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Abstract
Aims—To investigate the dynamics be-
tween plasma and dialysate glucose dur-
ing hypoglycaemia in children.
Study design—Six children in prepuberty
or early puberty were investigated by
multiple blood sampling and microdialy-
sis of subcutaneous adipose tissue during
a standard arginine–insulin tolerance test.
Glucose and glycerol, as an index of
lipolysis, were measured in samples from
both compartments. Plasma concentra-
tions of insulin and the main counterregu-
latory hormones were also measured.
Results—Plasma and dialysate glucose
concentrations were very similar at base-
line and increased in concert after infu-
sion of arginine, probably in response to
glucagon release. After insulin injection,
glucose in both plasma and dialysate fell
in parallel. The subsequent hypoglycae-
mic stress response induced a rapid
rebound in the plasma concentration with
a mean (SD) delay in the dialysate of 16 (3)
minutes. Plasma glycerol was approxi-
mately fivefold lower than in the dialysate
and did not fluctuate significantly. Dia-
lysate glycerol decreased with arginine
infusion and reached a nadir immediately
following insulin administration. Subse-
quently, the antilipolytic eVect of insulin
was overcome by the hypoglycaemic stress

response, and lipolysis prevailed in spite
of hyperinsulinaemia.
Conclusion—After rapidly induced hypo-
glycaemia, rebound of interstitial glucose
concentrations is significantly delayed
compared with plasma concentrations,
and the antilipolytic eVect of hyperinsuli-
naemia is opposed possibly by the hy-
poglycaemic stress response.
(Arch Dis Child 1999;80:42–45)
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Microdialysis of subcutaneous adipose tissue
allows measurement of glucose and lipolysis
products and is therefore of potential interest
for monitoring patients with brittle glucose
homeostasis.1 Reliable blood glucose determi-
nations may be diYcult to obtain from children
and neonates in the lower glucose range,2 and
blood concentrations of the lipolysis
products—that is, glycerol and free fatty acids,
during hypoglycaemia are insensitive indica-
tors of lipolysis. Within the normal range of
blood glucose concentrations, glucose in the
interstitial fluid space of abdominal subcutan-
eous tissue is almost identical to the blood
concentrations.3–5 However, we are unaware of
any data regarding gradients between plasma
and the interstitium glucose in hypoglycaemic
children.

Insulin has potent antilipolytic eVects in
both children and adults,6 and the absence of
lipolysis products and ketone bodies during
episodes of spontaneous hypoglycaemia indi-
cates a hyperinsulinaemic pathogenesis.7 Cate-
cholamines are the only hormones with acute
and pronounced lipolytic eVects after the neo-
natal period.8 When adipocytes are incubated
in vitro with insulin and isoprenaline (a â
adrenergic receptor agonist), insulin drastically
reduces the sensitivity for isoprenaline without
aVecting the maximal lipolytic response.9

Recently, this mechanism has been confirmed
in vivo in adults,10 based on the finding that
microdialysis measurements of glycerol reflect
changes in lipolysis induced by catecholamines
and insulin.11

We investigated the hypoglycaemic stress
response induced by an arginine–insulin toler-
ance test (AITT) in children. We aimed to
analyse the dynamics between plasma and adi-
pose tissue dialysate glucose concentrations
during hypoglycaemia, and the eVect of hyper-
insulinaemia and counterregulatory hormones
on lipolysis in subcutaneous adipose tissue.

Figure 1 (A) Microdialysis probe. The black arrow indicates the flow of Ringer’s solution
and the grey arrow the flow of the interstitial fluid. (B) Implantation of the microdialysis
probe in subcutaneous adipose tissue. (Top) A needle is used to puncture the skin. (Middle)
The introducer is inserted through the puncture hole. (Bottom) The introducer is removed
and the device is ready for use.
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Methods
The study was approved by the ethics com-
mittee of the Karolinska Institute, and in-
formed consent was obtained from the guard-
ians and participants.

Six children with short stature in prepuberty
or early puberty were included in the study
(table 1). The mean (SD) age was 12.3 (1.2)
years and all were below −3 SD regarding
height for age or had a growth velocity below
−2 SD. The children were admitted to the hos-
pital one day before the study.

A microdialysis probe was inserted in the
abdominal subcutaneous adipose tissue (fig
1B). Two venous cannulas were placed in the
forearms: one for infusion of arginine and
insulin, and one for blood sampling. The AITT
followed the standard procedure used to study
growth hormone (GH) secretion and hypogly-
caemic stress response.12 After an overnight
fast, an intravenous arginine infusion (0.5 mg/
kg body weight over 30 minutes) was given at

08:30 and insulin (0.10 U/kg) was given one
hour later as an intravenous bolus injection.

The microdialysis device (CMA Microdialy-
sis, Solna, Sweden) has a double lumen plastic
cannula equipped with a tubular semiper-
meable membrane.1 Sterile Ringer’s solution is
continuously pumped through the dialysis
tube, where diVusion of molecules along the
concentration gradient takes place (fig 1A).
The length of the dialysis membrane is 30 mm
and the flow rate is 0.5 µl/min. We have previ-
ously found close to 100% recovery of glucose
in children using these conditions.4 5 Microdi-
alysis samples were collected every 15 minutes
starting at 0 minutes. All calculations and
figures were corrected for a lag phase of 10
minutes between the microdialysis probe and
the collecting test tube. Thus, the first
microdialysis sample was collected at 0 min-
utes and plotted at −10 minutes, and the sub-
sequent sample was collected at 15 minutes
and plotted at 5 minutes.

ANALYSES OF HORMONES AND METABOLITES

Blood samples for determination of plasma
concentrations of insulin and the counterregu-
latory hormones glucagon, cortisol, noradren-
aline, and GH were drawn at the time points
indicated in table 2. Samples for determination
of plasma glucose and glycerol were drawn
every 15 minutes. GH concentrations were
measured by a fluoroimmunometric assay
using two monoclonal antibodies.13 The con-
centrations of glucagon, cortisol, and insulin
were determined by standard radioimmuno-
assays.14 15 Catecholamines were assayed by
high performance liquid chromatography.16

Plasma and dialysate glucose concentrations
were determined by a glucose–oxidase
method,17 and glycerol concentrations with a
glycerol–oxidase method.18 To study the tem-
poral relations between changes in plasma and
microdialysate glucose concentrations, the in-
tervals between insulin injection and the fall or
rise in glucose concentrations were analysed as
indicated in fig 2.

STATISTICS

Data are presented as mean (SD). After check-
ing for major deviation from normality, the
Student’s paired t test was used to compare
microdialysate and plasma concentrations, and
ANOVA was used to assess variations over time in
glucose and glycerol concentrations.

Table 1 Clinical characteristics of the study participants

Participant

A B C D E F

Age (years) 11 12 17 13 9 12
Sex M M M M F F
Tanner stage 1 1 2 1 1 1
Height (SD) −3.5 −2 −5 −2 −3 −3
Weight (SD) −1.5 −1.5 −4 −1.5 −2 −3
Growth velocity (SD) −2.5 −3 −2.5 −2.5 −2.5 −3

Participant C was treated with moderate doses (400–800 µg qid) of budesonide and terbutaline
inhalations as required.

Figure 2 Calculation of the temporal relation between
plasma and microdialysate glucose after insulin injection.
The time intervals between insulin injection and a 50%
decrease in glucose(T1) and between insulin injection and
the subsequent rise to the 50% level (T2) were calculated
from each graph. Basal denotes the glucose concentration
before the start of AITT.
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Table 2 Plasma hormone concentrations during arginine–insulin tolerance test

Time
(min)

Insulin
(mU/l)

Glucagon
(pmol/l)

Cortisol
(nmol/l)

Noradrenaline
(nmol/l)

Adrenaline
(nmol/l)

Growth hormone
(µg/l)

−15 10 (6) – 372 (154) 1.9 (1.2) 0.6 (0.1) 0.2 (0.2)
0 9 (4) 1.3 (0.4) 285 (122) 1.9 (0.8) 0.6 (0.1) 0.1 (0.01)

15 36 (15) 3.0 (0.7) 264 (104) 1.6 (0.8) 0.9 (0.6) 0.3 (0.2)
30 61 (21) 1.7 (0.8) 283 (106) 1.8 (0.7) 1.3 (1.7) 6.7 (3.6)
60 18 (10) 1.7 (0.4) 383 (172) 2.3 (0.7) 1.1 (0.3) 5.0 (2.8)
75 193 (200) – 422 (188) 1.4 (0.5) 0.9 (0.5) 2.7 (2.3)
90 71 (70) 2.7 (0.4) 539 (183) 3.9 (0.9) 5.1 (3.5) 2.2 (2.0)

120 32 (16) – 717 (141) 1.6 (0.01) 1.1 (0.3) 2.0 (1.0)

Arginine was infused continuously between 0 and 30 minutes, insulin was given as an intravenous bolus injection at 60 minutes. Data
are mean (SD).
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Results
Table 2 shows the endocrine profiles during the
AITT. Two of the six participants were partly
GH deficient as defined by peak stimulated
plasma GH concentrations < 10 mg/l. Apart
from the diminished GH response, there was
no diVerence between the GH deficient and
the other children during the AITT.

Before arginine infusion, the mean plasma
and dialysate glucose concentrations were very
similar (fig 3). In response to arginine infusion,
there was a transient increase in plasma glucose
(p < 0.05) corresponding to a rapid glucagon

release. The increase in dialysate glucose
concentration was not significantly delayed.
After the intravenous insulin bolus injection,
glucose fell rapidly concomitantly in both
compartments. The plasma and dialysate
glucose concentrations were very similar, and
no delay was observed (fig 3, table 3).
Subsequently, plasma glucose concentrations
increased rapidly in response to the hypogly-
caemic stress. However, the rise in the mean
(SD) dialysate glucose was delayed 16 (3) min-
utes (p < 0.01) (table 3). During the remaining
time course, the glucose concentrations in the
dialysate were significantly lower than in
plasma (p < 0.01).

To monitor ongoing lipolysis, glycerol was
measured in plasma and dialysate. In plasma,
the glycerol concentration was several-fold
lower than in dialysate and did not fluctuate
significantly during the test (fig 4). In contrast,
glycerol concentrations in the dialysate fell
rapidly after arginine infusion reflecting inhibi-
tion of lipolysis by insulin. Although the subse-
quent insulin injection further inhibited lipo-
lysis, the dialysate glycerol concentration
climbed to the basal concentration 30 minutes
after insulin injection (p < 0.01).

Discussion
Six children were subjected to a rapidly
induced hyperinsulinaemic hypoglycaemic epi-
sode during an AITT. The hypoglycaemia was
most pronounced approximately 30 minutes
after insulin injection in both plasma and a
microdialysate of subcutaneous adipose tissue,
but the ensuing rise in dialysate glucose
concentration was delayed compared with
plasma. Dialysate glycerol concentrations, re-
flecting ongoing lipolysis, also reached a nadir
following insulin administration, but the anti-
lipolytic eVect of insulin was subsequently
overcome by the counteracting regulatory hor-
mones.

We cannot estimate the time required for the
dialysate glucose concentration to reach the
plasma concentration, as the monitoring ended
two hours after insulin injection. However, the
discrepancy between plasma and dialysate glu-
cose indicates that the adipose tissue glucose
concentration does not passively mirror plasma
glucose fluctuations—a fact that is important
to keep in mind when the microdialysis
technique is used to monitor patients at risk for
hypoglycaemia. Accordingly, tissue glucopenia
may be present even at normal plasma glucose
concentrations. Microdialysis does oVer an
advantage over blood sampling as glucose can
be measured continuously for hours or days
without blood sampling and consumption. The
technique has been used successfully to moni-
tor glucose in neonates with hypoglycaemia4

and diabetic patients,19 20 as well as in neonates5

and adults21 undergoing surgery. Recently,
onsite measurement of glucose by microdialy-
sis for clinical practice became possible in our
department. As there is a risk of lower dialysate
than blood glucose concentrations, we rou-
tinely run a blood glucose determination after
determining a low dialysate concentration.

Figure 3 Plasma and dialysate glucose concentrations during AITT. Arginine infusion
was given over 30 minutes starting at time 0. Insulin was given as an intravenous bolus
injection at 60 minutes. Data are mean (SD) (n = 6).
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Table 3 Temporal relation between changes in plasma and
microdialysate glucose concentrations

Fall (min) Rise (min)

Dialysate 10 (10) 49 (7)
Plasma 8 (6) 33 (8)
Mean diVerence 2 (3) 16 (3)
p value <0.01

The mean interval between the insulin injection and the time
points at which the glucose concentration reached a concentra-
tion halfway between that at the start of the AITT and the
nadir—that is, initially fallen and subsequently risen, was calcu-
lated from the individual graphs, T1 and T2, respectively (fig 2).
Data are mean (SD) except for the mean diVerence (SE).

Figure 4 Plasma and dialysate glycerol concentrations during AITT. Arginine infusion
was given over 30 minutes starting at time 0. Insulin was given as an intravenous bolus
injection at 60 minutes. Data are mean (SD) (n = 6).
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The mechanism for the delay in the dialysate
is not known. The recovery of substances from
the extracellular fluid depends on the microdi-
alysis device—that is, the length of the dialysis
membrane and the flow rate of the perfusion
solution, as well as the microcirculation.1 A
reduced microcirculation may result in de-
creased interstitial glucose and increased glyc-
erol concentrations. As local blood flow was
not measured in the present study, the
potential influence of this factor cannot
adequately be evaluated. However, previous
data demonstrate that adipose tissue blood
flow increases transiently in response to
hypoglycaemia.10 Thus, the diVerences in the
concentrations of glucose and glycerol between
plasma and dialysate can probably not be
attributed to altered blood flow. Another possi-
ble mechanism is an increased endothelial bar-
rier for glucose during hypoglycaemia as
described for insulin.22 23 Alternatively, hyper-
insulinaemia itself may cause diVerences be-
tween dialysate and plasma concentrations.
Insulin increases glucose uptake,24 whereas
glucagon has no local eVects in adipose tissue.25

In response to increasing insulin concentra-
tion, an augmented uptake of glucose may
explain the lack of delay in the dialysate during
the first half of the test. A delay should
otherwise have been expected for the diVusion
of glucose from the blood stream. On the other
hand, a persistent peripheral glucose uptake
induced by insulin, in combination with a slow
diVusion of glucose from the blood stream to
the interstitial water space, may delay normali-
sation of the interstitial glucose concentrations.

Interstitial glycerol concentrations decreased
profoundly during arginine infusion, probably
because of the release of insulin. Despite the
further rise in plasma insulin after insulin
administration, dialysate glycerol concentration
increased. Therefore, it is likely that the
catecholamine surge induced by hypoglycaemia
counteracted the antilipolytic eVect of insulin,
confirming previous in vitro9 and in vivo data.10

As hyperinsulinaemia failed to inhibit lipolysis
during hypoglycaemia, the absence of ketone
bodies and lipolytic products is not a prerequi-
site for the diagnosis of insulin induced hypogly-
caemia, which has been suggested
previously.7 26 27 The situation may be diVerent
in early infancy, as during this time the lipolytic
eVect of catecholamines is weak, secondary to
enhanced á2 adrenoceptor activity.8 28–30
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