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hypoglycemia during CSII in young diabetic children,
as proposed previously in adults. Diabetes 36:300-304,
1987

M

arked lability of blood glucose concentrations is
common among children treated for insulin-dependent diabetes (IDDM) (1). In a few, recurrent
episodes of severe hypoglycemia remain a major clinical problem even after standard efforts directed at
achieving more stable blood glucose control (1,2). Although
there are many potential causes for severe hypoglycemia
among insulin-treated diabetic subjects, a subset of adult
diabetic subjects has been defined who demonstrate defective glucose counterregulatory responses during sustained hyperinsulinemia (3,4). Subjects with this defective
response, when placed on highly intensive treatment regimens, develop severe hypoglycemia 10-20 times more often
than subjects with normal glucose counterregulatory responses (3-5).
Hormonal counterregulatory responses to insulin-induced
hypoglycemia have not been studied in detail in pre-schoolage children with IDDM. Glucagon and epinephrine secretion during hypoglycemia have been proposed as the predominant mechanisms that defend against insulin-induced
hypoglycemia (6,7). In adults and adolescents, defective
glucagon and epinephrine responses are associated with a
longer duration of diabetes and autonomic neuropathy (8,9).
Our study was designed to determine whether defective
glucose counterregulatory responses during sustained
moderate hyperinsulinemia could partly account for the occurrence of recurrent severe hypoglycemia in six pre-schoolage children with overt IDDM of —1-2 yr duration.

METHODS

Subjects. Six 18- to 57-mo-old children (3 boys, 3 girls) with
known IDDM for 13-27 mo were studied. All had plasma
glucose levels >150 mg/dl and simultaneous plasma Cpeptide values <0.1 pmol/ml after an overnight fast.
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SUMMARY

To determine whether immature or defective glucose
counterregulation was responsible for the severe recurrent hypoglycemic episodes (3.6 per patient per
year) observed during conventional therapy (CT) in six
pre-school-age diabetic children, we investigated their
metabolic and hormonal responses to insulin infusion
(40 mU/kg i.v. for 60 min). Counterregulation was considered adequate because no patient experienced
symptoms requiring discontinuation of the test, and
blood glucose (BG) nadirs averaged 42 ± 5 mg/dl.
Glucose production rate decreased from 4.2 ± 0.2 to
2.6 ± 0.6 mg k g 1 m i n 1 . Blood 3-hydroxybutyrate
levels were elevated (~ 3 mM) and did not change during insulin infusion. The responses of epinephrine
(from 137 ± 37 to 393 ± 1 4 3 pg/ml), norepinephrine
(from 145 ± 33 to 347 ± 1 5 2 pg/ml), and growth hormone (from 6.0 ± 1.5 to 20.3 ± 5.1 ng/ml) were normal for this age group. As previously observed in
diabetic adults, glucagon response was deficient (from
117 ± 30 to 114 ± 18 pg/ml). The six children were
subsequently treated with continuous subcutaneous
insulin infusion (CSII), which resulted in a 20-fold decrease in the number of severe hypoglycemic reactions. Predisposition to severe hypoglycemia in this
subset of diabetic children, which remains a refractory
problem even after considerable efforts have been
made to decrease them, may thus be sharply decreased with CSII therapy. During this therapy, a significant inverse correlation appeared between the individual frequency of BG values <40 mg/dl and
BG nadir during the insulin infusion test (r = .94,
P < .001). We conclude that the glucose counterregulatory status evaluated by a simple standardized insulin-infusion test can predict the risk of developing
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TABLE 1
Clinical characteristics of the six diabetic children at time of
insulin-infusion test
Mean ± SE
Age (mo)
Weight (% ideal body wt)
Duration of treatment (mo)
CT
CSII
Insulin dose (U • kg" 1 • day 1 )
CT
CSII

37
103
43
19
24

± 6
± 2
± 4
±4
± 3

0.99 ± 0.2
0.97 ± 0.1

Range
18-57
98-108
29-53
13-27
13-30
0.7-1.3
0.8-1.2

After the insulin-infusion test, children were switched from conventional therapy (CT) to continuous subcutaneous insulin infusion
(CSII).
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FIG. 1. Top: time course of blood glucose concentration in diabetic
children during insulin-infusion test. Hatched area, ± 1 SD from mean
in normal controls. Bottom: responses of glucose production and utilization rates to insulin-infusion test in diabetic children.
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Four age- (34 ± 7 mo) and sex- (2 boys, 2 girls) matched
nondiabetic controls without family histories of diabetes were
also studied. All studies were performed after informed parental consent under a protocol approved by the medical
ethics committee of INSERM.
Clinical characteristics of the patients are summarized in
Table 1. All had a history of severe recurrent hypoglycemia
(loss of consciousness, seizure, and need for intravenous
glucose or glucagon) despite repeated efforts to achieve
clinical improvement. These efforts included hospitalization
on a metabolic ward, use of two daily insulin injections adjusted on the basis of three or more daily capillary blood
glucose measurements, individually calculated diets, and
extensive training and motivation of patients and family members. All were treated with highly purified pork insulin (Actrapid and Monotard, Novo, Copenhagen, Denmark), and
none had any other known medical problems.
Insulin-infusion test protocol. Each subject underwent a
modification of a previously described insulin-infusion test
to assess glucose counterregulatory status (3). Briefly, the
test calls for withdrawal of longer-acting insulin preparations
and rapidly absorbed insulin at least 24 and 12 h, respectively, before each study. Blood glucose was maintained
between 60 and 100 mg/dl throughout the night and early
morning with an intravenous infusion of insulin adjusted every
30-60 min based on bedside capillary blood glucose measurements. At 0730 h (t0), a continuous infusion of 6,6[2H2]glucose tracer was begun and maintained to achieve a
1-3 mol percent excess enrichment of plasma glucose and
permit measurement of glucose utilization and production
rates.
At 0900 h (£90), the feedback-controlled intravenous insulin
infusion was interrupted, and a constant intravenous infusion
of regular pork insulin at an hourly rate of 40 mU/kg body
wt was begun and continued for 1 h until the end of the
study. All syringes and tubings were rinsed previously with
the insulin and diluting medium supplied by the manufacturer
(Novo). Arterialized blood (0.5 ml) was obtained every 15
min for immediate plasma glucose analysis at the bedside
and for later measurement of isotope enrichment and phydroxybutyrate concentrations. An additional 5-ml baseline
blood sample was obtained at 0900 h and at the end of the
study for measurement of plasma free-insulin and fatty acid
concentrations and the counterregulatory hormones glucagon, cortisol, growth hormone, epinephrine, and norepi-

nephrine. Anti-insulin and antiadrenomedullary cell antibodies in the plasma were also measured in each subject.
The infusion test was carried out under the supervision of
a physician who constantly monitored each subject's neurologic status. Subjects who remained well oriented and alert
during the infusion and who also maintained blood glucose
levels >30 mg/dl were considered to have adequate glucose counterregulation. The 30-mg/dl value is the lower limit
of the range in normal children. This value is lower than the
35 mg/dl used by White et al. (3) in adults and reflects the
lower fasting glucose concentrations normally seen in 3- to
6-yr-old children (10). Subjects who became disoriented or
lethargic, who exhibited abnormal behavior at any time, or
whose blood glucose levels fell to or below 30 mg/dl without
a rise during the subsequent 15 min were considered to
have defective glucose counterregulation; when this occurred, the insulin infusion was stopped immediately and
glucose was given intravenously.
Follow-up intensive treatment with continuous subcutaneous insulin infusion (CSII). After completion of the insulin-infusion test, the children were placed on pump
therapy. The protocol used to initiate CSII has been described elsewhere (11). Briefly, pump therapy (Microjet MC
20, Ames, Elkhart, IN) was begun at the usual total daily
dose used during conventional therapy. The basal rate was
initially set at 40%, and four equal premeal boluses were
given at 15% of the daily dose 15 min before the meals.
Basal rates and bolus doses were adjusted as necessary
on the basis of seven blood glucose concentrations, mea-

TABLE 2
Counterregulatory hormone responses to insulin-induced
hypoglycemia in diabetic children and nondiabetic
age-matched controls

Glucagon (pg/ml)
Basal
At 60 min
Epinephrine (pg/ml)
Basal
At 60 min
Norepinephrine (pg/ml)
Basal
At 60 min
Growth hormone (ng/ml)
Basal
At 60 min
Cortisol (|xg/dl)
Basal
At 60 min
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Diabetics
(N - 6 )

Controls
(N = 4)

117 ± 3 0
114 ± 18

89 ± 21
128 ± 42

137 ± 37
392 ± 143

217 ± 72
533 ± 227

145 ± 3 3
347 ± 152

103 ± 44
405 ± 169

6 ± 1.5
20 ± 5

6 ± 4
19.5 ± 5

21 ± 2
20 ± 2

13.5 ± 3
13 ± 3

antibodies by indirect immunofluorescence with human adrenal tissue as antigens (16). After a first incubation step of
the patient's serum with 5-|xm cryostat sections, fluorescein
isothyocyanate-labeled anti-human IgG was added (16). Insulin antibody binding was determined by a modification of
the method of Kuzuya et al. (17).
Glycosylated hemoglobin concentrations (HbA1c) were
measured by an automatic chromatographic technique giving a normal value of 4.7 ± 0.7% (19). Data are expressed
as means ± SE. Paired and, when appropriate, unpaired
Student's t tests were used for evaluation of statistical significance. Correlation coefficients were calculated by the
least-squares method. The average rate of decrease of
blood glucose during hypoglycemia was calculated by dividing the differences between baseline and nadir blood
glucose values by the time interval.
RESULTS

Baseline observations. After the overnight variable-rate insulin infusion in the diabetic subjects, plasma glucose during
the baseline period (0730-0900 h) was almost identical in
the diabetic (75 ± 6 mg/dl) and normal (76 ± 4 mg/dl)
children. Similarly, the rates of glucose utilization and production were stable during the baseline period (Fig. 1) and
within the normal range for normal children of this age group
(15).
At baseline, plasma free fatty acids were similar in the
normal (0.41 ± 0.07 mM) and diabetic (0.49 ± 0.07 mM)
children. Blood 3-hydroxybutyrate was higher in the diabetic
(3.4 ± 0.3 mM) than in normal (1.8 ± 0.2 mM) children
(P < .001). Baseline concentrations of epinephrine, norepinephrine, growth hormone, cortisol, and glucagon were similar (P > .10) in the diabetic and control subjects (Table 2).
Baseline free-insulin levels in the diabetic children averaged 11 ± 4 |xU/ml. Insulin binding of diabetic serum was
40 ± 6% in the diabetics (range 16-60%). Five of the six
diabetic subjects, but none of the controls, had circulating
antibodies that bound to human adrenal medullary membranes.
Response to insulin infusion. During the infusion of insulin
at 40 mU • kg- 1 • h r \ plasma glucose declined at similar
rates in both diabetic (0.95 ± 0.16 mg • dl" 1 • min 1 ) and
nondiabetic (0.93 ± 0.09 mg • dh 1 • min~1) subjects (Fig.
1). In the nondiabetic children, the mean nadir glucose of
38 ± 3 mg/dl occurred at 45 min and then rose to 57 ± 8
mg/dl at 60 min despite continued insulin infusion. In the
diabetic children, the mean nadir glucose was similar (42 ±
5 mg/dl) but occurred at 60 min, 15 min later than in the
controls. The only difference between the two groups was
that three of the diabetic children had a continuous gradual
decline in plasma glucose concentration throughout the test,
whereas the normal children all had a postnadir rise in
plasma glucose. Overall, the decline in plasma glucose was
primarily due to a decrease in hepatic glucose release into
plasma (Fig. 2).
None of the diabetic or normal children demonstrated any
signs of neurologic impairment during the constant insulin
infusion. Two diabetic subjects had plasma glucose concentrations <30 mg/dl (one was 21 and the other was 22
mg/dl). These values were increased in the next sample and
were 59 and 37 mg/dl, respectively, at the end of the study.
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sured at 0730, 1000, 1200, 1600, 1930, 2200, and 0300 h
during the hospital stay.
The children were discharged from the hospital after 6 12 days, as soon as both the blood glucose profile and
parental training appeared to be satisfactory. During the first
2 wk, we requested the parents to measure and record the
capillary blood glucose concentration before each meal and
every day at 0300 h. If the blood glucose concentration was
<60 mg/dl at these times, the basal rate of CSII was decreased by 10% and then readjusted. They were instructed
to call the physician in charge of the program once weekly
for adjustment of the insulin dose. The initial return visit was
scheduled in 2 wk, with subsequent visits every 4-6 wk.
After stabilization, two daily measurements of capillary blood
glucose were requested at varying hours, and one monthly
measurement of nocturnal blood glucose was required. At
monthly outpatient visits, long-term metabolic control was
assessed by measurement of glycosylated hemoglobin levels. At these visits, episodes of severe hypoglycemia and
clinical circumstances surrounding any adverse events were
recorded, and logs recording all home glucose measurements were reviewed. Severe hypoglycemia was defined as
any episode causing seizure or loss of consciousness or
requiring glucagon injection or intravenous glucose.
Analytical methods. Blood glucose concentrations were
determined with a glucose dehydrogenase method. The
rates of production and disposal of blood glucose were calculated from the non-steady-state approximation equation
of Steele et al. (12), as modified by De Bodo et al. (13), with
extracellular volume estimated from the pediatric data of
Widdowson and Dickerson (14). The baseline rate of glucose
production was calculated from the mean of 80- and 90-min
values of plasma [2H2]glucose enrichment (15). Plasma insulin concentrations were measured by radioimmunoassay,
and free insulin was measured after polyethylene glycol precipitation with intra- and interassay coefficients of variation
<10% (17). Plasma concentrations of cortisol, growth hormone, and glucagon were measured by radioimmunoassays, and plasma epinephrine and norepinephrine were
determined by a single-isotope derivative assay (18).
Serum samples were tested for antiadrenomedullary cell
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FIG. 2. Relationship between individual plasma epinephrine increase
and titers of circulating antiadrenomedullary cell antibodies.

Blood 3-hydroxybutyrate levels did not change substantially in either the diabetic (2.7 ± 0.2) or control (1.8 ± 0.1
mM) subjects during the constant insulin infusion. Epinephrine, norepinephrine, and growth hormone concentrations
increased in both the diabetic and control subjects at the
end of the insulin infusion (Table 2). Cortisol remained unchanged in both groups. Glucagon increased only in the
controls. At the end of the insulin infusion, concentrations of
plasma free insulin were similar in the normal (25 ± 4 (xU/
ml) and diabetic (23 ± 3 |xU/ml) subjects. A significant negative correlation (r = - .89, P < .01) was observed between
the titer of antiadrenal medullary antibodies and the plasma
epinephrine responses to insulin-induced hypoglycemia.
Response to intensive therapy. During a 13- to 32-mo follow-up, while on highly intensive therapy with an insulin infusion pump, there was a substantial fall in mean
glycosylated hemoglobin concentrations from 9.0 ± 0.2 to
6.4 ± 0.3% (P < .01). The frequency of severe hypoglycemia
decreased from a mean of 3.6 episodes per patient per year
the year before the onset of pump treatment to 0.19 per
patient per year during pump treatment. Less severe reactions, requiring family administration of carbohydrates or
food by mouth were common during CSII. Furthermore, an
average of 3.8 ± 1.6% of all recorded glucose values performed at home were <40 mg/dl, but treatment of suspected
or obvious reactions without prior measurement of blood
glucose was common. The frequency of measured blood
glucose values <40 mg/dl was highly correlated with the
nadir plasma glucose value during the insulin infusion test
(/• = - . 9 4 , P < .001), a result similar to that observed in
adults by Bolli et al. (4).
DISCUSSION

Three observations made during this study merit special
consideration. First, a subset of pre-school-age IDDM pa-
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tients selected because of severe recurrent hypoglycemia
responded favorably when changed from conventional treatment to a regimen employing CSII. Several factors could
have contributed to this favorable response. 1) The closerto-physiologic patterns of insulinemia achieved with CSII
probably reduced substantially the frequency of unphysiologic hyperinsulinemia that occurs commonly with twicedaily insulin injections. 2) CSII probably results in less erratic
insulin absorption and inadvertent hyperinsulinemia than
does conventional treatment. 3) Perhaps most important,
patients treated with CSII commonly measure their blood
glucose levels and adjust their insulin and diet more frequently than do patients treated conventionally, thus potentially reducing the hazards of hypoglycemia due to day-today and hour-to-hour fluctuations in insulin need and erratic
plasma insulin levels.
Although CSII has resulted in excellent responses in carefully selected and closely supervised adults, the results in
adolescents are mixed. Schiffrin et al. (20) obtained excellent
results in carefully selected adolescents, whereas others
have reported poor results in adolescents with serious emotional and behavioral problems (21) and in poorly motivated
nonadherent adolescents (22). The excellent results obtained in our patients were partly related to the extraordinary
efforts made by highly motivated, cooperative, and resourceful parents who assumed direct responsibility for day-to-day
management of their children's blood glucose monitoring,
diet regimen, and insulin adjustments. Obviously, this
method of treatment may not be as effective in older children
or in less cooperative families.
The second point that merits discussion is that the recurrent hypoglycemic episodes seen during conventional treatment could not be explained by any detectable defect in
glucose counterregulation in the diabetic children studied.
All children tested tolerated moderate sustained hyperinsulinemia well without the development of severe biochemical hypoglycemia. As expected, the fall in glucose concentration was due primarily to decreased hepatic glucose
release. The data indicate that, as in adults (8), deficient
glucagon responses are common during insulin-induced hypoglycemia, even in pre-school-age children with diabetes
of short duration. Adrenergic mechanisms can largely compensate for glucagon's absence, as they did in all of the
children tested (6). Furthermore, counterregulatory hormone
status clearly does not predict the occurrence of hypoglycemia during conventional therapy. This point has been
made previously in adults (4,5,23).
Third, the results of the insulin-infusion test predicted well
the relative risk of hypoglycemia during intensive therapy
employing CSII. This confirms the results of others (3,4). A
practical consequence of this observation relates to the potential clinical utility of the insulin-infusion test in diabetic
children. If a highly intensive regimen employing CSII is
being contemplated for a given patient, the results of the
test can be used to predict its potential risks. This would
apply not only to children in whom CSII is being considered
as a therapeutic option designed to reduce hypoglycemia,
but also to those in whom this type of therapy is being used
in the hope that it will reverse or prevent one or more of the
long-term complications of diabetes.
Several additional comments can also be made based on
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the results of this study. The absence of neurologic symptoms among the diabetic children during the test, even in
those with the lowest glucose values, may partly be related
to the higher than normal (3-hydroxybutyrate concentrations
during the test, because ketone bodies have been reported
to be an excellent fuel for brain metabolism (24). The failure
of insulin doses that normalize plasma glucose overnight to
normalize midmorning (3-hydroxybutyrate concentrations
has been observed previously (25). Whether this is due to
decreased ketone body utilization, increased production, or
a combination of the two is not clear from this study. The
data suggest, however, that a major difference in fatty acid
availability does not account for the higher ketone bodies in
the diabetics whose blood glucose levels have been normalized overnight with insulin.
Finally, the apparent correlation between antiadrenomedullary antibody titers and plasma epinephrine responses during hypoglycemia is interesting and requires confirmation in
larger studies. The presence of these antibodies did not
appear to cause a major inhibition of epinephrine release in
our patients, but it could result in impaired glucose counterregulation in some patients with IDDM.

