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Abstract

Context: Continuous glucose monitoring (CGM) provides nuanced information on glucose patterns, but data in
very old adults are scarce.

Objective: To evaluate CGM patterns in very old adults.

Design: Pilot study.

Setting: Participants recruited from one center during visit 7 (2019) of the community-based Atherosclerosis
Risk in Communities (ARIC) Study.

Participants: We enrolled 27 adults (8 with type 2 diabetes and 19 without diabetes) who wore a CGM sensor
(Abbott Libre Pro) for up to 14 days. Clinical and laboratory measures, including hemoglobin Alc (HbAlc),
were obtained.

Main Qutcomes: Mean CGM glucose, standard deviation (SD), coefficient of variation (CV), time-in-range
(TIR) 70-180 mg/dL, and hypoglycemia.

Results: Mean age was 81 (range 77-91 years) and mean CGM wear time was 13.2 days. In persons without
diabetes, there was a wide range of CGM parameters: range of mean glucose, 83.7-124.5mg/dL, SD 12.2—
27.3mg/dL, CV 14.0%-26.7%, and TIR 71.1%-99.5%. In persons with diabetes, the range of mean CGM
glucose was 105.5-223.0 mg/dL, SD, 22.3-86.6 mg/dL, CV 18.2%-38.8%, TIR 38.7%-98.3%. The Pearson’s
correlation of mean glucose with HbAlc was high overall (0.90); but, for some participants with similar HbAlc,
glucose patterns differed substantially. There was a high prevalence of hypoglycemia (glucose <70 or
<54 mg/dL) in both persons with and without diabetes.

Conclusions: There was high feasibility and acceptability of CGM in very old adults. Low readings on CGM
are common, even in nondiabetic older adults; the clinical relevance of these low values is unclear. CGM may
provide complementary information to HbAlc in some older adults.

Keywords: Very old adults, Elderly, Glycemic variability, Continuous glucose monitoring, Biomarkers, The
ARIC study, HbAlc.

Introduction

CONTINUOUS GLUCOSE MONITORING (CGM) technology
is the recommended approach to assessing biochemical
hypoglycemia and glycemic variability." The accuracy of
CGM systems has improved substantially over the past

decade and their use in clinical practice is increasing, typi-
cally in populations with type 1 diabetes. The 2021 American
Diabetes Association Standards of Medical Care for Diabetes
now recommends CGM as useful for patients on multiple
daily injections of insulin and other insulin therapy, regard-
less of diabetes type or age.”
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The latest generation of CGM devices are easy to use and
have revolutionized diabetes management for many pa-
tients. Nonetheless, CGM is underutilized as a research
tool and has rarely been studied in persons without diabetes
or in older adults. Indeed, there is no consensus on what
constitutes ‘‘normal’’ glucose patterns in older adults as
studies of glycemic variability have typically excluded
older persons. There is a lack of data on the burden of low,
high, and variable glucose patterns in older adults with and
without diabetes.

Hemoglobin Alc (HbAlc) is the standard measure used
to monitor glycemic control and guide diabetes manage-
ment. Prior studies have established the robust association of
HbAlc with CGM-defined mean glucose and other CGM
parameters.'~~ There is growing interest in other laboratory
measures of glycemic control, including fructosamine, gly-
cated albumin, and 1,5-anhydroglucitol (1,5-AG). However,
few studies have examined the comparative associations of
these biomarkers with HbAlc, mean glucose, and other CGM
parameters.

We undertook a pilot study to characterize glucose patterns
and evaluate the acceptability and feasibility of conducting
CGM in a community-based population of very old adults
(ages 77-91 years) with and without diabetes. We also con-
ducted laboratory measurements of HbAlc, fructosamine,
glycated albumin, and 1,5-AG, and related them to CGM
parameters in this pilot study.

Methods
Study population

The Atherosclerosis Risk in Communities (ARIC) Study is
an ongoing community-based prospective epidemiology
study of 15,792 participants (~25% black) who were ini-
tially recruited in 1987-1989 when the participants were
middle aged. For >30 years, ARIC investigators have con-
ducted detailed assessments of clinical and subclinical car-
diovascular disease and its risk factors, including diabetes.
Participants are seen at four community-based field centers.

This study was a pilot study and was conducted during the
final 2 months (October and November 2019) of ARIC visit 7
at the Washington County (Johns Hopkins) Field Center. At
the time of this visit, all ARIC participants were aged =77
years. This CGM pilot study involved a separate consent and
all participants who attended the last 2 months of visit 7 at the
Washington County Field Center were invited to participate.
Of these, 61% agreed. All CGM devices were returned, but
one device did not record any data. We received valid CGM
data (ranging from 7 to 14 days) from a total of 27 of par-
ticipants, 8 with history of type 2 diabetes, and 19 without a
history of diabetes.

Study protocols were approved by the institutional review
board at the Johns Hopkins Bloomberg School of Public
Health, and all participants provided written informed
consent.

Continuous glucose monitoring

We used the FreeStyle Libre Pro (Abbott Diabetes Care)
CGM system to measure glucose in up to 14 days in all par-
ticipants who consented to participate in the pilot study pro-
tocol. The Pro system is factory calibrated (no finger stick),
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records interstitial glucose every 15 min, and stores the 14 days
of data (participants are masked to the glucose readings). The
devices were placed by a technician on the upper arm on
participants during the clinic visit. Participants were provided
with a prepaid mailer to return the sensor. They also had the
option of returning to the clinic for removal.

Other measurements

All other measurements were obtained using standardized
protocols as part of the main ARIC Study. Participants pro-
vided fasting blood samples and laboratory measurements of
HbA ¢, fasting glucose, glycated albumin, fructosamine, and
1,5-AG were obtained.

Glucose was measured in serum using the hexokinase
method (Roche Diagnostics, Indianapolis, IN). HbAlc was
measured in EDTA whole blood on the Tosoh G7 HPLC
Glycohemoglobin Analyzer (Tosoh Medics, Inc., San Fran-
cisco CA). Fructosamine (Roche Diagnostics), glycated
albumin (Asahi Kasei Pharma Corp, Tokyo, Japan), and 1,5-
AG (GlycoMark, Inc., New York, NY) were measured in
serum on the Roche Cobas 6000.

Statistical analyses

We evaluated characteristics of the pilot study participants,
laboratory biomarkers of hyperglycemia, and CGM param-
eters according to a diagnosed diabetes status.

From the CGM data, we calculated the mean glucose (av-
erage of all available glucose measurements) and the corre-
sponding standard deviation (SD). We also calculated the
coefficient of variation (CV) and the interquartile range (75th
percentile minus the 25th percentile). The percent time in the
range of 70-180mg/dL was calculated for each participant
along with the percent time above or below the prespecified
thresholds of 54, 70, 180, and 200 mg/dL.. We calculated mean
amplitude of glycemic excursions (MAGE), the mean of up-
ward and downward glucose excursions exceeding the SD for
the individual during the wear period, and the mean of daily
difference (MODD)."

We also evaluated definitions of biochemical hypoglyce-
mia, defined as glucose concentrations <70 mg/dL (Level 1)
or <54mg/dL (Level 2) for >15min (i.e., at least two con-
secutive readings).'”” We also conducted sensitivity analyses
excluding values during the first 24 h of the CGM sensor wear
period, the warm-up time.

For each participant, we generated a 14-day profile of
CGM glucose plotted by time to visualize differences in
glucose patterns. We also generated 24-h ‘‘Ambulatory
Glucose Profiles” based on standard methods (aggregated
data for each person over a 24-h window with Tukey
smoothing and plotting of the 5th, 25th, 50th, 75th, and 95th
percentiles). We generated scatterplots with corresponding
regression lines (overall and by diabetes status), root mean
squared errors (RMSE), and Pearson’s correlations of CGM
mean glucose and HbAlc, fasting glucose, fructosamine,
glycated albumin, and 1,5-AG.

Results

Our study population was 100% white, 30% (n=28) had a
history of type 2 diabetes, and the mean age was 81 years
(range 77-91 years). Participants with diagnosed diabetes
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had higher body mass index and a higher burden of chronic
disease and mild cognitive impairment (Table 1). Prediabetes
was highly prevalent among the older adults without a history
of diabetes when defined by fasting glucose 100-125 mg/dL
(36.8%, n="T) or HbAlc 5.7%—6.4% (26.3%, n=5).

The mean wear time was 13.2 days (range 7-14) and was
similar in persons with (13.3 [range 8—14] days) vs. without
(13.2 [range 7-14] days) diabetes. There were no skin re-
actions or other adverse reactions related to placement or
removal of the sensor. CGM parameters differed substan-
tially between these older adult participants with and
without diabetes (Table 1). Participants with diabetes had
substantially higher mean glucose and more glucose vari-
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ability. However, even among persons without diabetes,
there was a range of CGM glucose parameters: mean CGM
glucose was 99.4 mg/dL and ranged from 83.7 to 124.5 mg/
dL; the mean CV was 20% and ranged from 14.0% to 26.7%
(Fig. 1).

Among the eight study participants with diabetes, the mean
CGM glucose was 145.4 mg/dL and ranged from individual
means of 105.5-223.0 mg/dL (Fig. 2). The mean CV was
29% and ranged from 18.2% to 38.8% in these older adults
with diabetes. The highest mean CGM glucose, CV, and
HbAlc were observed in an 88-year-old participant who
was currently taking insulin and oral diabetes medica-
tions (duration of diabetes=8 years), mean CGM glucose

TABLE 1. CHARACTERISTICS OF ATHEROSCLEROSIS RISK IN COMMUNITIES-CONTINUOUS GLUCOSE MONITORING (CGM)
PiLoT STUDY PARTICIPANTS AND CGM PARAMETERS ACCORDING TO DIAGNOSED DIABETES STATUS, 2017

No diabetes (n=19) Diagnosed diabetes (n=38)

Age in years, mean (SD)
Female
Body mass index, kg/m?, mean (SD)
Prevalent cardiovascular disease
Prevalent chronic kidney disease
Cognitive status

Normal

Mild cognitive impairment
Fasting glucose, mg/dL, mean (SD)
HbAlc, %-points, mean (SD)
Fructosamine, ymol/L, mean (SD)
Glycated albumin, %-points, mean (SD)
1,5-AG, pg/mL, mean (SD)
Duration of diabetes in years, median (p25, p75)
Glucose lowering medication use

None

Sulfonylurea or any insulin

Other oral medication

CGM parameters
Mean CGM wear time, days (min, max)
Glucose, mg/dL, mean (SD)
SD, mg/dL, mean (p25, p75)
CV, %, mean (SD)
IQR, mg/dL, median (p25, p75)
% of time glucose =200 mg/dL, median (p25, p75)
% of time glucose =180 mg/dL, median (p25, p75)
% of time glucose =140 mg/dL, median (p25, p75)
% of time glucose 70-180 mg/dL, median (p25, p75)
% of time glucose 70-140 mg/dL, median (p25, p75)
% of time glucose <70 mg/dL, median (p25, p75)
% of time glucose <54 mg/dL, median (p25, p75)
MAGE, mg/dL, median (p25, p75)
MODD, mg/dL, median (p25, p75)

Hypoglycemic events®
No. of participants with hypoglycemia events, n (%)
Level 1: glucose <70 mg/dL
Level 2: glucose <54 mg/dL.
No. of hypoglycemic events, median (min, max)
Level 1: glucose <70 mg/dL
Level 2: glucose <54 mg/dL

80.9 (4.3) 82.0 (4.0)
58% 63%
25.8 (4.3) 32.4 (4.0)
26% 38%
47% 63%
94% 88%
11% 13%
96.7 (7.1) 121.6 (11.8)
5.6 (0.3) 7.0 (0.8)
235.5 (15.6) 2755 (21.1)
13.4 (1.3) 16.5 (1.8)
13.8 (6.3) 12.9 (8.0)
— 6.9 (4.4, 8.1)
— 33%
— 50%
— 17%
132 (7, 14) 13.3 (8, 14)
99.4 (10.0) 145.4 (36.9)

20.0 (18.0, 22.4)
20 (3.3)
25.0 (21.0, 28.0)
0
0.2 (0.0, 0.5)
4.7 (2.1, 8.1)
96.8 (94.5, 99.0)
92.3 (87.7, 95.4)
2.2 (0.6, 5.1)
0.2 (0.0, 0.8)
33.3 (25.6, 37.3)
15.7 (13.9, 18.4)

17 (89)
10 (53)

4.0 (0, 42)
1.0 (0, 10)

37.8 (27.9, 53.3)
29 (7.6)
54.0 (36.0, 71.5)
5.7 (1.9, 20.7)
13.6 (5.1, 30.9)
45.6 (25.2, 60.8)
84.0 (67.3, 92.4)
52.5 (387, 72.7)
1.1 (0.1, 3.2)
0.1 (0.0, 0.9)
71.2 (51.0, 86.8)
34.7 (23.7, 49.3)

6 (75)
4 (50)

3.0 (0, 13)
0.5 (0, 5)

“Hypoglycemia level 1: glucose <70 mg/dL for >15 min (at least two consecutive readings). Hypoglycemia level 2: glucose <54 mg/dL

for >15 min (at least two consecutive readings).

1,5-AG, 1,5-anhydroglucitol; CGM, continuous glucose monitoring; CV, coefficient of variation; HbAlc, hemoglobin Alc; IQR,

interquartile range; MAGE, mean amplitude of glycemic excursion; MODD, mean of daily difference; SD, standard deviation.
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FIG. 1. Daily glucose patterns of pilot study participants without diabetes.

223.0mg/dL, CV of 38.8%, and HbAlc of 8.7% (Participant
27, Fig. 2). Corresponding Ambulatory Glucose Profiles are
provided in the Supplementary Figs. S1 and S2.

There was a high prevalence of CGM-defined hypogly-
cemia in both participants with and those without diabetes.
Among participants without diabetes, there were 17 par-
ticipants (89%) who experienced at least one biochemical
hypoglycemic event (two consecutive CGM glucose values
<70mg/dL, Level 1) (Table 1) and 10 (53%) who experi-
enced at least one episode of two or more consecutive
glucose values <54 mg/dL (Level 2). Among the partici-
pants with diabetes, six persons (75%) had a hypoglycemic
event meeting Level 1 criteria and four participants (50%)
had events meeting Level 2 criteria. Nonetheless, the
numbers of hypoglycemic events ranged substantially
among persons without diabetes: median of 4.0 events
(range 0-42) for Level 1 and median of 1.0 event (range 0—
10) for Level 2. Among persons with diabetes, the median

number of events for Level 1 was 3.0 (range 0-13) and 0.5
(range 0-5) for Level 2. The numbers of hypoglycemic
events decreased somewhat after excluding measurements
obtained during the first 24h of wear (Supplementary
Table S1).

There was a strong positive correlation between mean
CGM glucose and HbAlc (Pearson’s correlation, 0.90), al-
though this was predominately driven by persons with dia-
betes (Person’s correlation, 0.91) (Table 2 and Fig. 3). Mean
CGM glucose was also strongly positively associated with
fructosamine and glycated albumin, with more moderate
correlations observed for laboratory fasting glucose. 1,5-AG
was inversely correlated with CGM mean glucose in persons
with diabetes (Pearson’s correlation, —0.72) but not in those
without diabetes. The RSMEs also demonstrate the higher
variability of mean CGM glucose for any given laboratory
value (fasting glucose, HbAlc, fructosamine, glycated al-
bumin, or 1,5-AG) in persons with diabetes.
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Discussion In our study, the correlation of CGM mean glucose and

Data on glucose patterns in older adults are scarce. Our study
provides some of the first data documenting glucose patterns in
much older adults (aged 77 years and older) in a community-
based population, primarily adults without diabetes. There was
arange of CGM-defined glucose patterns in this very old adult
population, with a range of values even among those without
diabetes. Mean CGM glucose was strongly correlated with
HbAc in the overall population, but this was primarily driven
by participants with diabetes. Similar, although somewhat
more modest correlations, were observed for CGM mean glu-
cose with fructosamine and glycated albumin.

Time-in-range (TIR) is a measure of glycemic control with
growing evidence for clinical utility in the setting of type 1
diabetes.® In persons with type 2 diabetes, the value and in-
terpretation of TIR is less clear.® The CV is a primary mea-
sure of glycemic variability in diabetes care. In our study,
there were two participants with diabetes (25%) who had CVs
exceeding the clinically recommended threshold of 36%,
typically considered the threshold for intervention.’ In per-
sons without diabetes, CVs were lower but ranged from
14.0% to 26.7%. In adults with diabetes, there is controversy
whether glycemic variability contributes to comPhcations
above and beyond measures of average glucose.””'" Studies
are needed to understand whether glycemic instability in
older adults in the presence of—and possibly even in the
absence of—diabetes is related to health outcomes.

HbAlc was high, although and partly driven by the high
leverage of one participant with both very high mean CGM
glucose and HbAlc values (Participant 27). This individual
was on insulin and also had the highest observed measures of
glucose variability (SD, 86.6 mg/dL; CV, 38.8%). Even in
our small sample, it is interesting to observe the diversity of
glucose patterns even at similar HbAlc values (e.g., Parti-
cipants 22 and 23). Our results suggest that CGM in older
adults with type 2 diabetes can provide complementary in-
formation to HbAlc.

The ability of the body to mount an adaptive response
to hypoglycemia decreases with age,'”> putting older
adults at higher risk for hypoglycemic episodes. Symp-
tomatic nondiabetic hypoglycemia is thought to be rare,"
but there is preliminary evidence that hypoglycemia in
older adults is more common than previously recognized.’
A 2019 study by Shah et al. conducted in a population of
153 nondiabetic children and adults (aged 7-80 years)
with up to 10 days of CGM data using an early generation
Dexcom G6 CGM Pro system. The authors found that
nondiabetic adults aged 60-80 years had significantly
different glucose patterns compared with younger indi-
viduals, with higher mean CGM glucose and lower time
spent in range. They reported a 31% prevalence of hy-
poglycemia (defined as sustained glucose <54 mg/dL for
at least 15min during the 10-day period) in the study
participants aged 60-70 years of age.” The accuracy of
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FIG. 2. Daily glucose patterns of pilot study participants with diagnosed type 2 diabetes.

CGM devices is lower at low glucose concentrations.'*'

The FreeStyle Libre sensor has previously been shown to
overestimate the degree of hypoglycemia compared with
venous glucose.' Our study demonstrates that low
glucose values are likely to be observed when CGM
systems are used in older adults without diabetes. The
clinical relevance of these low glucose values is not clear.
Our results extend these prior findings to a different

TABLE 2. CORRELATIONS OF MEAN GLUCOSE
WITH HEMOGLOBIN Alc, FASTING GLUCOSE,
FRUCTOSAMINE, GLYCATED ALBUMIN AND
1,5-ANHYDROGLUCITOL, OVERALL
AND BY DIABETES STATUS

Diagnosed

Overall No diabetes diabetes

m=27%) (n=19) (n=8°)
HbAlc, % 0.90 043 091
Fasting glucose, mg/dL. 0.74 0.44 0.40
Fructosamine, yumol/L 0.79 0.22 0.84
Glycated albumin, % 0.78 0.28 0.76
1,5-AG, pug/mL -0.19 0.23 -0.72

n 26 for HbAlc and 1,5-AG.
®n=7 for HbAlc and 1, 5-AG.
1,5-AG, 1,5- anhydrogluc1tol HbA1lc, hemoglobin Alc.

population of nondiabetic adults aged 77-91 years and
demonstrate high rates of CGM-detected hypoglycemic
values using the Abbott sensor.

Recruitment for our study and acceptability of wearing
the CGM device was high in this older population. Par-
ticipants were recruited from a single field center during
the last 2 months of visit 7 of the ARIC Study. Our study
population was disproportionately made up of more ret-
icent participants, including those who rescheduled, were
difficult to schedule, and/or who delayed attending the
clinic examination.

The major limitation of this study was the very small
sample size; this was a pilot study designed to generate in-
formation on the feasibility and acceptability of the study
protocols. Owing to the small sample size, our study is par-
ticularly sensitive to influential values. We also did not have
information on symptomology or capillary blood glucose
during the 2-week CGM wear period in our study, which
could help with the interpretation of the low glucose values.
Such information may be particularly important among
individuals without diabetes, as it is unclear whether low
CGM-based glucose values warrant intervention.

In conclusion, our results demonstrate the feasibility of
conducting CGM in older adults with and without diabetes
and is confirmatory of prior studies demonstrating robust
associations of CGM mean glucose with HbAlc, fructosa-
mine, and glycated albumin.
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