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Abstract

Objective—Circulating glucose may relate to affective and physical feeling states reflective of
emotional disorder symptoms. No prior studies have investigated within-day associations between
glucose and subsequent affective and physical feeling states (positive affect, negative affect, and
fatigue) as they occur naturally among healthy adolescents; this pilot study assessed these
associations by combining data collected from ecological momentary assessment (EMA) and
continuous glucose monitors (CGM).

Methods—~Participants (N=15, mean age=13.1[+1.0] years, 66.7% female, 40.0% Hispanic,
66.7% healthy weight) wore a CGM for 7-14 days. Simultaneously, participants reported on their
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current positive affect, negative affect, and fatigue randomly during specified windows up to 7
times daily via EMA. CGM-measured mean interstitial glucose was calculated during the time
windows (mean minutes=122.5[+47.3]) leading up to each EMA prompt. Multilevel models
assessed within-subject (WS) associations between mean interstitial glucose since the previous
EMA prompt and EMA-reported affective and physical feeling states at the current prompt.

Results—Participants provided 532 interstitial glucose-matched EMA reports of affective and
physical feeling states. During intervals when interstitial glucose was higher than one’s usual,
higher positive affect (WS p=0.01, p<0.0001, 2=0.02) and lower fatigue (WS B=-0.01, p<0.0001,
£=0.09) were subsequently reported. Interstitial glucose was unrelated to negative affect (WS p=
-0.002, p=0.10, £=0.01). Associations were weakened, but remained significant following further
adjustment for time of day.

Conclusions—Though effect sizes were small, within-person variations in interstitial glucose
may relate to subsequent affective and physical feeling states among healthy youth. Investigations
using similar methodologies in larger, more diverse samples are warranted.
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Introduction

Adolescence is characterized by rapid physical maturation and increased emotional
variability [1, 2]. Consequently, adolescents are at increased risk for emotional health
problems, including the development of depressive and anxiety disorders [3, 4]. It is
estimated the prevalence of depression and anxiety is highest among adolescents compared
to all other age groups [5, 6]. Even at subclinical levels, emotional disorder symptoms
during adolescence can continue into adulthood and influence long-term outcomes such as
lower educational attainment and substance misuse [7-9]. In an attempt to address this
public health concern, investigators have focused on gaining a better understanding of the
modifiable risk factors associated with emotional disorder symptoms in youth.

Common symptoms of emotional disorders include changes in affective and physical feeling
states, such as lower levels of positive affect, higher levels of negative affect, and increased
fatigue [10, 11]. Results from previous studies of behavioral correlates of affective and
physical feeling states indicate that more physical activity is related to momentary increases
in positive affect and decreases in negative affect and fatigue [12, 13]. Additional energy
balance behaviors such as sedentary behavior and dietary intake may also influence affective
and physical feeling states. For example, more sedentary time is acutely related to lower
positive affect (e.g., in the subsequent 30 minutes), and youth with higher negative affect
consume more pastries, sweets, and fast food [14, 15].

Although the behavioral factors relating to emotional disorder symptoms in youth are

commonly investigated, the biological correlates are relatively understudied. It is plausible
that the associations between health behaviors and affective and physical feeling states can
be partially explained by biological underpinnings. Experimental and observational studies
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among healthy samples of children and young adults have demonstrated that blood glucose
levels are acutely related to subsequent affective and physical feeling states [16—18]. One in-
lab study among children demonstrated that participants reported feeling happier following a
low glycemic index meal (vs. high glycemic index meal) and less sluggish following the
high glycemic index meal in the 90 to 140 minutes following meal administration [16].
Another in-lab study reported that both acutely and over 2 hours, ingestion of a glucose
drink and subsequent higher blood glucose levels were associated with feeling less tense/
anxious [17]. Conversely, observational studies among individuals diagnosed with Type 1
and Type 2 diabetes in free-living settings have shown that higher average blood glucose and
greater blood glucose variability are related to poorer affective states [19, 20]. Given that
glucose is the brain’s main energy source that has been implicated in regulatory processes
(including emotion regulation) [21, 22] and the mixed findings among prior studies, it is
important to understand the associations between glucose levels and acute affective states in
the naturalistic setting among healthy adolescents.

Recent advancements in technology have made studying the free-living, within-day
associations between affective and physical feeling states and glucose levels possible.
Ecological momentary assessment (EMA) is a real-time data capture strategy which prompts
participants to report on factors such as affective states and physical feeling states in defined
time windows throughout the day using a smartphone [23]. EMA can reduce recall errors
and biases, is ecologically valid, and allows investigators to assess acute temporal
associations [23]. Similarly, some continuous glucose monitors (CGM), small devices worn
on the arm that capture real-time interstitial glucose levels, are less burdensome for
participants (e.g., do not require multiple finger sticks per day), and provide more granular
information compared to traditional glucose data collection strategies such as the use of a
glucometer [24]. To date, no studies have combined EMA and CGM to investigate
interstitial glucose-affective and physical feeling state associations. Therefore, the aim of
this pilot study was to conduct exploratory analyses assessing the within-day associations
between interstitial glucose, measured with CGM, and subsequently-reported affective and
physical feeling states, measured via EMA, among healthy adolescents in a free-living
environment. This study may elucidate potential biological factors related to markers of
emotional health and can inform recommendations for future psychosomatic research that
incorporates EMA and CGM.

Methods

Participants

The participants in this report were a subsample (N=15) of youth, ages 11-15 years, from
the Mothers’ and Their Children’s Health (MATCH) study. Briefly, the MATCH study was a
three-year longitudinal cohort study of maternal stress on child obesity risk. Mother-child
dyads were recruited via flyers and in-person staff visits at public elementary schools and
various community events. The inclusion criteria for mother-child dyads of the MATCH
study were (1) the child is in 3™ to 6! grade (ages 8-12 years old) at baseline, (2) more than
half of the child’s custody belongs to the mother, and (3) both the mother and child are able
to read English or Spanish. Dyads were excluded from the MATCH cohort if the mother or
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the child (1) was taking medications for thyroid function or psychological conditions, (2)
had a health condition that limited physical activity, (3) was enrolled in a special education
program, (4) was currently using oral or inhalant corticosteroids for asthma, (5) was
pregnant, (6) the child was classified as underweight by a body mass index percentile of
<5% adjusted for sex and age, or (7) the mother worked more than two weekday evenings
(between 5-9pm) per week or more than eight hours on any weekend day. The detailed
MATCH study procedures are described in detail elsewhere [25].

Participants enrolled in the MATCH study were recruited for the Sedentary Behavior and
Health Outcomes (SBHO) study, a randomized-crossover trial investigating the metabolic
effects of interrupting sitting (Clinical Trials.gov registration no. NCT03153930). Each
participant was required to be enrolled in the MATCH cohort across all six waves (three
years) and be in good general health. Participants diagnosed with cardiac or pulmonary
disease, allergies to metals, evidence of impaired fasting blood glucose (blood glucose >100
mg/dL), endocrinologic disorders, or taking medications for Attention-Deficit/Hyperactivity
Disorder were excluded. All study procedures were approved by the University of Southern
California Institutional Review Board.

Baseline screening visit—A baseline screening was conducted by trained staff to
determine study enrollment eligibility. After parental consent and child assent were
provided, demographic information was collected, fasting blood glucose was measured, and
anthropometric measures including height, weight, and waist circumference were taken in
duplicate. After verifying eligibility for the SBHO study, participants returned to the
University of Southern California Diabetes and Obesity Research Institute lab on two
separate occasions to complete in-lab metabolic measures. A sub-sample of participants
enrolled in the SBHO study were given the opportunity to participate in a free-living data
collection for two, week-long observational periods (totaling 14 days) on a rolling basis until
the target sample size (N=15) was achieved. For the purposes of this report, data collected
during the free-living observational period will be included in the analyses.

EMA—Participants in the free-living sub-study of the in-lab SBHO study were provided a
Moto G mobile phone (Motorola Mobility, Chicago, IL) with the Movisens EMA app pre-
downloaded for use for the duration of the study. Participants were randomly prompted
within one-hour time windows to report on their affective and physical feeling states via
EMA. EMA prompts occurred four times per day on weekdays except during school hours,
and seven times per day on weekend days, between the hours of 7am and 8pm. The mobile
device would prompt the participant via sound and/or vibration to stop his/her current
activity and answer the EMA survey, which took approximately two minutes to complete.
Participants were given the option to ignore the EMA prompts if they were engaging in an
incompatible activity at the time of the prompt, such as sleeping or after-school activities.

CGM—A CGM (Abbott FreeStyle Libre Pro) was placed into the subcutaneous tissue on
the back of the upper arm, capturing interstitial glucose levels every 15 minutes for up to 7
days for two separate weeks. Study staff monitored CGM compliance via text message with
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participants. If the CGM was damaged or fell off, a study team member went to the home to
apply a new device. After seven days, the CGM was retrieved by study staff and data were
downloaded onto a computer.

During either the first or the second observational week (based on participant randomization
for the SBHO study mentioned above), participants were provided a wrist-worn device
(LYCOS Life) which prompted them to interrupt their sitting every 30 minutes. This was
done to assess feasibility of prompting interruptions in sedentary behavior in the free-living
environment. Seven participants received the LYCOS Life during the first observational
week, and eight participants received the LYCOS Life during the second observational
week; participants were instructed to proceed with their normal daily routines during weeks
when they were not instructed to wear the LYCOS Life. Randomization order did not differ
by participant characteristics (data not shown). Compensation in the form of a pre-loaded
Greenphire ClinCard (https://greenphire.com/clincard/) was provided to the participants’
parents at the end of each observational week when the devices were returned to a study
team member.

Affective and physical feeling states—EMA items were adapted from the Positive and
Negative Affect Schedule for Children (PANAS-C) [26] to capture momentary affective
states, consistent with previous EMA studies [12, 14]. To assess positive affect, participants
were prompted with two items, “Right before the phone went off, how HAPPY and
JOYFUL were you feeling?” Negative affect was measured by three items, “Right before the
phone went off, how STRESSED, MAD, and SAD were you feeling?” Participants were
asked to respond to each affective state as outlined above. Response options included
“O=Not at all,” “1=A little bit,” “2=Quite a bit,” and “3=Extremely.” Fatigue was measured
with four EMA items taken from the Profile of Mood States for Adolescents [27], “Right
before the phone went off, how TIRED, SLEEPY, EXHAUSTED, and WORN OUT were
you feeling?”. Response options for each item ranged from not at all (0) to extremely (3).
Responses for the happy and joyful items were averaged to create a positive affect composite
score (within-subject internal consistency reliability, «=0.90). Similarly, responses for the
stressed, mad, and sad items were averaged to create a negative affect composite score
(w=0.81), and the tired, sleepy, exhausted, and worn out responses were averaged to create a
fatigue score (w=0.88). Therefore, the potential scores for all three variables could range
from 0 to 3 during each EMA prompt.

Interstitial glucose—The CGM (Abbott FreeStyle Libre Pro) used in this study measures
interstitial glucose every 15 minutes for up to 14 days. The accuracy between CGM
measures and capillary blood glucose measures has been established [28]. After each
observational period, the CGM data were downloaded to a study computer using the
FreeStyle Libre software (version 1.0). To match the EMA prompting schedule and
minimize the amount of unused CGM data, average interstitial glucose levels were
calculated for the time period in between each EMA prompt (e.g., from the start time of
prompt one to the start time of prompt two) and treated as a predictor of EMA-reported
affective and physical feeling states immediately thereafter (e.g., those reported at prompt
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two). EMA prompts were approximately two hours apart (122.5 [£47.3] minutes);
paralleling this time frame, past two-hour average interstitial glucose was calculated for the
first EMA prompt of each day. Similarly, since EMA prompting did not occur during usual
school hours (e.g., between the hours of 9am and 3pm during weekdays), past two-hour
interstitial glucose during weekdays was instead calculated for the first afternoon prompt
during weekdays. Data values occurring on days with less than 24-hours of CGM measures
(including the first and last observational days of the study) were removed prior to analysis
[29]. Therefore, these partial-day CGM data were missing at the day-level (rather than the
momentary level) in the current study.

Covariates—A priori covariates included self-reported demographic characteristics
including age (years; continuous), sex (female; yes vs. no), ethnicity (Hispanic; yes vs. no),
and highest maternal education (college graduate or higher; yes vs. no), which served as a
proxy for socioeconomic status. Additionally, body mass index (BMI) percentile calculated
from the anthropometric measures taken at the baseline screening visit using the Epilnfo
(version 7.2.2.6), day of week (weekend day; yes vs. no), and experimental condition (SIT;
yes vs. no) were included as covariates in all models. Lastly, linear time of day
(chronological EMA prompt number within the day, which ranges from 1-7; continuous)
was further adjusted for in an additional set of models.

In addition to the a priori covariates, EMA-reported sleep quality, physical activity,
sedentary behavior, dietary intake, and social context were tested as covariates in all models,
given their potential to confound interstitial glucose-affective and physical feeling state
associations [14, 30-37]. Sleep quality was measured with the EMA item “Compared to a
typical night over the past month, how well did you sleep last night?” Response options
included “much worse than usual,” “a little worse than usual,” “about the same as usual,” “a
little better than usual,” and “much better than usual.” Physical activity was measured by the
EMA item “Please choose the ONE main physical activity you were doing just before the
phone went off.” Response options included “exercise,” “sports,” “walking/biking for
transport,” “active house chores,” and “none of these things.” Similarly, sedentary behavior
was captured by the EMA item “Please choose the ONE main sedentary activity you were
doing just before the phone went off,” with response options including “TV/movies/videos,”
“texting,” “social media (Facebook, Snapchat, Instagram, Tumblr, etc.),” “videogames,”
“computer/tablet use,” “homework/reading,” “hanging out/chatting,” “art/painting/coloring,
“riding in the car/bus,” and “none of these things.” Participants reported on dietary intake of
typical high glycemic index foods consumed by youth via the EMA item “Over the last 30
minutes, which of these things have you eaten? (choose all that apply).” Response options
included “salty snacks/fried side dishes (e.g., chips, fries),” “sweets (e.g., pastries, candy,
cookies, frozen dessert),” “soda or energy drinks (not including diet),” “fruit juice,” “bread/
grains,” and “none of these things.” Lastly, social context was captured with the EMA item
“Who were you with just before the phone went off?”” with response options including
family members, friends, classmates, or being alone. Each of the above variables that were
tested as covariates were treated as dichotomous (much/a little worse sleep quality than
usual; yes vs. no, engagement in any physical activity; yes vs. none of these things,

LLNT3
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engagement in any sedentary behavior; yes vs. none of these things, dietary intake of any
high glycemic index food; yes vs. none of these things, and being alone; yes vs. no).

Statistical Analysis

Descriptive statistics of the study sample are found in Table 1. These included means or
frequencies of demographic characteristics, baseline fasting blood glucose, week-level
interstitial glucose levels measured by the CGM, affective states, and fatigue. Mean
(standard error) affective state/fatigue score by interstitial glucose levels were also
calculated. EMA prompt compliance was calculated as the proportion of prompts completed
out of the total number of prompts. Separate multilevel logistic regression models
investigated whether age, sex (female; yes vs. no), ethnicity (Hispanic; yes vs. no), weight
status (healthy weight vs. overweight/obese), maternal education (college graduate or
higher; yes vs. no), day of week (weekend; yes vs. no), person-mean interstitial glucose,
person-mean positive affect, person-mean negative affect, or person-mean fatigue predicted
momentary EMA prompt compliance (yes vs. no) and CGM data, which were missing at the
day level (yes vs. no). Because EMA data were missing at the momentary level, multilevel
logistic regression models also tested whether time of day was related to compliance at any
given EMA prompt.

The associations between CGM-measured interstitial glucose and subsequent EMA-reported
affective states and fatigue were assessed using random-intercept linear mixed models with
autocorrelated residual structures using PROC MIXED in SAS v9.4; random slopes (which
allow for between-person differences in associations between the predictor and outcome)
were also specified in each model and retained only if model fit improved as determined by
changes in AIC and BIC. Linear mixed models adjust for the clustering of observations
within each participant [38, 39]; and the first-order autocorrelated residual structures are a
more parsimonious method for adjusting for the outcome variable at #1 [40]. Mixed models
allow for the partitioning of variances such that between-subject (level 2) and within-subject
(level 1) versions of the predictor variable (interstitial glucose) can be created. This is done
by grand-mean and person-mean centering, respectively [41]. The present analyses tested
within-subject (momentary [past ~120 minute] variation from one’s own week-level mean)
interstitial glucose as a predictor of EMA-reported positive affect, negative affect, and
fatigue in three separate models, controlling for between-subject interstitial glucose and all a
priori covariates mentioned above except for time of day (model A). Time of day was further
adjusted for in an additional set of three models (model B). See the supplemental text for
reproducible SAS code for the multilevel models specified in the present study. EMA-
reported physical activity, sedentary behavior, dietary intake, and social context were tested
separately as covariates in each model and retained in the model if significant confounding
was present. Lastly, Cohen’s 2, a measure of local effect size appropriate for multilevel
models, was calculated [42]. Due to the possibility of the model results being sensitive to the
interstitial glucose time frame selected, sensitivity analyses using within-subject past 60-
minute and past 30-minute interstitial glucose as separate predictors of EMA-reported
affective and physical feeling states were conducted.
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Results

Participant and data flow

A total of 15 adolescents participated in the free-living study. Fourteen participants
completed both week-long observational periods, while one participant only completed one
week of free-living observation (Figure 1). Participants received a total of 1030 EMA
prompts, of which 637 were completed (61.8% compliance; range: 32.5%-88.0%). One
hundred and five of the completed EMA prompts corresponded with excluded CGM data
during non-24 hour CGM days and were not included in the analyses; thus, the analytic
sample in this report consists of 532 interstitial glucose-matched EMA reports of affective
and physical feeling states (level 1) across 15 participants (level 2).

Sample characteristics and device compliance

The mean age of the sample was ~13 years (range: 11 to 15 years old). More than half of the
sample was female (66.7%). Ten (66.7%) participants were of healthy weight and just below
half of the sample was of Hispanic ethnicity (40.0%). Of the remaining non-Hispanic
participants, 20% were white, 20% were black, 13.3% were more than one race, and 6.7%
had an unknown race. Mean fasting blood glucose obtained during the baseline screening
visit was 87.6 mg/dL (range: 77.9 to 94.6 mg/dL), while the mean (SD) interstitial glucose
in the approximate two-hour time period prior to the EMA prompt was 101.8 (16.2) mg/dL
(range: 59.8-162.0 mg/dL). Supplemental Figure 1 presents the average interstitial glucose
levels in the two-hour time period prior to the EMA prompt across the day (7am-8pm). On
average, the mean amplitude of glycemic excursions (MAGE; a day-level glucose variability
metric, calculated as the arithmetic average of the “amplitudes” above and below 1 standard
deviation of one’s mean glucose) [43] was 41.7 mg/dL in our sample; consistent with what
has been previously reported among another sample of healthy youth [44]. Refer to Table 1
for mean week-level affective and physical feeling states reported by participants.

Results from multilevel logistic regression analyses for EMA prompt compliance (yes. vs.
no) indicated that EMA prompt compliance did not differ by demographic characteristics
(age: below mean age=59.2%, above mean age=65.8%; sex: male=65.4%, female=60.0%;
ethnicity: non-Hispanic=63.7%, Hispanic=59.2%; maternal education: less than college
education=67.6%, college education or greater=59.7%), weight status (healthy
weight=58.6%, overweight/obese=68.8%), or day of week (weekday=63.0%, weekend
day=60.4%). EMA prompt compliance was not statistically different between those below
the grand-mean versus above the grand-mean for interstitial glucose (56.3% vs. 69.3%),
positive affect (63.4% vs. 59.3%), negative affect (64.5% vs. 58.1%), and fatigue (65.3% vs.
57.2%). Momentary EMA prompt compliance was related to the time of day such that
participants were more likely to complete EMA prompts later in the day (OR=1.1 95%ClI
1.0-1.1, p=0.02).

Participant age (OR=0.7, 95%CI 0.5-1.1, p=0.10), sex (OR=0.8, 95% CI 0.3-2.1, p=0.59),
ethnicity (OR=0.8, 95% CI 0.3-2.1, p=0.65), maternal education (OR=0.6, 95% CI 0.2-1.7,
p=0.30), and weight status (OR=0.9, 95% CI 0.3-2.6, p=0.88) were not associated with
missing CGM data. CGM data were more likely to be missing on weekend days compared to
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weekdays (OR=4.2, 95% CI 2.9-6.1, p<0.0001); this is because participants usually began
the observational period of the study on a weekend day when there was no school.
Therefore, the CGM data values occurring on days with less than 24 hours of wear (e.g., the
first observational day of the study) that were removed prior to analyses were more likely to
occur on weekend days. Average participant interstitial glucose (OR=1.0, 95%CI 0.95-1.0,
p=0.16), positive affect (OR= 0.7, 95% CI 0.4-1.2, p=0.19), negative affect (OR 0.7, 95% ClI
0.2-2.1, p=0.58), and fatigue (OR 0.6, 95% CI 0.2-1.7, p=0.33) were not associated with
missing CGM data.

Interstitial glucose and subsequent affective and physical feeling states

Figure 2 presents mean affective and fatigue scores stratified by occasions when participants
were above and below their own mean interstitial glucose level. The mean (SE) positive
affect score on occasions when participants were below their own mean interstitial glucose
was 1.50 (0.07), compared to 1.65 (0.05) on occasions when participants had higher
interstitial glucose than their own mean; an unadjusted multilevel model indicated this
difference was significant (WS p=0.01, p<0.0001). The positive association between
interstitial glucose and subsequent positive affect remained statistically significant after
adjusting for a priori covariates (WS p=0.01, p<0.0001, £=0.02; Table 2, Model A). Once
models were further adjusted for time of day, the association was weakened, but remained
significant (WS p=0.005, p=0.03, £=0.00; Table 2, Model B).

The mean (SE) negative affect score when participants were below their own mean
interstitial glucose was 0.34 (0.04) and 0.29 (0.03) when participants were above their own
mean glucose level (Figure 2). The association between interstitial glucose and negative
affect was not significant in the unadjusted (WS p=-0.002, p=0.09) or adjusted (WS pB=
-0.002, p=0.10, £=0.01) models (Table 2, Model A), including the model additionally
controlling for time of day (WS p=-0.003, p=0.11, £=0.01; Table 2, Model B).

Mean (SE) fatigue ratings were higher on occasions when participants had lower (vs. higher)
than usual interstitial glucose (0.74 [0.06] vs. 0.43 [0.03], respectively; Figure 2).
Unadjusted (WS p=-0.01, p<0.0001) and adjusted (WS B=-0.01, p<0.0001, £=0.09) model
estimates were significant between interstitial glucose and subsequent fatigue score (Table 2,
Model A). This association was also weakened, but remained significant following further
adjustment for time of day (WS p=-0.01, p=0.002, £=0.02; Table 2, Model B).

EMA-reported sleep quality, physical activity, sedentary behavior, dietary intake, and social
context were not significant covariates and were therefore excluded from the models.
Sensitivity analyses following the removal of the participant with the lowest EMA prompt
compliance (32.5%) were conducted and results were unchanged. Model results from the
sensitivity analyses using within-subject past 60-minute and past 30-minute interstitial
glucose as predictors of current affective/physical feeling states are presented in
Supplemental Tables 1 and 2; associations remained comparable to those presented in Table
2. Lastly, random slopes did not improve model fit for each affective/feeling state outcome,
and therefore were not retained in the models.
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Discussion

To our knowledge, this is the first study to examine the within-day associations between
CGM-measured interstitial glucose and subsequent EMA-reported affective and physical
feeling states in the free-living environment among adolescents. The exploratory findings of
this pilot study indicate that deviations from one’s own mean interstitial glucose can acutely
impact subsequent affective and physical feeling states. After occasions when interstitial
glucose was higher than usual, participants reported greater positive affect and less fatigue
via EMA, it is important to note, however, that effect sizes were small. Also noteworthy is
that the strength of the associations between interstitial glucose and subsequent positive
affect and fatigue were weakened after time of day was accounted for. Therefore, time of a
day may be an important cofounder to consider when assessing free-living associations
between interstitial glucose and affective/physical feeling states. We did not find
associations between interstitial glucose and subsequently-reported negative affect in our
sample. Our findings parallel experimental evidence where healthy participants reported
feeling less tense and more energetic in the two-hour time period following the
administration of a glucose drink [17]. However, our findings among our healthy population
are in contrast to an observational study of adolescents with Type 1 diabetes, where higher
average daily blood glucose was related to lower positive affect and higher negative affect
[20].

Differential associations between glucose levels and affective and physical feeling states
among individuals with diabetes compared to healthy individuals are expected, considering
potential differences in the mechanisms linking these variables. The blood glucose-affective
state relationship among those with diabetes could be mediated by perceived diabetes task
competence and self-efficacy [20, 45]. Previous studies among individuals with diabetes
(with higher average daily blood glucose compared to our healthy sample) suggest that
elevated blood glucose levels may result in feelings of incompetence or reduced self-efficacy
at diabetes self-management, leading to subsequently-induced negative affective states [20,
45]. Similarly, noncompliance with diabetes management behaviors related to negative
outcome expectancies (e.g., poorer blood glucose control) [46, 47] may worsen negative
affective states [48]. Therefore, we may not have observed interstitial glucose-negative affect
associations because our sample of healthy adolescents may not associate higher-than-usual
glucose or glucose-raising behaviors with negative outcomes, thus, affective states did not
appear to worsen as glucose levels rose. However, an important consideration is our small
sample size of healthy youth; future confirmatory studies should continue to test the relation
between glucose and negative affect, particularly among at-risk populations such as those
with pre-diabetes and diabetes. Within a normal range, higher glucose levels may not relate
to negative affect, whereas when glucose levels are at a higher range (e.g., within patients
with pre-diabetes or diabetes), hyperglycemia may be associated with negative affect.

Our findings suggest that affective and physical feeling states improve following time
periods when interstitial glucose is higher than usual among healthy adolescents, which may
be explained by neurological mechanisms. Glucose plays an integral role in brain
functioning, and is the brain’s main energy source [49]. It is believed that glucose is
responsible for the production of neurotransmitters and is a precursor for neurotransmitter
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synthesis in the long-term [50]. Acutely, blood glucose can also influence levels of
dopamine in the nucleus accumbens [51], resulting in subjective feelings of well-being [52].
Similarly, when blood glucose is limited (e.g., experimentally induced hypoglycemia),
reduced positive affect and increased fatigue are subsequently reported, even up to 30
minutes after the restoration of euglycemia [53]. The affective and physical feeling state
changes following occasions where extremely low glucose is experienced may be attributed
to neuroglycopenia, a shortage of glucose in the brain resulting in altered neuronal function
[54]. Altogether, our findings of reduced fatigue following higher than usual interstitial
glucose levels align with the expected physiologic responses in the brain. Future research
should aim to experimentally test potential mechanisms further linking interstitial glucose
and affective/physical feeling states.

The findings of the present study do not suggest that EMA-reported energy balance
behaviors (e.g., physical activity, sedentary behavior, dietary intake) confound the
associations between interstitial glucose levels and acute affective/physical feeling states.
Other studies have shown that physical activity lowers glucose [55] and increases subjective
experiences of positive affective states [12, 13]; whereas sedentary behaviors and the
consumption of carbohydrate-rich foods raise glucose levels [56, 57] and often result in
subsequently poorer affective states [14, 15]. Taken together with our findings that higher-
than-usual interstitial glucose may relate to more positive affect and less fatigue, there is still
a need for a greater understanding of how energy balance behaviors and biological factors
may independently and interactively influence acute affective and physical feeling states.
The interplay between behavioral and biological factors in influencing acute affective states
and physical feeling states is likely to be complex and dynamic, which our study design may
not have captured entirely. Future intensive longitudinal studies among larger level 1 and
level 2 samples (to be powered to test mediation and moderation) should consider combining
EMA, CGM, and objective activity monitors (accelerometers) to gain a better understanding
of these complex relationships across different time periods ranging from hours to days.
Furthermore, future EMA and CGM studies should consider using a sensor-informed, event-
contingent EMA prompting schedule where participants are prompted to complete an EMA
survey following occasions when glucose rises or falls below pre-specified thresholds; this
approach may better at capturing the timing of associations compared the random sampling
method employed in the current study.

Additionally, this study raises several other important methodological suggestions for future
confirmatory studies of interstitial glucose-affective state associations. Observational studies
combining EMA and CGM should attempt to gain a better understanding of the potential
confounding/moderating role that time of day may play in interstitial glucose-affective state
associations. After controlling for time of day, our significant associations were weakened.
The present study treated time of day as linear, however it is plausible that time of day may
influence the strength of glucose-affective state associations differently across the day;
interstitial glucose and affective/physical feelings states may only be associated with one
another during specific times throughout the day due to naturally-occurring, simultaneous,
yet independent diurnal patterning. The sample size of the present study limited our ability
to use more dynamic statistical models, such as time-varying effect models (TVEMS), which
model associations across time non-parametrically [58]; future studies among larger samples
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should consider using TVEMS to increase our understanding of how time of day influences
interstitial glucose-affective state associations. In addition, future studies should continue to
test how the interstitial glucose time frame selection may influence the strength of
associations observed. Although we tested time frames in interstitial glucose ranging from
the past 30 to ~120 minutes, which each yielded comparable associations with affective/
physical feeling states, it is still plausible that larger (or smaller timeframes) could impact
the strength of associations observed. Lastly, future studies (particularly among more diverse
samples, including clinical and nonclinical participants) should continue to test random
slopes and account for the possibility that the strength and direction of associations could
differ between participants.

There are several study strengths. The novel method of our pilot study demonstrates the
scalability and feasibility of combining EMA and CGM in order to gain a better
understanding of interstitial glucose and affective/physical feeling state associations as they
occur naturally in the free-living environment. Additional research using these
methodologies in larger and more diverse samples of adolescents, including those with Type
1 and Type 2 diabetes is warranted. Adolescence is a developmental period where glycemic
control deteriorates [59], affective states become more variable and negative [60], and the
prevalence of emotional disorders rises [4]; providing a unique developmental opportunity
for investigators study the associations between interstitial glucose, affective and physical
feeling states, and long-term emotional health risk.

This study is not without its limitations. Our sample of 15 adolescents limits the
generalizability of our findings to other populations and our ability to draw between-person
inferences (due to limited level 2 statistical power). Our findings cannot be extrapolated
beyond the hours of 7am and 8pm (given restrictions to EMA prompting to only during non-
school hours), participants were more likely to comply with EMA prompts later in the day,
and our overall EMA compliance rate was slightly below the reported compliance rates
among similar samples [61]. As with other EMA studies, we had large amounts of missing
data that were not missing at random (due to noncompliance to EMA prompts), and
therefore imputation strategies were not used [61]. To increase EMA prompt compliance in
future studies, investigators should consider prompting participants fewer times per day over
a longer study duration. Previous studies indicate that sampling frequency is inversely
related to EMA prompt compliance among nonclinical samples of youth [61]. Other
methods such as shortening the length of the EMA surveys themselves (asking participants
fewer question during a given EMA prompt), monitoring EMA compliance during the
observational period and sending out reminder texts if compliance drops below a certain
threshold, and embedding engaging/entertaining content (news, jokes, etc.) into the EMA
surveys may also be avenues for increasing EMA prompt compliance. Additionally, the
composite affective and physical feeling state scores were calculated from only two to four
items, however this is consistent with previous EMA studies to limit participant burden [12].
Due to our study sample/design, interstitial glucose data were more likely to be missing on
weekend days compared to weekdays, limiting the generalizability of our findings to
weekends. Future studies using CGM should begin the study observational periods on
weekdays, rather than weekend days, considering that the first observational day of CGM
data are typically removed. Lastly, we did not assess the potential bi-directionality of
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interstitial glucose-affective state associations. Future studies should consider assessing how
interstitial glucose and affective states may influence each other over time using the
methodological recommendations for combining EMA and CGM outlined above.

Conclusions

This pilot study suggests that variations from one’s own mean level of interstitial glucose
were related to subsequently reported positive affect and fatigue, but were not related to
negative affect among healthy, non-diabetic adolescents. After accounting for time of day,
these associations persisted, but were weakened in strength. This study provides
ecologically-valid exploratory evidence for biological factors potentially contributing acute
affective experiences and physical feeling states, while simultaneously demonstrating the
scalability of combining novel intensive longitudinal data capture strategies for future
confirmatory studies among larger samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Ecological momentary assessment and continuous glucose monitors can be
integrated
. Interstitial glucose may relate to subsequent affective and physical feeling
states
. Adjusting for time of day can attenuate some of the above associations
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Affective and Physical Feeling States
by Interstitial Glucose
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Figure 2.
Mean (SE) affective and physical feeling state scores by within-subject glucose (L1 N=532,
L2 N=15)
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Table 1.

Participant characteristics (N=15)

Characteristic

Mean (SD) or N (%0)

Baseline

Age (Years) 13.1(1.0)
Female 10 (66.7%)
Hispanic Ethnicity 6 (40.0%)
BMI Percentile 55.4 (32.1)

Maternal Education (College Graduate) 11 (73.3%)

Fasting Blood Glucose (mg/dL) 87.6 (5.7)
Week-Level

Interstitial Glucose (mg/dL) 101.8(16.2)
Positive Affect 1.6 (1.0
Negative Affect 0.3(0.6)
Fatigue 0.6 (0.7)
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