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I atrogenic hypoglycemia causes recur-
rent physical and recurrent or even
persistent psychosocial morbidity, and

some mortality, in patients with insulin-
dependent diabetes mellitus (IDDM), and
in some patients with non-insulin-depen-
dent diabetes mellitus (NIDDM) (1,2).
There is now compelling evidence, from
the Diabetes Control and Complications
Trial (DCCT), that metabolic control de-
lays the development and progression of
retinopathy, nephropathy and neuropa-
thy in IDDM, albeit at the expense of an
increased frequency of treatment-in-
duced hypoglycemia (3). These findings
will almost assuredly provide further im-
petus to patients and health care provid-
ers to attempt to maintain plasma glucose
levels as close to the nondiabetic range as
possible. If so, hypoglycemia will become
an even more common problem for pa-
tients with diabetes in the near future.

Clinical hypoglycemia, largely in
IDDM, is the focus of this review. We first
summarize selected background informa-
tion. Then, the clinical issues are dis-
cussed in more detail. Our intent is to
define the current body of knowledge and
to point out relevant areas where knowl-
edge is lacking. Obviously, the latter are
substantial since hypoglycemia is a major

unsolved problem for the diabetes com-
munity. However, our intent is to be se-
lective rather than comprehensive. The
interested reader is referred to a recently
published book on diabetes and hypogly-
cemia (1) for further details and for other
points of view.

LITERATURE REVIEW AND
ANALYSIS

BACKGROUND

CNS effects of hypoglycemia
The brain is dependent on a continuous
supply of glucose from the circulation (4).
The brain depends almost exclusively on
glucose for its energy production under
physiological conditions. (A frequently
cited exception is prolonged fasting,
when ketone bodies can provide as much
as two-thirds of brain energy metabolism
[5], but this is hardly a physiological con-
dition.) Indeed, glucose oxidation nor-
mally accounts for almost all of the oxy-
gen consumed by the brain (6), and the
brain respiratory quotient approaches 1.0
(4).

The brain cannot synthesize glu-
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cose and it can store only a few minutes'
supply as glycogen (4). Therefore, it must
continuously derive its predominant met-
abolic fuel from the circulation. Further-
more, the brain cannot quickly increase
its extraction of glucose. Normally, the
rate of carrier-mediated (GLUT1) facili-
tated glucose transport across the blood-
brain barrier down a concentration gradi-
ent exceeds the rate of brain glucose
metabolism. Thus, transport is not rate-
limiting. However, if the plasma glucose
concentration falls below a critical level
(or if brain glucose metabolism increases
substantially) glucose transport from
blood to brain becomes rate-limiting to
brain glucose metabolism and, thus,
brain function and survival (4).

Hypoglycemia, sensed in the
brain itself (7) and in peripheral struc-
tures such as the liver (8), triggers a series
of central nervous system (CNS) medi-
ated changes (9-11). These include, but
are not limited to, changes in hormone
secretion, symptoms, cognitive dysfunc-
tion, coma and, ultimately, death. The
stepped hypoglycemic clamp technique
has been used to determine the glycemic
thresholds for (i.e., the glucose concen-
tration required to trigger) several of these
responses to hypoglycemia (9,10). Mean
arterialized venous glycemic thresholds
in nondiabetic humans are shown in Fig.
1. Decrements in plasma glucose within
the physiological range decrease insulin
secretion (9,11). Glucose decrements just
below the physiological range increase
the secretion of glucose counterregula-
tory hormones (9,10). Further glucose
decrements elicit symptoms of hypogly-
cemia (9,10), while even further decre-
ments cause cognitive dysfunction (10).
As will become apparent later, however,
these glycemic thresholds are dynamic
rather than static.

Given the survival value of main-
tenance of the plasma glucose concentra-
tion, it is hardly surprising that physio-
logical mechanisms that very effectively
prevent or correct hypoglycemia (11)
have evolved. Indeed, hypoglycemia is a
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NORMAL GLUCOSE COUNTERREGULATION

I
GLUCOSE

INSULIN (83±3mg/dL)

• I GLUCAGON (68±2mg/dL)

— - • 4EPINEPHRINE (69±2mg/dL)

(^ Brain Glucose Uptake, -67mg/dL)

• GROWTH HORMONE (66±2mg/dL)

4 CORTISOL (58±3mg/dL)

(Symptoms, ~54mg/dL;| Cognition, ~49mg/dL)

•*» GLUCOSE AUTOREGULATION (<50. >30mg/dL)

GLUCOSE

OTHER HORMONES, NEUROTRANSMITTERS,

OTHER SUBSTRATES

Figure 1—Schematic representation of the physiology of glucose counterregulation. Mean (±SE)

arterialized venous glycemic thresholds for the various responses/changes are also shown (9-11). From

CryerQl).

distinctly uncommon clinical event ex-
cept in persons who use drugs, such as
insulin or sulfonylureas, that lower the
plasma glucose concentration (12). As
discussed later, however, it is more than
just the use of these glucose-lowering
drugs that explains the occurrence of hy-
poglycemia in patients with diabetes.

Extra-CNS effects of hypoglycemia
Although the effects of hypoglycemia on
the brain per se are potentially most dev-
astating, hypoglycemia elicits an array of
extra-CNS effects. The vast majority of the
recognized responses are, however, CNS
mediated. Some are clearly adaptive,
some are seemingly maladaptive, and
many are teleologically obscure. They in-
clude changes in hormone secretion in-
cluding those relevant to the prevention
and correction of hypoglycemia, summa-
rized later, and the autonomic discharge
that results in hemodynamic changes and
neurogenic (autonomic) symptoms.

The changes in hormone secre-

tion during hypoglycemia include decre-
ments in insulin and increments in gluca-
gon, epinephrine, growth hormone and
cortisol (9-12). The physiological rele-
vance of these is summarized shortly.
Other hormones—corticotropin-releas-
ing hormone, adrenocorticotropin, pro-
lactin, vasopressin, oxytocin, pancreatic
polypeptide, renin, aldosterone, atrial na-
triuretic hormone, gastrin, and parathy-
roid hormone, among others—and sev-
eral neuropeptides have been reported to
be released during hypoglycemia (13).

Both the sympathochromaffin
(adrenomedullary and sympathetic neu-
ral) and parasympathetic components of
the autonomic nervous system are acti-
vated during hypoglycemia (14). This un-
derlies the hemodynamic changes (15)
and the neurogenic (autonomic) symp-
toms (16). The typical hemodynamic pat-
tern includes an increase in heart rate
with widening of the pulse pressure (in-
crements in systolic and decrements in
diastolic blood pressure) with no change

in mean blood pressure. Increments in
cardiac output are the result of incre-
ments in stroke volume as well as heart
rate. Increased muscle sympathetic nerve
activity (14) presumably underlies net va-
sodilatation, but the sympathetic re-
sponse is differentiated. Splanchnic blood
flow has been reported to be increased
(17) or unchanged (18) while renal blood
flow is reduced (15). Hypoglycemia also
produces lymphocytosis, probably epi-
nephrine mediated, and neutrophilia, at
least in part cortisol mediated (19).

Physiology of glucose
counterregulation
The physiological mechanisms that nor-
mally prevent or correct hypoglycemia
have been reviewed (11) and discussed in
detail (20) recently and are summarized
in Fig. 1.

The principles of glucose counter-
regulation are three. First, the prevention
or correction of hypoglycemia is the re-
sult of both dissipation of insulin and ac-
tivation of glucose counterregulatory
(glucose-raising) systems. Second,
whereas insulin is the dominant glucose-
lowering factor, there are redundant glu-
cose counterregulatory factors. There are
multiple glucose-raising factors that col-
lectively constitute a fail-safe system that
prevents or minimizes failure of the entire
system despite failure of one, or perhaps
more, of its components. Third, there is a
hierarchy among the glucoregulatory fac-
tors. There is a ranked series of counter-
regulatory factors, some more critical to
the effectiveness of the fail-safe system
than others, that act in concert with dec-
rements in insulin to prevent or correct
hypoglycemia.

The first defense against falling
plasma glucose concentrations is de-
creased insulin secretion; this occurs with
glucose decrements within the physiolog-
ical range, normally at a glycemic thresh-
old of - 8 3 mg/dl (4.6 mM) (9,11). How-
ever, biological glucose recovery from
hypoglycemia can occur despite an ap-
proximately twofold peripheral hyperin-
sulinemia and in the absence of portal hy-
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Table 1—Range of frequencies (%) of individual symptoms of hypoglycemia reported in
eight series of patients with insulin-treated diabetes mellitus

Sweating
Trembling
Weakness
Visual disturbance
Hunger
Pounding heart
Difficulty with speaking
Tingling around mouth

47-84
32-78
28-71
24-60
39-49

8-62
7-41

10-39

Dizziness
Headache
Anxiety
Nausea
Difficulty concentrating
Tiredness
Drowsiness
Confusion

11-41
24-36
10-44
5-20

31-75
38-46
16-33
13-53

From Hepburn (31).

poinsulinemia (21). Thus, additional
(glucose counterregulatory) factors must
be involved. Critical glucose counter-
regulatory systems are normally activated
at a glycemic threshold of ~68 mg/dl (3.8
mM), well above the thresholds for symp-
toms of hypoglycemia (~54 mg/dl [3.0
mM]) and those for cognitive dysfunction
(-49 mg/dl [2.7 mM]) (9,10). Among the
glucose counterregulatory factors, gluca-
gon plays a primary role. Epinephrine is
not normally critical, but it becomes crit-
ical to glucose counterregulation when
glucagon is deficient. Because hypoglyce-
mia develops or progresses when the se-
cretion of both glucagon and epinephrine
is deficient and insulin is present (22-
29), these three hormones stand high in
the hierarchy of redundant glucoregula-
tory factors. Other factors, such as growth
hormone and cortisol in defense against
prolonged hypoglycemia, are known to
be involved. Furthermore, glucose auto-
regulation (hepatic glucose production as
an inverse function of ambient glucose
levels independent of hormonal and neu-
ral glucoregulatory factors) may be oper-
ative during severe hypoglycemia, and
fatty acid elevations appear to mediate, in
part, the effects of epinephrine (11).
Other hormones, neurotransmitters, and
other metabolic substrate effects may also
be shown to be involved. Nonetheless, all
of these latter factors must stand low in
the hierarchy of redundant glucose coun-
terregulatory factors since, despite their
actions, hypoglycemia develops or
progresses when both glucagon and epi-
nephrine are deficient and insulin is
present.

HYPOGLYCEMIA IN IDDM

Classification
For descriptive purposes treatment-in-
duced hypoglycemia can be divided into
three categories: 1) asymptomatic (bio-
chemical) hypoglycemia, 2) mild-moder-
ate symptomatic hypoglycemia, and 3)
severe hypoglycemia. Detection of
asymptomatic hypoglycemia requires
measurement of the plasma/blood glu-
cose concentration. The patient is able to
recognize and self-treat mild-moderate
symptomatic hypoglycemia. Severe hy-
poglycemia, as defined in the DCCT pro-
tocol, is temporarily disabling and, there-
fore, requires the assistance of another
person (30).

While clinically and pedagogi-
cally useful, this classification is arbitrary.
Typically, the plasma glucose level falls
through asymptomatic and mild-moder-
ate symptomatic phases before reaching
levels that produce severe clinical hypo-
glycemia. As discussed later, however, the
absence of symptoms, or the failure of the
patient to recognize symptoms or to inter-
pret symptoms as indicative of develop-
ing hypoglycemia, is a major determinant
of the frequency of severe hypoglycemia
(30).

Clinical manifestations
Because treatment-induced hypoglyce-
mia is most often self-diagnosed, there is a
critical reliance on symptoms. Spouses,
other family members, friends, or co-
workers, as well as medical personnel,
also use signs to recognize hypoglycemia.

Symptoms. Patients with diabetes report
an array of symptoms during hypoglyce-
mic episodes. Many of these, compiled by
Hepburn (31) from eight published series
(32-39), are listed in Table 1. The variety
of reported symptoms and particularly
the wide range of their frequencies in the
different reports are noticeable. The latter
likely represents differences in patient
populations, ascertainment methods, and
symptom assessment techniques. The dif-
ficulty in providing a short list of reliable
symptoms is compounded by the fact that
symptoms of hypoglycemia are often id-
iosyncratic (40-42). In a given patient a
certain symptom or symptom complex is
often reliable for that patient but not for
another patient. Thus each individual pa-
tient must learn to recognize the individ-
ual symptoms that most reliably suggest
developing hypoglycemia to him or her.

Although it has been suggested
that hypoglycemic symptom patterns
may differ in patients with NIDDM
treated with oral agents (33), this remains
to be established. It appears that the hy-
poglycemic symptom patterns of insulin-
treated NIDDM and IDDM are the same
(43).

It is conventional to divide the
symptoms of hypoglycemia into two cat-
egories (16,44). J) Neuroglycopenic
symptoms are those that result directly
from brain glucose deprivation. Behav-
ioral and cognitive changes are examples,
as are coma and seizure. 2) Neurogenic
(or autonomic) symptoms are those that
result from perception of physiological
changes caused by the autonomic (adre-
nomedullary, sympathetic neural and
parasympathetic neural) discharge trig-
gered by hypoglycemia. It could be rea-
soned that this division is misleading be-
cause the autonomic discharge is
ultimately the result of neuroglycopenia.
Nonetheless, the division is clinically use-
ful as discussed later. Parenthetically, it is
imprecise to refer to neurogenic symp-
toms as a group as "adrenergic." As dis-
cussed later, some are mediated by cat-
echolamines (adrenergic), but others are
mediated by acetylcholine (cholinergic).
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Table 2—Neurogenic and neuroglycopenic symptoms of hypoglycemia

Neurogenic Neuroglycopenic

Shaky/tremulous
Heart pounding
Nervous/anxious

Sweaty
Hungry
Tingling
Blood sugar low (awareness of hypoglycemia)

Difficulty thinking/confused
Tired/drowsy
Weak
Warm
Difficulty speaking
Incoordination
Odd behavior
(Coma, seizure, death)

Table is derived largely from Towler et al. (16).

It is conceivable that some might be me-
diated by peptides (peptidergic). There-
fore, the term neurogenic, or autonomic
as some prefer (31), is more appropriate
(44).

While many symptoms are readily
characterized as neurogenic or neurogly-
copenic, others have been more difficult
to classify, and there has been some de-
bate about these (31). Three approaches
to such classification have been taken. 1)
A physiological approach based on the
physiological mechanism (neurogenic or
non-neurogenic) thought to underlie a
given symptom (45). 2) Factor analysis to
identify statistical clusters of symptoms
coupled with the physiological approach
to deduce the mechanism of a given clus-
ter (46-48). 3) A pharmacological ap-
proach not unlike that used, in part, to
define physiological mechanisms in the
past but in this instance using adrenergic
and cholinergic antagonists to attempt to
block both awareness of and individual
symptoms of hypoglycemia (16). With
these approaches a consensus, albeit not
quite complete, is emerging (16).

Major neurogenic and neurogly-
copenic symptoms of hypoglycemia are
listed in Table 2. All three methods indi-
cate that the symptoms of "shaky/tremu-
lous," "heart pounding," and "sweaty" are
neurogenic (16,45,48). Factor analysis
and the pharmacological method indicate
that "hungry" is a neurogenic symptom
(18,48). The pharmacological method in-
dicates that "nervous/anxious," not as-

sessed with the other methods, is a neu-
rogenic symptom (16). The symptom of
"tingling" was found to be neurogenic
with the latter method (16); it did not fit
in either category by factor analysis (47).
As deduced from the pharmacological
method and from factor analysis, "diffi-
culty thinking/confused" and "tired/
drowsy" are neuroglycopenic symptoms.
Variously classified as neurogenic (46) or
unclassified (47) by factor analysis, the
symptom of "weak" was found to be neu-
roglycopenic with the pharmacological
method (16) as was the symptom of
"warm." The latter was classified as neu-
rogenic in one factor analysis report (46)
but not included in the others (47,48).
The symptom "difficulty speaking" was
found to be neuroglycopenic by factor
analysis (48); it was not a significant
symptom of hypoglycemia in the phar-
macological study (16). The symptoms of
"incoordination" and "odd behavior"
were classified as neuroglycopenic by fac-
tor analysis (48); these were not assessed
in the pharmacological study (16). Fi-
nally, neither "headache" nor "nausea"
were found to be significant symptoms of
hypoglycemia in the pharmacological
study (16), and these did not fall into ei-
ther the neurogenic or neuroglycopenic
categories on factor analysis (48).

The neurogenic symptoms
"shaky/tremulous," "heart pounding,"
and "nervous/anxious" are reduced sub-
stantially by adrenergic blockade (with
the nonselective a-adrenergic antagonist

phentolamine plus the nonselective j3-ad-
renergic antagonist propranolol) during
hypoglycemia (16). Thus, these are ad-
renergic neurogenic symptoms of hypo-
glycemia. This conclusion is entirely con-
sistent with earlier data (45) indicating
that patients with cervical spinal cord
transections, and thus no sympathochro-
maffin system outflow from the CNS, do
not exhibit these symptoms (49-51).
Since bilaterally adrenalectomized
(52,53) and splanchniectomized (54) in-
dividuals do not report palpitations dur-
ing hypoglycemia, these are probably
normally mediated by epinephrine se-
creted from the adrenal medullae. On the
other hand, since such patients do report
tremor during hypoglycemia (53,54), the
latter is probably mediated by norepi-
nephrine released from sympathetic
nerves as well as by circulating epineph-
rine (45,55).

In contrast, the neurogenic symp-
toms of "sweaty," "hungry," and "tin-
gling" are not reduced by adrenergic
blockade during hypoglycemia but are re-
duced substantially by panautonomic
blockade that includes the muscarinic
cholinergic antagonist atropine (16).
Thus, these are predominantly cholin-
ergic neurogenic symptoms of hypoglyce-
mia. The conclusion that these are neuro-
genic symptoms is entirely consistent
with earlier data (45) indicating that pa-
tients with cervical spinal cord transec-
tions (49-51) and those who had under-
gone bilateral adrenalectomy (52,53) or
splanchniectomy (54) do not report these
symptoms during hypoglycemia. The
conclusion that "sweaty" is a cholinergic
symptom was expected since the dia-
phoretic response to hypoglycemia is me-
diated by cholinergic sympathetic nerves
(45,55).

Awareness of hypoglycemia is
largely, perhaps exclusively, the result of
the perception of neurogenic symptoms
(16). This finding is relevant to the clini-
cal syndrome of hypoglycemia unaware-
ness as discussed later. Interestingly,
awareness is largely the result of the per-
ception of cholinergic, rather than adren-
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ergic, symptoms. Towler et al. (16) found
that subjects' scoring of the symptom
"blood sugar low" during hypoglycemia
was not reduced significantly by adrener-
gic blockade but was reduced substan-
tially (~70%) by panautonomic blockade
(phentolamine and propranolol plus at-
ropine).
Signs. In contrast to the patient, who re-
lies on neurogenic cues, behavioral or
cognitive changes, which are manifesta-
tions of neuroglycopenia, most often
prompt recognition of hypoglycemia by
observers of the patient. This is done in-
formally by a family member, friend, or
co-worker, and by a more formal mental
status examination by medical personnel.
Diaphoresis and pallor are common find-
ings. Tachycardia and a widened pulse
pressure are supportive but are often too
subtle to provide strong clues to the diag-
nosis.

Diagnosis
Hypoglycemia is best documented by
Whipple's triad: symptoms compatible
with hypoglycemia, a low plasma glucose
concentration, and relief of symptoms af-
ter the plasma glucose concentrations is
raised (56). While devices for self-moni-
toring of blood glucose are not precise,
particularly at low plasma glucose con-
centrations (57), they are invaluable in
the management of IDDM outside of a
hospital environment since they permit
estimation of the glucose level and thus
documentation of hypoglycemia (as well
as euglycemia or hyperglycemia). Because
of the imprecision of these devices and
because the glycemic thresholds for
symptoms may lie at higher plasma glu-
cose concentrations in patients with
poorly controlled IDDM (58,59) as dis-
cussed later, it is not appropriate to use a
single glucose value to define hypoglyce-
mia. If suggestive symptoms are present
the glucose level should be estimated, if
possible. If the glucose level is not ele-
vated it is reasonable to treat (e.g. for the
patient to ingest carbohydrate) and see if
the symptoms resolve. If it is not practical
to estimate or measure the plasma glucose

concentration, it is appropriate to treat on
the basis of symptoms alone since the risk
of untreated hypoglycemia outweighs the
risk of transient hyperglycemia.

While rigid definitions of asymp-
tomatic (biochemical) hypoglycemia are
useful for epidemiological studies, more
flexible definitions should be used in the
management of IDDM. In general, a glu-
cose level of 50 mg/dl (2.8 mM) or less is
too low and should prompt treatment.
However, in a given patient a level of 60
mg/dl (3.3 mM), 70 mg/dl (3.9 mM), or
even higher might well prompt a manage-
ment decision (e.g. food ingestion, defer-
ral of exercise, change in insulin dose).

Treatment
An episode of treatment-induced hypo-
glycemia requires urgent treatment and
short-term measures to prevent recur-
rence of hypoglycemia followed by con-
sideration of the probable cause of the ep-
isode and any adjustments that should be
made to reduce the likelihood of subse-
quent episodes. Because hypoglycemia is
so common and usually readily treated in
IDDM, it is sometimes taken too lightly by
health professionals, particularly physi-
cians (60).

Most hypoglycemic episodes can
be treated effectively by ingestion of glu-
cose per se or carbohydrate-containing
juices or soft drinks, candy, crackers, or a
meal (61-64). The glycemic response is
better correlated with the glucose than
the carbohydrate content of the feeding
(61). Recent data (64) support the earlier
recommendation (61) that a 20-g dose of
glucose (0.3 g/kg in children) is advisable.
In a model of insulin-induced hypoglyce-
mia in patients with IDDM (64), illus-
trated in Fig. 2, 10 g of oral glucose raised
plasma glucose levels from 60 mg/dl (3.3
mM) to only 97 mg/dl (5.4 mM) over 30
min; the levels started to fall after 60 min
and reached placebo levels in <2 h.
Twenty grams of oral glucose raised
plasma glucose levels from 58 mg/dl (3.2
mM) to 122 mg/dl (6.8 mM) over 45 min,
with a greater response at 15 min; again,
the levels started to fall after 60 min and
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Figure 2—Mean (±SE) plasma glucose con-
centrations, in a model oj insulin-induced hypo-
glycemia in patients with IDDM, in response to 10
g (O) and 20 g (•) oj oral glucose, 1.0 mg (A) oj
subcutaneous glucagon, or placebo (stippled
area). From Wiethop and Cryer (64).

approached placebo levels in ~2 h.
Clearly, oral glucose is an effective but
temporary measure; persistent hypogly-
cemia generally requires subsequent in-
gestion of a more substantial meal to pre-
vent recurrent hypoglycemia.

When the patient is unable, or un-
willing because of neuroglycopenia, to
take an oral treatment, glucagon, admin-
istered subcutaneously or intramuscu-
larly generally by a spouse, family mem-
ber, friend or co-worker, is the treatment
of choice outside of the hospital setting
(60,64-72). Glucagon stimulates hepatic
glucose production. It increases both gly-
cogenolysis and gluconeogenesis and is
less effective in patients with glycogen de-
pletion. The standard dose is 1.0 mg (15
jULg/kg in children), but that can produce
substantial hyperglycemia (see Fig. 2). As
with oral glucose, the glycemic response
is transient; glucose levels begin to fall af-
ter —1.5 h (64). Lower doses would pro-
duce less hyperglycemia but would be ex-
pected to shorten that interval. Thus, this
too is a temporary measure generally re-
quiring subsequent ingestion of food to
prevent recurrent hypoglycemia. Vomit-
ing sometimes follows treatment of hypo-
glycemia with glucagon (60,67).
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Glucagon can also be used in the
emergency treatment of hypoglycemia by
paramedical personnel, although the lat-
ter can usually administer glucose intra-
venously (73). Although the hormone
can be used in the emergency room set-
ting (67), intravenous glucose is perhaps
more appropriate (60). Intranasal gluca-
gon, with a time course of action compa-
rable to injected glucagon, is a promising
practical advance in the out-of-hospital
treatment of severe hypoglycemia (74-
79).

Intravenous glucose is the stan-
dard treatment of severe hypoglycemia in
the emergency room setting (60) and, in-
creasingly, by paramedical personnel out-
side of the hospital (73). The usual dose is
25 g. Aside from occasional difficulty ob-
taining intravenous access, particularly in
an uncooperative neuroglycopenic pa-
tient, and instances of phlebitis, there is
little to criticize about this rapidly effec-
tive therapy. The response, of course, is
transient, and subsequent glucose infu-
sion, feeding, or both are required.

Experimental approaches to the
treatment of hypoglycemia, based on the
pathophysiology of glucose counterregu-
lation in IDDM (2), include oral adminis-
tration of the amino acid alanine and oral
and parenteral administration of the j82-
adrenergic agonist terbutaline (64,80).
The glycemic response to alanine is
largely attributable to stimulation of en-
dogenous glucagon secretion; the re-
sponse to terbutaline is attributable to
epinephrine-like direct j82-adrenergic ac-
tions as well as stimulation of endogenous
norepinephrine release (80). The theoret-
ical advantage of these agents is that, un-
like glucose or glucagon, they produce
sustained glycemic responses. Therefore,
they might be useful in the treatment of
mild hypoglycemia or in the prevention
of hypoglycemia when food intake is not
anticipated over the following several
hours (e.g. overnight). However, the clin-
ical utility of these agents remains to be
established.

Obviously, as mentioned earlier
and discussed later, strategies that reduce

the frequency of iatrogenic hypoglycemia
are preferable to the treatment of hypo-
glycemia.

Frequency
Hypoglycemia is a fact of life for people
with IDDM. The frequency of severe hy-
poglycemia can be determined with some
precision. That of mild-moderate symp-
tomatic hypoglycemia can be estimated.
The frequency of asymptomatic (bio-
chemical) hypoglycemia can only be ap-
proximated.
Asymptomatic hypoglycemia. Using
seven-point multiple sampling during the
day, Thorsteinsson et al. (81) docu-
mented the fact that the frequency of hy-
poglycemia is inversely related to the me-
dian plasma glucose concentration
regardless of the glucose level used to de-
fine biochemical hypoglycemia. At a eu-
glycemic median glucose level of 90
mg/dl (5.0 mM), their data predict glu-
cose levels <54 mg/dl (3.0 mM) -10% of
the time. This prediction is supported by
the data of Arias et al. (82). Using contin-
uous blood glucose monitoring through-
out a 24-h period, glucose levels <50
mg/dl (2.8 mM) were found in 9 of 10
patients treated to a mean glucose level of
100 mg/dl (5.6 mM). These were not iso-
lated low values. The mean duration of
glucose levels <50 mg/dl was —2.5 h, the
longest 7 h. Notably, the patients were
aware of only 6 of the 23 episodes (26%).

Asymptomatic hypoglycemia is
particularly common during the night
(29,83-86). Gale and Tattersall (86)
found 22 of 39 patients (56%) with IDDM
to have blood glucose levels <36 mg/dl
(2.0 mM) during overnight sampling.
These episodes lasted >3 h in 17 (77%)
of the affected patients. Only 8 (36%) of
the 22 patients reported symptoms. Thus,
more than one-third of the patients stud-
ied had asymptomatic nocturnal hypo-
glycemia of substantial proportions.

In general, plasma glucose con-
centrations during the night are directly
related to the bedtime (as well as the
morning) glucose levels (84,85,87-90).
For example, in a study of 135 pediatric

patients with IDDM, Shalwitz et al. (90)
found that the 10:00 P.M. glucose level
was 100 mg/dl (5.6 mM) or less on 48%
of nights with subsequent 2:00 A.M. glu-
cose levels of 60 mg/dl (3.3 mM) or less.
The risk of hypoglycemia at 2:00 A.M. was
about one in four when the 10:00 P.M.
glucose level was 100 mg/dl or less. Using
hourly sampling during the night, Pram-
ming et al. (84) found even higher rates of
nocturnal hypoglycemia in a study of 58
adults with IDDM. They calculated that if
the bedtime glucose level was <108
mg/dl (6.0 mM) the risk of nocturnal hy-
poglycemia was 80%.

Clearly, asymptomatic iatrogenic
hypoglycemia is extraordinarily common
in patients with IDDM.
Mild-moderate symptomatic hypogly-
cemia. The best estimates of the fre-
quency of mild-moderate symptomatic
hypoglycemia, i.e. symptomatic hypogly-
cemia not requiring the assistance of an-
other person, are based on data from the
Steno Memorial Hospital in Denmark.
Pramming et al. (91) studied 411 insulin-
treated patients and found that they
suffered an average of 1.8 episodes of
symptomatic hypoglycemia per week.
Extrapolated over a lifetime of IDDM,
these data suggest that a given patient suf-
fers several thousand episodes of symp-
tomatic hypoglycemia. While these pa-
tients may have been treated aggressively,
at a hospital dedicated to the manage-
ment of diabetes, they were not, as a
group, being treated intensively by cur-
rent criteria. Approximately 75% of the
patients were using a "split/mixed" insu-
lin regimen (intermediate and rapid-
acting insulin twice daily). Thus, the fre-
quency of mild-moderate symptomatic
hypoglycemia might well be even higher
in intensively treated IDDM.
Severe hypoglycemia. Reported fre-
quencies of severe treatment-induced hy-
poglycemia range from 4.5 to 44% of pa-
tients per year and from 5 to 140 episodes
per 100 patient-years (92). The reasons
for the widely discrepant results in these
reports (68,91,93-109) are not entirely
clear. One suspects factors such as differ-
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coma in the feasibility phase of the Diabetes Control and Complications Trial (DCCT). Data from Ref.
100.

ent definitions of severe hypoglycemia
(one study [99] required loss of con-
sciousness), incomplete ascertainment of
severe hypoglycemia (in 1 study [91] only
6% of severe episodes were treated in a
hospital emergency room), and wide vari-
ance in the degree of metabolic control
achieved. In any event, this heterogeneity
precludes meaningful meta-analysis of
these published data.

The Diabetes Control and Com-
plications Trial (DCCT) provided infor-
mative data on the frequency of severe
hypoglycemia in IDDM (3,30,100). The
DCCT was a large, prospective, random-
ized trial designed to compare the effects
of conventional and intensive therapies
on the development and progression of
the early vascular and neurological com-
plications of IDDM. In the 1-year feasibil-
ity phase of the DCCT (96) 10% of 132
conventionally treated patients suffered at
least one episode of severe hypoglycemia;
26% of 146 intensively treated suffered
severe hypoglycemia (Fig. 3); 6 and 20%,
respectively, suffered hypoglycemic

coma. There were 17 and 54 episodes of
severe hypoglycemia (and 12 and 34 ep-
isodes of hypoglycemic coma) per 100
patient-years in the conventionally and
intensively treated groups respectively. In
the full scale trial (3)—1,441 patients fol-
lowed for a mean of 6.5 years with a
broadened definition of severe hypogly-
cemia that included episodes requiring
assistance even if treatment was only oral
carbohydrate—the event rates were
slightly higher, 19 and 62 episodes of se-
vere hypoglycemia per 100 patient-years
in the conventionally and intensively
treated groups respectively. Thus on av-
erage a patient treated intensively to a
mean plasma glucose level of 155 mg/dl
(8.6 mM) can be projected to suffer an
episode of severe, temporarily disabling
hypoglycemia, often with coma or sei-
zure, once every 1.6 years. A patient
treated conventionally to a mean plasma
glucose level of 231 mg/dl (12.8 mM) can
be projected to suffer such an episode
once every 5 years. These should be
viewed as minimum estimates since,

based on the experience in the feasibility
phase (100), patients with a history of re-
current severe hypoglycemia were ex-
cluded from the DCCT. As discussed
later, such a history is a major risk factor
for subsequent severe hypoglycemia (30).
Obviously, these projections obscure the
fact that there is heterogeneity among pa-
tients. Some suffer repeated episodes of
severe hypoglycemia, others suffer none.
Nonetheless, the data document a high
frequency of severe iatrogenic hypoglyce-
mia in patients with IDDM, especially
those attempting to keep plasma glucose
levels as close to the nondiabetic range as
possible.

Aggressive treatment of IDDM is
particularly important before and during
pregnancy. However, intensive therapy
during pregnancy results in a frequency
of severe hypoglycemia comparable to, or
even greater than, that in the nonpreg-
nant patient with IDDM (110,111). In-
deed, evidence from studies in rats sug-
gests that pregnancy per se impairs
physiological defenses against developing
hypoglycemia (112).

Impact/Outcome
Physical morbidity. The physical mor-
bidity of an episode of hypoglycemia is
largely neurological. It ranges from an ar-
ray of unpleasant symptoms (Table 2) to
impairment of cognitive function, behav-
ioral changes, seizure, and coma. Revers-
ible focal neurological deficits (113) and
decerebrate posturing (114) can occur.
Generally, these symptoms and signs
clear promptly after the plasma glucose
concentration is raised. Sometimes recov-
ery is delayed because of cerebral edema
(60). Rarely, there are permanent gener-
alized or focal neurological deficits (115).
In one such patient a temporal lobe ab-
normality, perhaps reflecting hypoglyce-
mic brain damage, was found on mag-
netic resonance imaging (115). Both the
depth and duration of hypoglycemia are
probably determinants of neurological
damage. In monkeys, 5-6 h at a blood
glucose of <20 mg/dl (1.1 mM) were re-
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quired for the regular production of neu-
rological damage (116).

A major unresolved issue is the
extent to which recurrent iatrogenic hy-
poglycemia produces permanent impair-
ment of brain function over time in pa-
tients with IDDM (117,118). There are
several reports suggesting that children
with early-onset IDDM are at risk for de-
velopment of cognitive impairment (119—
123). In some reports this impairment
was associated with previous recurrent
hypoglycemia (121,123). Even if one as-
sumes a cause and effect relationship be-
tween recurrent iatrogenic hypoglycemia
and cognitive impairment in young chil-
dren, whose brains are still developing, it
would be inappropriate to extrapolate
that to adults.

There are also several reports sug-
gesting a relationship between recurrent
hypoglycemia and cognitive impairment
in adults with diabetes (124-129). Lan-
gan et al. (127), in a study of 100 adults
with IDDM using a retrospective measure
of premorbid cognition, found a relation-
ship between recurrent hypoglycemia
and lower intelligence quotients (IQ). A
relationship between recurrent hypogly-
cemia and lower verbal IQ was also found
when this group of patients was con-
trasted with a nondiabetic control group
(128). On the other hand, despite an in-
creased frequency of severe hypoglyce-
mia in the intensively treated patients in
the 5-year Stockholm study (130), no dif-
ferences in cognitive function between
this group and the conventionally treated
group were detected. Apparently, that
was also the case in the DCCT (3), al-
though the detailed data from the latter
have not yet been published. Although
the statistical power of the Stockholm
study can be questioned, the DCCT data
should have sufficient power to detect a
meaningful effect.

Psychosocial morbidity. Treatment-
induced hypoglycemia can produce re-
current or even persistent psychological
morbidity in IDDM (2,91,131-133).
That includes both fear of developing hy-
poglycemia and guilt about that fear (2)

and can be a major but unrecognized im-
pediment to achieving glycemic control
(132). Pramming et al. (91) found their
patients to be as concerned about the de-
velopment of an episode of severe hypo-
glycemia as they were about the develop-
ment of blindness or renal failure.
Wredling et al. (133) found patients with
recurrent severe hypoglycemia to have
higher levels of anxiety and lower levels of
happiness on psychological testing. One
patient put it poignantly when she wrote,
"Being fearful of hypoglycemia, is it
wrong to be afraid? If so, I am" (2). Not
only was she afraid of hypoglycemia, but
she also had been made to feel guilty
about that rational fear.

Patients with IDDM are barred
from many forms of employment, and hy-
poglycemia is said to be a major concern
of prospective employers (134). Driving
performance is demonstrably impaired
during hypoglycemia (135). Motor vehi-
cle accidents attributable to iatrogenic hy-
poglycemia have been documented
(3,136-138). Interestingly, however,
most studies do not indicate higher acci-
dent rates in people with diabetes (137-
139). A small age-adjusted increase has,
however, been reported (140). The man-
agement required to prevent hypoglyce-
mia as well as hypoglycemia itself can in-
trude on other routine activities such as
exercise, sports, and social events (134).
At best, an episode of hypoglycemia is a
nuisance and a distraction. It can also be
embarrassing, and even lead to ostracism
or be mistaken for disorderly or unlawful
behavior.

Mortality. Unless the event is witnessed
and hypoglycemia documented before
death, establishing treatment-induced
hypoglycemia as a cause of death is ex-
traordinarily difficult (141). Thus, the
true iatrogenic mortality rate from hypo-
glycemia in IDDM is not known. Esti-
mates from large retrospective series
range from 2 to 13% of deaths of patients
with IDDM (142-147); 4% (143,145) is a
commonly quoted figure. Higher (148,
149) and lower (150) rates have been re-
ported in smaller studies. In an analysis of

35 deaths of patients using continuous
subcutaneous insulin infusion, Teutsch et
al. (151) concluded that hypoglycemia
was the probable cause of death in 3;
however, the relationship seemed clear in
only 1 patient. On the other hand, several
others died without a clear explanation.
The latter problem was highlighted by an
investigation of 50 deaths of patients with
IDDM by Tattersall and Gill (152). Two
patients had hypoglycemic brain damage,
but 22 patients, most of whom retired to
bed in apparent good health, were found
dead in bed the following morning. The
relationship of this phenomenon to hypo-
glycemia, if any, is unknown.

Regardless of the precise fre-
quency, it is clear that some patients with
IDDM die from hypoglycemia. There is an
iatrogenic mortality rate.

Pathophysiology and clinical risk
factors
Conventional risk factors. Conven-
tional risk factors for treatment-induced
hypoglycemia in IDDM are based on the
premise that absolute or relative insulin
excess is the sole determinant of risk. Be-
cause of the imperfections of current in-
sulin replacement regimens, absolute or
relative insulin excess must occur from
time to time in patients with IDDM. It
occurs, for example, when:

1. Insulin doses are excessive, ill-
timed, or of the wrong type.

2. The influx of exogenous glucose is
decreased, as following a missed
meal or snack or during an over-
night fast.

3. Insulin-independent glucose utili-
zation is increased (with or without
increased insulin absorption), as
during exercise.

4. Endogenous glucose production is
decreased, as following alcohol in-
gestion.

5. Sensitivity to insulin is increased, as
during effective intensive therapy or
after exercise or in patients with hy-
popituitarism or primary adreno-
cortical insufficiency.
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6. Insulin clearance is decreased, as
with progressive renal insufficiency.

However, the extensive experience of the
DCCT indicates clearly that these conven-
tional risk factors explain only a minority
of episodes of severe iatrogenic hypogly-
cemia in IDDM (30).

The DCCT investigators analyzed
714 episodes of severe hypoglycemia in
216 patients with IDDM (30). Fifty-five
percent of the episodes occurred during
sleep. Warning symptoms were absent in
36% of the episodes that occurred while
the patients were awake. Although 75%
of the affected patients were in the inten-
sive therapy group, the proportions of ep-
isodes during sleep and without warning
symptoms were similar in the two groups.
To identify risk factors, the DCCT inves-
tigators first compared the frequency of
several conventional risk factors on the
hypoglycemia day with that on a ran-
domly selected nonhypoglycemia day. Of
the factors examined, only a missed meal
was more frequent (P < 0.05) on the hy-
poglycemia day. Using a time-dependent
proportional hazards statistical model,
they then identified five significant risk
factors (relative risk, with 95% confi-
dence intervals, shown):

1. Previous severe hypoglycemia 2.5
(1.7-3.9).

2. Duration of IDDM 9-12 years 1.7
(1.1-2.9).

3. Recent hemoglobin Alc 1% lower
1.4(1.2-1.8).

4. Baseline hemoglobin Alc 1% higher
1.2(1.0-1.4).

5. Baseline insulin dose 0.1 units/kg
higher 1.1 (1.0-1.2).

No other variables added to the risk. The
identified factors explained only 8.5% of
the variance in episodes of severe hypo-
glycemia. The conventional risk factors
were noticeably absent.

Clearly, we must look beyond the
conventional risk factors if we are to un-
derstand the pathogenesis of most epi-
sodes of severe treatment-induced hypo-
glycemia in IDDM. The finding that a

history of prior severe hypoglycemia was
the most powerful predictor of subse-
quent severe hypoglycemia in the DCCT
(30) suggests that there are unique fea-
tures of patients at high risk. These fea-
tures likely include those that compro-
mise physiological and behavioral
defenses against hyperinsulinemia and
developing hypoglycemia (2). Thus, it ap-
pears that iatrogenic hypoglycemia is the
result of the interplay of absolute or rela-
tive insulin excess and compromised glu-
cose counterregulation in IDDM (2).
Syndromes of compromised glucose
counterregulation.
Defective glucose counterregulation. The
glucagon secretory response to hypogly-
cemia becomes deficient in the first few
years of IDDM (153,154). This is a selec-
tive defect; glucagon responses to other
stimuli are largely, if not entirely, intact.
Therefore, it cannot be attributed to a
structural abnormality of the a-cells per
se and must represent a signaling abnor-
mality. The mechanism of this defect is
not known, but it is tightly linked to ab-
solute insulin deficiency (155). The defi-
cient glucagon response appears to be ab-
solute; even substantial hypoglycemia
does not elicit a glucagon response (156).
Because glucagon is normally the primary
glucose counterregulatory hormone, as
discussed earlier, and a deficient gluca-
gon response to falling plasma glucose
concentrations is the rule in patients with
IDDM, glucose counterregulation is al-
tered in patients with established IDDM.
Yet it appears to be adequate in the first
few years of IDDM, perhaps because epi-
nephrine compensates, at least in part.

A reduced epinephrine secretory
response to hypoglycemia develops
somewhat later in the course of IDDM
(154,156). This, too, is selective; epi-
nephrine secretory responses to other
stimuli are intact (157). Therefore, the re-
duced epinephrine response cannot be at-
tributed to a structural lesion of the adre-
nal medullae or the sympathochromaifin
reflex arc that mediates all epinephrine
secretory responses, and must represent a
regulatory abnormality. In contrast to the

reduced glucagon response, the reduced
epinephrine response to a given degree of
hypoglycemia represents, at least in part,
a shift to a higher glycemic threshold.
Epinephrine responses can be elicited but
lower plasma glucose concentrations are
required (156). Thus, after 5-10 years of
IDDM most patients have no glucagon re-
sponses to hypoglycemia and reduced
epinephrine (as well as pancreatic
polypeptide) responses to a given degree
of hypoglycemia (64, 156).

The semantics of the glycemic
threshold concept warrant comment. The
rationale for the terms used in this review
and elsewhere (156) is as follows. If a
lower plasma glucose concentration is re-
quired to elicit a given response, the gly-
cemic threshold for that response is ele-
vated, or higher, since a more intense
hypoglycemic stimulus is required to
elicit that response. Conversely, if a given
response occurs at a higher plasma glu-
cose level the threshold for that response
is reduced, or lower, since a less intense
hypoglycemic stimulus elicits the re-
sponse.

In the setting of absent glucagon
responses, the development of deficient
epinephrine responses is a critical event
in the pathophysiology of glucose coun-
terregulation in IDDM. Patients with
combined deficiencies of their glucagon
and epinephrine responses to falling
plasma glucose concentrations have de-
fective glucose counterregulation (2,
158-160). When compared with those
with deficient glucagon but intact epi-
nephrine responses, they have been
shown, in prospective studies, to be at
25-fold or greater increased risk for se-
vere iatrogenic hypoglycemia, at least
during intensive therapy (158,159), as il-
lustrated in Fig. 4.
Hypoglycemia unawareness. As many as
50% of patients with very longstanding
(>30 years) IDDM (91) and an estimated
25% of patients overall (161) have the
clinical syndrome of hypoglycemia un-
awareness (162-167). Affected patients
no longer have the warning neurogenic
symptoms that previously allowed them
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Figure 4—Proportion of patients affected and event rates for severe hypoglycemia during intensive
therapy of patients with IDDM and adequate or defective glucose counterregulation. Data from White
etal. (158).

to recognize developing hypoglycemia
and act (e.g. eat) to prevent its progres-
sion to severe hypoglycemia. Therefore,
the first symptoms are those of neurogly-
copenia, and it is often too late for the
patients to treat themselves. Patients with
hypoglycemia unawareness have elevated
glycemic thresholds (lower plasma glu-
cose concentrations required) for auto-
nomic, including epinephrine, as well as
symptomatic responses to hypoglycemia
(165,167). Patients with histories of hy-
poglycemia unawareness have been
shown, in a prospective study, to be at
about sevenfold increased risk for severe
iatrogenic hypoglycemia (168), as illus-
trated in Fig. 5.

Elevated glycemic thresholds during inten-
sive therapy. The first clue that glycemic
thresholds for autonomic and symptom-
atic responses to hypoglycemia are dy-
namic rather than static was the clinical
impression that intensively treated pa-
tients with IDDM often tolerate low
plasma glucose levels without symptoms.
This impression has been amply sup-
ported by objective data. During inten-
sive therapy of IDDM that effectively low-
ers overall plasma glucose levels,
glycemic thresholds for autonomic re-
sponses and symptoms are elevated

(169,170). These responses can be elic-
ited, but lower plasma glucose concentra-
tions are required. Conversely, glycemic
thresholds are reduced in patients with
poorly controlled IDDM (171). The
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mechanism(s) of these shifts in glycemic
thresholds is not known. However, pro-
longed (days) hypoglycemia has been
shown to increase fractional extraction of
glucose into the brain in rats (172). Re-
cent data indicate that 56 h of hypoglyce-
mia of ~50 mg/dl (2.8 mM) between
meals is associated with increased glucose
extraction into the human brain at a given
level of hypoglycemia (173).

It is well established, from the
large prospective experience of the DCCT
(3,100), that effective intensive therapy
results in a threefold increase in the inci-
dence of severe treatment-induced hypo-
glycemia. However, the extent to which
elevated glycemic thresholds for auto-
nomic and symptomatic responses to hy-
poglycemia contribute to this is not clear.
A major as yet unresolved issue is whether
glycemic thresholds for cognitive dys-
function during hypoglycemia are also el-
evated (lower plasma glucose levels re-
quired) during intensive therapy. Data on
both sides of this issue are available. If the
glycemic thresholds for cognitive dys-
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Figure 5—Proportion of patients affected and event rates for severe hypoglycemia in patients with
IDDM and normal or reduced awareness of hypoglycemia. Data from Gold et al. (168).
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function are not elevated, as suggested by
some data (174-176), it would be reason-
able to suggest that elevated glycemic
thresholds for autonomic and symptom-
atic responses are a major risk factor for
iatrogenic hypoglycemia, since neurogly-
copenia might precede neurogenic symp-
toms. If the glycemic thresholds for cog-
nitive dysfunction are also elevated, as
suggested by other data (166,177,178),
elevated thresholds for autonomic and
symptomatic responses might be less det-
rimental.
Elevated glycemic thresholds following recent
hypoglycemia. Recent antecedent hypo-
glycemia reduces autonomic and symp-
tomatic responses to hypoglycemia in
nondiabetic humans (179-181) and pa-
tients with IDDM (156,182,183). For ex-
ample, Heller and Cryer (179) found that
a single <2 h episode of afternoon hypo-
glycemia reduced autonomic (including
epinephrine and pancreatic polypeptide)
and symptomatic (both neurogenic and
neuroglycopenic) responses to hypogly-
cemia the following morning in nondia-
betic subjects. Similarly, Dagogo-Jack et
al. (156) found such an episode of after-
noon hypoglycemia to cause both ele-
vated glycemic thresholds for autonomic
(including epinephrine and pancreatic
polypeptide) and symptomatic (both
neurogenic and neuroglycopenic) re-
sponses and impaired physiological de-
fense against hyperinsulinemia the fol-
lowing morning in patients with IDDM.
The potential clinical impact of these
findings is discussed later (see Hypoglyce-
mia-associated autonomic failure). This ef-
fect may explain the observation of Gulan
et al. (184) that epinephrine responses to
hypoglycemia were reduced after 3
months of intensive therapy of IDDM
with subcutaneous compared with intra-
venous insulin since there were fewer hy-
poglycemic episodes with the latter.
Elevated glycemic thresholds during ft-ad-
renergic blockade. By blocking the j32-
adrenergic actions of epinephrine, /3-ad-
renergic antagonists impair glucose
recovery from experimental hypoglyce-
mia in patients with IDDM (185). This

class of drugs also elevates the glycemic
threshold (lower plasma glucose levels re-
quired) for symptoms in IDDM (186).
Since both the counterregulatory effects
of epinephrine and awareness of a given
level of hypoglycemia are reduced, it is
reasonable to suspect that administration
of a j3-adrenergic antagonist might in-
crease the frequency of iatrogenic hypo-
glycemia in patients with IDDM. Compel-
ling clinical support for this expectation is
lacking, but this issue has not been exam-
ined critically in the setting of intensive
therapy of IDDM.
Hypoglycemia-associated autonomic failure.
As discussed in detail elsewhere (187),
the syndromes of defective glucose coun-
terregulation, hypoglycemia unaware-
ness, and elevated glycemic thresholds
during intensive therapy (perhaps a result
of recent antecedent hypoglycemia) seg-
regate together clinically, are associated
with a high frequency of severe treat-
ment-induced hypoglycemia, and share
several pathophysiological features. The
latter include elevated glycemic thresh-
olds for autonomic responses to hypogly-
cemia: adrenomedullary (epinephrine),
parasympathetic (pancreatic polypep-
tide), and sympathetic (neurogenic
symptoms) responses to a given level of
hypoglycemia are reduced (156,187). In
the setting of absent glucagon responses,
reduced epinephrine responses compro-
mise physiological defense against devel-
oping hypoglycemia. Reduced symptom-
atic responses compromise awareness of
developing hypoglycemia and thus the
appropriate behavioral response. This
line of reasoning led one of us (P.E.C.) to
propose the concept of hypoglycemia-
associated autonomic failure, of which
these three clinical syndromes are exam-
ples (187).

The pathogenesis of hypoglyce-
mia-associated autonomic failure is not
known, need not necessarily be the same
in all of the clinical syndromes of compro-
mised glucose counterregulation, and
could be multifactorial even in a given
syndrome. Indeed, at a clinical level it is
probably best to consider each of the

component syndromes summarized ear-
lier as separate, albeit often overlapping,
entities, given current lack of a clear un-
derstanding of the pathogenesis of each
syndrome. However, at an investigative
level some insight has been gained. The
status of this incomplete puzzle is sum-
marized in the following paragraphs.

Recent antecedent iatrogenic hy-
poglycemia may well be one factor in the
pathogenesis of hypoglycemia-associated
autonomic failure. The hypothesis, illus-
trated in Fig. 6, is that recent antecedent
iatrogenic hypoglycemia is a major cause
of hypoglycemia-associated autonomic
failure in IDDM and hypoglycemia-asso-
ciated autonomic failure, by reducing
both physiological defense against and
symptoms of developing hypoglycemia,
results in recurrent severe hypoglycemia
thus creating a vicious cycle (187). As
mentioned earlier, recent data support
two key elements of this hypothesis: Re-
cent antecedent hypoglycemia elevates
glycemic thresholds for autonomic and
symptomatic responses to subsequent hy-
poglycemia and impairs physiological de-
fense against hyperinsulinemia in pa-
tients with IDDM (156). Furthermore,
the phenomenon has been shown to be
specific for the stimulus of hypoglycemia;
autonomic responses to standing, exer-
cise, and a mixed meal are unaltered by
recent antecedent hypoglycemia (188).
The phenomenon is not simply the result
of prior activation of the system since
prior sympathochromafnn system activa-
tion (by exercise 90 min earlier) does not
reduce the response of that system to sub-
sequent hypoglycemia (188). Finally, hy-
poglycemia-associated autonomic failure
is distinct from classical diabetic auto-
nomic neuropathy (156,187).

Many of these phenomena have
also been demonstrated in a study of non-
diabetic and diabetic BB/Wor rats (189).
It was shown that 1) antecedent hypogly-
cemia causes reduced counterregulatory
hormone (glucagon and epinephrine) re-
sponses to subsequent hypoglycemia in
rats, as it does in humans (156, 179—
183); 2) the reduced responses induced
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Figure 6—Schematic diagram ojthe concept ofhypoglycemia-associated autonomic failure in IDDM.
From Cryer (187).

by antecedent hypoglycemia are specific
for the stimulus of hypoglycemia in rats,
as they are in humans (188); and 3) dia-
betes per se, in the absence of antecedent
hypoglycemia, causes reduced counter-
regulatory responses to hypoglycemia in
rats, as it does in humans (156).

To the extent that recent anteced-
ent hypoglycemia is a causal factor in the
pathogenesis of hypoglycemia unaware-
ness, defective glucose counterregulation,
or both, relatively short-term scrupulous
avoidance of iatrogenic hypoglycemia
should reduce the frequency of subse-
quent iatrogenic hypoglycemia (187). In-
deed, a similar phenomenon—elevated
glycemic thresholds for counterregula-
tory hormone responses, symptoms and
deterioration of cognitive function—
occurs in nondiabetic patients with an in-
sulinoma and is completely reversed fol-
lowing removal of the tumor (190).
Furthermore, Fanelli et al. (191) have re-
ported that raising glycemic goals cou-
pled with vigorous attempts to avoid hy-
poglycemia in intensively treated patients
with relatively short-duration IDDM re-
sulted in increased symptomatic, epi-
nephrine, and perhaps glucagon re-

sponses to a given level of hypoglycemia 2
weeks and 3 months later. The frequency
of hypoglycemic episodes was also re-
duced. Glycemic control was compro-
mised, but not greatly. These data suggest
that, at least in some patients, the syn-
drome of hypoglycemia unawareness is
reversible (191,192). If so, it follows that
relatively short periods of scrupulous
avoidance of iatrogenic hypoglycemia
might reduce the overall frequency of iat-
rogenic hypoglycemia substantially
(192). However, this plausible extrapola-
tion remains to be systematically ex-
plored.

Dagogo-Jack et al. (193) con-
firmed the finding of Fanelli et al. (191)
that awareness of hypoglycemia can be
restored by scrupulous avoidance of iat-
rogenic hypoglycemia in patients selected
initially for hypoglycemia unawareness.
However, they found no change in the
(reduced) glucagon, epinephrine, and
pancreatic polypeptide responses to hy-
poglycemia during reversal of unaware-
ness. Thus, it appears that while the syn-
drome of hypoglycemia unawareness is
reversible, that of defective glucose coun-
terregulation may not be reversible (192).

It has also been suggested that
treatment with human compared with
animal insulin might cause hypoglycemia
unawareness in patients with IDDM
(194-197). As reviewed elsewhere (198),
there are some additional reports seem-
ingly consistent with that suggestion
(199-201). However, the bulk of the ev-
idence does not support it (202-210).
Notably, Colagiuri et al. (210) performed
a prospective, randomized, double-blind,
cross-over comparison of treatment with
human and porcine insulin in 50 patients
who had previously reported reduced
awareness of hypoglycemia after transfer
from porcine to human insulin. They
found no differences in the frequency of
hypoglycemia, or in that of hypoglycemia
with reduced or absent awareness, during
treatment with human or porcine insulin.
Thus, it does not appear that treatment
with human compared with animal insu-
lin produces clinically important hypo-
glycemia unawareness.

In summary, although insulin ex-
cess of sufficient magnitude can be ex-
pected to produce hypoglycemia under
any condition, the integrity of the glucose
counterregulatory systems, including
their effects to both defend against and
warn of developing hypoglycemia, deter-
mines whether or not therapeutic hyper-
insulinemia results in iatrogenic hypogly-
cemia. Since the risk of treatment-
induced hypoglycemia is the result of the
interplay of insulin excess and compro-
mised glucose counterregulation, it fol-
lows that both of these should be consid-
ered in attempts to minimize the
frequency of hypoglycemia in IDDM.

HYPOGLYCEMIA IN NIDDM
Hypoglycemia also occurs in patients
with NIDDM treated with a sulfonylurea
or with insulin. Most of the issues just
discussed in relation to IDDM also apply
to NIDDM. However, there are some dif-
ferences. These are pointed out in the
paragraphs that follow.

While it has been said that older
patients with NIDDM have fewer neuro-
genic symptoms of hypoglycemia (211),
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Hepburn et al. (43) found the symptom
patterns to be similar in NIDDM and
IDDM patients.

Iatrogenic hypoglycemia appears
to be a less frequent problem among pa-
tients with NIDDM than those with
IDDM (211,212). In one study 20% of
sulfonylurea-treated NIDDM patients re-
ported at least one episode of symptom-
atic hypoglycemia in the preceding 6
months, and 6% reported monthly epi-
sodes (213). Rates of sulfonylurea-in-
duced severe hypoglycemia of 1.9-2.5
per 100 patient-years in NIDDM
(212,214,215) contrast with those of
19-62 per 100 patient-years in IDDM in
the DCCT (3). However, these figures
may be misleading. In a preliminary re-
port from a prospective study in which
patients whose NIDDM was not con-
trolled with diet were randomly assigned
to insulin or sulfonylurea therapy and
which included the glycemic goal of a
fasting plasma glucose concentration of
<144 mg/dl (8.0 mM), the frequencies of
symptomatic hypoglycemia over 3 years
were 35% in those treated with insulin,
29% in those treated with glyburide, and
12% in those treated with chlorpropam-
ide (216). The frequencies of severe hy-
poglycemia were 6.6%, 3.7%, and 2.0%
respectively. These data suggest that there
is a higher risk of severe hypoglycemia
with aggressive insulin treatment of
NIDDM, and that the frequency of severe
hypoglycemia in aggressively treated
NIDDM may be higher than previously
thought. Nonetheless, the rate of about
1-2% per year (216) is considerably
lower than that of —25% per year in the
intensively treated IDDM patients in the
DCCT (100). However, Hepburn et al.
(43) found the frequency of severe hypo-
glycemia to be similar in insulin-treated
NIDDM and IDDM matched for duration
of insulin therapy. Furthermore, with re-
spect to the impact of iatrogenic hypogly-
cemia, it should be recalled that the num-
ber of patients with NIDDM, and thus at
risk, is many fold greater than the number
of those with IDDM.

Taken together, the data raise the

possibility that while iatrogenic hypogly-
cemia is a less frequent problem in
NIDDM as a whole, it approaches that of
IDDM in those patients who reach the in-
sulin-deficient end of the spectrum of
NIDDM. This possibility warrants further
investigation.

In addition to short-term morbid-
ity, it has been estimated that sulfonyl-
urea-induced severe hypoglycemia re-
sults in permanent neurological deficits
in ~ 5 % of survivors (217) and has a mo-
rality rate of -10% (214,215,217-222).

While it is reasonable to consider
many of the risk factors for iatrogenic hy-
poglycemia in IDDM, discussed earlier, to
be relevant to NIDDM, these have been
little studied in NIDDM. With respect to
the pathophysiology of glucose counter-
regulation in NIDDM there has been con-
siderable controversy, much of it based
on methodological considerations, as
nicely reviewed by Heller (223). In a
study of predominantly insulin requiring
NIDDM, Bolli et al. (224) found a signif-
icantly reduced, but certainly not absent,
glucagon secretory response to hypogly-
cemia produced by subcutaneous insulin
injection. Growth hormone and cortisol
secretory responses were also slightly re-
duced, the epinephrine response was not
different from control values, and the nor-
epinephrine response was slightly in-
creased. Although the burst of glucose
production that normally occurs early
during hypoglycemia was reduced in the
patients with NIDDM, glucose recovery
from hypoglycemia was only slightly re-
duced because of limited glucose utiliza-
tion. The net result was only a moderate
prolongation of hypoglycemia. Thus, al-
though subtle abnormalities are demon-
strable, glucose counterregulation does
not appear to be markedly defective in
patients with NIDDM. It is, of course,
conceivable that studies of patients at the
insulin-deficient extreme of the spectrum
of NIDDM might disclose more substan-
tive defects in glucose counterregulation.

Additional risk factors for iatro-
genic hypoglycemia in NIDDM include
advancing age, poor nutrition, drug inter-

actions with sulfonylureas, and hepatic or
renal disease leading to altered metabo-
lism and excretion of the drugs (211).
Among the sulfonylureas, chlorpropam-
ide and glyburide are associated with a
higher frequency of hypoglycemia
(215,225).

Finally, the treatment of sulfonyl-
urea-induced hypoglycemia in NIDDM
differs from that of severe insulin-induced
hypoglycemia in some important ways.
Because sulfonylurea-induced hypogly-
cemia can be prolonged and can recur
(226,227), hospitalization, with intrave-
nous glucose infusion following initial
treatment with glucose injection, is
strongly recommended. Glucagon proba-
bly should be avoided because it can stim-
ulate endogenous insulin secretion in
NIDDM (228). Drugs that inhibit insulin
secretion such as diazoxide (229,230) or
octreotide (231,232) might be consid-
ered, in conjunction with glucose infu-
sion as necessary.

CONCLUSIONS AND
CLINICAL PRACTICE
RECOMMENDATIONS

THE PROBLEM
Iatrogenic hypoglycemia is a major unre-
solved problem for many patients with
IDDM and some patients with NIDDM. It
is, in fact, the limiting factor in the man-
agement of diabetes mellitus (2). With
documentation of the fact that effective
glycemic control makes a difference with
respect to long-term complications (3), it
is likely that hypoglycemia will become
an even more common problem in the
future. From this it follows that 1) this
problem should be acknowledged and
addressed by all concerned—patients,
health care professionals, and the diabe-
tes community as a whole—and 2) re-
search relevant to hypoglycemia, ranging
from the study of basic mechanisms to
that of applied clinical strategies, should
be encouraged.
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RELATIVE RISK
The management of diabetes mellitus is
empirical in the sense that one ideally at-
tempts to hold plasma glucose concentra-
tions as close to the nondiabetic range as
possible as long as one can do so safely
in a given patient. Given the currently
limited clinical strategies to consistently
minimize the frequency of iatrogenic hy-
poglycemia without compromising glyce-
mic control to a greater or lesser extent,
judgments based on relative risk must be
made. Some episodes of asymptomatic or
mild-moderate symptomatic hypoglyce-
mia are a fact of life, at least in IDDM.
However, recurrent episodes of severe,
temporarily disabling hypoglycemia are
not acceptable. The very real short-term
risks outweigh the likely long-term bene-
fits. The ultimate responsibility for guid-
ing patients in this judgment lies with the
physician.

MANAGEMENT TECHNIQUES

General
The issue of treatment-induced hypogly-
cemia, along with other aspects of diabe-
tes care, should be raised in all patient
contacts. The patient's views and con-
cerns about hypoglycemia should be
sought explicitly by the physician or
other health care provider involved.

Therapeutic goals
In the authors' opinion, in many patients
application of the principles of intensive
therapy coupled with prudent and indi-
vidualized glycemic targets can minimize
the frequency of treatment-induced hy-
poglycemia without compromising glyce-
mic control completely. It should be re-
called that the DCCT data indicate a
direct relationship between glycemic con-
trol and long-term complications (as well
as an inverse relationship with hypogly-
cemia) (3). Any improvement in glycemic
control would be expected to reduce the
risk of long-term complications. Indeed,
although there is not a clear threshold, the
relationship is curvilinear with the great-
est complications risk reduction by mod-

erate compared with poor glycemic con-
trol. Thus, the risk of treatment-induced
hypoglycemia should not be used as an
excuse for not attempting to achieve the
best control possible in a given patient at a
given point in that patient's life. Clearly,
however, glycemic targets must be indi-
vidualized.

Principles of therapy
Application of the principles of intensive
therapy, albeit with individualized and
generally higher glycemic targets, is just
as important in a patient suffering recur-
rent hypoglycemia as it is in a patient able
to achieve near euglycemia safely. These
principles include extensive education,
self-monitoring of blood glucose, and
professional support.

Patients with diabetes, particu-
larly those with IDDM or severe, insulin-
requiring NIDDM, must manage their di-
abetes effectively themselves if they are to
achieve glycemic control. Health profes-
sionals provide guidance and support,
but self-management is the key to suc-
cess. Therefore, the patient must be edu-
cated about the nuances as well as the
basics of diabetes and become an expert
in the management of his or her diabetes.
With respect to hypoglycemia, they must
be taught how to recognize developing
hypoglycemia and to treat it effectively.
They must keep glucose containing treat-
ments with them at all times, at home, at
work, at all other activities, and in be-
tween. The last of these warrants empha-
sis; whether the distance is long or short
glucose must be available to the patient
while traveling including, particularly, in
the automobile when the patient is driv-
ing. Self-monitoring of blood glucose is
particularly important for patients with
hypoglycemia unawareness. They must
measure their glucose level frequently,
and without fail before performing a crit-
ical task such as driving. Spouses, family
members, friends, and coworkers should
also be educated about the recognition of
hypoglycemia and its treatment. The lat-
ter includes the use of parenteral gluca-

gon when the patient is unable to take
glucose orally.

Therapeutic regimens
As mentioned earlier, all current insulin
replacement regimens are imperfect com-
pared with insulin secretion from normal
pancreatic j3-cells. In a patient suffering
from recurrent hypoglycemia, use of a
more flexible insulin replacement regi-
men such as a "basal-bolus" approach (in-
termediate- or long-acting insulin plus
preprandial regular insulin) or continu-
ous subcutaneous insulin infusion should
be considered (233). The goal here is rel-
ative glycemic stability, at least initially at
a somewhat higher than optimal glucose
level, rather than near euglycemia. Again,
the key issue is the selection of prudent
glycemic goals for a given patient.

Risk factor reduction
Given that the risk of treatment-induced
hypoglycemia, at least in IDDM, is deter-
mined by the interplay of absolute or rel-
ative insulin excess and compromised
glucose counterregulation, it is reason-
able to consider each aspect of both com-
ponents to attempt to reduce risk factors
for hypoglycemia (Table 3).

With respect to the conventional
risk factor category, absolute or relative
insulin excess: can the insulin regimen
(doses, timing, type) be optimized? Par-
ticularly if a fixed insulin regimen is used,
is the meal plan, including snacks, appro-
priate to the regimen and to the patient's
lifestyle, preferences, and cultural back-
ground? Does the patient understand and
follow it? Does the patient prepare for ex-
ercise (food ingestion, decreased insulin,
or both), avoid exercise at times of peak
insulin action, and cover unanticipated
exercise wisely? Are there relevant drug
interactions, including alcohol? Is there a
reason, such as improved glycemic con-
trol, weight loss, or physical training, to
suspect increased sensitivity to insulin
and dictate regimen adjustments? Is there
a reason, such as progressive renal insuf-
ficiency, to suspect decreased clearance of
administered insulin? In addition, the un-
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Table 3—Risk factor reduction in the patients with recurrent hypoglycemia

Absolute or relative insulin excess
Compromised glucose

counterregulation

Insulin doses, timing, and type
Meals and snacks
Exercise
Drug interactions, including alcohol
Sensitivity to insulin
Insulin clearance (renal disease)

History of severe hypoglycemia
Defective glucose counterregulation
Hypoglycemia unawareness
Effective intensive therapy
Recent antecedent hypoglycemia
(/3-Adrenergic antagonists)

common causes of hypoglycemia inde-
pendent of diabetes and its treatment (12)
should be considered.

With respect to compromised
glucose counterregulation, recall that a
history of severe hypoglycemia is a well-
established predictor of subsequent se-
vere hypoglycemia (30) and is probably
indicative of the presence of defective glu-
cose counterregulation (158,159). While
it is possible to test for the latter with an
insulin infusion test (158,159), that is
probably neither cost-effective nor clini-
cally worthwhile. A positive test might
lead to a more cautious approach to ther-
apy, but management would still be em-
pirical and there is no known therapy for
defective glucose counterregulation. On
the other hand, the history should be
probed for evidence of partial or complete
hypoglycemia unawareness and its rela-
tion to effective glycemic control/recent
antecedent hypoglycemia. Hypoglycemia
unawareness has management implica-
tions, including the critical need for fre-
quent self-monitoring of blood glucose as
mentioned earlier. Furthermore, recent
data suggest that a relatively short period
(e.g., 2 weeks) of scrupulous avoidance of
hypoglycemia might reverse this syn-
drome (190-193) as discussed earlier. At
least the clinician should point out that
even "mild" episodes of hypoglycemia
may have a long-term impact on the de-
velopment of compromised glucose
counterregulation. Finally, although
compelling clinical data indicating a det-
rimental effect are lacking, it would seem
prudent to avoid j3-adrenergic antago-

nists on theoretical grounds if an alterna-
tive drug is available. If not, a relatively
selective /^-adrenergic antagonist is
probably preferable to a nonselective an-
tagonist.

SUGGESTIONS FOR FUTURE
RESEARCH— As mentioned earlier,
given the magnitude of the problem, re-
search relevant to hypoglycemia, ranging
from the study of basic mechanisms to
applied clinical strategies, should be en-
couraged. While a great deal has been
learned about IDDM, we need to know
more about the impact of NIDDM on de-
fenses against developing hypoglycemia.
With respect to IDDM, as well as NIDDM,
critical issues include the following. 1)
Does the glycemic threshold for cognitive
dysfunction shift with those for auto-
nomic and symptomatic responses in re-
lation to antecedent glycemia? 2) What is
the mechanism(s) of these shifts in glyce-
mic thresholds? 3) Do recurrent episodes
of iatrogenic hypoglycemia cause perma-
nent cognitive impairment? 4) What clin-
ical strategies will minimize iatrogenic
hypoglycemia without compromising
glycemic control? Fundamentally, we
need to learn to replace insulin in a much
more physiological fashion or to prevent,
correct, or compensate for compromised
glucose counterregulation if we are to
achieve euglycemia safely in the majority
of patients with diabetes mellitus.
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