
DIABETES CARE, VOLUME 21, NUMBER 11, NOVEMBER 1998 1939

Hypoglycemia unawareness occurs
when appropriate autonomic warn-
ing signals (i.e., sweating, hunger,

a n x i e t y, palpitations, or tremor) do not

exclude development of neuro g l y c o p e n i a
(i.e., confusion, dizziness, blurred vision, or
weakness) (1). This failure to perceive auto-
nomic hypoglycemic symptoms has been 

p roposed to contribute to an increased fre-
quency of severe hypoglycemia in patients
with type 1 diabetes (2). Hypoglycemia
u n a w a reness can also hinder attempts to
achieve tight glycemic control with inten-
sive insulin therapeutic regimens as re c-
ommended by the Diabetes Control and
Complications Trial (3,4).

Duration of diabetes, antecedent
episodes of hypoglycemia, and near- n o r-
mal HbA1 c a re known risk factors for hypo-
glycemia unawareness (1). Although the
distinct physiological mechanisms underly-
ing impaired responsiveness to hypogly-
cemia in type 1 diabetes are not known,
several hypotheses have been pro p o s e d
(5,6). One is the pre s e rvation of brain glu-
cose uptake during hypoglycemia due to
acceleration of cerebral glucose transport so
that hypoglycemia occurs without neuro-
glycopenia (5). Another proposed mecha-
nism for hypoglycemia unawareness is
catecholamine depletion resulting fro m
re c u rrent hypoglycemic episodes (6). How-
e v e r, unawareness has been observed in the
p resence of normal plasma catecholamine
responses to hypoglycemia (7,8). Desensiti-
zation of the adre n e rgic receptor re s u l t i n g
f rom repeated episodes of hypoglycemia
with chronic exposure to elevated cate-
cholamine concentrations could explain
this decrease in autonomic warning symp-
toms (9). A decreased number of cardiac -
a d re n e rgic receptors are observed in
s t reptozotocin-diabetic rats, which suggests
that a down-regulation of catecholamine
receptors may occur simply as a conse-
quence of diabetes (10,11).

D e c reased sensitivity to adre n e rg i c
stimulation with the -agonist isopro t e re n o l
has been observed in subjects with type 1
diabetes classified as having hypoglycemia
u n a w a reness by history (12,13). These
studies have several limitations. One is the
age diff e rence between the hypoglycemia
u n a w a re and aware groups, which may
have accounted for the observed diff e re n c e s
in - a d re n e rgic sensitivity. Another is the
u n reliability of classifying subjects as
u n a w a re or aware based on recollection of
prior hypoglycemic episodes (14,15). Nev-
e rtheless, avoidance of hypoglycemia has
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Reduced - A d re n e rgic Sensitivity in
Patients With Type 1 Diabetes and
Hypoglycemia Unaware n e s s

O R I G I N A L  A R T I C L E

O B J E C T I V E — We tested the hypothesis that impaired tissue sensitivity to catecholamines
contributes to hypoglycemia unawareness in subjects with type 1 diabetes.

RESEARCH DESIGN AND METHODS — A total of 21 subjects with type 1 diabetes
u n d e rwent a standardized insulin infusion protocol to produce a stepwise decrease in plasma
glucose to 45-min plateaus of 4.3, 3.6, 3.0, and 2.3 mmol/l. Glycemic thresholds, maximum
responses for adre n e rgic and neuroglycopenic symptoms, and counterre g u l a t o ry horm o n e s
w e re determined. Patients were classified as hypoglycemia unaware if the initiation of adre n-
e rgic symptoms occurred at a plasma glucose level 2 SD below that of nondiabetic volunteers.

- A d re n e rgic sensitivity was measured as the dose of isopro t e renol re q u i red to produce an
i n c rement in heart rate of 25 beats per minute above baseline (I2 5) in resting subjects. 

R E S U LT S — Subjects with type 1 diabetes and hypoglycemia unawareness experienced the
onset of adre n e rgic symptoms at a lower plasma glucose level than did those with aware n e s s
(2.5 ± 0.1 vs. 3.7 ± 0.1 mmol/l, P 0.001), whereas neuroglycopenic symptoms occurred at
similar glucose levels (2.7 ± 0.2 vs. 2.8 ± 0.1 mmol/l). The plasma glucose levels for counter-
re g u l a t o ry hormone secretion (epinephrine 2.9 ± 0.2 vs. 4.1 ± 0.2 mmol/l; norepinephrine 2.7
± 0.1 vs. 3.2 ± 0.2 mmol/l; cortisol 2.5 ± 0.2 vs. 3.3 ± 0.2 mmol/l, P 0.01) were also lower in
subjects with unawareness. The maximal epinephrine (1,954 ± 486 vs. 5,332 ± 1,059 pmol/l,
P 0.01), norepinephrine (0.73 ± 0.14 vs. 1.47 ± 0.21 nmol/l, P = 0.04), and cortisol (276 ±
110 vs. 579 ± 83 nmol/l, P 0.01) responses were reduced in the unaware group. I2 5 w a s
g reater in unaware subjects than in subjects without unawareness (1.5 ± 0.3 vs. 0.8 ± 0.2 µg),
w h e re I2 5 was not diff e rent from that of controls (0.8 ± 0.2 µg).

C O N C L U S I O N S — We conclude that subjects with type 1 diabetes and hypoglycemia
u n a w a reness have reduced - a d re n e rgic sensitivity, which may contribute to their impaire d
a d re n e rgic warning symptoms during hypoglycemia.
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been re p o rted to re s t o re appropriate hypo-
glycemia awareness without restoration of
n o rmal catecholamine responses to hypo-
glycemia (16). These observations suggest
that an alteration in sensitivity to cate-
cholamines may be involved.

To more rigorously test the hypothesis
that impaired tissue sensitivity to cate-
cholamines contributes to hypoglycemia
u n a w a reness, we used a standardized step-
wise hypoglycemia protocol to pro s p e c-
tively identify subjects with type 1 diabetes
as having hypoglycemia unawareness or
a w a reness before determination of -
a d re n e rgic sensitivity with isopro t e re n o l .
Results of the isopro t e renol testing in the
diabetic subjects are compared with a
g roup of age- and sex-matched nondia-
betic volunteers.

RESEARCH DESIGN AND
M E T H O D S — The protocol was
reviewed and approved by the Institutional
Review Board for Biomedical Research at
the University of Pittsburgh and the Gen-
eral Clinical Research Center (GCRC)
Review Committee. Informed written con-
sent was obtained from each subject before
p a rticipation in the study. All studies took
place in the GCRC. All diabetic subjects
p a rticipated in a previously re p o rted study
in which they were characterized as hypo-
glycemia unaware or aware (14).

Subjects
A total of 21 subjects with type 1 diabetes
and 10 age-, weight-, and sex-matched
nondiabetic control subjects were studied.
The clinical characteristics of the study sub-
jects are presented in Table 1. A physical
examination, screening laboratory testing,
and an electro c a rdiogram were perf o rm e d
in all subjects before inclusion. All part i c i-
pants had normal cardiovascular re fle x e s

and no evidence of autonomic neuro p a t h y
using previously established criteria (17).
Objective testing of autonomic function
included measurement of heart rate and
blood pre s s u re responses to standing; heart
rate response to Valsalva; and heart rate
variability during slow, deep breathing. The
medical history included inform a t i o n
re g a rding the ability of each subject to per-
ceive hypoglycemic events as well as the
f requency of these events. No subject
re p o rted symptoms of nocturnal diarrh e a ,
g u s t a t o ry sweating, gastro p a resis, or sexual
d y s f u n c t i o n .

Induction of hypoglycemia
To categorize the subjects with type 1 dia-
betes according to their ability to detect
hypoglycemia, all diabetic subjects were ini-
tially studied using a standardized step-wise
hypoglycemia protocol. All intermediate and
long-acting insulin was discontinued for 48
h before the hypoglycemia protocol, and
subjects were managed with pre p r a n d i a l
injections of regular insulin. Subjects were
admitted to the GCRC on the night before
the study. Near- n o rmoglycemia (5–7 mmol/l
[90–126 mg/dl]) was maintained overn i g h t
with an intravenous insulin infusion.
Between 7:00 and 7:30 A.M., a hand vein was
cannulated in a re t rograde manner and
maintained in a Plexiglas therm o re g u l a t e d
“hot-box” (65°C) for sampling of art e r i a l i z e d
venous blood throughout the pro c e d u re. A
deep antecubital vein was cannulated for
infusion of insulin and glucose. After a 60-
min equilibration period, a continuous intra-
venous infusion of insulin was begun (1 mU
· kg 1 · min 1 for 270 min; 2 mU · kg 1 ·
m i n 1 for 60 min). A variable-rate glucose
infusion (50% dextrose) was initiated and
adjusted at 5-min intervals using the glucose-
clamp technique to achieve target plateau
plasma glucose concentrations of 4.3 (78),

3.6 (65), 3.0 (54), and 2.3 mmol/l (42
mg/dl), re s p e c t i v e l y. The plasma glucose was
allowed to decrease 0.6 mmol/l (11 mg/dl)
over 45 min, with maintenance of each
plateau for 45 min before the next decre a s e .

A rterialized venous blood samples
w e re drawn every 30 min for measure m e n t
of counterre g u l a t o ry hormones (epineph-
rine, n o repinephrine, and cortisol). A semi-
quantitative symptom questionnaire com-
posed of five autonomic (i.e., anxiety,
palpitations, hunger, sweating, irr i t a b i l i t y,
and tremor) and five neuroglycopenic (i.e.,
dizziness, tingling, blurred vision, diff i c u l t y
thinking, and faintness) symptoms was
a d m i n i s t e red every 15 min. Subjects score d
the intensity of each symptom using a Lik-
e rt scale quantified from 0 (none) to 5
( s e v e re). The sum of symptom re s p o n s e s
constituted the symptom score. Hypogly-
cemia unawareness was defined as the ini-
tiation of autonomic symptoms at a plasma
glucose 2 SD below that of nondiabetic
volunteers (14,20).

Isoproterenol testing
Subjects were again admitted to the GCRC
at 7:00 A.M. after a 10-h overnight fast no
sooner than 1 week after the hypoglycemia
p ro c e d u re described above. Subjects re p o rt-
ing a severe hypoglycemic event during the
p revious week were rescheduled for the
study with instructions to avoid re c u rre n t
events. Subjects with type 1 diabetes were
asked to withhold their morning insulin
until completion of the study. A fasting
plasma glucose was documented on all dia-
betic subjects before isopro t e renol testing to
verify the absence of hypoglycemia (plasma
glucose 4.4 mmol/l [80 mg/dl]) or signifi-
cant hyperglycemia ( 11.1 mmol/l [200
mg/dl]). 

At 7:30 A.M., an antecubital vein was
cannulated and maintained with an infu-
sion of 0.9% normal saline. Subjects were
attached to a continuous cardiac monitor.
After 30 min of rest in a quiet, darkened
room, baseline values for resting heart rate
w e re determined as the mean of three sep-
arate readings obtained at 5-min interv a l s .
Resting heart rate was determined fro m
four consecutive R-R intervals during quiet
b re a t h i n g .

Sequential, incremental 1-ml intra-
venous injections of placebo (norm a l
saline) or isopro t e renol in ascending doses
w e re administered. A 15-min interval was
maintained between injections to allow the
h e a rt rate to re t u rn to baseline before each
subsequent injection. The highest dose

Table 1—Clinical characteristics of subjects

Diabetic subjects
Unaware Aware Nondiabetic subjects

Sex (F/M) 4/6 4/7 5/5
Age (years) 31.5 ± 1.7 25.6 ± 1.9 29.2 ± 1.7
HbA1c (%) 7.6 ± 0.5* 9.4 ± 0.6 4.8 ± 0.05
BMI (kg/m2) 24.0 ± 0.7 23.7 ± 1.3 24.8 ± 1.2
Duration of diabetes (years) 16.1 ± 3.0† 4.5 ± 1.6 —
Insulin (U/day) 49.1 ± 6.5 41.4 ± 5.0 —
Insulin (U kg 1 day 1) 0.5 ± 0.08 0.5 ± 0.08 —

Data are means ± SD. *P = 0.0003 vs. aware group; †P = 0.003 vs. aware group.
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tested was that which increased the heart
rate 25 beats per min above baseline. This
was defined as the I2 5 (18,19). This dose
was repeated after the re t u rn to baseline
conditions to verify the re s p o n s e .

Analytical methods
Plasma glucose was measured using a Ye l-
low Springs Instruments glucose analyzer
( Yellow Springs, OH). Cortisol was meas-
u red by a previously described radioim-
munoassay (14). Plasma epinephrine and
n o repinephrine were measured using a
single isotope derivative radioenzymatic
method (14). HbA1 c was determined by a
h i g h - p e rf o rmance liquid chro m a t o g r a p h y
method (Bio-Rad Diamat, Richmond, CA;
n o rmal range 4.3–6.1%).

Statistical analysis
The diff e rences among groups were ana-
lyzed using analysis of variance followed by

2 analysis to examine between-group dif-
f e rences. After a significant omnibus test,
S c h e ff e ’s post-hoc pro c e d u re was per-
f o rmed. Correlation analysis with analysis
of covariance was perf o rmed for I2 5 (dose of
i s o p ro t e renol re q u i red to increase the heart
rate 25 beats per minute above baseline)
with HbA1 c, diabetes duration, and age.
Data are expressed as means ± SEM, unless
o t h e rwise specifie d .

R E S U LT S

Clinical characteristics
No significant diff e rences were observed for
age, sex, or BMI among the two groups of
subjects with type 1 diabetes or norm a l
subjects (Table 1). Subjects with hypogly-
cemia unawareness had a longer duration
of diabetes and a lower HbA1 c than those
with awareness (Table 1).

Responses to standardized
hypoglycemia
Subjects with type 1 diabetes were classi-
fied as having hypoglycemia unaware n e s s
or awareness based on responses to the
symptom questionnaire during the stan-
d a rdized hypoglycemia protocol. Hypogly-
cemia unawareness was defined as the
onset of adre n e rgic symptoms at a plasma
glucose level 2 SD below the level pre v i-
ously published for nondiabetic subjects
(3.3 ± 0.06 mmol/l) (20). Using this crite-
rion, the 10 subjects experiencing the onset
of adre n e rgic symptoms at a plasma glu-
cose 3.0 mmol/l (range: 2.2–3.0 mmol/l
[40–54 mg/dl]) were classified as having
hypoglycemia unawareness. The re m a i n i n g
11 subjects experienced the onset of these
symptoms at a plasma glucose 3 . 4
mmol/l (62 mg/dl; range: 3.4–4.4 mmol/l
[61–79 mg/dl]) and were classified as hav-
ing aware n e s s .

The plasma glucose level at the onset of
a d re n e rgic symptoms was lower in the
u n a w a re group (2.5 ± 0.1 vs. 3.7 ± 0.1
mmol/l [47 ± 2 vs. 67 ± 2 mg/dl], P
0.001) than in the aware group, where the
onset of adre n e rgic symptoms was observ e d
at a plasma glucose level similar to that
o b s e rved in nondiabetic subjects (3.8
mmol/l [68 mg/dl]) (20). The maximal
a d re n e rgic symptom scores were similar in
the unaware and aware groups (5 ± 1 vs. 7
± 1, P = 0.13). The onset of neuro g l y c o p e n i c
symptoms occurred at similar plasma glu-
cose levels in unaware and aware subjects
(2.7 ± 0.2 vs. 2.8 ± 0.1 mmol/l [49 ± 4 vs. 50
± 2 mg/dl]), and maximal score (6 ± 1 vs. 7
± 1) was not significantly diff e rent between
the two gro u p s .

The plasma glucose concentration at
which counterre g u l a t o ry hormone re s p o n s e s
(epinephrine, norepinephrine, cort i s o l )
o c c u rred (i.e., the glycemic threshold) and
the maximal hormonal responses to hypo-
glycemia were lower in the group with hypo-
glycemia unawareness (Table 2).

-Adrenergic sensitivity
Subjects with hypoglycemia unaware n e s s
demonstrated evidence of impaired - a d re n-
e rgic sensitivity, with a significantly higher I2 5

than that of aware subjects (Fig. 1). The I2 5 o f
the aware group was almost identical to that
of nondiabetic control subjects (Fig. 1). The
I2 5 c o rrelated with duration of diabetes (r =
0.48, P = 0.025), but not with age or HbA1 c.
The diff e rences observed between the diabetic
subjects with hypoglycemia unawareness and
those with awareness persisted when cor-
rected for duration of diabetes (P = 0.05).

Table 2—Glycemic thresholds and maximal response of counterregulatory hormones during
hypoglycemia

Unaware Aware P value

Epinephrine
Threshold (mmol/l) 2.9 ± 0.2 4.1 ± 0.1 0.001
Maximal response (pmol/l) 1,954 ± 486 5,332 ± 1,059 0.01

Norepinephrine
Threshold (mmol/l) 2.7 ± 0.1 3.2 ± 0.2 0.001
Maximal response (nmol/l) 0.73 ± 0.14 1.47 ± 0.21 0.04

Cortisol
Threshold (mmol/l) 2.5 ± 0.2 3.3 ± 0.2 0.01
Maximal response (nmol/l) 276 ± 110 579 ± 83 0.09

Data are means ± SD.

F i g u re 1—I2 5 in normal subjects, patients with hypoglycemia awareness (HA), and patients with hypo -
glycemia unawareness (HU).



No adverse events were observed dur-
ing the isopro t e renol infusions. The fol-
lowing transient symptoms were re p o rt e d
with equal frequency by subjects in all
t h ree groups: flushing, palpitations, short-
ness of breath, pounding behind the eyes,
generalized warmth, and anxiety.

C O N C L U S I O N S — In the pre s e n t
s t u d y, subjects with type 1 diabetes objec-
tively identified as having hypoglycemia
u n a w a reness using a standardized hypo-
glycemia protocol were observed to have an
i m p a i rment in - a d re n e rgic sensitivity, as
d e t e rmined by heart rate responses to incre-
mental doses of the -agonist isopro t e re n o l .
This provides evidence that in subjects with
type 1 diabetes and hypoglycemia unaware-
ness, impaired responsiveness to endoge-
nous catecholamines contributes to the risk
for severe hypoglycemic events.

In identifying subjects with type 1 dia-
betes who are at risk for severe hypogly-
cemic events, a prior history of such an
episode is a strong predictor for re c u rre n c e .
Although this risk can be modified with
patient education re g a rding insulin admin-
istration and food intake, there is an inter-
est in developing prospective scre e n i n g
methods for identifying subjects with type
1 diabetes who are at risk for severe hypo-
glycemia, especially when using intensive
insulin re g i m e n s .

I n t e rviews directed at determ i n i n g
whether a patient has hypoglycemia
u n a w a reness or awareness, although
i m p o rtant, are an inaccurate method of
identifying individuals at risk for severe
hypoglycemic events (14,15). Appro x i-
mately half (n = 5) of the subjects with
u n a w a reness in this study re p o rted aware-
ness of hypoglycemic symptoms.

I s o p ro t e renol testing has been used in
the past as a reliable and re p ro d u c i b l e
means of evaluating the efficacy of - a d re n-
e rgic blocking agents (18,19). It has since
been used in other clinical situations,
including the evaluation of patients with
syncope (21), panic disorders (22), and
m o re re c e n t l y, hypoglycemia unaware n e s s
in diabetes (12,13,23). Although not
a ffected by body weight, a decrease in -
a d re n e rgic sensitivity with advancing age
has been observed with isopro t e renol test-
ing (12,24).

In this study, the I2 5 results observed in
the nondiabetic subjects, as well as those in
diabetic subjects with hypoglycemia aware-
ness, are similar to those pre v i o u s l y
re p o rted by Cleaveland et al. (18) in young

healthy subjects (I2 5: 0.88 µg/ml). How-
e v e r, our results are lower than those
re p o rted by Berlin and colleagues
(12,13,23) in subjects with type 1 diabetes.
The previously described age-re l a t e d
d e c rease in - a d re n e rgic sensitivity with
age may have contributed to this discre p-
ancy between the present and pre v i o u s
studies in subjects with type 1 diabetes (23).
The narrow age range of subjects part i c i-
pating in this protocol may have obviated
any age-associated decline in - a d re n e rg i c
s e n s i t i v i t y. The average ages of our subjects
with unawareness and awareness were 31.5
± 1.7 and 25.6 ± 1.9 years, whereas the ages
of subjects in the prior study were 46 ± 3
and 34 ± 2 years, respectively (13).

The authors of this prior re p o rt per-
f o rmed isopro t e renol testing in a small sub-
set (n = 5 in each group) of subjects with
type 1 diabetes from their larger study (23).
These 10 subjects were classified as hypo-
glycemia unaware or aware based on symp-
tomatic and hormonal responses to the
acute induction of hypoglycemia (23). A
d i ff e rence in - a d re n e rgic sensitivity was
again observed between the two gro u p s ,
but the subjects with unawareness were
again significantly older than aware subjects
(43 ± 3 and 32 ± 2 years). Together with the
small number of subjects studied, this 11-
year age diff e rence between the two gro u p s
may have contributed to the observed dif-
f e rence in I2 5 (12,18), thus confounding
the authors’ conclusion that subjects with
type 1 diabetes and hypoglycemia unaware-
ness have reduced - a d re n e rgic sensitivity.

We conclude that subjects with type 1
diabetes carefully identified as having
hypoglycemia unawareness using a stan-
d a rdized hypoglycemia protocol have evi-
dence of reduced - a d re n e rgic sensitivity
as measured during an isopro t e renol stim-
ulation test. Together with a decrease in
c o u n t e rre g u l a t o ry hormone responses to
hypoglycemia, this may contribute to
reduced adre n e rgic warning symptoms
during hypoglycemia.
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