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Steady-State Brain Glucose Concentrations During
Hypoglycemia in Healthy Humans and Patients With
Type 1 Diabetes Mellitus
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The objective of this study was to investigate the relationship
between plasma and brain glucose levels during euglycemia and
hypoglycemia in healthy subjects and patients with type 1 diabetes mellitus (T1DM). Hyperinsulinemic euglycemic (5 mmol/L)
and hypoglycemic (3 mmol/L) [1-13C]glucose clamps were performed in eight healthy subjects and nine patients with uncomplicated T1DM (hemoglobin A1c 7.7 6 1.4%). Brain glucose levels
were measured by 13C magnetic resonance spectroscopy. Linear
regression analysis was used to ﬁt the relationship between plasma
and brain glucose levels and calculate reversible Michaelis-Menten
(MM) kinetic parameters. Brain glucose values during euglycemia
(1.1 6 0.4 mmol/g vs. 1.1 6 0.3 mmol/g; P = 0.95) and hypoglycemia
(0.5 6 0.2 mmol/g vs. 0.6 6 0.3 mmol/g; P = 0.52) were comparable
between healthy subjects and T1DM patients. MM kinetic parameters of combined data were calculated to be maximum transport
rate/cerebral metabolic rate of glucose (Tmax/CMRglc) = 2.25 6 0.32
and substrate concentration at half maximal transport (Kt) = 1.53 6
0.88 mmol/L, which is in line with previously published data
obtained under hyperglycemic conditions. In conclusion, the linear
MM relationship between plasma and brain glucose can be extended to low plasma glucose levels. We found no evidence that
the plasma to brain glucose relationship or the kinetics describing
glucose transport over the blood–brain barrier differ between
healthy subjects and patients with uncomplicated, reasonably
well-controlled T1DM.

H

ypoglycemia frequently complicates (intensive)
insulin treatment in patients with type 1 diabetes
mellitus (T1DM). On average, T1DM patients experience two to three hypoglycemic events every week and one hypoglycemic event complicated by loss
of consciousness or seizures, reﬂecting severe brain dysfunction, every 1 to 2 years (1). Knowledge about glucose
transport over the blood–brain barrier during hypoglycemia
is important because the brain is dependent on continuous
supply of glucose as its principal source of energy.
Glucose transport over the blood–brain barrier takes
place through facilitated diffusion mediated by the glucose
transporter GLUT1 (2). Cerebral glucose content depends
on the plasma glucose concentration, transport of glucose
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in and out of the brain, and the cerebral metabolic rate of
glucose (CMRglc). Several studies using magnetic resonance spectroscopy (MRS) have shown that over a range
of plasma glucose from 4.6 to 30 mmol/L, brain glucose
content is linearly related to the plasma glucose level (3–5).
However, whether the relationship between brain glucose
content and plasma glucose concentration is altered during hypoglycemia, either in subjects without diabetes or in
patients with T1DM, has not been investigated. Such alterations could have important implications for our understanding of brain glucose handling under conditions of
deprivation in humans in general and in patients with diabetes who are at continuous risk of hypoglycemia.
Glucose transport under nonhypoglycemic conditions
has been modeled by reversible Michaelis-Menten (MM)
kinetics (3), which predict a linear relationship between
plasma and brain glucose. Whether such linearity persists
into the hypoglycemic range, as has been shown in rats
(5), is currently unknown. In fact, the uncertainty of published values for reversible MM kinetics is so large that this
leads to predictions for brain glucose value to approach
0 mmol/g when plasma glucose levels lie anywhere between 0 and 5 mmol/L (3–6).
Applying 13C MRS to measure brain glucose content
during hypoglycemia is challenging. Infusion of isotopically
enriched glucose to improve the sensitivity of the MRS
measurements conﬂicts with obtaining hypoglycemia. We
recently developed a protocol to measure brain glucose
metabolism under euglycemic and hypoglycemic conditions by 13C MRS in humans in vivo (7). In this study, we
applied this protocol to quantitatively assess brain glucose
content and calculate kinetic parameters for brain glucose
transport under these conditions. We performed this study
in healthy human volunteers as well as in patients with
uncomplicated T1DM.
RESEARCH DESIGN AND METHODS
Subjects. We enrolled eight healthy nondiabetic volunteers and nine patients
with T1DM. Data from healthy volunteers have partly been reported before (8)
but were reanalyzed for this study. Patients with T1DM were excluded if they
had a history of repeated severe hypoglycemia, a severe hypoglycemic incident in the past 6 months, or evidence of hypoglycemia unawareness on the
Clarke’s questionnaire (9,10). Patients with signs of autonomic neuropathy,
peripheral neuropathy, proliferative retinopathy, or micro- or macroalbuminuria
by review of medical records or physical examination were also excluded from
participating. The study protocol was approved by the institutional review
board of the Radboud University Nijmegen Medical Centre, and all volunteers
gave written informed consent. For subjects participating in both euglycemic
and hypoglycemic study protocols, experiments were scheduled in random
order and at least 2 weeks apart. In females, a 4- or 8-week interval was
chosen to avoid inﬂuences from the menstrual cycle. All nondiabetic volunteers and three T1DM patients had data available from both experiments. For
six patients, data were only available from either the hypoglycemic clamp (n = 2)
or the euglycemic clamp (n = 4).
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Hyperinsulinemic glucose clamps. Hyperinsulinemic (60 mU/min/m2), euglycemic
(5.0 mmol/L), or hypoglycemic (3.0 mmol/L) glucose clamps were conducted, as
described previously (7,8). Brieﬂy, the brachial artery was cannulated for blood
sampling, and a contralateral antecubital vein was cannulated for administration of insulin and glucose 20% to maintain plasma glucose at the predetermined level for at least 50 min. Exogenous glucose was given in the
form of [1-13C]glucose 20% weight for weight at variable enrichments as
described earlier (8) to increase plasma 13C enrichment to stable levels
during both euglycemic and hypoglycemic experiments. Arterial blood was
sampled every 5 min for immediate determination of plasma glucose levels
and for later determination of 13C isotopic enrichment of glucose by nuclear
magnetic resonance (1H-NMR) (11,12).
Magnetic resonance spectroscopy. All data were acquired on a 3T MR system
(Magnetom Trio, Siemens, Erlangen, Germany) (7,8). A 13C coil was placed in a
birdcage 1H coil (13), and an ISIS-DEPT sequence was used for localization and
polarization transfer to increase the signal-to-noise ratio of 13C signals (14). A
voxel of ;125 mL was placed in occipital brain tissue. Data were acquired
dynamically with a time resolution of 2.5 min, starting at least 10 min after the
glycemic target was reached.
13
C MRS data processing and quantiﬁcation. 13C MR spectra acquired
during the ﬁnal 50 min of the clamps, during which plasma glucose values
were stable, were averaged. In the resulting spectra, peaks of glucose and
myo-inositol (mI) were ﬁtted with the advanced magnetic resonance algorithm
(15) in jMRUI (16). The natural abundance signal of mI was used to quantify
the 13C-labeled glucose concentration, based on the premise that mI has
a stable concentration of 6 mmol/g (17,18). We assumed that mI was not labeled by exogenous [1-13C]glucose in the time frame of the experiment (18).
13
C MR spectra measured from a phantom were used to eliminate effects of
the pulse sequence proﬁle on the experimental spectra. Absolute quantiﬁcation of the total glucose concentration in the brain was achieved by correcting
the 13C glucose concentration with the 13C enrichment of plasma glucose as
measured by 1H-NMR. Data were also corrected for the presence of blood
vessels in the voxel, assuming that the voxel contained 5% vessel volume.
Michaelis-Menten Kinetics. MM kinetic parameters were derived from the
data using reversible MM kinetics, as described by Gruetter et al. (3), assuming
a linear relationship between plasma glucose (Glcpl) and brain glucose (Glcbr).
In this model, Kt denotes the MM constant for substrate concentration at half
maximal transport, Tmax the maximum transport rate, CMRglc the consumption
rate of glucose, and Vd the physical distribution of glucose (0.77 mL/g) (3,19).

Glcbr ¼ Vd

TABLE 1
Subject characteristics
Healthy control
Male/female
Age (years)
BMI (kg/m2)
Duration T1DM (years)
HbA1C (%)

4/4
23 6 3
23.9 6 4.5
—
—

T1DM
4/5
32 6
23.0 6
17 6
7.7 6

8*
3.6
9
1.4

Data presented as number or as mean 6 SD. *P , 0.05 versus healthy
control subjects.

signiﬁcantly and to a similar extent during hypoglycemia
in both groups (data not shown).
In all 13C brain MR spectra of both healthy volunteers
and T1DM patients, there was a clear difference in the
intensity of the glucose signal relative to the natural abundance mI signals between the euglycemic and hypoglycemic state (Fig. 1). Individual steady-state brain glucose
levels as a function of plasma glucose under hypo- and
euglycemic clamp conditions are presented in Fig. 2. Brain
glucose values averaged 1.1 6 0.4 and 1.1 6 0.3 mmol/g
(P = 0.95) during the euglycemic clamps in healthy subjects and T1DM patients, respectively; corresponding values during the hypoglycemic clamps were 0.5 6 0.2 and
0.6 6 0.3 mmol/g, respectively (P = 0.52).


Tmax=
2 1 $ Glcpl 2 Kt
CMRglc
Tmax=
þ1
CMRglc

The data in this study were ﬁtted by linear regression analysis. From this linear
relationship, Tmax/CMRglc and Kt were calculated. The kinetic parameters were
determined using a bootstrapping method implemented in Matlab (Mathworks,
Natick, MA). From the original dataset, the same amount of data points is
selected randomly, and this is repeated 10,000 times.
Statistical analysis. All data are expressed as means 6 SD, unless mentioned
otherwise. Differences in means were tested by two-tailed Student t tests;
a P value ,0.05 was considered statistically signiﬁcant. Statistical analyses
were performed with GraphPad Prism 4 (GraphPad, La Jolla, CA) and SPSS
16.0 (SPSS Inc, Chicago, IL).

RESULTS

Baseline characteristics are shown in Table 1. Plasma glucose values during the euglycemic clamps averaged 5.1 6
0.3 mmol/L (coefﬁcient of variation [CV] 4.1 6 1.7%) and
5.0 6 0.2 mmol/L (3.8 6 1.8%) (P = 0.79) in healthy subjects and patients, respectively; corresponding values
during the hypoglycemic clamps were 3.0 6 0.3 mmol/L
(5.7 6 2.2%) and 2.9 6 0.2 mmol/L (6.9 6 3.7%) (P = 0.67).
Plasma glucose 13C enrichments were also stable over the
last 50 min of the experiment. In healthy subjects, 13C
glucose enrichments were 35.4 6 1.4% (CV 3.1 6 1.7%)
during euglycemia and 29.9 6 5.2% (6.0 6 2.0%) during
hypoglycemia. In T1DM patients, the values were, respectively, 32.2 6 2.3% (5.2 6 2.2%) and 30.2 6 5.3% (8.9 6
2.2%). In response to hypoglycemia, glucagon levels significantly increased in healthy subjects, but not in patients
with T1DM. Levels of all other counterregulatory hormones
(adrenaline, growth hormone end cortisol) increased
2
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FIG. 1. Representative spectra of two volunteers under euglycemia and
hypoglycemia. A: Healthy subject. B: Patient with T1DM.
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FIG. 2. Data of healthy subjects (open squares) and patients with T1DM
(closed circles) together with the best ﬁt of the data and 95% CIs. R2 =
0.59; P < 0.001.

The plasma versus brain glucose relation was ﬁtted with
linear regression analysis to determine the reversible MM
kinetic parameters. The linear ﬁt of the total data set in
Fig. 2 shows that, with 95% CI (R2 = 0.59; P , 0.0001),
cerebral glucose levels become undetectable within
a plasma glucose range of ;0–2 mmol/L. The MM parameters were calculated for the whole group of healthy subjects and diabetic patients to be: Tmax/CMRglc = 2.25 6 0.32
and Kt = 1.53 6 0.88 mmol/L (Table 2). There was no indication that MM parameters differed between the two
groups: Tmax/CMRglc = 2.43 and Kt = 2.20 mmol/L for
healthy subjects and Tmax/CMRglc = 2.08 and Kt = 0.93
mmol/L for T1DM patients.
DISCUSSION

In this study, brain glucose levels were measured by 13C
MRS under hypoglycemic conditions in T1DM patients and
nondiabetic control subjects. Previous studies conducted
under hyperglycemic conditions reported a linear relationship between brain and plasma glucose values. Our ﬁndings
measured under hypoglycemic conditions are consistent
with such a relationship and provide evidence for linearity

up to ;3 mmol/L. There was neither a difference in cerebral
glucose content or in the MM kinetic parameters for cerebral glucose transport between T1DM patients and control
subjects.
Previously calculated values for reversible MM kinetic
parameters in humans were based on data obtained under
euglycemic and hyperglycemic conditions and had rather
large SD (Table 2). This lack of data made it impossible to
draw ﬁrm conclusions with regard to brain glucose transport under hypoglycemic conditions. Knowledge about
cerebral glucose transport during hypoglycemia is important because of the brain’s dependency on glucose supply.
The values we present for the MM kinetic parameters were
assessed under hypoglycemic conditions and well within
the SD of previously published data in humans (3,4,6) and
in rats (5). Our data thus substantiate that the linear relationship between plasma and brain glucose extends well
into the hypoglycemic range. Assuming continuation of
this linear relationship between plasma and brain glucose,
our data predict that brain glucose approaches zero at
a plasma glucose level of ;1.2 mmol/L (Fig. 2).
The current study demonstrated similar cerebral glucose levels for T1DM patients and healthy subjects under
euglycemic or hypoglycemic conditions. This is in accordance with previous ﬁndings using MRS obtained under
clamped hyperglycemic conditions (20) and using positron
emission tomography under hypoglycemic conditions (21).
Two studies reporting higher brain glucose levels in patients
with T1DM than in healthy control subjects (22,23). However, it should be acknowledged that plasma glucose levels
were uncontrolled and therefore also much higher in the
patients than in control subjects. Another study reported
increased brain glucose levels measured by 1H MRS during
a hyperglycemic clamp in T1DM patients with hypoglycemia unawareness, which the authors interpreted as
a compensatory response to recurrent hypoglycemia (24).
Because we examined patients with normal hypoglycemic
awareness, we can neither conﬁrm nor refute this suggestion.
However, another study using positron emission tomography reported no differences in cerebral glucose content
during either euglycemia or hypoglycemia between T1DM
patients with and without hypoglycemia awareness (25).
To quantify the brain glucose concentrations, we made
some assumptions. First, because the 13C MR spectra were
acquired in a rather large voxel in the occipital cortex, we
assumed that 5% of the voxel contained blood vessels and
corrected for this. Secondly, the quantiﬁcation was based
on the concentration of mI as internal reference, which we
assumed to be stable. There is some evidence that mI
levels are up to 20% increased in frontal parts of the brain

TABLE 2
Comparison of MM kinetic parameters between previously published MRS data (1H and
Study (reference)
Gruetter et al. (3)
Seaquist et al. (6)

Healthy
Healthy
Healthy
De Graaf et al. (4) Healthy
Healthy
Choi et al. (5)
Rats
Current study
Healthy

Subjects
humans
humans
humans
humans
humans

Brain region

Visual cortex (occipital)
Periventricles (WM)
Occipital cortex (GM)
WM
GM
Whole brain
humans + T1DM patients Occipital

13

C studies) and the current study

Plasma glucose
levels (mmol/L) Tmax/CMRglc (2)
4.6–29
4.4–24.5
4.4–24.5
5–18
5–18
1–27
2.5–5.3

2.3
2.15
2.24
2.2
1.8
2.7
2.25

6
6
6
6
6
6
6

0.2
0.25
0.23
0.12
0.10
0.13
0.32

Kt (mM)
6
6
6
6
6
6
6

2.0
2.45
2.13
0.88
0.66
1.0
0.88
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0.6
1.96
20.98
1.7
1.1
3.3
1.53

GM, gray matter; WM, white matter.
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in T1DM patients as a consequence of hyperglycemia (22).
Although the occipital cortex is probably less affected
(23), and the effect of acutely normalizing plasma glucose
values (such as during a glucose clamp) on cerebral mI
levels is unknown, recalculating MM kinetics assuming
20% higher mI levels resulted in Tmax/CMRglc = 2.44 6 0.44
and Kt = 1.70 6 1.18 mmol/L. Thus, the MM kinetic
parameters changed slightly when higher mI values were
assumed, but they stayed within the range of data published before (3,6). Furthermore, it should be appreciated
that we cannot vouch for a linear relationship between
plasma and brain glucose below plasma glucose levels of
;3 mmol/L. The detection limit of brain glucose levels
made it unfeasible to study the effects of very low plasma
glucose levels with brain MRS.
In conclusion, our data show that the linear MM relationship between plasma and brain glucose reported previously
extends well into the hypoglycemic range in patients with
T1DM and nondiabetic control subjects. Our data also show
that brain glucose content and kinetics of brain glucose
transport do not differ between healthy subjects and patients
with uncomplicated T1DM under hypoglycemic conditions.
Future MRS studies need to address these issues in T1DM
patients with hypoglycemia unawareness.
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