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The mechanisms by which hypoglycemia increases cardiovascular mortality remain unclear. The aim of the study is to investigate
changes in serum electrolytes, norepinephrine concentrations, electrocardiography, and baroreflex sensitivity (BRS) and
associations between corrected QT (QTc) intervals and the changes in serum electrolytes during combined pituitary stimulation
test (CPST). We recruited the subjects who were admitted to the Gyeongsang National University Hospital to undergo CPST
between September 2013 and December 2014. Participants were 12 patients suspected of having hypopituitarism. Among 12
patients, cardiac arrhythmia in two patients occurred during hypoglycemia. There were significant differences in serum levels of
potassium (𝑃 < 0.001), sodium (𝑃 = 0.003), chloride (𝑃 = 0.002), and calcium (𝑃 = 0.017) at baseline, hypoglycemia, and 30
and 120 minutes after hypoglycemia. Also, there was a significant increase in heart rate (𝑃 = 0.004), corrected QT (QTc) interval
(𝑃 = 0.008), QRS duration (𝑃 = 0.021), and BRS (𝑃 = 0.005) at hypoglycemia, compared to other time points during CPST.
There was a positive association between QTc intervals and serum sodium levels (𝑃 < 0.001) in 10 patients who did not develop
arrhythmia during CPST. This study showed that there were significant changes in serum levels of potassium, sodium, chloride,
and calcium, as well as heart rate, QTc interval, QRSd, and BRS during CPST. It was revealed that QTc intervals had a significant
association with concentrations of sodium.

1. Introduction

Large randomized clinical trials (RCT) have shown that
intensive glycemic control prevents the development andpro-
gression of diabetic microvascular complications in patients
with diabetes mellitus (DM), compared with conventional
treatment [1–3]. However, it is unclear whether this inter-
vention exhibits similar effects on cardiovascular events in

patients with type 2 diabetes and prolonged disease duration
[3–5]. The findings of the Action to Control Cardiovascular
Risk in Diabetes (ACCORD) trial in 2008 showed increased
cardiovascular or all-cause mortality in the intensive therapy
group compared with standard therapy [4], which led to early
termination of the ACCORD trial.

Meta-analyses of RCTs indicated that severe hypoglyce-
mia frequently occurred in the intensive glycemic control
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group [6, 7]. A causal link between insulin-induced hypo-
glycemia and death was demonstrated by a case report
that showed the presence of hypoglycemia, which was doc-
umented by continuous glucose monitoring data, at the
time of the death of a young patient with type 1 dia-
betes [8]. The results from the Normoglycemia in Intensive
Care Evaluation-Survival Using Glucose Algorithm Regu-
lation (NICE-SUGAR) [9] and Control of Hyperglycemia
in Pediatric Intensive Care (ChiP) [10] indicated an associ-
ation between intensive glycemic control with insulin and
increasedmortality. Furthermore, studies have suggested that
iatrogenic hypoglycemia, caused by administration of insulin
or of an insulin secretagogue, was associated with the death
of patients with diabetes [11, 12]. Although the mechanisms
by which hypoglycemia increases cardiovascular mortality
remain unclear, arrhythmic deaths were reported as a direct
cause of the mortality in the NICE-SUGAR trial [9]. A report
from the Outcome Reduction with Initial Glargine Interven-
tion (ORIGIN) trial demonstrated that severe hypoglycemia
was associated with a 77% greater risk of arrhythmic death
[13]. A clinical study using combined Holter electrocardio-
graphy (ECG) and continuous glucose monitoring showed
that cardiac arrhythmias, which were related to corrected
QT (QTc) interval prolongation, occurred during moderate
hypoglycemic periods in patients with type 1 diabetes [14].
QTc interval prolongation in patients with longQT syndrome
(LQTS) increased the risk of ventricular arrhythmia that
might lead to sudden death [15].

The combined pituitary stimulation test (CPST) is a
medical diagnostic procedure for simultaneously assessing
hypofunction of anterior pituitary hormones. In fact, it is
difficult to demonstrate how fatal cardiac arrhythmias are
mediated during the insulin-induced severe hypoglycemic
period. As insulin was injected as a bolus in the patient’s vein
to cause hypoglycemia for CPST, this gave us an opportunity
to study the underlying link between the iatrogenic hypo-
glycemia and cardiac arrhythmia.The aim of this studywas to
investigate the changes in serum electrolytes, norepinephrine
concentrations, ECG, and baroreflex sensitivity (BRS) and the
associations between QTc intervals and the changes in serum
electrolyte during CPST.

2. Methods and Materials

2.1. Study Subjects. Subjects admitted to Gyeongsang
National University Hospital to undergo CPST were enrolled
for this study.The study protocol was approved by the Ethical
Committees at Gyeongsang National University Hospital
(IRB number 2012-10-006). All participants provided written
informed consent.

2.2. Combined Pituitary Stimulation Test. All subjects did not
have any intake of food, except for water, for at least eight
hours and remained conscious in a supine position through-
out CPST. An intravenous catheter was inserted into a vein in
the back of hand/arm and infused with 0.9% normal saline to
keep the intravenous line open. Two releasing hormones and
insulin were injected intravenously from separate syringes
in the following order and doses: thyrotropin-releasing

hormone (TRH; 200 𝜇g), gonadotropin-releasing hormone
(GnRH; 50 𝜇g), and insulin (0.10U/kg). More insulin was
given intravenously in a dose of 0.05U/kg if a patient did not
develop hypoglycemia after injection of that dose of insulin.
All CPSTs were performed under the supervision of a doctor,
who examined the subjects for development of symptoms
of hypoglycemia such as shaking, sweating, and drowsiness.
Insulin-induced hypoglycemiawas defined as a blood glucose
level below 40mg/dL or having hypoglycemic symptoms
and a blood glucose level below 50mg/dL. Twenty percent
dextrose solution was used to restore the blood glucose level
to normal after the subject developed hypoglycemia.

2.3. Measurements. Blood samples and ECG data were col-
lected at baseline, hypoglycemia, and 30 and 120 minutes
after hypoglycemia. Serum glucose and electrolytes levels,
including potassium, sodium, chloride, and calcium, were
measured using a Cobas 8000 (Roche, Mannheim, Ger-
many). Blood samples for norepinephrine analysis were
collected in chilled ethylenediaminetetraacetic acid (EDTA)
tubes at baseline, hypoglycemia, and 30 minutes after hypo-
glycemia, and serum norepinephrine level was analyzed by
radioimmunoassay.

Heart rate was calculated from the ECGs taken at consec-
utive times. The cardiologist, blinded to data such as medical
information and time of ECG measurements, measured the
PR interval, QRS duration (QRSd), and QT interval. The QT
interval was measured by a standard method. Briefly, the
onset of the Q wave from average beats derived from leads
I, II, and V5 was marked as the first positive deflection from
the isoelectric line >10 microvolts, and the end of the T wave
was determined using the tangent method. QTc interval was
calculated using Bazett’s formula: (QT interval)/(square root
of R-R interval). For the assessment of autonomic function,
the measurement of BRS was performed sequentially during
CPST by using a Finometer (Finapres Medical Systems BV,
Amsterdam, Netherlands).

2.4. Statistics. Data were expressed as the mean ± standard
deviation (SD) and frequency (%). The Shapiro-Wilk test
for normality was performed to determine if the data were
normally distributed. To perform a comparison of repeated
measurements during CPST, one of repeated measures anal-
ysis of variance (RM-ANOVA), linear mixed model (LMM),
or Friedman test was selected depending on distribution
and availability of measurement. If there were significant
differences in measurements over time, Tukey’s post hoc
analysis was conducted to determine differences between
consecutive time points. A linear mixed model with random
intercepts or slopes for the by-subject was constructed to
examine the relationship between QTc interval and serum
electrolyte. The proper model was selected by the Akaike
information criterion (AIC) or log likelihood value. Visual
inspection of residual and quantile-quantile (Q-Q) plots
was carried out to examine any apparent deviations from
homoscedasticity or normality of residuals. Likelihood ratio
tests were checked as a means to attain 𝑃 values for fixed
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effects. For all the analyses, 𝑃 values ≤ 0.05 were con-
sidered statistically significant. All statistical analyses were
performed by R statistics version 3.2 (R Foundation for
Statistical Computing, https://www.R-project.Org) and lme4
(Bates, Maechler, Bolker and Worlker, 2015).

3. Results

3.1. Study Participants. Between September 2013 andDecem-
ber 2014, a total of 12 patients were enrolled into the study.
The mean (±SD) age of patients was 49 ± 12.8 years, and
the percentage of male subjects was 33%. Of the 12 patients,
six had pituitary adenoma; four underwent transsphenoidal
adenoidectomy; and two patients were diagnosed as having
a prolactinoma and had been given bromocriptine. Six
patients had no medications before admission for CPST, and
two patients had received antihypertensive medication, one
of whom had a medical history of diabetes. The clinical
characteristics of enrolled subjects are presented in Table 1.

3.2. Changes in Serum Electrolyte and Glucose Levels and
Norepinephrine Concentrations. There were significant dif-
ferences in serum levels of potassium (𝑃 < 0.001), sodium
(𝑃 = 0.003), chloride (𝑃 = 0.002), calcium (𝑃 =
0.017), and glucose (𝑃 < 0.001) at baseline, hypoglycemia,
and 30 and 120 minutes after hypoglycemia (Figure 1 and
Supplemental Figure 1). Of the four time points, the median
serum potassium level at 30 minutes after hypoglycemia was
lowest, and the median serum sodium, chloride, and calcium
levels at hypoglycemiawere highest. Post hoc analysis showed
statistically significant changes in serum potassium levels
between baseline and hypoglycemia (𝑃 < 0.001), between
baseline and 30 minutes after hypoglycemia (𝑃 < 0.001), and
between 30 and 120 minutes after hypoglycemia (𝑃 = 0.019);
in serum sodium levels between baseline and hypoglycemia
(𝑃 = 0.001) and between hypoglycemia and 120minutes after
hypoglycemia (𝑃 = 0.032); in serum chloride levels between
baseline and hypoglycemia (𝑃 = 0.016); in serum calcium
levels between hypoglycemia and 120 minutes after hypo-
glycemia (𝑃 = 0.046); in serum glucose levels between hypo-
glycemia and the other time points (Supplemental Figure 1).
There were no significant differences in serum ionized cal-
cium (iCa) and norepinephrine concentrations, which were
measured at three time points, in seven patients (Figure 1).

3.3. Changes in ECG and BRS. Cardiac arrhythmia in two
patients occurred at hypoglycemia. One with type 2 diabetes
and hypertension developed ventricular premature beats at
hypoglycemia and recovered at 120 minutes after hypo-
glycemia. The other with past medical history of diffuse
large B-cell lymphoma developed atrial fibrillation (AF)
at hypoglycemia but did not recover from AF until 120
minutes after hypoglycemia (Figure 2). T wave changes were
observed in most participating patients during CPST: T wave
in lead II was reduced in amplitude at hypoglycemia but
partially recovered from the flat T wave at two hours after
hypoglycemia (Supplemental Figure 2). Heart rate, QTc, and
QRSd were significantly changed during CPST. There were
significant increases in these measurements at hypoglycemia

compared with those at the other time points. Post hoc
analysis indicated that there were significant changes in heart
rate between baseline and hypoglycemia (𝑃 = 0.002); in QTc
interval between baseline and hypoglycemia (𝑃 = 0.011) and
between hypoglycemia and 120 minutes after hypoglycemia
(𝑃 = 0.023); and in QRSd between hypoglycemia and
120 minutes after hypoglycemia (𝑃 = 0.045) (Figure 3
and Supplemental Figure 3). PR and QT intervals had no
significant differences at these times (Supplemental Figure 3).
There were significant differences in BRS for one hour before
and after hypoglycemia. The median BRS at hypoglycemia
was the highest for 1 hour. During four time points, that is, 30
minutes before hypoglycemia, during hypoglycemia, and 30
and 120 minutes after hypoglycemia, there were statistically
significant changes in BRS. Post hoc analysis revealed that
there was a significant increase in BRS at hypoglycemia
compared with those seen at other time points (Figure 4).

3.4. Associations between QTc Intervals and Changes in Serum
Electrolyte Levels. Linear associations between QTc intervals
and changes in serum electrolyte levels were examined in 10
patients who did not develop arrhythmia at hypoglycemia. As
shown in Figure 5, a strong positive association between QTc
intervals and serum sodium levels was observed. With each
mmol/increase in serum sodium, the prolongation of QTc
interval was about 8.7 milliseconds (𝑃 < 0.001). But there
were no significant associations between QTc intervals and
serum levels of potassium, chloride, and calcium (Figure 5).
We investigated associations between serum glucose levels
and the parameters in addition. Serum sodium levels (𝑃 =
0.010), QTc intervals (𝑃 = 0.032), and BRS (𝑃 = 0.024)
had significant associations with the serum glucose levels
(Supplemental Table 1).

4. Discussion

Thepresent study showed that patients whowere suspected of
having hypopituitarism had significant differences in serum
levels of potassium, sodium, chloride, and calcium, as well as
heart rate, QRSd, QTc, and BRS at hypoglycemia, compared
to other time points during CPST. Also, there was a positive
association between QTc intervals and serum sodium levels,
which were measured at baseline, hypoglycemia, and 30 and
120 minutes after hypoglycemia. A decrease in serum potas-
sium occurred during hypoglycemia, and a steady decrease
was observed until 30 minutes after hypoglycemia compared
with serum potassium levels at baseline. Multiple studies
suggest that the effects of insulin-induced hypoglycemia on
serum potassium may be the main mechanisms of direct or
indirect activation of membrane-bound Na+/K+ ATPase. In
an experiment using frog skeletal muscle, it was reported that
insulin directly stimulatesmembrane-boundNa+/K+ ATPase
and increases intracellular potassium uptake [16]. In healthy
men, DeFronzo et al. [17] demonstrated an insulin dose-
dependent decline in serum potassium by using the hyperin-
sulinemic euglycemic insulin clamp. In rat soleus muscle [18]
and normal subjects [19], hypokalemia caused by epinephrine
infusion activatedNa+/K+ ATPase through the stimulation of

https://www.R-project.Org
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Figure 1: Changes in serum electrolytes and norepinephrine during combined pituitary stimulation test. 𝑃 value was attained by repeated
measures analysis of variance or linear mixed regression. Hypo, at hypoglycemia; P-30m, at 30 minutes after hypoglycemia; P-120m, at 120
minutes after hypoglycemia.
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Patient A
At baseline

At hypoglycemia

Patient B
At baseline

At hypoglycemia

At 120 minutes after hypoglycemia

At 120 minutes after hypoglycemia

Figure 2: Development of arrhythmia at hypoglycemia in two patients. Patient A and Patient B are subjects who developed arrhythmia during
combined pituitary stimulation test.

𝛽
2
adrenoceptors. These findings suggested that counterreg-

ulatory secretion of epinephrine, which occurs during severe
hypoglycemia, could be an indirect cause for the decline
in serum potassium. The changes in serum potassium in
this study are consistent with the results of a previous study
by Petersen et al. [20]. They observed that the decrease in
serum potassium during insulin-induced hypoglycemia had
a two-stage process with an initial fall and an additional
decline, which was prevented in subjects given propranolol
[20].This revealed that the initial fall in serum potassiumwas
associated with the intravenous insulin-injection and that
the further decline in serum potassium had an association
with an increase in serum catecholamines. An important role
of aldosterone in plasma potassium homeostasis could be
another possible mechanism for the slow recovery of serum

potassium. In hypoglycemia, the activation of the renin-
angiotensin system caused an increase in plasma aldosterone
[21] which in turn increased renal potassium excretion [22].

Although insulin-induced hypokalemia is well known,
few studies have explored the changes in serum sodium, chlo-
ride, and calcium in response to hypoglycemia. The changes
in these electrolytes followed a similar pattern in this study;
the plasma concentrations in the electrolytes at hypoglycemia
increased and reverted rapidly to baseline levels at 30minutes
after hypoglycemia. Caduff et al. [23] performed a study
that investigated the changes in major ions, namely, sodium,
chloride, and calcium, in subjects with type 1 diabetes, using
the glucose clamp technique. They reported that changes in
these ion concentrations reflected the blood glucose levels.
This is in agreement with the results of our study.The increase
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Figure 3: Changes in heart rate and QTc during combined pituitary stimulation test. 𝑃 value was attained by Friedman test. Hypo, at
hypoglycemia; P-30m, at 30 minutes after hypoglycemia; P-120m, at 120 minutes after hypoglycemia.

in serum sodium concentrations at hypoglycemia might
be induced by insulin-activated membrane-bound Na+/K+
ATPase and hypoglycemia-downregulated sodium glucose
linked transporter 1 (SGLT1) in several tissues; in turn, it
leads to an outflux of intracellular calcium through the Na+
gradient. This can explain the elevation of levels of the two
serum electrolytes during hypoglycemia. But there were no
significant differences in ionized calcium concentrations so
that there might be other mechanisms that could explain
the difference in the results between serum total and ion-
ized calcium levels. Body et al. [24] reported that smaller
increments in both total and ionized calcium in healthy men
who developed insulin-induced hypoglycemia resulted from
endogenous epinephrine secretion caused by hypoglycemic
stress. Our study included the subjects with hypopituitarism
who had inadequate counterregulatory hormonal responses
and thus might result in more profound systemic changes in
insulin-induced hypoglycemia. These differences of systemic
responses in stress hormones, induced hypoglycemia, among
subjects in the two studies might result in the inconsistency
in the results of changes in ionized calcium levels, and it
would be clarified in the future. The return to baseline

concentrations of these ions at 30minutes after hypoglycemia
without an additional increase might be associated with a net
flow of water from cells to blood, which could be caused by
the administration of 20% dextrose solution.

In the case of effects of insulin-induced hypoglycemia
on ECG, this study showed that there was the development
of arrhythmia in two patients and the increase in heart
rate, QRSd, and QTc interval at hypoglycemia compared
with the other time points during CPST. These changes in
ECGhave been reported bymultiple studies. Insulin-induced
hypokalemia and the secretion of adrenaline in response
to insulin-induced hypoglycemia have been shown to be a
principal cause of these alterations in ECG. Hypokalemia
increases resting membrane potential and the duration of the
action potential and refractory period in cardiac myocytes
[25]. Lloyd-Mostyn and Oram [26] investigated the cardio-
vascular effects of hypoglycemia in healthy men with the
administration of 𝛽-blockers. They showed that propranolol
prevented an increase in heart rate and the development of
arrhythmia during hypoglycemia. In a large clinical trial,
Mellbin et al. [13] revealed that severe hypoglycemia was
associated with a greater risk for arrhythmic death in patients
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Changes of BRS in combined pituitary stimulation tests
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Figure 4: Changes in baroreflex sensitivity during combined pituitary stimulation test. 𝑃 value was calculated by Friedman test. B.30m, 30
minutes before hypoglycemia; Hypo, hypoglycemia; P.30m, 30 minutes after hypoglycemia; P.120m, 120 minutes after hypoglycemia.

with type 2 diabetes, prediabetes, or a prior cardiovascular
event.

The baroreceptor reflex is a key mechanism to maintain
blood pressure at constant levels. BRS is a measurement to
quantify how much control the baroreflex has on heart rate.
It has been shown that there was a significant increase in BRS
at hypoglycemia compared with other time points. A rise in
blood pressure during hypoglycemiawas observed in patients
with diabetes using a continuous glucose monitoring system
and simultaneous ambulatory blood pressure measurement
[27]. This hypoglycemic-induced blood pressure elevation
could cause an increase in parasympathetic tone and a
decrease in sympathetic tone. Decreased BRS as an early
mark of cardiovascular autonomic neuropathy (CAN) was
found in patients with diabetes [28]. Okada et al. [29] showed
that BRS could predict cardiovascular events in patient with
type 2 diabetes. In our study, the result of BRS suggests
that an increase in BRS at hypoglycemia might prevent the
development of tachycardia and arrhythmia.

The QTc interval represents the summation of the action
potential of ventricular myocytes that have specialized chan-
nels made of protein complexes across their membrane.

Mutations of the genes that encode these protein channels
lead to congenital long QT syndrome (LQTS) [30]. It is well
known that electrolyte disturbances cause acquired LQTS.
Hypokalemia that may prolong the cardiac repolarization
by reducing the delayed and inward rectifier potassium
current [31] is the most common cause of acquired LQTS
[32]. Mok et al. reported a case in which acquired LQTS
was associated with hyponatremia [33]. However, in this
study, QTc intervals had a more significant association
with concentrations of serum sodium than those of serum
potassium during CPST. It had been reported that, contrary
to the widespread impression, the QTc interval prolongation
was not by hypokalemia but by hypernatremia, and the
apparent prolongation of the QTc interval in many cases with
hypokalemia resulted from the U wave being superimposed
on the descending limb of the T wave [34, 35]. We also found
that theQTc interval was significantly associatedwith sodium
increments but not potassium. On the basis of these findings,
we presumed that the elevated serum Na+ levels increased
during CPST, in our study, could be likely to directly prolong
the QTc interval. Surawicz and Lepeschkin [34] had also
shown that patients with hypokalemia and hypocalcemia
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Figure 5: The associations between QTc intervals and the changes of serum electrolytes levels. 𝑃 value was attained by likelihood ratio tests.
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developed increased QTc interval. There were significant
increases in serum calcium levels at hypoglycemia in our
study. Therefore, this study suggests that the concentration
of sodium is a good indicator of QTc elongation during
hypoglycemia.

There are limitations in our study. First, the sample size
for this study is too small to reveal the association between
QTc intervals and serum potassium levels and the changes
in serum norepinephrine level which have been reported
in studies [36, 37] investigating norepinephrine kinetics in
response to insulin-induced hypoglycemia. Second, as the
subjects suspected of having hypopituitarism were enrolled,
the results of this study cannot be generalized and applied to
patients with diabetes directly. We could not find out effects
of other hormones including TRH, TSH, GnRH, and GH on
QTc intervals because of these limitations. Altun et al. [38]
showed serum TSH levels had positive correlations with QTc
intervals during TRH test in 20 euthyroid healthy subjects.
In spite of the limitations, we documented the development
of arrhythmia in two subjects and showed that there were
significant changes in serum levels of potassium, sodium,
chloride, and calcium, as well as heart rate, QTc interval,
QRSd, and BRS during CPST. It was revealed that QTc

intervals had a significant association with concentrations
of sodium. This study indicated that clinicians should check
the serum sodium levels in patients during CPST to avoid
ventricular arrhythmias. However, further researches that
can demonstrate the exact role of insulin-induced electrolyte
changes in prolonging QTc intervals are needed.

Conflicts of Interest

No potential conflicts of interest relevant to this article were
reported.

Acknowledgments

This work results from the doctoral thesis of Sung Su Kim
for the degree of Ph.D. (Gyeongsang National University,
2017).This studywas supported by the Basic Science Research
Program through the National Research Foundation (NRF)
of Korea funded by the Ministry of Science, ICT and Future
Planning (NRF-2015R1A5A2008833) and by Development
Fund Foundation, Gyeongsang National University, May
2015.



10 BioMed Research International

Supplementary Materials

Supplemental Table 1: the associations between serum glu-
cose levels and parameters. Supplemental Figure 1: changes
in serum glucose levels during combined pituitary stimu-
lation test. Supplemental Figure 2: T wave changes in lead
II during combined pituitary stimulation test. Supplemen-
tal Figure 3: changes in QRS duration, PR interval, and
QT interval during combined pituitary stimulation test.
(Supplementary Materials)

References

[1] D. M. Nathan, “Long-term complications of diabetes mellitus,”
	eNew England Journal of Medicine, vol. 328, no. 23, pp. 1676–
1685, 1993.

[2] UK Prospective Diabetes Study (UKPDS) Group, “Intensive
blood-glucose control with sulphonylureas or insulin compared
with conventional treatment and risk of complications in
patients with type 2 diabetes (UKPDS 33),”	e Lancet, vol. 352,
no. 9131, pp. 837–853, 1998.

[3] A. Patel, S. MacMahon, J. Chalmers et al., “Intensive blood
glucose control and vascular outcomes in patients with type 2
diabetes,”	eNew England Journal of Medicine, vol. 358, no. 24,
pp. 2560–2572, 2008.

[4] H. C. Gerstein, M. E. Miller, R. P. Byington et al., “Effects of
intensive glucose lowering in type 2 diabetes,”	eNew England
Journal of Medicine, vol. 358, pp. 2545–2559, 2008.

[5] W.Duckworth, C. Abraira, T.Moritz et al., “Glucose control and
vascular complications in veterans with type 2 diabetes,” 	e
New England Journal of Medicine, vol. 360, no. 2, pp. 129–139,
2009.

[6] K. K. Ray, S. R. K. Seshasai, S. Wijesuriya et al., “Effect of
intensive control of glucose on cardiovascular outcomes and
death in patients with diabetes mellitus: a meta-analysis of
randomised controlled trials,”	e Lancet, vol. 373, no. 9677, pp.
1765–1772, 2009.

[7] B.Hemmingsen, S. S. Lund,C.Gluud et al., “Intensive glycaemic
control for patients with type 2 diabetes: systematic review
with meta-analysis and trial sequential analysis of randomised
clinical trials,” British Medical Journal, vol. 343, Article ID
d6898, 2011.

[8] R. J. Tanenberg, C. A. Newton, and A. J. Drake III, “Con-
firmation of hypoglycemia in the “dead-in-bed” syndrome,
as captured by a retrospective continuous glucose monitoring
system,” Endocrine Practice, vol. 16, no. 2, pp. 244–248, 2010.

[9] S. Finfer, B. Liu, D. R. Chittock et al., “Hypoglycemia and risk
of death in critically ill patients,” 	e New England Journal of
Medicine, vol. 367, no. 12, pp. 1108–1118, 2012.

[10] D. Macrae, R. Grieve, E. Allen et al., “A randomized trial of
hyperglycemic control in pediatric intensive care,” 	e New
England Journal of Medicine, vol. 370, no. 2, pp. 107–118, 2014.

[11] P. E. Cryer, “Death during intensive glycemic therapy of
diabetes: mechanisms and implications,” American Journal of
Medicine, vol. 124, no. 11, pp. 993–996, 2011.

[12] P. E. Cryer, “Severe hypoglycemia predicts mortality in dia-
betes,” Diabetes Care, vol. 35, pp. 1814–1816, 2012.

[13] L. G. Mellbin, L. Rydén, M. C. Riddle et al., “Does hypogly-
caemia increase the risk of cardiovascular events? A report from
the ORIGIN trial,” Bioinformatics, vol. 29, no. 24, pp. 3137–3144,
2013.

[14] T. Kubiak, A. Wittig, C. Koll et al., “Continuous glucose mon-
itoring reveals associations of glucose levels with QT interval
length,” Diabetes Technology & 	erapeutics, vol. 12, no. 4, pp.
283–286, 2010.

[15] A. J. Moss, P. J. Schwartz, R. S. Crampton et al., “The long
QT syndrome. Prospective longitudinal study of 328 families,”
Circulation, vol. 84, no. 3, pp. 1136–1144, 1991.

[16] W. A. Gavryck, R. D. Moore, and R. C. Thompson, “Effect of
insulin upon membrane-bound (Na+ + K+)-ATPase extracted
from frog skeletal muscle.,” 	e Journal of Physiology, vol. 252,
no. 1, pp. 43–58, 1975.

[17] R. A. DeFronzo, P. Felig, E. Ferrannini, and J. Wahren, “Effect
of graded doses of insulin on splanchnic and peripheral potas-
sium metabolism in man.,” American Journal of Physiology-
Endocrinology and Metabolism, vol. 238, no. 5, pp. E421–427,
1980.

[18] T. Clausen and J. A. Flatman, “𝛽2-adrenoceptors mediate
the stimulating effect of adrenaline on active electrogenic
NA-K-transport in rat soleus muscle,” British Journal of Phar-
macology, vol. 68, no. 4, pp. 749–755, 1980.

[19] M. J. Brown, D. C. Brown, and M. B. Murphy, “Hypokalemia
from beta2-receptor stimulation by circulating epinephrine,”
	eNew England Journal of Medicine, vol. 309, no. 23, pp. 1414–
1419, 1983.

[20] K. G. Petersen, K. J. Schluter, and L. Kerp, “Regulation of serum
potassium during insulin-induced hypoglycemia,” Diabetes,
vol. 31, no. 7, pp. 615–617, 1982.

[21] S. Hata, H. Kunita, and M. Okamoto, “Aldosterone response
to hypoglycemia: evidence of acth mediation,” 	e Journal of
Clinical Endocrinology & Metabolism, vol. 43, no. 1, pp. 173–177,
1976.

[22] C. R. Cooke, J. S. Horvath, and M. A. Moore, “Modulation
of plasma aldosterone concentration by plasma potassium in
anephric man in the absence of a change in potassium balance,”
	e Journal of Clinical Investigation, vol. 52, no. 12, pp. 3028–
3032, 1973.

[23] A. Caduff, H. U. Lutz, L. Heinemann, G. Di Benedetto, M. S.
Talary, and S. Theander, “Dynamics of blood electrolytes in
repeated hyper-and/or hypoglycaemic events in patients with
type 1 diabetes,” Diabetologia, vol. 54, no. 10, pp. 2678–2689,
2011.

[24] J. J. Body, P. E. Cryer, K. P. Offord, and H. Heath III,
“Epinephrine is a hypophosphatemic hormone in man. Phys-
iological effects of circulating epinephrine on plasma calcium,
magnesium, phosphorus, parathyroid hormone, and calci-
tonin,” 	e Journal of Clinical Investigation, vol. 71, no. 3, pp.
572–578, 1983.

[25] R. H. Helfant, “Hypokalemia and arrhythmias,” American
Journal of Medicine, vol. 80, no. 4, pp. 13–22, 1986.

[26] R. H. Lloyd-Mostyn and S. Oram, “Modification by propranolol
of cardiovascular effects of induced hypoglycæmia,”	e Lancet,
vol. 305, no. 7918, pp. 1213–1215, 1975.

[27] S. Feldman-Billard, P. Massin, T. Meas, P.-J. Guillausseau, and
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