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EleVen deaths. among users of CSII pumps have been reported to the Centers for Disease Control. An ad
viSory panel met February 1 7, 1982. and concluded that none of the deaths could be attnbutttd to me
chanical failure or malfunction of the devices. Some of the deaths seem unrelated to insulin therapy. 
while others may have been due to the intensive glycem•a control used as a therapeutiC goal. Until further 
mformation is available, phys•c•ans and patients should exercise prudence in selecting goals of therapy, 
in appropriately monitoring blood glucose levels. and in regulating insulin dosage. The poss1ble risks of 
Intensive glycemia control must be weighed agatnst the potential long-term benefits. The panel also 
recommended that information be collected regarding other deaths. We are requesting parucularty that 
endocrinologists, diabetologtsts and others involved w ith pump therapy report to CDC any death of a pa
tient using insulin infuston pumps regardless of the apparent cause. We request that you note on the at
tached form any death known to you amoung pump users. If you become aware of other cases Jn the 
future, please report them to the Diabetes Control Activity, Centers for Disease Control, Atlanta. Georgia 
30333. We will need to contact you for additional information about each case. For further information 
contact Steven Teutsch. M.D. at (404) 452-4077. We are using mailing lists from the American Otabetes 
Association and the Juvenile Diabetes Foundation ; you may, therefore. receive more than one alert_ We 
apologize for any inconvenience this may causa you. 
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THANK YOU FOR YOUR COOPERATION . 

1. Are any of your diabetic patients using continuous subcutaneous insulin 
infusion (CSII) pumps? 

Yes D NoD If YES, how many?------

2. · Have any of these patients died, regardless of cause, while using CSII 
pump therapy? 

YesO NoD If YES, how many? _____ _ 

PHYSICIAN NAME_/<=-------------------------



I. INTRODUCTION 

A. CASE REPORT 

In August, 1981, L.F., a 39-year-old white female R.N. specializing in 
pediatric diabetes, was admitted to the Parkland Emergency Room at 9:10 a.m. in 
an unconscious state. She had been a Type I diabetic since age 17 and had been 
on CSII therapy for 15 months. Her daughter had found her unresponsive in bed 
at 6 a.m. that morning with her insulin pump disconnected. Her daughter gave 
her one-half ampule of glucagon and obtained a blood glucose reading of 34 mg/dl 
on her dextrometer. There was no response and she was given an additional 2-1/2 
ampules of glucagon. A subsequent blood glucose was 170 mg/ dl, but she 
remained unresponsive, and was taken by ambulance to Parkland. Further history 
revealed that at 1 a.m. that day she had been watching television in an appar
ently normal state of consciousness. Furthermore, it was established that the 
patient had consumed some grape juice during the night. Fifteen of the 20 units 
were still present in the disconnected pump, excluding~ overdose of insulin. 

On physical examination her vital signs were unremarkable. She was uncon
scious with a rigid decorticate posture. There was blood on the upper gum. lt 
was not possible to examine her mouth because of trismus. Two hours later she 
was examined by the neurologist, who found her agitated and thrashing about. 
There was little response to stimuli. The pupils were 5 mm and symetrical with 
minimal reaction to light. The neurological exam was otherwise negative. 

In the hospital her blood glucose level was maintained above 200 mg%, occa
sionally rising to as high as 500 mg%. On the following day she had regained 
consciousness and was transferred to the GCRC for management of her diabetes. 
1\t 48 hours after her admission, she was up and about and able to converse ·~ith 
clarity, although her speech was slurred and she had no memory of recent events. 
She was reprogrammed for CSII and discharged on the pump with careful instruc
tions to avoid nocturnal hypoglycemia, which on reexamination of her past pro
files had probably been a frequent occurrence. 

B. CHRONOLOGY OF RECOGNITION OF CSII PROBLEMS 

August, 1981: Because L.F. "'as a highly intelligent and motivated patient 
extremely knowledgable in diabetes therapy and because neuroglycopenia could not 
be attributed to pump "runaway", insulin overdose, exercise, or omission of a 
meal and because it occurred despite disconnection of the pump and ingestion of 
grape juice, it raised the possibility that certain meticulously controlled dia
betics are at a previously unrecognized high risk of neuroglycopenia. All .other 
CSII patients at the University of Texas Health Science Center were assembled to 
inform them of the incident and alert them to the possibility of vulnerability 
to the development of hypoglycemic encephalopathy. Measures designed to prevent 
similar episodes were instituted. 

September, 1981: The case of L.F. "'as mentioned at an international meet
ing on artificial insulin delivery devices in Assist. With the exception of Dr • 
. Julio Santiago of St. Louis, the other participants at the meeting had not had 
similar experiences, and the consensus was that there was no basis for alarm. 
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January, 1982: At a meet i ng in San Antonio, Texas, fou r deaths among dia
betics on CSII were discussed and brought to the attention of the CDC. 

February, 1982: The CDC convened a group of diabetes researchers, diabetes 
specialists and representatives of the National Diabetes Advisory Board, the CDC 
and the NIH to discuss a total of 12 deaths of patients on CSII known to have 
occurred in the United States and a 13th case in Canada. Three of the deaths 
occurred in California, two in Kentucky, one in Kansas, one in Oklahoma, one in 
Boston and one in Seattle. All had been under the care of academic internists 
or pediatricians recognized as diabetologists with considerable experience with 
CSII. 

April, 1982: The death toll now reached 21 patients. The eight new deaths 
have not yet been analyzed as to the possible role of hypoglycemia. 

C. RELATIONSHIP OF THE FIRST 12 CSII DEATHS TO HYPOGLYCEMIA 

Group 1: Deaths in which hypoglycemia probably played no role. 

Case 1: An 11-year-old girl developed gastroenteritis and ketoacido
sis. She had used an insulin pump only after school and during the 
night. She died of cerebral edema 36 hours after onset of ketoacido
sis and a delay in hospitalization. No pump malfunction or needle
catheter problems were found. 

Case 2: A middle-aged man with long-standing diabetic complications 
and a renal transplant for diabetic nephropathy died of mucormycosis. 
There was no evidence of "markedly abnormal glucoses" at the time of 
death. 

Group 2: Deaths in patients with severe underlying disease, but in whom 
hypoglycemia could have played a precipitating role. 

Case 1: A 29-year-old female with very advanced diabetic compl ica
tions after 27 years of diabetes who died of advanced coronary and 
kidney disease. She had near-normal glucose levels at death. 

Case 2: A 54-year-old female who died of a stroke. She had renal 
failure and far advanced cardiac disease after 43 years of diabetes. 
She had a normal glucose level at death. 

Case 3: A man in his 50s who died of a myocardial infarction. 

Case 4: A woman in her 60s who died of a massive stroke. No "abnor
mal" glucose levels were noted. 

Group 3: Patients in whom hypoglycemia may well have caused death. 

Case 1: A 29-year-old male with a history of poor compliance (fa i lure 
to do glucose monitoring as instructed and failure to keep doctors' 
appointments) was using a pump for one month. He was at a picnic, 
took a bolus of insulin, ate a meal, took off his pump and went swim
ming. He "drowned" and no autopsy was performed. 
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Case 2: A 20-year-old female college student, paraplegic with cere
bral palsy, was placed on an insulin pump. One week later she began 
having repeated episodes of severe hypoglycemia, refused to allow her 
parents to call her doctor, and was subsequently found comatose in 
bed. She never regained consciousness and died with pneumonia. 

Case 3: A 21-year-old female was found dead in bed on September 9, 
1981. She had been put on an insulin pump because of unstable glu
coses and hypoglycemia. One such episode led to an auto accident 
before the onset of pump therapy. After four days of not measuring 
her blood glucose (she had left monitoring equipment in another city), 
she was found dead in bed with her head buried in, and her hands 
clutching, her pillow. She was embalmed by a local coroner and her 
body was transferred to the State Medical Examiner, who measured a 10 
mg/dl glucose concentration in the vitreous humor. (This is of 
dubious significance since vitreous glucose is low even in nondiabetic 
embalmed cadavers.) Neighbors and friends commented that while 
wearing her insulin pump she had several episodes of hypoglycemia 
requiring others to help her. Her diabetologist thinks that she died 
of hypoglycemia. 

Case 4: A long-term female diabetic in her late 20s who had a hypo
physectomy because of proliferative retinopathy and had worn a pump 
for several months, apparently with good results, was found dead in 
bed and had a norma 1 b load glucose at postmortem. The cause of the 
sudden death of this patient was not known. 

Case 5: A man in his 60s had been on a pump and doing well for 
several months. He was found dead in bed with his insulin pump dis
connected. A coroner's report is pending in this case and it is not 
known why the patient took his insulin pump off or failed to put it on 
shortly before death. 

Case 6: A 14-year-old boy had worn a pump fo·r seven months because of 
erratic blood glucose control associated with hypoglycemic seizures 
since diagnosis of diabetes at age 4. On December 11, 1981, he had 
vomited in the morning. At 11:00 p.m. his blood glucose was 250 mg/dl 
and his pump apparently was working. At 1:15 a.m. he "got up from 
bed, walked down the hall, returned to his room and collapsed". His 
mother promptly gave him glucagon (blood glucose was not measured) and 
performed CPR. He was taken to a hospital where his blood glucose was 
250 mg/dl and he was in severe acidosis (pH 6.95) while in cardiac 
arrest • . After restitution of a sinus rhythm ( intracardiac epineph
rine), he never regained consciousness and was declared a "brain 
death". Autopsy did not reveal the cause of death and the coroner 
attributed the death to "electrolyte abnormalities". There was no 
evidence of a "pump runaway". 

The foregoing information was kindly furnished by Dr. Julio Santiago, 
Washington University School of Medicine, St. Louis, Missouri. 
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D. QUESTIONS CONCERNING MORTALITY IN CSII-TREATED PATIENTS 

Question 1. Is this excess mortality? As of January, 1982, it was esti-
mated that 4-5,000 dlabet1cswere wear1ng the pump and that pump experience at 
that time totalled 2,500-3,500 patient years. Unfortunately, mortality rates 
among conventionally treated diabetics are not available. The only information 
available at this time is from the Joslin Clinic series of diabetics diagnosed 
between 1939 and 1959. These patients all had developed diabetes before age 21 
and had all been started on insulin within a year of diagnosis. 

TABLE I 

Joslin Mortalitx/1 1000 Patient Years1 

Age Patient Years Total DKA HxEoglxcemia* Other* 

10-19 2,069 1.45 1.45 0.48 0.97 
20-29 2,595 3.47 0.38 0.38 1.16 
30-34 1,021 10.77 0.98 1.96 
35-39 686 24.78 2.92 5.83 

* Hypoglycemia proven or probable 
** Noncardiac, renal, DKA or hypoglycemia 

If we assume that the CSII patient years, which as of January, 1982, were 
estimated at 3,500, have as of June, 1982, reached 4,500, the total reported 
mortality would be 4.4 per thousand patient years. If half of the patients had 
hypoglycemia-related deaths, the hypoglycemia-related mortality ratio would be 
2.2, which is slightly higher than the Joslin experience under age 35, but lower 
than that above age 35. 

However, it is likely that the figures for CSII deaths represent an under
estimate since the first 13, at least, were derived exclusively from academic 
institutions; the experience of practicing physicians with CSII is, therefore, 
virtually unknown, except for a Seattle clinic series of 130 CSII patients 
treated for up to 15 months. They report three "hypoglycemic incidents requir
ing professional help" (Mecklenburg et al., 1982). The CDC has recently distri
buted medical alert cards to physicians throughout the country in an effort to 
obtain more information (see cover). 

It seems unlikely that any retrospectively derived information will provide 
a truly valid comparison of hypoglycemia-related mortality rates in CSII vs. 
conventionally treated diabetic patients. Whatever the mortality rate, hypogly
cemic death is not acceptable and is all the more tragic because hypoglycemia 
is the most preventable of all human disorders - and should be most preventable 
in CSII patients because they monitor their glucose levels. 

1Kindly provided by Dr. Julio Santiago 
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Question 2. .!.2_ the mortality ascribable to mechanical failure of the 
~? Pump runaway was not 1dent1f1ed in any of the f1rst 12 deaths. 

Questi_on 3.. Was there 2.!! . insulin overdose or ~ hypoglycemia ~ ~~ 
the usual 1nsul1n dose? --rro-ev1dence of a dose increase was noted 1n the first 
~patient~CasE!2'in Group 3 one can perhaps suspect suicidal tendencies). 

Question 4. If not, is there an underlying predilection for hypoglycemia 
and vulnerability to lfs - cO"iiSeguences ..!.!!. met 1 culous ly contra 11 ed Type l 
diabetes? Probably. The fact that there was no evidence of overdosage together 
Wlth the fact that serious hypoglycemia, unprecipitated by exercise or meal 
omission occurred in a highly motivated, extremely knowledgable and compliant 
patient L.F. suggests this. 

This Grand Rounds will focus on the fourth question and will consider: 

*The normal fuel physiology and the failsafes against hypoglycemia in 
nondiabetics. 

*The status of these failsafes in Type I diabetes. 
*The effects of hypoglycemia on the brain. 
*Strategy to prevent hypoglycemic encephalopathy. 

II. NORMAL FUEL PHYSIOLOGY OF THE BRAIN 

A. FUEL REQUIREMENTS 

1. General aspect~ of cerebral metabolism pertinent .to cerebral function: 
Cerebral oxidative metaboiTsm supplies the energy for three major brain func
tions: 1) maintenance of electrical potentials across neuronal membranes which 
require the transport of sodium out of and potassium into cells; 2) biosynthesis 
of transmitter substances such as acetylcho 1 i ne, etc.; and 3) rep 1 acement of 
enzymes and structural elements of cells. The adult human brain, which consti
tutes only 10% of body weight, accounts for 20% of the total basal oxygen con
sumption of the body -approximately 156 ].JillOl/100 g tissue/min, (Kety, 1957; 
Sokoloff, 1960). Under normal circumstances, the only energy-yielding substrate 
taken up by the brain is glucose, which is extracted at a rate of about 31 pmol/ 
100 g tissue/min (Sokoloff, 1973), or about 6 g of glucose per hour. Free fatty 
acids cannot cross the blood-brain barrier and ketone bodies can traverse in 
appreciable quantities only at higher than normal plasma concentrations because 
of a blood-brain diffusion barrier (Plum & Posner, 1972). Cerebral gray matter 
metabolizes about 41 pmol/100 g gray matter/min and white matter about 19 pmol/ 
100 g white matter/min (Huang et al., 1980). Under normal circumstances glucose 
is the only fuel utilized in measurable concentrations; lactate may be used by 
the neonatal brain during hypoglycemia, but the mature brain is a lactate pro
ducer rather than consumer (Owen et al., 1981; Ruderman et al., 1974). Glucose 
crosses the blood-brain barrier by non-energy-requiring facilitated transport 
(Fishman, 1964) unaffected by insulin. All but 15% of glucose is oxidized com
pletely . The rest is incorporated into cerebral protei.ns, lipids and glycogen. 

When blood ketones rise, as in starvation or prolonged exercise, they can 
replace glucose as the major fuel for brain metabolism (Owen et al., 1967). 
Under such circumstances glucose extraction of the brain may decline to half of 
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the normal value, of which about 50% is released as lactate and pyruvate and 50% 
(6.6 llmol/100 g tissue/min) undergoes oxidative metabolism. Thus, glucose 
accounts for only about 30% of brain oxygen consumption iR starvation, 3-hydrox
ybutyrate accounting for 52% and acetoacetate for 8% of the adult human brain 
oxygen consumption in prolonged starvation (Owen et al., 1967). 

B. REGULATION OF FUEL DELIVERY (arterial concentration x cerebral blood flow) 

1. Regulation of cerebral bl~od flow ~ ~rmals: Normal cerebral blood 
flow (CBF) at rest is about 55 ml7IOO g/min, or about 15 to 20% of the cardiac 
output. It is labile and it may increase or decrease substantially in response 
to a variety of physiologic stimuli. It is probable that fuel need is such a 
stimulus, i.e., that CBF increases, at least to certain cru~ial regions of the 
brain, whenever there is a fall in arterial fuel concentration and cerebral fuel 
supply is jeopardized. This putative reciprocal coupling (Nilsson et al., 1978; 
Cillufo et al., 1981) between CBF and cerebral fuel availability would protect 
the brain against low arterial fuel concentrations. Local changes in H+, K+ and 
adenosine concentration have been proposed as possible mediators of the 
coupling. 

2. Regulation of arterial fuel concentration: The islets of Langerhans 
directly manage the movement of fuers-to the brain by controlling (via glucagon) 
the rate of fuel production by the liver and (through insulin) the rate of glu
cose utilization by insulin-dependent tissues (liver, muscle, fat) · in which, in 
contrast to the insulin-independent brain, take up glucose in direct relation to 
the insulin concentration (Unger, 1981) (Figures 1, 2). Glucagon increases glu
cose production by enhancing glycogenolysis or, if glycogen is depleted, by 
enhancing gluconeogenesis from amino acids and then ketogenesis from oxidation 
of free fatty acids (McGarry and Foster, 1981). Insulin opposes net glucagon 
effects by: 1) direct action on the islets to suppress glucagon (Samols et al., 
1973); 2) action on the liver to oppose glucagon-mediated enhancement of hepatic 
glucose production; and 3) actions on muscle and adipocytes to reduce the mobi
lization from muscle and fat, respectively, of the gluconeogenic substrates, 
amino acids, and the ketogenic substrates, free fatty acids, which the liver 
converts into fuels that can reach and be used by the brain. Therefore, effec
tive glucagon action to enhance hepatic fuel production requires that insulin 
secretion be reduced. Additionally, lowering of insulin secretion reduces glu
cose utilization by insulin sensitive tissues (liver, muscle, fat), thereby 
sparing almost all of the endogenously produced glucose for the brain. Thus, 
the turning off of insulin during an increase in secretion of glucagon, a potent 
stimulus of insulin secretion (Samols et al., 1965), is a crucial physiologic 
event. Fortunately, glucagon stimulation of insulin is completely absent at low 
normal levels of glucose (Aguilar-Parada et al., 1969). (See Unger, 1976; 
Unger, 1981; Unger and Orci, 1981 for reviews). 

C. NORMAL COUNTERREGULATORY FAILSAFES 

1. Counterregulatory apparatus of the islets of Langerhans: The fuel 
regulating system in the islets is a bihormonar,-lilcellular unit composed of 
glucagon-secreting A-cells and insulin-secreting B-cells morphologically and 
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FIG. 1: Left-hand panels: Immunofluorescent staining of adjacent sections of a 
normal human islet for in sulin and glucagon (Orci et al., 1976). Upper right
hand panel: Schematic representation of A-, B-and 0-cell relationships based 
on the above. Lower right-hand panel: A scheme depicting insulin and glucagon 
actions on fue 1 production and uti 1 i zat ion and upon each other' s secreti on. A 
positive-negative glucagon-insulin feedback relationship, together with inter
cellular communication via gap junctions , enable th'e A- and B-ce l ls to secrete 
in coordinated f ashion so as to change the rate of gluco se flu x without propor
tionally changing glucose concentration (see also Fig. 2). Of particular impor
tance in preventing hypoglycemia is the reduction in ins u lin secretion that 
accompanies a falling blood glucose level. The glucose-sensing B-cell markedly 
reduces its insulin secretion. In addition to reducing glucose uptake in the 
per i phery and insulin-mediated opposition to the hepatic actions of glucagon, 
the reduced insulin secretion frees the A-cell from insulin-mediated inhibition 
and thereby permits enhanced glucagon secretion. The B-cell i s refractory to 
the insulinotropic effects of glucagon during hypoglycemia. 

function ally linked to one another (Orci and Unger, 1975) ( see Figure 1). This 
unit senses small decline s i n glucose concentration ( cataglycemic sensing) and 
responds by instantly decreasing insulin secretion and increasing glucagon 
secretion. 

The g 1 ucose sensor of the is 1 ets is probably the B-ee 11 , bee au se in its 
absence A-cells are not i nfluenced by glycemic change (Unger and Orci, 1977). 
The reduction in insulin secretion during cataglycemia causes glucagon secretion 
to increase passively, perhap? because of reduced levels of endogenous insulin 
in the intra-islet blood vessels which enter the medulla of the islet, in which 
most of the B-ee 11 s are located, and flow towards the cortex of the is let 
(Bonner-Weir and Orci, 1982; Orci et al., 1976) where the bulk of the A-cells 
are located (Figure 3). The A-cells are, therefore, always exposed to the hi gh
est insulin levels of any tissue in the body. Insulin is a powerful suppressor 
of glucagon secretion, so when its secretion is turned down by cataglycemia, 
glucagon secretion rises. Although glucagon is a powerful stimulus of insulin 

-7-
--- ----·· ... - - -



a. RESTING STATE b .• FIGHT OR FLIGHT. 

EXTRACEUULAR SPACE 

c. FAMINE d. SEVERE INJURY 

EXTRACELLULAR SPACE 

FIG. 2: Regulation of glucose by insulin and glucagon under various conditions 
of fuel need and availability. The islet of Langerhans is depicted with neural 
connections to the central nervous system (CNS). The extracellular space is 
depicted as a box (heavy border) into which glucose flows from the liver or gut 
and from which it flows, independently of insulin action, to the brain and, 
under insulin mediation, into other tissues. Values given for rates of glucose 
utilization and production are estimates not based on true data. a) In the 
resting state insulin and glucagon maintain equality between the rate of glucose 
utilization and that of hepatic glucose production. Approximately 75% of basal 
glucose production is estimated to be glucagon-mediated. b) In "fight or 
flight" the huge increase in glucose utilization by muscle would cause hypogly
cemia if the liver did not replace this glucose precisely, in large part through 
an adrenergically mediated increase in glucagon and a decrease in insulin. The 
1 atter minimizes the uptake of endogenously produced glucose by tissues other 
than the exercising muscles and the brain. c) In famine the rise in glucagon, 
coupled with a decline in insulin, promotes glycogenolysis and gluconeogenesis; 
within one week, it induces a shift to ketones (crosshatched area) required for 
continuation of survival. d) In severe injury an adrenergically mediated 
increase in glucagon and a decrease in insulin secretion stimulate hepatic glu
cose production and minimize glucose utilization by insulin-responsive tissues. 
The stress hormones (growth hormone, a-endorphin, epinephrine and cortisol) all 
increase glucagon secretion. 
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FIG. 3: The arteri
oles of the islets 
enter the islet thru 
dls~ontlnuities of 
th~ n0n-e-cell mantle 
~nd 0r~nch into capi
llaries that form the 
glomerular structure 
that occupies the B
cell medulla. (Fewer 
capillaries are drawn 
for dia9ramatic sim
plicity.) After tra
versing the B-cell 
mass the capillaries 
penetrate the mantle 
where they may expose 
A- and 0-cells to 
high concentrations 
of insulin. While the 
physiologic signifi
cance of this vascu
lar arrangement re
mains to be estab
lished, it is not un
likely that it may be 
important in normal 
A-cell function. 

I • NON a Cells \ 
I I 
1 ' . a Celb , 
I 

VEIN 

secretion when blood glucose levels are in a normal or above normal range, the 
B-ee 11 is refractory when blood glucose leve 1 s dec 1 i ne be low norma 1 (Aguilar
Parada et al., 1969). This may, in part, be the result of an intrinsic require
ment for glucose in the B-cell response to stimuli, plus insulin-inhibiting 
a-adrenergic signals elicited by a falling blood glucose l.evel (Palmer and 
Porte, 1981). 

2. Counterregulatory apparatus of the CNS: (Figure 4) This sensor (or 
sensors), which may reside in the hypothalamus, gives rise to adrenergic sig
nals, both via neurotransmission and through adrenomedullary secretion. There 
are a- and a-adrenergic effects on the islets (suppressing insulin and stimu
lating glucagon) {Palmer and Porte, 1981), plus direct a- and a-adrenergic 
effects that by-pass the islets, acting directly on the liver to enhance hepatic 
glucose production. They also exert lipolytic and glucose-sparing effects on 
peripheral tissues. In addition, a-endorphin secretion rises (Figure 5); it may 
stimulate glucagon (and perhaps reduces the normal insulin response) (Feldman 
and Unger, unpublished observation) and growth hormone and (via ACTH) cortisol 
secretion ~lso rise (Bolli et al., 1982) {Figure 6) and both enhance glucagon 
secretion (Tai and Pek, 1976; Marco et al., 1973). Cortisol and epinephrine 
also enhance the hepatic response to glucagon (Eigler et al., 1979). 
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FIG. 4: Schematization Adrenergic 
of some of the possible 
influences on islet 
cell function during 
hypoglycemia that are 
elic ited via the cen
tral nervous system 
through a putative glu
cose sensor therein. 
Adrenergic signals re
duce insulin secretion 
and stimulate glucagon *GAP JUNCTIONS 
secretion . a-endorphin, 
growth hormone, corti
sol a~d epinephrine all 
stimulate glucagon sec
retion, while cort i sol 
potentiates glucagon's 
hepatic effects on glu
cose production. Not 
depicted in this figure are direct adrenergic act ions on hepatic glycogenolysis, 
and GABA-inergic inhibition of insulin (Kawai et al . , to be submitted, 1982). 
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FIG . 5: a-endorphin causes a rise in glucagon without an apparent early 
increase in insulin. 
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FIG. 6: Blood glucose and plasma counter
regulatory hormone levels before, during 
and after a constant IV insulin infusion 
for 60 min. Five normal subjects were in
fused with insulin at 28 mU/m2/min. 

FROM: G. BOLLI, et al 

'· !~ counterregulatq_r:_y action of hypoglycemia: Hypoglycemia itself 
pt·ovides ,1 d1rect stimulus to gTucose production by the liver independent of 
hormonal influence; however, inasmuch as 60 to 75% of the basal hepatic glucose 
production (Cherrington and Liljenquist, 1981), almost precisely the glucose 
requirements of the brain, is under the control of glucagon, and glucagon defi
ciency is probably not compatible with life (Table IIA) (Vidnes and Oyaseter, 
1977), this is not of sufficient magnitude to protect the brain. 
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4. "Counterregulatory apparatus of the cerebrum": Perhaps the subj~ctive 
symptoms of hunger, weakness or faintness that may accompany hypoglycem1 a and 
provoke the ingestion of carbohydrate should be included. 

Summary: The insular and extrainsular failsafes against insufficient deli
very of fuels to the brain make spontaneous hypoglycemia one of the rarest of 
all human disorders. For hypoglycemia to occur requires defective sensing 
and/or defective response of the fuel regulating system of the islets or of the 
CNS or of the target tissues upon which their hormones and neurotransmitters 
act. 

III. UPDATED CLASSIFICATION OF FASTING HYPOGLYCEMIA 

It is convenient to separate fasting hypoglycemia into "supply side" hypo
glycemia and "demand side" hypoglycemia, even though it is very likely almost 
all of the defects involving hormones are in all probability mixed, i.e., 
involve both undersupply and overutilization relative to one another (Table II). 
Thus, just as overt diabetes reflects a relative excess of glucagon action to 
insulin-like action (Orci and Unger, 1975; Dobbs et al., 1975), so fasting hypo
glycemia constitutes an insufficiency of glucagon-like action relative to total 
glucose utilization. 

By definition in hypoglycemia there is almost always a relative underpro
duction of glucose through one or more of the mechanisms listed in · Table IIA 
(either through insulin-induced suppression of glucagon secretion and/or antago
nism of glucagon action and/or substrate deprivation; in theory a normal liver 
should be able to produce about 1200 g of glucose/24 hours (based on acute sub
total hepatectomy data in dogs). In diabetic ketoacidosis the liver can produce 
glucose at a rate of 700 g/d, a rate which should easily correct hypoglycemia 
except when an excess of insulin or insulin-like substances is involved. 

NOTE: The fact that there is no evidence that overdose of insulin was the 
cause of the pump-associ a ted neurog lycopeni a suggests that a "supply side" 
problem, without a major increase in demand, was the likely cause. 

TABLE II 
CLASSIFICATION OF HYPOGLYCEMIA 

"SUPPLY SIDE" HYPOGLYCEMIA 

A. Glucose underproduction by the liver* 
1. Glucagon deficiency 

Insulin 
( IRI) 

a. Primary N 
b. ~econdary 

1) Immunologic? 
2) Post-pancreatectomy or chronic H,N,L 

pancreatitis patient receiving 
insulin 

3) Overinsulinized diabetic H 
4) Hyposomatotropinemia L,N 
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Glucagon 

L 

L 

L 
L 



-. 

TABLE II (Cont'd) 

Insulin Glucagon 
( IRI) 

2. Glucagon "Resistance" 
a. Adrenal insufficiency L H 
b. Neonatal hypoglycemia L H 

3. Substrate deficiency 
a. Starvation L H 
b. Cachexia and muscle wasting L ?H,N 
c. Ketotic hypoglycemia of infancy L,N ?H,N 
d. Late pregnancy ?L ?H 

4. Enzyme Defects 
a. Congenital enzyme defects L H 
b. Acquired enzyme defects 

1) Alcohol L H 
2) Congestive failure (?) ? ? 

5. Hepatic Damage or replacement L,N H 
a. Acute and chronic liver disease L,N,H H 
b. Tumor ? ? 

6. COUNTERREGULATORY FAILURE IN 
METICULOUSLY CONTROLLED DIABETES N L 

"DEMAND SIDE" HYPOGLYCEMIA 

A. Glucose overexcretion L H 
(Severe renal glycosuria) 

B. Glucose overutilization** 
(Usually associated with relative 
glucose underproduction) 
1. Endurance exercise L H? 
2. Reduced impedence to glucose ?L ?H 

utilization 
a. FFA deficiency L? H? 
b. Carnitine deficiency ? ? 
c. Epinephrine deficiency HN? L 
d. Cortisol deficiency (?) L H 
e. HGH deficiency (?) L L 
f. Tumoral "glucose greed" (?) ? ? 

3. Hyperinsulinism (associated with 
relative glucose underproduction due 
to glucagon suppression and increased 
opposition to glucagon by insulin) 
a. tnsulinoma H L,N 
b. Nesidioblastoma H H,N,L 
c. Overinsulinization (relative, H,N or L L 

absolute) 
d. Sulfonylureas (?) N L,N 

4. Hyperinsulinoidism (associated with L ? 
relative glucose underproduction due 
to glucagon suppression and increased 
oppostion to glucagon by insulin) 
(Tumor-induced hypoglycemia) 

*Defined as hypoglycemia that can be corrected by infusing glucose at a 
rate of -150-200 mg/minute. 
**Hypoglycemia that cannot be corrected by infusing glucose at a rate of 
-150-200 mg/min. 
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IV. FUEL DELIVERY IN DIABETES 

A. REGULATION OF CEREBRAL BLOOD FLOW 

Cerebral blood flow changes during hypog.lycemia have not been studied in 
normals and diabetics. Uncoupling of the putative reciprocal relationship bet
ween regional fuel needs and regional blood flow could exist in diabetics. 

8. REGULATION OF ARTERIAL FUEL CONCENTRATION 

1. Counterregulatory apparatus of the diabetic islets: 

a. Morphology: In Type I diabetics, the B-cells in the medulla, the 
putative sensor of the islets of Langerhans, are virtually destroyed (Figure 7). 
Only a few identifiable B-cells remain in some of the islets and these do not 
meet the minimal insulin requirements of the individual. The islet, therefore, 
consists of A-cells, D-ee 11 s and F-ee 11 s ( Orci et a 1., 1976). Whereas A-ce 11 s 
comprise only 25% of the endocrine population of the normal pancreas, in the 
Type I diabetic they make up 75%. 

b. Functional implications: Although the microcirculation of the 
islets has not been studied in Type I diabetes, one fact can be assumed: The 
normal insulin-secreting medulla being absent, blood reaching the A-cells must 
contain a level of insulin that is no greater than that to which other tissues 
of the body are exposed; in other words, the insulin environment of the A-cells, 
normally the highest in the body, is no higher than e 1 sewhere in the Type I 
diabetic. This may account for the hyperglucagonemia that is an essential 
causative component of poorly controlled diabetes (Unger, 1978). The relative 
insulin deprivation of the A-cells in Type I diabetes may also explain their 

b. INSULIN DEFICIENCY 
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FIG. 7: Upper portion: Immunofluo
rescent staining for insulin and 
glucagon of an islet obtained at 
autopsy from a Type I diabetic 
patient. There are no detectable 
insulin-containing cells and approx
imately 75% of the endocrine cells 
stain positively for glucagon. The 
remaining unstained cells consist of 
somatostatin-containing D-cells. 
Lower portion: A schematic depic
tion of the imbalance between insu
lin and glucagon in the untreated 
Type I diabetic. The lack of insu
lin halts glucose uptake by the 
insulin-dependent peripheral tissues 
and removes opposition to the hepa
tic effects of glucagon, which is 
secreted at an increased rate be
cause of the lack of inhibition by 
insulin. The result is overproduc
tion of glucose and ketones by the 
liver and under-utilization of glu
cose. (See Figure 8) 



increased sensitivity to insulin, perhaps through an "up regulation" of insulin 
receptors of islet cells. This increased A-cell sensitivity to insulin is 
manifested by suppress ion of the norma 1 glucagon response to insu 1 in-induced 
hypoglycemia. 

c. Effects of exogenous insulin .Q!2 A-cells of ~.!. diabetics: A 
poorly controlled diabetic is invariably hyperglucagonemic (Figures 7, 8). As 
the metabolic abnormality is corrected with insulin, the hyperglucagonemia 
recedes in parallel with the glucose. By the time that glucose levels reach 
normal, glucagon levels are virtually zero; therefore, hepatic glucose produc
tion has declined to less than glucose utilization by the brain plus other 
insulin-independent tissues; even in the total absence of insulin suppression of 
glucagon by itself lowers the glucose levels to or towards normal (Sakurai et 
al., 1974; Johnson et al •• 1982). Consequently, at the point of normoglycemia 
in the Type I diabetic, hypoglucagonemia is present - glucagon is -o; in nor
moglycemia in nondiabetics glucagon averages -25 pg/ml. 

FIG. 8: Type I diabetes depicting hyper
glucagonemia, overproduction of glucose, 
low insulin-mediated glucose utilization 
by liver, muscle and fat, resulting in 
increased glucose concentration in the 
extracellular space. Glucose utilization 
by the brain and other insulin-independ
ent tissues plus renal excretion of glu
cose provide the only efflux routes for 
glucose. 

----------~-----------

When the glucose level of the diabetic declines below normal because of 
continuing insulin absorption, insulin-mediated suppression of A-cells continues 
no matter how low the glucose levels {Figures 9, 10), whereas the normal person 
responds to insulin-induced hypoglycemia by turning off endogenous insulin 
secretion and permitting glucagon levels to rise reciprocally with the falling 
glucose concentration and thus prevent and ultimately reverse the hypoglycemia. 

FIG. 9: Type I diabetes treated by CSII. Insulin 
levels maintain peripheral glucose uptake, oppose 
the actions of glucagon on the liver, and suppress 
glucagon. As glucose levels fall to or below the 
normal zone, there is no diminution of insulin 
levels, as there would be in the nondiabetic, inas
much as insulin absorption continues uninfluenced by 
change in glucose concentration, This maintains 
peripheral glucose uptake, opposition to glycogenol
ysis and suppresses glucagon secretion. It also in
hibits mobilization of free fatty acids and amino 
acids that provide the substrate for hepatic gluco
neogenesis and ketogenesis. Thus, the entire insu
lar counterre~ulatory apparatus is neutralized at 
every level. (See Figure 10) 
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FIG. 10: Type I diabetes treated by CSII. Hepa
tic glucose production may fall to low levels be
cause of glucagon suppression and insulin opposi
tion to glycogenolysis, coupled with a normal or 
increased rate of glucose utilization ~y liver, 
muscle and fat. The result m~ be ~v~9ly~~~~ 
which will reduce glucose delivery to the brain 
to less than 6 g/h and impair its function. The 
central nervous system may or may not respond 
appropriately to this fuel delivery crisis via an 
alternative counterregulatory apparatus that by
passes the islets. (See Figure 11) 

Thus, for practical purposes, all Type I diabetics can be considered to 
have a defective glucagon response to hypoglycemia (Gerich et al., 1973; Bolli 
et al., 1982) (Figure 11), i.e., a non-functioning islet counterregulatory 

DIABETIC PATIENTS _., 
~~~~l; 

GLUCAGON I j :: 
!PGIML) ~·-L+ 
. ¢o9-Q-9-~~ T ' T 80 

ADRENALINE 01.~ j :: (PG/ML) 

0 

NORADRENALINE }... J: , .. , .. , IJ~ ~: 
GROOH HORPIJH~ . . ] O 

(N&/ML) I I ~~ ~ ~~ 
CORTISOl~ jw 
(pco/DL) _yo& ' I I I I I I t 

5 

-l5 0 30 60 90 120 
--rll£ (MIN) 

·-
FROM: G. BOLLI, et al 

FIG . 11: Blood glucose and plasma coun
terregulatory hormone levels before, 
during and after a constant IV insulin 
infusion for 60 min. Six Type I diabetic 
patients received the same insulin dose 
as the normal subjects in Figure 6. The 
pre-test insulin infusion rate by Bio
stator needed to keep blood glucose nor
mal over the five previous hours, 16 + 
3.8 mU/min, was continued during the 
test. o: p<O.OS vs. basal; o: p = NS 
vs. basa 1. 
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apparatus. There may also be an intrinsic defect in the A-cells of Type I 
diabetes and/or in their adrenergic innervation to explain the lack of a normal 
glucagon response to hypoglycemia, but the unremitting insulin effect by itself 
would probably explain the entire picture. 

2. Glucoresulatory aaparatus _Q.f_ the CNS: Fortunately, most Type I diabe
tics can correct 1nsulin-in uced hypoglycem~despite the loss of their glucagon 
response through the CNS cataglycemic sensor via direct adrenergic actions on 
the liver that bypass the islets. However, since all Type I diabetics lack 
glucagon-mediated protection against hypoglycemia, they are totally dependent on 
the CNS sensor and its direct catecholamine-mediated action on the liver, which 
produces a virtually normal ability to correct insulin-induced hypoglycemia 
(Figure 11). 

-3. The "cerebra 1 counterregul a tory system": The subjective fee 1 ing of 
impending neuroglycopenia that most diabetics recognize assumes great importance 
in the absence of other protection. Recently, direct measurement by the patient 
of capillary blood glucose levels provides yet another "cerebral sensor", which, 
if the patient's response to a low glucose reading is appropriate, will provide 
protection. This system obviously is inoperative during sleep. 

V. THE EFFECTS OF HYPOGLYCEMIA ON THE BRAIN: NEUROGLUCOPENIA 

A. _ CLINICAL MANIFESTATIONS 

1. Acute manifestations: Neurog 1 ucopenic encephalopathy may present in 
one of fouracuterorms: 1) delirium with mental changes and either quiet, 
sleepy confusion or wild mania; 2) coma with signs of multifocal brain stem dys
function, including central neurogenic hyperventilation and decerebrate spasms. 
(Diagnostic clues: the pupillary light reaction is preserved in metabolic but 
not in anoxic coma; diffuse muscle shivering with hypothermia.) 3) A stroke
like illness with focal neurological signs either with or without coma (probably 
not due to under-lying cerebrovascular insufficiency since this also occurs in 
children and that it seldom results in permanent paralysis) 4) An epileptic 
attack with single or multiple generalized convulsions and postictal coma (Plum 
and Posner, 1972). 

The various clinical syndromes resulting from hypoglycemia and the mistaken 
diagnoses originally made in twelve patients described in Plum & Posner are 
shown in Table III. 



TABLE II I 

TRANSIENT NEUROLOGICAL MISDIAGNOSES CAUSED BY HYPOGLYCEMIA 

Patient Signs & Symptoms 

-----------------
EL Male 37 Excessive drowsiness 

& somnolence while 
driving, at work, etc. 

GH Male 39 Recurrent manic 
attacks, assaultive 

RB Male 44 Stuporous, irrational, 
no initial response 
to glucose 

RN Male 42 Reckless driving, 
dysarthria, ataxia, 
amnesia 

SB Female 52 Extensor hypertonus, 
bilateral Babinski, 
coma 

CP Male 64 Coma of unknown origin 

JB Female 65 Deep coma with recur
rent tetanic spasms 

PO Male 28 Coma, hyperventilation, 
decerebrate rigidity 

JH Male 34 Coma, hyperventilation, 
stertorous respiration 

FS Male 37 Left hemiparesis 
(conscious) 

RQ Male 12 Recurrent generalized 
convulsions 

MC Female 39 Status epilepticus 
with CSF pleocytosis 

Original 
Diagnosis 

Blood 
Sugar 

Narcolepsy 18 

Functional 9 
Psychosis 

Acute psy- 58 
chotic 
reaction 

Acute 28 
intoxication 

Basilar 29 
artery 
thrombosis 

Basilar 33 
artery 
thrombosis 

Basilar 16 
artery 
thrombosis 

Subarachnoid 20 
hemorrhage 

Acute pul- 10 
monary edema 

Cerebral 31 
infarction 

Epilepsy 32 

Acute menin- 21 
gitis 

Time Required to 
Recover to Normal 
after Care Given 

8 h 

6 h 

6 h 

Immediate 

2 h 

Immediate 

7 days 

Immediate 

Died 

Immediate 

Immediate 

Immediate 

2. Chronic manifestations: In patients with recurrent hypoglycemia insi
dious andJ)rogres.slVe dement1a may occur - even if the acute episodes seem 
minor. 

3. Effects .2.!2 the electroencephalogram: (Feise et al., .1976; Ratcheson 
et al., 1981) EEG changes correlate with the magnitude and durat1on of the hypo
glycemia and the resulting depletion of brain glucose. The EEG doesn't change 
during the first 30 minutes after a lethal injection of insulin, which is the 
period of the most rapid decrease in blood and brain glucose (Figure 12). At 45 
min, at which time the blood glucose was about 3.7 ~mol, there is an increase in 
amplitude in the EEG. Slowing of EEG activity begins when the glucose falls 
below 3 ~mol/g. Between 90 and 105 min, when the blood glucose is below 1.5 
~1 there is paroxysmal activity with intermittent runs of slow high voltage 
waves and more continuous atypical spike wave and sharp wave activity. The EEG 
becomes flat at the end of 135 min of hypoglycemia. 
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4. Blood flow and regional vascular changes during hypoglycemia: In rats 
with hypog lycemia:ci'T suffic 1ent seventy to cause cessation of spontaneous EEG 
activity there was a marked reduction in local glucose consumption in the 
cerebral cortices, the caudate putamen, thalamus and hippocampus, but there was 
little or no reduction in the cerebellar cortex, hypothalamus or pontine grey. 
The regions with reduced glucose utilization 90 min after recovery from hypogly
cemia had a disproportional reduction in blood flow during hypoglycemia, the 
only exception to this being the hippocampus, in which blood flow remained 
reduced, but glucose utilization increased. (Abdul-Rahman and Siesjo, 1980) 
(Figures 13 and 14). Nerve cell damage can be demonstrated with both light and 
electron microscopic technics (Agardh et al., 1980; Kal imo et al., 1980b) in 
those areas that suffer pronounced reduction in glucose utilization during 
hypoglycemia and in those which show a marked mismatch between flow and meta
bolic rate for glucose in the recovery period, i.e., the hippocampus. 

EEG ACTI VITY BlOOD GlUCOS< 
(mmolll} 

Control --~ 5.76 !0.28 

f.orly :;r0 w 'r/V.._{',IIJ'{'"'4JI~-.I\'\"v\'\y,V··/ ·/:'t'·::.r:vy;. 3.22:0.26 
Acll¥oly 

l ot& ~low 

{\(11¥11}' 

Early ~ 074:0.19 
bottlectnc 

late 
hoelectric 

066!022 

FIG. 12: Effect of insulin, 10 U/kg 
i.v. 0n blood glucose levels and EEG 
activity in paralyzed rats venti
lated with 70% N20 and 30% oxygen. 
Each blood glucose value represents 
the meant SEM of 4-l2 animals. 
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FIG. 14: A comparison between local cere
bral glucose consumption (CMRgll and blood 
flow (CBF) after 90-min of recovery, fol
lowing a 30-min period of severe hypogly
cemia. The values are means + SE in per
cent of control values. The-CBF values 
were taken from Abdul-Rahman et al. (1980) 

Uncoupling of regional blood flow to local needs of those regions, there
fore, may accompany severe hypoglycemic brain damage. This could be related to 
en dot he l i a 1 changes which culminate in focal extravasation of electron-dense 
markers directly into the parenchyma of the brain (Hsu and Hedley-White, 1980). 
Swelling of endotheliai cells precedes evidence of neuronal damage and this is 
be 1 ieved by Hsu and Hedley-White to be an early sign of endothelia 1 damage. 
This swelling, which culminates in rupture of the vessel wall with focal 
extravasation, could be involved in the vascular uncoupling of hypoglycemia. 

5. Neuronal glycogen reserves du\ing hypoglycemia: With prolonged deple
tion of tissue glucose, there is oxidat1on of alternat1ve endogenous substrates, 
a derangement of the cortical energy state, and a breakdown of endogenous macro
molecules such as glycogen, phospholipids and RNA. The glycogen reserves of the 
neuron are consumed during deep hypoglycemic coma, extending the survival period 
to about 90 min (Plum and Posner, 1972) before irrevers ible cerebral damage 
results from autodigestion of structural proteins and lipids. Despite extensive 
cerebral damage, the primitive vegetative neural functions that regulate blood 
pressure, breathing, etc., are maintained, implying that these structures are 
not as sensitive to hypoglycemia as the higher levels. Indeed, the most marked 
pathologic abnormalities in the brains of patients dying of hypoglycemia are 
found in the neurons of the hippocampus and cerebral cortex (Kalimo and Olsson, 
1980). Like anoxia, hypoglycemia damages the brain in progressively descending 
levels beginning with · the cortical neurons (Himwich, 1951). 

6. tffects upon glycolytic metabolites: Table IV shows the glycolytic 
metabolites in blood, brain and cerebral sp1nal fluid during intracellular glu
cose have almost disappeared. Glycogen decreases slowly and lactate fa)ls in 
excess of pyruvate after 90 min, decreasing the lactate-pyruvate ratio. When 
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the EEG has become flat at the end of 135 min, glycogen and lactate levels are 
significantly below their levels during the period of slow wave EEG activity, 
although the glucose levels are the same. The Krebs cycle intermediates, 
a-ketoglutarate, oxaloacetate and the amino acids glutamate and aspartate, the 
water and ammonia content of the brain are reduced. Once again the most marked 
changes are observed in the 135 min group in which the EEG is flat. 

TABLE IV 
CEREBRAL CORTICAL CONCENTRATIONS OF LABILE PHOSPHATES, 

CARBOHYDRATE SUBSTRATES, AMINO ACIDS AND AMMONIA 
DURING INSULIN-INDUCED HYPOGLYCEMIA 

Isoelectric EEG (mfn) 
Control 5 10 15 30 

(n=10) __j_n=6) (n=6) -(n=6) (n=4) 

PCr 4.44+0.08 0.68+0.07 0.50+0.07 0.60+0.05 0.29+0.03 
Cr 5. 78+'0.12 9.27+0.21 9.55+'0.11 9.61+'0.15 9.50+'0.18 
ATP 3.0o+0.03 1.14+'0.06 0.98+'0.08 0.97+'0.06 0.53+'0.04 
ADP 0.280+'0.007 1.042+'0.077 0.980+'0.053 0.921+'0.042 1.014+'0.038 
AMP 0.038+'0.006 0.485+'0.039 0.499+'0.041 0.462+'0.032 0.535+'0.047 

Glycogen 2.38+0.09 0.06+0.01 0.05+0.01 0.04+0.01 0.03+0.01 . 
Glucose 2.94+'0.28 0.09+'0.02 0.09+0.02 0.11+0.02 0.02+'0.02 
Lactate 1.45+'0.10 0.29+'0.03 0.21+0.01 0.27+'0.05 0.13+0.03 
Pyruvate 0.117+0.007 0.026+'0.003 0.027+'0.001 0.029+'0.004 0.029+'0.004 
Lac/Pyr 12.5+'0.6 12.7+'2.2* 7.7+0.7 9.6+1. 7* 4.3+0.4 
a-KG 0.135+'0.011 0.039+'0.001 0.035+'0.004 0.028+'0.003 0.012+'0.003 

Glutamate 12.00+0.16 6.72+0.86 4.21+0.34 4.47+0.18 2.79+0.16 
Aspartate 3. 52+'0 .11 12.96+'0.85 15.28+'0.55 15.21+0.44 13.74+0.60 
Glutamine 5.o8+o.12 1.57+0.38 0.97+'0.16 0.91+'0.12 0.29+'0.09 
Alanine 0.448+'0.019 0.317+'0.027+ 0.251+'0.011 0.100+'0.028 0.253+'0.016 
GABA 2.00+'0.04 1.78+'0.06 1.51+'0.09 1.50+'0.17 0.97+0.03 
NH4+ 0.37+'0.04 3.94+'0.17 3.81+'0.15 3.70+'0.36 3.06+'0.16 

The values are given in )Jmol x g-1 wet weight and represent means + SEM. 
p<0.01 for all values except those marked * (not significant) and t = 
p<0.05. 

It was Eisenberg and Seltzer, along with Kety and others that showed that 
oxygen consumption is only slightly reduced in insulin-induced hypoglycemia, and 
suggested that other substrates must be utilized. Ketones and lactate can be 
used by the brain instead of glucose but their concentrations are not increased 
in insulin-induced hpyoglycemia; in fact, ketones are very low and the brain 
tends to produce rather than take up lactate, which is decreased in the tissue. 
Slowing of EEG activity when the blood glucose concentration falls below 3 
)Jmol/g, occurs at the point at which glucose transport to the cells has become 
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rate 1 imit ing and tissue concentrations of glycogen, glucose 6-phosphate, pyru
vate, citrate, isocitrate, a-ketoglutarate, malate and fumarate have declined. 
When the animals develop an isoelectric EEG for 5-15 min there are further 
decreases in citrate-, isocitrate, a-ketoglutarate, malate and fumarate. In such 
animals there is extensive utilization of amino acids for the first 5 min of 
isoelectric EEG. All glycogen has disappeared and the amino acid pattern 
thereafter is constant so further oxidation must occur at the expense of uniden
tified noncarbohydrate, nonamino acid substrates. Ratcheson et al. (1981) find 
regional differences although in all regions of the brain examined. 

Effects on organic P: Table V shows the concentrations of phosphocreati
nine,ATP"",-AIW, AMP, tlie energy charge of the adenylate pool, the energy 
reserve, the NADH/NAD ratio and the intracellular pH. When brain glucose has 
decreased by more than 95%, glycogen by 60%, the energy reserve by 50%, there is 
a small but significant decrease in phosphocreatine together with a shift from 
ATP to ADP (Feise et al., 1976). When brain glucose has decreased by over 98% 
and glycogen and energy reserve by 80% and the EEG is flat at this point the 
ATP-ADP ratio and energy charge has changed markedly. There is a 40-80% reduc
tion in the concentrations of ATP, GTP, UTP and CTP and a simultaneous increase 
in the concentrations of almost all di- and monophosphates including IMP. These 
return towards normal following glucose administration (Chapman et al., 1981). 

The associated depression of functional activity is attributed by Lewis et 
al. (1974), not to failure of ATP production, but rather to the decrease in 
avajlability of the substrates necessary for the synthesis of transmitters such 
as acetylcholine, but this has not been substantiated (Lewis et al., 1974). 
Although Ferrendelli (1975) maintains that ATP and phosphocreatine remain normal 
until long after the coma begfns, McCandless reports that ATP and phosphocrea
tine during insulin hypoglycemia are selectively depleted in the ascending reti
cular activating system prior to the onset of coma (McCandless, 1981). The 
cells of this system play a vital role in consciousness (Magoun, 1973). 

Effects on intracellular~: Intracellular pH increased in all hypoglycemic 
precoma unt1ithe EEG became Tlat, at which point there was a decrease in pH 
(Pelligrino et al., 1981). 

Amino acids: Amino acids decrease probably because they are used as a 
substrate fiir'"Oxidative phosphorylation. However, the accumulation of amnonia 
exceeds that accountable for by deamination of the free amino acids, so it is 
likely that additional protein breakdown occurs. 

It may be that the decrease in the inhibitor of CNS activity, garrma
aminobutyric acid (GABA), and the increase in the stimulant, aspartate, found in 
convulsive animals, favor excitation. Convulsive activity can continue unti 1 
glycogen and glucose-6-phosphate have become depleted. At this point the EEG 
becomes isoelectric. The pronounced depression of cerebral activity may be the 
result of both depletion of energy and accumulation of ammonia. 

~: After 5 min of hypoglycemic coma neuronal phospholipid content has 
deer~ about 8% (Agardh et al., 1981): This is probably due to phospholi
pase activity. Free fatty acid concentration had increased 6-fold at this time. 
It is calculated that endogenous carbohydrate and amino acid substrate have been 
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consumed after 5 min of coma and that other nonglucose substrates must have 
accounted for the 50 ~mol/g of _oxygen, or 8.3 ~mol/g in terms of glucose equiva
lents within the 5 to 30-min period. The 10% reduction in phospholipid-bound 
fatty acids is more than enough to account for this rate of oxygen consumption 
only for the first 5 min. Thereafter, this relationship does not hold and the 
possibility remains that unmeasured exogenous or endogenous substrates are being 
utilized. 

Potassium: Convulsions may be related to a rise in brain osmolality secon
dary to 1ncreased insulin-mediated net transport of Na+ and K+ into cells 
(Arieff et al., 1974; Astrup and Norberg, 1976b). F.xtracellular potassium in 
the cerebral cortex rises dramatically after the onset of isoelectric EEG 
(Figure 15). At this point potassium is released from cells into the extracel-

EEG ........ 
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[~$<>- -
K"mmolll 

!
: 
20 

10 

5 

2 

- ... 

EXP.11829 

9101112131415 
min. 
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gliJco,. O.Sml so%"" caphyxia min 

FIG. 15: Up.per panel: The time course of changes in K+e after onset of iso
electric EEG. The lower set of numbers on the time scale indicates minutes 
after insulin injection. l.ower panel: Recovery of K+e and EEG following glu
cose addition (left half of figure). Release of cellular K+ during asphyxia 
(right half of figure). 
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lular space and the brain suffers energy failure before the decrease in oxygen 
consumption, and presumably energy production. The f1rst K release resembles 
the phenomenon of spreading depression and initiates an increase in energy 
demand of the tissue which, hecause of the lack of suffic IPnt suhstr<\tf's r. rtn 
only partially be fulfilled . Consequently, energy failure develops and further 
release of cellular K occurs, presumably because of a leaky membrane can
nibalized in the quest for substrates. 

Morphological changes: In contrast to anoxic damage, in which the neurons 
in the arter1al border zones are damaged, the damage caused by hypoglycemia is 
much more diffuse. After 30 and 60 min of isoelectric EEG due to hypoglycemia, 
two microscopically different types of nerve ce 11 injury are seen (Agardh et 
al., 1980). Type I injury is characterized by angulated, darkly stained neurons 
with perineural vacuolization affecting small neurons in cortical layer 3. Type 
2 injured neurons, mainly larger ones in layers 5-6, are slightly swollen with 
vaculation or clearing but without nuclear changes. Type 1 injured neurons 
remain injured during recovery from hypoglycemia, suggesting that the injury was 
irreversible . However, almost all Type 2 injuries disappear with correction of 
the hypoglycemia (Figure 16). The fact that certain neurons are irreversibly 
damaged while adjacent neurons appear perfectly normal suggests that there is 
some kind of selective vulnerability, perhaps dependent on the functional acti
vity of the neurons during the period of hypoglycemia. Alternatively, there may 
be differences in the amount of stored substrate from neuron to neuron. 

FIG. 16: Sixty minutes of hypogly
cemia, cortical layer 3. A type I 
(arrowhead) and a type II (thick ar
row) injured neuron next to rela
tively normal appearing neurons. 
Note the condensed dendrite of the 
type I injured neuron and the mem
brane whorls in the subplasmalemmal 
clear zone of the type II injured 
neuron (thin arrow). The nuclear 
chromatin in the type II injured 
neuron is evenly distributed. F.pon 
and toluidine blue. x760 

Gross residual changes of recurrent or chronic neuro 1 co enia: CT scan
ning oy-Jdpanese lnvestlgators-(Airabayash,-et al., 198 as emonstrated peri
ventricular hypodensity and, rarely, intracranial hemorrhage (subarachnoidal 
and/or intraventricular) several months after neonatal hypoglycemia. The irre
versible cortical atrophy, enlargement of the ventricular system and shrinkage 
of the hippocampi are the main findings of hypoglycemia in infancy (Lewis et 
al., 1974). 



VI. STRATEGY TO AVOID NEUROGLYCOPENIA 

There being no valid basis to answer the first question, posed on page 5, 
"Is risk of hypoglycemic encephalopathy enhanced in meticulously controlled 
patients?", the pathophysiologic considerations discussed above compel one to 
assume that this is, in fact, true. But even if the prevalence is not higher in 
met i cu 1 ous ly contra lled patients, hypoglycemic encepha 1 apathy is a preventab 1 e 
tragedy which can never be accepted irrespective of how infrequently it may 
occur - especially in patients who are measuring their blood glucose levels as a 
part of their regimen for meticulous control. 

A. CAUSES OF UNREMITTING HYPOGLYCEMIA IN METICULOUSLY CONTROLLED TYPE 
DIABETES 

1. Continuing insulin absorption despite cataglycemia: 

2. Syndrome of total counterre ulator failure (CRF) (Failure of both the 
is 1 et counterregul atarx apparat 1 : n November, l9SI:"" Boden and co TTeagli'e'S 
~) described a Type I diabetic without clinical evidence of autonomic neuro
pathy who developed permanent brain damage after a severe hypoglycemic episode. 
He lacked not only a glucagon response to hypoglycemia, but also the catechola
mine, ACTH and growth hormone responses to hypoglycemia (Figure 17). Yet all 4 
hormones responded normally to stimuli other than hypoglycemia. Santi ago's 
group has estimated that as many as 30% of Type I diabetics may be hormonally 
defenseless against hypoglycemia, lacking not only failure of the insular coun
terregulatory response, but also CNS counterregulation (White et al., personal 
communication) (Figure 18). Loss of the back-up of adrenergically mediated gly
cogenolysis places this subset of diabetics in a hormonally helpless state at 
high risk of serious and unremitting hypoglycemia. Inasmuch as autonomic 
neuropathy, a suspected cause of this total counterregulatory failure, may exist 
in the absence of any evidence of peripheral neuropathy, the CRF syndrome may 
not be suspected ( Sundkvi st, 1981). If the catecho 1 amine fail safe against 
hypoglycemia is ·abtunded by autonomic neuropathy or adrenergic b 1 ockade, the 
Type I diabetic becomes hormonally defenseless against hypoglycemia. 

According to Santiago, who is studying the prevalence of this problem, most 
patients with counterregulatory insufficiency have had diabetes for more than 
five years. While the etiology of this syndrome is undetermined, it would not 
be surprising if it represented an early manifestation of autonomic neuropathy 
which was less apparent in the days before meticulous control of diabetes was 
widely practiced. 

Patient L.F. may have the CRF syndrome. Figure 19 shows her obtunded glu
cose response to insulin-induced diabetics compared to a group of Type I diabe
tics without CRF. The measurements of counterregulatory hormones are pending. 

3. Deficiency of alternative substrates (hypolipacidemia and h~poketon-
emia): Nond1abet1c rurmers can ma1nta1n apparently normal cerebraflon and con
tinue to run with glucose levels as low as 28 mg/dl (Figure 20) (Fel ig et al., 
1982). Although FFA and ketones were not measured in that study of exercise
; nduced hypoglycemia in nondi abetics, it is virtually certain that they were 
increased. By contrast, diabetics may lose consciousness when glucose levels 
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FIG. 17: Effect of intravenous 
(IV) injection of insulin (0.1 
U/kg body wt) on plasma concen
trations of glucose, ep ineph
rine (EPI), norepinephrine 
(NOR-EPI), glucagon, cortisol & 
human growth hormone (HGH) in a 
patient with diabetes . To con
vert glucose values to mmol/1, 
multiply by 0.055. To convert 
epinephrine and norepinephrine 
values to nmol/1, multiply by 
0.0055 and 0.0059, respectively. 
To convert cortisol values to 
~mol/1, multiply by 0.028. 

e 
' 0> 
0. 

w 
z 
oc :r: 
CL 
w 
z 
0::: 
w 

500 

400 

300 

200 

,,,,, 

• • 

I 

• 

~I 
'''NII>I't l'l\1 l'M 

\B C\\ '") ~: t\ 

~ 
01 
E 

COURTeSY Of WHITE , N, SKOR , D, CRYER . P, AND SANTIAGO , S, 

WASHINGTON UNIVERSITY, ST. LOUIS . 

-27-

160 

120 

80 

40 

I INSULIN 
" & UNITS IV 

\ 
~ 

"· , _______ __... 

o~~~~~~~--~~~~~--

400 

300 

200 

100 

'v·,j'" 
•-•--• .__NOR - EPI 

/'\ -·--· ,.....,....-· GLUCAGON -.-......._..... 

0 60 120 180 240 300 

MINUTES 

BODEN ET AL., 1981 

FIG. 18: Peak epinephrine re
sponse in normal subjects and 
Type I di abetics (OM) with (+) 
and without (-) a normal coun
t erregulatory response (CR) to 
hyperglycemia ( mean~ SD) . 



100 

2 

GLUCOSE LEVELS 

-2o 6 2o 4o so so 16o ,~w 
MINUTES 

COURTESY Of WHiff , N , SKOI, D, CIYU , P, AND SANTIAGO , S, 
WASHINGTON UNIVI!UfTY ST. LOUIS. 

FIG. 19: Pl asma glu
cose response to in
sulin in pati ent L .F. 
~ n~ 13 Type r ~1abe 
tics considered on 
clinical grounds not 
to have counterregu
latory insufficiency. 

FIG. 20: Glucose 
levels of nondia
betics during en
durance running. 

_ 9_0 _____ __ ------ - -------- -- - ·---- -- - --· - --- --- --

eo 

"C 70 
..... 
0' 

.§ 60 ., 
"' g 
13 so 
"C 

~ 40 
IIl 

30 

20 
Rest 

EuQiycemic Exercise 
(60 - 150 min) 

0 15 30 45 60 

HypOQiycemic Exercise 

FELIG ET AL., 1982 

-23-

75 MIN 



fall below 40 mg/dl. The cerebral intolerance to hypoglycemia in Type I diabe
tes can only be due to two possible abnormalities: 1) loss of the normal 
coupling between neuroglycopenia and cerebrovascular dilatation mentioned above; 
and/or 2) deficiency of alternative substrates for brain metabolism. The first 
possibility cannot ethically be tested. The second explanation is probable; in 
the nondiabetic runners the falling glucose level is associated with a reduction 
in insulin and insulin-mediated antilipolysis, and a rise in the lipolytic 
hormones, such as the catecholamines, glucagon, ACTH and growth hormone, 
increase and FFA levels rise. In the presence of glucagon FFA are oxidized to 
ketones in the liver (for review see McGarry and Foster, 1981). 

In the diabetic, however, even if the extrainsular counterregulatory hor
mone response is adequate, the "clamped" insulin . levels maintain continued 
suppression of release of free fatty acids, the substrate for production of 
ketones, which constitute the only extracerebral fuel which could meet the 
energy needs of the brain. Lefebvre's group reports ( Krzentowsk i et a 1., 1982) 
low levels of free fatty acids and 6-hydroxybutyrate (518 + 36 ].Jmol; 161 + 34 
].JmO 1) in CSII patients with glucose levels averaging about 113 mg/dl; these 
would have been even lower had the patients been maintained below 100 mg/dl. 

4. Enhancement of glucose utilization during eu~lycemic insulin clamping 
at 80-100 1.10/ml: Durfii9 5 h of clamp1ng glucose ut1l1Zat10n increases despite 
decrease in receptor concentration (Doberne et al., 1981). 

In summary, the Type I diabetic is more prone to develop hypoglycemia for 
the following reasons: 1) insulin levels are autonomous and do not decline in 
parallel with blood glucose levels; 2) total counterregulatory failure may be 
present in as many as 30% of Type I diabetics tested by Santiago's group, either 
because of autonomic neuropathy, use of adrenergic blocking agents or the 
seemingly idiopathic syndrome described by Boden. 

Hypoglycemia in the Type I diabetic may have more serious effects on the 
CNS in the meticulously controlled Type I diabetic because of insulin-induced 
suppression of lipolysis and glucagon-mediated ketogenesis. 

Such patients are protected only by self-monitoring of glucose and by sub
jective awareness of impending hypoglycemia which should prompt them to take 
additional carbohydrate. But during sleep this protection is turned off, and 
the possibility of detection and treatment of the hypoglycemia by others is 
reduced. The sleeping hours are, therefore, the time of maximal risk of severe, 
pro longed and untreated hypoglycemia and therefore of hypoglycemic 
encephalopathy. 

R. STRATEGY FOR PREVENTION OF HYPOGLYCEMIC ENCEPHALOPATHY 

Analysis of the reported CSII deaths suggests: 1) Overdose of insulin 
resulting from either mechanical failure or human error can be excluded in all 
but one of the deaths (Case 2, Group 3). 2) Self-monitoring of blood glucose 
which forms the basis of regimes for meticulous control failed to abolish or 
reduce the incidence of hypoglycemic encephalopathy below that of unmonitored 
diabetics. Therefore, the occurrence of hypoglycemic encephalopathy in such 
patients suggests that modification of the therapeutic program may be indicated. 
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1. More stringent selection criteria of candidates for meticulous 
control: Tode1ine 11 1nappropr1ate cand1date" formeticulous coritr'Ol, one must 
remind oneself of the two clinical purposes of such regimes: a) The long-term 
therapeutic hope is that the restoration towards normal of the metabolic con
dition will prevent, reduce or delay the complications of this disease, a hope 
that is still unproven. b) The short-term purpose is to improve quality of life 
above that which can be achieved by conventional management through elimination 
of both hyperglycemia and hypoglycemia. 

. a. Relative contraindications for normalization of glycemic profiles: 
In v1ew of these therapeutic goals, meticulous control would be relatively 
contraindicated in the following patients. 

1) Patients with reduced life expectancy!: The long-term compli
cations of diabetes may takelrrom s1x to th1rty years to appear. Since there is 
no basis to hope for reversal of end-stage microangiopathic renal disease or 
retinopathy it makes no sense to impose this regime on a person who already has 
advanced complications of diabetes or who for any other reason, including 
advanced age, is unlikely to live long enough to develop complications!. In 
such patients a regime of meti.culous control can be justified only if it signi
ficantly improves "the quality of life", i.e., conventional therapy is unable to 
maintain the desired metabolic state. (Exceptions to this relative contrain
dication for meticulous control: pre-pregnancy patients and post-renal 
transplantation patients, irrespective of health, in whom one is in reality 
treating, not the diabetic host, but rather the fetus or the transplanted kidney 
within the diabetic host.) 

2) Patients who ~ already optimally controlled on conventional 
..?.Pll!-mixed insulin regim~~: In such patients there is no real reason for 
chang1ng to multiple dose or CSII. Similarly, if a patient is doing well on a 
multiple dose program, CSII has no tangible advantage and may possibly have 
greater risk, unless, like long-acting insulin, it is programmed to wane in the 
wee hours. Comparison in carefully controlled studies has yet to show that CSII 
is superior to multiple injections (Schiffrin and Belmonte, 1982). 

b. -Absolute contraindications for normalization of glycemic profiles: 

1) Predisposition to h~oglycemia2: 
insufficiency, end-stage llver or ki ney dlsease, 
adrenergic blocking agents and proven or 
insufficiency. 

Post-hypophysectomy, adrenal 
autonomic neuropathy, use of 
suspected counterregulatory 

2) Vascular insufficiency of brain or heart3: Cerebrovascular 
disease and pass 1 bly coronary vascular d1seasemay exaggerate the consequences 
of hypoglycemia on the hypoperfused tissues. The glycemic target should be 
raised to reduce the risk of hypoglycemia. 

lay this criterion Cases 1 and 2 of Group 2 would not have been treated. 
2sy this criterion patients 2, 3, 4 and 6 of Group 3 might have been treated 
differently. Patient 4 was post-hypophysectomy and probably was a very poor 
candidate both from the longevity standpoint and for endocrine reasons. 

3Patients 1-4 in Group 2 would have been excluded by this criterion. 
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3) Insufficient "cerebral counterregulatory apparatus"!: Patients 
who are unwilling or unable to comp~ i.e., to measure blood glucose properly, 
including a 3 a.m. level, adjust insulin dose or diet accordingly as certified 
by careful tests, and cooperate in surveillance by professionals. In regimes 
striving for meticulous control the patient must be expert in blood glucose 
monitoring and in the administration of insulin in accordance with the glucose 
measurements; hi1 or her expertise ~ be certified Ql objective ~ of hi1 
skill in self-management and §t cont1nuous surveillance Ql the ph(.sic1an ~his 
surrogate. The physician thus transfers to the patientms aboratory arid 
therapeutic responsibility. 

2. Raising of glycemic goals: Maintenance of normoglycemia in a Type I 
diabetic may be compared to ma1ntenance of a normal speed in a car without 
brakes. Yet, both physicians and patients strive to mimic the nondiabetic pro
file despite untested vulnerability to hypoglycemia. The fact that 
well-informed, highly motivated and compliant patients seem to be vulnerable to 
this risk (e.g., patient L.F. is a pediatric diabetes nurse; one of Dr. 
Santiago's patients was the wife of a physician), suggests that their glycemic 
goals may be dangerously low. 

a) Proposed glycemic targets: 

1) Range: While there are no data to identify the levels of 
hyperglycemia below which complications or even overglycosylation of Hgb can be 
prevented, in the interest of greater protection against death or brain damage, 
it would appear prudent to permit glucose levels to float between 130 and 180 
mg/dl, a reasonable compromise zone in which HgA1c levels might well be close to 
normal. 

2) FBS: The general importance attached to the normal fasting 
glucose level is or--particular danger. Glucose levels reach their nadir between 
1 and 3 a.m. and then tend to rise towards dawn (the "dawn effect"), even in 
CSII patients (Schmidt et al., 1981). Pumps programmed to increase the basal 
rate during the night so as to prevent the so-called "dawn effect" may be 
ill-advised. Instead, one should program the pump to reduce or interrupt insu
lin delivery for a brief period during the night and allow 7 a.m. glucose levels 
to rise as high as 130 mg/dl. Since glucose levels may rise over 100 mg/dl bet
ween the nocturnal nadir and sunrise, a normal 7 a.m. glucose level may mean 
that the patient was in a dangerously hypoglycemic range while asleep. 

b. Re;~ular testing for nocturnal hXpoglycemia: To avoid nocturnal 
hypoglycemia pat1ents should dQ9lucose determ1nations at -2 a.m. on a regular 
basis and/or whenever their 7 a.m. glucose is below 100 mg/dl and modify insulin 
dose accordingly. 

c. Reduced late nocturnal insulin delivery: Interruption of CSII for 
two hours is assoc1atedw1th a 4-fold increase in ketones, although glucose 
levels were still below 200 mg% (Krzentowski et al., 1982). Thus, a brief 
reduction or even interruption of insulin-mediated suppression of alternative 
fuel production will not cause an inordinate rise in glycemia. The nocturnal 
slowdown of insulin would reduce glucose utilization by peripheral tissues and 
provide significant quantities of ketones as a back-up cerebral fuel (McGarry, 
J.D., personal corrmunication). It may be that the constant rate of insulin 
absorption, rather than the phasic secretory pattern that occurs in nondiabetics 
contributes to the problems. 

1Patients 1, 2 and 3 of Group 3 would have been discontinued as CSII patients by 
this criterion. 
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Programmable pumps of the "future will permit a reduct ion of 1 ate nocturna 1 
insulin delivery with a resumption of higher basal rate one or two hours before 
waking. Slight elevation of the fasting glucose level above normal may not be 
nearly as hazardous to the health of a diabetic as a normal fasting glucose 
1 eve.l may be. 

If slight fasting hyperglycemia causes an inordinate post-breakfast 
hyperglycemia with poor control during the morning, the size and/or carbohydrate 
content of breakfast can be modified and the pre-breakfast insulin burst can be 
increased to contain this. 

d. Insulin tolerance test? This cannot now be recommended as a 
routine screening lbest for counterregulatory failure since its predictive 
accuracy for CRF relative to its risk has not been determined as yet. [A death 
has been reported in a Hollander procedure (Decker and Myburgh, 1969).] There 
is no real substitute for nocturnal screening at the moment. 

2. Avoidance of saccharin? There are reports of potentiation of insulin 
coma in rabb1ts (MaGallum and Sivertz, 1948) and rats (Valenstein and Weber, 
1965) but this has not been tested in man. 

3. Intensive patient training programs: When a patient is placed on a 
regime of meticulous control the patient is, in fact, being appointed by the 
physician as his surrogate with responsibility for laboratory work and for its 
proper interpretation and use in therapeutic decision making. This prosthetic 
"cerebral glucoregulatory apparatus" must be evaluated by direct practical 
testing of laboratory skill, ability to readjust ins;ulin dose, and general 
understanding of diabetic pathophysiology before entrusting him or her with 
responsibility for self-care. There must be periodic on-going surveillance by 
the physician to assure long-term safety and continuing indication for this type 
of regime. 
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