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Hypoglycemia is the most common complication of
diabetes, causing morbidity and death. Recurrent hypogly-
cemia alters the cascade of physiological and behavioral
responses that maintain euglycemia. The extent to which
these responses are normally triggered by decreased whole-
brain cerebral glucose metabolism (CMRglc) has not been
resolved by previous studies. We measured plasma coun-
terregulatory hormonal responses and whole-brain CMRglc

(along with blood-to-brain glucose transport rates and brain
glucose concentrations) with 1-[11C]-D-glucose positron
emission tomography during hyperinsulinemic glucose
clamps at nominal plasma glucose concentrations of 90,
75, 60, and 45 mg/dL (5.0, 4.2, 3.3, and 2.5 mmol/L) in
18 healthy young adults. Clear evidence of hypoglyce-
mic physiological counterregulation was first demon-
strated between 75 mg/dL (4.2 mmol/L) and 60 mg/dL
(3.3 mmol/L) with increases in both plasma epinephrine
(P = 0.01) and glucagon (P = 0.01). In contrast, there was
no statistically significant change in CMRglc (P = 1.0) be-
tween 75 mg/dL (4.2 mmol/L) and 60 mg/dL (3.3 mmol/L),
whereas CMRglc significantly decreased (P = 0.02) be-
tween 60 mg/dL (3.3 mmol/L) and 45 mg/dL (2.5 mmol/L).
Therefore, the increased epinephrine and glucagon secre-
tion with declining plasma glucose concentrations is not
in response to a decrease in whole-brain CMRglc.

The human brain cannot synthesize glucose and can only
store glycogen and other substrates to maintain normal
brain function for only a few minutes if the blood-borne

supply of glucose is lost. Thus, tight regulation of glucose
metabolism and homeostasis is critical for brain function
and development (1). Hypoglycemia, a rare event in peo-
ple without diabetes, is the most common complication in
those living with diabetes, causing morbidity and death (2).
In diabetes, it is the result of therapeutic insulin excess
and impaired glucagon and epinephrine responses against
falling plasma glucose concentrations. This syndrome of
defective glucose counterregulation is associated with a
25-fold or greater increased risk of severe iatrogenic hypo-
glycemia during intensive glycemic therapy. Thus, better
understanding of the mechanisms underpinning the devel-
opment of counterregulation is key to developing novel strat-
egies to prevent recurrent hypoglycemia.

When plasma glucose concentrations fall, signals to and
from the brain lead to a cascade of physiological and be-
havioral responses that normally maintain euglycemia (1).
The extent to which these responses are triggered by de-
creased cerebral glucose metabolism (CMRglc) is unclear.
Two previous studies have not resolved this issue. Using
the Kety-Schmidt cerebral blood flow (CBF) measurement
technique with arterial-venous sampling and four successive
plasma glucose steps of 85 mg/dL (4.7 mmol/L), 75 mg/dL
(4.2 mmol/L), 65 mg/dL (3.6 mmol/L), and 55 mg/dL
(3.1 mmol/L), Boyle et al. (3) calculated whole-brain CMRglc
(brain glucose uptake) by the Fick principle (CBF 3 arterio-
venous difference) and reported that the first increase in
glucose counterregulatory hormones coincided with the first
decrease at the same plasma concentration of 65 mg/dL
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(3.6 mmol/L). However, in a two-step study conducted at
90 mg/dL (5.0 mmol/L) and then at 54 mg/dL (3.0 mmol/L)
using [13C]-magnetic resonance spectroscopy of the occipi-
tal lobes and [13C]-glucose infusions, van de Ven et al. (4)
found an increase in counterregulatory hormones at 54 mg/dL
(3.0 mmol/L) with no change in tricarboxylic acid (TCA) cycle
rates. The TCA cycle accounts for 90–95% of CMRglc at nor-
moglycemia, and this relative contribution remains stable
at 54 mg/dL (3.0 mmol/L), so changes in TCA cycle rates
should reflect changes in overall CMRglc (5–7). To reconcile
these findings and determine if physiological counter-
regulation responses to hypoglycemia occur before or are
coincident with a reduction in CMRglc, we measured plasma
counterregulatory hormonal responses and whole-brain CMRglc.
In addition, we measured blood-to-brain glucose transport
rates (CTXglc) and brain free glucose concentrations to place
this work in broader methodological and physiological con-
texts. We made measurements with 1-[11C]-D-glucose posi-
tron emission tomography (PET) during hyperinsulinemic
glucose clamps at nominal plasma glucose concentrations of
90, 75, 60, and 45 mg/dL (5.0, 4.2, 3.3, and 2.5 mmol/L) in
18 healthy young adults.

RESEARCH DESIGN AND METHODS

Study Participants
The study was approved by the Human Research Protection
Office and Institutional Review Board at the Washington
University School of Medicine in St. Louis (approval
201011750) for compliance with the ethical standards of
the Declaration of Helsinki of 1975 (revised 1983) and
conducted at the Clinical Research Unit (CRU) of the
Institute for Clinical and Translational Sciences and at the
Neurological-Neurosurgical Intensive Care Unit (NNICU)
PET Research Facility (Washington University in St. Louis).
Eighteen healthy young adults gave their written informed

consent to participate in this study. All subjects had negative
medical histories, normal physical examinations, and normal
fasting plasma glucose concentrations, blood counts, plasma
electrolytes, liver and renal function tests, and electrocardio-
grams. No subject was on any medications or had a personal
history or first-degree relative with a history of diabetes, heart
disease, or psychiatric or neurological conditions.

Subjects were assigned by block randomization to
one of two groups where they underwent a stepped
hyperinsulinemic-euglycemic-hypoglycemic clamp. Two groups
were needed in order to study glucose counterregula-
tory responses and cerebral glucose metabolism rates at
four different glycemic levels and to avoid exceeding the
maximum amount of radiation exposure allowed per year
in each subject. Ten subjects (six females/four males, four
African American/six Caucasian, age 28.9 6 6.9 years, BMI
24.4 6 3.6 kg/m2) were assigned to a stepped hyperin-
sulinemic glucose clamp at 90 mg/dL (5.0 mmol/L) and
60 mg/dL (3.3 mmol/L). The other eight subjects (two
females/six males, three African American/five Caucasian,
age 27.66 8.2 years, BMI 24.06 2.8 kg/m2) were assigned
to a stepped hyperinsulinemic glucose clamp at 75 mg/dL
(4.2 mmol/L) and 45 mg/dL (2.5 mmol/L).

Experimental Design
Subjects were admitted to the CRU in the morning after a
10-h overnight fast. Two intravenous catheters were placed,
one in an antecubital vein for infusions of insulin, glucose,
and potassium chloride, and the other in a contralateral
antecubital vein for injection of the radionuclide 1-[11C]-D-
glucose. A radial arterial line was placed with local anesthetic,
after Allen testing, for blood sampling and measurement of
time-radioactivity curves. Patients were then transported to
the NNICU PET and positioned in an ECAT EXACT HR+ PET
scanner (Siemens/CTI, Knoxville, TN) with their heads cen-
tered in the gantry field of view.

Figure 1—Diagram of the experimental protocol. HR, heart rate; BP, blood pressure; Sx, symptoms; D 20%, 20 g/100 mL dextrose mono-
hydrate infusion.
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After placement of all lines and after 30 min of supine rest,
regular human insulin (Novo Nordisk, Bagsværd, Denmark)
was infused at 2.0 mU/kg/min (12 pmol/kg/min). In group
1, plasma glucose was clamped at 90 mg/dL (5.0 mmol/L)
for 2 h and 60 mg/dL (3.3 mmol/L) for 2 h. In group 2,
plasma glucose was clamped at 75 mg/dL (4.2 mmol/L) for
2 h and 45 mg/dL (2.5 mmol/L) for 2 h (Fig. 1). To main-
tain plasma glucose concentrations at target levels, 20%
glucose was infused at variable rates, based on bedside
plasma glucose measurements obtained every 5 min. Elec-
trocardiograms and vital signs (Table 1) were continuously
monitored on a Phillips IntelliVue MP70. Every 30 min,
heart rate, blood pressure, and symptom scores were re-
corded and arterial samples were obtained for measurement
of epinephrine, norepinephrine, insulin, C-peptide, glucagon,
cortisol, fatty acids, b-hydroxybutyrate, and lactate concen-
trations. Subjects remained supine throughout the study.

After 20 min of stabilizing the glycemic clamp, attenu-
ation measurements were made with [68Ge]-[68Ga]-rotating
rod sources. Regional cerebral blood volume (CBV) was then
measured for 5 min beginning 2 min after brief inhalation
of 22 6 4 SD mCi of C[15O] (8,9). Regional CBF was mea-
sured with a 60-s emission scan after rapid intravenous
injection of 19 6 2 SD mCi of H2[

15O] in saline (8,10).
Thirty minutes later, 10 6 3 SD mCi of 1-[11C]-D-glucose
was administered through the antecubital vein, and dynamic
PET acquisition was performed for 60 min. Forty-four sep-
arate frames were collected: 16 for 30 s, 8 for 60 s, 16 for
120 s, and 4 for 180 s. All PET emission data were collected
in three dimensions by retraction of interslice septa. For
quantitative processing of H2[

15O] and C[15O], arterial
blood was automatically sampled simultaneously with scan-
ning at 5 mL/min from the radial artery to a scintillation
detector. For 1-[11C]-D-glucose, 0.1–0.2 mL radial arte-
rial blood was sampled manually every 10–15 s for 3 min
and then every 10–15 min for 60 min. All data collection,
procedures, and PET imaging were identically performed
during each glycemic level (Fig. 1). At the conclusion of
the second 1-[11C]-D-glucose scan, insulin infusion was

discontinued, a meal was served, and glucose infusions were
adjusted until euglycemia was achieved. All radiopharmaceu-
ticals were produced in the Cyclotron Facility of the Wash-
ington University Mallinckrodt Institute of Radiology.

Subsequently, each subject was scanned using MRI on a
Magnetom Trio-TIM at 3T (Siemens, Erlangen, Germany).
Magnetization-prepared rapid gradient echo series (MP-
RAGE) were obtained with 2,400 ms TR, 3.16 ms TE, and
1,000 ms TI in a 256 3 256 3 176 field of view at 1 mm3

isotropic resolution. All imaging equipment operators and
PET data processing personnel were blinded to experimen-
tal conditions and interventions.

Analytical Methods
Glucose metabolism and cerebral hemodynamics were
estimated from quantitative measurements of 1-[11C]-D-
glucose, H2[

15O], and C[15O] in arterial blood and from
cerebral regions as detected by PET using methods well
validated against the Kety-Schmidt technique and arterial-
venous sampling (11). Arterial bedside plasma glucose
was measured with a glucose oxidase method (Yellow
Springs Glucose Analyzer 2; Yellow Springs Instruments,
Yellow Springs, OH). Arterial samples for plasma insulin,
C-peptide (12), glucagon (13), and cortisol (14) were mea-
sured with radioimmunoassay. Plasma epinephrine and
norepinephrine (15) were measured with a radioenzymatic
single-isotope derivative method. Blood nonesterified fatty
acids (16), b-hydroxybutyrate (17), and lactate (18) were
measured with enzymatic methods. Subjects were asked to
score hypoglycemic symptoms from 0 (none) to 6 (severe)
according to previously published methods (19).

Image Analysis
MP-RAGE images were coregistered onto motion-corrected
PET images using the Functional MRI of the Brain Software
Library (20). Masks for brain parenchyma, which excluded
cerebellum, brain stem, dural venous sinuses, and cerebral
spinal fluid, were created using anatomical parcellations and
segmentations from the Destrieux atlas (21). Whole-brain
time-resolved PET radioactivity data were generated by mask-
ing and summation of voxels without blurring operations.

CBF was estimated using an adaptation of the Kety
autoradiography model (10) for positron emissions from
H2[

15O] in brain tissue,c(t), and from the radial artery, ca(t):

cðtÞ5
�
12 e2PS=CBF

�
CBFcaðtÞ

⊗ exp

�
2

CBF  t
l

�
12 e2PS=CBF

��

The permeability surface area product of the model is PS.
The convolution operation is ⊗. The tissue partition coef-
ficient was assumed to be l = 0.95. Emissions ca(t) were
measured by automated sampling of blood from the radial
artery through a catheter tubing, connected to a plastic
scintillator and photomultiplier for detecting 511-keV positron
annihilations, and a peristaltic pump (22). The delay and
dispersion intrinsic to the catheter tubing were measured

Table 1—Vital signs measured for 10 subjects clamped to
nominal plasma glucose concentrations of 90 and then
60 mg/dL and 8 subjects clamped to 75 and then 45 mg/dL

Nominal glucose (mg/dL)

90 75 60 45

Heart rate (bpm) 71 6 2 68 6 4 82 6 4 71 6 3

Systolic blood
pressure (mmHg) 134 6 4 135 6 5 127 6 4 125 6 6

Diastolic blood
pressure (mmHg) 71 6 2 69 6 2 64 6 2 58 6 3

Mean arterial
pressure (mmHg) 92 6 2 91 6 3 85 6 3 80 6 3

For each subject at each clamped glycemic level, five measure-
ments were made at 30-min intervals during 2 h of PET scanning.
Averages for all collections are shown. To convert glucose to
mmol/L, multiply by 0.05551.
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using a phantom, which delivered radiolabeled whole blood
as a Heaviside impulse to the automated sampling apparatus;
ca(t) was corrected using the measured impulse response.

The four-compartment model for cerebral glucose kinet-
ics (Fig. 2) has been previously described (11) using coupled
differential equations for the quantities of intravascular
glucose (q1); intracellular glucose (q2); intracellular metabo-
lites, including metabolic pools such as lactate, glutamate,
and glutamine (q3); and intravascular metabolites (q4).
Steady-state kinetic coefficients, kmn, describe flux from com-
partment qn to compartment qm; k0n describe elimination
from the model field of view via compartment qn. CBV was
measured using previously described methods (9). Arterial
positron emissions from 1-[11C]-D-glucose, wa(t), were mea-
sured by periodic manual radial-artery sampling. The model
defines k04 = CBF/CBV, the reciprocal mean transit time, and

q1ðtÞ;CBVwaðtÞ

dq2ðtÞ
dt

5 k21   q1ðtÞ2 ðk02 1 k32Þq2ðtÞ

dq3ðtÞ
dt

5 k32   q2ðtÞ2 k43   q3ðtÞ

dq4ðtÞ
dt

5 k43   q3ðtÞ2 k04   q4ðtÞ

CTXglc, CMRglc, and free brain glucose described in this
work are defined by

CTXglc 5CbCBV  k21

CMRglc 5CbCBV
k21k32

k12 1 k32

brain  free  glucose5
CMRglc

k32

Arterial whole-blood concentration of total glucose (Cb)
was estimated from assays of arterial plasma glucose
concentration (Ca) and the hematocrit (Hct) by assuming

rapid exchange between plasma and intraerythrocytic glu-
cose and Cb = Ca(1 – 0.30 Hct) (23–25). The brain net
extraction fraction for glucose (Enet) may be calculated using
model rate constants, independently from arterial glucose
concentrations, for our model of 1-[11C]-D-glucose PET, to be

Enet 5CBV
k21k32

k12 1 k32

1
CBF

estimating the balance of glucose metabolic demand and
glucose supplied by CBF (11). Enet also equals the fractional
arterial-venous difference of glucose concentrations for
the whole brain as used by the Fick principle to calculate
CMRglc.

CMRglc 5CbEnetCBF

Bayesian parameter estimation was performed using
Markov chain Monte Carlo with simulated annealing and
Metropolis-Hastings importance sampling using all avail-
able measured quantities (26). For CBF, prior probabilities
were set using values previously reported by Herscovitch
et al. (27) for humans. For cerebral glucose kinetics, prior
probabilities for adjustable model parameters were set using
values previously reported by Powers et al. (11,28) for ma-
caque monkeys and human neonates.

Statistics
Data were pooled across the two groups of subjects because
they were comparable in age, sex, race, and BMI. Data were
analyzed by general linear model repeated-measures
ANOVA using SAS software version 9.3 (SAS Institute,
Cary, NC). Mixed-effects analysis methods were imple-
mented to assess the effect of glycemic levels (90, 75, 60,
and 45 mg/dL or 5.0, 4.2, 3.3, and 2.5 mmol/L) on all
collected data except for demographics and vital signs.
All data measurements obtained at each glycemic level
were averaged across subjects. Measurements at each
glycemic level were compared pairwise to 90 mg/dL
nominal glucose, and P values were adjusted for multiple
comparisons by the Tukey method. P , 0.05 was consid-
ered statistically significant. Data are expressed as means6
SEM, except where otherwise specified. Based on our pre-
vious data (29,30), a sample size of 10 subjects provides

Figure 2—Four-compartment model used for parameter estimations by Bayesian analysis. Compartment 1 is the arterial and capillary vascular space
that exchanges 1-[11C]-D-glucose with brain tissue. Rate constant k12 replaces back-exchange to compartment 1 with egress from the field of
view. Compartment 2 represents intracellular free 1-[11C]-D-glucose. Compartment 3 represents intracellular [11C]-metabolites. Compartment 4 is
the vascular space to which the metabolites exit. Venous washout was set to the measured reciprocal mean transit time (CBF divided by CBV).
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80% power to detect a difference of 20% and .95% power
to detect a difference of 30% in CMRglc. Sample sizes were
based on power calculations (two sided, a = 0.05) from the
means and variances of the primary statistical end points
from our previous data.

RESULTS

Plasma glucose targets were met during the hyperinsulinemic-
euglycemic-hypoglycemic clamps (Fig. 3A). The SEM of mea-
sured clamped arterial plasma glucose concentrations
was ,1 mg/dL. Consistent with the experimental design

Figure 3—Clamped arterial plasma glucose (A), insulin (B), epinephrine (C), norepinephrine (D), and glucagon (E) concentrations and total
symptom scores (F) at nominal target glucose concentrations of 90, 75, 60, and 45 mg/dL. Data are means 6 SEM collected at each nominal
glucose for all interval sample collections throughout scanning. The base of each bar plot lists means, numbers of subjects, and nominal glucose
concentrations for clamping. P values ,0.05 describe contrasts from measurements at 90 mg/dL. To convert glucose to mmol/L, multiply by
0.05551. For insulin in pmol/L, multiply by 6.945. For epinephrine in pmol/L, multiply by 5.485.
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and clamping methodology, plasma insulin concentrations
were raised from baseline and sustained throughout the study
(Fig. 3B) and C-peptide concentrations were suppressed even
during nominal 75 mg/dL (4.2 mmol/L) clamps (Table 2).

Counterregulatory and Symptom Responses to
Hypoglycemia
Clear evidence of hypoglycemic counterregulation was first
demonstrated between 75 mg/dL (4.2 mmol/L) and 60
mg/dL (3.3mmol/L) (Fig. 3C–F andTable2). Plasmaepineph-
rine (P = 0.01) and glucagon (P = 0.01) concentrations both
increased at the nominal glucose clamp level of 60 mg/dL
(3.3mmol/L) (Fig. 3C and E). Symptom scores first increased
(P = 0.008) at the nominal glucose clamp level of 45 mg/dL
(2.5 mmol/L) (Fig. 3F). As expected, under hyperinsulinemic
conditions, plasma free fatty acids and b-hydroxybutyrate
levels were low (Table 2). Plasma lactate levels tended to in-
crease only at the lowest glucose clamp level (Table 2).

Whole-Brain Glucose Metabolism and Transport
In contrast to the significant changes in counterregulatory
hormones, there were no statistically significant changes
in CMRglc (P = 1.0) between 75 mg/dL (4.2 mmol/L) and
60 mg/dL (3.3 mmol/L). However, between 60 mg/dL
(3.3 mmol/L) and 45 mg/dL (2.5 mmol/L), CMRglc signifi-
cantly decreased (P = 0.02) (Fig. 4C).

CTXglc fell as arterial plasma glucose decreased (P, 0.05
for 75, 60, and 45 compared with 90) (Fig. 4A), limiting CMRglc
at a plasma glucose concentration of 50 mg/dL (2.8 mmol/L)
to 45 mg/dL (2.5 mmol/L), as shown in Fig. 5. Brain free
glucose concentrations also progressively decreased as plasma
glucose levels were reduced (Fig. 4B). CTXglc, CMRglc, and brain
free glucose were all significantly decreased at the lowest ar-
terial plasma glucose concentration. The brain net extraction
fraction for glucose increased as plasma glucose fell (Fig. 4F).
CBF was unchanged throughout but CBV increased (P = 0.02)
at the lowest nominal glucose clamp level (Fig. 4D and E).

DISCUSSION

The mechanism for the attenuated sympathoadrenal
response to hypoglycemia in diabetes is unknown. It is a
functional disorder distinct from classic diabetic autonomic
neuropathy. Unlike the loss of the insulin and glucagon

responses that reside at the islet level, the alteration
resulting in attenuated sympathoadrenal responses has
been postulated to reside within the central nervous system
(1). It had been hypothesized that hypoglycemia causes a
decrease in the rate of cerebral glucose metabolism, which
in turn causes an increase in sympathoadrenal activity and
a decrease in cognitive function. However, using 1-[11C]-D-
glucose PET, this study documents that the sympathoadre-
nal response to hypoglycemia is not a response to a decrease
in whole-brain glucose metabolism, since the hormonal coun-
terregulatory responses to hypoglycemia occur at higher
plasma glucose than necessary to produce a reduction in
CMRglc. We found an increase in counterregulatory hor-
mones with no change in whole-brain CMRglc at 60 mg/dL
(3.3 mmol/dL) and found a reduction in whole-brain
CMRglc at 45 mg/dL (2.5 mmol/L), at which level CTXglc
became rate limiting. Therefore, the increase in counterre-
gulatory hormones is not a response to a reduction in
whole-brain cerebral glucose metabolism. Our data are con-
gruent with those reported by van de Ven et al. (4) in which
a reduction in plasma glucose from 90 mg/dL (5.0 mmol/L)
to 54 mg/dL (3.0 mmol/L) produced an increase in counter-
regulatory hormones and no change in occipital lobe TCA
flux, which is proportionately representative of CMRglc at
these plasma glucose levels (7). Indeed, given the scatter in
the nadir glucose concentrations in the latter study and the
present findings, it would appear that the glycemic thresh-
old for a decrease in whole-brain CMRglc during hypoglyce-
mia is in the range of 50 mg/dL (2.8 mmol/L) or less. Taken
together, these data indicate that the counterregulatory
responses to falling plasma glucose concentrations are not
triggered by decreases in whole-brain glucose metabolism.
However, we cannot categorically exclude the possibility
that these neuroendocrine responses are triggered by re-
ductions in local glucose metabolism in one or more critical
brain regions (11,31,32). Measurement of CMRglc in small
brain regions in human subjects is technically difficult and
limited by the direct proportionality of region volumes with
the signal-to-noise ratio of measurements. Image-based
PET methods based on the relative distribution of [18F]-
fluorodeoxyglucose radioactivity can be used to provide data
for small regions, but these are still subject to signal-to-noise

Table 2—Biochemistries for 10 subjects clamped to 90 and then 60 mg/dL and 8 subjects clamped to 75 and then 45 mg/dL

Nominal glucose (mg/dL)

90 75 60 45

C-peptide (ng/mL) 0.931 6 0.085 0.263 6 0.030† 0.124 6 0.008† 0.100 6 0.0†

Cortisol (mg/dL) 11.6 6 1.3 8.7 6 0.8 15.5 6 1.5 20.9 6 2.1‡

Free fatty acids (mmol/L) 192 6 28 105 6 15 64 6 13 107 6 36

b-hydroxybutyrate (mmol/L) 262 6 37 225 6 51 238 6 48 194 6 21

Lactate (mmol/L) 1,451 6 119 1,363 6 83 1,443 6 133 1,844 6 141

For each subject at each clamped glycemic level, blood samples were collected every 30 min for five total collections. Averages for all
collections are shown. To convert glucose to mmol/L, multiply by 0.05551. For C-peptide in nmol/L, multiply by 0.3323. For cortisol in
nmol/L, multiply by 27.59. For norepinephrine in nmol/L, multiply by 0.005911. P values compare biochemical measurements to euglycemic
measurements made at 90 mg/dL. †P value ,0.0001. ‡P value ,0.002.
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limitations and, furthermore, explicitly must assume that
the rate constants and the lumped constant are the same
throughout the brain without a means to determine the val-
idity of these assumptions (31,32).

The overall trends observed in our data in humans are
in agreement with the trends observed in anesthetized
macaques using the identical four-compartment model (11).
In that study, Enet derived from simultaneous arterial-venous

Figure 4—CTXglc (A), brain free glucose (B), CMRglc (C), CBF (D), CBV (E), and Enet (F) at nominal target glucose concentrations of 90, 75, 60,
and 45 mg/dL. Data are means 6 SEM collected at each nominal glucose throughout scanning.

2970 Whole-Brain Glucose Metabolism and Hypoglycemia Diabetes Volume 66, December 2017



glucose sampling by vascular cannulation showed good
agreement with 1-[11C]-D-glucose PET estimates of Enet dur-
ing hypoglycemia, providing methodological validation of
the PET measurements corresponding to the Fick principle.
Our data, similar to the data in macaques (11), demonstrate
characteristic nonlinear responses of blood to brain glucose
transport and cerebral metabolic rate of glucose to arterial
plasma glucose clamping from normoglycemia to hypogly-
cemia. Our data indicate that blood-to-brain glucose trans-
port becomes limiting to whole-brain glucose metabolism
at plasma glucose concentrations of 45–50 mg/dL (2.5–
2.8 mmol/L). This is consistent with data from van de
Ven et al. (4), who reported no reduction in CMRglc at 54
mg/dL (3.0 mmol/L), but very different from Boyle et al.
(3), who reported reduced CMRglc at 65 mg/dL (3.6 mmol/L).
Our methodology and that used by Boyle et al. are very
similar. Boyle et al. used the Fick principle to measure
CMRglc, and we have validated our PET CMRglc method
against arteriovenous differences. Even so, after thorough
consideration of the experimental techniques used by us and by
Boyle et al., we were unable to find a clear methodological or
physiological explanation for this discrepancy.

Published data in humans show no differences of whole-
brain blood-to-brain glucose transport or whole-brain glu-
cose metabolism between healthy subjects and patients with
uncomplicated, reasonably well-controlled type 1 diabetes
during hypoglycemia (30,33,34) or even after prolonged
interprandial hypoglycemia (29). Thus, the findings of this
study can be extended to people with endogenous insulin-
deficient diabetes who require treatment with insulin and of-
ten suffer episodes of iatrogenic hypoglycemia (1). Moreover,

published data in humans demonstrate that recently ante-
cedent hypoglycemia can shift the glycemic threshold for
counterregulatory responses and symptoms to lower plasma
glucose concentrations without altering whole-brain blood-
to-brain glucose transport or whole-brain glucose metab-
olism (30). Identifying the glycemic threshold for true
changes in blood-to-brain glucose transport and brain glu-
cose metabolism is consequential for understanding the
pathophysiology of iatrogenic hypoglycemia, a central prob-
lem for people with diabetes requiring insulin (1). The pre-
sent data suggest that the shifts in glycemic thresholds for
sympathoadrenal and other responses to hypoglycemia to
lower glucose concentrations after recent antecedent hypo-
glycemia (1) are not the result of a shift in the glycemic
threshold for a decrease in whole-brain CMRglc.
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