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Hypoglycemia is a common and life-
threatening complication of type 1 diabetes
(T1D), with 1 in 20 patients hospitalized
annually for a severe event (1). Low
blood glucose promotes impaired aware-
ness of hypoglycemia and loss of counter-
regulatory hormone responses in T1D.
Identifying patients with impaired coun-
terregulation is essential, as they are at
�25-fold risk of severe hypoglycemia (2).
Insulin clamp studies are not clinically
scalable, and additional tools are needed
to stratify hypoglycemia risk. Here, we
show time below range (TBR) (glucose
<70 mg/dL) on continuous glucose moni-
toring (CGM) predicts impaired epineph-
rine response during hypoglycemic clamp.
CGM TBRmay thus enable rapid identifica-
tion of patients at highest risk for severe
hypoglycemia in the clinical setting.
Methods for this study were previously

described by our group (3). Twenty-two
participants representing a general popu-
lation with T1D wore a blinded profes-
sional CGM (FreeStyle Libre Pro; Abbott
Diabetes Care, Alameda, CA) for 14 days
to assess baseline glycemia. Participant
ages ranged from 28–51 years, with me-
dian diabetes duration of 19 years, me-
dian A1C 6.7% (50 mmol/mol), median
Clarke score of 3, and median TBR of 14%
(interquartile range 8–24%). Prior to any
treatment (3), participants completed a
hypoglycemic clamp using infusion with
30 mU/m2/min regular insulin and variable-
rate 20% dextrose to reduce serum glucose

to 50 mg/dL over 20 min. Serum glucose
was clamped at 50 mg/dL for 40 min, after
which insulin was discontinued and dex-
trose infusion maintained until reaching
euglycemia.

This study provided a unique opportu-
nity to determine if CGM metrics can pre-
dict physiologic response to hypoglycemia.
Indeed, Spearman analysis showed that
greater CGM TBR was associated with re-
duced epinephrine response (�0.555, r =
0.007). Decreased epinephrine response
was also associated with greater Clarke
score (�0.602, r = 0.003), age (�0.542,
r = 0.009), and duration of T1D (�0.470,
r = 0.027). Epinephrine response did not
correlate with A1C, CGM average glucose,
BMI, or CGM time in range. Interestingly,
greater TBR was associated with increased
basal norepinephrine levels (0.538, r =
0.010) during euglycemia.

Linear regression (Fig. 1A and B) dem-
onstrated that greater TBR and increasing
Clark score both correlated strongly with
decreased epinephrine response to hypo-
glycemia (r2 = 0.314 and r2 = 0.385, re-
spectively). This was expected, as the
Clarke score is a validated measure of
hypoglycemia awareness. However, TBR
and Clarke measures (Fig. 1C) showed
poor linear correlation (r2 = 0.090) when
compared with one another. In addition,
greater TBR correlated with higher norepi-
nephrine levels (Fig. 1D) during euglycemia
(r2 = 0.239). To compare catecholamine
levels, participants were divided into

tertiles using TBR (least, mid-level, and
most TBR). Mean catecholamine con-
centrations were plotted for each group
during hypoglycemic clamps (Fig. 1E and
F). At the start of hypoglycemia, patients
in the lowest tertile for TBR (0–9%)
showed a robust increase in epinephrine,
but epinephrine response was signifi-
cantly blunted in the tertile with greatest
TBR (>19%). Again, patients with the
greatest TBR exhibited significantly higher
basal norepinephrine levels.

Severe hypoglycemia remains common
and life-threatening among patients living
with T1D. We show here that CGM TBR
can identify patients with impaired coun-
terregulatory response to hypoglycemia.
Preventing severe hypoglycemia in T1D
may thus benefit from greater focus on
minimizing TBR. Additionally, TBR and
Clarke score do not closely correlate, and
TBR thus appears to provide complemen-
tary information about hypoglycemia risk.
Regarding limitations of our study, the
Freestyle Libre Pro has been shown to re-
port higher rates of hypoglycemia than
capillary glucose testing. This limitation
was discussed at length in our previous
article (3), and we expect that modern
CGM will corroborate the relationships
demonstrated here.Widespread availabil-
ity, ease of assessment, focus on recent
trends, and power to predict impaired
counterregulation make CGM TBR a strong
addition for clinical hypoglycemia risk strat-
ification. If a patient presents with high
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TBR, the clinician should prioritize precau-
tionary interventions, including access to
glucagon, implementing hybrid closed-loop
technology, insulin dose adjustment, and
lifestyle interventions (e.g., exercise edu-
cation and limiting alcohol).

While increased exposure to hypogly-
cemia was associated with reduced epi-
nephrine response, we found that basal
norepinephrine levels paradoxically in-
creased with greater TBR. Discordance be-
tween norepinephrine and epinephrine
responses to hypoglycemia has been previ-
ously reported but without CGM data (4).
More recent studies have implicated iatro-
genic hypoglycemia as a trigger for sympa-
thetic hyperactivation, norepinephrine

release, and lethal cardiac arrhythmias
in T1D (5). Our findings point to the
concerning possibility that recurrent
hypoglycemia may blunt a protective
epinephrine response while increasing
norepinephrine activity and cardiovas-
cular complications.

A key question that our study raises is
what degree of TBR is acceptable. Current
guidelines recommend<4% based on the
2019 Advanced Technologies and Treat-
ments for Diabetes (ATTD) consensus to
keep TBR<1 h daily. Although there is no
universally agreed-upon normal epineph-
rine cutoff, our data suggest that for every
3% reduction in TBR there would be a
�6% relative increase in the epinephrine

area under the curve response in simi-
lar patients. However, the question of
whether strict avoidance of hypoglyce-
mia can improve autonomic response
and hypoglycemia awareness remains
unanswered. Thankfully, a multinational
National Institutes of Health consortium
is currently developing a large, prospec-
tive study (https://grants.nih.gov/grants/
guide/rfa-files/RFA-DK-21-020.html) to
answer this critical question.
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Figure 1—TBR on CGM predicts impaired epinephrine response during hypoglycemic clamp. A and B:
Epinephrine response is reduced with increased TBR (<70 mg/dL) or increased Clarke survey score.
AUC, area under the curve; Epi, epinephrine; Norepi, norepinephrine. C: TBR and Clarke scores are
not strongly correlated. D: Baseline plasma norepinephrine level during euglycemia increases with
greater TBR (95% CI are shown). E: Greater TBR (grouped by TBR tertile) blunts epinephrine response
to hypoglycemia on hyperinsulinemic-hypoglycemic clamp. F: Greater TBR is also associated with
higher baseline norepinephrine levels. Data are shown as mean ± SEM. Green bands mark the eugly-
cemic clamp period, while hypoglycemia time, in minutes, is marked on the x-axis. *P< 0.05.
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