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Summary. To assess the rate of metabolic deteriora- 
tion and potential risks of failure of continuous sub- 
cutaneous insulin infusion during basal insulin deliv- 
ery, we deliberately stopped infusion in nine insulin 
dependent diabetics. Plasma glucose, blood 3-hy- 
droxybutyrate and plasma free insulin were measured 
for 9 h whilst the patients remained supine and fast- 
ing. Mean plasma glucose remained unchanged at 
normal fasting levels for the first hour, then rose to 
plateau at about 10 mmol/1 until the end of the experi- 
ment. The final plateau level of glucose varied from 
patient to patient; two C-peptide secreting diabetics 
plateaued at low glucose levels. In contrast, blood 3- 
hydroxybutyrate rose progressively, without plateau- 
ing. Plasma free insulin concentrations fell during the 
withdrawal period and there was a highly significant 
negative correlation between free insulin and 3-hy- 
droxybutyrate. No patient was more than mildly un- 
well after 9 h of insulin deprivation. We conclude that 
under these experimental conditions there is glycae- 
mic autoregulation and that ketones may sometimes 
be a more appropriate monitor of insulin deficiency 
or loss of diabetic control than is glucose. Accidental 
failure of continuous subcutaneous insulin infusion 
and interruption of basal delivery in resting and fast- 
ing diabetics will probably not cause dangerous meta- 
bolic or clinical deterioration. 

Key words: Continuous subcutaneous insulin infu- 
sion, insulin withdrawal, ketoacidosis, glucose regu- 
lation. 

Variable-rate, continuous subcutaneous insulin infu- 
sion (CSII) from a portable syringe-pump provides 
long periods of near-normoglycaemia in most insulin 

dependent diabetics [1-7]. Outpatient treatment with 
the device demands a knowledge of its risks. Total 
failure of the system, for example resulting from acci- 
dental withdrawal of the delivery cannula from the 
subcutaneous site or mechanical failure in a pump 
could potentially be the most dangerous event, partic- 
ularly if the resulting insulin withdrawal started soon 
after the patient went to sleep (and thus continued un- 
noticed and unmonitored overnight). We have ex- 
amined the rate of metabolic deterioration which 
might be expected by deliberately stopping the basal 
insulin delivery of long-term CSII in nine diabetics of 
known C-peptide status and measuring over 9 h plas- 
ma concentrations of glucose, 3-hydroxybutyrate and 
free insulin. The patients were maintained in the rest- 
ing, fasting, supine state to duplicate overnight condi- 
tions. This extends the work of Champion et al. [7] 
who studied cessation of CSII in four patients with 
unknown endogenous insulin secretion. 

We were also able to correlate the changing clini- 
cal responses of the patients with plasma metabolite 
concentrations, to demonstrate a dissociation in the 
rates of deterioration in plasma glucose and ketoacid 
concentration and their relation to plasma free insulin 
decline, and to evaluate their relative suitability and 
sensitivity as indices of diabetic control for future 
metabolic sensing devices. 

Preliminary accounts of part of this work have 
been published [8, 9]. 

Patients and Methods 

Nine fully-informed and consenting insulin dependent diabetics 
volunteered for the study. Permission was obtained from Guy's 
Hospital Ethical Committee for the experiments described, which 
were carried out under conditions of close supervision. 

The patients were chosen so as to display a wide range of age, 
duration of diabetes and insulin dose on CSII or conventional 
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Table 1. Clinical features of patients 

Patient Age Duration of Insulin dose 
number (years) diabetes onhomeCSII 

(years) (U/day) 

C-peptide 
status a 

1 21 11 54 - 

2 49 24 39 - 
3 30 9 40 - 
4 27 17 60 - 
5 52 6 50 - 
6 26 14 25 - 
7 26 10 51 - 
8 23 1.5 44 + 
9 29 10 37 + 

a+ = fasting plasma C-peptide concentration > 0.06 pmol/ml, 
CSII = continous subcutaneous insulin infusion 

treatment. Their clinical features are shown in detail in Table 1. 
They were admitted initially for 3-5 days to a metabolic ward for in- 
itiation and stabilisation of CSII. The procedures have been de- 
scribed previously [3, 4], but, in brief, Actrapid insulin (Novo), di- 
luted with sterile saline 0.154 tool/l, was delivered SC by syringe 
pump, according to individual insulin requirements. The pump 
was the model 1001HM Mill Hill Infuser (Muirhead Medical, Lon- 
don) which incorporates a manual advance of the lead screw to de- 
liver metered insulin boosts 30 rain before each main meal. Insulin 
solution was delivered through a 23 or 25 G Butterfly needle (Ab- 
bott Laboratories) which was implanted SC in the abdominal wall. 

After 3 weeks at home on CSII, the patients returned to hospital 
for the insulin withdrawal experiment. Following an overnight fast, 
patients voided urine and an indwelling Teflon cannula, inserted 
into an antecubital vein for blood sampling at least 60 rain before 
the start of the experiment, was kept patent with saline 0.154 mol/l. 
Patients remained supine throughout the test period. At approxi- 
mately 0900 h after the first blood sample the insulin delivery can- 
nula was withdrawn, thus terminating CSII. Urine was collected 
from eight of the nine patients at the end of the study for glucose an- 
alysis. Venous blood samples were taken every hour for 9 h and an- 
alysed for plasma glucose and 3-hydroxybutyrate [l 0]. Glucose in 
blood and urine was measured by the glucose oxidase method 
using an Analox GM5 automatic analyser. 

Endogenous insulin secretion was assessed on a different occa- 
sion by measuring fasting and glucagon-stimulated plasma C-pep- 
tide concentrations using a radioimmunoassay (detection limit 
0.06 pmol/1, intra-assay coefficient of variation 3%) [11]. Plasma 
free insulin was measured by radioimmunoassay, after precipita- 
tion of antibody-bound insulin by addition of polyethylene glycol 
solution (sensitivity 2 mU/l, intra-assay coefficient of variation 9%) 
[12]. 

Statistical comparisons were made using Student's t test. 

R e s u l t s  

Plasma Glucose 

The  m e a n  + S E M  of  the p l a sma  glucose  concent ra -  
t ions  in the nine pat ients  fo l lowing insulin wi thdrawal  
are shown  in Figure 1. M e a n  glucose  concen t ra t ions  
r ema ined  u n c h a n g e d  at no rma l  fast ing levels fo r  the 
first h o u r  and  then rose over  the next  5 h or  so at a di- 

minishing  rate to p la teau  at abou t  10 mmol /1  until  the 
end  o f  the observa t ion  period.  All m e a n  glucose val- 
ues after 5 h were significantly h igher  than  the base-  
line concent ra t ion .  

The  p l a sma  glucose change  f rom baseline in each 
pat ient  dur ing  the 9 h is s h o w n  in Figure 2. All showed  
progress ive  s lowing o f  the glucose rise, mos t  reaching  
a p la teau  at abou t  5 h. However ,  the basel ine-to-pla-  
t eau  glucose increment  var ied be tween  abou t  2 and  
10 mmol /1 ,  and  final concent ra t ions  be tween  6.1 and  
15.0 mmol/1 .  O f  the pat ients  with the three smallest  
increments  and  lowest  final levels, two were C-pep-  
t ide posit ive and  one  was C-pep t ide  negative. 

The  ur inary  glucose excret ion in eight o f  the pa-  
tients was measu red  and  var ied f rom nil (No. 6) to 
15.1 m m o l / h  (No.  1). In  five pat ients  ( N o s . 5 - 9 )  the 
excre t ion was u n d e r  0.5 m m o l / h .  

Blood 3-Hydroxybutyrate 

The m e a n  + S E M  response  o f  b lood  3 -hydroxybu ty -  
rate concen t ra t ion  to insulin wi thdrawal  is shown  in 
Figure 3. Unl ike p l a sma  glucose,  m e a n  3 -hydroxybu-  
tyrate  values rose progress ively  wi thou t  reaching  a 
p la teau ;  concent ra t ions  were a l ready increased at 1 h, 
b e c o m i n g  signif icantly above  basel ine at 2 h. 

Plasma Free Insulin 

Figure  1 shows the means  _+ S E M  o f  the p l a sma  free 
insulin concent ra t ions  after s topp ing  C S I I  in the sev- 
en C-pep t ide  negative patients,  and  the individual  
free insulin levels in the two C-pept ide  posit ive pa-  
tients. The  m e a n  initial free insulin concen t ra t ion  was 
11.4 _+ 2.7 m U / 1  overall  and  8.6 + 1.9 m U / 1  in the C- 
pep t ide  negative patients.  The  initial insulin levels 
were  h igher  in the two C-pept ide  secretors (30 and  
12.5 m U / 1  respectively). In  all pat ients  the concent ra-  
t ion  o f  free insulin fell dur ing the wi thdrawal  per iod,  
reaching  a low pla teau  level at abou t  5 -6  h. 

Correlation of  Free Insulin, 
Glucose and 3-Hydroxybutyrate Concentrations 

The  log m e a n  p l a sma  glucose concen t ra t ion  at each  
sampl ing  t ime poin t  after  wi thdrawing  insulin is plot- 
ted  against  the co r r e spond ing  log m e a n  p l a sma  free 
insulin value in the u p p e r  panel  o f  Figure 4, and  sim- 
ilarly for  log 3 -hydroxybu ty ra te  versus log insulin in 
the lower  panel .  A highly signif icant  negative correla-  
t ion  be tween  log m e a n  free insulin and  log m e a n  3-hy- 
d roxybu ty ra te  is f o u n d  (r = - 0 . 9 8 9 ,  p = < 0.001). 
The  inverse corre la t ion be tween  log m e a n  free p l a sma  
insulin and  log m e a n  p l a sma  glucose is also h ighly  
signif icant  (r = 0.979,p = < 0.001) bu t  appears  to be 
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Fig. l. Plasma glucose concentrations ( t - ~ )  in nine diabetic pa- 
tients after deliberate cessation of continuous subcutaneous insulin 
infusion (mean + SEM); plasma free insulin concentrations 
(0----0)  in the seven C-peptide negative patients (mean + SEM); 
plasma free insulin concentrations (0----�9 in the C-peptide posi- 
tive patient 9; plasma free insulin concentrations ( n----~ ) in the C- 
peptide positive patient 8 
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Fig. 2. Change in plasma glucose concentration from baseline after 
stopping continuous subcutaneous insulin infusion in nine individ- 
ual patients. Dashed lines represent the C-peptide secreting diabet- 
ic patients 
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Fig.3. Blood 3-hydroxybutyrate levels in nine diabetic patients 
after stopping continuous subcutaneous insulin infusion (mean 
+ SEM) 
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Fig.4. Upper panel: Mean plasma glucose concentrations in all pa- 
tients plotted against the corresponding mean plasma free insulin 
concentration at each time point. Lower panel: Mean blood 3-hy- 
droxybutyrate concentrations in all patients plotted against the 
corresponding mean plasma free insulin level at each time point 
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curvilinear, with little change in glucose concentra- 
tions below a free insulin value of about 3.5 mU/1. 

Clinical State of  Patients 

At the end of the 9-h period of exogenous insulin 
withdrawal, slight nausea and malaise were experi- 
enced by two patients, but none of the diabetics felt 
seriously unwell. 

Discussion 

The mode of continuous, low-volume, subcutaneous 
insulin delivery means that the available reserve of 
exogenous insulin within the diabetic, under basal 
conditions, is very small. This may, in part, explain the 
rarity of clinical hypoglycaemia using CSII [4] but it 
also creates the risk of rapid total insulin deprivation 
should the system fail. In earlier study of long-term 
CSII at home [3], we observed a few episodes of loss 
of control due to accidental displacement of the im- 
planted insulin delivery cannula. The use of 'winged' 
infusion needles (such as the 'Butterfly') enables more 
secure attachment to the skin and is within the capa- 
bility of the trained patient to reinsert when necessary. 
Self-monitoring of blood glucose enables early detec- 
tion of malfunction during waking hours but this may 
not be so during sleep. In this study we examined the 
probable metabolic consequences of stopping basal 
delivery of CSII for 9 h in insulin-dependent diabetics 
kept supine and fasting. The experiment was not per- 
formed during the night because safety considera- 
tions demanded a standard of supervision and care in 
these unpredictably ketoacidotic patients which was 
not possible without the full medical and nursing 
team. Levels of blood glucose and ketones have been 
recorded during fasts of this duration in non-diabetics 
[13] and make only a small contribution to the concen- 
trations achieved in this study. For the first hour after 
stopping the pump plasma glucose remained stable 
and in the normal range, confirming our previous ad- 
vice that patients may safely remove the pump for 
30-60 min in order to bathe [4]. 

The plateau in plasma glucose levels at about 5 h 
following the progressive rise from basal values has 
been reported in previous studies of acute withdrawal 
o f intravenously administered insulin [ 14-16], but has 
only very recently been emphasised [16]. The final 
plateau level varied from patient to patient and was 
related neither to absolute fasting C-peptide nor to fi- 
nal free insulin concentrations. However, two of the 
three lowest final glucose levels occurred in C-pep- 
tide positive diabetics. In this respect, Madsbad et al. 
[15] have recently shown that C-peptide secreting di- 
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abetics have slower plasma glucose and 3-hydroxy- 
butyrate increases following cessation of intravenous- 
ly administered insulin. 

A possible explanation for the late glucose stabili- 
sation is inhibition of hepatic glucose output by hy- 
perglycaemia itself, an autoregulatory mechanism 
long suspected and recently suggested experimentally 
in studies of insulin-induced hypoglycaemia in dogs 
[17] and man [18]. There is also evidence in normal 
men rendered insulin and glucagon deficient by so- 
matostatin infusion that hyperglycaemia per se can 
suppress splanchnic glucose production [19]. If this 
mechanism is contributing to the plateaux in our 
study then glycaemic restraint of hepatic glucose pro- 
duction also operates in insulin deficient, diabetic 
man, although perhaps at a higher glucose level. The 
recent study of Miles et al. [16] showed a decrease in 
glucose production (but not ketone bodies) about 2 h 
after acute intravenous insulin deprivation. 

Increased non-insulin-mediated glucose uptake 
into cells at raised plasma glucose concentrations 
may also contribute to the plateau phenomenon as 
may the level of circulating anti-insulin antibodies 
[15], late dissociation of insulin from antibodies deter- 
mining the plateau level. However, it seems unlikely 
that urinary glucose excretion played a significant 
role in this study since this was negligible in several 
patients, whether or not they were C-peptide secre- 
tots. 

In contrast to plasma glucose, blood 3-hydroxy- 
butyrate rose progressively throughout the study peri- 
od. Keller et al. [20] have recorded a rise in the turn- 
over of acetoacetate after stopping CSII. This raises 
doubts about the primacy of glycaemia as the indica- 
tor of insulin deficiency or loss of control in diabetics. 
Registration of progressive rises in ketones might well 
be a more sensitive monitor; in our study blood 3-hy- 
droxybutyrate (but not glucose) was highly signifi- 
cantly negatively correlated with plasma free insulin 
across the complete range of values of both variables. 
Caution should, however, be expressed with respect 
to free insulin concentrations measured in vitro by the 
techniques currently available, such as precipitation 
of antibody-bound insulin by polyethylene glycol 
(PEG). For example, the binding equilibrium may be 
disturbed by PEG addition, and may not in any case 
reflect the ratio of free to bound insulin in vivo, at a 
given moment. 

The minimal clinical deterioration at the end of 
the 9 h withdrawal period was reassuring in respect of 
the safety of CSII under resting conditions. The data 
of Champion et al. [7], who studied abrupt cessation 
of CSII in four diabetics of unspecified C-peptide sta- 
tus, support this optimism. One patient in the Cham- 
pion study developed nausea after 12 h but the mild 
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ketoacidosis was quickly corrected in all by resump- 
tion of insulin infusion. Nevertheless, in the active, 
fed or stressed patient (e.g. during intercurrent ill- 
ness), metabolic deterioration following insulin deliv- 
ery failure may be more rapid than that described 
here, partly because of counter-regulatory hormone 
surges. There is still, therefore, a pressing need for the 
development of continuous metabolic sensing de- 
vices which in the simplest form could provide an ear- 
ly qualitative warning of progressive loss of diabetic 
control. 
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