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INTRODUCTION
Hypoglycaemia is an unavoidable side effect to insulin therapy of
diabetes. In daily life some hypoglycaemic episodes are recognised
by the patients [1] and corrected by ingestion of glucose. Others,
however, remain unrecognised [1] and are either corrected by a pre-
planned meal or snack, by waning of the insulin effect, and/or by
counterregulatory carbohydrate mobilisation. Occasionally, unrec-
ognised episodes progress into severe hypoglycaemia with cognitive
impairment and the need for assistance from other persons in order
to manage the situation. Such episodes represent the most feared
side effect to insulin treatment [2, 3] and are regarded as the major
limiting factor for achievement of recommended glycaemic targets
in type 1 diabetes [4]. While prevention and treatment of late dia-
betic complications is the clinical and scientific focus of most dia-
betologists, the patients are just as concerned about the daily risk of
severe hypoglycaemia as they are about the future risk of suffering
from invalidating late complications such as blindness and kidney
failure [2]. Patients with recurrent severe hypoglycaemia often re-
port depressed mood and poor quality of life [5] and fear of hypo-
glycaemia may interfere with daily living and preclude patients from
participation in social activities [6]. The concern about living with

risk of severe hypoglycaemia is not limited to the patients them-
selves but shared by their close relatives. Severe hypoglycaemia is, in
fact, the most significant determinant of spouses’ involvement in
their partners’ disease [7]. 

Therefore, prevention of severe hypoglycaemia is an important is-
sue in diabetes care that may contribute to improvement of outcome
measures both in terms of hard endpoints such as glycaemic control
and late complications [8] and more soft measures such as quality of
life for a large number of people with type 1 diabetes.

The studies that constitute this thesis were conducted to assess the
significance of severe hypoglycaemia as a clinical problem in the
type 1 diabetic population. Specifically, we aimed to assess the fre-
quency of severe hypoglycaemia after the implementation of inten-
sive basal-bolus insulin therapy as the standard treatment resulting
from the outcome of the Diabetes Control and Complications Trial
(DCCT) [8] and to evaluate the impact of known risk factors on oc-
currence of severe hypoglycaemia. Finally, we sought to identify new
markers that could contribute to improved prediction and inspire to
novel preventive measures, of severe hypoglycaemia.

METHODOLOGICAL CONSIDERATIONS
SEVERE HYPOGLYCAEMIA
Literally, the term hypoglycaemia refers to an abnormally low con-
centration of glucose in the blood. As such the definition covers a
broad range of clinical conditions ranging from asymptomatic epi-
sodes (unrecognised or silent hypoglycaemia) to episodes with se-
vere brain dysfunction, coma and fits (Table 1). In practise there is
no uniformly agreed definition of severe hypoglycaemia and it thus
varies between studies. The term is most often reserved for episodes
with such a degree of cognitive impairment that the patient needs
assistance from another person in order to attain normoglycaemia
[2, 9-11]. This definition – which was recently recommended by the
Workgroup on Hypoglycemia, American Diabetes Association [12]
– is justified by the fact that these episodes represent situations
where patients are at danger of suffering accidents due to impaired
ability to take care of themselves. Some studies, however, define se-
vere hypoglycaemia solely by the requirement of parenteral treat-
ment in terms of intravenous glucose or intramuscular glucagon
[13] or by the need for admission to hospital [14]. 

In order to prove that an episode with cognitive impairment is
due to hypoglycaemia, and not to some alternative cause, episodes
can be validated according to Whipple’s triad that consists of three
criteria: I) characteristic hypoglycaemic symptoms; II) biochemical
confirmation; III) adequate response to treatment with glucose or
glucagon. According to Whipple’s triad only episodes fulfilling all
criteria can be considered definite, whereas those fulfilling two cri-
teria can only be considered probable. Unfortunately, Whipple’s

Biochemical classification 
Biochemical hypoglycaemia Episodes with blood, plasma, or interstitial glucose concentration 
 below a defined limit

Clinical classification
Silent (asymptomatic) hypoglycaemia Episodes with biochemical hypoglycaemia not recognised 
 by patient or surroundings 
 (Glucose measurement mandatory)

Mild (symptomatic) hypoglycaemia Episodes with presumed hypoglycaemic symptoms recognised 
 and self-treated without assistance from other persons 
 (Glucose measurement not mandatory)

Severe hypoglycaemia Cognitive impairment requiring assistance from other persons 
 to restore glycaemic level 
 (Glucose measurement not mandatory)

Hypoglycaemic coma Severe cognitive impairment with coma or fits and/or requiring 
 parenteral treatment (IV glucose or IM glucagon)
 (Glucose measurement not mandatory)

Table 1. Classification of hypoglyc-
aemic episodes.
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triad is not widely used in clinical studies and the validity of re-
ported events is consequently variable. 

Severe hypoglycaemia can be assessed retrospectively based on pa-
tients’ recall of episodes in a defined period, or recorded prospec-
tively. We assessed the recall of severe hypoglycaemia in a cohort of
unselected patients with type 1 diabetes by comparing prospectively
recorded number of episodes during a one-year period with recall at
the end of the period [15]. The study showed that recall of severe
hypoglycaemia is well-preserved within a one-year period. Carefully
collected retrospective data on severe hypoglycaemia may therefore
be regarded with confidence. Prospectively recorded episodes are in
general of high validity. Thus, in our prospective study 50% of the
episodes could be classified as definite according to Whipple’s triad
[16]. The remaining episodes were classified as probable because, in
practice, many episodes are treated as hypoglycaemia without any
glucose measurement as patients and their relatives are familiar with
the symptoms. There was no significant reporting of non-hypoglyc-
aemic events. The vast majority of studies of severe hypoglycaemia in
type 1 diabetes rely on retrospective data [2, 9-11, 17]. Only four pro-
spective observational studies have been published [15, 16, 18, 19]. 

Close relatives could potentially provide data on severe hypogly-
caemia. We compared spouse reporting with patient reporting in a
cross-sectional survey and found that the spouses estimated signifi-
cantly (1.7-fold) higher rates of severe hypoglycaemia than the pa-
tients did and that there was some agreement between patients and
spouses with a kappa value of 0.40 [7]. This is in agreement with an
earlier study that reported a kappa value of 0.48 [20]. It is not
known whether the numbers reported by the spouses or by the pa-
tients themselves are more valid. The spouse-based approach is ob-
viously limited by the facts that spouses do not witness all events
and that assessments can only be done for patients living together
with a partner. 

ASSESSMENT OF HYPOGLYCAEMIA AWARENESS 
Hypoglycaemia awareness indicates the ability of the patient to de-
tect impending or existing hypoglycaemic episodes. If this ability is
reduced or lost the resulting conditions are termed impaired aware-
ness and hypoglycaemia unawareness, respectively [21, 22]. Hy-
poglycaemia awareness is a complex and incompletely understood
phenomenon. Normal awareness is dependent on perception of au-
tonomic symptoms [23] and as these are often blunted along the
course of diabetes as a result of blunted adrenaline responses and
hypoglycaemia associated autonomic failure [22] many patients will
experience permanently reduced awareness during their life with dia-
betes. A reversible impairment of awareness, probably tachyphylac-
tic of nature, has been described as result of tight glycaemic control
with exposure to recurrent hypoglycaemic episodes, mostly in the
early stages of type 1 diabetes [24, 25]. 

Due to the complexity of hypoglycaemia awareness, there is, at
present, no general agreement on a classification. The clinical assess-
ment of awareness can be based on four different types of data:
I) subjects’ own estimation of their state of awareness; II) self-
monitored glucose data or continuous glucose monitoring data with
scoring of symptoms in case of hypoglycaemia; III) an objective
measure in terms of the response to a provoked hypoglycaemic chal-
lenge; or IV) an evaluation of the clinical consequence of impaired
awareness: occurrence of severe hypoglycaemia; or a combination of
these methods. A simple method for classification is necessary in
daily clinical practice and in population studies. This disqualifies
objective assessments based on experimentally induced hypoglyc-
aemia. Standardised self-monitored glucose data are difficult to ob-
tain in the general population with type 1 diabetes and a classifica-
tion based on such data may be heavily influenced by individual
self-monitoring patterns. In prospective studies evaluating risk fac-
tors for severe hypoglycaemia, the classification of hypoglycaemic
awareness should not include prior incidence of severe hypoglyc-
aemia, because, per se, this is a strong, yet grossly unexplained, risk

factor for future severe hypoglycaemia that is also influenced by
other risk factors. This leaves the patients’ own assessment as the
most appropriate data source. Such an estimate can be based on a
general screening question or on more elaborate questionnaires tak-
ing into account different aspects of awareness. 

Two methods for assessment of hypoglycaemia awareness have
previously been reported and tested in prospective studies. The
Clarke method [19] is an elaborate score derived from the answers
to eight questions about hypoglycaemia and hypoglycaemic symp-
toms. The use of this method in retrospective studies is hampered by
the inclusion of number of episodes of severe hypoglycaemia in the
preceding year in the score. The Edinburgh scale scores awareness
on a seven-point Likert scale according to the simple screening
question “Do you know when your hypos are commencing ?” [18].
Both the Clarke and the Edinburgh methods are dichotomously
classifying subjects as having normal or impaired awareness. The
Clarke method, however, leaves a minor intermediate group unclas-
sifiable. We assessed awareness by a number of questions and evalu-
ated their impact on rate of severe hypoglycaemia [15]. The pertin-
ent question was: “Do you recognise symptoms, when you have a
hypo?”. This question is equivalent to questions used by other
groups, alone or as part of more elaborate scoring systems [18, 19].
The categories for answers were: “always”, “usually”, “occasionally”,
“never”, and “don’t know”. Subjects scoring “always” were classified
as having normal awareness, those reporting “usually” as having im-
paired awareness, and those answering “occasionally” or “never” as
having severely impaired awareness (hypoglycaemia unawareness).
This method, in contrast to the previously published methods, in-
troduced an intermediate group to encompass the clinical impres-
sion that hypoglycaemia awareness is not an all-or-none phenom-
enon but rather a sliding scale [21]. In addition, patients scored their
usual hypoglycaemic warning symptoms on a scheme as introduced
and validated by the Edinburgh group [26]. The summed scores for
autonomic and neuroglycopenic symptoms were calculated and the
symptom category with the highest score was defined as the domi-
nating symptom category. Finally, the subjects were asked to esti-
mate their usual blood glucose threshold for occurrence of hypoglyc-
aemic symptoms. The study showed that using the simple general
screening question resulted in the best discrimination between
aware and unaware patients in terms of risk of severe hypoglycaemia
[15]. Adding information from the specific questions did not im-
prove the performance of the classification system [15]. The signifi-
cance of the classification was fully comparable to the Clarke and the
Edinburgh methods [18, 19] and the introduction of an intermedi-
ate group even seemed to improve the discrimination between
aware and unaware subjects in terms of rate of severe hypoglycaemia
compared to the other methods. Furthermore, the method per-
formed similarly in different populations across language barriers
[27] and was reproducible in serial assessments [15]. 

A recent comparative study published by The Edinburgh Group
challenges the performance of our method and concludes that it is too
simplified and overestimates the proportion with impaired awareness
[28]. The paper and the conclusions herein are, however, grossly
flawed by misquotation of our method including a failure to acknow-
ledge and incorporate into the analysis that our method operates with
three categories in contrast to the other methods [29]. Preliminary
data from a comparative study from our group suggests that our
method identifies a proportion of subjects with severely impaired
awareness, which is comparable to the groups classified as having im-
paired awareness by the other methods [30]. In addition, our method
stratifies those with normal awareness according to the other methods
in two groups; one with normal awareness and very low rate of severe
hypoglycaemia and one with impaired awareness and intermediate
rate [30]. The resulting discrimination between the two extremes by
our method is better than that of the other methods, which is to be ex-
pected due to the inclusion of an intermediate category. 

We subsequently posed the same question to the spouses. This re-
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sulted in some agreement between patients and spouses in classifica-
tion of awareness with a kappa value of 0.44 [7], which was higher
than the value of 0.20 obtained in a study using a similar broad
screening question [20].

INCIDENCE AND PREVALENCE 
OF SEVERE HYPOGLYCAEMIA
Prior to the DCCT [8], when the standard insulin regimen was one-
or two-dose treatment the incidence of severe hypoglycaemia re-
quiring assistance for treatment in patients with type 1 diabetes was
reported to be well above one episode per patient-year (Table 2) [2,
9]. In the DCCT the incidence was reportedly much lower, both in
the conventionally treated group (0.2 episode per patient-year) and
in the intensively treated group (0.6 episode per patient-year) de-
spite the fact that the glycaemic control was much tighter than in the
earlier studies [31]. We addressed this controversy in a cross-sec-
tional survey in a cohort of 1076 consecutive patients in two Danish
and two British clinics. The incidence and yearly prevalence of se-
vere hypoglycaemia was 1.3 episode per patient-year and 37%, re-
spectively [27]. These numbers are similar to the data from the pre-
DCCT era [2, 9] and are confirmed prospectively in our one-year
study of 213 consecutive type 1 diabetic patients [16] and by studies
from The Netherlands [11] and UK [32, 33] on cohorts treated with
state-of-the-art basal-bolus regimens (Table 2). The reported incid-
ence and prevalence of severe hypoglycaemia with coma or requir-
ing intramuscular glucagon or intravenous glucose administration
are  0.1 to 0.4 episodes per patient/year [13, 14, 27] and 7% to 14%
[14, 34], respectively. 

Our four-clinic survey [27] furthermore showed a pronounced
skewness in the distribution of severe hypoglycaemia (Figure 1)

with 5% of subjects accounting for 50% of the episodes, as con-
firmed by our prospective study (Figure 1) [15]. This finding is in
accordance with the experience from daily clinical practice.
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Figure 1. Distribution of episodes with severe hypoglycaemia assessed ret-
rospectively (light bars; n=1076) [27] and prospectively (dark bars; n=230) 
[15].

Table 2. Incidence and prevalence of severe hypoglycaemia. Shown are non-interventive studies sorted according to definition of severe hypoglycaemia 
and – for comparison – the DCCT study. 

Reference  Design Definition of SH Incidence ep./pt.yr. Prevalence per year Comment

Goldgewicht 1983 [17]  Retrospective survey Third party assistance N.a. 26% 

Hepburn 1990 [35]  Retrospective survey Third party assistance N.a. 31% 

Pramming 1991 [2]  Pro- and retrospective Third party assistance 1.4 N.a. 
   1.5 

MacLeod 1993 [9]  Retrospective survey Third party assistance 1.7 30% 

Gold 1994 [18]  Prospective Third party assistance 0.5-2.8 66% Selected:
 Observational   mean 1.7  +/- aware

ter Braak 2000 [11]  Retrospective survey Third party assistance 1.5 41% 

Pedersen-Bjergaard 2001 [10]  Retrospective survey Third party assistance 1.1 N.a. 

Pedersen-Bjergaard 2003 [15]  Prospective Third party assistance 1.0 35% 
 Observational 

Pedersen-Bjergaard 2004 [27]  Retrospective survey Third party assistance 1.3 37% 

Donnelly 2005 [32]  Prospective Third party assistance 1.2 N.a.
 Observational 

UK Study Group 2007 [33]  Prospective Third party assistance 1.1-3.2 22-46% Selected:
 Observational  mean 2.2 35% +/- long duration

Mühlhauser 1991 [42]  Prospective Parenteral 0.25 N.a. Selected:
 Observational Treatment    +/- nephropathy

Clarke 1995 [19]  Prospective Coma or parenteral 0.9-2.6 N.a. Selected:
 Observational  mean 1.8   +/- aware

Mühlhauser 1998 [13]  Prospective Glucose IV or glucagon 0.2 N.a.
 Observational 

Pedersen-Bjergaard 2004 [27]  Retrospective survey Coma, glucose IV or glucagon 0.4 N.a. 

Leese 2003 [14]  Register study Emergency treatment 0.1 7% 

Hirai 2007 [34]  Retrospective survey Coma or hospitalisation N.a. 14% 

DCCT 1997 [31]  Prospective Third party assistance 0.2-0.6 11-27% Selected
 Intervention  mean 0.4
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Compared with the general population of patients attending dia-
betes clinics [11, 27] the subjects included in the DCCT were much
younger with shorter duration of diabetes and fewer late complica-
tions. Furthermore, recurrent severe hypoglycaemia was an exclu-
sion criterion in that study [8]. In order to assess whether the lower
incidence reported by the DCCT is representative for the general
type 1 diabetic population or explained by differences in cohort
characteristics, we selected the subgroup of patients from our four-
clinic survey that fulfilled the DCCT inclusion criteria. In this sub-
group the incidence of severe hypoglycaemia was 0.4 episodes per
patient-year, i.e. between the incidences of the two DCCT groups

(Figure 2) [27], supporting that the lower rates of severe hypoglyc-
aemia in the DCCT are primarily explained by the shorter duration
of diabetes and the exclusion of patients with recurrent severe hy-
poglycaemia. 

The introduction of basal-bolus insulin regimens as standard in
the treatment of type 1 diabetes has not affected the risk of severe
hypoglycaemia which today is just as important a clinical problem
as in the pre-DCCT era. 

THE INFLUENCE OF RISK FACTORS
The skewed distribution of severe hypoglycaemia (Figure 1) suggests
a clinically significant impact of risk factors on individual suscepti-
bility to severe hypoglycaemia. Such factors may be related to dia-
betes itself, its complications, its treatment or to lifestyle and other
psychosocial issues, and may affect the risk of severe hypoglycaemia
by different mechanisms. 

DIABETES-RELATED RISK FACTORS
Hypoglycaemia awareness
Normal hypoglycaemia awareness is important for the recognition
of hypoglycaemic warning symptoms and consequently for taking
appropriate countermeasures during hypoglycaemic episodes. Im-
paired awareness is prevalent (25-58%) depending on cohort and
definition [11, 13, 15, 16, 27, 35] and the prevalence increases with
long duration of diabetes [2, 27]. Tight metabolic control may re-
duce hypoglycaemia awareness [36] due to frequent exposure to
hypoglycaemia [37, 38], an effect that has been reported to be at
least partially reversible upon avoidance of hypoglycaemia [24, 25].
Impaired awareness is the most significant risk factor for severe
hypoglycaemia in most previous studies (Table 3) with two- to six-
fold increased rates among subjects with hypoglycaemia unaware-
ness [18, 19]. In accordance, in both our retrospective [27] and pro-
spective studies [16] impaired hypoglycaemia awareness and una-
wareness were associated with a clinically important increased rate
of severe hypoglycaemia (six-fold and 10-21-fold, respectively). 

Residual beta-cell function
The loss of endogenous insulin production in type 1 diabetes result-
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Figure 2. Univariate relationship between risk of severe hypoglycaemia and 
HbA1c. Shown are data on 1076 consecutive patients (thick line) and 209 
patients selected by criteria to mimic the characteristics of the DCCT cohort 
(thin line) [27]. For comparison, corresponding data from the DCCT [31] 
are inserted (dotted lines; : intensively treated group, : conventionally 
treated group).

Table 3. Risk factors for severe hypoglycaemia as reported in the literature.

   Duration
Reference Awareness HbA1c of DM Others Comment

Hepburn 1990 [35] + (Edinburgh) N.a. N.a. N.a.

Pramming 1991 [2] N.a. + -  Episodes with unconsciousness only

Mühlhauser 1991 [42] N.a. + - Low BMI, peripheral neuropathy Pts. with elevated creatinine only

MacLeod 1993 [9] + (Edinburgh) - - Previous severe hypoglycaemia   

Gold 1994 [18] + (Edinburgh) N.a. N.a. N.a. 

Clarke 1995 [19] + (Clarke) N.a. N.a. N.a. 

DCCT 1997 [31] N.a. + - Previous severe hypoglycaemia,  Female gender only in conventional
    C-peptide, female gender,  group
    adolescence 

Mühlhauser 1998 [13] - (own score) - - C-peptide, previous severe 
    hypoglycaemia, low social class  

ter Braak 2000 [11] + (Clarke) - - Neuropathy, beta-blockers, 
    alcohol, smoking  

Allen 2001 [41] N.a. + N.a. Higher age 

Pedersen-Bjergaard 2001 [10] + (Hillerød) - + C-peptide, ACE activity 

Leese 2003 [14] N.a. - + Higher age, poor socioeconomic status 

Pedersen-Bjergaard 2003 [16] + (Hillerød) - - ACE activity 

Pedersen-Bjergaard 2004 [27] + (Hillerød) - - Smoking, peripheral neuropathy 

Hirai [34] N.a. - - Smoking, waist-hip ratio 
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ing from the progressive beta-cell destruction is followed by impair-
ment of the glucagon response to hypoglycaemia. This is probably
explained by the fact that rapidly decreasing intra-islet insulin con-
centrations, which is a key feature in impending hypoglycaemia in
non-diabetic persons, is a major trigger of glucagon response [39].
This mechanism is obviously compromised with loss of beta-cell
function. In clinical practice, endogenous insulin production can be
evaluated by C-peptide concentration measured either at random
with simultaneous plasma glucose measurement or following gluca-
gon or standardized meal stimulation. A diminished glucagon re-
sponse to hypoglycaemia has been demonstrated in C-peptide nega-
tive patients [40]. In a study defining C-peptide negativity as a ran-
dom concentration <100 pmol/l and using multiple regression
analysis, C-peptide deficient subjects had a hazard ratio of 4.0 for
reporting severe hypoglycaemia [13]. In our retrospective study, C-
peptide negativity (random concentration <10 pmol/l) was signifi-
cantly associated with increased rate of severe hypoglycaemia in uni-
and multivariate analyses with a relative rate of 1.8 [10]. In the pro-
spective study, the association disappeared in the multiple regres-
sion analyses indicating that there was no independent effect of C-
peptide status in that study [16]. The disagreement between our
studies [10, 16] and the German study [13] may be explained by dif-
ferences in cut-off value for C-peptide negativity or by differences in
the variables included in the multivariate models. 

Duration of diabetes
Both hypoglycaemia awareness [2, 27], endogenous insulin produc-
tion – and thereby glucagon response [22] – and catecholamine re-
sponses to hypoglycaemia decline with duration of diabetes [22],
and long duration has been associated with increased risk of severe
hypoglycaemia. In our studies, long duration of diabetes was signifi-
cantly associated with high rate of severe hypoglycaemia in univari-
ate analyses (relative rate 1.4-1.5 per ten years) but the effect disap-
peared in the multiple regression analyses showing that long dur-
ation per se is not a risk factor [10, 16, 27]. This is in accordance
with the majority of other studies (Table 3).

Level of glycaemic control
Low HbA1c was reported as a risk factor for severe hypoglycaemia
in several earlier studies [2, 42]. Also in the DCCT [31] and in an-
other cohort of young patients with short duration of disease [41]
HbA1c was an important risk factor for severe hypoglycaemia
(Table 3). This finding has not been reproduced in more recent
studies with cohorts of unselected patients [11, 13], including our
own [10, 16, 27]. In our multicentre survey, we evaluated the associ-
ation between HbA1c and rate of severe hypoglycaemia in the sub-
group fulfilling the inclusion criteria of the DCCT and found an ef-
fect resembling that of the DCCT with a relative rate of 0.7 per 1%
absolute increment in HbA1c (Figure 2) [27]. This suggests that the
importance of HbA1c is more pronounced in younger subjects with
less complicated diabetes than in those attending most clinics or,
perhaps more likely, that the level of glycaemic control in patients
with long-standing diabetes is primarily determined by their indi-
vidual risk of severe hypoglycaemia. 

Other diabetes-related risk factors
In accordance with most studies [11, 13], age was not an independ-
ent risk factor for severe hypoglycaemia in our studies when dur-
ation of diabetes was accounted for [10, 16, 27]. 

The risk of severe hypoglycaemia was similar in the two sexes [27]
although it tended to be higher in females. This is in accordance
with the DCCT that reported female gender as a risk factor for se-
vere hypoglycaemia [31]. However, this finding has not been repro-
duced in other studies [10,11]. 

The presence of late diabetic complications has been associated
with severe hypoglycaemia in some studies. Increased risk of severe
hypoglycaemia has been reported in subjects with nephropathy

[42]. This was not reproduced in our four-clinic survey, which,
however, did not include patients with end stage renal failure [27].
In this study, peripheral neuropathy was an independent predictor
of severe hypoglycaemia, a finding that has been reported for epi-
sodes with coma in another study [11]. Interestingly, in the sub-
group selected to mimic the characteristics of the DCCT cohort in
our four-clinic survey, presence of retinopathy was associated with
severe hypoglycaemia [27]. This shows that the relationship between
late diabetic complications and severe hypoglycaemia is sensitive to
selection and this may contribute to the explanation of the poor
concordance between studies on this subject.

In our four-clinic survey there was no association between the
mode of insulin treatment and risk of severe hypoglycaemia [27]. At
the time of the survey the vast majority of patients were on basal-
bolus therapy with regular human insulin and NPH insulin. Thus,
an impact on the rate of severe hypoglycaemia of rapid- and long-
acting analogues could not be assessed. Open-labelled clinical trials
have suggested a trend towards a reduced risk of severe hypoglyc-
aemia by these agents, but none of the studies have been powered to
detect clinically relevant differences in rate of severe hypoglycaemia
[43, 44]. This is partially explained by exclusion of high-risk patients
from these studies resulting in very low rates of severe hypo-
glycaemia. There is only one blinded study – with negative result
[45] – and only one trial in high-risk (hypoglycaemia unaware) pa-
tients suggesting a beneficial effect of lispro on rate of severe hypo-
glycaemia, which failed to reach statistical significance [46]. A de-
tailed evaluation of the effect of insulin analogues on rates of severe
hypoglycaemia is beyond the scope of this thesis. Compliance with
insulin treatment is an important problem as erroneous administra-
tion of insulin (e.g. repetition of already taken dose) is often re-
ported in cases of severe hypoglycaemia [47]. The quantitative im-
pact of such treatment errors on risk for severe hypoglycaemia is,
however, not known.

LIFESTYLE-RELATED RISK FACTORS
Our multicentre survey [27] showed that subjects, who were
married or living with a partner, reported a two-fold higher inci-
dence of severe hypoglycaemia compared to those living alone.
Rather than being due to a real effect of partnership this might be
explained by spouses’ influence on reporting. This is supported by
the finding from our spouse survey of a 1.7 times higher rate of
severe hypoglycaemia reported by spouses than by the patients
themselves [7]. 

Compliance with meal ingestion is regarded as important to avoid
severe hypoglycaemia. In accordance, omission of snacks or meals is
a frequently reported cause of severe hypoglycaemia in case series
[47, 48]. Physical exercise has been associated with severe hypoglyc-
aemia in case series [49]. We were not able to establish a relationship
between frequency of exercise bouts (defined by at least 30 minutes
of rapid walking intensity) and risk of severe hypoglycaemia in our
four-clinic survey [27]. This may be due to the method of assess-
ment, to subjects frequently training being better to take counter-
measures against exercise and post-exercise hypoglycaemia, or to the
fact that most often exercise bouts associated with hypoglycaemia
are unforeseen. 

Use of tobacco
Smoking was identified as a novel independent risk factor for severe
hypoglycaemia in our survey [27]. The rate of severe hypoglycaemia
was particularly elevated in smokers who also used alcohol (relative
rate 2.1 compared to non-drinking non-smokers). The association
between smoking and severe hypoglycaemia is supported by two
other studies [11, 34] but contradicted by one study [13]. Our find-
ing may have multiple explanations. Firstly, smoking affects overall
carbohydrate metabolism. A recent study in non-diabetic subjects
reported impaired muscle glycogen recovery following exercise in
smokers [50] and a similar phenomenon may be present following
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hypoglycaemia rendering diabetic smokers more sensitive to glyco-
gen depletion in the setting of repetitive hypoglycaemia. Secondly,
nicotine affects brain metabolism and impairs cerebral glucose up-
take (518). Thirdly, smoking could associate with severe hypoglyc-
aemia by increasing the risk of peripheral neuropathy that per se is a
marker of severe hypoglycaemia [13, 27]. The fact that both smok-
ing and neuropathy were significant risk factors in a multivariate
analysis [27] is, however, evidence against this explanation. Finally,
the strong interaction between smoking and alcohol consumption
[27] could indicate an overall effect of life-style, self-management,
or compliance. 

Use of alcohol
Consumption of excessive amounts of alcohol is a well-known risk
factor for severe hypoglycaemia in insulin-treated diabetes [52]. Al-
cohol may promote the risk of severe hypoglycaemia by interfering
with cognitive function and self-care [53], by compromising aware-
ness of hypoglycaemic symptoms [54], and by reducing the hepatic
production or mobilisation of carbohydrates during hypoglycaemia
[55, 56]. Studies based on interviews have implicated alcohol in up
to 19% of severe hypoglycaemic episodes [47-49, 57]. In our cross-
sectional survey, alcohol consumption was not an independent risk
factor for reporting severe hypoglycaemia, but there was a signifi-
cantly elevated rate in subjects using both alcohol and tobacco [27].
We assessed the frequency of use of alcohol prior to episodes of in-
sulin-induced severe hypoglycaemia receiving emergency medical
care in the Greater Copenhagen area and identified alcohol in 17%
of blood screens with a median concentration of ethanol of 11

mmol/l [58] (Table 4). The vast majority (111 of 141 (79%)) of the
patients had type 1 diabetes. The result is in accordance with previ-
ous studies [47-49, 57] and suggests that alcohol may be implicated
in a significant proportion of the most severe hypoglycaemic epi-
sodes. 

Use or abuse of psychoactive drugs and substances
The use of psychoactive drugs – legal and illicit – has grown among
younger generations and is now widely accepted practice [59-61],
also in young people with type 1 diabetes [62]. Like alcohol, such
substances can temporarily interrupt self-care [63] and increase the
risk of accidents and trauma [64, 65]. As a major proportion of sub-
jects with diabetes may be exposed to such drugs, the question arises
whether psychoactive drugs might increase the risk of severe hypo-
glycaemia. In our case series of severe hypoglycaemia receiving
emergency medical care we assessed and compared the frequencies
of use of psychoactive drugs and alcohol prior to episodes of severe
hypoglycemia [58] using a thorough screening of blood samples
[66] obtained during the episodes. Drugs were detected as fre-
quently as alcohol, and among drugs illicit agents (mostly cannabis)
accounted for a large proportion (Table 4). Overall, a psychoactive
substance was identified in the blood screen in 33% of the cases.
When limiting the analysis to the age group below 50 years, illicit
agents were as commonly identified as alcohol (Table 4). The study
was a case series without a control group and therefore no causal
conclusions can be drawn. However, the result strongly suggests that
drugs may be as significant as alcohol in promoting risk of severe
hypoglycaemia and, furthermore, that diabetic people may be at-
tracted by other psychoactive agents with less known association
with severe hypoglycaemia than alcohol. There are no similar
studies published but the frequency of drug identifications is similar
to those obtained in trauma cohorts in which psychoactive drugs are
well-established risk promoters [64-67].

SEARCHING FOR NEW RISK FACTORS: 
THE RENIN-ANGIOTENSIN SYSTEM
Even though a large number of risk factors for severe hypoglycaemia
in type 1 diabetes have been identified, they only explain a minor
proportion of the variability in risk (estimated 10-15%). This
underscores the relevance of searching for new risk markers. 

The renin-angiotensin system (Figure 3) has traditionally been
regarded as an endocrine system with its major impact on fluid and
electrolyte homeostasis. During recent years, however, an increasing
amount of evidence has demonstrated that intact renin-angiotensin
systems are located in all highly oxidative organs including the brain
and that, in addition to the well-known endocrine effects, the sys-
tems exert important para- and even autocrine effects [68]. Such ef-
fects include modulation of metabolism and resistance to noxious
stimuli [69].

 The primary substrate of the renin-angiotensin system is angio-
tensinogen (Figure 3), which is cleaved by renin to form biologically

Table 4. Identification of psychoactive drugs and alcohol in blood screens 
obtained in 141 cases of severe hypoglycaemia receiving emergency med-
ical treatment in the Greater Copenhagen area [58]. 

Age group, n (%)

All Age < 50 years Age ≥ 50 years
Drug/substance  n = 141 n = 77 n = 64

Alcohol. . . . . . . . . . . . . . . . . . 24 (17) 11 (14) 13 (20)

Pharmaceutical drugs
Antidepressants. . . . . . . . . . .  7 (5)   3 (4)  4 (6)
Benzodiazepines . . . . . . . . . .  5 (4)   2 (3)  3 (5)
Opiates. . . . . . . . . . . . . . . . . .  3 (2)   1 (1)  2 (3)
Neuroleptics. . . . . . . . . . . . . .  1 (1)   0 (0)  1 (2)
Barbiturates . . . . . . . . . . . . . .  1 (1)   1 (1)  0 (0)

All  17 (12)  7 (9) 10 (16)

Illicit drugs 
Marijuana  . . . . . . . . . . . . . . .  7 (5)   7 (9)  0 (0)
Amphetamine  . . . . . . . . . . . .  1 (1)   1 (1)  0 (0)

All   8 (6)   8 (10)  0 (0)

Overall*  43 (31)  22 (29) 21 (33)

*) In 4% of samples both alcohol and drugs were detected. 

Angiotensinogen Angiotensin I Angiotensin II

Renin ACE

Angiotensin II
Subtype 1 
receptor

Angiotensin II
Subtype 2 
receptor

Figure 3. The renin-angiotensin system.
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inactive angiotensin I that in turn is cleaved by angiotensin-convert-
ing enzyme (ACE) to yield active angiotensin II. Angiotensin II
exerts its effect via angiotensin II receptors, of which several sub-
types have been identified. The subtype 1 receptor mediates fluid re-
tention, hypertension and cell proliferation and is the target of
angiotensin II receptor blockers. The more recently identified sub-
type 2 receptor mediates effects antagonistic to those of the subtype
1 receptor and the net effect of stimulation of the renin-angiotensin
system is believed to depend on the balance between the activities of
these two receptor subtypes [7]. ACE is a rather non-specific pepti-
dase, which in addition to its main action on angiotensin I has activ-
ity on a number of other substrates such as bradykinin which is de-
graded to inactive peptides [71].

The activity of the endocrine renin-angiotensin system is under
acute influence of posture, fluid and electrolyte status and under
more chronic influence by a number of genetic and other factors.
Thus, the plasma renin activity and angiotensin II concentration in-
crease rapidly in response to change from supine to upright pos-
ition, hypovolaemia and hypoglycaemia [72]. On the contrary,
plasma angiotensinogen concentration is quite constant, and is in-
fluenced by a number of polymorphisms in the angiotensinogen
gene [73]. Likewise, serum ACE activity is stable and under major
control of the I (insertion)/D (deletion) polymorphism of the ACE
gene, of which the I-allele confers low tissue and blood activity of
ACE [74, 75], probably due to its production of an ACE protein that
has only one of its two putative active sites [76]. The ACE I/D poly-
morphism has been reported to explain up to 40% of the variation
in serum ACE activity [74]. Furthermore, the D-allele is associated
with increased in-vivo degradation rate of bradykinin [71]. The I/D
polymorphism has been implicated in the promotion of a variety of
pathological conditions including late diabetic complications [77]
and myocardial hypertrophy in heart failure [78]. Common genetic
variations have also been identified in the angiotensin II receptor sub-
type 1 and 2 genes. In the subtype 1 receptor a common single nu-
cleotide polymorphism has been localised to position 1164 [79].
The functional significance of this variation remains, however, un-
certain [79]. In the subtype 2 receptor, which is located on the X-
chromosome, a single nucleotide polymorphism is found at pos-
ition 1675. The A-allele is associated with reduced transcription of
the gene [8] and has been associated with development of cardiac
hypertrophy in hypertensive subjects [81]. Genetic variation in the
angiotensin II receptors may interfere with the balance between the
receptors and this may become more significant in conditions with
activated renin-angiotensin system such as diabetes [82]. 

THE HYPOTHESIS
The I/D polymorphism of the ACE gene has recently been associated
with performance capacity of endurance athletes [83]. Thus, an in-
creased frequency of the I allele has been demonstrated in high-alti-
tude mountaineers [83], in Australian Olympic rowers [84], and in
British Olympic long-distance runners [85]. These groups of ath-
letes are resulting from a year-long selection for optimal endurance
performance and the studies indicate that the I allele, and thereby
low ACE activity, may be favourable for endurance performance
capacity. An important factor for success in competitive endurance
sports is the ability to maintain functional capacity despite of se-
verely impaired fuel availability and recent research has implicated
fuel deprivation of the brain as an important limiting factor for en-
durance performance [86].

Patients with type 1 diabetes regularly experience hypoglycaemic
episodes during daily life. The majority of these episodes remain un-
recognised by the patient [87, 88]. The ability to maintain optimal
performance during these silent hypoglycaemic episodes, in particu-
lar in terms of cognitive function, is crucial in order to avoid inter-
ruption of daily activities and development of severe hypoglycaemia
before a normal glucose level is restored by a pre-planned snack or
meal or by dissipation of the insulin effect. Like a bout of endurance

exercise a hypoglycaemic episode is an event of relatively impaired
fuel availability. Just as in competitive endurance athletes the cap-
acity of type 1 diabetic subjects to maintain function despite of
limited substrate availability may be related to ACE activity. This led
us to hypothesise that high ACE activity may be a marker of the risk
of severe hypoglycaemia in these patients. 

ACE AND RATE OF SEVERE HYPOGLYCAEMIA
Based on recall of severe hypoglycaemia, we tested the hypothesis in
a cohort of consecutive patients with type 1 diabetes untreated with
ACE inhibitors or angiotensin II receptor antagonists [10]. In ac-
cordance with our hypothesis we found that subjects with the DD
genotype had a relative rate of 3.2 of severe hypoglycaemia in the
preceding two-year period compared to patients with the II geno-
type. A significant relationship between serum ACE activity and the
rate of severe hypoglycaemia was observed with a relative rate of 1.4
per ten U/ml increment of serum ACE, corresponding to a 3.5-fold
increased rate in subjects in the upper quartile compared to subjects
with serum ACE in the lowest quartile (Figure 4A). A multiple re-
gression analysis showed that the effect of the ACE genotype was ex-
plained by its influence on serum ACE and that the only other
markers of severe hypoglycaemia were impaired hypoglycaemia
awareness, undetectable C-peptide, and duration of diabetes. The
influence of serum ACE on the risk of severe hypoglycaemia was
most pronounced in patients with other risk factors such as im-
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Figure 4. Relationship between serum ACE activity and rate of severe hy-
poglycaemia assessed retrospectively (panel A; n=213) (10) and prospec-
tively (panel B; n=171) (16). Estimate with 95% confidence limits.
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paired awareness (Figure 5A), undetectable C-peptide (Figure 5B)
and long duration of diabetes (Figure 5C). There was no significant
relationship between ACE genotype or serum ACE and residual beta
cell function or self-estimated state of hypoglycaemia awareness. 

Subsequently, we reassessed the association between ACE activity
and severe hypoglycaemia in a one-year prospective study of 171
subjects from the original cohort untreated with ACE inhibitors and
angiotensin II receptor blockers [16]. This study confirmed the re-
sult of the retrospective study [10] by demonstrating a positive rela-
tionship between serum ACE activity and rate of severe hypoglycae-
mia with a relative rate of 2.7 of subjects in the upper quartile of
ACE activity compared to the lowest quartile (Figure 4B). A similar
relationship was observed for the subset of episodes with coma or
need for parenteral treatment (relative rate in upper ACE quartile
compared to lowest quartile: 2.9). The impact of serum ACE activity
was most pronounced in C-peptide negative subjects (relative rate
in upper ACE quartile compared to lowest quartile: 4.2), and in this
subgroup carriers of the D allele of the ACE gene had higher rates of
severe hypoglycaemia compared to the group homozygous for the
I allele. In a multiple regression analysis high serum ACE activity
and impaired awareness of hypoglycaemia were identified as the
only significant predictors of severe hypoglycaemia. An association
between serum ACE activity and rate of severe hypoglycaemia with
a relative rate of 3.5 in the upper serum ACE quartile has recently
been reported in a large Scottish cohort with type 1 diabetes [89] re-
sembling ours [16]. Furthermore, a study on a Swedish cohort of
children reported an even stronger association with 6-fold increased
rate in the group with serum ACE activity above median [90]. In
contrast, an Australian post-hoc study on a cohort of children, in
which severe hypoglycaemia was not a predefined endpoint and
events were not validated, failed to demonstrate any association
with the I/D polymorphism of the ACE gene [91]. ACE activity was
not measured in that study. 

RENIN-ANGIOTENSIN SYSTEM ACTIVITY 
AND RATE OF SEVERE HYPOGLYCAEMIA
The association of high ACE activity with severe hypoglycaemia may
hypothetically be mediated through generally increased renin-angi-
otensin system activity acting through either angiotensin II receptor
subtype, or through ACE-mediated reduction of kinin levels. In our
prospective study we explored which of these pathways were in-
volved in promoting risk of severe hypoglycaemia by examining
plasma angiotensinogen concentration, functional polymorphic
variations in the angiotensinogen gene as well as polymorphisms in
angiotensin II receptor subtypes 1 and 2 and bradykinin 2 receptor
genes [92]. This study identified two novel risk factors for severe hy-
poglycaemia in the renin-angiotensin system: plasma angiotensino-
gen concentration in the upper quartile (relative rate 3.1 vs. lower
quartile) and homozygosity or hemizygosity for the A-allele of the
AT2R 1675G>A polymorphism (relative rate 2.5 vs. non-carriers) in
addition to high serum ACE activity (Table 5). There was no effect
of angiotensinogen, AT1R, or bradykinin 2 receptor genotypes (Table
5). A post-hoc analysis of the data showed that presence of all three
risk factors implied a positive predictive value of 100% (CI: 39%-
100%) for reporting ≥5 episodes and absence of all three factors im-
plied a negative predictive value of 91% (CI: 81%-97%) for report-
ing >1 episode of severe hypoglycaemia per year (Figure 6). These
results obviously need to be confirmed prospectively in an inde-
pendent cohort. On multiple regression analysis increasing number
of renin-angiotensin system-related risk factors together with im-
paired hypoglycaemia awareness were independently associated
with severe hypoglycaemia.

RENIN-ANGIOTENSIN SYSTEM INHIBITION 
AND RATE OF SEVERE HYPOGLYCAEMIA
Further observations suggest that pharmacological inhibition of the
renin-angiotensin system might reduce risk of severe hypoglyc-
aemia. Thus, in our multicentre survey [27] the group of patients
treated with antihypertensive agents without direct inhibitory effect
on the renin-angiotensin system reported an elevated rate of severe
hypoglycaemia (relative rate 2.5 vs. untreated patients) in marked

Figure 5. Relationship between serum ACE activity and prospectively re-
ported rate of severe hypoglycaemia (n=171) [16] according to self-esti-
mated hypoglycaemia awareness (panel A), C-peptide status (panel B), and 
duration of diabetes (panel C).
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contrast to the relative rate of 0.8-1.0 of the otherwise comparable
groups treated with antihypertensive regimens including ACE in-
hibitors or angiotensin II receptor antagonists, which was lower
than expected from diabetes duration [27]. The lower rate in sub-
jects treated with agents with inhibitory effect on the renin-angio-
tensin system compared to subjects on other antihypertensive regi-
mens suggests a beneficial effect of ACE inhibitors or angiotensin II
receptor antagonists on risk of severe hypoglycaemia in type 1 dia-
betes. The finding contradicts the disputed association between
ACE inhibitor treatment and increased risk of severe hypoglyc-
aemia, which has been reported in some early registry-based studies
[93, 94]. The results of these studies are probably explained by dif-
ferences in duration of diabetes which is typically much longer in
ACE inhibitor-treated patients than in untreated patients, and
which may introduce confounders such as differences in state of
awareness and C-peptide status between treated and untreated
groups. In accordance, no increased risk of severe hypoglycaemia
has been reported in a controlled trial [95].

RENIN-ANGIOTENSIN SYSTEM AND VULNERABILITY 
TO METABOLIC STRESS IN ANIMALS
The concept that high renin-angiotensin system activity might be
associated with reduced capability to maintain cognitive function
during hypoglycaemia is supported by substantial data from animal
experiments. Thus, blocking the renin-angiotensin system by an
ACE inhibitor or angiotensin II receptor blocker treatment increases
neuronal resistance to ischaemia [96, 97]. Conversely, in-vivo
studies in rodents subjected to experimental stroke have shown that
animals overexpressing the angiotensinogen gene [97] develop in-

creased infarction volume and that intracerebroventricular infusion
of angiotensin II results in increased brain damage following expo-
sure to hypoxia [96]. Knockout of the angiotensin II subtype 1 recep-
tor gene or blockade of the receptor, which like other components of
the renin-angiotensin system are abundant throughout the brain,
results in reduced infarction size [97] indicating that the effect of in-
creased renin-angiotensin system activity is probably mediated by
this receptor. Conversely, stimulation of the subtype 2 receptor pro-
tects against ischaemic infarction [98] and this receptor subtype – in
contrast to the subtype 1 receptor – is upregulated after exposure of
the rat brain to transient ischaemia [99]. This suggests a beneficial
effect of the subtype 2 receptor in protection against ischaemic stress
and is in accordance with our finding of increased susceptibility to
severe hypoglycaemia with the A-allele of the subtype 2 receptor 1675
G>A polymorphism, which is associated with reduced receptor
function [92]. 

THE RENIN-ANGIOTENSIN SYSTEM 
AND RESPONSES TO HYPOGLYCAEMIA IN MAN
In accordance with the pronounced individual differences in rate of
severe hypoglycaemia wide individual differences in the ability to
maintain cognitive function during experimental hypoglycaemia
have been reported [100]. We tested in healthy humans the influ-
ence of ACE activity on the ability to maintain cognitive function
during hypoglycaemia [101]. Two groups each consisting of eight
healthy subjects selected by either particularly high or low serum
ACE activity were subjected to hypoglycaemia and euglycaemia in a
cross-over study. Hypoglycaemia was induced by repetitive subcu-
taneous insulin injections without concomitant glucose infusion.
The rationale for not applying conventional hyperinsulinaemic hy-
poglycaemic clamping methods was that differences in responses
could potentially occur in depth of the hypoglycaemic response and
such a difference would be abolished by glucose infusion during the
experiment. Cognitive function and auditory evoked potentials, as
well as hypoglycaemic symptoms, hormonal counterregulatory re-

Table 5. Univariate analyses of associations of renin-angiotensin system-re-
lated factors with prospectively recorded rate of severe hypoglycaemia in 
171 patients with type 1 diabetes untreated with ACE inhibitors and an-
giotensin receptor blockers [92]. 

Severe hypoglycemia  Overall
Variable Relative rate* (95% CI) p p

Angiotensinogen M235T     0.69
 MT  . . . . . . . . . . . . . . . . . . . . .  1.1 (0.6-2.2) 0.71 
 TT  . . . . . . . . . . . . . . . . . . . . . .  1.5 (0.6-3.9) 0.40 
Angiotensinogen T174M    0.13
 TM  . . . . . . . . . . . . . . . . . . . . .  1.7 (0.8-2.7) 0.16 
 MM. . . . . . . . . . . . . . . . . . . . .  0.2 (0.02-2.3) 0.20 
Angiotensinogen A(-6)G     0.42
 GA. . . . . . . . . . . . . . . . . . . . . .  1.4 (0.8-2.7) 0.28 
 AA. . . . . . . . . . . . . . . . . . . . . .  1.7 (0.7-4.2) 0.27 
Angiotensinogen C(-20)A     0.25
 AC. . . . . . . . . . . . . . . . . . . . . .  1.7 (0.9-3.3) 0.11 
 CC . . . . . . . . . . . . . . . . . . . . . .  0.9 (0.2-4.2) 0.89 
Plasma angiotensinogen     0.0045†
 2nd quartile . . . . . . . . . . . . . .  1.1 (0.5-2.6) 0.76 
 3rd quartile  . . . . . . . . . . . . . .  1.0 (0.4-2.2) 0.89 
 4th quartile  . . . . . . . . . . . . . .  3.1 (1.4-6.8) 0.0042‡ 
ACE I/D    0.40
 ID . . . . . . . . . . . . . . . . . . . . . .  1.5 (0.7-3.3) 0.27 
 DD   . . . . . . . . . . . . . . . . . . . . .  1.5 (0.7-3.3) 0.27 
Serum ACE activity     0.0048†
 2nd quartile . . . . . . . . . . . . . .  0.73 (0.31-1.7) 0.47 
 3rd quartile  . . . . . . . . . . . . . .  1.2 (0,52-2.6) 0.73 
 4th quartile  . . . . . . . . . . . . . .  2.9 (1.3-6.2) 0.0083‡
AT1R 1166A/C     0.68
 AC. . . . . . . . . . . . . . . . . . . . . .  1.1 (0.4-3.2) 0.81 
 CC . . . . . . . . . . . . . . . . . . . . . .  1.4 (0.5-4.0) 0.49 
AT2R 1675G/A     0.028
 GA. . . . . . . . . . . . . . . . . . . . . .  1.3 (0.6-2.9) 0.50 
 A(A)  . . . . . . . . . . . . . . . . . . . .  2.5 (1.4-5.0) 0.0093§

CI = confidence interval. 
*) Relative rate values represent: all genotypes: compared to wild type (ACE genotype: 
II); angiotensinogen- and ACE quartiles: compared to 1st quartile.
We also show which of the 9 different covariates in the renin-angiotensin system were 
significantly associated with risk of severe hypoglycemia even after correction for mul-
tiple comparison using the Bonferroni method: † For the 9 primary comparisons p-values 
should be <0.0056 (<0.05/9), ‡ for 3 post hoc comparisons p-values should be <0.017 
(0.05/3), while § for 2 post hoc comparisons p-values should be <0.025 (0.05/2).

0

20

40

60

80

100

0 1 2 3 4 5 6 7 8 9 10 >10
Severe hypoglycaemia, episodes per patient-year

Number of renin-angiotensin 
system-related risk factors: 

Number of patients

3          2         1          none

Figure 6. Distribution of renin-angiotensin system-related risk factors ac-
cording to prospectively reported rate of severe hypoglycaemia (n=171) 
[92].



202 D A N I S H  M E D I C A L  B U L L E T I N  V O L . 5 6 N O . 4 / N O V E M B E R  2 0 0 9

–100

–50

0

50

100

150

A
∆ Mean reaction time (msec)

10

8

6

4

2

0

–2

–4

E
∆ Error rate (per cent)

Low ACE (n.s.)

High ACE (n.s.)

Low ACE (n.s.)

High ACE (n.s.)

Low ACE (n.s.)

High ACE (p=0.027)

Low ACE (n.s.)

High ACE (p=0.088)

Low ACE (n.s.)

High ACE (n.s.)

Low ACE (n.s.)

High ACE (p=0.020)

–100

–50

0

50

100

150

B
∆ Mean reaction time (msec)

–100

–50

0

50

100

150

C
∆ Mean reaction time (msec)

–100

–50

0

50

100

150

D
∆ Mean reaction time (msec)

10

8

6

4

2

0

–2

  –4

F
∆ Error rate (per cent)

Low ACE (n.s.)

High ACE (p=0.065)

Time (minutes) Time (minutes)

Time (minutes) Time (minutes)

Time (minutes) Time (minutes)

Time (minutes)

0 0

0 0

0 0

0

50 50

50 50

50 50

50

100 150 200 250 100 150 200 250

100 150 200 250 100 150 200 250

100 150 200 250 100 150 200 250

100 150 200 250

10

8

6

4

2

0

–2

–4

G
∆ Error rate (per cent)

Figure 7. Deterioration of cognitive function during experimental hypoglyc-
aemia in normal subjects selected by high or low serum ACE activity (n=8 in 
each group) [101]. Shown are placebo-corrected differences from baseline 
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(panel e: ER2; panel f: ER3; panel g: ER4) for the corresponding choice reac-
tion tasks.
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sponses, renin-angiotensin system responses, and concentrations of
circulating substrates were assessed during the experiments. Despite
a similar hypoglycaemic stimulus in the two groups reaching a
blood glucose nadir of 2.7 mmol/l, only the group with high ACE
activity showed significant deterioration in cognitive performance
(Figure 7) during hypoglycaemia [101]. The cognitive dysfunction
in the high ACE group, which was only observed in the most com-
plex reaction time tasks requiring the use of working memory and
which affected both speed and precision, persisted even after nor-
malization of plasma glucose concentrations (Figure 7). The group
with high ACE activity also continued to report elevated hypoglyc-
aemic symptom scores following recovery of glucose levels (Figure
8). There were no major differences in responses of counterregula-
tory hormones between the groups. More brisk alterations of con-
centrations of substrates were observed in the group with low ACE
activity. Preliminary data from our laboratory suggest that the
renin-angiotensin system also affects hypoglycaemic cognitive func-
tion in type 1 diabetes. Thus, a group of subjects selected by high
renin-angiotensin system activity deteriorated significantly in per-
formance of complex reaction time tasks in contrast to a group with
particularly low spontaneous renin-angiotensin system activity
[102]. 

In accordance with this demonstration of an effect that is inde-
pendent of known protective mechanisms against hypoglycaemia
we found only a weak statistical association between ACE activity or
renin-angiotensin system activity and awareness in our cohort
studies [16, 92]. ACE activity or renin-angiotensin system activity
remained significant predictors of severe hypoglycaemia in multiple
regression analyses including awareness level emphasizing the exist-
ence of independent effects. Likewise, there was no association be-
tween renin-angiotensin system activity and potential markers for
counterregulatory capacity such as C-peptide concentration, HbA1c
and duration of diabetes [15, 92]. 

Previous experimental human studies have indirectly suggested
an association of high renin-angiotensin system activity with vul-
nerability to hypoglycaemia. Hirsch et al reported that subjects with
type 1 diabetes had more intense symptoms and needed to mount
greater counterregulatory responses during a hypoglycaemic clamp
in the standing position compared with the supine position [103].
The authors ascribe their finding to increased hypoglycaemia aware-
ness in the standing position but it could as well be explained by ac-
tivation of the renin-angiotensin system rendering the subjects
more sensitive to the effect of the hypoglycaemic challenge. The best
way to discriminate between these interpretations would be to assess
cognitive function, which was not done in that study. In accordance
with the alternative interpretation, pharmacological blockade of
ACE activity by ACE inhibitor treatment has been reported to attenu-
ate counterregulatory responses in terms of catecholamines [104]
and ACTH [105] and to reduce the glucose infusion rate necessary
to maintain the glucose level in hypoglycaemic clamp studies [106]
in healthy subjects. Also angiotensin II receptor blockade with losar-
tan reduces symptoms and counterregulatory responses during
hypoglycaemia in healthy subjects [107, 108].Together these studies
suggest a beneficial effect of renin-angiotensin system blockade on
maintenance of metabolism during hypoglycaemia. 

POSSIBLE MECHANISMS OF ACTION
An effect of the renin-angiotensin system on brain function during
hypoglycaemia could be caused by an influence on either supply or
demand of substrate, or both. The circulating renin-angiotensin sys-
tem may influence supply of substrates to the brain by modulating
blood flow that is crucial for maintenance of substrate supply dur-
ing hypoglycaemia. During experimental hypoglycaemia with cog-
nitive impairment cerebral blood flow increases and such a flow
compensation is thought to conserve glucose supply to the brain
[109]. Increasing cerebral blood flow pharmacologically during
hypoglycaemia in healthy humans results in blunted epinephrine

and hypoglycaemic symptom responses [110] probably by enhanc-
ing substrate supply. The cerebral vasodilatory response to hypo-
glycaemia might be blunted in subjects with high basal activity of
the renin-angiotensin system. 

Alternatively, the paracrine renin-angiotensin system, which is
abundant in the brain, may influence the cerebral metabolism of
substrates [69]. In our study, the normal subjects with low ACE ac-
tivity showed more significant alterations in circulating substrates
during hypoglycaemia than those with high activity [101]. This sug-
gests a superior capacity of subjects with low ACE activity to switch
to alternative substrates such as lactate, which conserves brain func-

Figure 8. Symptomatic responses during experimental hypoglycaemia in 
normal subjects selected by high or low serum ACE activity (n=8 in each 
group) [101]. Shown are mean (SEM) net-responses (placebo-corrected ∆-
values). Panel A: autonomic symptom score; panel B: neuroglycopenic symp-
tom score; panel C: total symptom score.
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tion during hypoglycaemia [111]. In accordance, in experimental
heart failure ACE inhibition improves myocardial energy efficiency
[112] and knockout of the angiotensin II subtype 1 receptor gene is
associated with conservation of ATP in neurons exposed to isch-
aemia [97]. In addition, experimental data implicate the renin-angio-
tensin system in modulation of peripheral glucose metabolism.
Thus, inhibition of the angiotensin II receptor subtype 1 increases
insulin-induced glucose uptake in rat muscle possibly by increasing
glucose transporter protein GLUT-4 [113]. A low renin-angiotensin
system activity could thereby be beneficial for glycaemic stability in
type 1 diabetes and for replenishment of energy stores after hypo-
glycaemia, improving the metabolic resistance to subsequent epi-
sodes. 

CONCLUSION AND FUTURE PERSPECTIVES
Our studies confirm that severe hypoglycaemia is still a major clin-
ical problem in type 1 diabetes with a rate comparable to that of the
pre-DCCT era despite significant improvement of insulin therapy
and diabetes care – and will probably remain so as long as a closed
loop system for insulin treatment is not a standard therapeutic op-
tion. The individual susceptibility to severe hypoglycaemia is highly
varying and conventional risk factors – with major contribution
from hypoglycaemia awareness – only account for a limited part of
this variation. The use of psychoactive substances may be as signifi-
cant as alcohol for promotion of risk of severe hypoglycaemia and
until this is confirmed by case-control studies the diabetes team
should explore the use of such substances in patients prone to severe
hypoglycaemia.

Elevated renin-angiotensin system activity is a novel predictor of
risk of severe hypoglycaemia in type 1 diabetes with potential clin-
ical significance. The clinical implications of this finding which,
however, must await additional independent confirmation, include
prediction and possibly some prevention of severe hypoglycaemia.
By combining three sequential renin-angiotensin system-related risk
factors in a common model both subjects at low and at high risk
within a one-year period were identified. Although plasma angio-
tensinogen and serum ACE activity are under significant genetic
control and stable over time the use of these parameters for predic-
tion of severe hypoglycaemia over longer periods will need further
prospective testing including serial blood sampling. An evaluation
of renin-angiotensin system activity may – together with assessment
of other risk factors – contribute to rational individualised setting of
glycaemic targets and thereby open for prevention of severe hy-
poglycaemia. 

The renin-angiotensin system-based stratification system iden-
tified a small number of type 1 diabetic patients with a novel ex-
treme phenotype characterised by 1) generally elevated renin-angio-
tensin system activity and 2) an incapacitating high rate of severe
hypoglycaemia. Such subjects may benefit from pharmacological
blockade of the renin-angiotensin system by ACE inhibitors or
angiotensin II receptor blockers or even renin blockers. This should
be addressed in controlled trials. Ultimately, newly diagnosed pa-
tients with type 1 diabetes can be screened routinely for renin-
angiotensin system activity and genetics and on the basis of that,
some patients might be placed on renin-angiotensin system block-
ing therapy in order to prevent severe hypoglycaemia. In addition,
this might potentially reduce their risk of developing late complica-
tions.

Our studies may also contribute to the explanation of the associ-
ation between ACE genotypes and endurance performance capacity
suggesting a beneficial effect of low ACE activity. As our study shows
that cognitive function declines significantly in healthy subjects with
high ACE activity exposed to a moderate degree of substrate defi-
ciency for a relatively short duration, ACE activity (or renin-angio-
tensin system activity) may be an important determinant of devel-
opment of fatigue during endurance sports with exposure to severe
and long-lasting fuel deprivation. Thus, the poorly understood phe-

nomenon central fatigue is regarded as an important limiting factor
of endurance performance and has been attributed to impairment
of brain function due to exhaustion or fuel starvation. This phe-
nomenon may well be influenced by ACE or renin-angiotensin sys-
tem activity. Future research should be directed towards exploration
of the cellular mechanisms influenced by the renin-angiotensin sys-
tem in fuel exhaustion. 

We have introduced genetics as a useful tool in hypoglycaemia re-
search and the results obtained encourage the exploration of other
candidate genes for susceptibility to severe hypoglycaemia. Such
genes might be identified in the known counterregulatory pathways
(e.g. beta receptors) or in association with awareness or in other
metabolic pathways, which may be important for performance dur-
ing glucose deficiency. Well-powered genetic linkage studies are
needed for exploration of these issues.

SUMMARY
Hypoglycaemia is an unavoidable side effect to insulin therapy of dia-
betes. In daily life some hypoglycaemic episodes are recognised by
the patients and corrected by ingestion of glucose, but occasionally
unrecognised episodes progress into severe hypoglycaemia with cog-
nitive impairment and the need for assistance from other persons in
order to manage the situation. Such episodes represent the most
feared side effect to insulin treatment and are regarded as the major
limiting factor for achievement of recommended glycaemic targets
in type 1 diabetes. The series of studies that constitute this thesis was
conducted to assess the significance of severe hypoglycaemia as a
clinical problem in the type 1 diabetic population, to evaluate the
impact of known risk factors on occurrence of severe hypoglyc-
aemia, and to identify new markers that could contribute to im-
proved prediction of, and inspire to novel preventive measures of,
severe hypoglycaemia.

Our studies confirm that severe hypoglycaemia is still a major
clinical problem in type 1 diabetes. The individual susceptibility to
severe hypoglycaemia is highly varying and conventional risk factors
– with major contribution from hypoglycaemia unawareness – only
account for a limited part of this variation. Results from a case-series
suggest that the use of psychoactive substances may be as significant
as alcohol for promotion of risk of severe hypoglycaemia – a finding
which needs to be confirmed by case-control studies.

We identified elevated renin-angiotensin system activity as a
novel predictor of risk of severe hypoglycaemia in type 1 diabetes
with potential clinical significance. Thus, three sequential renin-an-
giotensin system-related risk factors were associated with severe
hypoglycaemia, and by including these factors in a common model
both subjects at low and at high risk within a one-year period were
identified. Preliminary data suggest that this is explained by im-
paired capability of subjects with high renin-angiotensin system ac-
tivity to maintain cognitive function during hypoglycaemia. The
clinical implications of this finding which, however, must await ad-
ditional independent confirmation, include prediction and possibly
some prevention of severe hypoglycaemia. An evaluation of renin-
angiotensin system activity may – together with assessment of other
risk factors – contribute to rational individualized setting of glyc-
aemic targets and thereby open for prevention of severe hypoglycae-
mia. Furthermore, subjects with elevated renin-angiotensin system
activity and a high rate of severe hypoglycaemia might benefit from
pharmacological blockade of the renin-angiotensin system by ACE
inhibitors or angiotensin II receptor blockers or even renin blockers.
This should be addressed in controlled trials.
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LIST OF ABBREVIATIONS:
ACE: angiotensin-converting enzyme
ARB: angiotensin II receptor blocker
ATI: angiotensin I
ATII: angiotensin II
DCCT: The Diabetes Control and Complications Trial
RR: relative rate
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