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Abstract

Context: The epinephrine response (Epi) to a first episode of hypoglycemia (HG) has been proposed to be predictive of Epi in subsequent HG
and to provide insight into the risk for developing HG-associated autonomic failure (HAAF) in healthy controls (HCs).

Objective: To determine if Epi and symptom response (SR) to the first episode of HG predicts who will develop HAAF after exposure to recur
rent HG in volunteers with type 1 diabetes (T1D) and in HCs.

Design: Review of data collected between 2013 and 2019.
Setting: Academic clinical research unit.
Patients or Participants: \olunteers with T1D and HCs.

Interventions: Subjects participated in a preinduction protocol where they were exposed to three 2-hour episodes of clamped HG over 2 days.
Data collected during clamp 1 were compared with data collected during clamp 3.
Main outcome measure: Difference in Epi and SR.

Results: Using the standard definition of HAAF in which HG-induced Epi during clamp 3 is at least 20% lower than during clamp 1, 21/28 HCs
and 13/19 volunteers with T1D developed HAAF. Epi during clamp 1 was significantly higher in those subjects who developed HAAF than in those
who did not in both groups (P = 0.02). If HAAF is defined as achieving a 20% reduction in HG-induced SR measured during clamp 3 compared
with clamp 1, 10/27 HCs and 10/19 volunteers with T1D developed SR-based HAAF.

Conclusion: There was heterogeneity in the response to the preinduction protocol. Epi during clamp 1 was higher than in clamp 3 in HCs and

in those with T1D who developed HAAFR

Key Words: hypoglycemia, impaired awareness of hypoglycemia, epinephrine, type 1 diabetes

Abbreviation: HAAF, hypoglycemia-associated autonomic failure.

Hypoglycemia is common in the lives of people with insulin-
treated diabetes. It can be disruptive to activities of daily
living and can be associated with unconsciousness, seizures,
and even death. Recurrent episodes of hypoglycemia in a
short period leads to impaired awareness of hypoglycemia or
hypoglycemia-associated autonomic failure (HAAF) in which
people may not detect hypoglycemia until neuroglycopenic
symptoms develop that render them unable to help them-
selves overcome the episode. This occurs because the glucose
level at which the counterregulatory hormone and symptom
response is elicited is dropped to a lower and lower level by
recurrent hypoglycemia, whereas the glucose level responsible
for neuroglycopenia is unchanged [1].

The mechanisms responsible for developing impaired
awareness of hypoglycemia remain elusive despite years of
investigation. One widely used experimental approach is the
preinduction protocol in which an individual is exposed to re-
peated episodes of prolonged hypoglycemia maintained using

the clamp method over 2 days. The response to the hypogly-
cemia during the first exposure is then compared with the
response during the final exposure. Perturbations during the
periods of hypoglycemia provide opportunities to understand
what component of the counterregulatory response to hypo-
glycemia is responsible for blunting the response to subse-
quent hypoglycemia. Hormones and metabolites such as
cortisol [2], lactate [3], and beta endorphins [4] have been
proposed, but many investigators have focused on the role
of epinephrine, which is secreted from the adrenal medulla in
response to hypoglycemia. Years ago, Ramanathan and Cryer
[5] demonstrated that adrenergic blockade with nonselective
o- and P-adrenergic antagonists during the first episode of
hypoglycemia prevented the expected blunting of the epi-
nephrine response that occurred during a second episode
of hypoglycemia, suggesting that the epinephrine released
during hypoglycemia may itself be causing impaired aware-
ness of hypoglycemia. More recently, Lontchi-Yimagou and
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colleagues [6] demonstrated that healthy volunteers who met
the standard criteria for HAAF during the third exposure to
hypoglycemia demonstrated higher levels of hypoglycemia-
induced epinephrine response during the first exposure to
hypoglycemia in our preinduction protocol, although they
did find marked interindividual variability in the responses
to hypoglycemia. They hypothesized that this variability may
explain an individual’s susceptibility to developing impaired
awareness.

We recently examined the concordance between
hypoglycemia-induced epinephrine secretion and symptoms
scores in adults with type 1 diabetes and found a wide vari-
ability in responses [7]. We also noted a loose correlation
between epinephrine levels and symptoms, even among in-
dividuals who were categorized as having impaired aware-
ness of hypoglycemia by the Cox or Gold questionnaires
[7]. This observation, coupled with the hypothesis proposed
by Lontchi-Yimagou and colleagues [6], prompted us to
reexamine the data collected during a series of experiments
in which healthy volunteers and volunteers with type 1 dia-
betes were submitted to a preinduction protocol of recurrent
hypoglycemia to induce HAAF. We sought to determine if the
epinephrine response to the first episode of hypoglycemia was
predictive of who would show the greatest blunting of the
hormonal response during episode 3, as was demonstrated
by Lontchi-Yimagou and colleagues in healthy volunteers
[6]. To verify that levels of hypoglycemia-induced epineph-
rine secretion were physiologically relevant in blunting the
counterregulatory response in clamp 3, we examined the rela-
tionships between the glucose infusion rates required to main-
tain target glycemia in the 2 hypoglycemic episodes. We also
aimed to determine if the magnitude of symptom responses
during the first exposure to hypoglycemia would be predictive
of who would show the greatest blunting at the end of the
third bout of hypoglycemia. Finally, we examined the impact
of epinephrine response during the first bout of hypoglycemia
on the symptoms experienced during the third episode of
hypoglycemia.

Methods

Research Subjects

Adults were recruited for participation in a series of experi-
ments designed to define the mechanisms contributing to the
loss of the hormonal and symptomatic response to hypogly-
cemia in persons exposed to recurrent hypoglycemia. These
studies were done between 2013 and 2019 and the results of
the healthy volunteers were previously reported [8-10]. All
of the subjects with type 1 diabetes were classified as being
hypoglycemia aware on a Clarke questionnaire before the
study [11]. Subjects who provided complete sets of glucose
and epinephrine data during the preinduction were included
in this report. The investigation was approved by University
of Minnesota Institutional Review Board: Human Subjects
Committee. All procedures performed were in accordance
with the 1975 Declaration of Helsinki and its later amend-
ments. Exclusion criteria included history of ischemic heart
disease, arrhythmia, seizure disorder, or being on medications
known to alter blood flow or carbohydrate metabolism, in
addition to magnetic resonance safety criteria (claustro-
phobia, weight >300 pounds, and presence of paramagnetic
metal in the body).
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Preinduction Protocol

To induce impaired awareness of hypoglycemia, subjects
underwent hypoglycemic preconditioning that consisted
of two 2-hour hypoglycemic clamps, in the morning (8:00-
10:00 am) and afternoon (12:00-2:00 pm) on day 1, and
a third 2-hour hypoglycemic clamp in the morning (8:00-
10:00 am) on day 2 as previously described [12] (Figure
1). The insulin regimen used by the subjects with type 1
diabetes was adjusted so that their basal insulin was not
present during the clamp studies. Subjects arrived at the
Clinical and Translational Science Institute in the morning
after an overnight fast. Insulin was administered IV at a
rate of 2.0 mU/kg/min and potassium phosphate admin-
istered at a rate of 4 mEq/h. Arterialized blood samples
[13] were collected every 5 minutes for the measurement
of plasma glucose. Plasma glucose was allowed to fall to
50 mg/dL and then maintained at this level by a variable
infusion of 20% dextrose. Samples for epinephrine were
drawn at baseline (30 minutes after the placement of the
last IV catheter) and at 60, 90, and 120 minutes after
starting insulin during the clamps 1 and 3. Volunteers with
type 1 diabetes were maintained at euglycemia on an in-
sulin infusion of 0.5 mu/kg/min between clamps 1 and 2;
controls were taken off insulin and returned to euglycemia
after clamp 1. After clamp 2, subjects were fed a meal and
sent home. Volunteers with diabetes were instructed how
to administer insulin to maintain normoglycemia between
clamps 2 and 3. Hypoglycemia-induced epinephrine secre-
tion was defined as the average of epinephrine measures
collected at 90 and 120 minutes in each clamp study. Each
clamp’s basal epinephrine level was not subtracted from
that clamp’s average. Plasma epinephrine and norepineph-
rine were measured by high-performance liquid chroma-
tography (Dionex Corp, Sunnyvale, CA) in the Vanderbilt
Diabetes Research Center Core laboratory. Glucose infu-
sion rates were calculated as the average amount infused
during the last 30 minutes of the clamp study.

After clamps 1 and 3, hypoglycemia symptoms were quan-
tified by using a previously validated questionnaire [14].
Subjects were asked to score from 0 (none) to 6 (severe) each
of 12 symptoms: 6 autonomic symptoms (heart pounding,
shaky/tremulous, nervous/anxious, sweaty, hungry, and tin-
gling) and 6 neuroglycopenic symptoms (difficulty thinking,
tired/drowsy, weak, warm, faint, and dizzy).

Statistical Analysis

The average responses (epinephrine, symptom scores, and
glucose infusion rate) during the last 30 minutes in hypo-
glycemic clamps 1 and 3 were recorded and used for ana-
lysis. HAAF is defined in 2 ways: volunteers were classified
as epinephrine-based HAAF if there was at least a 20% drop
in the epinephrine response in clamp 3 compared with clamp
1; and volunteers were classified as symptom-based HAAF if
there was at least a 20% drop in the total symptom scores in
the in clamp 3 compared with clamp 1. For each definition of
HAAF, and separately for volunteers with and without type
1 diabetes, within-group comparison of responses between
clamps 1 and 3 were carried out separately for subjects who
developed HAAF and those who did not using paired-sample
¢ tests. Comparison of responses between those who devel-
oped HAAF and those who did not were carried out using
2-sample ¢ tests.
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Figure 1. Preinduction protocol. The preinduction protocol consisted of 3 hypoglycemia clamps done over 2 days. For each, subjects were infused with
insulin 2.0 mU/kg/min and blood glucose was targeted at 50 mg/dL. Samples for epinephrine were drawn at baseline (30 minutes after placement of
the last IV catheter) and at 60, 90, and 120 minutes after starting insulin during the first and third clamps.

Results

Twenty-nine healthy adults without diabetes (10 women, 19
men; mean age 36 = 3 years; body mass index, 25.6 = 0.6 kg/
m?) and 20 volunteers with type 1 diabetes (10 women, 8
men; mean age 32 =3 years; mean glycated hemoglobin,
6.9 = 0.2%; mean duration of diabetes, 15 =2 years; body
mass index, 26.3 = 1.2 kg/m?) were included in this study.
They represent all the volunteers who successfully completed
a preinduction protocol between 2013 and 2019 in our la-
boratory and had at least 1 complete set of counterregulatory
responses (symptom scores, epinephrine response, glucose in-
fusion rate) for clamp 1 or clamp 3. One person from each
group was missing 1 clamp’s epinephrine data, whereas 2 vo-
lunteers with diabetes and 1 volunteer without diabetes were
missing 1 clamp’s symptom data; they were excluded from
the corresponding statistical comparisons.

Using the standard definition of HAAF induction in which
the hypoglycemia-induced epinephrine secretion during
clamp 3 is at least 20% lower than during clamp 1 [15, 16],
21 of 29 (72%) healthy volunteers and 13 of 20 (65%) volun-
teers with type 1 diabetes developed HAAF as a result of the
preinduction protocol. Seven healthy volunteers and 6 volun-
teers with type 1 diabetes did not (Figure 2). As expected, the
epinephrine response during clamp 1 was significantly higher
than the response during clamp 3 in both subject groups who
developed HAAF (healthy volunteers: P < 0.0001; volunteers
with type 1 diabetes: P < 0.0001). The response during clamp
3 was significantly higher than the response in clamp 1 for
healthy controls who did not develop HAAF (P = 0.016) but
not for volunteers with type 1 diabetes who did not develop
HAAFE Epinephrine responses during clamp 1 were signifi-
cantly higher in those subjects who developed HAAF than
they were in those who did not in both groups (P =0.02).
If epinephrine response was reported as peak level obtained
during the final 30 minutes of the clamp, the results were un-
changed (data not shown).

If HAAF is defined as achieving a 20% reduction in
hypoglycemia-induced symptoms measured during clamp 3
compared with clamp 1, 10 healthy volunteers and 10 volun-
teers with type 1 diabetes developed symptom-based HAAF
as a result of the preinduction protocol. Seventeen healthy vo-
lunteers and 9 volunteers with type 1 diabetes did not (Figure
3). However, there was no difference noted in the mean
symptom scores measured during clamp 1 between subjects

who did and did not develop symptom-based HAAF in both
groups. There also was no difference in clamp 1 levels of epi-
nephrine released in response to hypoglycemia between those
who did and did not develop symptom-based HAAF, although
in the group that developed HAAF the epinephrine levels
during clamp 1 were significantly higher than during clamp
3 (P=0.001) (Figure 4). If adrenergic or neuroglycopenic
symptoms were used for the analysis, the results were similar.
If epinephrine response was reported as peak level obtained
during the final 30 minutes of the clamp, the results were un-
changed (data not shown).

The glucose infusion rates required to maintain target gly-
cemia during clamps 1 and 3 were not different in healthy vo-
lunteers regardless of whether they developed HAAF as defined
by epinephrine or symptom reduction criteria (Table 1). The
glucose infusion rates required to maintain target glycemia
in volunteers with type 1 diabetes were marginally lower in
clamp 3 than in clamp 1 in those who did not develop HAAF
by either criterion (P =0.04 using epinephrine criteria and
P =0.05 using symptom criteria) but were essentially the same
in those who did develop HAAF using either criteria.

Discussion

In this investigation, we confirmed the findings of Lontchi-
Yimagou et al [6] that healthy adults who met the standard
criteria for HAAF during the third exposure to hypogly-
cemia demonstrated higher levels of hypoglycemia-induced
epinephrine response during the first exposure to hypogly-
cemia in our preinduction protocol. We also made the novel
observation that subjects with type 1 diabetes who met the
standard criteria for HAAF during the third exposure to
hypoglycemia demonstrated higher levels of hypoglycemia-
induced epinephrine response during the first exposure to
hypoglycemia in our preinduction protocol than did similar
subjects who did not develop HAAF. Additionally, we verified
that the levels of hypoglycemia-induced epinephrine secretion
during clamp 1 were physiologically relevant in blunting the
counterregulatory response in clamp 3 because the glucose
infusion rates during clamp 1 were lowest in those subjects
with the highest epinephrine levels. These observations dem-
onstrate that the ability to secrete epinephrine in response
to the first episode of hypoglycemia is a major determinant
of whether the response will be blunted during subsequent
exposures.
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Figure 2. Hypoglycemia-induced epinephrine responses during clamp 1 and clamp 3 of the preinduction protocol when epinephrine is used to define
HAAF (A) The response of the 28 healthy volunteers with complete epinephrine datasets is shown on the left. The middle graph shows the responses
of the 21 who developed HAAF, as defined by a 20% reduction in epinephrine response during clamp 3 compared with clamp 1. The right graph shows
the 7 who did not develop HAAF. (B) The response of the 19 volunteers with type 1 diabetes who had complete epinephrine datasets is shown on the
left. The middle graph shows the responses of the 13 who developed HAAF, as defined by a 20% reduction in epinephrine response during clamp 3
compared with clamp 1. The right graph shows the 6 who did not develop HAAF. The boxes represent the average response + standard error of the
mean. The table shows the epinephrine responses in pg/mL for each subject group.
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Figure 3. Hypoglycemia-induced total symptom responses during clamp 1 and clamp 3 of the preinduction protocol when total symptoms are used to
define HAAF. (A) The response of the 27 healthy volunteers with complete datasets for symptoms is shown on the left. The middle graph shows the
responses of the 10 who developed HAAF, as defined by a 20% reduction in symptom response during clamp 3 compared with clamp 1. The right graph
shows the 17 who did not develop HAAF (B) The response of the 19 volunteers with type 1 diabetes who had complete datasets for symptoms is
shown on the left. The middle graph shows the responses of the 10 who developed HAAF, as defined by a 20% reduction in symptom response during
clamp 3 as compared to clamp 1. The right graph shows the 9 who did not develop HAAF. The boxes represent the average response + standard error of
the mean. The table shows symptom responses by subject group.
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Figure 4. Hypoglycemia-induced epinephrine responses during clamp 1 and clamp 3 of the preinduction protocol when total symptoms are used

to define HAAF. (A) The response of the 26 healthy volunteers with complete epinephrine and symptom datasets is shown on the left. The middle
graph shows the epinephrine responses of the 10 who developed symptom-based HAAF, as defined by a 20% reduction in symptoms during clamp
3 compared with clamp 1. The right graph shows the 16 who did not develop symptom-based HAAF. (B) The response of the 19 volunteers with type
1 diabetes with complete epinephrine and symptom datasets is shown on the left. The middle graph shows the epinephrine responses of the 10 who
developed symptom-based HAAF, as defined by a 20% reduction in symptoms during clamp 3 compared with clamp 1. The right graph shows the 9
who did not develop symptom-based HAAF. The boxes represent the average response + standard error of the mean. The table shows epinephrine

responses in pg/mL by subject group.

Table 1. Glucose infusion rates required to maintain target glycemia

Those who developed Those who did not develop

HAAF HAAF
Clamp 1 Clamp 3 Clamp 1 Clamp 3
HAAF defined by epinephrine criteria Subjects with type 1 diabetes 53=+0.8 52=+0.7 3.0+0.5 2.0 £0.47
Volunteers without diabetes 2.1+0.5 3.1+0.6 3.0+1.0 2.0+0.6
HAAF defined by symptom criteria Subjects with type 1 diabetes 56=0.5 5508 3.5+0.7 2.7+0.7
Volunteers without diabetes 1.5+0.5 3.0=0.8 2.9+0.6 2.7+0.6

Glucose infusion rates are in mg/kg/min and represent the average rate of glucose infused during the final 30 minutes of the clamp study.

HAAEF, hypoglycemia-associated autonomic failure.
2P = 0.04 comparing rating in clamp 1 to clamp 3 in this group.
*P = 0.05 comparing rating in clamp 1 to clamp 3 in this group.

Hypoglycemia-induced epinephrine secretion has long been
known to play an important role in the pathogenesis of im-
paired awareness of hypoglycemia. Ramanathan and Cryer
[5] demonstrated that adrenergic blockade with nonselective
a- and P-adrenergic antagonists during the first episode of
hypoglycemia prevented the expected blunting of the epi-
nephrine response that occurred during a second episode of
hypoglycemia. Some [6] but not all investigators [17] have
demonstrated that infusion of physiological levels of epineph-
rine before exposure to hypoglycemia blunted the subsequent
counterregulatory hormone response. Even though volunteers
with the highest epinephrine secretory response to hypogly-
cemia during clamp 1 were significantly more likely to de-
velop HAAF than were volunteers who had a lower response

during clamp 1, we are unable to identify the minimum level
of response necessary for the subsequent development of
HAAEF. It is interesting that the volunteers with type 1 dia-
betes who developed HAAF as defined by a 20% reduction
in epinephrine response had an epinephrine response during
clamp 1 that is similar to the healthy volunteers who did not
develop HAAF. Bolli et al [18] previously demonstrated that
people with longstanding type 1 diabetes have a reduced epi-
nephrine response relative to healthy controls, which some
have suggested may reflect the frequency with which they ex-
perience hypoglycemia in the days or weeks before experi-
mental investigation. This suggests there may be a range of
responses that should be expected in the epinephrine response
to experimental hypoglycemia based on prior experiences and



if the magnitude of that response is sufficient, one may ex-
perience a blunting of response during subsequent exposure.
Understanding what experiences alter hypoglycemia-induced
epinephrine secretion in real life away from the laboratory
may be the key to understanding the pathogenesis of im-
paired awareness of hypoglycemia. It is possible that these
experiences are merely hypoglycemia and patients truly are
demonstrating a habituated response to this stress, as has
been proposed by McNeilly et al [19]. However, as has been
demonstrated with exercise [20, 21], it may be that all sorts
of stresses play a role in determining this response. Future
investigation should focus on understanding these stresses so
we can use the information in the clinical management of pa-
tients with type 1 diabetes.

In this investigation, we also found that those subjects who had the
greatest level of hypoglycemia-induced symptom scores during the
first exposure to hypoglycemia in a preinduction protocol were most
likely to demonstrate a more than 20% reduction in symptom scores
during the third exposure. These observations demonstrate the cor-
relation between epinephrine and symptoms responses and provide
support for using the objective measure of epinephrine as a surrogate
for the more subjective measures of symptoms in studying the patho-
genesis of impaired awareness. This relationship is not a failsafe one,
however, as demonstrated by Altorfer et al [22] in adrenalectomized
subjects exposed to hypoglycemia and the studies in which hypogly-
cemia avoidance restored symptom but not epinephrine response in
subjects with type 1 diabetes and hypoglycemia unawareness [23,
24].

We expected to find higher glucose infusion rates during
clamp 3 than during clamp 1 in those participants who devel-
oped HAAF defined by a 20% or more reduction in epineph-
rine secretion in clamp 3 when compared with clamp 1. We
saw a trend toward higher rates in healthy volunteers who
developed HAAF but saw essentially no change in subjects
with type 1 diabetes. Traditional thinking has been that
hypoglycemia-induced epinephrine secretion contributes to
restoration of euglycemia by reducing glucose disposal and
enhancing endogenous glucose production. Perhaps the trend
toward higher rates during clamp 3 in controls is due to glu-
cagon secretion, which we did not measure in our studies,
but we doubt that glucagon explains our infusion results in
the subjects with diabetes. With a mean duration of 135 years,
previous investigation has shown such patients have mark-
edly reduced hypoglycemia-induced glucagon secretion [18].
Perhaps the counterregulatory response to hypoglycemia is
dependent on more than epinephrine secretion in individuals
with type 1 diabetes. Davis et al [25] have demonstrated that
a preinduction protocol similar to our own suppresses sym-
pathetic nervous activity as measured by microneurography.
Assuming that occurred in our subjects, what is responsible
for maintaining target glycemia during day 3 in these type
1 subjects with HAAF? Although our inability to find a sig-
nificant difference in glucose infusion rates may merely be a
function of our relatively small sample size, it is interesting to
consider that as-yet undiscovered counterregulatory mechan-
isms may be responsible for our observations.

The preinduction protocol used in these experiments in-
duced epinephrine-based HAAF in 75% of the healthy vo-
lunteers and 68% of the volunteers with type 1 diabetes.
This level of success exceeds the 54% rate reported by
Lontchi-Yimagou et al [6] but clearly demonstrates there is
a great heterogeneity of response. Such heterogeneity must
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be considered in the design of future experiments to evaluate
impaired awareness of hypoglycemia.

In conclusion, we have confirmed that those subjects with
the greatest level of hypoglycemia-induced epinephrine during
the first exposure to hypoglycemia in a preinduction protocol
were most likely to demonstrate sufficient blunting of epi-
nephrine secretion to meet the standard criteria for HAAF
during the third exposure to hypoglycemia. We have also
extended these findings to volunteers with type 1 diabetes.
Both groups showed a great heterogeneity of response to the
preinduction protocol and there was overlap between the epi-
nephrine responses seen in the volunteers with type 1 diabetes
who develop HAAF and the healthy volunteers who did not.
We propose that the responses individuals experience in real
life before experimental hypoglycemia, including the response
to recurrent hypoglycemia, may play a role in determining
how great a response one may have to the experimental con-
dition. If so, greater attention should be focused on under-
standing the recurrent stresses that occur in the real lives of
patients at risk for impaired awareness to understand how to
better prevent and treat this condition.
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