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hypoglycemia awareness remains unclear.

falling blood glucose levels.

Introduction

Patients with type 1 diabetes mellitus (TIDM) have long been
constrained by the adverse effects of insulin-induced hypogly-
cemia. The Diabetes Control and Complications Trial (DCCT)
established the benefits of restoring mean blood glucose to near-
normal levels in patients with TIDM, and while this has produced
clear benefits in terms of the microvascular and macrovascular
complications of TIDM, for many individuals, the widespread use
of intensified insulin therapy has resulted in a much higher rate
of severe hypoglycemia (1). Frequent episodes of hypoglycemia
can lead to hypoglycemia unawareness, which prevents patients
from taking corrective action by eating. Thus, for many T1DM
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BACKGROUND. Among nondiabetic individuals, mild glucose decrements alter brain activity in regions linked to reward,
motivation, and executive control. Whether these effects differ in type 1diabetes mellitus (T1DM) patients with and without

METHODS. Forty-two individuals (13 healthy control [HC] subjects, 16 T1IDM individuals with hypoglycemia awareness
[T1DM-Aware], and 13 T1DM individuals with hypoglycemia unawareness [T1DM-Unaware]) underwent blood oxygen level-
dependent functional MRI brain imaging during a 2-step hyperinsulinemic euglycemic (90 mg/dI)-hypoglycemic (60 mg/dI)
clamp for assessment of neural responses to mild hypoglycemia.

RESULTS. Mild hypoglycemia in HC subjects altered activity in the caudate, insula, prefrontal cortex, and angular gyrus,
whereas TIDM-Aware subjects showed no caudate and insula changes, but showed altered activation patterns in the
prefrontal cortex and angular gyrus. Most strikingly, in direct contrast to HC and T1IDM-Aware subjects, TIDM-Unaware
subjects failed to show any hypoglycemia-induced changes in brain activity. These findings were also associated with blunted
hormonal counterregulatory responses and hypoglycemia symptom scores during mild hypoglycemia.

CONCLUSION. In T1DM, and in particular TIDM-Unaware patients, there is a progressive blunting of brain responses
in cortico-striatal and fronto-parietal neurocircuits in response to mild-moderate hypoglycemia. These findings have
implications for understanding why individuals with impaired hypoglycemia awareness fail to respond appropriately to
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patients the immediate fear of hypoglycemia exceeds the fear of
long-term complications (2, 3).

In nondiabetic subjects, hypoglycemia is rare because, in
response to falling blood glucose levels, an integrated physiologic
response is triggered that suppresses endogenous insulin secretion,
increases release of counterregulatory hormones, and provokes
awareness of hypoglycemia, which act together to rapidly restore
euglycemia by stimulating glucose production and food consump-
tion. We have previously reported using the glucose clamp tech-
nique together with functional magnetic resonance (fMRI) imag-
ing, visual food cues, and behavioral measures that brain regions
involved in stimulating motivation to eat are exquisitely sensitive
to small reductions in glucose. In healthy humans, mild reductions
in plasma glucose (~68 mg/dl) that were not sufficient to increase
counterregulatory hormones were sufficient to activate hypotha-
lamic blood flow (4) as well as modulate brain motivation/reward
and executive control responses to food cues, which in turn result-
ed in a greater craving for high-calorie foods (5).

In T1DM, this critical hypoglycemia defense system may be
interrupted at every level. Loss of endogenous insulin and reliance
on peripheral exogenous hormone delivery make rapid insulin

jci.org  Volume128  Number4  April 2018

1485


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/4
https://doi.org/10.1172/JCI97696

1486

CLINICAL MEDICINE

The Journal of Clinical Investigation

Table 1. Participant characteristics

Groups

HC T1DM-Aware
Demographics
N (M/F) 13(6/7) 16 (5/11)
Age (yr) 33+M 30+8
Education (yr) 17+3 1843
BMI (kg/m?) 24129 232+34
HbA1c (%) 5.02+0.29 6.99+0.77
Duration Diabetes (yr) - 1.8+89
(-peptide (ng/ml) 149 +1.01 0.25+0.35
Severe hypoglycemic episodes past year (n) = 0.06 + 0.06
Hypoglycemia Awareness Scores
Clarke* = 8+0.
Gold - 24+08
Behavioral Assessment
Eating Behavior Inventory 69+6 74 £10
Eating Disorder Examination Questionnaire 1.01+£11 0.92+0.79
Montreal Cognitive Assessment 28+2 2769 £1.58

Pvalue
T1DM-Unaware ANOVA HC vs. Aware Aware vs. Unaware
13(6/7) 0.633 - -
40 £12 0.033 0.366 0.01
16+3 0.507 - -
268+29 0.010 0475 0.003
6.88 + 0.61 <0.001 <0.001 0.61
253+78 - - <0.001
012+0.08 <0.001 <0.001 0.56
09+04 - - 0.031
+ - - <0.001
45+12 - - <0.001
71+£10 0.287 - -
132+0.99 0.548 = -
26.2+23 0.088 - -

AClarke score, < 2R = hypoglycemia aware; 2 4 R = hypoglycemia unaware. Data presented as the mean + SEM.

reductions impossible. p Cell destruction is also linked to loss of glu-
cagon responses to hypoglycemia, a defect that develops in nearly
all TIDM patients (6, 7). As a result, TIDM patients are particularly
vulnerable to impairments in epinephrine release, which commonly
follows iatrogenic insulin-induced hypoglycemia (8-10).

Frequent episodes of hypoglycemia in T1DM individuals
commonly lead to hypoglycemia-associated autonomic failure
(HAAF), whereby significantly lower blood glucose levels are
required to elicit a counterregulatory hormonal response as well
as symptomatic awareness of hypoglycemia (2, 3, 9). Whether
loss of hypoglycemia awareness is also accompanied by a failure
to activate the drive to eat, which is clinically the most effective
way to reverse hypoglycemia, remains unknown. A study using
fMRI reported that functional connectivity in brain regions that
have been implicated in the control of feeding behavior includ-
ing the basal ganglia, insula, and prefrontal cortex are altered in
individuals with TIDM (11). However, this study did not examine
the specific effects of HAAF and hypoglycemia unawareness on
brain activity. Another study in a small number of individuals with
T1DM who were both aware or unaware of hypoglycemia using
[*¥F]fluoro-2-deoxyglucose (FDG) PET scanning suggested that
acute hypoglycemia may increase ventral striatum FDG uptake
and that a small diminution of this response may have occurred in
unaware patients (12). However, FDG uptake may not accurately
reflect glucose uptake during hypoglycemia, since acute hypogly-
cemia (and likely antecedent hypoglycemia) alters the lumped
constant used to calculate glucose uptake (13).

Itis noteworthy that prior studies using fMRI or PET scanning
to assess the impact of hypoglycemia on the brain among T1DM
individuals have utilized very low glycemic targets (typically 50
mg/dl or less). However, from a clinical perspective, by the time
a T1IDM patient’s blood glucose falls into the low 50 mg/dl range
they may already be at significantly higher risk for hypoglycemia-
associated morbidity and mortality due to the failure to appropri-

jci.org  Volume128  Number4  April 2018

ately activate multiple layers of protection against hypoglycemia.
Therefore, in this study, we specifically sought to determine how
T1DM individuals with or without hypoglycemia unawareness
respond to milder degrees of hypoglycemia in an effort to more
effectively distinguish the CNS defects at an earlier time point
leading to unawareness in the course of developing moderate-
severe hypoglycemia. To do this, we used fMRI brain scanning
in conjunction with a 2-step hyperinsulinemic euglycemic-
hypoglycemic clamp technique to investigate how regional brain
activity, particularly the neurocircuits driving eating behavior, are
altered among T1DM individuals with hypoglycemia unaware-
ness (T1DM-Unaware) as compared with those patients with pre-
served awareness (T1DM-Aware) as well as healthy nondiabetic
control (HC) subjects during acute mild-moderate hypoglycemia
(target ~60 mg/dl).

Results

Participant characteristics

Thirteen HC individuals, 16 TIDM-Aware individuals as assessed
by the Clarke score (14), and 13 TIDM-Unaware individuals partic-
ipated in this study. Demographic and clinical characteristics are
presented in Table 1. Compared with HC individuals, both TIDM-
Aware individuals and T1IDM-Unaware individuals were similar
in age, gender, and education. The TIDM-Unaware individuals
were slightly older (P = 0.01), had longer duration of disease (P <
0.001), and had slightly higher BMI (P = 0.003) than the TIDM-
Aware group. TIDM-Unaware individuals also had significantly
higher self-reported rates of severe hypoglycemic episodes in the
preceding year (P = 0.03). Both TIDM-Aware and TIDM-Unaware
groups were indistinguishable in terms of percentage glycated
hemoglobin (HbAlc), and there were no differences across all 3
groups for gender and education as well as measures of disordered
eating and cognitive function (Table 1).
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Figure 1. Study design. (A) Schematic representation of 2-step hyperinsulinemic euglycemic-hypoglycemia clamp during fMRI BOLD scanning in response
to visual cues. (B) Plasma glucose levels of healthy control (n = 13), TIDM-Aware (n = 16), and TIDM-Unaware (n = 13) during the study. Data presented as
the mean + SEM. Statistical comparisons were performed using mixed-model linear regression adjusting for age, gender, and BMI.

Two-step hyperinsulinemic euglycemic-hypoglycemic clamp

As seen in Figure 1B, both groups of individuals with TIDM had
modestly higher blood glucose levels at the beginning of the study
compared with HC subjects. However, using repeated-measures
linear regression analysis and adjusting for age, BMI, and gen-
der, there were no overall differences in plasma glucose levels
during the course of the study between TIDM-Aware and T1DM-
Unaware subjects (least squares mean 5.3 [95% CI1-4.1,14.7], P =
0.27). Furthermore, beginning at 25 minutes, there was no statis-
tically significant difference in pair-wise comparisons of plasma
glucose levels between TIDM-Unaware compared with TIDM-
Aware (P = 0.11) as well as HC participants (P = 0.14). Notably,
during the times of fMRI blood oxygen level-dependent (BOLD)
data acquisition (euglycemia at 45-60 minutes and hypoglycemia
at 90-105 minutes), plasma glucose levels were virtually identi-
cal across all 3 groups and were at target (mean plasma glucose at
euglycemia 93.0 + 1.9 mg/dl and hypoglycemia 58.9 * 1.1 mg/dl)
(Figure 1B). There were also no differences in plasma insulin levels
between the groups (P = 0.76) over time. In addition, there were
no significant differences across groups in mean glucose infusion
rates (GIRs) during euglycemia (GIR [mg/kg/min], HC 9.5 + 1.1
vs. TIDM-Aware 8.2 *+ 1.4 vs. TIDM-Unaware 7.0 = 0.9, P = 0.35)
as well as during hypoglycemia (HC 7.2 + 0.8 vs. TIDM-Aware 6.6
+ 0.7 vs. TIDM-Unaware 4.9 * 0.8, P= 0.12).

Hormonal and symptomatic responses to hypoglycemia

Mean plasma epinephrine, norepinephrine, glucagon, and corti-
sol levels at euglycemia and hypoglycemia are shown in Figure 2.
Baseline epinephrine levels were different across groups (ANOVA
P =0.04). This difference was primarily driven by the difference
between TIDM-Unaware compared with HC participants (P =
0.024). TIDM-Unaware and TIDM-Aware patients were not sig-
nificantly different (P = 0.07). Notably, plasma epinephrine levels
rose significantly in response to hypoglycemia in all 3 groups. HC
and T1DM-Aware subjects had a nearly 3-fold increase in epi-
nephrine levels, whereas TIDM-Unaware individuals had a much
more modest response, i.e., only a 60%-70% increase above
euglycemic levels. In contrast, only the HCs had a significant

increase in plasma glucagon and cortisol during the hypoglyce-
mic phase of the study. No significant changes in plasma norepi-
nephrine were detected in the 3 groups during this relatively mild
hypoglycemic stimulus.

While in the scanner and prior to the fMRI BOLD acquisi-
tions (at 30 and 75 minutes), participants were asked to rate their
symptoms of hypoglycemia using the Edinburgh hypoglycemia
score (15). Both TIDM-Aware and HC subjects exhibited a statis-
tically significant increase in symptom response during hypogly-
cemia, whereas there was no significant change in symptoms in
the TIDM-Unaware group (Figure 3). Interestingly, hypoglycemia
symptoms were different across groups during hypoglycemia (HC,
23.9 £7.0; TIDM-Aware, 35.9 * 14.2; TIDM-Unaware, 28.4 +12.4;
ANOVA P = 0.03), with the highest scores among TIDM-Aware
individuals, which was due to differences between HC and TIDM-
Aware individuals (P = 0.009). Furthermore, during hypoglyce-
mia, the symptoms of hypoglycemia correlated significantly and
positively with plasma epinephrine levels for the TIDM-Aware
individuals (p = 0.58, P = 0.02), but not for TIDM-Unaware (P =
0.54). Of note was that one participant who was TIDM-Unaware
based on Clarke score had a very pronounced increase in plasma
epinephrine levels during mild hypoglycemia (euglycemia 47 pg/
ml, peak hypoglycemia 329 pg/ml); however, this participant had
minimal changes in hypoglycemia symptom scores during acute
hypoglycemia (Edinburgh score euglycemia 33, hypoglycemia 39),
despite achieving target glucose levels during both the euglycemic
and hypoglycemia portions of the clamp. As a result, all fMRI-
based analyses were run with and without this participant. Given
that there were no significant changes in the results, this partici-
pant was included in all subsequent analyses.

Neural responses to mild hypoglycemia

Overall relationship between groups and glycemia (group x condition
effects). Across all 3 groups, there was a significant group differ-
ence in brain response to hypoglycemia and euglycemia in the right
striatum (dorsal/ventral), particularly in the caudate (Figure 4)
even after adjusting for age and BMI and using the current standard
threshold for significance of P less than 0.001 (whole brain, family-
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wise error [FWE] corrected) (16). To give a sense of directional-
ity of change, a region of interest was defined from the significant
cluster in the right caudate and mean general linear model (GLM)
B-weights were extracted for each subject. In response to hypogly-
cemia, HC subjects had relatively decreased activity in the caudate,
whereas TIDM-Aware and T1DM-Unaware individuals had mini-
mal changes (Figure 4B). Across all 3 groups, we did not find any
significant (at P < 0.001) interactions between group x glycemia x
task or group x task. Thus, all analyses using all 3 groups were col-
lapsed across tasks (visual food and non-food cues). Furthermore,
although all 3 groups had similar plasma glucose levels by 20 min-
utes prior to the time of BOLD acquisitions, the TIDM-Aware group
had higher plasma glucose levels at the start of the clamps. To assess
whether these differences in starting glucose levels affected brain
activity during euglycemia BOLD acquisitions (~45 minutes later),
we assessed across-group and between-group interactions at eugly-
cemia alone and found no significant differences.

We then examined each group’s brain activity response to
hypoglycemia separately (Figure 5 and Supplemental Table 1;
supplemental material available online with this article; https://
doi.org/10.1172/JC197696DS1). The HC, T1DM-Aware, and
T1DM-Unaware subjects had strikingly different patterns of brain
responses to mild hypoglycemia, even after adjusting for age and
BMI In particular, in response to hypoglycemia, HC subjects
had relatively decreased activity in the ventral striatum/caudate,
insula, orbitofrontal cortex (OFC), ventromedial prefrontal cor-
tex (vmPFC), ventrolateral prefrontal cortex (VIPFC), dorsolat-
eral prefrontal cortex (dIPFC), and left angular gyrus. In contrast,
while the TIDM-Aware individuals also had relatively decreased
activity in the vmPFC and OFC, they did not have any significant
differences in activity in the caudate, insula, or dIPFC. Interest-
ingly, the TIDM-Aware individuals had relatively increased activ-
ity in the inferior parietal lobe, particularly the right angular gyrus
as well as the right vIPFC. In contrast, TIDM-Unaware individu-
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als showed no significant changes in brain activity in any of the
regions that were different among the other 2 groups.

Given that changes in plasma epinephrine levels are believed
to be a particularly sensitive marker for defective counterregu-
lation among T1DM individuals, we assessed the relationship
between changes in plasma epinephrine levels and changes in
brain responses in the regions identified in Figure 5. A smaller
change in plasma epinephrine levels was associated with a small-
er degree of deactivation in the striatum/caudate (p =-0.43, P =
0.005), vimPFC (p = -0.46, P = 0.003), right insula (p =-0.37, P =
0.02), vIPFC (p =-0.34, P=0.03), and angular gyrus (p =-0.41, P=
0.007), consistent with the association of the blunted epinephrine
response with the blunted brain responses. There were no asso-
ciations between brain activity in any of the above regions and
epinephrine levels at euglycemia or hypoglycemia alone. Among
the TIDM subjects, the Edinburgh hypoglycemia symptom score
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Figure 3. Hypoglycemia symptom scores in healthy control (n = 13),
T1IDM-Aware (n = 16), and TIDM-Unaware (n = 13). Symptoms of hypogly-
cemia from the Edinburgh hypoglycemia symptom score were adminis-
tered on a Likert scale (1-7) and results were summed. Open bars denote
euglycemia, black bars denote hypoglycemia. Data presented as the mean
+ SEM. *P < 0.05 by paired samples t test.
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Figure 4. Group x glycemia effects. (A) Axial slices showing the differences in brain responses to mild hypoglycemia compared with euglycemia across all
3 groups (covaried for age and BMI, threshold of P < 0.001, 2-tailed, FWE whole-brain corrected). (B) Region of interest (ROI) identified from significant
cluster in right striatum (caudate). General linear model B-weights extracted from each participant, presented as mean (95% Cl). Healthy control n =13,

T1DM-Aware n = 16, TIDM-Unaware n = 13.

correlated inversely with activity only in the vmPFC during hypo-
glycemia (p =-0.410, P = 0.03).

Effect of hypoglycemia unawareness on brain responses

to high-calorie food cues

To address the question of whether hypoglycemia unawareness
modulates the brain’s response to hypoglycemia while viewing
high-calorie food stimuli, we performed an analysis focused on
only the TIDM-Aware and T1DM-Unaware groups. While view-
ing high-calorie food cues (~75% of the high-calorie cues were also
high carbohydrate), there was a significant group x glycemia inter-
action (P < 0.001), even after covarying for age, BMI, and duration
of diabetes. This interaction was not present under non-food visual
stimuli conditions. Notably, TIDM-Aware individuals had a sig-
nificant decrease in brain activity during high-calorie food in the
medial OFC (Brodmann area 11), while TIDM-Unaware individu-
als showed no statistically significant change in brain activity in this
region (Figure 6). There were no significant correlations between
brain activity in this region and counterregulatory hormones.

Discussion

In this study, we show that hypoglycemia unawareness in TIDM
patients is associated with a diminished brain response to mild
hypoglycemia (plasma glucose ~60 mg/dl). Moreover, the pat-
tern of loss of brain responses appears to involve cortico-striatal
and fronto-parietal neurocircuits that are known to play important
roles in regulating motivation and goal-directed behavior as well
as attention, and thus are likely to have implications for under-
standing why individuals with hypoglycemia unawareness fail to
respond appropriately to falling blood glucose levels.

The basal ganglia, and in particular the caudate, has been con-
sistently shown in studies across species and imaging modalities
to play an important role in the ability to respond appropriately
to environmental changes and to regulate goal-directed behav-
ioral inputs (17-21). The caudate has direct physical and functional
connections with executive control regions in the frontal cor-
tex including the medial, ventral, and dorsolateral PFC (22, 23).
Among HC individuals, mild hypoglycemia was sufficient to elicit
changes in the caudate, cortical regions such as the vmPFC and
VvIPFC, and the insula, which is consistent with previous studies
that have shown that the caudate, PFC, and insula are responsive
to changes in circulating glucose levels (5, 12, 24, 25). In contrast,
T1DM-Aware individuals had altered patterns of cortico-striatal
activity with no significant changes in the caudate or insula dur-
ing hypoglycemia. We also observed differences across groups in
the patterns of activation/deactivation in the dIPFC and angular
gyrus. The angular gyrus, located in the inferior parietal lobe, has
direct projections to the dIPFC (26) and together they are part of
a larger, well-studied, fronto-parietal circuit (27-29). The angular
gyrus, in particular, has been shown to play a role in regulating
how one’s attention shifts towards higher salient stimuli (30-33).
Interestingly, among HC subjects, mild hypoglycemia induced
changes in activity in the left dIPFC and left angular gyrus, which
is consistent with a previous study in HC subjects during hypogly-
cemia (plasma glucose 50 mg/dl) while performing cognitive tasks
(34). In contrast, TIDM-Aware individuals had no brain responses
in the left dIPFC or left angular gyrus, but instead showed mark-
edly increased activity in the right angular gyrus. Taken together
with our findings that TIDM-Aware individuals had higher rat-
ings for symptoms at hypoglycemia, these observations suggest
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Figure 5. Differences in regional brain responses between mild hypoglycemia and euglycemia conditions. Axial slices of healthy control (n = 13), TIDM-Aware
(n =16), and TIDM-Unaware (n = 13) subjects showing differences in brain responses to mild hypoglycemia (Hypo-Eu) (covaried by age and BMI, threshold of

P < 0.001, 2-tailed, FWE whole-brain corrected). Regions identified as: A = ventromedial prefrontal cortex (vmPFC); B = orbitofrontal cortex (OFC); C = right
ventral striatum/caudate; D = right insula; E = ventrolateral prefrontal cortex (vIPFC); F = dorsolateral prefrontal cortex (dIPFC); G = angular gyrus.

that increased activity in inferior parietal lobe/angular gyrus may
be a compensatory adaptation to the disruption in cortico-striatal
and fronto-parietal neurocircuits that are involved in sensing mild
hypoglycemia. The markedly increased angular gyrus activity
seen in the TIDM-Aware group during mild hypoglycemia may
reflect differences in attention to or sensing of the stimulus (35).
Thus, the TIDM-Aware individuals may have heightened aware-
ness to hypoglycemia sensory inputs compared with HC subjects,
which would be consistent with their higher reported ratings of
hypoglycemia symptoms both at euglycemia and at hypoglycemia.

Most strikingly, compared with TIDM-Aware and HC sub-
jects, the T1DM-Unaware participants showed virtually no
changes in brain activity in response to mild hypoglycemia. Very
little is known about the impact of hypoglycemia unawareness on
regional brain responses; however, these findings would be con-
sistent with the blunted symptom scores as well as the blunted
counterregulatory hormone responses to hypoglycemia observed
in the TIDM-Unaware group. The underlying mechanism medi-
ating the lack of change among the TIDM-Unaware individuals
remains uncertain; however, it is likely due to brain adaptations
to frequent episodes of severe hypoglycemia in the preceding year
of the study. Recurrent hypoglycemia alters brain glucose trans-
port kinetics as well as promotes increased utilization of alternate
fuels such as monocarboxylic acids (lactate, ketones, and acetate)
in humans when the availability of glucose diminishes (36, 37).
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Furthermore, TIDM individuals with hypoglycemia unawareness
may have alterations in cerebral blood flow during hypoglyce-
mia (38, 39), which may also affect BOLD signal. Interestingly, a
recent study has reported that individuals with T1IDM and hypo-
glycemia unawareness have increased cerebral blood flow during
acute hypoglycemia compared with TIDM-Aware and HC sub-
jects (39). The current findings would be consistent with these
observations that the brain adapts to ensure sufficient substrate
(glucose) delivery to the brain. In keeping with these human stud-
ies, data in rodents have also demonstrated that prior exposure to
hypoglycemia induces upregulation of blood-brain-barrier glu-
cose transport, leading to more efficient glucose utilization during
hypoglycemia (40, 41). Thus, the lack of change in brain activity
among T1DM-Unaware individuals in response to mild hypogly-
cemia may be the culmination of a variety of adaptive changes in
cerebral blood flow, glucose transport, cerebral glucose metabo-
lism, or some combination of each of these factors.

It is important to note that induction of hypoglycemia results
in a series of dynamic changes in brain activation and deactiva-
tion, and thus time intervals when the scans are acquired over the
course of hypoglycemia may directly impact the directionality and
regional changes observed (24). This, as well as other factors such
as hypoglycemia target, timing of image acquisition, and imaging
modality, may all contribute to the heterogeneity of brain respons-
es to hypoglycemia previously reported in the literature. For
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Figure 6. Brain responses to high-calorie food cues. Axial brain slices (Z = -17) of change in brain response to mild hypoglycemia (Hypo - Eu) while viewing
high-calorie food cues and non-food cues in (A) TIDM-Aware (n = 16) and (B) TIDM-Unaware (n = 13) participants (covaried by age, duration of diabetes,
and BMI, threshold of P < 0.001, 2-tailed, FWE whole-brain corrected). Data presented as the mean (35% Cl).

example, we did not observe hypoglycemia-induced changes in
the hypothalamus, which has been reported by some groups (25),
but not others (42) to be altered during hypoglycemia in TIDM
individuals. Thus, our findings must be interpreted cautiously
given that we are only observing a snapshot of the dynamic brain
changes produced over the course of falling blood glucose levels, a
critical time for prevention of hypoglycemia-induced brain injury.
Importantly, it remains uncertain whether lower glyce-
mic thresholds will be able to elicit changes in brain activation
responses among T1DM-Unaware individuals and whether the
brain responses will be in a similar pattern to that observed among
T1DM-Aware individuals. Studies of glucose transport kinetics
in hypoglycemia TIDM-Unaware individuals have found that
glucose transport is preserved even at glucose levels as low as 50
mg/dl (43). However, it remains uncertain whether lower glucose
thresholds are the only difference between TIDM-Aware and
-Unaware individuals. Thus, this current study highlights the need
for further studies designed to assess the contribution of addition-
al factors such as age of onset of diabetes, duration of diabetes,
and severity of diabetes during childhood/adolescence when the
brain is still developing in determining the propensity for devel-
oping hypoglycemia unawareness. Furthermore, whether these
changes are reversible and whether strict avoidance of hypoglyce-
mia can restore brain responses remains to be assessed. Of note,
prior studies using strict avoidance of hypoglycemia have also
resulted in worsening of glycemic control (44-46), which could
also have an impact on glucose transport capacity into the brain.
Because one of the earliest and best defenses against falling
blood glucose levelsis to eat, we also examined the brain responses
to high-calorie/high-carbohydrate food cues. Among nondiabetic

individuals, high-calorie food cues have been shown to elicit robust
changes in brain activity in reward, motivation, and executive con-
trol regions during both euglycemia (47) and mild hypoglycemia (5).
Consistent with these findings reported in nondiabetic individuals,
the current data demonstrate that TIDM-Aware individuals also
had a pronounced change in the medial OFC when viewing high-
calorie food cues that was not present when looking at pictures of
non-food objects. Notably, the medial OFC plays an important role
in reward-guided decision making (48, 49). Furthermore, because
it has dense direct connections with the hypothalamus (50, 51), it
has been shown to play a particularly important role in regulating
feeding behavior (52-54). Thus, it is particularly noteworthy that
in contrast to TIDM-Aware individuals, high-calorie food cues
had no effect on medial OFC brain activity during mild hypoglyce-
mia in TIDM-Unaware individuals, suggesting a diminished drive
to eat, which may be a critical early defect in the defense against
hypoglycemia. Interestingly, we found no relationship between
changes in brain activity to high-calorie foods and the counterreg-
ulatory hormone response. Whether the lack of brain response is
due to intrinsic CNS differences or secondary to the blunted rise in
circulating counterregulatory hormone levels remains unclear and
further studies will be needed to address this question and prove
causality. However, given that in nondiabetic subjects changes in
brain activity induce and occur prior to changes in counterregula-
tory hormones (4), it is likely that changes in brain activity are not
primarily driven by the counterregulatory response, but rather play
the key role in protecting the brain by initiating appropriate defens-
es against falling glucose levels. Prior studies have also noted a
dissociation between counterregulatory hormone responses and
awareness of hypoglycemia (45).
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It is noteworthy that there are some considerations and limi-
tations to the current study. While we defined our groups using
widely accepted and validated questionnaires for hypoglycemia
unawareness, the Clarke and Gold scores, these are subjective
reports and we did not collect data on glycemic variability and
objective rates of hypoglycemia in the months preceding our stud-
ies. In addition, our TIDM-Unaware participants were approxi-
mately 10 years older and had diabetes for a longer duration than
the TIDM-Aware group. Although we covaried for age, BMI, and
duration of diabetes, our findings among the T1DM-Unaware
individuals should still be interpreted cautiously with recognition
that it may be very difficult experimentally to separate the effects
of age and longer duration of TIDM from the effects of hypoglyce-
mia unawareness itself. Of note in this regard, increasing age has
been associated with increases in baseline epinephrine levels (55)
and our TIDM-Unaware cohort was slightly older and had high-
er baseline epinephrine levels; however, we did not observe any
relationships between epinephrine levels at euglycemia or hypo-
glycemia and brain responses. Furthermore, prior studies have
examined the effects of age on counterregulatory responses to
hypoglycemia (among nondiabetic individuals). In these studies,
where the mean age of the older groups was markedly older than
our cohort (age 60-70s), they found modest (55) or no (56) differ-
ences in counterregulatory responses to hypoglycemia.

It is also noteworthy that increased age and duration of dia-
betes may be associated with cerebrovascular dysfunction.
Increased presence of cerebral small vessel disease such as white
matter hyperintensities and lacunes have been reported among
individuals with TIDM (mean age 50 years) (57, 58); however,
other studies among older TIDM patients (mean age ~60 years
and with known microvascular complications) (59) have reported
no significant differences in white matter lesions or microinfarcts
compared with control subjects. While we cannot exclude the pos-
sibility that occult cerebrovascular disease may also contribute
to the differences observed in the TIDM-Unaware individuals,
this appears less likely given our participants had well-controlled
diabetes, had no history of cerebrovascular disease or cardiovas-
cular disease, and were significantly younger (mean age 30 and
40 years for TIDM-Aware and -Unaware, respectively) than the
groups reported in the literature.

Finally, even though our study includes larger numbers of
T1DM-Aware and T1DM-Unaware participants than prior fMRI-
based studies investigating hypoglycemia unawareness, our sam-
ple sizes remain a limitation. To minimize the risk of false positives,
we used a P-value threshold of less than 0.001 (16). Currently, best
practice guidelines for conducting fMRI based studies typically
recommend at least 20 subjects per group to minimize false posi-
tives (60); however, these recommendations may not be directly
applicable to studies among relatively rare disease groups such as
individuals with TIDM and hypoglycemia unawareness or in study
designs using highly controlled physiologic manipulations such as
in a 2-step euglycemic-hypoglycemic clamp where individuals are
compared to themselves at 2 well-defined, but different states.

In conclusion, the current study highlights the differential
CNS responses to mild hypoglycemia among individuals with
T1DM and preserved or diminished hypoglycemia awareness. Our
findings suggest that although TIDM-Aware individuals no longer
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exhibit hypoglycemia-induced changes in reward and motiva-
tion brain regions (striatum), they have developed compensatory
increasesin activity in regions associated with attention (i.e., angu-
lar gyrus), which may be a protective adaptive mechanism to help
maintain an appropriate response to falling glucose levels. Howev-
er, TIDM patients with hypoglycemia unawareness fail to respond
acutely to mild hypoglycemia in cortico-striatal and fronto-
parietal brain regions. Taken together with the blunted counter-
regulatory hormone and subjective hypoglycemia symptom
responses seen among these individuals, these CNS changes most
likely play an important role in causing the inability of TIDM
patients with hypoglycemia unawareness to detect and respond
appropriately to falling plasma glucose levels. These findings
underscore the importance of future interventional studies to
determine whether reduction of hypoglycemia frequency can
restore these changes in regional brain responses.

Methods

Participants. Participants were recruited from the greater New Haven
area as well as the Yale Diabetes Center. Inclusion criteria for all sub-
jects included ages 18-60 years, BMI less than 30 kg/m?, and ability
to read English. Inclusion criteria for individuals with TIDM included
HbAIlc less than 9% and duration of diabetes more than 5 years. Exclu-
sion criteria included inability to enter the MRI, smoking, illicit drug
or recent steroid use, known psychiatric or neurological disorders,
active infection, malignancy, abnormal thyroid function, cerebrovas-
cular disease, cardiovascular disease, hepatobiliary disease, weight
change in the last 3 months, and pregnancy or breastfeeding.

Sixty-seven potential subjects were screened at the Yale New Hav-
en Hospital Research Unit (HRU) from November 2013 through July
2016 with a screening history, electrocardiogram, physical examina-
tion, and laboratory testing at the HRU. Of the 67 subjects screened,
42 participants completed the study and were included in the final
analysis (see CONSORT diagram showing the flow of participants in
the study, Supplemental Figure 1). They were divided into the follow-
ing 3 groups: 13 HCs (6 males/7 females, age 33 * 11 years, BMI 24.1 +
2.9 kg/m? HbAlc 5.0% + 0.3%), 16 TIDM-Aware (5 males/11 females,
age 30 * 8 years, BMI 23.2 + 3.4 kg/m? HbAlc 7.0% * 0.8%), and 13
T1DM-Unaware (6 males/7 females, age 40 + 12 years, BMI 26.8 + 2.9
kg/m?, HbAlc 6.9% * 0.6%). The Clarke score (14) was used to dif-
ferentiate participants with hypoglycemia awareness versus unaware-
ness. If the Clarke score was not classifiable (i.e., when individuals
reported a score of 3 R [R = number of questions designated “reduced
awareness”]), then the Gold (61) method was used to determine
whether they had impaired hypoglycemia awareness.

Study protocol. All participants with TIDM were asked to wear a
continuous glucose monitor (CGM) (Dexcom G4) 1 week prior to their
scheduled MRI visit in order to monitor for antecedent hypoglycemia.
If participants had any episodes of hypoglycemia (glucose < 70 mg/
dl or a symptomatic episode requiring assistance) in the 5 days prior
to MRI scanning, then the scans were postponed to a later date. On
the day of the MRI, participants arrived to the HRU at 9 AM. All par-
ticipants were instructed to eat breakfast as usual prior to arrival and
those with diabetes were further instructed to bolus insulin as usual
for breakfast. At 10 AM, all participants were provided with a stan-
dardized snack consisting of 41 grams of carbohydrate (turkey sand-
wich, apple, diet ginger ale) in order to neutralize feelings of hunger
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as previously described (5). Participants with diabetes were instructed
to inject a bolus of insulin as per their home insulin-to-carbohydrate
ratio. Intravenous catheters were placed in antecubital veins bilater-
ally: one for blood sampling and the other for insulin and glucose infu-
sion. Participants were informed that their glucose levels would be
reduced below normal using an insulin and glucose infusion, which
could lead to symptoms of hypoglycemia. Participants were blinded
to the timing of changes in glucose levels. Scanning began in the MRI
center at 12 PM simultaneously with initiation of an insulin infusion
at 2 milliunits/kg/h. Euglycemia (~90 mg/dl) was maintained for
the first phase of the study, after which glucose was decreased into
the mild hypoglycemia range (~60 mg/dl) (Figure 1A). BOLD images
were acquired during euglycemia (between 45 and 60 minutes) and
hypoglycemia (between 90 and 105 minutes) sessions. Participants
completed a visual food task while BOLD images were collected, as
described below. Throughout the MRI scan, blood was sampled for
glucose every 5 minutes. Counterregulatory hormones (epinephrine,
norepinephrine, glucagon, and cortisol) were sampled at 0, 30, 45, 60,
75,90, and 105 minutes.

Biochemical analysis. Plasma glucose was measured enzymati-
cally using glucose oxidase (YSI). Plasma-free insulin, leptin, ghrelin,
and glucagon were measured by double-antibody radioimmunoassay
(Millipore), as was plasma cortisol (MP Biomedicals). Plasma epineph-
rine and norepinephrine were measured by high-performance liquid
chromatography (ESA).

Visual food cue task. The visual food cue task we used has been
previously validated for fMRI (5, 47). During each euglycemia and
hypoglycemia session, we presented a total of 42 images (3 runs of 14
pictures [7 high-calorie food images, 7 non-food images] each). High-
calorie food pictures included items such as hamburgers, pizza, ice
cream, and chocolate as previously described (5). Seventy-five percent
of the high-calorie foods were also high-carbohydrate foods. Non-
food pictures consisted of objects such as buildings, books, and doors.
Using an event-related design, images were shown for 6 seconds. Each
picture was displayed only once and the order of pictures was counter-
balanced and randomized within condition across participants. At the
end of each trial, a fixation cross appeared with a jittered inter-trial
interval (mean, 6 seconds; range, 3-9 seconds), during which partici-
pants relaxed until the onset of the next trial, as previously described
(5). This process was repeated for each of the 3 runs that were present-
ed at both euglycemia and hypoglycemia.

Hypoglycemia symptom assessments. Participants were asked to
verbally rate their sensation of hypoglycemic symptoms (unable to
concentrate, blurry vision, anxiety, confusion, difficulty speaking,
double vision, drowsiness, tiredness, hunger, weakness, sweating,
trembling, warmness, heart racing) on a 7-point Likert scale (1 indi-
cating “not at all” and 7 indicating “a lot”) based upon the Edinburgh
hypoglycemia symptom score (15) at 3 separate time points during
the study: baseline (prior to entering the scanner) and then once they
had reached target glucose levels for euglycemia (at 30 minutes) and
hypoglycemia (at 90 minutes).

Statistics. One-way analysis of variance (ANOVA) was used to
determine whether there were statistical differences among the 3
groups for all demographic variables followed by Fisher’s least sig-
nificant difference (LSD) test for pairwise comparisons if the over-
all test was statistically significant. Analysis of repeatedly measured
variables such as plasma glucose was performed using the mixed-
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effects regression model method, taking into account both between-
subject and within-subject correlations of repeated measures using a
combination of prespecified compound symmetry covariance matrix
and an autoregressive covariance matrix. Age, gender, and BMI were
adjusted as covariates (i.e., as fixed effects). Subsequently, pair-
wise comparisons at each time point were performed. Least square
mean difference and its 95% confidence interval are reported as a
measure of effect size. To assess changes in counterregulatory hor-
mones, plasma hormone levels at euglycemia (45 and 60 minutes)
and hormone levels at hypoglycemia (90 and 105 minutes) were
averaged together and compared using paired ¢ tests. All analyses
were performed using SAS, version 9.4 and SPSS, version 22 (IBM).
A 2-tailed P value of less than 0.05 was considered to be statistically
significant. Unless otherwise stated, data are presented as the mean
+ standard error of the mean (SEM).

Study approval. The protocol was approved by the Yale University
School of Medicine Human Investigation Committee. All subjects pro-
vided informed, written consent before participation.

fMRI analysis. The digital data (Digital Imaging and Communica-
tion in Medicine [DICOM]) were converted to NIFTI using dem2nii
(62) and then the first 3 images were discarded from each functional
run to enable the signal to achieve steady-state equilibrium between
radio-frequency pulsing and relaxation leaving 271 images per slice
per run for analysis. The data were motion corrected using SPM8
(www.fil.ion.ucl.ac.uk/spm/software/spm8), and they were discarded
if linear motion was greater than 1.5 mm or rotation was greater than
2 degrees. Images were iteratively smoothed until the smoothness
for any image had a full width half maximum of approximately 6 mm
(63). For individual subject data analysis, GLM was used to determine
the regions with changes in signal in response to the visual task (high-
calorie food or non-food image) in each session. To consider potential
variability in baseline fMRI signal, drift correction was included in the
GLM with drift regressors used to remove the mean time course, lin-
ear, quadratic, and cubic trends for each run. To adjust for anatomi-
cal differences in each individual, the Yale Bio-Image Suite software
package (http://www.bioimagesuite.org/) was used to calculate 2
linear and 1 nonlinear registration. These 3 registrations were concat-
enated and applied as 1 registration to bring the data into a common
reference brain space. The Colin27 Brain in the Montreal Neurological
Institute (MNI) space was used as the reference brain. For group-level
data analysis, linear effects modeling using AFNI 3dLME (http://afni.
nimh.nih.gov) was implemented with a 3 (group: HC, TIDM-Aware,
T1DM-Unaware) x 2 (session: euglycemia, hypoglycemia) x 2 (task:
high-calorie food and non-food) design, while covarying for age, dura-
tion of diabetes, and BMI using the LME modeling program 3dLME
from AFNI (https://afni.nimh.nih.gov/LME). In this design, task and
session were treated as the within-subjects fixed-effect factors and
group as the between-subjects factor and subject as the random-effect
factor. To correct for multiple comparisons, we used FWE correction
determined by Monte Carlo simulation using the AFNI 3dClustSim
version (16.3.05, October 2016) program. Results are shown at P less
than 0.05 whole-brain FWE corrected with an initial P threshold of
less than 0.001, as described previously (16).
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