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Impaired Awareness of
Hypoglycemia Disrupts Blood
Flow to Brain Regions Involved in
Arousal and Decision Making in
Type 1 Diabetes
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OBJECTIVE

RESEARCH DESIGN AND METHODS

Fifteen HA and 19 IAH individuals underwent 3D pCASL functional MRI during a
two-step hyperinsulinemic glucose clamp. Symptom, hormone, global, and regional
CBF responses to hypoglycemia (47 mg/dL [2.6 mmol/L]) were measured.
RESULTS

In response to hypoglycemia, total symptom score did not change in those with IAH
(P 5 0.25) but rose in HA participants (P < 0.001). Epinephrine, cortisol, and growth
hormone responses to hypoglycemia were lower in the IAH group (P < 0.05).
Hypoglycemia induced a rise in global CBF (HA P 5 0.01, IAH P 5 0.04) but was not
different between groups (P 5 0.99). IAH participants showed reduced regional CBF
responses within the thalamus (P 5 0.002), right lateral orbitofrontal cortex (OFC)
(P 5 0.002), and right dorsolateral prefrontal cortex (P 5 0.036) and a lesser
decrease of CBF in the left hippocampus (P 5 0.023) compared with the HA group.
Thalamic and right lateral OFC differences survived Bonferroni correction.
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CONCLUSIONS
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Responses to hypoglycemia of brain regions involved in arousal, decision making,
and reward are altered in IAH. Changes in these pathways may disrupt IAH
individuals’ ability to recognize hypoglycemia, impairing their capacity to manage
hypoglycemia effectively and beneﬁt fully from conventional therapeutic pathways
to restore awareness.
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PATHOPHYSIOLOGY/COMPLICATIONS

Impaired awareness of hypoglycemia (IAH) affects one-quarter of adults with type 1
diabetes and signiﬁcantly increases the risk of severe hypoglycemia. Differences in
regional brain responses to hypoglycemia may contribute to the susceptibility of this
group to problematic hypoglycemia. This study investigated brain responses to
hypoglycemia in hypoglycemia aware (HA) and IAH adults with type 1 diabetes,
using three-dimensional pseudo-continuous arterial spin labeling (3D pCASL)
functional MRI to measure changes in regional cerebral blood ﬂow (CBF).
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Impaired awareness of hypoglycemia
(IAH) affects one-quarter of people
with type 1 diabetes (1,2). Individuals
with IAH cannot reliably detect impending hypoglycemia, increasing their risk
of severe hypoglycemia three- to sixfold
(1–3) and doubling their risk of an
ambulance call for hypoglycemia (4).
Recurrent hypoglycemia attenuates
symptomatic and hormonal responses
that protect against falling blood glucose
(5). Although IAH is more common in
those with longer duration diabetes (1),
the majority of those with long-standing
type 1 diabetes do not have IAH. Indeed,
some maintain awareness of hypoglycemia despite experiencing up to two episodes of hypoglycemia per week (6) and
numerous episodes over their lifetime.
This suggests that there may be other
important contributors to the development of IAH. Behavioral factors such as
low adherence to therapeutic advice and
low concern regarding hypoglycemia
have been associated with IAH (7,8).
Whether this is due to adaptations in
brain regions involved in behavior and
decision making is unknown. Positron
emission tomography (PET) and functional MRI (fMRI) have been used to
investigate brain responses to hypoglycemia in individuals without diabetes and
with type 1 diabetes; however, the described impacts of hypoglycemia awareness status are not conclusive (9–12).
Data on global blood ﬂow, an important possible mediator for differences in
response, have been discrepant between studies (10,13). We used threedimensional pseudo-continuous arterial
spin labeling (3D pCASL) fMRI, a technique designed to enhance sensitivity to
capillary blood ﬂow without radiation
exposure, to measure differences between hypoglycemia aware (HA) and
IAH brain responses to hypoglycemia.
3D pCASL uses radiofrequency pulses
to magnetically tag arterial blood, quantitatively measuring cerebral blood ﬂow
(CBF) as a sensitive and convenient surrogate marker of brain activity (14).
RESEARCH DESIGN AND METHODS
Participants

Right-handed, nonobese adults with
type 1 diabetes were recruited. We excluded individuals with type 2 diabetes;
renal impairment (estimated glomerular
ﬁltration rate ,60 mL/min/1.73 m2);
evidence of cardiovascular disease,
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peripheral vascular disease, or stroke;
major psychological diagnoses; previous signiﬁcant head injury; neurological
conditions expected to produce MRI
changes; or contraindications to MRI.
The protocol was approved by the
Dulwich Research Ethics Committee (National Research Ethics Service, London,
U.K.), in accordance with the Declaration
of Helsinki. Participants gave written informed consent. Participants were classiﬁed into HA or IAH groups on the basis
of the Gold score, a validated measure of
hypoglycemia awareness where a score
of 1–2 indicates HA and a score of 4–7
indicates IAH (3). The score was validated
by clinical history and retrospectively by
absence of symptoms of hypoglycemia
during the scans.
Study Protocol

As previously reported (15), consenting,
eligible volunteers avoided alcohol, caffeine, and strenuous activity for 48 h
before study. Participants were admitted
to the King’s College Hospital Clinical
Research Facility the evening before
scanning, after their evening meal. Multiple daily injection participants omitted
their evening dose of basal insulin; no
participant used an ultra-long-acting
basal insulin. Individuals using continuous subcutaneous insulin infusion discontinued basal infusion when starting
intravenous (IV) insulin. A variable rate
IV insulin infusion was used to maintain
blood glucose between 90 and 144 mg/dL
(5–8 mmol/L) overnight, with venous
sampling every 30–60 min. After 10:00
P.M., participants were only permitted
water or preemptive hypoglycemia treatment if blood glucose fell to 81 mg/dL
(4.5 mmol/L). The study was rescheduled
if blood glucose fell to ,54 mg/dL
(3.0 mmol/L). In the morning, a hyperinsulinemic clamp was commenced for
glucose stabilization at least 60 min before the scan, with a target glucose of
90 mg/dL (5 mmol/L). A primed IV insulin
infusion (Actrapid; Novo Nordisk, West
Sussex, U.K.) replaced the overnight insulin at a maintenance rate of 1.5
mU z kg21 z min21 with a variable rate
20% glucose solution (Baxter, Berkshire,
U.K.). An IV cannula was inserted into a
left-side dorsal hand vein. A CE-registered,
heated thermal pack was applied to
warm the hand, arterializing venous blood
(16). Blood was obtained every 5 min,
and plasma was extracted and glucose

measured with a glucose oxidase analyzer (YSI 2300 STAT PLUS; Yellow Springs
Instruments, Yellow Springs, OH). Participants were positioned in supine on the
scanner table and provided with earplugs
and earphones to reduce exposure to
the acoustic noise of the scanner. The
head was stabilized, and participants
were asked to remain as still as possible
to avoid artifact. Within the scanner,
plasma glucose was held at 90 mg/dL
(5 mmol/L) for ;30 min for 3D pCASL
scans 1 and 2 (ASL 1 and ASL 2). Thereafter, plasma glucose was lowered over
a period of 20 min. Once 47 mg/dL
(2.6 mmol/L) was achieved and maintained for ;20 min, 3D pCASL scans 3
and 4 (ASL 3 and ASL 4) were performed.
After each ASL scan, samples were collected for counterregulatory hormones,
and participants reported, using a button
box, autonomic and neuroglycopenic
symptoms on a 7-point visual analog
scale. Participants rated their hypoglycemic symptoms (1 5 not at all, 7 5
severely). Seven symptoms were classiﬁed as autonomic (anxiety, pounding
heart, shaking, tingling, sweating, hunger, and nausea) and four as neuroglycopenic (drowsiness, irritability, visual
disturbance, and confusion) (17). Once
symptom scoring was complete, the next
ASL scan was commenced. Participants
were blinded to their plasma glucose level
throughout. After completion of the scanning protocol, IV insulin was stopped, and
IV glucose and oral carbohydrate were
used to restore normoglycemia. After a
meal, glucose was stabilized, and participants were provided with support to avoid
hypoglycemia for the next 48 h and
discharged.
Biochemical Analysis

Epinephrine and norepinephrine were
analyzed by high-performance liquid
chromatography with electrochemical
detection (17). Automated immunoassay was used to analyze cortisol (Centaur XPT; Siemens), growth hormone,
and free insulin (IMMULITE 2000 XPi;
Siemens).
Statistical Analysis of Nonimaging Data

Statistical analyses were performed using
SPSS version 22 software (IBM Corporation). Continuous demographic data
were compared using unpaired twosample Student t tests. The x2 test was
used to compare categorical sex data.
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Within-group symptom scores, mean glucose concentrations, and hormonal responses were analyzed using paired
Student t tests. Unpaired Student t tests
were used for between-group comparisons. Data are presented as mean 6 SD
unless otherwise stated. P , 0.05 was
considered statistically signiﬁcant.
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resolution of 2 3 2 3 3 mm. A proton
density image was also acquired in the
same series to enable the computation
of quantitative CBF maps (14). T1weighted, T2-weighted, and ﬂuid-attenuated
inversion recovery scans were reported
by a neuroradiologist, and participants
were excluded if any pathology was
observed.

Power Calculation

A PET study of nine healthy individuals
detected a 26% reduction in regional CBF
in the hippocampus and a 6.4–7.8%
change in CBF in the cortex and brainstem (18). Using pulsed ASL in nine
individuals, Page et al. (19) found that
regional CBF increased twofold in the
hypothalamus (from 22.9 to 44.5 mL/100
g/min) in response to hypoglycemia. In
another pulsed ASL fMRI study, Mangia
et al. (9) described differences of between 8% and 10% in regional CBF in the
thalamus and orbitofrontal cortex (OFC)
of 12 individuals without diabetes and
11 with IAH (P , 0.02). On the basis of
these data, we had 80% power to detect
an effect size of 0.6 or a 5% change in
regional CBF in 12 patients.
MRI Parameters

MRI images were acquired using a 3T GE
Healthcare MR750 scanner (GE Medical
Systems, Milwaukee, WI). Radiofrequency was transmitted with the scanner
body coil, while signal was received
with a 12-channel receive-only head
coil. After an initial localizer scan, highresolution anatomical images were acquired using an adapted 3D T1-weighted
magnetization-prepared rapid gradient
echo sequence with the following parameters: 1.2-mm isotropic resolution, repetition time of 7.312 ms, echo time of
3.01 ms, and inversion time of 450 ms.
CBF maps were acquired using 3D pCASL
to determine changes in regional resting
perfusion. The sequence used four nonselective radiofrequency pulses for suppression of the static background signal,
which increased sensitivity to the labeled
arterial blood signal. The sequence used a
labeling time of 1.5 s and a postlabeling
delay of 1.5 s. Movement correction of
the time series of perfusion-weighted
difference images was not possible.
Four control-label pairs were collected,
each within ;45 s. After the postlabeling
delay, images were acquired using a multishot, segmented 3D fast spin echo stackof-spiral sequence with an effective

Statistical Analysis of Neuroimaging
Data

CBF maps were analyzed using Statistical Parametric Mapping (SPM) version
12 (University College London, London,
U.K.). As part of this process, the maps
were transformed to the standard space
of the Montreal Neurological Institute
using a custom-built software package
called Automatic Software for ASL Processing (ASAP) (Department of Neuroimaging, King’s College London) (20). A
proton density image (acquired within
the same 3D pCASL sequence) was coregistered to the T1 image after realigning the origin of both images. The
transformation matrix of this coregistration step was then applied to the CBF
map, transforming the CBF map to the
space of the T1 image. Uniﬁed segmentation of the T1 image scan generated a
brain-only binary mask. This mask was
then multiplied with the CBF map in the
space of the T1 image, eliminating extracerebral signal from the CBF map.
Normalization of the participant’s T1
image and the skull-stripped CBF map
was performed using the parameters of
the uniﬁed segmentation matrices. Finally, spatial smoothing of the normalized individual CBF maps was carried
out using an 8-mm Gaussian smoothing
kernel.
For each participant, two CBF maps
obtained at euglycemia (ASL 1 and ASL 2)
were averaged, and two obtained during
hypoglycemia (ASL 3 and ASL 4) were
averaged. Global CBF change between
euglycemia and hypoglycemia was measured from the mean of all gray matter
voxels in the brain volume in both conditions. Differences within and between
groups (HA and IAH) were compared
using a paired and unpaired Student t
test, respectively. To identify regional
CBF change between euglycemia and
hypoglycemia, a voxel-wise paired t
test (within the SPM framework) was
performed within each group. Only clusters that remained statistically signiﬁcant

after family-wise error (FWE) correction
for multiple comparisons (PFWE , 0.05)
are reported. Clusters of signiﬁcant
change were determined using the
cluster-extent criterion (PFWE , 0.05)
from an uncorrected voxel-wise clusterforming threshold of P , 0.005. CBF maps
from both groups and both states (euglycemia and hypoglycemia) were then
analyzed using a 2 3 2 ﬂexible factorial
ANOVA model within SPM version 12 to
assess the interaction of group and
glycemic state across the whole brain.
Again, signiﬁcance was deﬁned as any
result on the map that survived FWE
correction on the basis of cluster extent
(P FWE , 0.05) using an uncorrected
voxel-wise cluster-forming threshold
of P , 0.005. Between-group, hypothesisled analyses of a priori–deﬁned regions
of interest (ROIs)dthe thalamus, anterior cingulate cortex (ACC), dorsolateral prefrontal cortex (DLPFC), OFC,
and hippocampusdwere performed.
These regions were selected on the
basis of a review of published literature establishing key cerebral structures involved in the response to
hypoglycemia (9–11,17,18,21–24). ROI
masks were created using the Wake
Forest University School of Medicine
PickAtlas (25).
Statistical analysis was applied to all
the voxels within each anatomically deﬁned ROI, thereby applying an adjustment for small volume, or small-volume
correction. The small-volume option in
SPM was used to apply the same statistical model to all voxels within each ROI.
Peak-level signiﬁcance values were used,
the inference of which is derived from a
correction for FWE (i.e., multiple comparisons) that includes all the voxels
of the ROI. Additional Bonferroni correction for the number of ROIs was applied,
giving a critical a of P , 0.01. A gray
matter mask was used in each analysis, and global CBF was added to each
model as a covariate to control for the
effect of global perfusion. To demonstrate the amplitude of CBF change
across the whole of each ROI, mean
CBF values were extracted from all
voxels within each ROI using SPM,
MATLAB (matrix laboratory), and ASAP
(20). Differences within (euglycemia vs.
hypoglycemia) and between (HA vs.
IAH) groups were compared using
a paired and unpaired Student t test,
respectively.
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RESULTS
Participant Characteristics

Fifteen participants with type 1 diabetes
and HA and 23 with type 1 diabetes and
IAH were recruited. Four potential participants recruited by Gold score and
history into the IAH group demonstrated
subjective awareness to low plasma glucose (to which they were blind) during the
scan and were withdrawn, leaving 19 participants in the IAH group. Retained participants had long diabetes duration (HA
24.0 6 12.8 years, IAH 22.2 6 7.2 years,
P 5 0.6) and were also matched for age,
sex, BMI, and HbA1c (Table 1). By design,
IAH participants had a signiﬁcantly higher
Gold score than HA participants (IAH
5.8 6 1.3 vs. HA 1.5 6 0.5, P , 0.001).
Severe hypoglycemia rate in the 12 months
before the study was greater in IAH participants (IAH 2.3 6 2.8 per year vs. HA
0.2 6 0.6 per year, P 5 0.009).
Glucose and Insulin Concentrations

Plasma glucose targets were achieved,
with no signiﬁcant difference between
groups (P 5 0.99) (Fig. 1). Mean glucose
concentrations during the euglycemic
phase of ASL scan acquisition were
96 6 6 mg/dL (5.4 6 0.4 mmol/L) and
97 6 8 mg/dL (5.4 6 0.4 mmol/L) for
HA and IAH participants, respectively
(P 5 0.92). Corresponding concentrations
during the hypoglycemic phase were
47 6 2 mg/dL (2.6 6 0.1 mmol/L)
and 46 6 3 mg/dL (2.5 6 0.2 mmol/L)
(P 5 0.24). Total mean glucose infusion
rate was greater in the IAH group, but
this did not reach statistical significance
(HA 333 mg/kg/min, IAH 412 mg/kg/
min, P 5 0.06). Insulin concentrations
were not different between groups
throughout.
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Symptomatic and Hormonal
Responses to Hypoglycemia

Hypoglycemia induced a signiﬁcant
symptom response in HA participants
(Fig. 2A–C), while IAH participants had
no change in total or autonomic symptom scores, with a small increase in
neuroglycopenic score (8.8 6 4.1 from
7.4 6 3.0, P 5 0.03) (Fig. 2A–C). Overall,
symptomatic responses to hypoglycemia
were signiﬁcantly lower in the IAH group
compared with the HA group (P , 0.001).
A reduced epinephrine response to hypoglycemia was seen in those with IAH
(mean rise HA vs. IAH 1.2 6 0.9 vs. 0.4 6
0.4 nmol/L, P 5 0.003) (Fig. 2D). Norepinephrine concentrations did not increase signiﬁcantly in either group (Fig.
2E). Cortisol concentrations rose significantly in the HA group (P 5 0.01), with
no signiﬁcant change in those with IAH
(P 5 0.72) (Fig. 2F). Growth hormone
increased in both groups (P , 0.001),
with a smaller response in IAH (P 5 0.04)
(Fig. 2G).
Global CBF Responses to
Hypoglycemia

Global CBF increased signiﬁcantly in response to hypoglycemia in both HA
[CBF(Hypoglycemia) 2 CBF(Euglycemia) 2.65 6
3.7 mL/100 g/min, 6.8 6 9.2%, P 5 0.01]
and IAH groups (2.62 6 5.1 mL/100
g/min, 7.8 6 13.5%, P 5 0.04) (Fig. 2H),
with no signiﬁcant difference between
groups (P 5 0.99).
Regional CBF Responses to
Hypoglycemia
Voxel-Wise Within-Group Analyses

HA participants demonstrated a signiﬁcant
increase of CBF in the thalamus, with a
reduction of CBF in the left hippocampus

and temporal cortex bilaterally, during
hypoglycemia (PFWE , 0.05, uncorrected
voxel-wise cluster-forming threshold of
P , 0.005) (Fig. 3A). IAH participants
demonstrated CBF increases in the left
OFC and DLPFC, with reductions in the
right temporal cortex (PFWE , 0.05, uncorrected voxel-wise cluster-forming
threshold of P , 0.005) (Fig. 3B).
Effect of Awareness Status: Between-Group
Analysis
Whole-Brain Analysis. Whole-brain ANOVA

demonstrated no signiﬁcant differences between HA and IAH groups after
FWE correction for multiple comparisons (P FWE , 0.05) at an uncorrected
voxel-wise cluster-forming threshold of
P , 0.005.
ROI Analysis. Testing for differences in the
mean CBF signal (i.e., the average of the
CBF values for all voxels within each a
priori–selected region) in the thalamus,
ACC, OFC, DLPFC, and hippocampus
demonstrated a signiﬁcant hypoglycemia-related increase in CBF in the whole
thalamus, OFC, and DLPFC in HA participants and the whole thalamus in those
with IAH, even after Bonferroni correction
for the number of ROIs (critical a P , 0.01)
(Table 2). No significant differences in
whole ROI CBF change [CBF(Hypoglycemia) 2
CBF(Euglycemia)] were observed between
the HA and IAH groups (Table 2).
ROI small-volume correction analysis
within the SPM framework showed a
reduced CBF response within the thalamus (PFWE 5 0.002; peak voxel coordinates 6, 212, 16; t score 4.86), right
lateral OFC (PFWE 5 0.002; peak voxel
coordinates 56, 28, 28; t score 4.82), and
right DLPFC (PFWE 5 0.036; peak voxel
coordinates 58, 34, 18; t score 4.15)
and a lesser decrease of CBF in the left

Table 1—Participant characteristics
HA (n 5 15)

IAH (n 5 19)

P value

Age, years

39.1 6 13.5

37.3 6 10.7

0.655

Sex
Female
Male

9
6

10
9

0.738

BMI (kg/m2)

24.7 6 4.0

24.6 6 4.6

0.941

HbA1c
%
mmol/mol

7.6 6 1.0
59.7 6 11.2

7.8 6 1.0
61.6 6 10.8

0.625

Type 1 diabetes duration (years)

24.0 6 12.8

22.2 6 7.2

0.599

Gold score

1.5 6 0.5

5.8 6 1.3

,0.001

Severe hypoglycemia (rate, episodes in year preceding study)

0.2 6 0.6

2.3 6 2.8

0.009

Data are mean 6 SD or n. Gold score is a measure of hypoglycemia awareness whereby a score of 1 or 2 indicates HA and a score of 4–7 indicates IAH.
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Figure 1—Glucose concentrations, presented as mean 6 SD, during hyperinsulinemic euglycemichypoglycemic clamp. Between-group differences analyzed by unpaired Student t test (P 5 0.99).

hippocampus (PFWE 5 0.023; peak voxel
coordinates 222, 240, 8; t score 3.70) in
IAH compared with HA participants. Thalamic and right lateral OFC differences
survived Bonferroni correction for the
number of ROIs (critical a P , 0.01).
CONCLUSIONS

This study set out to evaluate differences in brain responses to hypoglycemia between HA and IAH adults with
long-duration type 1 diabetes. As expected, symptom, epinephrine, cortisol,
and growth hormone responses were
reduced or absent in those with IAH.
There was no difference in global CBF
response to hypoglycemia; however,
key differences were seen in the regional CBF response. IAH participants
had a reduced response to hypoglycemia within the thalamus, right OFC,
right DLPFC, and hippocampus, areas
involved in arousal, decision making,
and memory, important factors when
avoiding problematic hypoglycemia. Importantly, participants were matched
for key variables that might independently affect responses, speciﬁcally age,
BMI, sex, HbA1c, and duration of diabetes. HA status was based on a clinical
score (Gold score [3]) validated by the
differences in symptom and epinephrine
response to the study hypoglycemia between HA and IAH groups.
An earlier study reported no signiﬁcant
hypoglycemia-induced change in global
CBF in seven participants with HA (P 5
0.08) but an 8% increase in six with IAH
(P , 0.05) at a plasma glucose nadir of

50 mg/dL (2.8 mmol/L) (10). The authors
hypothesized that increased brain blood
ﬂow in IAH might account for diminished
responses to hypoglycemia. Our data,
showing no impact of awareness status
on the global CBF response to hypoglycemia, instead suggest that an increase
in global CBF is the normal physiological reaction to a reduction of fuel to
the brain, regardless of awareness status.
The earlier study (10) differs in size and in
depth of hypoglycemia, which may contribute to the discrepancy. An increase
in global CBF has also been described
during hypoxia, another fuel-deﬁcient
state (26).
Despite similarity of global CBF, regional CBF responses to hypoglycemia
were different between HA and IAH
groups in our study. Within our HA group,
hypoglycemia resulted in an increase in
thalamic CBF, a region involved in sensory and motor signal relay (27), and a
reduction in hippocampal and temporal
cortex CBF on whole-brain analysis,
data consistent with previous reports
(10,11,17,24,28). Hippocampal and temporal structures are involved in multiple
aspects of memory, classically episodic
(personal autobiographical events) and
semantic (factual information) memory
and, more recently, short-term or working memory (29). Reduction of CBF in
these areas during hypoglycemia may be
related to impairment in short-term,
delayed, and working memory seen in
individuals with type 1 diabetes during hypoglycemia (30). Within our IAH
group, no signiﬁcant changes in thalamic

perfusion were seen on whole-brain
analysis; instead, we observed an increase in CBF in the left OFC and DLPFC,
which are involved in executive function,
and a decrease in CBF in the right temporal cortex.
Across the whole brain, no signiﬁcant interaction was seen between
group (HA and IAH) and glycemic state
(P FWE , 0.05, uncorrected voxel-wise
cluster-forming threshold of P , 0.005).
No between-group differences were
seen in whole-ROI CBF change [i.e.,
CBF(Hypoglycemia) 2 CBF(Euglycemia)] when
mean CBF signal was extracted from
all voxels within each ROI. Differences
were observed on small-volume correction ROI analysis within the SPM
framework, a more sensitive method
for detecting subtle differences within
large, complex structures. Our ROIs
were selected a priori, each representing functional associations that are
important factors in hypoglycemia
awareness, arousal and sensory transmission (thalamus), autonomic function
(ACC), reward and decision making
(DLPFC and OFC), and memory (hippocampus). All ﬁve regions have been
commonly observed in PET and fMRI
studies as responding to hypoglycemia
(9–11,17,18,21–24,28). Small-volume
correction revealed CBF increases
within the thalamus, right lateral OFC,
and right DLPFC seen in HA were signiﬁcantly less in IAH, and the fall in
hippocampal CBF seen in HA was reduced in IAH. The thalamus is involved in
arousal, relay of stimuli, attention, and
vigilance (31); thus, disruption of thalamic blood ﬂow may contribute to the
lack of awareness and responsiveness
that characterizes IAH. Our thalamic
data are compatible with earlier studies
(9,10) and support the hypothesis that
thalamic activity may be involved in the
symptomatic response to hypoglycemia. In a nondiabetic model of IAH,
Arbelaez et al. (32) reported an increase
in thalamic activity during hypoglycemia
using water PET. Counterregulatory and
symptomatic responses were successfully suppressed in their participants,
but we and other investigators examined hypoglycemia-experienced adults
with type 1 diabetes rather than individuals without diabetes exposed to a
single prolonged episode of hypoglycemia. This may explain the different
pattern of thalamic activation. Notably,
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Figure 2—A–G: Hypoglycemia-induced changes in total symptom score, autonomic symptom score, neuroglycopenic symptom score, epinephrine,
norepinephrine, cortisol, and growth hormone. Mean CBF values 6 SD are plotted with individual data points. Data are mean 6 SD for the euglycemic
phase (ASL scans 1 and 2) and hypoglycemic phase (ASL scans 3 and 4). H: Global and thalamic hypoglycemia-induced CBF change [CBF(Hypoglycemia) 2
CBF(Euglycemia)]. Mean CBF values were extracted from global gray matter and all voxels from within each ROI using SPM, MATLAB, and ASAP (20).
*P , 0.05, **P , 0.005 for euglycemia vs. hypoglycemia; #P , 0.05, ##P , 0.005 for HA vs. IAH.

however, these data all provide evidence of thalamic involvement in the
cerebral response to hypoglycemia.

HA individuals had greater increases in
CBF within the right lateral OFC and right
DLPFC, which are involved in decision

making, feeding behavior, and reward
(33,34), than those with IAH. The HA
response to hypoglycemia seen in our
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Figure 3—Effect of hypoglycemia on CBF, within-group analysis. A and B: HA group and IAH group.
Statistical parametric maps projected onto brain images show signiﬁcant rise (red) and signiﬁcant
fall (blue-green) in CBF. A voxel-wise two-sided paired t test was performed on each group to
identify the effect of hypoglycemia within the group (FWE correction for multiple comparisons
[PFWE] , 0.05, uncorrected voxel-wise cluster-forming threshold of P , 0.005). Whole-brain
ANOVA comparing euglycemia and hypoglycemia between HA and IAH groups demonstrated
no signiﬁcant differences after FWE correction for multiple comparisons (PFWE , 0.05) at an
uncorrected voxel-wise cluster-forming threshold of P , 0.005.

participants was more extensive than that
seen by Hwang et al. (12), who described
decreased activity in the OFC with no
change in the DLPFC. This may reﬂect
our stronger hypoglycemic stimulus of
47 mg/dL (2.6 mmol/L) versus 60 mg/dL
(3.3 mmol/L) in the Hwang et al. study.
Age and duration of diabetes may also
play a role. The HA participants in Hwang
et al. were younger than their IAH counterparts, with one-half the duration of
diabetes, while our participants were
matched for both. Aging suppresses
the hormonal and symptomatic responses to hypoglycemia in individuals
without diabetes (35). The impact of
aging on CBF responses to hypoglycemia
has not been studied, but age-related
changes in brain vascular reactivity are
likely, and an impact of aging on brain

responses to other stimuli has been
described (36). The most important difference, however, is likely to be the
depth of hypoglycemic challenge. Brain
responses evolve as hypoglycemia progresses (11,17), and counterregulatory
responses can be triggered at concentrations ,60 mg/dL in diabetes (37).
Clinically, the majority of individuals with
type 1 diabetes will experience plasma
glucose concentrations ,60 mg/dL
(3.3 mmol/L) (6). We used moderate rather
than mild hypoglycemia (47 mg/dL
[2.6 mmol/L]) to investigate the full cerebral and hormonal response to established
hypoglycemia. Together, the two data sets
may be describing glucose thresholds for
the different responses in these groups.
Hwang et al. used blood-oxygen-level–
dependent fMRI, a technique that generates

functional images reﬂecting dynamic
changes in CBF. ASL yields similar results
to PET when measuring the cerebral
response to hypoglycemia (21); however, blood-oxygen-level–dependent
fMRI has been shown to have different
sensitivities (38).
Changes in the hypothalamus, a
known glucose sensor, were not seen
in our study or the study by Hwang et al.
(12). This is interesting and may be due to
insufﬁcient spatial resolution or sensitivity because the hypothalamus is a small
organ. Alternatively, differences in depth
and duration of hypoglycemia may be
responsible. Hypothalamic blood ﬂow
has been shown to increase early in
the response to hypoglycemia, even as
plasma glucose concentrations fall within
the euglycemic range (19,22). We, however, investigated late and sustained
hypoglycemia. This hypothesis is compatible with observations by Teh et al.
(17) and Hwang et al. that brain responses to hypoglycemia are dynamic.
Using water PET, Dunn et al. (11)
described a more widespread cortical
response to hypoglycemia in nine HA
and eight IAH men and identiﬁed differences between the two groups in additional regions: ACC, insula, lingual gyrus,
and precuneus. Thalamic activation,
however, was not reported as different
in this single-sex study. In our investigation, both sexes were represented (n 5
34, female 19 [56%]). Sex affects CBF (39)
and hypoglycemia counterregulation
(40), which may in part explain the differences between the two studies. Duration
of diabetes may also have an impact (41).
Although diabetes duration was not
signiﬁcantly different in the PET study,
the mean duration of diabetes in the
IAH participants was twice that of their

Table 2—Global and a priori–selected ROI absolute CBF values during euglycemia and hypoglycemia in HA and IAH groups
extracted from all voxels within global gray matter and whole ROIs
HA
Euglycemia
Global and ROI CBF (mL/100 g/min)
Global
Thalamus
OFC
DLPFC
Hippocampus
ACC

41.9
49.5
55.4
49.8
48.6
56.3

6
6
6
6
6
6

9.3
8.8
13.5
13.8
7.0
9.3

IAH

Hypoglycemia

P value

Euglycemia

6
6
6
6
6
6

0.01
,0.001
0.002
0.009
0.02
0.04

41.1
46.3
54.5
46.8
48.9
58.7

44.5
59.0
61.8
55.4
46.7
59.1

9.3
11.9
14.2
12.7
7.0
10.5

6
6
6
6
6
6

8.4
7.5
11.2
11.8
7.3
9.3

Hypoglycemia

P value

HA vs. IAH* P value

6
6
6
6
6
6

0.04
0.005
0.03
0.03
0.66
0.19

0.99
0.07
0.34
0.55
0.14
0.67

43.7
51.6
58.6
50.9
49.5
60.7

7.4
7.4
9.9
9.3
7.6
7.5

Data are mean 6 SD. No signiﬁcant global or regional CBF differences between HA and IAH groups at baseline euglycemia (P . 0.05). Mean signal across
whole brain and whole ROI extracted using SPM, MATLAB, and ASAP (20). For ROI data, critical a of P , 0.01 applied after Bonferroni correction for
ﬁve ROIs. *CBF(Hypoglycemia) 2 CBF(Euglycemia).
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HA counterparts. Most importantly,
however, Dunn et al. reported response
to mean plasma glucose nadirs of 40 6
5 mg/dL (2.2 6 0.3 mmol/L) in those with
HA and 41 6 4 mg/dL (2.3 6 0.2 mmol/L)
in those with IAH, while we attained 47 6
2 mg/dL (2.6 6 0.1 mmol/L) and 46 6
3 mg/dL (2.5 6 0.2 mmol/L), respectively.
The depth of hypoglycemia in the PET
study may explain why there was a more
extensive cortical response and why the
thalamus was activated in both HA and
IAH.
Together, Dunn et al. (11), the current
study, and Hwang et al. (12) have demonstrated regional CBF changes at various stages of hypoglycemia. Reduced
activity was seen in the right lateral OFC
in IAH compared with HA during hypoglycemia. A meta-analysis of OFC function showed that while the medial OFC is
involved in monitoring reward value,
lateral regions are implicated in the
evaluation of negative consequences,
potentially enabling a change in behavior (34). This is consistent with data
demonstrating that those with IAH
have difﬁculty modifying their behavior
to avoid or prevent hypoglycemia (3,7).
Hypoglycemia-induced left prefrontal
activation was seen within our IAH
group, while right prefrontal activation
was signiﬁcantly less in those with
IAH than with HA. Prefrontal function
lateralization has been described by
Bechara et al. (42). Using a delay task
to assess working memory, they reported
that participants with a right DLPFC
lesion showed a deﬁcit in working memory, while those with left lesions showed
no such impairment. Other studies
have shown greater activation of the
right DLPFC during similar tasks (43),
suggesting that the right prefrontal cortex may be preferentially recruited for
higher functions, such as working memory. Attenuated activity in the right OFC
and DLPFC, seen in IAH, may contribute
to the differences in behavioral response to hypoglycemia between HA
and IAH groups. Reduction of hippocampal CBF seen in individuals with
HA and control subjects without diabetes (17,24,28) was diminished in
those with IAH, another departure
from what may be classiﬁed as the
typical response to hypoglycemia. Although this difference did not survive
Bonferroni correction, Dunn et al.
reported a similar pattern of diminished
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deactivation within the temporal cortex
of individuals with IAH, a region also
involved in memory.
A limitation of this study is the lack of a
euglycemic arm to control for time in
the scanner. This is in keeping with other
similar studies and reduces participant
burden, complexity, and cost (9,10).
Quantiﬁcation of regional CBF is a surrogate marker of neuronal activity,
relying on the well-established phenomenon of neurovascular coupling, whereby
changes in neuronal activity are linked
to the regulation of arteriolar diameter
and, hence, magnitude of local CBF (44).
We maximized the relevance of our CBF
measurements, with respect to neurovascular coupling, by using a postlabeling
delay (1,500–1,800 ms) long enough to
ensure that the signal from the labeled
arterial water resides in arteriolar and
capillary territories rather than in the
macroscopic vasculature. Our ASL pulse
sequence also used background suppression pulses to minimize the inﬂuence of
other confounding factors arising from the
static signal as well as to provide reduced
sensitivity to motion-induced artifact (14).
Nonneuronal sources of CBF changes were
largely accounted for by using the mean
global CBF as a covariate because these
sources tend to be ubiquitous rather than
regional. A further limitation of this study
is that not all potentially relevant regions
were included in our ROI analysis. We
opted for ﬁve ROIs reﬂecting particular
aspects of the cerebral hypoglycemic response of interest. Importantly, limiting
our a priori analysis to ﬁve regions reduced
the impact of correcting for multiple comparisons. In this type of study, sample size is
usually a limitation, although to our knowledge, our experiment includes the largest
cohort of participants with IAH to date.
Signiﬁcant changes have been described
in smaller, similar studies (9). As Hwang
et al. (12) suggested, previous calculations
of sample size have not been based on
complex and relatively uncommon conditions, such as IAH in type 1 diabetes. Finally,
we should comment on our participant
selection. Four potential participants in our
IAH group were excluded from the study
because of subjective awareness of hypoglycemia during the scans at low glucose
concentrations. While history and scoring
systems such as the Gold score are generally used to deﬁne awareness status, IAH
is not a ﬁxed state because awareness can
be restored by hypoglycemia avoidance

(45). We may speculate that such a change
occurred in the four excluded participants between recruitment and study.
Our data suggest that in addition to
impaired counterregulation and reduced or absent symptomatic awareness, IAH consists of altered thalamic
and prefrontal cortex activity during
hypoglycemia. Distinctive changes in
blood ﬂow in regions known to be involved in arousal, decision making, and
reward may leave individuals with IAH
unable to recognize, reason, and deal
with hypoglycemia effectively or respond deﬁnitively to awareness restoration programs. Further work is required
to ascertain whether these adaptations
in the brain can be altered when hypoglycemia awareness is successfully
restored.
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