the utility of the within-person tests by exam-
ining the same efects after a slight time lag; signifcant efects
in this context suggest a prospective (and therefore po-
tentially causal) relationship between the situational

awareness variable and TIR. Power for the within-person
tests was slightly higher—80% to detect efects as small as
r� 0.42 at α� 0.05, based on an average of 11.5 data points
each from 14 participants with an intraclass correlation of
0.71, resulting in an efective sample size of 19 for the
multilevel analyses [18].

3. Results

We contacted 19 individuals for participation. One declined,
2 did not respond, 1 did not show up for appointment, and 1
did not meet eligibility criteria. A total of 14 adolescents/
young adults were enrolled in the study (64% female and
86% White non-Hispanic, Table 1). Tree participants had
been using Control-IQ less than one year, 8 for 1-2 years,
and 3 for 2-3 years.

3.1. Predictors of TIR Diferences between Participants.
Te participants’ age, gender, duration of diabetes, years
using Control-IQ, insurance status, and parent’s education
level did not predict TIR. Te participant’s baseline HbA1c
level did predict TIR (p< 0.001).

Situational awareness questionnaire responses and di-
abetes behaviors were averaged for each individual and
tested for correlation with average TIR. Situational aware-
ness responses did not correlate with the amount of time
since the individual last checked their glucose level (r� 0.08,
p � 0.8). Te percent of time an individual underestimated
their glucose level negatively correlated to TIR (r� −0.73,
p � 0.02, Table 2). For diabetes behaviors, the percent of
CGM alerts that were acknowledged by the user strongly
correlated to TIR (r� 0.76, p< 0.01), and the mean number
of CGM alerts negatively correlated to TIR (r� −0.43,
p � 0.01). Both the total grams of carbohydrates entered into
the pump and the mean number of boluses with carbohy-
drate entries moderately correlated with TIR.

Tere was no statistically signifcant correlation between
the mean number of pump engagements and TIR (Figure 1).
Two individuals were outliers in this distribution: “Partic-
ipant A,” a 19 year-old female with T1D for 4.4 years,
demonstrated an average of ∼10 pump engagements/day
and achieved an 85% mean TIR. Conversely, “Participant B”
was a 16 year-old male who had diabetes for 1.9 years, av-
eraged 26 pump engagements each day, and achieved amean
TIR of 36%.

When examining behavioral diferences, Participant A
bolused 5.4 times/day and entered an average of 198 grams
of carbohydrate (CHO) into her bolus calculator each day
(91% of all boluses). She acknowledged her CGM alerts 90%
of the time. When asked to estimate her current glucose
level, she was accurate 68% of the time. In contrast, Par-
ticipant B bolused about the same number of times as
Participant A (5 times/day), but rarely entered CHO into the
bolus calculator (>1% of the time, averaging 1.6 grams of
CHO per day), potentially making boluses less efective at
controlling glucose levels. He further only acknowledged
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28% of CGM alerts, possibly contributing to less awareness
of his glucose levels, only estimating correctly 28% of
the time.

3.2. Within-Person Predictors of Time in Range. Next, pat-
terns were analyzed within-person on a day-by-day basis.
TIR was normally distributed across days
(mean� 60.0%± 17.5). Over the two-week period per par-
ticipant, there was no signifcant change in the number of
pump engagements/day (p � 0.13) or percent of CGM alerts
acknowledged (p � 0.33); there was a nonsignifcant trend
toward improved TIR (p � 0.08), which we conservatively
factored into our analyses.

In a univariate hierarchical regression, many situational
awareness questions correlated to same-day TIR, as did
several CGM engagement behaviors (Table 3). For situa-
tional awareness question #2 (“estimate your current glu-
cose”) and question #4 (“predict your future glucose”), we
ran separate analyses based on whether the participant had
overestimated or underestimated their actual value; in both
cases, the percentage of time that a participant made an
underestimate was the better predictor of their same-day
TIR. Tis pattern suggests that some types of perceptual

errors may bemore important than others to overall diabetes
self-management. Te total number of CGM alerts was
negatively correlated with TIR, which is not surprising given
that alerts signify out-of-range glucose value. However, the
number of alerts acknowledged had a positive relationship
with TIR, suggesting that attending to an alert may be an
important component of diabetes self-management. Inter-
acting with the pump more frequently and giving more
boluses throughout the day were both associated with lower
TIR. However, the percentage of boluses administered with
carbohydrates entered was associated with better TIR.

Next, we ran multivariable models to test the un-
derestimate of current glucose (situational awareness)
alongside pump behaviors (Table 4). Te number of CGM
alerts, mean number of pump engagements/day, and percent
of boluses that included a carbohydrate entry all remained
signifcant for predicting both same-day and next-day TIR.
Te percent of CGM alerts acknowledged predicted same-
day TIR. Importantly, the situational awareness varia-
ble—underestimating current glucose—continued to predict
same-day TIR even after Control-IQ-relatedself-
management behaviors were accounted for (p � 0.007).
Tis fnding suggests that situational awareness is a useful
concept in understanding diabetes self-management beyond
simply helping a person recognize when they need to deliver
a bolus.

4. Discussion

Tis study is unique in examining daily patterns of situa-
tional awareness in addition to diabetes behaviors and
glycemia in adolescents and young adults, a population that
struggles with consistent diabetes care. Tis paper is the frst
to report that a person’s situational awareness of glucose
levels predicts TIR on a daily basis, to some extent in-
dependent of diabetes self-management behaviors. We
further demonstrated that not all pump engagements are
efective for diabetes self-management, with a larger total
number of Control-IQ interactions and boluses per day
actually predicting lower same-day TIR results. On the other
hand, interactions that involved acknowledging an alert
message from the device or bolusing with a carbohydrate
entry were both predictive of higher same-day TIR. Overall,
these data provide new insights into the state of mind and
behaviors of adolescent and young adult Control-IQ users
that promote better glycemic control.

Our study found that a person’s situational awareness of
their diabetes predicts better same-day TIR, and this was
independent of when they last checked their glucose level
(p � 0.8). Tis invites the question as to why some in-
dividuals can predict their glucose levels without referring to
their device as recently, as if they are somehow more “in
tune” with their diabetes, or “experts” in their own diabetes.
Experts can notice “invisible” aspects of situations and re-
spond to them based on a “feeling” or for reasons that they
can’t articulate—features that are similar to the concept of
situational awareness. Expertise is also suggested by the fact
that TIR was better on days when participants more ac-
curately predicted their future TIR as well. Underestimating

Table 2: Situational awareness and pump behavior correlations
with time in range (between-persons).

r p values
Mean % correct glucose estimate (Q2) 0.73 0.03
Mean % underestimate glucose (Q2) −0.73 0.02
Mean % overestimate glucose (Q2) 0.47 0.25
Mean % correct direction glucose trending (Q3) 0.27 0.33
Mean % correct prediction 1 hour (Q4) 0.27 0.79
Mean % underestimate prediction (Q4) −0.6 0.23
Mean % overestimate prediction (Q4) 0.57 0.27
Mean # CGM alerts/day −0.43 0.01
% CGM alerts acknowledged 0.76 0.0001
Mean number of pump engagements/day −0.36 0.86
Mean # boluses/day 0.33 0.13
Total grams of CHO entered into pump/day 0.18 0.07
Mean # boluses with carb entry/day 0.39 0.05
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Figure 1: Between-person correlation between number of pump
engagements per day and time in range 70–180mg/dl
(3.9–10.0mmol/L).
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one’s glucose level was predictive of lower TIR, perhaps
because the person was less likely to be take measures to
address hyperglycemia if they did not know they had high
glucose levels. It is noteworthy that participants were asked
to estimate their current glucose before looking at their
device, which suggests a type of expertise.

Future interventions to promote diabetes self-
management could encourage the development of situa-
tional awareness by helping new users to develop more
expertise over time—for example, by training them to
predict their own glucose in various scenarios and giving
them feedback about the actual results. As adolescents gain
more expertise monitoring their glucose levels and man-
aging diabetes, these behaviors should become more auto-
matic, and perhaps ultimately unnecessary as regular
glucose-checking is replaced by a more intuitive form of
expertise.

While hybrid closed loop systems may lower the burden
of diabetes self-management compared to systems without
automation, it is notable here that hyperglycemia is asso-
ciated with more pump interactions, predicting a lower
same-day TIR.Te higher number of pump engagements are

likely indicative of the user’s reactive attempts to monitor
and mitigate hyperglycemia by checking glucose levels and
giving correction boluses of insulin (which was also pre-
dictive of lower TIR in the same-day analysis). Tese data
suggest that not all engagement is efective engagement;
“reactive engagement” is less efective than “proactive en-
gagement.” Tis is the frst paper quantifying this negative
efect of reactive engagement on glycemia. On the other
hand, “proactive engagement,” such as programming bo-
luses with carbohydrates, predicted a higher TIR compared
to boluses that were given in response to hyperglycemia or
programmed manually. It will be important in future studies
to further tease apart the role of reactive and proactive
engagement. Further, patient-reported outcome measures
related to HCL currently focus on beneft of the system
[19, 20] or overall diabetes distress [21, 22], but are not able
to capture device/diabetes burden related to glycemic
control.

Te concept of “efective engagement” has been studied
in digital interventions and should be considered in future
research with how adolescents and young adults interact
with HCL systems [23]. Tis study attempted to distinguish

Table 3: Univariate predictors of daily time in range (within-person).

Prediction of same-day TIR Prediction of next-day TIR
Efect size

(r) t p
Efect size

(r) t p

% Correct glucose estimate (Q2) +0.15 1.95 0.053 +0.13 1.56 0.12
% Underestimate glucose (Q2) −0.31 −4.04 <0.001∗∗∗ −0.15 −1.87 0.06
% Overestimate glucose (Q2) +0.19 2.32 0.02∗ +0.02 0.18 0.86
% Correct direction glucose trending (Q3) +0.22 2.78 0.006∗∗ −0.03 −0.36 0.72
% Correct prediction 1 hour (Q4) +0.12 1.50 0.14 −0.01 −0.06 0.95
% Underestimate prediction (Q4) −0.25 −3.16 0.002∗∗ +0.06 0.75 0.45
% Overestimate prediction (Q4) +0.18 2.28 0.02∗ +0.08 −0.97 0.34
# CGM alerts received/day −0.30 −3.38 0.001∗∗ −0.15 −1.53 0.13
% CGM alerts acknowledged +0.41 4.55 <0.001∗∗∗ +0.28 2.85 0.005∗∗
Mean # pump engagements/day −0.28 −3.62 <0.001∗∗∗ −0.02 −0.28 0.78
# Boluses given/day −0.30 −3.90 <0.001∗∗∗ +0.23 2.83 0.005∗∗
Total grams of carbs entered/day −0.02 −0.14 0.89 +0.10 0.85 0.40
Average grams of carbs per carb entry +0.01 0.14 0.89 −0.11 −0.98 0.33
Total # of carb entries/day +0.09 0.91 0.36 +0.20 2.05 0.04∗
% Boluses that included carb entry +0.41 4.63 <0.001∗∗∗ +0.32 3.31 0.001∗∗
∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001.

Table 4: Final multivariate model predicting day-by-day time in range (70–180mg/dl and 3.9–10.0mmol/L) in adolescents and young
adults with type 1 diabetes.

Prediction of same-day TIR Prediction of next-day TIR
Efect size

(r) t p
Efect size

(r) t p

% Underestimate glucose (Q2) −0.22 −2.73 0.007∗∗
# CGM alerts received/day −0.31 −3.43 <0.001∗∗∗ −0.29 −2.71 0.008∗∗
% CGM alerts acknowledged +0.20 2.31 0.02∗
Mean # pump engagements/day −0.27 −3.00 0.003∗∗ −0.24 −2.59 0.011∗
# Boluses given/day +0.28 3.31 0.001∗∗
% Boluses that included carb entry +0.49 5.75 <0.001∗∗∗ +0.49 4.89 <0.001∗∗∗
∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001.
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which type of Control-IQ system engagements are useful
and efective, but future studies would beneft from working
defnitions of “efective engagements” in light of timing of
engagement, reason for engagement, and accuracy of the
response.

Strengths of this study include a sample of adolescents
and young adults with a wide range of baseline glycemia and
duration of diabetes, as well as novel measurements of
situational awareness and diabetes behaviors spanning
multiple days. We also report granular information about
Control-IQ engagement behaviors, furthering the published
literature on user behaviors [12].Te study’s major weakness
was its small sample size, although we were able to partially
compensate for this by using multilevel models to capitalize
on the availability of multiple data points provided by each
participant. Another weakness includes the fact that the
majority of the samples were White non-Hispanic in-
dividuals, limiting the ability of these pilot fndings to de-
termine if there are racial/ethnic diferences, and drawing
attention to the importance of further testing in a more
diverse sample. Although we asked participants to exclu-
sively use the Control-IQ system to view glucose levels, it is
possible that data were not captured if they chose to view
glucose data on their phone application. Finally, situational
awareness questions were only asked 2-3 times a day, which
limited the number of data points and potentially led us to
miss additional relationships with self-management.

5. Conclusion

Overall, the fndings of this exploratory study should lead to
future research on defning efective engagement behaviors
and determining how to best design interventions to im-
prove both situational awareness of diabetes and efective
responses.
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